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ABSTRACT

The magnetization of a nanosized magnet, such as an ultrathin film, thermally fluctuates and can become superparamagnetic. In ferromag-
netic/antiferromagnetic thin films, superparamagnetism can be suppressed in accordance with antiferromagnetic ordering. The exchange
bias can also be induced at the ferromagnetic/antiferromagnetic interface, and it is nontrivial whether the superparamagnetic blocking tem-
perature (TB_SPM) can match either the onset temperature of the exchange bias (TB_EB) or the Néel temperature (TN). In this study, we
investigated the temperature dependence of parameters such as coercivity, exchange bias field, magneto-optic Kerr rotation (θK), and AC
magnetization (MAC) to elucidate the matching of TB_EB, TB_SPM, and TN in a Pt/Co/Au/Cr2O3/Pt thin film. Based on the temperature
dependences of MAC, TB_SPM was yielded as about 283 K. TB_EB and TN, which were determined based on the temperature dependence of
θK, were 278 and 282 K, respectively. TB_SPM was almost equal to TN but TB_EB was smaller. This temperature lag was caused by the differ-
ence in the magnetic anisotropy energy required to induce the exchange bias and suppress superparamagnetism.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060606

I. INTRODUCTION

Various strategies have been developed to control the mag-
netic states of ultrathin films.1,2 Superparamagnetism is observed
when the energy barrier for magnetization reversal is comparable
to the thermal energy, that is, kBT (where kB is the Boltzmann
constant T is the absolute temperature); and therefore, the net mag-
netization becomes zero when the magnetic field is removed.
Superparamagnetism occurs in nanosized magnets, such as nano-
particles (NPs)3,4 and ultrathin films,5,6 and is considered to be a
problem that limits the manufacture and application of magnetic
storage or memory devices. This problem can be resolved by
enhancing the effective magnetic anisotropy energy density. A
simple method for achieving this is to use magnetic materials with
high magnetic anisotropy energy, such as L10-FePt

7,8 and

L10-CoPt.
9 Another approach is to utilize the interfacial magnetic

anisotropy. A ferromagnetic (FM)/antiferromagnetic (AFM) inter-
face is an interface that enhances the effective magnetic anisotropy
energy density (Keff ) of the system. For example, 4-nm-diameter
Cocore–CoOshell NPs can suppress superparamagnetism when
embedded in an AFM CoO matrix, whereas similar NPs embedded
in a non-magnetic Al2O3 matrix are superparamagnetic above
10 K.10 In this approach, the enhancement of Keff and/or the effec-
tive magnetic volume is due to AFM ordering. Hence, in principle,
the superparamagnetic blocking temperature (TB_SPM) can match
the Néel temperature (TN) of CoO. In addition to the NP system,
the enhancement of Keff because of AFM ordering was also
observed in the stacked structure, such as Co/Cr2O3,

11 Co/
α-V2O3,

12 and Ni/α-V2O3.
13
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The FM/AFM interfacial magnetic anisotropy also induces an
exchange bias, which is a shift of the magnetization curve along the
field axis.14 As a first approximation, the exchange bias field (HEB)
is assumed to be maintained up to TN,

15,16 when the magnetic
anisotropy energy of the AFM layer overcomes both the interfacial
exchange coupling and thermal agitation. Even in this case, the
enhancement in coercivity (HC), which is another effect of the
exchange anisotropy and is accompanied by the disappearance of
HEB, persists in the high-temperature regime. To precisely investi-
gate the influence of AFM ordering on superparamagnetic blocking
and the appearance of exchange bias, it is necessary to compare
TN, TB_SPM, and the starting temperature of HC enhancement.
However, the precise determination of the starting temperature of
the HC enhancement is difficult because the HC of the FM layer
inherently depends on the temperature but it would be possible by
using the superparamagnetic blocking phenomenon.

