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měřeńı a tvorbě mé diplomové práce. Konzultace s Doc. Pavlem Javorským byly vždy
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talu sloučeniny DyNiAl. Naměřená data ukázala silnou anizotropii magnetokalorického
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Chapter 1

Introduction

1.1 Magnetocaloric effect

The magnetocaloric effect (MCE) is among the most fundamental physical properties of

magnetic solids. This intrinsic property is defined as the adiabatic temperature change or

the isothermal entropy change of materials when varying external magnetic field. Both the

sign and the extent of the temperature or entropy change between the initial and final state

of the material dependent on numerous intrinsic and extrinsic factors. The magnetocaloric

effect was first observed by Emil Warburg in 1881 on the iron samples. The cooling method

of adiabatic demagnetization which allows reach the ultra low temperature was developed

in 1920s. This method was independently developed by Debye (1926) and Giauque (1927).

A few years later, in 1933, W. F. Giauque and D. P. MacDougall performed an experiment

at which they reach 0.25 K [1]. The Nobel price was given to the W. F. Giauque in 1949

among others for the research of magnetocaloric effect.

1.2 General motivation

Magnetic cooling technique is now considered as a serious alternative for conventional

refrigeration. Materials displaying large MCE are studied intensively during last years.

One of the first functioning room-temperature cooling device was shown in 1997 and the

working material was Gd which is still one of the most suitable materials. The materials

with a large magnetocaloric effect are mostly the rare-earth intermetallic compounds

like e.g. Gd5Ge2Si2 [2–4] and La(Fe1−xSix)13 [5–7]. Among other systems, we should

mention for example MnFeP0.5Ge0.5−xSix [8], MnAs1−xSbx [9] and FeRh [10]. Although

the mentioned materials exhibit large magnetocaloric effect, there are difficulties when

considered the real application. The magnetocaloric effect of the FeRh is irreversible and

disappear after first application of the magnetic field for example.

Materials with the large magnetocaloric effect are potential candidates for a real ap-
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plication, but on the other hand, the study of the magnetocaloric effect can lead to the

deeper understanding of the magnetic interactions, phase transitions and other micro-

scopic properties of the material. The measurement of the material which exhibits only

a small magnetocaloric effect or magnetocaloric effect reaches maximum at low tempera-

tures is still meaningful and valuable.

In this work we present results of the experimental study of the magnetocaloric effect

in three types of materials. We measured the DyNiAl compound, substituted RECo2

compounds and the Gd-Tb alloys.

DyNiAl belongs to a large group of rare-earth intermetallics crystallizing in the hexag-

onal ZrNiAl-type structure. The RENiAl compounds show complex magnetic order at

low temperatures with two magnetic phases when RE = Sm, Gd, Tb, Dy, Ho or Tm

[11, 12]. The second phase transition occurs here at about one half of the ordering tem-

perature, T1 ≈ TC

2
, what can be favorable for magnetocaloric effect. The magnetocaloric

effect on polycrystalline TbNiAl [13], HoNiAl [14] and DyNiAl [15] was already studied

and showed interesting characteristics. We focus on a rarely discussed aspect of MCE -

the anisotropy of the magnetocaloric properties. The use of intrinsic anisotropic proper-

ties is one of the promising ways to increase the refrigerant capacity of a given material

and has been theoretically and experimentally studied [16–18].

The second studied system are the RECo2 compounds. The magnetic and magne-

tocaloric properties of RECo2 compounds are strongly influenced by substitutions of Co

by other elements. The magnetocaloric effect in many systems with substituted Co atoms

has been studied in recent years (e.g. [19–23]). In this work, we aim to modify the tran-

sition temperature of DyCo2 and GdCo2 compounds toward the range between 200 and

300 K by two different substitution. We use iron in DyCo2 and rhodium in GdCo2.

The last system presented in this thesis are the Gd-Tb alloys. The Gd-Tb alloys

are considered as a real working material in a prototype magnetocaloric cooling device

constructed in cooperation between our department and the Faculty of Mechanical Engi-

neering at Czech Technical University in Prague. Therefore, beside the characteristic of

the magnetocaloric effect, we investigate some more technical problems like the influence

of the sample shape. The different measurement techniques were used on this system and

the obtained results are discussed.

1.3 How to read this work

I divide this work in several chapters. Short introduction had to acquaint the reader with

the subject of this work and give the foundation of the research.

The required theory can be find in the next chapter which consist from tree parts.

The first part represents the short overview of the origin of the magnetism and of the

magnetic interactions mainly in the RE-T systems where the RE is the rare-earth and T
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is the transition metal. The basic concept of the magnetocaloric effect and the equations

to enumerate the magnetocaloric characteristics from the measurement are presented in

the second part and the third part of chapter 2 is given to the influence of substitution

on the magnetocaloric effect.

The chapter 3 describes the used experimental techniques. The preparation of the

samples is summarized in the first part, the x-ray characterization of the samples in the

second part. The last part of the third chapter is dedicated to the measurement techniques

of the MCE. The indirect measurement techniques, the magnetization measurement and

the heat capacity measurement, are followed by the direct measurement of the temperature

change.

The fourth chapter contains the obtained results and the discussion of these results.

The chapter is divided in three parts which correspond with the studied systems. First

we present the measurement of the DyNiAl single crystal. The second part is given to the

RECo2 systems and is divided in two parts: Gd(Rh,Co)2 and Dy(Fe,Co)2. The results

obtained on Gd-Tb alloys are described in the last part of the chapter 4. More attention

was given to the Gd0.9Tb0.1 then to the others concentrations and the results for this

concentration are presented in a special part 4.3.1.

The conclusions, as chapter 5 and the list of references are at the end of this work.
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Chapter 2

Theoretical background

2.1 Magnetic interactions

Basic quantities to describe the magnetism are the magnetization M , the magnetic field

induction B and the intensity of the magnetic field H. The following equation holds:

B = µ0(H + M), (2.1)

where µ0 is the permeability of the vacuum. The response of the matter on the magnetic

field is expressed as

M = χH, (2.2)

where χ is the susceptibility of the matter. Materials with the negative susceptibility are

diamagnetic. The materials with the positive susceptibility are paramagnetic or magnet-

ically ordered.

Diamagnetism

Diamagnetism is the aspiration of the electron to shield effect of the magnetic field.

When the magnetic field is applied the current is induced according to the Lorentz law.

The induced current tries to prevent the change of the magnetic flux. The diamagnetic

susceptibility in a real system is very small and is in order of −10−13 to −10−12 m3mol−1.

The diamagnetic response can be directly seen only on ions with the filled electron shells

(Larmor diamagnetism). The diamagnetic materials are for example copper, gold and the

rare-gases.

Paramagnetism

Paramagnetism is characterized by a positive susceptibility. The directions of magnetic

moments are randomly distributed in zero field in the paramagnetic state. Paramagnetism

of the free ions has origin in the spin moment S and the orbital moment L of the ions.
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The ground state of the free ions without field is (2J + 1)-times degenerated and is given

by Hunds rule [24] and characterized by the total momentum J .

