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We investigated electric control of magnetic properties in FeRh/PMN-PT heterostruc-
tures. An electric field of 1 kV/cm applied on the PMN-PT substrate could increase
the coercivity of FeRh film from 60 to 161 Oe at 360 K where the FeRh antiferromag-
netic to ferromagnetic phase transition occurs. The electric field dependent coercive
field reveals a butterfly shape, indicating a strain-mediated magnetoelectric coupling
across the FeRh/PMN-PT interface. However, the uniaxial magnetic anisotropy of
FeRh is almost unchanged with the applied electric field on the PMN-PT substrate,
which suggests the change of coercivity in FeRh films is mainly due to the shift
of the magnetic transition temperature under the electric field. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5003435

The CsCl-type FeRh alloy is antiferromagnetic (AF) at room temperature. It undergoes a pecu-
liar first-order phase transition to ferromagnetic (FM) phase upon heating above 300 K and shows
two-phase coexistence near the transition.1–3 Due to the magnetic transition, FeRh in the form of
thin films have attracted extensive attentions for its potential application in the spintronic devices,
especially in heat assisted magnetic recording.4–9 However, the high energy cost of the thermally
induced magnetic transition is detrimental to the practical application. In recent year, many attempts
have been made to control the magnetic transition by other techniques such as electric field, magnetic
field, mechanical strain, optical pulses, etc.4,10–15 For instance, Suzuki et al. demonstrated an elasti-
cally induced FM to AF phase transition in Ga-substituted FeRh thin films on BaTiO3(001).10 Ju et al.
showed that the ultrafast generation of FM order can be achieved by driving FeRh from an AF to a
FM state using femtosecond optical pulses.11 Among these techniques, electric control of magnetism
has been proved to be an effective way with low energy consumption to change the orientation of
magnetic moment, magnetization, magnetic anisotropy, magnetic phase transition, and coercive field
in FM/ferroelectric (FE) magnetoelectric laminate heterostructures.16–20 For example, Xuan et al.
showed that the magnetization changes about 7% with an applied electric field of 10 kV/cm on a
Ni/PMN-PT/Ni composite.19 Weiler et al. demonstrated that magnetic easy axis in the Ni film plane
is rotated by 90◦ upon changing the polarity of the electric field applied to the Pb(ZrxTi1�x)O3 actua-
tor in a Ni/Pb(ZrxTi1�x)O3 composite.20 Subsequently, the studies on FeRh/FE heterostructures also
generated great interest due to its applications in spintronics.21–23 Lee et al. reported a 8% change in
the electrical resistivity controlled by applying an electric field on FeRh/PMN-PT heterostructures.22

Liu et al. report a giant, ∼22%, electroresistance modulation for FeRh above room temperature by a
small electric field of 2 kV/cm and the resulting magnetic phase transition in epitaxial FeRh/BaTiO3

heterostructures.23 These previous studies mostly focused on electrical transport behaviors of FeRh
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thin films during the magnetic phase transition driven by electric field. In this work, we investi-
gated the control of magnetic properties of FeRh films by applying electric field on the ferroelectric
(1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT) substrates. The electric field dependent coercivity
of FeRh films exhibits a symmetrical butterfly-type behavior, indicating a strain-mediated magneto-
electric coupling. The uniaxial magnetic anisotropy of FeRh films is almost unchanged when varying
the electric field, suggesting the change of FeRh coercivity in films is mainly due to the shift of the
magnetic transition temperature under the electric field.

