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Resumen

N esta memoria de Tesis Doctoral se presentan los resultados del estudio del efecto magne-

tocalérico y magnetovolimico que se ha llevado a cabo en dos familias de compuestos ricos
en Fe: aleaciones R,Fe,-, sintetizadas en forma policristalina, y cintas amorfas de composicién
FeZrBCu. Estas aleaciones presentan transiciones magnéticas de segundo orden con temperaturas
criticas en torno a temperatura ambiente.

La serie de aleaciones RyFe;; (con R =Y, Ce, Pr,...) ha sido sintetizada mediante la fusién
de los diferentes elementos por horno de arco. Se ha determinado la estructura cristalina de estos
compuestos mediante difraccion de rayos x y de neutrones de alta resolucién. Los compuestos
de esta familia pueden cristalizar en dos tipos de estructuras cristalinas dependiendo de la tierra
rara que se emplee: para las tierras raras ligeras (Ce, Pr, Nd, Sm, Gd, Tb y Dy) los compuestos
que se han sintetizado son romboédricos tipo Th,Zn,,, para las pesadas (Ho, Er, Tm y Lu)
son hexagonales tipo Th,Ni;,, mientras que el compuesto Y,Fe,, presenta ambas estructuras
cristalinas. A partir de la termodifraccién de neutrones se ha determinado la dependencia con la
temperatura (7') tanto de los pardmetros de malla como de los momentos magnéticos de cada
sitio cristalogréafico. Existe una magnetostriccién espontinea anisétropa, mas pronunciada a lo
largo del eje unidxico, con independencia de la estructura cristalina que presente el compuesto.
Ma3s ain, se ha observado que la magnetostriccién de volumen depende cuadraticamente con el
momento total de la subred del Fe hasta temperaturas cercanas a la de Curie, T¢. Experimentos
de rayos x bajo alta presién han mostrado que existe una pequena anisotropia en los compuestos
romboédricos al comprimir la celda cristalografica, puesto que es mas facil comprimirla en la
direccion unidxica. Ajustando la dependencia del volumen con la presiéon con una ecuacion de
estado de Birch-Murnaghan se han estimado los médulos de compresibilidad.

También se ha estudiado el efecto magnetocalérico a partir de la dependencia de la imanacién con
el campo magnético a diferentes temperaturas, obteniéndose la variacion de la entropia magnética
(ASys) con Ty el campo magnético aplicado (H). En los compuestos ferrimagnéticos ASys (T, H)
presenta un maximo a bajas temperaturas, asociado con un efecto magnetocalérico inverso, y un
minimo, asociado con un efecto directo, el cual ocurre a T' =~ T¢. En cambio, en los ferromagnéticos
solo existe el efecto directo. Para el caso especial del Ce,Fe,- aparecen dos minimos, estando el
de mas alta temperatura asociado a la transicién de segundo orden del estado ferromagnético
al paramagnético, mientras que el de mas baja temperatura es debido a una transicion metam-
agnética.

Se ha investigado la influencia que tiene la molienda mecanica en la microestructura de las
aleaciones PryFe;, y NdyFe,-, asi como los efectos de estas modificaciones en sus propiedades
magnéticas. Mediante técnicas de difraccién se ha determinado su estructura cristalina, la cual
no se ve modificada tras el proceso de molienda. Sin embargo, si se produce un cambio dréstico en
la microestructura debido a la rotura progresiva de granos cristalinos y la formacién de particulas
de tamano nanoscopico, lo cual ha sido corroborado mediante la microscopia electrénica de bar-
rido y de transmisiéon conjuntamente con la difraccion. Conforme se incrementa el tiempo de
molienda se produce una disminucion del tamano de particula, y los granos presentan una dis-
persién de tamanos menor. Estas modificaciones en la microestructura tienen como resultado la
aparicién de una distribucién de temperaturas de Curie, con el consiguiente ensanchamiento de la
curva ASy/(T), asf como una disminucién del valor méximo del cambio en la entropia magnética.



Asimismo se han sintetizado diferentes compuestos pseudobinarios tipo A, B,  Fe,. (siendo A y B
tierras raras y/o Itrio). En este caso, mezclando diversas tierras raras se puede controlar el valor
de la temperatura de orden magnético alrededor de la temperatura ambiente. Dependiendo de
las tierras raras empleadas, estos compuestos pueden presentar cualquiera de las dos estructuras
cristalinas en las que cristaliza la familia R,Fe;;. En los compuestos sintetizados la estructura
cristalina es romboédrica (R3m), no habiéndose detectado la existencia de fase hexagonal medi-
ante la difraccién de neutrones ni de rayos x, dentro de los limites de deteccién.

En el caso de las aleaciones amorfas tipo Nanoperm, FeZrBCu, las muestras se han obtenido en
forma de cinta mediante la técnica de enfriamiento ultrarrapido. En estos compuestos, T depende
de la cantidad de Fe, por lo que se puede seleccionar la temperatura a la que se obtiene el maximo
de |ASy (T, H)|. Ademas, presentan una transicion ferro-paramagnética que se extiende en un
amplio rango de temperaturas, lo cual lleva asociado una curva ASy;(7) muy ancha. Definiendo
la capacidad relativa de refrigeracién de un material magnético como el producto de la anchura a
mitad de altura de |ASys (T, H) | por el valor maximo de |ASy,(T")], se obtiene un valor alto, atin
cuando el valor de |AS§;ak| es moderado, en comparacién con los materiales que presentan una
transicién magnética de primer orden. Asimismo, se ha determinado ASjs en diferentes aleaciones
de FeZrBCu para campos magnéticos entre 0 y 8T, lo que permite discutir la existencia de un
comportamiento comun de la variacién de la entropia magnética para los elementos esta familia.
Por 1ltimo, se han estudiado las propiedades magnetocaldricas resultantes de la combinacién de
dos cintas de distintas composiciones. El resultado més destacado es que se puede producir un
incremento de la capacidad de refrigeracion y, ademas, la aparicién de un aplanamiento de la
curva ASy/(T) en un amplio rango de temperaturas.



Abstract

HIS thesis reports the results of the study of the magnetocaloric and magnetovolume effects

that have been investigated in two families of Fe-rich compounds: RyFe,- alloys, which have
been synthesized in polycrystalline form, and FeZrBCu amorphous ribbons. These alloys exhibit
second order magnetic phase transitions close to room temperature.

The R,Fe,, alloys series (with R =Y, Ce, Pr, ...) has been synthesized by arc melting. We
have determined the crystal structure of these compounds by means of high-resolution x-ray and
neutron powder diffraction. The alloys of this family can crystallize in two types of crystal struc-
tures depending on which rare-earth is used: for light rare-earths (Ce, Pr, Nd, Sm, Gd, Tb and Dy)
the compounds have been synthesized into the rhombohedral Th,Zn,,-type structure, whereas
for the heavy rare-earths (Ho, Er, Tm and Lu) the structure is the hexagonal Th,Ni,.-type.
From neutron thermo-diffraction experiments, the variation of both lattice parameters and the
magnetic moments at each crystallographic site with the temperature (7") has been determined.
There is an anisotropic spontaneous magnetostriction more pronounced along the uniaxial axis
regardless of the crystal structure. Furthermore, it has been shown that the volume magnetostric-
tion depends quadratically on the total magnetic moment of the Fe-sublattice up to temperatures
near the Curie temperature, To. X-ray diffraction experiments under high pressure have shown
that exists an anisotropy in rhombohedral compounds when compressing the unit cell, as it is
easier to compress along the uniaxial direction. Bulk modulus have been estimated fitting the
pressure dependence of the cell volume to a Birch-Murnaghan equation of state.

We have also studied the magnetocaloric effect from the dependence of the magnetization with
the applied magnetic field at different temperatures, obtaining the magnetic entropy change
(ASy) as a function of T' and the applied magnetic field (H). In the ferrimagnetic compounds,
—AS)y (T, H) has a minimum associated with an inverse magnetocaloric effect at low tempera-
ture, and a maximum associated with a direct effect, which occurs at T' &~ T. In contrast, only
the direct effect is observed in the ferromagnetic compounds. For the special case of Ce,Fe,,
there are two maxima, being the high temperature maximum associated with the second order
ferromagnetic to paramagnetic phase transition, while the low temperature one is associated with
a metamagnetic phase transition.

Moreover, we have studied the influence of mechanical milling on the microstructure of the Pr,Fe,,
and Nd,Fe,, alloys, and the effect of these changes in their magnetic properties. Powder diffrac-
tion experiments have evidenced that the crystal structure is maintained after the milling process.
Nevertheless, drastic changes in the microstructure, such as grain breakage and nano-sized parti-
cles formation, appear. This has been observed by scanning and transmission electron microscopy,
and confirmed by diffraction experiments. With increasing milling time, a decrease of nanoparticle
size is observed, and the size distribution becomes narrower. These changes in the microstructure
are linked with a distribution of Curie temperatures, giving rise to a broadening of the magnetic
entropy peak. In contrast, this temperature distribution produces a decrease of the value of the
peak of the magnetic entropy change.

Likewise different A B,  Fe,. (with A and B rare-earth or yttrium) pseudobinary compounds
have been synthesized. In this case, it is possible to tune the value of the ordering temperature
by mixing different rare-earths. These compounds can have any of the two crystal structures in
which the family R,Fe,, crystallizes, depending on the rare-earths employed. In the synthesized



compounds, the crystal structure is rhombohedral (R3m), and no traces of hexagonal phase have
been detected within the limits of detection of neutron and x-ray powder diffraction.

In the case of FeZrBCu amorphous alloys, the samples were obtained in ribbon shape by
means of the melt-spinning technique. In these compounds, T depends on the relative amount
of Fe and B, thus the temperature at which the maximum of |ASy, (T, H)| takes place, can be
selected. Furthermore, those compounds shown a broad ferromagnetic-paramagnetic transition,
giving rise to a broad ASy/(T) curve. If the relative cooling power of a magnetic material is
defined as the product of the full width at half maximum of |ASy/ (T, H)| times the value of
the peak, it yields a large value, even though the peak value is moderate compared with those
of materials exhibiting a first order magnetic transition. We have determined ASy/ (T, H) in
different FeZrBCu alloys with the applied magnetic ranging from 0 to 8 T, which allows us to
discuss the existence of a common behavior of the magnetic entropy change for the alloys of this
family. Finally, we have studied the magnetocaloric properties resulting from the combination of
two ribbons of different compositions. The main result is that the relative cooling power can be
increased, and, furthermore, an almost flat ASy;(T') curve is observed for a large temperature
range, if the combination of alloys is optimized.
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Preface

AGNETISM is a fascinating topic in which this Thesis has been developed. It is well known

that the history of the Magnetism starts with the magnetite, an iron oxide, in the town
of Magnesia, in Greece. The earliest reported observations of macroscopic magnetic effects on
magnets were done by the Greek philosopher Thales around 600 B.C. One of the first applica-
tions of Magnetism was the magnetic compass, which had a great importance for navigation (and
is still in use). The use of magnets and the study of magnetic materials has been a continuous
source of progress. Nowadays, the Magnetism is essential in our common live. There are magnetic
materials present in a great variety of devices: media storage, power supply transformers, motors,
loudspeakers, mobiles, computers, ...Any conventional house contains more than fifty of such
devices.
A milestone in the history of magnetism was William Gilbert’s De Magnete, Magneticisque Cor-
poribus, et de Magno Magnete Tellur work (1600), which summarized all the available knowledge
of magnetism until that time. Major qualitative steps in the knowledge of the basics of Magnetism
were done in the nineteenth century, when Qersted found that a magnetic field could be gener-
ated with an electric current, Ampere established quantitative laws of the magnetic force between
electric currents, and Faraday discovered the magnetic induction and introduced the concept of
the magnetic field like an independent physical entity. In the twentieth century, Curie introduced
the idea of how an external magnetic field orients the magnetic dipoles, being counteracted by
the thermal agitation, whereas Weiss postulated the existence of an internal magnetic field in
ferromagnets, resulting in a spontaneous magnetization even in the absence of an external field.
The properties of the magnetic domain walls, proposed by Weiss, were studied in detail by Bloch,
Landau and Néel, leading to the explanation of ferrimagnetism and antiferromagnetism.

The magnetic behavior of a material depends on its crystal structure, and changes with the
temperature. In the case of crystalline materials, the magnetic properties are governed by the
crystal symmetry. Thereby the possible magnetic structures are defined by the magnetic space
groups. In the case of collinear arrangements of magnetic moments, this would lead to ferro-
magnetism, antiferromagnetism or ferrimagnetism, and, in the case of non-collinear structures,
fan, helimagnetism or canted spin structures are possible. For amorphous alloys, both chemical
and structural disorder lead to a distribution in magnitude of magnetic moments and exchange
interactions, giving rise to different non-collinear magnetic structures like speromagnetism, as-
peromagnetism and sperimagnetism.

The structure of matter, indeed the interatomic distances between the magnetic atoms, de-
scribes the sign and the intensity of the magnetic coupling, such is the case of both direct and
RKKY exchange interactions. Not in vain, the magnetovolume anomalies like the Invar phenom-
ena, found in 1897 by Guillaume in ferromagnetic fcc FeNi alloys, consisting in a very low or even
negative thermal expansion in a wide range of temperatures, highlights the dependence of mag-
netic interactions with interatomic distances. For these reasons, the knowledge of the structure
of the magnetic material is a key point.

Investigation of magneto-thermal phenomena is of great importance to solve fundamental
problems of magnetism and solid state physics, as well as for technological applications. These
phenomena have a strong influence on several physical properties like entropy. Among them, there



is the magnetocaloric effect (MCE), discovered by Warburg in 1881 heating iron by means of the
application of a magnetic field and cooled again when removed out. Soon after, Edison (1887) and
Tesla (1890) suggested their thermomagnetic generators of electrical power using materials with
a sharp temperature dependence of magnetization. Nevertheless, nowadays the main application
of this effect is in the magnetic refrigeration, which has been applied since the 1930s to cool down
samples from a hundred Kelvin down to a few miliKelvin. Materials used for magnetic refrigeration
at low temperatures mainly concentrate on paramagnetic salts, and the needed magnetic fields
are about 1T. However, this effect has been not used in room temperature magnetic refrigeration
systems yet, because the requirements for the spreading of such systems are determined by the
strength of the magnetic fields obtained by current magnets, and the magnetocaloric properties
around room temperature shown by the magnetic materials. Commercially viable applications
for magnetocaloric cooling are only possible if there is an abundant supply of magnetic materials
with a marked MCE at low applied magnetic field and close to room temperature. Therefore,
research on new magnetic materials with improved magnetocaloric properties is currently a trend
topic of Materials Science.

This Thesis work adds to the efforts in this direction, and is divided into six chapters and two
appendices:

In Chap. 1 an introduction to some important terms on magnetocaloric and magnetovolume
effects is done, and the state of the art of the knowledge collected until now on crystalline R,Fe,,
(R =Y, Ce, Pr, Nd, ...) and FeZrBCu amorphous alloys is shown. Motivation and objectives
that have driven this work are also included in this chapter.

Chap. 2 is devoted to explain the experimental techniques employed in fabricating the sam-
ples and in their characterization. It is worth noting that the use of different complementary
techniques allows to improve the information obtained from both structural and magnetic char-
acterization.

Experimental results in the RyFe;, compounds are presented and discussed in the Chap. 3.
Crystal and magnetic structures are determined together with the temperature dependence of
the lattice parameters and the magnetic moments at each crystallographic site. The magnetic
entropy change is obtained from the applied magnetic field and the temperature dependence of
the magnetization. Modification of the microstructure by effect of mechanical milling, and its
influence on the magnetic properties, are largely studied in PryFe,, and Nd,Fe,- alloys.

The effects on both crystal structure and magnetic properties and on MCE of binary com-
pounds by mixing two different rare-earths are summarized in Chap. 4.

In order to complete the study of the magnetocaloric effect in Fe-based alloys, amorphous
FeZrBCu alloys have been selected because they present second-order magnetic transition around
room temperature. In Chap. 5 the results in a series of FeZrBCu ribbons are reported.

Chap. 6 outlines the most important conclusions which can be drawn from this work.

In the Appendices the basic scripts used to obtain the main magnetocaloric properties and
a list of publications are listed.
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CHAPTER

1

Introduction

Material Science is an interdisciplinary field focused on the relationship between the structure of
substances at atomic or molecular scales and their macroscopic properties, so that new materials
with controlled physical-chemical behavior can be designed and fabricated. The major determi-
nants of a material structure are its constituents and the way in which it has been processed,
which, in combination with the laws of Thermodynamics, controls the properties of such sub-
stance. The study of metallic alloys is one of the main fields of research in Material Science. In
this case, Fe-based alloys attract a great interest because of the number of applications in which
they can be used, and its commercial value. Concerning to the applications, nowadays Fe-based
alloys (e.g. MnFe(P,As), La(Fe,Si),; and Finemet-type amorphous ribbons [1-4]) are being widely
studied due to their potential application in room temperature magnetic refrigeration systems.
Such systems use the magnetization-demagnetization processes of a magnetic substance to sub-
stitute the expansion-compression processes of the conventional refrigerant systems. Magnetic
refrigeration is a well-established cryogenic-range cooling technology to cool down to 100 mK,
but it is still in an incipient stage for refrigeration systems at ambient temperature. However, due
to its environmental and energetic advantages over the conventional cooling systems, the interest
on magnetic refrigeration in the room temperature range has been renewed. In fact, the search
for magnetic substances which exhibit suitable magnetocaloric properties is a growing research
area [5].

1.1 Magnetocaloric effect (MCE)

The magnetocaloric effect (MCE) was discovered by Warburg in 1881 [6]. It can be understood as
either the magnetic entropy or the temperature change in a magnetic material when an external
magnetic field is varied isothermally or adiabatically respectively [7]. This is the result of the
variation of the internal energy of the material when changing the applied magnetic field, due to
the thermal coupling between the lattice and the magnetic degrees of freedom [8]. Thereby, the
MCE is an intrinsic property of all magnetic substances. Furthermore, as the entropy is linked
to the disorder of a system, the magnetic entropy will be reduced when the magnetic moments



2 1.1. Magnetocaloric effect (MICE)

become partly ordered, which in the case of ferromagnetic materials can be achieved mainly in
two ways: increasing the magnetic field or lowering the temperature [9].

1.1.1 Thermodynamics of the magnetocaloric effect

As this thesis focus on the study of second order magnetic phase transitions, a theoretical de-
scription in this section is done for the Thermodynamics of MCE for such kind of magnetic phase
transitions [10-14].

Let’s consider that the total entropy of any magnetic system with a second order magnetic
phase transition is always a continuous function of temperature, regardless of magnetic field. It
is also assumed that hysteresis, coercive fields, anisotropy and remanence are all negligible and,
hence, they have no effect on the magnetocaloric effect. Furthermore, it is supposed that the
magnetic systems are in a static equilibrium. Finally, all processes in the magnetic systems are
assumed to be reversible.

We consider a magnetic system in a thermodynamic equilibrium state with no changes in
composition (i.e., dN = 0). For such a system, the first law of the thermodynamics states that
its internal energy is a function of the extensive properties (also called generalized displacement)
of the system, entropy (S), volume (V') and the magnetic extensive variable (M):

U=TS— PV +HM, (1.1)

where T' (temperature), P (pressure) and H (magnetic field) are the intensive variables (also
called generalized forces or fields) conjugated of S, V and M respectively. M is the component
of the total magnetic dipole moment in the direction of the applied field. The internal energy can
be written in a differentiable form:

oUu oU oU
_(oU ou o M 1.2
v <85>V,Md5+<aV>s,MdV+<aM>Syd | (12)

with

<W>S,M = —P(S,V, M) (1.3)

<8M>5,v = M VM),

From 1.3 it is clear that a given generalized displacement can be modified by more than one
generalized force. It should be noticed here that the tensorial product of an intensive variable times
the corresponding extensible variable is a scalar that quantifies the (reversible) work associated
with changes of the intensive properties induced by the corresponding generalized field.

The Legendre transformation of U (S, V, M) with respect to S, V and M,

A=U-TS+ PV — MH, (1.4)
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gives the free energy of the system in terms of the intensive parameters T', P and H. Its differential
form is

0A 0A 9A
dA=(-~) dT+(+5) dP+(+5) dH. L.
(@), o), 0 ()., "

The extensive parameters are given by

S(T,P,H) =— (g;)
P,H

V(T,P,H) = (?;)TH (1.6)
MT, B H) =~ (‘(32>TP

From an elementary theorem of calculus, two mixed second partial derivatives of A with respect
to T and H are equal. Thus, using 1.6, the following Maxwell relation

<gIS{>P,T - <%]¥)P,H )

results. Integrating eq. 1.7 for an isothermal (and isobaric, dP = 0) process, with the magnetic
field changing from H; to Hy (AH = Hy — Hy):

Ho
AS(C s = [ (G ) (1.8)
Hy or PH

At a constant pressure P, the total entropy of a magnetic solid is a function of both the applied
magnetic field, H, and the temperature, T'. As a solid magnetic material refrigerant contains
two energy reservoirs, the usual phonon excitations and the magnetic excitations, generally well
coupled by the spin lattice coupling [15], the total entropy for rare-earth compounds is assumed
to be the combination of the lattice (S), electronic (S.) and magnetic (Sys) contributions:

STotal (T,H):SL (T)+Se (T)—l—SM (T,H), (19)

where, in a first approach, only Sjs varies with H. It must be pointed out that in the case of 3d
materials, separation of electronic and lattice contributions is not straightforward [8].

In a isothermal process, if the magnetic field varies AH the magnetic entropy of the material
changes (it can be reduced or increased), whereas both S;, and S, remain unchanged in a first
approximation. Therefore, the value of ASy (T, Ha) pap 8t a constant temperature T' is given
by:

ASwm (T, H2)P,AH = [SM (T)H2 —Su (T)Hl]:r,p
= [S(T)y, — S(T)HI]TJD = AS(T,Ha2)p pjy - (1.10)

Nevertheless, when the magnetic field is changed adiabatically by AH, the combined lattice and
electronic entropies change by A (Sp + Se) = —AS). Such change in the lattice entropy results
in a measurable variation of temperature, the so-called adiabatic temperature change, AT,4, of



4 1.1. Magnetocaloric effect (MICE)

the magnetic material, which is also used to describe the MCE. AT, is also a function of the
temperature, and is given by

AToq (T, HZ)P,AH - [T(S)HQ - T(S)Hl]s’p (1.11)

for a fixed AH and arbitrary T. Let’s now obtain a formula which describes the adiabatic tem-
perature change of a magnetic substance.

The differential of the total entropy of the magnetic system, expressed as a function of T', P
and H, is

s = 95 dT + 95 dP + 95 dH. (1.12)
) py OP )y OH )1 p
Under an adiabatic and isobaric (dS = dP = 0) process
95 dT = — 95 dH. (1.13)
T ) pu OH )1 p
Taking into account the definition of the heat capacity for a set of constant parameters x
oS
=T =—) , 1.14
=7 (5). 14

and eq. 1.7, the variation of temperature due to a infinitesimal change of the applied magnetic
field is given by:
T <8M

Cpu

Integrating eq. 1.15,

Hy T oM
AToq (T, Hy) p oy = —/Hl (Cp W H)> <3T>p,H dH, (1.16)

gives the adiabatic temperature change.

It is also possible to determine the magnetic entropy change through the definition of the heat
capacity. According to the second law of thermodynamics, an infinitesimal change of entropy, at
constant magnetic field and pressure, can be written down as
Cpu (T,H)

T
Integrating eq. 1.17, and taking into account that, according to the third law of thermodynamics,

s = dr. (1.17)

the entropy at T' = 0 is assumed to be zero,

T Cpu, (T) — Cpu, (T)
T

NSt (T, Ha) pagy = AS (T, o) payy = / dr. (1.18)
0

MCE is determined by both ASy/ (T, H) and AT,4(T, H). Thus, egs. 1.11 and 1.18 completely
define the MCE in magnetic solids. Eq. 1.11 is often employed in direct measurements of AT,g:
the temperature of the magnetic material is measured in both H; and Hs, and the difference
between the two temperatures yields the intensive MCE value [16, 17]. On the other hand, isofield
measurements of the heat transfer and, therefore, measurements of ASy; using eq. 1.18, are seldom
performed in practice, because the numerical integration involved in evaluating the total entropy
function may result in the accumulation of errors that can reach 20-30 % [18, 19]; also the heat

capacity measurements must be carried out starting as close to the absolute zero as possible.
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For this reason, indirect measurement of ASjy;, which
involve measuring the magnetization isotherms as func-
tions of H (eq. 1.8) for different temperatures, is the
usual way to determine this extensive variable of the
MCE [19].

An indirect method to determine AT,y is based on eq.

Entropy

1.16, which needs to express the heat capacity as a func-
tion of T and H, and the magnetization isotherms as

well. However, using the AS); data it is also possible to

Temperature calculate the AT,y if the heat capacity at constant field
is available: the AT,y values can be extracted as the
Figure 1.1: Temperature dependence jgentropic distance between the two isofield curves for

of the total entropy for Hy and H> H, and H, on the entropy-temperature (ST) diagram

applied fields. Both the isothermal (see fig. 1.1) [16, 20].
magnetic entropy change, ASy; (T ,
& . p;y & m (Tan It is worth noting that changing the pressure and
and the adiabatic temperature change, . . . .
. the applied magnetic field simultaneously, it is produced
AT,q (T) A g for the given temperature .
. . the so-called magneto-barocaloric effect [21]. However,

T, are shown as thick vertical and hor- . ) )
. . there are not many studies concerning this phenomena,
izontal bars respectively [12]. 1o .
so, commonly, pressure changes are avoided in magnetic

refrigeration to avoid the barocaloric effect.

Taking into account that samples are under vacuum during the measurements, hereafter we
assume that the absolute pressure of the system is constant, so P is not taken into account. Also,
we will estimate the magnetic entropy change using as starting applied magnetic field, H; = 0T.
Therefore, we will refer ASys (T, H2) p oy like ASyy (T, Ha).

Analyzing eqs. 1.8 and 1.16, some general features of the MCE in solids with a second order
magnetic phase transition can be derived:

* As the MCE depends on OM /0T and AH, those materials whose total entropy is strongly
influenced by a magnetic field, and whose magnetization varies rapidly with temperature,
are expected to exhibit a large MCE.

* For ferromagnetic materials, the magnetization decreases with temperature ((0M/0T)pu <
0). Thus, for positive field changes, AT,  is positive, while ASj; is negative.

*x As [(OM/OT)p,g| is maximum at T, |ASy| peaks at T = T¢. The MCE is gradually
lowered both below and above the T¢.

* AT,y will be larger at higher T and lower heat capacity.

* Paramagnetic solids, since (OM/OT) p,p is small, can only show a relevant AT,4 value when
the heat capacity is also very small.

1.1.2 Magnetic refrigeration

The MCE has been successfully used to achieve ultra low temperatures, since Debye (1926)
[22] and Giauque (1927) [23] proposed the idea of utilizing reversible temperature changes in
Gd,(S0,)48H,0 paramagnetic salts, and Giauque and MacDougall (1933) reached 0.25K by
means of the so-called “adiabatic demagnetization” [24]. Before, Langevin (1905) had demon-



6 1.1. Magnetocaloric effect (MICE)

strated that the change of a paramagnet magnetization would result in a reversible temperature
change. Since these years, magnetic refrigeration has been used for attaining ultra low tempera-
tures and for gas liquefaction, like hydrogen, helium and nitrogen.

However, the first magnetic refrigerator operating around room temperature was reported in 1976
by Brown [25]. This prototype was unnoticed until Zimm developed a magnetic refrigerator in
1996, which used approximately 3 kg of Gd as working material and generated up to 500-600 W
cooling power in a 5T magnetic field [26]. Later on, an increase of the research efforts has been
produced. Research on the MCE has experienced a nearly exponential growth [27], appearing sev-
eral families of materials which were found to be interesting from the point of view of magnetic
refrigeration. In fact, in 1997 the discovery of the “giant” MCE in the Gd;Si,Ge, compound by
Pecharsky and Gschneidner marked a new milestone [28], that led to the development of different
magnetic refrigeration systems for room temperature applications [5]. After that, more than 25
prototype of magnetic refrigerators operating at room temperature have been successfully built
and tested.

- &
S A
D Ho S
H
: 4
B 2 -
C ; 1 [
1
Ty T
(a) Ericcsson cycle. (b) Bryton cycle.

Figure 1.2: Main thermodynamic cycles used in magnetic refrigeration at room temperature [5].

At low temperatures, the thermodynamic cycle used on magnetic refrigeration is the Carnot
cycle. This cycle consists of two adiabatic and two isotherm processes. When the operation tem-
perature of a magnetic refrigerator is shifted over 20 K, the heat capacity of a magnetic working
substance becomes larger, and the adiabatic temperature change occurring due to magnetic field
change becomes smaller. Therefore, the Carnot thermodynamic cycle cannot be used in room
temperature refrigeration systems [29]. Instead, the used thermodynamic cycles for magnetic
refrigeration at room temperature are regenerative cycles, which can operate at higher temper-
atures and with larger temperature spans [30]. Those cycles are Ericsson, Brayton (see fig. 1.2)
and active magnetic regenerator (AMR) [5, 31] cycles.

Ericsson’s cycle consists of two isothermal processes, represented by A — B and C' — D in fig.
1.2(a), and two isofield steps (corresponding to Hy and Hy, with Hy < H; in fig. 1.2(a)), labeled
by B — C and D — A. Brayton’s cycle consists also of two isofield stages (A — B and C' — D
in fig. 1.2(b)), but changing the two isothermal for adiabatic processes (B — C and D — A).
In both cases, the maximum refrigeration efficiency is attained with constant magnetic entropy
change AS)s curves. Deviation causes irreversibility and the generation of entropy in the system.
In most cases it is better for the material to have wide ASy/(T) and AT (T") dependences [7]. In
order to obtain a constant ASy; (T'), several authors have suggested using a complex magnetic
refrigerant composed of several ferromagnetic nanocomposites or layers of magnetic materials
with different transition temperatures [32-34].
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AMR thermodynamic and Brayton cycles are closely related, because in an ideal AMR cycle
each element of the magnetic material is carried through a Brayton cycle [30]. The main difference
between them is that in the latter case the regenerator (a thermal device which returns the heat
expelled by the magnetic material in one step to it in another point of the magnetic cycle) is filled
with a magnetocaloric material, so a heat transfer fluid can flow through the bed [5, 32, 35].

It is interesting to note that, in the conventional refrigeration, the gas refrigerant interchanges
heat directly with the environment and the load. In magnetic refrigeration, the refrigerant is a
solid which cannot be pumped through the heat exchanger. Instead, a fluid is used to transfer
heat between the load and the magnetic refrigerant.

The main steps of a passive magnetic refrigerator
based on the magnetic Brayton cycle (see fig. 1.3)
going from the cold source to the hot sink are: a)
Disordered magnetic moments are aligned by the ac-
tion of a magnetic field in an adiabatic way, thus the
magnetic entropy decreases. Following eq. 1.9, the
magnetic material is heated because the entropy of
the lattice is increased. b) Heat is then removed from
the material by a heat-transfer medium. This heat
amounts the area AB14 in fig. 1.2(b). ¢) The field
is then removed adiabatically, and as a consequence,

Figure 1.3: Scheme of a Brayton cycle [36]. the mz?gnetlc moments randoTnlze. Tl'le magnetic en-
tropy increases, thus the refrigerant is cooled below
the temperature at which the magnetic field was previously applied. d) Heat from the load is
extracted using again a heat-transfer medium. The amount of heat to be absorbed is the area

DC14.

A basic AMR thermodynamic cycle can be di- T
vided also into four steps [35, 37] (see fig. 1.4): a)
The bed is in a demagnetized state. Fluid flows

I 3

through the regenerator from the hot to the cold
end entering the bed at a temperature Tp. As
the fluid flows through the bed it is cooled by the
solid refrigerant, and exits the bed at T, where

- -.)‘
7.7 iT(x,H,=H,;)
can absorb a heat load through a heat exchanger.

b) A high magnetic field is applied, thus the tem- 5 >
T

perature of the refrigerant increases by the local
MCE value. c¢) The fluid flows through the mag-
netized regenerator from the cold to the hot end,

Figure 1.4: Scheme of an active magnetic re-
generator. The solid curve shows the average
absorbs heat from the bed, and delivers a heat temperature through the length of the bed.
load to the warm sink through a heat exchanger
at the hot side of the bed. The fluid enters the
cold end of the regenerator, absorbs heat from

the bed, and exits the AMR bed at a tempera-

The dashed lines show the temperature of the
refrigerant just after magnetization and de-
magnetization processes [37].
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ture T+ ATy. d) The AMR is now demagnetized, and its temperature decreases due to the local
MCE.

Unique features of an AMR cycle are that at each section the refrigerant undergoes its own
refrigeration cycle, as the matrix of magnetic materials is subjected to a spatially and temporally
varying magnetic field and fluid flow rate, which allows multiple bed configurations [38, 39]. Since
the temperature gradient in the packed bed becomes steeper with each repetition of the cycle,
the temperature difference between the hot and cold ends increases gradually.

The properties that a magnetic substance must fulfill for its applicability in magnetic refrig-
eration are not only the magnitude of the MCE, but also the magnetic cooling power and the
temperature range within the magnetic material is useful. The relative cooling power (RCP) of a
substance indicates how much heat can be transferred between this material and its environment,
from the cold end to the hot end of a thermodynamic cycle. There are several attempts, in the
literature, to quantify the RC'P for a magnetic material to be potentially used in a magnetic re-
frigeration system [13, 40, 41]; the simplest and most used is the so-called RC P;, which consists
of the calculus of the area of a rectangle whose base equals the full width at half maximum of
the ASy(T) curve (8Tpwra), and height equals |ASTeak|:

RCP(H) = |ASYF* (H) | x 0Trw . (1.19)

The RCP, results from the area under the ASy/(T) curve between those temperatures corre-
sponding with its full width at half maximum:
Ty
RCPy(H) = / (ASy (H,T)| dT. (1.20)
Tc

Wood and Potter proposed another criterion of efficiency of the working material, referred as
RCPs; it is obtained maximizing the rectangle |ASy| x dTcye, where §Tcye = Thot — Teold is the
operating temperature range of a cycle. ASy; is supposed to be constant over the cycle. This
value also determines Tj,,; and T, for which the material is more efficient. It must be pointed
out that these definitions are useful when the magnetic entropy change has well-resolved peaks,
and, thus, those definitions can be used in each peak.

An optimum material for application in room temperature magnetic refrigeration must fulfill
several features [1, 5, 42]:

* Low cost of the magnetic solids and their processing.

* Harmless.

* Molding and processing of the magnetic materials appropriate for the magnetic refrigeration.
* Small specific heat and large thermal conductivity, which ensures a remarkable temperature
change with the fastest heat exchange.

%

Large electric resistance to avoid the eddy current loss.

* Curie temperature in the vicinity of working temperature, guaranteeing that the magnetic
entropy change can be gained in the whole temperature range of the cycle.

* Essentially zero magnetic hysteresis, which avoids magnetic-work losses each refrigeration
cycle.

* Large spontaneous magnetization with a sharp drop at its critical temperature.

* Large relative cooling power.
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These two last conditions are fulfilled in materials with a large magnetic entropy change and a
broad ASy;(T') peak. Due to their high magnetic moments, heavy rare-earth elements and their
compounds are considered the best candidate materials to obtain a large MCE. Not in vain the
highest MCE involving a second-order phase transition known so far is produced by the rare-earth
metal Gd [43].

Other interesting compounds suitable for magnetic refrigeration are the amorphous magnetic
materials, which may have a large AS) (7') width, which can be broader than those of the
crystalline magnetic refrigerants. Furthermore, their high electrical resistivity, tailorable nature
associated with their disordered structure, outstanding mechanical properties, and high thermally
stability, make them good candidates as magnetic refrigeration materials [42].

The advantages of the magnetic refrigeration compared to their household analogues are [2,
13, 15, 43, 44]:

* Less energy consumption: the work done by a compressor in a conventional refrigerant
system can be done by a permanent magnet in several magnetic systems.

* High cooling efficiency: magnetic refrigerators working with gadolinium reached 60% of the
theoretical limit, compared with only about 40% in the best gas-compression refrigerators.

* The cooling power can be varied by scaling from milliwatt to a few hundred watts or even
kilowatts.

* It is an environmental friendly technology, as it does not use ozone depleting chemicals

(CFCs), hazardous chemicals (NH;) or greenhouse gases (HCFCs, HFCs, PFCs,. ..). More-

over, CO, emissions are also reduced.

Simple design of machines, e.g. rotary porous heat exchanger refrigerator.

Low maintenance costs.

Large durability and stability.

Disappearance of mechanical vibrations and noise.

b D S S

Low pressure (this is an advantage in certain applications such as in air-conditioning and
refrigeration units in automobiles).

1.2 Magnetovolume anomalies

The Invar effect was the first reported magnetovolume
anomaly (Guillaume, 1897), consisting in an almost con-
stant thermal expansion in a wide range below the Curie
temperature [46]. Materials exhibiting this kind of be-
havior are used where high stability is required, such
as precision instruments, clocks, seismic creep gauges,

P S ER T S SR valves in motors, ...
G 100 200 300 400 500 600 700 800
T.K As in chapter 3 some results are related with magne-

Figure 1.5: Temperature dependence of tovolume anomalies, outstanding theoretical aspects are
the linear thermal expansion coefficient presented here.

of Invar@Feg,Nigg and nickel [45]. Experimental relative volume change, wezp =

(AV/V)exp, has two main components, the lattice vol-
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ume, wyqi, and the magnetic contribution, represented by the spontaneous volume magnetostric-
tion ws [46, 47]. ws is the responsible of the magnetovolume effects, and is related with ay,, the
magnetic contribution to the thermal expansion coefficient (see fig. 1.6) by the following equation

[46]:

T
ws (T) =3 / o (T7) T,
T

(1.21)

where T7 is a reference temperature for which ws vanishes. It must be noted that eq. 1.21 is a

simplification, because the thermal expansion coefficient is a second rank symmetric tensor [48].

Let’s calculate wg. Assuming that
Aexp(T) = anm(T) + an(T), where
Qlegp is the experimental thermal expan-
sion coefficient, and oy, (T') denotes the
non-magnetic term of the thermal ex-
pansion (which takes into account the
phonon and the electron contribution), it
is firstly necessary to separate the mag-
netic contributions to the thermal ex-

pansion from the lattice contribution.

