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ABSTRACT: The cyclability and frequency dependence of the adiabatic
temperature change (ΔTad) under an alternating magnetic field (AMF)
are significantly important from the viewpoint of refrigeration application.
Our studies demonstrated, by direct measurements, that the cyclability
and low-magnetic-field performance of ΔTad in FeRh alloys can be largely
enhanced by introducing second phases. The ΔTad under a 1.8 T, 0.13 Hz
AMF is reduced by 14%, which is much better than that (40−50%) of
monophase FeRh previously reported. More importantly, the introduc-
tion of second phases enables the antiferromagnetic−ferromagnetic phase
transition to be driven by a lower magnetic field. Thus, ΔTad is
significantly enhanced under a 0.62 T, 1 Hz AMF, and its value is 70%
larger than that of monophase FeRh previously reported. Although
frequency dependence of ΔTad occurs, the specific cooling power largely
increases by 11 times from 0.17 to 1.9 W/g, as the frequency increases
from 1 to 18.4 Hz under an AMF of 0.62 T. Our analysis of the phase transition dynamics based on magnetic relaxation
measurements indicates that the activation energy barrier is lowered owing to the existence of second phases in FeRh alloys, which
should be responsible for the reduction of the driving field. This work provides an effective way to enhance the cyclability and low-
magnetic-field performance of ΔTad under an AMF in FeRh alloys by introducing second phases.

KEYWORDS: magnetocaloric effect, FeRh, cyclability, adiabatic temperature change, alternating magnetic field

1. INTRODUCTION

With global warming intensifying, the environmental problems
caused by traditional gas-compression refrigeration technology
have attracted widespread attention. Especially since the Paris
Convention, finding an alternative has become a focal issue. In
view of energy-saving and environmentally friendly consid-
erations, magnetic refrigeration is a promising refrigeration
technology.1−13 In magnetic refrigeration devices, the specific
cooling power (SCP), which is the cooling power per unit
mass or unit volume of the cooling material, is one of the most
important metrics for magnetocaloric materials.7 The larger the
SCP, the higher the cooling efficiency. To obtain a large SCP,
magnetocaloric materials with large adiabatic temperature
changes (ΔTad) and isothermal entropy changes (ΔST) under
small magnetic-field changes must be found.12,13 The
magnetocaloric materials with first-order phase transitions
have been extensively studied in the past 2 decades due to their
large ΔST, which have become one of the potential candidate
materials in magnetic refrigeration.10 As a typical first-order
phase transition material, the FeRh alloy has attracted much

attention due to its superiorities in large adiabatic temperature
changes (ΔTad = 9 K under a magnetic field change of 0−1.8
T14) and excellent mechanical properties. Specifically, FeRh
alloys were studied and successfully fabricated into nano-scale
materials, such as thin films and nanoparticles15−17 while the
first-order phase transition and good magnetocaloric properties
were retained. This gives FeRh alloys great potential in some
specific application scenarios, such as micro- or nano-scale
refrigeration devices. When magnetocaloric materials are used
in magnetic refrigeration devices, they must be capable of
operating millions of magnetic field cycles.18 For materials with
first-order phase transition, an excellent magnetocaloric effect
(MCE) only occurs in the first several magnetic field
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applications, and a large decrease usually occurs for more
magnetic field cycling.14,19,20 The reduction of ΔTad in the
FeRh alloy reaches ∼40−50%.14 Furthermore, a large magnetic
field is usually needed to drive the phase transition in
magnetocaloric materials,21 while a magnet with a high
magnetic field is expensive. To use the magnet as efficiently
as possible, a high operating frequency is desired,22 which
results in a requirement for magnetocaloric materials to
preserve a good performance at a high frequency and a low
alternating magnetic field (AMF). Therefore, seeking an
effective solution to enhance the cyclability and high-frequency
performance of the MCE at low magnetic fields for first-order
phase transition materials is urgent. Previously, the MCE in
most research studies was mainly characterized by the indirect
method, that is, calculating the entropy change based on the
Maxwell relationship. In this way, it is difficult to characterize
MCE evolution with magnetic field cycles at a high frequency.
In this study, the cyclability and high-frequency performance

