Xie et al. NPG Asia Materials (2020) 12:67

https://doi.org/10.1038/541427-020-00248-x NPG Asia Materials

ARTICLE Open Access

Magnetocrystalline anisotropy imprinting of an
antiferromagnet on an amorphous ferromagnet
in FeRh/CoFeB heterostructures

Yali Xie®', Qingfeng Zhan Y, Yong Hu** Xiao Hu?, Xiaodan Chi®, Chenyu Zhangs, Huali Yang1, Wenhui Xie?,
Xiaoyan Zhu?, Jianhua Gao®, Wenjuan Cheng?, Dongmei Jiang” and Run-Wei Li®'

Abstract

Magnetic anisotropy is a fundamental key parameter of magnetic materials that determines their applications. For
ferromagnetic materials, the magnetic anisotropy can be easily detected by using conventional magnetic
characterization techniques. However, due to the magnetic compensated structure in antiferromagnetic materials,
synchrotron measurements, such as X-ray magnetic linear dichroism, are often needed to probe their magnetic
properties. In this work, we observed an imprinted fourfold magnetic anisotropy in the amorphous ferromagnetic layer
of FeRh/CoFeB heterostructures. The MOKE and ferromagnetic resonance measurements show that the easy
magnetization axes of the CoFeB layer are along the FeRh(110) and FeRh{100) directions for the epitaxially grown
FeRh layer in the antiferromagnetic and ferromagnetic states, respectively. The combined Monte Carlo simulation and
first-principles calculation indicate that the fourfold magnetic anisotropy of the amorphous CoFeB layer is imprinted

due to the interfacial exchange coupling between the CoFeB and FeRh moments from the magnetocrystalline
anisotropy of the epitaxial FeRh layer. This observation of imprinting the magnetocrystalline anisotropy of
antiferromagnetic materials on easily detected ferromagnetic materials may be applied to probe the magnetic
structures of antiferromagnetic materials without using synchrotron methods.

Introduction

Magnetic anisotropy is a fundamental key parameter of
magnetic materials, which determines the application of
various magnetic materials'. A permanent magnet usually
possesses a high magnetic anisotropy to improve both the
magnetic coercivity and the magnetic energy product. In
contrast, a soft magnetic material needs a magnetic ani-
sotropy as weak as possible to reduce the hysteresis loss
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and obtain a high permeability. Generally, the magnetic
anisotropy of magnetic materials contains both intrinsic
and extrinsic parts. The intrinsic magnetocrystalline ani-
sotropy originates from the anisotropy of spin—orbit
coupling®®, Thus, the symmetry of anisotropy is deter-
mined by the crystal structure of magnetic materials. For
instance, a single crystal ferromagnetic (FM) material of
Fe with a body-center cubic structure reveals cubic
magnetocrystalline anisotropy. Correspondingly, an epi-
taxially grown Fe film displays a fourfold in-plane mag-
netic anisotropy, which results in the occurrence of
unconventional multistepped magnetic transitions®”.
Similarly, a single crystal anti-FM (AF) material also dis-
plays a magnetocrystalline anisotropy. However, due to
the magnetic compensated structure, synchrotron mea-
surements, such as X-ray magnetic linear dichroism, are
often needed to probe its magnetic properties®. In
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contrast, amorphous magnetic materials do not display
magnetocrystalline anisotropy because of the absence of
long-range order in the crystal lattice, which makes them
good candidates for soft magnetic materials. Extrinsic
magnetic anisotropy is usually induced by the shape of the
magnetic materials, the applied stress, the processing
techniques, and the interfacial exchange coupling’. The
exchange bias (EB) anisotropy is one of the most impor-
tant extrinsic magnetic anisotropies and was discovered
60 years ago by Meiklejohn and Bean in a composite
system containing an FM material coupled with the
adjacent AF material®. In recent years, this effect has been
employed to stabilize the magnetization in spintronic
devices™'?, enhance the FMR frequency in microwave
devices'', and induce magnetoelectric coupling in multi-
ferroic composites'?.

