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ABSTRACT

The Pt/Cr,Os interface exhibits a variety of spin-related phenomena. In this study, we investigated the anomalous Hall effect (AHE) of
a Pt/40-nm-thick Cr,O3/Pt trilayer grown on Al,O3(0001), where Cr,Os is an antiferromagnetic (AFM) insulator. All layers were grown
epitaxially on the substrate, and X-ray reflectivity measurement showed an interfacial roughness of approximately 0.2 nm at each interface.
The AHE resistance showed a nonlinear magnetic-field dependence at 300 K. Below 250 K, a clear hysteresis with coercivity was observed. The
coercivity was approximately 7 T above 150 K and approximately 6 T below 100 K. The remanent AHE resistance shows a finite value below
285 K. The temperature dependence forms a broad peak with a maximum at approximately 200 K and gradually decreases with decreasing
temperature. This temperature dependence is similar to that reported for the interfacial magnetic moment on Cr,O3(0001). Based on these
results, the remanent AHE coupled with the AFM order parameter or the Néel vector was successfully detected in the 40-nm-thick Cr,O;
layer grown on the conductive layer.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000253
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. INTRODUCTION phenomena, such as non-linear AHE™ "~ and the topological Hall

effect.' Cr,03 is a particularly important material for AFM spin-

Antiferromagnetic (AFM) spintronics has been an area of
active research.! The absence of net magnetization makes antifer-
romagnets robust against perturbations by an external magnetic
field. In addition, the ultrafast resonant frequency of AFM reso-
nance can be exploited to achieve THz emission devices. Because
of the absence of net magnetization, controlling and detecting AFM
moments or the Néel vector are difficult challenges. To date, some
advanced techniques such as the spin-orbit torque,” magnetoelectric
(ME) effect,” and piezo-electric strain’ have been used to control
AFM moments. For the detection of AFM moment/domains, pre-
vious studies have used spin-related transport phenomena such as
the anomalous Hall effect (AHE)*® and planar Hall effect,” optical
techniques,” ” and synchrotron measurements based on magnetic
linear/circular dichroism."’""*

The heavy metal (HM)/Cr,O; interface, where Cr,Os is
an AFM insulator, exhibits a variety of spin-related transport

tronics because of the ME coupling between antiferromagnetism
and ferroelectricity,'”'* and the ME-induced switching of the AFM
order parameter has been widely studied.'® The detection of the
AFM order parameter of Cr,O3 based on transport measurements
was first proposed by Kosub et al.® using the Pt/Cr, O3 bilayer, where
the remanent AHE resistance was assumed to be an imprint of the
AFM order parameter. This technique has been extended to the
detection of the ME-controlled AFM order parameter.* Although
Kosub et al® assumed that the induced Pt moment exchange-
coupled with the surface magnetization was responsible for the
remanent AHE resistance, other mechanisms such as the interfa-
cial chiral spin structure'’ have been proposed. The detailed physical
mechanism of AHE manifestation is still controversial.

The Cr,0s3 thickness is an important parameter, and a reduc-
tion in thickness is desirable for manufacturing. The previously
studied HM/Cr, O3 bilayer typically has a Cr,O3 layer of thickness
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20-50 nm."*'"'¥ However, this structure was directly grown on a
single-crystalline a-Al,O3 substrate, without a conductive under-
layer, which is essential for applying voltage. In contrast, the ME
Cr;0s3 films grown on a conductive underlayer typically employed
a Cr,03 layer of 200-250 nm thickness.”” The difficulty in reduc-
ing the Cr;O; thickness on the conductive underlayer is partly
due to the persistence of the good insulating property in the low-
thickness regime. In the present study, we fabricated a Pt/40-nm-
thick Cr,Os/Pt trilayer with high resistance. Using this trilayer,
we investigated the AHE as a function of the magnetic field and
temperature. In addition to the reduction of Cr,Os3 thickness, our
investigations cover a high magnetic field above 6 T and a wide tem-
perature range of 10-310 K, in contrast to previous reports where
the applied magnetic field strength is typically below 3 T'* and the
temperature regime is typically above 250 K.>>'*

Il. EXPERIMENTAL

The Pt/Cr,O3/Pt trilayer was grown on an «-Al,03(0001) sub-
strate using the DC magnetron sputtering method. The base pres-
sure of the deposition chamber was below 1 x 10°® Pa. A 20-nm-thick
Pt buffer layer was deposited on the substrate at 873 K. On the Pt
buffer layer, a 40-nm-thick Cr,O3 layer was deposited by reactive
sputtering using a gas mixture of Ar and O,. The deposition tem-
perature of Cr,03 was 773 K. Subsequently, a 2-nm-thick Pt layer
was deposited at room temperature. The surface structure of each
layer was examined by reflection high-energy electron diffraction
(RHEED). The RHEED observation was performed in a different
chamber connected to the deposition chamber via the gate valve
so that the film could be transferred without exposure to air. X-ray
reflectivity (XRR) and high-angle X-ray diffraction (XRD) measure-
ments were performed to determine the interface roughness and
crystalline orientation. These measurements were performed using
Cu K, irradiation.