of the MCE were studied by direct measurements, and we
demonstrated that the MCE performance in FeRh alloys is
enhanced due to the existence of second phases. The results
indicate that not only can the cyclability of ΔTad in FeRh alloys
be enhanced under both temperature and magnetic field
cycling but also the driving field of the antiferromagnetic
(AFM) to ferromagnetic (FM) phase transition in FeRh alloys
is lowered by introducing second phases. Thus, enhancement
and frequency dependency of ΔTad occur under an AMF of
0.62 T, and the deduced SCP increases with the increasing
frequency. An analysis of the dynamics of the phase transition
demonstrates that a small activation energy barrier and a large
relaxation time should be responsible for the reduction of the

driving field and frequency dependence of the MCE in FeRh
alloys with second phases. This work provides direct
experimental support for enhancing the cyclability and low-
magnetic-field performance of ΔTad in FeRh alloys by
introducing second phases.

2. EXPERIMENTAL SECTION
An Fe50Rh50 (FeRh) alloy ingot with a nominal composition was
prepared by arc melting. After melting, the ingot wrapped with
molybdenum was sealed in a quartz tube filled with Ar. Then, the
ingot was annealed at 1100 °C for 2 weeks and quenched in liquid
nitrogen. The obtained FeRh alloy was cut into slices with sizes of 3 ×
3 × 0.4 mm3. The crystal structure of the FeRh alloy was measured by
X-ray diffraction (XRD) with a Smart Lab diffractometer using Cu Kα
radiation. The room temperature XRD patterns were collected on a
bulk slice sample since FeRh alloys are difficult to crack. The XRD
patterns were refined using the GSAS/EXPGUI package. The
microstructure and the magnetic domain configuration were
characterized by conventional transmission electron microscopy
(TEM) (JEOL, JEM-2010F) and JEOL-dedicated Lorentz TEM
(2100F) with almost no remnant magnetic field around the sample,
respectively. The samples for the TEM analyses were first cut from the
polycrystalline FeRh ingot by wire-electrode cutting. Then, the FeRh
slice was thinned by mechanical polishing, dimpling, and argon ion
milling. The magnetic properties were measured using a super-
conducting quantum interference device (SQUID) magnetometer.
The MCE was directly measured by devices manufactured by the
Amirkhanov Institute of Physics of Dagestan Scientific Center.19−21

The AMF was provided by utilizing a linear actuator with a frequency
of 0.13 Hz to move the sample into or out of the magnet system. The
temperature change in cyclic magnetic fields was measured using a
thermocouple made of constantan and chromel wires with a diameter
of 25 μm. The ends of the wires were preliminarily flattened up to 3−
4 μm in thickness to reduce the thermal inertia of the thermocouple.

