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Electric field tuning of spin-orbit coupling in KTaO; field-effect transistors
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We report on the observation of weak antilocalization associated with large spin-orbit coupling in a tunable
d electron system: a quasi-two-dimensional electron gas formed in a KTaOj field-effect transistor. We find that
spin-precession length of electrons can be tuned by gate voltage Vg and is as short as tens of nanometers at
large V. Our results show that 5d transition-metal compounds having strong atomic spin-orbit couplings
induced by heavy 5d elements could be utilized to electrically manipulate spins in nanoscale spintronic

devices.
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Spin-orbit coupling is a key ingredient in a number of
proposed future spintronic devices, because it relates spin of
an electron to its motion, providing a way to control spins
electrically.? A prerequisite for spin-orbit coupling is the
electric field orthogonal to an electron motion: the coulomb
potential of atoms leads to an atomic spin-orbit coupling,
whereas in a solid more macroscopic electric fields can have
a significant effect. Among the latter type, Rashba spin-orbit
coupling,® induced by the inversion asymmetry of potential
wells, offers a unique possibility to control spins by external
electric fields.* The Rashba effect has been studied in a num-
ber of systems including semiconductors*'3 and metal
surfaces.'* However, the gate control of the Rashba effect
has so far been demonstrated exclusively in III-V or II-VI
type semiconductors.*”13 In these materials, the lack of in-
version symmetry in the bulk crystals leads to another spin-
orbit coupling called the Dresselhaus term, which in general
makes the interpretation more complicated.!> Thus, explor-
ing different systems that enable gate control of the Rashba
effect would be valuable to understand basic physics as well
as to design useful spintronic devices.

Our target material in the present study is a cubic
perovskite oxide, KTaOs;, which is known to be a wide
gap insulating oxide (E,~3.5 eV), displaying quantum
paraelectricity'® and high mobility n-type conduction with
doping.!” A field-effect-transistor operation has also been
observed in KTaO; around room temperature.'® These fea-
tures are common with SrTiOj3, another perovskite acquiring
much recent interest as a component of complex oxide
heterostructures.!® These two perovskite oxides, however,
differ in the strength of (microscopic) spin-orbit interaction,
which is much enhanced in KTaO; containing a heavy 5d
element, tantalum. Figure 1(a) shows a schematic band struc-
ture of KTaO;. Conduction bands originating from triply de-
generate 7, electronic states of 5d electrons?? are split by the
spin-orbit interaction into the lower doubly degenerate bands
[the light-electron (LE) band and the heavy-electron (HE)
band]?! and the higher spin-orbit (SO) split band.”?> For
KTaO3, the magnitude of the splitting Agg, which is a mea-
sure of the strength of atomic spin-orbit coupling, is 400
meV (Ref. 22) and is by more than an order of magnitude
larger than that for SrTiO; (~17 meV).?* In this Rapid
Communication, we show that this large microscopic spin-
orbit coupling in KTaO;, when incorporated in a field-effect
transistor (FET), can be used to induce tunable spin-orbit
fields on electrons.
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We fabricated FET structures on top of KTaO; single
crystals, as illustrated in the left inset of Fig. 1(b). The step-
and-terrace structures, indicating the atomic flatness of the
KTaO; (100) surfaces, were observed by atomic force mi-
croscopy. First, 20 nm thick aluminum contacts with Hall bar
geometry were evaporated on the surface. Next, parylene in-
sulator (g,=3.15) with thickness of around 0.3 wm was
coated to serve as a gate insulator. Finally, 30-nm-thick gold
contacts were patterned on top of the parylene for gate elec-
trodes. Channel area was 400 um in length and 200 um in
width. Details of the device fabrication process were re-
ported previously for a similar device with SrTiO5 channel.?*
Standard dc four-probe method was used to measure the
sheet resistance R, of the channel. Gate leak current did not
exceed 5 nA and was at all times less than the channel cur-
rent by more than two orders of magnitudes. Temperature
and magnetic field controls were obtained by a cryostat
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FIG. 1. (Color online) (a) Schematic band structure of KTaOs.
The conduction band consists of HE, LE, and SO split bands, origi-
nating from the empty Ta 5d states (Refs. 20-22). Spin-orbit in-
duced splitting Agq of these bands is 0.4 eV (Ref. 22). The valence
band is mainly made up of O 2p states strongly hybridized by
Ta 5d states (Ref. 20). The thick blue arrow indicates the approxi-
mate position of the Fermi level of quasi-two-dimensional electron
gas induced in KTaO3-FETs. Note that the expected splitting of HE
and LE bands due to the confinement of carriers is neglected in this
figure. (b) Sheet resistance R,p versus gate voltage Vi measured at
10 K for three samples. Each sample differed in parylene thickness:
0.39 wm (sample A), 0.34 um (sample B), and 0.37 um (sample
C). Gate sweep rate was 0.1 V/s. The left inset shows a schematic
device structure.
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equipped with an 8 T superconducting magnet (Oxford In-
struments).