The magnetic moment of the free ions is given by the following equation:

µ = −gµBJ, (2.3)

where the µB is the Bohr magneton and g is the g-factor which is calculated from the

S and L numbers. The applied magnetic field splits the ground state in to (2J + 1)

equidistant energy levels. The magnetization of the free ions with the total momentum J

can be calculated as

M = NgJµBBJ(x), x ≡
gJµBB

kBT
. (2.4)

The BJ is the Brillouin function and is defined as

BJ(x) =
2J + 1

2J
cotgh

(

(2J + 1)x

2J

)

−
1

2J
cotgh

(

x

2J

)

. (2.5)

The Curie law can be derived for small x from the equation (2.4).

M

B
=

C

T
(2.6)

Where C is the Curie constant. Such paramagnetic contribution is called Van Vleck

paramagnetism.

This calculation holds exactly for the free ions with partially filed electron shell. When

the ions is in the solid, the crystal field has to be taken in to account. The 4f shells of the

rare-earth ions are well shielded by the 5s and 5p electrons and the previous derivation is

correct. The situation is different for the 3d metals. The 3d electrons contribute to the

metallic bond and are highly influenced by the crystal field. The crystal field lower the

degeneracy of the ground state and leads to the so called freezing of the orbital momentum.

The L number has to be taken as zero and only the spin S plays a role.

Another paramagnetic contribution comes from the free electrons. Pauli showed [24]

that the use of the Fermi-Dirac distribution function leads to the temperature independent

magnetization of the free electrons:

M ≈
Nµ2B

kBTF

, (2.7)

where N is the number of atoms in unit volume, kB is the Boltzman constant and TF is

the Fermi temperature. This paramagnetic contribution to the total susceptibility is only

a fraction of the Van Vleck paramagnetism.
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Magnetic ordering

The magnetic ordering in the material originates from the mutual interactions between

magnetic moments. The magnetic ordering arise when the interaction exceed the random

thermal motion. The exchange interaction is the most prominent interaction in magnetic

materials. The exchange interaction can be of different type depending on the material.

The three basic types of exchange interactions are the direct exchange interaction, the

indirect exchange interaction and the indirect exchange interaction of RKKY type. The

direct exchange interaction acts directly on the neighboring magnetic atoms. The indirect

exchange interaction uses the nonmagnetic atom as a mediator. The magnetic moment

interact through the itinerant electrons when the RKKY interaction is present. The

strength of the exchange interactions can be expressed with help of an internal ”exchange

field” that works on the magnetic moment and can be in order of 100 T.

The magnetic properties of material depend on the character of the electrons of the

solid. In this work we will speak mainly about the RE-T compounds where T repre-

sents the 3d-metal and RE stands as lanthanides. The lanthanides is a set of elements

placed between lanthanum and lutetium in the Periodic Table of Elements and together

with scandium and yttrium create group called rare-earths. The magnetism of the tran-

sition metal comes from the itinerant 3d electron band. The partially filled electron band

which is filled up to the Fermi energy can be subdivided into two subbands with oppo-

site spin orientation. The subbands are unequally occupied which leads to the raise of

the magnetism in ferromagnet and when the external magnetic field is applied even in

paramagnetic metal. The subbands are equally occupied in paramagnetic materials.

The 4f electrons of the RE are more localized and give the origin of the magnetic

moment when the 4f electron shell is partially filed. The competition of the exchange

interaction and the crystal field leads to a large diversity of magnetic structures. Very

important is the interaction between the 3d and 4f electrons because the 3d-4f interaction

couple the strongly anisotropic RE sublattice to the much less anisotropic T sublattice.

This interaction is based on the indirect exchange interaction and is antiferromagnetic.

With the Hund’s rules, it explains ferromagnetic ordering when the RE is a lighter rare-

earth and ferrimagnetic when RE is a heavier rare-earth.

It will be objective to derive the origin of the ferromagnetism in the Ising model. We

have the system of spins placed on a lattice point and the interaction between the spins.

The Hamiltonian of this system is defined as follows.

H = −
1

2

∑

mn

Jmnsmsn −
∑

m

bmsm. (2.8)

The indexes m,n indicate the lattice points, the variable s can swell two value sm ∈

{+1,−1} and means the direction of the spin (local moment) on the m-th lattice point.
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The Jmn are the exchange integrals which describes the interaction of the spins (Jmm =

0, Jmn = Jnm). The bm represents the local magnetic field (This coefficient will contain

the external magnetic field). The Hamiltonian (2.8) is nonlinear. We have to make some

approximation to find solution. The Hamiltonian without the perturbation:

H0 = −
∑

m

amsm, (2.9)

where the am represents the unknown local field. The Hamiltonian is in the ”mean field”

approximation and the am contain the effect of all the spins which can interact with the

m-th spin.

The Hamiltonians H and H0 is differ by the disturbance V ≡ H − H0 and we can

write the following inequality for the free energy F and F0:

F ≤ F0 + 〈V 〉
0

= F0 + 〈H − H0〉0 , (2.10)

where 〈. . .〉
0

means the thermodynamic mean value in respect with H0. The quantity on

the right side of (2.10) is equal to

F0 = −β−1
∑

m

ln [2 cosh(βam)], (2.11)

〈H0〉0 = −
∑

m

am 〈sm〉0 , (2.12)

〈sm〉0 = tanh (βam) , (2.13)

〈H〉
0

= −
1

2

∑

mn

Jmn 〈sm〉0 〈sn〉0 −
∑

m

bm 〈sm〉0 , (2.14)

where β = 1/kBT and where we use the equation 〈smsn〉0 = 〈sm〉0 〈sn〉0 which holds for

noninteracting Hamiltonian H0. Next step is to minimize the right side of (2.10). The

condition of the minimum leads to the system of nonlinear equation.

aj = bj +
∑

n

Jjn tanh (βan) , 〈sj〉0 = tanh (βaj) (2.15)

The equation (2.15) can be interpreted this way: The mean value of the j-th spin sj on

the j-th lattice point is given by the value of the effective field aj. The effective field is a

sum of the applied field bj and the term which contains the mean value of the spins on the

others lattice points. The last term in equation (2.15) is spoken as the molecular Weiss

field. The equation (2.15) represents the mean field approximation (MFA) from the Ising

Hamiltonian (2.8).

If all the lattice points are equal we can write

bm = b, am = a, 〈sj〉0 = s̄ and
∑

n

Jmn = J (2.16)
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and the equation (2.15) can be rewrite in form:

a = b + Js, s̄ = tanh [β (b + Js̄)] (2.17)

The most of Jmn is positive in ferromagnet so the J > 0 and the (2.17) has nonzero

solution for zero external field and temperature below the critical temperature Tc – the

equation (2.17) leads to the arise of ferromagnetism. The hyperbolic tangent in (2.17)

can be, form small field and high temperature, replace by tanh(x) ≈ x

s̄ =
βb

1 − βJ
=

b

kBT − J
(2.18)

and write in usual form as Currie-Weiss law

s̄ = χb, χ(T ) =
1

kBT − J
(2.19)

The MFA has some objection as for example wrong critical exponents and very slow

fall of the magnetization from the saturated value at the low temperature.

2.2 Basic concept of the magnetocaloric effect

For simple concept we can imagine that there are microscopic magnetic moments in the

material. The microscopic magnetic moments are influenced by the random thermal

motions at any finite temperature. When applying the magnetic field the microscopic

moments are forced to aligned to the magnetic field direction and the energy of the

moments is changed. The energy of the lattice is then changed via the spin-lattice coupling

and we can observe the adiabatic temperature change.