Figure 1. (a) XRD pattern of FeRh bulks at room temperature. (b) High-resolution TEM image of the α-FeRh phase along the [13 1̅ ̅] zone axis.
(c) TEM image at the position of phase boundaries for α-FeRh. The inset shows the corresponding selected area electron diffraction (SAED)
pattern. (d,e) Dark-field TEM images recorded from the same region as (c), where the diffraction spots of (d) α-FeRh [01 1̅ ̅] and (e) γ-FeRh [24̅
1] are allowed to pass through the hollow objective apertures.
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To obtain the temporal profiles of the MCE, the temperature
evolution profiles of the FeRh alloy were measured by connecting the
differential thermocouple output to a Keithley 2000 multimeter. To
study the frequency-dependent MCE, a magnetic field source that
involved rotating a disk with four permanent magnets of 0.62 T via a
stepper motor was used. The frequency of the magnetic field could
reach 50 Hz. To avoid the frequency-induced thermal inertia effect in
thermocouples, ΔTad was measured with a maximum frequency of
18.4 Hz.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. Figure 1a shows the XRD
pattern of FeRh alloys at room temperature. From this figure,
we can clearly see that the α-FeRh phase is dominant, while a
small number of second phases (α-Fe phase and γ-FeRh
phase) co-exist, which plays an important role in the phase
transition of FeRh alloys.23 From the XRD refinement results
(see Supporting Information S1), the total content of the
second phases was determined to be 7%, that is, 4.6% α-Fe and
2.4% γ-FeRh phase. To investigate the co-existence of second
phases in FeRh alloys, high-resolution TEM characterization
and dark-field TEM images were characterized (Figure 1). The
main phase of α-FeRh is confirmed in the current FeRh alloys
by the high-resolution TEM image shown in Figure 1b. The
dark-field TEM technique is an effective and frequently used
way to determine the co-existence of multiphase structures or
orientations of samples. During the collection of dark-field
images, only a certain diffracted beam is allowed to pass
through the objective aperture. In the area that meets the
Bragg diffraction condition of the diffracted beam selected for
imaging, the intensity of the diffracted beam is relatively high,
whereby the contrast in the dark-field image is bright.
Conversely, the contrast in the image is dark. In this study,
dark-field images were obtained at the position of phase
boundaries, as shown in Figure 1c. The co-existence of α-FeRh
along the [01̅1] zone axis and γ-FeRh along the [322] zone
axis at this position is confirmed by the SAED pattern in the
inset of Figure 1c, where the indices of diffraction spots of α-
FeRh and γ-FeRh phases are indicated by white and yellow
fonts, respectively. The diffracted beams of [01 1̅ ̅] and [24̅1]
are selected for dark-field imaging of α-FeRh and γ-FeRh,
respectively. The results are shown in Figure 1d,e. By
comparing the two dark-field images (Figure 1d,e), we can
clearly see that the γ-FeRh phase with a size of approximately
100−200 nm develops between the two α-FeRh phase
boundaries. All the results above demonstrate the presence
of second phases in this FeRh alloy. The introduction of
second phases will affect the phase transition and MCE of α-
FeRh.23

3.2. Magnetic Properties. To investigate the effect of the
second phases on the phase transition of FeRh alloys, theM−T
curves with magnetic fields of 0.4, 2, and 5 T were measured,
as shown in Figure 2a. It can be clearly seen that the AFM−
FM phase transition with a thermal hysteresis width
(approximately 10 K) occurs in the present FeRh alloy. The
transition temperature (Tt) determined from the peak value of
the dM/dT−T curve (inset of Figure 2a) in the heating
process under a magnetic field of 2 T is 370 K. As the magnetic
field increases, the transition temperature almost linearly
moves to a lower temperature at a rate of 8 K/T (see
Supporting Information S2). Thus, the phase transition
temperature at the zero magnetic field can be determined to
be 386 K by linear extrapolation, which is higher than that of

monophase FeRh alloys with the same nominal composition in
previous refs 24 and 25. In addition, the full-width (∼11 K) at
half-maximum of the dM/dT−T curve, as shown in the inset of
Figure 2a, is larger than that in the literature,23,24 indicating a
broadened phase transition in FeRh alloys with second phases.
The higher transition temperature and broadened phase
transition can be attributed to the introduction of the second
phases. Although no chemical composition gradients are
generated on a large scale at the boundaries of α-FeRh and
γ-FeRh phases, stress fields at the boundaries must be
considered owing to the differential expansion of the
multiphases.23 The stress fields generated by the second
phases can be equal to the hydrostatic pressure. The AFM−
FM phase transition in α-FeRh is sensitive to stress, and a
compressive (tensile) stress stabilizes the AFM(FM)
phase.15,16 Therefore, the introduction of second phases
leads to a higher transition temperature. In addition, the
content of the second phases in this study is small, which may
lead to a gradient distribution of stress fields close to and far
from the second phases, resulting in a broadened phase
transition temperature span. Thus, the MCE of FeRh alloys
will also be affected (see Supporting Information S3).
Furthermore, a small amount of the FM background signal
appears in the low-temperature AFM phase, which may come
from the α-Fe phase and/or α-FeRh phase. To confirm that
the FM signal partially originates from the α-FeRh phase,
Lorentz TEM at room temperature was performed, and the
result is shown in Figure 2b. The inset at the left corner shows
the SAED pattern along the [13 1̅ ̅] axis of the α-FeRh phase.
In the upper right corner of Figure 2b, an FM domain with
several vortices formed at the domain wall was detected. The
yellow and red circles mark the opposite chirality vortices with
dark and bright contrast, respectively. The relative origin of the
low-temperature FM signal in the α-FeRh phase may be
ascribed to the imperfect crystal quality, defects, and strains,
which have been previously studied in film samples.26−29