This is usually done by extrapolat-
ing the temperature variation of the lat-
tice parameters from the paramagnetic
range. For this reason, aegy(T") is fitted
in the paramagnetic region for tempera-
tures well above T, thus ag, (T) is es-
timated in this region. This is doing as-
suming a quasiharmonic approximation,
a simple Debye model for the phonons,
and a classical specific heat contribution,
by means of the Griineisen relation,

xkI'Cy, (T')
3V

with k being the isothermal compress-

anm (T') = (1.22)

ibility, I" the Griineisen parameter, V'
the molar volume and C), the specific
heat [49, 50]. The Griineisen parameter
is a measure of the anharmonic interac-
tions (higher than quadratic terms in the
inter-atomic displacements), which play

Jial}

[h]

w208 (kY

o 200 400 800 800
Temperature (¥ )

Figure 1.6: a) Temperature dependence of the exper-
imental thermal expansion (full line), together with
the magnetic a,, (dashed line) and extrapolated non-
magnetic ay,, (dashed-dotted line) contributions for
FegsNigs Invar@® alloy. Extrapolated non-magnetic
part represents the phonon contribution to the ther-
mal expansion. b) Temperature dependence of the
experimental thermal expansion (continuous line) for
Fegs;Nis- Invar® alloy. The dashed line gives the tem-
perature dependence of the non-magnetic term deter-
mined using the Griineisen relation. The magnetic part
oy, (dashed-dotted line) results from the difference
Qlegp — Opm- The Curie temperature is marked by an
arrow [46].

an important role in describing properties like thermal expansion, thermal conductivity and decay

of elastic waves [51]. Commonly, the electronic and phonon contributions to the total thermal

expansion gy are taken into account [52], being the electric term

CB (T) = fVeTa

(1.23)
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and using the Debye theory to evaluate the phononic part of C),

T 3 r0p/T $4€$
Con (T) = INKp | — / T 1.24
w )=k () [T (1.24)

Usually, x and v coefficients are estimated fitting eq. 1.22 to the slope of the experimentally
determined relative volume change curve in the paramagnetic range well above T¢ (see fig. 1.6).
Extrapolating this non-magnetic term to low temperature and subtracting it to the experimental
data, the spontaneous magnetostriction is obtained by means of eq. 1.21.

The volume magnetostriction has been discussed in terms of the localized-moment or itinerant-
electron models. w; in the localized-moment model is related to the two-spin correlation function
m; X m; as

ws = Z KCint(m; x myj), (1.25)
i?j
where k is the compressibility, Ciy¢ the magnetovolume coupling constant for the localized-
moment mechanism, and 4, j are the neighboring lattice sites. On the other hand, ws is related to
the mean-square amplitude of the local magnetic moment:

ws = KChand (M) , (1.26)

where Chpgng is the magnetovolume coupling constant from the band contribution.

In general, the magnetic system belongs to an intermediate regime between these two limits,
and both localized-moment and itinerant-electron pictures contribute to the volume magnetostric-
tion [53]. In the case of R-T intermetallics, ws can be phenomenologically described by:

ws = nRR,UJ% + NRpTURUT + nTTu% (1.27)

where ur and pp are the magnetic moments of R and T atom, respectively, nrr and npr are the
magnetoelastic-coupling coefficients in the R and T sublattices, and ngrr is the intersublattice
magnetoelastic-coupling coefficient [54]. However, for the R,Fe,, alloys, ngr and npr coefficients
are negligible.

1.3 R,Fe,, alloys

A wide family of magnetic intermetallic compounds arises from the alloy of rare-earth (R) and
3d transition metals (M). In fact, the number of such compounds amounts over a thousand.
[55]. Localized magnetism of rare-earth sublattice combined with an itinerant magnetism of 3d
sublattice, makes these magnetic intermetallics very attractive from bot fundamental Solid State
Physics and commercial applications.

In the case of 3d transition metals, stable R-M compounds have been obtained only for M
= Mn, Fe, Co or Ni, where the unpaired 3d electrons of the transition metal component give
rise to a net magnetic moment in most cases. The magnetic interactions in R-M compounds
comprise, therefore, three different types: the R-R interaction, the R-M interaction and the M-M
interaction. The R-R interaction is the weakest due to the localized character of the electrons.
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The high Fe-content RyFe;, intermetallics present polymorphism, crystallizing into two kind
of structures depending on the atomic weight of the rare-earth. From Ce to Sm the crystal
structure is rhombohedral Th,Zn,,-type (R3m space group), with the rare-earth occupying an
unique crystallographic site, 6¢ (labeling for the R element and Fe atomic coordinates is the same
as that used in the International Tables for Crystallography, i.e., Wychoff notation [56]), whereas
the Fe atoms occupy four inequivalent positions: 6¢, 9d, 18f, 18h [57]. The crystal symmetry is
hexagonal Th,Ni,.-type (P63/mmc space group) for Dy to Lu, with the rare-earth occupying
two different sites: 2b and 2d, characterized by a quite similar local atomic arrangement of Fe
next-neighbors and by a slight different arrangement of the rare-earth atoms. The Fe atoms also
occupy four positions: 4f, 6g, 125 and 12e [58]. In fig. 1.7 a sketch of the unity cell for each
crystal structure are depicted. In the case of Ho, Tm and Lu several authors have pointed out the
existence of disordered crystal structures [59-62], in which extra positions, not fully occupied, for
the rare-earth (2¢) and the Fe (4e) are considered. Furthermore, R,Fe,; alloys with R =Y, Gd
and Tb can exhibit both crystal structures depending on the annealing temperature [63].
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Figure 1.7: Left plot: Sketch of the rhombohedral crystallographic unit cells of the R,Fe,- alloys.
Right plot: Sketch of the hexagonal crystallographic unit cells of the R,Fe,- alloys [64].

Both rhombohedral and hexagonal structures are derived from a hexagonal CaCus-type struc-
ture by the ordered substitution of one-third of rare-earth atoms in the basal plane by a pair
(dumb-bell) of Fe atoms. In the rhombohedral Th,Zn,,-type form, these substituted layers are
stacked in the sequence ABCABC. .. along the ¢ axis on the CaCus-type structure, and each unit
cell contains three formula units. In the hexagonal Th,Ni,,-type form, the ordering is, instead,
ABAB... along the same direction, and the unit cell contains two formula units [59, 65, 66]. It
is worth noting that, as a consequence, the cell volume of rhombohedral-type over cell volume of
hexagonal-type is almost 3/2.

In this family of compounds, the magnetic behavior is determined mainly by the Fe sub-
lattice. The magnetic coupling of the Fe magnetic moments depends on the Fe-Fe interatomic
distance. For distances lower than 2.45 A, the exchange coupling favors an antiparallel alignment
of the magnetic moments, whereas for longer distances they are parallel [63]. Moreover, these al-
loys can exhibit different magnetic behavior: ferromagnetism (e.g. PryFe,;), ferrimagnetism (e.g.
TbyFe,,), helimagnetism (e.g. CeyFe;-),... The majority of the alloys of this family present a
magnetic ordering temperature close to room temperature. Furthermore, T is well below to that
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of pure Fe (1073 K), even though the values of the magnetic moments of the Fe atoms in these
compounds are almost the same as that of pure Fe (2.2 up) [67]. It is believed that this variety of
behaviors is due to a competing ferro- and antiferromagnetic interactions between some Fe atoms,
mainly those at the 6¢ and 4e positions, the so-called dumb-bell sites, in the rhombohedral and
hexagonal crystal structures respectively. The strong dependence of the magnetic interactions
with interatomic distances causes a decrease of the Curie temperatures magnetovolume effects,
where the anomalous thermal expansion below the ordering temperature or the negative pressure
dependence of the ordering temperature are the most representative features [68, 69].

1.4 FeZrBCu amorphous ribbons

Amorphous alloys, called metallic glasses when are obtained by rapidly quenching from the melt,
are characterized by a structural disorder, which leads to different behavior with respect to their
properties when are compared to their crystalline counterparts. The first explicit reported ferro-
magnetic amorphous alloy was the sputter-deposited thin-film Co-Au, following the earlier theo-
retical prediction of amorphous ferromagnetic materials [70-72]. In a glassy metal the symmetry
is absent and each atom constitutes a structural unit. For this reason, they are in a metastable
state and, accordingly, tends to transform towards the stable crystalline phase through structural
relaxation phenomena. Those materials exhibit lower electric conductivity than crystalline ones,
which reduces the losses for eddy currents [73]. Nevertheless, their mass density, magnitude of
magnetic moments, and other properties are similar to those of crystalline compounds, suggest-
ing that there exhists a short-range order similar to that in crystalline materials of the same
composition [65, 74, 75].

Magnetic properties of amorphous alloys are strongly affected by bond and chemical disorder,
because they have a distribution of both magnetic moments and exchange interactions. Com-
mon ferromagnetic and ferrimagnetic behaviors are observed in many amorphous materials, but
new magnetic structures arise from the structural disorder [76, 77]: non-collinear speromagnetic,
asperomagnetic and sperimagnetic order, which occur due to a competing random anisotropy
and exchange interaction, and spin-glass behavior, which comes from the existence of compet-
ing positive and negative exchange coupling. Spin-glass materials exhibits a typical spin-freezing
temperature, defined experimentally by a sharp peak in the low-field susceptibility.

Some ferromagnetic glassy metals have large values of saturation magnetization (Mg), per-
meability and Curie temperatures. Fe-rich amorphous alloys with general formula Fe, Migo_
(x > 80), being M an early transition metal (Zr, Hf,...) or a metalloid (B, Si,...), can be con-
sidered as amorphous iron stabilized by small amounts of impurities [78]. Metalloid addition
decreases the melting temperature and increases the glass transition temperature, T, (which is
the critical temperature at which the material changes from being hard and brittle to elastic
and flexible), thus favoring the formation of the amorphous alloys. Also the magnetic properties
can be modified by the transfer of electrons from the metalloid to the 3d Fe atom [79]. These
glassy metals are formed by cooling the melt below T,. The cooling rate required to avoid the
development of the long-range order in these Fe-based alloys is on the order of 10° Ks=! [30].

Within this family of Fe-based amorphous metals, Fe-Zr-B alloys, or commercially known as
“Nanoperm” alloys when the nanocrystalline phase that is gained after a heat treatment, present
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an atomic configuration which consists of triangle prisms connected with each other through glue
atoms, mainly some Zr. Such a structure favors the stabilization of the supercooled liquid in
the Fe-Zr-B type glassy alloys [80]. These alloys can exhibit “spin-glass-like” reentrant behavior,
exceptional magneto-volume effects, as well as a reduction of Ty with increasing Fe content, due
to the strong competition between Fe-Fe magnetic interactions [78, 81, 82].

1.5 Motivation

Our interest in studying Fe-based magnetic materials was motivated by the fact that the magnetic
entropy change spreads into a wide temperature range when it is associated to second order
magnetic phase transitions. Because of that (and the absence of thermal hysteresis), the relative
cooling power of these materials are comparable to those of the Gd-based materials displaying first
order phase transitions, even though Fe-based magnetic materials exhibit relatively low values
of the ‘ASAPf“k . Furthermore, most of the selected compounds have transition temperatures
in the range 200-380 K, which are appropriate for room temperature applications in magnetic
refrigeration. Even more, Fe-rich compounds are cheap and it is relatively easy to prepare several
grams of each Fe-based alloy.

Asﬁeak ‘

has a full width at half maximum of the order of 100 K for applied magnetic field changes of 5T,

In the case of RyFe,. alloys, some works [83, 84] had shown that, in these alloys,

but not so much effort in this direction has been done. Moreover, the magnetovolume anomalies
present near room temperature make them more suitable for magnetic refrigeration, as it prevents
the deterioration of the properties of these material with the refrigeration cycles (no large volume
changes, as in normal metals, are involved, which avoids the material fatigue). Hence, an extensive
study of the crystal and magnetic structure, as well as magnetic properties, has been carried out
in this Thesis work.

A severe mechanical processing usually gives rise to drastic changes in the physical-chemical
behavior of a material by generating structural disorder and/or modifying its microstructure. In
this sense, we are interested in the effects on the magnetic entropy change of the disorder induced
by the mechanical milling in the Pr,Fe,, and Nd,Fe,, ball-milled alloys. Moreover, this powder
morphology is interesting from the point of view of possible applications because implies a large
electric resistance, which avoid the eddy current losses produced in a cycle.

For magnetic refrigeration, the Curie temperature must be in the vicinity of the working
temperature to guarantee that the MCE is present in the whole temperature range of the cycle.
The Curie temperature of RyFe;, compounds can be easily tuned by mixing two different rare-
earths. For this reason, we have investigated the magnetocaloric properties of several pseudobinary
A, B,  Fe,; alloys, with A and B being two different rare-earths.

We have studied the MCE in FeZrBCu amorphous ribbons series because they are Fe-rich
magnetic materials with a Curie temperature close to room temperature. Even more, they have a
high electric resistivity and are not easily oxidized. It should be noted that our group has a vast
experience in those amorphous materials [85-89]. We have also investigated the magnetocaloric
properties of combinations of two alloys with different compositions, with the aim of optimizing
the MCE response.
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In several amorphous materials the ASy;(T) curves for different applied magnetic fields col-
lapse in a single curve [90, 91]. These studies had been previously done at low field range, so
we have extended them to high steady magnetic fields, in order to check the feasibility of the
so-called master curve at these fields.

1.6 Aims

The main objectives of the work presented in this thesis are:

I) Determination of the magnetovolume anomalies present in the bulk R,Fe,- alloys. This goal
is divided into several tasks:

(a) Realization of a complete structural characterization of the alloys by means of both
x-ray and neutron powder diffraction. Once the crystal parameters are determined, the
cell parameters variation, with either temperature or high pressure, will be investigated.

(b) Analysis of the temperature dependence of the magnetic moment at each crystallo-
graphic site.

(c) A further study of temperature and applied magnetic field dependence of the magne-
tization under different values of the external pressure (up to 1 GPa) is carried out to
determine the effect of pressure on the transition temperature of these alloys.

IT) To study the MCE in polycrystalline and amorphous Fe-rich materials with the aim of
determine mainly the role of the Fe atoms, and how it can be changed with rare-earths,
metalloids and early transition metal. To accomplish this objective, four main points are
carried out.

(a) Estimation of the MCE in Fe-rich R,Fe,, and A, B, _ Fe,. systems, in terms of the vari-
ation of the magnetic entropy change with the temperature and the applied magnetic
field.

(b) Fabrication of nanostructured R,Fe,- alloys to investigate the effect of the changes in
their microstructure with the duration of ball-milling process in the MCE.

(c) Magnetic characterization under high steady applied magnetic fields of a series of
FeZrBCu ribbons. Estimation and comparison of the magnetic entropy change in these
amorphous alloys.

(d) Characterization of the MCE properties in combined systems of two FeZrBCu ribbons
of different composition.
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2

Experimental

In this work, a several experimental techniques and devices have been used to characterize both

structurally and magnetically the families of Fe-based intermetallics, which were synthesized in

either amorphous ribbons after quenching or polycrystalline form. Here, these techniques are

briefly exposed.

2.1 Fabrication

The studied Fe-based alloys were either in polycrystalline or amorphous form. The fabrication

procedures have been different for each type.

2.1.1 Arc-furnace

Figure 2.1: Arc melting furnace.

To synthesize the alloys the conventional arc-melting technique
was utilized. As-cast pellets were melted in a MAM-1 arc fur-
nace (Edmund Biihler Gmf8H), in which the built-in power
supply may supply up to 200 A, allowing specimens melt up
to 3500°C, in an argon protection atmosphere, by discharg-
ing an electrical arc. The anode is a watter-cooled copper cru-
cible, and the cathode consists in a freely movable sharp rod of
tungsten, which is also watter-cooled. The atmosphere of the
furnace chamber is controlled by a vacuum-pump and flowing
high-purity Ar, which evacuates oxygen, and acts as ionizing
gas. A number of meltings with the sample being turned over
each time is done in order to ensure a good homogeneity of
the alloys, which can be hard to achieve because of the differ-
ent cooling speed at the bottom (which is in contact with the
water-cooled Cu crucible) and the top of the specimen. The

specimen is weighted after each melting to control possible weight losses and compensate it with

17
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the rare-earth to obtain the desired stoichiometry. This fabrication procedure presents a drawback
when synthesizing R,Fe; ., and is that a residual phase may appear due to Fe segregation in an «
phase (usually c.a. 5%). For this reason, an extra amount of rare-earth was usually added. The
purity of elements was, at least, 99.9%.

2.1.2 Heat treatment

In order to both facilitate the homogeneity of the compounds and keep as low as possible the Fe
segregation, heat treatments were carried out. As-cooled pellets were wrapped in a tantalum foil
and sealed under vacuum or Ar atmosphere in a quartz ampule to avoid oxidation. Then, each
ampule was annealed at a fixed temperature between 1200 and 1400 K in a conventional furnace.
Annealing was followed by water-quenching.

As it has been already said in the introduction, Y,Fe,;, GdyFe,,; and Th,Fe,. intermetallics
present polymorphism depending on the annealing temperature. For that reason selected anneal-
ing temperatures were chosen to obtain rhombohedral Gd,Fe;, and ThyFe,, compounds. In the
case of Y,Fe . alloy, not a single-phase but a two-phase compound was obtained, which will
help to study the temperature dependence of both rhombohedral and hexagonal Fe-sublattice
moments, because Y has not magnetic moment.

2.1.3 Ball-milling (BM)

Nanocrystalline PryFe,, and Nd,Fe,, powders were obtained by
means of high-energy dry-ball milling. The alloys pearls were
manually pulverized by means of an agate mortar. Resulting
powders were sieved using a 106 um pore size metallic sieve.
Then, they were sealed together with stainless steel balls in a
stainless steel vial under an Ar atmosphere, for minimizing oxi-
dation. Balls were chosen with 10 mm in diameter, and selected
ball-to-powder weight ratio was 8:1. Milling process was carried
out using a high-energy planetary ball mill (Retsch PM/400) in
rotations of 5min clockwise, followed by 5min anticlockwise

with a break of 5min in between, which ensured that the tem-
perature was sufficiently low during the milling process to avoid
Figure 2.2: Planetary ball-mill. possible recrystallization of samples. This procedure was fol-
lowed during 10, 20 or 40 h.

2.1.4 Melt-spinning

Ribbons of FeZrBCu intermetallics were prepared by the melt-spinning technique, a method based
on the fast quenching of a liquid by means of a moving cooled metallic block that extracts heat
from the liquid. The procedure is as follows: mixed elements in powder form were compressed
into tablet form and sintered at 700°C. After that, pill was molten in an induction furnace at
temperatures of the order of 1600 °C, and subsequently cast on the outer surface of a wheel, in
our case made of stain steel, which rotates at high speed (usually the tangential speed at the
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surface of the wheel is around 50 m-s~!), forcing the liquid to cool down to room temperature. It
forms a ribbon of a few tens of microns thick due to the solidification of the melt when the melt
enters in contact with the wheel. Cooling velocities of this technique are of the order of 10 K-s~1.
Ribbons produced in such a way have thickness around 20 um, and width of typically 1 — 2 mm.

2.2 Structural characterization

Concerning the structural characterization both the microstructure and the crystalline phases of
R,Fe,, were studied. X-ray (XRD) and neutron powder diffraction (ND) are relevant techniques
to investigate the crystal structure, and the pressure and temperature dependence of both the
lattice parameters and cell volume. Moreover, the mean crystalline size of the nanoparticles,
as in the case of the PryFe,, and Nd,Fe,, nanostructured alloys, can be also estimated from
powder diffraction patterns. Additionally, grain morphology of ball-milled specimens was directly
observed by transmission and scanning electron microscopies.

2.2.1 X-ray and neutron powder diffraction

Both x-ray and neutron powder diffraction are widely used to characterize crystalline phases
[92, 93]. In addition, from the angle dependence of the peak width it is possible to estimate the
average particle size and the microstrain [94]. As neutron have magnetic moment, it is scattered by
atomic magnetic moments, making neutrons particularly suited to investigate magnetic structures
and excitations. Indeed, neutron thermo-diffraction (NTD) is commonly used to investigate the
temperature induced magnetic and structural transformations in a material [87].

XRD under high pressure is one of the most important experimental methods for measuring
the pressure dependence of cell parameters. The main advantage of the x-ray diffraction method
lies in the direct measurement of the lattice parameters, allowing the determination of anisotropic
effects also in polycrystalline specimens. Especially, distortions of the crystal symmetry can easily
be detected by this method.

Information from diffraction patterns was obtained by peak fitting by means of Le Bail (useful
to determinate the profile and cell parameters) and Rietveld’s methods (refinement of the atomic
positions, magnetic moments, and peak width parameters from which mean grain size and mi-
crostrain values can be estimated) [95], which are implemented in the FullProf suite [96]. Also
simulation of neutron diffraction patterns with different magnetic moment configurations and/or
crystal structure were done using this software, in order to optimize the neutron and x-ray powder
diffraction experiments.

Conventional x-ray powder diffraction

Diffraction patterns at room temperature were collected in two powder diffractometers at the
University of Oviedo:
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Philips X’ PERT Pro: diffractometer working in reflexion mode with Cu K« radiation (A; =
1.541 A and Xy = 1.544 A). An angle step of A =0.02°, and counting times of 20s per point
were used.

Seifert XRD 3000 T/T: diffractometer working in Bragg-Brentano geometry mode with Mo
Ka radiation (A; = 0.7093 A and X\, = 0.7136 A). An angle step of A§ =0.01°, and counting
times of 40s per point were used.

Synchrotron x-ray powder diffraction with pressure

Synchrotron powder diffraction (SPD) experiments under high pressure were carried out in the
instrument ID27 at the ESRF (Grenoble, France). Powders were pressurized in a diamond anvil
cell at room temperature. The selected pressure-transmitting medium was Neon. A small ruby
chip was also loaded in the sample chamber for pressure calibration. SPD patterns were recorded
using a high-brilliance rotating anode generator. The collecting time for each pattern was 1 min.
The full Debye ring patterns were processed and reduced to intensity versus 26 patterns using
Fit2D software [97].

Neutron powder diffraction

In the case of neutron powder diffraction, experiments were carried out at the Institut Laue-
Langevin, placed in Grenoble, France, in four different two-axis powder diffractometers: D1A,
D2B, D1B and D4. A schematic view of a two-axis diffraction pattern is shown in fig. 2.3.

GraThile Collimator| | Neutron fight tube

ilter

Monitor

Adjustable slits

Figure 2.3: D2B, a high-resolution neutron powder diffractometer at the ILL.

D1A and D2B: they are high resolution diffractometers, which were used for determining
accurately the crystallographic parameters.
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Measurements in D1A were done in a cryo-furnace in the temperature range (250,450 K) with
wavelength A =1.91 A.

The wavelength of D2B was selected to A =1.60 A using the Ge[335] direction. Experiments
were done in the temperature range (2, 400 K) using a cryostat and a furnace.

D1B: this is a high flux diffractometer suited for investigating phase transitions by means of
thermo-diffraction experiments, and for determining the magnetic structure. Experiments were
carried out in the temperature range between 5 and 850K combining a conventional orange
cryostat and a vanadium furnace. The wavelength A = 2.52 A is selected with a pyrolytic graphite
(002) monochromator. The angular range in 26 is (20°, 100°) with a A26 =0.2°.

D4: uses short-wavelength (A =0.50 A) neutrons from the hot source. As neutron absorption
cross section depends on the wavelength [93], this instrument allows to study the magnetic struc-
ture of very absorbent systems, as those containing Gd. The angular range in 26 is (0°, 140°)
with a A20 = 0.125°. Diffraction patterns were taken in the temperature range from 2 to 500 K.

2.2.2 Scanning and transmission electron microscopy

Electron microscopy produces an electronically-magnified image of a specimen by means of an
electron beam. Because it uses accelerated electrons with energies up to 400keV, it has a great
resolving power, attaining 0.5 A for high-resolution transmission electron microscopy [98]. When
a beam of accelerated electrons comes into contact with a material, different interaction processes
takes place (e.g. transmitted electrons, secondary electrons, back-scattered electrons, characteris-
tic x-rays,. ..). The main electron microscope advantages over diffraction techniques are that the
specimen do not need to be neither a single crystal nor a polycrystalline powder, and also that
the image of the sample is in the real space [99]. However, three-dimensional crystal structures
are determined exclusively from diffraction data [95].

Scanning (SEM) and Transmission (TEM) Electron Microscopy were utilized to study the
microstructure, and the size and shape of grains of the ball-milled samples at the micrometer and
nano-length scales.

Scanning electron microscopy

In an inelastic collision between a beam of electrons and an electron belonging to an atom in a
material, some amount of energy is transferred to the bonded electron. If the transferred energy
exceeds the work function of the material, such electron would exit the solid. Those released
electrons are used in the SEM technique to obtain the image of the specimen surface. High
topological contrast is achieved because the efficiency of generating those secondary electrons
strongly depends on the angle at which the probe beam strikes the surface. Nevertheless, if the
energy transfered is very small, the emitted electron will probably not have enough energy to exit
the material, and x-rays can be produced when decaying to its ground state. The x-ray emission
signals, sorted by energy in an energy dispersive x-ray detector (EDS), are characteristic of the
elements that produced them. EDS technique is useful to determine the different elements which
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are present in a material. Information about the spatial distribution of different elements in the
specimen is obtained using the back-scattered electrons (those electrons elastically scattered by
the nucleus of an atom) because the generation of those electrons depends on the atomic number
Z 192, 99].

SEM images were recorded using a JEOL JSM-6100 SEM at the University of Oviedo. As
the ball-milled PryFe;, and Nd,Fe,, compounds are metallic, it was not necessary to cover them
with a coating of electrically-conducting material, and the powders were directly sticked on a
conductive tape.

Transmission electron microscopy

In TEM, the electron beam is firstly diffracted by the sample, and then the electron microscope
lenses re-focus the beam into a Fourier-transformed image of the diffraction pattern. The high
lateral spatial resolution in a TEM instrument is a consequence of both the highly focused electron
beam, often a pmin diameter, and the highly-coherent beam of monoenergetic emitted electrons
of small wavelength (A = 0.04 A for 100 keV electrons). However, high lateral spatial resolution
is achieved only in ultra-thin specimens. By contrast with SEM, no depth information is obtained
[92, 99]. Also it is possible to perform an analysis of spatial distribution of the scattered electrons,
known as electron diffraction pattern, from which information about the arrangement of the atoms
in the specimen can be obtained.

Figure 2.4: Transmission Electron Microscope at the University of Oviedo.

TEM images were taken using a JEOL 2000 EX-II, located at the University of Oviedo. Sample
preparation is critical, since the specimen thickness must be less than 200 nm. Hence, powder was
dispersed in ethanol and manually homogenized with an agate mortar. Then, several drops of the
solution were placed on a membrane with a Cu grid. After the ethanol was dried, the specimen
was inserted into the stage and all the components of the TEM column were sealed in vacuum.

2.3 Magnetic characterization

The study of magnetization as a function of temperature and applied magnetic field was done
using three different types of magnetometers: Faraday susceptometer, Vibrating sample magne-
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tometer (VSM) and Magnetic Property Measurement System (MPMS). Detalils of the program
developed to calculate the main magnetic and magnetocaloric properties from the magnetization
measurements are shown in the Scilab Functions appendix of this thesis.

2.3.1 Faraday susceptometer

A Faraday’s susceptometer, placed in our laboratory at the University of Oviedo, was used for
determining the magnetic transition temperature for samples in the range of temperatures from
250 to 500 K. It measures the force exerted on a magnetic specimen by placing it within a nonuni-
form magnetic field. That force is proportional to the magnetization of the sample [100].

An electromagnet with specially designed pole pieces applies a magnetic field along the horizontal
plane with a gradient in the vertical direction. Specimens are located in a position with constant
gradient and maximum field. A precision balance determines the force on the sample [101].

2.3.2 Vibrating sample magnetometer

The VSM technique is based in the Faraday induction law. A specimen is placed inside a uniform
magnetic field to magnetize it. Then the sample is forced to oscillate sinusoidally, and the induced
voltage in the pickup-coil is proportional to the sample’s magnetic moment, but does not depend
on the strength of the applied magnetic field. Two different VSM architectures were used:

* Lakeshore VSM 7407, with a maximum applied magnetic field of 1.5'T generated by an
electromagnet, and a measuring range of the magnetization from 1 x 10~7 to 100 emu. The
range of available temperatures is (85 —630) K. This VSM is located in the University of
Sevilla, Spain.

Figure 2.5: Vibrating Sample Magnetometer system at the University of
Sevilla.

* VSM option of Quantum Design Physical Properties Measurement System (PPMS), in
which the applied magnetic field is generated by a superconducting magnet coil. In this
work, two types of PPMS were utilized, one with a maximum applied magnetic field of
9T (for this kind of PPMS, two devices were used, located at the University of Cantabria,
Spain, and the Instituto Potosino de Investigacién Cientifica y Tecnol6gica, Mexico), and
other with a maximum applied magnetic field of 14 T (located at the University of Oviedo).
The a measuring range of the magnetization is from 2.5 x 107°to 5emu. The range of
temperatures is (1.9 —400) K.
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Figure 2.6: Physic Property Measurement System-14T system at the University of
Oviedo.

2.3.3 Superconducting quantum interference device magnetometer system

A MPMS uses a superconducting quantum interference device (SQUID) for measuring the mag-
netization. A Quantum Design MPMS XL-5 was used, which produces a maximum applied mag-
netic field of 5T by a superconducting magnet. The absolute sensitivity of the magnetization is
1 x 1078 emu. The range of temperatures is (1.9 —400) K. The used instrument belongs to the
Institute of experimental physics of the Slovak Academy of Science.

Figure 2.7: Magnetic Property Measurement System XL-5 system at the
Institute of experimental physics of the Slovak Academy of Science.
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Magnetovolume anomalies and
magnetocaloric effect of R,Fe,-
compounds

3.1 Summary

We investigated the magnetovolume anomalies and the magnetocaloric properties exhibited by the
RyFe,, alloys, with R =Y, Ce, Pr, Nd, Dy, Ho, Er, Tm and Lu, which have transition temperatures
around room temperature. Moreover, this family of alloys present magnetovolume anomalies.
With the aim of undertaking a complete study of these magnetovolume effects, we also synthesized
other alloys of this series: Tb,Fe;, and Gd,Fe,,, which have the highest transition temperatures
of the RyFe,, series (410K and 478K respectively). However, due to fact that the ordering
temperatures are above the temperature range of the used magnetometers, no magnetization
measurements were done in these alloys.

Crystal structures of these alloys were determined by means of XRD, and confirmed by ND

experiments. Fig. 3.1 shows two high-resolution ND patterns collected in D1A, obtained from
both rhombohedral ThyFe,, and hexagonal Er,Fe,, alloys in the magnetically ordered state, but
close to T. The observed peaks in the Th,Fe, . alloy pattern can be indexed as Bragg reflections
belonging to two different phases, with R3m space group and Im3m body-centered cubic crystal
structures. The former is a ThyFe,, phase (Th,Zn,,-type crystal structure), while the latter is
an a-Fe impurity phase. For the rhombohedral R,Fe,, alloys this impurity is present in amounts
circa 4 % wt. The lack of phase purity is due to the peritectic nature of the solidification in these
alloys [102].
On the contrary, hexagonal R,Fe,. alloys were shown to be single phase, as it is shown in the
pattern corresponding to the Er,Fe,- alloy, where the Bragg reflexions belong to the P63/mmc
space group. It must be said that several authors [60, 103] have pointed out that those compounds
can exhibit a disordered Th,Ni,,-type structure, in which R(2b) atoms are partially replaced by
R(2¢), and Fe(4f) atoms are partially substituted by Fe(4e). However, refinements using this
disordered crystal structure do not lead to better results in our case. For this reason, data shown
here does not take into account such model.

An interesting result is that we obtained the Dy,Fe,, compound in the rhombohedral Th,Zn, .-
type crystal structure (see fig. 3.2). As far as we know, this is the first time that Dy,Fe,. alloy

25
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Figure 3.1: Comparative of the neutron powder diffraction patterns belonging to a) the rhombo-
hedral and b) hexagonal R,Fe,, alloys. The observed (dots) and calculated (solid line) patterns
from DIA of the ordered state of a) ThyFe,; and b) Er,Fe,, alloys are depicted. Position of the
Bragg reflections are represented by vertical bars; the first row corresponds, in each figure, to a)
the Th,Zn,, and b) the Th,Ni,.; the second row corresponds with the magnetic phase. In the
case of fig. a), the third and fourth rows corresponds with the nuclear and magnetic contributions
of the a-Fe impurity phase respectively. Observed-calculated difference is depicted at the bottom
of each figure.

is synthesized with this crystal structure. This compound, as in its hexagonal counterpartner,
exhibits ferrimagnetic behavior, with magnetic structure composed by two ferromagnetic sublat-
tices: one, formed the the Dy magnetic moments, and the other, by the Fe magnetic moments
[104].

Atomic positions of all samples, except those of Gd,Fe;~, were determined from the Rietveld
refinement of the ND pattern in the paramagnetic state of each alloy, in order to reduce the number
of free parameters. Atomic coordinates of Gd,Fe,; were determined by means of XRD because the
large Gd neutron absorption cross section and the low resolution of the D4 diffractometer. Results
are summarized in table 3.1 for rhombohedral compounds, and, for those with hexagonal-type
crystal structure, in table 3.2.
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Table 3.1: Atomic coordinates of the rhombohedral bulk R,Fe,- intermetallics obtained from the
high-resolution neutron powder diffraction patterns in the paramagnetic state.

Compounds | Y,Fe,, | CeyFe,, | PryFe;, | NdyFe,, | GdyFe;, | ThyFe,, | Dy,Fe,,
R-z | 0.3391 | 0.3428 | 0.3443 | 0.3448 0.3440 0.3417 | 0.3427

Fel-z | 0.0954 | 0.0969 | 0.0967 | 0.0941 0.0946 0.0969 0.0964

Fe3-x | 0.29532 | 0.2900 | 0.2877 | 0.2866 0.2941 0.2936 0.2921
Fe4-x | 0.16676 | 0.1684 | 0.1690 | 0.1699 0.1679 0.1680 0.1678

Fed-z | 0.49344 | 0.4883 | 0.4896 | 0.4899 | 0.48573 | 0.4898 0.4883

Table 3.2: Atomic coordinates of the hexagonal bulk R,Fe;, intermetallics obtained from the
high-resolution neutron powder diffraction patterns in the paramagnetic state.

Compounds | YyFe;, | HoyFe,, | Er,Fe;, | TmyFe;, | LuyFe,,
Fel-z | 0.1064 | 0.1056 | 0.1073 0.1038 0.1058
Fe3-x | 0.3273 | 0.3315 | 0.3271 0.3325 0.3283
Fe3-y | 0.9621 | 0.9633 | 0.9577 0.9628 0.9615
Fed4-x | 0.1661 | 0.1695 | 0.1663 0.1656 0.1658
Fed-z | 0.9854 | 0.9868 | 0.9831 0.9840 0.9832
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Figure 3.2: Fit of the Dy,Fe,. diffraction pattern obtained on the high resolution D1A diffrac-
tometer at 400 K. Fit was done using the Le Bail method [95]. Positions of the Bragg reflections
are represented by vertical bars. The first row corresponds to the Dy,Fe,, phase. The second row
is associated with an a-Fe impurity. The observed-calculated difference is depicted at the bottom
of the figure.
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From NTD patterns it was possible to estimate the temperature dependence of the magnetic

moment for several compounds. It is worth to note that the Fe-sublattice magnetic moments were
refined, where possible, using the values obtained for the Y,Fe,, compound as initial parameters.
In fig. 3.3(a), the magnetic moment at each atomic site of the Th,Fe,. are shown. Such tem-
perature dependencies for Fe-sites are congruent with a Heisenberg exchange Hamiltonian within
the mean field approximation, considering a spin angular momentum S = 1. On the other hand,
temperature dependence of Th moment can be modeled by combining Heisenberg exchange Hamil-
tonian with crystal electric field effects.
For Gd,Fe,, alloy, due to the poor resolution of the D4 diffractometer, the peaks corresponding
to Bragg reflections belonging mainly to Fe magnetic reflexions cannot be resolved. However, this
condition is met for several peaks corresponding to the Gd sublattice, allowing to determine the
Gd magnetic moment as a function of the temperature (see fig. 3.3(b)). The observed magnetic
moment for Gd agrees with the obtained using the Heisenberg Hamiltonian describing the 3d-4f
exchange coupling (the 4f-4f exchange interaction is expected to be negligible compared to the
3d-4f one).
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Figure 3.3: Left plot: Temperature dependence of the magnetic moments of each crystal site
for the ThyFe;, compound obtained from neutron thermo-diffraction (NTD) data. Full lines
represent the calculation of the magnetic moments from the mean field approximation, scaled
using the experimental values at 6 K. Right plot: Estimation of the temperature dependence of
the magnetic moments of Gd atom for the Gd,Fe;; compound obtained from NTD patterns.
Full line represents the temperature dependence of the normalized magnetic moment of Gd atom

calculated from Heisenberg Hamiltonian.

The parameters and the volume of the crystallographic cell as functions of temperature were
obtained from NTD. The rescaled cell volume as a function of the reduced T'/T¢ is plotted in fig.
3.4. In the case of Ce,Fe,; alloy (see fig. 3.4(a)), the two different magnetic phase transitions [105,
106], have associated two minimums for the normalized V(T'). For the other R,Fe,, compounds,
only the minimum associated with the ferro-(ferri-) paramagnetic phase transition is present.
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We defined the magnetostriction as the change of the lattice parameters and volume cell
normalized to those values expected for a non-magnetic system, i.e.,

Ao = (a—ag)/ag
Ae = (¢ —cp)/co (3.1)
ws =V =V)/Vo

were ag, cg and Vjp are the values extrapolated from the paramagnetic state using the Debye
theory (see section 1.2). In Fig.3.5(a) we compare A, and A, for each compound. Clearly, the
magnetostriction is larger along the c¢ direction, regardless of the crystal structure. This is related
with the fact that the dumb-bell sites are oriented along this direction, which are believed to be
responsible of the magnetovolume anomalies exhibited by these alloys [68, 69].

It should be noticed that the A, of the Ce,Fe,; alloy has a local minimum around 0.4 T¢ (see
Fig. 3.5(b)). However, no such behavior can be seen along the uniaxial direction, which has a
temperature dependence similar to the other R,Fe;, alloys. This indicates that the influence of
the two magnetic transitions in the magnetovolume effects for the Ce,Fe,, alloy is mainly focused
in the basal plane. Moreover, comparing A, and A. for all the alloys, it can be observed that A, has
an almost constant temperature dependence up to 0.5 Tz (except for the Ce,Fe,, alloy), whereas
the constant dependence of A, with temperature goes up to 0.1 T. For higher temperatures, the
decrease of A, is almost linear, whereas for A\, it is more abrupt.