The temperature dependence of the entropy for the para- or ferromagnetic material

is shown in figure 2.1. The arrows in the figure 2.1 represents the adiabatic temperature

change ∆T and the isothermal entropy change ∆S, respectively. In case of a material

in a paramagnetic or a ferromagnetic state the isothermal change of entropy is negative

and the adiabatic temperature change is positive when applying the field. The isothermal

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

material is in an antiferromagnetic state. The magnetocaloric effect reaches maximum

when the ordering of the magnetic moments changes very rapidly with a small change of

the magnetic field. Such case represents the phase transition.

There are two type of the phase transitions in the nature. We speak about first order

transition if there is a jump in the first derivative of the Gibbs free energy. The second or-

der transition is characterized by the continuous first derivative and discontinuous second

derivative of the Gibbs free energy. The Gibbs free energy is generally given by following
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Figure 2.1: The illustrative evolution of the entropy with applied magnetic field and without the
field. The arrows represent the adiabatic temperature change and the isothermal entropy change. The
dependence corresponds to a ferromagnet or a parramagnet.

equation:

G = U − TS + pV − MB, (2.20)

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. Although the temperature depen-

dence of the entropy change, ∆S, reaches very high value when the first order transition

occurs, the width of the maximum is very small. The volume change and the hysteresis

of the magnetocaloric effect at the first order transition poses is a great obstructions for

the real application. The second order transition brings broader maximum of the entropy

change and the absolute value of this maximum is only fraction of values measured at the

first order transition. There is no hysteresis at the second order transitions.

The knowledge of the fundamental thermodynamic relations is important to proper

understanding of the magnetocaloric effect. Entropy S, magnetization M and volume V

can be expressed as the first derivative of the Gibbs free energy (2.20) and the following

equation can be written:

S(T,B, p) = −

(

∂G

∂T

)

p,B

, (2.21)

M(T,B, p) = −

(

∂G

∂B

)

T,p

, (2.22)

V (T,B, p) =

(

∂G

∂p

)

T,B

. (2.23)
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It is possible to write the entropy differential:

dS =

(

∂S

∂T

)

p,B

dT +

(

∂S

∂p

)

T,B

dp +

(

∂S

∂B

)

T,p

dB. (2.24)

The first two parts of the sum in (2.24) can be expressed as:

(

∂S

∂T

)

p,B

dT =
cB,p

T
dT,

(

∂S

∂p

)

T,B

dp = −αV dp, (2.25)

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

α is the coefficient of the thermal expansion. The equation (2.24) for the adiabatic-isobaric

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

(

∂S

∂B

)

T,p

dB =
cB,p

T
dT. (2.26)

The magnetization isotherms or the heat capacity measurement are very often used

to enumerate the magnetocaloric effect. We need the Maxwell relation

(

∂S(T,B)

∂B

)

T,p

=

(

∂M(T,B)

∂T

)

B,p

(2.27)

and definition of the heat capacity

cp = T

(

∂S

∂T

)

p

(2.28)

for such calculation. The Maxwell relation express the mathematical fact that the first

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

that the Maxwell relation can be used only in system which undergo the second order

transition but not in systems with the first order transition. The Maxwell relation is still

used in case of the first order transition as a rough estimation.

The equation (2.27) can be integrated and the final relations to calculate the ∆Sm

from the magnetization isotherms is obtained (considering field change from 0 to B1):

∆Sm =
∫ B1

0

(

∂M(T,B)

∂T

)

B

dB. (2.29)

The integration of (2.28) gives

S = S0 +
∫ T

0

(

cp(T
′

, B)

T ′

)

dT
′

, (2.30)

where S0 is field independent. If we know the heat capacity in two different magnetic
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fields, we can calculate the entropy change according to following equation:

∆Sm =
∫ T

0

(

cp(T
′

, B0) − cp(T
′

, B1)

T ′

)

dT
′

. (2.31)

The magnetization and heat capacity measurements are not continues, so we have

to enumerate the integral and the derivative using some numerical method. We have

to enumerate the area below the integrated curve in principle. In our work we use the

rectangular method of integral enumeration. The equations (2.29) and (2.31) can be than

written as follows:

∆SM(Tav, HN) =
N−1
∑

l=1

M(Ti+1, Hl) − M(Ti, Hl)

Ti+1 − Ti

(Hl+1 − Hl), (2.32)

∆SM(TN , H1) =
N−1
∑

l=1

c(Tl, H0) − c(Tl, H1)

Tl

(Tl+1 − Tl) , (2.33)

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

trapezoidal method. The trapezoidal method use the trapezoids in place of rectangular to

approximate the area below the integrated curve. The difference is for large N negligible

and both methods give the same results.

Another quantity to compare the different magnetocaloric materials is the relative

cooling power (RCP ). The RCP represents the mass of heat which can be transfered

in one cooling circle and is important for the real application. The RCP is product of

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

temperature dependence of the entropy change (δTFWHM):

RCP = ∆Smax
m ∗ δTFWHM . (2.34)

2.3 Influence of substitutions

The change of the chemical composition is one of the way how to alter the material prop-

erties to be, for example, suitable for application (the properties of steel or the transition

temperature of the magnetocaloric materials) but also to alter the position of the inter-

esting physical phenomena to be in experimentally reachable area. The substitution takes

place as a so called tuning parameter when studying the quantum critical phenomena,

too. In general, the substitution can lead to a change of the electron density of states

(DOS) and also leads to a change of crystallographic parameters or even can lead to a

change of the crystal-structure type. Both modifications, electronic and crystallographic,

influence the magnetic ordering. In some cases (when the substitution is very close to the

substituted atoms) are the effects of substitution compared with the pressure effect. The
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pressure can change the lattice parameter of the system but do not change the chemical

composition.

The substitution in this work was used mainly to change the ordering temperature. In

this way, we can tune the maximum of MCE to the desired temperature region. Within

the frames of this work, it is the case of RECo2 system and Gd-Tb alloys. The size of

MCE can also vary dramatically upon substitution due to various reasons like a change of

the magnetic moment size or (dis)appearance of crystallographic changes. We will show

that substitutions studied in this work do not lead to any prominent changes of the size

of MCE.
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Chapter 3

Experimental methods

3.1 Sample preparation

Polycrystalline samples were prepared by arc-melting from the stoichiometric melt of pure

metals. The purity of metals were 3N for Dy, Gd, Tb and Co, 3N5 for Rh and 3N8 for

Fe. The melting was done in the mono-arc furnace in an argon atmosphere. The pure

elements were put in the water cooled copper boat and melt several times to ensure the

homogeneity. The boat was spherical in case of RECo2 compound. The Gd-Tb alloys

were first melted in the spherical boat than cracked in the pieces and finally remelted in

an rectangular boat with cross-section 5×5 mm. The length of the prepared samples was

about 20 or 30 mm. The rectangular shape is more suitable for subsequent rolling.

RECo2 samples were then annealed for one week at temperatures of 950 ◦C for DyCo2

series and 925 ◦C for GdCo2 series. Three samples of Dy(Co1−xFex)2 with x = 0.00, 0.01

and 0.03 were prepared. Six samples of Gd(Co1−xRhx)2 with x = 0.05 up to 0.30 were

prepared.