CoFeB alloys show excellent soft magnetic behaviors
because of the absence of magnetocrystalline anisotropy
caused by the amorphous crystal structure. The additional
behavior of high spin polarization makes CoFeB exten-
sively applied in multilayered spintronic devices'*'*. On
the other hand, the CsCl-type FeRh alloy is an important
metamagnetic material. This material is AF at room
temperature and undergoes a peculiar first-order phase
transition to the FM phase with a low magnetocrystalline
anisotropy upon heating above a transition tempera-
ture'>', Most previous research has been focused on the
magnetic and transport behaviors of FeRh caused by the
phase transition, such as the magnetic entropy change'’,
the magnetoresistance effect'®, the reduction in resistiv-
ity'?, and the nucleation of magnetic domains. Recently,
the interfacial exchange coupling between thin-film FeRh
and various FM layers has attracted extensive attention
due to its potential application in magnetic recording and
spin-valve sensors. Suzuki et al. observed an EB in Fe/
FeRh(111) bilayers in the AF state of FeRh but no
occurrence of an EB at the Fe/FeRh(001) interface®'. Nam
et al. reported a very large EB anisotropy up to 0.8 erg/cm>
in FePt/FeRh(001) bilayers®>. Above the FeRh transition
temperature, FePt/FeRh(001) forms an exchange spring
system, significantly lowering the coercive field of the
composite system, which opens possible media applica-
tions for thermally assisted magnetic recording®’. In this
work, we investigated the magnetic behaviors of magnetic
heterostructures with an amorphous CoFeB layer grown
on an epitaxial FeRh layer. It is of great interest that the
amorphous CoFeB layer displays an in-plane fourfold
magnetic anisotropy, which is usually observed in single
crystal films. The MOKE and FMR measurements show
that the easy axes of the CoFeB layer are along the FeRh
(110) and FeRh(100) directions for the FeRh layer in the
AF and EM states, respectively. The combined Monte
Carlo simulation and first-principles calculation indicate
that the fourfold magnetic anisotropy of the amorphous
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CoFeB layer is imprinted due to the interfacial exchange
coupling between the CoFeB and FeRh moments from the
magnetocrystalline anisotropy of the epitaxial FeRh layer
regardless of the magnetic states of FeRh. This phenom-
enon may be applied to probe the magnetic structures of
AF materials without using synchrotron methods.

Materials and methods
Sample preparation

CoyoFeqoBoo(CoFeB)/FeRh bilayers with an FeRh thick-
ness fixed at 30 nm and a CoFeB thickness fcqrep varied
from 5 to 30 nm were deposited on commercial (001)-
oriented MgO substrates in a magnetron sputtering sys-
tem with a base pressure below 1.0 x 108 Torr. Before
deposition, the substrates were annealed at 500 °C for 1 h
in a vacuum chamber. FeRh layers were grown at a
temperature of 530 °C and then annealed at 650 °C for 1 h.
After the samples were cooled to room temperature, the
CoFeB layers were deposited on top of the FeRh layers.
Prior to removal from the vacuum chamber, the samples
were capped by a 3nm Ta layer to avoid oxidation. The
film thicknesses were controlled by the deposition time,
which was calibrated by X-ray reflectivity.

Characterization methods

The epitaxial growth of FeRh films was characterized by
in-plane X-ray ¢-scans. The microstructure of the CoFeB/
FeRh bilayers was observed by a high-resolution trans-
mission electron microscope (HRTEM). The magnetic
switching processes were measured by using a combined
longitudinal (||) and transverse (L) magneto-optical Kerr
effect (MOKE) setup. The temperature-dependent mag-
netic behaviors were characterized by using a magnetic
property measurement system (MPMS, Quantum Design,
USA). The magnetic anisotropy was quantitatively mea-
sured by FM resonance (FMR) spectroscopy at a radio
frequency of 9.31 GHz.

Monte Carlo simulations

Monte Carlo simulations were performed using a
technique based on a simulated annealing algorithm®*, A
soft magnet (SM) system was first zero-field cooled from
an initial temperature Ty = 1.0Jsp/kp at a constant step of
—0.05/sm/kg to a target temperature T = 0.05/spi/ks,
which is much lower than the magnetic ordering tem-
perature, where /sy, is the exchange constant of the SM to
serve as an energy unit and kg is the Boltzmann constant.
Then, the magnetization hysteresis loop is recorded by
isothermal cycling of H between 1.0/sp/gup and —1.0/sp/
gup at constant steps of |0.02/sn/gug|, where g is the
Landé g-factor and up is the Bohr magneton. At each
temperature/field value, 10> Monte Carlo steps were used
to equilibrate the system and then discarded, followed by
10° Monte Carlo steps for averaging magnetization
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quantities®>*°. Finally, 50 sets of independent initial spin
states were chosen to minimize the errors.

First-principles calculation

The first-principles spin-polarized calculations were
carried out by using the Vienna ab initio simulation
package with the projector augmented wave method*”®,
The exchange-correlation interactions were treated via
generalized  gradient  approximations  with  the
Perdew—Burke—Ernzerhof functional?”’. The plane-wave
cutoff energy was 400eV. Monkhorst—Pack meshes of
10 x 10 x 10 were employed for geometry optimization.
The magnetocrystalline anisotropy energy (MAE) was
calculated by performing non-collinear spin-polarized
calculations®. To obtain reliable values for the MAEs, the
convergence accuracy of the energy was 1077 eV, and
dense k points of 20 x 20 x 20 were used for the calcula-
tions. The MAEs for FeRh in different spin arrangements
were calculated in a non-self-consistent way by using the
charge density and wavefunctions of a collinear spin-
polarized calculation. The magnetic anisotropy was
determined when the orientations of the magnetic
moment were set along the FeRh (100) and FeRh
(110) axes.

