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Here, we report the change of the FM and AF coexistent state in a MPTM FeRh thin film by simply rotating of the
magnetic field. We find that the resistance of the coexistent phase can be changed by up to 19% by the rotation of
the magnetic field. This kind of resistance change is obviously different from the usual anisotropic magnetore-
sistance in metallic materials whether in the angle-dependent behavior or in the magnitude. These results show

another way to control the FM-AF coexistent phase, which determines the multifunctional properties of the

MPTMs.

1. Introduction

Magnetic materials having a large change in the saturation magne-
tization during the phase transition are usually known as metamagnetic
phase transition materials (MPTMs)[1,2]. Owing to the different elec-
trical and magnetic properties of the materials before and after a phase
transition, several interesting phenomena, such as a giant magnetore-
sistance effect [3,4], giant magnetocaloric effect [5-8], barocaloric ef-
fect [9], and heat-assisted or electrically assisted magnetic recording
[10,111, have been observed around the metamagnetic phase transition.
The key features of these materials around the phase transition are
metastability and phase-coexistence [2]. According to the Clausius—
Clapeyron relation, the phase transition temperature between two
metastable phases can be changed by the magnitude of magnetic field.
The values of the phase transition temperature can also be changed for
measuring along different directions of the sample owing to the intrinsic
anisotropy of the crystal lattice [12-14]. The two phases before and after
the metamagnetic phase transition coexist in the phase transition region
[15,16]. The resistance and magnetization of the coexistent phase is in
monotonous proportion to the value of the temperature at a fixed
magnetic field or the magnitude of the magnetic field at a fixed
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temperature, giving the fraction of field-induced phase represented by F
(H, T). Owing to the first-order characteristic of the metamagnetic phase
transition, F(H, T) further evolves with time [17,18]. Usually, the F(H,
T) increases slowly (decreases quickly) over time in a superheated (SH)
(supercooled (SC)) state. Consequently, the fraction of the field-induced
phase can be further defined as F(H, T, t).

Metamagnetic FeRh thin film undergoes a peculiar first-order phase
transition from antiferromagnetic (AF) phase at room temperature to
ferromagnetic (FM) phase upon heating above the transition tempera-
ture [19,20]. Due to this magnetic transition, FeRh thin films have
attracted wide attentions for their potential applications in magnetic
storage [10,21], magnetic refrigeration [7,22], and so on [23-25]. In
order to realize these potential applications of FeRh thin film, many
effort has been utilize to control the phase transition by different
external field, such as strain [26,27], optical pulses [28,29], electric
field [30,31], and magnetic field [32]. Here, we report the effect of the
magnetic field direction on the F(H, T, t) of the coexistent phase in a
metamagnetic FeRh epitaxial thin film. We find an irreversible resis-
tance change that can reach up to 19% with a magnetic field rotated out-
of-plane at the FM and AF coexistent state, demonstrating that the di-
rection of the applied magnetic field can tune the fraction of field-
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Fig. 1. The crystal structure of FeRh/MgO. (a) XRD pattern of FeRh/MgO. The inset shows the growth model of the FeRh film on the MgO substrates. (b) X-ray

@-scans and (c) HRTEM and FFT images of FeRh/MgO.
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Fig. 2. The metamagnetic phase transition of FeRh film. (a) Temperature dependence of resistance and magnetization for the FeRh film measured at 0 kOe and 2
kOe, respectively. The inset shows the temperature dependence of F(T) obtained from the temperature dependence of magnetization (MT) and the temperature
dependence of resistance (RT), respectively. (b) Magnetic field dependence of magnetization for FeRh thin film at different temperatures. (c) Magnetic field
dependence of resistance for FeRh thin film at different temperatures. The field sweeps were taken at temperature steps starting at 300 K.