Six samples of Gd-Tb alloys were prepared with Tb concentration of 0, 10, 20, 25, 30

and 40%. The sample with 10% of Tb was also rolled into very thin (∼0.03 mm) ribbon.

After then the samples of different shape were made from this ribbon to investigate the

influence of sample shape on the magnetocaloric effect.

The DyNiAl single crystal was grown by Czochralski method in a tri-arc furnace from

the stoichiometric melt of the constituent elements as described in detail in [25]. The

nearly cubic piece of 1.6 mm3 cut from the crystal used also in the previous studies

[25–27] was used in the present work.

3.2 Sample characterization

The prepared samples were characterized by the x-ray diffraction to determine the phase

purity, structure and structural parameters. The powder diffraction was performed on
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Figure 3.1: The Bragg-Brentano geometry. The punctuated circle is the focus circle, the full circle is
the detector circle.

the diffractometers with Bragg-Brentano geometry. The arrangement can be seen on the

figure 3.1. The sample is in the central axes and sample face is tangential to the focus

circle. The detector of the diffracted beam is free to go along the circle around the sample

with twofold angle velocity then the sample velocity. The positions of the maxima of

diffracted intensity are given by the Bragg law:

2dhkl sin θ = λ, (3.1)

where dhkl is the distance between crystal planes, θ is the angle of the diffracted wave

(as can be seen in 3.1) and λ is the x-ray wavelength. The x-ray analysis of the samples

was performed on two diffractometers: Brucker and Siemens (installed at the Department

of Electronic Structures at the Charles University). The radiation of Cu with the wave-

lengths λ(Kα1) = 1.5405 × 10−10 m and λ(Kα2) = 1.5445 × 10−10 m was used for the

experiment. The diffractogram was evaluated by using the FullProf software [28]. The

lattice parameters were refined from the peak positions. Several extrinsic peaks found in

RECo2 samples indicate the presence of a small amount of impurity phases.

3.3 Measurement of the magnetocaloric effect

3.3.1 Indirect methods

Two methods are used to determine the magnetocaloric effect indirectly in this work. First

we studied the magnetic isotherms at different temperatures MT (H). Measurement was

done on the commercial instrument MPMS provided by Quantum Design. The entropy

change can by calculated from knowledge of the magnetic isotherms according to equation

(2.32). The samples of RECo2 were measured in plastic capsule as fixed powder. The
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samples of Gd-Tb alloys can not be pulverized so the measurements were performed on

the small elliptical chips. In case of Gd0.9Tb0.1 sample, special shapes as described in the

next chapter were used. The error of this method is about 20% and can be calculated

according the following equation:

η∆S =
N−1
∑

k=1

(

ηM

MT1

k + MT2

k

MT2

k − MT1

k

+ ηH

Hk+1 + Hk

Hk+1 − Hk

)

+ ηT

T1 + T2

T2 − T1

. (3.2)

Here η is the relative error of the quantity in the subscript and T1+T2

2
is the Tav. The

subtraction of two close values of magnetization and the subsequent sum of this difference

is the main source of the error.

The heat capacity was measured in several different magnetic fields cH(T ). These

measurements were performed on the commercial instrument PPMS provided by Quantum

Design. The heat capacity can tell us not only the isothermal entropy change (equation

(2.33)) but also the adiabatic temperature change of the material. Absence of an easy

way how to fix the samples which have a large value of the magnetic moment is a great

problem of this measurement.

3.3.2 Direct measurement

The third method used in this work is the direct measurement of the temperature change

when applying the magnetic field. This measurement was performed on the unique in-

strument design by Ing. Kamarád. The device can operate in the temperature range from

330 K to 80 K. The liquid nitrogen is used as a cooler and the heating wire is used as a

heater. Magnetic field is produced by the Halbach magnet and can reach 1 T. Cryostat is

free to go in and out the field and it is possible to rotate the cryostat, too. The tempera-

ture of the sample is registered during the process of relaxation of the sample after moving

in or out of the magnetic field. The temperature is measured by two thermocouples. One

can extrapolate the temperature change ∆T of the sample from measured relaxation.

When using this method, we face several problems. The firs and the most severe one

is the thermal contact between the thermocouple, the sample and the sample holder. The

sample gives the heat to the thermocouple and in the same time to the sample holder

when we change the sample temperature by changing the field. The relaxation can be

distort if the relaxation process is too fast and the subsequent interpolation has larger

error. The large samples partially solve this problem by enhancement of the relaxation

time.

The next problem is connected with the changing of the field. Since the movement of

the cryostat is performed by hand, the alternation of the magnetic field is not exactly the

same at all measurements. The recorded data has to be erased if there were disturbances

in the fluent movement. The measurement is performed several times and the mean value
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Figure 3.2: The time dependence of the voltage on the thermocouples. The voltage corresponds to
the temperature difference between the sample and the sample holder. The data were obtained on the
Gd0.9Tb0.1 at 285 K and the peaks correspond to the field change of 1 T.

is calculated.

The recorded data for the sample Gd0.9Tb0.1 measured at 285 K can be seen in fig-

ure 3.2. The voltage U on the y-axis corresponds to the difference between the sample

temperature and the sample holder temperature according to the relation

∆T [K] =
U [V ]

4.10−5[V.K−1]
. (3.3)

The peaks represent the moving in or out the magnetic field. First the time dependence of

the ”background” temperature difference (the difference between the sample temperature

and the sample holder temperature when the field is constant) is extrapolated by the

linear dependence. The recorded data of each movement are then extrapolated by the

Newtons law of cooling:

T (t) = T0 + ∆Tmax ∗ exp
(

−t

τ

)

, (3.4)

where T0 is starting temperature of the sample, ∆Tmax is the temperature change, t is

time and τ is constant which contains the heat capacity of the sample, sample weight and

thermal transfer coefficients.
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Chapter 4

Results and discussion

4.1 Anisotropic magnetocaloric effect in DyNiAl

This compound crystallizes in the hexagonal ZrNiAl-type structure, orders magnetically

below TC = 31 K and undergoes a further magnetic phase transition at T1 = 15 K.

The Dy-moments are aligned ferromagnetically along the hexagonal c-axis below TC , the

additional antiferromagnetic component develops within the basal plane below T1 [27].

In order to determine the anisotropy of the magnetocaloric effect in DyNiAl, we have

measured in detail the magnetization curves with magnetic field applied along the hexago-

nal c-axis and perpendicular to the c-axis. In the second orientation, the field was oriented

along the a-axis, but considering the previous studies [26, 27], possible anisotropy of MCE

within the basal plane is rather small.

The magnetization curves are represented in figure 4.1 for magnetic field oriented along

the c- and a-axis, respectively.

The measurements were performed between 2 and 40 K with a 2 K step, additional

M(H) dependence was measured for H ‖ a at 50 K. The results are well in agreement

with the previously measured data [25]. We observe a typical ferromagnetic behavior for

magnetic field parallel to the hexagonal c-axis. When applying magnetic field along the

a-axis, we observe a low initial susceptibility reflecting the strong uniaxial anisotropy.

