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We report on the observation of large and tunable perpendicular magnetic anisotropy (PMA) in Co-
based ferromagnetic (FM) films induced by an antiferromagnetic (AFM) δ-Mn layer. The perpendicular
anisotropic energy of the bilayers can be manipulated by varying the thickness of the δ-Mn layer and the
maximum reaches 2.41 × 107 erg/cm3. The coercivity of bilayers is also effectively regulated over a broad
range from 0.02 to 7.09 T. We demonstrate that this large PMA originates from strong interfacial exchange
coupling and the AFM anisotropic energy. In addition, the antisymmetric longitudinal magnetoresistance
occurs in the bilayers in the absence of asymmetric geometry or magnetic field. These results enrich our
understanding of AFM-induced large PMA in an AFM/FM bilayer system and provide a promising bilayer
structure for exploring high-density magnetic memory devices.
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I. INTRODUCTION

The Co-based ferromagnetic (FM) films show the
advantages of high Curie temperature (Tc) and large sat-
uration magnetization (Ms). In particular, Co-based full-
Heusler alloys have attracted much attention because of
their high spin polarization [1,2] and low magnetic damp-
ing constant (α) [3,4]. Magnetic tunnel junctions (MTJs)
with Co-based FM electrodes thus have a large tunnel
magnetoresistance ratio at room temperature [5,6]. The
rapid development of information technology has led to
higher requirements for storage density, power consump-
tion, and the response speed of memory devices. In this
regard, materials with perpendicular magnetic anisotropy
(PMA) are more desirable than those with in-plane mag-
netic anisotropy in MTJs [7,8]. Hence, the search for FM
films with considerable perpendicular anisotropic energy
(Ku) is a crucial topic in spintronics. In general, there are
two common types of PMA in Co-based FM thin films.
One is magnetocrystalline anisotropy, such as L11-phase
CoPt and tetragonally distorted Mn2CoAl [9–11]. The
other is interface-induced PMA, which can be observed in
Co/Pt, Co/Pd, and Pt/Co2YX /MgO multilayers [12–14].

*zhaoxupeng@dgut.edu.cn
†jhzhao@red.semi.ac.cn

However, these PMA films usually exhibit disadvantages,
such as low Ku, the inability to withstand high-temperature
annealing, and difficulty in tuning PMA. Therefore, we try
to find alternative PMA materials or sources of PMA.

As is well known, the exchange interaction between
antiferromagnetic (AFM) and FM layers may enhance
the coercive field (µ0Hc) and form an exchange-bias field
(µ0H EB) in the adjacent FM layer [15]. Generally, µ0H EB
and µ0Hc from the interfacial effect are proportional to
J ex/tFM, where J ex is the interfacial exchange energy and
tFM is the thickness of the FM layer [16,17]. In addi-
tion, the AFM layer also has a considerable effect on the
magnetic anisotropy of the FM layer [18]. It is found
that AFM can induce PMA in an adjacent FM layer
due to the interfacial exchange-interaction effect, such as
in CoO/Ni, Ni/Mn/Co, Ni/Co/NiMn, and Co/Fe/FeMn
systems [19–22]. On the other hand, the transition-metal
Mn shows various crystalline-phase structures with a
wealth of magnetic properties. The bulk body-centered-
cubic (bcc) δ-Mn belongs to the Im3̄ m space group with
a lattice constant a = 0.308 nm and exists above 1406 K
[23]. At present, only a few groups have obtained δ-Mn
thin films by epitaxial growth on bcc Cr, Fe, and W
buffers at room temperature [24–26]. Density-functional-
theory calculations suggest that the magnetic structure of
δ-Mn is strongly dependent on the lattice constant and
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the distortion ratios of c/a [23,27]. As the lattice constant
increases, the magnetic structure changes from FM to fer-
rimagnetic and then to AFM. Neutron diffraction shows
that δ-Mn on Fe buffer with lattice distortion is AFM [28].
However, the detailed magnetic properties of δ-Mn and its
potential applications require further exploration.