Results and discussion

Figure la shows the temperature-dependent magneti-
zation curve measured with an in-plane magnetic field of
2 kOe for a 30 nm FeRh film epitaxially grown on MgO
(001). The magnetization of the FeRh film is as small as
21 emu/cm® at room temperature and then increases to
1220 emu/cm® at 380 K during the heating process, indi-
cating a typical AF-FM phase transition of FeRh. In the
cooling process, the magnetization of the FeRh film gra-
dually decreases to the initial value with a remarkable
temperature hysteresis, indicating the first-order phase
transition of FeRh. The hysteresis loops measured at
400 K, as shown in the inset of Fig. 1a, indicate that the in-
plane easy and hard magnetization axes are along the
FeRh[100] and FeRh[110] directions, respectively. After
growing the CoFeB layer on top of the FeRh layer, the
magnetization of a typical sample of CoFeB(15 nm)/FeRh
(30 nm) increases from 780 emu/cm® at room tempera-
ture to 1930 emu/cm® at 380 K during the heating pro-
cess, as shown in Fig. S1b of the Supporting Information.
The corresponding critical phase transition temperatures
of the FeRh film determined from the differential
temperature-dependent magnetization curve are 360 and
345K in the heating and cooling processes, respectively
(Supporting Information, Fig. S1c). The X-ray ¢-scans of
the CoFeB(15 nm)/FeRh(30 nm) bilayer with a fixed 26 at
the FeRh(011) reflection display a 90° interval of four
peaks. The FeRh peaks are located at 45° with respect to
the MgO peaks, as shown in Fig. 1b. These features
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indicate that the FeRh films are epitaxially grown with a
45° in-plane structure rotation on the MgO(001) sub-
strates, that is, the epitaxial relationships of FeRh(001)
(110)//MgO(001){100). No X-ray diffraction peak from
CoFeB is detected, indicating an amorphous structure of
the CoFeB layers. A clear interface between the CoFeB
and FeRh layers can be observed in the cross-sectional
HRTEM image, as shown in Fig. 1c. Most of the CoFeB
region looks amorphous, and the corresponding fast
Fourier transform (FFT) image displays an intense diffu-
sive ring feature. However, a strip-like contrast can be
seen in the CoFeB region within 0.5-1.0nm from the
FeRh interface, which indicates the partial crystallization
of CoFeB near the interface. The lattice fringe spacings of
0.297 £0.002, 0.211+0.001, and 0.172+0.001 nm
obtained in the FeRh region agree well with those of the
(001), (110), and (111) planes of FeRh, respectively. The
corresponding FFT image shows clear diffraction spots. In
addition, the HRTEM image of a reference CoFeB(15 nm)
film fabricated on MgO(001) substrate at room tem-
perature indicates the similar partial crystallization of
CoFeB within ~1.3 nm from the CoFeB/MgO interface, as
shown in Fig. S2 of the Supporting Information.

Both longitudinal (||) and transverse (L) MOKE loops
were obtained at various in-plane magnetic field orienta-
tions ¢ with respect to the MgO[100] direction, i.e., the
FeRh[11 0] direction, as summarized in Fig. 1d. Before the
MOKE measurements, to induce an EB, the samples were
heated beyond the AF-FM transition temperature to
400K and then cooled down to 300K with an external
magnetic field of 2T along the MgO[100] direction in
MPMS. Four kinds of MOKE loops are observed for the
typical CoFeB(15nm)/FeRh(30 nm) bilayer measured at
different ¢ at room temperature, as depicted in Fig. 2. The
spin orientations of CoFeB in each step are also presented
according to the transverse MOKE signal. Notably, since
the penetration depth of the laser used in our MOKE
setup is known to be approximately 10 nm and the Ta
capping layer is 3 nm in thickness®', the MOKE signal is
detected by illuminating the samples from the top side in
our measurements, which comes mostly from the amor-
phous CoFeB but not from the partially crystallized
CoFeB near the interface and the below single crystal
FeRh. A square loop with a coercivity H of 65 Oe is
observed for ¢ around the field-cooling (FC) direction,
which is obviously larger than that (H,=15QOe, Sup-
porting Information, Fig. S3) of a single-CoFeB layer
without growing the FeRh underlayer, indicating the
occurrence of interfacial exchange coupling between the
CoFeB and FeRh moments. The corresponding transverse
MOKE signal indicates that the CoFeB magnetization
switches between the MgO[100] and MgO[100] directions
via domain wall (DW) nucleation and propagation
(Fig. 2a). Only a very small loop-shift less than 3 Oe is
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Fig. 1 Phase transition of FeRh and structural characterizations of CoFeB/FeRh/MgO. a Temperature-dependent magnetization curves of FeRh
(30nm)/MgO. The inset shows the corresponding hysteresis loops measured along the FeRh[100] and FeRh([110] directions at 400K. b X-ray ¢-scans
and ¢ HRTEM and FFT images of CoFeB(15nm)/FeRh (30nm)/MgO. d The measurement and crystalline geometries for CoFeB/FeRh/MgO. The
magnetic properties are obtained at various field orientations (¢) with respect to the MgO[100] direction. Before the magnetic measurement, the
samples are cooled down from 400K at a magnetic field of 2T along the MgO[100] direction.

