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Exchange coupling across the interface between a ferromagnetic (FM) layer and an antiferromagnetic (AFM) or
another FM layer may induce a unidirectional magnetic anisotropy and/or a uniaxial magnetic anisotropy, which has been
extensively studied due to the important application in magnetic materials and devices. In this work, we observed a fourfold
magnetic anisotropy in amorphous CoFeB layer when exchange coupling to an adjacent FeRh layer which is epitaxially
grown on an SrTiO3(001) substrate. As the temperature rises from 300 K to 400 K, FeRh film undergoes a phase transition
from AFM to FM phase, the induced fourfold magnetic anisotropy in the CoFeB layer switches the orientation from the
FeRh⟨110⟩ to FeRh⟨100⟩ directions and the strength is obviously reduced. In addition, the effective magnetic damping as
well as the two-magnon scattering of the CoFeB/FeRh bilayer also remarkably increase with the occurrence of magnetic
phase transition of FeRh. No exchange bias is observed in the bilayer even when FeRh is in the nominal AFM state, which is
probably because the residual FM FeRh moments located at the interface can well separate the exchange coupling between
the below pinned FeRh moments and the CoFeB moments.

Keywords: magnetic anisotropy, phase transition, CoFeB/FeRh, exchange coupling
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1. Introduction
Magnetic anisotropy is a very important parameter in the

application of magnetic thin film devices, which has intrin-
sic and extrinsic origins. When magnetic materials with cu-
bic structure is epitaxially grown on single crystal substrates,
an in-plane fourfold magnetic anisotropy can be observed
due to its intrinsic cubic magnetocrystalline anisotropy, such
as Fe/MgO(001)[1] and Fe3O4/GaAs(100).[2] In contrast, an
amorphous magnetic film cannot show the intrinsic magne-
tocrystalline anisotropy due to the absence of long-range order
in the crystal lattice. Extrinsic magnetic anisotropies can be re-
sulted from various origins, such as shape of materials,[3] me-
chanical stress,[4,5] and interfacial exchange coupling.[6,7] The
last case is prevalent in designing and fabricating magnetic
materials and devices. When a ferromagnetic (FM) layer is
exchange coupled to an antiferromagnetic (AFM) layer, a hys-
teresis loop shift and a coercivity enhancement are often ob-
served. This kind of exchange bias (EB) coupling can induce
a unidirectional anisotropy and an extra uniaxial anisotropy,
for which reason the AFM materials are widely used in spin-
tronic devices as a pinning layer.[8–12] When a soft FM layer
with high saturation magnetization is exchange coupled to a
hard FM layer with high coercivity, the composite materials
may display a high magnetic energy product. This kind of ex-

change spring coupling is usually employed to design the next
generation of permanent magnet materials.[13–15] Although the
fourfold magnetic anisotropy is often obtained through the epi-
taxial growth of an FM layer with cubic structure, it cannot be
induced by the interfacial exchange coupling regardless at the
FM/AFM or FM/FM interfaces. Different from the exchange-
coupling-induced magnetic anisotropy, the fourfold magnetic
anisotropy of epitaxial magnetic films is not easy to be tuned
due to its intrinsic nature.

The CsCl-type FeRh alloy is AFM at room temperature,
undergoes a first-order phase transition to FM as the temper-
ature rises around 370 K,[16–19] and shows a coexistence of
AFM and FM phases during the transition. The peculiar mag-
netic transition gives FeRh film potential application in ther-
mally assisted magnetic recording storage.[20] When an AFM
FeRh layer is proximate to a hard FM media of FePt layer, the
exchange bias coupling occurring at the interface can increase
the coercivity of FePt, thus improve the stability of magnetic
information storage. After the occurrence of magnetic transi-
tion of FeRh at an elevated temperature, the exchange spring
coupling between the FM FeRh and the FePt layer can signif-
icantly reduce the coercivity of FePt, thus enable the informa-
tion writing with a low magnetic field.