Here, we epitaxially grow Al/δ-Mn/Co-based FM mul-
tilayers on GaAs (001) substrates and investigate their
magnetic and electrical transport properties. It is found that
AFM δ-Mn can induce large PMA in various Co-based FM
films, including Co, CoFe, Co3Mn, and the Heusler alloys
Co2MnSi (CMS), Co2MnGa (CMG), and Co2FeAl (CFA).
The Ku of the bilayers controlled by the thickness of the
Mn layer (tMn) exceeds 2.41 × 107 erg/cm3. Meanwhile,
the µ0Hc of the bilayers can be adjusted over a wide range
from 0.02 to 7.09 T. Apart from that, we also observe anti-
symmetric longitudinal magnetoresistance (MR) caused
by a single domain wall in the bilayers. Such Co-based
FM/δ-Mn bilayers with controlled PMA may be suitable
for perpendicular magnetized magnetic tunnel junctions or
domain spintronics.

II. EXPERIMENT DETAILS

The sample stacking structures of Al(3)/Mn(tMn)/Co-
based FM(tFM)/GaAs buffer(200)/GaAs substrate (thick-
nesses in nanometers) are fabricated in a twin-chamber
molecular beam epitaxy system [Fig. 1(a)]. First, the semi-
insulator (SI) GaAs (001) substrate is deoxidized in one
chamber and a 200-nm GaAs smoothing layer is grown
on it. The substrate is then transferred into another cham-
ber to deposit the metallic multilayers. The Co-based FM
films (0.5–1.5 nm) are grown at 150 °C (Co, CoFe, Co3Mn)
and 300 °C (CMS, CMG, CFA), respectively. To suppress
the diffusion of Mn atoms, the Mn layer with different
thicknesses is deposited after cooling the substrate to room
temperature. Finally, a 3-nm-thick Al layer is grown on
Mn to prevent surface oxidation. The background vac-
uum pressure is better than 1 × 10−7 Pa throughout the
metal-film growth process. The thickness of metal films
is obtained by using a quartz-crystal thickness monitor.
X-ray diffraction (XRD) and high-resolution transmission
electron microscopy (HRTEM) are used to determine the
phase structure and epitaxial relationship of the multilay-
ers. The hysteresis loops and variations of magnetization
(M ) with temperature of the bilayers are measured by using
a superconducting quantum interference device (SQUID).
All the samples are fabricated as Hall bar devices by
using photolithography combined with Ar-ion-beam etch-
ing. Then the electrical transport properties are measured
by using a physical property measurement system (PPMS)
and a probe station. Moreover, magneto-optic Kerr effect
(MOKE) microscopy is used to observe the magnetic
domain images.

(a)

(c) (d)

(e) (f) (g)
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FIG. 1. (a) Stack structure of Al(3)/Mn(tMn)/Co-based
FM(tFM)/GaAs buffer(200)/GaAs substrate (thickness in nm)
multilayers. (b) Corresponding XRD θ -2θ scan pattern at 300 K.
Diffraction peak position at 44.65° corresponds to δ-Mn (110).
(c) HRTEM image of the multilayers. (d) FFT results for the
HRTEM image on the [110] ribbon axis, where the bottom
and top panels show the results for GaAs and δ-Mn layers,
respectively. Element distribution maps of Mn (e), Co (f), and
As (g) atoms in the multilayers.

III. RESULTS AND DISCUSSION

A. Crystal structure of the Co/Mn bilayers

The Co-based FM films (Co, CoFe, Co3Mn, CMS,
CMG, and CFA) are epitaxially grown on GaAs sub-
strates. In particular, the lattice mismatch between them
is less than 2%. From the HRTEM image of the
Al/Mn/Co/GaAs sample [Fig. 1(c)], an about 5-nm-thick
Mn layer exhibits distinct crystal-orientation differences
with the GaAs substrate. Figure 1(b) shows the XRD θ -2θ

scan pattern for Al(3)/Mn(5)/Co(1.5)/GaAs (thickness
in nm) multilayers. The peak position is 44.65°, corre-
sponding to a lattice spacing of d = 0.202 nm, which may
be the δ-Mn (110) peak or the γ -Mn (111) peak. Com-
bined with the fast Fourier transformation (FFT) results
on the [110] ribbon axis [Fig. 1(d)], Mn grown on Co
is confirmed to have the bcc structure (δ-Mn) with lat-
tice constants a = c = 0.286 nm. The lattice constant of
δ-Mn decreases from 0.308 nm at 1406 K to 0.286 nm at
300 K. Furthermore, the epitaxial relationship throughout
the multilayers can be derived from the FFT results to be