Field-induced transition is observed between 1.5 and 2 T, both below and above T1.

We can exclude its metamagnetic nature because above T1 the compound is a simple

collinear uniaxial ferromagnet. Therefore, we can consider this transition as a rotation of

the ferromagnetic component of the dysprosium magnetic moment from the c-axis to the

basal plane. This interpretation is corroborated also by the neutron-diffraction results

[27]. The resulting magnetic structure is stable in a wide interval of further increasing

field, the additional transition occurs only in high fields around 12 T [25].

The magnetic entropy change, −∆Sm, was derived from the M(H) dependencies using

the equation (2.32). The results are displayed in figures 4.2 and 4.3. We note that
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a) b)

Figure 4.1: The magnetization curves of DyNiAl a) measured with field applied along the c-axis. The
curves between 12 K and 40 K are shown with the step of 2 K; the curves measured below 12 K are not
displayed because they almost overlap with that obtained at 12 K. b) measured with field applied along
the a-axis. The curves between 4 K and 40 K are shown with the step of 4 K, i.e. only every second
curve is shown for better lucidity.

1 J.K−1.kg−1=0.248 J.K−1.mol−1.

When the field is applied along the c-axis, the entropy change shows a maximum near

the ordering temperature TC and reaches the value of −∆Sm = 14 and 22 Jkg−1K−1 for

2 and 5 T, respectively. This behavior clearly reflects the ferromagnetic ordering of Dy

moments along the c-axis. For the perpendicular orientation, H ‖ a, the behavior is much

more complex. We observe a small negative MCE (positive ∆SM) for the applied field

of 1 T what reflects the antiferromagnetic character of the magnetic order within the

basal plane below T1 [27]. The negative MCE persists also between T1 and TC , indicat-

ing the antiferromagnetic type of interactions in this temperature region. The entropy

change related to the antiferromagnetic component increases with increasing magnetic

field, leading to the total value of 2 Jkg−1K−1 below 10 K in 2 T. The antiferromagnetic

order remains intact also in higher fields and certainly contributes to the entropy change,

but the total MCE is strongly influenced by the field-induced transition in ≈ 1.5 T related

to the rotation of the ferromagnetic component from the c-axis to the basal plane. The

total entropy change gradually becomes negative and we observe two moderate maxima

of −∆Sm: around the TC and around 19 K. The existence of a minimum around 24 K is

related to the fact that the field-induced transition shifts to higher fields for temperatures

above 20 K (see figure 4.1). The size of the entropy change for H ‖ a and H ‖ c is well

comparable below T1, but the maximum in −∆Sm around TC for H ‖ c is considerably

larger than any values for the perpendicular orientation.
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Figure 4.2: The magnetocaloric effect in DyNiAl as determined from the magnetization curves with
magnetic field applied along the c-axis. We note that 1 J.K−1.kg−1=0.248 J.K−1.mol−1.
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Figure 4.3: The magnetocaloric effect in DyNiAl as determined from the magnetization curves with
magnetic field applied along the a-axis. We note that 1 J.K−1.kg−1=0.248 J.K−1.mol−1.
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The existence of two or even more maxima in the entropy change is often observed in

compounds exhibiting multiple phase transitions, e.g. Tb5Ge4 [29]. The case of DyNiAl

and H ‖ a is different, although also DyNiAl undergoes two magnetic phase transitions.

The observation of the two maxima in −∆Sm is related here to the nature and temperature

development of the field-induced transition and occur only if the applied field exceeds the

value of this transition (see figure4.3).

Our results reveal a strong anisotropy of the MCE in DyNiAl. We observe a large

entropy change for magnetic field parallel to the easy magnetization c-axis whereas ∆Sm is

smaller and has a very complex temperature dependence for the perpendicular orientation

H ‖ a. The results obtained for H ‖ c are qualitatively similar to those reported on

polycrystalline sample [15], but the size of the MCE is considerably enhanced. The value

of −∆Sm = 14 Jkg−1K−1 obtained in our study for the field of 2 T represents ∼ 40%

increase compared to the value of 10 Jkg−1K−1 obtained on polycrystal for the same field.

The polycrystalline data represent some average of all the crystallographic directions, so

the grains oriented with the c-axis perpendicular to the applied field lessen the total MCE.

Another quantity characterizing MCE is the adiabatic temperature change ∆Tad. Its

temperature dependence calculated from the entropy change with the field applied along

the c-axis and the specific heat data (see figure 4.4) is shown in figure 4.5. The maximum

position in ∆Tad(T ) is shifted to higher temperatures when compared to the −∆Sm(T )

dependence because the temperature change strongly depends also on the slope of the

entropy curve S(T ) (see inset of figure 4.4). The same entropy change results in a larger

temperature change when the slope of the S(T ) curve is smaller. The maximum values of

∆Tad are found to be 4.5 and 7.8 K, for field changes of 2 and 5 T, respectively. The value

obtained for the 2 T change represents about 30 % increase compared to the ∆Tad = 3.5 K

found in polycrystalline sample [15].

The relative cooling power, RCP , is also used when comparing different magne-

tocaloric materials. We can roughly estimate the RCP values of DyNiAl with field applied

along c-axis to be 280 and 600 Jkg−1 for the 2 and 5 T change, respectively.
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Figure 4.5: The adiabatic temperature change in DyNiAl calculated form the entropy change and the
specific heat data (see figure 4.4) for magnetic field applied along the c-axis.

25



Figure 4.6: The unit cell of the RE-T2 compounds. RE represents the rare-earth metal (Gd, Dy) and
T stands as transition metal (Fe, Co, Rh).

4.2 Substituted RECo2

The intermetallic RCo2 compounds belong to some promising materials showing consid-

erable magnetocaloric effect. In RCo2 containing a magnetic rare earths, a Co magnetic

moment is induced by the internal field due to the ordered rare-earth moments. For

heavy-rare-earth compounds an antiparallel coupling of rare-earth and cobalt moments is

evidenced. The magnetic phase transitions are of first order for RE = Er, Ho or Dy, and

of second order for the other rare-earth atoms (see e.g. Gratz and Markosyan [30]).

We present the influence of substitutions on magnetocaloric effect in two systems. The

first system is Gd(Co1−xRhx)2 and the second system is Dy(Co1−xFex)2. These systems

crystallize in the cubic C-15 Laves phase MgCu2-type structure. The structure is figured

in 4.6. GdCo2 shows the second-order magnetic phase transition near 400 K [31], DyCo2

undergoes the first-order transition at 142 K [32]. There is the antiferromagnetic inter-

action between the rare-earth sublattice and the transition metal sublattice because the

Dy and the Gd belongs to the heavy rare-earth. The Rh substitution in Gd(Co1−xRhx)2

should decrease the transition temperature, whereas the Fe substitution will increase the

ordering temperature in Dy(Co1−xFex)2. We tune both systems to exhibit substantial

magnetocaloric effect in the range between 200 and 300 K.

Although magnetocaloric effect in the Dy(Co1−xFex)2 has been already studied by Han

et al. [33], we believe that it is interesting to compare both presented systems within one

work, i.e with the same way of sample preparation and measurement. We also present

different Fe concentrations than Han et al.[33].
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4.2.1 Gd(Rh,Co)2

In this work we try to tune the transition temperature to range between the 200 and 300 K

by changing the Rh concentration in the Gd(Rh1−xCox)2 with x between 0.05 and 0.30.