observed. Similar observations, i.e., only the enhancement
of the coercive field but no obvious EB, have also been
found in several similar bilayers, such as Fe/FeRh*! and
NiFe/FeRh®*. Asymmetrically shaped loops with a one-
step magnetic transition for the descending magnetic field
branch but a two-step magnetic transition for the
ascending magnetic field branch are observed near ¢ =
20° (Fig. 2b). The lower and higher coercive fields for a
branch of the hysteresis loop are defined as H; and Hj,
respectively. This kind of asymmetrically shaped loop has
been reported in several epitaxial EB bilayers, including
Fe/MnF,?®> and Fe/MnPd*. The observation of an
asymmetrically shaped loop suggests that the EB is likely
established in CoFeB/FeRh bilayers. When the field
orientation is farther away from the MgO[100] direction,
for instance, ¢ =40°, one can observe two-step hysteresis
loops. The transverse MOKE loops show that in the
intermediate states for the ascending and descending field
branches, CoFeB spins lie on the two opposite directions
oriented perpendicular to the initial and final remnant
axes (Fig. 2c¢), indicating that the magnetic switching
processes are mediated by two separated 90° DW
nucleations. This kind of multistepped magnetic switch-
ing process has been observed for many FM films with
cubic crystal structures that have an intrinsic cubic

magnetocrystalline anisotropy superimposed with an
extra uniaxial magnetic anisotropy and/or a unidirectional
anisotropy®>?°, When the field orientation is perpendi-
cular to the FC direction, that is, ¢ = 90°, another kind of
two-step loop in which the magnetic switching routes for
both branches are mediated via the FC direction can be
observed (Fig. 2d). The occurrence of this one-sided two-
step loop confirms that a unidirectional EB anisotropy is
established in the FC process™.

When the temperature increases to 400 K, where the
AF-FM phase transition of FeRh is completely finished,
asymmetric and one-sided two-step magnetic switching
processes are no longer observed (Supporting Informa-
tion, Fig. S4), indicating the disappearance of the EB. The
hysteresis loop with a coercivity H =26 Oe at ¢ =0° is
still obviously larger than that of a single CoFeB layer
without growing the FeRh underlayer, indicating the
occurrence of interfacial exchange spring coupling
between CoFeB and FeRh. Although the longitudinal
MOKE signals show a single hysteresis loop behavior at
different ¢ values, the corresponding transverse signal
indicates that the magnetic switching processes are
actually two-sided two-step processes with two coerciv-
ities without an EB. The easy magnetization axis of CoFeB
is along the MgO[100] direction, i.e., the FeRh[110]
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direction, for FeRh in the AF state at room temperature
but then develops along the MgO[110] direction, i.e., the
FeRh[100] direction, for FeRh in the FM state at 400 K, as
shown in Fig. S5 of the Supporting Information. These
magnetic behaviors can also be observed in the other
samples with fcopep =5, 10, and 30 nm.

Figure 3a presents the magnetic field orientation
dependence of the switching fields for the ascending field
branch in the CoFeB(15nm)/FeRh(30 nm) bilayer mea-
sured at room temperature, which reveals an obvious
fourfold symmetry about the in-plane orthogonal MgO
[100] and MgO[010] directions. Because the EB of CoFeB/
FeRh bilayers is negligible, the magnetic switching fields
for the descending field branch are almost identical to that
of the ascending field branch except the asymmetrically
shaped loops appearing around ¢ =20°. In contrast, a
single CoFeB layer displays only a weak uniaxial magnetic
anisotropy, as shown in Fig. S3 of the Supporting Infor-
mation. Previously, this kind of angular dependent mag-
netic behavior can only be observed in epitaxially grown
FM films or EB bilayers in which the intrinsic fourfold

magnetocrystalline anisotropy is superimposed by an
extra uniaxial magnetic anisotropy and/or a unidirectional
magnetic anisotropy®>?°. Although it is impossible for a
single CoFeB layer to possess an intrinsic fourfold mag-
netocrystalline anisotropy due to the amorphous crystal
structure, we are hesitant to fit such angular dependent
behaviors by using a phenomenological model based on
90° DW nucleation and propagation in a magnetic system
with a fourfold magnetic anisotropy K; along the MgO
(100) directions and a uniaxial magnetic anisotropy K,
along the MgO[100] direction. The unidirectional mag-
netic anisotropy K, is not considered due to the negli-
gible strength. The corresponding theoretical switching
fields for 90° magnetic transitions are

