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Positive spin Hall magnetoresistance in single-crystalline Pt/CoO(001) bilayers
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The spin Hall magnetoresistance (SMR) effect in single-crystalline Pt/CoO(001) bilayers has been system-
atically investigated. X-ray magnetic linear dichroism measurements prove that CoO antiferromagnetic (AFM)
spins can be switched into the direction orthogonal to the applied field. We find the SMR signal is comprised
of two components related to either the switching of CoO AFM Néel order or the applied strong field effect.
Both SMR components show a “positive” angular dependence with R, > R, while R; (R,) is defined as the
resistance with the applied in-plane field parallel (perpendicular) to the current. The observed positive SMR is
mainly attributed to the uncompensated spins at the Pt/CoO interface, instead of the CoO AFM spins. Our study
may attract a great deal of interest to understand the complicated SMR effect in AFM spintronics materials.

DOLI: 10.1103/PhysRevB.106.134425

I. INTRODUCTION

The discovery of spin Hall magnetoresistance (SMR) in
Pt/Y;Fes01, (YIG) [1,2] has attracted a great deal of interest
in the past decade, since SMR provides a powerful tool to
electrically monitor the magnetization direction in a magnetic
insulator/heavy metal (HM) heterostructure. SMR has been
widely investigated in magnetic systems of HM/ferromagnetic
insulator (FMI) [1-6] or HM/ferromagnetic metal (FMM)
[7-9], and it was utilized to probe surface magnetization
[10] and to resolve exotic magnetic phases such as spin
canting [11] and helical magnetic order [12]. Recent stud-
ies in HM/antiferromagnetic insulator (AFMI) systems also
demonstrated that SMR is sensitive to the antiferromagnetic
(AFM) Néel order orientation [13—15], and it can be applied
to identify the current-induced switching of AFM Néel order
[16-19].

SMR arises from the combined action of the spin Hall
effect (SHE) [20,21] and the inverse spin Hall effect (ISHE).
Therefore, it contains rich physical processes inside [1,2].
For the charge current J flowing in the HM layer, SHE can
convert it into spin current, which can be further absorbed or
reflected by the adjacent magnetic layer. The reflection of spin
current depends on the relative angle between its polarization
and the spin orientation in the magnetic layer. The reflected
spin current produces an additional charge current by ISHE,
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thus the electrical resistance changes with the field orientation.
Therefore, the electrical resistance depends on the relative
angle between the applied current and the magnetization di-
rection of the FM layer. In HM/FMI or HM/FMM bilayers,
the magnetic spins should be aligned with the external field,
thus SMR has the angular dependence of R > R in most FM
systems with R (R, ) defined as the longitudinal resistance
with the applied in-plane field H parallel (perpendicular) to
the current J [1-9].

However, in HM/AFMI systems without the net magnetic
moment, the AFM Néel order is usually believed to be aligned
perpendicular to H, thus a negative SMR with R} < R, is
expected [15]. Such a negative SMR was indeed observed in
many HM/AFMI systems, such as Pt/NiO [14—17,22-25] and
Pt/Fe, 03 [18,26]. On the other hand, a positive SMR with
Ry > R, has also been observed in many systems, such as
HM/Cr,03 [27-31] and Pt/CoO/Pt [32]. Therefore, it still re-
quires further investigations to unveil the mechanism of SMR
in HM/AFMI systems, which should be of great importance
to understand spin-dependent transport properties in AFM
spintronics systems. Note that most SMR measurements in
HM/AFMI systems were performed under strong magnetic
field with the field strength up to several Tesla [14,32], and
such strong fields could induce certain net magnetic spins,
which further induce the SMR signal [33]. Thus, in order to
better understand the mechanism of SMR in HM/AFMI sys-
tems, it is required to separate the contribution from the AFM
Néel order and the field-induced net spins in the AFM layer.

