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Magnetic characterization of a thin Co,MnSi/L1)—-MnGa synthetic
antiferromagnetic bilayer prepared by MBE*
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A synthetic antiferromagnet based on a thin antiferromagnetically coupled Co,MnSi/MnGa bilayer with Pt capping is
proposed in this work. Square magnetic loops measured by anomalous Hall effect reveal that a well perpendicular magnetic
anisotropy is obtained in this structure. A very large coercivity of 83 kOe (I Oe =79.5775 A-m~!) is observed near the
magnetic moment compensation point of 270 K, indicating an antiferromagnetic behavior. Moreover, the anomalous Hall
signal does not go to zero even at the magnetic compensation point, for which the difficulty in detecting the conventional
antiferromagnets can be overcome. By changing the temperature, the polarity of the spin—orbit torque induced switching
is changed around the bilayer compensation point. This kind of thin bilayer has potential applications in spin—orbit-related
effects, spintronic devices, and racetrack memories.
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1. Introduction

Synthetic antiferromagnet (SAFM) consisting of two or
more ferromagnetic layers that exhibit antiparallel magnetiza-
tions has been widely studied in recent years.!!'->) The SAFM
shares the similar advantages to innate antiferromagnets, such
as the reduced stray field and the enhanced magnetic stability
in micro-nano device. Because the interlayer exchange cou-
pling in SAFM is much weaker than that of bulk antiferromag-
net, the antiferromagnetic order in SAFM can be manipulated
and detected more easily, which is desirable for applications in
spintronic devices including ultrafast magnetic random access
memory (MRAM) and high frequency oscillators.[%! Spin—
orbit torque (SOT)-induced switching was demonstrated in
SAFM recently.”#] And several abnormal phenomena related
to SOT-induced switching were reported, such as the spin Hall
angle (SHA)-like changed switching!®! and enhanced SOT ef-
ficiency in SAFM.!'% It was experimentally shown that large
domain wall velocities were obtained in SAFM.!'!l Mean-
while, the antiferromagnetic skyrmions were studied in a per-
pendicular antiferromagnetic coupled system both theoreti-
cally and experimentally.!'>">3] And it was reported that the
SAFM is a superior system in racetrack memory for the fea-
tures of ultra-high density, ultra-high speed, and ultra-long
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transmission distance due to the decreased skyrmion Hall
effect.!' All the studies referred above imply that the SAFM
is a promising material system for novel physical phenomenon
study and practical application in spintronics.

Comparing with the conventional RKKY-mediated
SAFM, such as [Co/Ni]/Ru/[Co/Ni],[" [Co/Pt])/Ir/[Co/Pt], 24
CoFeB/Ru/CoFeB,!"! etc., the Co,MnSi/MnGa SAFM is es-
tablished by the strong antiferromagnetic interfacial exchange
coupling. The MnGa is an ordered binary alloy with gi-
ant perpendicular magnetic anisotropy, and the Co,MnSi is
a half metal with high spin polarization: both have a low
magnetic damping factor. So, these properties can make
Co,MnSi/MnGa a more functional SAFM.[>-28] Recently,
ultrathin CopMnSi interlayer was induced in MnGa-based
perpendicular magnetic tunneling junction (MTJ) for better
device performance,?®! [MnGa/Co,MnSi], superlattice was
used as an MTIJ reference layer for ultra-high magnetic field

(291 and the unusual anomalous Hall effect was ob-

sensing,
served in a Co,MnSi/MnGa/Pt trilayer. *°! Nevertheless, there
are few researches on its SOT effect. The antiferromag-
netically coupled thin Co,MnSi/L1p—MnGa bilayer capped
with heavy metal is an ideal candidate for aforementioned

novel physics study and spintronic devices application, such as
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skyrmions in racetrack memory without skyrmion Hall effect
and SAFM free layers in SOT-MRAM with ultrahigh magnetic
stability. However, the preparation of thin Co,MnSi/L1y—
MnGa bilayer with high quality needs optimizing, and the de-
tailed temperature and magnetic field influences on magnetic
and transport properties of the thin Co,MnSi/L1p—MnGa bi-

layer are still unclear, which needs further exploring.