induced FM phase further.
2. Experimental

Epitaxial 30-nm thick equiatomic FeRh thin films were deposited on
commercial (100)-oriented MgO substrates in a magnetron sputtering
system with a base pressure of below 1.0 x 1078 Torr. Prior to deposi-
tion, the substrates were annealed at 530 °C for 1 h in a vacuum
chamber. The film was grown at a temperature of 530 °C and then
annealed at 670 °C for 1 h. The film thicknesses were controlled based
on the deposition time, which was calibrated through X-ray reflectivity
(XRR). The epitaxial growth of the FeRh film was characterized by in-
plane X-ray ¢-scans using XRD. The microstructure of the FeRh film
was observed by high-resolution transmission electron microscopy
(HRTEM). Transport and magnetotransport were carried out using a
physical property measurement system (PPMS, Quantum Design)
equipped with a motorized sample rotator and a standard four-probe
contact for the resistance measurements. The magnetic properties
were measured using a Quantum Design superconducting quantum
interference device-vibrating sample magnetometer (SQUID-VSM).

3. Results
3.1. Epitaxial growth of the FeRh film

Fig. 1a shows the X-ray diffractometer (XRD) 6-20 pattern of the
FeRh/MgO sample. The strong XRD peaks indicate the high quality of
the FeRh film with the FeRh (1 00) surface parallel to the surface of the
MgO (100) substrates. The X-ray ¢-scans with a fixed 20 value at the
(011) reflection display a 90° interval of four peaks. The FeRh peaks are
observed at 45° with respect to the MgO peaks, which indicate that the
FeRh film is epitaxially grown with a 45° in-plane structure rotation on
the MgO (100) substrate (Fig. 1b), as shown in the inset of Fig. 1la. A
typical cross-sectional HRTEM image and a corresponding fast Fourier
transform (FFT) image further confirm the epitaxial growth of the FeRh
film (Fig. 1c).

3.2. Metamagnetic phase transition of FeRh film

The phase transition of the FeRh film was investigated by both
magnetization and transport measurements, as shown in Fig. 2a. The
magnetization measurements were carried out with in-plane magnetic
field of 2 kOe applied along MgO [001] direction, whereas transport
measurements were carried out under no magnetic field. The
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Fig. 3. Angle-dependent magnetoresistance. (a) The magnetic field dependent resistance of FeRh thin film measured at 340 K. The shadow region shows the phase-
coexistent state. (b) Angle-dependent resistance change in FeRh thin film measured at 340 K under in-plane magnetic fields of 10, 42, and 70 kOe, respectively. The
inset in the right corner shows the measurement configuration with magnetic field rotated in-plane. The inset in the left corner shows the repeated measurement of
the angle-dependent resistivity in FeRh thin film at 340 K under in-plane magnetic fields of 42 kOe. (c) Magnetic field dependence of maximum change in resistance
at 330 K, 340 K, and 350 K. (d) Magnetic field dependence of F(H) at 330 K, 340 K, and 350 K. (e) Angle-dependent resistance change in FeRh thin film measured at
340 K under out-of-plane magnetic fields of 10, 30, 40, 50, and 70 kOe, respectively. The inset shows the measurement configuration with the magnetic field rotated
out-of-plane. (f) The corresponding changes in angle-dependent resistance after subtracting the normal AMR effect.

magnetization of the FeRh film increased from approximately 50 emu/
cm? at room temperature to 1120 emu/cm? at 390 K during the heating
process, indicating a typical metamagnetic phase transition of FeRh. The
possible origin of magnetization in the AF phase at room temperature
has been proposed, such as substrate strain, changing composition,
symmetry breaking, or topography of FeRh thin film [15,33,34]. During
the cooling process, the magnetization of the FeRh film gradually de-
creases to the initial value with a remarkable temperature hysteresis,
indicating the first-order characteristic of the phase transition, which is
consistent with previous reports [19,32]. Meanwhile, the resistance
decreased from approximately 33.2 Q at 370 K to 19.0 Q at 390 K during
the heating process, and then gradually changed to its initial value
during the cooling process, confirming the first-order phase transition
above room temperature. Under the phase-coexistent state, the
magnetization and resistance are in monotonous proportion to the
temperature, indicating that F(T) can be represented by both magneti-
zation and resistance. The total resistance of the FeRh thin film can be
considered to be the sum of the resistances of the AF and FM parts. Thus,
the entire resistance R can be written as R = Rpy X F + Rap X (1 — F),
where F is the volume fraction of the FM phase, and Rgy and Raf are the
resistivities for the FM and AF states, respectively [35]. According to this
equation, the temperature dependence of F(T) can be obtained from the
temperature-dependent resistance during the heating process. Similarly,
it can also be obtained from the temperature-dependent magnetization.
The calculated temperature dependence of F(T) is shown in the inset of
Fig. 2a. The applied 2 kOe magnetic field in the temperature dependent
magnetization measurement process decrease the phase transition
temperature, leading to the offset of the MT and RT curve. According to
the same method used above, the relative F(H) can also be calculated
from the isothermal magnetic field dependence of the resistance. Fig. 2b
displays the magnetic field dependence of magnetization for the FeRh

