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Interfacial Rashba-type spin-orbit coupling is an attractive effect to provide spin-orbit torques without the
presence of heavy metals. In this work, we report the experimental observation of the Rashba-Edelstein
magnetoresistance in the C1/YIG heterostructure, which can indicate the presence of the interfacial spin-orbit
coupling. By comparing the angular-dependent magnetoresistance of the Cr/YIG and the Cr/Cu/YIG het-
erostructures, we identify that the magnetoresistance in the Cr/YIG heterostructure is superimposed with two
parts: the Rashba-Edelstein magnetoresistance induced by the interfacial spin-orbit coupling and the anisotropic
magnetoresistance induced by the magnetic proximity effect. The Rashba-Edelstein magnetoresistance shows
a nonsaturated external field dependence, which can be attributed to the Hanle magnetoresistance and the
interfacial antiferromagnetic ordering of the Cr layer. Our findings show an approach to obtain spin-orbit
torques via the interfacial spin-orbit coupling for YIG-based devices. Furthermore, our findings also provide
an understanding of the multiple couplings at the 3d-metal/YIG interface.

DOI: 10.1103/PhysRevB.107.014408

I. INTRODUCTION

Spin-orbit coupling (SOC) plays a significant role in recent
spintronic studies [1-8]. Due to the strong intrinsic SOC in
materials such as heavy metals (HMs), the charge currents
applied in the materials can be converted to pure spin cur-
rents and vice versa, which are known as the spin Hall effect
(SHE) and the inverse spin Hall effect (ISHE), respectively
[1,3,5,9-11]. Benefiting from these two effects, HMs are main
platforms for investigating spin-orbit torques (SOTs), as well
as spin current sources and detectors in spintronic devices
[6,7,12,13]. In the HM/ferromagnetic (FM) heterostructures,
there is a spin Hall magnetoresistance (SMR) which is similar
to the anisotropic magnetoresistance (AMR) [14-19]. The
physics behind the SMR is the spin current reflection and
absorption via SOTs induced by the strong SOC of the HM
layers. Thus, the SMR can be a fingerprint of the strong SOC
and SOTs in HMs.

Instead of the HMs, the interfacial structures with spatial
symmetry breaking can also provide strong Rashba-type SOC,
such as the interfaces of metal/metal [20-23], oxide/metal
[24-26], oxide/oxide [27,28], and two-dimensional materials
heterostructures [29]. This kind of SOC can realize the con-
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version between charge currents and pure spin or orbital angu-
lar momentum currents with the absence of HMs. These con-
version effects are known as Rashba-Edelstein effect (REE)
and inverse Rashba-Edelstein effect (IREE) [21-23,26,30],
respectively. In the nonmagnetic/ferromagnetic (NM/FM)
heterostructures with the interfacial SOC, there will be a
Rashba-Edelstein magnetoresistance (REMR) which is sim-
ilar to the SMR [22,26]. The REMR can also be a fingerprint
of the interfacial SOC.

Contrasting with HMs, interfacial SOC of the NM/FM
heterostructures can also be an effective provider of SOTs
in low-cost spintronic devices. Thus, it is an attractive field
to search the NM/FM heterostructures with interfacial SOC.
For the 3d-metal/YIG heterostructure, there are several works
reporting the strong SOC in 3d-metal layers [11,31-33]. Re-
cently, the existence of the interfacial SOC at the Cr/YIG
interface is experimentally demonstrated by the spin-pumping
effect of Cr/YIG and Cr/Cu/YIG multilayers [34]. These
studies show a prospect to use 3d metals rather than HMs
to provide spin currents or SOTs in YIG-based spintronic
devices. Although REMR can demonstrate the existence of
the interfacial SOC, there are rare works that clearly observe
the REMR of the 3d-metal/YIG heterostructure. Addition-
ally, it is not clear whether any other interfacial effect exists
in the 3d-metal/YIG heterostructures except the interfacial
SOC. For example, the magnetic proximity effect (MPE) has
been observed in several NM/FM heterostructures, and it can
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FIG. 1. Sketches of the REMR in the NM/FM heterostructure while (a) J.||H and (b) J, L H. The yellow spheres denote the electrons.
The yellow arrows accompanied by the electrons denote the angular moments of the electrons. The red arrows denote the magnetization of the
FM layer (Mgy). J* and J™ are the spin currents which are absorbed and reflected by the FM layer. J™EE is the additional charge current
induced by the IREE. Sketches of the MPE-induced AMR while (c) J.||[H and (d) J. L H. The blue arrows denote the net magnetization of

