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We investigate the anomalous Hall effect in perpendicularly magnetized ferrimagnet NiCo, O, epitaxial films
3 to 30 nm thick. We find that the anomalous Hall conductivity oaur has complex relations with the longitudinal
electrical conductivity o,,. When the o, is relatively large (larger than 10° Q7' cm™), the oagg is almost
independent of the oy, but scales with the magnetization. This unique scaling behavior of oayg indicates that the
anomalous Hall effect is of intrinsic origin dominated by the Berry curvature of occupied electronic states. On
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the other hand, when the oy, is lowered, the scaling relation is changed to oaug ~ 0,,°, indicating a crossover of

XX

the dominant contribution to oayg, from the intrinsic Berry phase to the impurity scatterings. Our results show
the intrinsic contribution from Berry curvature plays a crucial role in the anomalous Hall effect in NiCo, Oy films.

DOLI: 10.1103/PhysRevB.104.134407

I. INTRODUCTION

The anomalous Hall effect is one of the best-explored
magnetotransport properties of magnetic materials and their
artificial heterostructures and has been widely exploited
as a powerful probe of emergent magnetism and topo-
logical phases. The intrinsic anomalous Hall conductivity
OAHE = PAHE/ (,0,%X + piHE) (pxx: longitudinal electrical re-
sistivity, pagg: anomalous Hall resistivity) is closely tied
with the Berry curvature originating from band struc-
tures and with scatterings of conduction electrons through
spin-orbit interactions [1-5]. Electronic structures and elec-
tron scatterings (related to pyx or the longitudinal electri-
cal conductivity oxx) in magnetic heterostructures strongly
depend on the thickness and dimension of constituent mate-
rials. It is, therefore, interesting to see how oapg, Oxx, and
their correlations vary against thickness changes in magnetic
materials.

The inverse-spinel NiCo,04 (NCO) is a ferrimagnetic
metal with a transition temperature above 400 K and a sat-
urated magnetization of 1.5-2 up per formula unit [6-9].
Epitaxial thin films of NCO on MgAl,04 (MAO) substrates
are found to have perpendicular magnetic anisotropy whose
anisotropy energy is 0.1 ~ 0.2MJ/m? at room temperature
[10-14]. Theoretical investigations [15—18] show that NCO
has the half-metallic band structure in which the density of
states at the Fermi level Er consists of only the minority-spin
subband, and that the majority-spin one has a half-metallic en-
ergy gap at the Er. The half-metallic nature in NCO has been
supported by experimental observations of a large tunnel mag-
netoresistance effect (~230%) in magnetic tunnel junctions
based on NCO electrodes [19]. Calculated band structures
also suggest that there are band crossings around Eg, which
possibly act as either source or a sink of Berry curvature and
are often manifested in magnetotransport properties such as
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anomalous Hall effect (AHE). Although the AHE is exten-
sively used for evaluating spintronic properties, for example,
perpendicular magnetic anisotropy [10,20], the AHE itself
has not been explored in detail. In fact, recent magnetotrans-
port characterizations of NCO epitaxial films have revealed
temperature/thickness-induced sign reversal of AHE [12] and
topological Hall-effect-like anomalies [21], which cannot be
explained by the conventional framework of AHE where AHE
is assumed to be proportional to the out-of-plane component
of the magnetization.

In this study, we evaluated magnetotransport properties
for epitaxial thin films of NiCo,04 (NCO) whose thickness
ranges from 3 to 30 nm. In contrast to previous reports [12,21],
the sign of the anomalous Hall effect in all films evaluated
in this study is found to be always negative, and no sign
reversal is seen. The anomalous Hall resistivity papg under-
goes nonmonotonic changes with the temperature while the
magnetization changes monotonically. This pagg’s behavior
cannot be explained by the conventional framework of AHE.
We also find that the anomalous Hall conductivity oayg of the
NCO films has rather complex relations with the longitudinal
conductivity oxx in which the scaling relation between oapg
and oyx changes with increasing oyx. Our observations imply
the significant contribution of Berry curvature to the anoma-
lous Hall effect in NCO.