thin film at different temperatures with the magnetic field applied in the
plane. Before each measurement, the sample was first decreased to 300
K to ensure the same starting state and then increased to the target
temperatures. The magnetization remains almost unchanged as the
applied magnetic field increases below 320 K (AF state) and above 380 K
(FM state). When the temperature is between 320 and 380 K, an increase
in the magnetization can be observed at the transition field (Hy), indi-
cating the occurrence of the field-induced metamagnetic phase transi-
tion. The magnetic field dependence of the resistance of the FeRh thin
film shows a similar behavior (Fig. 2c). The change in magnetization and
resistance is due to the change in F(H, T) during the field-induced
metamagnetic phase transition. Meanwhile, it can be seen that the
field-induced metamagnetic phase transition behavior can be observed
more clearly at 340 K, so we take it as an example to study the control of
coexistent phase by rotation of magnetic field in the following study.

3.3. Angle-dependent magnetoresistance

Fig. 3a shows the resistance versus in-plane magnetic field at 340 K.
When the applied magnetic field H < 30 kOe and > 68 kOe, the FeRh
thin film is in AF and FM states, respectively. When 30 < H < 68 kOe, the
FeRh thin film is in a phase-coexistent state (the shadow region), during
which the FM and AF phases coexist. Fig. 3b shows the angle-dependent
resistance change measured at 340 K with in-plane magnetic fields of 10
kOe (AF state), 42 kOe (phase-coexistent state), and 70 kOe (FM state),
respectively. The measurement setup is shown schematically in the in-
sets of Fig. 3b. To eliminate the temporal evolution effect, the magnetic
field was applied for 0.5 h before the resistance measurements, and then
the effect of field-induced shift of the resistance is negligible. The
resistance change is AR/Ry = [R(6) — R(0)1/R(0), where R(0) is the
resistance with the magnetic field applied along the direction at which
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Fig. 4. Angle-dependent magnetoresistance at different phase-coexistent states. (a) Magnetic field dependence of resistances for FeRh thin film at 340 K. The red
arrows represent the processes of the magnetic field change. (b) The temporal evolution effect in FeRh thin film measured at 340 K with different magnetic fields
applied under different IMF and DMF states. (c) The angle-dependent resistance change measured under different IMF and DMF states after 6 h of relaxation. The
inset shows the measurement configuration with magnetic field rotated in-plane. (d) Temperature-dependence of resistance in FeRh thin film measured under 42 kOe
magnetic field. The red arrows represent the processes of the temperature change. (e) The temporal evolution effect in FeRh thin film measured at different tem-
perature with 42 kOe magnetic fields applied under different SH and SC states. (f) The angle-dependent resistance change measured under different SH and SC states
after 6 h of relaxation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the angle between magnetic field direction and current direction is 6,
and R(0) is the resistance with the magnetic field applied along the x-
axis. Under a FM-AF coexistent state (H = 42 kOe), /AR/Ry has an
irreversible decrease accompanying the rotation of the magnetic field,
which can reach approximately 6%, showing a vector feature of F(H). As
a comparison, an irreversible decrease in resistance disappeared at both
AF (H = 10 kOe) and FM states (H = 70 kOe). Under an FM state, the
angle-dependent AR/Ry follows a cos?0 angular dependence, origi-
nating from the anisotropic magnetoresistance (AMR) in FM materials
[36]. The irreversible resistance change behavior disappear during the
subsequent back-and-forth angular scans of 6 between 0° and 360°,
which ultimately recovers the symmetric oscillatory behavior of normal
AMR effect (the inset of Fig. 3b).