In this study, we investigated the influence of AFM ordering
on TB_SPM and the onset temperature of the exchange bias (TB_EB)
using the FM ultrathin film grown on the AFM Cr2O3 layer. The
FM/Cr2O3 interface induces electrically controllable exchange
anisotropy based on the magneto-electric (ME) effect,17,18 which is
promising for designing next-generation spintronic/magnetic
devices. Moreover, the induced magnetic anisotropy at the FM/
Cr2O3 (0001) interface is oriented perpendicularly to the film
plane,11,19 which also makes this effect more prominent.
Perpendicular magnetic anisotropy (PMA) is also useful for our
investigation because of the minimization of the magnetic easy
direction dispersion. Our investigation is mainly based on the tem-
perature dependence of HC, HEB, magneto-optic Kerr rotation
angle (θK), and temperature dependence of AC magnetization. We
discuss the change in the magnetic state with temperature, that is,
we verify whether TB_SPM and TB_EB of the ultrathin Co film match
TN, which has been phenomenologically assumed.15,16,20 This
assumption is made partly owing to the difficulty in determining
TN. In this study, we estimated TN using the magneto-optic Kerr
spectrum, which is influenced by optical interference in an AFM
Cr2O3 thin film. We found that there was a temperature lag for
TB_SPM and TB_EB; and the former was almost the same as TN but
the latter was lower. The term “blocking temperature” is typically
used in conjunction with superparamagnetism and exchange bias.
To avoid confusion, we denote the superparamagnetic blocking
temperature by TB_SPM. For the exchange bias, we denote the onset
temperature of the exchange bias by TB_EB.

II. EXPERIMENTAL

A Pt (2 nm)/Co (0.25 nm)/Au (1.0 nm)/Cr2O3 (30 nm)/Pt
(20 nm) thin film was used as the sample. The film was prepared on
an α-Al2O3 (0001) single-crystalline substrate using an ultrahigh
vacuum (UHV) DC magnetron sputtering system with a base pressure
less than 1 × 10−6 Pa. The substrate was ultrasonically cleaned using
acetone, pure water, isopropanol, and ethanol. A 20-nm-thick Pt
buffer layer was deposited directly onto the substrate at 873 K.
Subsequently, a Cr2O3 layer was deposited onto the buffer layer at
773 K by a reactive sputtering method using an Ar and O2 gas
mixture. Au, Co, and Pt capping layers were subsequently deposited at
room temperature. An Au spacer layer was inserted between the FM

Co and AFM Cr2O3 layers to tune the interfacial exchange coupling
such that the exchange bias persisted up to the high-temperature
regime close to TN.

21 Details of the preparation method, including the
sputtering conditions, can be found in Refs. 21 and 22.

After depositing each layer, the surface state was checked
using reflection high-energy electron diffraction (RHEED). The
RHEED observations were performed in a different UHV chamber
connected to the sputtering chamber. The chambers were con-
nected through a gate valve such that the sample was transferred
without exposure to air. The RHEED patterns were obtained at an
acceleration voltage of 25 kV and a filament current of 50 μA.
Figure 1 shows the RHEED images of each layer with [11�20] (top
column) and [1�100] (bottom column) azimuths of the substrate.
Streak diffraction patterns were observed for the Pt buffer layer and
Cr2O3 layer, which exhibited a well-crystallized flat surface. The
spacing of the streaks was different for the orthogonal azimuth,
which indicates that the in-plane crystalline orientation was also
aligned. By comparing the reciprocal lattice pattern, the diffraction
patterns were deduced to be twinned fcc (111) and twinned corun-
dum (0001) for the Pt buffer layer and the Cr2O3 layer, respectively.
The twin boundaries were along the [11�2] direction of Pt (111)
and the [11�20] direction of Cr2O3 (0001). The RHEED patterns for
Au and Co were ring shapes superimposed with weak spots. The
weak spot patterns changed with the electron azimuth. These
RHEED patterns indicate that the Au and Co layers were globally
polycrystalline with partially aligned fcc (111) grains. The RHEED
patterns of the Pt capping layer were similar to those of the Pt
buffer layer, except for the broadening of the streaks. These crystal-
line orientations are consistent with those observed in Ref. 22.

