RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 121114(R) (2014)

Photoinduced sign inversion of the anomalous Hall effect in EuO thin films
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We report on the sign inversion of the anomalous Hall effect (AHE) in EuO thin films along with photoirradiation
as well as a temperature scan across ~25 K that is well below the Curie temperature (7¢c ~ 80 K). The former
gives an enhancement of the mobile electron density (n) by more than 30%, but the latter gives a negligible
modification of n of only 3% with a significant enhancement in mobility. It is found, in addition to the universal
scaling law between longitudinal conductivity (o,,) and anomalous Hall conductivity (can) as |oau| o a)}f, that
there is a critical value of about 10*> Scm™! in o,, that gives a boundary in the sign inversion of oy. If 1 solely
governs the sign of oy, the phenomenon could be explained by a Fermi level shift across the singularity in the
band structure. However, our band calculation shows that, within any realistic adjustment of band parameters, the
sign inversion of AHE never occurs. Thus, we conclude that other mechanisms of AHE are necessary to account

for the AHE of EuO.

DOLI: 10.1103/PhysRevB.89.121114

Controlling the spin degrees of freedom of electrons in a
solid is one of the main courses to realize new devices with
nonvolatility, high density, and low power consumption [1,2].
Magnetic semiconductors are an important class of materials
in this field because of the controllability of physical properties
by a variety of external stimuli, such as electric and magnetic
fields as well as by chemical doping. Among them, EuO is
one of the most prototypical and well-studied ferromagnetic
semiconductors. While undoped EuO is an insulator with a
band gap of ~1.2 eV across the Eu 4 f-Eu 5d transition
[3], chemical doping of a trivalent element or an oxygen
deficiency injects mobile electrons in the conduction band [4].
This chemical doping enables us to enhance the ferromagnetic
transition temperature (7¢) from 70 to 200 K, depending
on the carrier density. The characteristic properties of EuO
are large magnetoresistive [5,6] and magneto-optical effects
[7-11], which make this material appealing for electric and
optical applications. Another fundamental physical property of
electron-doped EuO is the anomalous Hall effect (AHE) [12].
Although AHE is one of the important physical properties of
magnetic metals and semiconductors [13], only recently has
AHE of EuO been observed in thin films [12], on which we
focus in this Rapid Communication.

The theories of AHE have been rapidly developed during
the past decade beyond the conventional extrinsic mechanisms
such as skew scattering [14] and side jumps [15], which require
magnetic impurities interacting with conducting electrons.
Contemporary theories can explain the complex behaviors
of AHE without employing magnetic impurities. There are
mainly two categories: one taking into account the band
structure in momentum space [16,17] and the other based on
nontrivial spin structures in real space [18-20]. In the former,
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band crossing near the Fermi level (Ef) acts as a magnetic
monopole, generating an anomalous Hall velocity as a result of
a spin-orbit interaction. This theory has successfully explained
the sign inversion of AHE in several itinerant ferromagnets
such as StRuOj; [17], (La,Eu)TiO3 [21], and Mn-doped GaAs
[22,23] in response to the Ef shift across the band crossing
point. In the other theory, itinerant electrons gain a phase
factor when hopping in a noncollinear spin background. Since
a nontrivial spin structure is necessary, this theory has been
applied to materials, for example, with frustrated spin systems
[19] or with skyrmion crystals [24]. In comparison with these
magnetic metals and semiconductors, however, AHE of EuO
has not been well studied in detail.

In this Rapid Communication, we report on the sign inver-
sion of AHE in moderately oxygen deficient EuO epitaxial
thin films. We find this phenomenon can be triggered by
photoirradiation as well as by a temperature variation. As
opposed to the aforementioned theory, a band calculation
indicates that there is no band crossing near Er and therefore
sign inversion is not expected. This fact necessitates another
scenario to account for the AHE in this material.

