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Abstract

The metamagnetic transition from an antiferromagnetic (AF) to the ferromagnetic (FM)
state in FeRh alloys and the accompanying magnetocaloric effect (MCE) have been in-
vestigated with a particular attention to the sample preparation routes. Direct measure-
ments of the adiabatic temperature change show that the MCE in FeRh remains partly
reversible despite the hysteresis and exceeds the effect in the benchmark material Gd by
15 %. The AF—FM transition is strongly affected by the microstructure that is formed
depending on the heat treatment parameters. This can explain the discrepancy in the re-
ported data over 80 years of research. The effect on the magnetic properties is found to
originate from the interaction of the major o/-phase with the secondary y-phase that has
been typically ignored for its negligible magnetic contribution. The nominal composition
of the magnetic o'-phase is found to differ from the actual one for binary and substituted
FeRh alloys. The elements can be redistributed within the two phases in such a way, that
the actual amount of the doping element in the «’-phase that experiences the AF—FM
transition is greatly reduced. This demonstrates the significance of microstructural stu-
dies, especially when comparing experimental results with theoretical calculations and
developing routes to tune and optimize the magnetocaloric properties of materials.

Kurzfassung

Der metamagnetische Ubergang vom antiferromagnetischen (AF) zum ferromagnetis-
chen (FM) Zustand in FeRh-Legierungen und der damit verbundene magnetokalorische
Effekt (MCE) wurde untersucht. Ein besonderes Augenmerk lag dabei auf der
Probenpraparation. Direkte Messungen der adiabatischen Temperaturdnderung zeigten,
dass der MCE in FeRh trotz seiner Hysterese teilweise reversibel blieb und das Bench-
markmaterial Gd um 15 % iibertrifft. Der AF—FM-Ubergang ist stark von der sich bilden-
den Mikrostruktur, die von den Warmebehandlungsparametern abhéngt, beeinflusst.
Dies konnte die Widersprchlichkeiten in den Forschungsergebnissen der letzten 80 Jahre
erklaren. Der Einfluss auf den magnetischen Eigenschaften ergibt sich aus der Wech-
selwirkung zwischen der «’-Hauptphase und der, fiir gewohnlich auf Grund ihres ver-
nachlédssigbaren magnetischen Einflusses ignorierten, y-Zweitphase. Es zeigte sich, dass
die nominelle Zusammensetzung der magnetischen o/-Phase von der der bindren und
substituierten FeRh-Legierung abweicht. Die Dotierungselemente konnen so in den zwei
Phasen verteilt werden, dass keine oder nur geringe Mengen der Dotierungselemente
in der «’-Phase, die den AF—FM-Ubergang erfihrt, auftauchen. Dies demonstriert die
Notwendigkeit von mikrostrukturellen Untersuchungen, besonders wenn experimentelle
Ergebnisse mit theoretischen Berechnungen verglichen und Methoden zur Beeinflussung
und Optimierung der magnetokalorischen Eigenschaften entwickelt werden.
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“The art of progress is to preserve order amid change, and to preserve change amid order.”
— Alfred North Whitehead



INTRODUCTION

Magnetic properties of a material depend on the ordering and interaction of its elements.
When under certain conditions the type of ordering changes, a magnetic phase transi-
tion occurs. There is a vast variety of different magnetic phase transitions that can be
generalized into an order-disorder type from a magnetically ordered state to a para-
magnetic state, and an order-order type with the change of magnetic structure. These
transitions can be accompanied by drastic changes in physical properties, for example,
resistivity, magnetization, heat capacity or volume. Such effects are of interest for basic
research that reveals the mechanisms behind different magnetic ordering, as well as for
the practical use in different technological applications. Magnetic transitions may occur
at the change of intensive variables, such as temperature, pressure or magnetic field. A
remarkable property of magnetic materials to emit or absorb heat under the action of a
magnetic field is called the magnetocaloric effect (MCE). It was discovered in 1917 by
P. Weiss and A. Piccard (for a while misleadingly attributed to E. Warburg, as shown in
a historical review [1]).

The MCE is intrinsic to all magnetic materials and is due to the coupling of the mag-
netic sublattice to the magnetic field, which changes the magnetic part of the entropy
of a solid [2]. Under adiabatic conditions, as a result of variation of the internal energy
of the material, the MCE causes cooling or heating. It promoted an idea of its possible
application for efficient refrigeration near room temperature, and the MCE has become
a focus of significant research for the past 15 years. Magnetic refrigeration is a rapidly
developing technology that is assumed to be capable of competing with and surpassing
the conventional vapour-compression refrigeration in terms of efficiency, device volume
and ecological impact. The search for new magnetocaloric materials and the optimiza-
tion of known materials are growing fields of interest, and the new magnetic materials
showing a large MCE with narrow hysteresis, particularly near room temperature, are a
subject of intensive research activity [3]. Magnetic materials with phase transitions of
the second order are beneficial since they show no hysteresis; however, materials with
a first order transition can display a higher magnitude of the entropy change. In order
to optimize the performance of these materials, detailed studies that help understanding
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the nature of magnetic phase transitions are crucial.

FeRh alloys are well-known for the giant adiabatic temperature change AT,; = -13 K
in 2 T magnetic field [4] that exceeds the values of the MCE in most known materials
with a metamagnetic transition. The MCE in FeRh is due to a first order transition of
the order-order type, when the magnetic structure changes from antiferromagnetic (AF)
to ferromagnetic (FM), while the crystallographic symmetry is preserved [5]. In recent
years the study of the AF—FM transition in FeRh has been intensified due to its other po-
tential novel technological applications: a room-temperature AF memory insensitive to
strong magnetic fields [6] or an electrically driven AF—FM transition in magnetic storage
and spintronics using the magnetoelectric coupling in FeRh/BaTiO, [7]. The metamag-
netic transition in FeRh is known to be sensitive to a variation of the composition, applied
pressure and mechanical treatment. Unfortunately, due to the diverging approaches of
materials science and fundamental considerations, the available data have difficulties of
comparison, interpretation and reproducibility. The concentration of research mostly on
the peculiarities of the AF—FM transition resulted in a deficiency of microstructural stud-
ies and a tendency of neglecting of minor phases, despite the re-occurrence of controver-
sial data related to the phase diagram. It would be hard to overestimate the importance
of microstructure, considering that it may affect the significant hysteresis accompanying
the transition. Until recent it was believed that due to the hysteresis the MCE in FeRh
after the first field application is eliminated, making this material useless for practical
applications [8].

In this work, the MCE in binary and Ni-doped FeRh has been examined under qua-
sistatic conditions and in a dynamic regime close to that in a potential magnetic refriger-
ator, including the cyclic field application. Furthermore, the kinetics of the MCE has been
investigated through a variation of the magnetic field sweeping rate by several orders of
magnitude. The experiments have combined direct measurements of the MCE with the
estimation of AT, from the magnetization and heat capacity data. A particular attention
has been given to FeRh sample production routes and a comprehensive characterization.
During studies of samples with a different thermal history, a connection between mag-
netic properties and microstructure of the alloys has been discovered. Such factors as
temperature, time of annealing and cooling path are shown to affect the phase decom-
position in the FeRh-based alloys, strongly influencing the magnetostructural transition
and the hysteresis. In FeRh alloys with substitutions by other d-metals, the nominal and
final compositions of the major phase with the AF—FM transition have been found to
vary considerably due to a retained high temperature phase and preferential segregation
of the elements in it. This finding may introduce corrections to some suggested models
[9]. The discovered effects can be used to tune the transition temperature, the value
of the MCE and the hysteresis, that is, the region where the effect is reversible in the
materials with a first order transition.




CHAPTER 1

FUNDAMENTALS

This chapter presents the phenomenon of magnetocaloric effect from thermodynamic
basics to an overview of modern materials, followed by an introduction to the FeRh
system and the features of the metamagnetic transition from an AF state to the FM state.

1.1 Magnetocaloric effect from basics to materials
1.1.1 Thermodynamic approach

Thermodynamics, initially being the study of heat and its potential to generate motion,
evolved with time into a theory that describes transformations of states of matter in
general. The concept of entropy, a new physical quantity as fundamental and universal
as energy, was introduced by Rudolf Clausius. When matter undergoes transformation
from one state to another, the total amount of energy in the system and its exterior
is conserved; total entropy, however, can only increase or, in idealized cases, remain
unchanged. Every process in nature increases the entropy, thus establishing a distinction
between the past and the future [10].

A phase transition is an abrupt change in a system that occurs over a small range in
a control variable. For thermodynamic phase transitions, typical control variables are
the intensive variables of temperature 7', pressure p, or magnetic field H [11]. The
energy conservation principle can be expressed as dU = T'dS — pdV + poHdM, where
the internal energy is a function of entropy, volume and magnetic moment: U(S,V, M).
More useful thermodynamic potentials as a function of other parameters are obtained
by Legendre transformations [12]. For systems under constant pressure, the Gibbs free
energy G = G(T,p,H) isused: G = U — TS + pV — puyM H. Thermodynamic phase
transitions in materials and condensed matter occur when there is a singularity in the
free energy function of the material, or in one of its derivatives. Changes in some physical
properties and the structure of the material accompany the transition, and usually this is
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Magnetocaloric effect from basics to materials

how a phase transition is discovered [11].
Considering the full differential dG = Vidp — SdT — oM dH, entropy S and magnetic
moment M can be obtained:

0G G 0G
dG(T. H = — d — dT — dH 1
G(T, H.p) <6p>HTp+<aT>Hp +<8H>Tp =
\Y4 7 S ’ M 7

From the equality of the second derivatives the Maxwell relations will follow, the one
used for an analytical expression for the MCE is:

a8 oM
(w) = #o (w) @

Entropy can also be considered as a function of the thermodynamic parameters 7', H
and p, so that S = S(T, H,p). The total differential of the entropy at constant pressure
can be written as:

S oS
H,p T,p

Considering adiabatic conditions dS = 0 and defining the heat capacity at constant
magnetic field from the second law of thermodynamics as C}, y = T/(0S/0T),, u, from (3)
with the Maxwell relation (2) applied, follows:

T [(OM
AT = g () aH @
Cor \OT ),y
Integrating (4), the expression for the total adiabatic temperature change is derived:
T oM
AT, = —Mo/ —_— <> dH (5)
Ho vaH aT p,H

Also, the MCE can be characterized as a magnetic entropy change due to a magnetic
field change in an isothermal process (d7" = 0). Then, applying the Maxwell relation (2)
to (3) as following:

as(r. ), = (77

In order to use the Maxwell relation, the material should be in thermodynamic equi-

oM B rom
dH = p <> dH = ASy =u / <) dH (6)
‘\or ), " Ju, \NOT )

librium and magnetization should be a differentiable function of temperature [13, 14].
Strictly speaking, for the first-order materials the Maxwell relation cannot be assumed to
be valid, since the magnetization is discontinuous at the transition point, and thus non-
differentiable, and there is a non-equilibrium state of two coexisting phases in the hys-
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FUNDAMENTALS

teresis region. However, real first-order materials are never perfectly discontinuous due
to the spreading of the transition caused by, e.g., impurities or local non-stoichiometry.
The hysteresis can be taken into account depending on the experimental procedure, to
avoid appearance of spurious peaks in the entropy change estimated indirectly. Paying
attention that the sample under certain conditions is in a mixed state, the Maxwell rela-
tion is used very frequently for first-order materials, since magnetization measurements
are much easier to perform than direct measurements of the entropy change. Magneti-
zation measurements can be done under isofield and isothermal conditions — A (7") and
M (H), respectively. Mainly the isothermal measurements may lead to errors, because at
some point the sample will be in a mixed state when the subsequent measurement be-
gins. The errors can be avoided either by applying an experimental routine that avoids
sampling the mixed states or by correction of retrieved data extracting equilibrium values
for AS [14].

A rough estimation of the magnetic entropy change at the magnetization discontinu-
ity associated with the first-order nature of the transition can be done using a magnetic
analogue of the Clausius-Clapeyron equation: |d7'/dH |= po|AM/AS)y|. The difference
between the entropies of the two phases AS is defined through the difference in magne-
tization before and after the discontinuity AM at a given temperature, dH is the shift of
critical field with dT'. However, the entropy change in this case may be underestimated,
since the magnetic entropy change for magnetic fields below and above the critical field
of the magnetic discontinuity is not accounted for [13].

Alternatively, AS), can be calculated using temperature dependences of heat capacity
in different magnetic fields. The total entropy from (3) at a constant magnetic field
(dH = 0), correlated to heat capacity C, y = T(0S/0T'), u, can be expressed as:

T
Su(T) = Sy + / CPJ;(T)dT (7)

0

After the integration of the heat capacity data in different magnetic fields, Sy (7") de-
pendences can be derived and combined into an S-7" diagram. From the S-7-diagram,
the entropy change AS and the adiabatic temperature change A7 can be obtained [15].
For the adiabatic temperature change the entropy curves have to be inverted.

AS]\[ (T, AH) = [SH(T) — SH() (T)]T ; ATad (T, AH) = [TH(S) — THO (S)}S (8)

The outcome of this procedure is illustrated in Fig. 1.1 for the conventional MCE, typi-
cal for many ferromagnets (for example, Gd) transitioning to the paramagnetic state: the
applied external magnetic field aligns the magnetic moments, which increases the order
in the magnetic system, and the magnetic entropy is decreased (dotted line, Fig. 1.1a).
This decrease in entropy is observed under isothermal conditions. Under adiabatic con-
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Magnetocaloric effect from basics to materials

(a)

AT (T, H) H

Total entropy

Magnetocaloric effect, -AS
Magnetocaloric effect, AT

Temperature Temperature

Figure 1.1 (a) Total entropy in the initial Hy and final H magnetic field, and (b) magne-
tocaloric effect, AS and AT in the vicinity of the transition temperature for a
ferromagnet with zero coercivity and remanence (adapted from [16]).

ditions, the total entropy stays constant, but the lattice entropy increases in order to
compensate the decrease in the magnetic contribution. Therefore, the application of a
magnetic field results in a heating of the material. The respective entropy change and
adiabatic temperature change are plotted in Fig. 1.1b. In the ordinary MCE the material
heats up upon magnetization and cools down upon demagnetization; the corresponding
isothermal AS is then negative (positive) upon magnetization (demagnetization). In the
inverse magnetocaloric effect the material cools down upon magnetization [14].

1.1.2 Magnetocaloric effect at first- and second-order transitions

In a thermodynamic classification, a first-order transition is accompanied by latent heat
and a coexistence of the two phases at the transition, while a second-order transition
occurs continuously and without latent heat. The general classification of phase transi-
tions, proposed by P. Ehrenfest in 1933, is based on the discontinuities of thermodynamic
quantities associated with the first and second derivatives of thermodynamic potentials
in the case of first- and second-order transitions, respectively [17]. As the magnetization
at a first-order transition changes very rapidly, the MCE (AS and AT) can reach much
higher values than at second-order transitions with the same magnetization values.

First-order transitions often take place at magnetic order-order transitions. The effects
of short-range order in the paramagnetic (PM) state and spin fluctuations, which smear
magnetic order-disorder transitions, are absent at the first order-order transitions [18].
The order-order magnetic transitions are often accompanied by structural transitions,
for example, of the martensitic type, i.e. a diffusionless transition between the two
structures. In real systems, impurities and spatial variations in the stoichiometry may
blur the first-order/second-order distinction by spreading out the transition and making
the first-order transition continuous [14].
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FUNDAMENTALS

Second order First order
CH
T T
-AS -AS
T T
AT, AT,
T ' T

Figure 1.2 Heat capacity, isothermal entropy change and adiabatic temperature change
for generic second-order and first-order materials in different external fields
in the vicinity of their phase transition; AS and AT,,; have been calculated
from the assumed form of Cyy, the arrows indicate the direction of increasing
H (from [14]).

The general behavior of the thermodynamic values defining the MCE is different in the
case of the first- and second-order transitions, but follows particular trends. Modelled
generic curves are shown in Fig. 1.2. For second-order materials the specific heat curve
has a sharp peak that is lowered and broadened upon increased field, while the peak
temperature shifts towards higher temperatures. The curves for AS and AT increase in
height and width, while the peak positions change weakly. For first-order materials, the
peak in the specific heat may move significantly with field while the width of the peak
hardly increases. From this behavior follows the often observed characteristics of AS for
a first-order material: the peak height is not very sensitive to the size of the external field
while the peak width scales nearly linearly with magnetic field [14].




Magnetocaloric effect from basics to materials

1.1.3 Scaling and universality

In different external magnetic fields, AS), or AT,, of a given material mapped out as a
function of temperature, represent a series of curves with roughly similar appearance.
Each curve has a peak near the Curie temperature; the peak height, width and tempera-
ture depend on the external field. The scaling behavior of these curves has been studied
experimentally and theoretically. The construction of a universal curve has a theoret-
ical background which relies on the scaling of second-order phase transitions. Even if
the analytical expression of the equation of state is not known for a certain material, a
phenomenological procedure allows to construct a universal curve for the MCE by us-
ing experimental data [19, 20]: the equivalent points of the AS),(7T") curves measured
in different magnetic fields collapse onto the same point of the universal curve (illus-
trated in Fig. 1.3). This framework has been applied to a large number of materials,
including Gd, and Fe-based amorphous alloys [14, 19]. However, the procedure may be
affected by the demagnetizing factor that has an influence on the low temperature tails
of ASy(T) [21, 22] or by the existence of minority phases that prevent the construction
of the universal curve with a single reference temperature [23].

Although the universal curve relies on the scaling of second order phase transitions, an
approximate collapse to a single curve has been observed for a first-order model as well
[24]. Moreover, both thermal and magnetic hysteresis of a martensitic transformation
were described in terms of an effective temperature [25]. From a theoretical point, the
universal curve requires the knowledge of the critical exponents of the material and its
equation of state, while the phenomenological procedure can be followed without this
a priori knowledge. This offers a possibility of different practical applications of the
universal curve in the characterization of new materials: from a screening procedure of
the performance of materials to corrections for the experimental noise, non-saturating
conditions and contribution of magnetic minority phases [19].

1.0F

15}
X 10} %=
"o » 05
— s <
?_; 05} | W
0 4
sl ’ 9

0ot . . ‘-. o “.i.-“.. il 0.0b 1

300 400 500 600 700 8 6 4 2 0 2 4 6 8
T (K) )

Figure 1.3 Phenomenological universal curve corresponding to experimental results for
16 different Fe-based amorphous alloys (from [19]).
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FUNDAMENTALS

1.1.4 Magnetic refrigeration

The MCE effect can be exploited in order to create a cooling cycle, what gave rise to
a new technology known as solid state cooling — an environmentally friendly and ef-
ficient alternative to the traditional cooling technology. Magnetic refrigeration is more
energetically efficient than the process based on the compression/expansion of gases
(60 % vs. 40 % of ideal Carnot efficiency). Depending on the operating temperature,
the heat-transfer medium may be water, air or for very low temperatures, helium [26].
Since no refrigerant gases are required for magnetic refrigeration, there is no concern
about ozone depletion or greenhouse effect [27].

Magnetization

.ii :»

heat expelled

— -

heat loaded

C
< —

Demagnetization T,

Hi
Hil

Figure 1.4 A schematic representation of a magnetic refrigeration cycle.

A magnetic refrigeration cycle of a material transforming between paramagnetic and
ferromagnetic states is shown schematically in Fig. 1.4. In the absence of the external
magnetic field, the magnetic moments are randomly oriented. When a field is applied,
the magnetic moments orient parallel to the field, decreasing the entropy associated with
the magnetic subsystem. If the magnetization process is performed adiabatically, the
decrease in magnetic entropy is compensated by an increase in lattice entropy, resulting
in heating of the magnetocaloric material. This heat can be removed from the material
to the ambient environment using a heat transfer fluid and the material returns to its
initial temperature. Then, during the adiabatic demagnetization process the magnetic
entropy of the material increases, decreasing its lattice entropy which leads to cooling
of the material below ambient temperature. Heat from the system to be cooled can
then be extracted using a heat transfer. Performing these steps in a cycle, a magnetic
refrigerator is constructed. It is impossible to separate the refrigerant from the device: a
good material implemented poorly is no solution. However, the best material will allow
the most headroom for device-centred losses [28].

-9-



Magnetocaloric effect from basics to materials

1.1.5 Modern magnetocaloric materials

In order to develop an optimum material for application in magnetic refrigeration at
room temperature, several features are crucial: large AS,; and AT,4; low cost of the
material and its processing; small specific heat and large thermal conductivity; transition
temperature in the vicinity of working temperature; ideally zero magnetic hysteresis
to avoid losses for each refrigeration cycle; large spontaneous magnetization with an
abrupt drop at the critical temperature; large resistivity to avoid eddy currents; harmless
constituents. There are comprehensive reviews of magnetocaloric materials in different
temperature ranges [12, 14, 16, 27], also underlining those particularly suitable for
magnetic cooling applications. However, even if the material cannot be immediately
employed in a magnetic refrigerator, the investigation of its magnetocaloric properties
and their fine tuning remains useful for the future applications and a development of
magnetic refrigerants.

An efficient magnetocaloric material should have high values of both AS and AT [28].
The absolute value of the maximum magnetic entropy change in a 5 T magnetic field
mapped vs. the transition temperature for the main families of magnetocaloric materials
is shown in Fig. 1.5 [27]. The adiabatic temperature change (in 2 T magnetic field) is
shown in Fig. 1.6 for some of the most prominent ambient magnetic refrigerants with
first- and second-order transitions [29]. At present, Gd remains a benchmark material
for testing and using in the prototypes of magnetic refrigerators.