Soft FM material of CoFeB displays the excellent mag-
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netic properties such as high spin polarization, high perme-
ability, low coercivity, and low magnetic damping[21–23] due
to the unique amorphous structure with the absence of dis-
locations and grain boundaries.[24,25] Consequently, CoFeB
in the form of thin film has been widely used in spintronic
devices.[22,23,26–29] Due to the lack of crystal structure, amor-
phous CoFeB film has no magnetocrystalline anisotropy, but
usually reveals a weak uniaxial anisotropy.[30] In this paper,
we realized an unusual fourfold magnetic anisotropy in amor-
phous CoFeB layer by means of exchange coupling to an ad-
jacent FeRh layer which is epitaxially grown on SrTiO3(001)
substrate. As the temperature increases, FeRh transfers from
AFM to FM states, the induced fourfold magnetic anisotropy
of the CoFeB layer switches the orientation from FeRh⟨100⟩
to FeRh⟨100⟩ directions, and the strength is obviously re-
duced.

2. Experiment
CoFeB(15 nm)/FeRh(50 nm) bilayer was grown onto

(001) oriented SrTiO3 (STO) substrate by using an ultrahigh
vacuum magnetron sputtering system with a base pressure
lower than 1.0×10−8 Torr (1 Torr = 1.33322×102 Pa). The
STO substrate was pre-annealed at 700 ∘C for an hour and held
at 750 ∘C during deposition. FeRh layer was sputtered from
a stoichiometric Fe50Rh50 target in an argon atmosphere of
3 mTorr, and then was subjected to in situ annealing at 780 ∘C
for 90 min to promote the atomic ordering. After naturally
cooled to room temperature, Co40Fe40B20 (CoFeB) layer was
deposited on top of the FeRh layer. Reference FeRh(50 nm)
and CoFeB(15 nm) single layers were grown on STO(001)
by using the same growth parameters. All the samples were
coated with a 3-nm Ta layer at room temperature to avoid ox-
idation before being taken out of the vacuum chamber. X-ray
diffraction (XRD) θ–2θ and Φ-scans were performed to char-
acterize the crystalline structure and the epitaxial nature. Mag-
netic property measurement system (MPMS, Quantum De-
sign) was used to characterize the magnetic phase transition.
Magneto-optical Kerr effect (MOKE) setup was used to char-
acterize the hysteresis loops at various in-plane orientations
of magnetic field. Ferromagnetic resonance (FMR) measure-
ments were carried out to obtain the magnetic anisotropy and
the magnetic damping parameters.

3. Result and discussion
Figure 1(a) shows the x-ray diffraction θ–2θ pattern of

the CoFeB/FeRh bilayer grown on STO(001) substrate. The
FeRh(001) and (002) diffraction peaks are clearly seen, in-
dicating the formation of CsCl-type ordered structure with a
(001)-preferential growth orientation. No CoFeB peak is de-
tected due to the amorphous structure. The x-ray Φ-scan pat-

tern displays four peaks separated by 90∘ for both STO sub-
strate and FeRh layer, as shown in Fig. 1(b). The two sets
of peaks have a 45∘ deviation, thus the epitaxial relationship
is known to be STO(001)[010]||FeRh(001)[110], as shown in
Fig. 1(c). Before the subsequent temperature-dependent mag-
netization (M–T ) measurement, a 1-T field cooling process
was performed along the STO[100] orientation. The satura-
tion magnetization of the bilayer increases from 415 emu/cc
at 300 K to 1075 emu/cc at 400 K, which confirms the pres-
ence of antiferromagnetic (AFM) to ferromagnetic (FM) phase
transition of FeRh,[17,31] as shown in Fig. 1(d). The refer-
ence CoFeB single layer was measured to show a magneti-
zation of 996 emu/cc at 300 K and a slightly reduced value
of 964 emu/cc at 400 K. The magnetization of FeRh layer is
143 emu/cc at 300 K and 898 emu/cc at 400 K. The resid-
ual magnetization in the AFM state is often observed to be
located within 6 nm–8 nm near the top and bottom inter-
faces of FeRh layer,[32–36] because the presence of antisite
defects at the interfaces results in some neighboring Fe–Fe
atom pairs changing to FM coupling.[32] The residual mag-
netization of FeRh grown on STO(001) is slightly larger than
that on MgO(001).[32,35] According to the lattice parame-
ters αFeRh = 0.2995 nm, αSTO = 0.3905 nm, and αMgO =