II. EXPERIMENTAL DETAILS

NCO films (from 3 to 30 nm thick) were epitaxially grown
on (100) MgAl,04 substrates by pulsed laser deposition.
Details of NCO film growth were provided in our previous
studies [10,11]. Briefly, NCO films were deposited at the
substrate temperature of 315°C and under an oxygen partial
pressure of 100 mTorr. It is noted that for NCO film grown
by pulsed laser deposition, cation distribution strongly de-
pends on the oxygen pressure during NCO deposition, and
all films investigated in this study were grown under the
optimized growth conditions that can produce NCO epitaxial
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FIG. 1. X-ray 26/6 diffraction profiles around (004) MgAl,0O,
(MAO) substrates for NCO epitaxial films whose thickness ranges
from 3 to 30 nm. The peaks marked with the asterisk (*) probably
originate from multiple scatterings from the MAO substrates. (b),
(c) Reciprocal-space mappings around the (408) MAO reflection for
(b) 5-nm-thick and (c) 20-nm-thick films. The intensity of the (408)
NCO reflection for the 3-nm-thick film was too weak to be detected
with our laboratory-source x-ray diffractometer.

films whose cation distribution is close to the stoichiometric
[10]. The thickness of grown films was determined from the
periods of the interference fringes seen in the x-ray 26/6
diffraction and reflectivity profiles.

III. RESULTS AND DISCUSSION

Figure 1 shows typical 260/6 diffraction profiles and
reciprocal-space mappings for NCO films. The 26 /6 profiles
confirm that the NCO films are epitaxially grown with the
(001) orientation and that no secondary phases are confirmed
from the 26/6 pattern. Furthermore, the reciprocal-space
mappings show that in-plane lattices of the films are fixed by
those of the substrate and that the NCO layers are coherently
grown on the substrate. We note that these structural proper-
ties are seen for all the films with thicknesses up to 30 nm.

Figure 2(a) shows the temperature dependence of the
remnant magnetization of the NCO films. The remnant mag-
netization was determined from the out-of-plane magnetic
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FIG. 2. (a) Temperature dependence of the magnetization of the
NCO epitaxial films. The magnetization was determined as the
remnant magnetization value extracted from the out-of-plane M-H
curves, as shown in the inset. The M-H loops presented in the inset
were taken at 50 K. (b) Temperature dependence of the longitudinal
electrical resistivity py, for NCO epitaxial films.

field dependence of the magnetization, as shown in the inset
of the figure. In each M-H loop, diamagnetic signals from the
substrates were extracted by linearly fitting the data in larger
field regions and were subtracted from measured data. We
see that almost square-shaped hysteresis is seen in the out-
of-plane M-H loops at temperatures below the ferrimagnetic
transition temperature, even for the 3-nm-thick films. Note
that M-H loops essentially the same as those in the inset are
seen for all the films investigated in this study, consistent
with the fact that our NCO films have perpendicular magnetic
anisotropy. The magnetization increases monotonically with
decreasing temperature regardless of the film thickness. When
the film thickness is reduced, the magnetization is smaller.

To characterize magnetotransport properties of NCO films,
we patterned the film layer to 15-um-wide Hall bars by
conventional photolithography and Ar-ion milling. We mea-
sured the longitudinal and transverse resistivities (oxx and pxy)
by applying direct currents along the bars. Figure 2(b) shows
the temperature dependence of py of the NCO films. All
films exhibit metallic electrical conduction down to low tem-
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FIG. 3. (a) Typical magnetic field dependence of the anomalous
Hall resistivity papg for the 20-nm-thick (blue) and 3-nm-thick (red)
NCO films. The magnetic fields were swept at a rate of 5 Oef/s.
(b) Temperature dependence of the remnant pagg for NCO films.
The remnant pagg Was extracted from papg-H curves as shown in
(a). (c) paur plotted against the magnetization of NCO films.

peratures, although the pyx is larger for the thinner films. In
addition, the thinner films exhibit larger upturns in the pyx
at low temperatures. Previously it was shown that the pxx’s
upturn at low temperatures is caused by disorders and de-
fects related to deviations of the cation occupations from the
stoichiometric [10]. Our observation of the upturn behavior
enhanced for the thinner films implies that the influence of
disorder scatterings of the conduction electrons on transport
properties becomes dominant when the film thickness is re-
duced to a few nanometers.