The properties of magnetocaloric materials are sensitive to changes in structure at all
scales; from the atomic and nanoscale (exchange interactions) to the microscale (phase
content, internal strain and homogeneity) and the macroscale (shape, demagnetization,
and pressing) [28]. For example, tuning of the transition temperature and the hystere-

IA Laves phases
IB Low T SOMT Laves phases
1A La(FeSi)5

IIB La(FeSi);5-H

lIC La(FeCoSi)q3
IID La(FeAl);3

A Gd;(SiGe),

lIB RE;(SiGe),

IV Ln-manganites
V  MnFe(AsP)

VI MnAs

VIl Other Mn-based
VIIl FeRh

IX Heusler alloys

50 T T T T T T T

|ASmax] U kg™ K)
Do@ @ | m|

OO@m@

Figure 1.5 Maximum magnetic entropy change for uoH = 5 T vs. peak temperature for
different families of magnetocaloric materials (from [27]).
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O— FegaoRhys,
9l (AT,4=-12.9K)
- La (Fe, Si)13Ho 5.5
8 -
GdsSiy 9820968191202
7 —
6 ——Ni-Mn-In-(Co)
<
=5 o ®—aGd MnAs
> | m
= |
ar Mn; 5Feq gPo.75Ge GdsSiy s 4Geg s
I Gd,Pd;— @
3 =4
L Wmo-zssnmsa
2 Mn:Ge;—@ |
| NigoMns.Sn;Co; —Q Y2Ter | o
1k 50/VIN3¢2M13L.0; Nd,Fe,, |
I Nij 10Mng Ga,
[0]= : ! i L i ! i L . L i
240 260 280 300 320 340 360
I T (KD

Figure 1.6 Chart of adiabatic temperature change in a 2 T magnetic field for magne-
tocaloric materials with the first- and second-order transition, marked with a
solid fill and a hatched pattern, respectively (from [29]).

sis in La(Fe,Si),; can be done using substitution by special elements or hydrogenation
[30, 31]. Annealing temperature and time, resulting in different microstructure, influ-
ences dramatically the transition temperature, hysteresis and MCE [32]. Furthermore,
the MCE of a particular sample can be tailored by controlling the anisotropy of a nanos-
tructured system [33]. The surface morphology is shown to affect the nucleation path
of the transition and hysteretic width, diverting or pinning the phase boundary between
para- and ferromagnetic regions [34]. Considering reduced dimensions — thin films,
melt-spun ribbons or microwires could be promising because of a high surface area to
volume ratio, i.e., the geometry which is favorable for the heat transport, but so far the
MCE in such materials is inferior to the corresponding bulk materials [35].

An additional problem of materials with a sharp first-order transition is the mechanical
stress caused by the volume change, which leads to the occurrence of dislocations and
micro-cracks, resulting in pulverization when the material undergoes several thermal or
field cycles. This is certainly inconvenient, but still may have an advantage: the smaller
fragments require less elastic energy to complete the transformation and, consequently,
a reduced hysteresis is observed [3]. Magnetic coupling between adjacent sample frag-
ments can affect the sharpness and the range of transition [36, 37]. There are different
ways to produce magnetocaloric materials attempting to avoid mechanical stress and im-
prove the MCE values: for example, placing magnetocaloric particles in an amorphous
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Figure 1.7 Possible intrinsic and extrinsic sources of hysteresis (from [3]).

metallic matrix [38], shaping magnetocaloric wires using powder-in-tube technology
[39] or introducing porosity that reduces the hysteresis and prevents degradation after
more than 600 temperature-field cycles [40].

The data in the literature are typically given for the first magnetization cycle and,
therefore, do not account for the hysteresis in first-order materials. However, the pres-
ence of magnetic and thermal hystereses is critical for the refrigeration cycle efficiency.
The reversibility of the MCE is mainly affected by the width of the hysteresis when ap-
plying and removing a magnetic field. The negative effect of thermal hysteresis can be
reduced when following a minor loop of hysteresis instead of completely transforming
the material [41]. In order to maximize the efficiency of magnetic cooling devices it is
important to understand the mechanisms causing hysteresis. The origin of hysteresis can
be from intrinsic (linked to the electronic properties on the atomic scale) and extrinsic
influences (related to microstructure) [3], schematically presented in Fig. 1.7. Manipu-
lating different components, it should be possible to affect the hysteresis and obtain an
efficient first-order magnetocaloric material under cyclic conditions.

Comparing experimental data to the theoretical limits of AT} 4, and AS,,,, for the
known refrigerants, it has been found that the first-order materials can indeed provide
better properties at a single temperature point than Gd [28]. Metamagnetic antiferro-
magnets (FeRh, MnGa,C) are particularly interesting for the development of high per-
formance magnetocaloric materials because they can exhibit a field-induced jump in
magnetization that is almost equal to the saturation value. They show highly tunable
metamagnetism based on giant magnetoelastic interactions and offer a testing ground
for theory, which can predict metamagnetism based upon structural information [28].
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1.2 Fe-Rh alloys
1.2.1 Phase diagram and crystal structure

The FeRh phase diagram seems relatively simple and contains cubic iron-like crystal
structures. The equiatomic composition attracted attention after the report of a peculiar
metamagnetic transformation near room temperature almost 80 years ago [42]. Since
then, almost all research on FeRh alloys has been concentrated on that region. After 80
years since the discovery and the number of publications well over 300, the reported
phase diagrams [43-50] still have discrepancies and require further studies. The latest
version of the Fe-Rh phase diagram (used in Fig. 1.8) has been summarized by Okamoto
in 2011 [44]. It has some small differences with the commonly used diagram suggested
by Swartzendruber in 1984 [45], especially in the region of the equiatomic composition.

The phase formation process in the region of the equiatomic composition after so-
lidification can be described as follows: the high temperature paramagnetic (PM) face-
centered cubic y-phase (or A1) solidifies approximately at 1600 °C , and transforms at
about 1300 °C to an ordered CsCl structure (bcc-B2), or o -phase. The «'-phase, which
is characterized by a superstructure, is ferromagnetic (FM) below 400 °C (Curie tem-

Weight Percent Rhodium
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Figure 1.8 Phase diagram of Fe-Rh (after Okamoto, 2011 [44]), the equiatomic region is
highlighted. Schematically on the right are shown transformations: from high
temperature disordered fcc y-phase (A1) to paramagnetic CsCl-type o/ -phase
(bce-B2) that at 400°C orders ferromagnetically and, near room temperature,
experiences a first order magnetostructural transition from the FM state to an
AF state with alignment of magnetic moments in the planes of (111) type and
1 % reduction of the unit cell volume.
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Figure 1.9 (a) Temperature dependence of the lattice parameter of o/-phase measured
on heating ( after [51]). (b) Dependence of the lattice parameter of y-phase
on Rh content (after [43]).

perature). It transforms by a first-order transition to the antiferromagnetic (AF) phase
«” with the same CsCl crystal structure, but a smaller volume of the unit cell by ~1 %.
The jump in the lattice parameter occurring on heating for the «’-phase is shown in
Fig. 1.9a, also the thermal expansion has been measured by the same authors [51]. The
transition is accompanied by strong tetragonal distortions in the region of the two phase
coexistence [52]. The lattice parameter of the high-temperature y-phase is shown for
the whole composition range in Fig. 1.9b, it increases with the Rh content.

Although the crystal symmetry remains the same, the magnetic structure changes from
FM to an AF type-II with an antiferromagnetic coupling between successive layers of
(111) iron planes. The magnetic moments were defined experimentally from neutron
diffraction [53-55] and were calculated theoretically [56-58]: in the AF state the Fe-
moment is 3.3 up, whereas Rh is nonmagnetic; in the FM state the Fe-moment remains
practically the same (3.1-3.2 upg), the Rh moment, however, is about 1.0 pug.

There is a certain deficiency in detailed studies of the FeRh phase diagram, as well as of
the microstructural aspects and phase formation processes. The existing phase diagrams,

Figure 1.10 Magnetic structure in the AF (nonmagnetic Rh atom in the center and Fe
moments of 3.3 ug in the corners) and FM (Fe moments of 3.2 ug in the
corners and Rh moment of 0.9 ug in the center) states [56].
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Figure 1.11 (a) Controversy of the FeRh phase diagram: solid red lines are based on
experimental measurements of single crystal thin films [49], blue lines rep-
resent existing phase diagrams of 1984 ([45], dashed line) and 1995 ([46],
dotted line) (b) Temperature dependences of magnetization of Rh-rich FeRh
alloys.

being qualitatively alike, have controversial data in the small region of the AF «”-phase
(illustrated in Fig. 1.11a). This problem is indicated from time to time in the literature,
e.g. precipitates of y-phase have been reported to appear in equiatomic FeRh during
the annealing process at high temperatures, which invoked a suggestion for a correction
of the phase diagram [46]. In thin films, the presence of a spurious fcc y-phase was
observed by the same extra-reflections in all the films involved in the experiment, yet
being close to equiatomic composition [59]. The authors note that the y-phase is known
to be paramagnetic and thus should not contribute to the magnetic transition, nor was it
obstructing a very high quality order in all films or the AF—FM transition. However, the
presence of this phase in precipitates throughout the films should induce both structural
and compositional inhomogeneities, eventually accompanied by stress.

Furthermore, a systematic study of bulk Rh-rich alloys with the composition varied
from 52 to 62 % Rh [60], revealed the AF—FM transition in all alloys with a reduction
of saturation magnetization and an increase of thermal hysteresis (see Fig. 1.11b). A
pure paramagnetic state was found only for the alloy with 64 % Rh. In the rest of the
studied alloys, a mixture of a y-phase and a fully ordered o'-phase was detected, while
the lattice parameters of both phases were found to be the same.

When the data are retrieved from thin films, the film/substrate interaction and the
production techniques can add more complications to the problem of the phase diagram
clarification.
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1.2.2 Specifics of the magnetostructural transition

The magnetostructural transition from the AF to the FM state in FeRh is detected by a
drastic change in several physical properties: a magnetization increase by 130 A - m?/kg
and a resistivity drop [61]. First, a strong dependence of the magnetostructural transi-
tion properties on the composition was observed for the binary alloys diverging from
the equiatomic composition [60, 62-64]. Then, it has been found that substitution by
other d-metals can shift the transition temperature 7;. by hundred degrees (Fig. 1.12)
and change the magnetization and resistivity values, as well as the hysteresis width [65-
69]. The substitution effect can be utilized to tune the AF—FM transition towards the
desired range of temperature and magnetic fields: replacing about 5 % of Rh atoms
with Ir is applied to raise 7. to 450-500 K for spin-valves applications [70], whereas
in many experiments due to equipment limitations the transition should be below room
temperature, which is achieved with Ni- or Pd-doping [69]. Substitution by various d-
elements mostly affects the temperature of the AF—FM transformation, while the Curie
temperature of the FM—PM transition changes only slightly [68, 69]. Summarizing, a
few atomic per cent of Pt, Ir, Au, Ru or Os move the onset of the AF—FM transition to
higher temperatures, while doping with Pd, Ni, Co and Cu is found to reduce 7}, [71].

It has been observed that 3d-elements decrease the FeRh transition temperature, while
5d-elements increase it, with no unique trend for 4d-elements [9, 68]. An attempt to
correlate the AF—FM transition temperature and the average weighted valence band
electron concentration ((s + d) electrons/atom) has led to the development of an em-
pirical model based on phenomenological grounds that should predict the influence of
elemental substitution on the magnetostructural response of FeRh-based ternary alloys
(see Fig. 1.13). However, the parameter e,/atom (valence electron concentration) is
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Figure 1.12 Magnetization of Fe(Rh; ,M,); og in 0.7 T field, where M is Pd, Pt or Ir [65].
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Figure 1.13 Zero-field normalized magnetostructural transition temperature vs. the av-
erage weighted valence band electrons ((s + d) electrons/atom) of FeRh-
based ternary alloys [9].

suggested only as a guideline, since, as can be seen from Fig. 1.13, in the case of isoelec-
tronic compounds obtained by substituting Rh for Co or Ir this parameter is the same, but
AF—FM transition temperatures vary considerably [9]. Compared to the results of cal-
culations of the electron density of states (DOS) at the Fermi level, the model is claimed
to be consistent with the addition of electrons to the AF bonding states of a spin-split
conduction band that reaches a stability maximum around 8.50 electrons per atom [9].

The effect of very small variations from complete B2 order and stoichiometry was stud-
ied from a theoretical point of view in several works [72-75]. First, it was revealed that
an Fe impurity substituted for Rh creates a perturbation extending at least to the nearest
neighbours of the impurity, and a total ferromagnetic moment close to 3.5 pg, whereas
a Rh impurity substituted for Fe has a localized and less important effect [72]. Then, an
ab initio DFT-based theory for materials with quenched static compositional disorder was
found to account quantitatively for the strong effect of disorder on the AF—FM transition:
a presence of just 2 % of Fe antisites, i.e., Fe atoms occupying a very small proportion
of the Rh sublattice sites, results in a drop of 7}, by 290 K, whereas the calculated value
of T}, is 495 K [73]. Furthermore, the influence of impurities on the stability of AF and
FM phases was investigated via first-principles total energy DFT calculations and Monte
Carlo simulations [75]. Two competing effects of the temperature induced magnetic
disorder were discovered: 1) a decrease of the magnetic moment induced on Rh that is
responsible for the stabilization of the FM state via Fe-(Rh)-Fe FM exchange interactions
2) a decrease of the AF Fe-Fe exchange interactions. Suppressing the interplay of these
effects leads to a shift of the point of metamagnetic transition in FeRh systems with with
1 at. % and 2 at. % substitution of Rh by Fe atoms (Fig. 1.14a). The presence of Ni
impurities, due to the difference in the Fe-Ni compared to Fe-Fe exchange interactions,
results in the stabilization of the FM state, and, as a consequence, to a decrease of the
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Figure 1.14 Temperature dependent relative magnetization M (T)/M, (M, is the mag-
netization at T = 0 K) obtained within the Monte-Carlo-simulations: (a) for
FeRh with 1 at. % and 2 at. % of Fe in the Rh sublattice, in comparison with
the results for the equiatomic FeRh; (b) for pure FeRh (circles, red solid line
is the experimental result); for FeRh with 5 at. % (diamonds) and 10 at. %
(squares) substitution of Fe by Ni atoms (from [75]).

AF—FM transition temperature: for 5 at. % and 10 at. % substitution of Fe by Ni atoms,
T = 230 and 180 K, respectively (Fig. 1.14b).

Quench disorder is thought to result in a local distribution of 7}., which can be the
cause of heterogeneous nucleation and growth of the new magnetic phase [76]. Some
studies of the kinetics of the AF—FM transition by magnetic relaxation were performed
on FeRh modified with a few at. % of Ni [77-79]. It is suggested that in the AF matrix
there is a nucleation of FM clusters with a long-range dipolar interaction [78], which is
supported by the coexistence of microscopic FM domains and areas that are still AF, their
relative size changing with temperature, indicated from the studies of spin and orbital
moments over the transition region [80]. Both temperature and field driven transitions
are found to follow similar kinetics and have a close resemblance to the nucleation and
growth behaviour typical for the crystallization of solids [78]. Furthermore, a combina-
tion of two types of relaxation processes can be observed: crystallization-like dynamics
and viscous slowdown or glassy dynamics of the metamagnetic transition at low temper-
ature [79]. A crossover from nucleation to growth, coinciding with a rapid increase of
the arrested (glassy) fraction possibly results from the disorder influenced nature of the
AF—FM transition. The observed magnetic viscosity has been attributed to the existence
of the interfaces between the coexisting AF and FM phases, and their mobility [77, 79].
Similar conclusion has been reached for Pd-doped FeRh, considering the FM state at low
temperature as glass-like arrested state that experiences devitrification with increasing
temperature [76, 81].

Broadening of the hysteresis towards lower temperatures is systematically observed
in substituted FeRh-type alloys [69, 81]. Although the non-monotonic variation in the
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Figure 1.15 Temperature dependences of the critical fields H/ for (Feq4Ni)49Rhsq,
1: x =0, 2: x = 0.0125, 3: x = 0.0175, 4: x = 0.025, 5: x = 0.035
and H{, 6: x = 0.035 from [69].

critical field (see Fig. 1.15) can be addressed in terms of an interplay between trans-
formation kinetics and supercooling [76, 78, 79, 81], the temperature dependence of
the critical field is mostly considered to be quadratic [69, 82, 83]. Initially measured
over the limited range of applied magnetic fields, the FM state in FeRh-alloys revealed
an approximately linear 7;, shift, stabilizing at lower temperatures [51, 84]. However,
experiments in pulsed magnetic fields up to 28-30 T [82, 83] established that the critical
field depends on temperature roughly as 72: H. = Hy[1—(T/Ty)?], what is often observed
in systems with itinerant magnetism and may be typical for first-order magnetic phase
transitions of electronic origin [85]. This is also supported theoretically [86]. Only at
low temperatures below 5 K, the behaviour of the critical field and hysteresis width be-
comes peculiar: the values deviate from the quadratic dependence and start fluctuating
around some average value, as shown for Ni- and Pd-substituted FeRh [69, 87].

Many aspects of the nature and mechanism of the transition still remain under debate,
in particular, the energy transfer between lattice, electron and spin subsystems and the
complex interplay of their dynamics. The spin dynamics of the metamagnetic transition
can be probed experimentally using femtosecond optical laser pulses that drive a ma-
terial through the AF—FM transition by ultrafast generation of the FM order [88-93].
One suggestion is that the phase transformation is accompanied, but not driven, by a lat-
tice expansion; the mechanism is attributed to the strong FM exchange via Rh moments
induced by Fe spin fluctuations [89]. However, from time-resolved x-ray spectroscopy
upon fs laser excitation, a lattice-driven magnetic phase transition was proposed [91].
Different techniques may provide a different view on the laser-induced magnetization
dynamics: one can be sensitive to the perpendicular component of the vectorial aver-
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age of magnetization while another one to the magnitude of magnetization only [90].
Therefore, the contradictory conclusions on the magnetic dynamics can be related to the
different experimental techniques and their limited temporal resolution or differences in
the sample structure, leaving the experimental proof of the driving force of the transition
insufficient. In terms of the time scale, a rapid growth of magnetic moment within at
most 10 ps is found to be followed by a gradual alignment of local magnetic moments
in about 50 ps [90]. A direct observation of the AF—FM phase coexistence finds two
intrinsic time scales: one for the initial nucleation of FM domains which is the same for
both magnetic and structural dynamics (30 ps), and a second for the subsequent growth
of FM domains (60 ps) [93]. By theoretical simulations, a FM response on a picosecond
time scale was obtained (20 ps); the speed of the phase transition is likely to be faster
than magnetovolume effects [94]. Time-resolved XRD shows that the structural changes
associated with the magnetic phase transition are relatively slow and occur on a hundred
picosecond time scale [92]. This is supported by a suggestion for the AF—FM-transition
be driven by the electron system on a time scale similar to that observed for the loss of
magnetization in simple FM materials, followed by a slower phonon-driven lattice ex-
pansion [88]. Although, it may just be that the magnetic and structural nucleations go
hand in hand rather than one driving the other [93].

The binary metallic compound FeRh can be considered as a naturally occurring mag-
netic multilayer structure in which the coupling across the magnetically inactive layers
can be switched from AF to FM by an applied magnetic field, the AF coupling resulting in
high electrical resistance [57, 95]. First-principles DFT-based calculations demonstrate
that the pronounced drop in resistivity at the AF—FM transition can be attributed par-
tially to the difference in the electronic structure at the Fermi level of the FM and AF
states, as well as to a thermally induced magnetic disorder (spin fluctuations) [96]. The
reconstruction of the Fermi surface across the AF—FM transition may occur due to two
factors: reduction of the area of the Fermi surface and a smaller Fermi velocity resulting
from the superzone gap formation [97].

The electronic band structure of FeRh in its three magnetic phases is essentially dom-
inated by the electrons of d-character, the contribution of the s and p electrons always
being weak. The change of the electron DOS at the Fermi level is suggested due to a halv-
ing of the magnetic Brillouin zone on passing from the FM to the AF state and the change
of magnetic symmetry [86]. The low DOS value for the AF phase and an appearance of
a magnetic moment at the rhodium ions in the FM state occur due to splitting of a Rh d-
subband by a resultant magnetic moment of the iron sublattice [67, 82, 98]. Significant
electronic structure changes between the AF and FM states were observed experimen-
tally across the entire valence-band spectrum via hard X-Ray photoemission in epitaxial
FeRh thin films and were well reproduced using first-principles density functional theory
(DFT) calculations [99].
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Remarkable magnetotransport properties indicate the itinerant-electron metamag-
netism in FeRh: it is experimentally observed that the transition is accompanied by a
giant magnetoresistance (MR) effect AR/R = 80-85 % in binary FeRh [64, 100, 101],
supported also by theoretical calculations [102]. The large MR at low temperature in-
dicates that FeRh in the AF phase has a peculiar Fermi surface structure, suggesting the
character of a semimetal [64] and signifies intrinsic spin-dependent scattering processes
(e.g., electron-phonon and electron-magnon scattering) [101]. Minor deviations from
stoichiometry affect the GMR values [64], as well as the electronic specific heat coeffi-
cient ~, especially when Fe and Rh are substituted by other d elements (Ni, Pd, Pt, It,
Ru) [69, 103].

