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A ferromagnetic-antiferromagnetic (FM-AFM) thin-film heterostructure is proposed to be a potential
system that can induce perpendicular magnetic anisotropy (PMA) in a ferromagnet, although there are
few material combinations available and the underlying mechanism is not sufficiently understood. Here,
we demonstrate that the AFM phase of an Fe-Rh ordered alloy induces PMA in an adjacent Fe layer in
an Fe/Fe-Rh heterostructure, which manifests itself as an additional mode of ferromagnetic resonance.
The induced interfacial PMA disappears following a magnetic phase transition of Fe-Rh from the AFM
to the FM state, suggesting that the AFM order is crucial for the stabilization of PMA. The absence of the
additional resonance mode in an Fe/Rh/Fe-Rh control sample suggests that the PMA originates from a
magnetic exchange coupling at the Fe/Fe-Rh interface. The results are promising for the development of
high-density spintronic devices, in which PMA is controllable through the phase transition of Fe-Rh.
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I. INTRODUCTION

A ferromagnet (FM) with large perpendicular magnetic
anisotropy (PMA) can provide the basis for nonvolatile
spintronic memory devices with high storage density and
low power consumption due to reduced stray fields and
demagnetizing fields affecting the magnetization dynamics
[1,2]. PMA can be developed in a FM near an inter-
face with a heavy metal, where electronic hybridization
between 3d and 5d (4d) orbitals induces a change of the
magnetic easy axis from in plane to out of plane through
a strong interfacial spin-orbit coupling [3,4]. However,
in a scheme of current-driven magnetization switching
of the FM with PMA for spintronic memory devices,
such a strong interfacial spin-orbit coupling, which leads
to a large Gilbert damping constant, α, causes an addi-
tional energetic drawback, since the critical current density
for magnetization switching is proportional to α, rais-
ing the long-standing challenge of low-energy magneti-
zation switching [5]. Therefore, numerous efforts have
been undertaken to develop PMA heterostructures with
relatively small α, such as FM-oxide systems [6–9].

In recent years, an antiferromagnet (AFM)-FM het-
erostructure has attracted much interest as an alternative
system that can realize PMA [10–13]. Since PMA in the
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FM-AFM system does not rely on spin-orbit coupling but
on exchange coupling, the issue of a large critical current
due to strong spin-orbit coupling can be circumvented.
Also, a complex multilayer structure is not required to
stabilize PMA, and hence, the thickness of the magnetic
layer in a magnetic memory device based on the FM-
AFM interface can be reduced, which is also favorable for
reducing the switching energy. Several studies have sug-
gested that the underlying mechanism of the AFM-induced
PMA in a FM is related to a magnetic exchange inter-
action between an FM layer and unpinned spins induced
within an AFM layer at an FM-AFM interface [11,12,14].
Although there are few reports on AFM-induced PMA and
the exact mechanism remains an open question, the rich
physics associated with the controllability of spin textures
in an AFM (e.g., magnetoelectric coupling, magnetoelastic
coupling, and a magnetic phase transition) potentially offer
alternative forms of PMA devices.

An Fe-Rh ordered alloy is an AFM with such a variety of
physics and is promising for spintronic applications. Upon
heating, Fe-Rh exhibits a first-order phase transition from
the AFM to the FM state at around 360 K [15–18], which
is accompanied by an isotropic lattice volume expansion
of 1% [17]. The strong coupling between the lattice and
the magnetic degrees of freedom in Fe-Rh can lead to con-
trollable FM ordering in an FM/Fe-Rh heterostructure by
heat [19–22], strain [23–25], and chemical composition
[26–28]. In particular, gate-controllable spin textures in
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FIG. 1. (a) High-angle x-ray diffraction; (b) atomic-force-microscopy surface image; (c) scanning-transmission-electron micro-
graph with energy-dispersive x-ray maps for Au (yellow), Fe (cyan), Rh (green), and Mg (red); and (d) depth profiles for
Fe(6 nm)/Fe-Rh(32 nm) on a MgO(001) substrate.