Fig. 3c summarizes the /\Rnq/Ro values measured at 330, 340, and
350 K. At 340 K, the magnetic field-dependent /\Rpax/Ro shows a valley
at 42 kOe, where the FeRh thin film is under a coexistent FM-AF state. At
330 and 350 K, the magnetic field-dependent /\Rpmqx/Ro shows a similar
behavior to that of 340 K. Compared with the results obtained at 340 K,
the valley of ARmax/Ro is obtained in larger (55 kOe) and smaller (30
kOe) fields at lower (330 K) and higher (350 K) temperatures, respec-
tively. Fig. 3d shows the magnetic field dependences of F(H) at 330, 340,
and 350 K. It can be found that the valley of /\Rmq/Ro always appears
at the magnetic field amplitude, where F(H, T) is approximately 50%,
demonstrating that the angle-dependent change in resistance under a
consistent FM-AF state has a strong relationship with F(H, T) of the FM
phase.

Fig. 3e shows the angle-dependent resistance measured at 340 K with
out-of-plane magnetic fields of 10, 30, 40, 50, and 70 kOe, respectively.
The measurement configuration is shown in the inset of Fig. 3e. The
magnetic field was applied out-of-plane with angle y relative to the z
direction. Under FM-AF coexistent states (H = 30, 40, and 50 kOe), an
unusual angle-dependent resistance change can also be observed. Fig. 3f
shows the angle-dependent resistance change after subtracting the
normal AMR with cos?9 dependence. The resistance change accompa-
nying the rotation of the magnetic field reaches up to 19% at H = 30
kOe. When the magnetic field rotates out of plane, it is inevitable to

consider the influence of demagnetization field. Due to our measure-
ments were conducted in the coexisting phase, the influence of the
demagnetization field is relatively small, which is similar to that
observed in perovskite manganites [37]. Thus, the angle-dependent
resistance change cannot be explained solely by the demagnetization
field effect.

3.4. Angle-dependent magnetoresistance at different phase-coexistent
states

The above measured phase-coexistent states are obtained by
increasing the magnetic field (defined as the IMF state). To investigate
this effect under different states, we also performed measurements
under coexistent FM-AF states obtained by decreasing the magnetic field
(defined as a DMF state), by increasing the temperature (defined as the
SH state), and by a temperature decrease (defined as the SC state). To
obtain each IMF state, the magnetic field was increased from zero to the
target magnetic field at a constant temperature. To obtain each DMF
state, the magnetic field was first increased from zero to 70 kOe, and
then decreased to the target magnetic field at a constant temperature, all
the measurement are carried out with in-plane magnetic fields. Fig. 4a
shows the magnetic field dependent resistances of the FeRh thin film at
340 K. The red arrows represent the processes of change in the magnetic
field. Fig. 4b shows the temporal evolution effect in the FeRh thin film
measured at 340 K with different magnetic fields applied under the IMF
and DMF states. At the half-way during the IMF phase transition process
(IMF-42 kOe), the resistance decreases with time. However, it tends to
be saturated approximately 0.5 h later. The temporal evolution effect of
the magnetic field-induced coexistent phase is similar to that induced by
temperature during the first-order phase transition [17,18].When the
measurement magnetic field is IMF-37 kOe (IMF-55 kOe), at which the
phase transition will begin (finished), the change in resistance becomes
lower than that of IMF-42 kOe. During the DMF phase transition process,
a similar behavior to that in the IMF phase transition process is shown,
except that the resistance increases with a temporal evolution, demon-
strating that the temporal evolution effect can enhance the F(H) under
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Fig. 5. The basic properties of the angle-dependent magnetoresistance at 340 K. (a) The angle-dependent resistances at 340 K measured after relaxing for different
periods of time (trelax = 0.5, 2, 5, 12 h) under in-plane magnetic field of 42 kOe. (b) Angle-dependent resistance in FeRh thin film measured at 340 K under in-plane
magnetic field of 42 kOe along different initial directions. The inset in the left corner shows the measurement configuration with magnetic field applied from different
initial directions. The inset in the right corner shows the angle-dependent resistance, which is normalized to zero degrees.