Measurements of v allow to determine the value of the DOS at the Fermi surface. It
has been reported to be significantly lower in the AF state, associated with the field-
induced AF—FM transition, as well as as for the concentration dependent AF—FM tran-
sition [104]. This is also in agreement with A~ obtained from the analysis of the magne-
tization curves in FeRh alloys [69, 83], and theoretical calculations [98]. Therefore, the
electron entropy was suggested as the main driving force for the transition [67]. How-
ever, there have been some concerns whether the off-stoichiometric FeRh in AF or FM
state can be compared [64, 83]. The influence of chemical composition can be observed
from measurements of low temperature specific heat of substituted FeRh: a few per cent
of Ir increased it by an order of magnitude [63, 105]. The nature of the excess entropy
of the FM phase over that of the AF phase was thought to arise from itinerant electrons
associated with the moment on the Rh atoms [82]. Indeed, a linear dependence of mag-
netic entropy on temperature has been reported in many works [83, 106-108], which
can be an indication of a significant contribution from the electronic subsystem. A phe-
nomenological model attempts to relate the valence band electron concentration and the
magnetic entropy change of 3d- and 4d-substituted FeRh compounds [107]. However,
there are suggestions that the electronic contribution is, on the contrary, small and the
entropy difference at the transition is dominated by magnetic fluctuations [58, 109].

The very first attempt to explain the nature of the AF—FM transition in FeRh used
the exchange inversion model [110] based on the assumption that the sign of the ex-
change integral changes at a critical value of the lattice parameter, driven by the exper-
imental evidence of the unit cell volume change of 1 % at the metamagnetic transition
[51, 111]. However, serious numerical discrepancies were found: the lattice entropy
from this model was significantly lower than the experimentally estimated value of the
entropy change [65]. Eventually, the model was ruled out as acceptable [62, 82, 112].
Still, the volume-dependent interactions should not be completely discarded. Based on
ab initio total energy calculations, a realistic description of the experimental magneto-
volume effects in FeRh was done using a spin-based model that included distance de-
pendent exchange parameters [56]. Thermal fluctuations of the Rh magnetic moments
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provide the entropic stabilization of the FM phase, and the metamagnetic transition can
be explained by a competition between AF Fe-Fe and FM Fe-Rh exchange interactions.
The AF and FM states in FeRh are close in energy due to a strong compensation at a
certain crystal volume of the different volume dependencies: the FM Fe-Rh exchange
interaction is robust with respect to the crystal volume variation, whereas the AF Fe-Fe
exchange interaction is strongly volume dependent [113]. The entropy associated with
the lattice should be larger in the AF phase than in the FM one, due to the fact that
the AF phase is elastically softer than the FM one, as found experimentally and theoreti-
cally [109, 114, 115]. The lattice vibration contribution is found to act so as to prevent
the transition from taking place [86, 109]. Further theoretical advance suggested an
equally important role for the magnetic and volume fluctuations as driving forces for
the AF—FM transition [116]. Then, a combined ab initio and experimental approach
allowed an independent assessment of vibrational contributions to specific heat and en-
tropy, and essentially equal contribution of the magnetic and the combined electronic
and vibrational degrees of freedom was proposed [117].

Although the discussions continue, it is accepted that the AF—FM transition in FeRh
is driven by an excess of electronic and magnetic entropy while the lattice opposes the
transition; in terms of different contributions to the entropy change, roughly speaking,
ASjqr =~ =70 % of AS,,.4, and AS,; represents 40 % of the total AS [118]. Regardless of
its debatable origin, the experimentally observed value of the MCE in FeRh is one of the
largest compared to other materials [28, 29]. Moreover, the experimental values of AS
and AT, close to the theoretical limits [28] set FeRh apart from other alloys.

1.2.3 Giant magnetocaloric effect at the transition

The giant magnetocaloric effect of -12.9 K in 1.95 T near room temperature in Fe,,Rhg,
was experimentally observed in 1990 [4], a few years before the discovery of the giant
MCE in Gds(Si,Ge,,), alloys [119, 120] that has launched the solid state refrigeration
research. Since the MCE in FeRh exceeded that of most known materials, especially near
room temperature, it was originally suggested as a potential working material for mag-
netic refrigeration [121]. Then, it was assumed that the giant MCE in FeRh is irreversible
and observed only upon the first application of the magnetic field [2], so in the following
years FeRh attracted little attention for cooling applications. Due to the present high cost
of raw materials it is unlikely that FeRh will be used as a commercial magnetic refrig-
erant, if only in micromagnetic applications in the form of thin films or nanoparticles
[122]. Nowadays, FeRh is rather exploited as a model material for understanding of the
first order metamagnetic phase transition, which should accelerate the development of
novel, high performance magnetocaloric materials for solid state refrigeration near room
temperature.
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Figure 1.16 Temperature dependence of the magnetocaloric effect for slowly cooled and
quenched samples of Fe,oRhs; alloy in various magnetic fields: 0.65 T;
1.25T; 1.7 T; 1.95 T (after [121]).

In 2008, a study of the history dependence of magnetization across the first order
transition revealed that contrary to the long held belief, the MCE in FeRh does not vanish
if the field-temperature history of the sample is chosen properly [123]. Later in 2014,
the reversibility of the MCE in FeRh has been confirmed by a direct determination of
the field-induced entropy change from isothermal calorimetric measurements upon field
cycling [114] (see Fig. 1.17a).

The adiabatic temperature change measured directly with a thermocouple and calcu-
lations by Maxwell relations from heat capacity and magnetization measurements were
compared using Pd-substituted FeRh [124] (see Fig. 1.17b), which proved the estimation
of the MCE in FeRh by Maxwell relations reliable. It was also found that the substitution
of Pd for Rh can control the effective range of MCE in FeRh. In principle, the fact of
compositional variation (substitution by Pd, Pt and Ir) affecting the entropy change has
been known since early works on FeRh [65]. A study of the magnetocaloric response of
FeRh-based compounds modified by Cu, Pd and Ni demonstrated that while elemental
substitution consistently decreases magnetic entropy AS,, of the FeRh-based ternary al-
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Figure 1.17 (a) Entropy change in Fe,gRhs; evaluated from isothermal thermal curves
(symbols — solid for the first field application, open ones for the successive)
and isofield thermal curves (solid lines) in 2 T (orange) and 6 T (green)
magnetic field. The shaded area indicates the region of reversibility. (after
[114]). (b) Adiabatic temperature change directly measured for the selected
samples (closed circles), and a comparison of the estimated values (open
circles) and directly measured ones for Fe,oRhg o,Pdg g3)5; [124].

loys from that of the parent FeRh compound, the net refrigeration capacity (RC) of the
modified systems is significantly higher [107]. The decrease in the peak of AS,, was at-
tributed to changes in the electronic band structure of the FeRh system due to elemental
substitution, and the enhanced RC in chemically-modified FeRh was ascribed predomi-
nantly to a local chemical-disorder-induced broadening of the magnetostructural phase
transition. Similar to the analysis of the transition temperature dependence on valence
band electrons [9] other data from the literature were taken into account to establish
correlations between the valence band electron concentration and the magnetic entropy
change of 3d- and 4d-substituted FeRh compounds, attempting prediction of the mag-
netic entropy change in this system.

The entropy change in FeRh under applied hydrostatic pressure or tensile strain be-
comes giant barocaloric [114] and elastocaloric [125] effects. The sharpness of the tran-
sition and the strong sensitivity of the transition to the external fields result in barocaloric
and magnetocaloric strengths which compare favorably to those reported for other giant
magnetocaloric and barocaloric materials. FeRh achieves its maximum isothermal en-
tropy change at very low values of hydrostatic pressure and magnetic field, which makes
this alloy particularly interesting in cooling applications where the external stimuli need
to be restricted to low values [114]. The ability of FeRh to react to the tensile strain is
considered in a dual-stimulus magnetic-electric refrigeration cycle in FeRh thin films via
coupling to a ferroelectric BaTiO4 substrate [126].
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1.2.4 Strain, deformation and disorder effects

Hydrostatic pressure affects both the magnetostructural transition temperature 7;,. and
the Curie temperature of the FM—PM transition 7,: in the binary alloy the AF—FM tran-
sition shifts towards higher temperatures with d7;,./dp = 4.3-5 K/kbar, while the Curie
temperature is reduced only slightly, d7,./dp = —0.6-1 K/kbar [51, 62, 127]. The tran-
sition temperature defines the d7},/dp value: the lower the transition temperature, the
larger is the shift under pressure [62]. A typical behaviour of FeRh-based alloys under
compression is shown in Fig. 1.18: a stabilization of the AF phase, i.e. an increase of
the transition temperature can be observed in Fig. 1.18a; the initial FM state (in this
case, induced by high magnetic field) and gradual appearance of the AF state upon in-
creasing pressure are shown in Fig. 1.18b. Furthermore, this study of FeRh substituted
by Pd revealed that the hysteresis and the transition width depend on 7}, irrespective of
applied pressure and magnetic field [76]. In other words, except for a shift in the transi-
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Figure 1.18 Resistivity p as a function of temperature for Fe,o(Rhg 93Pd o7)5; at various
constant pressure (a) in the absence of applied magnetic field and (b) in the
presence of 8 T magnetic field. Both pressure and magnetic field are applied
at room temperature [76].
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Figure 1.19 p — T phase diagram for the equiatomic FeRh (after [118]), lines are sim-
ulations (blue from [118], red from [132]), points are experimental data
summarized in [118].

tion temperature, no explicit role of pressure and magnetic field on first-order transition
characteristics was found. Ternary FeRh alloys modified by Pd and Ni have a low transi-
tion temperature and a large temperature shift upon pressure and magnetic field, which
places the investigation of the pressure effect on AF—FM transition in a more attainable
experimental range, since it will require lower pressure and magnetic field. For example,
the effect of suppression of the FM state and inducing the AF—FM transition in the bi-
nary FeRh requires pressures up to 100 kbar [128], whereas in a Ni-modified FeRh, the
hydrostatic pressure up to 13 kbar is sufficient [129-131].

Due to the negative sign of d7},/dp and the positive sign of d7./dp, an existence of a
triple point on the p — 7" phase diagram between AF, FM and PM states was predicted
at approximately 50-55 kbar and 630 K [62, 127]. In the beginning, most studies were
limited to 25 kbar, so the triple point was confirmed experimentally much later, first
for the Ir-doped FeRh [133] and then for the binary FeRh [134]. However, since the
linearity of the p — T-dependence was found to break down above pressures of about
25 kbar [133], the triple point is at 75 kbar, which is far beyond the predicted values.
The complete magnetic phase diagram under pressure is shown in Fig. 1.19 containing
experimental data as well as some simulations. The nature of the AF—PM transition at
pressures above the triple point remains disputable. Although there is an assumption
that this transition is of the first order [127] supported by a structural investigation of
Ir-doped alloys [68], mostly the second order is assumed and expected [62, 135]. The
simulations [132] and experimental data [133] seem to be in agreement with this idea.
Furthermore, in binary and Ir-doped FeRh, no temperature hysteresis for the AF—PM
transition at pressures above 68 kbar was found [134, 136].
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Figure 1.20 (a) Thermal hysteresis of magnetization in Fe,, sRhs, , thin film before and
after peeling. [137] (b) Temperature hysteresis for the same 110-nm-thick
FeRh films grown onto MgO(001) and Al,05(0001) (after [138]).

While the compressive strain stabilizes the AF state, a tensile stress suppresses it, shift-
ing the transition temperature 7}, downwards or even partly inducing the FM state. This
shift can be observed along with a giant elastocaloric effect in a bulk sample under ten-
sile stress [125]. Tensile stress is commonly found in thin films at the interface between
the film and the substrate. The AF—FM transition in FeRh thin films is known to differ
from bulk samples: it takes place in a wider temperature interval and shows a larger
temperature and field hysteresis [101].

FeRh films are usually deposited or annealed at high temperature, because it is a re-
quirement to obtain the chemically ordered o/-phase [139]. During cooling, a significant
difference in the thermal expansion coefficients of the film and the substrate results in
a stress. This effect is illustrated in Fig. 1.20a: an initial FM phase fraction observed in
an annealed film deposited on a quartz substrate disappeared after the film was peeled
off the substrate, the hysteresis was reduced and 7}, increased by 50 K [137]. A detailed
structural study confirms that the lattice parameters of a 100 nm FeRh thin film on a
quartz substrate have a 1 % difference in out-of-plane and in-plane directions [101].

In epitaxially grown films, the mismatch between the lattices of the film and the sub-
strate becomes a source of strain. In Fig. 1.20b, the AF—FM transition occurs at different
T}, in FeRh films grown on MgO and Al,O, substrates under otherwise identical condi-
tions [138]. It has been shown that when an MgO-based substrate has a closer match to
the FeRh FM phase, it is naturally stabilized and T}, decreases [140]. The strain is larger
in the region of the substrate-film interface, so the magnetic state strongly depends on
the film thickness as well [141, 142]. Likewise, the type of a capping layer can play
an important role in the FM phase stabilization [143]; experimentally, this effect can be
observed in capped and uncapped films through the difference in evolution of the FM
domains near the surface [144].
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Figure 1.21 Magnetization dependence of FeRh filings on temperature showing param-
agnetic behaviour and a transition to the FM state upon heating (A) [146],
with a further recovery of the AF—FM transition (B) compared to the initial
transition of the bulk FeRh (dashed line).

The exchange interaction in the strained layer plays an important role in determining
the phase transition temperature, depending on whether it supports AF or FM interac-
tions [145]. Depending on the choice of the substrate, it is possible to tune the tran-
sition temperature. First-principles calculations, accounting for epitaxial strain in thin
films, indicate a strong spin-phonon coupling sensitive to the slight tetragonal distortions
[117] and suggest that strained FeRh in the thin film form undergoes a spin-reorientation
through the AF—FM transition [140]. Strain conditions must be considered explicitly in
the comparison of bulk materials and epitaxial thin films [117].

The discussed tensile and compressive stress is elastic, and the magnetic state can be
recovered after the stress removal. Plastic deformation (e.g. filing, cold work or rolling)
converts the ordered CsCl-structure (o, B2) of FeRh into a disordered fcc structure,
which is only weakly magnetic and does not exhibit the first-order transition [146]. For
example, 24 hours of ball-milling transform FeRh to a single-phase fcc nanocrystalline
powder [147]. However, upon annealing disordered FeRh, the magnetic state can be
recovered (see Fig. 1.21): first, an ordered B2 structure appears with the material being
ferromagnetic down to low temperatures, then, a gradual return of the first-order transi-
tion is observed, which will further evolve in completeness and sharpness. These effects
are attributed to a gradual attainment of the perfect long-range order and an annealing
of the defects produced by plastic deformation [146].
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Figure 1.22 Magnetization loops of irradiated FeRh films that experience an induced FM
state and its subsequent suppression as the ion energy rises [150].

An in-situ study of FeRh under pressures up to 19 GPa detects a partial transition of the
B2-structure into fcc at a critical pressure of 9.8 GPa, accompanied by an approx. 1.5 %
collapse of the lattice parameter. The newly formed fcc phase has an almost constant
value of the lattice parameter that is much smaller compared to the fcc lattice parameter
at ambient pressure, reflecting a rather compressed structure [148]. Apart from the
stress-induced transformation of B2 into fcc, a transformation of B2 structure to L1y was
also reported in a cold-rolled FeRh [149]; the final phase being dependent on the rolling
rate (30 % and 5 %, respectively). While the formation of the fcc-phase is likely caused
by the destruction of the B2-order, the origin of the L1, formation is not clarified.

The effect of disorder can be studied by irradiation of FeRh thin films with energetic
ions (H, He, I). Depending on the density of energy elastically deposited by the ions
(180 keV-10 MeV), the magnetic state can be modified from AF to FM and even param-
agnetic [151]. Irradiation allows to study the effect locally (e.g. by MFM), producing
precise micrometer-sized FM areas in an AF matrix by means of an ion microbeam [152].

Different magnetic states of irradiated FeRh thin films are shown in Fig. 1.22. The
ferromagnetism in the ion irradiated FeRh is shown to be mainly dominated by the spin
moment [150]. The increase in magnetization can be caused by irradiation-induced
lattice defects, while the decrease is attributed to the structural change from the FM
o’-phase (B2) to paramagnetic y (A1) phase.

Alike with the severely deformed FeRh, after annealing (100-500°C) the irradiation-
induced A1 structure thermally relaxes to the disordered B2 structure, changing magnet-
ically from PM to FM [153]. When the ion fluence is not so large and the disordered B2
structure is induced, it thermally relaxes to the ordered B2 ('), recovering the AF state.
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1.2.5 Heat treatment effect

Thermal history strongly affects the magnetic properties of FeRh, as can be seen from
Fig. 1.16. The temperature, the time of heat treatment and the cooling path are often
chosen randomly: it creates a certain discrepancy in the reported data. This fact was
noted at an early stage of FeRh research, comparing the reported transition tempera-
tures and their shift with applied pressure [62]. The experimental evidence of thermal
history effects is present in the literature but hardly explained: for example, observinf
the AF—FM transition in as-cast, annealed, remelted and cycled binary FeRh [154].

The effect of heat treatment on the AF—FM transition is illustrated for a bulk sample
in the as-cast and the annealed state (Fig. 1.23a) and for thin films annealed at different
temperatures (Fig. 1.23b). The heat treatment of FeRh is usually chosen in the region
500-1200 °C to achieve better ordering. In the case of thin films, heat treatment is par-
ticularly critical: to obtain a well-ordered bce-B2 structure, the films should be deposited
at high temperature or post-annealed, otherwise a film deposited at room temperature
will have a paramagnetic disordered fcc structure [101, 139, 155, 156].

Among the few studies attempting to clarify the situation was an investigation of bi-
nary equiatomic FeRh at temperatures of 970 K and 1070 K upon varied time of anneal-
ing from 12 hours up to 2-3 weeks [46]. The evolution of the resistivity profile with the
annealing time is shown in Fig. 1.24. A drastic change in the behaviour of the AF—FM
transition can be observed, resulting in a shift of the transition temperature by more than
60 degrees along with the evidenced by TEM formation of fcc y-precipitates in the main
o/-phase. An update for the phase diagram was proposed (shown in Fig. 1.11a) and a
suggestion that during the formation of the Rh-rich precipitates, a gradient of composi-
tion is formed; a possibility of existing strain between the two phases was discarded.
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Figure 1.23 a) Resistivity behaviour as a function of temperature for as cast and annealed
samples [81]. b) Temperature dependence of magnetization in the magnetic
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Figure 1.24 Changes in profile of T—p curves of Feg, ;Rh,g 5 alloys for different annealing
temperatures at (a) 970 K and (b) 1070 K with annealing times [46].

Two studies of the binary FeRh close to the equiatomic region reported on lattice
parameters, fractions and compositions of the «'- and y-phases after systematic heat
treatment [48, 50, 60]. An investigation containing 5 alloys with a nominal composition
of 55 at. % Rh had the heat treatment varied from 800 °C to 1350 °C, simultaneously
decreasing the time from 1680 h to 6 h [48, 50]. In all cases the B2 «’-phase had a similar
Rh content of 50.1-50.4 at. %, and in the fcc y-phase the Rh content varied from 54.7 to
61.5 at. %. These results introduced corrections to the phase diagram from 1984 [45].
Another study was done on compositions of 51-63 at. % Rh after annealing at 1000 °C
for 50 hours [60]. The lattice parameters of both «’- and y-phases in the alloys with 55-
59 at. % Rh were found to be the same, however, the transition temperature still varied
significantly by more than 50 degrees and the saturation magnetization was strongly
reduced (Fig. 1.11b). The quantitative analysis of the diffraction data has revealed an
increasing amount of the fcc y-phase with higher Rh content. The temperature shift and
increased hysteresis was attributed to inhomogeneous strain caused by the presence of
the minor phase, and the reduction of magnetization to its increasing amount.

Overall, there is a deficiency of systematized experimental data on the material prop-
erties of FeRh and on a relation of the magnetic state to the details of microstructure and
sample preparation procedure.
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CHAPTER 2

EXPERIMENTAL METHODS

The experimental methods include systematic sample preparation (synthesis, heat treat-
ment protocols, preparation for the structural and microstructural characterization);
analysis of the phase content by means of XRD and microscopy, as well as measurements
of magnetic and caloric properties.

Nominal compositions of the FeRh-based alloys used in this work (binary and pseudo-
binary modified by other d-elements) are listed below along with the carried out experi-
ments:

¢ Direct measurements of MCE:
Fe,oRhs;, (Feg ggNig g3) 49Rhs;
¢ Heat treatment effect + Microstructure + MCE:
Fe gRhs,, (Feg g65Nip g35) 49Rhs;
e Microstructure + MCE:
(Fep9Crg1)49Rhsy,  Feyg(Rhyg,Pdg og)s1, Fego(Rhg ggRUg g2)s51, Fegg(RhggReg )51,
(Feg 965 Nig 035) 49 (Rhg 95 Pt 05) 51, Feg9 (Rhg goPdg 6Pty 05)51

2.1 Sample preparation
2.1.1 Synthesis and heat treatment

Bulk polycrystalline samples of FeRh-based alloys modified with up to 6 at. % by 3d-
metals (Ni, Co, Cr), 4d-metals (Ru, Pd) and 5d-metals (Re, Pt) were prepared by arc
melting of the pure elements in a helium atmosphere in a water-cooled copper crucible*.
In order to ensure good homogeneity, the pellets were turned and remelted several times.
Due to the sample placement on a cooled crucible, the ingots experience a strong direc-
tional cooling effect during the solidification, which results in a dendritic structure.