024033-2



LARGE TUNABLE PERPENDICULAR MAGNETIC. . . PHYS. REV. APPLIED 19, 024033 (2023)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

(q)

(r)

FIG. 2. (a)–(f) Anomalous Hall effect curves of Co, CoFe, Co3Mn, CMS, CMG, and CFA single layers with a thickness of 1.5 nm
at 300 K. (g)–(l) Hysteresis loops of Co-based FM(1.5)/Mn(2) bilayers at 300 K. External magnetic field of ±1 T is scanned along
the normal direction of the bilayers. (m)–(r) Anomalous Hall effect curves of the same bilayer samples at 300 K.

Mn(110)[11̄0]||Co(001)[11̄0]||GaAs(001)[11̄0]. This epi-
taxial relationship differs from the results for δ-Mn grown
on Cr, Fe, and W buffers [24–26], and no lattice distor-
tion is observed. There is some diffusion at the interface
between Co and GaAs, but there is no obvious diffusion
between Co and Mn, thus avoiding alloying, which can
be confirmed by the energy-dispersive spectrometer [Figs.
1(e)–1(g)].

B. Perpendicular magnetic anisotropy of the bilayers

The anomalous Hall effect (AHE) curves of the Co-
based FM(1.5) single layers are measured by PPMS, and
the results [Figs. 2(a)–2(f)] show that the FM single layers
all have in-plane anisotropy. Then, we measure the out-of-
plane hysteresis loop of the Co-based FM(1.5)/δ-Mn(2)

bilayers by using a SQUID. The external magnetic field
(B) scans along the normal of thin films within ±1 T. The
out-of-plane M -B curves at 300 K are illustrated in Figs.
2(g)–2(l), and the square hysteresis loops reveal that all
the bilayers exhibit PMA. Moreover, the AHE curves of
the bilayers are also consistent with the M -B results [Figs.
2(m)–2(r)]. Therefore, we can determine that the PMA
of the bilayers originates from the interaction between
AFM δ-Mn and FM layers. The perpendicular anisotropic
energy, Ku = µ0HkMs/2, responds to the strength of PMA,
where µ0Hk and Ms are the perpendicular anisotropy field
and saturation magnetization, respectively. In principle,
the magnetic moments reach dynamic equilibrium due to
the interplay of external magnetic field B and µ0Hk. In
this case, the total torque (τ tot) exerted on the magnetic

moments can be expressed as [29]

�τtot = −γ �M × (�B + μ0 �HK) = 0. (1)

Hence, the equilibrium formula can be deduced to be

μ0HK cos θM sin θM = B(sin θB cos θM − cos θB sin θM ),
(2)

where θM and θB represent the angle of FM magnetic
moments and B around the z axis, respectively. We mea-
sure the variations of anomalous Hall resistance, RAHE, as
a function of θB. B rotates around the film normal dur-
ing the measurement, while the magnetic moment rotates
with B. First, we obtain θM from RAHE= RAcos(θM ), where
RAHE is the experimental value and RA is the maximum of
anomalous Hall resistance. Then µ0Hk of the bilayers is
obtained by fitting the RAHE-θB curves with Eq. (2). All
the RAHE-θB curves of the FM(1.5)/Mn(2) bilayers are
shown in Figs. 3(a)–3(f), and µ0Hk of all FM(1.5)/Mn(2)

samples are 6.43 (Co), 1.99 (CoFe), 4.44 (Co3Mn), 8.55
(CMS), 9.61 (CMG), and 1.21 T (CFA). Among them,
the CMG(1.5)/Mn(2) bilayers possess the largest Ku of
2.41 × 107 erg/cm3. This allows the lateral size, d, of the
MTJs to be scaled to 8.3 nm, when taking into account the
thermal stability condition, Kud3/kBT ≥ 60 [29].