CoO(001) film has been considered as a model system to
investigate the properties of AFM domains [34-36] and the
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FIG. 1. (a) Schematic drawings of the XMLD measurement geometry. (b) Representative XAS spectra of the Co’t L; edge at T = 100K
after field cooling with Hgc || CoO[110] from a Pt (1.2 nm)/CoO (4 nm)/MgO(001) sample. (c) XAS spectra of the Co* L, edgeat7T = 320K
above the CoO Néel temperature. (d) The ¢-dependent CoO Ry, at T = 100 K after field cooling with Hgc || [110] and Hgc || [1 10]. The solid
lines represent the fitting by the cos(2¢) function. (e) The L; ratio difference AR;, as a function of temperature under a field of 4 T. (f) The

field-dependent AR, evolution at T = 260K for H L Hgc.

magnetic interaction in FM/AFM systems [37-39]. Although
transverse resistance has been applied to investigate current-
induced AFM domain switching [19,40], investigation on the
SMR effect in HM/CoO(001) systems is still lacking. In this
paper, we report our systematic studies on SMR in single-
crystalline Pt/CoO(001) bilayers. We first demonstrate that
the CoO AFM Néel order can be driven perpendicular to
the strong magnetic field at certain temperatures by utilizing
x-ray magnetic linear dichroism (XMLD) measurement. A
positive SMR signal was found in Pt/CoO(001) bilayers over
a wide temperature range from 10 to 300 K. The measured
SMR signal is comprised of two components, related to the
field-induced spins and the switching of CoO AFM Néel
order, and both contributions show a positive SMR, which
can be interpreted by uncompensated spins at the Pt/CoO
interface. Our studies reveal the complicated effect of AFM
spins on SMR, which could be helpful for understanding spin-
dependent transport properties in AFM spintronics devices.

II. EXPERIMENTS

Single-crystalline Pt/CoO(001) bilayers were prepared by
molecular beam epitaxy in an ultrahigh-vacuum (UHV) sys-
tem [24]. MgO(001) single-crystal substrates were prepared
by annealing at 600 °C for 30 min in the UHV system. Then,
a 10 nm MgO seed layer was grown at 500 °C to improve
the surface quality. The CoO layer was epitaxied by evapo-
rating Co under an oxygen pressure of 2 x 10~/ Torr at room
temperature (RT). All the samples were capped with a thin
Pt layer as a conducting layer by pulse laser deposition at
RT. Film thickness was determined by the deposition rate,
which was monitored with a calibrated quartz thickness mon-
itor. Sharp reflection high-energy electron diffraction patterns

reveal excellent epitaxy growth of CoO film with a lattice
relation of CoO[100](001)//MgO[100](001) [38,41].

XMLD measurements were taken at the superconducting
magnet endstation of beamline 4.0.2 of the Advanced Light
Source. The field in this endstation can be applied along
arbitrary directions with a maximum value of 4 T, and the
sample temperature was varied in the range of 78-330 K. As
shown in Fig. 1(a), the XMLD effect was determined with
the normally incident x-ray by changing the angle ¢, which is

defined as the angle between the x-ray polarization E and the
CoO [110] direction. The x-ray absorption spectrum (XAS)
of the Co®" L3 edge was measured in the total electron yield
mode by measuring the sample drain current.

The magnetoresistance (MR) was determined by the
magnetotransport measurements using a physical properties
measurement system (PPMS) from the Quantum Design com-
pany, which is equipped with a rotatable sample stage and a
vertical magnetic field H with a maximum value of 9 T. The
Pt/CoO(001) films were patterned into Hall bars 20 um in
width and 100 pm in length with the current J flowing along
the CoO [110] axis, as shown in Fig. 2(a), to perform standard
four-probe measurements. The sample can be rotated during
the measurement, so that the applied field H can be aligned
along different directions with respect to the current flow. The
resistance was measured using Delta mode with a Keithley
6221 current source and a Keithley 2182A nanovoltmeter, and
the applied current was 1 mA.

III. RESULTS AND DISCUSSION

A. The switching of CoO AFM Néel order measured by XMLD

It is well known that CoO has G-type AFM spin structure,
and the CoO(001) surface is spin-compensated. The AFM
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FIG. 2. (a),(b) Geometries of angular-dependent MR measure-
ments with field rotating in (a) the xy-plane and (b) the xz -plane.
(c)—(e) Angular-dependent MR in the Pt (3 nm)/CoO(4 nm) film
within a rotating field of 9 T at (c) 300 K, (d) 100 K, and (e) 10 K.
(f) ADMR curves in o, scan with different field strengths at 100 K.
The inset shows the measured ADMR ratio as a function of field
strength.

CoO spins lie in the film plane for CoO films grown on
MgO(001) surfaces with easy axis along (110) directions
[36,38]. Thus, if a strong magnetic field is applied along (110)
directions, it is expected that the AFM spins can be aligned
perpendicular to the field due to spin-flop coupling between
applied fields and AFM ordered spins.

