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Measurements of the magnetization in quasistatic and pulsed magnetic fields with different sweep rates, mea-
surements of the specific heat in various magnetic fields, and direct measurements of the adiabatic temperature
change have been employed to study the metamagnetic phase transition from an antiferromagnetic (AF) to
the ferromagnetic (FM) state in an (Feq9gNig g2 )49Rhs; alloy with a critical AF-FM transition temperature, T,
reduced to 266 K. Based on the obtained results, a magnetic phase diagram for this alloy has been constructed.
The AF-FM transition induced by the magnetic field below 10 K is found to occur in a steplike fashion in
contrast to smooth behavior at 10K < T < T;,. The adiabatic temperature change AT, in the magnetic field
of 2 T exceeds 6.5 K in pulsed fields (~100 T/s) and in the Halbach setup (~0.5 T/s), which is in agreement
with the estimation from the S-7 diagram constructed based on the specific heat measurements. The reversible
AT,, reaches —4.6 K under cyclic conditions in the Halbach setup (2 T). A complete transformation to the FM
state in the whole temperature range requires a magnetic field of 14 T. Direct measurements of A7, in pulsed
fields of 14 T revealed an irreversible part of the magnetocaloric effect associated with the presence of magnetic

hysteresis and respective losses during the magnetization process.

DOI: 10.1103/PhysRevMaterials.5.064412

I. INTRODUCTION

Materials with magnetostructural phase transitions are a
key component of the magnetic refrigeration technology—an
environmentally friendly alternative to conventional cooling
[1,2]. The success of this technology requires both progress in
the development of materials suitable as magnetic refrigerants
[3,4] and in the engineering of cooling devices [5]. Significant
progress has been made over the past 20 years after the report
of a giant magnetocaloric effect (MCE) in GdsSi,Ge, [6],
which triggered intense research of materials with first-order
transitions. The refrigerants commonly considered for use
in prototypes that combine both efficiency and low cost are
represented by iron- and manganese-based material families,
such as La(Fe,.,Si, )3, Heusler alloys, and FeMn(As,P) [7-9].
However, the most efficient room-temperature magnetic re-
frigerant is still Gd, which has an adiabatic temperature
change AT, of about 5 K in a 2 T field at the second-order
ferromagnetic-paramagnetic transition. Materials with first-
order magnetic phase transitions typically exhibit a higher
MCE in the magnetic field of 1-2 T, but the transformation is
accompanied by hysteresis, which leads to a reduction of the
MCE in a real magnetic refrigeration cycle [10,11]. For such
materials, experiments under cyclic conditions are required
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[12]. The thermal hysteresis in magnetocaloric materials can
be tuned by different ways [13]. Studies of intrinsic (e.g.,
chemical order, coupling of sublattices, electronic structure,
etc.) and extrinsic aspects (e.g., microstructure, kinetics, de-
fects, etc.) are vitally important for better understanding of
the hysteretic phenomena in magnetocaloric materials and for
future applications [14]. Furthermore, at a first-order transi-
tion via the nucleation and growth process, the system passes
through a state where both new and parent phases coexist;
hence the kinetics of the transformation becomes an important
point as well [15,16].

Among the materials with the first-order magnetic phase
transitions, FeRh exhibits a giant MCE that had been reported
even earlier than in GdsSi,Ge, and remains the largest in a
2 T field near room temperature [17,18]. Under cyclic con-
ditions the reversible value of |AT,,| is about 6 K, which is
higher than in Gd in the same magnetic field, as has been
demonstrated for the binary compound [19,20]. Despite the
cost of raw materials, FeRh remains a suitable and fascinating
model system for fundamental magnetocaloric studies. The
data on AT, of FeRh and related compounds modified by
other d elements are still scarce. This information is, how-
ever, relevant for the understanding of the magnetocaloric
materials, as doping is often used to tailor the transition
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temperature towards a particular temperature range [21,22].
Moreover, due to the critical field dependence on tempera-
ture [23], the equiatomic FesoRhsy with the antiferromagnetic
(AF)-ferromagnetic (FM) transition temperature close to
400 K in zero magnetic field would require a magnetic field of
about 40 T to induce the transition in the whole range down to
low temperatures.