0.4216 nm, FeRh film is subjected to a compressive strain of
0.53% when epitaxially grown on MgO(001) substrate, while
the compressive strain remarkably increases to 7.8% for FeRh
on STO(001).[37] This epitaxial strain can be relaxed through
the formation of structural defects.
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Fig. 1. X-ray (a) θ–2θ scan and (b) Φ scan of the CoFeB/FeRh bilayer
grown on STO(001) substrate. The S and F marked on the diffraction peaks
indicate STO and FeRh, respectively. (c) Schematic diagram of the epitaxial
relationship between FeRh and STO lattices. A 1-T field cooling process
was performed along STO[100], then an in-plane external field was applied
in subsequent measurements at different angles ϕ with respect to STO[100].
(d) Temperature dependence of magnetization of the CoFeB/FeRh bilayer.
The critical temperatures of phase transition in the heating and cooling
branches are indicated as well.

Consequently, the large epitaxial strain imposed by STO
substrate may lead to a large residual magnetization of FeRh in
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the AFM state. By taking a derivative of the M–T curves, the
AFM–FM transition temperatures in the heating and cooling
branches are extracted as TAFM→FM = 375K and TFM→AFM =

359 K, respectively. The thermal hysteresis, i.e., the differ-
ence between TAFM→FM and TFM→AFM, clearly indicates the
first-order of phase transition of FeRh.

Hysteresis loops were measured by MOKE at 300 K and
400 K with a magnetic field applied in film plane at vari-
ous angles ϕ with respect to the STO[100] direction, i.e.,
the FeRh

[
11̄0

]
direction. The measurements at 300 K were

conducted after a 1-T field cooling process in MPMS from
400 K. The MOKE signal comes from the upper CoFeB
layer because the laser illuminates the sample from the top
side, the 10-nm penetration depth of the used He–Ne laser is
lower than the thickness of CoFeB.[38] As shown in Fig. 2(a),
the hysteresis loop measured at ϕ = 0∘ displays a large
squareness Mr/Ms = 0.92 and a large coercivity Hc = 60 Oe
(1 Oe = 79.5775 A·m−1), while the hysteresis loop measured
at ϕ = 45∘ is sheared with a low Mr/Ms = 0.75 and a small
Hc = 30 Oe.
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Fig. 2. Hysteresis loops of the CoFeB/FeRh bilayer obtained with an exter-
nal magnetic field applied along the easy axis (EA) and the hard axis (HA)
at (a) 300 K and (b) 400 K. Angular dependence of normalized Mr/Ms and
Hc of the bilayer measured at (c) 300 K and (d) 400 K.

Figures 2(b) shows the hysteresis loops measured at the
same two magnetic field orientations at 400 K. The hystere-
sis loop at ϕ = 0∘ changes to a relatively sheared one with
Mr/Ms = 0.85 and Hc = 40 Oe. Meanwhile, the hystere-
sis loop at ϕ = 45∘ changes to a relatively square one with
Mr/Ms = 0.94 and Hc = 42 Oe. Figures 2(c) and 2(d) show
the angular dependence of Mr/Ms and Hc extracted from the
hysteresis loops obtained at 300 K and 400 K, respectively.
Both Mr/Ms and Hc reveal an in-plane fourfold symmetry. At
300 K when FeRh is in the AFM state, the maximum val-
ues appear at ϕ = 0∘, 90∘, 180∘, and 270∘, i.e., the in-plane
FeRh⟨110⟩ directions. While the minimum values are located