To determine TN of δ-Mn, we measure the M -T curve
of the Co(1.5)/Mn(2) bilayers from 300 to 800 K under a
100-Oe out-of-plane magnetic field [Fig. 4(a)]. The M -T
curve shows a magnetic phase transition of the bilay-
ers at 578 K, which is well below the Curie tempera-
ture (TC) of Co (1403 K). We also measure the out-of-
plane M -B curves of the bilayers at 600 and 700 K. As
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FIG. 3. RAHE/RA of Co(1.5)/Mn(2) (a), CoFe(1.5)/Mn(2) (b), Co3Mn(1.5)/Mn(2) (c), CMS(1.5)/Mn(2) (d), CMG(1.5)/Mn(2)

(e), CFA(1.5)/Mn(2) (f), bilayers versus θB at different external magnetic fields; plots and lines represent experimental results and
fitted curves, respectively. Inset in (a) is a schematic diagram of the magnetic moment rotating with B.

shown in Fig. 4(b), the PMA of the bilayers disappears
at 600 K, indicating that δ-Mn is not in the AFM state
at 600 K. Combining the above results, we infer that the
Néel temperature (TN ) of δ-Mn is around 578 K. As is

well known, a high thermal-endurance temperature is cru-
cial in the preparation of spintronic devices. We perform
high-temperature annealing of the Co(1.5)/Mn(2) bilayers
under a B of 0.5 T along the film normal. The AHE curves

(a) (b)

(c) (d)

FIG. 4. (a) Out-of-plane M -T curve
of the Co(1.5)/Mn(2) bilayers; blue
dashed line indicates the phase transition
point is 578 K. (b) Hysteresis loops of
Co(1.5)/Mn(2) bilayers measured along
the out-of-plane directions at 600 K
(black) and 700 K (red). Anomalous
Hall curves of the Co(1.5)/Mn(2) bilay-
ers, unannealed (c) and annealed at
700 K (d), measured at 300 K.
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(c) (d) (e)

FIG. 5. (a) AHE of the Co(1)/Mn(1.5) sample at different temperatures. (b) Variation of µ0Hc (black) and µ0H EB (red) with tem-
perature from 10 to 500 K. (c) AHE of bilayers with different tCo and tMn. (d) AHE of Co(1.5)/Mn(tMn) bilayers, with tMn from 1 to
12 nm. As tMn increases, the coercivity increases from 0.02 to 7.09 T. (e) µ0Hc change with tMn, where the red line is the fitting result.

suggest that the bilayers maintain good PMA after anneal-
ing at 700 K [Fig. 4(d)]. The exchange-bias effect is usu-
ally observed in FM/AFM bilayers after high-temperature
annealing (above TN ) with an applied external field. How-
ever, no exchange-bias field is observed in our bilayers,
even after 700-K high-temperature annealing with 0.5-T
external field.

These Co-based FM films grown on GaAs substrates
possess a cubic structure with the [001] crystal orientation.
It is well established that their easy axes of magnetization
tend to lie in the in-plane direction due to shape anisotropy.
Therefore, the observed large PMA in these bilayers can
be attributed to the exchange interaction between the FM
layer and the AFM layer. Figure 5(a) presents the AHE of
the Co(1.5)/Mn(2) sample from 10 to 500 K, where the
results above 300 K are measured by the probe station.
Obviously, the PMA can be maintained even at 500 K,
indicating that the TN of δ-Mn is higher than 500 K. The
coercivity of the bilayers gradually decreases as the tem-
perature increases due to thermal disturbance. The µ0H EB
value reaches a maximum of 19.6 mT at 150 K, which is
much smaller than the coercivity [Fig. 5(b)]. The AHE of
a series of Co(tCo)/Mn(tMn) bilayers with different thick-
nesses of Co and Mn layers are measured to explore the
origin of PMA. Figure 5(c) shows µ0Hc as the function of
tCo and tMn. The µ0Hc gradually decreases with increas-
ing tCo and is roughly the same in Co(1)/Mn(1) and