The details of the growth conditions are described in
Ref. [12]. Briefly, EuO epitaxial films were fabricated on
YAIO;3 (110) substrates by pulsed laser deposition at 300 °C
using a Eu metal target under 1 x 107> Torr of Ar gas
containing 1% O,. We used KrF excimer laser pulses for the
deposition at a repetition of 15 Hz. We deposited a 50-nm-thick
EuO film followed by a 2-nm AIO, capping layer deposited
in situ at room temperature in order to avoid oxidization of
Eu?* in air. The film was patterned into a Hall bar by pho-
tolithography and Ar ion etching for transport measurements.
A Hg-Xe lamp was used for the photoconductivity measure-
ment with the total intensity ranging from 3.6 x 107° to
5.5 x 1073 W/cm? in this measurement. Due to the absence of

“Author to whom correspondence should be addressed: filtering, the light contains a broad wavelength with an energy
kozuka@ap.t.u-tokyo.ac.jp range of 1.6-5.0 eV. The Hall resistivity was analyzed by
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FIG. 1. (Color online) (a) Temperature (7') dependence of resis-
tivity (p,,) in the dark (green) and under illumination (orange) at
B = 0 T (solid curve) and 8 T (dotted curve). The box with dashed
lines is the region magnified in Fig. 4(a). T dependence of (b) carrier
density (n) and (c) mobility (u) below 60 K. Solid circles represent
the data in the dark and open circles under illumination. The sign of
the anomalous Hall conductivity (oay), which will be discussed in
Fig. 2, is classified by colors as blue and red symbols for negative
and positive signs, respectively.

antisymmetrizing the raw Hall resistivity data (p;3") to ex-
clude the contrlbutlon from longitudinal magnetores1stance as
Pxy(B) = raW(B) pﬁ“’( B)]/2, where the sweep direction
of Bis opposue between P (B) and rG‘W(—B) to ensure the
opposite magnetization direction.

First of all, we show the basic transport characteristics
together with the effect of photoirradiation. Figure 1(a) shows
the temperature dependence of resistivity (p.,) in the dark
(green) and under illumination with the highest intensity
(orange) at B = 0 T (solid curve) and 8 T (dotted curve).
Without an external magnetic field, p,, shows a transition from
insulating to metallic behavior around 80 K while cooling,
which is associated with the ferromagnetic transition. With
applying a magnetic field, p,, is dramatically suppressed with
the ratio of (8 T)/pxx(0 T) reaching below 2.3 x 107*
at 76 K. This behavior is qualitatively the same as that
of previously reported carrier doped EuO thin films [6,12].
We then irradiated the film to investigate photoconductivity
[25,26]. While p,, does not significantly reduce above 200 K,
photoconductivity is pronounced at lower temperatures. At
81 K, the p,, reduces by 66% at maximum. Nevertheless,
the temperature giving the resistance peak does not change
much with photoirradiation, probably due to an insufficient
amount of photoinduced carriers to cause the enhancement of
Tc. Figures 1(b) and 1(c) show the temperature dependence
of electron density (n) and mobility (), respectively, below
60 K. The former was calculated from the ordinary term of the
Hall effect, which is the field gradient of antisymmetrized Hall
resistivity ata high field (B > 5 T) where sample magnetization
is fully saturated [12]. Photoirradiation certainly increased n
while p increased to a lesser degree. In contrast, © dominantly
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FIG. 2. (Color online) Magnetic field (B) dependence of nonor-
dinary Hall resistivity (o,, — RyB) defined by Eq. (1) in the dark
at (a) 30, (b) 25, and (c) 20 K. Reversible effects of illumination
are shown by those at 30 K (d) under illumination and (e) in the
dark after switching off the illumination. The illumination intensity
was 5.5 x 1073 W/cm? in this study. The inset of (a) shows the B
dependence of Hall resistivity (py,) at 30 K. The black dashed line
in the inset displays a slope of the ordinary Hall effect (RyB). The
blue and red regions correspond to negative and positive signs of oy,
respectively. The arrows indicate the field scan direction.

varies with temperature, while n is almost constant over the
temperature range as investigated.

We then investigated AHE by varying the temperature and
intensity of photoirradiation. The Hall resistivity is expressed
as

Pxy = RuB + pan + JR (1)

where Ry is the ordinary Hall coefficient and the rest which
includes the conventional anomalous Hall term (pay) propor-
tional to magnetization (M) and the additional nonordinary
(topological) term (p") generated by a nontrivial spin texture
and appearing as a peak structure at a field just before
the saturation [12,27]. Figure 2(a) shows the magnetic field
dependence of the Hall resistivity (pap + o7) in the dark at

121114-2



PHOTOINDUCED SIGN INVERSION OF THE ANOMALOUS ...