The magnetic properties were characterized mainly by AC
magnetization and magneto-optic Kerr effect (MOKE) magnetom-
etry. The temperature dependence of the AC magnetization was
measured to investigate TB_SPM using a quantum design physical
property measurement system. AC magnetization measurements
were performed at 220–330 K. An excitation magnetic field, with
an amplitude of 1 mT, was applied perpendicular to the film plane.
The frequency of the excitation field was varied from 300 Hz to
10 kHz. MOKE measurements were performed for polar
(P-MOKE) and longitudinal (L-MOKE) configurations. In the
polar and longitudinal configurations, a magnetic field was applied
perpendicular and parallel to the film plane, respectively. For each
configuration, the incidence angles were 10° and 30° from the
surface normal. The wavelength of the incident light (λ) was varied
from 400 to 850 nm for P-MOKE and was fixed at 670 nm for
L-MOKE. The P-MOKE was measured using a JASCO K-250
MOKE measurement system with a cryostat (Oxford Instruments,
OptistatCF). This system was equipped with a grating monochro-
mator, and λ can be varied. The MOKE signal was detected by
mechanically oscillating the analyzer at a frequency fana. The ana-
lyzer was mounted in front of the photomultiplier and the analyzer
rotated with θ such that the 2fana signal became zero with the help
of the feedback circuit. Here, θ corresponds to the Kerr rotation
angle, θK. The temperature dependences of HEB, HC, and θK were
determined based on P-MOKE over the temperature range of 265–
320 K, unless otherwise specified. For the temperature dependence
measurements, the sample was cooled at a magnetic field of
μ0H = + 400mT.
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The anomalous Hall effect (AHE) loops were also measured
in the temperature range of 270–320 K with the highest magnetic
field of μ0H = 2 T, which was applied perpendicular to the film. For
the AHE measurements, the film was patterned into a Hall device
with a width of 10 μm and length of 50 μm, using photolithography
and Ar-ion milling. The AHE results are shown in the Appendix.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the MOKE loops measured at room tempera-
ture (∼297 K). Both L- and P-MOKE loops exhibited nonlinear
curves with zero HC and zero remanence. θK did not saturate at
μ0H = 1.2 T. This is a typical feature observed when a magnet
becomes superparamagnetic. As observed in Fig. 2, the in-plane
and out-of-plane magnetization curves (L- and P-MOKE loops)

were similar, and it is difficult to determine the magnetic easy
direction at room temperature. The P-MOKE loop measured at
77 K (the inset of Fig. 2) showed rectangular hysteresis, which indi-
cates that the film exhibited PMA. Moreover, μ0HEB of ∼420 mT
was also measured at 77 K. The appearance of the exchange bias indi-
cates the occurrence of AFM ordering in the Cr2O3 layer, and a high
HEB suggests that the interfacial AFM moments were oriented perpen-
dicular to the film plane, as predicted from the spin configuration in
the 0001h i-oriented Cr2O3 layer.23 In Secs. III A–III C, a magnetic
field was applied perpendicular to the film plane and TB_SPM, TB_EB,
and TN were determined to finally compare the obtained values.