2. Experiments

The whole structure of our sample was epitaxially grown
on a GaAs (001) substrate by molecular-beam epitaxy (MBE)
as shown in Fig. 1(a), in which the Co,MnSi (0.7 nm)/L1o—
MnGa (3 nm) bilayer were grown at 250 °C , while the Pt
(3 nm for sample A; 5 nm for sample B) layer was deposited

using e-beam evaporation at room temperature in the same
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MBE growth chamber. The surface crystalline structure was
monitored in-situ by reflection high-energy electron diffrac-
tion (RHEED). The observed streaky RHEED patterns dur-
ing the growth of Co,MnSi and MnGa indicate single crys-
tal structure of the bilayer. The x-ray diffraction spectrum of
sample A is shown in Fig. 1(c), and the fitted peaks of Pt (002)
and MnGa (002) are shown in Fig. 1(d). The reference sam-
ple (sample R: Co,MnSi (20 nm)/L1o—MnGa (28 nm))[?®! was
also grown by MBE. The magnetization measurements were
carried out by using the superconducting quantum interfer-
ence device (SQUID) magnetometer. The samples were then
patterned into Hall bars with 10 pm in width and 120 pm in
length by ultraviolet lithography and dry etching, and the gold
contact electrodes were deposited by thermal evaporation as
shown in Fig. 1(b). The anomalous Hall resistance was mea-
sured by the physical property measurement system (PPMS).
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Fig. 1. (a) Schematic diagram of sample structure, (b) microscope photograph of Hall bar device (120 um x 10 um), (c) x-ray diffraction spectrum of
the CooMnSi (0.7 nm)/L1p—MnGa (3 nm)/Pt (3 nm) structure, and (d) fitted peaks of Pt (002) and MnGa (002) of the Co,MnSi (0.7 nm)/L1p—-MnGa
(3 nm)/Pt (3 nm) structure, with black, red, pink, and blue curves representing the experimental data, fitted sum of peaks, fitted Pt (002) peak, and fitted

MnGa (002) peak, respectively.

3. Results and discussion

Considering the small net saturation magnetization in
SAFM and the poor signal-to-noise ratio in magnetic mea-
surement, the anomalous Hall effect (AHE) is used to char-
acterize the magnetic properties of the SAFM. For a bilayer,
the total AHE voltage is a superposition of two parallel sig-
nals, which are determined by both of magnetization and the
AHE coefficient in each layer, so a nonzero AHE voltage is

expected even at the magnetic moment compensation point.

The anomalous Hall resistance (Rap) and the magnetic hys-
teresis loops of sample R are shown in Figs. 2(a) and 2(b),
respectively. The magnetic field-induced magnetization rota-
tion and switching of the Co,MnSi layer are independent of
the MnGa layer in the bilayer due to their large thickness. The
consistent trends of the AHE and the magnetic hysteresis loops
indicate that the AHE coefficient of CooMnSi and MnGa are
both positive. And the signal ratio of Co,MnSi/MnGa is much
larger in the AHE loop than in the magnetic hysteresis loop,
which indicate that CooMnSi and MnGa have different AHE
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coefficients. From Fig. 2(b), the saturated magnetization of
Co,MnSi and MnGa are calculated to be 640 emu/cm?® and
96 emu/cm?, respectively. And the interfacial antiferromag-
netic coupling constant is about —5 erg/cm? (1 erg=10""1J)
as reported in our previous work.[?®! Therefore, a compen-
sated SAFM bilayer can be designed if the thickness ratio
of Co,MnSi to MnGa is much reduced to about 1:6.7, and
the magnetic and transport properties can be characterized by
AHE near the magnetic compensation point. To achieve per-
pendicular thin SAFM, considering the exchange length of
MnGa and the critical thickness of forming continuous film
of Co,MnSi, 282! the Co,MnSi (0.7 nm)/L1o—MnGa (3 nm)
bilayer is selected.

The AHE loops of sample A at different temperatures are
shown in Fig. 2(c). The coercivity (H,) of the structure is very
large, and a polarity reverse of Ray is obtained in a range from
250 K to 200 K. Compared with the monotonical change of
H, with temperature of MnGa single layer,?!! the change of
the H. with temperature is non-monotonical in the Co,MnSi
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(0.7 nm)/L1p—MnGa (3 nm) bilayer, and a peak of H. (about
83 kOe) is obtained at 250 K as shown in Fig. 2(d). In addi-
tion, because of the distinct temperature dependence of mag-
netization between MnGa and Co,MnSi, the completely com-
pensated antiferromagnetic state will be achieved by chang-
ing temperature. As shown in Fig. 2(d), the out-of-plane rem-
nant magnetization of sample A passes through zero point with
temperature decreasing, and the compensation temperature is
around 270 K. This behavior is much different from that in sin-
gle MnGa layer, which behaves like conventional perpendic-
ular ferromagnet where the residual magnetization decreases
with temperature increasing up to the Curie point.*?! Near the
compensation point, the Coo,MnSi (0.7 nm)/L1p—MnGa (3 nm)
bilayer is not sensitive to the external magnetic field, and a
large H. and a small saturation magnetization are expected,
which is consistent with the results of Fig. 2(d). As a result,
the thin Co,MnSi (0.7 nm)/L19p—MnGa (3 nm) bilayer behaves