Fe-Rh on a ferroelectric material potentially realize volt-
age control of magnetic anisotropy (VCMA) of an adjacent
FM material with PMA, which is promising for energy-
efficient magnetization switching. Indeed, VCMA in PMA
systems based on carrier doping [29–31], strain transfer
[32], and ionic migration [33] have been intensively stud-
ied for magnetization switching [29,30] and controlling
domain-wall dynamics [34,35], which can be potentially
applied to ultralow-power spintronic memory devices [36].
The FM/Fe-Rh heterostructure could realize controllable
PMA through the VCMA effect based on a magnetic phase
transition.

Here, we report a large interfacial PMA in an Fe/Fe-Rh
heterostructure and investigate the effect of the mag-
netic phase transition. From ferromagnetic resonance
(FMR) measurements, we determine a PMA constant of
Ku⊥= 8600 kerg cm−3 for an additional FMR mode that
emerges when Fe-Rh is in the AFM state. The magnetic
phase transition of the Fe-Rh layer from the AFM to
the FM state results in a decrease in the PMA down to
Ku⊥= 150 kerg cm−3, suggesting that magnetic coupling
between the AFM order of the Fe-Rh layer and the FM
order of the Fe layer is key to the development of the large
PMA.

II. EXPERIMENTS

Heterostructures of Fe(6)/Fe-Rh(32) (thicknesses in
nanometer units) with an exchange-coupled Fe/Fe-Rh
interface and Fe(6)/Rh(2)/Fe-Rh(32), in which the Rh
interlayer blocks the exchange coupling between Fe and
Fe-Rh, are fabricated on [001]-oriented MgO substrates
by molecular beam epitaxy in an ultrahigh-vacuum cham-
ber with a base pressure better than 1 × 10−9 Torr. The
substrate is preannealed at 600 °C for 1 h and Fe-Rh is
deposited using separate Fe and Rh sources at the rate of
0.020 nm s−1 at 450 °C. The Fe-Rh films are postannealed
at 620 °C for 1 h, and Fe and Rh layers are subsequently
deposited at room temperature. The films are capped with
4-nm-thick Au. Magnetization of the samples is character-
ized by vibrating sample magnetometry (VSM). Dynamic
magnetic properties are measured with a broadband FMR
setup involving a vector network analyzer and a coplanar
waveguide. The microwave power absorbed by a sam-
ple is measured by sweeping the microwave frequency
(f ) from 1 to 20 GHz at fixed external in-plane mag-
netic fields (H ) of 0–4000 Oe. H is applied along the
[100] direction of Fe-Rh for VSM and FMR measure-
ments.
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III. RESULTS AND DISCUSSION

In Fig. 1(a), we plot high-angle x-ray diffraction
data from an Fe(6)/Fe-Rh(32) bilayer, which con-
firm [001] c-axis growth of B2-ordered Fe-Rh on
MgO with rocking curves of (001) and (002) Bragg
peaks showing full width at half maximum values
of 0.31° and 0.26°, respectively. From the relative
intensities of the Bragg peaks, the chemical order
parameter, S, of B2-ordered Fe-Rh is estimated to be
S = (I 001

expt./002
expt.)0.5/(I 001

calc/I 002
calc)0.5 = 0.82, where

I 00l
expt. and I 00l

calc are the experimental and theoretically
calculated [37,38] peak intensities, respectively. For an
Fe(6)/Rh(2)/Fe-Rh(32) trilayer, we estimate S = 0.90.
The S values obtained here are either comparable to or
higher than the values reported for Fe-Rh thin films with
comparable thickness grown on MgO substrates [37,39,
40], confirming the structural and chemical homogeneity
of Fe-Rh in our samples. Diffraction peaks from the 6-nm-
thick Fe layer are undetectable, which is likely due to the
small grain size of thin Fe. However, an Fe(12)/Fe-Rh(32)
control sample with relatively thick Fe deposited under
similar conditions shows (002) and (110) diffraction peaks
(see Fig. S1 within the Supplemental Material [41]), sug-
gesting the polycrystalline nature of the Fe layer deposited
at room temperature. Figure 1(b) shows the atomic force
microscopy image on the surface of the Fe(6)/Fe-Rh(32)