the NM layer at the interface (Mxy)-

induce magnetic ordering in the NM layers at the interface
[35-37]. This interfacial magnetic ordering may also influ-
ence the SOT induced by the interfacial SOC.

In this work, we report the experimental observation of
the REMR in Cr/YIG heterostructures, which is accompa-
nied by an MPE-induced AMR, although Cr is neither an
HM nor a room-temperature FM metal. The REMR and the
MPE-induced AMR are identified via analyzing the angular-
dependent MR (ADMR) of the Cr/YIG and the Cr/Cu/YIG
heterostructures. The REMR shows a nonsaturated trend un-
der large external fields, which can be attributed to the Hanle
MR (HMR) and the influence of the interfacial antiferromag-
netic (AFM) ordering of the Cr layer induced by the MPE.
Our findings show a prospect to replace HMs by 3d metals in
the SOT-driven YIG devices and a further understanding for
the complex interfacial couplings between the NM 3d metals
and YIG.

II. REMR AND AMR INDUCED BY
INTERFACIAL EFFECTS

Both the REMR and MPE-induced AMR in NM/FM het-
erostructures possess anisotropic spatial symmetries indicated
by experimentally measured angular-dependent MR. But their
spatial symmetries are different due to their distinct physical
mechanisms [22,26,38,39]. Figures 1(a) and 1(b) illustrate the
mechanism of REMR [22,26]. When a charge current J, flows
along the x axis at the NM/FM interface with large SOC,
a nonzero spin or orbital angular momentum accumulation
(AMA) will emerge near the interface with the orientation
along the -y axis, which is known as the REE. The AMA
can be absorbed or reflected by the FM layer as spin currents
J®s and J™ respectively. Then, the reflected spin current J*f
will be accompanied by an additional charge current (J i )
with the same direction to the applied charge current J,. This
spin-to-charge conversion is known as the IREE. The different
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strength of J™R*E will result in an influence of the resistance
ratio of the Cr layer, which is defined as the REMR. When
Je || H, as shown in Fig. 1(a), the orientation of the AMA at
the NM/FM interface is perpendicular to the magnetization of
the FM layer Mgy. Thus, the AMA will mostly be absorbed
by the FM layer; only a weak J™ can be reflected by the
interface. The weak J™ will result in a weak J'REE a5 well as
a relatively high resistance ratio. When J, L H, as shown in
Fig. 1(b), the orientation of the AMA at the NM/FM interface
is parallel with Myy. The AMA will be mostly reflected by
the interface, and thus results in a strong JiREE as well as a
relatively low resistance ratio. The REMR possesses an angu-
lar dependence of sin®6;,, where 6, is the angle between the
orientation of the AMA at the interface and the magnetization
of the FM layer. This angular dependence is similar to the
angular dependence of the SMR. This similarity is attributed
to the similar physical mechanisms of the REMR and the
SMR [14,22].

In contrast, the mechanism of MPE-induced AMR in
NM/FM heterostructures are shown in Figs. 1(c) and 1(d). It
is well known that AMR can be explained by the model of
s-d scattering [38,39]. According to this model, the resistance
ratio of most FM metals possesses an angular dependence
of cos’0y;, where 6, is the angle between the charge cur-
rent and the magnetization of the FM metal. In the NM/FM
heterostructure with the MPE, the magnetic ordering of the
NM layer only exists at the interface. Thus, the MPE-induced
AMR signal of the NM layer is only provided by the interface.
When J, || H, as shown in Fig. 1(c), the NM layer will show
a higher resistance ratio due to the AMR effect. And when
Je. L H, as shown in Fig. 1(d), it will show a lower resistance
ratio [38,39].