E9(0 iKu
M(+ sing + cosg)’

Han =

(1)

where €900 is the 90° DW nucleation energy, M is the
saturation magnetization, and the signs in the equation
depend on the range of the magnetic field orientation ¢,
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as described elsewhere®”™”. Figure 3a indicates that the
angular dependence of the magnetic switching fields for
CoFeB(15 nm)/FeRh(30 nm) film can be nicely fitted,
giving the parameters &900/M =78+4 Oe and
K, /M = 3 +2 Oe. The parameters gq. /M and K, /M for
CoFeB/FeRh bilayers turn out be inversely proportional to
tcoreB, as shown in Fig. 3b, by fitting to &gp0 /M =
€900/ Mtcores  and K, /M = K3 /Mtcores, respectively,
where &, /M and K:/M are the interface-related
coefficients, which suggests that the uniaxial magnetic
anisotropy and the DW pinning are interface-related
effects. Figure 3c shows the angular dependence of the
magnetic switching fields for CoFeB(15 nm)/FeRh(30 nm)
measured at 400K, which is similar to that of room
temperature but with a phase shift of 45°. This indicates
that the easy axes of the fourfold magnetic anisotropy are
no longer along the MgO(100)/FeRh(110) directions but
along the MgO(110)/FeRh(100) directions. Since the
uniaxial magnetic anisotropy remains along the MgO
[100] direction and is no longer collinear with the easy
axis of the fourfold magnetic anisotropy, the magnetiza-
tion does not switch exactly over 90°, but over 90° + 26,
where 4 is given by 8 = 1sin ™! (K, /K:)*®. In our work, the
value of § is approximately 2°, as can be estimated from
the following FMR measurements. The DW nucleation
energies €90 25 can be evaluated by using the theoretical

switching fields in a revised form® which results in the
fitting parameters of &ypo_n5/M =26+10Oe and
€002 /M = 29+ 1 Oe. These parameters also display an
obvious 1/tcores dependence, as shown in Fig. 3d, by
fitting to egge +26/M = €500 , 55/ Mtcoren, Where €5y, , o5/ M
is the interface-related coefficient.

The FMR measurements were employed to quantita-
tively evaluate the fourfold magnetic anisotropy and the
uniaxial magnetic anisotropy of the CoFeB layer. Figure 4a
shows the FMR derivative absorption spectra for CoFeB
(15 nm)/FeRh(30 nm) bilayers measured at different
magnetic field orientations at room temperature. Only the
CoFeB signal can be obviously detected in the magnetic
field range from 700 to 3000 Oe at a radio frequency of
9.31 GHz, since FeRh is in the AF state at room tem-
perature. The resonance field H, achieves four local
minima at ¢ = 0°, 90°, 180°, and 270", indicating a fourfold
magnetic anisotropy with easy axes along the FeRh(110)
directions. The symmetry of the angular dependence of H,
remains unchanged until the occurrence of the AF-FM
phase transition of FeRh at 360 K, as shown in Fig. 4b. For
FeRh entering the FM state, the minima of H, change to
appear at ¢ =45°, 135°, 225°, and 315°, indicating that the
easy axes of the fourfold magnetic anisotropy of the
CoFeB layer become along the FeRh(100) directions. It is
noted that the FeRh film in the FM state displays a



Xie et al. NPG Asia Materials (2020) 12:67 Page 7 of 11

(aL 1807 (b) 25F e 300K o 340K o 360K
=] . o 380K o 400K
\(3 L
2
‘®
c
i)
E > Qg gy Qagd \
“" ’..“ =4 '..“ -" ¢ o9
: : ‘ : 0.5 : : :
1000 1500 2000 2500 0 90 180 270 360
H (Oe) ¢ (deg)
c)150
( )100, . (d) 200 . 300KK /M
— — ® 400KK,/M
8 50t —o—K,/M 8 100
= —o—K, /M »—" E 407 ® 300KK,/M
§ ; S 0l * 400KK,/M
s t—— S .
1 €
0t ‘ . —d 0-*\',‘; 0 , +*
300 330 360 390 10 20 30
T (K) tCoFeB (nm)