The spontaneous volume magnetostriction was calculated for different compounds as the dif-
ference between the volume corresponding to the non-magnetic extrapolation and experimental
volume using the procedure explained in sec. 1.2. The results for the non-magnetic contribution
to the cell volume for the Tb,Fe, alloy is shown in fig. 3.6(a). The experimental cell volume at
low temperatures is higher than it could be expected if the system were non-magnetic. As the
temperature is increased, the Fe magnetic moments decrease and the magnetovolume coupling
losses strength progressively, giving rise to a lattice contraction. Thus the volume goes down to
the corresponding equilibrium value in the absence of magnetic order, which is reached above the
critical temperature.
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Plotting the normalized volume magnetostriction, ws, and the normalized Fe-sublattice total
magnetic moment, ,u%e, to their values at 5K, it is shown that for ThyFe,, alloy the spontaneous
magnetostriction has the same temperature dependence as the magnetic moment up to 7' =
0.8 T¢. At higher temperatures, ws(T') deviates from u%,, and, at Tc, about 20 % of ws(5 K) still
remains, which reflects certain short-range order that disappears around 80 K above T [47, 107].
In the case of EryFe,-, such short-range order remains up to 120K over T¢.

We measured the pressure dependence of the cell parameters for GdyFe, ., Dy,Fe,, and Er,Fe,
alloys (see fig. 3.7). A small anisotropy of the compression of the cell in the Dy,Fe,. and Gd,Fe,
alloys is found, being easier to compress the cell in the uniaxial direction that in a direction within
the basal plane. The Er,Fe,. alloy is almost isotropic, as ¢ dependence with pressure is almost
the same than for the a direction.
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Figure 3.7: Left plot: Pressure dependence of the normalized cell parameters for the rhombohedral
Dy,Fe,; and hexagonal Er,Fe,, alloys. Right plot: Pressure as a function of cell volume of Gd,Fe,,
alloy, fitted with eq. 3.2.

We fitted the pressure dependence of the cell volume to a first-order Birch-Murnaghan equation
of state [108, 109]:

v\ -7/ v\ /3
— —| = (3.2)
Vo Vo

where P is the pressure, By is the bulk modulus, and Vj is the cell volume at zero pressure. From

these fits we estimated the bulk modulus of the alloys, being 125, 110 and 143 GPa~! for the
Gd,Fe,,, Dy,Fe,, and EryFe,, alloys respectively. Indeed, in the case of Er,Fe,, such value was

3
P== B
9 0

compared with the obtained by fitting the experimental volume cell in the paramagnetic range

We obtained the field dependence of magnetization at different temperatures (see fig. 3.8) of
those RyFe,,, with critical temperatures lower than 370 K, with the aim of obtaining at least the
full width at half maximum of the ASy/(T") curve.

The magnetic entropy change for the rhombohedral and hexagonal R,Fe,, alloys are depicted
for a magnetic field change of 5T in Fig. 3.9. Several remarkable features are shown:
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Figure 3.9: Left plot: Magnetic entropy change of the rhombohedral R,Fe,, alloys for a maximum
applied field of 5T. Right plot: Magnetic entropy change of the hexagonal R,Fe,, alloys for a
maximum applied field of 5T.
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* CeyFe;, has a double peak with the same sign. The peak at lower temperature is asso-
ciated with a metamagnetic phase transition from to the antiferromagnetic to a forced-
ferromagnetic state [106, 110]. For this reason, the temperature at which the magnetic
magnetic entropy change peaks, increases. However, the peak at higher temperature is as-
sociated with the order-disorder phase transition, hence no change in the temperature of
the peak is observed within the experimental limit.

* PryFe,. and Nd,Fe,, have the largest (—AS )T values, even though Pr and Nd magnetic
moments are lower than those of the Ho and Dy atoms. This occurs due to the ferromagnetic
behavior of PryFe,, and Nd,Fe,, alloys.

% In the case of ferrimagnetic hexagonal R,Fe,, alloys, a double peak is also observed, but
instead of having the same sign as in Ce,Fe,, alloy, here they have opposite sign. In the
case of Tm,Fe -, this should be due to a spin reorientation [111, 112]. For Ho,Fe,, and
EryFe,,, it can been attached to differences in the temperature dependencies of the two
sublattices on the ferrimagnetic configuration [113]. On the other hand, this behavior has
been also obtained considering the crystal effect fields effects on other cubic rare-earth
intermetallic compounds [114].

In tables 3.3 and 3.4 the main magnetic and magnetocaloric properties of the R,Fe,, alloys are
summarized, respectively. Saturation magnetization values were obtained from the magnetization
vs applied magnetic field at 5 K by means of the approach-to-saturation law [115]:

M = Mg (1—b/H?) + xoH (3.3)

Table 3.3: Main magnetic characteristics of bulk RyFe;, intermetallic compounds. Mg values were
estimated from the isotherms at T'= 5 K.

Composition | Toder Mg
(K) | (Am’kg™?)

Y,Fe,, 303 157

CeyFe,, 225 124

PryFe,, 285 148

Nd,Fe,, 335 143

Gd,Fe,, | 478 -
Th,Fe,, | 410 -

Dy,Fe,, 363 62
Ho,Fe,, 334 71
EryFe,, 303 31
Tm,Fe,, 265 87
Lu,Fe,, 265 135

It is worth noting that the Dy,Fe,. alloy has a Curie temperature slightly lower than that of
the rhombohedral one, which is 371 K [104, 116].

For TmyFe,, and Er,Fe,, alloys their heat capacities as a function of temperature were mea-
sured, and then utilized to obtain S(T") by means of eq. 1.17. Fig. 3.10(a) plots Cp(T") and S(T')



34 3.1. Summary

Table 3.4: Main magnetocaloric features of bulk R,Fe,, intermetallic compounds. Magnetocaloric
data corresponds with a magnetic field change pgAH =5T.

— Experimental temperature range not available.

Composition | Direct |AS ]ﬁe“k | | Trwanm | RCPr  RCP, RCPs
Indirect | (Jkg™'K™) (K) (Jkg™")  (Jkg™) (Jkg™!)
Y,Fe,. | Direct 4.6 103 477 367 249
CeyFe,~ | Direct 2.4 99 225 180 168
PryFe,, | Direct 6.3 80 506 385 256
Nd,Fe,» | Direct 5.8 79 464 339 233
Dy,Fe;,; | Indirect 0.2 132 17 14 9
Dy,Fe,; | Direct 2.9 - - - 74
Ho,Fe,, | Indirect 0.4 101 38 28 19
Ho,Fe,, | Direct 3.0 93 - - -
EryFe,, | Indirect 0.7 80 56 44 28
EryFe,, | Direct 3.6 - - - -
TmyFe,, | Indirect 1.7 75 125 107 76
TmyFe,; | Direct 2.7 - - - -
LuyFe,, | Direct 3.2 128 406 317 205

for Tm,Fe,, alloy. AT,q was obtained from the distance between the isofield curves without any
applied magnetic field and the desired one of the entropy—temperature (S7T') diagram (see sec.
1.1.1). Results for EryFe,; and Tm,Fe,, for uoH = 2T are depicted in fig. 3.10(b). As the mag-
netic entropy changes exhibit a double peak behavior, the adiabatic temperature changes also
does. It is worth noting that in the interval (100, 160) K the adiabatic temperature change of
Tm,Fe,, alloy is almost zero (which also occurs for ASy(T)).

We measured the temperature dependence of magnetization of PryFe;, and Tm,Fe,, alloys
under different pressures, ranging from ambient pressure up to 1 GPa (see fig. 3.11(a)). In the case
of PryFe,., the Curie temperature decreases almost linearly with pressure, with a slope % =
—40K-GPa~!. For the Tm,Fe,, alloy, we observed that the such decrease of the ferrimagnetic-
paramagnetic transition with pressure is also linear, but the absolute value of the slope is much
larger, ‘%9 = —100K-GPa~'. Moreover, this is not the only effect of pressure on Tm,Fe,, it was
shown that the temperature of the spin reorientation (Tsr) increases with pressure. Modifications
of the spin reorientation with pressure in Tm,Fe,, alloy have been previously studied by means
of susceptibility [117], but under lower pressure. Indeed, as the pressure increases, Tsg and T¢

become closer. Therefore, it is expected that both transitions would overlap at higher pressures.

Studies of the evolution of the microstructure with milling time were carried out for PryFe,,
and Nd,Fe,, alloys, and the interplay with the magnetic and magnetocaloric properties. we have
selected those alloys because they exhibit the largest direct magnetocaloric effect (see table 3.3).

The powder morphology of both PryFe,, and Nd,Fe,, ball-milled during 10h is shown in
fig. 3.12. SEM micrographs [fig. a) and c)| suggest that the powders consist of agglomerated
macroscopic grains with irregular shapes, rounded borders and sizes mostly between 0.5 and
10 pm. Higher magnification micrographs revealed that the grains are close-packed assemblies of
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Figure 3.10: Left plot: Temperature dependence of the total entropy and heat capacity of the
Tm,Fe,, at uoH = 0T. Right plot: Temperature dependence of the AT,; at a maximum applied
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Figure 3.11: Left plot: Temperature dependence of the magnetization of the alloy Tm,Fe,, for
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tive of the magnetic susceptibility for different pressures of Tm,Fe,, alloy. Curie temperatures
were marked by the arrows. For P = 8 kBar it is not possible to define an unique T, because the

M (T') decreases linearly for temperatures over 150 K.
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smaller, flaky or laminar-like entities. TEM study of the microstructure of these grains at the
nanometer length-scale (fig. 3.12 b) and d)) showed that the nanoparticle size of a large number
of individual particles (over 500 in each compound) follows a log-normal distribution, giving an
average size, (T)ppys, of 23 (1) nm for Pr,Fe,, BM-10h alloy, and 17 (1) nm for Nd,Fe,, BM-10h
alloy.

Figure 3.12: Scanning [a) and c)] and transmission [b) and d)] electron microscopy images obtained
for the 10 hours ball-milled PryFe,, and Nd,Fe,. alloys.

The increase of the milling time gives rise to a further grain fracturing and nanocrystallite size
reduction. The histogram gives an average size of the crystallites (7)), = 8(1)nm and 17(1)
nm are for the Nd,Fe,, and Pr,Fe;; BM-20h samples, respectively. However, for BM-40h samples
the nanostructure is less defined, mainly due to the structural disorder induced by the severe
mechanical treatment. In fact, no nanocrystals were observed in the BM-40h alloys.

ND and XRD shown that the position of the Bragg reflections in the diffraction patterns
corresponding to ball-milled samples remain almost unaltered, thus indicating that the Th,Zn, .-
type crystal structure is maintained (see fig. 3.13). Peak broadening shows a drastic reduction
of the grain size and, therefore, the emergence of a considerable amount of disorder, mainly
located at the increasing intergranular regions and/or grain boundaries [94]. From the peak profile
analysis, a mean crystalline size of (7),;pp = 24(3)and 14 (5)nm for BM-10h and BM-20h
Nd,Fe,. samples respectively were estimated, in reasonable agreement with those found from
TEM images. However, the mechanically-induced microstrain is very low (e ~ 0.04(2) %). Thus
the milling process mainly produces a progressive breaking of the Nd,Fe . crystals down to the
nanometer length scale. The same conclusions can be extracted for PryFe;- samples.

The main change in the magnetic behavior at low magnetic field of the PryFe,-and Nd,Fe,.
compound after milling is that, while the ferromagnetic to paramagnetic phase transition is abrupt
in the Bulk samples, it becomes broader as the milling time increases. The value of the Curie
temperature of each alloys was estimated as the minimum of the dM /dT vs. T curve. Bulk sample
exhibits a sharp and well-defined minimum at T = 285 & 2 K and T¢ = 339 & 2 K for PryFe,,
and Nd,Fe,; bulk alloys, respectively. After milling, a slight shift towards higher temperatures
is accompanied by an increase of the temperature range in which the phase transition occurs.
Because the dM /dT vs. T curves display broad and asymmetric minimum, instead of a unique and
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well-defined T for the milled samples, a distribution of Curie temperatures should be considered.
This fact can be a direct consequence of the induced structural disorder and the slightly different
local environments of the atoms at the grain boundaries, giving rise to modification in their
magnetic behavior [118].

In Fig. 3.14 the temperature dependence of the magnetic entropy change at yoH = 1.57 in

the bulk, BM-10h, BM-20h and BM-40h Nd,Fe,, samples is depicted. The abrupt decrease of
the magnetization near T in the Bulk alloy (see Fig. 1.8), gives rise to a remarkable change in
its magnetic entropy, reaching a maximum value of |ASy/| ~ 2.6 J kg~ 'K ! at 15kOe. For the
milled samples |AS)y/|(T) the maximum values of |ASy| are 1.9, 1.6 and Jkg 'K ~! for BM-
10h, BM-20h and BM-40h, respectively. The temperatures at which the maximum are reached
are nearly the same for the four samples (=~ T¢).
Inset in Fig. 3.14 shows the applied magnetic field dependence of the RCP;. The fact that the
full width at half maximum of |[ASy/|(T") increases with the milling time counteracts the decrease
in the peak value of |[AS)/| for the BM-10h and BM-20h samples, showing values of RC' P; quite
similar but higher than that of the Bulk. Nevertheless, that broadening is not enough for the
BM-40h, whose RC P; value is the lowest of the present study.
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Figure 3.14: Magnetic entropy change at ugH = 1.5T for the bulk and ball-milled Nd,Fe, - alloys.
Inset depicts the magnetic field dependence of the RC'P; for the studied samples.
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Abstract

Using high-energy ball milling, nanostructured Pr,Fe;; powders can be obtained from their arc-melted bulk alloys. High-resolu-
tion X-ray and neutron powder diffraction experiments reveal that the ThyZn,;-type rhombohedral crystal structure is maintained,
after milling for 10 h, with almost unchanged values for both crystalline lattice parameters (Aa; Ac <0.05%) and vanishing mechan-
ically induced microstrain (<0.1%). Although the mean crystalline size decreases down to 20 £ 3 nm, magnetovolume anomalies
observed in pure Pr,Fe;; are still present with a significant volume decrease on heating from 5 up to 320 K. After the milling,
a significant increase in the magnetic anisotropy, due to the drastic reduction in crystalline size, is observed, while the value of
the magnetic moment seems to be increased slightly (5%). In addition, the magnetocaloric effect of bulk and nanostructured Pr,Fe;;
has been investigated. The magnetic entropy change, |AS,,|, decreases from 6.3 to 4.5J kg~! K~! under an applied magnetic field
uoH = 5T after the milling process. However, the width of the |AS,/(7) curve is substantially enlarged and hence the refrigerant
capacity is enhanced. These findings make the iron-based nanostructured Pr,Fe;; powders interesting for applications in magnetic

refrigeration at around room temperature.

© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Nanostructured materials; Magnetocaloric effect; Magnetovolume anomalies; Mechanical milling; Neutron powder diffraction

1. Introduction

Recent years have witnessed significant progress in the
preparation, characterization and industrial exploitation
of new magnetic systems with transition metals (TM)
and/or rare earth metals (R) with reduced size scales
[1-3]. This change of scale may imply both the modification
of the magnetic properties with respect to those of the cor-
responding bulk compositions and the emergence of new
physical and chemical phenomena [4,5]. In particular, an
intense research effort has been devoted to binary R-Fe
alloys, and these are still considered as very attractive

* Corresponding author. Tel.: +34 985102899; fax: +34 985103324
E-mail address: pgorria@uniovi.es (P. Gorria).

systems for studying competing 3d-4f magnetic interac-
tions [6,7]. The diverse magnetic scenarios displayed by
these compounds give rise to a great variety of functional
materials for technological applications, from hard and
soft magnets [3,8] to magnetic refrigeration [9,10].

Among these intermetallic compounds, Fe-rich R,Fe;;
alloys crystallize in the Th,Zn;;-type rhombohedral crystal
structure when R is one of the rare earths with the largest
atomic radii (from Ce to Sm), and exhibit ferromagnetic
order with high values for the Fe magnetic moment (close
to that of pure Fe, ~2 pg/Fe atom, and independent of the
rare earth element), and Curie temperatures, 7, around
room temperature in the case of Pr or Nd [11,12]. In both
Pr,Fe;; and Nd,Fe;;, Fe atoms occupy four different crys-
tallographic sites (in Wyckoff notation, 6¢, 9d, 18f and 18h,

1359-6454/$36.00 © 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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respectively) [13,14], and the ferromagnetic character of
these alloys is intimately related to the local environment
of these Fe atoms, i.e., the sign and the magnitude of the
magnetic interactions depends on the number of Fe nearest
neighbors and especially on the Fe-Fe interatomic dis-
tances [15]. Previous works on the whole R,Fe;; series have
clearly shown that in these compounds the Fe-Fe inter-
atomic distances, d;, control the magnetic coupling between
the Fe magnetic moments: for d; <2.45 A these magnetic
moments are antiparallel, while for d;> 2.45 they are par-
allel [16,17]. In particular, if the distance between 6¢ and
6¢c Fe atoms (located along the c-axis), the so-called
“dumbbell site”, is lower than 2.45 A [18,19], the local
magnetic interaction being negative, and the direct
exchange then gives rise to an antiferromagnetic coupling
which depends strongly on the lattice strain. The rest of
the Fe—Fe interactions are positive, leading to parallel mag-
netic moments, and hence magnetic energy is stored next to
the Fel(6¢c)-Fel(6¢) shortest interatomic distances, where
negative interactions prevail. For this reason, a compensa-
tion between magnetic and elastic energies results in a large
and negative thermal expansion along the c-axis. Conse-
quently, a slight increase in such distances, i.e., through
the introduction of interstitial light elements (N, Al, Ga)
[16,17,20], could lead to a decrease in the antiferromagnetic
interaction, thus favouring ferromagnetism in this alloy.
The strong dependence of the magnetic interactions on
the distances leads to large magnetovolume effects, where
anomalous thermal expansion below the ordering tempera-
ture or a large and negative pressure dependence of T¢ are
the most representative signatures [16,17,21,22].
Moreover, these binary R,Fe;; intermetallic compounds
exhibit a moderate magnetocaloric effect (MCE) [23], show-
ing values of the magnetic entropy change, |ASy]|~61J
kg ' K™ (for uoH = 5 T) at about room temperature (for
R = Nd, Pr) [24,25]. These values are lower than those mea-
sured in other well-known families of magnetocaloric mate-
rials, such as Gds(Si;_,Ge,)4[26-28] or La(Fe,Si;_,)3[29].
However, Pr,Fe;; and Nd,Fe;; compounds have some
advantages, such as a maximum of |AS},| around room tem-
perature and broader |AS,,] peaks, thus making them
potential candidates for use in magnetic refrigeration, pro-
vided that they can be adequately processed [22,23,30].
High-energy ball milling (HEBM) is a widely used tech-
nique for either alloying and/or mechanical processing of
materials [31]. On the one hand, HEBM allows the synthe-
sis of alloys which are not miscible by other fabrication
routes, such as nanostructured Fe—Cu solid solutions [32]
or disordered Fe-Zr metallic glasses [33], thus giving rise
to new metastable compounds with interesting physical—
chemical properties [34,35]. On the other hand, mechanical
processing by means of HEBM is used to alter the micro-
structure of materials (decreasing the mean crystalline size
down to the nanometer scale, and/or introducing mechan-
ical microstrain through the generation of a large number
of defects, which leads to changes in the atomic environ-
ments), and therefore to modify the physical properties

[36]. Recently, moderate MCE has been observed in disor-
dered and/or metastable compounds, such as milled
GdNiAl compounds [37], melt-spun Y,Fe;; [38] and GdSi-
GeSn [39] alloys or in GdAIMn [40] and Fe-rich metallic
glasses [41]. However, the production of nanostructured
R,Fe;; alloys with rhombohedral crystal structure has
not yet been reported, and we present in this paper a fab-
rication route, via mechanical processing from the starting
Pr,Fe 5 bulk alloy by means of HEBM, which gives rise to
such a peculiar microstructural configuration. A detailed
study of the correlation between crystal structure, micro-
structure and magnetic properties, including magnetovo-
lume anomalies and magnetocaloric effect, in these
compounds will be shown.

2. Materials and methods
2.1. Synthesis of materials and processing

Pieces of commercially pure elements Fe 99.9% and Pr
99.98% (relative to the rare earth metal content [42]), from
Goodfellow, were used as starting materials for preparing
Pr,Fe;; as-cast pellets by means of an arc melter (MAM-
1, Edmund Biihler GmBH) under a controlled Ar atmo-
sphere. The pellets (wrapped in a tantalum foil and sealed
under vacuum in quartz ampoules) were furnace annealed
for 1 week at 1373 K in order to homogenize the
Th,Zn;-type phase and to minimize the amount of other
possible impurity phases. The thermal treatment was fin-
ished by direct water quenching of the pellets from the fur-
nace. The samples were subsequently manually pulverized
by means of an agate mortar to prepare powders for the
measurements and also for the milling process. The pow-
ders were sieved using a 106 um pore size metallic sieve
and were then sealed together with stainless steel balls
(10 mm in diameter; ball-to-powder weight ratio of 8:1)
in a stainless steel vial under an Ar atmosphere. The milling
process was carried out using a high-energy planetary ball
mill (Retsch PM/400) for 10 h, following successive rota-
tions of 5 min clockwise followed by 5 min anticlockwise
with a break of 5min in between. This procedure ensures
that the temperature is sufficiently low during the milling
process, favouring the progressive diminution of the aver-
age grain size of the crystals and avoiding possible recrys-
tallization of samples. In the following the samples will
be named “Bulk” and “BM-10 h” Pr,Fe;; for the as-cast
and the 10 h ball milled (or mechanically stressed) materi-
als, respectively.

2.2. Sample morphology and structural characterization

The morphology of the milled powders was evaluated by
means of scanning electron microscopy (SEM) using a
JEOL JSM-6100. Additionally, several transmission elec-
tron microscopy (TEM) images were collected (JEOL
2000-EXII) in order to obtain a statistical distribution of
the mean nanocrystalline sizes. The crystal structures of
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both bulk and BM-10h Pr,Fe;; samples were checked
by high-resolution X-ray powder diffraction (Seifert
XRD3000) using_graphite-monochromated Cu K, radia-
tion (4 = 1.5418 A). Scans of 20 between 2° and 160° with
A0 = 0.02° steps and counting times of 20 s per point were
measured at room temperature. Neutron diffraction exper-
iments were carried out at the Institute Laue-Langevin
(ILL), Grenoble, France. Two powder diffraction patterns
of the as-cast and milled samples were collected at
T =300 K on the D2B two-axis diffractometer, in a d-space
range between 0.8 and 10 A, operating in “high-resolution”
mode with a neutron wavelength of 41 =1.594 A selected
with a Ge(335) monochromator. For each sample, approx-
imately 4 g was introduced in a cylindrical vanadium sam-
ple-holder. In addition, neutron powder thermodiffraction
experiments were carried out on the ‘“high-flux” DIB
two-axis neutron diffractometer in the temperature range
between 5 and 550 K combining a conventional orange
cryostat and a vanadium furnace [43]. The aim of these
low-temperature experiments was to monitor the tempera-
ture dependence of the crystal lattice parameters in both
Bulk and BM-10 h Pr,Fe;; powder samples. The diffrac-
tion patterns were collected in a d-space range between
1.6 and 7 A using a neutron wavelength of 1=2.52 A
selected with a pyrolytic graphite (002) monochromator.
The refinement of the patterns was performed using the
Fullprof package, based on the Rietveld method [44].

2.3. Magnetic characterization

A Faraday balance was used to measure the temperature
dependence of the magnetization curves, M(T), in the tem-
perature range 250-380 K and under an applied magnetic
field poH =20 mT, in order to accurately determine the
Curie temperature, T¢, of the samples. The measurements
of the magnetic field dependence of the magnetization
curves, M(H), were performed using the vibrating sample
magnetometer (VSM) option of a Quantum Design
PPMS-14 T platform. If an accurate estimate of the MCE
is sought, precise experimental data is needed, hence 40 iso-
thermal M(H) curves have been collected for each sample
over a broad temperature range in order to achieve this.
The temperature steps between consecutive isothermal
M(H) curves were 2 K near T¢, and 5 or 10 K far from
the magnetic ordering temperature. At each temperature
the data were collected under constant DC applied mag-
netic field steps of pg4H = 0.1 T in the magnetic field range
between 0 and 5 T. The MCE was determined as a function
of the temperature and the applied magnetic field through
numerical integration of the isothermally measured M(H)
curves. Taking into account that 50 field values were mea-
sured for each M(H) curve, experimental errors have been
largely minimized. In addition, another three M(H) curves
from poH = 0 up to 14 T were measured for each of the two
samples, with steps of 0.1 T (140 points), one at T =4 K, in
order to estimate the value of the magnetic moment at low
temperature, and the other two at T¢c — 2 K and 7T+ 2 K,

with the aim of obtaining the field dependence of the max-
imum of the magnetic entropy change, |45, (H).

3. Results and discussion
3.1. Powder morphology and microstructure

The SEM images in Fig. 1a show the morphology of the
milled powders at mesoscopic scale. The powders are com-
posed of irregularly shaped microscale grains with a broad
size distribution, in the range of 0.5-5.0 um, with a ten-
dency to agglomeration. The higher-magnification micro-
graph reveals that the grains are in fact close-packed
assemblies of smaller, flaky, or laminar-like, entities. The
actual size of these is difficult to establish due to the poor
definition of grain boundaries, but can be roughly esti-
mated as 100-400 nm. Accordingly, the representation of
a particle-size distribution in this case is not a simple task.
Thus, a further study of the internal structure of these
microscale grains was carried out by TEM. In the inset
of Fig. 1b we show a typical TEM image where individual
nanoscale particles can be resolved. The histogram showing
the mean crystalline size distribution over a large number
of individual particles (>500) follows a log-normal func-
tion, giving an average size of the crystallites, <t>7z,,, of
23(1) nm, with a standard deviation of 6(1) nm.

3.2. Crystal structure and microstructural evolution

Fig. 2 shows high-resolution neutron powder diffraction
patterns obtained at 7'= 300 K for both Bulk and BM-10 h
Pr,Fe;; samples. The peaks observed in the pattern corre-
sponding to the starting bulk alloy can be indexed as Bragg
reflections belonging to two different phases with R3m
(#166) rhombohedral and Im3m (#229) body-centered
cubic crystal structures. The former is a Pr,Fe;; phase
(ThyZn,4-type crystal structure), while the latter is an o-
Fe impurity phase (<8%). From the Rietveld refinement
of the pattern we have obtained accurate values for the
most important structural parameters associated with the
atoms in the unit cell, i.e., crystal unit cell parameters,
atomic positions in this unit cell and Debye—Waller temper-
ature factors; these are in good agreement with previously
reported single-crystal data [13] and are summarized in
Table 1. The labeling for the Pr and Fe atomic coordinates
is the same as that used in the International Tables for
Crystallography [45] for the hexagonal setting of space
group R3m (#166).

If we now focus our attention in the pattern correspond-
ing to the milled sample (Fig. 2, bottom panel), the most
noticeable findings are an overall decrease in the peak
intensities and a considerable line-broadening of the Bragg
reflections. However, the Th,Zn;;-type crystal structure is
maintained, and the amount of impurity phase does not
change within experimental error. The peak profile analysis
(see Ref. [46] for more details) gives two important results:
(i) a mean crystalline size of <t>p;= 20(2) nm, which
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Fig. 1. (a) Scanning (SEM) and (b) transmission (TEM) electron microscopy images showing the microstructure and morphology of the BM-10 h Pr,Fe,;
powders. Grain size histogram together with the fit (solid line) to a log-normal distribution is presented in (b).

coincides rather well with that estimated from TEM  mainly produces a progressive fracturing of the brittle
images; (ii) a nearly vanishing induced microstrain,  PryFe;; crystals down to the nanometer length-scale. Fur-
&~ 0.03(2)%, thus suggesting that the ball-milling process  thermore, the values of the crystal unit cell parameters
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Fig. 2. Observed (dots) and calculated (solid line) high-resolution neutron
powder diffraction patterns for Bulk and BM-10h Pr,Fe;; alloys at
T =300 K. Data were collected on the D2B diffractometer. Note the
different y-scales used. Positions of the Bragg reflections (in terms of the
interplanar distance, d, are represented by vertical bars: the first row
corresponds to the PryFe;; phase while the second one is associated with
o-Fe impurity. The observed — calculated difference is depicted at the
bottom of each pattern.

Table 1

Structural data of both Bulk and BM-10 h Pr,Fe;; (R3m) compounds at
T =300 K obtained from the neutron powder diffraction patterns shown
in Fig. 2. Data for single crystal [13] is also shown for comparison.

Compounds Pr,Fe; Pr,Fe;; (Bulk) Pr,Fe;
(single crystal) (BM-10h)

a(A) 8.585(5) 8.5849 8.5880

¢ (A) 12.464(8) 12.4659 12.4699

cla 1.452 1.452 1.452

V(A3 795.55 795.66 796.48

Pr (6¢)

z 0.3436(1) 0.3443(3) 0.3425(7)

B (A?) 0.54(12) 0.65(6) 0.91(9)

Fel (6¢)

z 0.0960(4) 0.0967(1) 0.0970(3)

B (A? 0.55(15) 0.39(3) 1.43(7)

Fe2 (9d)

B (A? 0.47(12) 0.29(2) 0.91(5)

Fe3 (18f)

x 0.2868(3) 0.2877(1) 0.2874(2)

B (AY 0.66(12) 0.35(2) 1.09(4)

Fed (6¢)

X 0.1696(2) 0.1690(1) 0.1691(2)

y 0.8304 0.8310 0.8309

z 0.4897(2) 0.4896(1) 0.4891(2)

B (A?) 0.68(13) 0.35(2) 0.97(4)

Rp 39 33 2.5

Rp - 32 2.7

R, - 43 3.5

Ry - 2.1 1.5

2 (%) 7.0 1.5

exhibit a slight increase, and accordingly a cell volume
enlargement, although the c/a ratio remains constant with
a value of 1.452. The atomic positions undergo only subtle
changes (see Table 1), the most striking feature after mill-
ing being a small increase in Fel(6¢c)-Fel(6c) interatomic
distances (from 2.41 to 2.42 A).

The observed increase in the value of the Debye—Waller
temperature factor for all the atomic positions in the BM-
10 h Pr,Fe;; sample also suggests that the severe mechani-
cal treatment generates a certain amount of structural dis-
order as a consequence of the large number of defects
created in the crystalline domains, giving rise to grain frac-
turing followed by a drastic reduction in the average grain
size. In this situation, a substantial increase in the percent-
age of atoms at the surface and/or grain boundaries begins
to play a role that cannot be discarded. These atoms exhi-
bit different physical-chemical behavior compared to those
in the bulk, thus resulting in measured values of physical
quantities which differ from those expected in bulk alloys
[47].

3.3. Temperature and magnetic field dependencies of the
magnetization

The value of T has been estimated from the minimum
in the temperature derivative of the magnetization, dM/dT,
vs. temperature curve (see Fig. 3). In the inset of Fig. 3 the
normalized magnetization, M/M,sox(T) curves, for the two
samples measured in the Faraday balance (under a low
applied magnetic field, poH =20 mT) are shown. It is
worth noting that while M rapidly goes down in the bulk
sample for temperatures above 280 K, the milled sample
exhibits a much slower decrease. In our case, the bulk sam-
ple exhibits a sharp and well-defined minimum, giving a
value of T¢-=286+1K. However, a precise estimation
of T¢ is difficult for the milled sample because the dM/dT
vs. T curve displays a broad and asymmetric minimum
(see Fig. 3). Nevertheless, we could give an approximate

—=—BM-10h
——Bulk

——Bulk
——BM-10h

dMAT (arb. units)

0
260 300 340 380
T(K)

260 300 340 380
Temperature (K)

Fig. 3. Temperature derivative of the magnetization vs. temperature, from

which the values of the Curie temperature have been determined. The inset

shows the temperature dependence of the normalized magnetization, M/

M50k, under an applied magnetic field of poH = 20 mT for both Bulk and
BM-10 h Pr,Fe,; alloys.



P. Gorria et al. | Acta Materialia 57 (2009) 1724-1733 1729

— T T T T T T T T T T
soveseorestsilils]
160 o°°°:...00"... i
° .®
u...
ob o
=
"= 120 '.! unnnnnnunnuun
S :: oo U|:||:IE| ........-..
H] [e g .
2 e gu° gamt
T 80 po o .l- 3175// fffff |
g 2 i
% : o Em
= B = /-"’
5 165
= 40 o Buk(T=4K N
@ o BM-10h(T=4K) =
3 m Bulk (T =292 K) wH(
o BM-10h (T =298 K)
0 1 1 1 s . I

0 2 4 6 8 10 12 14
Applied magnetic field, uol-l (T)

Fig. 4. Isothermal magnetization curves measured at 4 K and at a
temperature slightly above T¢ (292 and 298 K for Bulk and BM-10 h
Pr,Fe|; samples, respectively). In the inset the measured magnetization
(points) and the fit (solid line) to an approach-to-saturation law (see text)
are shown.

value of T~ 292 4+ 10 K for the milled sample following
this criterion. Moreover, the trend exhibited by both
MIM>5s5ox and dM/dT vs. T curves around T in the BM-
10 h Pr,Fe;; sample suggests a picture in which a broad
distribution of T values should be considered instead of
a unique and well-defined one. This fact can be a direct
consequence of the induced structural disorder and the
slightly different local environments of the atoms at the
grain boundaries, giving rise to modification in their mag-
netic behavior, as has been observed in other Fe-based
nanostructured magnetic materials [47].

In Fig. 4 the magnetization curves, M(H), for Bulk and
BM-10 h Pr,Fe;; samples measured at 4 K and just above
T are shown. Three features are worth noting relative to
these M(H) curves: (i) the high values of the magnetization
(around 2/3 of the value at 4 K) that can be induced just
above the magnetic ordering temperature if a high mag-
netic field is applied; (ii) the increase of ~6% in the value
of the saturation magnetization, M, at low temperature
for the BM-10 h sample; and (iii) the large increase in the
magnetic anisotropy in the BM-10 h alloy, clearly seen in
the M(H) curves measured at 7'=4 K, due to the drastic
decrease in the mean crystalline size down to the nanome-
ter length-scale [3].

The value of M, at T= 4 K has been estimated from the
fit to the corresponding M(H) curves using a typical
approach-to-saturation law [48] in the high magnetic field
range (10-14 T):

b

The fit (see inset in Fig. 4) gives values of M, =162 +
5 Amz/kg for the Bulk Pr,Fe;; sample and M, =172+ 5
Am?/kg for BM-10 h, corresponding to 35.7 & 0.1 pg/f.u.
and 37.9 4= 0.1 pg/f.u., respectively.

3.4. Magnetocaloric effect

Taking into account the abrupt decrease in the magneti-
zation near T¢ in the bulk alloy (see Fig. 3), we can expect
a remarkable change in its magnetic entropy, while for the
milled alloy this change could be largely modified due to
the very different M/M>s5ox vs. T behavior exhibited around
Tc. In order to evaluate the magnetic entropy change,

160
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Fig. 5. Isothermal magnetization curves measured under applied magnetic fields up to uoH = 5 T, with pg4H = 0.1 T. The AT between consecutive curves

varies from 10 K (far from T¢) to 2 K (in the immediate vicinity of 7).
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AS}, in both samples, isothermal magnetization curves
have been collected for both Bulk and milled Pr,Fe;; sam-
ples over a wide temperature range (some measured iso-
thermal M(H) curves are shown in Fig. 5).

Because the Curie temperature of the impurity phase
(a-Fe) is very high (T¢=1044 K), no contribution to
MCE is expected from this phase at room temperature. It
is well known that, for an isothermal process, AS,, can be
evaluated by integrating the relevant Maxwell relation [23]:

oM
o \OT /),
where at a fixed temperature 7, Sy/(7T,H) and S,/ T,0) are
the magnetic entropy under an applied magnetic field H
and in the absence of the magnetic field, respectively. In
fact, in order to calculate AS;, at a given temperature, a
numerical integration of two consecutive M(H) isotherms
around such temperature and the numerical derivative with
temperature is performed. The results obtained from these
calculations allow us to envisage the evolution of AS,, with
temperature and/or applied magnetic field. In Fig. 6 we
present the |ASy/|(T) curves (AS,, < 0) at five different val-
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Fig. 6. Magnetic entropy change |AS,,| of Bulk (upper panel) and BM-
10 h (lower panel) Pr,Fe,; samples under applied magnetic fields of 1 T
(open circles), 2 T (solid circles), 3 T (open triangles), 4 T (open squares)
and 5 T (solid triangles). The insets show |[AS"“" vs. toH up to 14 T for
each material.

ues for the applied magnetic field (upper (bottom) panel for
the Bulk (BM-10 h) Pr,Fe;; sample). It can clearly be seen
that there is a well-defined maximum for the bulk sample at
T~ Tc (286 K), reaching a value of |[AS,|=6.3Tkg !
K~! at 5T. For the BM-10 h sample the |[AS,/|(7) curve
is broader, as could be expected from the slow decrease
in M in this temperature range (see Fig. 3), the maximum
value is one-third lower (|[AS;|=4.5)Jkg ' K™') under
the same applied magnetic field and is scarcely shifted to
higher temperatures (~300 K). It is also worth noting the
asymmetric form of the |ASy|(7T) peak exhibited by the
milled sample with a long tail after the maximum, which
is undoubtedly correlated with that of the temperature
derivative of the magnetization (see Fig. 3).

Additionally, the applied magnetic field dependence of
the maximum value for |AS,,|, up to uoH = 14 T, is shown
in the insets of Fig. 6 for both samples. The |AS;,|"*(H)
curve exhibits a larger slope at low magnetic fields for the
Bulk sample, following a similar trend for magnetic field
values above 8 T. In terms of the potential interest for
application in magnetic refrigeration, the maximum |AS;,|
value is not the only parameter to be taken into account
when considering a material attractive. The temperature
at which MCE occurs defines the technological field, and
the temperature range in which it can operate is also of
great importance. Hence, the parameter commonly used
to characterize the magnetocaloric properties of a material,
and its potential suitability as a magnetic refrigerant, is the
relative cooling power (RCP). This parameter takes into
account not only the maximum value of the MCE, but also
the width of the |AS,,|(T) curve, which is calculated from
the product of the maximum |AS),| peak value and the full
width at half maximum, 37 ryaar

RCP(S) = |ASM‘maX X 5TFWHM (3)

In other words, the higher the 87z s, value is, the lar-
ger temperature difference between the hot and cool ends of
the cycle that can be used for operation. In our samples, the
value for 8T ryas increases greatly with milling, being at
least 50% higher than that of the starting Bulk Pr,Fe;;
alloy, giving rise to an increase in the RCP value (reaching
around 83% that of gadolinium) and largely extending (up
to 125 K) the temperature difference between the hot and
cold ends of the refrigeration cycle [30].