It is known that the temperature of the transition in FeRh
is sensitive to the magnitude of an applied magnetic field or
stress, as well as to the change of stoichiometry within the
binary system or substitution by other d elements [24]. For
example, a substitution of Ni for Fe allows the transition to
be tuned towards lower temperatures [22]. For this work, we
have chosen a sample of FeqRhs; doped with 1 at. % Ni
with the AF-FM transition at 7;, = 266 K in zero field, and a
maximal required field of 14 T to induce the transition at low
temperature. That allowed us to investigate the metamagnetic
transition in FeRh, magnetocaloric properties, and specifics of
its hysteretic behavior in a broad temperature range under adi-
abatic and isothermal conditions applying different magnetic
field sweep rates.

II. EXPERIMENT

The sample of (Feg9gNig.2)49Rhs; composition was pre-
pared by arc melting of pure elements Fe (99.98%), Ni
(99.99%), and Rh (99.8%) in helium atmosphere in a water-
cooled Cu crucible; the homogenizing heat treatment was
done in an evacuated quartz ampoule for 10 days at 1000 °C
followed by quenching. The x-ray diffraction (XRD) charac-
terization was done in a Bruker D8 Advance diffractometer
with Co radiation; the microstructure and local phase com-
position were investigated by a scanning electron microscope
JEOL JSM-6510 equipped with a Bruker EDS system. The
sample consists mainly of the CsCl-type («’) phase with
the lattice parameter a = 0.2997 nm and a small amount
(6 vol %) of the paramagnetic fcc () phase with the lattice
parameter a = 0.3766 nm (see Fig. 1 in the Supplemental
Material [25]). The amount of the minor phase is higher
compared to the binary alloy [26]. The lattice parameter of
the main phase is larger than that of the binary alloy; however,
this is mainly due to a different magnetic state at room tem-
perature. The binary alloys investigated earlier [26] were all
in the AF state at room temperature, while this Ni-doped alloy
has a lower transition temperature and therefore is already in
the FM state that is characterized by 1% higher volume of the
unit cell.

Magnetization measurements were carried out in a Quan-
tum Design physical property measurement system (PPMS)
14 T in magnetic fields up to 14 T with a field sweep
rate of 0.005 T/s. Additionally, magnetic measurements
were done at four selected temperatures with the sweep-
ing rate of 10°-103T/s using a pulsed magnetic field in
the Dresden High Magnetic field laboratory (HLD) at the
Helmholtz-Zentrum Dresden-Rossendorf (HZDR) [27]. The
heat capacity in magnetic fields of 0, 1.9, and 14 T was
measured using a Quantum Design (PPMS) 14 T. For the
indirect evaluation of the magnetic entropy change at the AF-
FM transition, temperature dependences of the magnetization
M(T) were measured in a Quantum Design magnetic property

measurement system (MPMS) on heating and cooling with a
step size of 0.2 T.

Direct measurements of the adiabatic temperature change
AT,; were carried out in an experimental setup based on
two nested Halbach cylinders with a uniform magnetic field
directed perpendicular to cylinder axes. Mutual rotation of the
cylinders resulted in a harmonically varying magnetic field of
£1.93 T. The frequency used in the experiment was % Hz,
which corresponds to a maximum field sweep rate of
0.5 T/s. The setup is described in detail elsewhere [10,15].
Alternatively, direct measurements of AT,; were also done in
pulsed fields with a rate of 10> — 103 T/s in an experimental
setup [28] at HLD HZDR [27]. In both cases, the temperature
change of the sample was monitored with a copper-constantan
thermocouple attached to the sample. In the Halbach setup,
the direct measurements were carried out in the discontinuous
mode, as well as under cyclic conditions (described in [19]),
and in pulsed fields only in the discontinuous mode. In the
discontinuous mode, every measurement starts from the same
initial state achieved by (i) zero field cooling beyond the
transition region and (ii) heating up to the target temperature,
whereas measurements under cyclic conditions in the reap-
plied magnetic field reveal the behavior of the material in a
real cooling cycle. The direct measurements of AT,; were
carried out using two plates with the approximate size of
5mm x 4 mm x 1.5 mm forming a sandwich that clamps
the thermocouple. Smaller pieces of a rectangular shape with
the dimensions of 4 mm x 1.5 mm x 0.8 mm cut from the
same ingot were used for magnetic measurements in pulsed
and dc fields, as well as for the heat capacity measurements.