Co(1.5)/Mn(1.5). When tCo is 1.5 nm, the variations of
AHE with tMn from 1 to 12 nm are shown in Fig. 5(d). µ0Hc
of the bilayers can reach up to a sizeable value of 7.09 T
in the sample of Co(1.5)/Mn(12) bilayers [Fig. 5(e)].
This value exceeds that of most materials with interface-
induced PMA. Furthermore, the µ0Hc of bilayers can be
effectively tuned between 0.02 and 7.09 T by changing tMn
and tFM. The above results indicate that µ0Hc is not only
correlated to tFM but also to tAFM. Figures 6(a)–6(e) shows
the RAHE-θB curves of Co(1.5)/Mn(tMn) bilayers with dif-
ferent Mn-layer thicknesses. µ0Hk also increases with tMn
(from 4.1 to 13.0 T), which is obtained by fitting the RAHE-
θB curves with Eq. (2) [Fig. 6(f)]. When the Mn thickness
exceeds 7 nm, µ0Hk is so large that θM produces a sig-
nificant hysteresis, even under an external field of 9 T. To
obtain more accurate µ0Hk values, we measure and fit two
RAHE-θB curves with θB from 0° to 360° and 360° to 0°.

C. PMA with different deposition temperatures of Mn
layer

The δ-Mn phase exists exclusively at high temperatures,
and the only means to obtain δ-Mn at room temperature
is by epitaxy on specific buffer layers. To investigate the
growth conditions of δ-Mn and the relationship between
PMA and δ-Mn in the bilayers, we also deposit Mn
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FIG. 6. (a)–(e) RAHE/RA of Co(1.5)/Mn(tMn) versus θB under the external magnetic field of 9 T; plots and lines represent
experimental results and fitted curves, respectively. (f) µ0Hk changes with tMn.

layers at different temperatures. Figure 7(a) shows the x-
ray diffraction patterns of the Al(3)/Mn(4)/Co(1.5)/GaAs
(thickness in nm) multilayers with different deposition
temperatures of the Mn layer. According to the XRD
patterns, only the δ-Mn(110) peak is observed for the
Mn layers grown at 40 and 100 °C, and the Mn lay-
ers grown at 100 °C have better crystal quality. However,
the α-Mn (220) and (330) peaks appear when the depo-
sition temperature of the Mn layer rises above 200 °C.
Low-temperature-phase α-Mn is AFM with a complex bcc
structure and a TN of 95 K. In contrast to δ-Mn, α-Mn
is the most stable crystal structure at normal temperature
and pressure, with 58 atoms in a cubic unit cell. The above
results reveal that the phase structure of Mn changes from
a pure phase of δ-Mn to a mixed phase of α-Mn and
δ-Mn as the growth temperature increases. We measure the
AHE of all bilayers to investigate the relationship between
the PMA of the bilayers and Mn-layer crystal structure.
The AHE curves of Co(1.5)/Mn(4) bilayers with different
deposition temperatures of Mn layer indicate the presence
of PMA in all bilayers [Figs. 7(b)–7(e)]. The intensity
of PMA can be reflected by the rectangularity and, com-
bined with the XRD pattern, the PMA deteriorates when
the α-Mn phase appears. Moreover, the Mn layer grown at
100 °C possesses better PMA than that at 40 °C, indicat-
ing that PMA depends on the crystal quality of the δ-Mn
layer. Therefore, we can determine that the PMA of bilay-
ers depends on the appearance of δ-Mn and its crystalline
quality.