at ϕ = 45∘, 135∘, 225∘, and 315∘, i.e., the in-plane FeRh⟨100⟩
directions. Because the angular dependence of Mr/Ms and Hc

are direct consequence of magnetic anisotropy, the symme-
try of Mr/Ms and Hc indicates that when exchange coupling
to an AFM FeRh layer, the amorphous CoFeB layer displays
a fourfold magnetic anisotropy with the easy axes orienting
along the FeRh⟨110⟩ direction and the hard axes along the
FeRh⟨100⟩ direction. At 400 K when FeRh enters into the
FM state, the maximum values of both Mr/Ms and Hc change
to appear at ϕ = 45∘, 135∘, 225∘, and 315∘. The minimum val-
ues are located at ϕ = 0∘, 90∘, 180∘, and 270∘. Thus, the easy
and hard axes of the fourfold magnetic anisotropy in CoFeB
layer change to orient along the FeRh⟨100⟩ and ⟨110⟩ direc-
tions, respectively. In contrast, the reference CoFeB single
film grown on STO(001) displays a clear uniaxial magnetic
anisotropy and the reference FeRh single film in the FM state
reveals a fourfold magnetic anisotropy.

Figures 3(a) and 3(b) show the typical MOKE loops mea-
sured along the easy and hard axes for the CoFeB single film
at 300 K and the FeRh single film at 400 K, respectively. Fig-
ures 3(c) and 3(d) show the corresponding angular dependence
of Mr/Ms and Hc for the CoFeB and FeRh single films, respec-
tively. The induced fourfold magnetic anisotropy indicates
that the cubic magnetocrystalline anisotropy of the epitaxial
FeRh layer either in the AFM or FM states can be imprinted
into the amorphous CoFeB layer through the AFM/FM and
FM/FM interfacial exchange coupling between them. Because
the magnetocrystalline anisotropy of FeRh changes from the
⟨110⟩ directions in the AFM state to the ⟨100⟩ directions in
the FM state,[39] the easy and hard axes of the induced fourfold
anisotropy in the CoFeB layer are swapped with each other af-
ter the occurrence of phase transition of FeRh. Comparing the
difference in Mr/Ms measured along the easy and hard axes,
it is found that the fourfold magnetic anisotropy of the CoFeB
layer induced by the AFM FeRh at 300 K is obviously higher
than that by the FM FeRh at 400 K. The coercivities for the
reference CoFeB/STO(001) film measured along the easy and
hard axes are only 8 Oe and 3 Oe, respectively. It is clearly that
the exchange coupling to FeRh layer leads to a remarkable en-
hancement in the coercivity of CoFeB layer. It is well known
that the most common phenomena for an AFM/FM bilayer are
exchange bias behaviors with the shift in its hysteresis loop
and an increasement of its coercivity.[11,12,40] Although we
have observed a fourfold magnetic anisotropy and obviously
enhanced coercivities in the CoFeB/FeRh bilayer caused by
the interfacial exchange coupling regardless of FeRh in the
AFM or FM states, there is no shift in hysteresis loops when
FeRh is in the AFM state even after a field cooling process.
In previously well-studied AFM/FM bilayers, the pinning and
rotatable uncompensated moments in the AFM surface may
couple to the FM moments across the interface, respectively
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leading to the exchange bias field and the increasement of co-
ercivity. The rotatable uncompensated moments can rotate fol-
lowing the FM moments under a magnetic field due to the ex-
change coupling. The pinned moments have been observed
mostly below the rotatable ones. Both kinds of moments are
very rare in the commonly used AFM layers, such as IrMn,
CoO, etc. Synchrotron methods, such as x-ray magnetic cir-
cular dichroism, are usually required to detect them.[41,42] Dif-
ferent from these AFM layers, when FeRh is in the AFM state,
a great number of residual FM moments can still be observed
to be mostly located at the upper and bottom interfaces.[32]

