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rady by tato práce nemohla vzniknout.



I declare that I carried out this doctoral thesis independently, and only with the

cited sources, literature and other professional sources.

I understand that my work relates to the rights and obligations under the Act

No. 121/2000 Coll., the Copyright Act, as amended, in particular the fact that

the Charles University in Prague has the right to conclude a license agreement

on the use of this work as a school work pursuant to Section 60 paragraph 1 of

the Copyright Act.

In Prague date ............ signature of the author
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Abstrakt: Práce se věnuje studiu magnetokalorických vlastnost́ı sloučenin vy-

kazuj́ıćıch neobvyklé magnetické vlastnosti. Studované systémy jsou TbNiAl,

(Tb,Y)NiAl, TbNi(Al,In), TbFeAl, GdFeAl, sloučeniny odvozené od Ni2MnGa

a amorfńı kovová slitina Gd-Co-Al-Y. Vliv magnetokrystalové anisotropie byl

studován na monokrystalickém vzorku sloučeniny TbNiAl. Maximum změny en-

tropie bylo naměřeno při orientaci pole podél osy c a v porovnáńı s polykrys-

talickým vzorkem došlo k nár̊ustu o 100%. Substituce Y a In vedly ke změně

magnetického uspořádáńı. Obě substituce vedly k nár̊ustu RCP studovaného ma-

teriálu. Sloučeniny TbFeAl a GdFeAl, charakteristické částečným neuspořádáńım

atomů Fe a Al, vykazovaly magnetokalorický jev v široké teplotńı oblasti což

vedlo k zaj́ımavým hodnotám RCP ∼ 350 J kg−1. Velmi široká oblast magne-

tokalorického jevu byla pozorována také na amorfńım kovovém materiálu Gd-

Co-Al-Y. V práci byl studován vliv substituce Er na sloučeniny odvozené od

Ni2MnGa, které vykazuj́ı strukturńı přechod spojený s inverzńım magnetokalo-

rickým jevem. V práci je dále popsána metoda př́ımého měřeńı adiabatické změny

teploty a zař́ızeńı pro jej́ı měřeńı vyvinuté ve spolupráci s FZU AVČR, v.v.i.
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Title: Magnetocaloric properties of rare-earth compounds

Author: RNDr. Jǐŕı Kaštil
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Supervisor: Doc. Pavel Javorský, Dr., Department of Condensed Matter

Physics (32-KFKL)

Abstract: This work presents study of magnetocaloric properties of compounds

exhibiting unusual magnetic characteristics. Several systems were studied: Tb-

NiAl, (Tb,Y)NiAl, TbNi(Al,In), TbFeAl, GdFeAl, Ni2MnGa based compounds

and amorphous metallic alloy Gd-Co-Al-Y. Influence of magneto-crystalline aniso-

tropy on magnetocaloric effect was studied on singlecrystalline sample of TbNiAl

compound. The maximum of entropy change was measured with orientation of

magnetic field along c axis and compared to polycrystalline sample a 100% in-

crease was observed. Substitutions of Y and In in TbNiAl led to a change of

magnetic ordering. Both substitution led to increase of RCP values of studied

material. TbFeAl and GdFeAl compounds, characterized by partial disorder of Fe

and Al atoms, showed magnetocaloric effect in wide temperature region which led

to interesting values of RCP ∼ 350 J kg−1. Very broad region of magnetocaloric

effect was also observed on amorphous metallic material of Gd-Co-Al-Y. The ef-

fect of Er substitution in Ni2MnGa based compound on its magneto-structural

transition, connected with inverse magnetocaloric effect, was studied. The direct

measurement method of adiabatic temperature change is described and instru-

ment for such measurement, developed in collaboration with FZU AVČR, v.v.i.,

is presented.
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1. Introduction

After the first experimental observation of adiabatic temperature change the mag-

netocaloric effect was used as a useful technique to determine the zero field spon-

taneous magnetization, which was very important quantity hardly accessible by

experiments due to the domain structure of a sample. Weiss formulated the de-

pendence of adiabatic temperature change, ∆T , on a magnetization of sample

[1].

∆T = a(M2

H −M2

0 ) (1.1)

Where M2
H is a magnetization of a sample in given magnetic field H , M2

0 is

the spontaneous magnetization in zero field and a is a constant. Simultaneous-

ly the magnetic cooling at low temperature has been developed. Debye (1926)

and Giauque (1927) were independently working on method of adiabatic demag-

netization. A few years later, in 1933, W. F. Giauque and D. P. MacDougall

performed an experiment at which they reached 0.25 K by demagnetization of a

paramagnetic salt of Gd [2]. The Nobel price was given to the W. F. Giauque

in 1949 among others for the research of magnetocaloric effect. The study of

magnetocaloric properties presents complex investigation of variety of physical

and magnetic characteristics of material.

In last several decades there is growing interest in research of MCE mainly due to

its practical application in magnetic refrigeration and heat pump technology (oth-

er applications were also suggested for example medical applications and energy

conversion through magnetic transitions). The possible use of this interesting

property of magnetic solids in cooling techniques is expected to significantly re-

duce energy consumption with much smaller environmental damage (for example

we can look on energy consumption of USA households [3] - data obtained in

2009:∼ 42 % of energy was used for space heating, ∼ 6 % for air-conditioning

and ∼ 5 % for refrigeration). In the context of future trends it is interesting to

note also changes of laws in some European countries concerning the regulation

of coolants due to the environmental concerns. The magnetocaloric refrigeration

can be considered as a one of very few possible alternatives in the future to sup-
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plements technologies utilizing potentially dangerous coolants. Basic principle

of magnetic cooling is illustrated on Fig. 1.1. The great advantage of magnetic

refrigerants is possibility of extremely quiet operation without mechanical vibra-

tion which can be very important for certain application like for example sensor

cooling.

Interesting field of research from our point of view is development of magne-

tocaloric materials. Large variety of new materials were prepared and examined

to determine their magnetic and magnetocaloric properties and large number of

known magnetic material were re-examined and their magnetocaloric potential

was studied. Number of review papers on the topic of MCE were published in last

several years [4–11]. On fig. 1.2 is a small example of different kinds of materials

investigated around room temperature and comparison of their magnetocaloric

isothermal entropy change taken from corresponding literature. Three points are

plotted for each material to visualize the absolute maximum as well as the Full

With at Half Maximum of corresponding temperature dependence of ∆S(T ). The

values of ∆S are normalized on field change at which they were measured. Such

presentation is little bit misleading or simplistic however it is clear at fist glance

that the materials can be divided in two main groups depending on their entropy

change. The so called giant magnetocaloric materials characterized by large en-

tropy change in narrow temperature region around their transition temperature.

The MCE of these materials is connected to a first order transition usually of

magneto-crystalline origin. Although the discovery of these materials at the end

of last millennium boost the interest in room temperature magnetic refrigeration,

most of the prototypes are still using pure Gd which belongs to the second major

group of magnetocaloric materials and become a kind of benchmark material.

The MCE of this second group takes origin in second order magnetic transition

and is characterized by broad maximum around the transition temperature. In

last years another interesting group starts to emerge – metallic glasses. The MCE

of metallic glass can be observed in incredibly wide temperature region with ab-

solute values comparable to that of Gd. Together with their variety of mechanical

and chemical properties (e.g. corrosion resistance) they present high potential for

application in magnetic cooling technology.
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Figure 1.1: Schematic diagram of magnetic cooling cycle. At the beginning we

have a working material at room temperature in zero magnetic field. (1) The

material is adiabatically magnetized and due to the magnetocaloric effect its

temperature is increased. (2) The heat is transfered from the working material

to a heat exchanger so the temperature is decreased back to room temperature.

(3) The working material is adiabatically demagnetized and due to the magne-

tocaloric effect its temperature is decreased. (4) The working material can absorb

heat from space we want to cool and its temperature is increased back to starting

point.
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Figure 1.2: Entropy change of different material as presented in literature [12–27].

At this point we can shortly mention two of the most known brake-trough mag-

netocaloric materials whose discovery strongly motivated researchers around the

world in further investigation of MCE and near room temperature magnetic refrig-

eration. Gd5Si2Ge2 based compounds [16, 26, 28] presents an example of magneto-

structural transition connected with giant magnetocaloric effect (GMCE). The

physics in this compound is very complex. The material forms a layered struc-

ture, where a−c planes of Gd -Si(Ge) are connected by Si(Ge)-Si(Ge) bonds. De-

pending on temperature, pressure, composition and magnetic field, the coupling

can be broken in sharp transition. The formation and breach of the inter-layer

Si(Ge)-Si(Ge) bonds is joined with tremendous mutual shift of the Gd layers.

As the Si(Ge)-Si(Ge) takes part also in magnetic exchange interaction the re-

construction of the bonding can be influenced by magnetic field and the magne-

to response phenomena are presented - giant magnetocaloric, magnetoresistance

effects or colossal magnetostriction. An other group of materials with joined

magneto-structural transition are for example Heusler Ni2MnX (where X = Ga,

In and Sn) based compounds.

La(Fe,Si)13 family of compounds belongs to GMCE materials as well [12, 29]. In

this case the Itinerant Electron Metamagnetic (IEM) transition of first order is
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giving rise to pronounced magneto-responsive phenomena. To shortly adumbrate

the origin of such transition we can refer to the Bean Rodbell model [30]. The

model expects strong dependence of magnetic interaction on the inter-atomic

distances and thus the free energy of the system can be lowered by distortion of

the crystal lattice. The Currie temperature, TC , of the distorted lattice is higher

than it would be in original lattice. As TC is approached, the magnetic ordering is

diminished as well as the distortion of the lattice. The system restores the original

lattice for which the TC is lower and as a result the first order transition appears

from ferromagnetic do paramagnetic state joined with corresponding magneto-

volume change and potentially connected with large entropy change as in the case

of La(Fe,Si)13. The magnetic properties of this family can be modified by various

substitution or hydrogen absorption.

In my work I will present a study of magnetocaloric effect of different materials

depending on their structure, chemical composition, substitution, magnetic field

and external pressure. Presented systems belong to rare-earth based compounds

with complex magnetic behavior manifested by unusual temperature dependence

of magnetization or existence of metamagnetic and magneto-structural transi-

tions. Second idea of the work is to follow the magnetocaloric properties of sam-

ples of different degree of structural ordering. We continue from ideally ordered

TbNiAl compounds though partially disordered TbFeAl and GdFeAl compounds

to fully amorphous sample of Gd based metallic glass. I will also describe in

detail a direct measurement of magnetocaloric adiabatic temperature change and

instrument which I have been developing during my PhD studies with colleagues

from FZU ASCR, v.v.i.. The short introduction of magnetism and magnetocaloric

effect is given in first chapters of this work. The experimental setup and measure-

ment techniques as well as sample preparation procedures are described in second

chapter with emphasis on the direct measurement. The chapter concerning the

own results is divided to subsections uniting related topics. Short conclusion is

given at the end of the work.
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2. Theoretical Background

2.1 Magnetism in solids

Several quantities are used in description of magnetism. The magnetic field is

in physics described by two related vector fields B and H . The magnetic field

is produced by moving electrical charges and its variation in space are given by

Ampére–Maxwell equation.

rotB = µ0

(

J + ǫ0
∂

∂t
E

)

(2.1)

The magnetic field (intensity) H is measured in [Am−1] and it describes the

magnetic field in free space. The magnetic field (induction) B takes units of [T]

and in free space it is proportional to H (B = µ0H). As example we can estimate

the magnetic field in center of a solenoid with n turns per one meter of a wire

produced by electric current I.

H = nI (2.2)

Often the H is given in unit [Oe] which belongs to cgs unit system and the

conversion factor to SI is 103/(4π) Am−1 = 1 Oe.

Magnetic moment m has a SI unit [Am2]. The simple example of a dipole magnet-

ic moment is infinitely small electric current loop. Electric current occurs because

of motion of electrical charge, for example motion of electrons in atoms. The mo-

tion of particle with a mass is also connected with angular momentum. These tow

quantities are proportional to each other by gyro-magnetic ratio.The magnetic

moment of a 1s electron (of hydrogen atom) corresponds to Bohr magneton

µB =
eh̄

2me

= 9.27400968(20) × 10−24Am2 (2.3)

The Bohr magneton is therefore useful measure in description of magnetic mate-

rials and is frequently used. Some of the elementary particles possess an intrinsic

magnetic moment connected to their quantum property - spin. Spin number of

an electron is equal to 1/2 which gives rise to a magnetic moment of gµB/2 along

a given axis, where g is g-factor and can be approximated by 2.
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Magnetization is a quantity describing the density of magnetic moment in a ma-

terial. SI unit of magnetization is [Am−1]. We can also see [µB/f.u.] in the

literature, where f.u. stands for formula unit, because of its convenience. To con-

vert these units it is necessary to know the volume of a unit cell of the material

in question.

Response of a material on the applied magnetic field is given by magnetic sus-

ceptibility. The magnetic susceptibility is a dimensionless quantity in SI system.

χ =
∂M

∂H
(2.4)

Both magnetization and magnetic susceptibility are function of thermodynamic

quantities as temperature T , pressure p and magnetic field H . If the moments

inside a material will have no interaction the dependence of susceptibility and

magnetization on temperature will be rather featureless and such material will

behave paramagnetically at all temperatures. The existence of various interaction

in real materials however lead to extremely diverse magnetic behavior from sim-

ple ferromagnet to complicated noncollinear magnetic structures, magnetically

frustrated systems or spin glasses.

Essence of long-range order is exchange interaction. The exchange interaction

originates from basic electrostatic interaction of electrons which has the same

charge. Simple example is two electron system. It can be found that two electron

system can be described by singlet state ψS with spin S = 0 or triplet state ψT

with sipn S = 1. Energy of the states can be expressed as:

ES =

∫

ψ∗
SHψSdr1dr2 (2.5)

ET =

∫

ψ∗
THψTdr1dr2 (2.6)

where H is Hamiltonian of the system and r1, r2 are spatial coordinates of the

two electrons respectively. The exchange interaction is then defined by

J =
ES − ET

2
(2.7)

If J > 0, ES > ET the triplet state is favored. The singlet state is favored if

J < 0. With the help of spin operators Si we can write the spin-dependent part
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of the Hamiltonian in form

Hspin = −2JS1 · S2 (2.8)

In materials we speak about direct exchange interaction when electrons of neigh-

boring ions interact directly with each other.

In the rare-earth compounds the direct interaction is not often observed as the 4f

electrons are usually located near its ion and are also well screened by 5d and 6s

electrons. Also in case of 3d metal the overlap of the electron states is small to

expect only the direct exchange interaction to be responsible for the long-range

magnetic order and some indirect exchange interaction can take place. Magnetic

ordering in intermetallic compounds of rare-earth is usually understand in scope

of RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction. We can imagine that

the magnetic moment in rare-earth compound is localized at the position of rare-

earth atoms and is surrounded by the gas of conduction electrons. We can try to

look on the response of the conduction electrons to the magnetic field produced

by the localized moment. The magnetic field can be written in form

H(r) = δ(r)H =
1

(2π)3

∫

Hqe
iq·rd3q (2.9)

where the right equation is Fourier transform of the δ function. The susceptibility

of the electron gas is q dependent and has oscillating character in real space

χ(r) =
1

(2π)3

∫

χqe
iq·rd3q =

=
2k3FχP

π

−2kF rcos(2kFr) + sin(2kF r)

(2kF r)4
(2.10)

So depending on the distance of rare-earth atoms the interaction can vary in size

and sign (can be ferromagnetic or antiferromagnetic).

Beside the RKKY interaction there are several others indirect exchange mecha-

nisms. The superexchange interaction is responsible for magnetic order in com-

pounds with magnetic and nonmagnetic atoms like transition metal oxides. The

interaction of two magnetic atoms is mediated by a nonmagnetic one. The prin-

ciple of the superexchange interaction lies in energy gain due to delocalization of

electrons which can hop between nonmagnetic ion and transition metal ion. With
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few exceptions the superexchange interaction is usually antiferromagnetic. Due

to the involvement of anisotropic orbitals of nonmagnetic atom the interaction

strongly depends on a mutual position of individual elements. In transition metal

compounds with mixed valency, the ferromagnetic double exchange interaction

can exist. The ferromagnetic arrangement allows hopping of electrons and again

saves kinetic energy.

In some materials it is possible for the spin-orbit coupling to generate an excited

state of the magnetic ions. The hopping of electrons can then take place from one

magnetic ion to the excited state of the other. This interaction is called anisotrop-

ic exchange interaction or Dzyaloshinsky-Moriya interaction. This mechanism

can lead to slight tilt of the magnetic moments and can be observed in some

antiferromagnetic material.

The interactions are leading to alignment of all magnetic moment in specific mu-

tual orientation and depending on the type and strength of the interaction the

long-range magnetic ordering follows. At non zero temperatures the interaction

has to overcome the thermal fluctuation or the magnetic ordering will vanish –

at certain temperature the magnetic phase transition takes place. The partic-

ular temperature evaluation of magnetization and magnetic susceptibility differ

material to material and can be extremely complex.