*Carried out by Prof. Dr. N.V. Baranov, Ural Federal University and Bernhard Gebel, IFW Dresden
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Homogenization of the samples was done in evacuated quartz ampules, generally at
1000°C for 1-2 weeks followed by quenching into water. In order to investigate the
effect of three factors of heat treatment (time, temperature and cooling rate) on the
magnetic state, pieces of the same as-cast ingot of the nominal compositions Fe,4Rh,
and Fe,,(Nij o35Rh) g65)5; Were subjected to a special heat treatment at three chosen
temperatures 850°C , 1000°C and 1150°C; the time of the annealing was either 3 or 14
days, the cooling was either water quenching or oven cooling with a rate of 1°C/min
down to 400°C and with the furnace switched off. Then, samples of typical thickness
~1 mm in the shape of plates or rectangular rods were cut out. The surface was subjected
to metallographic preparation to remove the deformed layer for correct structural and

microstructural characterization.
Additionally, Ni-doped samples were exposed to a post-annealing at 500°C for 3 hours
with 1°C/min cooling to remove stress after rapid cooling from high temperature. Al-

ternatively, rapid cycling between liquid nitrogen and water of room temperature was
applied as a thermal shock, to induce as much stress as possible.

2.1.2 Metallographic preparation

For scanning electron microscopy and X-ray diffraction, the samples were prepared us-
ing standard metallographic techniques: grinding on SiC paper by hand (P800, P1200,
P2500) and polishing with diamond suspension (3 pm, 1 um and 0.25 pum) for short
times (3-5 minutes) and in some cases Al and Si oxide slurries as a final step. A low
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Figure 2.1 Effects of sample surface preparation observed by X-ray diffraction and SEM

of the same sample: directly after heat treatment (a, grey XRD data) and
polished (b, green XRD data).
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polishing speed (~ 30 rpm) was used to avoid deformation of the surface*. The surface
deformation may affect magnetic properties, moreover, the structural and microstruc-
tural data. During longer polishing times, hard inclusions of the minor phase tend to fall
out and leave noticeable scratches in the softer B2 phase. The diamond suspension was
found to be the most efficient polishing agent. The heterogeneous microstructure is vis-
ible only after polishing the sample — the surface layer present after annealing seems to
affect both XRD and microscopy, providing misleading results. The examples are shown
in Fig. 2.1: the characterization of the sample after the heat treatment without polishing
probes the recrystallized surface layer and yields a single-phase pattern with a lattice pa-
rameter differing from the one after the polishing. In the polished sample, the secondary
phase is revealed in both XRD and SEM.

For scanning transmission electron microscopy (STEM), a lamella was prepared by
focused ion beam (FIB) technique from an Fe,,Rh;;, sample**. The front side of the
sample was protected from the ion beam by a deposited Pt layer. Thicker support bars
were left in between thinner windows to stabilize the sample. The lamella was attached
to an M-shaped sample holder and thinned down until the appearance of holes.

2.2 Structural characterization
2.2.1 Phase identification

The as cast and heat treated samples were characterized by means of X-ray diffraction
(XRD) in order to determine the phase content, lattice parameters and the degree of

*Carried out in collaboration with Katja Berger, IFW Dresden
**Carried out by Almut Pohl, IFW Dresden
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Figure 2.2 An example of the Rietveld refinement carried out in FullProf Suite [157] for
a typical pattern of FeRh consisting of o-phase (B2) and y-phase (Al).
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order. The measurements were performed on bulk samples at room temperature using
a Bruker Advance X8 diffractometer (Co- K, radiation). The XRD scans were done using
the 0/20 scheme, where 0 is the rotation angle of the incident beam, and 26 is the
rotation angle of the detector. The sample in-plane rotation with 30 rpm was enabled
in order to ensure random orientation of the exposed grains. X-ray diffraction patterns
were collected in the 20 angle range between 20 and 120 degrees with a step size of
0.03° and a time per step of 4 s for the standard characterization, and 0.02° and 20 s
for the determination of the degree of order. In the case of the as cast sample, for better
fitting, a double exposure time (40 s) was chosen due to a very low intensity of the
o -phase peaks.

The XRD patterns were analysed using Fullprof Suite software [157] that employs the
Rietveld refinement algorithm. Typical real and calculated patterns, as well as the differ-
ence in the result of refinement are shown in Fig. 2.2. As far as FeRh alloys are extremely
sensitive to mechanical treatment, it is problematic to carry out diffraction experiments
using powder. Therefore, the XRD patterns were obtained from bulk samples. The sam-
ples had a small size and considerably large grains — it causes strong texture effects and
the shown example has a good fit for such a case. Due to the conditions of exposition, the
refined profile is unsuitable for a precise determination of phase fractions, but sufficient
for determining lattice parameters. The error for the determination of lattice parameters
was +0.001 A.

2.2.2 Determination of the degree of order

FeRh alloys are ordered in a CsCl-type structure: Fe occupies {0,0,0} Rh occupies
{1/2,1/2,1/2}. That is, Rh replaces the central atom in the bcc «-iron lattice. A per-

' ' . 8000
12 | —o— 4 s per point d § ! i ' '
000 —o— 20 s per point & (100) ~° 4sperpoint a’ (200)
. ) f% —&— 20 s per point
% 10000 | — - — fit # 1 . fit §%
€ & 6000 |
3 8000 J b 5 s 3
3 ] 3
2 6000 = 4000} I ¢
2 - ) "
[0} (2]
£ 4000 5 t
£ 2000 P
2000
0

730

Figure 2.3 Superlattice (100) and fundamental (200) peaks intensities acquired at differ-
ent counting times and the fit of the peaks that were used in the determination
of the degree of order.
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fect order results in the appearance of superlattice peaks additional to the fundamental
diffraction peaks that are allowed for a bcc lattice. In the situation of a complete disor-
der one can observe only the fundamental peaks. The degree of order can be estimated
using the ratio of the integrated intensities of the superlattice and fundamental peaks,
for example (100) and (200), respectively. The order parameter s is proportional to this
ratio, and varies from O to 1, where 1 describes the perfect order and O the complete
disorder. In the case of the peaks from the same family of planes, for example (100) and
(200), the result should be unaffected by the texture, which is beneficial for the samples
that were investigated in this work. In order to improve the accuracy, the peaks were
measured with 5 times longer exposure times compared to the conditions chosen for the
phase analysis patterns. The difference is illustrated in Fig. 2.3; the long exposure time
provides a better resolution for the two peaks in comparison with the exposure used for
the simple lattice parameter determination. The red dashed line shows the fitting.

2.3 Magnetic measurements and calorimetry
2.3.1 Quasistatic magnetic field

For magnetic measurements the following devices were utilized*: 1) MPMS-XL Quantum
Design (Magnetic Property Measurement System) magnetometer with magnetic fields up
to 7 T created by a superconducting magnet and a temperature range of 1.8-400 K. The
MPMS device employs a superconducting quantum interference device (SQUID) for mea-
suring the magnetization with the absolute sensitivity 10® emu. 2) PPMS-14T Quantum
Design (Physical Property Measurement System) with magnetic field up to 14 T cre-
ated by a superconducting magnet and a temperature range of 1.9-400 K, equipped by a
VSM-option (Vibrating Sample Magnetometer). The accuracy is better than 10 emu.

The samples were not exceeding 100 mg in size and the sweeping rate was 2 K/min.
For testing purposes, a measurement was carried out with sweeping rates of 1 K/min
and 5 K/min, but no significant difference was found. Still, the sweeping rate 2 K/min
was considered more appropriate for maintaining equilibrium conditions.

Magnetic measurements under fixed hydrostatic pressure have been carried out with
a rate of 1 K/min in a CuBe EasyLab Mcell10 high-pressure cell for the MPMS allowing
a pressure up to 10 kbar. The pressure was applied by using the screws at the end of the
cell and monitored by the reaction of superconductive phase transition temperature in
Sn placed in the chamber along with the sample.

The M(T) dependences for characterization of the AF—FM transition were measured
at 1 T magnetic field; magnetic measurements for the entropy change calculations were
done in fields from 0.1 T up to 2 T with 0.25 T steps. Normally the dependences were
measured on heating with subsequent zero field cooling (ZFC) before the next field

*Carried out in collaboration with Dr. K. Nenkov, IFW Dresden
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Figure 2.4 Adiabatic temperature change in FeRh during one magneticcycle 0T — 1.9 T
—-1.9 T — 0 T: the discontinuous mode results in the maximal value reached
at 1.9 T, the continuous mode corresponds to the second magnetization or the
value at -1.9 T.

application at low temperature. In order to estimate the hysteresis, dependences on
cooling were measured as well. The entropy change was calculated from the M(T) data
using the Maxwell relation, numerically represented as:

oM;) OM; 1
( T >Hi + < a7 )HHJ (Hiv1 — H;) 9

Heat capacity measurements were carried out in a PPMS-14T Quantum Design using

1
ASnanTh =

(3

the standard relaxation calorimetry (2-t method) [158] before and after the transition,
and for the quantitative estimation in the transition region the method described by
Suzuki et al. [159] was applied. The temperature dependences of the heat capacity
Cy(T) measured in different magnetic fields were integrated to obtain the dependences
S(T)y that were combined into S—T-diagrams. The S—T-diagrams were used for calcu-
lation of AS and an alternative evaluation of the adiabatic temperature change [15], as
demonstrated in (8) and Fig. 1.1.

2.3.2 Halbach magnets

The direct measurements of the adiabatic temperature change AT,, in a Halbach setup
were done in a home-built experimental setup that allows fast altering of the magnetic
field with a rate of 0.5 T/s going through the magnetization-demagnetization cycle (0 —
1.93T — 0 — -1.93 T — 0) so that experiments under cyclic conditions can be done*.
The temperature was controlled by a copper-Constantan thermocouple attached to the
sample by silver-based epoxy.

*Carried out by Dr. K.P. Skokov, TU Darmstadt
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The adiabatic temperature change at a certain temperature can be measured in a dis-
continuous mode or continuously. The discontinuous mode is a measurement that starts
every time from the same initial state and provides the highest values of AT,,. It is il-
lustrated by the right branch in Fig. 2.4. A subsequent field application (the continuous
mode) will result in the second branch (the left branch in Fig. 2.4) and a reduced value
of AT,,, which characterizes the reversible behaviour. This is caused by the existence of
a hysteresis in materials with a first order transition, originating from a mixed magnetic
state in that region. To return to the initial state it is necessary to heat the sample up
or cool down beyond the hysteresis region. The discontinuous mode represents mea-
surements that are independent of each other and can be viewed as a characterization
of fundamental properties of a material. The measurements under cyclic conditions are
relevant for the evaluation of the material performance as in a real magnetic cooling
cycle.

2.3.3 Pulsed magnetic field

Magnetic pulsed fields up to 48 T were provided by the Dresden High Magnetic Field
Laboratory (HLD) [160]. The magnetization in pulsed fields is measured by integrating
the voltage induced in a compensated coil system surrounding the sample [161]. The
total pulse duration is 10-20 ms for the magnetic and magnetocaloric measurements.
The direct adiabatic temperature change measurements were carried out in a home-
built experimental setup [162] in pulsed fields varying in the range of 2-48 T (with a
field change rate of 100-2500 T/s respectively)*. The temperature change of the sample
was controlled by a copper-Constantan thermocouple attached to the sample by silver-
based epoxy. The measurements were carried out in the discontinuous mode only, when
every measurement starts from the same initial state that is not affected by the hysteresis.

2.4 Microscopy
2.4.1 Scanning electron microscopy and quantitative analysis

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
measurements were carried out in JEOL JSM-6510 and Zeiss LEO Gemini 1530 micro-
scopes both equipped with a Bruker EDX system. The electron micrographs were ob-
tained in a BSE-mode (backscattered electrons). This allows the best detection of the
v/« -phases with high contrast since the y-phase in this region typically has an excess of
rhodium.

For quantitative metallography, backscattered electron images from randomly selected
regions were recorded from each sample. The total analysis area per sample was ap-
proximately 10-15 % of the total sample area. Phase fractions were determined from

*Carried out in collaboration with Dr. Y. Skourski, Helmholtz-Zentrum Dresden-Rossendorf
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Figure 2.5 Image binarization process: after applying Gaussian blur, the threshold be-
tween two grey values is chosen to distinguish the two phases.

these images and in order to be able to separate the two phases, the images were first
smoothed by convolution with a Gaussian kernel and then binarised using a threshold
chosen manually for each image*. The phase fractions were determined by counting the
white pixels. The process is illustrated in Fig. 2.5.

In this microstructural study, it has been observed that a final polishing with Al or Si
oxide slurries produces a great surface quality that could be practical for such techniques
as EBSD. However, for the quantitative analysis, the orientational contrast of both phases
in backscattered mode can produce the same grey values (see Fig. 2.6, the micrograph).
Therefore, a coarser polishing with diamond suspension was applied. It can be observed
on the micrographs in Fig. 2.5 and Fig. 2.6 obtained from the same sample.

2.4.2 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) was carried out in an FEI Technai
T20 with a LaB6 filament, operating at 200 kV**. EDX linescans were carried out across
phase boundaries. The step size used was 10-12 nm.

*The quantitative metallography program designed and written by Dr. T.G. Woodcock, IFW Dresden
**Carried out by Dr. T.G. Woodcock, IFW Dresden

Incident
electrons

Auger electrons ~ 1 nm

Secondary electrons ~ 100 nm

Backscattered electrons ~ 1 um

Characteristic X-rays ~ 10 um

Continuum X-ray radiation ~ 10 um

Figure 2.6 Electron interaction volume and example of microstructure in binary FeRh.
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Figure 2.7 Scatter of N data points in EDX measurements of a Ni-doped FeRh sample.
Circles and triangles show the major «- and minor y-phase, respectively.

2.4.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray analysis was performed to determine the local composition of
different phases. In order to achieve sufficient statistics, there were at least 25 EDX
measurements for each reported phase. The scatter in these composition measurements
was under 0.2 at. % for each phase (Fig. 2.7), which is less than the systematic absolute
error of 1 at. %. The information about the composition becomes especially relevant for
FeRh due to the known sensitivity of the magnetic state to variations in composition.

However, it has to be considered that the accuracy of the method does not ensure
validity of a detected change in composition of only fractions of atomic percents. One
must be careful with the explanation of the observed magnetic effects using small values
below the systematic error. Besides, the interaction volume of the backscattered electrons
and characteristic X-rays for EDX is comparable with the size of the Rh-rich secondary
phase (see Fig. 2.6) which introduces a certain degree of ambiguity in the analysis, since
the z-direction is not seen.

2.4.4 Magnetic force microscopy

The MFM measurements have been carried out in a Bruker Dimension Icon atomic force
microscope*. MFM images of bulk Ni-doped samples at room temperature were obtained
in the tapping mode at a scan height of 100 nm. Magnetic domains were easy to observe
because the chosen samples had the AF—FM transition below room temperature, and
therefore were in the FM state. It was discovered that the polishing procedure can
strongly affect the MFM image. In principle, it is known that the polishing procedure
may affect the magnetic domains [163]. In Fig. 2.8 it can be seen that the magnetic
domains show different types of patterns. Different domain patterns in each sample

*Carried out by Katja Berger, IFW Dresden
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Figure 2.8 MFM images of the same as-cast (a, b) and annealed (c, d) FeRh-based sam-
ples after different polishing: (a) and (c) have similar domain patterns and
represent the effect of a deformed surface layer. (b) and (d) are believed to
be genuine magnetic domains.

were caused exclusively by a change of the polishing procedure, no other treatments
were done in between. Final polishing steps are most important in the case of FeRh,
because the material is soft and easy to deform. The result is not always straightforward:
a strongly deformed but seemingly flat surface may result in an appropriate topographic
image but show practically no magnetic contrast, whereas a surface with some scratches
can still show clear and bright magnetic domains.

2.5 Modelling

The simulations of the elastic stress fields during the metamagnetic transition caused
by a heterogeneous microstructure were done by means of the finite elements method
(FEM) software Marc Mentat*. Two-dimensional models with different morphologies of
Y grains in an isotropic « matrix were created. As the mechanical properties of the
phases in FeRh alloys are not known in detail, Young’s modulus and Poisson’s ratio of
pure iron (200 GPa and 0.3, respectively) were used to represent both y and o' phases,
while a length variation of 0.33 %, equivalent to a volume change of 1 %, was assumed
for the o matrix according to the metamagnetic transition. The FEM models contain
approximately 3500 elements; a heterogeneous node distribution was chosen to enhance
the calculation performance near the y/«’ boundary. Continuous boundary conditions
were applied.

*Carried out by Dr. F. Bittner, IFW Dresden
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CHAPTER 3

DIRECT MEASUREMENTS OF THE MAGNETOCALORIC EFFECT

This chapter presents direct measurements of the adiabatic temperature change AT, in
binary and Ni-doped FeRh*. Two measurement protocols were applied: 1) approaching
each temperature point from the pure AF state to estimate the maximal value at the
metamagnetic transition to the FM state; 2) cyclic conditions, when the next applica-
tion of the magnetic field occurs immediately after demagnetization to account for the
hysteresis losses. The AT, values from the direct measurements are compared to those
determined from conventional quasi-static magnetocaloric measurements. The dynam-
ics of magnetic properties of the Ni-doped FeRh has been studied using different sweep
rates of the magnetic field: in the Halbach setup up to 2 T and in pulsed magnetic fields
up to 14 T**.

3.1 Measurements of binary FeRh under cyclic conditions
3.1.1 Structural characterization

The sample of Fe,,Rhs; composition was heat treated for 7 days at 1000°C in a sealed
quartz tube under vacuum and then quenched into water. The sample characterization
is presented in Fig. 3.1: an XRD diffraction pattern and the lattice parameters calculated
from it; an SEM micrograph taken in the BSE mode and elemental composition deter-
mined by EDX. The sample consists predominantly of the CsCl-type («’) phase and a
small amount of the paramagnetic fcc (y) phase; the composition is close to the targeted
49-51 ratio. The amount of the fcc phase was found to be 3 vol %; that could possibly
be a reason why the final composition is slightly off the intended one. The minor phase
is typically neglected, especially in magnetic measurements, since it is paramagnetic and
does not carry any significant contribution to the total magnetization.

*The experiments were carried out in collaboration with Dr. K.P. Skokov, TU Darmstadt
**The experiments in pulsed field were carried out in collaboration with Dr. Y. Skourski, HZDR

-43-



Measurements of binary FeRh under cyclic conditions

r a:2.989 A (Fe 49.3% Rh50.7 %)
Y. 3.768 A (Fe 37.5 % Rh62.5 %)
3
9
E:' L 4
D
{ ot
2
] ﬂ
_\\L__JLJL_L A A A
a(B2) | | | | | | I
7 (A1) | | 1 I
n 1 " 1 " 1 " 1 n
20 40 60 80 100 120

20(°)

Figure 3.1 Room temperature X-ray diffraction pattern and lattice parameters of the ma-
jor o’ -phase and minor y-phase, SEM-image taken in the BSE-mode and EDX
analysis of the binary Fe,,Rhs; alloy.

3.1.2 Evaluation of AS from magnetic measurements and calorimetry

The temperature dependence of magnetization M(T), of Fe,,Rhs, (Fig. 3.2a) was mea-
sured in selected magnetic fields up to 2 T on heating and cooling to determine the phase
transition temperature, the shift of the transition with magnetic field and the width of
the thermal hysteresis. According to the estimations made from M(T), curves, in this
sample the AF—FM transition occurs in zero magnetic field at 324.5 K on heating; the
transition temperature upon increasing magnetic field shifts towards lower temperatures
with the rate dT/dH = -8.5 K/T; the hysteresis width at the transition in 2 T is 7.5 K.

In order to investigate the nucleation and growth of the ferromagnetic phase, the
major thermal hysteresis loop in the magnetic field of 1 T in the temperature range of
290-330 K was complemented by minor hysteresis loops (Fig. 3.2b). In this temperature
interval the transitions to the FM state on heating and back to the AF state on cooling are
both complete. The measurements of M(T),, were carried out by heating the sample from
290 Kup to 314 K, 316 K, 318 K, and 322 K with subsequent cooling down to 290 K. On
heating, at 318 K (point 2) the AF—FM transition is not fully complete and some part of
the AF phase is still present in the sample. It is necessary to heat the sample above 330
K to turn the whole sample volume to the FM state. On cooling, at 308 K (point 3) the
main part of the sample is already in the AF state, but still the FM phase is present in the
sample (3-5 %) and only at 297 K (point 1) the whole sample volume is occupied by the
AF phase. Those residual FM or AF inclusions below or above the transition temperature
may act as nucleation centers and affect the hysteresis width when the magnetic field
is reversed near the transition temperature. Heating the sample up to 316 K (point
4) and starting to cool, the sample is transforming back to the AF phase before the
FM—AF transition temperature is observed in the major hysteresis loop. At this point the
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Figure 3.2 (a) Temperature dependences of the magnetization on heating and cooling in
magnetic fields up to 2 T. (b) Minor thermal hysteresis loops in 1 T field.

sample volume consists of approximately equal amounts of the AF and FM phases. A
similar behavior was reported earlier for Ni-Mn-In-Co [41] and was ascribed to a partial
prevention of the nucleation of the martensite in the mixed phase region of minor loops
which would require more energy than a simple phase boundary movement.