D. The origin of PMA

The coercivity of the bilayers decreases with the
increase of tCo, implying that the FM/AFM coupling is an
interfacial effect. We assume that the PMA of the bilay-
ers originates from interfacial magnetic moment coupling
between FM and AFM δ-Mn, and the easy axis of the
FM layer changes from in-plane to out-of-plane under the
action of J ex. Apart from that, µ0Hc also increases with
increasing tAFM. The AFM magnetic moments are usually
frozen under B due to the large exchange energy of the sub-
lattices. However, the AFM spins will follow the motion
of the FM layer when the antiferromagnetic thickness or
anisotropy is sufficiently small to satisfy KAFMtAFM � Jex,
where KAFM is the AFM magnetic anisotropic energy
[30–32]. In this case, µ0Hc of the bilayers increases with
tAFM until the AFM spins freeze. Moreover, µ0H EB is
relatively small because the AFM spin follows the FM
spin without pinning of the magnetic moments. This AFM
spin motion is directly observed experimentally by x-ray
magnetic linear dichroism [33]. In Co-based FM/δ-Mn
bilayers, µ0Hc increases, even up to 7.09 T, with increas-
ing thickness of the Mn layer, while µ0H EB is almost
zero. It implies that the spin of δ-Mn rotates with the
FM layer until tMn reaches 12 nm. Therefore, µ0Hc and
µ0Hk continue to increase with tMn, while almost no µ0H EB
is observed. Ultralarge Ku and µ0Hc not only originate
from the strong interfacial exchange coupling between the
AFM and FM layers but are also associated with the AFM
anisotropic energy.
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(a) (b) (c)

(d) (e)

FIG. 7. (a) XRD θ -2θ scan patterns of the Al(3)/Mn(4)/Co(1.5)/GaAs buffer(200)/GaAs substrate multilayers with different Mn-
layer deposition temperatures. AHE curves of the Co(1.5)/Mn(4) bilayers with Mn layer deposited at 40 °C (b), 100 °C (c), 200 °C
(d), and 300 °C (e).

To further characterize the KAFM of δ-Mn, we con-
sider the uniform-rotation model. For a FM/AFM coupled
system, the system energy is

E = −HMFMtFM cos(θ − β) + KFMtFM sin2β

+KAFMtAFM sin2 α − Jex cos(β − α), (3)

where H is the external magnetic field, M FM is the mag-
netization of the FM layer, t is the film thickness, and K
is the anisotropic energy constant. θ is the angle between
H and the z axis, and α and β are the angles between
the AFM Néel vector and the FM magnetic moment and
the z axis, respectively. The first term is the interaction
energy between FM and external magnetic field H, the
second term is the FM anisotropic energy, the third term
is the AFM anisotropic energy, and the fourth term is the
exchange coupling between the FM and AFM interaction
energies [31]. By calculating the energy minimum with
respect to α and β, we can obtain the coercivity of the
bilayers (see Appendix):

Hc = 2KAFMtAFMJex

2KAFMtAFMMstFM + JexMstFM
. (4)

If KAFMtAFM � Jex, then Hc ≈ Jex/MstFM. Hc is only
related to the saturation magnetization, Ms, and thick-
ness of FM. Conversely, if KAFMtAFM � Jex, then Hc ≈
2KAFMtAFM/MstFM. Hc is not only related to the thick-
ness of the FM layer, but also to the thickness and
anisotropy of AFM. This is consistent with our experi-
mental results. We fit the Hc-tAFM curves [Fig. 5(e)] for
Mn-layer thickness ranging from 1 to 7 nm with Hc =
2KAFMtAFM/MstFM, and the AFM anisotropic energy,
KAFM, reaches 1.026 × 106 erg/cm3. This value is 1 order

of magnitude larger than the magnetic anisotropy constant
of bcc Co films (−6.5 × 104 erg/cm3) [34].

E. Antisymmetric magnetoresistance

For conventional PMA materials, the transverse MR
(Rxy) is antisymmetric with B, while the longitudinal MR
(Rxx) turns out to be symmetric about external field B. We
measure the MR by using a four-terminal sensing method
for Hall bars. As shown in Fig. 8(b), the transverse resis-
tance, Rxy (RAHE), is obtained by testing at terminals 1
and 3 or 2 and 4, while the longitudinal resistance, Rxx,
is obtained by testing at terminals 1 and 2 or 3 and 4. Here,
we observe the antisymmetric longitudinal MR signal in
the Co(1.5)/Mn(1) bilayers, where Rxx(B) =−Rxx(−B)
[Fig. 8(a)]. Combined with the AHE curve, it is found that
Rxx produces two peaks during magnetization reversal, and
the peaks are oddly symmetric about B. We also find that
the peak variation of MR with terminals 1 and 2 (R12) is
exactly opposite to that with the terminals 3 and 4 (R34),
as shown in Fig. 8(c). In addition to this, we measure the
MR of Hall bars with two-terminal sensing and the MR of
films with four-terminal sensing. The antisymmetric MR
peaks are still present in the films but disappear in the
Hall bars with two-terminal sensing measurements [Fig.
8(d)]. To investigate the prevalence of this antisymmetric
MR, we measure Rxx in bilayers of other FM materials as
well. The same antisymmetric MR is observed in other
FM(1.5)/Mn(2) bilayers [Figs. 9(a)–9(e)]. Furthermore,
the antisymmetric MR is also observed in bilayers with
different Mn layer thicknesses [Fig. 9(f)]. Compared with
the AHE curves, it is found that all the antisymmetric MR
signals occur during magnetization reversal.