III. RESULTS AND DISCUSSION

A. Magnetocaloric effect in magnetic fields of 2 and 14 T

The indirect estimation of the MCE at the AF-FM tran-
sition has been done from the temperature dependences of
magnetization and specific heat. Specific heat measurements
were carried out in the temperature range of 2-390 K in 0, 1.9,
and 14 T magnetic field (Fig. 1). The AF-FM transition in zero
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FIG. 1. Temperature dependences of the specific heat of
(Feg.0sNig.02)s9Rhs; measured on heating in zero field (blue), in
1.9 T (green), and in 14 T (red).
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FIG. 2. §-T diagram obtained by the integration of the specific
heat data in different magnetic fields.

field occurs at 266.5 K (on heating). Integrating the obtained
dependences by S(T)y = fg [Cy(T)/T1dT, an S-T diagram
was constructed (Fig. 2). This allows, in the next step, both
the entropy change and adiabatic temperature change in the
respective magnetic fields to be estimated, as shown in Fig. 2
by black arrows.

Temperature dependences of magnetization M(T) were
measured in the range of AF-FM transition on heating and on
cooling in fields from 0.2 to 2 T [Fig. 3(a), only heating curves
are shown]. The evaluation of the entropy change was per-
formed using Maxwell relations AS(T )ay = fo %dH
[29]. The respective AS(T) in different fields are given in
Fig. 3(b). From M(T) dependences one can estimate, for
this temperature range, the shift of the transition temperature
with magnetic field d7/dH = —11K/T and the change in
magnetization at the transition AM = 127 A m?/kg. There-
fore, applying the Clausius-Clapeyron equation, the maximal
entropy change can be found as AS = 11.5J/(kg K). The esti-
mation from Maxwell relations gives a smaller number AS =
10.3J/(kg K), as in the case of binary FeRh [19]. Using the
estimated maximal values of the entropy change AS = 10.3 —
11.5J/(kg K) and the specific heat before the transition Cy =
3671J/(kgK), the maximal expected adiabatic temperature
change at the AF-FM transition, according to ATy max =
(T3 /Co) ASmax, should be AT,4 max = 7.5 — 8.3K.

The AS(T) plots in Fig. 3(b) are valid for the complete AF-
FM transformation from the pure AF state without accounting
for the hysteresis. However, using AS(T") dependence ob-
tained from isofield M(T) on both heating and cooling, one
can estimate the region where the MCE is expected to be
reversible [30]. This has been done here for the 2T field; the
result is shown in Fig. 4 as a shaded area. Also, in Fig. 4,
AS(T) the 2 T field calculated from the Maxwell relations
is compared to AS(T) estimated from the S-7 diagram: they
are in very good agreement. Compared to the binary FeRh
compound reported earlier in a similar study [19], in this
Ni-doped FeRh, the maximal value of the entropy change is
about 20% lower; however, the temperature region where the
material should exhibit high values of AS under reapplied
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FIG. 3. (a) Temperature dependences M(T) of the magnetization
of (FegosNig02)49Rhs; in static magnetic fields up to 2 T and (b)
entropy change calculated from M(7) using the Maxwell relations.

field is two times broader and extends over 20 K from 236
to 256 K compared to a 10 K range (309-316 K) in Fey9Rhs;.

The direct measurements of the adiabatic temperature
change AT,, have been carried out using two different sources
of magnetic field: Halbach setup (field sweep rate 0.5 T/s and
maximal field 1.93 T) and pulsed field (field sweep rates of
140 and 1000 T/s on the field increase up to 2 and 14 T,
respectively). The temperature dependence of AT, in the 2 T
magnetic field obtained in the discontinuous mode at the first
field application is plotted in Fig. 4 (circles and triangles)
together with the indirect estimate from the S-7' diagram.
There is good agreement between the S-7 diagram and the
measurements in pulsed fields; however the absolute values
in the Halbach setup are lower. The maximal discontinuous
AT,; in Ni-doped FeRh shows a 23% reduction compared to
the binary sample [19]; however the cyclic value is reduced
only by 12% and remains quite high (AT;q ¢y = —4.6 K in
ApoH =1.97T).