FeRh thin films with a thickness of 30 nm were deposited on commercial (001)-oriented PMN-
PT ferroelectric substrates in a magnetron sputtering system with a base pressure below 1.0×10�5 Pa.
The substrates were annealed at 600 ◦C for 1 h in vacuum chamber and then held at 650 ◦C during
deposition. After growth, FeRh films were annealed at 700 ◦C for 1 h. Prior to be taken out of
the vacuum chamber, FeRh films were capped by a 3 nm Ta layer to avoid oxidation. The film
thicknesses were controlled by the deposition time, which have been calibrated by X-ray reflectivity
(XRR). The temperature dependence of magnetic behaviors of FeRh films were characterized by
using a magneto-optical Kerr effect (MOKE) system and a magnetic properties measurement system
(MPMS, Quantum Design). During the MOKE measurement, an external electric field was applied
through the thickness of PMN-PT substrates, as schematically shown in Fig. 1(a).

Figure 1(b) plots the temperature dependent magnetization of FeRh film grown on PMN-PT
measured with an in-plane magnetic field of 2 kOe. Due to the large lattice mismatch, FeRh films
grown on PMN-PT display a polycrystalline behavior. At room temperature, the polycrystalline FeRh
films are mostly in the AF order with a small magnetization about 190 emu/cm3. The value is obviously
larger than that of single crystal FeRh film epitaxial grown on MgO substrate. As the temperature
increases, the magnetization steeply increases to 720 emu/cm3 around 350 K, indicating a typical
AF to FM phase transition. In contrast, the magnetization of FeRh film grown on MgO can reach as
high as 1000 emu/cm3 after the AF-FM phase transition. In the cooling process, the magnetization
of FeRh films can be reversibly reduced to the original value of AF state. A temperature hysteresis
of the magnetization about 50 K is revealed, indicating the first order phase transition of FeRh. The
relatively high magnetization of FeRh below the critical temperature, the rather low magnetization
above the critical temperature, and the reversible AF-FM phase transition likely suggest three kinds
of magnetic phase in the polycrystalline FeRh including the irreversible FM phase, the irreversible
AF phase, and the reversible AF-FM phase. Previous studies on FeRh thin films ascribed the high

FIG. 1. (a) The sample structure and the measurement configuration. (b) The temperature dependent magnetization of
FeRh/PMN-PT heterostructure measured with an applied field of 2 kOe. (c) The magnetic hysteresis loops of FeRh/PMN-PT
heterostructure measured in the increasing branch of temperature. (d) The temperature dependent coercive field and remanence
ratio of FeRh/PMN-PT heterostructure.
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magnetization of the room-temperature AF state to the small fraction of the FM phase located at the
grain boundary.24 In our case, due to the polycrystalline structure, the induced FM phase is obviously
enhanced, leading to a considerable magnetization at the room-temperature AF state. In addition, the
rather low magnetization at the high-temperature FM state indicates the existence of the irreversible
AF phase in polycrystalline FeRh films even beyond the AF-FM transition temperature.25 This part
of AF phase may located at the grain center and do not follow the AF-FM phase transition, but keep
at the AF state even above the critical temperature.26 Besides the irreversible FM and AF phases, the
main part of reversible AF-FM phase responses for the reversible temperature dependent magnetic
behaviors of polycrystalline FeRh film.

The Kerr hysteresis loops of FeRh/PMN-PT measured at different temperatures in the heating
process are presented in Fig. 1(c). At room temperature, the FeRh thin film exhibits a slant hysteresis
loop with a coercivity (Hc) of 302 Oe and a remanence ratio (Mr /Ms) of 0.8. The Kerr signal comes
from the irreversible FM phase. Due to the pinning effect by the AF phase, the coercive field of the
irreversible FM phase becomes obviously large. With increasing temperature to 353 K, Hc deceases
to 262 Oe but the remanence ratio increases to 0.96. This is because the reversible AF phase starts to
transfer to the FM phase when approaching to the AF-FM critical temperature, thus the reduced AF
phase may lower the pinning effect exerting on the FM phase and reduce the coercivity. At 370 K,
the reversible FeRh AF phases have changed to the FM phase. Consequently, Hc is further reduced
to 60 Oe, and the remanence ratio is 0.96. Figure 1(d) displays the temperature dependence of Hc