On the one hand, considering that both the REMR and the
MPE-induced AMR depend on the interface of the NM/FM
heterostructure, they can be investigated by inserting a block
layer at the interface between the NM layer and the FM layer.
The two kinds of MR should disappear when the inserted
layer totally separates the NM and the FM layers. On the
other hand, due to the different angular dependences of the
REMR and the AMR, they can be distinguished via angular-
dependent MR (ADMR) measurements in x-y, x-z, and y-z
plane, respectively. To identify the REMR and the AMR of the
Cr/YIG heterostructure, we investigate the spatial symmetry
of the MR of the C1/YIG and Cr/Cu(tc,)/YIG (tc, = 0.5, 1, 2,
3 nm) heterostructures by the ADMR measurements.

III. EXPERIMENTS

The YIG layers in the studied heterostructures are prepared
on the GGG(111) substrates by pulsed laser deposition. The
crystalline structure, surface morphology, and magnetic prop-
erties of the YIG layers are characterized by high-resolved
x-ray diffraction, atomic force microscope, and ferromagnetic
resonance, respectively. The inserted Cu layers with the thick-
ness of 0.5, 1, 2, and 3 nm, the Cr layers with the thickness of
10 nm, and the Cu capper layer on the top with the thickness of
2 nm are fabricated via magnetron sputtering. Control samples
of Pt/Cu/YIG are also fabricated with fixed Pt thickness of
5 nm and various Cu thickness of 0, 0.5, 1, and 2 nm. The
ADMR measurements of the Cr/Cu/YIG and Pt/Cu/YIG are

excluded by a PPMS with H rotating in x-y, x-z, and y-z
planes. The experiment details and the characterization results
are provided in the Supplemental Material [40].

IV. ANGULAR DEPENDENCE OF MR IN CR/YIG
HETEROSTRUCTURE

First, we measure the ADMR of Cr/YIG heterostructure
at room temperature 300 K with the external field H =
10 000 Oe which rotates in the x-y, x-z, and y-z planes
[14,22,26,35]. The measurement sketches are shown in
Figs. 2(a)-2(c), and the corresponding measurement results
are given in Figs. 2(d)-2(f). We define the MR ratio as
Iéi = R;g—gj““, where R is the longitudinal resistance of the
device with specific magnetization direction, Rgg- is the lon-
gitudinal resistance with @, 6y, or 6,, equal to 90°, and
AR is the difference between these two resistance values.
Figure 2(d) obviously shows that the MR ratio in the x-y plane
possesses an amplitude of 8.20 (£0.03) x 107> and an an-

gular dependence of Ri(i((‘i )) ~ cos?g. As reported, the AMR,

SMR, and REMR all show an angular dependence of cos’g
in the x-y plane, as shown by the dashed line in Fig. 2(d).
In order to identify the MR effects, the angular dependence
of the MR ratio in the x-z and y-z planes are also measured.
Figure 2(e) shows the angular dependence of MR ratio in the
x-z plane. It can be clearly observed that the MR ratio in the
x-z plane exhibits an amplitude value of 4.20 (£0.03) x 107>
and an angular dependence as lé(f(fg;)) ~ —co0s?0,.. This an-
gular dependence conforms to the presence of AMR and thus
demonstrates that the Cr layer directly deposited on the YIG
layer possesses a magnetic ordering, while the angular depen-
dence of the MR ratio in the y-z plane is shown in Fig. 2(f),
which exhibits an amplitude value of 3.80 (£0.04) x 107>

and an angular dependence as RAQ (i(fé‘:’)) ~ c0s%6y,. This angu-
lar dependence conforms to the prééence of both SMR and
REMR, and the amplitude is comparable to that of Pt/YIG
(in the magnitude of 10™*) [41]. We also measured the SMR
of the control sample Pt/YIG with the obtained amplitude of
11.9(£0.02) x 107>, The MR ratio amplitude of the Cr/YIG
heterostructure in the y-z plane is near 1/3 of the value of
the Pt/YIG heterostructure and thus reveals that the Cr layer
possesses large SOC. Furthermore, it can be found that the
amplitude of the MR ratio (the absolute value of the maximum
MR ratio) in the x-y plane is approximately equal to the sum
of the MR ratio amplitude in the x-z and y-z planes. Therefore,
the MR ratio in the x-y plane should be the superposition of
the AMR, SMR, and REMR.