The x-ray powder diffraction was performed on prepared samples. The concentration

dependence of the lattice parameter (figure 4.7) was found out from diffraction patterns.

The lattice parameter in Gd(Rh,Co)2 increases almost linearly with the Rh concentration

as can be assumed taking into account the atomic volumes of Co and Rh.
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Figure 4.7: The concentration dependence of the transition temperature Tc and the lattice parameter
a. The value of a = 7.26Å and Tc = 400 K for pure GdCo2 is taken from [31].

The magnetic measurement was done in order to obtain the transition temperature and

to determine the magnetocaloric effect. The temperature dependence of the magnetization

in a very small magnetic field (∼0.01 T) was measured for each sample. Measured curves

are plotted in figure 4.8. The magnetization was measured when cooling the samples.

The transition temperature was obtained as the temperature at which the first derivative

of the magnetization with respect to the temperature has a maximum. The errors of

transition temperatures are about 2 K and depend on the steepness of the temperature

dependence of the magnetization. The concentration dependence of Tc plotted in figure

4.7 shows significant, linear decrease with increasing the Rh content. The value of Tc and

lattice parameter for pure GdCo2 taken from [31] fit very well the linear character of the

concentration dependence found in our study. The influence of Rh substitution can be

compared with the Mn substitution [34]. However the dependence is more complicated

in the Mn case – the decrease of the transition temperature at higher Mn concentration

is preceded with the increasing of Tc at low concentration.

The quarter of magnetization isotherm was measured in a wide temperature range
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Figure 4.8: Temperature dependence of magnetization in Gd(Co,Rh)2 system measured in a field of
∼0.01 T.

around Tc for samples with Rh concentration higher then 5%. The Gd(Rh0.05Co0.95)2

sample has Tc = 359 K which is too high to perform the measurement around Tc. Rep-

resentative example of the magnetization isotherms is shown in figure 4.9. The isotherms

were measured with 4 K step and 2 K step nearby the transition temperature and the

magnetic field was altered from 0 up to 5 T.

The entropy change ∆Sm was calculated according to equation (2.32) and is repre-

sented in figure 4.10 for the field change of 1 and 5 T. The maximum of the negative

entropy change −∆Smax
m slightly increases when the Tc decreases and swell the value be-

tween 0.86 and 1.11 Jkg−1K−1 for the field change of 1 T and 3.05 and 3.86 Jkg−1K−1 for

the field change of 5 T. The representative error calculated according to equation (3.2) is

represented in figure 4.10 by the error bars for two concentrations (10% and 30% of Rh).

The width of the temperature dependence of ∆S is important for the application so that

the RCP value is calculated according to (2.34). All obtained values are summarized in

table 4.1.
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Table 4.1: The structural and magnetocaloric characteristics of the Gd(Co1−xRhx)2 series. We note that
1 J.K−1.kg−1 .

= (0.216 + 0.044x) J.K−1.mol−1 (* valid for the field change from 0 to 1 T; ** valid for
the field change from 0 to 5 T)

x a (Å) Tc (K) -∆S (J/K.kg) ∗ -∆S (J/K.kg) ∗∗ RCP (J/kg)

0.05 7.275 359 - - -
0.10 7.285 321 0.87 3.05 30
0.15 7.298 289 0.98 3.48 36
0.20 7.316 252 0.98 3.40 36
0.25 7.328 225 1.03 3.47 36
0.30 7.343 200 1.11 3.86 42

4.2.2 Dy(Fe,Co)2

We prepared three samples of the Dy(Fe1−xCox)2 with x=0.00, 0.01, 0.03. The x-ray pow-

der diffraction was performed in order to obtained the lattice parameter. The concentra-

tion dependence of the lattice parameter is shown in figure 4.11. The lattice parameter is

almost unchanged as expected. The error of the lattice parameter is given by the FullProf

software.
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Figure 4.11: Concentration dependence of the lattice parameter (right scale) and ordering temperature
(left scale) of the Dy(Co,Fe)2 system.

The temperature dependence of the magnetization, represented in figure 4.12, was

measured on all prepared samples in small magnetic field (∼0.01 T) to determine the

transition temperature. The transition temperature was obtained as the maximum of

the first derivative of the magnetization with respect to the temperature. The error of

determination of transition temperatures is about 2 K. The concentration dependence

of the transition temperature is in figure 4.11. The small amount of iron addition leads
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Figure 4.12: Temperature dependence of magnetization in Dy(Co,Fe)2 system measured in a field of
∼0.01 T.

to the huge enhancement of the transition temperature. The change of the sharp curve

shape for the pure DyCo2 to the smooth curve shape for the doped samples suggest the

change of the phase transition from the first-order for the pure DyCo2 compound to the

second-order transition for the doped samples.

The field dependence of the magnetization was measured in a wide temperature range.

The field was altered up to 5 T but only up to 1 T the data can be used and for the

sample with 0% of iron even less. The higher magnetic field caused the release of the

sample probably due to the large anisotropy of dysprosium and/or insufficient fixing of

the powder. The example of measured magnetization is in figure 4.13. The magnetization

isotherms were measured with a 2 K step. The entropy change was calculated for all

samples for magnetic field change of 1 T and is shown in figure 4.14. The entropy change

was calculated according to (2.32). The very large, sharp and narrow peak for the pure

DyCo2 compound is due to the first order transition of this compound. The enumerated

value of the entropy change according to (2.32) is therefore just rough estimation.

We can see the suppression of the maximum value of the entropy change ∆Smax
m with

the iron substitution and the −∆Smax
m amounts 5.0, 1.7 and 1.3 JK−1.kg−1 for x = 0.00,

0.01 and 0.03, respectively, for a field change of 1 T. On the other hand, the calculated

RCP for a field change of 1 T does not change considerably – we estimated the values

of 35, 41 and 35 Jkg−1 for 0, 1 and 3% of Fe, respectively. The nearly unchanged RCP

reflects the fact that the decrease of ∆Sm maxima is compensated by an increase of the

width of the ∆Sm vs T peak. Similar trends with slightly higher ∆Sm values are reported
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Figure 4.13: The magnetization isotherms of the pure DyCo2 sample. The kinkiness of the magnetization
curve at higher field is due to the release of the powder.
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Figure 4.14: The entropy change for the Dy(Co1−xFex)2 system for the magnetic field change from 0
to 1 T. We note that 1 J.K−1.kg−1 .

= (0.221 + 0.003x) J.K−1.mol−1.
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Table 4.2: The structural and magnetocaloric characteristics of the Dy(Co1−xFex)2 series. We note that
1 J.K−1.kg−1 .

= (0.221 + 0.003x) J.K−1.mol−1 (* valid for the field change from 0 to 1 T)

x a (Å) Tc (K) -∆S (J/K.kg) ∗ RCP (J/kg)

0.00 7.192 140 4.98 34.8
0.01 7.196 178 ∼1.73 41.5
0.03 7.200 210 1.26 35.3

also by Han et al. [33]. The small difference can be explained by the differences in the

sample preparation. As in our case, the large value of the entropy change is observed for

the pure DyCo2 which is explained as the first order transition effect.