3.5. Magnetovolume anomalies

We have already mentioned that R,Fe;; ferromagnetic
compounds exhibit magnetovolume anomalies below T'c.
This behavior, inherent to the Fe sublattice in these mate-
rials, can be explained in terms of the strong dependence of
magnetic coupling on Fe-Fe distances [15-17]. The cell vol-
ume at low temperatures is higher than that expected for a
non-magnetic system because it stabilizes a ferromagnetic
coupling between the Fe magnetic moments [16]. As the
temperature is increased, the Fe magnetic moment begins
to decrease and the magnetovolume coupling loses strength
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Fig. 7. Temperature dependences of the unit cell parameters, @ and ¢, and
the unit cell volume, V, for Bulk and BM-10 h Pr,Fe;; samples as deduced
from neutron thermodiffraction experiments.

progressively, giving rise to a lattice contraction. The vol-
ume goes down to the corresponding equilibrium value in
the absence of ferromagnetic order, which is reached above
the magnetic ordering temperature. Although this behavior
is well known for other R,Fe;; compounds (R =Y, Nd,
Lu, etc.) [16,17,49,50] and a similar trend in Pr,Fe;; alloys
can be expected, the direct measurement of the volume
contraction below T has not yet been reported.

We show in Fig. 7 the temperature dependences of the
unit cell parameters, a(7T) and ¢(T), together with that of
the unit cell volume, V(7T), in the temperature range
between 5 and 550 K for both Bulk and BM-10 h Pr,Fe;,;
samples, obtained from the analysis of the neutron powder
diffraction patterns collected on the DIB diffractometer.
Three different regions can be appreciated for the tempera-
ture dependence of the cell parameter a, associated with the
basal plane of the conventional hexagonal unit cell. At low
temperature, a slight increase up to around 250 K is fol-
lowed by a small minimum around 7= T, and for tem-
peratures above 400 K an almost linear Griineissen-like
increase, typical of metallic compounds, is observed.
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Fig. 8. Temperature dependence of the coefficient of thermal expansion,
ay =4 (%), for Bulk and BM-10 h PrFe|; samples, as deduced from
neutron thermodiffraction experiments (see Fig. 7). A five-point linear
regression has been used to calculate the derivative. The line showing the
tendency of a){7) is a visual guide.

However, the cell parameter ¢ displays a continuous and
pronounced decrease in its value on heating from 5 K to
approximately 300 K, showing a well-defined minimum at
around 350 K. It is worth noting that relative variation
of the cell parameters between 5 and 300 K is unlikely:
while a increases less than 0.07%, ¢ decreases more than
0.3%. The latter can be appreciated clearly in Fig. 8, where
a reduced d-space range of the neutron powder diffraction
patterns for both Bulk and BM-10 h samples is shown. On
heating from 5 to 300 K the position of the (220) reflection
does not vary, while that of the (006) reflection moves
towards lower d-values, thus demonstrating the lattice con-
traction along the c-axis. These features are also present in
the BM-10 h sample, although the minimum of the a(7)
curve is poorly defined and that of the ¢(7) curve seems
to be broader and slightly shifted to higher temperatures.

The different temperature dependence of the cell param-
eters results in an almost constant value for the cell volume
and a vanishing coefficient of thermal expansion,
ay =1 (%) »» indicating the invar character of these com-
pounds [16,17] below 150 K. At higher temperatures, the
cell volume exhibits a clear minimum at around 300 K, giv-
ing rise to an anomalous temperature dependence of o 7),
which exhibits negative values between 200 and 310 K (see
Fig. 9), and a minimum in the immediacy of the magnetic
ordering temperature, 7T'c. The large contribution of ¢(7) to
the negative thermal expansion in these compounds has
been attributed to the dumb-bell pairs of Fe atoms, which
are aligned along the c-axis. Furthermore, the existence of
the anomaly in the ¢(7) even above T'¢ and up to 350 K is
due to a large short-range magnetic coupling between
dumb-bell Fe atoms [17].

The same trend for the cell volume is still present in the
mechanically processed sample, and two remarkable fea-
tures are worth noting when comparing the V(7) curves
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Fig. 9. Detail of the neutron powder diffraction patterns collected at 5 and
300 K for the (220) and (006) Bragg diffraction reflections as a function of
the interplanar distance, d, showing the different temperature dependen-
cies of the cell parameters a and ¢, respectively.

for both samples. Firstly, the milled sample depicts a
broader and less profound minimum, slightly shifted to
higher temperatures compared with that of the Bulk alloy.
This behavior is analogous to that observed for dM/dT(T)
and |ASy|(T) curves, giving rise to a broadening, and there-
fore a loss of definition of both the Curie temperature and
magnetic entropy maximum (see Figs. 3 and 6). Secondly,
and although the cell volume at low temperature is almost
the same, at 300 K (the temperature at which the milling
process takes place) it is somewhat higher for the BM-
10 h sample. In addition, the slight increase observed in
the Fel(6¢c)-Fel(6c) interatomic distances (from 2.41 to
2.42 A) favours the ferromagnetism in the milled sample,
and provokes a small shift in the value of T¢ to higher tem-
peratures. As a result, both magnetocaloric and magne-
tovolume effects are strongly correlated in this Pr,Fe;;
intermetallic compound. In fact, these effects can be largely
modified provided that subtle modifications in the Fe-Fe
interatomic distances are induced in the samples, through
negative pressure or mechanical stress treatments.

4. Summary and conclusions

Nanostructured intermetallic Pr,Fe;; powders have
been obtained using mechanical processing from the as-
cast alloys by means of high-energy ball milling for 10 h.
A decrease in the mean crystalline size down to ~20 nm,

with almost vanishing induced microstrain and a slight
increase of 0.1% in the cell volume at 7=300K, is
observed. The Th,Zn;;-type crystal structure, as well as
the atomic positions in the unit cell, is not altered, thus sug-
gesting a modification of the microstructure mainly due to
progressive grain fracturing. The most characteristic fea-
tures of this material, namely the magneto-caloric effect
and magnetovolume anomalies, such as the invar character
below 200 K and the negative thermal expansion in the
vicinity of T'c, are still present after the milling procedure.
Apart from that, the magnetic moment exhibits a slight
increase of around 2 ug/f.u. after milling. Moreover, in
the mechanically stressed sample, the magnetization vs.
temperature curve shows a slow decrease around room
temperature, suggesting that the nanostructured powders
do not have a unique and well-defined value of 7. The lat-
ter gives rise to a reduction in the maximum value of the
magnetic entropy change together with the broadening of
the |AS|(T). Nevertheless, these facts lead to an enhance-
ment of at least 10% in the relative cooling power with
respect to that of the parent Bulk alloy, and additionally,
the working temperature difference between the hot and
cold ends of the refrigeration cycle can be as larger as
125 K, making these nanostructured materials interesting
for potential applications in magnetic refrigeration around
room temperature. However, it must be pointed out that
although nanostructured materials offer considerable
promise because of their large surface area to volume ratios
for heat transfer, the heat transfer fluid must flow around
the particles. Therefore, if the pore size is very small in a
packed regenerator bed, the pressure to pump the heat
transfer fluid will rise exponentially, approaching infinity
at nanosize pores. Finally, it must be taken into account
that in ferromagnetic R,Fe; compounds, the sign of the
magnetic interactions depends essentially on distances
between nearest-neighbor Fe atoms. Hence, the counter-
balancing between magnetic and elastic energies, below
the magnetic ordering temperature, gives rise to the
observed anomalies, such as an almost zero volume expan-
sion below 200 K and a negative thermal expansion coeffi-
cient between 200 and 300 K.
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Abstract

Nanocrystalline Nd,Fe;7 powders have been obtained by means of high-energy ball milling
from nearly single-phase bulk alloys produced by arc melting and high temperature
homogenization annealing. The rhombohedral Th,Zn;7-type crystal structure of the bulk alloy
remains unaltered after the milling process, with almost unchanged values for the cell
parameters. However, the severe mechanical processing induces drastic microstructural
changes. A decrease of the mean crystalline size down to around 10 nm is observed, giving rise
to a considerable augmentation of the disordered inter-grain boundaries. This modification of
the microstructure affects the magnetic behaviour of the milled powders, although the magnetic
structure remains collinear ferromagnetic. While a unique ferro-to-paramagnetic transition
temperature, Tc = 339 £ 2 K, is observed in the bulk alloy, the nanocrystalline samples exhibit
a more likely distribution of T¢ values. The latter seems to be responsible for the significant
broadening of the temperature range in which magneto-caloric effect is observed, and the

lowering of the maximum value of the magnetic entropy change.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High-energy ball milling (HEBM) is a widely used technique
for the mechanical alloying or processing of a great variety
of materials [1-3], and has opened exciting horizons in
the production of materials with sui-generis and enhanced
properties for different technological purposes. This technique
allows the synthesis of diverse iron-based metallic metastable
materials far from the thermodynamical equilibrium, such
as amorphous metallic glasses [4-6] or disordered and
supersaturated solid solutions [7-10]. Moreover, the

0953-8984/10/216005+08$30.00

microstructure of bulk alloys, obtained by other conventional
fabrication routes, can be largely modified by means of
severe mechanical processing using HEBM, giving rise in
most cases to drastic changes in their physico-chemical
behaviour [11-15]. In this way, HEBM permits obtaining
nanocrystalline alloys with mean crystallite size even below
10 nm [16, 17].

R-Fe (R = rare earth) intermetallic compounds display a
great variety of crystalline structures and different magnetic
behaviours depending on the stoichiometry and the nature
of the R ion [18, 19]. These alloys are therefore

© 2010 IOP Publishing Ltd  Printed in the UK & the USA



J. Phys.: Condens. Matter 22 (2010) 216005

P Alvarez et al

attractive from a fundamental point of view, because they
are well suited for the study of both 3d-3d and 3d-4f
competing magnetic interactions [20, 21]. Moreover, these
compounds are also interesting for applications in diverse
technological fields including hard and soft magnets or
magnetic refrigeration [22-26]. One subset of this family
are the Fe-rich RyFe;7; compounds, which crystallize in the
rhombohedral Th,Zn,;-type structure (space group R3m) for
the light rare earths, with four different crystallographic
sites for the iron atoms, (6¢c, 9d, 18f and 18h in Wyckoff
notation) and a unique 6c site for the rare earth [27-29]. The
binary R,Fe;; compounds with R = Pr or Nd are collinear
ferromagnets with Curie temperatures, 7¢, around room
temperature (285 &+ 5 and 335 £ 5 K respectively [25, 30-32])
and relatively high values (ug. &~ 2 ug) for the Fe magnetic
moments [18-20, 30].

In this paper, and through the combination of x-ray
and neutron powder diffraction with electron microscopy and
magnetic measurements, we show the effect of HEBM on
the morphology of Nd,Fe;; powders, and how mechanically
induced changes in the microstructure affect their magnetic
behaviour and in particular the magneto-caloric effect (MCE).

2. Experimental methods and data analysis

As starting materials for preparing Nd,Fe;7, as-cast pellets
pieces of commercial (Goodfellow) pure elements (Fe 99.9%
and Nd 99.98%, relative to the rare earth metal content [33])
were used. Pellets of around 2 g were prepared by arc
melting under a controlled Ar atmosphere, followed by a
homogenization annealing lasting one week at 1373 K in order
to reach a single phase with a ThyZn;;-type structure (each
pellet was wrapped in a tantalum foil and sealed under vacuum
in a quartz ampoule to avoid oxidation). After annealing,
the pellets were directly quenched in water. The milling
was performed in a high-energy planetary ball mill (Retsch
PM/400) using stainless steel vials and balls. Sieved powders
of NdyFe;; (maximum diameter of 106 pm), obtained by
manual pulverization of the pellets, were sealed in the vials
under an Ar atmosphere (see [34] for additional details) and
milled for 10 or 20 h. From here onwards the samples will
be labelled ‘bulk’, ‘BM-10 h’ and ‘BM-20 h’ Nd,Fe,; for the
bulk, the 10 h and the 20 h ball milled materials, respectively.
Energy dispersive x-ray spectroscopy (EDS) was used for the
analysis of the elemental distribution and composition of the
powders. No remarkable deviation from the starting 2:17
stoichiometry was observed in the samples.

The powder morphology at the micrometre length scale
and the statistical distribution of the nanocrystalline size have
been visualized and evaluated from scanning (SEM) and
transmission (TEM) electron microscopy images. The crystal
structure of the samples was studied at room temperature by
means of x-ray (XRPD) and neutron (NPD) powder diffraction.
XRPD patterns in a d-spacing range between 0.8 and 3.4 A
(between 25° and 150° in 260 with A6 = 0.02°, and
counting times of 20 s per point) were collected in high-
resolution mode (Seifert model XRD3000) using graphite-
monochromated CuKe radiation (A = 1.5418 A). NPD

experiments were carried out at the high-flux DIB two-
axis diffractometer (ILL, Grenoble, France). The diffraction
patterns were collected in a d-spacing range between 1.65 and
73 A (between 20° and 100° in 20 with A = 0.2°, and
counting times of 1 h per pattern) using a neutron wavelength
of A = 2.52 A selected from a pyrolytic graphite (002)
monochromator. For each sample approximately 4 g in mass
were introduced to a vanadium cylindrical sample-holder. The
full-profile refinement of the patterns has been performed using
the Fullprof suite package [35], based on the Rietveld method.

The temperature and applied magnetic field dependencies
of the magnetization were measured in a vibrating sample
magnetometer (Lakeshore VSM 7407). Around 45 isothermal
magnetization versus applied magnetic field curves, M(H),
were measured in the temperature range 85-420 K, with AT
steps of 10 or 5 K for temperatures far from or near to 7c,
respectively. For each M (H) curve the applied magnetic field
was increased from O to a 15 kOe with field steps of 50, 100
or 250 Oe, thus measuring around 100 points per curve. The
magnetic entropy change, |ASy|, was determined as a function
of the temperature and the applied magnetic field through
the numerical integration of the isothermally measured M (H)
curves. For an isothermal process, ASy can be evaluated by
integrating the following Maxwell relation [36]:

H oM
ASM(TsH)ZSM(TaH)_SM(T,O):/ (—) dH
0 H

oT
where Sv (7', H) and Sy (T, 0) are the magnetic entropy under
an applied magnetic field H and in the absence of the magnetic
field, respectively, at a fixed temperature 7. The calculation of
A Sy at a given temperature is made by a numerical integration
of two consecutive M (H ) isotherms around such a temperature
followed by the numerical derivative with temperature.

3. Results and discussion

3.1. Powder morphology, microstructure and crystal structure

The SEM images displayed in figure 1 show very different
morphologies at the micrometre length scale. While the sieved
powders of the bulk sample exhibit a superposition of well-
defined flaky sheets with sharp edges (see figure 1(a)), both
BM-10 h and BM-20 h powders look like agglomerated micron
size grains (0.5-10 um) with irregular shapes and rounded
borders (see figures 1(b) and (c)) due to the severe mechanical
stressing procedure. However, a higher magnification is
needed to appreciate the average size of the smaller particles
forming the micrometre-sized grains. In figure 1(d) (inset) we
show a TEM image, corresponding to the BM-20 h sample,
where distinct particles within the nanometre length scale can
be resolved. The histogram describing the mean particle size
distribution over a large number of individual entities (>500)
follows rather well a log-normal function (figure 1(d)), giving
an average size for these nanocrystallites, (t)tgm = 8(1) nm,
with a standard deviation ¢ = 3(1) nm for the BM-20 h
powders. An average size of 17(1) nm with ¢ = 4(1) nm,
is calculated from the fit corresponding to the mean particle
size distribution obtained from TEM images of the BM-10 h
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Figure 1. SEM images of bulk (a), BM-10 h (b) and BM-20 h (c) powders. (d) Particle size histogram and the fit (solid line) to a log-normal
distribution, corresponding to the BM-20 h sample. The inset shows a typical TEM image.

sample. Hence, an increase of the milling time gives rise to
further grain fracturing and to a considerable reduction in the
nanocrystallite size.

In figure 2, the room temperature x-ray (left panel) and
neutron (right panel) powder diffraction patterns for bulk, BM-
10 h and BM-20 h Nd,Fe;; samples are displayed. The
patterns corresponding to the starting bulk alloy show peaks
that can be indexed as the Bragg reflections belonging to
the Nd,Fe; phase with R3m (#166) rhombohedral (Th,Zn;7-
type) crystal structure. We have obtained accurate values
for the most important structural parameters associated with
the atoms in the unit cell from the Rietveld refinement of
the patterns. First we refined the non-structural parameters
(scale factor, zero shift error and peak shape parameters for
the pseudo-Voigt function), the cell parameters and a global
isotropic temperature factor, B, for each atom. Then, the
atomic coordinates of Nd [6¢, (00z)] and Fe [6¢, (00z); 18f,
(x00); 18h, (xxz)] were refined, those of 9d [(503)] being
fixed. Other attempts using [(zZx)] coordinates for the 18h
site crystallographic data [37] lead to similar results. Small
profile differences, together with good agreement factors,
were achieved from the final refinement (see figure 2). The
values for the lattice parameters of the bulk sample (see
table 1) are similar to those previously reported [38]. In
addition, the position of the Bragg reflections in the diffraction
patterns corresponding to BM-10 h and BM-20 h samples
remain almost unaltered, thus indicating that the ThyZn;7-
type crystal structure is maintained. The peak broadening
indicates a drastic reduction of the grain size and therefore to

the emergence of a considerable amount of disorder, mainly
located at the increasing intergranular regions and/or grain
boundaries [9, 16]. From the peak profile analysis (see [17]
for more details), a mean crystalline size of (7)pir =
24(3) and 14(5) nm for BM-10 h and BM-20 h samples,
respectively, have been estimated, which are in reasonable
agreement with those calculated from TEM histograms. The
bulk polycrystalline sample does not show any broadening of
the peaks with respect to the instrumental line width, thus
indicating a minimum average grain size higher than 0.1 pum.
However, the mechanically induced microstrain is very low,
& ~ 0.04(2)%. The latter is a clear distinction with respect
to the case of Fe or Fe-TM (TM = Cr, Ni, Cu, ...) ball
milled powders in which the amount of induced microstrain
can be over 1% [16, 17], hence, the milling process mainly
produces a progressive breaking of the Nd,Fe;7 crystals down
to the nanometre length scale. Additionally, small peaks
corresponding to the reflections of a body centred cubic (bcc)
crystal structure with a cell parameter a ~ 2.87 A are detected
in the diffraction patterns, which can be ascribed to «-Fe
impurity. This impurity phase is around 3 =+ 2% in the bulk
sample while its amount increases up to around 8 & 2 and
10 & 2% in the BM-10 h and BM-20 h milled compounds,
respectively.

It is worth noting that the contribution to the XRD peak
width coming from induced strain is negligible (<0.1%).
These findings suggest that the main process occurring during
milling is a progressive grain breakage down to the nanometre
length scale, concomitant with the emergence of structural
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Figure 2. Observed (dots) and calculated (solid line) XRPD (left panel) and NPD (right panel) patterns for bulk, BM-10 h and BM-20 h
Nd,Fe,7 alloys at T = 300 K. Positions of the Bragg reflections (in terms of the interplanar distance, d) are represented by vertical bars; the
first row corresponds to the Nd,Fe,; phase while the second one is associated with «-Fe impurity in the XRPD patterns. In the NPD patterns,
the first two rows correspond to the Nd,Fe;; phase (nuclear and magnetic) and those at the bottom are related to a «-Fe impurity (nuclear and
magnetic). The observed—calculated difference is depicted at the bottom of each figure.

disorder in the material, as evidenced by the increase in
the value of the Debye—Waller factor, B, (see table 1).
Nevertheless, the lower resolution of the neutron diffraction
pattern does not allow the estimation of reliable values for the
average crystalline size and/or the induced strain. However,
we have refined the nuclear as well as the magnetic structures,
and the fit of the NPD patterns confirms that after the milling
process the magnetic structure does not change, that is, it is
still collinear ferromagnetic with parallel magnetic moments
of both Nd and Fe sublattices lying along the basal plane.
An accurate determination of the value of the magnetic
moment, w, in each of the five non-equivalent magnetic sites
[Nd(6¢), Fel(6¢c), Fe2(9d), Fe3(18f) and Fe4(18h)] is not
possible because there are no pure and well-separated magnetic
reflections (at 7 = 300 K the expected values for p are around
1 wup due to the proximity to T¢ (=339 £ 5 K)), and the
magnetic contribution to the intensity of the observed Bragg
reflections is lower than 5%. Moreover, the broadening of these

reflections due to grain size decrease adds an extra difficulty
to achieve this task. In any case, the value obtained from
the fit for the total magnetic moment of the Nd,Fe;; phase is
pw = 22 £ 6 ug/fu, in excellent agreement with previously
reported values obtained from magnetization measurements in
polycrystalline samples [39].

In table 1 the crystal unit cell parameters, atomic positions
and Debye—Waller temperature factors are summarized. All
these data are in reasonable agreement with previously
reported data obtained from NPD on Nd,Fe;;7 polycrystalline
alloys [38]. The labelling for the Nd and Fe atomic
coordinates is the same as that used in the International Tables
for Crystallography [40] for the hexagonal setting of the
rhombohedral space group R3m (#166).

3.2. Magnetic properties and magneto-caloric effect

Figure 3 shows the temperature and applied magnetic field
dependence of magnetization for each sample. It can be seen
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Table 1. Structural data (cell parameters a and c, unit cell volume,
atomic positions and Debye—Waller temperature factor, B) for bulk,
BM-10 h and BM-20 h Nd,Fe,; (R3m) compounds at 7 = 300 K
obtained from the powder diffraction patterns shown in figure 2. The
Bragg (Rg), profile (R,), weighted profile (Ry,) and crystallographic
(Rpg) reliability factors are also reported (see text).

NszC” NszC” NszC”
Compounds  (bulk) (BM-10 h) (BM-20 h)
a (A) 8.582(1) 8.584(1) 8.582(1)
c (A) 12.463(1) 12.463(1) 12.463(1)
v (A 795 795 795
Nd (6¢)

z 0.3448(2) 0.3440(4) 0.3427(5)

B (A3) 0.18(4) 1.2(1) 1.6(1)
Fel (6¢)

z 0.0941(4) 0.0947(6) 0.0959(8)

B (A3) 0.6(1) 2.1(3) 1.6(3)
Fe2 (9d)

B (A3) 0.38(9) 0.8(2) 0.7(2)
Fe3 (18f)

X 0.2873(4) 0.2876(5) 0.2861(6)
B (A3) 0.68(8) 1.6(2) 1.6(2)
Fed (18h)

X 0.1694(3) 0.1682(4) 0.1687(5)

z 0.4899(3) 0.4912(5) 0.4894(7)

B (A3) 0.23(5) 1.3(1) 1.4(2)

Ry 5.8 34 34
R, 8.5 7.6 7.6
Ryp 10.9 9.7 9.7
Rg 4.6 2.8 2.9
x2 1.3 1.1 1.1

in the low magnetic field range that while the ferromagnetic
to paramagnetic transition is abrupt in the bulk sample, it
becomes poorly defined as the milling time increases, starting
at lower temperatures and finishing at higher temperatures than
in the bulk one. The latter can be clearly observed in figure 4,
where the normalized magnetization versus temperature curve
in the immediate vicinity of the ferromagnetic to paramagnetic
transition, measured under H = 200 Oe, is depicted. The
value for the Curie temperature has been estimated from the
minimum of the dM/dT versus T curve, using the data of
figure 4. The bulk sample exhibits a sharp and well-defined
minimum giving a value of 7c = 339 &£ 5 K, while the precise
estimation of 7¢ is difficult for the milled samples, because the
dM /dT versus T curves display broad and asymmetric minima
located at around 340 + 20 K. Therefore, a broad distribution
of T¢ values should be considered instead of a unique and
well-defined one for the milled samples. This fact could be
a direct consequence of the induced structural disorder and the
slightly different local environments of the atoms at the grain
boundaries, giving rise to a modification of their magnetic
behaviour, as has been previously observed in other Fe-based
nanostructured magnetic materials [31, 34, 41].

The saturation magnetization, Mg, at T = 100 K for the
three samples was estimated from the fit of the M (H) curves
to an approach-to-saturation law:

b
M= M, (1 _ ﬁ) + oM. (1)
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Figure 3. Temperature and applied magnetic field dependencies of
the magnetization for the bulk and milled Nd,Fe,; samples.

The fit gives values of 138 £ 5 A m? kg~! (bulk), 128 &
5Am’ kg~! (BM-10h) and 13445 A m? kg~' (BM-20 h) for
the M;. However, these different values must be interpreted
with care because the M(H) curves corresponding to the
milled samples show an increase of the magnetic anisotropy
(which is reflected as a 30% increase in the values of b and
Xo parameters, see equation (1)) and clearly the saturation
regime is not reached under an applied magnetic field of
15 kOe. Moreover, both the coercivity and remanence increase
in BM-10 h and BM-20 h samples with respect to those
of the bulk alloy, giving rise to a non-zero magnetization
value at low applied magnetic fields (see figure 3). We
must point out that for every isothermal M (H) curve, after
measuring the last value of M (H = 15 kOe), H is removed
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Figure 4. Temperature dependence of the magnetization (normalized
to the value at 7 = 260 K) for the bulk and milled Nd,Fe,; samples.
Note that the contribution to the magnetization coming from the
ferromagnetic «-Fe impurity has been subtracted for clarity.

and the temperature is changed to the next selected value
in order to begin the measurement of the next isothermal
M (H) curve. In this situation, the first measured M value
(H = 50 Oe) for each M(H) isotherm is affected by
the not-negligible values of coercivity and remanence of the
sample. These facts have been previously observed in other
milled materials [42], being a direct consequence of the
increase of the magnetic anisotropy. Such magnetic anisotropy
enhancement could be caused by the drastic decrease of the
mean crystallite size down to the nanometre length scale,
giving rise to complex magnetic interactions between the
nanocrystals and/or nanograin boundaries [23, 35]. Besides
that, it is observed that as the temperature is increased above
the T¢ of the Nd,Fe; phase, the magnetic field dependence of
the magnetization does not resemble a linear trend, as could be
expected for a paramagnetic system. The latter is due to both
(1) the existence of the «-Fe impurity phase (7c = 1044 K)
contributing to the magnetization and (ii) the existence of
short-range magnetic correlations that could extend even up to
T =2T¢.

In figure 5 a 3D view of the temperature and magnetic
field dependence of the magnetic entropy change in the bulk
and milled samples is depicted.

The abrupt decrease of the magnetization near T¢ in the
bulk alloy (see figure 3), gives rise to a remarkable change in
its magnetic entropy, reaching a maximum value of |ASy| =~
2.6 JTkg7!' K~! at 15 kOe (see figure 6). For both BM-10 h
and BM-20 h samples the |ASy|(T) curves exhibit an evident
broadening, as could be expected from the slower decrease of
M in this temperature range (see figures 3 and 4), the maximum
value of |ASy| (1.85 and 1.6 JTkg=! K= for BM-10 h and
BM-20 h, respectively) is lower than that quoted above for the
bulk sample (2.6 J kg~! K~!) under the same applied magnetic
field. The temperature at which the maximum of |A Sy |(T)
occurs (*340 K) is nearly the same for the three samples and
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Figure 5. Temperature and applied magnetic field dependencies of
the magnetic entropy change for the bulk and milled Nd,Fe,;
samples.

it almost coincides with the value of 7¢ in the bulk sample.
It is also worth noting the asymmetric shape of the |ASy|(T)
peak exhibited by the milled sample, with a long tail after the
maximum, which is undoubtedly correlated with that of the
temperature dependence of magnetization.

Therefore, the ball milling process causes a decrease of
the value of |ASy|, but at the same time, the MCE spreads
out over a wider temperature range [12, 25, 26], as can be
seen from the inset of figure 6, where the magnetic field
dependence of the §Tpwuwm parameter (defined as the full
width at half maximum of |ASy|(T) peak) is shown. The
latter is an important parameter to be taken into account
when the refrigerant capacity (RC) or relative cooling power
(RCP) [25, 43, 44] of a material of potential interest in
magnetic refrigeration has to be evaluated. An estimation of
the refrigerant capacity (RC = §Tpwum X |ASM|™) gives
similar values for the three samples, 83, 87 and 87 J kg‘1
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bulk and milled Nd,Fe,; samples. The horizontal lines represent

& Trwum for each sample. The inset shows the magnetic field
dependence of § Trwuy for all the samples (see text).

for bulk, BM-10 h and BM-20 h, respectively. Even though
a slight increase (*5%) in the value of RC is observed after
milling, we cannot conclude that the mechanically induced
microstructural changes improve the magneto-caloric effect in
these compounds in the applied magnetic field range between
0 and 15 kOe.

4. Summary

Nanostructured Nd,Fe;7; powders have been obtained from
the starting arc-melted massive compound by means of high-
energy ball milling after milling times of 10 and 20 h.
A reduction of the average crystallite size below 20 nm,
with almost vanishing values for the mechanically induced
microstrain (¢ < 0.1%) has been found. The Th,Zn;7-
type crystal structure, as well as the atomic positions in the
unit cell, remain unaltered, thus suggesting a modification of
the microstructure mainly due to progressive grain fracturing.
The severe mechanical processing of the samples generates a
high degree of disorder that should be mainly located at the
grain boundaries, thus affecting the magnetic behaviour in two
important aspects: (i) applied magnetic fields much higher
than 15 kOe are needed to saturate the samples due to the
increase of magnetic anisotropy; and (ii) the magnetization
versus temperature curve shows a slow decrease around room
temperature in the mechanically stressed sample, suggesting
that the nanostructured powders do not have a unique and well-
defined value of 7T¢. The latter gives rise to a reduction in the
maximum value of the magnetic entropy change together with
the broadening of the |ASu|(T).
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Abstract

Interest in the magnetic properties on R,Fe;; (R = rare earth) has been recently renewed by the observation of a mod-
erate magnetocaloric effect (ASy~ -6 J-’kg"-K™' for 50 kOe) at the Curie temperature for light-R Pr,Fe;; and Nd,Fe, fer-
romagnetic compounds. Combining different experimental techniques investigations on ferrimagnetic heavy-R E,Fe;;
lead to the conclusion that the interplay between magnetocaloric and magnetovolume effects is fundamental to under-
stand the physical properties of this material: the existence of short-range ordering effects, reflected in the spontaneous
magnetostriction, which falls down to zero well above the Curie Temperature; a non-excessively large magnetocaloric
response (ASy~ -5 J'’kg"-K™" for 80 kOe) near the ordering temperature for high applied magnetic fields; and the exis-
tence of an inverse magnetocaloric effect (ASy~ 1.5 J'’kg"-K™' for 80 kOe) at 40 K. This last feature seems to be related
with a crystalline electric field-level crossover in the Er-sublattice. The main trends found experimentally are qualita-
tively well described considering a mean field Hamiltonian that incorporates both crystalline electric field and exchange
interactions.

PACS numbers: 75.30.Sg, 61.05.C-, 61.05.F-,75.10.Hk, 75.30.Kz.

I Introduction

R-Fe (R = rare earth) intermetallic compounds may display a great variety of crystalline structures
and different magnetic behaviors depending on the stoichiometry and the nature of the R ion in-
volved, which makes these alloys very interesting for the study of both 3d-3d and 3d-4f competing
magnetic interactions'?. At the same time, their potential applications explain the important atten-
tion paid to these materials, from hard and soft magnets to magnetic refrigeration'**. One subset of
this family is the Fe-rich R,Fe;; compounds, which are the highest Fe-content binary intermetallics
within the R-Fe phase diagram®. In the 90’s they were a subject of considerable attention after it
was discovered that interstitial C and N atoms increase their Curie temperature (7¢) and modify the
character of magnetocrystalline anisotropy making some of them, namely Sm,Fe;;X; (X = C, N),
suitable for being used as permanent magnets®. R,Fe;; compounds crystallize into the Th,Zn,,-type
rhombohedral crystal structure ( R3m ) when R is one of the light-R, and into the hexagonal
Th,Nij-type (P6s/mmc space group) one for those compounds with rare earth heavier than Tb.
Those compounds with R =Y, Gd and Tb can crystallize in either hexagonal or rhombohedral struc-
tures, depending on the annealing treatment”®. In the rhombohedral crystal structure the crystallo-
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graphic sites for iron atoms are 6¢, 9d, 18f and 18h (in Wyckoff notation) and a unique 6c¢ site for
the rare earth, whereas for the hexagonal structure Fe atoms occupy the 4f, 6g, 12j and 12k sites and
two nonequivalent positions for the R element, 2b and 2d; in the latter case the structure can be a
disordered variant which includes the 2c site for the R-element and the 4e for iron atoms®". The co-
ordination numbers for Fe(4f), Fe(6g), Fe(12j) and Fe(12k) in the hexagonal structure are 13, 10, 10
and 10, respectively, and for Fe(6c), Fe(9d), Fe(18f) and Fe(18h) in the rhombohedral structure are
13, 10, 10 and 9, respectively. Fe(6¢) and the Fe(4f), the so-called “dumbbell sites”, possess the
largest coordination numbers in their respective crystal structure'', which is likely related to their
largest magnetic moments in the whole structure. Magnetic character of these alloys is connected to
the local environment of these Fe atoms, i.e., the sign and the magnitude of the magnetic interac-
tions depends on the number of Fe nearest neighbors and especially on the Fe—Fe interatomic dis-
tances. The binary rhombohedral R>Fe;; compounds with R = Pr or Nd are collinear ferromagnets
with Curie temperatures (7¢) around room temperature (285 £ 5 and 335 + 5 K respectively) and the
Fe magnetic moments exhibit relatively high values (ur ~ 2 pz)”'"°, whereas the hexagonal com-
pounds are mostly ferrimagnetics with the ordering temperature located close to RT. According to
the Slater—Neel curve, positive or negative Fe—Fe exchange interactions prevail when the interatom-
ic distances are larger or lower than a critical distance of 2.4 A, respectively'®. In particular, when
the distance between the dumbbell Fe atoms (located along the c-axis) is lower than this critical dis-
tance, a negative local magnetic interaction is induced and therefore, the negative exchange-cou-
pling is favored. The rest of the iron magnetic moments are parallel due to Fe-Fe positive interac-
tions, which implies that the magnetic energy is stored around the shortest interatomic distances
where negative interactions exist. The strong dependence of the magnetic behavior on the Fe—Fe
distances gives rise to magnetovolume anomalies below 7¢, being a large and negative of both ther-
mal expansion along the c-axis and pressure dependence of T¢ the most representative signatures’.
The magnetic behavior on R;Fe,; compounds can be explained by a local moment two-sublattice
model. It is generally accepted that in the R—T compounds the overall anisotropy is determined by
the interplay of the R-sublattice and T-sublattice anisotropies. According to crystal field theory of
rare earth-transition metal intermetallic compounds, a positive second-order Stevens coefficient a;
of Er ion combined with a negative second-order crystal field coefficient Vg results in an uniaxial
anisotropy of the Er sublattice, whereas the anisotropy of the Fe sublattice is planar'*'"'®, However
in this material the magnitude of the Bg coefficient is quite small compared to that of the Fe-sub-

lattice, leading to the fact that this latter anisotropy dominates over the whole temperature range be -
low the Curie temperature (7¢), therefore the easy magnetization direction of Er,Fe;; lies on the
basal plane.

On the other hand, the family of R,Fe;; compounds have attracted interest because several mem-
bers have shown a moderate magnetocaloric effect (i.e., the temperature change of a magnetic mate-
rial upon the application of a magnetic field), around room temperature, the magnetic isothermal en-
tropy change for a magnetic field variation from 0 to 5 T being ASy = -6 J')kg"'-K™" in the case of R =
Pr or Nd*". These R,Fey; alloys are of low-cost compared with Gd-based alloys, which are the ar-
chetypal alloys used in the current room temperature magnetic refrigeration prototypes. The most
challenging purpose for magnetic refrigeration technology is the optimization of the engine efficien-
cy minimizing both the powder consumption as well as the environmental impact compared with
those on the existing vapor-cycle technology. Therefore, the search for new materials displaying
significant magneto-caloric effect (MCE) is nowadays a very active field of research.

In this paper we report on both the crystal and magnetic structure in the Er,Fe;; compound by
means of both x-ray and neutron diffraction. Also, both the MCE and magnetovolume effects
present in this alloy are studied using x-ray diffraction with pressure, dc magnetization and specific-
heat measurements. Our article is organized as follows: Section 2 contains details about the experi-
mental and the analysis procedures used. Section 2 is devoted to give the information on the Hamil -
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tonian and main interactions considered in Er,Fe;;. The Results and Discussion of the physical prop-
erties are presented in Section 4, while the section 5 concludes the article.

II Experimental Section and Analysis Details

Synthesis of material

As starting materials for preparing Er.Fe;; as-cast pellets, pieces of commercial (Goodfellow)
99.9% pure elements have been mixed in the nominal molar ratio 2:17. Pellets of 4 g have been pre-
pared by the common arc melting technique under controlled Ar atmosphere, being re-melted at
least three times to ensure their homogeneity. An excess of 5% Er has been added to compensate the
evaporation losses during melting. Each specimen has been wrapped in a tantalum foil and sealed
under vacuum in a quartz ampoule and annealed during one week at 1373 K. The annealing has
been followed by water quenching of the quartz ampoules directly from the furnace. Part of the re-
sulting samples has been cut into pieces for magnetic measurements and the rest has been manually
pulverized and sieved for diffraction experiments.

Structural characterization

The crystal structure, lattice parameters and atomic positions have been studied by means of both x-
ray (XRD) and neutron powder diffraction (ND). XRD studies have been performed to check the
crystal structure in a high resolution powder diffractometer (Seifert model XRD3000) operating in
Bragg-Bentano geometry, with scans in 26 taken between 30 and 50° with A28 = 0.025° steps and
counting times of 2s per point using Cu Ka radiation (A = 1.542 A). ND patterns have been collect-
ed on the high resolution two-axis diffractometer D2B (A = 1.59 A) from T = 2 K to 325 K. Ther-
mo-neutron powder diffraction (TND) patterns have been obtained on the high-flux D1B two-axis
power diffractometer (A = 2.52 A) from 7= 5 to 850 K. Neutron experiments have been performed
at the ILL (Grenoble, France). Pressure dependence synchrotron powder diffraction (SPD) experi-
ments have been carried out in the instrument ID27 at the ESRF (Grenoble, France). The Er,Fe;
powders have been pressurized in a diamond anvil cell at room temperature. Neon has been used as
pressure-transmitting medium. A small ruby chip has been loaded in the sample chamber for pres-
sure calibration. The collecting time of each pattern was ~1 min. Experimental raw data have been
integrated using the FIT2D program in order to obtain one-dimensional diffraction pattern. The
compressive process has been recorded. Analyzes of the diffraction patterns based on both the Le
Bail and Rietveld methods have been carried out with the Fullprof suite package®.