We performed the XMLD measurements at the Co L3 edge
to directly determine whether a strong field can switch the
AFM spin direction in a CoO (001) film with 4 nm thickness.
To avoid the charging effect during the XMLD measurements,
the sample was capped by a 1.2-nm-thick Pt layer. First,
we studied the AFM CoO spins aligned by the field-cooling
process. The sample was cooled from 330 K down to 100
K with cooling field Hgc = 4 T along CoO[110]. Then, the
typical XAS of the Co>™ L edge at normal incidence was

measured at zero field with the x-ray polarization E parallel to
CoO [110] (¢ = 0°) and CoO [110] (¢ = 90°) at 100 K shown
as Fig. 1(b). It clearly shows the existence of the XMLD
effect at low temperature, while the intensity of the second
peak located at hv~777.4 eV is higher for ¢ = 0° than for
¢ = 90°. Figure 1(c) shows the absence of the XMLD effect
at T = 320K above the Néel temperature of CoO film, which
confirms the magnetic origin of the observed XMLD effect.
We further repeated the same measurement with Hgc along
the [110] direction, which is another easy axis of CoO(001)
film. The obtained XAS shows the XMLD effect opposite to
that in Fig. 1(b), which clearly indicates that field-cooling can
align the AFM CoO spins.

After field-cooling, we systematically studied the XAS as

a function of ¢ by rotating the x-ray polarization E, and we
quantified the XMLD effect with the L3 ratio (Ry,), which
is defined as the ratio of the XAS intensities at 777.4 and
777.9 eV [marked as I; and I, in Fig. 1(b), respectively].
Figure 1(d) shows the ¢-dependent Ry, values for two orthog-
onal cooling fields, which show the opposite behavior and can
be well fitted by the cos(2¢) function. Accordlng to results

in the literature [38, 42] the R, value for E J_SCOO should be
smaller than that for E I ScOo, so the AFM CoO spm ScOo can

be determined as SCOO | [110] for Hgc || [110], and SCOO along
[110] for Hgc || [110]. Thus, our results conclude that CoO
AFM spins can be aligned to a single domain state with the

AFM spin S coo perpendicular to Hgc, due to the perpendicular
coupling between the CoO AFM spins and the external fields.
To further study the field-driven AFM CoO spin switching

process, after the CoO is initialized into the state with Sceo L
Hrc by field-cooling, we performed the XMLD measurements
under a strong field H perpendicular to Hgc. Figure 1(e) shows
the temperature dependence of the L ratio difference ARy,
(= AR"’ 0 _ AR"’z o0 ) under a field of 4 T. For the initial
AFM spm states with Hgc || [110], ARy, decreases with the
temperature, and changes sign across zero at ~240 K, indi-
cating a spin-flop transition of CoO AFM spins. Due to the
magnetic interaction between the Co>* spins and the external
field, the Co®* AFM spins perpendicular to H will have lower
energy, thus the applied strong field could induce AFM spin
switching assisted by thermal activation at certain tempera-
tures. For the initial AFM spins states with Hgc || [110], the
temperature-dependent AR;, shows a similar trend despite the
opposite sign. We also found that the XMLD signal gradually
vanishes at ~310 K, which further confirms the magnetic
origin of the observed XMLD effect [38,42].

Figure 1(e) demonstrates that the CoO AFM spins can be
switched by a 4 T field at ~240 K, and it can be switched
by a lower field at higher temperature. Figure 1(f) shows the
field-dependent AR;, with H1 Hgc after the CoO film is
initialized into a single domain state at 260 K by Hgc. The
XMLD signal reverses the sign at H ~ 3.5 T, indicating the
90 ° switching of CoO AFM spins induced by the spin-flop
coupling. The change of the XMLD signal in Fig. 1(f) is grad-
ual with the applied field, thus it is expected that a combined
process of domain nucleation and domain wall propagation
occurs during the switching of CoO AFM spins [39,43].