The entropy change at the AF—FM phase transition for the 2 T field was determined
using three different methods: from magnetic measurements by the Clausius-Clapeyron
equation, from magnetic measurements by Maxwell relations and from caloric measure-
ments by integration of the heat capacity data. For the FeRh-type materials, it has been
shown that the Maxwell relations can be successfully applied and the results of AT,
measurements match perfectly the calculated values [124].

The simple estimation of the magnetic entropy change using the Clausius-Clapeyron
equation (d7'/dH = AM/AS,,..) and the magnetization data (d7'/dH = -85 K/T,
AM = 129 A - m?/kg) gives ASyux = 14.3 J/(kg - K). In order to use the Maxwell

relation

e oM(T, H)

asman= [ R

the magnetization dependence M(T) was measured on heating and cooling with a mag-
netic field step of 0.1 — 0.25 T. In Fig. 3.3 the heating curves are shown, as well as the
AS dependences calculated by the Maxwell relation. Upon increasing the magnetic field
in the range of 0.1 T — 2 T, the effective range of AS broadens, while the AS value in-
creases, and at ApuH = 2T the entropy change AS,,.,(27") = 13.6 J/(kg - K). Calculating
the entropy change using the M(T),, dependence measured on cooling, a set of AS(T)
curves in the same fields is used that is similar in shape and value but opposite in sign.
Combining the positive and negative AS(7') at a particular field, it is possible to define
the temperature range to which the reversibility of the MCE should be restricted [114].

AH, (10)

-45-



Measurements of binary FeRh under cyclic conditions

15 " T " T

150

—+— 01T
—+—02T
03T
04T
—*—05T ||
-+ 075T |

I 1T |

A4S (JIkg-K)

coacad il Lt 0 PR LA
300 320 340 280 300 320 340

Figure 3.3 (a) Temperature dependence of the magnetization measured on heating in
fields up to 2 T. (b) Entropy change calculated from M(T) using Maxwell
relations.

Further, for the calculation of AS from caloric measurements, the temperature depen-
dence of the heat capacity was measured in different magnetic fields. The measurements
before and after the transition were carried out using the standard relaxation calorimetry
(2-t method) [158], whereas for the quantitative estimation of the heat capacity in the
phase transition region the method described by Suzuki et al. [159] was applied. The
measured C(T),, dependences for ;oH = 0 and pyH = 2 T are shown in Fig. 3.4a. The
temperature dependence of the entropy S(T), can be calculated by integration of C(T):

T
S(T)y = / CHT(T)dT (11)
0

S(T)-Sp, (J kg 'K

300 310 320 330
T (K)

Figure 3.4 (a) Temperature dependence of the heat capacity measured through the phase
transition on heating (red) and cooling (blue) without field application (open
symbols) and in a 2 T field (closed symbols). (b) S — T diagrams obtained by
integration of the heat capacity data. The arrows show the direction of the
temperature change.
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Figure 3.5 Magnetic entropy change estimated independently from magnetic measure-
ments using Maxwell relations and from caloric measurements using S—T-
diagram built on the heat capacity data. The shaded area shows the range
where the reversibility of the magnetocaloric effect is expected.

The calculated S(T), data were used to construct the S — T diagrams (Fig. 3.4b)
with and without magnetic field, from which the adiabatic temperature change can be
evaluated (as in [15], shown by the green arrow in Fig. 3.4b). The S(T), dependences
also allow a second way to calculate AS via:

ST (T = /OT [Cu(T)r=0 —TCH(T)HyéOJPdT 12)

Just as in the case of AS derived from Maxwell relations, these temperature depen-
dences correspond to the discontinuous protocol described earlier in Section 2.3.2: this
value of AS(T) is possible to obtain only by (1) heating up the sample from the AF state
in zero field to the temperature 7" and then applying the magnetic field or (2) cooling
the sample from the FM state in magnetic field to the temperature 7" and then reducing
the field to zero. These AS(T) values are important for the general characterization of
the material and represent the entropy change of the sample at the completed AF—FM
or FM—AF transitions. Under cycling in magnetic field, the transition may remain in-
complete. For the determination of the reversible entropy change it is possible to use a
procedure suggested by Skokov et al. [164] defining AS.,, as the difference of S(7") y—o
on heating and S(7") y—or on cooling.

The temperature dependences of AS obtained from the discontinuous approach and
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under cyclic conditions are shown in Fig. 3.5: the dependences derived from calorimetric
measurements as AS = S(T")y—o — S(T') y—or are shown as red open squares on heating
(positive values) and blue open squares on cooling (negative values) along with the
dependences derived from M(T) measurements using Maxwell relations (circles) for a
2 T magnetic field. The cyclic values obtained from the difference of the S(7")-curves on
heating and cooling are plotted using closed squares. They match the shaded area that
indicates the region where the reversibility of the MCE should be expected from magnetic
measurements [114]. It can be seen that generally the calorimetric data agree very well
with the calculations by Maxwell relations, however the maximal value AS obtained
from the S — 7" diagram is lower: AS,,,. = 12.1 J/(kg - K). Obviously, the temperature
range where the material exhibits high values of AS,,; is limited to 309-319 K.

Using the values of the magnetic entropy change obtained by different methods
AS ez = 14.3 J/(kg-K) (from the Clausius-Clapeyron equation), AS,,., = 13.6 J/(kg-K)
(from Maxwell relations) and AS,,,. = 12.1 J/(kg - K) (from the S — T diagram), an
estimation of the highest possible adiabatic temperature change at the AF—FM transition
can be done as:

AT(a,ol,7mz:)c) = 7ASma1: (13)

Here Cy = 353 J/(kg - K) (or C§ = 360 J/(kg - K)) is the heat capacity value right
before or after the transition (see Fig. 3.4). Applying Eq. 13 to the obtained values, it
can be seen that AT{,g,mq.) should be in the range of 10.6-13.2 K. This is quite close to
AT,; = 12.9 K (in AugH = 2 T) reported by Nikitin et al. [4].

3.1.3 Direct measurements of AT, in the Halbach setup

The field dependence of the adiabatic temperature change 7'(H) in the case of an ide-
alized transformation scenario can be schematically presented using an H — 7" diagram
(Fig. 3.6a, see also [165]). In this diagram 7;, = 324.5 K corresponds to the AF—FM
transition observed in Fe,,Rh; on heating in zero field, and 7}, = 317 K corresponds to
the reverse FM—AF transition observed on cooling (temperature hysteresis 7.5 K).

In a magnetic field, both transition temperatures 7;.(AF—FM) and 7;.(FM—AF) are
shifted down with the rate dT,dH = -9 K/T forming the phase boundaries that separate
ferro- and antiferromagnetic states on cooling and heating (diagonal lines in Fig. 3.6a).
Above the AF—FM line the sample will always be in the FM state, below the FM—AF line
in the AF state, and in the range of fields and temperatures between those lines (white
area) the AF and FM phases can coexist depending on the sample history.

The discontinuous protocol implies heating up the sample in zero field, for example,
from 300 K to 324 K. So, at point 1 in Fig. 3.6a the whole sample volume still consists
of the AF phase. Then the adiabatic cycle begins. First, upon field increase (section
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Figure 3.6 Temperature change obtained in adiabatic conditions during a magnetic cycle
07T —2T — —2T — 0T shown (a) for an idealized AF—FM transformation
and (b) for an initial temperature T = 321 K in the real sample, where the
hashed area shows temperature regions between the start and finish of the
AF—FM transition, marked red on heating and blue on cooling.
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1-2) there is no change in the sample temperature, but as soon as T(H) approaches
the AF—FM phase boundary (point 2), the AF—FM transition begins and the sample
temperature lowers following the AF—FM line [165]. If the magnetic field is sufficient for
the transition to be completed, the temperature will change until reaching the maximal
AT,; = 12 K (point 3), and after that it should stop changing. The calculations of this
maximal adiabatic temperature change AT, were carried out using Eq. 13 based on the
value of AS,,,., estimated using Maxwell relations. At this point the whole sample volume
consists of the FM phase and a further field increase does not lead to any significant
temperature change (section 3-4). Upon a field decrease, the reverse FM—AF transition
can only begin when the field dependence T(H) approaches the corresponding phase
boundary (point 5). Starting from that moment a further field decrease is accompanied
by a rising temperature caused by the reverse transition. However, now that the magnetic
field returns to zero (point 6), the reverse temperature change is significantly smaller
because the transition is not complete and both AF and FM phases coexist within the
sample. Applying a negative magnetic field (section 6-7-8-9), the maximal temperature
change on section 7-8 will be defined only by the initial ratio of the AF and FM phases
at point 6. A further field decrease (section 10-6) results in an equal by magnitude but
opposite by sign temperature change of 6 K that can be considered as AT, under cycling.

The experimentally obtained AT, ;(H) dependence is shown in Fig. 3.6b. The measure-
ments were carried out using the discontinuous protocol (heating up to 350 K, cooling
down to 250 K and zero field heating to 321 K). At 321 K the magnetic cycle was car-
riedoutas0 T —193T —- 0T — -1.93 T — 0 T. During the first magnetization, the
maximal AT, is 9.2 K, which is considerably lower than the value of 12 K, derived from
the analysis of the idealized H — T diagram. As expected, after the field removal due to
the hysteresis it is not possible to come back to the original point of 321 K, so the cycle
proceeds from T = 317.3 K to negative fields yielding a smaller value of AT,; = 6.2 K.
Comparing field dependences AT,,(H) presented in Fig. 3.6a and Fig. 3.6b, it can be
seen that qualitatively the experimental dependence fits well the model curve obtained
using the H — T" diagram.

The relatively low experimental AT,, at the first magnetization can be explained by
several reasons, for example, a presence of strain that can cause an effective reduction of
the transition temperature [40], a distribution of the transition temperature for different
grains in the sample [166] or an influence of the demagnetizing factor [37]. The effect
of the abovementioned reasons can be well seen on the temperature dependence of the
magnetization (Fig. 3.2). For example, for a 1 T field on heating, the AF—FM transition
begins at 313.6 K and ends at 319 K, giving a transition width of 5.4 K. As a result,
on the real H — T diagram AF—FM and FM—AF phase boundaries should be drawn
not as lines but as regions of width 5.4 K as shown in Fig. 3.6b. This approach was
earlier used to explain the hysteretic phenomena during isothermal processes [167-169].
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Figure 3.7 Adiabatic temperature change measured directly (circles) and evaluated from
calorimetric and magnetic measurements (squares): at the first field appli-
cation (closed symbols) and under cycling (open symbols). The solid and
dashed lines are obtained from the H — T diagram and estimate the max-
imal effect in an ideal case at the first field application and under cycling,
respectively.

This broadening of the phase boundaries inevitably leads to a lowering of the AT, ,(H))
slope and, as a result, lowers the real AT,, value relative to the value of 12 K shown in
Fig. 3.6a.

As demonstrated in Fig. 3.6, from each cycle two values of AT, are derived: AT%s¢
representing the completed metamagnetic transition and A7’ accounting for the hys-
teresis effect. These values comprise the temperature dependence of the adiabatic tem-
perature change measured under discontinuous protocol and under cycling (Fig. 3.7).
The experimental AT, ,(7T") values obtained after the first magnetization (branch 0 T —
1.93 T in Fig. 3.6) are shown as closed circles. The values obtained at the second mag-
netization (branch 0 T —+ -1.93 T — 0 T) and further under cycling are shown as open
circles. The AT,;(T") dependence determined from the S — 7" diagram (squares) and the
H — T diagram (lines) can also be found in Fig. 3.7. Besides, the reversible AT, (7))
defined from the S — 7" diagram is shown, and also the reversible AT,,(7") defined from
the H — T diagram.

There is a good agreement in the temperature range of 305-317 K, where a magnetic
field of 1.9 T is not sufficient for a completion of the transition and the AF phase only
partly transforms to FM. On the contrary, in the temperature range of 318-324 K where
the AF—FM transition is almost complete, the curves obtained by different methods split
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significantly. As can be seen, in the case of FeRh, the quasi-static calorimetry under the
discontinuous protocol gives somewhat overestimated values (AT} 4, =10.3 K) in com-
parison with the value obtained as a result of the direct measurements (AT}, 4 4, =9.2 K).
On the other hand, considering the difficulties of the heat capacity measurements of
samples with a first order transition and a broad temperature hysteresis, estimation of
AT4d mar from the S — T diagram can be considered as quite appropriate. The upper
limit of AT,,(7T") obtained from the idealized H — 7" diagram also shows an overesti-
mated value. This estimation is done for the case of AS,,,, = 13.6 J/(kg - K) (Maxwell
relations, solid line) and AS,,,, = 12.1 J/(kg - K) (calorimetric measurements, dashed
line). As discussed earlier, this discrepancy can be caused by the transition temperature
distribution in the grains of a real sample, which lowers the possible MCE and which is
not accounted for in the idealized H — T diagram.

3.2 Dynamics of the magnetocaloric effect in Ni-doped FeRh
3.2.1 Structural characterization

The sample of (Fe; o¢Ni, o,)4oRhs; composition was heat treated for 10 days at 1000°C
and then quenched into water. The structural analysis can be found in Fig. 3.8: an XRD
diffraction pattern and the lattice parameters calculated from it; an SEM micrograph
taken in the BSE-mode and the elemental composition determined by EDX. The sample
consists predominantly of the CsCl-type («’) phase and a small amount of the paramag-
netic fcc (y) phase; the composition is close to the targeted ratio. The amount of the fcc
phase is higher than in the binary sample (6 vol %). The lattice parameter of the main
o/-phase is larger than in the binary alloy, but as can be seen further, this is due to a
different magnetic state at room temperature: the Ni-doped FeRh has a lower transition

T
0:2.997 A (Fe 48 % Ni0.9% Rh51.1%) |
Y: 3.766 A (Fe 34.7 % Ni 1.5 % Rh 63.8 %)

Intensity (a.u.)

o (B2) | I I
| v (A1) | | | [

20 40 60 80 100 120

Figure 3.8 Room temperature X-ray diffraction pattern and lattice parameters of the ma-
jor o -phase and minor y-phase, SEM-image taken in the BSE-mode and EDX
analysis of (Fe( ggNij o2)40Rhs5; alloy
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temperature and therefore is already in the FM state that is characterized by a 1 % higher
volume of the unit cell.

3.2.2 Dynamical effects evidenced from magnetization measurements

The nucleation and growth of the ferromagnetic phase in the Ni-doped alloy observed by
minor thermal hysteresis loops (Fig. 3.9a) occurs principally in the same fashion as in the
binary FeRh (see Fig. 3.2b). The transition temperature is lower due to the Ni-doping
that is known to reduce the AF—FM transition temperature [69]. The hysteresis has
increased to 9.5 K. A larger hysteresis is somewhat typical for FeRh-based alloys when
the transition is shifted towards lower temperatures [69]. A minor loop area can be used
as an estimation of the transformed volume [78]. The mixed state between 240 K and
250 K can be quite interesting in terms of analysing the system response to the magnetic
field and connecting the maximum of the reversible adiabatic temperature change with
the volume of the FM phase at a particular temperature. For example, approximately at
317 K, the maximum of the reversible effect in the binary FeRh (Fig. 3.7) is observed, and
exactly at this temperature is the highest magnetization point (i.e. FM phase amount)
(Fig. 3.2b point 2) before the transition goes to saturation.

Due to a lower transition temperature of (Fe,Ni)Rh, the quasistatic magnetic field in
the conventional QD 14T PPMS is sufficient to complete the AF—FM transition in this
sample even at very low temperatures, as can be seen in Fig. 3.9b. The temperature
dependence in different fields was first measured on field-cooling and then on heating.
The magnetic field strongly affects the transition temperature and stabilizes the FM state.
Beside the shift of the transition and the hysteresis broadening, there is an increasing
amount of the residual FM phase at low temperatures when the sample is cooled down
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Figure 3.9 (a) Thermal minor loops of the Ni-doped FeRh measured in a field of 1.9
T. (b) Temperature dependences of magnetization measured on cooling and
heating in fields up to 14 T.
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from room temperature. At a magnetic field of 9 T and higher, the shift of the transition
temperature slows down significantly, but the amount of the residual FM phase continues
to increase rapidly; at 14 T only the FM state exists in the whole temperature region.

On one hand, this change in the transition temperature shift is in agreement with the
quadratic dependence of the critical fields suggested for FeRh by McKinnon et al. [82],
later also observed in Ni and Pd susbtituted FeRh [69, 81] down to low temperatures
complemented by the data of the reverse FM—AF transition. Considering the magnetic
phase diagram, it should occur due to the hysteretic region where the mixed state is
present at particular values of temperature and magnetic field. Moreover, it has been
noticed that it is typical for the magnetic transitions that are accompanied by significant
changes in the electronic structure [85]. On the other hand, the attempts to explain the
nature of coexisting AF and FM phases address the kinetics of the AF—FM transition,
and claim a glassy dynamics or the arrest of the kinetics of the phase transition at low
temperatures [79, 81]. However, there are few works on this subject and a lack of
agreement, so further investigation is required. Without doubts, the behavior of the
AF—FM transition in FeRh changes in the range of 80-120 K, and it can even be due to
another phase transformation, as indicated from recent theoretical considerations [170].

At temperatures below 10 K, the character of magnetization curves changes to pe-
culiar jumps, most pronounced at 2 K (Fig. 3.10a). At 30 K the magnetization curve
looks conventional. This behavior below approximately 10 K seems to be characteristic
of FeRh-type alloys, as shown earlier during experiments under pressure in Pd-doped
FeRh [171], where this phenomenon was not further investigated. The low temperature
region is poorly investigated compared to the most attractive range of the AF—FM phase
transition where the giant magnetocaloric effect is observed, and this range typically is
not lower than 120 K, according to the data reported over years.

Incidentally, the phenomenon of the avalanche-like magnetization behavior at low
temperatures has been reported for different classes of materials with metamagnetic
transitions. Extremely sharp magnetization steps separated by plateaus have been
observed and discussed in polycrystalline and single crystal manganites below 5 K
[172, 173], in a spinel oxide FeV,0, between 5 and 2 K [174] and in an itinerant electron
system LaFe,,B, at 2 K [175, 176]. Presumably, only a fraction of the sample transforms
to the FM state during one step; the plateaus correspond to a metastable state. Re-
laxation measurements performed for LaFe;,B, at 2 K in magnetic fields near the first
jump resulted in a spontaneous metamagnetic transition, which is an indication that the
phenomenon of the avalanche-like magnetization is not solely driven by a change in
the magnetic energy term [176]. The reproducibility of the staircase-like behavior was
tested for several samples from the same batch of LaFe,,B, with Ce substitution, and was
found to be remarkable [177].

A systematic investigation of magnetic polarization jumps observed in Sm-Co magnets

-54-



DIRECT MEASUREMENTS OF THE MAGNETOCALORIC EFFECT

120
90
60
30
120
a |
Né 90 —— 100 Oe/s
S B —— 20 Oels
$ 50 —— 5 Q0e/s
S — 2 Qe/s
30
120
90
60
30
9 10 11 12 13 14
,UOH (T)

Figure 3.10 (a) Magnetization loops of Ni-doped FeRh measured at temperatures from
2 to 30 K. The jumps of magnetization are observed below 10 K (b) Mag-
netization loops at 2 K measured at different field sweep rates. (c) Minor
magnetization loops at 2 K as well as the complete loop measured after field
cool in 14 T to ensure the best ferromagnetic state.
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showed that the emergence and the number of the jumps depend on the temperature, a
field sweeping rate and sample dimensions [178], in particular, at a lower field sweeping
rate the number of jumps was reduced. In Fig. 3.10b, a comparison for different field
sweeping rates of 2-100 Oe/s is shown: the appearance of the magnetization jumps
is not affected, at least at 2 K, but there is a difference in the transition field of the
largest step. The resolution of the measurement at the sweep rate of 100 Oe/s was too
low to detect any jumps. In any case, the fact that the magnetization steps appearance
is independent of the sweep rate in the range of 2-20 Oe/s is an indication that this
effect is not caused by a thermal effect, moreover, at the lowest field sweeping rate the
jumps become particularly sharp and clear. To complete the picture, in Fig. 3.10c minor
loops are shown, as well as a full magnetization loop after field cooling in 14 T (pink
squares). A demagnetization curve after field cooling in 14 T occurs at practically the
same magnetization, as after ZFC and magnetizing to 14 T, which means that the field
of 14 T is enough to complete the transition at 2 K in the latter case.

The origin of the magnetization jumps is still a matter of controversy. Comparing to
the magnetizing process in permanent magnets, similar jumps were generally attributed
to thermal instabilities [178]. Thermal instabilities at a jump can be ascribed to a ther-
moactivated avalanche of irreversible magnetization rotations due to the small lattice
specific heat at low temperatures [179].

The avalanche-like dynamics of the FM phase growth can also be discussed on the
base of macroscopic quantum tunneling of ferromagnetic domain walls accompanied by
pinning on impurities. It has been shown that the tunnelling of domain walls at temper-
atures of a few Kelvin is possible under certain circumstances: if the wall width is only a
few lattice constants [180]. Quantum tunnelling through the barrier was also suggested
as a trigger for the irreversible propagation of the domain walls that may explain the
anomalies in the magnetization reversal curves below 10 K in Nd-Fe-B permanent mag-
nets [181]. Additionally to the domain wall pinning effect, the stray field of the growing
FM phase in a non-magnetic matrix may contribute to the the plateau observed in the
magnetization, compensating for the increase of the external field.