This antisymmetric MR originates from the potential
difference caused by the AHE between the domains with
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(a) (b)

(d)(c)

FIG. 8. (a) Longitudinal MR and anomalous Hall effect curves of Co(1.5)/Mn(1) bilayers. (b) Schematic of MR measurement;
× (•) indicates that the direction of magnetization is perpendicular to the paper facing inward (outward). (c) Longitudinal MR curves
measured through different terminals. (d) Longitudinal MR curves for films (four-terminal sensing) and Hall bar (two-terminal sensing).
Vertical coordinate is �Rxx = [R(B) − R(0)]/R(0), where R(B) is MR under external magnetic field B.

different magnetization directions, and thus, possessing the
same symmetry as Rxy [35,36]. As illustrated in Fig. 8(b),
we assume that there are only two domains with opposite

magnetization directions during the magnetization reversal
process of the bilayers, and the domain wall is perpendic-
ular to the current direction. When a current, I, is applied

(a) (b) (c)

(d) (e) (f)

FIG. 9. Antisymmetric MR curves of CoFe/Mn (a), Co3Mn/Mn (b), CMS/Mn (c), CMG/Mn (d), CFA/Mn (e), and
Co(1.5)/Mn(tMn) (f) bilayers.
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FIG. 10. Magnetic domain images during negative (a)–(d)
and positive (e)–(h) magnetization reversal in bilayers. • (×)
indicates that the direction of magnetization is parallel to
+z(−z).

to the Hall bar, voltages of opposite polarity are generated
at the edges of the two domains due to the AHE. When
the measurement electrodes are on two separate domains,
the motion of the domain wall through the electrode pro-
duces an antisymmetric MR peak as B changes. Therefore,
the antisymmetric MR peak is actually a manifestation
of the AHE signal during the measurement of longitu-
dinal MR. It is obvious that R12 and R34 have exactly
opposite signals, and two-terminal sensing does not show
antisymmetric peaks. To verify our conjecture, we observe
the magnetic domain images of the Hall bar device using
MOKE microscopy. As shown in Figs. 10(a)–10(d), the
magnetic moment reversal from +z to −z in the bilayers
is dominated by the movement of a single domain wall.
In this case, the MR signal caused by the AHE can be
obtained by testing the longitudinal MR on the domains in
the opposite magnetization direction. At opposite magne-
tization reversals [Figs. 10(e)–10(h)], the evolution of the
magnetic domain structure exhibits similar behavior, and
the MR signals are opposite. Therefore, an antisymmetric
MR signal is finally obtained, which is consistent with our
hypothesis.

For this anomalous MR effect, the appearance of a single
domain wall is necessary. The potential differences cancel
each other out in multidomains, resulting in the inabil-
ity to observe the antisymmetric MR signal. However, to
reduce the magnetostatic energy, magnetic materials tend
to degenerate into multidomains with different magnetiza-
tion directions. Therefore, the antisymmetric MR is gen-
erally not directly observable. Typically, the composition
gradients, gradient magnetic fields, and asymmetric Hall
bar devices are used to induce the emergence of a single
domain wall [37–39]. In our work, there is no asymmetric

magnetic field or geometric structure in these bilayers, but
the antisymmetric MR is still observed. The AFM is not
affected by the magnetostatic energy because the magnetic
moments between the AFM sublattices cancel each other
out. Thus, it is possible to form larger magnetic domain
structures in AFM films. We believe that this may be the
reason for the emergence of antisymmetric MR.