Magnetic characterization

The temperature and applied magnetic field dependencies of the magnetization have been per-
formed using a Quantum Design PPMS-9 T platform with the vibrating sample magnetometer
(VSM) option. The temperature dependence of the magnetization, M(T), has been registered at dif-
ferent applied magnetic fields, H =50 Oe, 1 and 10 kOe. Isothermal magnetization vs. applied mag-
netic field curves, M(H), have been measured in the temperature range 2 — 350 K with 7-steps of 10
K or 5 K for temperatures far from or near 7, respectively. For each M(H) curve the applied mag-
netic field has been increased from 0 Oe up to 8 kOe with field steps of 0.5, 1 or 2 kOe, measuring
around 60 points per curve. From M(H,T) measurements the magnetic isothermal entropy variation
(ASM(T H)) due to a change of the applied magnetic field from an initial value H = 0 to a final value
H is calculated using the well-known Maxwell relation’:
H ! ’
45, (TH) =8, (TH)=5,,(10)= [ | LT
0

dH' (D),
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where Sy (7,0) and Si(T,H) are the magnetic entropy at zero and H applied magnetic field respec-
tively. Actually, the calculation of AS), at a given temperature is done by a numerical approximation
of (1) replacing the partial derivative by finite differences and calculating the integral by numerical
methods . The Specific heat, Cp(7T), has been measured in the temperature range 3 — 355 K at zero
applied magnetic field. The entropy at zero-field has been calculated from Cp(7) measurements:

L C,|TH=0)
S, \TH=0= [ —L———ar Q).
T,-0 T

The entropy at a temperature 7" and under a magnetic field H is:
S\ TH|=S, I TLH=0/-4S, T.H| 3).

tot

The adiabatic temperature change, AT..(T,H), has been obtained from the entropy—temperature dia-
gram as the isentropic distance between the entropy curves at zero-field and H *'.

III Theory

The temperature dependence of the 3d (Fe) and 4f (Er’") magnetic moments, M;, and My, respec-
tively, can be calculated as follows: first, the M3, has been obtained from a Heisenberg Hamiltonian
within the mean field approximation considering a spin angular momentum S = 1 for the Fe. Sec-
ond, the My has been calculated from the Hund’s rule ground state */;s» with total angular momen-
tum J = 15/2. Under the influence of a hexagonal crystalline electric field (CEF) with local symme-
try Dy (z-quantization axis along the c-axis) the Hamiltonian is given by:

H .z =B505+B'0,+B 0. +B% O? 4)

where the O] and B]' are the Stevens operators and CEF parameters, respectively?. The sixteen-
fold degenerate Hund’s rule ground state is splitted into eight doublets, with CEF parameters
B)=—1.65K, B}=—8.66-10" K, B'=—3.44-10"° K and B'=—1.65-10"" K. The CEF pa-
rameters have been taken from reference”. The ordered magnetic moments M, in Er,Fe;; is induced
by 3d-4f exchange interactions. We model this by combining the CEF Hamiltonian (4) with a mean
field Hamiltonian describing the 3d-4f exchange coupling (the 4f-4f exchange interaction is expect-
ed to be negligible compared to the 3d-4f one)

H=H cpp —H 3y 4 My (5)

where H 344 =435, M4 is the molecular field due to the 3d-4f exchange interaction, with

Ayq_sp =560 kOelp , . After diagonalization of the Hamiltonian (4) the temperature dependence
of M, can be calculated as explained in reference®.

IV Results and Discussion

Crystal and magnetic structure

Fig. 1 depicts high-resolution ND patterns for the Er,Fe;; compound measured on D2B at 2 K and
320 K (below and over the Curie temperature, 7¢c~ 303 K) respectively. Diffraction pattern collect-
ed in the paramagnetic phase shows only peaks that can be indexed as corresponding to the Bragg
reflections associated with the hexagonal Th,Ni;-type crystal structure, which was previously de-
termined by x-ray diffraction. The diffraction pattern in the paramagnetic state (320 K) has been fit-
ted in order to reduce the number of refining parameters (such as the scale factor, the zero-shift of
the goniometer, the profile parameters and the atomic coordinates) for describing the pattern corre-
sponding to the magnetic ordering phase. Afterward, the cell parameters, the atomic coordinates and
the isotropic temperature factor, for each ion of Er [2b (00 1/4), 2d (1/3 2/3 3/4)] and Fe [4f (1/3 2/3



z); 6g (1/2 00); 12j (x y1/4); 12k (x 2x z)], have been refined. In particular, the atomic coordinates
are in good agreement with those previously reported. The most important structural parameters
have been obtained from the Rietveld analysis (see Table I). The labeling for the Er and Fe atomic
coordinates is the same as that used in the International Tables for Crystallography?. It is worth not-
ing that several attempts using the disordered Th,Nijs-types structure (which is presented in other
hexagonal R,Fe;; compounds’'****") have been carried out, but they lead to fits of worse quality.

Once the structural and instrumental parameters have been established, the Fe-sublattice magnet-
ic moments have been refined using as initial information the Fe magnetic moments for the differ-
ent sublattices obtained for the Y,Fe;; compound. The resulting magnetic structure is collinear ferri-
magnetic with the magnetic moments lying in the basal plane, being the Er sublattice magnetic mo-
ments antiparallel to those of the Fe sublattice. It is worth noting that the components of the mag-
netic moments within the plane perpendicular to the unique-six fold axis of the hexagonal crystal
structure cannot be determined from powder neutron diffraction experiments due to symmetry con-
siderations®.

The analysis of the TND patterns obtained on D1B for the Er,Fe;; alloy using as starting infor-
mation the Fe sublattice magnetic moments of Y,Fe,; alloy has allowed us to obtain the temperature
dependence of the magnetic moments at each non-equivalent atomic site (see Fig. 2a). To accom-
plish this task, we have taken in account that both 2b and 2d Er crystal sites have quite similar envi-
ronment, therefore we have constrained both magnetic moments to have the same value and temper-
ature dependence. It is clearly shown that the Er moments decrease monotonously, whereas Fe mo-
ments remain almost constant at low temperature, with a more abrupt decrease near 7¢. Due to the
ferrimagnetic behavior, the spontaneous magnetization of the Er,Fe;; compound is expressed by
subtracting the contribution of both sublattices™:

Total __ Total Total __ i J
luFeJrEr_'uFe +luEr _Z luFe_Z |luEr| (6)
Using eq. 6 the spontaneous magnetization is obtained and depicted in Fig. 2b, together with the re-

duced temperature dependence of the total magnetic moment for each sublattice. The temperature

Total . . . Total
dependence of 1., presents a maximum at T ~ 0.3 T¢. This behavior occurs when . de-

creases more rapidly with temperature than ,u?‘;”’]

creases™.
This kind of behavior has been predicted by Neel®'.

, and therefore the spontaneous magnetization in-

Magnetovolume anomalies

From the TND patterns the temperature dependencies of the cell parameters and volume are ob-
tained and plotted in Fig. 3a. As well as for other R,Fe;; compounds, Er,Fe; exhibits magnetovol-
ume anomalies up to the Curie temperature, by a decrease of the crystalline cell along the c-axis up
to 7'~ 410 K, whereas the basal plane-cell parameters remains almost unchanged (less than 0.2%
relative change for the a parameter) in the same temperature range. The magnetovolume effects are
evidenced in the V(7) curve through several features: 1) V(7) is almost constant from 0 up to 60 K;
i1) a slight decrease of V(7) with temperature is seen above 60 K up to 110 K; iii) then an almost
constant volume in the temperature interval (110 K, 250 K) is observed again; and iv) a minimum at
360 K is found before reaching the linear variation characteristic of the Griineissen dependence
found at high temperatures in intermetallic materials. Moreover, the cell parameters a and ¢(7), and
therefore V(T), do not follow this “Griineisen-like” behavior until temperatures well above T¢. This
is a consequence of the strong dependence of magnetic coupling with the Fe-Fe distances**'**. The
cell volume at low temperatures is higher than that expected for a non-magnetic system. As the tem-
perature is increased, the Fe magnetic moments decrease and the magnetovolume coupling progres-
sively loses strength, giving rise to a lattice contraction. The volume goes down to the correspond-
ing equilibrium value in the absence of magnetic order, which is reached above the ferrimagnetic
ordering temperature.



On the other hand, the pressure dependence of the crystal cell parameters and volume has been
also investigated (see low-left inset in Fig. 4 where PSD plots are gathered for several applied pres-
sures). The form of the Bragg diffraction peaks is flatter and the intensity decreases when the pres-
sure increases. Patterns have been analyzed using the LeBail method due to the extremely difficulty
of performing a Rietveld's analysis. A continuous shift of the diffraction peaks to higher angles
when increasing the pressure is observed, which is related to a decrease of the cell parameters. The
normalized unit cell parameters of Er,Fe;; as a function of pressure are also shown in Fig. 4. In both
cases there is a continuous decrease, which allows concluding that no structural transformation oc-
curs up to 15 GPa. The contraction along the c-axis and in the basal plane seems to be isotropic, as
those two curves match. Data corresponding to the unit cell volume are fitted to the Birch—-Mur-
naghan equation of state® considering the values of the Bulk modulus, B, as a fitting parameter.
This value is estimated to be B = 143 GPa, in good agreement with the values reported in the litera-
ture™”.

Through the Griineisen relation®®, the extrapolation of the paramagnetic behavior of ¥(7T) down
to the low temperature range is done. For this purpose, as well as the value of the bulk modulus, we
have used the Debye temperature 6, ~ 450 K, as for other R,Fe;; compounds®’. Fig. 3b shows the
temperature dependence of both the experimental and extrapolated non-magnetic cell volume. As
the extrapolated volume is lower than the experimental, the spontaneous magnetostriction, ws(7), is
negative throughout the range from 0 K to above the Curie temperature 7¢. In R,Fe;; compounds,
ws could be correlated to the square of the total Fe-sublattice magnetic moment, p%.***. Fig. 5
shows the reduced volume effect ws(7)/ws(5 K) on the reduced temperature, 7/7¢c. The spontaneous
magnetostriction depends quadratically on the magnetic moment up to the temperatures 7'~ 0.8 T¢.
At high temperatures, the ws(7) curve deviates from p%.(7), and at Tc about 40% of ws(5 K) still re-
mains, which apparently reflect the presence of short-range magnetic correlations which disappears
at about 120 K above T¢*.

Magnetic properties

The temperature dependence of the magnetization, M(7T) curves, at different applied magnetic fields
are shown in Fig. 6. From the low applied magnetic field measurement (see inset in Fig. 6) the
Curie temperature is estimated as the temperature where the minimum of dM/dT(T) is achieved,
giving the value of 7c =303 + 1 K, in agreement with those previously reported ***'. It is worth un-
derlying that M goes to zero after 7¢ and that no abrupt change below that temperature is present.
When the applied magnetic field increases up to 10 kOe, a maximum of the magnetization located
at T ~140 K becomes well defined. Also, the minimum in the temperature evolution of dM/dT be-
comes broader as the magnetic field increase, indicating that the ferri-to-paramagnetic transition be-
comes less defined.

The temperature and applied magnetic field dependence of the magnetization is plotted in Fig. 7.
A linear trend for the magnetic field dependence of the magnetization is observed for temperatures
over T¢, as it could be expected for a paramagnetic system. Below 7¢ no abrupt changes of the mag-
netization with the applied magnetic field is observed. It is known that in Er,Fe,; single-crystals
there is a first-order field-induced spin-reorientation transition*, which is reflected in an abrupt
change of the M(H) curves, depending in the orientation of the single crystal with regard to the ap-
plied field. In the present case, such a transition is not observable because of the polycrystalline na-
ture of the sample. The saturation magnetization, Ms, at 7= 2 K has been estimated from the fit of
the M(H) curve to the approach-to-saturation law*:
b

M:MS 1—?

tx,H (7).

Total

The M; value obtained is 72.5 + 0.7 A -m*kg" (16 + 1 W), which agrees with the value of # .,
obtained from neutron diffraction and*.
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Magnetocaloric Effect

In Fig. 8a the temperature dependence of the magnetic entropy change for the Er,Fe;; alloy is plot-
ted for different magnetic fields. The peaks situated at 7 = 300 K correspond to a direct magne-
tocaloric effect due to the magnetic transition from the ferrimagnetic to paramagnetic state. The
maximum of |ASy|(7T) at H = 50 kOe is 3.6 J-K-kg", in quite good agreement with the value report-
ed in ®. At H = 80 kOe the maximum reaches the value 4.7 J-K™-kg"'. The Relative Cooling Power
(RCP), 1s defined as follows:

RCP (H)=|AS|T.H || X 5T (H| pyypns 9).

Due to experimental temperature limitations, the full width at half maximum is not achieved for ap-
plied fields higher than 40 kOe. Nevertheless, for that applied magnetic field the RCP is 222 J-kg™,
which is lower than that of the Gadolinium. In spite of this, Er,Fe;; is interesting because also ex-
hibits an inverse MCE with its maximum located at 7 ~ 40 K. The existence of this inverse magne-
tocaloric effect is due to both the ferrimagnetic character of the magnetic structure, as von™, as well
as the particular CEF level scheme of Er’". In the inset of Fig. 8a, the magnetic entropy change as a
function of temperature, obtained considering a mean field Hamiltonian with CEF effects (see sec-
tion III), is plotted. The prediction of a direct and inverse magnetocaloric effect is qualitatively well
accounted for the theoretical model. Important differences are seen in the temperature range 100-
200 K. These discrepancies seem to suggest that the role of other interactions could be important for
describing the experimental behavior observed. The fact that the volume dependence has several
features in the above temperature range could be due to the magnetoelastic coupling. The calculat-
ed RCP for the inverse MCE is 103 J-kg" at H = 80 kOe, with a maximum value of AS), = 1.3 J'’K
l.kg-l.

Taking into account eq. (2) and (3) the adiabatic temperature change has been obtained from the
specific heat and magnetic entropy change (see Fig. 8b). Here also the existence of both effects is
highlighted by the presence of a maximum and a minimum. The maximum values of |AT,, for the
inverse and direct effects are 0.6 and 2.5 K respectively. These main experimental features are cap-
tured by the theoretical calculation obtained considering the contributions of the Fe sublattice due to
Heisenberg exchange interactions, and CEF and Heisenberg exchange interactions for the Hamil-
tonian related to the Er-sublattice (see inset Fig. 8 b). Further investigations will be needed to eluci-
date the discrepancies with the experimental |A7,4|.

Summary and conclusions

In conclusion, the Er,Fe;; intermetallic compound crystallizes, like other members of the R.Fe;
family, in the hexagonal Th,Ni;,-type crystal structure, as determined from high-resolution powder
neutron diffraction studies. The magnetic structure has been found to be ferrimagnetic with two fer-
romagnetic sublattices, with the rare-earth magnetic moments antiparallel to those of the Fe-sublat-
tice. The temperature dependence of Er magnetic moments has been found to be almost linear,
while for the Fe-sublattice moments the main variation is located near 7¢, being almost constant in
the low temperature range. The magnetic measurements reveal that the magnetocaloric response
(ASy ~ -5 J'’kg-K! for 80 kOe) is moderate near the ordering temperature for high applied magnetic
fields; the existence of short-range ordering effect that are observed in the spontaneous magne-
tostriction, having; a maximum (~1.6 %) at 5 K but falling down to zero well above the Curie tem-
perature; and the existence of an inverse magnetocaloric effect (ASy ~ 1.5 J')kg'- K™ for 80 kOe) at
40 K. These main trends found experimentally are qualitatively well described considering a mean
field Hamiltonian that includes both crystalline electric field and exchange interactions, and the
present results seems to suggest that the magnetocaloric response is also governed by the magnetoe-
lastic coupling in this material.
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Table captions

Table 1. Cell parameters and volume at 7= 320 K and atomic coordinates and Debye-Waller temperature factor of each
crystallographic site of the studied Er,Fe;; (P6;/mmc) compound obtained from D2B ND pattern.

Table 2. Magnetic moments at 7= 5 K for the Er,Fe,; alloy gotten from the D1B ND pattern. Values are compared with
those obtained from the theoretical model.

Table 3. Magnetic (Curie temperature, spontaneous magnetization, critical exponents) and magnetocaloric parameters
(direct and inverse magnetic entropy change, relative cooling power) for the Er,Fe;; compound.

Figure captions

Fig. 1 Observed (dots) and calculated (solid line) ND patterns from D2B ata) 7=2 K and b) 7= 310 K temperature for
Er,Fe,; alloy. Positions of the Bragg reflections are represented by vertical bars; the first row corresponds to the Th,Ni;;
phase while the second one corresponds with the magnetic structure. The observed—calculated difference is depicted at
the bottom of each figure.

Fig. 2 a) Magnetic atomic moments of the two in-equivalent crystallographic Er sites and the four in-equivalent
crystallographic Fe sites vs. 7/7¢. b) Fe and Er sublattice magnetic moments, together with the total magnetic moment
as a function of 7/T¢. Dashed lines are the result of the calculated temperature dependence of the magnetic moments
(see text for more details).

Fig. 3 a) Temperature dependence of the cell parameters of the Er,Fe;; compound. b) Temperature dependence of
experimental volume and its extrapolation to low temperature.

Fig. 4 Fit of the P(V) curve using the Birch-Murnaghan equation of state. Inset (up-right): pressure dependence of the
cell parameters normalized to the value at P = 0 GPa of the Th,Ni,; phase in the Er,Fe;; compound at room temperature.
Inset (down-left): observed (dots) and calculated (solid line) SPD patterns for Er,Fe;; alloy collected at a) P = 0 GPa
and b) P = 15 GPa. The observed—calculated difference is depicted at the bottom of each figure.

Fig. 5 Reduced volume effect w(7)/w(5 K) on the reduced temperature 7/7c compared with the temperature
dependence of the square of the magnetic moment of Er,Fe,.

Fig. 6 Temperature dependence of magnetization for 4 = 1 and 10 kOe applied magnetic fields. Inset: M(7) at 50 Oe

Fig. 7 Applied magnetic field dependence of magnetization isothermally measured.

Fig. 8 a) Magnetic entropy change vs. temperature for different applied magnetic fields up to 80 kOe for ErFe;
compound. Temperature dependence of the heat capacity is shown as an inset. b) Adiabatic temperature change for
different applied magnetic fields vs. temperature.



Table 1. Cell parameters and volume at 7= 320 K and atomic coordinates and Debye-Waller temperature factor of each
crystallographic site of the studied Er.Fe,; (P6;/mmc) compound obtained from D2B ND pattern.

a(A) 8.451 (1)
c(A) 8.264 (1)
V (A% 511.27 (1)

Er 2b)-B(AY) 12(1)
Er 2d)-B(A?)  0.19 (8)
Fe (4)-B(A?)  0.43 (5)
z 0.106 (1)
Fe (6g)-B(A%)  0.34 (5)
Fe (12j)-B(A%)  0.59 (3)

X 0.329 (3)
y 0.958 (1)
Fe (12k)-B(A%)  0.17 (2)
X 0.166 (1)
y 0.983 (1)
Rs 76

Ry 6.4

Rup 8.9

Rr 6.0
X(%) 10.5

Table 2. Magnetic moments at 7= 5 K for the Er,Fe,; alloy gotten from the D1B ND pattern. Values are compared with
those obtained from the theoretical model.

Site Measured
(Hs)

Er (2b;2d) 9.03 (1)

Fe (4f) 2.23 (1)

Fe (6g) 2.04 (1)

Fe (12j) 1.98 (1)

Fe (12k) 1.73 (1)

Er-Sublattice 18.06 (2)
Fe-Sublattice 32.8(2)

Total 14.8 (2)
Rs 1.7

Rr 0.9
X*(%) 15.1

Table 3. Magnetic (Curie temperature, spontaneous magnetization, critical exponents) and magnetocaloric parameters
(direct and inverse magnetic entropy change, relative cooling power) for the Er,Fe;; compound.

Tc Ms Direct |ASv| Inverse |ASu| ws  Bo
(K) (Mz)  (kg"K')  (kg"K" 5K (GPa)

303(1) 16(1) 47 1.03 1.6 143
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Fig. 1 Observed (dots) and calculated (solid line) ND patterns from D2B ata) 7=2 K and b) 7= 310 K temperature for
Er,Fey; alloy. Positions of the Bragg reflections are represented by vertical bars; the first row corresponds to the Th,Niy;
phase while the second one corresponds with the magnetic structure. The observed—calculated difference is depicted at
the bottom of each figure.
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Fig. 3 a) Temperature dependence of the cell parameters of the Er,Fe;; compound. b) Temperature dependence of
experimental volume and its extrapolation to low temperature.
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Fig. 5
Reduced volume effect wy(7)/ w(5 K) on the reduced temperature 7/7¢ compared with the temperature dependence of
the square of the magnetic moment of Er,Fe;.
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Abstract

The magneto-caloric effect (MCE) of arc-melted bulk and 10 h ball-milled nanostructured
Pr,Fe ;7 powders has been investigated. The maximum value for the magnetic entropy change,
| ASm|, in the milled alloy is 4.5 Jkg~' K~! for uoH = 5T, at around room temperature. The
full width at half maximum, § Trwim, of |ASm|(T') for the nanostructured powders is about
60% greater than that of the starting bulk alloy, thus giving rise to large relative cooling
power values of 573Jkg~! (4.5] cm ™) for ugH = 5T estimated from the product of
|ASM|™ x §Trwam. These results have been compared with those of well-known magnetic
materials that exhibit a large or giant MCE effect. The potential for using these low-cost iron
based nanostructured Pr,Fe;7; powders in magnetic refrigeration at room temperature is also

discussed.

(Some figures in this article are in colour only in the electronic version)

During the last decade, one of the most exciting, and at
the same time, challenging endeavours in applied materials
science and/or engineering has been the search for new
materials or the processing of existing ones, modifying the
microstructure and/or the size with the aim of tailoring and
controlling their physical-chemical properties in such a way
that functionality could be enhanced [1,2]. Over the last
decades, R,Fe;; intermetallic compounds and their nitrides,
carbides, etc have received considerable attention due to a
wealth of interesting behaviours [3-5], being regarded as
suitable candidates for high-performance permanent magnets
[6]. Recently, a moderate magneto-caloric effect (MCE) [7]
with values of the magnetic entropy change at about room
temperature (for R = Nd, Pr) of |ASy| ~6Jkg™' K~! (for
woH = 5T) [8, 9] has been reported for these materials.
These values are lower than those measured in other
well-known families of magneto-caloric materials, such as

3 Also at: Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco,
28049 Madrid, Spain.

0022-3727/08/192003+05$30.00

Gd5(Si]_xG€x)4 or MHFCP0‘45ASO‘55 [10—13], La(FexSil_x)B
[14] or NiMn(Ga,In) [15, 16]; however, Pr,Fe 7 and Nd,Fe;
compounds have some advantages, such as low fabrication
costs, room-temperature |ASy| maxima and broader |ASy|
peaks.

High-energy ball milling (HEBM) is a widely used
technique for synthesizing new metastable alloys out from
the thermo-dynamical equilibrium [17, 18]. HEBM is also
employed in the mechanical processing of massive stable
compounds with the aim of altering their microstructure
and, therefore, modifying the physical properties [19,20].
On the other hand, the search for MCE in new disordered,
nanostructured and/or metastable phases out from the
thermodynamic equilibrium is currently a growing field of
research. In this way, some studies have recently been done
in milled GdNiAl compounds [21], melt-spun Y,Fe;7; [22]
and Gd-based [23] alloys or Fe-rich [24] metallic glasses.
However, the production of nanostructured R;Fe;; alloys
with rthombohedral crystal structure has not been reported
yet, and we present in this paper the fabrication route via

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Observed (dots) and calculated (solid line)
high-resolution neutron powder diffraction patterns of bulk and
BM-10h Pr,Fe,; alloys collected at 7 = 300 K on D2B
diffractometer (A = 1.594 A). Note the different y-scale used.
Positions of the Bragg reflections are represented by vertical bars,
the first row corresponds to the Pr,Fe;; phase while the second one
is associated with a-Fe impurity. The observed—calculated
difference is depicted at the bottom of each figure.

mechanical processing from the starting Pr,Fe7 bulk alloy by
means of HEBM for 10 h, which gives rise to such a peculiar
microstructural configuration. In the following the samples
will be named ‘bulk’ and ‘BM-10h’ for the as-cast material
and the one ball milled (or mechanically stressed) for 10h,
respectively.

In figure 1, neutron powder diffraction patterns collected
at room temperature on the high-resolution D2B two-axis
diffractometer (Institute Laue-Langevin, Grenoble, France)
for both bulk and BM-10h Pr,Fe;; samples are displayed.
The patterns were measured in the 26 range between 10°
and 160° using a neutron wavelength of A = 1.594 A. The
peaks observed in the pattern corresponding to the starting
Bulk alloy can be indexed as the Bragg reflections belonging
to two different phases with R3m rhombohedral and Im3m
body centred cubic crystal structures. The former is a Pr,Fe;
phase (ThpZny7-type crystal structure) while the latter is an
a-Fe impurity phase (about 8%). From the Rietveld refinement
[25] of the pattern we have obtained accurate values for the
important structural parameters associated with atoms in the
unit cell, which are in good agreement with previously reported
data on single crystal [26]. The pattern corresponding to the
milled sample (see figure 1, bottom panel) shows an overall
decrease in the peak intensities and a considerable broadening
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Figure 2. Temperature dependence of the magnetization for both
bulk and BM-10h Pr,Fe,; alloys under an applied magnetic field of
oH = 100 mT. The inset shows the magnetization versus applied
magnetic field curves at 7 = 4 K.

of the Bragg reflections. However, the Th,Zn,7-type crystal
structure is maintained, and the amount of the impurity phase
does not change within the experimental error. The peak profile
analysis performed [27] gives two important results: first of
all, an average apparent size of the nanocrystals, (T)pir =
20(2) nm, which coincides rather well with that estimated from
TEM images, (t)tgm = 23(1) nm, and secondly, a nearly
vanishing induced microstrain, ¢ & 0.03(2) %, thus suggesting
that the ball milling process mainly produces a progressive
fracturing of the PryFe;; brittle intermetallic crystals down to
the nanometre length scale.

In figure 2 the temperature dependence of the
magnetization, M (T') curves, for the two samples measured in
a VSM magnetometer under ;o H = 100 mT applied magnetic
field is shown. The Curie temperature, ¢, has been estimated
as the minimum value of the temperature derivative of the
magnetization, dM/dT. It is worth noting that while M
rapidly goes down in the bulk sample for temperatures above
280 K, the milled sample exhibits a much slower decrease. In
our case, the bulk sample exhibits a sharp and well-defined
minimum giving a value of 7c = 286 &+ 1 K. On the contrary,
a precise estimation of 7¢ is difficult for the milled sample
because the dM /AT versus T curve (not shown) displays a
broad and asymmetric minimum; in spite of this, we could
give an approximate value of T¢ & 292 £ 10K for the milled
sample following this criterion. Moreover, the trend exhibited
by the M (T') curve in the milled sample suggests us a picture in
which a broad distribution of 7 values should be considered,
being a direct consequence of the induced structural disorder
and the slightly different local environments of the atoms at the
grain boundaries. Taking into account the abrupt decrease of
the magnetization near T¢ in the Bulk alloy (see figure 2), we
can expect a remarkable change in its magnetic entropy, while
for the milled alloy this change could be largely modified due to
the very different M versus 7 behaviour exhibited around 7¢.
It is also worth noting that although the magnetization value
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of the bulk sample at 7 = 150 K is 50% larger than that of the
BM-10h one (see figure 2), under high applied magnetic field
values the situation is much different (see inset of figure 2).
The low-temperature (T = 4 K) magnetization versus applied
magnetic field curves, M (H), measured up to ugH = 5T,
shows a slight increase in the saturation magnetization and,
most importantly, a significant enlargement of the magnetic
anisotropy in the BM-10h powders. These findings can be
understood on the basis of the magnetic coupling between the
nanocrystals and the grain boundaries [28] that can induce the
variation of intrinsic magnetic properties such as saturation
magnetization, Curie temperature and/or magnetic anisotropy,
already observed in a number of R—Fe-based nanostructured
materials [29].

The MCE was determined as a function of the temperature
and the applied magnetic field through the numerical
integration of the isothermally measured magnetization
versus applied magnetic field curves, M (H), and using the
appropriate Maxwell’s thermodynamic relations [7]. Because
the Curie temperature of the impurity phase («-Fe) is very
high (7¢ = 1044 K), no contribution to MCE is expected from
this phase at room temperature. More than 40 M (H) curves
were measured in the temperature range from 150 to 420K
using the VSM magnetometer. The temperature steps between
consecutive isothermal M (H) curves were 2 K near T, and 5
or 10K far from the magnetic ordering temperature. At each
temperature the data were collected using constant dc applied
magnetic field steps of uoAH = 0.1T in the magnetic field
range between 0 and 5 T. Taking into account that 50 field
values were measured for each M (H) curve, experimental
errors have been largely minimized. The results obtained from
these calculations allow us to envisage the evolution of ASy
with temperature. In figure 3 we present the |ASy|(T') curves
(ASm < 0) measured under applied magnetic fields uoH =
5T for bulk and BM-10h Pr,Fe|; compared with that of pure
gadolinium, which exhibits a caret-like shape [30]. A well-
defined maximum for the bulk sample is clearly observed at
T ~ Tc (286 K), reaching a value of |[ASy| = 6.4Jkg’1 K™!
for woH = 5T. For the BM-10 h sample, the |ASy|(T) curve
is broader, as could be expected from the slow decrease in
M in this temperature range (see figure 2), the maximum
value is around one-third lower [|ASy| = 4.5Tkg='K~! for
uwoH = 5T] and it is scarcely shifted to higher temperatures
(~296 K). Also worth noting is the asymmetric form of the
|ASm|(T) peak exhibited by the milled sample with a long
tail after the maximum, which is undoubtedly correlated with
the slow fall over of the magnetization for T > 280K (see
figure 2). In terms of the potential interest for application in
magnetic refrigeration, the maximum |ASy| value is not the
exclusive parameter to be taken into account for considering a
material attractive. The temperature at which MCE occurs
defines the technological field, and the temperature range
in which it can operate is also of much importance [31].
Several attempts have been considered to estimate the so-called
refrigerant capacity or relative cooling power (RCP), which
indicates how much heat can be transferred from the cold end to
the hot end of a refrigerator describing a thermodynamic cycle.
A first attempt consists in using not only the maximum value
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Figure 3. Temperature dependence of calculated |ASy|(7') and
RCP values under an applied magnetic field, uoH = ST, for pure
Gd, bulk Pr,Fe;7; and BM-10h Pr,Fe;;. The RCP values (see
table 1), estimated using three different methods, as is explained
in the text, are also shown as the shaded areas (RCP-2) and striped
rectangles (RCP-3) for each material.

of the MCE but also the width of the |ASy|(T) curve, which
is calculated from the product of the maximum |ASy| peak
value and the full width at half maximum, 8 Tgwam, RCP-1
(S) = |ASM|™* x §Trwum [7]. The higher the 8 Trwpy value
is, the larger the temperature difference between the hot and
the cool ends of the cycle that can be used for operation. In our
samples, the value for § Tpwywm largely expands with milling,
and provokes an RCP increase reaching values close to or
even higher than those reported for Gds(Si;_,Ge, )4 alloys at
room temperature [7, 11, 13]. This method leads to values for
bulk (506 Jkg~!) and BM-10h (573 Jkg~!) of 74% and 83%,
respectively, with regard to that of gadolinium. The fact that
the § Tpwym 1s 60% higher for the BM-10h material than for
the bulk one will allow the ambient temperature of the room
where arefrigerator-appliance operates to fluctuate up to higher
temperatures (see figure 3 and table 1).

The RCP values of the second method, RCP-2, were
obtained from numerical integration of the area (dashed in
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Table 1. RCP data estimated under an applied magnetic field of uoH = 5T obtained from three different methods (see text) for both bulk
and BM-10 h Pr,Fe;; compounds (RCP-1 from § Trwyum [7], RCP-2 from integration of |ASy| [32] and RCP-3 from maximizing the product
|[ASm| x AT [33]). Data for various representative magneto-caloric materials are also shown for comparison.

Material RCP-1Jkg'(Jem™3) RCP-2Jkg'(Jem™) RCP-3Jkg'(Jecm™) Reference
Pr,Fe;; bulk 506 (3.9) 385 (3.0) 256 (2.0) This work
Pr,Fe,; BM-10h 573 (4.5) 430 (3.3) 283 (2.2) This work
Gd 687 (5.6) 503 (4.0) 402 (3.3) [30]
Gd;s;Ge,Si, — 240 (1.8) 200 (1.5) [13]
Ni50Mn34In16 — 103.8 — [16]
Gd5Si1.8GeL3Sn0'4 (as-cast) — 366 (28) — [23]
GdsSi; gGe gSng4 (ribbons) — 335(2.5) — [23]

figure 3) under | A Sum|(T) using Trwpm as the integration limits
[13,32]. This method leads to values for bulk (385Jkg™")
and BM-10h (430Jkg™!) of 77% and 85%, respectively,
with regard to that of gadolinium. Finally, the last method
used to estimate the RCP value, RCP-3, maximizes the
product |[ASv| x AT below the |ASwu|(T) curve [13, 33].
The estimated values for Bulk (256Jkg~!) and BM-10h
(283Jkg™"), computed using this procedure, are 64% and
70%, respectively, with regard to that of gadolinium, and
are represented in figure 3 as the striped-rectangular areas
extending outside the shaded areas. In table 1, we compare
the values of RCP calculated with the three different methods
explained just above for both bulk and BM-10h Pr,Fe;
samples together with those for other representative materials
displaying MCE, such as Gd, GdsGe;Si,, GdsGe; 9SisFeyq |,
NisoMnsgIn;g or GdsSi; §Ge; gSng4. In final, using different
methods to estimate the RCP magnitude for bulk and BM-
10 h PrpFe7 leads us to conclude that the magnetic refrigerant
cooling power is improved in the BM material.

In summary, large values of the RCP are found in
nanostructured Pr,Fe;7 powders, which exhibit moderate MCE
after the milling procedure. There are several reasons for
considering these nanostructured materials interesting for
potential applications in magnetic refrigeration. Firstly, the
maximum of |ASy|(T) is shifted towards room temperature
after milling. Secondly, we have reported a reduction of one-
third in the value for the magnetic entropy change compared
with that of the starting bulk alloy, but at the same time, the
| ASm|(T) peak width is enlarged by a factor close to 2, leading
to an increase in the RCP value from 506 to 573Jkg~! (3.9 to
4.5Jcm™3) for woH = 5T, and thirdly, a working temperature
difference of at least 125 K between the hot and the cold ends
of the cycle is observed.
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properties of ProFeq; powders is reported. Bulk alloys showing a rhombohedral Th,Znq7-type crystal struc-
ture were mechanically ball milled under Ar atmosphere. After 10 h of milling this crystal structure persists
and the mean values of the lattice parameters remain almost unchanged. Average grain sizes around 27 nm
were estimated by both, transmission electron microscopy and neutron powder diffraction measurements.
While for the starting bulk alloys the low field temperature of the magnetization, M(T), shows a well-
defined and sharp decrease at the Curie temperature, Tc =285(2)K, in ball milled samples the transition
becomes broad not allowing an accurate determination of Curie point; in addition, this intrinsic parameter
seems to be shifted toward a higher temperature [292(10) K]. The magnetocaloric effect at (toHmax=5T
was evaluated from the temperature dependence of magnetic entropy change, through the variation of
M(H,T) curves. A decrease in the peak value of magnetic entropy change, | ASj**|, from 5.7 t0 3.7 ] kg 1K1,

Keywords:

Rare earth alloys and compounds
Mechanical alloying
Magnetocaloric effect

and the broadening of the maximum is observed for the milled sample respect to the bulk alloy.

© 2008 Elsevier B.V. All rights reserved.

PryFeq;7 is a ferromagnetic compound that crystallizes in the
rhombohedral Th,Zn;7-type crystal structure (R3m), exhibiting
high values of the spontaneous magnetisation and a Curie point, T,
of 283 K [1]. Recently, this material has attracted a renewed inter-
est because combines a significant magneto-caloric effect close to
room temperature with low potential production cost due to its
high Fe content. A magnetic entropy change value, |ASy|, around
6]kg 1K1 at poHmax=5T has been reported, while the related
adiabatic temperature change, AT,q, was roughly estimated in 4.1 K
[2-4]. Ball milling has been widely used as a technique for produc-
ing nanostructured or new metastable phases from pure elements
[5] or bulk stable compounds, exhibiting a rich variety of novel
physical properties compared with those of bulk starting material
[6-8].

In this report we describe the effect of a severe ball milling
treatment on structural, magnetic and magnetocaloric properties
of PryFe{; powders. Nearly single-phase Pr,Fe;; alloys were pro-
cessed by high-energy ball milling during 10 h. Acomparative study,
by means of neutron powder diffraction (NPD), scanning (SEM)

* Corresponding author. Tel.: +34 985102899; fax: +34 985103324.
E-mail address: pgorria@uniovi.es (P. Gorria).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2008.07.210

and transmission (TEM) electron microscopy, and magnetization
vs. temperature and applied magnetic field measurements, of both,
the starting and ball milled (BM) alloy is presented.

As-cast pellets of nominal composition PryFe; were prepared
by Ar arc melting from 99.9% pure Pr and 99.98% pure Fe. To pro-
duce a highly pure 2:17 phase alloys were wrapped in tantalum foil,
sealed under vacuum in quartz ampoules, and homogenised during
one week at 1373 K; the thermal treatment was followed of water
quenching. Annealed samples were broken into smaller pieces and
manually pulverised using an agate mortar. The obtained powder
was sieved using a 106 pm pore size metallic sieve to be sealed
in a stainless steel vial under argon atmosphere. A ball-to-powder
weight ratio of 8:1 was chosen. Powder was dry milled during 10 h
using a high energy Retsch PM/400 planetary ball mill. The process
was carried out in successive steps of 5min of milling followed
of 5min of break, in order to keep low the temperature to favour
progressive grain size diminution.