and Mr /Ms of FeRh thin films from 300 to 380 K in the heating process. Besides the decrease with
temperature, the temperature dependence of Hc shows a local peak around the critical temperature
of 350 K. In contrast, the Mr /Ms ratio shows a step-like increase at the critical temperature, reaching
close to 1.0. The temperature dependent behaviors of FeRh films are similar to that observed in
exchange biased FM/AF bilayer where Hc shows a peak at the blocking temperature due to a large
fraction of the hysteretic losses occurring in the AF layer in the range of temperature. Similarly, in
FeRh films the AF phase around the AF-FM transition temperature produces additional hysteretic
losses to FM phase, giving rise to the enhanced coercivity.

Figures 2(a)–2(c) show the Kerr hysteresis loops of FeRh films measured in the heating process of
temperature with an electric field ranged from -6 kV/cm to 6 kV/cm applied on the PMN-PT substrate.

FIG. 2. Typical longitudinal (‖) MOKE loops of FeRh films measured in the increasing branch of temperature with different
electric fields applied on the PMN-PT substrates at (a) 300 K, (b) 360 K, and (c) 380 K. (d) Typical transverse (⊥) MOKE
loops of FeRh films measured with different electric fields applied on the PMN-PT substrates at 380 K.
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Due to the large converse piezoelectric effect (d33 ∼ 2800 pC/N),27 an applied electric field of 6 kV/cm
on PMN-PT can produce a biaxial compressive strain about 0.1% in the film plane.22 As shown in
Fig. 2(a), at room temperature before the occurrence of AF-FM phase transition, the longitudinal
Kerr hysteresis loops keep almost unchanged regardless of the application of different electric fields.
This observation indicates the magnetic properties of the irreversible FM phase in polycrystalline
FeRh films are insensitive to the external strain, suggesting a neglectable inverse magnetostrictive
effect in FeRh films. With increasing the temperature to 360 K, a part of reversible FeRh phase has
been transferred from the AF to FM phases. In this case, the coercivity of FeRh film increases from
61 to 168 Oe when applying an electric field of 2 kV/cm on the PMN-PT substrate, as shown in
Fig. 2(b). After removing the electric field, the hysteresis loop is almost recovered to the initial state.
The slight difference in coercivity is likely due to the ferroelectric relaxation of PMN-PT. A negative
electric field of -2 kV/cm leads to an identical change of FeRh hysteresis loop as comparison with
the one with a positive electric field of 2 kV/cm. During the variation of electric field, the squareness
of hysteresis loop is almost unchanged and keeps about 1.0. The change of coercivity upon applying
electric field can be understood by the strain-driven magnetic phase transition. It is well known that
the AF-FM transition of FeRh is accompanied by an expansion in the unit cell volume. When an
electric field applied on the PMN-PT substrate, the induced biaxial compressive strain can suppress
the lattice expansion of FeRh and thus increase the AF-FM phase transition temperature.22 Thus, a
part of FM phase is isothermally transferred to the AF phase. Consequently, the enhancement of the
pinning effect by the increased AF phase may improve the coercivity of the FM phase in FeRh films.
At 380 K, the reversible FeRh phase completely undergoes the AF-FM phase transition. The applied
electric field reduces the critical temperature and drives the FM FeRh back to the AF-FM coexisting
phase. Thus, the coercivity increases from 47 to 132 Oe due to the additional pinning effect by the AF
phase when increasing the electric field to 6 kV/cm, as shown in Fig. 2(c). After removing the electric
field, the hysteresis loop of FeRh film is quickly restored. The negative applied electric field could
give rise to the same variation of magnetic properties of FeRh films as the positive one. It should
be noted that due to the temperature hysteresis of magnetization, at a temperature between 275 and
375 K in the cooling branch, a part of reversible FM component is not changed to the AF state.
Therefore, at the temperature range from 275 and 375 K, the FM component in the cooling branch is
more than that in the heating branch, leading to slightly different magnetic behaviors.