They actually can be viewed as the rotatable uncompensated
moments distributed in the AFM matrix and well separate the
exchange coupling between the below pinned uncompensated
moments and the CoFeB moments. Consequently, only the in-
crease of coercivity but no exchange bias is observed in our
CoFeB/FeRh bilayer. It should be noted that the residual FM
FeRh phase is different from the FM FeRh phase at an elevated
temperature. It may display a magnetocrystalline anisotropy
collinear with the AFM matrix, but the strength may reduce
due to surface defects. Consequently, the fourfold magnetic
anisotropy in the CoFeB layer is imprinted from the AFM
FeRh surface with a mixture of the residual FM phase and the
AFM matrix.
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The FMR absorption spectra of the bilayer were obtained
at different in-plane magnetic field orientations in the temper-
ature range of 300 K–400 K with an interval of 20 K upon
heating. Different from the surface characterization method of
MOKE, the FMR signal is contributed not only by CoFeB but
also by FM FeRh. Figure 4(a) shows a representative spec-
trum measured at 300 K with an external field H applied along

FeRh
[
11̄0

]
(ϕ = 0∘). The intensity of FMR signal is fitted by

the combination of a symmetric Lorentzian term and an anti-
symmetric dispersive term:[43–45]

U = L
∆H2

(H −Hr)
2 +∆H2

+D
∆H (H −Hr)

(H −Hr)
2 +∆H2

+C, (1)

where L and D are the amplitudes of Lorentzian and disper-
sive parts, respectively. Hr is the resonant field, ∆H is the half-
width at half maximum. C is a constant term, which is usually
caused by the weak non-resonance mechanism. The exper-
imental data can be well fitted to Eq. (1), the symmetric and
antisymmetric contributions are also shown in Fig. 4(a). A pair
of Hr and ∆H are extracted. Figure 4(b) displays the Hr mea-
sured at different in-plane orientations at various temperatures
upon heating, which display a superposition of fourfold and
uniaxial contributions over the entire measuring temperature
range. At 300 K–340 K, four local minima of Hr are oriented
at ϕ = 0∘, 90∘, 180∘, 270∘ and the value of Hr at ϕ = 0∘ is
apparently lower than that at ϕ = 90∘, confirming the fourfold
magnetic anisotropy along FeRh⟨110⟩ additionally superim-
posed with a uniaxial magnetic anisotropy along FeRh

[
11̄0

]
.

At 360 K and higher temperatures, four local minima of Hr

are at ϕ = 45∘, 135∘, 225∘, 315∘, which indicates that the
fourfold magnetic anisotropy changes to along FeRh⟨100⟩. At
360 K and 380 K, the value of Hr at ϕ = 45∘is lower than that
at ϕ = 135∘, indicates that the uniaxial magnetic anisotropy
changes to along FeRh[100]. However, at 400 K it changes
back to along FeRh

[
11̄0

]
. A simplified Landau-Lifshitz equa-

tion is used to quantitatively fit the angular dependence of
Hr:[2,39]

(
2π f

γ

)2

=

[
Hr +4πM− 3K1

2M
+

2Ku

M
cos2ϕ +

K1

2M
cos4ϕ

]
×
[

Hr +
4Ku

M
cos2ϕ +

2K1

M
cos4ϕ

]
, (2)

where f is the microwave frequency fixed at 9.3 GHz in the
measurements, γ is the gyromagnetic ratio. Ku and K1 are
the in-plane uniaxial and fourfold anisotropy constants, re-
spectively. Figure 4(c) shows the temperature dependence of
K1/M and Ku/M of the bilayer. The K1/M has a small value of
2.7 Oe at 300 K. It significantly increases when crossing the
AFM–FM phase transition temperature and reaches a maxi-
mum value of 19.3 Oe at 400 K. The Ku/M has a small value
lower than 2 Oe over the entire measuring temperature range.
When FeRh is in the AFM state at 300 K, the K1 and Ku ob-
tained by FMR are the anisotropies of the CoFeB layer. How-
ever, when the temperature rises from 300 K to 400 K, the
AFM FeRh gradually transfers to FM, which contributes to the
FMR signal. Thus, the obtained K1 and Ku are the anisotropies
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of the coupled FM bilayers. The K1/M of the FeRh single film
is also measured as 38.4 Oe at 400 K by FMR, which is sig-
nificantly larger than the value of the bilayer. Obviously, the
exchange coupling to the CoFeB layer can significantly reduce
the K1/M. The orientation of Ku shows a complicated depen-
dence on temperature, which is because of the competition
between the different sources. The CoFeB layer itself pos-