Fig. 4 Magnetic anisotropies of CoFeB/FeRh at different temperatures. a Typical FMR spectra for CoFeB(15nm)/FeRh (30nm) measured at

different field orientations at 300K. b Typical angular dependence of the resonance field H, (dots) for CoFeB(15nm)/FeRh(30nm) measured at different
temperatures and the corresponding theoretical results (curves) by fitting to Eq. (2). ¢ Temperature dependence of the fourfold magnetic anisotropy
K; and the uniaxial magnetic anisotropy K. d CoFeB thickness tc.res dependence of K; and K, at 300 and 400K. Some associated error bars are too

small to see. The curves indicate the corresponding theoretical fitting to Ki /M = K /Mtcores and Ky /M = K /Mtcoes.

resonance field below 600 Oe at 9.4 GHz*. The detected
EMR signals above 700 Oe may come from the CoFeB
layer. Obviously, a 45° rotation of the fourfold magnetic
anisotropy in the CoFeB layer takes place after the
occurrence of the FeRh AF-FM phase transition, which is
consistent with the MOKE loop measurements. The
angular dependence of H, can be fitted by using a sim-
plified equation derived from the Landau-Lifshitz equa-
tion by considering a fourfold magnetic anisotropy K;
superimposed by a uniaxial magnetic anisotropy K,*’:

2
3K 2K, K
<$> = {Hr + 4nM — 2_1\/} + M” cos2¢ + ﬁl/[ COS4¢:|

4K,
X [Hr + Mu

20+ 2K osa
COS — COS
9+ cosdp),

(2)
where y is the gyromagnetic ratio. As a result, K; /M =
103+4 Oe and K,/M =6+1 Oe along the MgO[100]
direction are obtained at 300 K. After the occurrence of
the AF-FM phase transition of FeRh, K3/M and K,/M
(the easy axis keeps along the MgO[100] direction) steeply
decrease to 18 and 0.3 Oe at 380 K, respectively (Fig. 4c).
The fitting values of K;/M and K,,/M measured at 300
and 400K display an obvious 1/tcores dependence, as
shown in Fig. 4d, by fitting to K1/M = K /Mtceres and
K, /M = K3 /Mtcores, respectively, where K;/M and

K5/M are the interface-related coefficients. These fea-
tures confirm that the fourfold magnetic anisotropy and
the uniaxial magnetic anisotropy in the amorphous CoFeB
layer are induced by an interfacial effect regardless of
FeRh in the AF or FM states.

The magnetic behaviors of remarkably enhanced coer-
civity but very weak EB in CoFeB/FeRh heterostructures
can be understood by considering two kinds of FeRh
moments at the interface. The rotatable and pinned
uncompensated moments in the AF layer couple to the
moments in the FM layers across the interface, giving rise
to an enhancement of the coercivity and the EB in an FM/
AF bilayer, respectively***. The pinned uncompensated
moments are tightly locked to the AF lattice and con-
sidered fixed under an external magnetic field. The rota-
table uncompensated moments are strongly coupled to
the FM moments and rotate with them during magneti-
zation reversal. Briick et al. employed soft X-ray magnetic
circular dichroism and magnetic reflectivity to quantita-
tively reveal that the pinned uncompensated Mn
moments are one order of magnitude less than the rota-
table Mn moments in MnPd/Fe EB heterostructures*’. In
addition, the uncompensated pinned Mn moments occur
in a larger thickness than the rotatable Mn moments in an
induced FM region at the interface. Similar observations
have also been reported in CoO/Fe bilayers*. In our
CoFeB/FeRh heterostructure, the clear enhancement of
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Fig. 5 Exchange coupling between CoFeB and FeRh moments across the interface. Sketches for the exchange coupling between CoFeB and
FeRh moments across the interface for FeRh a in the AF state and b in the FM state. CoFeB moments and rotatable FeRh moments are represented
by black and red double arrows, respectively. Uncompensated and compensated FeRh moments are represented by gray and white arrows,
respectively. The springs illustrate the possible exchange coupling between them. ¢ Unit vectors of uniaxial magnetic anisotropy for the single SM
layer (black dots) and fourfold symmetrical anisotropy for the AF (red dots) and FM (blue dots) HM layers in the Monte Carlo simulation. d Calculated
coercivity as a function of the field orientation for the single SM layer (black dots) and the SM/AF (red dots) and SM/FM (blue dots) bilayers. The
oscillatory curves are the sinusoidally fitting results. The simulation indicates that the interfacial exchange coupling may result in a fourfold magnetic
anisotropy of CoFeB layers with easy magnetization axes collinear with the magnetocrystalline anisotropy of FeRh, which is predicted to be e along
the FeRh(110) direction in the AF state and f along the FeRh(100) direction in the FM state.

the coercivity indicates the extensive existence of rota-
table FM FeRh moments coupling to the CoFeB moments
across the interface. However, unlike other conventional
EB systems, the negligible EB of CoFeB/FeRh suggests
almost no uncompensated pinned AF FeRh moments
located at the interface, as schematically shown in Fig. 5a.
After the occurrence of the AF—FM phase transition, all of
the FeRh moments are FM and become rotatable (Fig. 5b).
Thus, the EB disappears, but the interfacial exchange
spring coupling between CoFeB and FeRh still exists.