Figure 3(a) shows the magnetic field dependence of the
anomalous Hall resistivity papgg for the 20- and 3-nm-thick

films measured at 50 K. The ppyg was extracted as follows.
We first antisymmetrized the p,, so that asymmetric compo-
nents included in the pxy that resulted from misalignments of
samples are corrected. We then determined the ordinary part
of the Hall resistivity by linearly fitting the antisymmetrized
Pxy in the higher magnetic field region. Finally, the papg was
extracted by subtracting the ordinary Hall resistivity from the
antisymmetrized pxy. For both films, the sign of the pane
is negative, and the square-shaped hysteresis with the rem-
nant payg comparable to the saturated one is seen. These
behaviors of the papg are characteristic of perpendicularly
magnetized films. Note that papg-H loops essentially the same
as those in Fig. 3(a) are seen regardless of the film thickness.
Figure 3(b) shows the temperature dependence of the remnant
pang for the NCO films. The papg is negative throughout the
temperature region investigated here and changes nonmono-
tonically with the temperature. The papg of the 3-nm-thick
film is greatly reduced above 300 K and becomes almost
zero at ~370 K. These observations imply that the NCO’s
ferrimagnetic transition temperature is lowered when the film
thickness is reduced to a few nanometers.

With decreasing temperature below the ferrimagnetic tran-
sition temperature, the payg begins to develop and shows the
maximum in its magnitude at a specific temperature (which
we call Ts). Below Tg, the pasgg’s magnitude gradually de-
creases. For the 3- and 5-nm-thick films, slight increases in the
PAHE S magnitude are also seen at low temperatures. Interest-
ingly, the temperature at which the pagg’s magnitude slightly
increases coincides with the temperature at which the upturn
behavior of the pyy is seen. This correlation between papg and
Pxx implies that the pagg varies with pyx. It is also worthwhile
pointing out that the papgg’s magnitude is larger when the
magnetization is smaller, as shown in Fig. 3(c) where the payg
is plotted as a function of the magnetization. Furthermore, the
pAHE changes nonmonotonically with the temperature, while
the magnetization changes monotonically. These observations
indicate that the payg depends on the magnetization in a
complicated manner, not linearly as expected from the con-
ventional framework of the anomalous Hall effect. It can thus
be concluded that the Berry curvature plays a significant role
in the behavior of the negative pspg of NCO films, especially
at temperatures below Tg. It is worth pointing out that, in
contrast to previous reports [12,21], neither sign reversal nor
anomalies in pagg such as hump structures in papgg-H loops
are seen for our films. Given that the intrinsic Berry curvature
leads to the negative AHE, the previously observed sign re-
versal in pagg implies the coexistence of additional positive
AHE. Because cation distribution in NCO films depends on
growth conditions and often deviates from the stoichiometric
one, positive AHE probably originates from some defects
related to deviations of cation distribution. This is also con-
sistent with our observation of no sign reversal for our films
whose cation distribution is close to the stoichiometric. Such
defects would also lead to inhomogeneities in coercive fields
(Hc), leading to topological Hall-effect-like anomalies [22].