For the AHE measurements, the film was patterned into a
micro-Hall device with a length of 40 ym and a width of 2 ym.
Microfabrication was performed using photolithography and Ar ion
milling. The fabricated device was equipped with a bottom elec-
trode to measure the electrical resistance of the Cr,Oj3 layer. In our
device, a 20-nm-thick Pt buffer layer was used as the bottom elec-
trode. The leakage current at room temperature was 23 nA at 0.5 V
(12.5 MV/m). That is the resistivity was 2 x 10° Om. We measured
the AHE resistance Rang as a function of magnetic field and tem-
perature. To eliminate the artificial offset caused by imperfections in
the device structure, we employed a spinning-current AHE measure-
ment using a multiplexer, as proposed by Kosub et al.’ The details
of the measurement technique were reported by Kosub et al.® The
error bar of Rapr was calculated using the standard deviation of
the Hall voltage measured with four configurations in the spinning-
current AHE measurement. In the previous study by Kosub et al.,°
the applied magnetic field strength was insufficient to achieve the
switching of the interfacial AFM moment, and minor loops were
measured. In this study, we applied a high magnetic field up to
woH =9 T in an attempt to reverse the interfacial AFM moment.
The temperature dependence of the remanent AHE resistance was
also measured. In these measurements, the sample was heated to
310 K, which is above the Néel temperature (Tn) of bulk Cr,O;
(307 K"). At 310 K, a magnetic field of goHco ranging from -2

scitation.org/journal/adv

to +2 T was applied. In maintaining poH, the sample was cooled
to 10 or 270 K. After reaching the target temperature, the magnetic
field was removed. Subsequently, the remanent Rang, RAHE_Rem, Was
measured with increasing temperature. The sense current used to
measure Rape was set to 1 mA. The direction of the applied field
was perpendicular to the film plane. The positive direction of H
was defined as the direction from the bottom electrode to the top
electrode.

Ill. RESULTS AND DISCUSSION

First, we present the results of the structural analysis based
on the RHEED observations as well as XRR and XRD profiles.
Figures 1(a) and 1(b) show the RHEED images of the Cr,O3 layer
for the [1120] azimuth and the [1100] azimuth, respectively. Streak
patterns were observed for both the azimuths. The spacings between
streaks were different for the orthogonal electron azimuth. The
RHEED patterns indicate the epitaxial growth of the Cr,O3(0001)
layer and a flat surface. The XRR profile (not shown) shows a
clear oscillation above 20 = 10°, and theoretical fitting provides
the interface roughness of each layer as approximately 0.2 nm. In
the 26/w XRD profile (not shown), no diffraction peaks other than
those of Pt(111), Cr,03(0006), and the substrate were observed. The
Laue fringes were superimposed around the main diffraction peak,
indicating good crystalline quality.

(a) Cr,04(0001)[1120]

(b) Cr,04(0001)[1100]

FIG.1.(a) [11§0]substrate-azimuthal and (b) [1TOO]subst,ate-azimuthal RHEED images
of the Cr, 03 surface.
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Figure 2 shows a series of AHE loops, that is Rane-poH
curves measured at various temperatures. At 300 K (Fig. 2(a)), Raug
exhibits non-linear behavior with respect to yoH. In the yoH range
from —0.2 T to 0.2 T, Raur shows a sharp increase, and above 0.5 T,
Rane starts to decrease. Rayg decreases linearly above 0.5 T, presum-
ably due to the ordinal Hall effect from Pt. A similar AHE loop was
previously observed in Pt/Cr,03"* and Ta/Cr,03'” bilayers directly
deposited on an a-Al,O3 substrate. This type of AHE loop was
observed above Ty.'”'” The physical mechanism of the non-linear

Rape (MQ)

Rane (M)

HoH (T)

FIG. 2. (a) AHE loop measured at 300 K. (b) Series of AHE loops measured at
100 K (black), 150 K (red), 200 K (blue), and 250 K (green), respectively. The
loops are shifted in the vertical direction for easy visibility. The gray horizontal
dotted lines represent the center position of each loop.

AHE above Ty is still controversial, as mentioned above. Notably,
RaHE R is zero within the error at 300 K, which is also in agreement
with a previous report for a Pt/200-nm-thick Cr,O3 bilayer.” The
sign of Rang is the same as that reported by Moriyama et al.,'* Cheng
etal.,"* and Jiet al.'” but is opposite to that in Ref. 6. This is probably
because of the definition of the Hall voltage.

With decreasing temperature, the AHE loops show clear hys-
teresis with sizable coercivity (Fig. 2(b)). The sign of RAHE Rem is
negative, opposite to that reported by Kosub et al.,® as mentioned
above. The coercivity is approximately 7 T above 150 K and approx-
imately 6 T below 100 K. Although the coercivity must be precisely
determined, it is likely that the coercivity is insensitive to tempera-
ture. It should be mentioned that the spin-flop transition may occur
in a similar field regime in bulk Cr,03.” The relationship between
coercivity and the spin-flop field is currently unclear. The thickness
and angular dependence of coercivity might provide deeper insight,
and this is a subject for future research. It can also be seen that
the linear contribution changes sign with decreasing temperature.
This tendency is maintained up to 10 K (not shown), and the slope
reaches approximately +2.8 mQ/T at 10 K. At present, the reason for
the temperature dependence of the linear contribution is unclear.