Room temperature NPD patterns were collected on the D1B two-
axis neutron diffractometer (ILL, Grenoble, France) using a neutron
wavelength of A = 2.52 A. The Rietveld analysis of the diffraction pat-
terns has been performed using the Fullprof package [9], in order
to make a quantitative determination of structural parameters and
phase composition. Powder morphology was characterised with



J.L.S. Llamazares et al. / Journal of Alloys and Compounds 483 (2009) 682-685 683

LA A R B B L L B E LI L B
8107 (a) bulk
=
z
=
=
=1
= 410"
z
ol
=
&
=
(T I I I N B T N Y|
o | | a
AR AR,
v 4
1 1 1 1 L 1 1
T T T T T T T
g0l (b)) 10h-BM |
= L 4
&
=
=
(=]
< g0t §
z
w
-
&
£ L. 2 o
(T [ T I R O B A (1 I T O I R
0 - | i
PO [NV S W AN TN TN S [N SN T T TN NN WA ST TN WA NN SN SN TN TN (NN ST VNN SO S Y W 1
30 40 50 60 70 80 90

angle, 20 (deg)

Fig. 1. Experimental (dots) and calculated (solid line) neutron powder diffraction
patterns of PrpFey; alloys: (a) starting bulk alloy, (b) after 10h of milling. Posi-
tions of the Bragg reflections are represented by vertical bars (the first vertical row
corresponds to the crystal structure of PryFeq7 (see text), while the second one is
associated with a-Fe). The observed-calculated difference is depicted at the bottom
of the patterns.

a Jeol model JSM-6100 scanning electron microscope (SEM), while
the microstructure of milled particles was investigated by means of
a Jeol 2000 EXII high resolution transmission electron microscope
(TEM). Magnetization measurements were performed in the tem-
perature interval of 5-350K, using a Quantum Design PPMS-14T
platform with the vibrating sample (VSM) magnetometer mod-
ule. For the characterisation of bulk alloy a bar-shaped sample of
around 1 mm x 1 mm x 5mm, was prepared. The low field M(T)
curves were recorded at ;toHext =5 mT with a temperature heating
rate of 2 K/min. The measurements were done on thermally demag-
netized samples. Curie points were inferred from the minimum
in the dM/dT vs. T curves. For the determination of the magnetic
entropy change, |ASy|, a set of M(H) curves was measured from 0
to 5Tin 0.1 T steps from 260 to 340 K. The magnetic entropy change
was calculated by using the well-known relation:

B

ASy(T. AB):/(aMg;’B)) dB.
B B
1

Fig. 1 compares the NPD patterns of homogenized bulk and as-
milled (10 h-BM) Pr,Feq; samples. The patterns have been refined

Table 1
Structural and magnetic data of the Pr,Fe;7 alloys studied.

considering two crystalline phases: the first one is a Th,Zn7;-type
rhombohedral crystal structure associated with the ProFe ;7 phase
and the second one is related to a small amount of a-Fe impu-
rity phase. The diffraction pattern for the starting bulk alloy is
characterized by high intensity and sharp reflections. As shown
in Fig. 1(b), milling leads to the significant broadening, over-
lapping, and reduction in the intensity of diffraction peaks; in
addition, a perceptible increase in the background baseline of the
diffraction pattern occurs. These effects reflect the disordering
introduced during the milling process, which is usually expressed
as vacancies, dislocations, grain boundaries and chemical disorder
[6,10].

In Table 1 we report the mean cell parameters deduced from
the profile refinement of whole diffraction pattern, accompanied
by a summary of magnetic data. The values obtained are in perfect
agreement with those reported in [1,11]. The R-factors obtained
for the analysis reflects its satisfactory truthfulness (around 2%
for both bulk and milled samples). It must be noted that mean
cell volume has not been altered by milling. The amount of Fe
in the samples was estimated in 7(2)%wt., for bulk and 10 h-BM
samples.

A view to the powder morphology at mesoscopic scale is given
in the SEM images of Fig. 2(a). Powder is composed of irregularly
shaped micronic particles with a broad size distribution showing
a slight tendency to agglomeration. Most of particles seem to be
in the range of 0.5-5.0 wm. The higher magnification micrograph
of the inset reveals that particles are in fact closed packed assem-
blies of smaller flaky, or laminar-like, particles whose real size is
difficult to establish due to the poor definition of inter-particle
boundaries, but it can be roughly estimate as 100-400 nm. Accord-
ingly, in this case the construction of a particle size distribution is
nor simple, nor a reliable task. Thus, a further study of the inter-
nal structure of such micronic particles was carried out by TEM.
The inset of Fig. 2(b) is a typical micrograph of the nanostructure
of individual particles. The grain size distribution is typified by
the histogram presented in Fig. 2(b). The average crystalline grain
size, <T>1gMm, is 27(1) nm, in admirable agreement with the <t>ypp
value of 24(5)nm, deduced from the Rietveld refinement [12]. As
PryFeq7 is a brittle intermetallic, the reduction in grain size is a nat-
ural consequence of progressive fracturing produced during milling
process.

Fig. 3 shows the low-field M(T) curve of both samples. When
temperature goes through the magnetic transition region a well
defined and narrow drop in M(T) is exhibited by the bulk alloy
leading to a T¢ value of 285(2) K in reasonable accordance with the
reported value. Despite of its iron content, M seeks close to zero
value. In contrast, the milled sample is characterised by a decrease
in M(T) values and a substantial broadening in the transition. The
onset in the decrease of M(T) starts before, the inflexion is now
obtained at 292(10)K, and the magnetisation over the transition
region remains relatively far from zero. In the inset of Fig. 3, the nor-
malised dM/dT(T) curves are plotted. While the bulk alloy exhibits
a narrow minimum in the temperature evolution of the dM/dT, for
the milled alloy this minimum is largely broadened, indicating that
the ferro-to-paramagnetic transition is not well defined, probably
due to the milling-induced disorder that gives rise to a distribution
of Fe-Fe interatomic distances, and then spreading out the values
for the T¢.

Sample a(A) c(A) Tc (K) |ASu| Jkg 1 K1) T@ AST (K) <7 >1gm (nm) <7 >npp (M)
Bulk alloy 8.583(2) 12.465(2) 285(2) 5.7(1) 289(2) - -
10h - BM 8.585(2) 12.465(2) 292(10) 3.7(1) 303(6) 27(1) 24(5)
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Fig. 3. Temperature dependence of magnetization at jtoHex =5 mT for bulk and as-
milled (10 h-BM) Pr,Fey7 alloys. The dM/dT curve is shown in the inset.

In Fig. 4 we plot the temperature dependence of the magnetic
entropy change, |ASy| at uoH=5T obtained from a series of M(H)
curves measured between 260 and 340K. The maximum value
achieved for the bulk sample, 5.7(1)Jkg~' K-, is in good agree-
ment with previously reported data [2,4]. The maximum is well
defined and approximately coincides with the value of T¢ (see
Table 1). Furthermore, the milling process leads to a reduction of
the maximum value for |ASy| (3.7] kg~ K-1), undergoing a small
shift to higher temperature and a broadening in the whole tem-
perature range (see the inset of Fig. 4, where ASy/ASH®™ vs. T/Tc
curve is represented). Hence, the latter must be a direct conse-
quence of the lack of definition in the value of the T¢, shown
in Fig. 3, due to a broad minimum in the dM/dT vs. T curve.
Finally, it is worth to note that even the maximum value for the
magnetic entropy change decreases around 40% after milling, the
temperature range in which ASy remains with more than the
90% of its maximum value is around 40K (20K in the case of
bulk alloy). This large temperature interval with almost constant
value of ASy could be interesting for magnetic refrigeration appli-
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Fig. 4. Temperature dependence of the magnetic entropy change |ASu| at
JoHmax =5T for bulk and as-milled Pr,Fey; alloys. The inset shows the curve nor-
malized to ASJ** and Tc.

cations at room temperature using these low-cost intermetallic
compounds.

Finally we can summarize the following points: (a) powders
show a non homogeneous microstructure formed by flaky particles
of around 100-400 nm that agglomerate forming what at a lower

magnification look like larger particles, irregular in shape, showing
as well a moderate tendency to agglomeration; (b) internally parti-
cles are nanostructured with a mean grain size of around 27 nm; (c)
disorder is macroscopically expressed from the magnetic point of
view in the broadening of the ferro-to-paramagnetic transition, a
shifting of the magnetic phase ordering temperature to higher tem-
peratures, the reduction in the maximum magnetic entropy change
and the broadening of the ASy(T) dependence.
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Microstructural and magnetic changes induced by ball milling in Nd,Fe;; alloy have been investigated.
X-ray and neutron powder diffraction studies have shown that the main crystalline phase present in
the as-cast Nd,Fe;7; compound is the rhombohedral Th,Zn;,-type crystal structure. Contrary to other
materials, the crystal structure does not change after milling, and the crystal lattice parameters slightly
increases while the induced strain is less than 0.1%. It has been observed from SEM and TEM images that
the microstructure consists of agglomerates of nanoparticles with a mean size around 20 nm, and from
magnetic measurements a broadening of the temperature range in which ferromagnetic to paramagnetic

© 2008 Elsevier B.V. All rights reserved.

The intermetallic Nd,Fe;; binary compound exhibits ferromag-
netic order at room temperature with a Curie temperature,
Tc=335K, and a relatively high value for the saturation magneti-
zation at low temperatures, reaching values close to 200 Am?/kg
[1]. Nd,Fe;; crystallizes in the rhombohedral Th,Zn,,-type crystal
structure (space group R3m) with Fe atoms occupying four differ-
ent sites (6¢, 9d, 18f and 18h) while a unique 6c¢ site is occupied
by Nd atoms [2]. Moreover, the strong dependence of the magnetic
behavior on the Fe-Fe interatomic distances gives rise to magneto-
volume anomalies below T¢ [3], likewise other R,Fe;; (R =rare
earth) ferromagnetic compounds [4]. Recently, the discover of a
moderate magneto-caloric effect in some RyFeq; alloys around
room temperature [5,6], and its comparatively low-cost processing
compared with Gd-based alloys has renewed the interest in these
compounds. However, it has not previously reported how can af-
fect a crystalline size reduction, down to the nanometer length
scale, to the magnetic behavior of these alloys, or even if it is pos-
sible to obtain RyFe 7 nanostructured compounds maintaining the
initial ThyZn,,-type crystal structure.

We report here the structural, morphological and magnetic
changes induced in arc-melted Nd,Fe,; ingots by a severe mechan-

* Corresponding author. Tel.: +34 985102899; fax: +34 985103324.
E-mail address: pgorria@uniovi.es (P. Gorria).

0022-3093/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2008.08.020

ical treatment, performed by means of high-energy ball milling,
and using different characterization techniques. This fabrication
route allows synthesizing a diverse kind of nanostructured materi-
als with a rich variety of magnetic responses [7,8].

As-cast Nd,Fe;; ingots were prepared from commercial pure
elements (Fe 99.98% and Nd 99.9%) by arc melting under Ar atmo-
sphere. In order to homogenize the samples, the ingots were an-
nealed during 1 week at 1373 K followed by a water quenching.
Afterwards, the samples were pulverized and the resulting pow-
ders together with stainless steel balls were sealed in a stainless
steel vial under argon atmosphere. The milling has been carried
out in a high-energy Retsch PM/400 planetary ball mill for 10 h.
In the following, “Bulk” and “BM-10 h” will be used as the labels
to identify the as-cast and the ball milled Nd,Fe;; samples, respec-
tively. High resolution X-ray diffraction patterns at room tempera-
ture have been obtained using monochromatic Cu K, radiation
(/.=1.5418 A). Neutron diffraction experiments at room tempera-
ture have been carried out at the D1B two-axis powder diffractom-
eter (Institute Laue-Langevin, Grenoble, France), using a
wavelength of 4 =2.52 A. The Rietveld analysis of diffraction pat-
terns has been performed using the Fullprof package [9]. Powder
morphology has been characterized by scanning electron micros-
copy (SEM), while several images obtained with a transmission
electron microscope (TEM) have been used in order to estimate
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the average grain size in the nanostructured powder. With the aim
of accurately estimate the value of T, the temperature dependence
of the magnetization, M(T) curves, at low applied magnetic field
(toH =30 mT) has been measured using a Faraday susceptometer
in the temperature range between 250 K and 425 K.

The SEM micrographs (not shown) suggest that the powder
morphology of the BM-10 h sample consists of agglomerated and
irregularly shaped macroscopic grains with sizes in between
1uwm and 10 pum. In Fig. 1 the histogram corresponding to the
nanoparticle size distribution obtained after counting a large num-
ber of particles from different TEM images (a typical one is shown
in the inset) is represented. The fit of the histogram to a log-normal
distribution gives an average grain size for the individual particles
of (t)tem = 17(2) nm, with a standard deviation, ¢ = 6(1) nm, thus
confirming the mechanically-driven nanostructure formation after
10 h of milling.

hY|
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Fig. 1. TEM image and histogram of nanoparticle size distribution with the log-
normal fit for the BM-10 h sample.
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In Fig. 2, the X-ray (left) and neutron (right) powder diffraction
patterns for both Nd,Fe;; Bulk (upper panels) and Nd,Fe;; BM-
10 h (bottom panels) samples collected at room temperature are
shown. The patterns have been fitted with two crystalline phases,
one with a ThyZn,,-type crystal structure and the other with a
body centered cubic (BCC) one, the former corresponds to the
Nd,Fe,; phase, while the latter is attributed to an impurity (less
than 5%) o-Fe phase. First we refined the non-structural parame-
ters (scale factor, zero shift error and peak shape parameters for
the pseudo-Voigt function), the cell parameters and a global isotro-
pic temperature factor, B, for each atom. Then, the atomic coordi-
nates of Nd [6¢, (00z)] and Fe [6¢c, (00z); 18f, (x00); 18h, (xXz);
being fixed those of 9d, (1/201/2)] were refined. Other attempts
using [(zzx)] coordinates for the 18h site crystallographic data lead
to similar results [10]. Final refinement yielded good agreement
factors and small profile differences (see Fig. 2). The values for
the lattice parameters of the Bulk sample (see table 1) are in good
agreement with previously reported data [11]. Besides that, it is
clearly evidenced a peak broadening in the patterns corresponding
to the BM-10h sample. The profile analysis of the XRD pattern [12]
gives an average grain size of 24 + 3 nm, in reasonable agreement
with those estimated from TEM images, while Bulk polycrystalline
sample does not show any broadening of the peaks respect to the
instrumental line width, thus indicating a minimum average grain
size of at least 0.1 pm.

It is worth noting that the contribution to the XRD peak width
coming from induced strain is negligible (<0.1%). In addition, a
slight increase in the value of the cell parameters is observed
(see Table 1). These findings suggest that the main process occur-
ring during milling is a progressive grain breakage down to the
nanometer length scale, concomitant to the emergence of struc-
tural disorder in the material, as evidenced by the increase in the
value of B parameter (see table 1). On the other hand, the lower
resolution of the neutron diffraction pattern does not allow to give
reliable values for the average crystalline size and/or the induced
strain. However, we have refined the nuclear as well as the

Intensity (x 10" counts)

| BM-10h

s

4

Intensity (x 10" counts)

angle, 20 (deg.)

Fig. 2. Room temperature X-ray (left panels) and neutron (right panels) powder diffraction patterns corresponding to the Nd,Fe;7 Bulk (upper panels) and Nd,Fe;; BM-10 h
(bottom panels) samples. Dots are experimental data, solid lines show the calculated and difference patterns. In the left panels the first and second series of tick marks
correspond to the allowed Bragg reflections of the crystal structure of Nd,Fe;7 and Fe impurity, while in the right panels, the first and second (third and fourth) series of tick

marks correspond to the nuclear and magnetic structure of Nd,Fe; (Fe impurity).



5174 P. Alvarez et al./Journal of Non-Crystalline Solids 354 (2008) 5172-5174

Table 1
Structural data of Nd,Fe;7 (R3m) at room temperature for Bulk and BM-10 h samples
obtained from the analysis of powder diffraction patterns

Sample Bulk BM-10h
a(A) 8.5820(1) 8.5862(2)
c (A) 12.4618(2) 12.4625(5)
(Nd) 6¢, z 0.3446(3) 0.3445(4)
(Fe) 6¢, z 0.0933(5) 0.0923(7)
(Fe) 18f, x 0.2866(4) 0.2864(5)
(Fe) 18h, x 0.1699(3) 0.1691(4)
(Fe) 18h, z 0.4899(4) 0.4924(5)
Bua (A2) 0.80(7) 1.6(3)
Bre (A2) 0.60(7) 1.8(3)
(T)xrp (NM) - 24(3)
(T)em (nm) = 17(6)
Rg/x* XRD 8.7%/1.8 6.5%
ND 4.0%/5.0 3.4%
1-0 T T T =
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Fig. 3. Normalized magnetization vs. temperature curves for Bulk and BM-10 h
samples. In the inset dM/dT vs. T is shown.

magnetic structures, taking into account that the measuring tem-
perature is below the Tc of both Nd,Fe; and Fe impurity phase.
The obtained value for the magnetic moment of the Nd,Fe;; phase
is u=22=*6pug/fu., in excellent agreement with previously re-
ported values [13]. An increase of 1-2ug/f.u. in this value is ob-
tained for the BM-10 h sample, which could be due to the slight
increase in the value of Tc (see below), and/or the possible elec-
tronic structure modifications.

The temperature dependence of the magnetization at low ap-
plied magnetic field provides information on the alteration of the
magnetic behavior due to the microstructural changes induced

by milling. In Fig. 3 the normalized magnetization, M/Mr—250k(T),
after subtracting the contribution of the Fe impurity phase (almost
constant in this temperature range, 217 Am?/kg) is represented.
The value of the T¢ has been taken as that of the minimum in the
dM/dT vs. T curve (see inset). For the bulk alloy, a value of
Tc =339+ 2K is obtained, whereas the BM-10 h sample exhibits
a broader minimum which makes difficult a precise estimation of
Tc. The same trends have been observed in PryFe;; ball milled al-
loys [14]. This behavior is typical of amorphous and nanocrystal-
line ferromagnetic materials with a high degree of structural
and/or chemical disorder, thus giving rise to a not well-defined
magnetic transition from ferromagnetic to paramagnetic state
[15]. Furthermore, the decrease of the crystalline grain size gives
rise to the enhancement of the ratio between surface and bulk
atoms together with an increase of disorder at the ground bound-
aries, which could be the ultimate responsible for the broader fer-
ro-to-paramagnetic transition.

In summary, high-energy ball milling is an effective processing
route to produce nanostructured Nd,Fe;; intermetallic compounds
without modifying the crystal structure. The average grain size de-
creases down to ca 20 nm while the lattice parameters remain al-
most unchanged and a negligible microstrain is induced. Further
research relative to the effect of milling in the magneto-volume
anomalies and magneto-caloric effect and its potential suitability
for application purposes is under progress.
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CHAPTER

4

Magnetocaloric effect in pseu-
dobinary AxB,  Fe,- alloys

4.1 Summary

With the aim of determining the role of the rare-earth in the MCE, we extended the study to
several pseudobinary A B,  Fe,. intermetallic alloys. Even more, it is known that the the Curie
temperature of the RyFe,; can be modified by mixing different rare-earth [63, 119-122]. Tz control
is interesting from the point of view of magnetic refrigeration, mainly because this temperature
must be in the working temperature range.

When mixing two rare-earths in the form A B,  Fe,, (with A # B) the alloy can crystallize
with only one crystal structure, or is possible that both crystal structures coexists, depending on
the A,Fe,, and B,Fe . crystal structures [119, 121]. In both cases it has been reported that the
rare-earths share the crystallographic sites (6¢ for rhombohedral or 2b-2d for hexagonal crystal
structures) [122]. Therefore, mixing rare-earth is an interesting way of synthesize compounds in
a single phase in which it can be a tricky task, like the Y,Fe,- alloy.

We mixed Y, Ce, Pr and Dy with two goals: synthesize alloys with Curie temperatures in the
interval (RT—20, RT+20) K (see table 4.1), and with the rhombohedral crystal structure for Dy
(because Dy, Fe,, usually crystallizes into the hexagonal phase) and Y (we were not able to obtain
Y,Fe, - in single phase). XRD shown that the studied compounds crystallize in the rhombohedral
Th,Zn,,-type structure, with no presence of the hexagonal Th,Ni,,-type one. An a-Fe (Im3m
crystal structure) impurity phase was present in less than 4 wt.% in all pseudobinary compounds.

The temperature dependence of Mg is depicted in fig. 4.1. It is expected that the Pr-based
pseudobinary intermetallics would exhibit the largest magnetic entropy change because of their
higher magnetization and the quick fall in the immediacy of the ferro-to-paramagnetic phase
transition. Furthermore, values of Mg at T' = 5K (see table 4.1) can be understood if it is
assumed that the magnetic structure is close to those of the parent RyFe,, intermetallics. In the
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94 4.1. Summary

Table 4.1: Main magnetic and magnetocaloric characteristics of A, B,  Fe,, intermetallics. Mg
values were estimated from the isotherms at 7' = 5 K using the approach-to-saturation law (see
eq. 3.3). Magnetocaloric data corresponds with a magnetic field change poAH = 1.5T.

Composition | T¢ Mg (=ASy)P* | 6Tpwuy | ROCPL RCP, RCPs

(K) | (Am’kg™") | (Jkg”'K™) (K) (Jkg™!) (Jkg™') (Jkg™')
Y1.2060.8F617 253(5) 144 1.6 92 70 46 57
PI’1.5CGO.5F617 264(5) 152 2.4 103 78 54 42
Dy1.15Ce0‘85Fe17 273(5) 101 1.3 83 64 41 65
YPrFep7 | 290(2) - 2.3 98 75 51 42

pure Ce,Fe,,, Cerium has a weak magnetic moment because it is in a Ce3t-Ce*t intermediate
valence state [123, 124]. Thus the antiparallel coupling between the Dy>* magnetic moments
and those of the Fe sublattice can explain the low value exhibited by the Dy-containing alloy.
Moreover, Y1.9Ceq gre17Fe17 has a lower Mg value than Pry 5Ceg sFe17, because Y has no magnetic
moment and Pr magnetic moment is expected to be collinear with those of the Fe. Also, although

1

there is not available data at 5K, it would be expected a value close to 155 Am?Kg~!, which is

the average value between those of PryFe,» and Y,Fe,..
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Figure 4.1: Temperature dependence of the saturation magnetization for A B,  Fe,. alloys, ob-
tained from the approach-to-saturation law (see eq. 3.3).

The temperature dependence of the magnetic entropy change (see fig. 4.2) agrees with what
it would be expected regarding the temperature dependence of Mg. ASy/(T') curves are broad
(0Trwmn is over 80K at pupAH = 1.5T), the highest peak values are for the Pr-containing
pseudobinary alloys, and the temperature at which the peak is obtained coincides with T¢. When

’Peak

compared with the binary alloys, |[ASy, values are found to be around 10% lower. Furhter-
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Figure 4.2: Temperature dependence of the magnetic entropy change for A, B,  Fe,, alloys under

more, it must be noticed that Dy 15Ceq.g5Fe17 alloy does not presents an indirect effect as the
pure Dy,Fe,. does (see fig. 3.9).

It is interesting to note that the |[ASy(T)| curves exhibit a similar caret-like behavior, sug-
gesting that the magnetocaloric effect in these intermetallic compounds is mainly governed by
the Fe-sublattice. It has been shown, both theoretically and phenomenologically, that exists a
master curve for the ASy; Ag(T') curves in magnetic materials with a second-order phase transi-
tion [125, 126]. This master curve implies the collapse of the properly rescaled ASy;(T') curves at
different applied magnetic field changes. This curve has been proposed to be useful to predict the
magnetic field and temperature dependences of the magnetic entropy change in those materials
which do not follow a mean field approach [91]. It is theoretically derived from the knowledge
of the magnetic equation of state, whereas, phenomenologically, it is obtained from the ASy,(T)
curves themselves.

We will focus in the second procedure. Firstly, each ASy/(T") curve is normalized to the value
of the corresponding AS ﬁ[eak. Secondly, the temperature axis is rescaled imposing that a reference
point in the ASy/(T) curve corresponding to a previously selected fraction of AS ]ﬁe“k , makes the
rescaled temperature, 6, to be equal 1 (§ = —1) when the temperature at which the reference
point, T, is chosen is T, > T¢ (T < T¢) in the following way [127]:

0 = (T —Tc)/(Tr — Tc) (4.1)

[(or in the case of T}, < T, 0 = —(T'—T¢) /(T —T¢)]. This procedure has been successfully tested
in several amorphous and single phase and polycrystalline magnetic solids [126, 128]. However,
if a secondary magnetic phase is present in the material, the temperature axis is rescaled in the
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form [127]
) {(T ~Tc)/(Ty = To) T<To (42)
(T — TC')(TT2 — Tc) T>1To

where T, and T, are the temperatures, below and above T respectively, of the two reference
points of each curve that correspond to a X ASﬁf"“k, with a in between 0 and 1. In this work
a = 0.5 because, for this value, the reference point corresponds with the half maximum of the
ASyN(T) curve.

Due to the presence of a secondary magnetic phase, even though the Curie temperature is far from
room temperature (Te: = 1044 K), the phenomenological ASy (T)/ASTe® curves were obtained
using two reference temperatures. These curves for different fields collapse into the same curve
for each sample in the paramagnetic zone. Nevertheless, when comparing these master curves for
different alloys, there are slight differences in the ordered magnetic phase (i.e. § < 0), as it can be
observed in article I. This indicates the different magnetic behavior in the low temperature range,
which can be due to the reminiscence of the magnetic behavior of the binary R,Fe,, counterparts,

where the ferrimagnetism and the antiferromagnetism do not allows to obtain the master curve.

The field dependence of the relative cooling power was obtained (see fig. 4.3). As a general
remark, these values are lower than those of the parent Pr,Fe;, and Y,Fe,. alloys, as a direct
consequence of the reduction of the Mg value. Nevertheless, the Dy-containing pseudobinary
increased their RC'P values with respect to the pure Dy,Fe,,. It is worth to note that Ce,Fe,,
has two direct effects that do not allow to properly calculate the RC P for this compound.
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Figure 4.3: The three relative cooling power (RCP) of A B, Fe,, alloys as function of the
magnetic field. In the case of YPrFe,, no data above 1.5T is available.
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ABSTRACT

We have synthesized three pseudo-binary (Ce,R),Fe;; intermetallic alloys, where cerium has been
partially substituted by R =Y, Pr and Dy, with the aim of tuning the Curie temperature (between 253 and
273 K) for obtaining the maximum magneto-caloric response of the alloys just below room temperature.
The analysis of the x-ray powder diffraction patterns show that the three samples crystallize in the
rhombohedral ThyZny;-type crystal structure (space group R3m). We report the temperature dependence
of the isothermal magnetic entropy change, |ASy|(T), the magnetic field dependence of its maximum
value, |ASy™™|(H), and the relative cooling power around the second-order magnetic transition for
magnetic field changes poAHmqx = 5 T. The collapse of the normalized ASy(6#)/ASy™ vs. temperature
(where 6 is a rescaled temperature) into a single master curve allows the extrapolation of |ASy|(T) curves
for higher magnetic field changes, and/or the estimation of the temperature dependence of the magnetic
entropy for other 2:17 pseudo-binary compounds. The lower values of |ASy™®| compared with those of
the RyFe;; compounds with R = Pr or Nd are explained in terms of the decrease of the saturation
magnetization. The magnetic field dependence of the |ASy/™®| indicates that only PrysCeqsFei; alloy

roughly follows a mean-field behaviour.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The binary RyFej; intermetallic compounds (R = rare earth
element) are, within the R—Fe phase diagram, those with the highest
iron content [1]. These alloys attracted considerable attention in the
90’s because it was discovered that the addition of interstitial C and/
or N atoms results in significant enhancements of the Curie
temperature, T¢, and the crystal-field magnetic anisotropy [2].
Therefore, RyFe17NxCy compounds turned out to be suitable for being
used in technological applications as permanent magnets [3—5].
More recently RyFeq7; compounds with R = Pr, Nd, have drawn
attention as promising materials for room temperature magnetic
refrigeration technology [6,7]. They are characterized by a remark-
able magneto-caloric effect (MCE), with moderate values for the
maximum magnetic entropy change, |ASy™|, reaching
6.3] keg~! K~ under a magnetic field change from 0 to 5 T in the case
of PryFeq7 and broad ASy(T) curves, giving rise to large refrigerant
capacity around the second-order ferromagnetic transition of the

* Corresponding author. Tel.: +34 985102899; fax: +34 985103324.
E-mail address: pgorria@uniovi.es (P. Gorria).

0966-9795/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2011.02.020

2:17 phase [7,8]. However, those alloys with heavy rare earths
display smaller MCE (under a magnetic field change fromOto 5T
|AS™ | = 3.7J kg 'K 'and 4.1 J kg 1K' forR = Er[9] and Lu [10],
respectively) due to the lower saturation magnetization values.
These RyFe;; compounds crystallize in the rhombohedral
ThyZni7-type (space group R3m) structure for the light rare earths
(R =Ce, Pr, Nd, Sm,), with a unique crystallographic site for the rare
earth and four inequivalent sites for the Fe atoms [1]. The hexag-
onal ThyNiq7-type is the stable structure (space group P63/mmc) in
those compounds with heavy rare earths, occupying the R element
two different sites in this case, while also four crystallographic sites
are found for the Fe atoms [1]. Both structures are possible for
R = Gd and Tb [11]. This family of intermetallic compounds has
been extensively studied since the 70’s because depending on the
rare earth element the competition between the 3d and 4f
magnetism originates different types of magnetic orderings,
including ferro- or ferrimagnetic behaviours, and more complex fan
or helical magnetic structures [12]. Moreover, slight variations of
the interatomic distances between neighbouring Fe atoms strongly
affect the magnetic interactions, leading to remarkable magneto-
volume effects, such as negative thermal expansion below the
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magnetic ordering temperature or a large spontaneous positive
magnetostriction [12—15]. Ce,Feq7 can yield to a complex magnetic
phase diagram, since antiferromagnetic, ferromagnetic non-
collinear and helimagnetic magnetic structures are possible
[12,16,17]. Moreover, a metamagnetic transition from a modified
helix structure to a ferromagnetic one or between helimagnetic
phases can be caused either by an external magnetic field or under
high pressures [18]. Apart from that, the magnetic state of Ce,Feq7 is
unstable and sample dependent at low temperatures, even though
in this compound Cerium has no magnetic moment because of its
Ce3*—Ce** intermediate valence state [19,20]. Therefore, the
magnetic properties arise from the competing exchange interac-
tions between the Fe sublattices. On the other hand, Y,Feq7 and
PryFeq7 exhibit ferromagnetic order, but while Y does not carry any
magnetic moment, the Pr>* magnetic moments are parallel to
those of Fe atoms. However, Dy,Feq; is ferromagnetic, with the
magnetization of the Dy and Fe sublattices being antiparallel to
each other [13,21,22].

Furtheremore, it is possible to modify the Curie temperature (T¢)
of RyFey; intermetallics by mixing different rare earth elements
[23—25]. In this way, the combination of two R elements can
facilitate the synthesis of single-phase materials with one of the
two possible crystal structures, which is sometimes difficult; such
is the case of Yand Gd [26]. Having that in mind, we have mixed Ce
with Y, Pr and Dy with the aim of synthesizing three pseudo-binary
compounds with different values of T¢ just below room tempera-
ture, and looked at the possible changes in the magneto-caloric
effect. In this contribution we report on the synthesis, the crystal
structure, the magnetic properties and the magneto-caloric
response of three pseudo-binary Ce-based alloys: Yi1:CeggFets,
Pri5CegsFe;; and Dyqi5CeggsFer7. The compositions have been
selected for having the Curie temperature higher by about 10 K.

2. Experimental methods and data analysis

Polycrystalline as-cast ingots of nominal composition
Y12CegsFeq7, PrisCegsFei; and Dyq15CeggsFe; were prepared by
the standard arc-melting technique. The purity of the starting
elements was 99.99% for Fe and 99.9% in the case of Ce, Y, Pr and Dy
(relative to rare earth content). For each alloy the evaporation loss
of the R elements was studied for each alloy and carefully
compensated by adding the adequate rare earth amount excess.
Samples were wrapped in tantalum foil, sealed under vacuum in
quartz ampoules and annealed at 1263 K during 12 days for phase
homogenization purposes. The annealing finished by water
quenching of the quartz ampoules. Crystal structure of each
compound was checked by means of high-resolution x-ray powder
diffraction (XRD) at room temperature using a Seifert XDR 3000 T/T
diffractometer. The scans in 26 were performed between 2 and 160°
with Af = 0.02° steps and counting times of 20s per point using
monochromatic Cu Ko radiation (A = 1.5418 A). The full-profile
analyses of the diffraction patterns were carried out with the
FullProf suite package refining the crystallographic parameters by
the Rietveld method [27].

The saturation magnetization has been estimated from the
magnetization vs applied magnetic field curve, M(H), measured at
T =5 Kon a Quantum Design PPMS-5 SQUID magnetometer. For the
measurement of the M(H) curve the applied magnetic field was
varied in fixed increments of 0.1 T between 0 and ugHmax = 5 T. In
addition, several isothermal M(H) curves were measured at selected
temperatures between 100 and 390 K (on heating), following the
same conditions, in order to obtain the temperature and magnetic
field dependences of the magnetic entropy change, |[ASy|(H,T). There
is no observable hysteresis for field up versus field down in these
(Ce,R)yFeq7 intermetallic alloys undergoing a second-order magnetic
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Fig. 1. Observed (dots) and calculated (solid line) XRD patterns at T = 300 K for the
Dy115Ceq gsFeq7 alloy. Vertical bars represent the positions of the Bragg reflections; the
upper and lower row marks correspond to the Th,Zn;7-type phase and a-Fe impurity,
respectively. The observed—calculated difference is depicted at the bottom of the
figure.

phase transition, contrary to that occurring in those materials dis-
playing MCE around a first order one [28]. The value of T¢ for each
sample was taken as the minimum of the temperature derivative of
the magnetization vs temperature, dM/dT(T), after measuring the M
(T) curve under a low applied magnetic field ypH = 5 mT and at
a heating rate of 1.5 K/min.

The isothermal magnetic entropy change |ASy| due to a change
of the applied magnetic field from an initial value H = 0 to a final
value H is obtained by numerical approximation of the Maxwell
relation [7]:

H
ASy(T,H) = Sy (T, H) — Sy (T, 0) = / (W(GT#H))T TdH’ (1)
J _

where T is the temperature at which each M(H) curve is measured.
After applying this calculation procedure to the whole set of M(H)
curves we obtain the temperature and applied magnetic field
dependences of the magnetic entropy change, |ASy,(H,T)|. For these
calculations we have considered the nominal value of the applied
magnetic field, Hqpp, instead of the effective (internal) magnetic
field on the sample, Hef, being Hefr = Hgpp — NMs, and N the
demagnetizing factor. However, and in order to discard large errors
following this procedure [29], N has been estimated from the linear
fit of the low-field part of the M(H) curves measured at T = 5 K,

Table 1

Cell parameters, atomic positions and percentage of R (Y, Pr, Dy) atoms at 6¢ posi-
tions of the studied compounds (with rhombohedral Th,Znq7-type crystal structure;
space group R3m) obtained from room temperature XRD patterns (1 = 1.5418 A).

Sample Y1.2CeosFeq7 Pr15CeosFeq7 Dy1.15Ceq.s5Feq7
a(A) 8.490 (1) 8.565 (1) 8.487 (1)
c(A) 12.394 (1) 12.487 (2) 12.417 (3)
cla 1.460 1.455 1.461

V (A%) 7741 (1) 790.2 (1) 7735 (1)
Ce/R (6¢)

z 0340 (1) 0.320 (1) 0.359 (2)
%R 58 (5) 76 (4) 64 (5)

Fel (6¢)

z 0.098 (2) 0.091 (3) 0.125 (6)
Fe3 (18f)

X 0.281 (1) 0.287 (1) 0.291 (2)
Fe4 (18h)

X 0.165 (1) 0.172 (1) 0.160 (2)
z 0.481 (2) 0.481 (2) 0.482 (2)
Rs 11.0 10.8 5.7

72 (%) 1.5 3.0 1.2
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Table 2

Values for magnetic and magneto-caloric parameters for the three studied compounds. Ms values were obtained from the approach-to-saturation law (see text). The |ASy|,

STpwum and RCP values correspond to a magnetic field change uoAH =5 T.

Alloy Tc (K) MsAm? kg™! Ms (pp/f.u.) |ASy| J kg T K1) 3Trwrm (K) RCP-1(J kg™ 1) RCP-2 (J kg™ 1) RCP-3(J kg™ 1)
Y;2CeosFeq7 25345 125 +2 26 43 96+ 5 414 315 210
Pry5CegsFe7 264 +5 133 +2 29 53 87 +5 461 351 238
Dy1.15CeogsFe17 273+5 93 +2 20 33 94+5 313 243 160

being the slope of such fit equal to 1/N. The values for N are around
0.2 for the three samples, thus implying that always Hegr > 0.95 Hgpp,
and therefore, the values of |ASy| are underestimated by no more
than 5% in all the cases.

The relative cooling power (RCP) is a parameter that takes into
account the amount of heat that the magnetic material can absorb
from the cold focus and deliver to the hot focus during an ideal
refrigeration cycle. This parameter is commonly calculated using
three different criteria [see reference 7 for details], and hereafter
we shall call them RCP-1, RCP-2 and RCP-3. They are defined as: RCP-
1(H) = |A5Mmax|(H) x 0TpwhaMm(H), where 0Tpypy is the full width at
half maximum of |ASy/|(T) curve; RCP-2 is the area below |ASy|(T)
curve in the temperature range between T-0Trwyym and T+0Trwun:
and RCP-3 is the maximum value of the product |ASy|xAT below
the |ASy(T)| curve.

3. Results

Fig. 1 shows the room temperature XRD pattern corresponding
to the Dyi15CeggsFe;; compound together with its Rietveld
refinement. The other two samples show similar powder diffraction
patterns, because all of them have the rhombohedral (R3m)
ThyZnq7-type crystal structure. In that phase the rare earth occupy
the 6c¢ site for pure RyFej7 alloys [30,31], and when mixing two
different rare earth elements both occupy the same 6c crystallo-
graphic site. Hence, Ce stabilizes the rhombohedral phase although
the hexagonal structure is more stable for the Y,Fei7; and Dy,Feq;
binary intermetallic compounds. In addition, a minor impurity

M (A'm™kg™")
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Fig. 2. Temperature dependence of the magnetization under an applied magnetic field
toH = 5 mT. The dM/dT vs. T curves are shown at the bottom of the figure.

phase (<3 wt.%), identified as a-Fe, has been found in the three
samples. Table 1 summarizes the values of the crystallographic
parameters as well as the reliability factors of the refinements. The
cell volume of the Pr containing compound shows an increase of
around 2% respect to the other two alloys, due to the smaller atomic
radii of Y and Dy compared with that of Pr.

120
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Magnetic field, |,|.0H (T

Fig. 3. Isothermal magnetization curves, M(H), for the Y;,CeogFe;7, PrysCegsFe;7 and
Dy;.15Cep gsFe1; compounds around the second-order magnetic transition.
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Fig. 4. 3D-surfaces showing the temperature and applied magnetic field dependences
of the magnetic entropy change |ASy(H,T)|, for the Y12CeosFei7 (@), Pry5CegsFes7 (b),
and Dy 15CeggsFeq7 (c) alloys.

The temperature dependence of the magnetization (Fig. 2), M(T)
curves, measured under a low applied magnetic field (uoH = 5 mT),
together with the corresponding temperature derivatives of the
magnetization as a function of the temperature, dM/dT vs. T curves,
for the three samples are shown. The different trend of the M(T)
curves observed below T = 200 K is due to the fact that the samples
are far away from being magnetically saturated (note that the three
samples show similar magnetization values, all of them below 3 A
m? kg, which is between 2 and 4% of the respective saturation
magnetization values, see Table 2), because the low applied
magnetic field only provokes a slight rotation of the magnetic
domains. Therefore, different configurations of the magnetic
domains in each sample could conduct to different temperature
dependences of the low-field magnetization. As it has been
mentioned above, the values of T¢ (see Table 2) are chosen as those
corresponding to the minima of the dM/dT(T) curves. The fact that
magnetization does not drop to zero for temperatures well above T¢

[

£

1

Magnetic entropy change, \ASM| @] kg'] K'])
1)

Temperature, T (K)

Fig. 5. Temperature dependence of the magnetic entropy change for the maximum
applied magnetic field change uoAH = 5 T. The inset shows the normalized |ASy| vs T/T¢
curves.

is a direct consequence of the existence of a low amount of a-Fe
impurity with a much higher value of T¢ (1043 K). A kink in the
magnetization vs. temperature curve is observed as T increases, and
following the method based in the variation of the magnetization
kink with the applied magnetic field, and explained by Tanaka et al.
in Ref. [32], we have estimated the value of T¢ in the three
compounds, being almost the same (+5 K) to those obtained from
the dM/dT(T) curves.