A. Determination of TB_SPM

TB_SPM was determined based on the temperature dependence
of the AC magnetization, as shown in Fig. 3(a). The in-phase signal
(real part) of the AC magnetization (m0) showed a peak at 283 K.
In the case of the superparamagnetic blocking phenomenon, the
out-of-phase signal (imaginary part) of the AC magnetization (m00)
can also show a peak in the slightly low-temperature regime. We
could not observe a peak in m00 most likely because m00 is typically
two orders smaller than m03 and is below the detection limit of our
instrument. One may wonder whether the signal from the AFM
Cr2O3 layer may dominate the feature because the thickness of the
Cr2O3 layer (30 nm) is more than 100 times higher than that of the
Co layer (0.25 nm). We confirmed that no signal was detected for
the Pt/Cr2O3 (130 nm)/Pt film where the Cr2O3 thickness is more
than four times higher than the main film; and this is very reason-
able considering the very low magnetic susceptibility of AFM mate-
rials and the small volume of the thin film. Moreover, as shown in
Fig. 4 and Sec. III B, nonlinear MOKE loops were observed above
the peak temperature, indicating that the Curie temperature of the
ultrathin Co layer was higher than the peak temperature. These
results indicate that the peak of the AC magnetization was caused
by superparamagnetic blocking of the Co layer, that is,
TB_SPM = 283 K.

In a typical superparamagnet, the peak temperature of the AC
magnetization corresponding to TB_SPM depends on the measure-
ment frequency (f) through the relationship
f ¼ f0exp(ΔE/kBTB SPM),

3 where f0 is a pre-factor (≈109 Hz), ΔE is
the energy barrier for magnetization reversal, and kB is the

FIG. 1. RHEED images of each layer in the Pt/Co/Au/Cr2O3/Pt thin film. Top and bottom columns correspond to the images with [11�20] and [1�100] azimuths of the sub-
strate, respectively.

FIG. 2. MOKE loops measured at room temperature (∼297 K). Black (left axis)
and blue (right axis) curves correspond to the P- and L-MOKE loops for which
the magnetic field was applied perpendicular and parallel to the film, respec-
tively. The inset shows the P-MOKE loops measured at 77 K after field cooling.
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Boltzmann constant. In Fig. 3(b), the temperature dependence of
m0 measured at various f values is shown. Although the peak at
300 Hz is difficult to observe owing to the low S/N ratio, the peaks
above 442.9 Hz are observed. The peak temperature was almost
constant for every f up to 10 kHz. The f-independent peak tempera-
ture implies that superparamagnetic blocking was dominated by
the AFM ordering of the underlying AFM Cr2O3 layer.

At the end of this section, we briefly discuss the superpara-
magnetic features of the Co layer. In Fig. 4, the P-MOKE loop mea-
sured at 370 K is shown. It was difficult to capture the saturation
region of the MOKE signal, and μ0HC was almost zero. The experi-
mentally obtained loop was fitted using the Langevin function (red
curve). The magnetization per particle (MSV) (2.2 × 10−20 J/T at
370 K) was used for fitting. Assuming the magnetic moment of Co
to be 1.71 μB/Co (where μB is the Bohr magneton)24 and the
Wigner–Seitz cell radius of Co≈ 2.6 aB

25 (where aB is the Bohr
radius), the average diameter of Co is approximately 3 nm.
Although there is no direct information on the microstructure of
the ultrathin Co layer currently, ultrathin Co can form an island
structure on Au,26 and its estimated size is reasonably small to
show superparamagnetism. Details of the microstructure of the Co
layer are beyond the scope of this study and will be investigated in
detail in the future.

B. Determination of TB_EB and TN

A series of P-MOKE loops measured at various temperatures
are shown in Fig. 5(a). The temperature dependences of μ0HEB and
μ0HC are summarized in Fig. 5(b). At 265 K, the hysteresis showed
a sharp magnetization reversal, indicating that the film was in the

FIG. 3. Temperature dependence of AC magnetization. (a) Solid and open points represent the in-phase (real part) and off-phase (imaginary part) components of the
reciprocal magnetization, respectively. Frequency of the excited AC field is 6773 Hz. (b) Series of the in-phase AC magnetizations measured at various frequencies. The
points are shifted in the vertical direction for easier visibility.