B. Angular dependent magnetoresistance in Pt/CoO bilayers

The switching of CoO Néel order may provide a good
route to identify the relationship between SMR and the AFM
spin states in Pt/CoO bilayers. The angular dependent mag-
netoresistance (ADMR) within a rotating field has proved
an effective method to study the SMR effect [2]. The films
of Pt(3 nm)/CoO(4 nm)/MgO(001) were patterned into the
standard Hall bar by photolithography. While the current J
is flowing along the CoO [110] axis, as shown in Figs. 2(a)
and 2(b), the longitudinal resistance R, is measured in a
standard four-probe configuration. The ADMR measurements
are performed by rotating the field H with the angle o, in the
xy-plane and with the angle 8., in the xz-plane, respectively.
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Figures 2(c)-2(e) show the typical ADMR curves under a
rotating field of 9 T at 300, 100, and 10 K, respectively. For the
field rotating in the xy-plane, R,, changes with the cos(2cy,)
function, and the amplitude increases with decreasing tem-
perature. However, for the field rotating in the xz-plane, R,
shows a very slight change at 7> 100 K, so the ADMR shows
a clear relation of Ry ~ Rp > R, with Rp defined as the
resistance with H normal to the film surface, and such angular
dependence is similar to the positive SMR in the P/YIG
system [1-4]. For T < 100 K, the ratios of ADMR for the
field rotating in both xz- and xy-planes increase with decreas-
ing temperature, with the relationship of Ry > Rp > R;. As
shown in Fig. 2(f), the ADMR in Pt/CoO bilayers increases
nonlinearly with the applied field, and the ADMR ratio AR/R
[= (R — R.)/R;] can reach 5 x 10™* at 9 T if measured at
100 K.

The o,,-dependence of ADMR in the Pt/CoO bilayer re-
veals the characteristic signature of “positive” SMR similar to
that in Pt/YIG bilayers [1-4], opposite to the SMR in Pt/NiO
[14-17,25] and «-Fe,O3/Pt systems [18,26]. Moreover, in
most HM/AFMI systems, the measured SMR is usually less
than 4 x 10~ [14,25,31]. In the Pt/CoO/Pt trilayer system,
Oda et al. also reported the positive SMR effect with a small
ratio of 8 x 107> with a field up to 25 T [32]. However, the
SMR ratio in the Pt/CoO(001) bilayer is much larger, which
can reach up to 1.3 x 1073 in Fig. 2.

C. SMR related to the switching of AFM Néel order

Figure 2 shows that the measured SMR signal increases
with the field, and it is hard to distinguish between the
SMR contribution from the applied field and that from the
switching of CoO AFM spins. The XMLD measurements
in Fig. 1 already demonstrate that the CoO AFM spins can
be switched by the field at certain temperatures, which can
be applied to identify the effect of AFM spin switching on
SMR. Figure 3(a) shows the ADMR measurement at 200 K
from a Pt/CoO(4 nm) sample with the field rotated clockwise
and counterclockwise in the xy-plane. The measured ADMR
curves deviate from the sine function with a clear hysteresis
for the field around the (100) axis. Such SMR hysteresis
clearly demonstrates the switching of the CoO AFM spins
under the strong field. For the CoO grown on MgO(001), the
CoO AFM spins have been determined along the CoO(110)
directions [36,43], thus the (100) axis is the hard axis of AFM
spins. To overcome the crystalline energy barrier around the
hard axis, the AFM spin switching should happen for the field
rotating over the hard axis, forming the hysteresis loop.

The switching of the CoO AFM spins can be further electri-
cally detected by the SMR effect through the field sweeping.
As indicated by the XMLD measurements in Fig. 1, if the
sample is cooled down with the field along x-axis parallel to
the [110] direction, the CoO AFM spins can be aligned along
the y-axis (CoO [110]) due to the spin-flop coupling. After
removing the field, the AFM spins still align along the y-axis,
as indicated by the state @ in Fig. 3(b). Then, as we gradually
increase the field H, along the y-axis, a rapid decrease of R,
can be observed at H ~ 7.5 T, indicating that the AFM spins
switch to the x-axis (the state @). When the field is decreased
back to zero, the AFM spins still remain along the x-axis
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FIG. 3. (a) ADMR curves from a Pt (3 nm)/CoO(4 nm) film
measured at 200 K in o, scan with a 9 T field rotating clock-
wise and anticlockwise. (b) Field-dependent MR signal at 200 K
after field-cooling with Hgc || x. (¢) The MR difference at differ-
ent temperatures between the loops with the field H, increasing or
decreasing shown in (b). (d) Temperature-dependent switching field
H; of CoO AFM spins for the 4 nm CoO(001) film. The blue dots
are derived from the MR measurement in (c), and red squares are
obtained from the XMLD results in Fig. 1. The black line is a visual
guide.