3.3. Cyclability of ΔTad. To clarify the effect of the second
phase on the cyclability of the MCE in FeRh alloys, the
temperature dependencies of the MCE for FeRh alloys in
cyclic magnetic fields were measured. The temperature
oscillations were measured by constantan−chromel thermo-
couples. Their signals first passed through the SR554
transformer preamplifier and were then measured using the
SR830 lock-in amplifier.14 Measurements were made with the
continuous application of cyclic magnetic fields at a slow rate
of temperature change in the sample. In this study, the

Figure 2. (a) Temperature dependence of magnetization (M−T) at
magnetic fields of 0.4, 2, and 5 T for FeRh alloys. The inset shows the
dM/dT−T curves in the heating process under a magnetic field of 2
T. (b) Under-focused Lorentz TEM image at room temperature. The
inset at the left corner shows the SAED pattern along the [13 1̅ ̅] zone
axis of the α-FeRh phase. The yellow and red circles mark the
opposite chirality vortices with dark and bright contrasts, respectively.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c23313
ACS Appl. Mater. Interfaces 2022, 14, 18293−18301

18295

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23313/suppl_file/am1c23313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23313/suppl_file/am1c23313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23313/suppl_file/am1c23313_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23313?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature dependence of adiabatic temperature change
(ΔTad−T) curves in the heating process was measured for
10 cycles under an AMF of 1.8 T with a frequency of 0.13 Hz,
where the temperature sweeping speed was 0.5 K/min. The
results are shown in Figure 3a. To clearly describe the
influence of temperature cycles on the ΔTad of FeRh alloys, the
evolution of peak values (ΔTmax) and peak positions (Tpeak)
with the number of temperature cycles (N) is plotted in Figure
3b. From this figure, we can clearly see that as N increases, the
ΔTmax of the FeRh alloys first increases and then gradually
stabilizes. The largest difference in ΔTmax occurs between the
first and second temperature cycles, reaching ∼1 K. In the
subsequent temperature cycles, the increase in ΔTmax
decreases. At the fifth temperature cycle, ΔTmax reaches the
maximum value, and ΔTmax remains almost unchanged with a
further increase in N. As N increases, the Tpeak shifts to a lower
temperature and then gradually stabilizes. In the first
temperature cycle, Tpeak is approximately 377 K, the same as
the peak position in the ΔS−T curve under 0−2 T
(Supporting Information S3), which indirectly proves the
reliability of our direct measurements of ΔTad. The largest
movement of Tpeak appears between the first and second cycles,
attaining ∼2 K. As the number of cycles N increases, the
movement of Tpeak gradually slows down and stabilizes. The
evolution of ΔTmax and Tpeak with N can be attributed to the
combined effect of the suppression of the high-temperature
FM phase and motions of AFM and FM domain walls in FeRh
alloys. The AFM and FM domain wall motions are mainly
caused by magnetic field cycles. Therefore, they should not be
the main factor affecting the temperature cyclability of the