FIG. 4. P-MOKE loop measured at 370 K. Black and red lines represent the
experimental data and the results calculated using the Langevin function,
respectively.
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FM state. μ0HEB was −53 mT at 265 K, decreased with increasing
temperature, and became zero at 278 K, that is, TB_EB = 278 K. HC

formed a peak, which was accompanied by the disappearance of
HEB. After forming the peak, μ0HC gradually decreased with
increasing temperature and became almost zero above 284 K, which
is very close to the peak temperature of AC magnetization. The
slight difference in temperature is most likely because the two mea-
surements were carried out using different instruments.

Interestingly, according to Fig. 5(a), the θK value also depends
on the temperature. The temperature dependence of θK is shown in
Fig. 5(c). The absolute value of θK (jθK j) was approximately 0.10°–
0.15° below 282 K, and it increased abruptly to 0.22°at 282 K. Upon
further increasing the temperature, jθK j gradually increased to
0.27° and started to decrease again above 290 K. The gradual
decrease in jθK j above 290 K was due to the superparamagnetism
discussed in Sec. III A. Here, we discuss the abrupt change in θK at
282 K in association with the AFM ordering. In our film, the FM
layer was grown on a transparent Cr2O3/Pt layer. In such a stacking
structure, the intrinsic θK of the FM layer is modulated by optical
interference in the transparent layer. This effect has been widely
used to enhance the apparent θK in magneto-optic media.27 As
details on the optical interference effect on θK are given in the
Appendix, θK is calculated using28

θK ¼ Re
Exy

N̂(1-N̂
2
)

" #
,

Exy ¼ N̂þ2
tot -N̂

�2
tot

2i
, N̂ ¼ N̂þ

totþN̂-
tot

2
,

(1)

where dN+
tot denotes the effective refraction index of the entire film,

considering the reflection at every interface. The superscript
± denotes the values for the right and left circularly polarized light.dN+
tot includes the refractive index (n), extinction coefficient (k), and

thickness (t) of each layer in the form of exp �i 2π(nþik)t
λ

� �
. Because

the optical interference, that is, the change in dN+
tot with λ mainly

causes in the transparent layer (the Cr2O3 layer), the apparent θK
varies with n, k, and/or t of the Cr2O3 layer. These parameters
usually exhibit a gradual temperature dependence, except for the
structural phase transition29 or magnetic ordering.30 Although no
structural phase transition has been reported for Cr2O3 in this tem-
perature regime, the lattice parameters show a jump at TN,

31 which
leads to a change in θK via t at TN. A change in the optical parame-
ters accompanied by AFM ordering has also been observed in
some antiferromagnets such as bulk MnO30 and Cr2O3.

32 In the
case of MnO, the temperature dependence of n exhibits an
anomaly at TN, which can be caused by a change in the magneto-
strictive contribution at TN.

30 In the case of Cr2O3, the dielectric
tensor ϵij of Cr2O3 depends on the AFM ordering parameter and
its z component below TN,

32 which supports that AFM ordering
can change n and k [see Eq. (A2) in the Appendix]. In either case,
the abrupt change in the apparent θK should be relevant to the
AFM ordering; and TN was determined to be 282 K. Notably, in
Fig. 5(b), μ0HC shows a tail above 282 K. This may be owing to the
short-range ordering near the interface because of the stronger
interfacial exchange coupling between Co and interfacial Cr3+ than
that between Cr3+ ions at the bulk site.33 This may also be owing to
the finite time constant of the feedback system of the MOKE
detection.

FIG. 5. (a) Examples of P-MOKE loops measured at various temperatures. Measurement temperatures were 265 (black), 278 (red), 292 (green), and 311 K (blue). The
curves are shifted in the vertical direction for easier visibility. (b) Temperature dependence of exchange bias field μ0HEB (blue) and coercivity μ0HC (red). (c) Temperature
dependence of polar Kerr rotation angle, θK, at μ0H = 1.2 T. λ used for the measurement was 465 nm.
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C. Comparison of TB_SPM, TB_SPM, and TN