2.2 Phase Transitions

Matter can exist in different state with different physical properties. Although

the most common examples are solid, liquid and vapor state, we can distinguish

for the same solid or liquid substance many distinct forms with different physical

properties - called phases. Appearance of magnetic order at Curie temperature of

ferromagnets is example of phase transition. These phases can change one to each

other in a process of phase transition. The state of a system can be described by

thermodynamic potentials and the derivatives of these potentials determine the

physical properties. It is obvious that a change of some property at the phase
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transition has to be reflected also on the thermodynamic potential itself or on

its derivative. In 1933 P. Ehrenfest proposed a classification of phase transition

based on the discontinuities of thermodynamic potentials and their derivatives.

Two basic groups can be distinguished:

First-order transitions - are connected with a jump in first order derivatives of

the thermodynamic potentials (for example entropy S, volume V and magneti-

sation M). Latent heat of a transition is accompanied with the discontinuity of

entropy which put all transition connected with latent heat to this category. The

undercooled or overheated state can be observed at first order transition.

Second-order transitions - At these transitions the thermodynamic potentials

and the first derivatives are continues, but some of the second derivatives ap-

proaches zero or infinity at the transition temperature. Examples of second order

derivatives are heat capacity c, compressibility κ and magnetic susceptibility χ.

There is no coexistence of phases at the transition and the system continually

goes from one phase to another.

In presented classification there can be defined also other higher order transitions

usually referred as multicritical phenomena connected with discontinuity in higher

derivatives of the potential.

One simple and elegant theory of critical behavior at phase transition was given

by L. D. Landau. The thermodynamic potential (Free energy, F ) near the critical

point was proposed as a power series of order parameter and the critical properties

of a system was derived.

Magnetic and especially magnetically induced transitions are of particular interest

for us as the MCE of the studied materials has the maximum at the transition. For

better clarity let me explicitly state that the phase change at magnetically induced

transition can be summoned also by applied magnetic field. Differences of first

and second order transition are very well reflected on MCE. In case of first order

transition we have a critical field at which one phase is transformed to another.

The MCE of either phase is usually negligible, however, the phase change at Hc

itself is accompanied by significant entropy change. The temperature dependence

11
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Figure 2.1: Schematic temperature dependence of entropy change at first order

phase transition.

of entropy change has very distinct table like character shown on figure 2.1 - with

increasing field the maximum of entropy change is only slightly influenced but the

width of the peak is increasing as the Hc is reached in broader temperature region.

The magnetocaloric temperature change, ∆T (T ), as well as the entropy change

have similar dependence on absolute temperature. This temperature dependence

is often call table-like. Example of ∆T (T ) for La0.6Pr0.4Mn2Si2 is presented on

Fig. 2.2. The table like transition is not always seen at first order transition. The

example can be some off-stoichiometric Ni2MnGa based compound. The reasons

are a distribution in critical field or significant MCE of low- and high-field phase.

At the second order transition there is no critical field and the phase is changed

continually. The temperature dependence of MCE does not show a table like

shape and the maximum of entropy change is proportional to applied field change,

see Fig. 2.3.

In the next chapters we will also speak about metallic glass. Although the for-

mation of glass is connected with discontinuities of second order derivatives of

thermodynamic potentials, like heat capacity or thermal expansion coefficient, it

does not belong among thermodynamic transitions. It is, in fact, absence of a

thermodynamic phase transition and appearance of non-equilibrium phase. Exis-
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tence of non-equilibrium state, suppression of phase transition by fast cooling can

be nicely understand though process of nucleation of seeds of crystals in the liquid

melt which then grows until a whole volume of the liquid is transformed. The

rate of nucleation has a maximum in temperatures just below transition temper-

ature and when the temperature is decreased further the nuclei is growing slower.

In the same time the viscosity of the liquid phase is decreasing with decreasing

temperature and the time needed for particle to change its position with respect

to its surrounding increases and diverge at finite temperature T0 as described by

Vogel-Fulcher law. The liquid ”freezes” at a glass transition temperature Tg and

forms non-equilibrium state whit a nonzero shear modulus but without log-range

order. More detailed and precise description of glasses can be found in literature

concerning soft matter physics, for example [31].

2.3 Magnetocaloric effect

Magnetocaloric effect is observed as temperature change of a material when it is

magnetized or demagnetized under adiabatic condition. It can be also described

by isothermal entropy change. Although the discovery of magnetocaloric effect

has been dedicated to E. Wardburg in the last decades, the history is more com-

plicated [32]. The theoretical prediction of temperature change of a ferromagnetic

material around a transition where its magnetization disappears can be traced

back to William Thomson [33]. E. Wardburg was aware of this ’Thomson’ con-

tribution and during his studies of thermal effects induced by changing magnetic

field in ferromagnetic materials (known as Wardburg’s law), he and his cowork-

er stated that the effect is too small and below sensitivity of their experiment

[34]. The first actual observation of the magnetocaloric effect was presented by

P. Weiss and A. Piccard on Ni samples [35] when they were studying different

aspects of newly formed molecular field theory of magnetism.

Beside the magnetocaloric effect, magnetic field change can influence the sample

temperature also by dissipation of heat due to hysteresis losses (described by War-

burg’s law) and by a heating caused by eddy currents. These effects are usually
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Figure 2.4: The illustrative evolution of the entropy in zero and applied mag-

netic field. The full and doted lines represent the adiabatic temperature change

and the isothermal entropy change, respectively. The picture corresponds to a

ferromagnet or a paramagnet.

small compared to magnetocaloric effect at temperatures around magnetic tran-

sitions. But, the main difference between the effects is that the magnetocaloric

effect is, in general, reversible and the opposite value of sample temperature

change is observed during magnetization and demagnetization.

As a simple example for a demonstration of magnetocaloric effect, we can take

a set of microscopic magnetic moments which are placed on individual atoms of

magnetocaloric material. The microscopic magnetic moments are subject of ran-

dom thermal oscillations at any finite temperature. When applying the magnetic

field the moments are forced to align to the magnetic field direction and the energy

of the moments is changed. In crystalline material the energy can be transferred

via spin-lattice coupling and we can observe a corresponding temperature change

of the material.

The schematic temperature dependence of the entropy for the para- or ferro-

magnetic material is shown in Fig. 2.4. The full and dotted lines in the Fig.

2.4 represents the adiabatic temperature change ∆T and the isothermal entropy

change ∆S, respectively. In case of a material in a paramagnetic or a ferromag-

netic state the isothermal change of entropy is negative and the adiabatic tem-
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perature change is positive when increasing the magnetic field. The isothermal

change of entropy is positive and the adiabatic temperature change is negative

for antiferromagnetic materials and we speak about inverse magnetocaloric effect.

The magnetocaloric effect reaches maximum when the ordering of the magnetic

moments changes very rapidly with a small change of the magnetic field.

The fundamental thermodynamic relations are important to understand the mag-

netocaloric effect properly. The Gibbs free energy is generally given by following

equation:

G = U − TS + pV −MB, (2.11)

where the U is internal energy, T is temperature, S is entropy, p is pressure, V

is volume, M is magnetization and B represents the magnetic field. Entropy S,

magnetization M and volume V can be expressed as the first derivative of the

Gibbs free energy 2.11 and following equations can be written:

S(T,B, p) = −

(

∂G

∂T

)

p,B

, (2.12)

M(T,B, p) = −

(

∂G

∂B

)

T,p

, (2.13)

V (T,B, p) =

(

∂G

∂p

)

T,B

. (2.14)

The entropy differential can be written in the form:

dS =

(

∂S

∂T

)

p,B

dT +

(

∂S

∂p

)

T,B

dp+

(

∂S

∂B

)

T,p

dB. (2.15)

The first two parts of the sum in 2.15 can be expressed as:
(

∂S

∂T

)

p,B

dT =
cB,p

T
dT,

(

∂S

∂p

)

T,B

dp = −αV dp, (2.16)

where cB,p is the heat capacity in constant magnetic field and constant pressure

and α is the coefficient of the volume thermal expansion. The equation 2.15 for

the adiabatic-isobaric process (dS = 0, dp = 0) takes the following form:
(

∂S

∂B

)

T,p

dB = −
cB,p

T
dT. (2.17)

The magnetization isotherms or the heat capacity measurements are very often

used to enumerate the magnetocaloric effect. To evaluate measurements we need
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one of the Maxwell relations

(

∂S(T,B)

∂B

)

T,p

=

(

∂M(T,B)

∂T

)

B,p

(2.18)

and for heat capacity measurement we make use of its definition

cp = T

(

∂S

∂T

)

p

(2.19)

The Maxwell relation (2.18) expresses the mathematical fact that the second

derivatives of the Gibbs free energy can be switched if they are smooth. In

another words, we use mathematical identity

∂2f

∂x∂y
=

∂2f

∂y∂x
(2.20)

Due to mathematical constrains of this identity the Maxwell relation holds only

for systems which undergo the second order transition and not for systems with

the first order transition.

The equation 2.18 can be integrated and the final relations to calculate the ∆Sm

from the magnetization isotherms takes following form (considering field change

from 0 to Bf ):

∆Sm =

∫ Bf

0

(

∂M(T,B)

∂T

)

B

dB. (2.21)

The integration of 2.19 gives

S = S0 +

∫ T

0

(

cp(T
′

, B)

T ′

)

dT
′

, (2.22)

where S0 is field independent. If we know the heat capacity in two different

magnetic fields, we can calculate the isothermal entropy change at temperature

T by subtracting the appropriate integrals:

∆Sm =

∫ T

0

(

cp(T
′

, B0) − cp(T
′

, B1)

T ′

)

dT
′

. (2.23)

The magnetization and heat capacity measurements are not continues and we

can use the rectangular method of integral enumeration. Equations 2.21 and 2.23

can be written as follows:

∆SM(Tav, HN) =

N−1
∑

l=1

M(Ti+1, Hl) −M(Ti, Hl)

Ti+1 − Ti
(Hl+1 −Hl), (2.24)
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∆SM (TN , H1) =

N−1
∑

l=1

c(Tl, H0) − c(Tl, H1)

Tl
(Tl+1 − Tl) , (2.25)

where Tav is the average of the temperatures Ti and Ti+1. Another numerical

method is the trapezoidal method. This method uses the trapezoids in place of

rectangular to approximate the area below the integrated curve. The difference

is negligible for large N and both methods give similar results.

In order to evaluate MCE from magnetization measurement at the first order

transition the use of magnetic Clausius-Clapeiron (CC) equation was suggested

to be appropriate.

∆S = −∆M
dHc

dT
(2.26)

The equation (2.26) is derived from equivalence of the thermodynamic potentials

G of both phases at the transition. The transition point is a crossing between

the Gibbs energy of the low temperature phase Gph1(T ), smaller at low temper-

ature, and high temperature phase Gph2(T ), smaller at higher temperature. The

relation (2.26) holds for first order transition. The MCE of the starting or final

phase, not connected to the phase transition, is not taken into account by relation

(2.26). From deriving of (2.26) it is obvious that the thermodynamic equilibrium

is necessary otherwise the equality of thermodynamic potentials G is not fulfilled

(which can be a case when significant hysteresis is observed at the transition).

The reformulation of Maxwell relation was suggested for example in [36]. Mea-

sured magnetization isotherms are investigated in three regions - below critical

field of transition, at the transition and in region after the transition.

An approach based on Landau theory can be also used in case of the first order

magnetic transition [36, 37]. The magnetic entropy can be expressed in form

of derivative of the Landau expansion of the Gibbs potential G with respect to

temperature.

SM(T,H) = −

(

∂G

∂T

)

H
(

∂G

∂T

)

H

=
1

2

dA(T )

dT
M2 +

1

4

dB(T )

dT
M4 +

1

6

dC(T )

dT
M6 (2.27)

where A, B and C are the Landau coefficients. The magneto-volume effects

are accounted for in the temperature dependence of the Landau coefficients [38].
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Similarly, the results of mean-field theory can be used to approximate entropy of

the material based on performed magnetic measurement. The Landau coefficients

can be obtained by a fitting of the magnetic measurement using magnetic state

equation derived by minimizing the Landau expansion of G with respect to M .

H

M
= A(T ) +B(T )M2 + C(T )M4 (2.28)

The joint magneto-structural transitions can not be easily described by neither

of these methods and a separation of individual contributions to the entropy is

not straightforward. The change of crystal lattice is connected with additional

entropy change which is not reflected in magnetic Clausius-Clapeiron equation

neither is completely described by Landau expansion. The direct measurement

of MCE is extremely important and a careful evaluation of indirect measurement

has to be done to avoid an overestimation of MCE.

To compare different magnetocaloric materials we can use relative cooling power

(RCP ) – RCP reflects not only the absolute maximum of the MCE, but also

the width of its temperature dependence. It does not correspond to an exact

amount of heat which can be transferred in one cooling circle, but it takes a unit

of J kg−1. The RCP is very important for the real application. It is defined as

a product of the maximum entropy change (∆Smax) and the full width at half of

the maximum of the temperature dependence of the entropy change (δTFWHM):

RCP = ∆Smax ∗ δTFWHM . (2.29)

The RCP was for the first time proposed by Gschneidner and Pecharsky [9].

Similar quantities were introduced in the literature, for example the refrigerant

capacity RC calculated by integration of ∆S(T ) in temperature range around its

maximum.

It is also useful to be able to compare direct temperature change with entropy

change of studied materials. For rough estimation of isothermal entropy change

based on direct temperature change measurement we can use a heat capacity
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data:

∆T =

∫ B1

0

T

cp(B, T )

(

∂M(T,B)

∂T

)

B

dB

∆S(∆H, T ) ∼
∆T (∆H, T )cp(H = 0, T )

T
. (2.30)

Such equation (2.30) completely neglects the magnetic field dependence of the

heat capacity, but as the heat capacity in magnetic field varies in range of a few

percent, the result can be considered as a reasonable approximation.
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3. Experimental Methods

Major part of this chapter is dedicated to description of the direct measurement

technique of MCE and especially to an instrument developed at ASCR mainly

by Jǐŕı Kamarád and myself [39]. The basic physical background concerning the

understanding of the measurement technique and obstacles which had to be over-

come is given. Individual parts and the resulting experimental arrangement for

direct measurement of magnetocaloric effect are described. The functionality of

our device is illustrated by results of calibration measurements and measurements

of substituted Ni2MnGa compounds which are excellent example of systems where

the direct measurement is of particular importance.

Next sections deal also with the preparation and characterization of samples. All

measurement techniques of variety of physical properties used during the work

are shortly described in following sections of this chapter.

3.1 Sample preparation

The first step in our work represents synthesis of a given material of the right

stoichiometry and good homogeneity. All studied samples of intermetalic com-

pounds were prepared by melting the pure elements. To prepare a polycrystalline

material, the pure elements were placed inside an arc-furnace on a water cooled

coper crucible in the ratio of nominal composition. The furnace was evacuat-

ed and filled with protective argon atmosphere of a high purity. The elements

were melted by electric arc. Water cooled tungsten electrode was used to avoid a

contamination of the samples. The resulting ingot was turned upside down and

the melting process was repeated several times to obtain homogeneous material.

In some cases the melting of pure titanium preceded the preparation to gather

potential impurity gases in argon. Samples obtained by this process are labeled

as ”as-cast” samples. If the detected homogeneity or obtained phases are not the

required one, the annealing at different temperature and for different time was
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used to allow the materials to homogenize or even to recrystallize. The annealing

is described for each sample in the chapter Results and discussion.

The Czochralski process was used for preparation of single-crystal of TbNiAl.

Principle of the method is to introduce a seed into a melt of desired material and

then slowly and continually pull the seed out of the melt to allow the formation of

an interface between the melt and solid seed/crystal at which the crystallization

takes place and the crystal is growing. The process is usually slow with puling

speeds ranging from few millimeters per hour to about 25 millimeters per hour for

intermetalic compounds. The production of high quality single-crystals of silicon

for semiconductor industry is the most common application of the method. The

process is applicable for congruently melting materials. We used tri-arc furnace

with water cooled copper crucible for realization of the process. The electrodes

are equidistantly placed around the crucible. The preprepared polycrystalline

material is used as a starting material. The furnace is evacuated and filled with

high purity argon gas to avoid any contamination of the melt. Before the grow

process begins, the material is melted and kept for about an hour to ensure

homogeneity. We used a tungsten seed to start the crystal growth. To obtain

good single-crystal we utilized the method of necking as the seed and the material

do not have the same crystal structure. During the necking, the diameter of the

crystal ingot is decreased by increasing the temperature of the melt. As the

diameter decreases, only one grain is allowed to continue in growth. The others

potential grains end at the sides of the ingot. The diameter of the ingot is

then increased again. At the end of the growth, the diameter of the crystal is

continually decreased until it is separated from the rest of the melt.

For preparation of amorphous sample we used the so called splat-cooling method.

Small amount of preprepared polycrystalline material is placed inside the working

chamber on a water cooled plate. The sample is then melted by electrical arc in

argon atmosphere. When the sample is liquid it is allowed to fall between two

anvils which splat the sample in flight. Very thin cylinder is formed through this

fast cooling process.
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3.2 Sample characterization

3.2.1 Energy-Dispersive X-ray Analysis

At the beginning of 20th century H.G-J. Moseley studied wavelength of x-ray

emitted from a various samples when subjected to electrons bombardment [40].

As a result he formulated the Moseley’s law. He also noticed that sometime when

the sample should be single element the spectral lines corresponding to another

element are present and attributed this observation to a presence of impurity in

the sample. Moseley was also the first who suggested that such experiment can be

used for chemical analysis [41] and today we speak about the Energy-Dispersive

X-ray Analysis (EDX).