To answer the question of how the MCE in this sample
behaves upon a further field increase, direct measurements
in pulsed fields were carried out in a high magnetic field of
14 T. The results of the direct measurements are shown in
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FIG. 4. Entropy change in a 2 T field estimated from Maxwell
relations and the S-7' diagram. Shaded area shows the range of
reversible MCE. Temperature dependences of the adiabatic tempera-
ture change obtained by direct measurements: in pulsed field (stars),
direct measurements in Halbach setup (closed triangles), and esti-
mated indirectly from the S-T diagram (dashed line). Open triangles
show AT, data obtained under cyclic conditions.

Fig. 5: For all four temperatures a full transformation is
induced; AT,,; reaches saturation and does not increase fur-
ther with field. In this experiment we do not observe the
conventional magnetocaloric effect after the AF-FM transi-
tion as other authors have [31]. The adiabatic temperature
change reaches the maximal value |AT,,;| =7.1K during
the measurement at 238 K, which is close to the transition
temperature in zero field and AT, decreases towards lower
temperatures. It is notable that the temperature of the sample
after the pulse measurement is increased: This effect becomes
stronger towards lower temperatures and reaches 1 K at 122
K. However, there is no evidence of such effect by direct mea-
surements of AT,; in other magnetocaloric materials, e.g., in
La(Fe, Co, Si);3 [32] or Heusler alloys [15]. The only similar
behavior can be found at another AF-FM magnetostructural
transition in Mn3GaC [16]. Therefore, this effect might be
common for materials experiencing a magnetic phase tran-
sition of an order-order type without a change in crystal
symmetry. We will address this effect also in the next section.
The data on AT,; in 2 and 14 T magnetic fields obtained by
direct measurements and the indirect method are summarized
in Fig. 6. The values estimated from the S-T' diagram are
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FIG. 5. Field dependences of AT, in (Feo'ggNio'OZ )49Rh51 ob-
tained by direct measurements in a pulsed field of 14 T.

shown as dashed lines, circles show the pulsed field data, and
triangles are obtained by measurements in the Halbach setup;
there is good agreement between all three methods. One can
observe a linear variation of AT,; with temperature in the high
magnetic field (14 T).

B. Magnetization measurements in quasistatic and pulsed fields

First, the temperature dependence of the magnetization for
this alloy was explored using static magnetic fields up to
14 T (Fig. 7). The measurements in applied field were done
on cooling and then on heating. The magnetic field of 14 T
was sufficient to suppress the magnetostructural transition and
retain the FM state down to low temperatures, as can be seen
in Fig. 7. As the magnetic field increases, it stabilizes the FM
state and reduces the transition temperature. It is noticeable
that besides the broadening of the thermal hysteresis by the
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FIG. 6. Adiabatic temperature change for 2 and 14 T field mea-
sured directly in pulsed magnetic fields (circles) compared to the
direct measurements in Halbach setup in 1.9 T (triangles) as well as
to the values obtained from the S-7 diagram for 1.9 and 14 T (dashed
lines).
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FIG. 7. Isofield temperature dependences of the magnetization of
(Feo.0sNig 02 )49Rhs; measured on cooling and subsequent heating.

shift of the transition towards lower temperatures, there is an
increasing amount of the low temperature FM contribution. At
the magnetic field of 10 T and higher, the transition temper-
ature on heating practically stops shifting with field, whereas
the FM contribution increases rapidly and at 14 T only the FM
state exists in the whole temperature range.

As the magnetic field of 14 T stabilizes the FM state in
the whole temperature range, this field should be sufficient
to initiate the AF-FM transition even at low temperature.
Therefore, we attempted to investigate the peculiarities of this
metamagnetic transition down to the lowest available tem-
perature, T = 2 K. In Fig. 8(a), among M(H) dependences
measured at different temperatures, of particular interest are
those below 10 K where the metamagnetic transition occurs in
very distinctive jumps, being most prominent at 2 K (see Fig. 8
magnified in the region of the AF-FM transition in Fig. 3
in the Supplemental Material [25]). Similar phenomena have
been reported earlier [22,33] and are often observed at very
low temperature (2—-10 K) where the kinetics of the magnetic
phase transition can change. Low temperature ultrasharp mag-
netization steps have already been observed in manganites
[34,35], LaFe;»Bg [36], and single-crystalline (Mn, Co),Sb
[37]. Furthermore, similar magnetization jumps have been
found also in permanent magnets [38—40]. Some authors at-
tributed such jumps to significant thermal instabilities due to
a small lattice specific heat at low temperature [38,39]; others
suggested that the anomalies are caused by a quantum tunnel-
ing of the domain wall through the intergrain boundary [40].