sesses a uniaxial magnetic anisotropy KuCFB. The ferromag-
netic FeRh phase also displays a uniaxial magnetic anisotropy
KuFeRh. The exchange coupling between CoFeB and FeRh
can additionally induce a uniaxial magnetic anisotropy Kuex.
When FeRh starts to transfer from AFM to FM, the three com-
ponents may change with temperatures, resulting in the varia-
tion of Ku.
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Fig. 4. (a) Representative FMR spectrum (open dots) for the CoFeB/FeRh bilayer measured along FeRh
[
11̄0

]
at 300 K. The corresponding

fitting result (black line) consists of the symmetric (red line) and antisymmetric (blue line) parts. (b) The extracted resonance field Hr as
a function of the in-plane magnetic field orientation ϕ at different temperatures. The solid lines are the fitting to Eq. (2). (c) Temperature
dependence of the fitting parameters of K1/M and Ku/M.

Figure 5(a) shows the angular dependence of ∆H for the
CoFeB/FeRh bilayer measured in the range of temperature
from 300 K to 400 K. Similar to the Hr, they also exhibit a su-
perposition of fourfold and uniaxial symmetries. For the tem-
perature ranged from 300 K to 340 K, the fourfold local min-
ima of ∆H are oriented along FeRh⟨110⟩, while the uniaxial
minima are along FeRh

[
11̄0

]
. At 360 K and 400 K, the four-

fold local minima of ∆H change to along FeRh⟨100⟩, while
the uniaxial minima keep along FeRh

[
11̄0

]
. At these measur-

ing temperatures, the symmetry of ∆H is exactly the same to
that of the corresponding Hr. However, at 380 K when the
phase transition of FeRh occurs, the fourfold symmetry of ∆H
becomes opposite to that of the corresponding Hr. ∆H is of-
ten considered to originate from both intrinsic and extrinsic
mechanisms. The intrinsic mechanism refers to the contribu-
tion of Gilbert damping α , which depends on the microwave
frequency f with a relation of ∆HGi = α(2π f/γ).[46–48] Since
our FMR measurements are carried out at a fixed frequency,
the contribution from Gilbert damping can be considered as a
constant, and the periodic change of the angular dependence
of ∆H mainly comes from the extrinsic two-magnon scatter-
ing (TMS) contribution.[49–51] Thus, the experimentally ob-
tained angular dependence of ∆H can be interpreted by the

equation[46,47,52]

∆HGi+TMS

∼=
[(

α +
Γ0

2M

)
+

Γ2

2M
cos2ϕ +

Γ4

2M
cos4ϕ

]
2π f

γ
, (3)

where Γ0, Γ2, and Γ4 are the parameters of the constant,
twofold, and fourfold terms in the TMS contribution, respec-
tively. The Gilbert damping together with the TMS con-
stant term forms the effective damping and is expressed as
αeff = α +Γ0/2M, which does not vary with the orientations
of applied magnetic field. As shown in Fig. 5(a), the angular
dependent linewidth can be well fitted to Eq. (3).