bilayer, showing an atomically flat surface with a root-
mean-square surface roughness of 0.4 nm over an area
of 9 μm2. Cross-section scanning transmission electron
microscopy (STEM) energy-dispersive x-ray (EDX) maps
for the Fe(6)/Fe-Rh(32) bilayer in Fig. 1(c) and their depth
profile in Fig. 1(d) demonstrate atomically sharp interfaces
and rule out intermixing and changes in local composition
at the Fe/Fe-Rh interface (see Fig. S2 within Supplemental
Material for detailed TEM characterization [41]).

In Fig. 2(a), we plot in-plane magnetization versus mag-
netic field [M (H )] loops at 310 K for the Fe(6)/Fe-Rh(32)

bilayer and the Fe(6)/Rh(2)/Fe-Rh(32) trilayer. We note
that M is calculated from the total volume of the Fe
and Fe-Rh layers. At 310 K, the Fe-Rh layer is in the
AFM state, and hence, the magnetic moment is pre-
dominated by the ferromagnetism of the Fe layer. The
coercive field (Hc) of the Fe(6)/Rh(2)/Fe-Rh(32) tri-
layer is 20 Oe, which is comparable to the Hc of
an Fe(6) single layer on a MgO (001) substrate [see
Fig. S3(a) within the Supplemental Material [41] ], while
the Fe(6)/Fe-Rh(32) bilayer shows a notably large Hc
of 220 Oe, indicating that a magnetic exchange cou-
pling at the Fe/Fe-Rh interface leads to an increase in
Hc of the Fe layer, consistent with previous reports on
Fe/Fe-Rh [21] and NiFe/Fe-Rh [42] grown on MgO
(001) substrates. The independent magnetization switching
behavior in the M (H ) loop of the Fe(6)/Rh(2)/Fe-Rh(32)

trilayer results from switching of the Fe layer with a

(a)

(b)

Fe/Fe-Rh
Fe/Rh/Fe-Rh

Fe/Fe-Rh
Fe/Rh/Fe-Rh

FIG. 2. (a) M (H ) loops for Fe(6 nm)/Fe-Rh(32 nm) (red
curve) and Fe(6 nm)/Rh(2 nm)/Fe-Rh(32 nm) (blue curve)
at 310 K. (b) M (T) curves near the magnetic phase tran-
sition of Fe-Rh for Fe(6 nm)/Fe-Rh(32 nm) (red curve)
and Fe(6 nm)/Rh(2 nm)/Fe-Rh(32 nm) (blue curve) at H =
1000 Oe.

saturation magnetization of Ms ≈ 1500 emu cm−3 [corre-
sponding to Ms ≈ 240 emu cm−3 in Fig. 2(a)] and the resid-
ual FM phase with Ms ≈ 30 emu cm−3 [Ms ≈ 25 emu cm−3

in Fig. 2(a)] in the AFM phase of the Fe-Rh layer
[see Figs. S3(b) and S3(c) within the Supplemental
Material for the M (H ) loops of an Fe-Rh(32) single
layer [41] ]. Figure 2(b) shows the temperature depen-
dence of the magnetization, M (T), at 1000 Oe near the
magnetic phase transition of Fe-Rh. A sharp transition
with a width of �TFM−AFM ≈ 30 K is observed for the
Fe(6)/Rh(2)/Fe-Rh(32) trilayer, which is consistent with
the high S value. An Fe-Rh(32) single layer without an
Fe layer also shows a sharp �TFM−AFM (≈30 K) [see
Fig. S5(a) within the Supplemental Material [41] ]. The
relatively broad transition (�TFM−AFM ≈ 50 K) for the
Fe(6)/Fe-Rh(32) bilayer is likely to be due to an instability
of the AFM phase induced by the magnetic exchange field
and/or strain from the Fe layer [see Figs. S5(a)–S5(c)
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FIG. 3. Ferromagnetic resonance spectra for Fe(6 nm)/Fe-Rh(32 nm) at (a) 310 K and (c) 410 K, and
Fe(6 nm)/Rh(2 nm)/Fe-Rh(32 nm) at (b) 310 K and (d) 390 K. Dashed curves represent least-squares regression-line fitting to
the Kittel formula. Temperature dependence of the perpendicular-magnetic-anisotropy energy (Ku⊥) estimated from the resonance
spectra of (e) Fe(6 nm)/Fe-Rh(32 nm) and (f) Fe(6 nm)/Rh(2 nm)/Fe-Rh(32 nm).