The most prominent interpretation of the avalanche-like field-induced transformation
is a martensitic scenario [172, 175, 182]. The FM regions developing inside the non-
magnetic matrix result in strain effects at the interfaces due to pronounced differences
between the crystallographic unit cells of the coexistent magnetic phases. As the applied
magnetic field is continuously increased, its driving force acts on the magnetic moments
in order to extend the FM regions, but has to overcome the interfacial constraints. When
the field is large enough to overcome the elastic constraints at the interfaces, the FM
phase evolves in a catastrophic manner, generating an abrupt magnetization jump. Dur-
ing this process, a balance between the changing magnetic and elastic energies can lead
the system to be frozen in a metastable state, corresponding to a plateau. Thus, the
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Figure 3.11 Magnetization loops measured under adiabatic conditions in pulsed fields
(stars) and isothermal conditions in quasistatic fields (dashed lines) at se-
lected temperatures. Black color is used for the same temperatures under

different conditions.

transition proceeds by a succession of abrupt steps between metastable states.
Magnetization loops at higher temperatures have been measured under different con-
ditions: in quasi-stationary field in QD PPMS in isothermal conditions, and under adia-
batic conditions in pulsed fields of the HLD HZDR facility. Both kinds of magnetization
loops are shown in Fig. 3.11. A difference in the shape of the loops can be observed. Ear-
lier, a mismatch between the adiabatic curves measured in pulsed fields and the isother-
mic curves obtained using a superconductive magnet was found for La(Fe,Si,Co),5 [183].
Critical fields were higher for the pulsed field process, and the explanation was that the
magnetization is affected due to the heating up of the sample at the critical field region
due to the adiabatic conditions. This can also be used for an indirect estimation of the
adiabatic temperature change [184]. In the case of La(Fe,Si,Co),; it is a second order
transition, and this assumption agrees well. However, in the case of FeRh, this approach
does not seem to work because the critical field in the adiabatic process is higher, but
the AT,,; in FeRh is negative, whereas in La(Fe,Si,Co),5 it is positive. Therefore, there
must be another mechanism working additionally. Also, in La(Fe,Si,Co),5, the field is
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Figure 3.12 Magnetic phase diagram of (FeyogNij,)49Rhs;. Red symbols mark the
field/temperature ”up” and blue — "down”. Below the line traced by the
blue symbols only the AF state exists, and above the red ones only the FM
state. The hysteresis area is hashed. The red area shows the fraction of
the retained FM phase observed at low temperatures upon the field increase
from O to 14 T.

equally shifted to the higher temperatures, whereas in FeRh the up-field is shifted in that
direction, but the down field is shifted to the lower temperatures making the hysteresis
under adiabatic conditions much larger than in the isothermal case. If the hysteresis is
considered as an analogy to work in the magnetization-demagnetization cycle, it seems
like the pulsed field has to work more to complete the transition in both directions. Con-
sidering that the lattice resists the transition, one can imagine that this resistance at a
higher field rate bears a resemblance to an internal friction.

Based on the measurements of magnetization in pulsed and stationary fields, a mag-
netic phase diagram has been constructed (Fig. 3.12). The diagram shows regions of
existence of the AF state and the FM state, the red symbols show which magnetic field
value is sufficient to transform the whole sample to the FM state, the blue symbols show
below which field value only the pure AF state will exist. This is applied only to the part
of the sample that actually transforms between the AF and FM states. The initial fraction
of the retained FM phase at low temperature, increasing with magnetic field, is shown as
a red area. At first both the critical field dependence and the growing amount of the FM
phase follow a linear dependence, however, at approximately 100 K this behavior rapidly
changes. Earlier the whole dependence of the critical fields was fitted by a quadratic de-
pendence [82], although it can be questionable whether it is really so, since the low-field
region looks suspiciously linear, but usually it was ascribed to the magnetocaloric effect
in that region. In fact it may be that there are two different dependences and moreover,
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a magneto/structural transition, as has been recently predicted theoretically [170]. Gen-
erally, the broadening of the hysteresis towards low temperatures and the deflection of
the dH/dT from the linear character has been known since long.

3.2.3 Evaluation of the MCE from magnetic measurements and
calorimetry

Measurements of the heat capacity in the region of the magnetostructural transition
were carried out in 1.9 T and 14 T magnetic fields, as well as without field, as shown in
Fig. 3.13a. The data integration allows to construct an S — 7" diagram for these fields
(Fig. 3.13b) and to estimate AS(T") and AT,4(7T).

The estimation of the entropy change in a 2 T field from the temperature dependence
of the magnetization measured on heating and cooling with a step of 0.2 T was per-

C(T)p s (kI kg'KT)

Figure 3.13 (a) Temperature dependences of the heat capacity measured through the
phase transition on heating without magnetic field (blue), in 1.9 T (green)
and 14 T (red). (b) S — T diagrams obtained by integration of the heat
capacity data. The arrows show the direction of the temperature change.
(c) Entropy change calculated from magnetic measurements using Maxwell
relations in various fields up to 2 T (d) Entropy change in 2 T field estimated
from Maxwell relations and the S—7T diagram. Shaded area shows the range
of the reversible MCE.
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formed using Maxwell relations in the same fashion as in Section 3.1. The temperature
range of the reversible MCE has also been estimated. The AS(T") on heating in different
fields is shown in Fig. 3.13c. The magnetization curves are not shown; the zero-field
AF—FM transition would occur at 266.5 K, and the shift of the transition with magnetic
field is dT/dH = -11 K/T. The change of the magnetization at the transition is estimated
as AM = 127 A - m?/kg. Therefore, the estimation of the maximal magnetic entropy
change using the Clausius-Clapeyron equation gives AS,,.. = 11.5 J/(kg - K). The esti-
mation done by Maxwell relations is 10.3 J/(kg - K'), which is lower than for Fe,,Rhs;.
In Fig. 3.13d, AS(T) at 2 T calculated by Maxwell relations is compared to AS esti-
mated from the S — 7" diagram: a very good agreement is found. These temperature
dependences correspond to the discontinuous protocol, i.e. it is possible to obtain this
value of AS(T) only by heating the sample from the AF state in zero field to the target
temperature and then applying the magnetic field. In this Ni-doped FeRh sample, the
maximal value of the entropy change is roughly 20 % lower than in the binary com-
pound, although the temperature range where the material should exhibit high values
of ASyscya is two times broader and extends over 20 K from 236 K to 256 K compared
to the 10 K range (309-316 K) in Fe,,Rhs,. Using the estimated values of the maximal
entropy change and the heat capacity value before the transition Cy = 367 J/(kg - K),
the maximal expected AT(,gmqz) at the AF—FM transition should be 7.5-8.3 K.

3.2.4 Direct measurements of AT,, in the Halbach setup and in pulsed
fields

The dynamics of the MCE in (Fe,Ni)Rh was investigated by direct measurements of the
AT,, using two different sources of magnetic field: the Halbach setup with a field sweep
rate of 0.5 T/s and pulsed fields up to 2 T and 14 T providing rates of 140 T/s and
1000 T/s, respectively. The experimental setup with pulsed fields had an uncertainty
of the absolute temperature determination, however, the relative change in temperature
is reliable. The values of the adiabatic temperature change were compared with the
Halbach setup, and it is easy to observe a saturation of the effect that should occur
irrespective of the field source. An example of 2 T field measurements in the pulsed field
and in the Halbach setup is shown in Fig. 3.14.

The metamagnetic transition accompanied by the reduction of the sample temperature
occurs much faster in the pulsed field. Furthermore, there is no hysteresis effect, since
after cooling by 6 K, the temperature retreats to the starting point, making a fully re-
versible curve. However, the AT (H) dependence measured in the Halbach setup, shows
the influence of hysteresis: after the demagnetization process, the sample is 1.6 K cooler
than at the beginning of the cycle. The second field application affects the sample signif-
icantly as well, and the value of AT,,; under cycling at this temperature is 4.6 K. After the
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Figure 3.14 Field dependence of the adiabatic temperature change for the Ni-doped
FeRh alloy measured in pulsed magnetic fields of 2 T (solid line) and in
the Halbach setup (triangles). The sweeping rate of the pulsed magnetic
field is almost 300 times higher.

second field application there is no further reduction of the effect, since the temperature
did not reduce any further than 1.6 K compared to the initial temperature. The values
of AT,, from the first branch obtained at different temperatures produce a temperature
dependence of the adiabatic temperature change in the discontinuous mode that helps
to estimate the fundamental properties of the material. A more practical dependence
under cyclic conditions is constructed using the values from the second field run, help-
ing to estimate the behavior of the material in a cooling cycle close to the operational
conditions of a cooling device.

The direct measurements in fields up to 14 T were carried out at 4 selected tempera-
tures (the same temperatures at which the magnetization curves in pulsed fields up to
14 T were measured). The results of the measurements are shown in Fig. 3.15a: the
MCE effect reaches saturation and does not increase further with field. The value of
the adiabatic temperature change increases with temperature towards 73, at zero field.
The temperature after the measurement is higher than in the beginning, the effect is
increasing towards lower temperatures. The mechanism of this irreversible heating is
not understood, although technically it can be considered as hysteresis losses as in per-
manent magnets. This is not typical for magnetocaloric systems, for example, the direct
measurements carried out in La(Fe,Si,Co),; [183] or Ni-Mn-In-(Co) [185] do not show
this effect. However, it has occurred in Mn,;GaC [186] that also experiences a magne-
tostructural AF—FM transition.

The irreversible heating in the end of the measurement was compared to the hystere-
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Figure 3.15 (a) Field dependence of AT, obtained by the direct measurements in pulsed
field of 14 T (b) Estimation of the expected losses from adiabatic loops com-
pared to the final overheating observed during direct measurements.

sis losses that could be expected based on the area of the hysteresis loop and the heat
capacity value at particular temperature. Surprisingly, these values have a very good
agreement (squares and stars in Fig. 3.15b). Since this heating takes place exclusvely
in pulsed fields, in order to estimate the effect of the sweep rate, quasiadiabatic curves
were constructed from the isothermal measurements (see Fig. 3.11), imitating ”slow”
adiabatic curves. The assumption was that the transition during the field increase oc-
curs at the set temperature of the measurement at particular temperature, while the
transition during the field decrease should be shifted using a respective measured AT,,
value shown in Fig. 3.15a, i.e. using an isothermal curve at a lower temperature for
the reverse transition. That way it was possible to estimate the hysteresis losses in a
”slow” adiabatic process. The values corresponding to the losses calculated for this slow
quasi-adiabatic process (black circles) trace the plot with the values calculated from the
pulsed field magnetization data (fast adiabatic process), only with a parallel shift. Pos-
sibly, the difference (heating) can be related to some inductive microcurrents that are a
feature exclusively of an order-order type material, also connected to the domain wall
motion. The speed of the transition is the key: during slower transitions such currents
will be neglectable. Also comparing the field values, a 14 T pulse would produce 7 times
more heat than a 2 T pulse. The return of the temperature to the initial value as shown
in Fig. 3.14 and the coincidence of the overheating and the calculated hysteresis losses
can be an indication that in the pulsed field the interaction with the lattice changes its
behaviour.

In Fig. 3.16 all temperature dependences for the Ni-doped sample can be found, for
14 T and 2 T magnetic field. The values obtained from the S — 7" diagram are shown
as dotted lines, stars represent the pulsed field data, and triangles the Halbach setup. In
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Figure 3.16 Temperature dependence of the adiabatic temperature change for 14 T field
measured directly in pulsed magnetic fields (stars) up to 14 T compared with
the values obtained from S — T diagrams in 1.9 T and 14 T (dotted lines) as
well as from the direct measurements in Halbach setup in 1.9 T (triangles,
open symbols stand for the cyclic conditions)

principle, there is a good agreement between different methods. As in the case of the bi-
nary compound, there is a certain splitting of the continuous and discontinuous A7,,(7T)
curves towards higher temperatures after passing the maximal value. The maximal value
AT,; = 7.1 Kwas retrieved in both 14 T and 2 T pulsed fields at approximately the same
temperature. This is very close to the estimation of the maximal adiabatic temperature
change using the indirectly evaluated entropy change. The AT,, value under cyclic con-
ditions is quite high, and even experiences less reduction compared to the binary sample
(35 % vs. 30 %).

3.3 Conclusions

Using indirect methods for the estimation of the MCE, the maximal possible adiabatic
temperature change in Fe,oRh., has been evaluated to be in the range of 10.5-13 K.
The reported results fall into this region or are below it. The maximal AT,, obtained
in this work through a quasi-dynamic method of direct measurement is 9.2 Kina 1.9 T
magnetic field; the discrepancy between the values obtained by different methods can
be caused by the transition temperature distribution in grains of the real sample, which
lowers the possible MCE.

Direct measurements of AT,; and a conventional determination of AS from magnetic
measurements showed that even under cyclic conditions, although AT,,; in FeRh is re-
duced to 6.2 K, it is only 30 % lower than the initial value, and 15 % higher than in Gd in
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similar magnetic fields. Direct measurements in FeRh substituted by Ni revealed AT, of
7.1 K in the discontinuous mode and 4 K under cycling. The direct measurements under
the first field application have been carried out in two magnetic field sources with vary-
ing sweep rate: the Halbach setup (~0.5 T/s) and a pulsed-field magnet (~140 T/s).
The obtained values agree well, but there is a clear difference depending on the field
rate: how fast the value is reached and to which value the temperature returns after the
field removal. During the pulsed field measurements, a peculiar behavior of the adia-
batic temperature change has been observed: having reached the value of 6 K after the
first field application, the effect was completely reversed compared to the measurement
in the Halbach setup. The origin of this can be in the interaction between the magnetic
and lattice subsystems.

At temperatures below 10 K, an avalanche-like behavior of the field-induced meta-
magnetic transition in the Ni-doped FeRh has been discovered. The nature of it is not
completely clear. The reported data on the low-temperature jumps of magnetization in
different materials suggest further investigation of this phenomenon: the thermal insta-
bilities may depend on cooling conditions, as is seen from a measurement at the same
low temperature value using both liquid and gaseous helium environment [178]. Of in-
terest could be relaxation measurements, studies of the field-rate effect [176-178] and
direct detection of thermal instabilities [179].
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CHAPTER 4

EFFECT OF MICROSTRUCTURE ON THE PHASE TRANSITION

This chapter contains results of an investigation of the structure and microstructure of
FeRh-based alloys in relation to their magnetic properties. The observed magnetic and
microstructural peculiarities are shown to depend on the parameters of a heat treatment,
as well as on a doping element. An extended study of the heat treatment effect has been
done on the binary and Ni-doped FeRh alloys, while the microstructure of the FeRh alloys
doped with other d-metals (Re, Cr, Ru, Pt, Pd) is examined briefly.

4.1 Effect of annealing on magnetic properties of Fe,gRh.,
4.1.1 Shift of magnetostructural transition after heat treatment

The phase diagram of FeRh in the high temperature region is defined only roughly. The
annealing temperature for obtaining the «’-phase in binary and substituted FeRh is usu-
ally chosen in the region 800°C-1200°C where according to the approximate lines of the
phase diagram [44, 45], only the o phase should be stable. Beside the unprecise char-
acter of the high temperature region, a revision of the low temperature part of the phase
diagram has also been suggested, due to an unexpected appearance of the y-phase in the
temperature range where only the «’-phase should exist[46, 59, 101]. Given this uncer-
tainty, it is not surprising that some of the data in the literature on the binary compound,
all the more on the doped FeRh, appear to be contradictory. The idea of the discrepancies
being due to the difference in heat treatment protocols was expressed for the first time in
1968 [62]. Evidenced from magnetic and magnetocaloric measurements, a comparison
of quenched and furnace cooled samples revealed a higher transition temperature in the
furnace cooled sample [4], whereas in another work, the situation is opposite and the
quenched sample transforms at higher temperature[52].

The effect of annealing duration and temperature was investigated for binary FeRh
annealed up to three weeks at 700°C and 800°C, which resulted in a significant variation
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Figure 4.1 (a) Temperature dependence of magnetization of Fe,gRhs, heat treated at
three different temperatures; the dashed lines of respective color are the mea-
surements done during the first magnetization. Dotted orange line is after
tempering (450 °C, 3 h) of the sample annealed at 850°C. (b) Entropy change
of Fe,gRhs, calculated from field-dependent M(T) measurements. The filled
area shows the region where the MCE is expected to be reversible.

of the transition temperature 7}, observed by means of resistivity measurements [46];
the sharpness of the transition was greatly affected as well. The proposed explanation
of this behavior involved a redistribution of Rh in the magnetic «’-phase by diffusion,
caused by the discovered growth of Rh-rich precipitates, unfortunately no experimental
proof on the chemical composition was provided. These results indicate that the mi-
crostructure may play an important role affecting the magnetic properties. Therefore,
the phase content and the chemical composition should be carefully examined, and the
v-phase should not be ignored for being paramagnetic, since it may have some mechan-
ical effects interacting with the major phase.

With the purpose of clarifying how a heat treatment affects the magnetic state of
FeRh alloys, a systematic investigation of the nominal composition Fe,;Rh;, has been
undertaken. The binary alloy of this composition according to the latest phase diagram
should have the AF—FM transition temperature close to room temperature, and after a
heat treatment near 1000°C should be either in the region of a pure «’-phase or right on
the border of the mixed («’ + ) region. From an as-cast ingot prepared by arc melting,
three samples were cut out for annealing under the following conditions: 2 weeks at
850°C, 1000°C and 1150°C, followed by water quenching. The annealing temperature
(T,.,) was selected so as to cover the common annealing range for binary FeRh.

In order to observe the temperature and character of the magnetostructural transition,
temperature dependent measurements of magnetization were performed. In Fig. 4.1 a
strong effect of the annealing temperature 7,,,, on the transition can be seen. Measured
on heating in a magnetic field of 1 T, the transition temperatures are: 349 K (7,,, =
850°C); 321 K (1,,,, = 1000°C) and 300 K (7,,, = 1150°C). That is, the higher T,
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the lower the magnetostructural transition temperature. In other words, only due to the
variation in the annealing temperature, in the samples from the same ingot the transition
temperatures became distributed over an interval of 50 K. The transition looks somewhat
sharper when the annealing temperature is the lowest (850°C). The hysteresis is affected
as well, and reduces from 12 K to 6-7 K with increasing annealing temperature.

During magnetic measurements it was discovered that the magnetization curve at the
first field application differs from the following measurements. For the next magnetiza-
tion process, the transition is shifted by 4-8 K towards lower temperatures (the strongest
effect is found for the 850°C-sample) where it stabilizes for all the following runs. In
Fig. 4.1a the first magnetization curves are shown as dashed lines. This may be a result
of some irreversible change within the sample during magnetization. Assuming that it
could be related to strain accumulated in the samples during quenching or during the
transition, which is known to be accompanied by 1 % volume change [51], a 3 hour tem-
pering at 450°C followed by a furnace cooling of 1°C /min was done as a test for one of
the samples (annealed at 850°C). After the tempering (dotted orange line in Fig. 4.1a),
the transition occurs on heating exactly at the place of the initial curve. For some reason,
the FM—AF transition now takes place at a higher temperature compared to the initial
run, thus producing a smaller hysteresis.

The magnetic entropy change estimated by Maxwell relations from the temperature
dependences of magnetization measured in constant magnetic fields up to 2 T is shown in
Fig. 4.1b. The maximal value of the entropy change rises with the transition temperature
of the samples, the filled area shows the region where reversibility of the MCE should
be expected (as proposed in [114]). This region is related to the thermal hysteresis
width, and as the highest hysteresis value is observed for 850°C annealing, it produces
the lowest reversible area.

4.1.2 Microscopy, structural and elemental analysis

In order to understand what could be the reason of such an effect on the AF—FM tran-
sition after heat treatment at different temperatures, the structural and microstructural
analysis of as-cast and heat treated FeRh samples was carried out. According to the XRD
patterns (Fig. 4.2), the as-cast sample consists mostly of the fcc y-phase, although the
targeted o'-phase is detected as well. After annealing at temperatures 850°C-1150°C,
the ordered «’-phase is dominant, but a small amount of the y-phase is retained; the
highest amount is found for 7,,,, = 850°C and almost no trace of it for 7,,, = 1150°C.
The lattice parameters for both phases are given in Table 1. As can be seen, the «’-phase
of all samples has the same lattice parameters, but the lattice parameter of the y-phase
reduces as the annealing temperature rises.

In Fig. 4.2 along with the XRD patterns, backscattered electron images of the as-cast
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Table 1 Properties of FeRh samples annealed at different temperatures (7,,,,): transition
temperature (73.) in 1 T magnetic field on heating; chemical composition (from
EDX, error =1 at. %); lattice parameter a and density, p of /- and y-phases
(from XRD); degree of chemical order S, of the o/-phase (from XRD); volume
fraction V; of the y-phase (from quantitative metallography).