The magnetization vs. applied magnetic field, M(H) curves, show
asimilar trend for the three compounds although the magnetization
values are different. The value for the saturation magnetization, Ms,
has been estimated at T = 5 K (see Table 2) from the fit of the M(H)
curves in the high applied magnetic field range (2—5 T) using
a common approach-to-saturation law [33], M = Ms(1-b/H?)+xoH.
These values are within the range that could be expected assuming
that the magnetic moments of the rare earths are arranged in the

-1 1
AS, | kg™ K™)

Applied magnetic field change, u AH (T)

Fig. 6. Magnetic field dependences of the maximum magnetic entropy change,
|ASM™|, (upper curves) and the Relative Cooling Power, RCP-1 (bottom curves) for
Y1.2CepsFeq7 PrisCeqsFer; and Dyq1s5CepgsFer; samples.
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Fig. 7. Master curves for the three compounds obtained using two temperatures of reference (see text for details).

same way as in pure RyFeq; compounds. The antiparallel coupling
between the Dy*> magnetic moments and those of the Fe sublattice
can explain the low Ms value exhibited by the Dy-containing alloy.
Moreover, it is understandable that Y{,CegpgFei7 has a lower Mg
value than Pry5Ceg sFeq7, because Y has no magnetic moment and Pr
magnetic moment (around 3 ug/Pr atom) are expected to be
collinear with those of the Fe. From the Ms value and the quick fall of
the magnetization around T¢ it can be anticipated that the Pr con-
taining alloy will display a higher magneto-caloric effect.

The value of |ASy| at each temperature has been calculated from
the isothermal M(H) curves (see Fig. 3) by using the eq. (1).

We show in Fig. 4 the 3-D surfaces corresponding to the
temperature and applied magnetic field dependencies of the
magnetic entropy change, |ASy|(H,T), for the Yi2CeosFe7 (a),
Pri5CegsFei7 (b) and Dyq15CeqggsFer7 (c) intermetallic alloys. In
addition, the temperature dependence of the isothermal magnetic
entropy change for an applied magnetic field change, upAH, from
0 to woHmax = 5 T, |ASm|(T) curves, are compared in Fig. 5 for the
three compounds.

It is interesting to note that even though somewhat different
|ASy™*| values are obtained, 4.3 (Y), 5.3 (Pr) and 3.3 J K~ ! kg~ !(Dy),
the normalized |ASy|/|ASM™ | vs T/Tc curves (see inset of Fig. 5)
exhibit a similar “caret-like” behaviour, suggesting that the
magneto-caloric effect in these intermetallic compounds is mainly
governed by the Fe sublattice. Moreover, |ASy,"%| values are found
to be around 10% lower than those previously reported for the
corresponding pure binary alloys [6,7,9], except in the case of Y,Fey;
for which values between 3.2 and 5 ] K~ ! kg~! (depending on the
sample treatment) have been reported [10]. Therefore, we can

assume that Ce atoms do not contribute to the spontaneous
magnetization of the studied pseudo-binary alloys for explaining
the reduction of the |ASy/™*| values, since the magneto-caloric
effect in these compounds is proportional to the magnetization
change in the vicinity of the second-order magnetic phase transi-
tion [7,34].

The relative cooling power has been calculated by using the
three different methods previously mentioned in section 2 and the
maximum values are given in Table 2. In the case of the Pr-based
alloy RCP values are lower (10% for RCP-1 and RCP-2, 17% for RCP-3)
than those for the PryFei; binary alloy [7], although a similar
0Trwym Value is observed. Hence, the reduction of about 15% in the
value of |ASp/™™| is the main responsible for the decrease in the
relative cooling power. For the other two binary compounds, Y,Feq7
and DyyFej7, RCP data has not previously been reported. Fig. 6
displays the applied magnetic field dependence of the |ASy| peak
value and that of the RCP-1. It is observed that the |ASy|(H) curves
follow a power low dependence on the applied magnetic field
(JASp| o< H™). For the Pr containing alloy, with collinear ferromag-
netic order, the exponent n has a value close to that expected from
a mean-field theory (nms = 2/3), while for the other two alloys
n > ngy (n = 0.8), thus suggesting a more complex magnetic
scenario. The RCP-1 vs H curves also follow a power-like depen-
dence on the applied magnetic field, being the exponent close to 5/
4 in the case of Pr and Y compounds with almost parallel trends for
uoH > 2 T, and close to 1 for Dy alloy.

Moreover, it has been proposed that in ferromagnetic materials
exhibiting a second-order magnetic transition, the |ASy/|(T) curves
for different magnetic field changes collapse into a single master
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curve if a proper normalization is carried out [35,36]. Such a master
curve is useful if the extrapolation of the |ASy|(H,T) curves for
temperature and/or applied magnetic field values out from those
available in the laboratory is pursued, and also to avoid the spurious
contribution to the magnetic entropy change coming from ferro-
magnetic impurity phases [37]. The master curve is obtained as
follow: firstly, the |ASp|(T) curves are normalized to its maximum
value |ASy/™*| for each value of the applied magnetic field change.
Secondly, the temperature axis is rescaled using two different
reference temperatures:

= —(T-Tc)/(Tnh —Tc) T<Tc (2)
= —(T-Tc)/(Tp —Tc) T>Tc (3)
where T,; and T, are the temperatures at which

|ASM| = a x |ASy™ ™|, with 0 < a < 1. In our case we have chosen
a = 0.5 (this value makes T;; and T,» coincident with those
temperatures at which |ASy| = |ASy™|/2 [37]). The master curves
for the three compounds are plotted in Fig. 7 (a, b and c), and it can
be observed how the ASy/ASy™® vs. 6 curves for different magnetic
field changes almost collapse into a unique one for each compound.

Moreover, it can be shown that if the curves corresponding to
the three alloys are plotted altogether (see Fig. 7d) they overlap for
positive values of the rescaled temperature 6, i.e. in the para-
magnetic phase (T > T¢), while slight differences are observed for
f < 0, i.e. within their ordered magnetic phases (T < T¢).

4. Summary and conclusions

The crystal structure of the Yi,CegpgFei;, PrisCepsFeq; and
Dy115Cep g5Fe17 pseudo-binary intermetallic compounds is rhom-
bohedral with a space group R3m. The values of the Curie
temperature are between 253 and 273 K, and can be tuned by small
changes in the composition, therefore, it is possible to select the
temperature for the maximum of |ASy| as well. The Pr containing
compound exhibits the higher magnetization value due to the
collinear parallel configuration of both Fe and Pr sublattice
magnetic moments, while the lower magnetization value measured
in the other two alloys is attributed to the zero contribution of Y to
the net magnetization and the collinear antiparallel (ferrimagnetic)
configuration of Dy and Fe sublattices, respectively. The latter
explains the observed differences in the value of the maximum
magnetic entropy change, although the temperature dependence of
the |ASy| is analogous in the three compounds. In addition, the use
of the rescaled temperature gives rise to a master curve for the
magnetic entropy and allows the extrapolation of the |ASy| (T)
curves for different values of the applied magnetic field change, as
well as for the estimation of |ASy| (T) curves in other intermetallic
compounds with related compositions, in which the rare earth
metal and/or the relative amount is varied.
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Abstract. We have synthesized the intermetallic YPrFe;; compound by arc-melting. X-ray and neutron powder

diffraction show that the crystal structure is rhombohedral with space group R3m (ThyZn,7-type). The investigated
compound exhibits a broad magnetic entropy change AS), (7T) associated with the ferro-to-paramagnetic phase transition
(T¢ =290 K). The isothermal |AS)/]| (= 2.3 J kg K™') and the relative cooling power (= 100 J kg™') have been calculated
for applied magnetic field changes up to 1.5 T. A single master curve for AS), under different values of the magnetic
field change can be obtained by a rescaling of the temperature axis. The results are compared and discussed in terms of

the magneto-caloric effect in the isostructural R,Fe; (R =Y, Pr and Nd) binary intermetallic alloys.

Keywords: A. Magnetically ordered materials; C. Crystal structure and symmetry; D. Magneto-caloric effect; E.
Magnetic measurements

1. Introduction

The magneto-caloric effect (MCE) is nowadays a subject of considerable current research interest [1-3]
motivated by the enhanced performance (efficiency, mechanical vibration, size, etc) and reduced environmental impact
of refrigeration systems based on this effect compared with those of the existing vapour-compression gas technology
[4]. In this way, diverse types of compounds have been investigated until now with the aim of scrutinizing both the
intensity and the temperature range for the MCE [3, 5-7]. A magnetic material must exhibit a large magnetization
change, AM, around its magnetic phase transition in order to display a large MCE response. From the point of view of
the implementation of these materials in magnetic refrigeration systems, another important parameter is the relative
cooling power (RCP) [8,9], which gives a figure of merit of how much heat could be transferred between the hot and
cold reservoirs by the magnetic refrigerant in an ideal thermodynamic cycle. For materials with second-order phase

transition the peak value of the magnetic entropy change |AS1(’4““k is smaller than that observed in materials with first-

order magnetic phase transitions [1,2]. Nevertheless the lack of magnetic field hysteresis and the larger operation
temperature range in materials displaying a second-order magnetic phase transition give commonly rise to higher RCP
values [9-11]. Therefore, a compromise between the magnitude of the magnetic entropy change and the RCP is
mandatory for employing a magnetic material in magnetic refrigeration applications. Mostly of the current prototypes

for room temperature magnetic refrigeration employ rare-earth-based materials (with the rare-earth being mainly Gd)



[2,12]. However, some Fe-rich RyFe;; (R = Rare Earth) compounds have shown values of RCP comparable with those
of Gd-based magnetic materials together with a lower cost of the main component (Fe), easy fabrication procedures and
absence of disadvantageous hysteresis effects [13,14]. Within the whole R,Fe;; series the alloys with R =Y, Pr or Nd

have the largest magnetic moment per formula unit, and therefore the higher |A51{74€ak| value [15], due to the collinear

ferromagnetic order, and also magnetic ordering temperatures, 7, around 300 K. These facts make them suitable for
their use in magnetic refrigeration as active magnetic regenerative systems operating around room temperature [16].
Moreover, the value of T¢ in this 2:17 type of compounds can be tuned by mixing two rare earth elements (i.e. in the

form R, ,R'\Fey;) [17], or by partial substitution of Fe other 3d-atom [18]. The crystal structure of the binary
intermetallic R,Fe 7 compounds can be either of ThyZn;s-type (thombohedral R3m space group) for light rare-earths,
or Th,Ni,;-type (hexagonal P/ 6,mmc space group) for heavy rare-earths [19,20]. In the case of R =Y, Gd and Tb or

in pseudo-binary intermetallic R, (R'Fe;; alloys with a mixture of two different R atoms, both crystal structures can
coexist, with the rare-earths sharing the crystallographic sites [21-24].

In the present work we have studied the crystal structure of a new pseudo-binary intermetallic YPrFey; alloy by
means of neutron and x-ray powder diffraction, together with its magnetic properties and the magneto-caloric effect up
to a maximum applied magnetic field change of yyAH = 1.5 T. The experimental results are compared with those

measured in binary Y,Fe,;, Pr,Fei; and Nd,Fe.

2. Experimental details and data analysis

As-cast ingots with YPrFe;; nominal composition were prepared from 99.99% pure elements (relative to rare
earth content in the case of Pr) by standard arc-melting technique under a controlled Ar atmosphere. The polycrystalline
as-cast pellets were sealed under vacuum in quartz ampoules and further annealed during one week at 1263 K. After
finishing the heat treatment the samples were quenched directly in water. Crystal structure was determined at room
temperature (7' = 290 K) by both x-ray (XRD) and neutron powder diffraction (ND). XRD studies were performed in a
high-resolution x-ray powder diffractometer (Seifert model XRD3000) operating in Bragg-Bentano geometry. The
scans in 26 were performed between 2 and 160° with 0.02° steps and counting times of 20 s per point using Cu K,
radiation (A = 1.5418 A). The ND pattern was collected on the high-intensity D1B two-axis powder diffractometer at the
ILL (Grenoble) with a neutron wavelength of 1 = 2.52 A, 2 hours of acquisition time and an angular range of 80° in 26
(in steps of 0.2°). The full-profile analysis of the diffraction patterns was carried out with the FullProf suite package
[25], and no peak broadening due to small crystal and/or microstrain effects [26] were detected.

The low-magnetic field magnetization as a function of temperature M(T) curves were recorded in a Faraday
susceptometer under a heating rate of 2 K/min. Isothermal magnetization curves, M(H), were measured with a
Lakeshore model 7407 VSM vibrating sample magnetometer in the temperature range between 90 and 450 K with a
maximum applied magnetic field of 1.5 T, and in a Quantum Design MPMS-5T magnetometer in the temperature
range 90 — 390 K with applied magnetic fields up to 5 T. At each temperature the magnetization was measured for a
large number selected values of the applied magnetic field (= 150 for the VSM measurements and 50 for the MPMS)
with the aim of gaining accuracy in the estimation of the isothermal magnetic entropy change, |ASy|. The value of |AS)|
at each temperature 7 due to a change of the applied magnetic field from H = 0 to H = H,,,, were calculated using the
Maxwell relation [8]:

H " 1
AS, (T,H)=S,/(T,H)-S,,(T,0) = f (‘Wng”) dH' (1)
0 T'=T



After applying this procedure to the whole set of M(H) curves the value of |AS),| for a given applied magnetic field
change and at a selected temperature is obtained by numerical approximation of eq. 1, where the partial derivative is
replaced by finite differences and then the integral is calculated by means of numerical methods [6,9]. In addition, the
relative cooling power (RCP) has been calculated using three different criteria (see reference [9] for details): RCP-1(H)
= |ASy"|(H) % 0Trwum(H), where 6T gy, is the full width at half maximum of |ASy|(T) curve; RCP-2 is the area below

|ASy|(T) curve in the temperature range between T-0Tryyy and T+0T pypyy; and RCP-3 is the maximum value of the

product |ASy|xAT below the |AS)(T)| curve.

3. Results and discussion

In Fig. 1 the room temperature x-ray (upper panel) and neutron (bottom panel) powder diffraction patterns of the

YPrFe,; sample are shown.
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Fig. 1. Observed (dots) and calculated (solid line) powder diffraction patterns for YPrFe;; alloy collected at 7= 300 K.
Positions of the Bragg reflections are represented by vertical bars; the first row corresponds to the rhombohedral
Th,Zn,7—type phase while the second one is associated with an o-Fe impurity (< 3%). The observed—calculated
difference is depicted at the bottom of each figure.

Both XRD and neutron diffraction patterns have been refined by using the Rietveld method in multi-pattern

mode (see [25] for further technical details). The observed intensity peaks can be indexed as the Bragg reflections

corresponding to a thombohedral Th,Zn,;-type crystal structure with R3m space group (#164), and if the hexagonal
setting is chosen the lattice parameters are: a = 8.540 (1) A and ¢ = 12.419 (1) A. No traces of the hexagonal Th,Ni;-
type crystal structure have been found, as confirmed by neutron diffraction from which information of the whole sample
is attained, in contrast with XRD. Whereas in other 2:17 pseudo-binary alloys of this family a disordered rhombohedral
structure has been proposed in order to explain the strong intensity reduction observed for many reflexions [27,28], in
the present case there is no such a reduction, even though when compared with the diffraction patterns of the binary
Y,Fe,7, ProFey; or Nd,Fey7 alloys [13,29]. From the fit of the diffraction patterns it is evident that the 6¢ site

corresponding to the R atoms is equally shared between Y and Pr with the same atomic coordinates. The values for the



main crystallographic parameters are given in Table 1. The values for the cell parameters are, as it could be expected,
between those of the Y,Fe,; and ProFe;; (a =8.46 A, c=12.39 A and a = 8.585 A; ¢ = 12.464 A, respectively)
[13,20,30]. The ratio c/a ~ 1.54 is in good agreement with those reported for the rhombohedral crystal structure in these
2:17-type alloys [13,29,30].

In order to estimate the Curie temperature of the sample, the magnetization vs. temperature, M(T), curve under a
low applied magnetic field uyH =5 mT (not shown) has been measured. Thereafter, the value of 7¢ has been taken as
the minimum of the dM/dT vs. T curve, which is a commonly adopted criterion [13,24,29]. In this way, Tc =291 £ 5 K
for YPrFe;;, which is in between those reported values for Pr,Fe 7 (T¢ =286 £ 2 K [13]), and for Y,Fe|; (T¢c=301+4
K [15]). Therefore, it seems that by mixing Y and Pr the Curie temperature of the resulting pseudo-binary alloy can be
tuned between those values of the pure binary compounds.

Fig. 2 shows a 3D surface plot representing simultaneously the temperature and magnetic field dependences of

the magnetization, M(H,T) for YPrFe,; alloy.
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Fig. 2. 3D surface corresponding to the temperature and applied magnetic field dependences for the magnetization of
the YPrFe;; compound.

The isothermal magnetic entropy change, |AS),| has been calculated from the set of isothermal magnetization vs.
applied magnetic field, M(H), curves depicted in Fig. 2 and following the procedure explained in the previous section.
In Fig. 3 the temperature dependence of |AS),| for the maximum applied magnetic field change, from 0 to wuyH,;x = 1.5 T
is shown. In addition, data for Y,Fe,;, Pr,Fe;; and Nd,Fe,; binary intermetallic compounds with the same rhombohedral

ThyZn,;-type crystal structure are also shown for comparison. The maximum value for the magnetic entropy change,

|AS;\';“k , for the YPrFe;; compound is 2.3 J kg'1 K!, which is just in between those values for the binary Pr,Fe;; (2.6 J

K kg™) and Y,Fe;; (1.9 T K™ kg™') alloys. The latter can be understood taking into account that |ASA’;“" is roughly

proportional to the magnetization change of the alloy across the second order ferro- to paramagnetic phase transition. In
the case of Pr,Fe;7, the magnetic moments of Pr and Fe sublattices are parallel to each other, hence, the contribution of
Pr atoms (= 3 up/Pr atom [31]) to the net magnetization of the alloy is additive, while in the case of Y,Fe;7, Yttrium
atoms do not carry any magnetic moment, and the net magnetization of the alloys comes exclusively from the Fe
sublattice. Assuming that: (i) the Fe atoms possess the same values for the magnetic moment in Pr,Fe,7, YPrFe,; and
Y,Fey; alloys; (ii) the M(T) curves show a very similar trend for the three alloys; and (iii) the Pr™ ions in YPrFe,, have
their magnetic moments parallel to those of Fe atoms, we could expect that the substitution of half of the Pr™ ions by Y

ones should give rise to a decrease in the magnetic entropy change, respect to that of Pr,Fe;7, down to an approximate

value given by: |AS

M |YPrFe]7 Y,Fey ) ’

+|ASM|

Pr, Fey;

~ %(|ASM
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Fig. 3. Temperature dependence of the magnetic entropy change in the pseudo-binary YPrFe;; compound around the
|ASy| peak for an applied magnetic field change wyAH = 1.5 T. Data for binary RyFe;; (R =Y, Pr and Nd) are also
shown for comparison. The lines connecting the calculated points are guides for the eyes. Inset: Normalized
AS\/AS % vs. TIT¢ for the four intermetallic alloys.

We summarize in table 2 the values for T¢, |AS)| (peak value for uyAH = 1.5 T) together with the RCP estimated
by using the three criteria previously defined. It is worth noting that although Y,Fe,; exhibits the lowest |AS),| the RCP -
1 is the highest due to a broader |AS),|(T) peak as it can be observed in the inset of Fig. 3, where |AS),| vs. the reduced
temperature 7/7¢ is plotted.

In Fig. 4 the magnetic field dependence of the RCP for YPrFe,; is depicted. From a linear fit of the RCP (H)
curves for upH > 1 T, we have extrapolated the values for an applied magnetic field change of 2 T in order to compare
with available date for Gd (see table 2), which is the archetypical magento-caloric material with second order magnetic

phase transitions.
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Figure 4. Magnetic field dependence of the Relative Cooling Power (RCP). See text for details.

The pseudo-binary YPrFe;; alloy exhibits RCP values comparable to those of the RyFe;; compounds with R =Y,
Pr or Nd), and both RCP -1 and RCP -2 are ca. 75 % of those for pure Gd [32].

Moreover, it has been proposed that |AS,/|(7) curves for different magnetic field changes can collapse into a
single master curve, after an appropriate normalization, in ferromagnetic materials exhibiting a second order magnetic
phase transition [33]. The master curve is obtained as follow [34]: firstly, the |ASy|(T) curves are normalized to its

maximum value |AS;/"“| for each value of the applied magnetic field change. Secondly, the temperature axis is rescaled

5



using two different reference temperatures:

0=_(T_Tc)/(Trl_TC) I<Tc @)

0=(T_TC)/(Tr2_TC) r>Tc ()

where 7,; and T, are the temperatures at which |[ASy| = a x |ASMP E"k|, with 0 <a < 1. In our case we have chosen a = 0.5
(this value makes 7, and T, coincident with those temperatures at which |[ASy,| = \ASMP mk|/2 [34]). The master curves

for the YPrFe;; compounds are shown in Fig. 5, and it can be observed how the ASy/AS) <k ys. 6 curves for different

magnetic field values almost collapse into a unique one for each compound.
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Fig. 5. Normalized |AS), vs. reduced temperature for the pseudo-binary YPrFe;; compound. The inset shows the
comparison with the curves for the binary Y,Fe,;, Pr,Fe;; and Nd,Fe,; for an applied magnetic field upH = 1.5 T.

Moreover, it can be shown that if the AS,/AS)/” ¢k ys. 6 curve for YPrF ej7 compound, corresponding to yyAH =
1.5 T, is compared with those for the binary R,Fey; alloys (R =Y, Pr, Nd, see inset in Fig. 5), the curves almost overlap
in the range -1 < 8 < 1 (for temperatures between 7,; and 7,,), thus suggesting that in these compounds the temperature
dependence of the magnetic entropy change exhibits a similar trend [35]. From a practical point of view, the building of
such a master curve can be considered as an useful tool for extrapolating the |ASy/|(H,T) curves for temperature and/or
applied magnetic field values different from those available in the laboratory [36]. On the other hand, it also could help

in detecting and studying, from a more fundamental viewpoint, different co-existing magnetic phenomena [37].

Summary and conclusions

The magnetic properties and the magneto-caloric effect in the pseudo-binary YPrFe;; alloy have been studied. Room
temperature x-ray and neutron powder diffraction confirm that the compound crystallizes into the ordered Th,Zn;;-type
rhombohedral crystal structure. The magnetic entropy change has been obtained by the isothermal magnetic
measurements, showing that the introduction of the non-magnetic Y atoms leads to a shift of the temperature where the
maximum of |AS),| is obtained with a small reduction of the peak value. The calculated values for the RCP in YPrFey;
can reach 75 % of the pure Gd, Therefore, we could expect that an adequate mixture of Pr or Nd with Y in RyFey;
compounds allows us tuning the Curie temperature around room temperature (between 285 and 340 K) with almost
similar values for the RCP. Therefore, (YPrNd),Fe;; compounds are potential candidates for its use in magnetic

refrigeration. Finally, the magnetic entropy change for several magnetic fields can be represented using a master curve
representation for all these alloys.
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Table 1. Table 1. Crystallographic parameters, cell volume and atomic coordinates of the studied R,Fei; (R3m)
compounds obtained from the both NPD and XRD patterns in multi-pattern fit.

a(d) 8.540 (1)
c (A) 12.419 (1)
cla 1.454

V(A% 7843 (2)

Pr/Y (6¢)

z 0.348 (3)
Fel (6¢)

z 0.092 (1)
Fe3 (18f)

X 0.293 (1)
Fe4 (18h)

X 0.169 (2)
z 0.489 (1)
Rg 57

X’ (%) 15

Table 2. Curie temperature, T, magnetic entropy change, |AS),| and relative cooling power, RCP, obtained from the

three methods (see text). Extrapolated values of RCP for a magnetic field change uyAH = 2 T are compared with those
for Gd taken from Ref. [32].

Alloy YPrFe;;  PryFe; Y,Fe; Nd,Fe;; Gd
Tc (K) 290(5) 286(2) 303(4) 339(2) 291(2)
|ASy 1.5 T) (kg K™ 23 2.6 1.9 25
T, (K) 269 268 278 314
T,, (K) 312 308 334 349
RCP-1(15T) (Jkg™) 98 101 112 85
RCP-2(1.5T) (Jkg™) 75 78 86 64
RCP-3 (1.5T) (Jkg™) 51 55 56 57
RCP-12T)(Jkg™) 145 156 155 133 200
RCP-2(2T) (Jkg™) 111 116 121 98 147
RCP-3(2T) (Jkg™) 77 81 82 81 135




CHAPTER

5]

Magnetic properties and magne-
tocaloric effect of Fe-based amor-
phous alloys

5.1 Summary

In sake of completeness of the study of Fe-rich magnetic materials presenting a MCE close to room
temperature, a series of FeZrBCu amorphous ribbons was studied. Those metallic glasses exhibit
a ferro-to-paramagnetic phase transition in the vicinity of room temperature, which makes them
interesting from the point of view of applications as magnetic refrigerators. Also their geometry
is optimum for applications like AMR systems.

Seven different compositions with Curie temperatures ranging from 210 to 320 K were chosen
(see table 5.1). Measurements were performed with two clear aims: the first one was to obtain
general information about the magnetic properties and the MCE behavior with the applied mag-
netic field and the temperature, for both single ribbons and two-ribbon systems. The other main
objective was to investigate the possible existence of common features in the ASy, (T, H) curves
of these metallic glasses which would allows us to discuss the existence of a master curve behavior.

Curie temperature of these metallic glasses increases in the range 200-350 K almost linearly
with the decrease of the Fe atomic percentage, being nearly independent of the relative amount
of Zr and B (see article I). This is an interesting feature for refrigeration purposes at room
temperature, as it has been pointed out in chapter 4. The temperature dependence of the |AS)/]|
under applied fields up to 8 T for all the samples are plotted in fig. 5.1. Peak values are low when
compared with those of the ferromagnetic Pry,Fe,, and Nd,Fe,, bulk and ball-milled alloys. The
reason is twofold: the low saturation magnetization together with a broad ferro-to-paramagnetic
phase transition, as it has been pointed out in article I.

Nevertheless, the full width at half maximum spreads over 210K (in the case of Feg,ZryB4Cu; it
cannot be figured out because of the available measurement temperature regime, but it can be
estimated to be at least 220 K). This huge spreading gives rise to large RC'P values, which are
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Table 5.1: Main magnetocaloric characteristics of FeZrBCu amorphous ribbons studied in the
present work.

Composition | To(K) (=ASy)Fek (Jkg K1) RCP; (Jkg™1)
poH =15T pH=5T poH=8T | poH=15T poH=5T poH=8T

FegyZtyy | 230 1.0 2.7 3.9 142 197 801
FegoZtyB, | 209 1.0 2.7 3.8 145 492 795
Feg,Z1-B, | 216 0.9 2.5 3.6 132 462 755
FegyZ1sB, | 240 1.0 2.6 3.7 156 514 830
FegyZryB, | 280 1.1 2.8 4.0 148 551 905
FegoZr,;BeCu, | 301 1.2 3.0 43 151 590 953

Feg, ZrgBeCu, | 321 1.3 3.0 4.4 143 572 -

comparable to or higher than those obtained in the Pr,Fe,, and Nd,Fe,, ball-milled alloys (it
must be remembered from chapter 3 that the high-energy ball-milling produces an enhancement
of the RC'P values compared with the bulk precursors).

Fig. 5.2(a) depicts the composition dependence of both the peak of the magnetic entropy
change for a maximum applied magnetic field change of 8 T and the temperature at which each
peak occurs. Clearly the percentage of Fe determines the value of ASﬂe“k, which is also related
with T7¢%* The field dependence of RCP; is depicted in fig. 5.2(b). The RCP for the sample
Feg,ZrsBgCu; cannot be calculated for magnetic fields over 6 T due to limitations in the mea-
surement temperature range available. One interesting result is that there is an almost linear
dependence of the RC' P with the applied fields exceeding 1T. Even though a linear-like behavior
were also shown in RyFe,. and A B, Fe,, alloys up to g = 5T (see figs. 5.2(b)), here such
linear dependence is much more clear, and it is maintained up to 8 T. Also, it is remarkable the
large RC' Py values in spite of the low values of AS.

We also studied the master curve (for more details, see chapter 4) for each compound. These
master curves, when using one reference temperature with 7, > T, do not collapse in the low
reduced temperature range (see article II), which is attributed to the existence of ferromagnetic
clusters inside a ferromagnetic matrix with different spin dynamics and competing interactions
[82, 129]. Nevertheless, when using two reference temperatures the collapse is complete. The
rescaled curves with two reference temperatures for an applied magnetic field change of ugAH =
8 T for the six compounds (sample Feg-Zr;B;Cu; is not properly defined under this field because
of the experimental temperature limitation) are plotted in fig. 5.3. Even when it is clear that in
FegyZr,, and FeqgyZryB; there are several points which are not well defined as a consequence of
the experimental data, the match of all the curves over T is clear, but below it is not possible
to speak of a real collapse. Therefore it is not possible to speak about a universal curve for this
family of alloys. This could be expected because of their different critical exponents [130], and
the relation between the universal curve and those exponents [131].

As we have already said in section 1.1.2, the maximum efficiency of a magnetic cooling system
is attained when the refrigerant presents constant ASy;(7T") curves in all the working temper-
ature range. For this reason, we studied complex magnetic materials composed of mixtures of
two ribbons of FeZrBCu metallic glasses with different transition temperatures. First of all, we



CHAPTER 5. Magnetic properties and magnetocaloric effect of Fe-based
amorphous alloys 117

—

[ =]
sl b b Lt talalal,

ol 1
I\_[|(h.‘l'l;§ K'Y

[ ]

IAS

1
50 100 150 200 250 300 350 400

T(K)

Figure 5.1: Temperature dependence of the magnetic entropy change for the different FeZrBCu
amorphous ribbons under an applied magnetic field change of 8 T. Lines are guides for the eyes.
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Figure 5.2: Left plot: Fe percentage dependence of the peak value of |ASy/(7T')| and the temper-
atures at which these peaks are attained for the different FeZrBCu amorphous ribbons under an
applied magnetic field change of 8 T. Lines are guides for the eyes. Right plot: Magnetic field
dependence of the RCP for the studied FeZrBCu amorphous alloys. Data for Feg,ZrgBsCu, is
not available above 5.5T
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Figure 5.3: Comparison of the phenomenological master curve for the FeZrBCu alloys under a
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Figure 5.4: Left plot: Experimental and simulated |ASy/(T')| for the combined system 0.5 A +
0.5 B, with A = Feg,ZryB;Cu; and B = FeqyZrgB,. Magnetic entropy change for Hyq, = 2.0T
(square symbols) and 5.0 T (circle symbols) obtained from the M (H,T') curves measured for the
combined system 0.5A4 4 0.5B (full symbols) and the calculated from the independently measured
samples A and B (open symbols). Right plot: Magnetic field dependence of the RCP; for a pair

of FeZrBCu amorphous alloys, FegyZrgB, and Fegs;Zr,B;Cu,, in the proportion 1:1. Data for

FeqggZrgB, and FegsZr,B;Cu, are depicted for comparison.
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estimated the magnetic entropy change that would have such a system by means of the weighted
average of the magnetization of two ribbons. A set of scripts were prepared for this purpose
(see appendix Scilab Functions). Secondly, we selected one of the possible pair of ribbons in the
suitable mass proportion to obtain a constant ASy(7") in the broad temperature range. Finally,
the magnetization of the combined system was measured, showing a quite good agreement with
the calculated curve (see fig. 5.4(a)). Moreover, we estimated the RC P of the combined systems,
which enhanced when compared to the individual ribbons (see fig. 5.4(b)) owing to a broadening
of the ASy/(T) curves. It is worth to note that for either lower magnetic fields, other proportions
of the studied pair of samples, or even more, for other pair of ribbons, ASy/(T) of such a system
usually has a double-peak structure. For that reason, the RC P, can be only properly defined
when the minimum between those peaks are higher than the half of the highest of those peaks.
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Fe-rich FeZrB metallic glasses exhibit magneto-caloric effect (MCE) around room temperature. Amor-
phous ribbons of two different compositions, Feg1Zr;B; and FeggZrgB,4, with respective Curie temperature
values of 230 and 285 K have been studied. Although the maximum magnetic entropy change is rela-
tively moderate (JASy|™* ~ 3] K~! kg~! under an applied magnetic field change from 0 to 50 kOe), the
MCE spreads over a broad temperature interval (AT ~ 200 K), giving rise to a large refrigerant capacity
loss (RC ~ 435 J kg~ ') without any hysteresis. The Curie temperature can be easily tuned between 200
and 350 K by changing the boron content. Therefore, the MCE can be controlled over a wide temperature
interval, thus making these amorphous alloys promising candidates for magnetic refrigeration near room

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The search for new materials displaying magneto-caloric effect
(MCE), for applications in magnetic refrigeration, is currently an
active research field [1-5]. For applications near room temperature,
a material with high or giant magnetic entropy change, |ASy],
inside a narrow temperature interval (as occurring around a first-
order phase transition), is not well suited. It is needed a broad
|ASm|(T) peak because the operational temperature difference
between the hot and cold reservoirs in the refrigerant engine
usually expands more than 50 K. The latter condition is fulfilled by
some ferromagnetic materials, which exhibit a moderate MCE over
a wide temperature range associated to the second-order magnetic
phase transition (SOMPT) [2,6]. Well-known examples of such
materials are Gd, rare-earth intermetallic compounds or some
manganites [2,3,7—9]. However, moderate MCE has been recently
observed in disordered, nanostructured and amorphous magnetic
materials displaying SOMPT [10—15]. Although the maximum of
|ASy| is relatively low compared to that of other crystalline
compounds, the broad |ASy;|(T) peak gives rise to large values for
the refrigerant capacity (RC) [6,13,16].

Fe-rich FeZrB metallic glasses offer several advantages as
magnetic refrigerant materials around room temperature: (i) ultra-
soft magnetic properties and absence of energy losses due to

* Corresponding author.
E-mail address: pgorria@uniovi.es (P. Gorria).

0966-9795/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2010.07.018

hysteresis effects, (ii) easily modifiable temperature range for the
MCE by selecting the appropriate composition, and (iii) high elec-
trical resistivity (p = 130 pQ cm at 295 K), good mechanical
behaviour and corrosion resistance [17,18]. In addition, FeZrB
metallic glasses combine relatively high values for the saturation
magnetization (above 1.5 pg/Fe at.) with tunable T¢ values between
200 and 400 K [18,19].

Fe-rich FeZr metallic glasses are ferromagnetic below room
temperature and possess crystallization temperatures above 750 K
[20]. These alloys display striking magnetic behaviours including re-
entrant spin-glass, exceptional magneto-volume effects or a reduc-
tion of T¢ with increasing Fe content, due to the strong competition
between Fe—Fe magnetic interactions [21—23]. The addition of boron
up to 10% wt. gives rise to a large increase in T¢ (up to around 400 K),
without losing complexity in the magnetic behaviour [18,22,24].
Moreover, these alloys have attracted huge attention because after
adequate heat treatments a stable nanocrystalline microstructure is
reached, thus displaying ultra-soft magnetic properties [25,26] and
allowing its use in a number of commercial applications [27]. In this
letter we show that FeZrB amorphous alloys exhibit large RC values
with an easy-to-control temperature range of operation between 100
and 450 K by small changes in the composition.

2. Materials and experimental details

Feg1Zr7B; (B2) and FeggZrgB4 (B4) amorphous ribbons, with
1.5 mm x 20 pm cross sections, were fabricated by the melt-spinning
method after preparing the master alloys (around 2 g of mass) in an
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arc-melting furnace under Ar atmosphere. The melt spinner equip-
ment was operated using a stain steel wheel (50 m/s linear speed)
under a controlled Ar atmosphere. The X-ray diffraction patterns cor-
responding to either ribbon faces show only broad haloes, thus con-
firming a complete amorphous state and absence of crystallinity in the
ribbons. Isothermal magnetization vs. applied magnetic field, M(H)
curves, were measured using an SQUID magnetometer in the
temperature range between 50 and 370 K. At each temperature the
data were collected under constant dc applied magnetic field steps of
H =1 kOe in the magnetic field range between 0 and 50 kOe.

3. Results and discussion

In Fig. 1 the temperature evolution of the M(H) curves for both
B2 and B4 samples are depicted. The values of T¢ (230 + 5 and
285 + 5 K for B2 and B4, respectively) have been estimated from the
low-field M(T) curves, as the minimum of the dM/dT vs. T curves.

The MCE as a function of the magnetic field and the temperature
has been obtained by integrating the adequate Maxwell relation [2]:

H

ASy(H,T) = Sp(H,T) — Su(0,T) = / (%)del
0

where Sy(H,T) and Sp(0,T) are the magnetic entropy under an
applied magnetic field H and in the absence of any magnetic field,
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Fig. 1. Temperature and applied magnetic field dependences of the magnetization for
both Feg;Zr7B, (upper panel, B2) and FeggZrgB,4 (bottom panel, B4) amorphous ribbons.

respectively, and at a fixed temperature T. Hence, the results
obtained after applying this procedure to the whole set of M(H)
curves provide the temperature and/or magnetic field dependences
of the magnetic entropy, ASy(T.H).

Both amorphous samples exhibit ASy(T,H) surfaces with broad
maxima around T = Tg, as it can be observed in the 3D view of Fig. 2,
thus indicating that these materials exhibit MCE in a wide
temperature range.

The calculated maximum values for |ASy| are 2.8 and
3.3 ] kg~ K~ for B2 and B4 alloys, respectively, under a magnetic
field change between 0 and 50 kOe. In order to compare the MCE
between different materials the refrigerant capacity (RC) is a very
useful parameter, defined as the amount of heat that can be
transferred between the cold and hot reservoirs in an ideal refrig-
eration cycle, at temperatures Teoq and Thor respectively [28,29].
The T¢o1g and Tyt are commonly taken as those temperatures where
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Fig. 2. Temperature and magnetic field dependences of |ASy,| for B2 and B4 samples.
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|ASp| is half of its maximum. We have estimated the RC values from
numerical integration of the area under |ASy|(T) curve by using
Teold and Thor as the integration limits. The obtained RC values are
clearly higher to those of GdSiGe compounds [30], reaching
435 ] kg~! (=3.5 + 0.1 J cm™3), which is ca 90% of that corre-
sponding to pure gadolinium (=4 ] cm3).