V. ANGULAR DEPENDENCE OF MR IN CR/CU/YIG
HETEROSTRUCTURES

As shown in Fig. 2, the magnetic ordering and the large
SOC of the Cr layer in the Cr/YIG heterostructure can be
induced by either the bulk effects of the Cr layer or the
interfacial effects. In order to identify the contribution of
the bulk effects and the interfacial effects, we investigate the
MR ratio of the Cr/Cu(tc,)/YIG heterostructure (fc, = 0.5,
1, 2, and 3 nm) at room temperature as a contrast of the
Cr/YIG heterostructure. The MR ratio of the control samples
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FIG. 2. (a)—(c) Geometric illustrates of the MR measurements of the Cr/YIG heterostructure with the external field H rotating in x-y (a),
x-z (b), and y-z (c) plane. ¢, 6,., and 6, are the azimuth angles of H in x-y, x-z, and y-z planes. The green arrows denote the injected currents
J.. (d)—(f) Angular dependencies of the MR ratio measured in x-y (d), x-z (e), and y-z (f) plane. The pink dashed lines and the blue dotted lines
denote the calculated angular dependencies of the SMR (REMR) and the AMR, respectively.

Pt/Cu(tcy)/YIG (tcy = 0, 0.5, 1, and 2 nm) are also measured.
It is well known that Cu is a good conductor of spin currents
which cannot block the spin currents induced by the bulk
SOC, but can block the interfacial effects [10]. Figure 3(a)
shows the MR ratio versus ¢ of the Cr/Cu(tc,)/YIG het-
erostructures as well as the control samples of Pt/Cu(tc,)/YIG.
It can be easily found that the MR ratio of the Ct/Cu/YIG de-
creases with 7, increasing from 0 to 2 nm. With #¢, increasing
to 2 nm, the MR ratio decreases to zero simultaneously. In
contrast, the MR ratio of Pt/Cu/YIG only shows a decrease
of 25% from 11.20 (£0.02) x 107> to 8.42 (£0.03) x 107>
with 7¢, increasing from 0 to 2 nm. Considering the fact that
the surface roughness of the YIG layers is ~1.2 nm (see
Supplemental Material [40]), the interfaces between the Cr
(Pt) and YIG layers are totally separated by the Cu layers
while #c, > 2 nm. Thus, it confirms that both the SMR-like
MR effect and the AMR-like MR effect are induced by the
interfacial effects at the Cr/YIG interface. The SMR-like mag-
netoresistance is the REMR which is caused by the REE and
IREE at the Cr/YIG interface. The REMR means the existence
of a large SOC at the C1/YIG interface which is caused by
the interfacial Rashba effect. This observation agrees with the
results of the spin-pumping measurements of the Cr/Cu/YIG
heterostructures [34]. Additionally, the AMR-like magnetore-
sistance can be attributed to the interfacial magnetic ordering
of the Cr layer at the Cr/YIG interface, which is induced by
the MPE.