A Monte Carlo simulation is employed to understand
the effect of interfacial exchange coupling on forming
the fourfold magnetic anisotropy in an amorphous FM
layer. A SM (1 monolayer)/hard magnet (HM, 1
monolayer) bilayer structure with a lateral size of 100 x
100 is established, where spins experience individual
anisotropies and have four nearest neighbors in the
same layer and four in the other layer to enhance
interlayer (interfacial) and intralayer couplings. Under
a magnetic field H, the Hamiltonian of the bilayer can
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be written as

H=- ZKSM(SZ"EEM)Z— Z ]SMSi'Sj

ieSM <ijeSM>
=3 K () = 2 S-S
ieHM <ijeHM>

JiES: - S,

SOWCCIEEDS
i <ijeSM,jeHM>
(3)
where S; is the unit vector of spin i. The SM uniaxial and
HM in-plane fourfold symmetrical magnetic anisotropies
are considered, and the exchange interactions only occur
between the nearest-neighbor spin pairs. In the simula-
tion, the SM exchange constant Jsy; = 1.0 is set, and other
parameters are reduced by it to be dimensionless. The
magnetic anisotropy constant is determined by the
experimentally obtained coercivity H, based on a mean-
field approximation where the coercivity is proportional
to the magnetic anisotropy constant when spins are
noninteracting. Thus, to obtain correct orders of magni-
tude of H, in the simulation, the magnetic anisotropy
constants are set to Ksy = 0.0375/sy; for the SM layer,
Ky = Kar = 1.0/s for the HM layer in the AF state, and
Ky = Keyp = —0.2)s for the HM layer in the FM state,
where the sign of Ky adjusts the easy axes oriented
along the x- and y-axes or along the middle angle lines
between the x- and y-axes. The HM exchange constants
Jum = 20.1Jg are used for the FM and AF states,
respectively. The SM/HM interfacial exchange constant
is Jir = 1.0/spr. The unit vectors of the SM easy axis and
magnetic field are always set in the same direction due to
the soft feature of the SM, i.e, & = el = (90°, ¢), where
¢ is an azimuthal angle varying from 0° to 360°. Figure 5¢
gives the calculated unit vectors of the uniaxial magnetic
anisotropy for the single SM layer and fourfold symme-
trical anisotropy for the AF and FM HM layers in the
Monte Carlo simulation.

Figure 5d presents the obtained angular dependence of
the coercivity for the single SM layer and the SM/AF and
SM/EM bilayers. The coercivity of a single SM layer is
roughly equal to 0.08, two times larger than Ky and
independent of ¢, which is also consistent with the mean-
field calculation result. When the SM layer is exchange
coupled to an in-plane fourfold anisotropic AF layer, the
coercivity sinusoidally oscillates between 0.5 and 1.0 with
a periodicity of 90°. This periodicity indicates that the
fourfold magnetic anisotropy of the AF layer is imprinted
into the coercive behaviors of the amorphous SM layer.
The coercivity of the SM/AF bilayer is an order of mag-
nitude larger than that of the single SM layer, which is
attributed to the rotation of the AF moment exchange
coupled with the FM moment exchange in the SM layer.
In contrast, when the amorphous SM layer is coupled to
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an in-plane fourfold anisotropic hard FM layer, the
coercivity remains sinusoidally oscillatory with a peri-
odicity of 90° and displays a phase shift of 45° compared to
the SM/AF bilayer. The coercivity for the SM/EM bilayer
at the equilibrium position reduces to one fourth of that
for the SM/AF bilayer. The simulation results of both the
decrease in the coercivity and the 45° shift of the phase are
consistent with the experimental observations. However,
the simulations cannot give multistep magnetic switching
behaviors; this is because the magnetization reversal is
experimentally governed by DW nucleation and propa-
gation. During the reversal process, the metastable states
of the magnetization along the orthogonal easy axes can
be detected, leading to the occurrence of multistep mag-
netic switching processes. However, in the simulation, a
neat model of the SM/AF bilayer is used with an insuffi-
cient difference in the anisotropy strength between the
SM and AF moments, full interfacial coupling and free of
nonmagnetic defects. Meanwhile, at a finite temperature,
taking into account thermal fluctuations, the fourfold
symmetric anisotropy in the AF layer is further weakened.
Consequently, only the symmetry and the variation in the
coercivity are obtained. The same is true for the SM/FM
bilayer.