within the Supplemental Material for the Fe-thickness
dependence of �TFM−AFM [41] ].

FMR spectra of the Fe(6)/Fe-Rh(32) bilayer and the
Fe(6)/Rh(2)/Fe-Rh(32) trilayer at 310 K are shown in
Figs. 3(a) and 3(b), respectively. The Fe(6)/Fe-Rh(32)

bilayer shows two separate resonance curves [Fig. 3(a)]
while the Fe(6)/Rh(2)/Fe-Rh(32) trilayer shows a
single resonance curve [Fig. 3(b)]. This suggests the
presence of an additional resonance mode originating
from a magnetic exchange coupling at the Fe/Fe-Rh
interface in the Fe(6)/Fe-Rh(32) bilayer. The compara-
ble Ms values of the Fe(6)/Fe-Rh(32) bilayer and the
Fe(6)/Rh(2)/Fe-Rh(32) trilayer [Fig. 2(a)] suggest that
the exchange-coupled ferromagnetic layer giving the addi-
tional resonance mode is likely to exist within the Fe
layer and an induced ferromagnetic moment within the
Fe-Rh layer, as a result of magnetic proximity coupling,
is negligibly small. From the Fe-thickness dependence of
the resonance intensity [see Fig. S6(g) within the Sup-
plemental Material [41] ], we confirm that the resonance
at lower frequency originates from the exchange-coupled
Fe layer and the higher frequency originates from the

rest of the Fe layer. The resonance at lower frequency
is stronger than that at higher frequency, indicating that
the exchange-coupled Fe layer is dominant in the 6-nm-
thick Fe layer. The resonance curves can be described
by the Kittel formula for a thin film [43,44]: f 2 =
(1/2π )2(ge/2mc)2[4πMs− (2Ku⊥/Ms) + H + Hk](H + Hk),
where g is the Landé g factor, e is the elementary
charge, m is the electron mass, c is the speed of
light, Hk is the in-plane anisotropy field, and Ku⊥ is
the perpendicular magnetic anisotropy energy. From a
least-squares regression-line fitting [see dashed curves in
Fig. 3(a)], we estimate Ku⊥= (8.6 ± 0.1) × 103 kerg cm−3

and Hk =−(8.1 ± 0.9) × 10 Oe for the exchange-coupled
Fe layer, and Ku⊥= (8.2 ± 0.7) × 102 kerg cm−3 and
Hk = (3.4 ± 0.1) × 102 Oe for the rest of the Fe layer, sug-
gesting that the shift of the resonance frequency results
from a notably large PMA of the exchange-coupled Fe
layer. Since Ms of the Fe(6)/Fe-Rh(32) bilayer is com-
parable to that of the Fe(6)/Rh(2)/Fe-Rh(32) trilayer [see
Fig. 2(a)], Ms of the exchange-coupled layer and the rest of
the Fe layer should be comparable in the Fe(6)/Fe-Rh(32)

bilayer, and hence, we use Ms = 1.5 × 103 emu cm−3 (the
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value from the VSM measurements) and g = 2.09 (a typ-
ical value for an Fe thin film [45–47]) for both the
exchange-coupled layer and the rest of the Fe layer to
estimate their Hk and Ku⊥ values.