It should be noticed that the Cu layers can cause a current
shunting effect, which would reduce the current flowing in
the Cr layers and the total MR ratio [15]. Meanwhile, the
MR ratio may also be reduced by the spin scattering effects
caused by the Cu inserted layers and the new interfaces of
Cr/Cu and Cu/YIG. These additional scattering effects can
make a change of the effective spin mixing conductivity g4,
between the Cr and YIG layers [11,42,43]. In order to exclude
the current shunting effect, we treat the Cr/Cu multilayers as a
shunt equivalent circuit as shown in the inset of Fig. 3(b), and
analyze the MR ratio in the single Cr layers via Ohm’s law.
The total resistance of the Cr/Cu multilayers with ¢ = 90° is
observed to reduce from 800 to 230 Ohm with #¢, increasing
from O to 3 nm. This reduction shows that there is an obvious
current shunting effect in the Cr/Cu multilayers. By analyzing
the current shunting effect via Ohm’s law and the equivalent
circuit in the inset of Fig. 3(b), we can obtain the MR ratio of
the single Cr layers as a function of #c,. The total MR ratio
as a function of ¢, is shown in Fig. 3(b), and as a contrast,
the MR ratio of the single Cr layers as a function of ¢, is
shown in Fig. 3(c). It can be clearly observed that even though
the current shunting effect is considered, the MR ratio of the
single Cr layers still shows a trend of reducing to zero with ¢,
increasing to 2 nm, which is the same as the total MR ratio.
The reduction of the MR ratio of the single Cr layer shown in
Fig. 3(c) should not be caused by the current shunting effect.
It can only be caused by the block of the interfacial effects or
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FIG. 3. (a) Dependence of ADMR ratio on ¢ of the Cr/Cu/YIG heterostructures with the Cu thickness #c, = 0, 0.5, 1, 2, 3 nm, and the
Pt/Cu/YIG heterostructure with the Cu thickness fc, = 0 and 2 nm. (b) Total ADMR ratio of the Cr/Cu/YIG (black data points) and the
Pt/Cu/YIG heterostructures (red data points) as a function of 7¢,. The inset is the equivalent circuit of the Cr/Cu/YIG heterostructure. The data
of the Pt/Cu/YIG are multiplied by 0.5. (c¢) ADMR ratio of the single Cr (Pt) layers in the Cr(Pt)/Cu/YIG heterostructures calculated via Ohm’s

law as a function of 7¢,. The data of the Pt/Cu/YIG are multiplied by 0.5.

the spin scattering effect of the Cu layers. In order to exclude
the spin scattering effect caused by the Cu layers, we also
observe the MR ratio of the Pt/Cu/YIG heterostructures as a
function of #¢, in the x-y plane. Pt possesses large intrinsic
SOC and thus shows large SMR in Pt/YIG heterostructures as
reported in previous works [14,44-47]. The total MR ratio as
well as the MR ratio of the single Pt layers in the x-y plane
are shown in Figs. 3(b) and 3(c), respectively. It can be found
that both the total MR ratio and the MR ratio of the single
Pt layers do not exhibit an obviously reducing trend with #¢,
increasing. The relatively stable MR ratio of the Pt/Cu/YIG
samples demonstrates that the Cu layers and their interfaces
cannot cause an obvious spin scattering effect. It agrees with
the results of the previous works that Cu is a good conductor
of spin currents which shows large spin diffusion length and
would not dramatically reduce the g4, between the NM and
FM layers [11,43,48]. Thus, it suggests that the reduction of
the MR ratio with #¢, increasing in Cr/Cu/YIG is not caused
by the spin scattering effect of Cu layers. The fact that the
Cu inserted layers cannot make an obvious change on gj
between the Cr and YIG layers is also be demonstrated by
the previous works focusing on the spin pumping effect of
Cr/Cu/YIG heterostructures. The weak dependence between
the Cu inserted layers and g4, is demonstrated by the stable
damping constant of the Cr/Cu(fc,)/YIG heterostructures with
different 7c, [34]. The results of the spin pumping experiments
also confirm that the spin-orbit coupling exists at the Ct/YIG
interface rather than the interface between the oxidized sur-
face and the Cr layer. This suggestion is demonstrated by the
dramatic reduction of the IREE signal intensity while the Cu
layer is inserted at the Cr/YIG interface.