MCE. The suppressed FM phase with a larger lattice parameter
hinders the AFM−FM phase transition and does not undergo a
phase transition, which makes the FeRh alloy have a higher
transition temperature and a lower ΔTmax in the first
temperature cycle. As the number of temperature cycles
increases under the AMF, the suppressed FM phase gradually
transforms into the AFM phase due to the FM−AFM phase
transition in the cooling process,30,31 resulting in the increase
in ΔTmax and the movement of Tpeak to a lower temperature
with the increase in N. The suppressed FM phase fades away
after several temperature cycles. Therefore, the increase in the
ΔTmax of the FeRh alloys and the movement of Tpeak are
gradually stabilized.
In addition to temperature cycling, magnetic field cycling

also influences the MCE of FeRh alloys. To investigate the
cyclability under magnetic field cycling, the temperature
evolution under AMF cycling of FeRh alloys was determined,
and the temperature of FeRh alloys and the normalized
magnetic field as a function of time at T = 373 K for the first
several magnetic field cycles are representatively shown in
Figure 4a. To clearly show the cyclability of the MCE under an
AMF, the evolution of ΔTad for FeRh alloys under a 1.8 T,
0.13 Hz AMF is summarized in Figure 4b. Obviously, as the
number of AMF cycles increases, ΔTad first decreases and then
gradually stabilizes. The degradation of ΔTad is mainly caused
by the motion of FM and AFM domain walls under the
AMF.14 The initial ΔTad under an AMF of 1.8 T is 4.8 K. From
Table 1, one can see that the virgin value of ΔTad of our FeRh
alloys is larger than that of most other typical magnetocaloric
materials.

Figure 3. (a) Temperature dependence of adiabatic temperature change (ΔTad−T) curves over 10 temperature cycles under an AMF of 1.8 T with
a frequency of 0.13 Hz; the temperature sweeping speed is 0.5 K/min. (b) ΔTmax and its peak position with the number of cycles N. Red and blue
arrows are drawn to indicate ΔTad and its peak position, respectively.

Figure 4. (a) Temperature of FeRh alloys and the AMF as a function of time at T = 373 K. (b) Evolution of ΔTad with time (bottom x axis) and
number of magnetic field cycles (upper x axis) for FeRh alloys at 373 K under a 1.8 T, 0.13 Hz AMF.
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Cycling stability of MCE is important for practical
applications. After stabilization, the ΔTad under an AMF of
1.8 T is only reduced by 0.7 K, reaching 4.1 K. This value is
comparable to that of the benchmark material Gd. More
importantly, the reduction ratio is only about 14%, which is
much smaller than that in other publications,14,37 with a
reduction ratio of approximately 40−50%. In addition, ΔTad
did not stabilize after 3000 magnetic field cycles in a previous
study,14 while it stabilized after ∼500 cycles in this study,
indicating an enhanced cyclability performance. The intro-
duced second phases play an important role in this
phenomenon. The second phase may bring about local stresses
and stray magnetic fields acting on the neighboring main phase
α-FeRh, which will affect the structure and energy density of
the domain walls.38−40 The energy changes may weaken the
motion of domain walls and the role of domain boundary
areas, thus producing an enhanced cyclability performance.
Therefore, the possibility of enhancing the cyclability under
temperature and magnetic field cycling by introducing second
phases is demonstrated.
According to the formula SCP = CΔTf, the SCP after

stabilization can be obtained, where C is the specific heat
capacity of the material, ΔT is the adiabatic temperature
change of the material, and f is the frequency of the AMF. The
calculated SCP for the FeRh alloy with second phases is 0.19
W/g in this study, while the value of 0.16 W/g was obtained
for the monophase FeRh alloy in the literature.37 Thus, the
energy savings can be obtained to be 0.03 W/g for FeRh alloys
with second phases.