(the state @). However, while increasing the field along the
x-axis, one jump of R, can be observed at H~8.2 T due to the
AFM spin switching to the state ®. The resistance gradually
changes back to the state O while decreasing the H, field
back to zero. The higher switching field while applying H,
may be attributed to the enhanced pinning effect after the first
AFM domain switching process while applying H, [39]. Note
that field-dependent ordinary magnetoresistance (OMR) also
occurs in nonmagnetic metal Pt. However, the amplitude of
OMR in our measurements has an upper limit of 2 x 10~ at
9 T, as can be estimated by the resistance difference between
state @ and @ subtracted by the difference between state ©
and ®. The OMR is much smaller than the observed ADMR
in Fig. 2 at low temperatures, so it will not affect the analysis
in the previous section. So, Fig. 3(b) shows that R,, at zero

field with Scoo || J is smaller than that with ScoolJ, corre-
sponding to the relation of R > R, if considering the 90°
coupling between the AFM spin and the magnetic field [2].
This positive SMR signal purely originates from AFM spin
switching in the Pt/CoO system.

Figure 3(b) also demonstrates that the strong magnetic
field along the different directions can generate an additional
MR signal. To better identify the SMR signal due to the
AFM spin switching, we subtract the MR signals between
RY>°T and Ry>°T, which represent the resistances for the
field H, increasing from 0 to 9 T and decreasing from 9
to 0 T, respectively. The obtained ARy (H) = R}’:9 TH) —
R} ”°T(H) measured at 200 K in Fig. 3(c) shows a clear
decrease at H ~ 7.5 T with a small field-dependent
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FIG. 4. (a) Time-dependent MR under an alternating field se-
quence at 200 K measured from a Pt(3 nm)/CoO(4 nm) film. The
magnetic field directions are shown as arrows, and the MR is
measured at zero field. (b) Temperature-dependent MR ratios mea-
sured with fields of 0 and 9 T, respectively. The inset shows the
temperature-dependent difference between the MR ratios measured
at 0 and 9 T, and the solid line is the fitting with an exponential
decay function. (c¢) Temperature-dependent ratios measured at zero
field from the Pt(3 nm)/CoO samples with different CoO thicknesses.

background. Similar MR measurements with field sweeping
were also performed at different temperatures. There is a clear
field-induced change of MR at temperatures between 180 and
220 K, and the switching field H; decreases with increasing
temperature. Since H in the 4 nm CoO film is close to 9 T
at 180 K, no AFM switching is expected below 180 K. The
XMLD measurements in Fig. 1 demonstrate the switching of
AFM CoO spins induced by the field below 4 T at ~240 K.
We plot the switching field Hs determined by both XMLD and
SMR measurements on 4 nm CoO samples in Fig. 3(d). H;
decreases with the temperature, which can be extrapolated to
zero at ~300 K. However, the SMR measurement at 260 K
in Fig. 3(c) does not show any switching signal, since the
field-induced switching of CoO AFM spins should happen
according to the XMLD measurement in Fig. 1, thus our
results indicate that the observed SMR signal at zero field may
not fully originate from the CoO AFM spins.

The AFM order after switching can be demonstrated to
be very robust. At 200 K, we applied the field along the
x-direction up to 9 T to switch the CoO AFM spins into the
y-axis, and then decreased it to zero. Then the long-time resis-
tance measurement in Fig. 4(a) demonstrates the stability of
the AFM order after switching. We also did similar measure-
ments with H along the y-direction, and the measured signal
ngy at 0 T is smaller than ng. Figure 4(a) also demon-
strates that such a field-driven switching process is repeatable.
The signal difference ARyt (= Rg 4)( - Rgliy ) at zero field
should be related to switching of the CoO AFM order, which

is smaller than ARy 1 (= Rf %X —Rg 4’) measured at 9 T.

Figure 4(b) shows the measured MR ratios ARy 1/R and
ARy T/R as a function of temperature. AR t/R represents
the contribution due to the CoO AFM spin switching, and
only exists between 150 and 260 K with a maximum value
of 1.3 x 107* at 190 K. ARy 1/R is the SMR ratio measured
at 9 T, which contains both effects of AFM spin switch-
ing and the applied field. The field effect on SMR can be
quantified by subtracting ARy v/R from ARy r/R. The inset
in Fig. 4(b) also shows the temperature-dependent AR/R =
(ARg T — ARy 1)/R, which can be fitted by an exponential
decay function, so the field contribution on SMR is likely
related to thermal excitation.