VI. FIELD AND TEMPERATURE DEPENDENCE OF
MR IN CR/YIG HETEROSTRUCTURE

In order to further understand the interfacial magnetic or-
dering and the REMR at the Cr/YIG interface, we investigate
the ADMR in the x-y, x-z, and y-z planes with H changing
from 10000 to 1000 Oe at room temperature. First, the mag-
netization hysteresis loops of the Cr/YIG heterostructure is
measured in the x-y plane and out of plane by a vibrating
sample magnetometer (VSM), as shown in Figs. 4(a) and
4(b), respectively. It reveals that the heterostructure would
be saturated under a very low field of near 10 Oe in the x-y
plane, and the out-of-plane saturation field along the z axis
is ~2000 Oe. The saturated magnetization (M) of the het-
erostructure is also obtained to be ~196 emu/cm [3] by only
considering the volume of the YIG layer. The low coercive
field and saturation field in the x-y plane as well as the M
value conform to the characteristics of YIG which are widely
reported [11]. Considering that the magnetic ordering of the
Cr layer only exists at the Cr/YIG interface, it is difficult to
detect in the VSM measurement. Thus, the measured loop
can be regarded as the magnetization loop of the YIG layer.
Meanwhile, the MR ratios versus ¢, 6,;, and 6,. with dif-
ferent H are shown in Figs. 4(c)—4(e). The MR dependence
on H in the three planes is directly shown in Fig. 4(f). It
can be clearly found in Figs. 4(c) and 4(f) that the MR ratio
in the x-y plane dramatically decreases from 8.20 x 107 to
0.51 x 107> with H decreasing from 10000 to 1000 Oe, even
though all the values of H are much larger than the saturation
field of the YIG layer. Figure 4(f) also shows that the MR
ratio in the x-y plane possesses a quadraticlike dependence
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FIG. 4. Magnetization hysteresis loops of the YIG layer in x-y plane (a) and along z axis (b), respectively. (c)—(e) ADMR of the Cr/YIG
heterostructure in x-y (c), x-z (b), and y-z (e) plane with different field. (f) Field dependence of the ADMR in x-y, x-z, and y-z planes.

on H. This nonsaturated MR under large H does not agree
with that of the HM/FM heterostructures [41] but is similar
to that of the HM/AFM heterostructures [49-53]. In order to
find out the origin of the nonsaturated MR-H dependence, we
also measure the ADMR in the x-z and y-z planes as shown
in Figs. 4(d) and 4(e), respectively. For the ADMR in the
x-z plane, both Figs. 4(d) and 4(f) show that the MR ratio
possesses a nonsaturated dependence on H even though H is
larger than 2000 Oe. Since it is well known that the ADMR in
the x-z plane is attributed to the pure AMR, the nonsaturated
MR-H dependence indicates the nonsaturation of the AMR in
the Cr/YIG heterostructure in relatively large H. The nonsat-
uration can result from the MPE induced AFM ordering in the
Cr layer at the Cr/YIG interface [54-56]. The MPE-induced

AFM ordering in the Ct/YIG heterostructure disagrees with
the results in the previous work which declared that there is
no MPE at the Cr/YIG interface [32]. This difference can be
attributed to two factors. On the one hand, the previous work
reported in Ref. [32] used anomalous Hall effect (AHE) to
demonstrate the existence or absence of the MPE. AHE mea-
surement is an effective method to demonstrate the existence
or absence of the MPE-induced FM ordering. However, it is
not an effective method to demonstrate the existence or ab-
sence of the MPE-induced AFM ordering. This is because of
the fact that the AHE voltage of the AFM ordering possesses a
quasilinear dependence on the external field, which is similar
to that of the ordinary Hall effect voltage [57,58]. On the
other hand, the MPE is an interfacial effect and very sensitive
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FIG. 5. Sketches of the physical processes of REMR in the Cr/YIG heterostructure with H along x (a), y (b), and z (c) axis. The red arrows
denote the magnetization of the YIG layer, the blue arrows denote the magnetization of the sublattice in the MPE-induced AFM part of the Cr

layer.

to the interface status. Thus, different works may produce
divided results, i.e., the existence or absence of the MPE in
NM/YIG heterostructures, as reported in previous works on
Pt/YIG heterostructures [41,59].