The values of the RCP , the entropy change and the lattice parameter is summarized

in Table 4.2. The temperature dependence of the entropy change for the sample with 1%

of iron was symmetrically completed in order to enumerate the RCP value.

The obtained value of the entropy change on the studied Dy(Fe,Co)2 and Gd(Rh,Co)2

are comparable with value obtained on other RECo2 system with transition temperature

in the same region. Very interesting trend of the maximum entropy change and the

transition temperature is in paper of Duc et al. [35]. Dy(Fe,Co)2 and Gd(Rh,Co)2 follow

the same general tendency of increasing the entropy change with the decreasing Tc. The

values of the entropy change in the systems studied in our work are fairly below the full

line of figure 7 in [35] for Tc around 200 K and tend to reach the full line at the room

temperature. We take the mentioned figure 7 in [35] and present here as figure 4.15 for

easy comparison. We add the value for Gd(Rh,Co)2 to 4.15. We do not have the maximum

entropy change for Dy(Fe,Co)2 for field change of 5 T.
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Figure 4.15: The ∆max

m
vs. Tc of RECo2 based compounds (open circle - second-order transition; filled

circle - first-order transition) and REAl2 based compounds (open squares - second-order transition) taken
from [35]. Gd(Rh,Co)2 compounds (crossed circle - second-order transition); The values are obtained for
magnetic field change of 5 T.

4.3 Gg-Tb alloys

The Gd-Tb alloys crystallize in a hexagonal structure with the crystallographic space

group P63/mmc. The picture of this structure can be seen in figure 4.16. Concerning

the magnetic properties, pure gadolinium undergoes the first magnetic transition from

the paramagnetic state to the ferromagnetic state with moment along the c-axis (easy

direction) at 293 K. The change of the easy direction from the c-axis to the easy cone

takes place at 240 K [36]. Pure terbium has a little more complicated magnetic structure.

It undergoes the magnetic transition from the paramagnet to spiral magnetic structure at

the temperature of 229 K. The transition from this spiral structure to the ferromagnetic

structure appears then at 221 K.

The six samples of Gd1−xTbx with x=0.00, 0.10, 0.20, 0.25, 0.30 and 0.40 were pre-

pared. The temperature dependence of the magnetization, M(T ), was measured on all

samples to find the transition temperature. The obtained curves are shown in figure 4.17.

Small piece in elliptical shape of all concentrations was prepared for the magnetization

measurement to minimize the influence of the sample shape. The exception is sample of

Gd0.9Tb0.1 for which the thin ribbon oriented perpendicular to the field was measured.

The influence of the sample shape on the temperature dependence of the magnetization

is clearly seen in figure 4.17 for this Gd0.9Tb0.1 sample. Nevertheless, the data were good
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Figure 4.16: The unit cell of the pure Gd, Tb and Gd-Tb alloys. The ratio between the Gd and Tb
content change only the lattice parameters.
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Figure 4.17: The temperature dependence of magnetization for the Gd-Tb series. The curves were
measured in magnetic field of about 0.01 T. All curves shown were measured during cooling. The
observed hysteresis is negligible and the curves measured during heating will overlay the shown curves.
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Figure 4.18: The concentration dependence of the transition temperature of the Gd-Tb alloys. The
linear decrease is evident.

enough to determine the transition temperature. The temperature dependence of the

sample Gd0.8Tb0.2 was measured on another instrument (MPMS at Institute of Physic of

the AS CR) in different magnetic field (∼0.02 T) and is not shown in figure 4.17. The

M(T ) measured for Gd0.6Tb0.4 and pure Gd measured when cooling and heating show

that the hysteresis of Gd-Tb samples is very small and can be neglected. There are kink

points on all M(T ) curve measured at cooling (at heating the curve was intact). These

points are at the same value of magnetization expressed in EMU for all the samples. The

origin of these error points is not yet clear to us but the repeating of the error points for

all samples at the same value of EMU suggest that it can be an error of the instrument.

The transition temperature, derived as the maximum of the first derivative of M(T ), can

be seen in figure 4.18. There is the linear decrease of the transition temperature with

increasing terbium concentration. The linear decrease and obtained values of transition

temperatures are in good agreement with previously published data [37, 38].

To test the influence of the sample shape on magnetocaloric effect, the samples were

prepared in different sizes and shapes. There was brief overview of the samples shape in

the section 3.1. The approximate sample shape for direct measurement is shown in figure

4.19. The proportions of each sample prepared for direct measurement are summarized in

Table 4.3. The samples of Gd0.9Tb0.1 were also prepared in shapes of a thin (∼0.03 mm)

ribbon and as a spiral made from this ribbon for the indirect measurement.
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Figure 4.19: The approximate shape of the samples for direct measurement.

Table 4.3: The proportions of the samples used for the direct measurement. The meaning of the a, b and
c is explained by figure 4.19.

x a (mm) b (mm) c (mm) weight (mg)

0.00 10.0 7.7 2.3 999
0.10 9.2 5.1 2.6 630
0.25 5.8 5.2 2.7 531
0.30 7.0 5.0 3.0 843
0.40 6.0 5.0 2.0 272

4.3.1 Magnetocaloric effect in Gd0.9Tb0.1

We choose the sample with 10% of Tb for the comparison of the measurement techniques

and for determination of the influence of the sample shape. The influence of the sample

shape was found out from the measurement of the magnetization isotherms on samples

with different shape and in different orientation. The entropy change for each shape

is shown in figure 4.20. The results for the bulk, spiral and the ribbon oriented along

the field direction is almost the same in the paramagnetic region (on the right from the

maximum), but the peaks of entropy change have different width in the ferromagnetic

region (on the left from the maximum). The peaks can be ranged by the width in the

ferromagnetic region from the widest to the narrowest in this order: ribbon along the field,

spiral and bulk. The ribbon oriented perpendicular to the field gives markedly smaller

value of the entropy change in the whole studied region what can be attributed to the

demagnetization field of the sample. The entropy change for the bulk fits quite well with

the value presented by M. Balli et al. [38].

The heat capacity was measured on the bulk sample to compare different measurement

techniques. The temperature change from the heat capacity measurement was obtained

as a difference between the temperatures at which the entropy measured in field and

without the field has the same value (illustrated in figure 2.1). The temperature change

can be also calculated from the zero-field heat capacity and the magnetization curves

at different temperatures. We enumerate the entropy change according to the equation

37



0.0

0.5

1.0

1.5

2.0

2.5

 250  260  270  280  290  300  310  320

-∆
S
m
 (

J/
kg

K
)

T (K)

∆H = 1T

Gd0.9Tb0.1

bulk
perpendicular

along
spiral

Figure 4.20: The results for the bulk, spiral and the ribbon oriented along the magnetic field direction
and perpendicular to the field is shown. The effect of demagnetization field can be clearly seen on the
ribbon oriented perpendicular to the magnetic field.