Figure 5(b) shows the fitting parameter of αeff as a func-
tion of temperature. When FeRh is in the AFM state, the
αeff of the CoFeB/FeRh bilayer is as small as 2.9× 10−2 at
300 K. When FeRh enters into the FM state, the αeff increases
to 5.0×10−2 at 400 K. For comparison, the αeff of the CoFeB
single film is 1.0×10−2 at 300 K, and the αeff of the FeRh
single film decreases from 7.9×10−2 at 360 K to 5.8×10−2 at
400 K. The FMR signal of the nominally AFM FeRh is too
weak to be detected when the temperature is below 360 K.
It is obviously that the interfacial exchange coupling in the
CoFeB/FeRh bilayer can increase the magnetic damping of
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the soft CoFeB layer and pull down that of the FM FeRh
layer, which is consistent with many previous reports on the
enhancement of αeff in FM/AFM systems.[53–56] The αeff dis-
plays an anomalously large value of 6.5×10−2 at 380 K dur-
ing the regime of phase transition, which is probably because
the AFM FeRh moments stay in an unstable state and can ro-
tates following the FM FeRh moments. This feature is sim-
ilar to the phenomenon occurred in the FM/AFM exchange
biased bilayers, the coercivity displays a peak value when the
AFM moments become unstable with reducing the thickness
to a critical value.[57]

The fourfold TMS coefficient Γ4 is as small as 11.9 Oe
at 300 K. As FeRh transfers from the AFM to FM states,
the Γ4 remarkably increases to 202.2 Oe at 400 K, as show
in Fig. 5(c). The change of the fourfold symmetry of ∆H at
360 K indicates that the direction of the maximum scattering
changes from FeRh⟨100⟩ to FeRh⟨110⟩ with the occurrence
of the AFM–FM phase transition of FeRh. The twofold TMS
coefficient Γ2 keeps a small value around 6.2 Oe before 340 K
and sharply increases to 54.2 Oe at 400 K. Similar to the αeff,
the Γ2 also displays an anomalously large value of 105.5 Oe at
380 K when FeRh stays in a mixed AFM–FM state.
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Fig. 5. (a) The linewidth ∆H as a function of the in-plane magnetic field orientation ϕ at different temperatures for the CoFeB/FeRh bilayer.
The solid lines are the fitting to Eq. (3). Temperature dependence of (b) the effective damping coefficients αeff and (c) the TMS coefficients of
Γ4 and Γ2 for the bilayer. The αeff for the reference CoFeB and FeRh single layers are presented as well.

4. Conclusion

In summary, we fabricated amorphous CoFeB/epitaxial
FeRh bilayer on STO(001) substrate. The MOKE measure-
ments indicate that when exchange coupling to the epitax-
ial FeRh layer, the angular dependence of both Mr/Ms and
Hc of CoFeB layer display a fourfold symmetry which both
changes with the magnetic phase transition of FeRh layer. The
exchange-coupling-induced fourfold magnetic anisotropy of
CoFeB layer changes from FeRh⟨110⟩ to FeRh⟨100⟩ direc-
tions with a remarkably reduced strength when FeRh transfers
from AFM to FM states upon heating. The anisotropic FMR
linewidths obtained at different temperatures demonstrate an
obviously enhanced effective magnetic damping and the two-
magnon scattering as the magnetic phase transition of FeRh
occurs. No shift of hysteresis loop or unidirectional magnetic
anisotropy was observed the CoFeB/FeRh bilayer even when
FeRh is in the AFM state, which is probably because the resid-
ual FM FeRh moments located at the interface can well sepa-
rate the coupling between the pinned FeRh moments and the
CoFeB moments.
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Rev. B 87 184431

[53] McCord J, Mattheis R and Elefant D 2004 Phys. Rev. B 70 094420
[54] Le Graet C, Spenato D, Pogossian S P, Dekadjevi D T and Ben Youssef

J 2010 Phys. Rev. B 82 100415
[55] Weber M C, Nembach H, Hillebrands B and Fassbender J 2005 J. Appl.

Phys. 97 10A701
[56] McCord J, Kaltofen R, Schmidt O G and Schultz L 2008 Appl. Phys.