Electrons in atom occupy different states (orbitals) depending upon their quan-

tum numbers. For simplicity we can imagine the Rutherford-Bohr model where

the electrons are moving in a circular orbits around their nucleus. These quan-

tum states are named by letters starting from nearest orbital K and continuing L,

M and etc. It is extremely simplified and more complicated structure than just

several orbitals exists in real atoms, bat the principle of EDX can be described in

this picture. The orbitals, between others, have different bonding energy of their

electrons. When an atom interacts with electron beam of high enough energy

an electron occupying some orbital can take energy from the beam and leave the

atom. The atom will be in excited state and it can reduce its energy by allowing

an electron from other orbitals to fill the gap in lower energy state and emit a

photon with energy corresponding to a difference between initial and final state

of the ion. For example when the electron from LIII sub-orbital fills a gap in K

orbital, we speak about Kα1 spectral line and the corresponding wavelength of

the process in copper is λCu
Kα1

= 0.1540562 nm. The emitted radiation is in range

of x-ray spectrum. The wavelength of x-ray emitted at the same transition is

always the same for the same chemical element and thus the emission is called

characteristic x-ray. Consequently, by analyzing the x-ray spectrum produced

by a sample exposed to high energy electron beam it is possible to obtain the

constituent elements and by careful evaluation of intensities of the spectral lines
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also the composition of the sample. More detailed description can be found in

appropriate literature, for example [41].

We performed EDX analysis on several different instruments. The scening elec-

tron microscopes ZEISS–Ultra+, JXA 733 (JEOL) and Tescan MIRA 1 were

used. All microscopes were equipped with EDS Bruker analyzer. The accelerat-

ing voltage of the electron beam was in range from 20 kV to 30 kV in all performed

experiments. In case of Gd-Co-Al-Y glass and Ni2MnGa based compounds we

used standards for precise determination of the stoichiometry. The experiments

were conducted on bulk samples with a polished surface.

3.2.2 X-ray diffraction

The x-ray diffraction experiments were performed for all samples to characterize

the crystal structure and determine the lattice parameters. The phase purity was

also evaluated. Several commercial powder diffractometers with Bragg-Brentano

geometry with Cu Kα radiation were utilized. Most of the measurement were

performed on Bruker D8 Advance and PANalytical Cubix diffractometers. The

obtained diffraction patterns were consequently analyzed with help of FullProf

software [42]. In case of single crystal we performed x-ray Laue experiment to

confirm the single-crystalline nature of the specimen and also to determine ori-

entation of the crystal body with respect to a crystallographic directions.

3.2.3 Resistivity measurement

The standard four probe method was used to measure resistivity of selected sam-

ples. The sample was prepared in rectangular shape with one polished side. Pairs

of leads were connected to each side of the polished surface either by welding or

by silver paste to obtain a good electric contact. The sinusoidally modulated

current was applied through the outer leads and voltage between the inner leads

was measured by lock-in amplifier. The advantage of using the lock-in amplifier

is good noise reduction. The lock-in amplifier select only one frequency multiply-
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ing the reference and measured signal. All potentials EMF voltages due to leads

connection are filtered out. The resistivity is then calculated from the known

current, voltage and sample shape. The frequencies of applied current was rang-

ing from several dozen to several hundreds Hz. New sample holder was prepare

and the experiment were assembled in the cryostat (Janis Research Co.) used for

direct MCE measurement. The accessible temperature range was from 80 K to

480 K and the magnetic field up to 4.7 T can be applied. The low-temperature

measurement was performed in another cryostat with close-cycle refrigerator but

with the same sample holder, so there was no need to remake electrical contacts

on the sample.

3.2.4 Magnetization measurement

The temperature and field dependence of magnetization and magnetic susceptibil-

ity were studied for all samples. The influence of external pressure was also inves-

tigated for several samples. Most of the magnetic measurements were performed

on commercial instrument Magnetic Property Measurement System (MPMS)

from Quantum Design company which utilize the Superconducting Quantum In-

terference Device (SQUID) for extremely sensitive magnetic measurement. De-

pending on the setup the magnetic field up to 7 T are accessible. Some of the

magnetic measurement were also performed on Physical Property Measurement

System (PPMS), from the same company, equipped with extraction coils and

sample transport. Some measurements were also performed on the extraction

magnetometers developed at Institute Néel CNRS [43] with magnetic field rang-

ing up to 10 T.

In the conventional magnetometer the magnetization of the sample is determined

with help of Faraday’s law of induction. When a coil is exposed to a changing

magnetic field, the voltage is generated. For a coil with n turns and cross-section

area a we can write:

V = −na
dB

dt
(3.1)

Where dB/dt is variation of magnetic field with respect to time. The constant
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magnetic field in vacuum is described by B = µ0H . If we insert a magnetic

sample in the coil in presence of a constant magnetic field we can write:

B = µ0(M +H) (3.2)

and the field change is then given as ∆B = µ0M and the voltage is then propor-

tional to the magnetization of the sample.

V dt = −naµ0M (3.3)

The magnetization is consequently obtained from analyzing voltage produced in

an extraction coil when a sample is moved through.

The theory behind the SQUID detectors is more complex and for proper descrip-

tion we refer to appropriate literature, for example [44]. We can simply describe

the operation and construction of RF SQUID as a conductively coupled resonant

circuit and superconducting ring disrupted by one Josephson junction (SQUID).

The rf signal is applied to the circuit which produces a current in the super-

conducting ring. When a small external magnetic flux is applied to the SQUID

(produced for example by sample movement through connected superconducting

pick-up coil), the voltage across the resonant circuit is changed. The voltage

change is extremely sensitive on small magnetic flux changes when the circuit

is properly tuned. The SQUID is then operated with feedback loop as a null

detector of magnetic flux and the value of external magnetic field flux can be

deduced.

3.2.5 Heat capacity measurement

Heat capacity presented in this work was measured on commercial instrument

PPMS from Quantum Design with temperature range from 2 K to 400 K and

magnetic field up to 7 T or 14 T. The measurement is based on the relaxation

method. Small amount of sample is placed on a measurement platform with vac-

uum grease which firstly fixes the sample during the measurement and secondly

ensures better thermal contact between the sample and the platform. Picture of
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Figure 3.1: Puck for heat capacity measurement (Quantum Design). A ther-

mometer and a heater are visible on the sample platform.

the puck (Quantum Design) for the heat capacity measurement is shown in figure

3.1

The relaxation method consists in analysis of thermal response of thermally in-

sulated sample to a well defined temperature pulse. The platform of the puck

is equipped with small heater and thermometer. During the measurement the

heater provides constant heating which leads to a temperature rise of the sam-

ple. After the heater is switched off, the relaxation of the sample temperature is

recorded. The obtained results are then automatically analyzed and the specific

heat of the sample is given. The function used for the analyses of the time depen-

dent thermal relaxation is a one τ (simple model) or two τ model [45]. The simple

model assumes that the sample and the platform are in ideal thermal contact.

ctot
dT

dt
= −Kw(T − Tb) + P (t) (3.4)

Where ctot is the total heat capacity, Kw is thermal conductance of the wires

connecting the puck and the sample platform, t is time, T is temperature of the

sample, Tb is temperature of the puck and P (t) is a power supplied by the heater.

Solution is simple exponential dependence of the temperature on time with a time

constant τ = ctot/Kw.

The two τ model takes into account also the non-ideal thermal contact of the

sample and the platform which gives rise to additional temperature difference
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between sample and sample platform.

cp
dTp
dt

= −Kw (Tp(t) − Tb) + P (t) +Kg (Ts(t) − Tp(t)) (3.5)

cs
dTs
dt

= −Kg (Ts(t) − Tp(t)) (3.6)

where indexes s and p stands for sample and platform.

The temperature dependence of the total heat capacity can be described by the-

oretical models. The total heat capacity contains three main contributions - elec-

tronic contribution cel, lattice contribution clat and magnetic contribution cmag.

The magnetic contribution depends highly on the nature of magnetic interaction

and is very important in the case of the magnetic transitions. The electronic

contribution can be approximated by linear dependence on the temperature with

the slope given by Sommerfeld coefficient γ. The lattice contribution is usually

approximated by Debye model (which more appropriately describes the contri-

bution of three acoustic phonons branches) and Einstein model (which is better

approximation for optical phonons modes). At low temperature region the heat

capacity of material without magnetic transition is dominated by electronic part,

with linear temperature dependence, and the lattice contribution, which can be

simplified to a cubic temperature dependence:

c = cel + clat ≈ γT + βT 3 ,where β =
12π4R

5θ3D
(3.7)

Here R stands for universal gas constant and θD represents the Debye tempera-

ture.

We also utilized the method of Differential Scanning Calorimetry (DSC) for inves-

tigation of some samples. This method records the heat flow between the sample

and the surrounding with respect to a referential sample. It is very sensitive

method for observation of magnetic as well as structural transitions. In case of

the first order transition, the enthalpy or latent heat can be easily determined

from this measurement as an area of a peak in time dependence of the heat flow

corresponding to the transition.
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3.3 Direct measurement of MCE

The idea of this technique is clear - we will measure the temperature change of a

sample as we change the applied magnetic field, however, the real experiment is

little bit more difficult to handle. From the definition of MCE we are interested

in adiabatic temperature change which will need an absolute thermal isolation of

a sample and thus strictly speaking exclude any measurement. In reality we are

trying to approach the ideal adiabatic temperature change as much as possible

by two means. First we need very good thermal isolation and second we change

magnetic field as fast as can be changed.

3.3.1 Thermal isolation

Thermal isolation of sample is crucial for precise measurement of temperature

change induced in sample by means of MCE. Any heat lost or gained by a sam-

ple from it’s surrounding will result in additional temperature change and an

increase of measurement error. It is essential to understand the mechanisms of

heat transfer before a good isolation can be prepared. Main ways of heat ex-

change are radiation, conduction of heat by low pressure gas and heat conduction

in solid in our case.

Radiation

It results from theory of Black Body that all matter at nonzero temperature

emits energy in form of radiation - electromagnetic waves. The intensity of the

radiation is not distributed equally in whole energy spectrum and the wave length

of maximal intensity is dependent on the temperature of the object. This wave

length is given by Wien’s displacement law. Flux density of the radiation follows

Stefan-Boltzmann law:

q̇r = σT 4, (3.8)

where q̇r is the flux density in units of W m−2, σ is Stefan-Boltzmann constant,

and T is absolute temperature of the object. All objects are able not only to emit
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the radiation but also to absorb. If the sample is in thermodynamic equilibrium

with the surroundings the amount of absorbed heat is equal to emitted one. In our

situation we are more interested in heat flux between the sample cooled by MCE

to temperature T1 and its thermal shielding, which is kept at stable temperature

T2 (T1 < T2). Moreover, the surfaces of real object can not be treated as a black

body and additional coefficient should be used in equation 3.8. The resulting

equation describing the heat flux between sample and surrounding is:

Q̇2→1 = σE21A21

(

T 4

2 − T 4

1

)

, (3.9)

where Q̇2→1 is heat flow in units of W, E21 is additional coefficient for real surfaces

and experiment geometry and A21 is a mutual surface (in our experiment where

the sample is completely surrounded by shielding it is surface of the sample).

Usual values of E21 can be found in [46] as well as more extended discussion.

The order of magnitude of this heat exchange can be roughly estimated if we take

E21 = 0.04, A21 = 10−4 m2 and temperature difference of 5 K at temperature of

290 K.

Q̇2→1 = 5.67 × 10−8 · 0.04 · 10−4 ·
(

2954 − 2904
)

[W] = 1.14 × 10−4[W] (3.10)

Conduction of heat by low pressure gas

In normal condition the sample is surrounded by thermal shielding and the space

between the sample and the shield is filled by air. It is possible, from the known

thermal conductivity of the air and temperature of the shielding and sample, to

calculate the heat flow between the sample and the thermal shielding. When the

pressure of the gas is lowered, we could expect that the heat flow substantially

decreases. However the thermal conductivity of gas is not changed so drastically

and slightly different mechanism of heat conductivity takes place in low pressure

gas. Decrease of pressure leads to an increase of mean free path, L , of molecules

of the gas. When L is much larger than a distance between the sample and

its shielding, the molecule can travel from one surface to other one without a

collisions. We can take one molecule with energy corresponding to a temperature
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T2 of the thermal shielding that the molecule acquires during a collision with

a surface of the thermal shielding. This molecule will travel to the sample at

temperature T1 where it passes on some of its energy. The energy transfer to

and from the molecule is not ideal and we can define a coefficient a which can

vary between 0 (no energy transfer) and 1 (molecule sticks to a surface). If the

sample and shielding will be concentric cylinders the heat flow can be described

be equation:

Q̇ =

(

R

8π

)1/2 cp
cV

+ 1
cp
cV

− 1
a
T2 − T1
(MT )1/2

pA1, (3.11)

where R=8.31 J mol−1 K−1, cp and cV are the specific heat capacity of the gas,

M is molar mass of the gas, p is gas pressure and A1 is the mutual surface at

temperature T1. If the pressure p is measured at the room temperature then the

equation can be simplified.

Q̇ = Dap(T2 − T1)A1. (3.12)

The coefficient D is characteristic for the gas (for example for O2 and N2 it is 1.2

m s−1 K−1).

Heat conduction in solid

The samples in designed apparatus are mounted carefully to avoid any unnec-

essary contact, but they have to be attached somehow. A thin cotton or nylon

thread is used to fix mechanically the sample in position so there is negligible

thermal conduction through. Other thermal connection between a sample and a

sample holder is realized by the used thermocouple. The heat flow through the

thermocouple wire is given by equation:

Q̇ =
λA(T2 − T1)

d
, (3.13)

where λ is thermal conductivity (W m−1 K−1) of the wire material, T1, T2 are

temperatures of wires ends, A is the cross-section of the wire and d is its length.

For estimation we can presume T1 = 290 K, T2 = 295 K, A = 3.14 × 10−8 m2,

λ = 48 W m−1 K−1 (phosphor bronze cryogenic wire at 300 K) and d = 10−2 m.

Q̇ =
48 · 3.14 × 10−8 · (295 − 290)

10−2
[W] = 7.54 × 10−4 [W] (3.14)
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3.3.2 Magnetic field sources

For the direct measurement of MCE we were looking for a way how to rapidly

change the magnetic field in the sample space from zero (initial magnetic field

Hi) to some final magnetic field Hf and back to Hi. A possibility to select

different Hf is certainly beneficial. We can choose from three different type

of magnets. Permanent magnets can supply fixed magnetic field up to 2 T.

They do not need any additional care during the operation. The permanent

magnets are usually put together in highly sophisticated structures to maximize

the useable magnetic field. An example of such magnet is the spherical Halbach

magnet. The electromagnets can give much higher DC-magnetic field, up to

25 T, or even higher if we are interested in pulse magnetic field (world record of

nondestructive magnetic field pulse is 100.75 T achieved in Los Alamos National

Laboratory in March 2012). The actual field of the electromagnet can be fluently

controlled by changing electrical current through the coil. Unfortunately the

electrical currents needed for magnetic fields more than 2 T are high enough to

produce non-negligible amount of heat which leads to a need for an extended

cooling of the magnets. The third type of magnets is superconductive magnets.

In this case the coil of the magnet is made from superconducting wires. The

accessible magnetic field is comparable to classical electromagnets however there

is no energy dissipation due to Joule heating during the operation. On the other

hand the cooling of the magnet to its operating temperature is expensive.

3.3.3 Design of the instrument

A non negligible part of the doctoral study activities was dedicated to construc-

tion, testing and continuous improvement of the apparatus for direct MCE mea-

surement. Its description was presented also in [39] A simple cryostat with a

liquid nitrogen container (Janis Research Co.) is used to control and maintain

environment and temperature of studied samples. The LakeShore Model 336 tem-

perature controller is used to keep temperature in a range from 80 K up to 800 K

using two Ni-NiCr thermocouples placed on a sample holder and on a heater,
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respectively. The differential Cu-Constantan-Cu (Cu-KO) micro thermocouple

(∼100 µm wire diameter) is used to detect temperature difference between the

sample and the holder. The phosphor bronze (cryogenics wires produced by Lake

Shore Cryotronics, Inc.) is used instead of pure Cu wires to decrease the thermal

conductivity of the thermocouple. The differential thermocouple was fixed to

both, the sample and the sample holder, by either the Super Thermal GreaseR©

(ZM-STG2, thermal conductivity 4.1 W mK−1) or by mixture of micro-sized dia-

mond powder and nonmagnetic glue (50 % of volume of the mixture constitute of

diamond powder of less than 3 µm grain size) to guarantee good thermal contact.

The Ni-NiCr thermocouples were calibrated by melting points of pure elements

and water and boiling point of nitrogen (N2, Hg, H2O, Ga, In, Sn), see Fig.

3.2. The time dependence of the Electromotive force (EMF) of the calibrated

thermocouple was recorded when the thermocouple was immersed to a ceramic

crucible containing the calibration substance. Due to the latent heat of melting

the EMF voltage showed a plateau on the EMF versus time curve. The obtained

curve of temperature vs. EMF voltage dependence was fitted by second order

polynomial function. The standard calibration curve of the Ni-NiCr thermocouple

(available in broad temperature region from 75 K to 1500 K) was modified to agree

with the measured calibration data.