For the ADMR measurements in the y-z plane, both
Figs. 4(e) and 4(f) show that the MR ratio also possesses a
nonsaturated quadraticlike dependence on H with H larger
than 2000 Oe. Since the ADMR in the y-z plane is attributed
to the pure REMR, it can be noticed that the REMR of
Cr/YIG heterostructure is nonsaturated in relatively large H,
which does not agree with the SMR results of the HM/FM
heterostructures [41]. The nonsaturated REMR can be at-
tributed to two factors: HMR and the reflection and absorption
of the AMA caused by the MPE-induced AFM part of the
Cr layer at the interface. HMR is induced by the Hanle ef-
fect in normal metal layers with large SOC, which means a
suppression of the spin accumulation at the interfaces caused
by the external field [60,61]. HMR shows a similar angu-
lar dependence to that of SMR and REMR, and possesses
a quadraticlike increasing dependence on the external field.
However, the field-dependent REMR in our work cannot be
completely explained by HMR. In the previous works on
HMR in NM/FM heterostructures, the MR ratio in the x-y and
y-z planes would tend to a specific value which can be seen
as the pure SMR when H tends to zero [53,54]. However, in
our field-dependent REMR measurements, both the MR ratios
in the x-y and y-z planes tend to zero when H tends to zero.
Considering that there is an MPE-induced AFM ordering at
the interface of the Cr/YIG heterostructure, the REMR can
also be influenced by the reflection and absorption of the
AMA by the AFM part of the Cr layer at the interface [49-53].
Due to the MPE-induced AFM ordering in the Cr layer, an
NM/AFM/FM structure is built near the Cr/YIG interface,
just like the Pt/NiO/YIG [45,59], and the AFM part of the
Cr layer at the interface will take part in the reflection and
absorption of the AMA. When H is set in the x-y plane,
the Néel vector (n) of the AFM part tends to parallel with
H, and will rotate with H rotating in the x-y plane [49,50].
When H || J,, n is also parallel with J,, thus induces a strong
absorption of the AMA, a weak JiREE, and a high resistance,
as shown in Fig. 5(a). When H L J ., n is also perpendicular to
H and thus induces a strong reflection of the AMA, a strong
J iREE, and a low resistance, as shown in Fig. 5(b). And with H

increasing, n of the AFM part will show a stronger tendency
to be parallel to H, thus the REMR caused by the AFM part
will increase. Meanwhile, the AMR caused by the AFM part
also shows the same angular dependence and field dependence
in the x-y plane. Due to the contribution of the AFM part to
the REMR and AMR, the MR ratio in the x-y plane possesses
a nonsaturated increasing relationship with H, as shown in
Figs. 4(c) and 4(f). When H is in the y-z plane and rotates from
the y to z axis, the moments of the AFM part of the Cr layer
will partially rotate toward the z axis with H causing a strong
absorption of the AMA and a high resistance, as shown in
Fig. 5(c) [49,50]. Considering the reflection and absorption of
the AMA by the AFM part of the Cr layer, the REMR caused
by the AFM part can be described as [53]

Plong = Po + P11}, €]

where piong, po, p1, and n, are the longitudinal resistivity
ratio, the normal resistivity ratio, the REMR coefficient of
the Cr layer, and the projection of n on the y axis. Accord-
ing to Eq. (1), the REMR caused by the AFM part shows
the same angular dependence as the REMR caused by the
YIG layer, and shows a nonsaturated increasing dependence
on H. It should be noticed that n can be parallel with or
perpendicular to the external field in different AFM mate-
rials [49-53]. Thus, the angular dependence of the SMR or
REMR in NM/AFM heterostructures can be the same as that
in NM/FM heterostructures, or show a 90 ° shift with respect
to NM/FM heterostructures. These two angular dependencies
of MR in NM/AFM heterostructures were both observed in
previous works. In our work, the angular dependence of the
REMR in the Cr/YIG heterostructure is the same as that in
NM/FM heterostructures, which demonstrates that n of the
MPE-induced AFM part of the Cr layer tends to parallel with
the external field.