30 K after subtracting the B-linear high-field ordinary term
from py, [Eq. (1)], for which the original data are shown in
the inset. At this temperature, pag proportional to M showed
a negative value as in a previous report [12]. With decreasing
temperature, pay became nearly zero at 25 K [Fig. 2(b)], and
eventually the sign was inverted to a positive value at 20 K
[Fig. 2(c)]. To further examine this phenomenon, the light was
irradiated at 30 K. As a consequence, we did observe the sign
inversion of AHE under illumination, as shown in Fig. 2(d).
With the light switched off, pap returned to the original sign
with nearly the same absolute value [Fig. 2(e)], from which we
confirmed the intrinsic effect of the photoconductivity rather
than some irreversible processes such as the creation of oxygen
vacancies. It is also worth noting that this photoinduced sign
inversion is not a result of heating by light illumination because
the temperature increase always gives a negative sign in AHE
above 30 K.

We now consider the origin of the sign inversion in the AHE
within the framework of the aforementioned theories. First
of all, conventional theories incorporating an extrinsic effect
dictate pay ~ ,ofx with 8 = 1 in the case of skew scattering
and B = 2 in the case of a side-jump mechanism. However,
both B values are not consistent with the experimental S
value of ~0.4, as will be discussed later. Moreover, these
theories cannot account for the sign inversion within the
standard formalism [13,15]. The topological term in Eq. (1)
also cannot be the primary origin because this contribution
is not significant at magnetic fields that are much higher
than the magnetization saturation (=3 T). Therefore, we were
prompted to explain the sign inversion of the AHE by the Er
shift across the singularity point of the band structure as this
theory has been successful in explaining the sign inversion of
AHE by Ep tuning in many cases, such as (La,Eu)TiO; or
Mn-doped GaAs [21,22]. In order to theoretically access this
consideration, we carried out relativistic electronic structure
calculations within the context of density functional theory us-
ing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [28] and the augmented plane wave plus atomic
orbitals method as implemented in the WIEN2K program [29].
The atomic muffin-tin radii Ryt and maximum modulus of
reciprocal vectors K,x were chosen such that Ryt Kiax = 7.
The lattice parameters and atomic parameters were taken from
experiment [30] and the corresponding Brillouin zone was
sampled by a 10 x 10 x 10 k mesh. The anomalous Hall
conductivity was calculated using a set of maximally localized
Wannier functions [31], constructed from WIEN2K calculations
[32,33].

Figure 3(a) shows the band structure of EuO as obtained
from the PBE calculations with the inclusion of the on-site
Hubbard U and exchange J parameters as well as a spin-orbit
interaction. We assume U — J = 7 eV [34]. The color
expresses the z-component projection of spins. The obtained
band structure indicates that the conduction band mainly
consists of Eu 5d orbitals, while the localized 4 f states
form the valence band, qualitatively consistent with that of
previous calculations carried out in the absence of a spin-orbit
interaction [34,35]. As clearly shown in the band structure,
there is no singularity around the bottom of the conduction
band. The anomalous Hall conductivity, calculated based
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FIG. 3. (Color online) (a) Energy band calculation of EuO in-
cluding the on-site Coulomb interaction (U =7 eV) and the spin-orbit
interaction. The color code indicates the z-component projection
of spins. (b) Anomalous Hall conductivity as a function of carrier
density. Squares are results calculated from the band structure of
(a) and the range of the carrier density in this experiment is colored
as yellow.

on the band structure without including disorder following
Ref. [36], shows a monotonic variation without any indication
of sign inversion [Fig. 3(b)]. This result is clearly inconsistent
with our considerations based on the Ef shift.

In fact, Fig. 1(b), where the sign of AHE is categorized
by color, implies that the carrier density, and hence EF shift,
alone cannot account for the sign inversion. Under the light
illumination, the carrier density increased by 32% at 30 K,
where the sign of AHE is inverted by photoconductivity. On
the other hand, by comparing the carrier density between 30
and 20 K in the dark, where the sign of AHE is inverted by
a temperature variation, the increase of the carrier is only 3%
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FIG. 4. (Color online) (a) T dependence of p,, below 60 K at
B = 0 T. Solid and open circles are the data taken in the dark and
under illumination, respectively. Those in blue and red, respectively,
represent the negative and positive signs of the anomalous Hall
conductivity (oay). The dashed curves are guides to the eyes.
(b) The data are plotted in the relationship between the longitudinal
conductivity at B =0T (o,, ) and the absolute value of the anomalous
Hall conductivity at 9 T (|oanl). Triangles represent the data at 30 K
under illumination with a variety of light intensities spanning two
orders of magnitude. The dashed line indicates |oan| o ;. The
green curve is a guide to the eyes.