Temperature differences between sample and sample holder are measured by the

home made differential Cu-constantan-Cu (Cu-KO) micro-thermocouple that was

calibrated in wide temperature range. EMF of the Cu-KO thermocouples is mea-

sured by 51/2 digital multi-meter of Keithley Instruments in time steps of 300 ms

and recalculate to temperature by PC with the implemented calibration curve.

The adiabatic temperature change of MCE can be determined with resolution of

approximately 10 mK. The calibration of the differential thermocouple junction

was performed with a use of two calibrated temperature sensors on a Peltier el-

ement. The EMF voltage of the differential Cu-KO thermocouple with respect

to measured temperature difference between its two junction was recorded. The

measurement was repeated at several sample holder temperatures. All calibra-

tion curves shows linear behavior (see Fig. 3.3) with respect to the temperature
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Figure 3.2: Representative curves recorded during calibration of the Ni-NiCr

thermocouples used to measure the sample space temperature.

Table 3.1: Cu-KO calibration factors measured at several temperatures.

T (K) 105 177 218 293 328

calib. factor (µV K−1) 19.164 26.688 30.674 37.107 39.167

difference. The derivatives of each curve are then plotted against the tempera-

ture and fitted to obtain the calibration curve used during the measurement of

MCE. Table 3.1 summarizes the obtained calibration factors at corresponding

temperatures.

Sample can be placed into the cryostat by two ways, without or with a thermal

contact with the sample holder. A scheme of the arrangements is presented in Fig.

3.4. In the first case, a sample is hanged on nylon fiber or on a cotton thread in a

center of a window of the holder (see Fig. 3.4 and 3.5) without any direct contact

with the holder. This adiabatic arrangement provides direct measurement of the

adiabatic temperature changes ∆Tad.

In the second case, the window in the holder is covered by a Cu-plate and samples

are fixed to this plate (see Fig. 3.4). A heat transfer between the sample and

the Cu-plate is controlled by a number of a Teflon or Mylar foils that are placed
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Figure 3.3: Representative curves recorded during calibration of the Cu-KO ther-

mocouples used to measure the MCE, i. e. the temperature difference between

the sample and the sample-holder.

Figure 3.4: Schematic arrangement of the sample-holder with mounted sample.

1 – heater, 2 – sample holder, 3 – differential thermocouple, 4 – sample mounted

on a nylon thread (left) or copper plate (right) and 5 – Al thermal shielding
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Figure 3.5: Photo of the sample holder with mounted sample of

Ni2−xCoxMn1−yGay Heusler compound. Differential Cu-KO thermocouple is vis-

ible on the left side of the sample.

under the sample. This type of measurement corresponds to the thermodynamic

Brayton cycle that is composed of the adiabatic (very rapid) increase of field and

the following iso-field external cooling down to the starting temperature. Then,

the adiabatic decrease of field and the iso-field heating follow. The sample reach

the initial T,H conditions of the cycle. An analysis of the received non-adiabatic

∆T (t) data provides a possibility to determine the value of ∆Tad as well as to

give valuable information about practical application potential of the material.

For example a relative temperature dependence of a sample heat capacity and

time scale of heat transfer of particular sample shape can be deduced.

Aluminum thermal shielding is placed around the sample holder and all parts are

mounted inside the outer vacuum jacked of the cryostat and evacuated. Pressure

of ∼ 10−4 Pa is reached with the DCU-Pfeiffer VacuumR© unit which ensures

minimal thermal losses via conduction and convection. The assembled cryostat

is fastened to a simple truck running up and down the nonmagnetic guard bead.

This ensures the very quick transport of the cryostat into (or out of) the magnetic

field. The maximum magnetic field of 4.7 T is produced by a superconducting

magnet (Cryomagnetics, Inc.). An illustrative picture of the whole instrument is

given on Fig. 3.6.
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Figure 3.6: Illustrative picture of the assembled instrument with the cryostat

outside the magnet (left) and lowered inside the magnet (right).

The study of an effect of anisotropy on MCE can be performed with a simpler

cryostat which can be suited inside the Halbach-type permanent magnet (Mag-

netic Solutions, Ltd.) with horizontal field of 1 T. A rotation of the magnet with

respect to the cryostat allow us to change direction of the field with respect to the

crystallographic direction of single-crystalline samples or to characteristic dimen-

sion of the polycrystalline samples. The effect of both, the magneto-crystalline

anisotropy as well as sample shape anisotropy (demagnetization effects) on MCE

can be determined. Due to the shape anisotropy the MCE can differ by 30% in

case of thin plate [47].

In both magnets, a space distribution of magnetic field was carefully tested to

determine the position of maximum field and decrease of the field outside the

magnet (see Fig. 3.7). The fast transport of the cryostat ensures a field change

rate as high as 15 T s−1 which is of two orders of magnitude larger than the typical

sweep rate for superconducting coils (∼0.13 T s−1).

On figure 3.8 is a recorded time dependence of on Gd sample temperature with

respect to the sample holder. We have fitted the time dependence of the sample

temperature T (t) by the general cooling law. The system can be described by

heat transfer from the small sample to the masive sample holder which is always

at temperature T0. The time dependence of the sample temperature is described

by relation:

T (t) − T0 = ∆T (t) = ∆Tadexp(−
t

τ2
) (3.15)
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of 4.7 T (symbols) and fit by the model function (line).
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The Tad stands for adiabatic temperature change caused by MCE and τ2 =

ctotm/λ2 is the relaxation time inversely proportional to diffusivity. A change

of the sample temperature induced by MCE is instantaneous (comparable with

spin relaxation time, τ ∼ 10−6s) in whole volume of sample. However, tem-

perature recorded by a sensor is given by a heat transfer from sample with the

starting temperature, Ts = T0 + ∆Tad, into the sensor with starting temperature

of the holder, T0. In our case of the micro-thermocouples, mass of the sample

(>10 mg) is much greater than mass of the thermocouple (∼0.2 mg) and we can

use the cooling law to describe a heating or a cooling of the thermocouple up to

the sample temperature. Together with equation (3.15) we can write final model

to describe the measurement:

∆T (t) = ∆Tad

(

1 − exp(−
t

τ1
)

)

exp(−
t

τ2
) (3.16)

The adiabatic arrangement of our system was tested by the direct measurements

of MCE of pure Gd (see example measurement on Fig. 3.8). Obtained maximum

of MCE temperature change was ∆Tad = 9.7 K at T0 = 294 K for a field span of

4.7 T.

The direct measurements of the MCE temperature change were performed mostly

on the device described in this chapter. We also utilize instrument developed at

Institute Néel CNRS in Grenoble which is based on the same principal however its

design is slightly different. The field change is much slower in case of instrument

developed at Institute Néel and the data can not be fitted by (3.16). Results of

measurements performed on both instrument coincide.
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4. Results and discussion

4.1 TbNiAl compound

TbNiAl shows very interesting physical properties which have been intensively

studied by various experimental techniques [48–55]. TbNiAl crystallizes in the

layered hexagonal ZrNiAl-type structure, which suggests possibility of a strong

magneto-crystalline anisotropy as observed e.g. in all uranium compounds with

the same crystal structure [56]. Strong effect of magneto-crystalline anisotropy

on MCE was recently observed on DyNiAl single crystal [57]. In this section,

we focus on TbNiAl which exhibits the strongest uniaxial magneto-crystalline

anisotropy among the RNiAl series [50]. The neutron diffraction measurements

revealed that TbNiAl orders antiferromagnetically with the propagation vector

(1/2 0 1/2) below TN = 47 K and undergoes second magnetic phase transition

to another antiferromagnetic structure at T1 = 23 K [49, 50]. The triangular

arrangement of Tb atoms within the basal planes causes a geometrical frustration

of one third of the Tb magnetic moments between TN and T1. The propagation

vector is changed at T1 leading to magnetic structure where all Tb moments have

the same magnitude at 2 K. All the magnetic moments are aligned along the

hexagonal c-axis in both magnetic phases [49, 50]. The metamagnetic transition

to collinear ferromagnetic order occurs in magnetic field of Bcrit = 0.4 T applied

along the c-axis. The magnetization data point to very strong uniaxial magneto-

crystalline anisotropy with the anisotropy field above 35 T perpendicular to c-axis

[50].

The lattice parameters of TbNiAl are close to the forbidden c/a ratio between

0.565 and 0.575 in the hexagonal ZrNiAl-type structure [48] and the temperature

dependence of lattice parameters of TbNiAl shows an abrupt transition at around

120 K although the volume of the unit cell is not effected. TbNiAl is one of

few stoichiometric compounds showing the abrupt transition in the temperature

development of the lattice parameters while the point group is conserved [48, 58].

The structural transition is very sensitive to external pressure and in hydrostatic
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pressures over 0.55 GPa the transition is suppressed [59]. External pressure affects

also the magnetic structure. The metamagnetic transition becomes sharper in

high pressure which indicates decrease of region of a coexistence of ferromagnetic

and antiferromagnetic state and the saturation moment shows a slight increase

with pressure.

The structural transition is far above TN and has no significant impact on the

magnetic properties [48]. Therefore, we investigate the MCE at temperatures

around and below TN only. The structural properties and its dependence on

external pressure are in detail described in our recent paper [59].

We also investigated effect of doping on magnetic and magnetocaloric proper-

ties of TbNiAl. We studied two isostructural series of compounds: (Tb,Y)NiAl

and TbNi(Al,In), all crystallizing in the same hexagonal ZrNiAl-type structure

as pure compound. The Y substitution in the Tb1−xYxNiAl series leads to a

decrease of the magnetic transition temperature and to a change from the an-

tiferromagnetic to ferromagnetic ordering which is well established for x = 0.1

[60]. The magnetocrystalline anisotropy remains unchanged by the Y substitu-

tion and all magnetic moments points along the c-axis. On the other hand, the

change from the easy-axis to the easy-plane anisotropy occurs in TbNi(Al,In)

compounds. Indium substitution is isoelectronic with respect to pure TbNiAl

compound, but the large change of the lattice parameters and especially the c/a

ration is observed. Parameter a increase with In content from 0.7005(3) nm to

0.739(3) nm whereas c decrease from 0.3885(2) nm to 0.377(1) nm for pure Tb-

NiAl and TbNiIn respectively. This change of lattice constants results in change

of Tb nearest neighbor from in-plane to along c-axis [61, 62]. TbNiIn orders mag-

netically around Tord = 70 K and further magnetic phase transition at T1= 59 K

and T2= 29 K were reported [50]. Complex non-collinear arrangement of Tb mo-

ments within the basal plane was reported for TbNiIn [63, 64]. The anisotropy

is changed to easy plane at around 30% of Al replaced by In.
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Figure 4.1: Back-scattered Laue diffraction pattern performed on TbNiAl single

crystal. Six-fold axis of ZrNiAl type structure is visible near centre of the image.

4.1.1 Sample preparation and characterization

Polycrystalline (Tb,Y)NiAl and TbNi(Al,In) samples were prepared as described

in chapter ”Experimental Methods”. Higher evaporation of In can be anticipated

in case of TbNi(Al,In) samples and we added 3% more In in order to obtain

samples with desired composition.

The TbNiAl single crystal was grown by Czochralski method from a 7 g melt of

stoichiometric mixture of pure elements in a tri-arc furnace under high purity ar-

gon atmosphere with a rotating water-cooled copper crucible. The polycrystalline

ingot, preprepared in mono-arc furnace, was melted for several hours in the tri-

arc furnace to ensure good homogeneity of the melt before the growing process

started. The tungsten rod was used as a seed. Pulling speed of the crystal was

10 mm/h. Laue back-scattering patterns were used to check the single-crystalline

state, see Figure 4.1, and to orient the crystal before cutting different pieces used

in subsequent measurements. The phase purity of the samples were verified by

the X-ray powder diffraction.

The X-ray diffraction pattern obtained using Cu Kα radiation at room tempera-

ture was analyzed to verify the crystal structure. The piece of single-crystalline
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Figure 4.2: Powder diffraction pattern obtained on TbNiAl single crystal at room

temperature with CuKα radiation. All visible diffraction peak are indexed by the

ZrNiAl type structure.

sample was crushed in powder and the diffraction pattern are plotted on Fig. 4.2.

The analysis of the diffraction data showed the ZrNiAl-type of structure (P6̄2m).

The obtained lattice parameters were a = 0.70057(5) nm and c = 0.38788(3) nm.

Few weak additional peaks observed for some of the substituted samples indi-

cate the presence of a small amount of impurity phase(s). Lattice parameter a

increased to 0.739(3) nm and 0.70161(5) nm whereas c decreased to 0.377(1) nm

and 0.38644(3) nm for pure TbNiIn and Tb0.7Y0.3NiAl respectively.

The temperature dependence of magnetization was measured and the transition

temperatures were determined. All magnetic transitions of studied compounds

lay well below boiling temperature of LN2 and therefore the direct measurement

of MCE was not possible to perform. We examined MCE of the compounds

by means of indirect measurements. The isothermal magnetization curves were

measured in different orientations of the crystal with respect to applied magnetic

field and the isothermal entropy change was calculated. The heat capacity mea-

surement was performed only on pure TbNiAl polycrystalline sample. TbNiAl

undergoes structural transition at rather high temperature of about 120 K as we
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already mentioned before. In order to measure the heat capacity it was neces-

sary to immerse one side of the sample in Stycast R©. The Stycast R© was polished

after it was hardened. We mounted the sample on the polished side on the heat

capacity puck by usual way with help of apiezon afterwards. In this way we was

able to maintained good thermal contact even during and below the structural

transition.

4.1.2 TbNiAl single-crystal

The magnetization isotherms measured on the single crystal with the hexagonal

c-axis oriented along the magnetic field direction are plotted in Fig. 4.3. The

raw data were corrected on demagnetization field using demagnetization factor

corresponding to cubic shape of sample. The received data clearly show the

metamagnetic transition to ferromagnetic state with critical field Bcrit = 0.2 T

determined at 4 K. Previously published value of 0.4 T [50] can indicate a weak

dependence of Bcrit on sample preparation and/or quality. The value of Bcrit

decreases with increasing temperature, in agreement with previous results [50].

Above Bcrit, the magnetization curves exhibit a slight increase, tending to reach

9 µB/f.u. which is expected for Tb3+ ions.

The magnetization isotherms measured in perpendicular direction of c-axis with

respect to the applied field are plotted in Fig. 4.4. The magnetization shows

a linear dependence on magnetic field up to 5 T and it reaches the value of

1.7 µB/f.u. at 4 K and 5 T, which is in agreement with previously published data

[50]. The nonlinearity at 0.2 T is most probably caused by a small declination of

c-axis of sample with respect to the applied magnetic field.

The isothermal entropy change calculated for the single crystal oriented with the

c-axis parallel to the applied field is shown in Fig. 4.5 for several magnetic field

spans. Negative values of ∆S in all presented magnetic field spans correspond

with the ferromagnetic state that is established by the metamagnetic transition

at Bcrit (much lower then 1 T). The maximum entropy change |∆S| for the field

change of 2 T and 5 T reached 8 J kg−1 K−1 and 15 J kg−1 K−1 at 49 K, respec-
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Figure 4.3: The magnetization isotherms at selected temperatures measured with

the magnetic field applied parallel to the hexagonal c-axis of TbNiAl. The data

measured at 4 K are shown as white circles for better clarity of the figure. The

demagnetization correction was applied (see text).
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Figure 4.4: The magnetization isotherms measured with the magnetic field ap-

plied perpendicular to the hexagonal c-axis of TbNiAl. The demagnetization

correction was applied.
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Figure 4.5: The entropy change calculated from the magnetization isotherms for

field applied parallel to the hexagonal c-axis of TbNiAl.

tively. An abrupt change of the slope of the ∆S(T ) dependence occurs below

∼25 K which is presumably related to changes of magnetic structure below T1.

The entropy changes calculated for sample oriented by the c-axis perpendicular

to the magnetic field are plotted in Fig. 4.6. The values are near zero in the whole

temperature region as the antiferromagnetic structure remains almost intact by

magnetic fields applied perpendicular to the c-axis. The applied magnetic field is

not sufficiently high to trigger any spin reorientation transition.

The heat capacity of TbNiAl measured in zero magnetic field on bulk polycrys-

talline sample is plotted in Fig. 4.7. We observed two well pronounced anomalies

with λ-shape typical for a second-order phase transition. The transition temper-

atures of TN= 46 K and T1= 23 K deduced from these data are in a good agree-

ment with magnetization, susceptibility and neutron diffraction results [49, 50].

The adiabatic change of the sample temperature, ∆Tad, was calculated using the

heat capacity data measured in zero field and the entropy change obtained from

magnetization isotherms. The entropy S(T ) in zero-magnetic filed was taken as

an integral of the Cp/T measured data, the entropy in magnetic field was then

constructed by an addition of the ∆S calculated from magnetization isotherms.
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Figure 4.6: The entropy change calculated from the magnetization isotherms for

field applied perpendicular to the hexagonal c-axis of TbNiAl.
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The total and magnetic entropy S(T ) of TbNiAl are shown in the inset.
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and the entropy change determined from magnetization data (see also Fig. 3).