Based on the above results, we determined that
TB_SPM = 283 K from AC magnetization, TB_EB = 278 K, and
TN = 282 K from MOKE measurements, as summarized in Table I.
Because TB_EB and TN were determined by the same measurements
(Fig. 5), the temperature lag between these two is apparent. On the
contrary, TB_SPM and TN are very similar to each other and are also
similar to the TN of the 20-nm-thick Cr2O3 thin film obtained by
the spin Hall magnetoresistance measurements.34 Namely, the rela-
tionship TB_EB < TB_SPM∼ TN is obtained. Notably, the relationship
of TB_EB < TB_SPM has been observed in other systems such as Co/
IrMn,35 Co/Pd multilayer/CoO,36 and Au/Co/thermally oxidized
Cr2O3,

37 in addition to the above-mentioned Cocore–CoOshell NP
system.10

Based on the above results, three temperature regimes were
considered. The expected magnetic state in each regime is shown

schematically in Fig. 6. At the temperature above TN (temperature
regime I), the AFM layer became paramagnetic, and the exchange
anisotropy did not contribute to Keff. Consequently, the Co layer
transformed into the superparamagnetic state, where the remanent
magnetization and coercivity are zero. At temperature slightly
below TN (temperature regime II), the interfacial exchange coupling
enhanced the effective magnetic volume, and the magnetization of
the Co layer was stabilized, resulting in finite coercivity; and hence,
superparamagnetism was suppressed. In this temperature regime,
the magnetic anisotropy energy of the AFM layer was still weak,
and the AFM moments were reversed together with by FM magne-
tization reversal. Hence, a coercivity enhancement was observed
instead of an exchange bias. In this way, TN and TB_SPM can match
each other. Decreasing the temperature further below 278 K (tem-
perature regime III), the regained magnetic anisotropy energy of
the AFM layer pinned the AFM moments (or the Néel vector)
against the FM magnetization reversal, for example, by forming a
domain-wall-like structure in the AFM layer, which yields an
exchange bias.38,39

IV. SUMMARY

We investigated the blocking temperatures for superparamag-
netism and the exchange bias (TB_SPM and TB_EB, respectively) in
association with the AFM ordering temperature, TN. TB_SPM was
almost the same as TN. Below this temperature, the interfacial

TABLE I. Summary of TB_SPM, TB_EB, and TN. Measurement techniques are also
shown in the right column.

Parameters Estimated values (K) Measurement technique

TB_SPM 283 AC magnetization
TB_EB 278 P-MOKE
TN 282 P-MOKE

FIG. 6. Schematic drawings of the magnetic states at
positive and negative magnetic fields. Green arrows repre-
sent the FM moments, and red and blue arrows represent
AFM moments with two sublattices. Brown arrows repre-
sent the AFM moment at temperatures above TN, i.e., the
paramagnetic moment. In the schematic, the AFM interfa-
cial coupling at the FM/Cr2O3(0001) and the canted spin
alignment in the AFM layer near the interface in the tem-
perature regime III are assumed.38

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 193902 (2021); doi: 10.1063/5.0060606 130, 193902-6

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


exchange coupling at the FM/AFM interface increased the effective
magnetic volume, which suppressed superparamagnetism. Upon
further decreasing the temperature, the exchange bias appeared
below 278 K, which is approximately 4 K lower than TN (∼TB_SPM).
For the appearance of the exchange bias, the AFM moments must
also be blocked against thermal agitation and FM magnetization
reversal. Under these conditions, the magnetic anisotropy energy of
the AFM layer must be higher than that for the criteria of super-
paramagnetic blocking, which is the reason for the temperature lag
between TN (∼TB_SPM) and TB_EB.
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APPENDIX: OPTICAL INTERFERENCE ON
MAGNETO-OPTIC KERR ROTATION ANGLE
IN THE STACKED FILM