The MAE of both AF and FM FeRh are calculated by
the first-principle calculation considering the spin—orbit
coupling. The MAE differences (MAE100)_(110)) are
obtained by comparing the total energy of the magnetic
moments oriented along the FeRh(100) and FeRh(110)
directions. Structural relaxation is first performed until
the force is smaller than 10 *eV/A to determine the
ground state for FeRh in each geometry. The optimized
lattice constants of the AF and FM cubic phases are
obtained as 2.988 and 3.005A, respectively. The
MAE 100y_(110) are 1.540 x 10> and —4.429 x 10*J/m? for
AF and FM FeRh, respectively. This result indicates that
the in-plane easy axes are along the FeRh(110) and FeRh
(100) directions for AF and FM FeRh, as shown in Fig. 5e,
f, respectively. The calculated easy axes of FM FeRh are
confirmed by the experimental observations shown in the
inset of Fig. 1a. Moreover, the predicted easy axes of FeRh
are collinear with the experimentally observed fourfold
magnetic anisotropy of CoFeB regardless of FeRh in the
AF or FM states. In addition, the impact of the epitaxial
growth strain induced by the MgO(001) substrate on the
magnetic ground state is investigated as well. A tetragonal
distortion of FeRh lattices is considered to match the
lattice constant of MgO (4.216 A), but the volume
remains unchanged. The corresponding c/a ratios are
1.006 and 1.024 for the AF and FM FeRh layers, respec-
tively. The MAE100)—(110) become 2.045 x 10* and
—3.225 x 10° J/m? for AF and FM FeRh, respectively. This
finding indicates that the magnetocrystalline anisotropy of
AF FeRh is approximately 6.3 times stronger than that of
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FM FeRh. In the experiment, the induced fourfold mag-
netic anisotropy in the CoFeB layers is found to decrease
by a factor of 5.7 after the occurrence of the AF-FM
phase transition of FeRh (Fig. 4c). The good agreement
between the calculated and experimental results suggests
that both the orientation and the strength of the fourfold
magnetic anisotropy of the CoFeB layers are determined
by the magnetocrystalline anisotropy of the FeRh layers.
Combining the Monte Carlo simulation and the first-
principles calculation, we may understand the origin of
the imprinted fourfold magnetic anisotropy in CoFeB/
FeRh heterostructures. In the AF state of FeRh at room
temperature, both the rotatable and pinned FeRh
moments are aligned along the easy axes of the FeRh(110)
directions due to the magnetocrystalline anisotropy.
Consequently, the exchange coupling between the CoFeB
moments and the rotatable FeRh moments across the
interface produces an induced fourfold magnetic aniso-
tropy along the FeRh(110) axes in the amorphous CoFeB
layer, as schematically shown in Fig. 5e. The exchange
coupling between the rotatable and pinned FeRh
moments at the AF states may enhance the strength of the
fourfold magnetic anisotropy. After the occurrence of
the FeRh phase transition at an elevated temperature, the
fourfold magnetic anisotropy continues to exist because of
the similar exchange coupling between CoFeB and FeRh.
However, the easy axes for FeRh in the FM state become
along the FeRh(100) axes; thus, the induced fourfold
magnetic anisotropy in the CoFeB layer changes to along
the FeRh(100) axes (Fig. 5f). Due to the reduced mag-
netocrystalline anisotropy of FM FeRh, the fourfold
magnetic anisotropy of CoFeB becomes much weaker.

Conclusions

In summary, we fabricated heterostructures with an
amorphous FM CoFeB layer on the top of an epitaxial
metamagnetic FeRh layer on MgO(001) substrates. The
MOKE and FMR measurements indicate that the amor-
phous CoFeB layer displays an in-plane fourfold magnetic
anisotropy, which is usually observed in single crystal films.
The easy axes of the CoFeB layer are along the FeRh(110)
and FeRh(100) directions before and after the FeRh AF to
FM transition, respectively. A first-principles calculation
suggests that the fourfold magnetic anisotropy of the CoFeB
layer is collinear with the magnetocrystalline anisotropy of
the FeRh layer regardless of the magnetic states of FeRh. The
inversely proportional dependence on the CoFeB thickness
and the Monte Carlo simulation indicate that the imprinted
fourfold magnetic anisotropy results from the interfacial
exchange coupling between the CoFeB and FeRh moments.
This phenomenon of imprinting the magnetocrystalline
anisotropy of AF materials to the easily detected FM mate-
rials may be applied to probe the magnetic structures of AF
materials without using synchrotron methods.
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