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We present evidence of cubic Rashba spin splitting in a quasi-two-dimensional electron gas formed at a

surface of (001) SrTiO3 single crystal from the weak localization or antilocalization (WAL) analysis of the

low-temperature magnetoresistance. Our WAL data were well fitted by the model assuming mj ¼ �3=2

for the spin-split pair, in which 2� rotation of the electron wave vector kk in the kx-ky plane accompanies

6� rotation of the spin quantization axis. This finding pertains to the p symmetry of the t2g electronic band

derived from d electrons in SrTiO3, which provides insights into the surface electronic state of (001)

SrTiO3.
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The Rashba effect is a manifestation of spin-orbit inter-
action (SOI) in solids, where spin degeneracy associated
with the spatial inversion symmetry is lifted due to a
symmetry-breaking electric field normal to the heterointer-
face [1]. In general, the Hamiltonian of the spin-orbit
interaction is given by ðrV � pÞ � �, and for the perpen-
dicular electric field rV ¼ ð0; 0; EzÞ, results in a conven-
tional k-linear Rashba effect, where p is an electron’s
momentum, and � is the Pauli spin matrices. The lack of
inversion symmetry in an underlying bulk also leads to a
spin splitting called the Dresselhaus SOI. The nature of
Rashba and Dresselhaus SOI, such as the k dependence of
spin splitting energy, has been studied extensively [2–12].

The conduction band of SrTiO3 originates from Ti
3d orbitals, which exhibit outstanding electronic properties
such as an interface superconductivity and magnetism
[13–16]. Because of the crystal field, three spin-degenerate
t2g bands (yz, zx, xy-like states) form the bottom of the

conduction band [17,18]. An atomic l � s-coupling causes
the splitting of t2g states (� 17 meV in Ref. [19]; also see

Ref. [18]). Thus, the lowest energy states for bulk SrTiO3

consist of fourfold degenerate bands, which correspond to
total angular momentum J ¼ 3=2 (mj ¼ �3=2 and�1=2)

states in atoms. Recent studies based on density-functional
theory [20] and photoemission experiments [21] suggest
that the quantum confinement lifts degeneracy of these
bands at k ¼ 0, and that the lowest energy state has an
xy-like character. The xy state has a dominant coupling to
the mj ¼ �3=2 state in an angular momentum basis [22].

The Rashba spin splitting in mj ¼ �3=2 bands is de-

scribed by the effective cubic-Rashba Hamiltonian [2,23]

HR3 ¼ �Eziðk3��þ � k3þ��Þ: (1)

Here, �� ¼ 1=2ð�x � i�yÞ, �x and �y denote Pauli spin

matrices, k� ¼ kx � iky, and kx, ky are the components of

an in-plane wave vector k k [2,23]. A prerequisite for the

spin splitting in mj ¼ �3=2 bands is the off-diagonal

coupling between mj ¼ �3=2 and mj ¼ �1=2 bands

[2,23] in the scheme of envelope function approximation.
This coupling is induced by an inversion breaking electric
field in a quantum well or just by the presence of an
interface [2,23]. For GaAs, where the cubic-Rashba effect
has been studied previously [2,8,9,23], the bulk inversion
asymmetry, which causes off-diagonal terms in a Kane
model, also gives rise to k-cubic spin splitting (cubic
Dresselhaus term) [2]. In contrast, bulk SrTiO3 is inversion
symmetric and no Dresselhaus terms occur, which is a
great advantage for the study of the cubic-Rashba effect.
By calculating the spin expectation value using the eigen-
functions for Eq. (1) (shown explicitly in Ref. [24]), we
obtain the following effective magnetic field �R3:

� R3ðkkÞ ¼ j�R3jð� sin3�;� cos3�Þ; (2)

where � is an anglekk formswith the kx axis, and the� signs

correspond to the two spin directions. Thus, �R3 rotates
within the k plane 3 times as many times as the conventional
Rashba effect in which �R1ðkkÞ ¼ j�R1jð� sin�;� cos�Þ
[Fig. 4(a)].
In this Letter, we study the Rashba effect in top-gated