In order to investigate if these jumps might be a result
of thermal instabilities, for M(H) at 2 K various field sweep
rates were employed [see Fig. 8(b)]. The occurrence of the
rectangular jumps was not affected, with the exception of the
sweep rate of 0.01 T/s; then the curve looks smoother, which
can be due to the time resolution of the measurement. This
excludes the idea of the thermal instabilities’ effect during
the measurement; with a slower rate, the staircase behavior
becomes only more distinct. The origin of this is not well
understood. As a hypothesis, it may be related to the AF-FM
phase boundary motion that is pinned by defects or inhibited
by the stray field of the parts that have already transformed.

120-
‘I_O')
X
£
<
S
1200  /f 1ok Il
2 90- 0.01 T/s
°c 0.002 T/s
< q 5x10* T/s ||
S 60 | 2x10* T/s i
30L—"_ J
9 10 11 12 13 14
u H(T)

FIG. 8. (a) Field dependences of the magnetization of Ni-doped
FeRh measured in the range of 2-30 K. The staircase behavior of the
magnetization is observed below 10 K. (b) field dependences of the
magnetization at 2 K measured at different field sweep rates.

Then, upon the further increase of the magnetic field, the
advance of the phase boundary will occur in an avalanchelike
fashion.

Furthermore, in order to study the dynamics of the meta-
magnetic transition in FeRh, magnetization measurements
have been carried out using (1) a quasistatic magnetic field
in a superconducting magnet with a field sweeping rate of
5x 103 T/s and (2) a pulsed magnetic field with a field
sweeping rate ~10° T/s. These measurements correspond to
isothermal and adiabatic conditions, respectively. The field
dependences are shown in Fig. 9 (see more graphs at other
temperatures in Fig. 2 in the Supplemental Material [25]).
In a pulsed field, the hysteresis loop is broader and has an
asymmetrical shape. The mechanism of broadening of the
hysteresis in a pulsed field is not completely clear; possibly, at
a faster sweep rate the lattice that participates in the transition
with a volume expansion of 1% [41] requires more time to
complete the process.

Earlier, magnetization in a pulsed field and static field has
been compared for La(Fe, Si, Co);3 [32]: In a pulsed field the
metamagnetic transition was shifted towards higher fields, due
to the heating of the sample under adiabatic conditions be-
cause of the conventional magnetocaloric effect. In the case of
FeRh and the inverse MCE, it is difficult to relate the adiabatic
and isothermal M(H) in a similar way. Applied to this AF-FM
transition, it could explain the shift of the transition towards
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FIG. 9. Field dependence of the magnetization measured under
adiabatic conditions in pulsed fields (~10°T/s, black stars) and
under isothermal conditions in quasistatic fields (~103T/s, dashed
lines; the respective hysteresis area is hashed). See the Supplemental
Material [25] for more graphs.

higher field in a pulsed field due to the MCE and cooling of
the sample. However, the FM-AF transition is shifted to lower
fields, broadening the hysteresis, which means overheating
of the sample. Therefore, there must additionally be another
mechanism in place.

The overheating during pulsed field application has been,
in fact, observed during the direct measurements of AT, (in
Fig. 5). The temperature rise between the starting and final
points was compared to the irreversible hysteresis losses that
could be expected based on the area of the magnetization loop
obtained also in the pulsed magnetic field at these temper-
atures (see Fig. 9 and the Supplemental Material [25]) and
respective heat capacity. The area of the magnetization loop
reflects the dissipation energy for the magnetically irreversible
process: W = Q = fcycle HdM, and the respective temper-
ature change is ATiyce = Q/(Chp). It has been proposed

earlier [22] that the change of the temperature at the magne-
tostructural transition in FeRh can be due to two mechanisms:
(1) the magnetocaloric effect due to the entropy change and
(2) an irreversible heating due to the propagation of the wall
between the AF and FM phases. The first mechanism should
be more prominent at high temperatures, and the second one at
low temperatures, as we indeed observe here. In order to pro-
vide more experimental evidence on this matter, we measured
field dependences of magnetization at 5.7 K, where according
to our data (Fig. 6) the MCE is not expected at the AF-FM
transition. The additional Cernox thermometer was attached
directly to the sample in order to monitor the temperature
of the sample during the magnetization-demagnetization pro-
cess. The result of these measurements is shown in Fig. 10(b).
In the near-isothermal conditions, there is a heating of the
sample by 2 K during both AF-FM and FM-AF transitions.
Since at low temperatures the magnetic entropy change is
almost zero and the Ni-doped FeRh does not have a mag-
netocaloric effect, the thermal effect shown in Fig. 10 must
be related exclusively to magnetic hysteresis and dissipation
losses.