The magneto-optic signal is described by the complex refrac-
tive index N̂+ (= n± − ik±), where the ± sign denotes the right
and left circular polarizations of the light. For non-magnetic
materials, that is, Pt buffer layer, Cr2O3 layer, Au layer, and Pt
capping layer, n̂þ¼n̂�; and however, for a magnetic layer, that is,
Co layer, n̂þ = n̂�, which leads to the magneto-optic effect
through40

ΦK ¼ Exy

N̂(1-N̂
2
)
,

Exy ¼ n̂þ2-n̂-2

2i
, N̂ ¼ n̂þþ n̂-

2
,

(A1)

where ΦK denotes the complex Kerr effect and θK is obtained
from the real part of ΦK.

In the thin-film system, the complex refractive index, N̂+
2

(= n2
±− ik2

±), of a layer with thickness t2 on a substrate with N̂+
1

(= n1
±− ik1

±) is replaced by the virtual optical constant, N̂+, as
shown in Fig. 7(a),

FIG. 7. Schematic of virtual optical constant model for (a) bilayer and (b) multilayer arrangements. (c) Example calculation with the experimentally obtained MOKE
spectra. Red and blue symbols represent the results measured at 295 and 265 K, respectively, and black line represents the calculated result. (d) Reduced MOKE spectra,
θK – n⋅tCr2O3 /λ curve for the various film with different tCr2O3.
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N̂
+¼N̂+

1
1-r+exp(-2if+)

1þ r+exp(-2if+)
,

r+¼ N̂+
2 -N̂+

1

N̂+
2 þN̂+

1

, f+¼ 2πN̂+
2 t2
λ

,

N̂+
j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εxx j + iεxy j
p

:

(A2)

For the multilayer, this treatment was repeated, and a virtual
index of the entire film, N̂+

tot , was evaluated [see Fig. 7(b)]. The
apparent θK can be obtained by replacing N̂+ with N̂+

tot in
Eq. (A1). The experimentally obtained MOKE spectrum can be
reproduced by the above model with suitable parameters. As an
example, the MOKE spectra measured at 295 and 265 K, as well as
the calculated spectrum, are shown in Fig. 7(c). With increasing λ,
θK increased up to λ∼ 420 nm, sharply decreased, and reached a
minimum at λ = 465 nm and increased gradually again. It can also
be confirmed that θK at λ = 465 nm showed a large change for 297
and 265 K. Although the N̂Cr2O3-dependence of θK does not appear
in the analytical form in Eqs. (A1) and (A2), comparing the
obtained MOKE spectrum with the films with different tCr2O3, the
MOKE spectra for the different tCr2O3 could be scaled using
n⋅tCr2O3/λ [Fig. 7(d)]. This is understood to be the phase of the
reflected light changing as a function of n⋅tCr2O3/λ.

One may still wonder whether the MOKE signal would be
observed for the Cr2O3 layer alone and/or that the above spectrum
might be affected by the bandgap of the Cr2O3 layer. We confirmed
that no MOKE signal was obtained for Pt (2 nm)/Cr2O3 (30 nm)/
Pt (20 nm). Moreover, the bandgap of Cr2O3 is reported to be
above 3 eV,41 which is higher than the photon energy for
λ = 465 nm.

We further verified that the abrupt change in θK, as shown in
Fig. 5(c), is caused by optical interference based on the AHE mea-
surements. The MOKE signal originates from the off diagonal com-
ponents of the dielectric tensor ϵxy, as shown in Eqs. (A1) and
(A2), respectively. ϵxy can be converted into the conductivity tensor
σxy. Because σxy causes the AHE, if the observed peculiarity of θK is
caused by the inherent effect of the FM layer, a similar peculiarity
would also appear in the temperature dependence of the AHE
resistance (RAHE). Figure 8 shows the temperature dependence of
the RAHE at μ0H = 2 T. As can be seen, the RAHE monotonically
decreases with increasing temperature without any peculiarity,
which supports the idea that the anomaly in θK is not caused by
the inherent effect of the FM layer.
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