To further explore scaling relations of the anomalous Hall
effect in NCO films, we focused on the anomalous Hall
conductivity oang = pane/(p2, + pigg)s Which is known
to exhibit the power-law dependence on the oy in vari-
ous ways depending on material properties. According to
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quantum transport theory for multiband magnetic metals
[1,2,23-25], the oayg is intrinsically proportional to the in-
tegral of the Berry curvature over the filled electronic states.
This intrinsic oagg is insensitive to impurity scattering and is
thus independent of oxx (or the scattering rate). On the other
hand, for materials with low oy (<103 ~ 10*Q'cm™), in
which the (impurity) scattering rate is increased, the intrinsic
contribution is damped, and the scaling oapg ~ 0% is seen
[26-29]. Given that the o, of the NCO is about 10° Q' cm™!
[Fig. 2(b)], the oagg would follow different scaling relations
depending on the magnitude of oyxx. When the oy is smaller,
the scaling relation of oagg ~ 0:® would be expected. On the
other hand, the oapg would become constant independent of
oxx When the oy, becomes larger.

Figure 4(a) shows the oy, dependence of oayg. For clar-
ity, the line representing the oapg ~ o scaling relation is
also shown. Interestingly, the oapg below Tg (in the region
of oy« larger than the arrowed data) for different NCO films
with various thicknesses follows the single trend against the
Oy ’S variations. When oy is lower than 10° Q'cm™, the
oang follows the scaling relation oagg ~ 0)(1'6. On the other

X
hand, when oy is larger than 10° Q' cm™, the oapg becomes

almost independent of the oy, deviating from the oapg ~ o,
line. This oagg’s behavior indicates that the intrinsic Berry
curvature of the occupied electronic states is the key for the
oag in the region of o larger than 10° Q7' cm™'. When the
oxx 18 lowered (for thinner films), the intrinsic contribution is
damped due to the increased scattering rate, leading to the oy-
dependent crossover to the oapg’s scaling relation of oapgg ~
o6 [Fig. 4(a)]. While relationships between oaug and oy in
NCO films have been investigated, the oxx-independent oayg
(in the larger oxx region) and the oyxx-dependent crossover
of the oapg’s scaling relation have not been observed so
far [12].

We also show that the oapgg’s magnitude increases mono-
tonically with decreasing temperature, as shown in Fig. 4(b),
and it becomes smaller for thinner films. These temperature-
and thickness dependences of oayg are very similar to those
of the magnetization. An important implication of this ob-
servation is that the oagg has a scaling relation with the
magnetization, which contrasts with the papgg’s behavior
(Fig. 3). In Fig. 4(c), the oapgg at temperatures below Tg is
plotted against the magnetization. We see the scaling relation
between the oagg and the magnetization, especially for the
oagg that is of the intrinsic origin and almost independent
of the oy (mainly for the films thicker than 10 nm). A
similar scaling relation between the oapg and magnetization
was reported for the itinerant ferromagnet STRuQOj; in which
Berry curvature is manifested in magnetotransport properties
[30-32]. The oapg’s scaling behavior with the magnetization
for NCO films implies that the oapg is sensitive to variations
in electron distribution and exchange splitting associated with
magnetization changes, highlighting the significance of the
Berry curvature (or band crossings around Ef) on the anoma-
lous Hall effect in NCO epitaxial films.

IV. SUMMARY

We investigate the anomalous Hall effect for perpendicu-
larly magnetized NiCo,0, epitaxial thin films with various
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FIG. 4. (a) Anomalous Hall conductivity oapg plotted against
longitudinal electrical conductivity pxx for NCO films. The data
indicated with the arrows correspond to the oayg at Ts. The black
dotted line represents the scaling relation oapg ~ ax',f. (b) Tempera-
ture dependence of oagg for NCO films. (¢) oayg plotted against the
magnetization in the temperature region below 7.

thicknesses up to 30 nm. We find that the anomalous Hall
conductivity oagg is almost independent of the longitudinal
conductivity oxx When the oy is relatively large (larger than
10° Q' em™). This oage’s behavior indicates that the intrin-
sic contribution of Berry curvature is a key for the AHE in
NCO films. This intrinsic nature of AHE was further con-
firmed from the scaling behavior between the oayg and the
magnetization. We also show that with lowering oy, the scal-
ing relation is changed to oapg ~ 0,9, indicating a crossover

XX
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of the dominant contribution to oagg, from the intrinsic Berry
phase to the impurity scatterings.
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