Using field and temperature dependences of the magnetiza-
tion, a magnetic phase diagram was constructed (see Fig. 11).
The diagram marks the regions where only the AF and FM
states exist, as well as their mixed state which corresponds
to the hysteresis. The red symbols indicate the transition
from the AF to the FM state, the blue symbols indicate the
reverse FM-AF transition; the hashed region in between is
the hysteresis. Usually, the average critical field in this case
is fitted using a quadratic dependence [22,23]. When a devi-
ation from it in the high temperature region is observed, it
is ascribed to the magnetocaloric effect [37]. The broadening
of the hysteresis in FeRh towards low temperatures can be
affected, on one hand, by the characteristics of the electronic
structure according to the thermal activation model and, on the
other hand, by magnetoelastic interactions [22]. “Freezing” of
dT/dH approaching low temperatures can be addressed from
the point of the arrest of the phase transition kinetics [42,43]
and competition of the magnetic and lattice entropy in inverse
magnetocaloric materials [44].

150 7.5
Lol@ (b) T=57K —77
7.0
< 0.81 g <
3 65 =
= 0.6 :
< 0 9 ~
6.0
0.4 O estimated from M(H)
@ observed from AT, 55
100 150 200 250 0 2 4 6 8 10 12 14 -
T (K) H,H (T)

FIG. 10. (a) Estimation of the expected losses from adiabatic M(H) loops compared to the overheating obtained during the direct
measurements of AT, in a 14 T pulsed field. (b) M(H) dependence measured in a Quantum Design PPMS at 5.7 K measured by an additional

thermometer attached directly to the sample.
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FIG. 11. Magnetic phase diagram: Red symbols mark the tran-
sition occurring on the field/temperature increase, and blue, on the
decrease. Respective AF and FM areas are marked, and the hysteresis
area is hashed as a guide to the eye.

IV. CONCLUSION

Direct measurements of the adiabatic temperature change
carried out in pulsed fields for Ni-doped FeRh have shown
excellent agreement with direct measurements at slower field
sweep rates, made using a Halbach setup, as well as with
the estimation made from the S-T diagram built using heat
capacity measurements. The maximal AT, in Ni-doped FeRh
obtained in the discontinuous mode is —7.4 K in a 2 T mag-
netic field, while the cyclic value is —4.6 K. The AT,; in
Ni-doped Fegq9Rhs; is reduced compared to that of the binary
compound [19]; however, this effect was less for the cyclic
value, which means that the modified compound with a tuned
transition temperature will retain the high MCE value at the
level of benchmark material (Gd), under cyclic conditions as
well. The measurements carried out in high magnetic field of
14 T revealed that the MCE in Ni-doped FeRh saturates and

does not change further upon the field increase. The observed
effects demonstrate that magnetic refrigerants of the nature
comparable to FeRh would be most efficient in magnetic fields
up to 2 T, but not in high fields.

The sample temperature after the applied pulsed field and
completed transformation does not return to the original tem-
perature, showing an overheating up to 1 K and by estimation,
coincides with the hysteresis losses estimated from M(H)
dependences. This effect increases towards low temperatures
and may be common for all FeRh-based alloys. The metam-
agnetic transition in pulsed fields with the rate 103 T/s has a
broader hysteresis than in a magnetic field with the slow rate
of 103 T/s. At T = 2K and even slower rate of 10~* T/s the
AF-FM transition occurs in a staircase manner. The magnetic
phase diagram shows a close to linear shift of the transition
field at high temperatures and a freezing of that shift towards
low temperatures which is usually described by a quadratic
dependence and most likely is due to the counteracting of the
lattice and magnetic contributions in the entropy change as in
other inverse magnetocaloric materials [44].
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