Tunn [°C]  Ti [K] Phase Fel[at. %] Rh[at.%] al[A] plg/em®] S, v-V;

v 49.0 51.0 2.989 9.95

as-cast 347 0.95 ~ 0.67
2% 46.8 53.2 3.758 10.12
! 49.2 50.8 2.987 9.94

850 349 0.92 ~0.08
Y 33.3 66.7 3.768 10.83
! 48.9 51.1 2.987 9.95

1000 321 0.92 ~0.12
Y 35.9 64.1 3.766 10.70
! 48.7 51.3 2.987 9.97

1150 300 0.90 ~ 0.15
Y 38.7 61.3 3.760 10.58

state and of samples annealed at given temperatures can be found. The as-cast state
(Fig. 4.2a) exhibits a dendritic structure of two phases; the darker one is the ordered
o/ -phase and the brighter majority phase is the fcc y-phase. The atomic composition of
both phases is close to equiatomic, the lighter y-dendrites exhibit a higher Rh content,
but only 2 at. % more than the darker o/-phase (Table 1). The micrographs of the
heat treated samples reveal a quite different microstructure (Fig. 4.2b,c,d) with bright
globular regions of the y-phase and large, darker grains of the o/-phase. It can be seen
that, as the annealing temperature increases, both y-phase and «’-phase grains coarsen.
The distribution and shape of the inclusions change drastically. The y-phase regions
have equiaxed shape but different size for 850°C and 1150°C annealing temperatures,
respectively, whereas at 850°C the y-phase is more needle shaped and bears resemblance
to a eutectoid reaction. Quantitative EDX measurements (Table 1) show that the mean
Fe and Rh contents of the o/-phase are the same for all samples, within the limits of the
experimental error (+1 at. %), whereas the y-phase composition differs noticeably.

The disordered y-phase at such high temperature according to the phase diagram, if
present (in the mixed region), should indeed contain more Rh than o/, so the variation
of the lattice parameter is in accordance with the chemical composition: when the an-
nealing temperature rises, the amount of Rh in the y-phase decreases. Since Rh is bigger
than Fe, so does the lattice parameter.

This microstructure is visible only after polishing. Otherwise, the surface layer after the
annealing experiences recrystallization and seems to affect both XRD and microscopical
images. As can be seen from Fig. 4.2, there may be no quantitative agreement of the
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XRD patterns with the electron images with regard to phase fractions. In particular,
the sample annealed at 1150°C shows almost no y-phase in the XRD, whereas from the
SEM image it is clear that the sample contains a considerable amount of a Rh-rich phase
that can only be the y-phase. This may result in erroneous conclusions about the phase
content when based only on the XRD data.

Regarding the volume fraction of the y-phase implied from XRD and measured from
SEM images, a significant discrepancy is noticeable. In the case of the 1150°C-sample,
the reason why the (111) y peak in the XRD is the smallest and almost negligible can
be due to a strong texturing after the directional cooling during solidification originating
from the arc melter geometry (a hot liquid metal drop on a cold tray) and highest coars-
ening of both phases at the highest annealing temperature. Alternatively, an estimation
of the y volume fraction determined by the quantitative metallography approach reveals
the opposite. Although the distribution of the minor phase in all samples slightly varies
from the edge towards the center, there is a general tendency for the y volume fraction
to increase with the annealing temperature (see Table 1 for values and the SEM images
in Fig. 4.2 for visualization).

Small variations away from complete B2 order and stoichiometry, or Fe atoms occu-
pying a very small proportion of the Rh sublattice sites, have been shown to have a
strong effect on the transition [73]. In order to estimate the degree of chemical ordering
of the o/-phase, extra patterns with high resolution were obtained for the superlattice
(100) and the fundamental (200) peaks. The degree of order can be estimated through
determination of the ratio of the integrated intensities of the superlattice (100) and fun-
damental (200) reflexes of the o’-phase that relate as So ~ /I(100)/(200),0 < So < 1,
where 1 is the perfectly ordered state and 0 means complete disorder. The appearance
of texture should not affect the result in this method. The actual composition measured
by EDX was used to simulate an ideal, i.e. perfectly ordered, XRD pattern as a reference,
in order to account for the disorder caused by the deviation from the equiatomic com-
position. The degree of order of the «’-phase in all samples was found to be very high
(Table 1), did not differ strongly with T, and also remained equally high even for the
as-cast state. Therefore, it is unlikely to make it responsible for the strong shift of the
AF—FM transition.

It is known that the AF—FM transition in FeRh alloys is strongly affected by smallest
changes of the chemical composition, within the binary system or due to doping by other
d-elements [65, 66, 68, 69]. However, according to the EDX analysis, in these samples
the o/-phase has the same composition, which also correlates with the lattice parameters
found from XRD. Although a slight trend of Rh enrichment towards annealing at higher
temperatures can be observed, this difference (0.2-0.3 at. %) lies within the systematic
error of the method (+1 at. %). The expected shift of 7}, with increasing Rh content
[75] should be in the opposite direction to the one observed in this experiment, so it
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Figure 4.3 STEM dark field images of the FeRh sample annealed at 1000°C with the
position of the EDX linescans marked with a yellow line and accompanying
composition profiles for Fe and Rh.

is difficult to assume that the shift in the AF—FM transition can be explained by these
small differences in the composition of the o/-phase. Even disregarding the systematic
error and considering the difference in EDX data as sufficient, the drastic variation of the
transition temperature over the 50 K range cannot be explained on the base of the latest
phase diagram [44] where the temperature of the AF—FM transition changes as fast as
30 K/ 1 at. % Rh, whereas in this experiment the rate would be 100 K/ 1 at. % Rh.
Since the idea of a Rh gradient occurring in the «/-phase during the y-phase growth
[46] was not supported by experimental data, a TEM investigation of the FeRh sample
annealed at 1000°C was carried out aiming to check the distribution of the elements
in the grains of both phases*. The EDX linescans with accompanying dark field STEM
images of the microstructure and the indication of the place where the linescan was done

*Carried out by Dr. T.G. Woodcock, IFW Dresden
The provision of the TEM facilities and support by Dr. B. Rellinghaus is deeply appreciated
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are presented in Fig. 4.3. The interface appears to be very sharp, i.e. no gradient in the
composition larger than the step size of the EDX linescans (10-12 nm) appears at the
phase boundary, and over the length of the linescan from the phase boundary into the
phases (~0.25 pum) it was not possible to detect a gradient of atomic composition in
the o/-phase or y-phase. It is reasonable to believe that the system has reached thermal
equilibrium during the annealing. Thus, the variation of the «’-phase composition both
within the grain and the whole sample is negligible and averages to 51 at. % Rh.

4.1.3 Modeling of stress fields resulting from heterogeneous mi-
crostructure

The o'-phase of all three samples appears to be highly ordered, being of the same com-
position and lattice parameter (within the error). No composition gradient at the o//y-
phase boundaries is observed. Therefore, none of these factors can explain why the
transition temperature in the annealed samples varies so much. Still, there are obvious
differences in the microstructure of the samples. Considering that the density, the struc-
ture and the thermal expansion of the y- and o/-phase are quite different and the AF—FM
transition itself is accompanied by a 1% volume expansion of the o/-phase, it seems rea-
sonable to consider the idea of stress fields. Stress resulting from differential expansion
of the two phases should occur regardless of the coherency of the boundaries and will
depend on size, shape and distribution of the minor phase. It has been known that
FeRh compounds react drastically to stress, for example, an applied hydrostatic pressure
(compressive stress) stabilizes the AF state, raising 7}, and can even induce the AF state
in an initially FM sample [62, 128]. Tensile stress caused by the substrate in thin films
of FeRh lowers T}, [125] or some part of the sample remains in the FM state [101, 137].
Evidence of extra phases in the bulk affecting the transition temperature was reported
after annealing of Pd-doped FeRh [187]. In an early study of Rh-rich (> 55 at. %) alloys
[60], a reduction of the magnetic moment and an increase of the transition temperature
were reported. In the latter work the authors refer to the work of Zakharov [51] that
expresses an idea that the variation in the transition temperature with composition and
the larger thermal hysteresis at high Rh concentrations may be accounted to inhomoge-
neous strain in the «’-phase due to the presence of increasing amounts of y-phase, which
could delay the AF—FM transition.

In order to estimate the magnitude and the extent of possible stress fields resulting
from the differential expansion of the two phases, 2D FEM simulations were carried
out (see the details in the experimental methods description)*. Three different cases
were considered: small and large circular y grains to compare the size effect, and a
needle-like y grain for the shape effect. In each model, the y grain is surrounded by

*Carried out by Dr. F. Bittner, IFW Dresden
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Figure 4.4 FEM simulations of the o/-matrix experiencing the AF—FM transition with
1% volume change in the presence of the secondary phase and the respective
stress profiles.
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the o/-phase. A length contraction of 0.33% of the o-phase (equivalent to the 1 vol. %
contraction on cooling the sample through the metamagnetic transition) was simulated.
The resulting color maps in Fig. 4.4 represent the principal stress distribution in each
model. The y-grains are regarded to be under compression as the surrounding «’-matrix
shrinks during the FM—AF transition (on cooling). Correspondingly, the «’-matrix will
experience tensile stress that will depend on both shape and size of the inclusions.

The arrows on the color maps show the path along which the stress profiles were gen-
erated. In order to show the extent of the stress fields in the observed microstructures,
the stress profiles are scaled to the average size of the y grains, estimated from the SEM
images: Fig. 4.2b (small circular and needle-like grains) and Fig. 4.2d (large circular
grains). Due to the symmetry, two stress profiles have been made for the needle-like
case: parallel and perpendicular to the needle axis. The diameters of the small and large
circular grains were taken as 5 um and 12 pum respectively, and the length and width of
the needle-like grain were 15 um and 1 pum, respectively. Although the absolute values
of the stress must be taken as an estimate, the profiles (Fig. 4.4, left) clearly show that,
as expected, the size and shape of the y grains have an influence on the magnitude and
extent of the surrounding stress field.

The vy grains are not homogeneously distributed within the microstructure (Fig. 4.2
b-d). As interactions between the stress fields of neighboring y grains may occur, the
characteristic separation distance between the minor phase grains is of interest. Here,
two characteristic separation distances representing the typical shortest (2d) and longest
separations (2D) of the y grains have been defined in the schematic (see the inset on the
stress profile in Fig. 4.4). The characteristic separation radii (i.e. d and D) are plotted
on the stress profiles. The results show that for all the characteristic separations of the y
grains observed here, at least some interaction of the surrounding stress fields would be
expected, which may result in higher stresses in the «’-phase. Although the magnitude of
the stresses simulated here must be regarded as estimates, these values are comparable
to the hydrostatic pressures which are known to shift 7;, at the rate of 60-70 K/GPa
[128].

This information should be relevant not only for the Rh-rich FeRh compounds from the
mixed («'+7vy) region of the phase diagram but also for the equiatomic composition, since
there were several indications [46, 59, 101] that the fcc precipitation was discovered in
the FeRh alloys with less than 51 at. % Rh. A more detailed investigation of the phase
formation in FeRh alloys could be of great significance, for example, an experimental
observation of the stress fields.
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4.2 Thermal history effects in Ni-doped FeRh
4.2.1 Suppression of magnetostructural transition after heat treatment

Doping of the binary compound FeRh by Ni, Co, Pd or Au lowers the magnetostruc-
tural transition temperature [9, 68, 69, 188]. One benefit of it is the availability of
a comfortable experimental range for most conventional techniques. Another feature,
in particular, for these alloys is that the effects associated with the first order transi-
tion become stronger: for example the hysteresis broadens [69, 188], the shift of the
transition temperature with an applied hydrostatic pressure and/or a magnetic field
increases [62, 69, 76, 129]. Therefore, it was of interest to carry out the same heat
treatment experiment with such alloys, as in the previous section. A ternary alloy
(Fe.065Nig 035) 40Rhs5, Was selected because this composition has the lowest AF—FM tem-
perature among Ni-substituted alloys [69]; upon a further increase of the Ni content,
only the FM state will exist. Therefore, this composition is on the border between the AF
and FM states, and even small changes may result in drastic effects.

In the ternary Ni-doped FeRh, annealing at the temperatures of 850°C-1150°C also re-
sulted in the AF—FM transition occurring at different temperatures (Fig. 4.5). Moreovet,
the sample annealed at 1000°C is ferromagnetic in the whole temperature range, that is
the AF—FM transition was completely suppressed. This presence of the FM state does
not allow to reveal a clear trend relating the transition temperature to the annealing
temperature (the binary alloys had a clear linear trend). Most likely, several mechanisms
might be responsible for this effect. As in the binary case, the first magnetization curve
differs from the following runs: the transition temperature shifts towards lower values,
and the largest shift (12 K) occurs also in the sample with the lowest annealing temper-

1.0 —a—850°C |
: —a—1000°C
0.8 —e—1150°C |
> 06
S L
0.4
S I
0.2
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50 100 150 200 250
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Figure 4.5 (a) Temperature dependences of magnetization and (b) magnetic entropy
change in 2 T magnetic field of Ni-substituted FeRh. The samples were heat
treated at three selected temperatures for 2 weeks followed by quenching.
The filled area corresponds to the region where the MCE is expected to be
reversible. The dashed lines show the first magnetization run.
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ature (850°C). The magnetic entropy change is shown in Fig. 4.5b. The filled area shows
the reversible region for the MCE, which is quite broad despite the large hysteresis. Both
AS curves show lower maximal values compared to the binary FeRh, which is somewhat
typical because the value of AS often tends to show a linear increase as the transition
temperature rises [124].

The situation with Ni-doped alloys turned out to be more complex than the linear shift
in the binary alloys. Therefore, additional samples of the same nominal composition
(Fey.965Nig 035) 49Rhs5, Were prepared in order to observe what happens under conditions
of varying not only the annealing temperature, but also the cooling rate and the anneal-
ing time. Another point was to check the reproducibility of this strange suppression of
the transition and, to observe annealing effects in an alloy that may be very sensitive
even to minor changes in the thermal history. One sample was annealed for 2 weeks
at 850°C and, instead of quenching, furnace cooled with a rate of 1°/min. Two more
samples were annealed at 1000°C for only 3 days, and a cooling rate of 1°/min was
chosen for one and quenching for the other sample. Then, a detailed structural and
microstructural comparative study of all 6 samples was undertaken.

4.2.2 Microscopy, structural and elemental analysis

The room temperature XRD patterns are shown in Fig. 4.6 with the corresponding
backscattered electron images. The lattice parameters (Table 2) are larger than for the
binary FeRh: since the Ni-doped samples are all in the FM state at room temperature,
the unit cell has already experienced a 1% expansion. In order to compare this Ni-doped
FeRh with the parental binary compound properly and to observe the influence of the
doping element, it would be necessary to have a low temperature XRD in the AF state.
As in the previous section, the lattice parameter of the «’-phase has the same value for
all heat treated samples, while the lattice parameter of the y-phase differs but does not
show the linear behavior, as in the binary case. The XRD patterns mismatch the SEM
evidence of the minor phase fraction, probably for the same reasons of texturing and
coarsening of grains. A quantitative analysis from XRD was not carried out due to the
small size, random cut and texturing of the bulk samples. The degree of order deter-
mined as described in Section 4.1.2 is quite high in all cases, however, if to compare the
samples annealed at the same temperature of 1000°C for 14 days and 3 days, it can be
seen that the shorter annealing resulted in a somewhat lower degree of order (Table 2).

The microstructure shows the same tendency of coarsening towards higher annealing
temperature, but the fcc phase looks more round and does not show traces of the eu-
tectoid reaction, as it was the case for the 850°C binary FeRh (Fig. 4.2b). The ratio of
the /vy phases in the as-cast state is different: the binary alloy had a larger amount
of the high temperature y-phase retained. Quantitative metallography reveals that the
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Figure 4.6 Room temperature X-ray diffraction patterns and SEM backscattered images
of the as-cast and heat treated Ni-doped FeRh samples. The samples that were
quenched are marked as Q. The samples annealed for 3 days are marked
”short”, in all other cases the annealing time was 14 days.

volume fraction of the minor y-phase in the heat treated samples increases from 0.06
to 0.10 through annealing temperatures between 850°C and 1150°C and seems to be
defined only by the annealing temperature without an influence of the cooling rate or
the duration of annealing (see Table 2). This is the first attempt to define a distinguish-
able trend of the minor phase amount. However, it is possible that the volume fraction
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determination at this stage is somewhat rough and can be done more precisely in the
future: for example, covering a higher area of the sample (in this work about 10 %) or
improving the image processing procedure.

The EDX results (Table 2) show that the Ni amount in the y-phase is two times higher
than in the o/-phase for all samples. This indicates that the actual amount of Ni in
the magnetic matrix («) is different from the one implied from the magnetic phase
diagram [69]. It can be expected that the general trend of reduction of the transition
temperature with increase of Ni-substitution may still apply, but probably with a lower
actual Ni percent. However, it can be also possible that the excess of Ni is redistributed
only towards the disordered y-phase, allowing the same amount of Ni for the main «’-
phase. In the present experiment, very small variations of the composition beyond the
limits of the systematic error cannot be observed. Within the error, the composition of
o/-phase appears to be exactly the same for all heat treated samples. Redistribution of
the excess elements within the minor y-phase seems to be regulated by an interplay of
the growing volume fraction of the minor phase and its compositional change at different
annealing temperatures. The disordered y-phase exists in the whole compositional range
and is not as demanding to the change in composition as the ordered «’-phase.

Since all the Ni-doped samples are FM at room temperature due to the low transition
temperature or the absence of transition, it was possible to see a good magnetic contrast
during MFM measurements (Fig. 4.7)*. Two different magnetic contrasts can be ob-
served: small round non-magnetic grains of the minor y-phase (the stripes are artefacts
of the scanning process) and branched domain patterns of the major o/-phase. The «'-
phase has the crystallographic cubic CsCl symmetry, so similar to «-Fe domain patterns
should be expected. However, the observed domains are more cobalt-like, with a weak
uniaxial anisotropy [189]. Sometimes distortions are observed around the non-magnetic
inclusions, most prominent in Fig. 4.7c. These distortions can be related to the change
of the magnetic matrix thickness in the out-of-plane dimension around the y-grains.

It is certain that the type of the observed domains is not caused by the stress from
the polishing procedure. However, the presence of a surface itself may play a role in
the domain relaxation. Otherwise, it is not clear what would be the reason for this
weak anisotropy of cubic FeRh-based alloys. It may be also attributed to the stress fields
appearing during cooling of the two-phase sample from high annealing temperatures or
to distortions caused by the presence of other elements (like Ni) in the lattice. This idea
can be supported considering the (300) reflex of the magnetic o/-phase (see Table 2)
that is at high angles and therefore can reveal tetragonal distortions by splitting of the
peak. The presence of tetragonal distortions is only a hypothesis: to investigate this
question further and detect small changes in the length of the unit cell sides, a complex

*Carried out by Katja Berger, IFW Dresden
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Figure 4.7 Room temperature magnetic force microscopy of heat treated (Fe,Ni)Rh: The
samples that were quenched are marked by Q. The samples annealed for 3
days are marked ”short”, in all other cases the annealing time was 14 days.

experiment using particular reflections would have to be done [52].

The presented MFM images in Fig. 4.7 show a noticeable difference in the size of
the domains. The size of the domains can be informative: the smaller the domains,
the higher should be the stress. The characteristic domain size was estimated using an
autocorrelation function at FWHM* and is given for all samples in Table 2. For example,
comparing (a) and (b), the two samples annealed at 850°C for the same time, with a
difference in the cooling rate only — the domain pattern looks similar in terms of shape,
but scales down in the slowly cooled sample. The same can be observed for (e) and (f).

*Carried out by Dr. A. Volegov, Ural Federal University
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4.2.3 Effects of hydrostatic pressure, tempering and thermal shock

As the AF—FM transition may depend on the mechanical interaction of the two phases,
it is of interest to investigate how samples with different microstructure (for example,
grain size) will behave under an application of hydrostatic pressure, a stress recovery
annealing at lower temperature or a rapid cycling over the transition region.

For the experiments with hydrostatic pressure two samples were selected: heat treated
at 850°C and 1150°C for 14 days followed by quenching (Fig. 4.6 b and g). These samples
have a different grain size as well as a different volume fraction of the minor phase. The
transition temperature is higher for the sample annealed at 1150°C.

The temperature dependences of the magnetization for 850°C and 1150°C heat treated
samples at different pressures* are shown in Fig. 4.8 (a) and (b), respectively. The ap-
plied pressure is of the same range as the stress fields obtained by modeling (4.1.3),
and results in a comparable shift of the transition temperature as the one detected after
different annealing temperatures of FeRh — which may serve as an indirect proof of the
stress field effects due to the heterogeneous microstructure. The transition temperature
shift under pressure comprised 19 K/kbar and 16 K/kbar for 850°C and 1150°C respec-
tively. Not only the transition temperature is affected but also the hysteresis width: the
reduction of the hysteresis can be observed in Fig. 4.8 (c). This reduction appears to
be more intense in the sample heat treated at 850°C. One can recall that according to
the FEM simulations, the stress fields should be smaller when the microstructure is finer
(after 850°C annealing).

After the pressure removal, the reverse FM—AF transition shifted to lower temper-
ature, however the AF—FM transition remained unaffected (shown in Fig. 4.9 and
Fig. 4.10) — this can be indicative of some irreversible changes occurring in the mi-
crostructure during the simultaneous pressure and field application.

Investigation of the AF—FM behavior under different thermal influences consisted of
a stress recovery at a moderate temperature or a rapid cycling through the transition.
The stress recovery has been done by a heat treatment for 3 hours at 450°C followed by
furnace cooling with a rate of 1 K/min. Thermal shock treatment was done by immersing
samples subsequently in a liquid nitrogen bath and a water bath at room temperature.
Considering the transition temperature region, this procedure allows a rapid cycling
through the transition. Overall, the following protocol was employed for all 6 samples:
heat treatment — first magnetization — second magnetization — [pressure application
and release — only for 2 samples] — stress free annealing — thermal shock. The results
are summarized in Fig. 4.9 (samples heat treated for 2 weeks at 850°C) and Fig. 4.10
(one sample heat treated at 1150°C and two samples annealed at 1000°C for a short
time).