In order to understand the magnetization reversal mechanism of FeRh films under different
applied electric fields, we additionally measured the transverse Kerr hysteresis loops. At 380 K
above the critical temperature, only a weak transverse Kerr signal was observed without applying
electric field, indicating that the magnetization switches is dominated by the domain wall nucleation
and propagation, as shown in Fig. 2(d). In contrast, after applying a 6 kV/cm electric field, an obvious
transverse Kerr loop was revealed, suggesting the magnetization reversal mechanism has changed
to the coherent rotation. At 300 K before the occurrence of AF-FM phase transition, whether the
electric field is applied or not, the non-vanishing transverse loops indicate an in-plane rotation of
magnetization. At 360 K where the AF to FM phase transition occurs, the transverse loops with
and without applying electric field behave like that of 300K, indicating the magnetization reversal
mechanism of in-plane rotation.

Figures 3(a)–3(c) summarize the coercivity of FeRh films as a function of the applied electric field
at different temperatures. The symmetrical butterfly shape indicates a strain-mediated magnetoelectric
coupling across the FeRh/PMN-PT interface. The difference is that the coercivity at 300 and 380 K
increases gradually with the applied electric field. However, at 360 K, the coercivity of FeRh film
is 60 Oe without applying electric field. It steeply increases to 161 Oe at 1.0 kV/cm, and reaches a
saturation value of 169 Oe with further increasing the electric field. Our results indicate the most
efficient electric control of magnetic properties in FeRh film should be operated at the AF-FM
coexisting state around the phase transition temperature.

Obviously, both the change of magnetic anisotropy and the shift of phase transition temperature
induced by applying electric field on the ferroelectric substrates may be responsible for the variation
of the coercivity of FeRh films. In order to figure out this problem, we investigated the magnetic
anisotropy of FeRh films by measuring the angular dependence of MOKE signal, which directly
measures the magnetization projected in the optical incident plane. Figures 4(a) and 4(b) present
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FIG. 3. The coercive field of FeRh films measured at different electric fields at (a) 300 K, (b) 360 K, and (c) 380 K.

the MOKE signal as a function of the field orientation θ at 300 K without electric field and with
applying 4 kV/cm electric field, respectively. Regardless of the applied magnetic field, the angular
dependent MOKE signal display a twofold symmetry, indicating a uniaxial magnetic anisotropy in
FeRh film. The uniaxial magnetic anisotropy can be quantitatively obtained by fitting the angular
dependence of MOKE signal measurement by analyzing the magnetic torque.28 The fitting for the
angular dependent MOKE signal indicates that the uniaxial magnetic anisotropy at 300 K keeps very
weak before and after applying electric field. Figures 4(c) and 4(d) show the MOKE signal as a
function of θ at 380 K without electric field and with applying 4 kV/cm electric field, respectively.
The estimated uniaxial magnetic anisotropy slightly changes from 1.14×105 to 1.19×105 erg/cm3

with increasing the electric field from 0 to 4 kV/cm, which indicates a rather small magnetostrictive
constant of FeRh films. Therefore, we ascribe the variation of coercive fields of FeRh films under an
applied electric field mainly due to the shift of phase transition temperature.

In summary, we have studied the electric field control of magnetic properties in FeRh/PMN-PT
heterostructure. The as-prepared samples present a first-order magnetic phase transition from AF
to FM orders at a critical temperature around 360 K. It was found that the electric field dependent

FIG. 4. The angular dependence of MOKE signal measured under different electric fields with different magnetic fields for
FeRh/PMN-PT films. The measurement temperature is (a), (b) 300 K, (c), (d) 380 K.
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coercivity of FeRh films shows a symmetrical butterfly-type behavior, indicating a strain-mediated
magnetoelectric coupling. In addition, magnetic anisotropy of FeRh films is almost unchanged when
varying the electric field, suggesting the change of FeRh coercivity in films is mainly due to the shift
of the magnetic transition temperature under the electric field.
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