(2.32), then we sum the entropy in zero field and the entropy change. After this we know

the entropy in non-zero field and in zero field and then we proceed as in the case of the

heat capacity. The comparison is in figure 4.21. The position of maxima is the same

for all the three methods. The highest value of the temperature change was obtained by

the magnetization measurement followed by the heat capacity measurement. The lowest

value of the temperature change was given by the direct measurement. This results is

probably more general then only for this samples [39]. Our possible explanation of the

lowest value obtained by the direct measurement is the error of interpolation of the very

fast sample relaxation.
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Figure 4.21: The temperature dependence of the temperature change obtained by three different mea-
surement method for the Gd0.9Tb0.1 alloy. The magnetization measurement and the heat capacity mea-
surement was measured on the same sample. The direct measurement was realized on different sample
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4.3.2 Results for the whole set

The direct measurement was performed to obtain the adiabatic temperature change for

the whole set of Gd-Tb alloys. The results are represented in figures 4.22 and 4.23. The

positions of the maxima of the peaks correspond, within the experimental error, with the

transition temperatures obtained from the indirect measurement M(T ) dependencies. It

holds for for all samples that the positions of ∆T maximum are at higher temperatures

(by about 2 K) when measured at moving out the magnetic field. This shift in the position

of the maxima is due to the difference between the heat capacity in the field and out of

the field – the change of the thermal energy of the lattice is the same, but the change

of the temperature depends on the heat capacity. The values of the maximum ∆T has

no general trend and are in the proximity of 2.5 K. The error of the temperature change

obtained from the direct method is probably around 30%. We have no exact formula to

calculate the error.

The measurement of the temperature change was also measured in different orienta-

tions of the sample to the field direction to find out the dependence of the maximum

temperature change on the angle between the magnetic field direction and the sample

(the side a from figure 4.19). The measurement was performed in the vicinity of the posi-

tion of the maximum temperature change. The results are figured out in 4.24. It can be

clearly seen that the temperature change depends on the field direction. The maximum

of the temperature change is swelled when the longest side is along the field direction (0
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Figure 4.22: The temperature dependence of the temperature change ∆T for the whole set of Gd-Tb
alloys. MOVE IN means that the values were obtained when applying the magnetic field. The line in the
figure is only to guide the eye.
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Figure 4.23: The temperature dependence of the temperature change ∆T for the whole set of Gd-Tb
alloys. MOVE OUT means that the values were obtained when removing the magnetic field. The line in
the figure is only to guide the eye.
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Figure 4.24: The angular dependence of the temperature change of the a) pure Gd; b) Gd0.9Tb0.1. The
”angle” on the x-axis is the angle between the longest side of the sample (side a in figure 4.19) and the
magnetic field direction.

and 180◦) and the minimum when the field is perpendicular to the longest side of the

sample. We note that the data in figures 4.22 and 4.23 were measured for the sample

orientation corresponding to the highest ∆T values. The results obtained from the direct

measurement of the orientation dependence are in a good agreement with the results from

the indirect measurement (figure 4.20).

We also speculate about the influence of the sample texture on the magnetocaloric

effect and on the mechanical properties. The magnetic anisotropy of the Gd-Tb alloys

is not so high. We start to investigate the difference between the rolled samples and the

bulk samples by the x-ray diffraction measurement on the rolled thin ribbon of Gd0.9Tb0.1

and on the piece cut from the not-rolled ingot of Gd0.8Tb0.2. The results are showed in

figure 4.25. The different ratio between the peaks suggest the existence of the texture on

the sample. The detailed study of the texture is under progress an will continue.
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Chapter 5

Conclusions

We have performed detailed magnetization measurement of the DyNiAl single crystal and

compared obtained results with the previous papers. Our data reveal a strong anisotropy

of the magnetocaloric effect in DyNiAl. The maximum entropy change reaches the value of

14 and 22 Jkg−1K−1 for the field change of 2 and 5 T applied along the c-axis, respectively,

and is significantly enhanced compared to polycrystalline data. Smaller effect and rather

complex behaviour is observed for the field applied along the a-axis. The entropy change

is mostly due to the ordering of the ferromagnetic component at Tc. The entropy change

related to the order of the antiferromagnetic component at T1 is relatively small and is

recorded only when the field is applied perpendicular to the c-axis.

We have studied the magnetocaloric effect in Gd(Co,Rh)2 and Dy(Co,Fe)2 series. The

substitution in both series allows precise tuning of the ordering temperature between

150 and 350 K. The Rh substitution in Gd(Co,Rh)2 leads to a decrease of the order-

ing temperature and a small increase of magnetocaloric effect. The Fe substitution in

Dy(Co,Fe)2 causes disappearance of the first-order type transition already for 1% of Fe

with a simultaneous strong increase of the ordering temperature. The Dy(Co,Fe)2 com-

pounds exhibit slightly larger magnetocaloric effect than the Gd(Co,Rh)2 compounds at

the same temperature.

We gave grate attention to the Gd-Tb alloys. The sample with different Tb con-

centrations and shapes were prepared. We were able to change fluently the transition

temperature by changing the Tb concentration. The magnetization measurement showed

the influence of the shape on the entropy change. The thin ribbon oriented perpendicular

to the field gave remarkably smaller value of the entropy change then the other sam-

ples. The best results gives the thin ribbon oriented along the field direction. The direct

measurement of the temperature change on gradually rotating samples confirm this con-

clusion. The Gd-Tb alloy is a good magnetocaloric material with suitable mechanical

properties. The Gd-Tb alloy is the best candidate for the real application among the

materials studied in this work.

The influence of the magnetic anisotropy and the sample texture on the magnetocaloric
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effect in Gd-Tb alloys has to be further investigated. The mechanical properties of the

Gd-Tb alloys have to be improved to allow preparation of good pieces in the desired shape.

The influence of the annealing on the sample texture and mechanical properties, study of

samples with other Tb concentration and the improvement and better managing of the

direct measurement technique can be subject of further work.
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J. Magn. Magn. Mat. 140-144 (1995) 1139.

[13] Niraj K. Singh, K.G. Suresh, R. Nirmal, A.K. Nigam, S.K. Malik: Journal of Mag-

netism and Magnetic Materials 302 (2006) 302–305.

[14] N. K. Singh, K. G. Suresh, R. Nirmala, A. K. Nigam, S. K. Malik: Journal of Applied

Physics 101 (2007) 093904.

45



[15] N.K. Singh, K.G. Suresh, R. Nirmala, A.K. Nigam, S.K. Malik: Journal of Applied

Physics 99 (2006) Art. No. 08K904.

[16] A.L. Lima, A.O. Tsokol, K.A. Gschneidner, Jr., V.K. Pecharsky, T.A. Lograsso, and

D.L. Schlagel: Phys. Rev. B 72 (2005) 024403.

[17] M. Zou, Y. Mudryk, V. Pecharsky, K. Gschneidner, D. Schlagel, and T. Lograsso:

Phys. Rev. B 75 (2007) 024418.

[18] A.L. Lima, K.A. Gschneidner, Jr. and V.K. Pecharsky: Journal of Applied Physics

96 (2004) 2164.

[19] L. Li , K. Nishimura, D. Tamei, K. Mori: Solid State Communications 145 (2008)

427–431.

[20] W.Q. Ao, J.Q. Li, F.S. Liu, Y.X. Jian: Solid State Communications 219–222 (2007)

141.

[21] Z. Gu, Bo Zhou, J. Li, W Ao, G. Cheng, J. Zhao: Solid State Communications 141

(2007) 548–550.
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