The obtained ∆Tad vs. T dependence for magnetic field applied along the c-axis

is shown in Fig. 4.8. For field change of 5 T, the maximum temperature change

of ∆Tmax =5 K occurs at 53 K. The maximum of ∆T (T ) occurs at temperature

about 4 K higher than the temperature of maximum of |∆S(T )| curve. This

difference is due to the fact that the temperature change strongly depends also on

the heat capacity curve Cp(T ) (see Fig. 4.7). The same entropy change results in

a larger temperature change when the heat capacity is smaller. The temperature

dependence of ∆Tad at temperatures between TN and T1 for field change of 2 T has

a plateau-like character. For a field change of 5 T the ∆Tad very slowly decreases

with decreasing temperature at the same temperature range. The slope of the

∆T vs. T curve is abruptly changed and ∆Tad quickly drops to zero for both

field changes below T1.

Previous study of MCE in polycrystalline TbNiAl [53] revealed the entropy change

that was surprisingly only slightly smaller than our present results obtained for

single crystalline sample with field applied along the easy magnetization direc-

tion, H||c. We have performed magnetization measurements on several pieces of

polycrystalline samples. The measured magnetization curves (see Fig. 4.9) show
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Figure 4.9: The comparison of magnetization isotherms measured on different

samples. The measurement on single crystal with orientation of the c-axis parallel

and perpendicular to the magnetic field, the fixed powder and two pieces (”P1”,

”P2”) randomly cut from the as-cast ingot (see text).

striking difference between the fixed powder and bulk polycrystalline pieces as

well as between different bulk pieces, presumably due to strong texture presented

in the bulk samples. The magnetization curves of the randomly oriented powder

are similar to those published in the previous studies [48, 49, 60] except data in

Ref. [53] which resemble more the easy-axis single-crystal data. As the sample

form is not described in [53], we tend to assume that the data were obtained on

a free powder or on a bulk piece with a strong texture similar to our P2 sample.

The temperature dependence of entropy change determined from magnetization

isotherms measured on the fixed powder which should represent an ideal poly-

crystal is plotted in Fig. 4.10. It shows similar character as that obtained on

the single crystal for H||c but the values are substantially reduced. The max-

imum entropy change for field change of 2 T reaches -4.1 J kg−1 K−1 at 49 K.

The corresponding value of ∆Smax = −8.2 J kg−1 K−1 measured for single crystal

thus represents 100% increase compared to this ideal polycrystal which is signifi-

cantly higher than 40% increase found in DyNiAl [57]. We can roughly estimate
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Figure 4.10: The entropy change calculated from the magnetization isotherms

measured on the fixed powder for a field change of 2 T. The curve has a similar

shape as one measured on the single crystal, however, the maximum value is

almost a half of the value obtained on the single crystal.

the RCP values of TbNiAl single crystal with field applied along c-axis to be

190 J kg−1 and 630 J kg−1 for the 2 T and 5 T change, respectively. The RCP

value of 70 J kg−1 can be estimated for polycrystalline TbNiAl and 2 T field

change.

Our results revealed an extremely strong influence of magneto-crystalline aniso-

tropy on MCE in TbNiAl. The single-crystal magnetocaloric characteristics show

100% increase compared to an ideal polycrystal. Furthermore, we have found that

the magnetic and magnetocaloric phenomena measured on several bulk ”poly-

crystalline” pieces are rather different. These small bulk pieces contain large

singlecrystalline grains or exhibit large texture. In such case, the measured data

are then close to results obtained on the single crystal. This effect can occur in

any anisotropic material and should not be forgotten when evaluating ”polycrys-

talline” data measured on a bulk samples.

To study an effect of c/a ration on the anisotropic behavior of MCE, we have inves-

tigated the influence of high uniaxial pressure on the MCE of the singlecrystalline
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Figure 4.11: The magnetization isotherms measured on the single crystal under

indicated uniaxial pressures at 5 K. The magnetic field as well as the uniaxial

pressure were applied along the hexagonal c-axis. The demagnetization effect was

taken into account.

sample with pressure applied along the c-axis. The magnetization isotherms were

measured in temperature range from 30 K to 60 K in field up to 5 T and in

pressures up to 0.44 GPa. The absolute values of magnetization (Fig. 4.11)

are unfortunately subjected to considerable error due to extremely small sample

dimension and weight. However, the obtained pressure dependences are never-

theless valid. Maximum magnetization at 5 K slightly increased to 8.4 µB/f.u.

and the critical field Bcrit slightly decreased in high pressure. The calculated

entropy change for field 1 T and 5 T are plotted on Fig. 4.12 and 4.13. It can

be noted that the positive entropy change observed in 1 T in temperatures below

35 K and pressures below 0.35 GPa change to negative in higher pressures. This

is in agreement with increasing sharpens of the metamagnetic transition (see Fig.

4.11). The absolute values of the entropy change are increased by application of

pressure that is consistent with the increase of magnetization of TbNiAl under ap-

plied pressure. The obtained results confirms that the values of applied pressures

are far below critical pressure needed to change the nature of magneto-crystalline

anisotropy [59].
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sured in 0.1 T in field cooled (FC) regime. Measurements were performed on

powders fixed by nonmagnetic glue.

4.1.3 (Tb,Y)NiAl and TbNi(Al,In) compounds

We have prepared three polycrystalline samples of Tb1−xYxNiAl where x= 0.03,

0.06 and 0.30 and four polycrystalline samples of TbNiAl1−yIny where y= 0.2,

0.4, 0.7 and 1. The temperature dependence of the magnetization was measured

on all samples. Examples of M(T ) dependence are plotted on Fig. 4.14. Magnet-

ic measurement of pure TbNiAl as well as substituted samples were performed

on powders fixed by nonmagnetic glue. The magnetic ordering temperatures

were obtained as temperatures where the |dM(T )/dT | curve passes its maximum.

They are summarized in Table 4.1. The transition temperatures are in agreement

with previously published values [60, 63]. The magnetization isotherms were mea-

sured between 56 K and 4 K with 4 K step and 2 K step around the transition

temperature in field up to 2 T. The obtained values of ∆S for the Tb1−xYxNiAl

compounds are shown in Figure 4.15. The entropy change of pure TbNiAl (mea-

sured as fixed powder) is included in the figure for easy comparison. The slope

of the ∆S(T ) curve shows abrupt change at temperatures 17 K and 23 K for

Tb0.94Y0.06NiAl and Tb0.97Y0.03NiAl ,respectively, which can be attributed to the
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Figure 4.15: The entropy change for the Tb1−xYxNiAl series determined for the

field change of 2 T. Measurements were performed on powders fixed by nonmag-

netic glue.

low-temperature magnetic transition observed also on pure TbNiAl at tempera-

ture T1. The decrease of T1 in substituted samples is in agreement with decreasing

importance of the magnetic frustration of Tb atoms. The temperature depen-

dence of the entropy change for these samples with low content of Y (samples

with 3 and 6%) is qualitatively the same one as for pure TbNiAl. The features

connected with magnetic ordering are broadened and smoothed which can indi-

cate small weakening of the magneto-crystalline anisotropy. The anomalies also

shift slightly to lower temperatures with increasing Y contend. The values of the

entropy change are negative which correspond to the occurrence of the metamag-

netic transition to ferromagnetic state at low magnetic field. The low-temperature

transition is not visible for Tb0.7Y0.3NiAl that is in agreement with the expected

change of magnetic order to ferromagnetic state in this compound [60]. The en-

tropy change for field span of 2 T takes the maximum of |∆S| = 4.4 J kg−1 K−1 in

Tb0.7Y0.3NiAl at temperature of Tmax = 39 K. The MCE characteristics for the

Y substituted compounds are summarized in Table 4.1. It is remarkable that the

replacement of one third of Tb atoms with nonmagnetic Y leads to the increase

of the magnetocaloric effect, especially the relative cooling power (RCP ). This
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Table 4.1: The Y concentration x and In concentration y, ordering temperature

Tord, the maximum entropy change ∆Smax for the field span of 2 T, the full

width at half maximum δTFWHM of the ∆S(T ) peak, the temperature at which

the ∆Smax was obtained and the relative cooling power in the studied compounds.

Tb1−x Yx NiAl x Tord ∆Smax ∆TFWHM Tmax RCP

(K) (J kg−1 K−1) (K) (K) (J kg−1)

0 47 -4.1 16 48 66

0.03 46 -4 17 47 68

0.06 45 -4 17 47 68

0.3 41 -4.4 18 39 79

TbNiAl 1−y Iny y

0.2 46 -3.1 24 48 74

0.5 42 -4.7 20 39 94

0.7 47 -4.1 26 45 107

1 72 -2.4 50 53 120

interesting behavior is related to microscopic changes of the magnetic structure

from antiferromagnetic to ferromagnetic in highly magnetically frustrated system.

In the TbNi(Al,IN) series, the transition temperature decreases with increasing

In content at first to the minimum of 41 K in TbNiAl0.5In0.5 and than increases to

the 70 K in pure TbNiIn. The magnetization in low magnetic field (see example

on Fig. 4.14) followed ferromagnetic behavior. The magnetization isotherms were

measured between 70 K and 4 K with 4 K step and 2 K step around the transition

temperature in field up to 2 T. The obtained values of the entropy change for

studied samples with In content are plotted in Fig. 4.16.

The low-temperature transition (observed on pure TbNiAl at temperature T1)

was diminished in all In substituted samples. The entropy change is decreased in

TbNiAl0.8In0.2 then increased to the maximum value in TbNiAl0.5In0.5 and again

lowered with additional substitution of Al atoms by In. The maximum entropy
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Figure 4.16: The entropy change for the TbNi(Al,In) series. The values of entropy

change correspond to field change of 2 T.

change |∆S| = 4.7 J kg−1 K−1 occurs at 39 K in TbNiAl0.5In0.5. The temperature

dependence of the entropy change shows significant broadening in In substituted

samples. The relative cooling power (RCP ) is monotonically increased from the

66 J kg−1 for pure TbNiAl to the 120 J kg−1 for pure TbNiIn. This changes are

probably connected with change of magneto-crystalline anisotropy and change of

magnetic ordering from aniferromagnetic to ferromagnetic. All result are sum-

marized in Table 4.1.
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4.2 GdFeAl and TbFeAl compounds

The GdFeAl and TbFeAl compounds have been observed to crystallize in the

hexagonal MgZn2 type crystal structure where the rare earth atoms occupy the

4f site whereas Fe and Al atoms are situated on 2a and 6h sites [65, 66]. Pref-

erential occupation of Fe on the 2a position was reported for TbFeAl. It can be

noted that the binaries RFe2 and RAl2 (R = Gd, Tb) crystallize in cubic MgCu2

type structure [66]. GdFeAl was reported to present MgCu2 type structure when

slowly cooled after annealing [67]. Both compounds were reported as ferrimag-

nets with transition temperatures of 260 K and 195 K for GdFeAl and TbFeAl,

respectively [65, 68], with decreased magnetic moment of rare-earth atoms due

to the disordered contribution as observed by neutron experiments [65]. Un-

usual saturation behavior was reported on TbFeAl at low temperatures where

the S-shape curve is observed in magnetization versus magnetic field dependence

[65, 69]. This behavior was ascribed to the partial chemical disorder of Fe and Al

among the 2a and 6h sites, as well as high magnetocrystalline anisotropy leading

to very thin domain walls which are easily pinned to small defects [65, 69]. We

study the magnetic and magnetocaloric properties of both GdFeAl and TbFeAl

by means of magnetization as well as direct MCE and heat capacity measurement

which have not been, to our knowledge, reported up to now. The effect of partial

chemical disorder of Fe and Al in these compounds can also result in interesting

temperature dependence of MCE. The measured data are discussed with respect

to previously published results. We focus mainly on the properties of TbFeAl

which has not been addressed in the literature before from the point of view of

MCE.

The polycrystalline as-cast samples were subsequently annealed for 190 hours at

800 ◦C. After annealing, samples were quenched to the room temperature. We

did not observed any significant difference of measured properties between as-cast

and annealed samples. X-ray powder diffraction was performed to determine the

lattice parameters and to check the phase purity of samples. Energy disper-

sive x-ray analysis was performed to determine the final composition of prepared

samples.
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Magnetic measurements were performed on extraction magnetometer made at

Institute Néel CNRS described in [43]. The magnetic ordering temperatures, Tc,

were determined from temperature dependence of the magnetization measured in

magnetic field of 0.05 T. Values of Tc were obtained as the maximum of deriva-

tive of low field magnetization with respect to temperature. The magnetization

isotherms were measured in a wide temperature range around the transition to

determine the entropy change by means of Maxwell relation. The direct mea-

surement of temperature change was studied in temperature range above 100 K

around the magnetic transitions under the field change of up 4 T. The direct

measurement was performed on instrument designed at Institute Néel, CNRS in

Grenoble.

The X-ray powder diffraction and EDX analysis has been performed on both

samples. The EDX confirmed exactly stoichiometric composition of GdFeAl.

The TbFeAl sample showed a small off-stoichiometry of Tb1.05Fe0.85Al1.10. The

diffraction patterns of TbFeAl and GdFeAl are plotted in Fig. 4.17. Beside the

main MgZn2 type phase we were able to improve the refinement by addition

of RFe1−xAlx in the cubic form as second phase (with amount of about 1%) in

the diffraction pattern, see Fig. 4.17. Additional low content of unidentified

impurity lead to Bragg peaks of weak intensity marked by stars in Fig. 4.17. The

determined lattice parameters at room temperature are given in Table 4.2.

Temperature dependence of magnetization measured in 0.05 T is presented in

Fig. 4.18 and 4.19 for GdFeAl and TbFeAl. The striking difference between data

measured in zero field cooled (ZFC) and field cooled (FC) regime for TbFeAl can

be explained by high coerctivity of 1.5 T of the sample manifested also by large

remanence of more then 4.5 µB/f.u. The magnetic field of 0.05 T is not sufficient

to rotate the magnetization at low temperature and the negative value can still be

observed. The difference is small in the case of GdFeAl although still observable

and can be caused by Fe sublattice or it can be due to partial freezing of disor-

dered component of magnetic moment. The transition temperatures determined

from M(T ) are 259 K and 196 K for GdFeAl and TbFeAl respectively. In both

compounds the second transition is clearly visible at T1 = 200 K and 149 K for
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Figure 4.17: Powder X-ray diffraction pattern of TbFeAl and GdFeAl samples.

Stars indicate unidentified peaks. First line of Bragg peaks positions corresponds

to the main MgZn2 phase, the lower one corresponds to the cubic MgCu2 impurity

phase.

0 50 100 150 200 250 300 350
0

2

4

6

8

10

12

14

16

18

20

22

 

 

M
 (

1
0

-3
 A

 m
2
 g

-1
)

T (K)

 FC

 ZFC

µ
0
H = 0.05 T

GdFeAl

Figure 4.18: Temperature dependence of magnetization in small magnetic field

of 0.05 T of GdFeAl measured in field cooled (FC) and zero field cooled (ZFC)

regime.
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Figure 4.19: Temperature dependence of magnetization in small magnetic field of

0.05 T TbFeAl measured in field cooled (FC) and zero field cooled (ZFC) regime.

Gd and Tb compound, respectively. The existence of impurity was suggested to

be responsible for the second transition in GdFeAl [70]. However, the observed

effect on magnetization is too pronounced to be caused by a few percent of im-

purity. Similar effect can also be seen on data presented in [71] for isostructural

DyFeAl compound. There are several possible explanations of the second phase

transition: it might be due to existence of two parts with same composition but

with different occupation of Fe and Al on their crystallographic sites. The transi-

tion at T1 can be also intrinsic and connected with some spin reorientation. It is

also possible, but less probable, that we underestimated the content of the cubic

phase due to the diffraction peak overlap with the main hexagonal phase.

The magnetization isotherms were recorded at 4 K for both compounds and

around the magnetic transitions. The representative curves are plotted in Fig.

4.20 and 4.21. It is worth to note that the virgin magnetization isotherm mea-

sured at 4 K on TbFeAl was characterized by a step-like transition as previously

reported [65, 69] and explained as a magnetic domain structure effect. In previous

literature it was observed that the jump was diminished in lower temperature and
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Figure 4.20: Selected magnetization isotherms of GdFeAll at the indicated tem-

peratures.

only S-shaped curves were observed at 1.6 K. In temperatures more than 50 K

usual ferromagnetic behavior was observed [69]. The sizable remanent magneti-

zation of more then 4.5 µB/f.u. was observed. The temperature dependence of

magnetization measured at magnetic field of 1 T showed very small decrease of

about 0.01 µB/f.u. below 15 K. The maximum magnetic moment at 10 T and 4 K

was 6.2 µB/f.u. for TbFeAl and 5.6 µB/f.u. for GdFeAl. These values are signif-

icantly reduced compared to the rare-earth free ion values which is in agreement

with the ferrimagnetic arrangement of Fe and disordered magnetic component of

rare-earth moments.

The magnetocaloric properties of GdFeAl are shown on Fig. 4.22 and 4.23. The

direct measurement revealed a remarkably broad temperature region of almost

constant temperature change. The maximum ∆T= 1.4 K was observed at 260 K

followed by almost constant values until 210 K.

By combining the direct measurement and the heat capacity measured in zero

magnetic field (see Fig. 4.24) we estimated the entropy change of the compound

according to the equation (2.30). The obtained values are plotted in Fig. 4.22.