SrTiO3 by weak localization or antilocalization (WAL)
analysis of the magnetoresistance (MR). We report the
observation of a large WAL in an electron accumulation
layer of SrTiO3. It is shown that the WAL data cannot be
fitted by the k-linear Rashba splitting model, but can be
fitted perfectly by the k3 spin splitting model. This indi-
cates that the spin splitting of mj ¼ �3=2 bands as

discussed above is indeed taking place in SrTiO3. The
previous reports on the successful fitting of WAL
in LaAlO3=SrTiO3 interfaces [25,26] by Maekawa-
Fukuyama theory [27], which assumes Elliot-Yafet spin
relaxation and does not include the k-dependent Rashba
terms, may be attributed to the mathematical identity [5] of
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the Hikami-Larkin-Nagaoka model [28] (a simpler version
of Maekawa-Fukuyama theory) with the k-cubic spin split-
ting model [29].

Field-effect transistors (FETs) were fabricated on the
(100) face of SrTiO3 single crystals using parylene as a
gate insulator [30]. We have adopted a bilayer (Al/Zn)
source-drain contact [31] as well as a Hall-bar shaped gate
contact in the present devices [Fig. 1(a)]. We have fabricated
three devices with different parylene thicknesses: 0:43 �m
(STO-A), 0:40 �m (STO-B), and 0:36 �m (STO-C).
STO-A and -B were fabricated on as-received SrTiO3 single
crystals grown by a vendor (Furuuchi Corp.). For STO-C,
the surface etching of the substrate was performed prior
to the FET fabrication using buffered hydrofluoric acid
(0.1 wt% HF). Temperature and magnetic field B were
controlled by a physical property measurement system
(Quantum Design). Resistivity and Hall measurements
were carried out by conventional low-frequency lock-in
technique (5.7–13 Hz) with a current of 0:5–1 �A.

In Figs. 1(b)–1(d), we show transport properties of
SrTiO3-FETs at 2 K. As seen in the sheet resistivity Rxx as
a function of an applied electric field to the top gate EG

[Fig. 1(b)], an electron gas at the SrTiO3 accumulation layer
is successfully tuned by EG. Measured sheet carrier density
ns, estimated by theHall measurement [Fig. 1(d)], covers the
range 2–8� 1012 cm�2, where ns increases monotonically
with EG [Fig. 1(c)]. The corresponding Hall mobility is in

the range from�500 to�2300 cm2=Vs and also increases
monotonically with EG.
Figure 2(a) shows a raw MR curve taken at 2 K. The

experimental MR curve (open circles) shows a clear struc-
ture around B ¼ 0 T, which we attribute to weak antilocal-
ization [27,28,32]. The broader positive MR proportional to
B2 is due to the classical Lorentz force. By subtracting the
B2 background from the magnetoconductance plot and then
shifting the obtained conductance difference to the origin,
we obtained a weak localization or antilocalization correc-
tion to the conductivity (��) as shown in Fig. 2(b). In the
following part of the manuscript, we concentrate on ��.
The WAL data were fitted using a theoretical model

devised by Iordanskii, Lyanda-Geller, and Pikus (ILP
theory) [5,32]. The theory incorporates k-dependent
spin-precession vector �1ðkkÞ ¼ j�1jðsin�;� cos�Þ and

�3ðkkÞ ¼ j�3jðsin3�;� cos3�Þ [33]. The theory is appli-

cable to a diffusive regime, i.e., B< Btr ¼ @=2el2m, where
Btr is the transport field characterizing elastic scattering of
electrons, @ is the Planck’s constant divided by 2�, e is the
electron charge, and lm is the mean free path. We thus
limited our fitting to B< Btr (Btr ranged from 0.05 to 1.8 T

FIG. 1 (color online). (a) Photograph of a SrTiO3 FET.
Carriers are accumulated beneath the Hall-bar shaped gate
electrode (Au). The Parylene gate insulator is homogeneously
deposited within the view of this photograph and cannot be seen.
(b) Sheet resistivity as a function of EG at 2 K. (c) Hall carrier
density vs EG at 2 K showing the monotonic increase of ns with
EG. (d) The Hall resistance -Rxy vs B for STO-A at 2 K.