3.4. Phase transition Dynamics and Frequency
Dependence of ΔTad. To study the effect of the second
phases on the MCE at higher frequencies for the present FeRh
alloys, the frequency-dependent ΔTad under an AMF of 0.62 T
was measured. The results are shown in Figure 5a. To clearly
see the evolution of ΔTad under frequency, the peak value
(ΔTmax) and peak position (Tpeak) at every frequency are given
in the inset in the left corner. ΔTmax reaches 0.48 K under a
0.62 T, 1 Hz AMF, which is approximately 70% larger than
that of monophase FeRh alloys.21 The enhancement of ΔTad at
low magnetic fields can also be ascribed to the introduction of
second phases. Under the action of an external magnetic field,
the FM nucleus in FeRh alloys grows into an FM domain, and
then, further magnetization is realized by displacement of the
domain walls.38−40 Magnetization nuclei are generally
generated at the locations of crystal defects, dopants, and so
forth. The more defects and dopants there are, the easier the
magnetization nucleus is formed. The introduced second
phases will become nucleation sites, which makes the
magnetization nucleus formation easier. Therefore, the driving
field of the AFM−FM phase transition in FeRh alloys is
lowered, and thus, the AFM−FM phase transition can be
driven by an AMF of 0.62 T. Consequently, the ΔTad under an
AMF of 0.62 T is significantly enhanced.
In addition to the enhancement of ΔTad, frequency

dependence of ΔTad also occurs, as shown in Figure 5a,
which is closely related to the kinetics of the magnetic field-
induced AFM−FM phase transition in FeRh alloys. As the
frequency increases, the ΔTmax of FeRh alloys gradually
decreases, and Tpeak moves to a lower temperature. When
the frequency is increased to 18.4 Hz, ΔTmax is reduced to 0.28
K. Although ΔTmax decreases with frequency, the SCP
increases. According to the formula, SCP = CΔTf, the
frequency-dependent SCP is obtained, as shown in Figure
5b. To clearly show the evolution of the SCP with frequency,
the peak value of the SCP versus frequency is given in the inset
of Figure 5b. The peak value of the SCP for FeRh alloys under
a 1 Hz, 0.62 T AMF is 0.17 W/g. In the literature,21 the SCP
of FeRh alloys without second phases under a 0.62 T, 1 Hz
AMF is only 0.10 W/g. Accordingly, the energy savings for the
FeRh alloy with second phases reach 0.07 W/g under a 0.62 T,
1 Hz AMF. When the working frequency of the AMF increases
to 10 Hz, which is the maximum frequency existing in the
present magnetic refrigeration prototypes, the SCP is 1.27 W/g
for the FeRh alloy with second phases in the current study and

Table 1. Comparison of ΔTad for Typical Magnetocaloric
Materials

materials
magnetic field

(T) ΔTad references

Fe50Rh50 1.8 4.8 K (virgin) this work
Fe50Rh50 1.8 4.1 K (stabilized) this work
Gd 1.9 4.5 K 32
Gd5Si2Ge2 1.5 3.9 K 33
La(Fe,Mn,Si)13Hx 1.9 4.5 K 34
MnAs1−xPx 2 1.5 K 35
Ni47Mn40Sn12.5Cu0.5 1.8 1.2 K 36
Sm0.6Sr0.4MnO3 1.8 4.4 K 14
Fe50.4Rh49.6 1.8 7.5 K (virgin) 37
Fe50.4Rh49.6 1.8 3.5 K (stabilized) 37

Figure 5. Frequency-dependent (a) ΔTad and (b) SCP of FeRh alloys under an AMF of 0.62 T; the inset shows the corresponding peak value and
peak position at different frequencies.
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0.90 W/g for that without second phases in the literature.21

We can see that the energy savings of the FeRh alloys with
second phases in the current study under a 0.62 T, 10 Hz AMF
reach 0.37 W/g. The SCP reaches 1.90 W/g as the frequency
of the AMF increases to 18.4 Hz, which is 11 times larger than
that at 1 Hz. This proves that, under the circumstances of
satisfying abundant heat exchange, the SCP can be largely
improved by raising the operating frequency.
To better understand the frequency dependence of ΔTad,

the dynamics of the magnetic field-induced AFM−FM phase
transition in FeRh alloys were investigated by magnetic
relaxation measurements. In this way, the relaxation time τ
and activation energy barrier ΔE of the magnetic field-induced
phase transition can be obtained with a thermal activation
model,41,42 which can quantitatively describe the dynamic
process of the magnetic field-induced AFM−FM phase
transition.
The time evolution of the magnetization at five typical

temperatures was measured as follows. The FeRh alloy was
first heated to the target temperature of 100 K and equilibrated
for 600 s. Then, the magnetic field was ramped up to 4 T with
a maximum speed of 700 Oe/s and held for the duration of the
measurement. The magnetization was recorded every 3 s, and
the corresponding change in magnetization at five typical
temperatures around the phase transition is shown in Figure
6a. The results were then analyzed by an exponential relaxation
using eq 1