The derived entropy change is in agreement with data presented in [70], how-
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Figure 4.21: Selected magnetization isotherms of TbFeAl at the indicated tem-

peratures.
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according to equation (2.30) for 4 T field change. Two different maxima are

clearly visible.
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1 T to 4 T during magnetization (squares) and demagnetization (circles) of sam-

ple.

ever they are different from those presented in [72] where the maximum is con-

nected with the higher transition temperature and the second lower transition

temperature is not reflected in ∆S curve as a second maximum but only as an

asymmetrical broadening of the ∆S vs T curve.

Heat capacity, Fig. 4.24, shows anomaly at magnetic transition temperatures for

both TbFeAl and GdFeAl compounds. Additionally there is an anomaly below

8 K for both GdFeAl and TbFeAl an origin of which cannot be revealed from the

performed measurements. We fitted the experimental data by the equation (3.7)

in order to determine the Sommerfeld coefficient γ and the Debye temperature

θD. The fits were done in the temperature range from 6 K to 20 K and form 9 K to

20 K for TbFeAl and GdFeAl respectively. We obtained γ= 26 mJ mol−1 K−2 and

48 mJ mol−1 K−2 and θD= 155 K and 170 K for TbFeAl and GdFeAl respectively.

The obtained θD correspond to three acoustic phonon branches.

The magnetocaloric properties of TbFeAl were not reported up to now. Our

direct MCE measurement, Fig. 4.26, shows a broad temperature region of con-

siderable ∆T values, similar to previous case of GdFeAl, however the maximum
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Figure 4.24: Heat capacity of TbFeAl and GdFeAl obtained in zero magnetic

field.

∆T= 1.6 K at 194 K is higher. Entropy change presented in Fig. 4.25 was cal-

culated by (2.30). The transition at T1 is not observed as the second maximum

but an anomaly on ∆T (T ) dependence is clearly visible. The magnetization

isotherms were measured in temperature range around the transition of TbFeAl

and GdFeAl in order to calculate the entropy change by the Maxwell relation.

The temperature evolution of ∆S was comparable with the one determined from

direct measurement and equation (2.30). The maximum |∆S|= 3.3 J kg−1 K−1 at

temperature 195 K and |∆S|= 2.6 J kg−1 K−1 at 212 K for a field change of 4 T

was calculated by Maxwell relation for TbFeAl and GdFeAl, respectively (see Fig.

4.27). The obtained values are in agreement with result presented on GdFeAl [70]

and comparable with that on DyFeAl [71], GdFe1−xAlx [73] and HoFe1−xAlx [74].

The maximum entropy change increases as the transition temperatures decrease

in series of isostructural compounds.

The relative cooling power RCP= 350 J kg−1 was calculated for TbFeAl by mul-

tiplying of maximum of the |∆S| curve presented in Fig. 4.27 by the full width

at half maximum. The RCP= 348 J kg−1 was determined in the same way

for GdFeAl. These values of RCP are higher than 270 – 294 J kg−1 reported for
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Figure 4.25: The entropy change of TbFeAl calculated according to equation

(2.30) for 4 T field change.
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Figure 4.27: Entropy change obtained for a field change of 4 T for TbFeAl and

GdFeAl compounds calculated from Maxwell relation.

Pr0.5M0.1Sr0.4MnO3 (M = Eu, Gd and Dy) for 5 T field span [20], and comparable

to 200 J kg−1 for TbIn2 for 2 T field span [75], 482 J kg−1 for La0.6Pr0.5Fe11.4Si1.6

for 5 T field span [76] or 460 J kg−1 for Gd5Ge2Si2 for a 5 T field span [77].

Small difference between the entropy change determined from (2.30) and by

Maxwell relation is in our case probably due to slight underestimation of di-

rectly measured ∆T and also due to utilization of equation (2.30). Results for

both compounds are summarized in table 4.2.

Table 4.2: Summarized results obtained for GdFeAl and TbFeAl compound -

lattice parameters a and c, Sommerfeld coefficient γ, Debye temperature θD,

entropy change and temperature change for 4 T field span, relative cooling power

RCP and transition temperature Tc.

a c γ θD ∆S ∆T RCP Tc

(nm) (nm) (mJmol−1 K−2) (K) (J kg−1 K−1) (K) (J kg−1) (K)

TbFeAl 0.53937(2) 0.87465(6) 26 155 -3.3 1.6 350 196

GdFeAl 0.54283(2) 0.87978(6) 48 170 -2.6 1.4 348 259
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Interestingly broad temperature region of significant MCE was observed for both

compounds. The temperature extend of MCE can be satisfactory compared to

some metallic glasses [78, 79]. However other metallic glasses like Gd53Al24Co20Zr3

show larger RCP [80]. The character of MCE is influenced by existence of two

magnetic transitions and can be also connected with the partial chemical disorder

of Fe and Al which can give rise to variation of magnetic exchange interactions.

Even though the values of maximal entropy and temperature change connected

with the transitions of both compounds do not classify presented systems as giant

magnetocaloric materials, they can however be considered us useful for certain

applications due to their higher RCP values.

67



4.3 Substituted Ni2MnGa based compounds

Ni2MnGa belongs to the large family of the Heusler compounds with composition

of X2YZ, where X and Y are transitional metals and Z is a covalently bonding

element, usually from III to V group of periodic table. They crystallize in the

cubic L21 structure. The compounds were discovered in 1903 by F. Heusler and

they become immediately famous due to the fact that addition of Sn, Al, As, Sb,

Bi or B into non-magnetic Cu-Mn leads to ferromagnetic ordering of the material.

It was previously shown from neutron studies that in case of X2MnZ compounds

the Mn magnetic moment is rather localized. Three types of interaction are

important and govern the magnetic properties - the interaction between localized

d and itinerant s-like electrons; the exchange interaction between localized d and

itinerant d-like electrons; the superexchange interaction through Z atoms (sp

electrons). Interestingly, the compounds often behave according to simple rules

depending on number of valence electrons Nv. An example is Slater-Pauling rule

mX2Y Z = Nv − 24 which gives the total magnetic moment of the compound [81].

The Heusler Ni2MnZ based compounds undergo a structural transition from

the high temperature cubic L21 austenite to a lower symmetry structure called

martensite. The transition is diffusionless and the distortion of the unit cell with

a change of lattice parameters are observed. The crystal structure of marten-

sitic phase was also reported to shows several different modulation depending

on the particular composition. It is known that in Ni2Mn1+xZ1−x compounds,

with high x, the spare Mn atoms develop antiferromagnetic interaction with the

Mn occupying the proper crystallographic position. The Ni2MnZ based com-

pounds exhibit complex temperature behavior of magnetization. The austinite

phase shows simple ferromagnetic behavior, however in temperatures where the

materials take martensitic crystal structure the reappearance of paramagnetism,

antiferromagnetism or coexistence of ferromagnetic and antiferromagnetic order

were reported [81, 82]. The compounds show large magnetic field induced strain

(MFIS) in martensitic phase due to possible reorientation of structural variants

driven by high magneto-crystalline anisotropy. We believe that the MFIS has also

its consequences for the magnetocaloric effect and the unexpectedly small adia-
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batic temperature change at ordering temperature of martesite (when present)

could be explained by this phenomenon. Magnetic and also structural properties

are extremely sensitive to a substitution and off-stoichiometry of the compounds.

That can be used to tailor physical properties for practical application. The

problematic MCE in these materials is further complicated by the joint magnetic

and structural transition. In such case the usual method of the entropy change

determination is not correct and the direct measurement of MCE is of particular

importance.

The Ni2MnGa Heusler compound belongs to family of ferromagnetic shape mem-

ory materials. They show magnetic and magneto-structural transitions accom-

panied with a large set of the giant magneto-elastic, -plastic, -structural and

-caloric effects [81]. Thus the compounds are very promising multi-functional ma-

terials with many applications as medical guide-wires, smart actuators, motors

and oscillators. The off-stoichiometric Ni2MnGa compounds are also suggested

candidates for application in magnetic cooling technique at room temperature,

although we believe that partially due to the improper evaluation of their MCE

properties. The stoichiometric Ni2MnGa compound undergoes the structural

transition around 200 K from low magnetization austenite to high magnetization

martensite which can be described by contraction of the cubic unit cell along

one of its edge. The change of magnetization at martensitic transition is rather

small of about 0.1 µB/f.u. and it is smeared out by higher magnetic field. The

underlying mechanism of the transition is not yet completely understood. The

band Jahn-Teller effect was suggested to be the cause of the cubic to tetragonal

structural transition [83]. The authors performed theoretical investigation of the

density of state (DOS). A sharp peak in DOS of Ni d band was found near the

Fermi level and its spliting was observed in tetragonal phase. This explanation

was corroborated by polarized neutron scattering experiments performed by P.

J. Brown et al. [84] in ferromagnetic Ni2MnGa.

The structural and magnetic properties of the Heusler Ni2MnGa based off-stoi-

chiometric alloys are very sensitive to a doping by another transition metal

[85, 86]. A large difference between magnetization of the martensite and the
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austenite phase can be induced by an addition of Co, where also the so called

metamagnetic shape memory effect was reported [87]. The giant entropy change

connected with this magneto-structural transition was reported [88]. The magnet-

ic properties of the Co-doped compounds were studied in detail in broad composi-

tion region recently [89, 90]. The Co substitution strongly effects the martensitic

transition temperature as well as magnetization and magnetic ordering tempera-

tures. The ferromagnetic interactions in the austenitic phase are stabilized with

increasing Co content and the Curie temperature of the martensite is lowered.

The paramagnetic gap can be observed for more than 9% of Co. The interest-

ing influence of the Co substitution on the magnetic properties can be described

by comparison of M(T ) dependences of compounds with different compositions

together with M(T ) of the Er conditioned sample presented here in following

subsection. The magnetization of the cubic austenite seems to be unaffected by

the Co substitution, but the magnetization of martensitic phase decreases with

increasing Co content, see Fig. 4.28. The complete discussion of these observa-

tions goes far beyond the scope of this work and will be addressed in separate

paper [91]. I will present measurement concerning two samples and I will focus

mainly on evaluation of MCE. The existence of paramagnetic gap, which leads to

large difference between magnetizations of martensite and austenite phases, and

consequently inverse MCE can be considered as the main effect of Co substitution

on magnetocaloric properties.

The mechanical properties of the compounds, such as high brittleness and low

bending strength, belong to their drawbacks. It was previously shown [92, 93]

that their mechanical properties can be substantially improved by additions of

small amount of rare-earth elements. The magnetic properties as well as the

martensitic transitions are extremely dependent on composition and type of used

rare-earth element [92, 94]. Model of this process was proposed and a stability

range was calculated [81] taking into account results of studies showing that

the rare-earth is not dissolved in the main phase and the addition of rare-earth

elements leads rather to formation of a rare-earth rich phase on the grain and

sub-grain boundaries..
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Figure 4.28: Normalized temperature dependence of magnetization measured in

magnetic field of 5 T of selected Ni50−xCoxMnyGa50−y alloys, black line refers to

the Er conditioned sample. The given labels represents the x and y (’x-y’).

4.3.1 Ni1.72Co0.28Mn1.24Ga0.76

Sample of Ni1.72Co0.28Mn1.24Ga0.76 was prepared by arc melting of pure elements

in protective argon atmosphere followed by annealing. The final composition

of Ni1.72Co0.28Mn1.24Ga0.76 were determined by EDX analysis. The sample was

studied in collaboration with IMEM-CNR Parma, Italy. The initial X-ray anal-

ysis that was performed in Parma confirmed the austenite L21 structure in high

temperature range and the transition to tetragonal martensite, observed in low

temperatures in accordance with our magnetic measurement.

The temperature dependence of magnetization was measured in several magnetic

fields. The recorded curves for 0.01 T and 5 T are shown on Fig. 4.29 in temper-

ature region from 300 K to 480 K. The data were measured during heating and

cooling of the sample in order to investigate the thermal hysteresis of observed

transitions. Large hysteresis of 14 K of the structural transition was determined

from position of the maximum of derivative of M(T ) dependence during cooling
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Figure 4.29: Temperature dependence of magnetization show complex behavior

with three transition - magnetic ordering of austenit, structural transition con-

nected with significant hysteresis and magnetic ordering of martesntite.

and heating. All transition temperatures are determined in the same manner.

The magnetic ordering temperature TA
C = 440 K is followed by structural tran-

sition TA−M = 379 K from ferromagnetic austenite (high magnetization state)

to paramagnetic martensite (low magnetization state). The magnetic ordering

temperature of martensite TM
C = 318 K is observed when the temperature is fur-

ther decreased. The effective magnetic moment in paramagnetic state of austenit

is µeff = 5.17 µB/f.u. The paramagnetic nature of martensite state between

TA−M and TM
c is corroborated by linear dependence of inverse susceptibility of

measured sample. A strong sensitivity of the structural transition to magnetic

field was observed. The shift of the structural transition temperature induced by

magnetic field was -3.9 K T−1.

The magnetization isotherms were measured at different temperatures. The mag-

netically driven transition, with a significant magnetic field hysteresis, is visible

on curves recorded in vicinity of the structural transition with critical field that

increases with decreasing temperature, see Fig. 4.30. The maximum magneti-

zation observed at 5 K, M(5K, 5T ) = 2.45 µB/f.u., was rather small. It can be

72



0 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

2.5

a)

Ni1.72Co0.28Mn1.24Ga0.76

 

 

M
 (

B
/f.

u.
)

0H (T)

 370 K
 375 K
 380 K
 385 K
 390 K
 400 K

0 1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

2.5

Ni1.72Co0.28Mn1.24Ga0.76

 

 

M
 (

B
/f.

u.
)

0H (T)

 5 K
 350 K
 400 K

b)

Figure 4.30: Magnetization isotherm measured at different temperatures (a) in

vicinity of the structural transition and (b) in selected temperatures.

due to appearance of antiferromagnetic interactions of the off-stoichiometric Mn

atoms [81, 82].

To further investigate the structural transition we performed the resistivity mea-

surement in zero magnetic field and in field of 4.7 T, see Fig. 4.31. The structural

transition is accompanied by large resistivity drop. The resistivity of the sample

was not fully reversible during heating and cooling and the observed increase of

absolute values of resistivity is most probably connected to structural degrada-

tion of the sample due to the martensitic transition, i.e. due to an appearance

and a growth of micro-cracks. The magnetic ordering of the austenite phase is

clearly reflected by a change of slope of temperature dependence of resistivity in

zero magnetic field at corresponding temperatures as observed on M(T ) curve.

The magnetic transition of martensite at TM
C is not connected with well defined

anomaly, however, a broad maximum of R(T ) at about 320 K is visible. The giant

values of negative magneto-resistivity up to 40%, see Fig. 4.32, were recorded

at 382 K in 4.7 T which is in agreement with partial structural transition driven

by the magnetic field. Different slope of the magnetization and demagnetiza-

tion branch at 4.7 T can indicate that part of the sample is still in martensitic

state even in the highest magnetic field. The measurement also shows that the

field induced transition is not reversible and about 10% of the sample remains in

austenitic state after decrease of field. This is in agreement with the first order

nature and large hysteresis of the transition. The measurement also shows that
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Figure 4.31: Temperature dependence of resistivity measured with electrical cur-

rent along the magnetic field direction during heating and cooling. The data were

recorded in zero magnetic field as well as in magnetic field of 4.7 T.

the transition proceeds gradually with magnetic field and there is not a sharp

jump in resistivity in contrast to the effect of temperature. As a result the mag-

netocaloric effect can not be expected to show behavior typical for sharp first

order transition (see Fig. 2.2 and 2.1). Relatively small magneto-resistance with

linear field dependence was observed at temperatures of 300 K and 425 K. This

corresponds to magnetically ordered martensite and austenite, respectively. The

slope of the R/R0T is exactly the same for curves measured at 300 K and 425 K.

The DSC measurement was done to obtain information about enthalpy of the

structural transition which is necessary to discuss an origin of the pronounced

magnetocaloric effect. The DSC curves obtained during heating and cooling of

sample are plotted on Fig. 4.33. The magnetic transition of austenite is nicely

observed as a change of a heat flow during heating as well as cooling. The tem-

perature of the sharp peak, TA−M = 387 K (determined as onset of the peak on

a cooling branch) is in agreement with magnetic measurement. The magnetic

transition of the martensitic phase at TM
C was unfortunately out of tempera-
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ture range of the instrument in use. The latent heat of the structural transition,

L = 5.75 J g−1, was determined by integration of a corresponding peak in the heat

flow with respect to time. The equivalent entropy difference is ∆S=15 J kg−1 K−1.

The data from DSC measurement are obtained in zero magnetic field so they do

not directly correspond to magnetocaloric effect. The MCE contribution of the

starting and final phase in applied magnetic field is not taken in account. This

additional change of entropy can be rather significant as the magnetic ordering

temperatures are observed in close vicinity of the structural transition. However

as the structural transition was almost completed in magnetic field of 4.7 T the la-

tent heat contributes greatly to the final magnetocaloric entropy and temperature

change.

The direct measurement of MCE was performed in temperature range from 295 K

to 420 K for a field span of 4.7 T. The obtained results are plotted on Fig. 4.34.