To eliminate the linear contribution to Ranr, we measured the
temperature dependence of Rang_rem under various poH o condi-
tions. Figure 3(a) shows the temperature dependence of RAHE_Rem
with goHcool = 2 T. It is first observed that Rang rem is reversed
by reversing poHcool. |RAHE_Rem| is approximately 0.5 mQ at 10 K,
increases with increasing temperature up to 200 K, and forms
a broad peak. Above approximately 225 K, |RaHE rem| starts to
decrease and becomes zero at 285 K, that is Tn is 285 K. Tx
is similar to the previously reported value of ~280 K for the
Pt/20-nm-thick Cr,O3 bilayer based on spin Hall magnetoresistance
(SMR) measurements.”! The temperature dependence of RaHE_Rrem
is reminiscent of that of the exchange bias in a ferromagnetic
layer/Cr,05(0001) thin film**”" and that of the axial magnetic
moment of a Pt/200-nm-thick Cr,O3 bilayer,”* except for the Tx
value. The critical exponent 5 was also estimated in the temperature
regime of T/Tx = 0.95-1.00, and f3 = 0.338 + 0.033 was obtained.”
The f value was also similar to that in a previous report.® It should
be noted that, in general, the anomalous Hall coefficient depends on
the longitudinal resistivity 0. and is not constant with temperature
change. However, if the thin film is in the “good-metal regime,” i.e.,
O ~ 10%-10° (Qcm)’l,z“l and the probed temperature range is suf-
ficiently small, the anomalous Hall conductivity, py/, pxx2 (where pyy
and px. are the Hall resistivity and longitudinal resistivity, respec-
tively), is independent of the longitudinal resistance. The oy of the
device used was approximately 1 x 10° (Qcm)™ and did not show
any anomaly around Tx. Therefore, the critical exponent can be
determined using AHE measurements.”

We further investigated the poHco0 dependence of RAHE Rem-
Figure 3(b) shows the change in RAHE Rrem at 270 K with poH ool
RaHE_rem shows a sigmoid-like poHool dependence, similar to a pre-
vious report.” As shown in the inset of Fig. 3(b), the AHE loops at
270 K do not show hysteresis below 6 T, and RAHE_rem persists after
applying a magnetic field of +6 T. Therefore, the sigmoid-like behav-
ior suggests that two AFM domain states are selected upon forming
the AFM order.

It should be noted that to enable the effects reported here, a
single-domain state of the Cr,Oj3 layer is required by symmetry to
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_1 5 1 1 1 1 1 1
0O 50 100 150 200 250 300 350
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1.0
0.5F -

-1.0

ﬂOHcool (T)

FIG. 3. (a) Temperature dependence of Rae rem for #oHcool Values of +2 T (red)
and -2 T (blue). (b) uoHeoo dependence of Raqe rem at 270 K. The inset shows
the AHE loops measured at 270 K for poHcqol values of +2 T (red) and -2 T (blue).

have surface magnetization (boundary magnetization).”** ** At the
same time, we are aware of the importance of confirming the absence
of net magnetization and that the observed AHE is responsible for
neither impurity- nor defect-induced magnetization. Because of this
instrumental limitation, we could not measure the magnetization
curves with the highest yoH above 6 T. Nonetheless, we previously
showed that the nonlinear AHE loop does not rely on either the
spin polarization of Pt or the magnetic susceptibility of the inter-
facial Cr moment in the Pt/Cr, O3 bilayer fabricated using the same
method with an identical deposition system.'? A similar feature for
the film studied in this paper will be investigated, for example, by
X-ray magnetic circular dichroism in the near future.

ARTICLE scitation.org/journall/adv

IV. SUMMARY

The AHE of the Pt/40-nm-thick Cr,O3/Pt trilayer was inves-
tigated. The 40-nm-thick Cr,O3 layer grown on the Pt(111) buffer
layer showed a high electrical resistivity of approximately 1 x 10°
Qcm. XRR and XRD profiles revealed an interface roughness of
approximately 0.2 nm and good crystalline quality, which was suffi-
cient to produce Laue fringes. We found that the AHE loop showed
non-linear behavior at 300 K, similar to a previous report using
Pt/Cr, O3 bilayers. We also observed clear hysteresis with a coercivity
of approximately 6-7 T below 250 K. The temperature depen-
dence of Rane rem resembles that of the exchange bias field in the
FM/Cr,03 system and that of the axial magnetic moment in the
Cr,05(0001) film. The Ty at which Rang rem becomes zero was
285 K, which is similar to the Tn of the Pt/20-nm-thick Cr,O;3
bilayer. The temperature dependence of Rang rem With various
uoHcool values suggests the selectivity of the AFM domain state.
The results indicate that Ragg_rem is an imprint of the AFM order
parameter, that is the Néel vector.
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