Following a temperature increase up to 410 K, the Fe-Rh
layer becomes ferromagnetic, leading to an overlapping of
the two resonance curves in the Fe(6)/Fe-Rh(32) bilayer
[Fig. 3(c)], suggesting that the Fe layer is entirely exchange
coupled with the FM phase of the Fe-Rh layer. This is in
contrast to the Fe(6)/Rh(2)/Fe-Rh(32) trilayer, in which
magnetically decoupled Fe and Fe-Rh show two sepa-
rate resonance curves [Fig. 3(d)]. Fitting the resonance
curve of the Fe(6)/Fe-Rh(32) bilayer at 410 K to the Kit-
tel formula yields Ku⊥= (2.8 ± 0.8) × 102 kerg cm−3 and
Hk = −(2.6 ± 0.1) × 102 Oe, where we use Ms = 1.2 × 103

emu cm−3 obtained from the VSM measurement [see
Fig. S3(c) within the Supplemental Material [41] ] and
g = 2.05 [a typical value for an Fe-Rh epitaxial film
on a MgO(001) substrate [48] ]. Ku⊥ at 410 K is more
than an order of magnitude smaller than that of the
exchange-coupled layer at 310 K, indicating that the
large PMA at the Fe/Fe-Rh interface disappears follow-
ing the appearance of the FM phase in Fe-Rh. Hence,
PMA is controllable by the magnetic phase transition of
Fe-Rh.

In Fig 3(e), we plot the temperature dependence of Ku⊥
estimated from the FMR curves of the Fe(6)/Fe-Rh(32)

bilayer. Notably different Ku⊥ values are obtained from the
two different FMR modes below 340 K. The emergence of
the FM phase of Fe-Rh following a temperature increase
leads to a sudden disappearance of the large Ku⊥. The
Ku⊥ values of the Fe(6)/Rh(2)/Fe-Rh(32) trilayer show
a different trend [Fig. 3(f)]. The Fe layer shows small Ku⊥
values (in-plane magnetic anisotropy) over the whole tem-
perature range investigated, suggesting that the Fe layer is
magnetically decoupled from Fe-Rh. The two different Ku⊥
values from the separate FMR modes of the Fe and Fe-Rh
above 340 K also suggests the absence of exchange cou-
pling between Fe and Fe-Rh [see Figs. S7 and S8 within
the Supplemental Material for the temperature dependence
of the FMR spectra for the Fe(6)/Fe-Rh(32) bilayer and
the Fe(6)/Rh(2)/Fe-Rh(32) trilayer [41]].

An AFM-induced PMA at a FM-AFM interface is
reported in limited systems, such as Ni/CoO [10] and
Fe/Mn [12]. We note that our [001]-oriented Fe-Rh films
grown on a MgO (001) substrate should have a com-
pensated AFM spin order at the Fe/Fe-Rh interface, and
therefore, the exchange-bias effect is absent, similar to
the Fe/Mn case [12]. The compensated AFM spin order
can cause spin frustration at the FM-AFM interface and a
noncollinear exchange coupling can be established to min-
imize the interface-exchange energy, which forces interfa-
cial spins to align perpendicular to the interface [11,49,50].
At the Fe/Mn interface, the noncollinear exchange cou-
pling stabilizing PMA is mediated by unpinned Mn spins

within a unit cell of Mn from the interface [12]. Although
the moment of such unpinned spins is small and hard to
detect [12,51], they are observable as an enhancement of
Hc of the adjacent FM layer [12,51], which is consistent
with the magnetization properties of our Fe/Fe-Rh bilayer.
Furthermore, the disappearance of the large PMA, fol-
lowing the AFM-to-FM transition of Fe-Rh observed in
this work, is consistent with the Fe/Mn system in which
decreasing Mn thickness results in a reduction of PMA due
to reduced AFM order [12].