from 30 to 20 K. Based on these facts, it is not reasonable
to regard the sign of AHE as a function of carrier density.
Rather, this sign change may well be correlated with the
resistivity value, which is plotted in Fig. 4(a). The separatrix
(the boundary between the red and blue regions) in resistivity
to cause the sign inversion resides around 7.3 x 1073 Q cm.
In this respect, we compared the experimental values
with the theory by Karplus et al. [16] by incorporating the
effects of disorder. While oy is constant in the clean limit,
a scaling relation as |oap| o ol;¢ follows with increasing
disorder, where o, = 1/p,, is the longitudinal conductivity
at B =0T and oany = (pan + p7)/[p2; + (pan + p7)*] is
the anomalous Hall conductivity at 9 T [37,38]. Figure 4(b)
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shows |oag| as a function of o,,. The relation |oay| axl)'f

(corresponding to pay ~ p%* with setting pT = 0 at 9 T and
with neglecting pap in the denominator) holds well for all the
data investigated, irrespective of the sign of oap except those
around the sign inversion yielding a sharp cusp at o, of about
10?> Scm™!, which indicates the o, is in a dirty regime. We
also note that, whether oy, varies by temperature or by light
illumination, |oay| traces a single curve including the cusp
region.

Although the above phenomenological consideration sug-
gests that disorder is in reality effective in EuO thin films,
the microscopic mechanism is not yet clear at the moment.
Given the simple conduction band structure of EuO shown
in Fig. 3(a), there may be other mechanisms that causes sign
reversal in AHE. As a possibility, when multiple contributions
compete with each other, a subtle variation of these could
cause the sign inversion. However, even if we assume that,
for instance, the intrinsic mechanism and side jump nearly
cancel each other out, the steep rise of o agg (reaching 1 S/cm)
across the sign inversion is unlikely to appear since both
contributions cannot vary so rapidly below 30 K due to
the small variation of all material parameters, including
conductivity and magnetization.

Thus all the above considerations based on the existing
theories seem to fail to explain the sign inversion of AHE in
EuO thin films. In this respect, it may be important to extract
a possible key ingredient by including other material systems
showing the sign inversion by a temperature variation or by Er
tuning, namely, STRuO; [17], La-doped EuTiOs [21], and Mn-
doped GaAs [22]. Here we note that these studies have been
performed in thin film forms with thicknesses below ~50 nm,
whereas the sign inversion of AHE has hardly been reported
in bulk materials. However, the explanations solely rely on the
Berry-phase scenario based on bulk electronic structures. In
fact, this approach is not always valid as thick Mn-doped GaAs
films do not show the sign inversion even with a conductivity
range that is similar to the thin samples, which the authors
attributed to the unknown effects of reduced dimensionality
and disorder [22]. Similar but unrevealed effects such as
modified electronic or magnetic structures at the surface or
interface could play a significant role in the case of the EuO
thin film as well. Under the irradiation, the redistribution of
conducting electrons in the film may additionally trigger the
sign inversion of AHE.

As another possibility, we could postulate a situation that
is characteristic in EuO. Recent studies on angle-resolved
photoemission spectroscopy of EuO have revealed its unique
electronic structure, which showed deeply bounded states at
the I" point in the ferromagnetic phase [39]. Although they
are likely to be defect derived and almost no contribution is
made to oy, , we speculate that the Berry phase generated from
these bounded states could influence the inversion of the sign
of AHE. In this case, the additional states |n,k) should be also
included in the Berry-phase connection a, = i (n,k|Vi|n k)
to calculate o Ay [13]. To fully understand the observation,
further studies are needed.

In conclusion, we have observed the sign inversion of the
AHE in EuO thin films by photodoping as well as by tem-
perature variation. This behavior cannot be explained based
on the anomalous Hall velocity arising from a band crossing

121114-4



PHOTOINDUCED SIGN INVERSION OF THE ANOMALOUS ...

point, as well as on other existing theories, and remains
to be investigated both from theoretical and experimental
viewpoints.
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