The field-driven switching of CoO AFM spins may depend
on the film thickness, thus we prepared Pt/CoO/MgO(001)
samples with the CoO layer growing into the step shape with
different thicknesses, so all the samples with different CoO
thicknesses were prepared under the same condition. Fig-
ure 4(c) shows the measured temperature-dependent ARy t/R
from three samples with dco,o = 2, 4, and 8 nm. ARy is
quantified through the method described in Fig. 4(a), which
shows the maximum peak at ~ 175 K for the 8 nm CoO film.
For thinner film, the SMR due to the AFM spin switching
is observed in a narrower temperature range. As indicated
in Fig. 3(c), the decreasing of the SMR switching signal at
lower temperature can be attributed to the fact that the applied
maximum field of 9 T is not strong enough to switch the
CoO AFM spins. The switching field should be proportional
to the magnetic anisotropy, which may decrease with the film
thickness, thus the AFM spin switching can extend to lower
temperatures for thicker CoO film. At higher temperature, the
SMR switching signal decreases to zero at 220 K for the 2 nm
CoO film, but it extends to 260 K for the 4 and 8 nm CoO
films. Moreover, the decreasing SMR signals for the 4 and 8
nm CoO films above 190 K are almost identical. We attribute
the signal decrease above 190 K to the blocking temperature
in the films, which has a certain relation with the Néel tem-
perature Ty of the CoO film. In Ref. [44], the Ty of CoO film
grown on MgO(001) increases with the film thickness, and
the 2 nm CoO has the lower Ty of ~260 K, but the Ty for the
CoO film above 4 nm become almost saturated at ~300 K.
Thus, the SMR signal in Fig. 4(c) indicates that the blocking
temperature is ~40 K lower than Ty. Note that the applied
current during MR measurements may slightly increase the
sample temperature, but such a current-induced temperature
increase should be much less than 40 K.

D. Discussion on the origin of positive SMR

In general, the CoO film has G-type AFM structure with
the compensated spins in the CoO(001) plane, and due to
the perpendicular coupling between the applied field and the
AFM Néel order, the Pt/CoO layer is expected to generate
a similar “negative” SMR with R; < R to that observed in
the Pt/NiO bilayer [14—17,25]. Our experimental results show
that the Pt/CoO bilayer only has the “positive” SMR with
Ry > R, indicating that the observed SMR is not directly
related to the CoO AFM Néel order. The CoO film should
contain many defects such as oxygen vacancy and surface
roughness, so certain percentages of Co atoms at the Pt/CoO
interface may have a valence state other than Co®*, thus it
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FIG. 5. (a) Schematic drawing of the compensated AFM spins,
fixed and rotatable uncompensated spins at the CoO/Pt interface. The
spin current in the Pt layer generated by the SHE effect is reflected at
the interface and generates the SMR effect. (b) ADMR curves from
the Pt(3 nm)/CoO bilayers with different CoO thicknesses measured
at 10 K with a 9 T rotating field in «,, scan.

is possible that there are uncompensated spins at the Pt/CoO
interface in addition to the CoO AFM spins with Néel order.
According to the SMR theory for the HM/FMI system [2],
those interfacial uncompensated spins may induce the positive
SMR.

To understand the temperature-dependent SMR signals at
9 and 0 T in Fig. 4, we propose that the interfacial uncom-
pensated CoO spins should be composed of two parts, as
indicated in Fig. 5(a): one is the fixed spin strongly coupled
with the AFM spins, and the other is the rotatable spin weakly
coupled to the AFM spins. Those two types of spins may also
be associated with the reported fixed and rotatable CoO spins
in the Fe/CoO bilayer as determined by XMLD [42]. Due to
the spin-flop coupling, the fixed spins should be perpendic-
ularly coupled to the CoO AFM spins, and they can also be
switched together with the CoO AFM spins induced by the
applied field. No SMR contribution from the fixed spins can
be observed at low temperature since the required switching
field of the CoO AFM order is much larger than the applied
field. Note that the fixed spins and the AFM spins with Néel
order always rotate simultaneously. Our measurement cannot
separate the SMR contributions from the fixed spins and the
AFM Néel order, but our results can suggest that the SMR
signal induced by the fixed spins is much stronger than the
possible “negative” SMR only due to the AFM Néel order.