IV. CONCLUSION

In conclusion, we demonstrate a large PMA induced
at an Fe/Fe-Rh interface from FMR measurements. PMA
disappears following the magnetic phase transition of
Fe-Rh from the AFM to the FM state, suggesting that
a magnetic exchange coupling between the FM order of
Fe and the AFM order of Fe-Rh is necessary to develop
PMA. Although further study is needed to clarify the exact
mechanism(s), the large PMA, in conjunction with its con-
trollability through the magnetic phase transition, demon-
strated in this work can provide a platform for controlling
high-density spintronic devices.

ACKNOWLEDGMENTS

This work is supported by JST CREST (Grant No.
JPMJCR18J); JSPS KAKENHI (Grants No. 21H04614
and No. 20K23374); JST FOREST (Grant No.
JPMJFR212V), JSPS Bilateral Joint Research Projects
(Grant No. JPJSBP120197716); and Advanced Research
Infrastructure for Materials and Nanotechnology in
Japan (ARIM) of the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) (Proposal No.
JPMXP1222NU0063).

[1] D. Weller and A. Moser, Thermal effect limits in ultrahigh-
density magnetic recording, IEEE Trans. Magn. 35, 4423
(1999).

[2] S. Mangin, D. Ravelosona, J. A. Katine, M. J. Carey, B. D.
Terris, and E. E. Fullerton, Current-induced magnetization
reversal in nanopillars with perpendicular anisotropy, Nat.
Mater. 5, 210 (2006).

[3] N. Nakajima, T. Koide, T. Shidara, H. Miyauchi, H. Fuku-
tani, A. Fujimori, K. Iio, T. Katayama, M. Nývlt, and
Y. Suzuki, Perpendicular Magnetic Anisotropy Caused by
Interfacial Hybridization via Enhanced Orbital Moment in
Co/Pt Multilayers: Magnetic Circular X-Ray Dichroism
Study, Phys. Rev. Lett. 81, 5229 (1998).

[4] D. Weller, Y. Wu, J. Stohr, M. G. Samant, B. D.
Hermsmeier, and C. Chappert, Orbital magnetic moments
of Co in multilayers with perpendicular magnetic
anisotropy, Phys. Rev. B 49, 888 (1994).

064077-5

https://doi.org/10.1109/20.809134
https://doi.org/10.1038/nmat1595
https://doi.org/10.1103/PhysRevLett.81.5229
https://doi.org/10.1103/PhysRevB.49.12888


HIROKI OMURA et al. PHYS. REV. APPLIED 19, 064077 (2023)

[5] J. Hayakawa, S. Ikeda, Y. M. Lee, R. Sasaki, T. Meguro,
F. Matsukura, H. Takahashi, and H. Ohno, Current-driven
magnetization switching in CoFeB/MgO/CoFeB mag-
netic tunnel junctions, Jpn. J. Appl. Phys. 44, L1267
(2005).

[6] S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D.
Gan, M. Endo, S. Kanai, J. Hayakawa, F. Matsukura, and H.
Ohno, A perpendicular-anisotropy CoFeB-MgO magnetic
tunnel junction, Nat. Mater. 9, 721 (2010).

[7] J. W. Koo, S. Mitani, T. T. Sasaki, H. Sukegawa, Z. C. Wen,
T. Ohkubo, T. Niizeki, K. Inomata, and K. Hono, Large per-
pendicular magnetic anisotropy at Fe/MgO interface, Appl.
Phys. Lett. 103, 192401 (2013).

[8] T. Devolder, P. H. Ducrot, J. P. Adam, I. Barisic, N. Vernier,
J. Von Kim, B. Ockert, and D. Ravelosona, Damping of
CoxFe80−xB20 ultrathin films with perpendicular magnetic
anisotropy, Appl. Phys. Lett. 102, 022407 (2013).

[9] J. Okabayashi, J. W. Koo, H. Sukegawa, S. Mitani, Y. Tak-
agi, and T. Yokoyama, Perpendicular magnetic anisotropy
at the interface between ultrathin Fe film and MgO studied
by angular-dependent x-ray magnetic circular dichroism,
Appl. Phys. Lett. 105, 122408 (2014).
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