Lett. 92 162506
[57] Tang Y J, Roos B F P, Mewes T, Frank A R, Rickart M, Bauer M,

Demokritov S O, Hillebrands B, Zhou X, Liang B Q, Chen X and Zhan
W S 2000 Phys. Rev. B 62 8654

087503-7

http://dx.doi.org/10.1063/1.369932
http://dx.doi.org/10.1063/1.369932
http://dx.doi.org/10.1038/nmat2246
http://dx.doi.org/10.1063/1.3367705
http://dx.doi.org/10.1063/1.3561516
http://dx.doi.org/10.1063/1.3561516
http://dx.doi.org/10.1016/S0304-8853(99)00376-5
http://dx.doi.org/10.1016/S0304-8853(99)00376-5
http://dx.doi.org/10.1038/nature01208
http://dx.doi.org/10.1063/1.120793
http://dx.doi.org/10.1063/1.1728721
http://dx.doi.org/10.1103/PhysRevB.46.2864
http://dx.doi.org/10.1063/1.360955
http://dx.doi.org/10.1063/1.3573503
http://dx.doi.org/10.1063/1.1571232
http://dx.doi.org/10.1063/1.2174113
http://dx.doi.org/10.1063/1.5017287
http://dx.doi.org/10.1063/1.5017287
http://dx.doi.org/10.1038/nmat2804
http://dx.doi.org/10.1038/nmat2804
http://dx.doi.org/10.1088/0022-3727/40/5/S04
http://dx.doi.org/10.1109/TMAG.2004.830219
http://dx.doi.org/10.1016/S0304-8853(96)00538-0
http://dx.doi.org/10.1063/1.370051
http://dx.doi.org/10.1016/j.jmmm.2008.04.153
http://dx.doi.org/10.1063/1.2754372
http://dx.doi.org/10.1063/1.2754372
http://dx.doi.org/10.1016/j.jmmm.2012.05.012
http://dx.doi.org/10.1016/j.jmmm.2012.05.012
http://dx.doi.org/10.1103/PhysRevB.72.214432
http://dx.doi.org/10.1103/PhysRevB.82.184418
http://dx.doi.org/10.1038/srep22383
https://doi.org/10.1063/1.2837247
https://doi.org/10.1063/1.3054386
https://doi.org/10.1063/1.3054386
https://doi.org/10.1063/1.4794980
http://dx.doi.org/10.1063/1.4976301
http://dx.doi.org/10.1016/S0304-8853(03)00072-6
http://dx.doi.org/10.1038/s41427-020-00248-x
http://dx.doi.org/10.1103/PhysRevB.63.064405
https://doi.org/10.1063/1.4919232
https://doi.org/10.1063/1.4919232
http://dx.doi.org/10.1103/PhysRevB.70.184411
http://dx.doi.org/10.1063/1.2837180
http://dx.doi.org/10.1063/1.4824654
http://dx.doi.org/10.1063/1.4824654
http://dx.doi.org/10.1103/PhysRevB.76.224430
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.5022087
http://dx.doi.org/10.1038/srep22890
https://doi.org/10.1063/1.3067607
http://dx.doi.org/10.1063/1.2828701
http://dx.doi.org/10.1063/1.2828701
http://dx.doi.org/10.1103/PhysRevB.84.184438
http://dx.doi.org/10.1103/PhysRevB.84.184438
http://dx.doi.org/10.1103/PhysRevB.87.184431
http://dx.doi.org/10.1103/PhysRevB.87.184431
https://doi.org/10.1103/PhysRevB.70.094420
https://doi.org/10.1103/PhysRevB.82.100415
https://doi.org/10.1063/1.1846299
https://doi.org/10.1063/1.1846299
http://dx.doi.org/10.1063/1.2913758
http://dx.doi.org/10.1063/1.2913758
http://dx.doi.org/10.1103/PhysRevB.62.8654

	1. Introduction
	2. Experiment
	3. Result and discussion 
	4. Conclusion 
	References