the IMF state while reducing it under the DMF state. Fig. 4c shows the
angle-dependent resistance change of magnetic field-induced coexistent
phases at both the IMF and DMF states. All the resistances were
measured after 6 h relaxation to reduce the temporal evolution effect.
The measurement setup is shown schematically in the insets of Fig. 4c. It
can be seen that an irreversible change ratio in resistance can reach
approximately 6% accompanying the rotation of the magnetic field at
both the IMF and DMF states. The resistance decreases with the rotation
of the magnetic field at the IMF state, indicating an increase in F(H).
Meanwhile, it increases at the DMF state, indicating that the rotation of
the magnetic field reduces F(H).

Fig. 4d shows the process of realizing different SH and SC states. To
obtain each SH state, the temperature was increased from 250 K to the
target temperature. To obtain each SC state, the temperature was first
increased from 250 to 400 K, and then decreased to the target temper-
ature. Fig. 4e shows temporal evolution effect in FeRh thin film
measured at different temperature in the SH and SC states. It shows the
similar behaviors with that in the IMF and DMF states except the larger
resistance change ratio. Fig. 4f shows the change in the angle-dependent
resistance under different SH and SC states. An irreversible change ratio
in resistance can reach approximately 6% accompanying the rotation of
the magnetic field at both the SH and SC states can also be observed. The
resistance decreases in the SH state while it increases in the SC state
accompanied by a rotation of the magnetic field, indicating that the
direction of change in the magnetic field can enhance the F(T) under the
SH state while reducing it under the SC state.

4. Discussion and conclusion

The irreversible resistance change behavior accompanying the
rotation of the magnetic field is similar to that observed in strongly
correlated manganite, which may come from the preferential expansion
of the volume of FM domains in the field applied direction [38]. During
the angular sweep, by a continuous sweeping of the magnetic field di-
rection in the film plane, the overall volume of FM phase is increased
and the resistivity is decreased. However, this mechanism is not suitable
for FeRh thin film, because the resistance in FeRh thin film increases
when rotating the magnetic field (Fig. 4c), indicating that the rotation of
the magnetic field reduces field-induced FM phase.

In order to further rule out the temporal evolution effect on the
angle-dependent resistance change, we measured the angle-dependent
resistance after relaxing for different periods of time (tjax = 0.5, 2.0,
5.0, 12.0 h, Fig. 5a). Both the behavior and the resistance change ratio
are unchanged, which indicates that the temporal evolution effect is not
the origin of the angle-dependent resistance change behavior. To

eliminate the effect of the anisotropy of the crystal lattice [12-14], the
angle-dependent resistance was measured starting from different di-
rections. The measurement configuration, which indicates the starting
directions, is shown in the inset of Fig. 5b (left corner). All the re-
sistances were measured after 0.5 h relaxation to reduce the temporal
evolution effect. The irreversible decreases in resistance accompanying
the rotation of the magnetic field show similar behaviors for different
starting directions. When these angle-dependent resistances were
normalized to zero, the starting direction irrelevant behavior was clearly
observed (inset of Fig. 5b, right corner), indicating that the angle-
dependent resistance change has no relationship with the anisotropy
of the FeRh crystal lattice.

To summarize, we studied the effect of the magnetic field direction
on the FM-AF coexistent state in FeRh thin films. The rotation of the
magnetic field can tune the resistance change ratio of the coexistent
magnetic phase by up to 19%. Moreover, the angle-dependent change
ratio in resistance has a strong relationship with F(H, T) of the FM phase.
Although the mechanism of control of coexistent phase by rotation of
magnetic field still needs to be studied theoretically and experimentally,
our present results have already demonstrated another way to control
the multifunctional properties of MPTMs by rotation of magnetic field,
and may promote the application of MPTMs based on the tunable FM-AF
coexistent state.
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