IV. CONCLUSION

Co-based FM/Mn bilayers are epitaxially grown on
GaAs (001) substrates, in which the Mn layer is bcc
structured under the AFM state. A large tunable PMA is
obtained in the FM layer induced by the adjacent AFM
δ-Mn layer. The PMA of bilayers originates from mag-
netic moment coupling between the FM/AFM interface
and the anisotropy of AFM δ-Mn. The maximum Ku of
the bilayers can be controlled by changing both tMn and
tFM, and the maximum reaches 2.41 × 107 erg/cm3. Inter-
estingly, the coercivity of the FM layer is also adjustable
over a wide range, from 0.02 to 7.09 T by altering tMn. We
also observe the antisymmetric longitudinal MR induced
by single-domain-wall motion in the bilayers. Therefore,
the AFM-induced giant interfacial PMA provides insights
into complex exchange interactions in AFM/FM bilayers
and supports thermally stable sub-10-nm bits for magnetic
memories.

Data that support the findings of this study are available
from the corresponding author upon reasonable request.
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APPENDIX: THE COERCIVITY OF FM/AFM
BILAYERS

For a FM/AFM coupled system, the system energy is:

E = −HMFMtFM cos(θ − β) + KFMtFM sin2β

+KAFMtAFM sin2 α − Jex cos(β − α), (A1)

where H is the external magnetic field, M FM is the mag-
netization of FM layer, t is the film thickness, and K is
the anisotropic energy constant. θ is the angle between H
and the z axis, and α and β are the angles between the
AFM Néel vector and the FM magnetic moment and the

024033-9



R. K. HAN et al. PHYS. REV. APPLIED 19, 024033 (2023)

FIG. 11. Schematic diagram of the angles involved in the
FM/AFM bilayer system.

z axis, respectively [Fig. 11]. The first term is the interac-
tion energy between FM and external magnetic field H, the
second term is the FM anisotropic energy, the third term
is the AFM anisotropic energy, and the fourth term is the
exchange coupling between the FM and AFM interaction
energies.

We can assume that KFMtFM � KAFMtAFM, and then the
system energy is

E = −HMFMtFM cos(θ − β) + KAFMtAFM sin2 α

− Jex cos(β − α). (A2)

When θ = 0, which is H //easy-axis z, we can get the system
energy:

E = −HMFMtFM cos β + KAFMtAFM sin2 α

− Jex cos(β − α). (A3)

The system energy is minimized by satisfying the condi-
tions:

∂E
∂β

= HMFMtFM sin β + Jex sin(β − α) = 0,

∂E
∂α

= KAFMtAFM sin 2α − Jex sin(β − α) = 0

AC − B2 > 0 and A > 0,

(A4)

where

∂2E
∂α2 = 2KAFMtAFM cos 2α + Jex cos(β − α) = A,

∂2E
∂α∂β

= −Jex cos(β − α) = B,

∂2E
∂β2 = HMFMtFM cos β + Jex cos(β − α) = C.

(A5)

If α =β = 0, that is, the magnetic moment is along the easy
axis, and MFM = Ms; Ms is the saturation magnetization
strength of the FM layer. Where

AC − B2 = (2KAFMtAFM + HMFMtFM)Jex

+ 2KAFMtAFMHMFMtFM > 0, (A6)

which is

H > − 2KAFMtAFMJex

2KAFMtAFMMstFM + JexMstFM
= −Hc. (A7)

We can get the coercivity of the bilayers:

Hc = 2KAFMtAFMJex

2KAFMtAFMMstFM + JexMstFM
. (A8)

(a) If KAFMtAFM � Jex, then Hc ≈ Jex/MstFM. Hc is
only related to the saturation magnetization, Ms, and thick-
ness of FM.

(b) If KAFMtAFM � Jex, then Hc ≈ 2KAFMtAFM/MstFM.
Hc is not only related to the thickness of the FM layer,
but also to the thickness and anisotropy of AFM. This is
consistent with our experimental results.
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