like an antiferromagnet.
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Fig. 2. (a) Ray loop and (b) out-of-plane magnetic hysteresis loop at room temperature of sample R. (c) Rap loops of sample A at different
temperatures. (d) Plots of temperature-dependent coercivity and out-of-plane remnant magnetization of sample A. (e) Plot of temperature-
dependent out-of-plane remnant magnetization of sample A. (f) Remnant Hall resistance varying with temperature of sample A, showing
opposite magnetic configurations in the process of temperature changing. (g) Schematic diagrams of the magnetic moment states at points A,
B, C and D of (e) with “1” and “}” representing the magnetic moments parallel and antiparallel to the positive direction separately.
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An obvious Rag polarity transition from 250 K to 200 K
of the SAFM is observed in Fig. 2(c). There are two possible
reasons: one is the polarity change of AHE with temperature
sweeping, which was reported in SrRuO3 >34 and Mn,CoAl
single layer;[*>! the other is the magnetic configuration tran-
sition of the bilayer, similar to the change of AHE polarity in
CoTb3%371 with the Co composition. Further studies of the
SAFM by manipulating the temperature and magnetic field
are demonstrated. As shown in Fig. 2(e), the remnant Rayg
of the bilayer after technical magnetization does not possess
compensated point in a temperature range from 5 K to 300 K,
considering the fact that the magnetic configuration of the bi-
layer cannot be changed with the temperature sweeping, thus,
the polarity change of Rapy loops in a temperature range of
200 K to 250 K arises from the different magnetic configura-
tions of the SAFM bilayer. Combining with Fig. 2(c), several
specific points are selected to analyze the magnetic configura-
tion. Points A (C) and B (D) have the same magnetic configu-
ration, but the magnetic configuration B can be obtained only
by sweeping magnetic field from a negative value of —5 T
to zero, for which the sweeping direction is opposite to that
for the magnetic configuration C, as shown in Fig. 2(f). That
means that B and C have opposite magnetic configurations,
which are mainly dependent on the Zeeman energy of the net
magnetic moment of the bilayer. And the polarity of Ray is
expected to be positive (negative) at 300 K (200 K) due to the
much larger AHE contribution from MnGa layer on both sides
of the compensation point.

In order to further understand the magnetic dynamic prop-
erties of the thin Cop,MnSi/L1p—-MnGa SAFM, we conduct a
preliminary SOT-induced switching test. To achieve a more
easily detectable SOT-induced switching, sample B (Co,MnSi
(0.7 nm)/L1p—MnGa (3 nm)/Pt (5 nm)) is prepared, in which
the SAFM is covered with thicker Pt. As shown in Figs. 3(a)
and 3(b), the polarities of Ray are reversed between 280 K
and 240 K. According to the previous analysis, the polarity re-
versal of Ray is caused by opposite magnetic configuration,
which is determined by Zeeman energy of the net magnetic
moment of SAFM. Along the positive direction of the cur-
rent, an external magnetic field of 2 T is applied to the system,
and further studies of the SOT-induced switching are shown
in Figs. 3(c) and 3(d). Considering the fact that the resistivity
of L1p-MnGa and Pt are approximately 100 uQ-cm®! and
10 pQ-cm and the resistivity of Co,MnSi is close to that of
Pt,13831 the critical current density is about 4.9x 107 A/cm?
at 280 K and 5.8x 107 A/cm? at 240 K. The chirality of SOT-
induced switching loops are consistent with the AHE loops,
which is similar to the reported phenomenon that the chiral-
ity of SOT-induced switching loops are opposite on both sides

of the component compensation point of ferrimagnets.36:40]

Moreover, it is demonstrated that in addition to controlling the
direction of the external magnetic field or electrical current,
changing the external temperature is also a method to invert
the polarity of SOT-induced switching loop in the SAFM.
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Fig. 3. Rap loop at (a) 280 K and (b) 240 K and SOT-induced switching
loop at (c) 280 K and (d) 240 K, of sample B (Co,MnSi (0.7 nm)/L1p—MnGa
(3 nm)/Pt (5 nm)).

4. Conclusions

In this work, the perpendicular thin Co,MnSi/MnGa
SAFM bilayer is epitaxially grown on a GaAs (001) substrate.
The magnetic compensation point is achieved near 270 K, and
an ultra-large coercivity of 83 kOe is observed around this
point. Moreover, the magnetic configuration in this bilayer
during technical magnetization is mainly determined by the
Zeeman energy of the net magnetic moment, which is demon-
strated in detail by the temperature dependence of the rem-
nant Hall resistance at zero magnetic field. The SOT-induced
switching loops also have opposite polarities at the tempera-
tures lower and higher than the compensated temperature in
Co,MnSi/MnGa/Pt structure. Our work reveals that the thin
Co,MnSi/MnGa bilayer behaves like an antiferromagnet, and
may promote its application in spintronic devices as an SAFM.
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