The inverse magnetocaloric effect joint with the structural transition was ob-

served. Maximum of adiabatic temperature change ∆T = −1.1 K was observed

at 391 K. Another broad maximum of about ∆T = 0.3 K took place at 321 K,

i.e. at temperatures around magnetic ordering temperature TM
C of the martensite

phase. The absolute value of the adiabatic change at temperature TM
C is surpris-

ingly small. The reason can be existence of large magnetostriction in anisotropic

martensitic phase. The absolute values of ∆T connected with the structural

martensitic transition reported here are smaller than reported in previous papers

dealing with similar compounds [95–97]. This difference comes from very impor-

tant difference in measurement course in the previous experiments. The samples

do not undergo the martensitic transition abruptly at well defined temperature.

In the case of the direct MCE measurement the observed ∆T data correspond to

partial martensitic transition that starts from a mix state characterized by dif-

ferent martensite to austenit phase ration. The sample can be out of equilibrium

with a different starting ration of martensite to austenit when the experiment is

performed to quickly. The data reported here (see Fig. 4.34) are measured with a

long waiting time before the actual measurement. The equilibrium measurement

is corroborated by reversible values of MCE.
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Figure 4.34: Direct measurement of temperature change for field span of 4.7 T. In

temperatures around the structural transition the measurement was done during

heating as well as cooling of the sample.

4.3.2 Er conditioned sample

After annealing the composition of the main phase can be expressed by a formula

Ni1.72Co0.30Mn1.25Ga0.73 as determined by EDX. The annealed sample was very

homogeneous with very low difference in composition measured in different spots

up to 1 at.%. No traces of Er were detected inside the grains, but, the Er-rich

phase with composition fluctuating around Ni44Co10Mn24Ga16Er6 was segregated

and clearly visible, see Fig. 4.35.

The structure of the annealed sample was checked by x-ray diffraction at room

temperature and the dominant cubic austenite phase was found with small amount

of tetragonal martensitic phase (about 13% of the sample volume as determined

by Rietveld analysis) at 300 K. Then, the x-ray diffraction measurements were

performed at several temperatures from 550 K down to 300 K in a narrow interval

of scattering angles corresponding to cubic [2 2 0] diffraction peak and to [1 1 2]

and [2 0 0] diffraction peaks of tetragonal phase, see Fig. 4.36. The temperature

induced changes of a martensite to austenite ratio were estimated from changes

of an integral and the maximum intensity of the diffraction peaks. The approxi-
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Figure 4.35: Surface of annealed sample displayed by the electron microscope

JXA 733 (JEOL) with BSE detector. The Er-rich phase form regular structure

probably at grain and subgrain boundaries. Er-phase is visible as the white lines

and spots.

mated value of the martensite content was expressed in % of sample volume, see

insert in Fig. 4.36. The measurement shows that an amount of martensitic phase

starts to grow at about 500 K, however, no increase of intensity of the [1 1 2] and

[2 0 0] diffraction peaks was observed in between temperatures 425 K and 300 K.

The martensite to austenite ratio seems to be constant in this temperature range,

see insert in Fig.4.36. These x-ray diffraction experiments revealed almost com-

plete suppression of martensitic transition that was observed on Er-free sample

at temperature TM−A = 379 K [89]. The crystal lattice parameters were deter-

mined using the presented x-ray diffractions and their temperature dependence

is shown in Fig.4.37. Although only three reflections have been used for eval-

uating the lattice parameters, the values obtained at room temperature for the

austenite parameter ac= 0.583 nm and the martensite parameters at= 0.548 nm

and ct= 0.654 nm and relevant volumes of elementary cells, Va= 0.1985 nm3

and Vt= 0.1963 nm3, agree well with data published in the case of the Er-free

Co-doped Ni2MnGa alloys [85, 98].
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Figure 4.36: X-ray diffraction patterns recorded at several temperatures from

550 K down to 300 K. A small decrease of intensity of the cubic [2 2 0] peak

(middle) of austenite is accompanied by appearance of two peaks [1 1 2] (left)

and [2 0 0] (right) of tetragonal martensite phase. The content of martensite is

given in the inset.
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Figure 4.38: Temperature dependence of magnetization of both, the annealed

and the as-cast samples at ambient pressure. Data were measured as field cooled

magnetization. For comparison, dependence of magnetization of the equivalent

Er-free sample on temperature is presented in insert.

Temperature dependence of magnetization of the annealed Er conditioned sam-

ple at ambient pressure was measured at several magnetic fields, see Fig. 4.38.

Only one magnetic transition at the Curie temperature TA
C = 453 K has been

revealed for the annealed sample. Temperature of the maximum of derivation of

magnetization with respect to temperature was considered as TA
C . Temperature

dependence of magnetization of the equivalent Er-free sample shows three mag-

netic transitions that were attributed with increasing temperature to the Curie

temperature of martensite TM
C , to the structural transition temperature TM−A

and to the Curie temperature of austenite TA
C , see the insert in Fig.4.38 (dis-

cussed in previous section). No structural transitions can be detected from M(T )

curves of the Er conditioned samples in contrast to the Er-free one where the

martensitic transition below 380 K is clearly visible. This agrees with results of

the diffraction experiments where a ratio of intensities of selected characteristic

martensite and austenite diffraction peaks is almost constant for the Er condi-

tioned alloys in this temperature range. The M(T )-curves in Fig. 4.38 that were

measured in the field of 1 T for the annealed and the as-cast samples reflect an
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Figure 4.39: Magnetization isotherms of annealed sample in wide temperature

range. The decrease of saturated magnetization in temperatures below 140 K is

clearly visible.

increase of magnetization, however, a character of the temperature dependence

of magnetization was not changed by the annealing. A smooth decrease of mag-

netization of both the samples with increasing temperature does not exhibit any

significant jumps that could be ascribed to the structural transition from marten-

site to austenite. Temperature dependence of dc-susceptibility obeys the Curie-

Weiss law above TA
C with paramagnetic moment µeff= 5.09 µB/f.u.(where f.u. is

taken as Ni1.7Co0.3Mn1.3Ga0.7) and paramagnetic Curie temperature θp= 456 K.

This paramagnetic Curie temperature θp as well as the effective moment are well

comparable with ones of the Er-free sample.

The field dependence of magnetization was measured in temperature range from

5 K up to 380 K at ambient pressure. The magnetization isotherms are shown in

Fig. 4.39. Shape of the curves is characteristic for ferromagnetic material in all

selected temperatures. A decrease of saturated magnetization at temperatures

below 100 K is accompanied by a decrease of the high field susceptibility, i.e. with

a change of slope of the magnetization isotherm in fields above 1 T. In low fields,

the curves start crossing each other showing a slight effect of magnetocrystalline
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anisotropy of the martensite phase, see Fig. 4.39. The magnetization measure-

ments are consistent with results of the diffraction experiments. Decrease of sat-

urated magnetization observed on magnetization isotherms below 140 K points

to a growth of martensite phase at low temperatures.

To verify the presence of small amount of martensite in Er-conditioned alloy

Ni1.72Co0.30Mn1.25Ga0.73 at temperatures below 100 K, magnetic measurements

were performed under hydrostatic pressures up to 0.5 GPa. Due to volume change

that accompanies the martensitic transition, the martensitic transition tempera-

ture is very sensitive to pressure. In contrast to pressure insensitive austenite, the

saturated magnetization of martensite significantly decreases under pressure. A

relevant pressure parameter is dlnM/dP= -3.5×10−2 K GPa−1 in the case of the

Er-free Ni1.72Co0.28Mn1.24Ga0.76 sample. In Er conditioned sample, the tempera-

ture dependence of magnetization (see Fig. 4.40) and the magnetization isotherms

(see Fig. 4.41), clearly show a very pronounced decrease of magnetization at tem-

peratures below 100 K and namely at 7 K in hydrostatic pressure. The saturation

magnetization of the annealed sample was reached at field 1 T, so, the very pro-

nounced pressure effect on magnetization, dlnM/dP= -11.8×10−2 K GPa−1, was

determined using data measured in this field. Moreover, the high field suscep-

tibility seems to be pressure insensitive hence the same value of dlnM/dP was

determined even using 5 T data.

Fig. 4.40 shows a pronounced widening of temperature range, where a decrease

of magnetization M(T, 1T) signalizes an increasing (but relatively small) portion

of martensite phase in the sample under pressure. Temperature of maximum of

magnetization measured in field of 1 T is shifted to higher temperatures with a

roughly estimated rate +50 K GPa−1. This value can be well compared with a

pressure shift of the transition temperature, dTM−A/dP= +35 K GPa−1, that was

observed in the Er-free Ni1.72Co0.28Mn1.24Ga0.76 alloy. The direct measurement

of the magnetocaloric effect was performed in temperature region from room

temperature to 480 K. The adiabatic temperature changes are shown in Fig. 4.42.

The peak maximum of 0.6 K has been observed at 440 K, i.e. at slightly lower

temperature than the Curie temperatures TA
C= 453 K of the annealed sample
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Figure 4.40: Temperature dependence of magnetization under different hydro-

static pressures.
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Figure 4.42: Directly measured adiabatic temperature changes of temperature of

the annealed sample in the field span from 0 T up to 4.7 T.

that were determined at field of 0.05 T. There is also the unimpressive second

maximum of MCE that is visible at around 320 K. This second MCE maximum

is probably connected with a magnetic ordering of the small amount (about 13%)

of martensitic phase detected in the annealed sample. The absolute value of this

second maximum is in fact comparable to values obtained on Er-free sample. The

standard MCE was observed in the whole studied temperature region.

We studied a polycrystalline sample of Ni1.72Co0.28Mn1.24Ga0.76 compound and its

magnetic and magnetocaloric properties. The compounds present large sensibility

to magnetic field and pressure which brings large number of magneto-responsive

phenomena. The reversible magnetocaloric effect studied by direct measurement

manifest itself by rather small values of adiabatic temperature change. On the

other hand the entropy change ∆S=15 J kg−1 K−1, determined by DSC at the

martensitic transition, is rather promising. The irreversible resistivity increase

observed after repeated structural transition suggests that the long therm cycling,

demanded by some applications, can be problematic. The peculiar properties

of the prepared Er-conditioned Ni1.72Co0.30Mn1.25Ga0.73 alloy were characterized.

No traces of Er were found inside the main phase of the annealed polycrystalline
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sample, but an Er-rich phase probably on the grain and subgrain boundaries

was clearly detected. The Currie temperature of the alloy, TA
C = 453 K, is well

comparable with TA
C of the relevant Er-free sample. The structural martensitic

transition is suppressed by the presence of Er inNi1.72Co0.30Mn1.25Ga0.73 alloy,

however, the x-ray diffraction experiment shows existence of small amount of

martensitic phase (13% of volume) at room temperature. Traces of martensite

were detected at temperatures below 500 K. Under high pressure, the content of

martensite with smaller volume of the crystal elementary cell slightly increases at

low temperature range below 100 K where the pronounced decrease of saturat-

ed magnetization with increasing pressure was observed. Possible reason for the

suppression of the structural transition is a pronounced increase of energy need-

ed to form the initial seeds of the martensite phase in presence of Er-rich phase.

Moreover the presence of Er-phase can lead to complex stress-strain conditions

in the sample and thus influence the structural transition trough its pronounced

pressure sensitivity. We also suspect increased quality and grain size of the main

phase due to large atomic rearrangement during Er segregation at the anneal-

ing process. The dominant presence of austenite at temperature 5 K offers a

possibility to estimate value of magnetization of austenite in low temperature

range, where this phase does not exist in Er-free alloys. Taking into account the

amount of martensite in the Er-conditioned alloy and an extrapolation of satu-

rated magnetization value from temperature 140 K to 5 K, a low limit value of

saturated magnetization of the austenite phase at 5 K can be roughly estimated

as 103 J T−1 kg−1 (4.4 µB/f.u., if f.u. is Ni1.7Co0.3Mn1.3Ga0.7). In contrast to the

Er-free alloys of similar composition, the direct measurement of the MCE tem-

perature changes did not show any inverse magnetocaloric effect. The standard

MCE is in agreement with the suppression of the structural transition. The stan-

dard MCE connected with ordering of magnetic system at temperatures below

TA
C has been observed only.
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4.4 Gd-Co-Al-Y metallic glass

The amorphous metals are reported in recent years to exhibit a potential as

promising magnetocaloric materials with comfortable high ∆S when compared

with the usual magnetocaloric materials [78, 99–105]. Transition from param-

agnetic to ferromagnetic state in the glassy materials is usually of second order

and a large entropy change is obtained in a broad temperature region. These

properties result in a substantial relative cooling power of the amorphous metals

and the values of the entropy change are well comparable or even better than

that of pure Gd [106], which is a benchmark material for magnetic cooling. Such

character of the entropy change in amorphous materials was ascribed to existence

of a gradual magnetic transition resulting from a fluctuation of exchange integrals

[107]. The tuneable transition temperature is another benefit of these materials

thanks to a relatively wide range of chemical composition in which the amorphous

phase can be prepared. Large electrical resistivity is helpful for reducing the ed-

dy currents which are of another obstacle for practical applications. Mechanical

properties, high composition stability and corrosion resistance designate metallic

glasses to be ideal candidates for magnetic cooling. The maximum entropy change

of recently prepared amorphous metallic alloys based on rare-earth like Er-Al-Co,

Gd40Dy16Al24Co20 or Er50Al24Co20Y6 is around 16 J kg−1 K−1 in field span of 5 T.

Several studies were performed also on the Gd-Co-Al system. We summarize few

of them in Table 4.3 later in the text. In this section, the metallic glass of new

composition, with high content of magnetic constituent was prepared and its

magnetocaloric and transport properties were determined. We expect that the

increase of the magnetic atom concentration compared to previously studied ma-

terials will enhance the magnetic coupling and thus the transition temperature.

Higher magnetisation will be also beneficial for magnetocaloric properties.

The stoichiometric mixture Gd52Co26Al21Y1 of high purity (Gd 3N, Co, Y and Al

6N) elements was melted in mono-arc furnace under protective argon atmosphere.

We add small amount of yttrium to improve the glass formation ability. The

ingot was re-melted for several times to ensure chemical homogeneity. Small

amount (∼30 mg) of the ingot was cut, re-melted and rapidly quenched using
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the splat cooling technique to form the amorphous metallic glass. The droplet

of the melt was injected between two cool copper anvils which splat the droplet

into very thin (∼100 µm) plate and rapidly cool it down. The X-ray powder

diffraction with Cu Kα radiation was used to confirm the amorphous structure

of samples. Their composition was examined by EDX. The microprobe analysis

was performed using a microanalyser JXA 733 (JEOL). The following lines have

been selected for the analysis of individual elements: Co K, Al K, Y L, Gd L. The

energy of the electron beam was 30 keV. The weight concentrations were obtained

from the measured relative intensities. Electrical resistivity measurement was

performed by the 4-wire method in the temperature range from 4 K to 300 K on

rectangular shaped sample with approximately 2 mm length, 1 mm width and

100 µm thickness. The magnetization measurements were performed on MPMS

magnetometer of Quantum Design in the temperature range between 4 K and

300 K. The magnetization isotherms were measured in detail (by steps of 2 K)

around the magnetic transition temperature in magnetic field up to 5 T.

The samples prepared by splat cooling technique were crushed in mortar into

powder and the x-ray powder diffraction was performed. The obtained diffrac-

tion image, shown in Fig. 4.43, lacks sharp Bragg peaks typical for crystalline

compounds and confirms the amorphous state of the sample. The very weak and

diffuse diffraction intensity in a position of the strongest crystalline diffraction

line (see Fig. 4.43 around the 2θ angle of 35 degrees) reflects a measure of a

residual short range order in the glass. The composition of Gd64Co26Al9Y1 was

revealed by the EDX spectra analysis of the prepared glass. The difference of the

composition obtained from EDX and the starting one was probably due to the

low homogeneity of the initially melted ingot. It is presumable that the amount

of 30 mg of polycrystalline ingot, used for splat cooling, was probably composed

of some grains with different than average composition. However the resulting

amorphous samples were homogeneous in the whole volume according to the EDX

analysis.

The temperature dependence of the magnetization shows sharp transition from

paramagnetic to ferromagnetic state at TC = 108 K (see Fig. 4.44). Only in-
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Figure 4.43: X-ray powder diffraction of Gd64Co26Al9Y1 glass.

significant difference between the ZFC and FC curve can be seen which proves

that there is no spin freezing in the studied material. The H/M vs. T depen-

dence, shown in inset of Fig. 4.44, can be nicely described by the Currie-Weiss

law in the paramagnetic region with the paramagnetic Curie point of θC = 122 K.

If we take the magnetic moment of Gd atom to be 7.94 µB (free Gd3+) we get

paramagnetic moment of 0.58 µB on Co atom to obtain the whole paramagnetic

effective moment of the sample. The AC-susceptibility represented in Figs. 4.45

and 4.46 confirms the magnetic order at 108 K. The measured signal, both the

real and imaginary part, is frequency independent which indicates the long-range

magnetic order.