To investigate the temperature dependence of the AMR
and the REMR effects, we measure the MR ratio in the x-y
plane of the Cr/YIG heterostructure with temperature in the
range 300-380 K. Figure 6(a) shows the angular-dependent
MR ratio under different temperatures. It can be found that the
angular dependence and the amplitude of the MR ratio shows
a slight reduction with the temperature rising from 300 to
380 K. Figure 6(b) directly shows the MR ratio amplitude
versus temperature from 300 to 380 K, which reveals that the

014408-7



PHYSICAL REVIEW B 107, 014408 (2023)

ZHENDONG CHEN et al.
& 5
(3)12 x10 (b) x10
e 300K —— 320K —— 340K
~ | —— 360K ——380K 9
59 5
< LY NN
< <7
5° 5
<
0 6

0 9 180 270 360
¢ (deg)

300 320 340 360 380
temperature (K)

FIG. 6. (a) MR ratio versus ¢ dependences under different tem-
perature changing from 300 to 380 K. (b) Temperature dependence
of the MR ratio amplitude in the temperature range 300-380 K.

AMR and the REMR effects of the Cr/YIG heterostructure are
not sensitive to temperature in this range. It is known that bulk
Cr is an AFM metal with a Néel temperature of ~300 K [32],
and the Néel temperature should be lower than 300 K for Cr
thin film with the thickness in nanometer scale [45,59]. Thus,
the stable AMR and REMR of the Cr/YIG heterostructure
under temperatures higher than 300 K suggests that the two
MRs should not be related to the bulk magnetic ordering of
the Cr layer. This also agrees with the above discussion that
the magnetic ordering of Cr is caused by the MPE.

Besides, it can be noticed that the interfacial effects in
Cr/YIG can also be revealed by the ADMR of various Cr
thickness. Meanwhile, the ADMR of various Cr thickness is
an effective method to clarify the SOC-dependent parameters
such as spin Hall angle 6sy and the spin diffusion length Agp
of Cr [41,49]. In the previous works, the value of sy and Asp
of Cr are still a puzzle. In the research of the spin pumping
effect in Cr/YIG [31], the researchers declare that gy of Cr
is equal to —0.051 £ 0.005 which is a half of the value of
Pt, and Agp of Cr is equal to 13.3 nm. In the research of the
spin Seebeck effect in Ct/YIG [32], however, the researchers
declared that 6sy of Cr is 1/3 of that of Pt, and Agp of Cr
is equal to 2.1 nm. Considering that the MPE, SOC, and
spin transfer at the Cr/YIG interface should be sensitive to
the interface condition, and both the previous works did not
consider the possible existence of the MPE, the dispute on

Osy and Asp of Cr can be attributed to the different interface
condition and the neglect of the MPE. Thus, 6sy and Asp of Cr
need further study for the ADMR thickness dependence on Cr
thickness in the Cr/YIG heterostructure, and should take the
interface condition (for example the roughness of the interface
[62,63]) and the existence of the MPE into consideration.

VII. CONCLUSION

In summary, we report the observation of the REMR
in Cr/YIG heterostructures induced by the interfacial SOC,
which is accompanied by an MPE-induced AMR. We find
a SMR-like MR effect, as well as an AMR-like MR effect
in the Cr/YIG heterostructure, although there is absence of
HM with large SOC or room-temperature FM metals in the
structure. By comparing the MR ratio of the Cr/YIG and the
Cr/Cu/YIG heterostructures, we attribute the two MR effects
to the couplings at the Cr/YIG interface: the SMR-like MR
effect is attributed to the interfacial REE, and the AMR-like
MR effect is attributed to the MPE. Furthermore, the MR ratio
shows a nonsaturated trend under large external fields in the
x-y, x-z, and y-z planes. It suggests that the MPE induces an
AFM ordering in the Cr layer at the interface, which can in-
fluence the AMR effect and the reflection of the spin currents.
Our findings provide a further understanding of the complex
interfacial couplings between the NM 3d metals and YIG,
and show a possibility that one can use 3d metals like Cr to
provide SOT for YIG-based spintronic devices.
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