M t M t( ) (1 exp( / ))τΔ = Δ − − (1)

where ΔM is the asymptotic value of ΔM(t) at 4 T, and τ is
the relaxation time. At a definite temperature and magnetic
field, the value of the relaxation time τ can be determined in a
thermally activated process with a single barrier. However, for
the present FeRh sample, the second phases bring about local
stresses acting on the neighboring α-FeRh phase, which
significantly affects the phase transition and thermally activated
process. The α-FeRh phase is far from the second phase and
those nearby sustain different stresses; thus, the activation
energy barrier of the α-FeRh phase varies from position to
position. Therefore, the phase transition activation energy
barrier will not be a fixed value in the present FeRh sample but
lie in an interval. Two different relaxation times τ were used in
the fitting model, and the results are shown in Figure 6. The
obtained relaxation time for the FeRh alloy is about 4.9 s at
340 K, which should be responsible for the frequency
dependence of the MCE in FeRh alloys under an AMF.

The energy barrier ΔE in the thermally activated process can
be determined by eq 2

A c E kT/ exp( / )τ = Δ (2)

where c is the ‘‘attempt frequency’’, and A is a constant. From
Figure 6b,c, double energy barriers ΔE1 and ΔE2 were
obtained, and the barrier heights were 1.54 and 0.72 eV,
respectively. Both ΔE1 and ΔE2 are smaller than those of
Gd5(Si,Ge)4

41 and La(Fe,Si)13
42,43 compounds, which can be

ascribed to the introduction of second phases. The second
phases become nucleation sites in the AFM−FM phase
transition process, making the phase transition easier, and
therefore, the phase transition activation energy barrier is
significantly reduced. The small energy barrier enables the
phase transition of FeRh alloys to be driven by a magnetic field
of 0.62 T. Therefore, by introducing second phases, the driving
magnetic field of the AFM−FM phase transition in FeRh alloys
can be lowered. Thus, ΔTad is significantly enhanced under an
AMF of 0.62 T and frequency dependence of the MCE can be
induced.

4. CONCLUSIONS

In conclusion, the cyclability of ΔTad under an AMF in FeRh
alloys has been enhanced by introducing second phases, that is,
α-Fe and γ-FeRh, the existence of which is demonstrated by
dark-field TEM images. After ∼500 magnetic field cycles of 0−
1.8 T at 0.13 Hz, the ΔTad confirmed by the direct
measurement is reduced by about 14% and stabilized, which
is much better than that (40−50%) of monophase FeRh
previously reported. Moreover, the activation energy barrier in
FeRh alloys is lowered by introducing second phases, which is
proven by the quantitative calculation of phase transition
dynamics. This enables the AFM−FM phase transition in
FeRh alloys to be driven by a low magnetic field of 0.62 T.
Thus, ΔTad is significantly enhanced, and frequency depend-
ence occurs under an AMF of 0.62 T at 1 Hz. Although ΔTad

decreases from 0.48 to 0.28 K with the frequency increasing
from 1 to 18.4 Hz, the deduced SCP largely increases by 11
times from 0.17 to 1.9 W/g. This research not only offers the
possibility to enhance the cyclability and low-field performance
of magnetocaloric materials similar to FeRh alloy by utilizing a
small number of second phases but also provides direct
experimental support for possible application of FeRh alloys in
magnetic refrigeration.

Figure 6. (a) Measured changes in magnetization (symbols) at 4 T and their fitting models (lines) based on eq 1 for five different temperatures.
(b,c) Natural logarithm of time constant τ versus 1/T, confirming the Arrhenius-type thermodynamic relationship with double energy barriers.
Symbols are data calculated from eq 1, and lines are the linear fittings of the symbols.
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