The rotatable spins at the Pt/CoO interface may behave
like paramagnetic spins since they have weak crystalline
anisotropy, thus the strong field can induce certain net spins,
which are responsible for the observed strong SMR signal
measured at 9 T shown in Figs. 3 and 4. Therefore, it is
understandable that the related SMR signal in Fig. 4(b) has
an exponential increase with decreasing temperature, since
the Zeeman energy can better align the paramagnetic spins
at lower temperature. The strong temperature-dependent pos-
itive SMR signal also indicates that the field-induced spins
should not originate from the AFM spin structure. If the
field-induced spins come from the CoO AFM spin structure,
the SMR signal should inversely depend on the magnetic
anisotropy. Figure 3(d) shows that the switching field in-
creases with decreasing temperature, indicating that the CoO
AFM spins have a stronger magnetic anisotropy energy at
lower temperature, which can further reduce the field-induced
spins. However, those effects are expected to suppress the

structure, the ADMR signal should be quite different for the
different spin orientations. Experimentally, we can align the
AFM spins at 10 K either parallel or perpendicular to the cur-
rent through the field-cooling, and the measured SMR signals
in these two cases have very little difference. So, the field-
induced spin is related to the rotatable uncompensated spins
instead of the AFM spin structure. It is also worthwhile to
discuss the large SMR signal in the Pt/CoO system, which is
comparable to that in Fe;O,/Pt [45,46] and Rashba-Edelstein
resistance in «-Fe;O,/TI [47]. A previous study reported that
spins in ultrathin NiFe films below the superparamagnetic
limit have strong capabilities to absorb spins [48]. Therefore,
it would be reasonable to expect that the paramagnetic-like ro-
tatable spins also exhibit stronger spin-dependent absorption
for the spins from Pt layer.

The SMR signal due to the rotatable spins at the Pt/CoO
interface can be observed even at a temperature above the
Tx of CoO film [32]. Note that the SMR signal at 10 K in
Fig. 4(b) is ~0.25%, which is larger than that in Pt/YIG [1-4]
and Pt/NiO systems [14,15] by one order of magnitude, and
this SMR signal is even larger than the AMR in a 3 nm Co
film grown on Al,03(0001) [49]. Our SQUID measurement
confirms that no FM moments can be observed in a 4 nm
CoO film, consistent with the results in Ref. [19]. Such a
large SMR signal at low temperature induced by the interfacial
uncompensated spins can be confirmed experimentally. We
prepared one sample of Pt/CoO bilayer with an interfacial
CoO thickness of 0.02 nm with a very short time exposed
to the Co source. This amount of 0.02 nm CoO is only 10%
coverage of one CoO monolayer, thus it is expected that only
the CoO cluster with the uncompensated spins can form at
the interface without any AFM order. Figure 5(b) shows that
such a small amount of CoO interface spins can induce the
0.24% MR, which is only slightly smaller than the value from
the Pt/CoO(4 nm) bilayer prepared on the same MgO(001)
substrate. Figure 5(b) also shows the negligible ADMR signal
from a Pt(3 nm)/MgO sample, which can exclude the possible
contribution to the SMR signal in the Pt/CoO bilayer from the
Hanle magnetoresistance in the Pt layer [50].

IV. SUMMARY

In summary, we systematically investigated the SMR ef-
fect in single-crystalline Pt/CoO(001) bilayers. Utilizing the
XMLD measurement, we demonstrated that the field-cooling
can align the CoO AFM Néel order perpendicular to the field
for the cooling field along CoO(110) directions, and the CoO
AFM spins can be orthogonally switched while applying the
strong field parallel to the CoO AFM spins at proper tem-
peratures. The ADMRs in Pt/CoO bilayers show a positive
angular dependence with R > R, opposite to the SMR in
Pt/NiO systems. Our measurements separated the SMR con-
tributions related to the switching of the CoO Néel order
and the field-induced spins, and both contributions contain
a positive SMR. The SMR contribution related to switching
of the CoO Néel order only exists in a narrow temperature
range below 7Ty, but the field-induced SMR signal strongly
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increases with decreasing temperature. The observed positive
SMRs can be interpreted by two types of uncompensated
spins at the Pt/CoO interface, which are either strongly or
weakly coupled with the CoO AFM spins. Our results should
attract great interest for understanding the complicated spin-
dependent transport properties related to AFM materials.
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