*Carried out in collaboration with Dr. K. Nenkov, IFW Dresden
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Thermal history effects in Ni-doped FeRh

As can be seen from Fig. 4.9, during the first run (dashed line) for both samples
annealed at 850°C the AF—FM transition occurs at different temperatures: at 158 K for
the quenched sample and at 164 K for the furnace cooled. However, at the next field
application, both samples, surprisingly, have the same transition temperature of 146 K.
An assumption that the slowly cooled sample should have lower stress compared to
the rapid quenching process would even be in accordance with the results of the FEM
simulations, if one recalls how the stress affects the transition. In the binary compound,
the highest stress from the heterogeneous microstructure resulted in the lowest 7},, and
in this case the quenched sample has a 7}, lower by 8 K. In fact, it is possible that
the stress fields originate from multiple sources and can be of a long- and short-range,
because already in the second run the samples shift from the original temperature and
stabilize the transition at the same temperature of 146 K.

An experimental detection of strain requires a very fine polished surface free from
a residual strain. In the case of FeRh, the material is rather soft and there is a pres-
ence of the secondary phase with higher density. The fcc phase tends to fall out during
standard preparation procedures, leaving scratches, and the softness of the material in
principle allows an easy deformation of the top layers, making it difficult to obtain the
desired quality of the surface and limiting the techniques that can be used for the anal-
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Figure 4.8 Temperature dependences of the magnetization under applied hydrostatic
pressure up to 8.3 kbar for Ni-doped samples annealed for 2 weeks at (a)
850°C and (b) 1150°C; (c) pressure dependences of the transition tempera-
ture and the hysteresis.
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Figure 4.9 Evolution of the magnetostructural transition and hysteresis effect in two
samples of (Fe 65Nig o35)49Rh5; annealed at 850°C for 14 days with the only
difference being the cooling rate: quenched (a) and furnace cooled (b). The
quenched sample (a) has a magnetization dependence measured after the
hydrostatic pressure application. The difference between the first and subse-
quent magnetization runs is shown for both samples, as well as the reaction
to the stress free 3 h annealing at 450°C (orange dots) and liquid N, — room

temperature cycling (30 cycles).

ysis. The FEM simulations in Section 4.1.3 have considered only the effects caused by
the FM—AF transition — however, there is a similar effect that likely takes place due
to the difference in the thermal expansion of the two phases while cooling down from
high annealing temperatures, slowly or by quenching. The general consideration of the
mechanical interaction should be similar, but then it is necessary to know the full tem-
perature dependence of the thermal expansion coefficient of each phase from as high
as 1000°C down to room temperature. Data from single-phase samples would be of
interest, however the high temperature y-phase does not exist at room temperature in
this compositional range, and the magnetic CsCl phase often contains the overlooked
retained y-phase which makes the scarce available data questionable.

The pressure application has affected the transition as expected (Fig. 4.8), but seems
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Figure 4.10 Evolution of the magnetostructural transition and hysteresis effect in
(Feg 965Nig g35)49Rh5; annealed at 1150°C (a) and in samples annealed at
1000°C (b). Effects of different annealing time and cooling rate can be ob-
served in (b). Stress free 3 h annealing at 450°C and cycling between liquid
N, and room temperature were applied to observe the reaction of the mag-

netic state to the thermal history.

to have caused some irreversible changes in the microstructure because the cooling
curve shifted lower by almost 10 K and the amount of the retained FM phase increased
(Fig. 4.9a, crossed circles). The heating curve, however, remained in the same ”stable”
place.

Further, the stress free annealing at 450°C (orange dots) returned the AF—FM transi-
tion in the quenched sample to the first-run-position, but the heating curve in the slowly
cooled sample did not react. Both cooling curves were shifted to higher temperatures,
which reduced the hysteresis and also removed the FM fraction in the low temperature
state. This effect turned out to be very strong because a subsequent run did not change
the transition position. After that, the samples were rapidly cycled between room and
liquid nitrogen temperature (blue lines), but, surprisingly, that did not bring any signifi-

cant changes to the stress-free curves either.
The sample annealed at 1150°C (Fig. 4.10a) showed a similar behavior: the transi-
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tion temperature altered comparing the first and the subsequent field application, the
cooling curve was also affected by the pressure experiment, and the initial transition
temperature was recovered after the stress free heat treatment along with the reduction
of the hysteresis. However, in this case the sample turned out to be more susceptible
to the thermal shock treatment: the heating curve started shifting towards low temper-
atures (or in other words, the direction of larger tensile stress) while the cooling curve
remained unaffected. Overall, the hysteresis was reduced from 33 K (initial curve) to
23 K after thermal cycles.

The mysterious case of the FM state after a 1000°C annealing was additionally inves-
tigated varying the duration of annealing and the cooling rate. Two extra samples were
heat treated at 1000°C for 3 days and cooled by 2 different routes: quenching and fur-
nace cooling. The quenched samples, regardless of the duration of the annealing, both
became completely FM and did not react to the thermal shock treatment and stress free
annealing. They have the same lattice parameters defined from XRD patterns and the
same composition from EDX (for that reason in Fig. 4.10b only the sample annealed for
3 days is shown). The only slight difference appears in the degree of order. However,
the slowly cooled sample exhibited a transition starting at 118 K on heating. At low tem-
perature this sample had an initial FM fraction that was reduced after tempering (see
Fig. 4.10Db).

Summarizing the observed effects, the stress free annealing seems to have a strong
influence on improving the AF—FM transition in terms of sharpness and reduction of
the initial FM fraction, as well as shifting the transition towards higher temperatures
which may signify a stress release. Therefore, there can be indeed strain stored in the
material after cooling from a high temperature heat treatment. Considering the data
of EDX and XRD analysis (Table 2), it is difficult to make any final conclusion what is
the reason for the appearance of the FM state and how the cooling rate caused such a
difference. One fact that stands out is the lattice parameter of the fcc y-phase for the
slowly cooled sample: it is smaller and the value is closer towards the parameters of the
samples annealed at 850°C, so possibly during the slow cooling the y-phase continues to
form with parameters that are different to those at 1000°C. The systematic error of EDX
does not allow to establish the composition more accurately than =1 at. %, but such a
variation would result in significant effects even in the case of binary FeRh. Analysing
the observed effects, the obtained parameters and microstructural specifics, one may
assume that there is more than one mechanism (strain) affecting the magnetostructural
transition, in particular, an effect of chemical composition or ordering. The degree of
order is comparable for all quenched binary FeRh alloys, whereas for the Ni-doped alloys
(Table 2) some difference can be observed.
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4.3 Microstructure of FeRh alloys doped by d-metals
4.3.1 Microscopy, structural and elemental analysis

Due to an insufficient number of microstructural studies on FeRh, it is practically un-
known how the phase content looks in the case of FeRh substituted by other d-elements.
Strong effects on the magnetic behavior considered in the previous sections reveal the
importance of the microstructure. Traditionally, when the minor y-phase is neglected,
the assumption is that the change in the behavior of the magnetic transition, usually
observed by the change of the transition temperature, is caused by the introduction of
other metals into the of-FeRh lattice, affecting the electronic structure. It is clear though,
that, with the presence of a secondary phase, the distribution of the elements may vary
from the one expected from the nominal composition, since the y-phase, as can be con-
cluded from the results on the binary FeRh and Ni-doped FeRh in the previous sections,
is Rh-rich and in the ternary case also contains twice as much Ni as the o/-phase.

In order to reveal the phase content and the elemental distribution within FeRh alloys
modified by other d-metals, some selected pseudobinary FeRh alloys with additions of
Cr, Pd, Ru, Re, (Ni, Pt) and (Pd, Pt) were investigated*. Magnetic measurements were
combined with the phase analysis by XRD, SEM and EDX**. For all samples a one week
heat treatment was performed at 1000°C followed by quenching into water.

The results of this study are summarized in Fig. 4.11 and Fig. 4.12. For each sam-
ple, a temperature dependence of magnetization on heating is given, in order to observe
the transition temperature, the saturation magnetization and also the sharpness of the
transition. The backscattered electron images are presented beside corresponding XRD
patterns. The calculated lattice parameters and the results of the EDX analysis are sum-
marized in a table where also the nominal composition values are given. The amount
of the minor phase was estimated from quantitative metallography and the obtained
amount is given in the tables of Fig. 4.11 and Fig. 4.12 as well.

All samples exhibit a quite different microstructure in terms of morphology, and sur-
prisingly, the actual composition of the magnetic «’-phase is not at all in accordance with
the nominal composition (see the tables in Fig. 4.11 and Fig. 4.12). In the case of the Re-
doping (Fig. 4.11c), the doping element appears only in the minor y-phase, both Ru and
Cr also show a great preference for the fcc y-phase. The samples containing Cr and Re
were observed to be air sensitive compared to other FeRh-based alloys. There are some
peaks of an unknown phase in the XRD pattern of Cr, possibly due to oxidation. Again a
discrepancy in the amount of the fcc phase detected by XRD and SEM can be observed,
for example, in the case of Cr-doping (Fig. 4.11a). As can be seen from the micrographs,
the Pd-doping (Fig. 4.12 a,b) does not result in a large amount of the y-phase. The

*Synthesized by Prof. Dr. N.V. Baranov, Ural Federal University
**SEM and EDX carried out in IFW Dresden together with Dr. Mikhail Gorshenkov, MISiS
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Figure 4.11 Backscattered electron images, temperature dependences of magnetization,
XRD and EDX analysis, volume fraction of the fcc phase, as well as the nom-
inal composition of the FeRh alloys doped with Re, Ru and Cr.

-87-



Microstructure of FeRh alloys doped by d-metals

150 — : . — i
r B=1T Composition, at. % a,A Ve
120 - E nominal Fe49 Rh47 Pd4
/ { o(Cscl) Fe 49.8 Rh454 Pd48 3.000
= o~ y Fe358 Rh58.6 Pd5.6 3.775 0.3
2 oot . |
e , ¢ *tPd@ 04 nominal Fe49 Rh455 Pd3  Pt2.5
< —e— +Pd,Pt(b) / o(Cscl) Fe50 Rh43 Pd35 Pt35 2995
E 60+ A= +Ni,Pt(e) | 1y Fe38.4 Rh51.9 Pd4.1 Pt55 3772 002
30 ’l nominal Fe 49 Rh46.4 Nil8 Pt25
r J i 1 o(esc) Fe484 Rh468 Nilé P32 2987
F y Fe39.5 Rh532 Ni27 Pt46 3760 0.19
0 . =
100 200 300 400
T T T T
| a'—phase
| y-phase
3
®
N—"
[2]
c
@
2
=
L A i A J A |
I

(I
20 40 60 80 100 120

F ' ' ' | ' a'-phase
| y-phase ]
el ]
8|
>1 J
‘o |
c
9 -
E E
T Jl A
0t 0T
20 40 60 80 100 120
' ' ' II a'—phase
L | y-phase _
3
s ]
>
2| i
=
Q2
= i
J N | A A JL A K
TR
20 40 60 80 100 120

20(°)

Figure 4.12 Backscattered electron images, temperature dependences of magnetization,
XRD and EDX analysis, volume fraction of the fcc phase, as well as the nom-
inal composition of the FeRh alloys doped with Ni, Pt and Pd.
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morphology of the microstructure of the samples doped by (Ni, Pt) and Ru (Fig. 4.12c
and Fig. 4.11b) is quite different from the globular one observed in other samples, in-
cluding the binary and Ni-doped cases. The lattice parameters of the magnetic phase
are surprisingly similar despite the presence of different doping elements, especially on
recalling that at room temperature some alloys will be antiferromagnetic and some are
ferromagnetic. It can account for the difference of 0.3 % when comparing the lattice
parameters of FeRh alloys with different compositions. The actual difference in the lat-
tice parameter depending on the substituting elements can be investigated further in
temperature-controlled XRD setups in order to avoid mixed magnetic states.

4.3.2 Effect on magnetocaloric properties

Temperature dependences of the magnetization measured in magnetic fields up to 2 T
have been used to estimate the magnetic entropy at the AF—FM transition (Fig. 4.13).
Here and in the previous sections, the calculation was done in the usual way of ignoring
the minor phase, i.e. without corrections for its mass (the effect on the magnetization
value can be seen in Fig. 4.12 for the case of (Ni, Pt)-doping that has the largest non-
magnetic phase fraction). For a comparison, the magnetic entropy of a binary alloy heat
treated at 1000°C is also shown. The AS value and the shape of the Re-doped sample
resemble the binary curve. Essentially, the magnetic of-matrix is binary because all Re is
situated in the fcc y-phase. The change of the transition temperature must be caused by
this fcc phase and the stress fields resulting from it, keeping in mind that it may differ
mechanically from the binary y-phase due to the Re-addition. This effect could be used
in experiments concentrating on the mechanical interaction of the two phases because
the o/-phase content would have been identical.
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Figure 4.13 Magnetic entropy change in a magnetic field of 2 T for different d-metal
doped FeRh alloys. The values were calculated using the total mass of the
sample, without accounting for the amount of the fcc phase.
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Conclusions

Naturally, it is important to account for the minor phase not only to estimate the
entropy change occurring in the magnetic phase correctly, but also when building exper-
imental models for both transition temperature and magnetic entropy [9, 107] on the
base of average weighted valence band electrons ((s+d) electrons/atom), because until
now the data has mostly been treated with the assumption that the nominal composition
is the same as the actual one, which is not always the case as is seen from this study.

4.4 Conclusions

A heat treatment of FeRh alloys with a nominal composition of 52 at. % Rh at 850°C-
1150°C resulted in a 50 K spread of the AF—FM transition temperature 7},. An investiga-
tion by means of SEM and TEM revealed a formation of significantly different microstruc-
tures consisting of the paramagnetic y-phase and the ordered, magnetic o/-phase. No
gradient of atomic composition was detected from the phase boundary into the grains
of o/- or y-phase. The «'-phase in all heat treated samples is well ordered chemically
and has the same lattice parameter and atomic composition. The microstructure of the
samples shows large differences in chemical composition, size, shape and distribution
of the y-phase grains that depend on the annealing temperature. The FEM simulations
indicate stress fields of different magnitude, extent and levels of interaction depending
on the microstructure of the samples annealed at different temperatures. Depending on
the annealing temperature, not only 7}, was affected, but also the thermal hysteresis.
The lowest value of the thermal hysteresis was obtained for the highest annealing tem-
perature. The heat treatment resulted in the changes of the maximal MCE and its region
of reversibility.

A heat treatment of Ni-doped FeRh caused a stronger effect, completely suppressing
the magnetostructural transition under certain annealing parameters. The investigation
made under hydrostatic pressure combined with thermal shock and stress free heat treat-
ments indicates that the FeRh system is sensitive to microstructural changes, some of
them can be reversible and some occur only once. Both the hysteresis and the transition
temperature react drastically to thermal treatments of different kind, therefore, these
effects open new possibilities for tuning the magnetocaloric properties of materials.

The analysis of FeRh-based samples with an addition of other d-metals revealed sig-
nificant differences in the morphology of microstructure depending on the substituting
element. Moreover, EDX results show that the nominal composition and expected con-
tent of the doping element can be very different from the actual content in the magnetic
matrix. Studies of the FeRh microstructure appear to be critical, since relying on XRD
only may result in erroneous conclusions about the phase content. This, in its turn, can
lead to wrong assumptions about the exact composition of the magnetic phase: the point
which is crucial for the precise theoretical calculations.
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Over 80 years of research on FeRh alloys are accompanied by discrepancies in the data of
the AF—FM phase transition reported by different groups. A lack of attention to the heat
treatment routes and the microstructural data created a problem with reproducibility of
results, which complicates the solution of fundamental questions. As demonstrated in
this work, the microstructural studies are crucial for the understanding of the magnetic
properties of FeRh alloys. Heat treatment being a powerful instrument to tune the prop-
erties, if chosen randomly, can lead to discrepancies in the results obtained by different
research groups.

A heat treatment of binary FeRh alloys at temperatures between 850°C and 1150°C
for 14 days resulted in a dramatic spread of the transition temperature over 50 degrees.
As the annealing temperature rises, the transition temperature falls. A thorough in-
vestigation by means of SEM and TEM revealed the formation of significantly different
microstructures consisting of the ordered magnetic «’-phase and the minor paramagnetic
v-phase. The o’-phase obtained in all heat treated samples is well ordered chemically
and has the same lattice parameters and atomic composition. No gradient of atomic com-
position was detected from the phase boundary into the grains of «’- or y-phase. Com-
position, the lattice parameter, size, shape and distribution of the y-phase were found
to depend on the annealing temperature. As the y-phase does not undergo a volume
change during the metamagnetic transition, but the volume of the surrounding «’-phase
changes by ~1%, stress fields surrounding the y-grains are likely to appear during the
transition. The FEM simulations indicated that stress fields of different magnitude, ex-
tent and interaction would indeed be expected depending on the microstructure of the
samples annealed at different temperatures. This mechanism is capable of explaining
the observed shift in 7}, and the discrepancy of the reported data in the literature.

A further investigation of the heat treatment effect on the samples doped with different
d-metals revealed a quite different microstructure depending on the doping element.
The AF—FM transition temperature and the maximal entropy change were found to be
affected as well. The results of the SEM and EDX investigation show that the amount
of the doping element in the nominal composition and in the «’-phase of an annealed
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sample can be quite different, redistributing itself between the two phases. Furthermore,
in the samples substituted with 1.7 at. % Ni, a certain heat treatment can result in a
complete suppression of the metamagnetic transition.

This draws attention to the importance of the microstructure in the case of FeRh al-
loys and proposes a careful phase analysis based on microscopy in order to determine
accurate phase fractions. The y-phase indeed carries no magnetic contribution but may
affect the magnetic state of the investigated «’-phase mechanically, and, therefore, must
be included in the analysis of the properties of the material. The microstructure can
strongly affect the properties relevant for magnetocaloric research such as the transi-
tion temperature, the hysteresis, the maximal magnetic entropy change and the region
where the reversible MCE is expected. It reveals a possibility of tuning the hysteresis
via the microstructure, for example, by a particular heat treatment or an arranged phase
segregation, and thus improve the magnetocaloric properties of a material.

A correct estimation of the large magnetocaloric effect in materials experiencing a first
order magnetic transition is important for the development of magnetocaloric refriger-
ants to be used in solid state cooling. Experiments under cyclic conditions close to those
in a potential magnetic refrigerator are necessary in order to avoid the overestimation
that happens when only the first application of the magnetic field is considered. It was
demonstrated by a quasi-dynamic method of direct measurements of AT,; and a con-
ventional determination of AS from quasi-static magnetic measurements that in FeRh in
the magnetic field of 1.9 T under cyclic conditions accounting for the hysteresis, AT,,
is reduced to 6.2 K compared to the initial value 9.2 K. The reduced value is still 15 %
higher than in Gd, the benchmark magnetocaloric material commonly used in proto-
types of magnetic refrigerators. It demonstrates the potential of materials with a first
order metamagnetic transition for magnetocaloric applications despite the presence of
the hysteresis. The maximal value obtained for FeRh by direct measurements is lower
than the maximal value expected from an ideal H — T" diagram, the suggestion is that it
happens due to a distribution of the transition temperature in grains of the real sample,
which lowers the MCE.

Substitution of an FeRh alloy by Ni shifts the transition temperature to 260 K and
lowers the initial value of the adiabatic temperature change to 7.1 K, and the value under
cycling to 4 K, which is still quite high. Direct measurements under cyclic conditions have
proven that the MCE in FeRh-based alloys is reversible, and the reduction of the AT,,
after the first field application is only about 30%. During measurements in magnetic
fields of a different sweep rate, the MCE effect in Ni-doped FeRh showed a dynamical
dependence. The origin of this effect can be in the coupling of magnetic, lattice and
electronic subsystems and their reaction time to the magnetic field of different rates.
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OUTLOOK

* The qualitative effect of d-metal substitution for Fe or Rh has been known for a long
time, but the exact characterization of the final compound remains challenging.
Considerable technological advance brings the equipment that was not available to
researchers a few decades ago. However, EDX methods still have an instrumental
limitation, either the systematic error exceeding the searched elemental values, the
unknown phase distribution measured automatically beneath the visible surface or
the sample drift as in STEM. Perhaps other methods, such as high resolution STEM
or WDX (Wavelength-dispersive X-ray spectroscopy) could elucidate the distribu-
tion of elements in FeRh.

* The phase diagram studies are to be continued: a more detailed investigation of
the phase formation in FeRh alloys could be of great significance. This information
is relevant not only for the Rh-rich FeRh compounds from the mixed (&' +7) region,
but probably also for the pure of-phase, since there were several indications [46,
59, 101] of the fcc precipitation in the FeRh alloys with less than 51 at. % Rh. Now
it is clear that the secondary phase is more important for the magnetic properties
than it has been believed so far, however, the mechanism of the phase interaction
in FeRh is unknown, i.e. the instabilities, defects etc. A direct experimental proof
of stress fields and information on the lattice distortions would be highly relevant.

* The understanding of the nature of the magnetocaloric effect in FeRh, or the inter-
action between magnetic, lattice and electronic subsystems can still be improved.
The discussion about the leading roles in the entropy change of a particular sub-
system is ongoing, but the analysis of a perfect model can be obstructed due to the
lack of information about the microstructure. The macroeffects of a real sample
may overrun a finer interaction of idealistic systems. Accounting for that, in the fu-
ture it should be possible to explain the giant MCE in FeRh, its dynamical behavior
and its reversibility.
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