It must be pointed out that even though the maximum value of
|ASy| for the B2 sample is around 15% lower, due to its smaller
magnetization (a reduction of 15% compared with that of B4 sample
is observed at 5 K [17]), the smoother decrease of M around T for
B2 compound results in a broader |ASy|(T) curve, giving rise to
roughly identical RC value for both samples.

In Fig. 3 we show the |ASy|(T) curves for applied magnetic field
change of AH = 20 and 50 kOe, in these FeZrB amorphous alloys AT
can reach 200 K under a magnetic field change of AH = 50 kOe. If
AH = 20 kOe, which is a value that can be reached without using
superconducting magnets, the RC and AT values for the B2(B4)
sample are 148(159) ] kg~! and 163(150) K respectively.

Moreover, the compositional dependence of the Curie temper-
ature in these alloys follows an almost linear tendency with
a negative slope (see Fig. 4 for T¢ vs. Fe content plot), being nearly
independent of the relative amount of Zr and B. Hence, the
temperature range for the refrigeration cycle can be tuned between
100 and 450 K, taking into account that the value of T¢ can be
straightforwardly adjusted between 200 and 350 K via small
changes in the composition of FeZrB metallic glasses (a decrease of
1 at. % in the amount of Fe approximately equals to an increase of
20 K in the value of T, see Fig. 4).
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Fig. 3. Temperature dependence of |ASy| for AH = 20 kOe (blue squares) and
AH = 50 kOe (red circles) for Feg;Zr;B, and FeggZrgB, samples. The area of the dashed
regions corresponds to the values of RC (see text). (For interpretation of references to
colour this figure legend the reader is referred the web version of this article).
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Fig. 4. Almost linear dependence of the Curie temperature with the percentage of Fe
atoms in Fe-rich FeZrB alloys. Data are taken from Refs. [31—33].

4. Conclusions

In summary, FeZrB amorphous alloys exhibit low magnetic
entropy change maxima (around 3 ] kg~! K~ for AH = 50 kOe), but
expanded over wide temperature ranges, thus giving rise to large
RC values, reaching 435 ] kg~! (3.5 ] cm3) and without any
hysteresis loses. Moreover, the Curie temperature can be easily
controlled by small compositional changes in the range 200—350 K.
Furthermore, the possibility of combination of two or more alloys
by selecting the adequate T¢ values could be a good option for
a hypothetical near room temperature magnetic refrigerator oper-
ating in multistage mode. The latter could ensure a more or less
constant value of |ASy| between the hot and cold ends of the
refrigeration cycle, which is the optimal condition for an ideal
Ericsson refrigeration cycle. Therefore, these alloys are promising
candidates for their potential application in magnetic refrigeration
at about room temperature.
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ABSTRACT

The magneto-caloric effect exhibited by three Fe-rich FeZrB amorphous alloys with different composi-
tions and Curie temperatures between 230 and 300K has been studied. Albeit the maximum entropy
change is low (JASy|™* ~3]kg~'K-! under an applied magnetic field change from 0 to 50kOe), the
magneto-caloric effect (MCE) spreads out over a broad temperature interval (AT ~ 200 K). The estimated
values for the relative cooling power are close to that of pure Gd. From the applied magnetic field depen-
dence of the magnetic entropy change a master curve valid for these Fe-rich FeZrB amorphous alloys has
been found. However, two reference temperatures of the | ASy|(T) are needed in order to get a collapsing
curve for all the maximum applied magnetic field values. The latter suggests that the striking magnetic
behaviour of these compounds below 200K influences the MCE effect. Moreover, the collapse into the
same curve for different rescaled temperature dependences of the magnetic entropy change in the three

samples implies the existence of similar magnetic interactions in these compounds.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The most challenging purpose for refrigeration technology is the
optimization of the engine efficiency minimizing both the powder
consumption as well as the environmental impact. The emerging
technology based on magnetic refrigeration will probably be the
most adequate way to fulfill these requirements [1-3]. Therefore,
the search for new materials displaying significant magneto-caloric
effect (MCE) is nowadays a very active field of research [4-8].
For applications near room temperature (where the temperature
difference between the hot and cold reservoirs for adomestic refrig-
erator could be higher than 80K), rather than a material with high
or giant magnetic entropy change, |ASy|, inside a narrow temper-
ature interval (as occurring around a first-order phase transition)
[1,2], it is needed a broad |ASy|(T) peak expanded over the tem-
perature range where the refrigerant engine should operate. Some
ferromagnetic materials exhibit moderate MCE over wide temper-
ature ranges around their second-order (ferro-to-paramagnetic)
phase transition (SOPT), such as it is the case of pure Gd [1], rare-
earth intermetallic compounds [1,2,6-8] or some manganites [9].
Recently, disordered and non-crystalline magnetic materials dis-
playing SOPT such as rare-earth-based amorphous ribbons [10,11]
and bulk metallic glasses [12,13], ball milled amorphous alloys
[14,15], as well as Fe-rich metallic glasses [16,17] have attracted

* Corresponding author. Tel.: +34 985102899; fax: +34 985103324.
E-mail address: pgorria@uniovi.es (P. Gorria).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.02.149

emergent relevance in the field. The reason for that is the broad
|ASpm| (T) peak exhibited, being even larger than 150K under
applied magnetic field changes of 50 kOe, although the maximum
of | ASy| is relatively low compared to that of other materials dis-
playing MCE.

In the case of Fe-rich metallic glasses, the MCE is due to Fe atoms,
and they present several advantages that must be pointed out,
namely, (i) lower fabrication costs due the absence of rare-earth
metals in the composition, (ii) the ultra-soft magnetic properties,
with vanishing magnetocrystalline anisotropy and very low coer-
cive fields, withdraw any energy losses due to hysteresis effects
thus allowing higher operation frequencies and faster response,
and (iii) the magnetic transition temperatures, and then the tem-
perature ranges for the MCE, can be easily adjustable by selecting
the appropriate composition. Upto now, the most studied compo-
sitions consist of around 70-80 at.% of Fe with upto 15-20at.% of
metalloid elements (B, Si, P, Ge, ...) and small amounts of one or
more transition metal atoms (Nb, Mo, Co, Cr, Zr, Mn, ...) [18-22].
However, in almost all the cases the Curie temperatures, Tc, are
above room temperature, therefore if the material should be used in
a refrigerant engine for cooling from room to lower temperatures,
the maximum of the MCE must occur just below room temperature.
In this way, FeZrB metallic glasses are good candidates for fulfilling
the latter requirements, since these alloys combine high values for
the saturation magnetization (above 1.5 pg/Fe at.) with T¢ values
above 200 K.

Fe-rich FeZr metallic glasses are ferromagnetic below room
temperature and possess crystallization temperatures above 750 K
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[23]. These alloys display striking magnetic behaviours includ-
ing re-entrant spin-glass, exceptional magneto-volume effects and
a reduction of Tc with increasing Fe content, due to the strong
competition between Fe-Fe magnetic interactions [24-26]. The
addition of boron upto 10wt%. gives rise to a large increase in
Tc (upto around 400K), without losing complexity in the mag-
netic behaviour [27,28]. Moreover, these alloys have attracted
huge attention because after adequate heat treatments a stable
nanocrystalline microstructure is reached, thus displaying ultra-
soft magnetic properties [29] and allowing the study of magnetic
interactions between the Fe nanocrystals and the remaining amor-
phous matrix [30,31]. In this article we show that although FeZrB
amorphous alloys do not exhibit large MCE values, the estimated
relative cooling power (RCP) or refrigerant capacity (RC) values are
comparable with those of other reference materials such is the case
of pure gadolinium. In addition, the dependencies of |ASy| with
both the temperature and the applied magnetic field have been
studied in terms of a master curve via renormalization of temper-
ature scale.

2. Experimental details and data analysis

The amorphous ribbons of compositions Feg;Zr;B; (B2), FeggZrgBs (B4) and
Feg;ZrgBsCuy (B6) with 1.5 mm x 20 wm cross-sections were fabricated by melt-
spinning under Ar atmosphere from the arc-melted master alloys. The absence
of intense peaks in the X-ray diffraction patterns, in which only broad haloes are
present, confirms the amorphous state of the ribbons. Around 40 isothermal mag-
netization vs applied magnetic field, M(H) curves, were measured using a SQUID
magnetometer in the temperature range between 50 and 370 K (see Fig. 1 right bot-
tom panel for several M(H) curves corresponding to B6 sample). The temperature
steps between consecutive isothermal M(H) curves were 4 K in the immediacy of the
Curie temperature (between Tc — 30K and Tc +30K) and 10K out of this tempera-
ture region. At each temperature the data were collected under constant dc applied
magnetic field steps of H=1kOe in the magnetic field range between 0 and 50 kOe.

The MCE as a function of the applied magnetic field and the temperature has
been obtained from the magnetic entropy change, ASy, taking into account that
for an isothermal process, ASy can be evaluated integrating the adequate Maxwell
relation [32]:

H
ASM(H,T):SM(H,T)7$M(O,T):/(%—1;{1) dH 1)
H
0

Note that at a fixed temperature T, the magnetic entropy under an applied magnetic
field H and in the absence of the magnetic field are Sy (H,T) and Sum(0,T), respectively.

Essentially, the value for ASy at a given temperature is obtained after a numerical
integration of two consecutive M(H) isotherms around such temperature, followed
by the numerical derivative with temperature. The results obtained after applying
this procedure to the whole set of M(H) measured curves allow us to obtain the
temperature and/or applied magnetic field dependences of the magnetic entropy,
|ASm|(H.T).

For applications in magnetic refrigeration at room temperature is important to
take into account the amount of heat that the studied material can absorb during the
refrigeration cycle from the cold focus. For that reason the most common parameter
used to quantify this are either RCP or RC, that can be defined in several ways [6,32];
in this paper we have chosen the product of the maximum |ASy| peak value and
the full width at half maximum, 8 Trwhm,

RCP(S) = |ASMI™™ x §Trwnm (2)

The magnetic field dependence of |ASy| is analytically calculated using the
following expression:

d|1n(A5M)’
"=TdmT

In a material with second-order transition, the ASy(T) curves for different max-
imum magnetic fields collapse into a single master curve [20]. That master curve
is useful for predicting the field dependence of the magnetic entropy change and
extrapolating it over both the experimental temperature and magnetic field range
available in a laboratory. The master curve is obtained as follow: first, the ASu(T)
curves are normalized to its maximum value AS&C‘"" for each maximum applied
magnetic field, and then, if there is no presence of a secondary magnetic phase, the
temperature axis is rescaled as [33]:

(T-Tc)

=0T @

(3)

where T; is a reference point in the curve corresponding to a certain fraction of
AS]I\’,fak. If another magnetic phase exists or the material exhibits magnetic inhomo-
geneities is necessary the use of two different reference temperatures, which leads
to:

_(T-To)

0=y T<Te (5)
_ (T-To)
et € ©

where Ty and T, are the temperatures of the two reference points of each curve
that correspond to a ASFea, with a in between 0 and 1.

3. Results and discussion

In Fig. 1 the temperature dependence of the |AS(H)| curves for
the Feg1Zr;B; (B2), FeggZrgB4 (B4) and Feg;ZrgBgCuy (B6) studied

Fig. 1. Temperature and applied magnetic field dependencies of the magnetic entropy change, |ASy|, for B2, B4 and B6 samples. Right bottom panel displays some of the
measured M(H) isotherms for the B6 sample from which |ASy| (T,H) surfaces have been obtained (see text).
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Fig. 2. Temperature dependence of the exponent of the magnetic entropy change
under different applied magnetic field values for Feg;Zr;B,. Lines are guides for
the eyes. The dashed lines correspond to the paramagnetic n=2 value and the low
temperature (far fro T=T¢) ferromagnetic n=1 value.

samples are shown. The maximum |ASy,| values for an applied mag-
netic field change from 0 to 50 kOe are 2.8, 3.3 and 3.2]kg 1 K!
for B2, B4 and B6 alloys, respectively. Those values correspond
approximately to a quarter of the value for pure gadolinium under
the same applied magnetic field change. The temperatures of the
|ASum|(T) peaks are around 250 (B2), 295 (B4) and 300K (B6). The
RCP values calculated as mentioned in the previous section, are
532 (B2), 649 (B4) and 577]kg~! (B6), which are around 80-90%
of the value for pure Gd. This fact is due to a large temperature
span of the |ASy|(T) peak, which could reach dTgwypm ~ 150-200 K.
While the maximum values of |ASy;| are similar in B4 and B6 sam-
ples and higher than that calculated for B2, the |ASy|(T) peak is
broader (larger 8Trwnm) for B2 than for B4 and B6. These two
features are closely related to a higher magnetic moment for
the Fe atoms in both B4 and B6 (u~ 1.6 pug) respect to B2 sam-
ple (t~1.4wp), and the slower drop of the magnetization with
temperature of the B2 samples in de immediacy of T¢ [34]. It is
worth noting that in addition to both AS(H) and RCP values, also
the temperature range in which the MCE occurs is important for
practical applications. As it is well known, the maximum of the
magnetic entropy change of a ferromagnetic material is achieved
close to its Curie temperature, Tc. Hence, for refrigeration pur-
poses at room temperature it is important the feasible control
of the T¢ value of the material via slight compositional changes.
This requirement is fulfilled by FeZrB(Cu) metallic glasses, because
Tc follows an almost linear dependence with the Fe atomic per-
centage (with a negative slope), being nearly independent of the
relative amount of Zr and B [27,30,34]. Therefore, the temperature
range for the refrigeration cycle can be tuned between 100 and
350K.

On the other hand, the value of the magnetic entropy change
depends on the measuring temperature, but also on the max-
imum magnetic field change. Then, for a material displaying a
second-order ferromagnetic transition, it can be expected that such
dependencies for each temperature follow a potential law, ASy
aH" [17]. We show in Fig. 2 the variation of the exponent n with
temperature for different maximum magnetic field changes (from
AH=10kOe to AH=50kOe).

The n values at each temperature have been obtained through
the fit of the |[ASy|(H) curves using Eq. (3). As it can be observed,
n depends on the magnetic state of the compound. While n~2

for temperatures well above T¢, being a direct consequence of the
Curie-Weiss law [35], its value goes to 1 in ferromagnetic state far
enough from T¢. Moreover, n(T) curves display a minimum at T~ T¢
(see Fig. 2).

In the framework of the mean field theory (MFT), a minimum for
the exponent n at T=T¢ with a constant value of n=2/3 and being
independent of the applied magnetic field is expected. In addition,
n can be related to the critical exponents 8 and y at the magnetic
phase transition in the following way:

n=148-1 (7)

where 8=0.5and y =1 in MFT. However, in FeZrB amorphous alloys
n exhibits a clear dependence on the applied magnetic field, with
diminishing values down ton~ 0.82 for H > 45 kOe, as His increased
in B2 sample. The origin of this n(H) dependence can be attributed
to the fact that Feg;Zr;B, amorphous alloy is far from being mag-
netically saturated under an applied magnetic field H=10kOe, due
to the complex competing magnetic interactions between Fe atoms
[27,34]. For H>10kOe the M(H) curve reduces gradually its slope,
thus explaining the almost constant value of n for H > 45 kOe (see
Fig. 2).

Although similar behaviour is observed for B4 and B6 samples,
the H-dependence of n (not shown) is less pronounced because
these compounds are closer to be magnetically saturated. Concern-
ing the minimum values of n for these B4 and B6 samples, n~0.77
in both cases under an applied magnetic field change from 0 to
50 kOe. Therefore, it can be concluded that the mean field model
no longer applies to these compounds. Moreover, the change in the
value of the exponent n as the boron content increases can be cor-
related with the magnetic state of the samples, and in particular
with the compositional dependence of the exponent n, as follows.
If the exponent S is estimated from the high field M(H) curves by
means of modified Arrott plots [M!/8 vs (H/M)!/7], using a value of
y=1.38 [34], B varies from 0.325 in B2 sample to 0.39 and 0.4 in
B4 and B6 samples, respectively. 8 values lower than 0.5 indicate
the existence of magnetic inhomogeneities in a ferromagnetic com-
pound [36,37]. Hence, the compounds became magnetically more
homogeneous as the boron content increases [34], thus exhibiting
smaller and nearly magnetic field independent minimum values of
the n exponents, as is the case of B4 and B6 alloys in comparison
with B2 one.

As a consequence of the low temperature re-entrant spin-glass
behaviour exhibited by these FeZrB compounds, already attributed
to the existence of ferromagnetic clusters inside a ferromagnetic
matrix with different spin dynamics and competing interactions
[26,28], Eq. (2) lose its validity. On the other hand, Franco et al.
proposed that the magnetic field dependence of n is due to the
contribution coming from a second magnetic phase [33]. In our
case, the n(H) dependence cannot be attributed to any secondary
magnetic phase, even though the effects are the same, with the
difference that above certain applied magnetic field (H > 45 kOe for
B2) n is almost constant.

With the aim of getting a more detailed knowledge of the tem-
perature dependence of the magnetic entropy change in these
alloys, we have normalized the |ASy(T)| curves and rescaled the
temperature axis in order to show if these curves collapse into a
single master curve for different values of the applied magnetic
field. In the case of B2 sample two different reference tempera-
tures [see Eqgs. (5) and (6)] are needed as it can be seen in Fig. 3
where the curves for H>20kOe scale into a master curve in the
entire temperature range, which indicates that no other magnetic
transition can be expected in the temperature interval of the mea-
surements [35]. The use of only one reference temperature gives
rise to non-collapsing curves in the low temperature range (not
shown), being a clear signature of the magnetic inhomogeneous
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Fig. 3. Master curve of the magnetic entropy change for the Feq; Zr;B, amorphous
alloy determined from different maximum applied fields, ranging from 20 to 50 kOe
and using two reference temperatures.

Fig. 4. Collapse into the same master curve of the rescaled temperature depen-
dence of magnetic entropy change of FeggsZrgB4 and Feg;ZrgBsCu; obtained using
two temperatures of reference.

state of the alloy, which exhibits re-entrant spin-glass behaviour
below 100K [26,28].

A similar trend is followed by B4 and B6 samples as it can be
observed in Fig. 4, where two reference temperatures have been
also considered. It is worth noting that the curves for both sam-
ples collapse into the same master curve, thus confirming a similar
magnetic behaviour of these two compounds (we must remember
that the values for T¢, 8 and n exponents are close in B4 and B6
amorphous alloys). The inset of Fig. 4 shows the normalized curve
of the magnetic entropy change for several applied magnetic fields
of B4 sample, when only one reference temperature is used. Obvi-
ously the different curves do not collapse into a single master curve
in the low temperature range.

Taking into account that almost an identical curve is obtained
for B6 sample, a similar inhomogeneous magnetic state could be
expected for both B4 and B6 alloys at low temperature, as it
was already probe by SQUID magnetometry and Mossbauer spec-
troscopy [34].

4. Summary and conclusions

We have studied the magneto-caloric effect on three FeZrB
amorphous ribbons with different boron content and Curie tem-
peratures ranging from 230 to 300K. The maximum magnetic
entropy change of the ribbons are low when compared with

Gd-based alloys, but they exhibit a broad |ASy(T)| peaks extend-
ing over 150-200 K under applied magnetic field changes from 0 to
50 kOe. The latter gives rise to elevated values for the relative cool-
ing power or refrigerant capacity, which can be comparable to that
of pure gadolinium. The applicability of these alloys in real refrig-
eration engines is today a matter of controversy. However, we have
tried to find a relationship between the temperature and applied
magnetic field dependencies of the magnetic entropy change with
the complex and inhomogeneous magnetic state of these alloys.
In order to get a single master curve resulting from a collapse of
the normalized magnetic entropy curves, we have shown that two
different temperatures of reference are needed instead of using
only one reference temperature, like in conventional ferromag-
netic alloys. The magnetic inhomogeneous state of these alloys,
due to competing magnetic interactions between Fe atoms, is the
most plausible scenario for explaining the magnetic behaviour
in these Fe-rich FeZrB amorphous alloys including the mag-
netic field and temperature dependencies of the magneto-caloric
effect.
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CHAPTER

6

Conclusions

The use of complementary experimental techniques to carefully characterize the morphology, crys-
tal and magnetic structures of R,yFe,, intermetallic compounds greatly helps in the understanding
of their magnetic response. This magnetic behavior, and specially the magnetocaloric effect, in
R,Fe,,; and FeZrBCu alloys exhibits common features, such as a broad |ASy|(T) curve and a
high value for the relative cooling power, together with outstanding magnetovolume anomalies.
From this Thesis work, the following general conclusions can also be extracted:

[-] Magnetovolume anomalies are present in RyFe;. alloys independently of the crystal struc-

ture, showing indeed similar characteristics for both crystal structures. These anomalies
consist mainly in an invariant temperature dependence of the in-plane unit cell parameters
below T, whereas the c-axis exhibits a contraction on heating from low temperature with
a minimum located around T, which implies an anomalous temperature dependence of the
unit cell volume up to ~ 1.5T¢.
Nevertheless, magnetocaloric effect is different depending on the magnetic order structure
of the compound. In the case of those with ferromagnetic behavior, the magnetic entropy
change presents a single peak, whereas in those ferrimagnetic compounds, two peaks with
opposite sign can appear. Ce,Fe,,, where the magnetic structure is much more complex,
has also two peaks but with the same sign, associated with two different magnetic phase
transitions.

L7 This is the first time, as far as we are aware, that Dy,Fe,, is synthesized with the rhombohe-
dral ThyZn,.-type structure. Its magnetic structure is ferrimagnetic with the Dy moments
antiparallel to those of the Fe-sublattice. Its Curie temperature is slightly lower than that
of the hexagonal phase (T = 363 K). The pressure dependence of M vs. T of Tm,Fe,, has
been also studied, which has shown an impressive change of Ty with pressure of —100 K per
GPa. Moreover, both spin-reorientation and ferro-paramagnetic transition tend to overlap
with increasing pressure.

[+J The microstructure is largely modified in ferromagnetic collinear Pr,Fe,, and Nd,Fe,, alloys
by means of high energy ball milling without substantial changes in the magnetic and
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3

crystal structures. The grain breaking, down to nanosized scale, implies the appearance of
a Curie temperature distribution, which also provokes a spreading of the |ASy/|(T) curve,
together with a reduction of the peak value. Nevertheless, the relative cooling power slightly
increases with the milling time up to 20 h. After that milling time, the reduction of the peak
is uncompensated with the enlargement of the |ASy,|(T") width.

By mixing two rare-earths in the form A B,  Fe,. facilitates the synthesis of single-phase
materials in those cases where both structures are possible, such is the case of Y, which has
been mixed with Pr and Ce rare-earth obtaining the rhombohedral crystal structure. Also
Dy and Ce rare-earths have been mixed, crystallizing in the rhombohedral crystal structure.
Moreover, it has been shown that the values of the Curie temperature can be controlled by
combining different rare-earths.

For FeZrBCu alloys, the study of the magnetic properties up to high magnetic fields
(LpAH = 8T) has been carried out. The possibility of tunning the Curie temperature
changing the %Fe, together with the spreading of the |ASy/|(T) in a wide range of tem-
peratures (wider than 210 K), make them interesting candidates as magnetic refrigeration
materials. Also, it has been shown that the ASy;/AST*(9) curves for different applied
magnetic fields can collapse into the same master curve when two reference temperatures
are employed.

The combination of two FeZrBCu ribbons with different composition has shown that a
flattening of the magnetic entropy change can be as large as 90 K for ugAH = 5T, and that
it is accompanied by an increase of the relative cooling power.
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El uso de técnicas experimentales complementarias para realizar una cuidadosa caracterizacién
de la morfologia y de las estructuras cristalina y magnética de los compuestos intermetélicos
RyFe,,, sirve para profundizar en comprensién de su propiedades magnéticas. El comportamiento
magnético, y especialmente el efecto magnetocaldrico, de las aleaciones RyFe, - y FeZrBCu exhiben
caracteristicas similares, tales como curvas anchas de |[ASy|(T") y un alto valor del poder relativo
de refrigeracién, junto con unas anomalias magnetovolumicas destacadas. Del trabajo realizado
en esta Tesis se pueden extraer las siguientes conclusiones generales:

[+] Las anomalias magnetovolimicas estds presentes en las aleaciones R,Fe,, independiente-

mente de la estructura cristalina, mostrando ademas caracteristicas similares para las dos
estructuras. Estas anomalias consisten principalmente en una dependencia de los parametros
del plano de la celda unidad practicamente nula por debajo de T, mientras que el parametro
en la direccién unidxica se contrae al calentar desde baja temperatura hasta llegar a un
minimo situado en torno a T¢, lo cudl implica una dependencia anémala del volumen de la
celda unidad con la temperatura hasta aproximadamente ~ 1.5 7.
Sinembargo, el efecto magnetocaldrico es diferente dependiendo de la estructura del com-
puesto. En el caso de aquellos con comportamiento ferromagnético, la variacién de la en-
tropia magnética presenta un Unico pico, mientras que pueden aparecer dos picos en las
aleaciones ferrimagnéticas. El Ce,Fe,,, donde de hecho la estructura magnética es bastante
compleja, tiene también dos picos, pero con el mismo signo, asociados con dos transiciones
de fase magnéticas diferentes.

] Esta es 1a primera vez que el Dy,Fe,; ha sido sintetizado con estrutura romboédrica tipo

ThyZn,,. Su estructura magnética es ferrimagnética con los momentos de la subred del Dy
antiparalelos a los de la subred del Fe. Su temperatura de Curie es ligeramente inferior a la
correspondiente de la fase hexagonal (T = 363 K).
También se ha estudiado el efecto de la presién sobre la dependencia de M vs. T del
Tm,Fe,-, que muestra un cambio de T con la presién de —100K per GPa. M4s atn, la
reorientacion de espin y la transicién desde el estado ferromagnético al paramagneético
tienden a solaparse al aumentar la presién.

[-J Se ha modificado profundamente la microestructura de las aleaciones ferromagnéticas PryFe, ,
y Nd,Fe,, mediante la molienda mecanica, pero sin producir cambios substanciales en las
estructuras cristalina y magnética. La rotura de granos, por debajo de la escala nanoscépica,
conlleva la existencia de una distribucion de temperaturas de Curie, que a su vez provoca un
ensanchamiento de la curva de |[ASy|(7T") junto con una reduccién del valor del pico. Sinem-
bargo, el poder relativo de refrigeracién aumenta ligeramente con el tiempo de molienda
hasta 20 h. Después de este tiempo de molienda, la reduccién del valor del pico no puede
ser compensado con el aumento de la anchura de las curvas |[ASy/|(T).

[ Mezclando dos tierras raras en la forma A, B,  Fe, se facilita la sintesis de materiales con
Una tUnica fase en aquellos casos en los que ambas estructuras son posibles, como en el caso
del Y, que ha sido aleado junto con Pr y Ce, obteniendo la estructura cristalina romboédrica.
Ademas se la aleado Dy con Ce, exhibiendo también estructura romboédrica. Més atin, se ha
mostrado que el valor de la temperatura de Curie se puede controlar combinando diferentes
tierras raras.
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Se ha llevado a cabo un estudio de las propiedades magnéticas de las aleaciones FeZrBCu
para altos valores de campo (upAH = 8T). La posibilidad de tunear la temperatura de
Curie cambiando el porcentaje de Fe, junto con valores de |ASy|(T') significativamente
distintos de cero en un amplio rango de temperaturas (por encima de 210K), las hacen
muy interesantes como potenciales candidatos como materiales utilizables en refrigeracion
magnética. También se ha mostrado que las curvas ASy;/ASLT€%(9) para diferentes valores
de campo colapsan en la misma curva maestra cuando se utilizan dos temperaturas de

referencia.

Al combinar dos cintas de FeZrBCu con diferente composicién se ha observado que se
produce un aplanamiento de la variacion de la entropia magnética que puede alcanzar 90 K
para ugAH = 5T, y que viene acompanado por un aumento de la capacidad relativa de
refrigeracion.
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APPENDIX

Scilab Functions

In this appendix, some functions written in Scilab used to obtain the MCE properties from
magnetization and heat capacity measurements are included. Each function is shortly described
in the head of the function.

function mce(X,s,ncampos,const,f,b,X0)

//This function obtains the magnetic entropy change and other magnitudes from the M(T,H)
//data, using the Maxwell relation.

//Input:

//X: it is the magnetization in emu/g, T in K and H in T

//s: # of points for the interpolation

//ncampos: # of fields for the universal curve

//const: Constant of reference for the universal curve

//f: # of fields for the fit to the approach to saturation law
//b: seed of the b parameter of the the approach to saturation
//X0: seed of the b parameter of the the approach to saturation

n=size(X,1);
//It is necessary to know the number of temperatures of the sample
1=2; t=1;
while 1<n do
if abs(X(1,1)-X(1-1,1))>0.8 //Temperature values are in the first column of X
t=t+1;
end
1=1+1;
end
//Number of different fields
h=n/t;
//Integration and we save the results in a auxiliary column
for m=1:h:n-1 //There are h fields for each temperature
for i=1:h-1 //We integrate M(H) for each temperature
X(m+i,4)= intsplin(X(m:m+i,2) ,X(m:m+i,3)); //Integration of experimental data
end
end

//Now we derivate
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for m=1:h

inte(1:t,m)=-X(m:h:$,4);
T(1:t,m)=X(m:h:$,1);
H(1:t,m)=X(m:h:$,2);
M(1:t,m)=X(m:h:$,3);
a=diff(inte(1:$,m));
b=diff (T(1:$,m));
ds(1:size(a,1) ,m)=-a./b;

end

//RCP (H)

//First we obtain DSMax and the temperature at which appears for each magnetic field
[dSMax,pos]=max(dS,’r’); //dS_Max and its position (pos) into the array for each field
TMax=T (pos) ; //Temperature of the maximum

//Secondly, we interpolate DS and T
for j=1:h
if pos(j)>1
interi=linspace(T(1,j),T(pos(j),]),s);
inter2=linspace(T(pos(j),j),T($-1,3),s);
Tlinter(1l:s,j)=interpl(T(1:pos(j),j),T(1:pos(j),j),interl, spline’)’;
dSlinter(l:s,j)=interp1(T(1:pos(j),j),dS(1:pos(j),]j),interl, ’spline’)’;
T2inter(1:s,j)=interpl(T(pos(j):$-1,j),T(pos(j):$-1,j),inter2, ’spline’)’;
dS2inter(1:s,j)=interpl(T(pos(j):$-1,j),dS(pos(j):$,]j),inter2, ’spline’)’;

end
end
//Third, we locate the position of dSMax/2 and the temperature for each field
for j=1:h

[dif,Tipos]=min(abs(dSlinter(1l:s,j)-dSMax(j)/2));
T1Pos(j)=Tlpos;
T1(j)=Tlinter(Tipos,j);
[dif,T2pos]=min(abs(dS2inter(1l:s,j)-dSMax(j)/2));
if dSMax(j)>0
percent (j)=dif/dSMax(j)*100;
else
percent (j)=0;
end
if percent(j)>1
T2(j)=0;
else
T2Pos (j)=T2pos;
T2(j)=T2inter(T2pos,j);
end
end
//RCP1 = DS*DT
R1=dSMax’ .*(T2-T1);
//RCP2 = area below the curve
for j=2:h
if T2(3)>0
R2(j)=intsplin(Tlinter(T1Pos(j):s,j),dSlinter(T1Pos(j):s,j))
+intsplin(T2inter(1:T2Pos(j),j),dS2inter(1:T2Pos(j),j));
else
R2(j)=0;
end
end
//RCP3 = maximum DS*DT
for j=2:h
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for i=1:s
[dif (i) ,pos0(i)]=min(abs(dS2inter(i,j)-dSlinter(l:s,j)),’r’);
end
[WPmaximo,WPpos]=max((T2inter(1l:s,j)-Tlinter(pos0(1l:s),j)).*dS2inter(1:s,j));
if WPpos<s then
R3(j)=WPmaximo;
TH(j)=T2inter (WPpos,j);
TC(j)=Tlinter (posO(WPpos),j);
else
R3(j)=0;
TH(j)=0;
TC(j)=0;
end
end
//Universal Curve
D0S=0;TR1=0;TR2=0;UNA=0;
rep=2; const=0.5; ncampos=10;

while rep==
mess=messagebox("One or two Temperatures?", "modal", "info", ["Dos" "Una"l);
if mess==2 then //One Temperature
mess=messagebox("Tr < Tc? ", "modal", "info", ["No" "Yes"]);

if mess==1 then //Tr > TC
for j=ncampos:h

[dSMax1,posi]=max(dSlinter(1l:s,j));
[dSMax2,pos2]=max(dS2inter(1:s,j));
dSNorm1(1:s,j)=dSlinter(l:s,j)/dSMax1;
dSNorm2(1:s,j)=dS2inter(1:s,j)/dSMax2;
[difconst,posconst]=min(abs(dSNorm2(1:s,j)-const));
Thetall(l:s,j)=(Tlinter(1:s,j)-T2inter(pos2,j))/(T2inter(posconst, j)-T2inter(pos2,j));
Theta21(1:s,j)=(T2inter(1:s,j)-T2inter(pos2,j))/(T2inter (posconst, j)-T2inter(pos2,j));

end
TR2=1;
else //Tr < TC
for j=ncampos:h
[dSMax1,posi]=max(dSlinter(1l:s,j));
[dSMax2,pos2]=max(dS2inter(1:s,j));
dSNorm1(1:s,j)=dSlinter(1l:s,j)/dSMax1;
dSNorm2(1:s,j)=dS2inter(1l:s, j)/dSMax2;
[difconst,posconst]=min(abs(dSNorm1(1l:s,j)-const));
Thetal2(1l:s,j)=-(Tlinter(1l:s,j)-Tlinter(posl,j))/(Tlinter(posconst,j)-Tlinter(posl,j));
Theta22(1:s,j)=-(T2inter(1:s,j)-Tlinter(posl,j))/(Tlinter(posconst,j)-Tlinter(posl,j));
end
TR1=1;
end
else //Two Temperatures
for j=ncampos:h
[dSMax1,pos3]=max(dSiinter(1l:s,j));
[dSMax2,pos4]=max(dS2inter(1:s,j));
dSNorm1(1:s,j)=dSlinter(1l:s,j)/dSMax1;
dSNorm2(1:s,j)=dS2inter(1l:s,j)/dSMax2;
[difconst,posconstl]=min(abs(dSNorml1(1:s,j)-const));
Theta3(1l:s,j)=-(Tlinter(1:s,j)-Tlinter(pos3,j))/(Tlinter(posconstl,j)-Tlinter(pos3,j));
Theta4(1:s,j)=(T2inter(1:s,j)-T2inter(pos4,j))/(T2inter (posconst2, j)-T2inter(pos4,j));

end
D0OS=1;
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end
rep=messagebox("Do you repeat the calculation?", "modal", "info", ["No" "Yes"]);
end
//Saturation magnetization
rep=2; j=0;
deff (y=MS(x)’,’y=ax(1-b/x"2)+c*x’)
deff (’e=G(p,z)’,’a=p(1) ,b=p(2),c=p(3) ,x=2(1) ,y=2(2) ,e=y-MS(x)’)
z=[H(1,h-£:$);M(1,h-£:$)];
[p,errl=fit_dat (G, [max(Z);b;cl,Z);
a(1)=p(1);b(1)=p(2);c(1)=p(3) ;E(1)=err;
for k=2:t
Z=[H(k,h-£:$) ;M(k,h-£:$)];
[p,err]=fit_dat(G, [max(Z);b(k-1);c(k-1)1,2);
end
end
//Exponent n (DS is proportional to H"n)
for m=1:t-1
c=diff (log(abs(dS(m,2:h))));
d=diff (log(H(m,2:h)));
nexp(m,1:size(c,2))=c./d;
end
endfunction

function twosamples(X,Y,a)

//Determines the resultant DS of two combined samples by means of weighted averaging
//the magnetization of both samples.

//Input:

//X: it is the magnetization in emu/g, T in K and H in T, of the first sample

//Y: it is the magnetization in emu/g, T in K and H in T, of the second sample

//a: proportion of the first sample

n=size(X,1);
m=size(Y,1);
//It is necessary to know the number of temperatures of the first sample
1=2; ti1=1;
while 1<n do
if abs(X(1,1)-X(1-1,1))>0.8
tl=t1+1;
end
1=1+1;
end
//We get the number of different fields for the first sample
hi=n/t1;
//It is necessary to know the number of temperatures of the second sample
1=2; t2=1;
while 1<m do
if abs(Y(1,1)-Y(1-1,1))>0.8
t2=t2+1;
end
1=1+1;
end
//We get the number of different fields for the second sample
h2=m/t2;
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//We store field, temperature and magnetization in the following matrix for the first sample:
for i=1:hil
T1(1:t1,1)=X(i:h1:$,1);
H1(1:t1,1)=X(i:h1:$,2);
M1(1:t1,1)=X(i:h1:$,3);
end
//We store field, temperature and magnetization in the following matrix for the second sample:
for i=1:h2
T2(1:t2,1)=Y(i:h2:$,1);
H2(1:t2,1)=Y(i:h2:$,2);
M2(1:t2,1)=Y(i:h2:$,3);

end
//We interpolate M1 for the T2 and H2 values
for i=1:h1
Magn(1:t2,i)=interp1(T1(1:$,1) ,M1(1:$,1),T2(1:$,1), spline’);
end

//We do the weighted average
Z=axMagn+(1-a)*M2;
//We call MCE function to obtain the MCE properties of the combined system
call mce(Z,s,ncampos,const,f,b,X0)
endfunction

function adiabatica(X,Y)

//This function obtains the adiabatic entropy change from the temperature depence of the
//total entropy, and the DS(T,H) data, as the isentropic distance between two isofield
//curves for H=0 and H of the entropy-temperature diagram.

//Input:
//X: S(T) obtained from heat capacity measurements
//Y: DS(T,H1,H2,..... Hn) data

n=size(Y,1);

m=size(Y,2);

//We interpolate the entropy at zero field in the temperature range of DS
Sinter(1:n,1)=interpl1 (X(1:$,1),X(1:$,2),Y(1:$,1)’,’spline’)’;
//Calculation of the total entropy (S(T,H=0)+DS) at the DS temperatures
for j=2:m
Stot(1l:n,j)=Sinter(1:n,1)+Y(1:n,j);
end
//Interpolation of the temperatures of the entropy at zero field for the values of the
//total entropy
for j=1:m-1
Tinter(1l:n,j)=interpl(X(1:$,2),X(1:$,1),Stot(1:n,j+1)’,’spline’)’;
end
//DT_adi is the difference between the temperatures at zero field and at field H for the
//same value of H

for j=1:m-1
DT(1:n,j)=Tinter(1:n,j)-Y(1:n,1);
end

endfunction
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