The resistivity of the studied sample is ploted in Fig. 4.47. It shows the in-

verse temperature dependence with respect to the metallic resistivity behaviour

in the whole studied temperature range. The decrease of resistivity with increas-

ing temperature that was observed also in other amorphous metals [108, 109]

can be explained by an existence of potential wells which can catch itinerant

electrons and that are energetically comparable with thermal energy. The nega-

tive temperature coefficient of resistance (α is approximately -100 ppm/K in our

case) is in agreement with phenomenological Mooij criterion [110] which com-
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Figure 4.44: Temperature dependence of the magnetization of Gd64Co26Al9Y1

glass measured in magnetic field of 0.05 T. The inverse susceptibility is shown in

the inset.
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Figure 4.45: Real part of AC-susceptibility measured in two different frequencies

with excitation field of 3×10−4 T.
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Figure 4.46: Imaginary part of AC susceptibility measured in two different fre-

quencies with excitation field of 3×10−4 T.

bines the absolute value of resistivity with its temperature coefficient (materials

with resistivity higher than 100-150 µΩ cm have negative temperature coefficient

of resistance). The very sharp increase of resistivity which occurs around the

temperature of 107 K reflects a pronounced scattering of conduction electrons on

disordered magnetic moments in the vicinity of the magnetic transition.

The magnetic phase transition was also clearly visible on the heat capacity data

(see Fig. 4.48) as a lambda shape anomaly at TC that is typical for a second

order magnetic phase transition. This observation is in contrast with previous-

ly published measurement on Gd52.5Co18.5Al28Zr1 [111] and also on other type

of metallic glasses [107] where no lambda anomaly was observed and only broad

bumps were visible. The authors attributed the unusual temperature dependence

of heat capacity around the magnetic transition to the random distances of mag-

netic atom in their samples, i.e. to a fluctuation of exchange integral and a wide

distribution of the relevant transition temperatures of domains. The sharp tran-

sition in our case is probably due to the high concentration of magnetic atoms in

the sample which results in much narrower distribution of the ordering tempera-

tures. The anomaly is gradually smeared out by application of magnetic field (see
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Figure 4.47: Resistivity of the amorphous sample.

Fig. 4.49), which is consistent with the ferromagnetic order in the studied mate-

rial. In principle both, the entropy and the temperature changes can be evaluated

when comparing the heat capacity data measured in zero and non-zero magnetic

field, however, taking into account relatively small mass (∼2.5 mg) and possi-

ble change of thermal coupling due to magnetic force acting on our sample, the

magnetocaloric characteristics cannot be evaluated with a reasonable precision

from the heat capacity data itself. If the coupling will change during magnetic

field change it can result in shift of the whole cure measured in field and thust

the entropy change calculated from the data will be shifted by additional con-

stant, however, the temperature dependence of magnetocaloric quantities should

be resonable.

In the low temperature region from 3 K to 10 K, the heat capacity can be well

described as a sum of electronic and lattice contributions, equation (3.7). Where

γ = 48.8 mJ mol−1 K−2 and β = 0.71 mJ g-atom−1 K−4 in our case. Using

expression in (3.7) for β we obtain the value of θD= 140 K.

The magnetization isotherms were measured in a wide temperature range around

the magnetic transition temperature TC= 108 K. Then, the entropy change ∆S

that is drawn in Fig. 4.50 was calculated by the Maxwell relation (2.21) using
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Figure 4.48: Heat capacity data measured in zero magnetic fields. Inset shows

low-temperature part of heat capacity in coordinates C/T vs. T 2 and a fit to

equation (3.7).
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Figure 4.49: Heat capacity data measured in magnetic field of 4.7 T compared to

zero field heat capacity.
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Figure 4.50: Entropy change ∆S of Gd64Co26Al9Y1 obtained from magnetic

isotherms and heat capacity (blue line)

the magnetization data for three different field spans of 1 T, 2 T and 4.7 T.

We can now also calculate the entropy change using the heat capacity data and

shift it according to values derived by Maxwell relation to obtain more complete

information, see Fig. 4.50. The character of the entropy change ∆S is typ-

ical for the second order transition from paramagnetic to ferromagnetic state.

The entropy change is negative in the whole studied temperature range which

points on dominant ferromagnetic coupling with lower entropy with respect to

paramagnetic state. The asymmetry of the ∆S(T ) peak is an indication of a pro-

nounced effect of magnetic field on magnetic moments also in the paramagnetic

state. The maximum of the entropy change, |∆S|= 9.3 J kg−1 K−1, for field span

of 5 T was observed at the temperature of 110 K and the relative cooling power

can be roughly estimated to be about 744 J kg−1 in the case of field span of 5 T.

This value was obtained as a product of maximum entropy change and δTFWHM .

These results are summarized and compared with other similar materials in Table

4.3.

The adiabatic change of the sample temperature, ∆Tad, was calculated using the

heat capacity data measured in zero field and the entropy change obtained from
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zero field heat capacity measurement and ∆S for the field span 5 T (∆S – vertical
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Table 4.3: Summary of the main magnetocaloric parameters of selected amor-

phous materials for field change of 5 T.

Material Tc (K) −∆S (J kg−1 K−1) δTFWHM (K) ∆Tad (K) Reference

Gd64Co26Al9Y1 108 9.3 85 3.6 This work

Gd36Co20Al24Y20 53 7.76 76 - [78]

Gd55Co15Al27Si3 101 8.4 95 - [112]

Gd60Co26Al14 79 10.1 55.1 - [79]

Gd52.5Co16.5Al31 95 9.8 93 - [113]
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The black line is plotted to guide the eyes.

magnetization isotherms as it is shown in Fig. 4.51. The entropy S(T ) in zero-

magnetic filed was taken as an integral of the Cp/T measured data, the entropy

in magnetic field was then constructed by an addition of the negative entropy

change ∆S calculated from magnetization isotherms. The temperature change,

∆Tad= 3.6 K, was afterwards obtained from its definition, i.e. ∆Tad = Tf − Ti,

when S(Hf , Tf) = S(Hi, Ti), where Hi= 0 T and Hf= 5 T in our case. The direct

measurement of the sample temperature was performed to obtain the temperature

change induced by variation of external magnetic field from 0 to 4.7 T. The results

are presented in Fig. 4.52. Unfortunately, the direct measurements of ∆Tad of the

very flat shaped samples were strongly stigmatized by two effects – by significant

thermal losses from such samples during the measurement of ∆Tad and probably

also by a sharp set-out of temperature around colder (or warmer) thermocouple

due to a low thermal conductivity of the metallic glass. These effects cause

that the directly measured values of ∆Tad are lower than the values calculated

indirectly from the magnetization and heat-capacity data.

The entropy change, ∆S= -9.3 J kg−1 K−1, induced by field change of 5 T was

observed on prepared amorphous metallic alloy sample at vicinity of its Curie
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temperature, TC= 108 K. Very sharp character of the magnetic transition was re-

vealed by magnetization, heat capacity and resistivity measurements. We should

stress that such sharp character of magnetic transition was not observed on other

bulk metallic glasses in literature previously. In this context we are inclined to

search for alternative explanation of so broad transition resulting in large RCP

values. It is possible that the magnetic field can in our case enhanced the spin

polarization of the 3d electron and thus lead to the observed significant entropy

change even in temperatures far from the magnetic transition. The maximum

calculated change of the sample temperature induced by 5 T field span is 3.6 K

at temperature of 114 K. We can also conclude that the increase of Co-content in

our glass enhanced MCE only little in comparison with glasses mentioned in intro-

duction of this paper and summarized in Table 4.3. The transition temperature

was nevertheless shifted to the higher temperatures.

4.5 General discussion

In this work I presented a study of magnetic and magnetocaloric properties of

several particular systems starting from well ordered single-crystalline TbNiAl

continuing on systems of TbFeAl and GdFeAl with partial chemical disorder be-

tween Fe and Al and ending on amorphous sample of Gd based metallic glass. The

evolution of magnetocaloric properties is followed. As a general trend the broad-

ening of magnetocaoric effect is observed and reflected also by increasing RCP

values. This fact can be ascribed to broadening of magnetic transitions which is

often observed. In contrast, the Gd-Co-Al-Y metallic glass showed unexpected-

ly sharp magnetic characteristics that was observed for example on anomaly of

heat capacity and temperature dependence of magnetization. The results indi-

cate another important mechanism of broadening of MCE in the sample. We can

speculate that the applied magnetic field is able to enhance magnetic interaction

and increase spin polarization of the 3d electrons.

We studied TbNiAl single crystal as well as polycrystalline samples. The main

focus was to study influence of magneto-crystalline anisotropy on MCE. The en-
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tropy change obtained with magnetic field applied along the hexagonal c-axis

showed a 100% increase with respect to polycrystal. The entropy change mea-

sured for field perpendicular to c-axis was almost zero in whole studied tempera-

ture region. Such difference can suggest an alternative possibility for application

than moving material in and out of the magnetic field. Just a rotation of the

working material a 90◦ could be sufficient to observe large MCE. Also the effect

of substations was studied. They led to a decrease of ordering temperature at

low concentrations. In case of In substitution the ordering temperature was in-

creasing at In concentration higher than 50%. Both substitutions increased the

RCP . In case of Y substitution the change of MCE behavior is connected with

a change of magnetic state from antiferromagnetic to ferromagnetic. The non-

magnetic Y takes place of Tb in the structure and it decreases the frustration of

Tb magnetic moments placed on triangular lattice. In case of In substitution the

magneto-crystalline anisotropy is changed. The easy axis anisotropy is changed

to easy plain.

The study continues on polycrystalline samples of TbFeAl and GdFeAl. The

Fe and Al have two crystallographic positions, however, the multiplicity is such

that both elements are present on both positions which create a partial chemical

disorder. The absolute values of entropy changes are smaller than observed on

TbNiAl. The magnetic transitions are broader which result in wide temperature

region of reasonable MCE and in interestingly large RCP values. The ordering

temperatures are high enough to allow us to measure the MCE by direct mea-

surement of temperature change. The direct measurement is in agreement with

results obtained by indirect determination of entropy change.

The direct measurement technique was developed and we presented some of its

potential also on Ni2MnGa based Heusler compound characterized by first order

structural transition. The complex behavior of magnetic and structural proper-

ties of these samples is indicated by obtained results. The discrepancy between

magnetocaloric properties presented by different research groups can be caused by

different measurement approach. Our results indicate that the measurement de-

pend highly on history of the sample. Large hysteresis and spontaneous transition
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occurrence while waiting at stable temperature indicate that fast measurements

can be biased by nonequilibrium state of the samples.

The amorphous sample of Gd-based metallic glass of new composition was stud-

ied. Magnetization, resistivity as well as heat capacity showed a sharp transition

at 108 K. The sharpness of the transition is remarkable with respect to previous

measurements on similar materials [107, 111] and is most probably caused by

high content of magnetic elements. Nevertheless the magnetocaloric effect of this

material bears the characteristic feature of amorphous metal - extremely wide

peak of ∆S(T ). This can suggest that alternative explanation than distribution

of magnetic interactions is responsible for broad ∆S peak.

I would also like to shortly summarize the potential of MCE in magnetic cooling

technique as it is one of the driving forces of the vast research in last years. Sever-

al working prototypes were constructed and described in literature starting from

simple apparatus for testing magnetocaloric materials to industrial prototypes in

last few years [114–117]. Interesting design of solid state device was tested by

D. J. Silva at al. [118]. The research and development of the magnetic cooling

technology was also summarized in several review articles [116, 119]. The most

effective and powerful devices are characterized by rotational design and they are

using active magnetic regenerators (AMR) cooling cycle. In the AMR a tempera-

ture gradient is established trough the working material/chamber by decreasing a

volume of transported heat exchange media. The AMR can be operated at higher

frequency and it can establish much higher temperature difference between heat

exchangers (temperature span). One of the latest design was introduced by K.

Engelbrecht [120]. The device was able to reach 25 degrees temperature span

and maximal power was 1010 W. The 2.8 kg of Gd was used in regenerators.

Machines with smaller amount of magnetocaloric materials were also presented.

The amount of 0.11 kg of Gd was used by A. Tura [121]. Their device was able to

operate with 10 K temperature span and 50 W of cooling power. An example of

small scale device was also constructed at Czech Technical University in Prague

in collaboration with faculty of mathematics and physics of Charles University.

The device reached temperature span of 3.1 K and estimated cooling power of
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10 W was obtained for 0.035 kg of Gd and 0.85 T field change [122]. The potential

of the magnetocaloric refrigeration can be roughly estimated from measurement

of magnetocaloric materials and it can probably reach about 3 kW cooling power

and temperature span of more than 40 K (for about 1 kg of working material and

magnetic field changes around 1 T). The main advantage should be large efficien-

cy. About 60% of ideal Carnot efficiency was already observed for magnetocaloric

cooling device [123] that is significantly better then 40% of conventionally used

technology. The main disadvantaged can be seen in high cost of magnetic field

sources and in case of permanent magnets their volume and mass is rather large

when we want to obtain reasonable high magnetic field.
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5. Conclusion

The work can be divided in two parts. The first concerning the development

of experimental setup for measurement of direct adiabatic temperature change

resulting from fast magnetic field change. The second part is presenting measure-

ments and results obtained on several compounds and alloys. Obtained results

are discussed mainly with respect to magnetocaloric effect.

The instrument for measurement of direct magnetocaloric adiabatic temperature

change was developed in collaboration with J. Kamarad at FZU AVCR, v.v.i..

The final design of the apparatus are described alongside with short description

of the most important obstacles. The performed calibration measurement are

presented and described. The possibility to use the apparatus also for resistivity

and magneto-resistivity measurement (sample holder can be easily exchanged

to suite different experiments) was demonstrated (see for example Fig. 4.31

and 4.32). The relative heat capacity can be determined by evaluation of direct

measurement. The instrument was proven to give good results which agrees well

with comparable measurements.

The work presents study of physical properties of several different compounds

and alloys. First family of studied materials is related to TbNiAl. The magnet-

ic and magnetocaloric properties were studied for single-crystal of pure TbNiAl

with emphasis on its strong magneto-crystalline anisotropy. The maximum of

∆S = 15 J kg−1 K−1 was obtained for field span of 5 T at 49 K and ambient

pressure. The applied uniaxial pressure leads to small increase of ∆S presum-

ably due to sharpening of the aniferromagnetic-ferromagnetic transition in low

magnetic field. Effect of two substitution was studied. The Y substitution for

Tb leads to change of the antiferromagnetic ground state to ferromagnetic and

lowering of the transition temperature. The In substitution for Al is changing the

magneto-crystalline anisotropy from easy axis to easy plane. The heat capacity

measurement was for the first time performed and the result are presented in

temperature range around and below TN .
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Second group of materials studied in this work are isostructural TbFeAl and

GdFeAl compounds characterized by partial chemical disorder of Fe and Al atoms

sharing same crystallographic positions. Both compounds undergo magnetic tran-

sition which is in small magnetic field splitted in two subsequent transitions. Un-

usually broad MCE was observed for these compounds which give raise to large

values of RCP = 350 and 348 J kg−1 for TbFeAl and GdFeAl, respectively. The

direct adiabatic temperature change was measured and the maximum of 1.6 and

1.4 K was reached for TbFeAl and GdFeAl compounds.

The Ni2MnGa based compound are represented by two samples. An Er con-

ditioned Ni42.9Co7.5Mn31.4Ga18.2 and a Ni1.72Co0.28Mn1.24Ga0.76 compounds are

studied from point of view of MCE. The Er free sample undergoes structural

transition connected with inverse magnetocaloric effect and large entropy change.

The small values of temperature change can by explained by interplay of mag-

netic and structural contributions to the magnetocaloric effect. Relatively small

temperature change was detected also around magnetic ordering temperature of

the low temperature phase which can be due to the MFIS and reorientation of

structural variants of the martensite phase. This explanation is supported by

measurement on Er conditioned sample. The magneto-structural coupling was

studied by resistivity and magnetoresistivity magnetization measurements and a

large magneto-resistance of 40% was obtained in magnetic field of 4.7 T. The Er

conditioned sample did not showed structural transition and only small amount

of low temperature mertensite was detected by means of X-ray diffraction which

is probably due to complex stress-strain conditions in this sample. All Er was ob-

served to form a second phase presumably along grain and subgrain boundaries.

No inverse magnetocaloric effect was observed on the studied sample. The direct

measurement of adiabatic temperature change was performed and the reversible

temperature changes are presented for both samples.

Last studied material was metallic glass with composition of Gd64Co26Al9Y1. The

maximum of MCE was |∆S| = 9.3 J kg−1 K−1 for 5 T field span at temperature

of 108 K. Broad ∆S peak leads to large RCP = 791 J kg−1 for 5 T field change.

The temperature change recalculated by use of heat capacity data reached 3.6 K.
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It was shown that the magnetocaloric effect can be a very sensitive tool for inves-

tigation of magnetic and magneto-structural transitions. The indirect evaluation

can interconnect different measurement and brings a possibility of visualizing

experimental data so the small changes connected with substitution, magnetic

ordering changes or structural properties can by identified. The direct measure-

ment can give completely new informations about studied samples. It is also

extremely important information for determining a potential of a material for

real application. From the application point of view the magnetocaloric cooling

have undoubtedly great potential, although it is still necessary to find even better

magnetocaloric material and solve problem of high cost of magnetic field. The

most interesting group of materials, in my opinion, is amorphous metals which

can be produced in sufficient quantity and their properties can be relatively easily

influenced to meet various criteria placed on good magnetocaloric material.
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