FIG. 2 (color online). (a) Magnetoresistance data (open
circles) of STO-B at EG ¼ 4:63 MV=cm and the fit to B2

background (dashed line). (b) Conductance correction �� in
unit of e2=�h (e is the unit charge and h is the Planck’s constant)
due to weak antilocalization derived by subtracting the B2

background. (c) Theoretical fits given by the �1-only and
the �3-only conditions (dashed and solid curves, respectively)
within the ILP theory [32] to the experimental data ��
(open circles) of STO-B at EG ¼ 4:38 MV=cm. Simplified dia-
grams of �1 and �3 are also shown. The �3 model perfectly
reproduces ��.
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in the present system). In Fig. 2(c), we compare an experi-
mental MR curve with models which assume either
�1-only (mj ¼ �1=2) or the �3-only (mj ¼ �3=2)

condition. Each model was obtained by excluding the
irrelevant terms from the general expression [Eq. (13) of
Ref. [32] ] [34]. In this condition, the fitting parameters are
characteristic magnetic fields for the phase coherence
B� ¼ @=4eD�� and the spin-orbit coupling BSOn ¼
@

4eD 2�
2
n�n, where the index n takes 1 or 3, D is the

diffusion constant, �n is j�nj, �n is the scattering time
defined as 1=�n ¼ Rð1� cosn’ÞWð’Þd’, and Wð�Þ is

the probability of scattering by an angle ’. It is noted
that �1 is identically equal to �tr. In what follows, the
condition for an isotropic scattering (�3 ¼ �1) is used for
simplicity [36]. As can be seen from Fig. 2(c), the�3-only
model reproduces the experimental data almost perfectly,
whereas they deviate from the �1-only model especially
around the minimum in the ��-B plot. On the other hand,
both models give good fits for the low-B part of the
magnetoconductance, because the sharpness of the fitting
curves around B ¼ 0 is determined mainly by B� [37].

These observations demonstrate that the k-linear model is
not applicable, but the k-cubic-Rashba model is perfectly
consistent with the experimental magnetoconductance.
The dominance of the cubic-Rashba term is most strictly
confirmed for ns ¼ 2:4–4:7� 1012 cm�2. The relatively
large Btr in this ns range enabled the fitting of the ��-B
plot to larger magnetic fields, which allowed us to clearly
distinguish the outcomes between the linear and the cubic
model fittings. The values of B� and BSO3 used for the

k-cubic fitting are summarized in Table I.
Recent studies on the interface electron gas in SrTiO3

have suggested that there exists more than one type of
carrier [20,21,38]. The background MR proportional to
B2 in our system may also originate from two carriers
with different mobilities, though the nonlinearity in the
Hall effect that is expected in such a condition is extremely
small in the present case. In terms of localization, if those
carriers with different k and �tr both contribute to the
localization significantly, more complicated magnetocon-
ductance�� should be observed [39]. The absence of such
an effect in our system suggests that only one type of
carrier contributes dominantly to ��. We assign the
high-mobility carriers at the bottom of the conduction
band, which are more strongly confined at the interface,
as the source of ��. This assignment is consistent with
recent studies, where the carrier effective mass is small

(large) in the in-plane (out-of-plane) direction for the low-
est band confined in SrTiO3 [20,21]. A schematic band
diagram incorporating spin splittings is shown in Fig. 4(b).
Carrier density dependence of spin-precession length

(LSO) and phase coherence length (L�) obtained by fitting

to the �3-only model is shown in Fig. 3(d). The relation-
ship B ¼ @=4eL2 was used to derive the length scales from
the characteristic magnetic fields. LSO monotonically de-
creases with increasing ns (or EG), and ranges from 88 to
58 nm. L� increases monotonically with ns (93–140 nm).

These trends are qualitatively similar to those recently
reported in KTaO3-FETs, although LSO in SrTiO3 is nota-
bly longer than that in KTaO3 [40]. The shorter LSO

probably reflects the stronger atomic spin-orbit coupling
in KTaO3.
To further confirm that the k-dependent spin splitting

is actually happening, we clarify the spin-precession
mechanism as follows. When k-dependent band splitting

TABLE I. Parameters used for the k-cubic ILP fitting (BSO1 ¼ 0).

EGðMV=cmÞ
STO-A STO-B STO-C

4.44 4.63 4.79 4.38 4.63 4.88 4.56 4.69 4.83 4.97 5.11

B�ðmTÞ 13.6 11.4 10.1 13.0 10.0 10.1 19.0 14.7 10.2 10.0 8.02

BSO3ðmTÞ 21 26 31 34 44 49 22 24 24 26 9

FIG. 3 (color online). Experimental �� (closed symbols) and
theoretical fit by the �3-only condition in the ILP theory (solid
curves) for (a) STO-A, (b) -B, and (c) -C, respectively. (d) Spin-
precession length vs sheet carrier density ns. The inset shows the
phase coherence length vs ns. (e) Spin-precession time (open
symbols) and momentum scattering time (closed symbols) as a
function of ns. The inset shows �SO vs �tr for nearly constant ns
(n1 � 3:5� 1012 and n2 � 4:1� 1012 cm�2), ruling out the
Elliot-Yafet mechanism for both conditions (see text).
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is present, spin relaxation is described by the Dyakonov-
Perel mechanism, with �SO / �2=�tr [41], where � is the
spin splitting energy. On the other hand, if the spin relaxa-
tion is brought about by spin-flip scattering, i.e., the Elliot-
Yafet mechanism, �SO / �tr=n

2
s is the relevant result for a

degenerate system [41]. Although it is not straightforward
to unambiguously confirm the Dyakonov-Perel mechanism
in our system, the Elliot-Yafet mechanism can be excluded
as we describe below. Figure 3(e) gives �SO and �tr plotted
against ns; �tr is estimated from the measured Hall
mobility assuming m� ¼ 1:5 [42], whereas �SO was de-
rived using relations LSO ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

D�SO
p

, D ¼ 1
2v

2
F�tr, vF ¼

@kF=m
�, and kF ¼ ffiffiffiffiffiffiffiffiffiffiffi

2�ns
p

, where vF is the Fermi velocity
and kF is the Fermi wave vector. In the inset of Fig. 3(e),
we extract the relation between �SO and �tr at nearly
constant values of ns (n1 � 3:5� 1012 and n2 � 4:1�
1012 cm�2) using data points from different devices.
Although at constant ns the relation �SO / �tr is expected
for the Elliot-Yafet mechanism, �SO decreases with in-
creasing �tr [inset of Fig. 3(e)], ruling out the Elliot-Yafet
mechanism.

Taking into account the bulk inversion symmetry of
SrTiO3 [17], the consistency between the experiment and
the �3-only condition of the ILP theory suggests the

occurrence of the cubic-Rashba effect. We show the spin
splitting energy � estimated from � ¼ @j�3j in the inset
of Fig. 4(c). The spin splitting energy is 0.1–0.3 meV.
To obtain the coefficient for the cubic-Rashba effect, we
assumed the relation @j�3j ¼ �3k

3 [2,8,23]. The value of
�3 thus calculated is shown in Fig. 4(c). We find a system-
atic trend in �3 in relation to ns.
In the light of the present finding, it would be interesting

to study other spin related phenomena, such as the spin Hall
effect [43,44], in SrTiO3. Notably, an enhancement of the
spin Hall conductivity for the cubic-Rashba Hamiltonian
has been predicted [24]. On the other hand, the intrinsic
spin Hall effect originally derived for a bulk GaAs hole
system [43] is based on a magnetic-field-like gauge
curvature, defined in a momentum space, which radiates
from the � point (where mj ¼ �3=2 and �1=2 bands are

degenerate) and shifts the motion of carriers from an electric
field direction. In gated SrTiO3, the degeneracy at the
� point is removed but other singular points, i.e., the cross-
ing of mj ¼ �3=2 and �1=2 bands, can occur. Precise

tuning of the Fermi energy to such points may raise intrigu-
ing possibility for the spin Hall physics.
In conclusion, we have investigated a spin-orbit cou-

pling in gated SrTiO3, in which inversion symmetry is
preserved in its bulk form. By analyzing an antilocalization
effect in magnetoresistance, we observed the distinct con-
figuration of a spin-precession vector in a k plane based on
the k-cubic-Rashba effect compared to the linear Rashba
effect. The unique configuration of spin-precession vector
as well as the absence of the Dresselhaus term in SrTiO3

may be valuable in designing future spin devices.
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