Figure 1(b) shows field-effect characteristics of KTaO;
FETs at 10 K for three samples with different parylene thick-
ness: 0.39, 0.34, and 0.37 um, for samples A-C, respec-
tively. Although the KTaO; channels were highly resistive
(>GQ) in the absence of gate voltage V, they became con-
ducting by applying large Vg of over 100 V, where reversible
modulation of sheet resistance R, was observed for all of
the three samples. The most prominent field effect was ob-
served in sample A, where R, reached about 800 () at large
V. These results show that a large positive gate voltage
induces substantial electron accumulation at the
parylene/KTaO; interface. The hystereses observed in the
Ryp-Vi curves probably reflect trap and release of mobile
electrons at traps. The Hall measurements were carried out
for sample A at 10 K, which gave sheet carrier density n,p
=2.67X10"2 cm™? at V=155 V. This value roughly repre-
sents a maximum sheet carrier density achieved in sample A.
The corresponding Hall mobility wy at the same gate voltage
was 2600 cm?/V s, higher than in a parylene/SrTiO; FET
reported previously.?* This is consistent with the smaller ef-
fective mass of electrons in KTaO;.2! The Shubnikov—de
Haas (SdH) oscillation was not observed at magnetic fields B
below 8 T and temperatures 7" above 2 K in our samples,
probably due to the still insufficient mobilities.

We adopted weak antilocalization?>?® as a probe of spin-
orbit coupling in the parylene/KTaOs-FETs. Weak localiza-
tion (WL) and weak antilocalization (WAL) are fundamen-
tally quantum interference phenomena of electrons. At
sufficiently low 7, constructive interferences of electron
waves lead to the enhanced probability of back scattering
events, resulting in an extra resistivity added to the classical
value (weak localization). When spin-orbit coupling allow
the electron spin to flip, however, the constructive interfer-
ence changes sign to the destructive one, resulting in a de-
creased resistivity (antilocalization).?® Both effects are de-
stroyed by applying B, thus yielding negative (positive)
magnetoresistance for weak localization (antilocalization).
Therefore, WAL can be a sensitive probe of spin-orbit cou-
pling. WAL has so far been used to detect spin-orbit coupling
in systems ranging from metals,” semiconductors,5~!% to
graphene.?’

Figure 2(a) shows magnetoresistance (MR) data at 2.4 K
at three different gate voltages for sample A. Magnetic fields
were applied perpendicular to the plane of the
parylene/KTaOj interface. A clear positive MR is seen in low
B region at all the gate voltages. This positive MR was only
observed in the configuration of B normal to the interface,
and is a signature of WAL which reflects the presence of
spin-orbit coupling in the system.?>?® It can be seen that a
broad negative MR (weak localization) is superimposed on
the sharp positive MR at V5=145 V, while only the positive
MR is observable at V5> 150 V. This suggests that the spin-
orbit coupling in our system is exceptionally strong at larger
V.2 At V=160 V, a broader positive MR proportional to
B? is visible in addition to the sharp antilocalization dip. This
is a classical MR caused by the Lorentz force acting on con-
duction electrons when more than two types of carriers are
present.”® It is worth mentioning that the sharp positive MR
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FIG. 2. (Color online) (a) Magnetoresistance of sample A at 2.4
K measured at gate voltages of 145, 150, and 160 V. Magnetic fields
were applied normal to the plane of the parylene/KTaO; interface.
Small backgrounds caused by residual relaxation are subtracted
from the data. (b) Isothermal magnetoresistance AR,p
=R,p(B)-R,p(0) for sample C at V5=127 V taken at several tem-
peratures. R,p(0) was in the range 21-24 k() for temperatures be-
tween 2.1 and 10 K.

due to antilocalization has not been observed in chemically
doped KTaOj; crystals®® nor in FETs based on SrTiOj at the
similar temperature and sheet resistance range.’’ Tempera-
ture dependent measurements [Fig. 2(b)] at a constant gate
voltage showed that the WAL dip was suppressed as the
temperature was raised to about 10 K.

We now compare our result with the theory of Iordanskii,
Lyanda-Geller, and Pikus (ILP theory),’! developed to de-
scribe WAL including the contribution of Rashba-type spin-
orbit coupling. The theory was derived for the diffusive re-
gime, i.e., B<Blr=ﬁ/2el§1, where B, is the transport field
characterizing elastic scattering of electrons, % is the
Planck’s constant, e is the electron charge, and [, is the
mean-free path. In our samples, we estimate B, >0.1 T. Al-
though this model includes spin-dependent energy splitting
of electrons proportional to both k and k3.° where k is the
electron wave vector, better fits were obtained by neglecting
terms linear in k.32 In this condition, the theory involves two
fitting parameters: B, and Bgg, the magnetic fields character-
izing the phase coherence length and the spin-precession
length, respectively. The best fits to the data of samples A
and B obtained by adjusting these parameters are shown in
Fig. 3. Here, the vertical axes show sheet conductance
change Ao in applied B, where o=1/R,p, in units of e*/ h.
The observed WAL peaks are well reproduced by the theory,
suggesting that the essential physics is captured by the ILP
theory. It should be noted that, although in a strict sense ILP
theory is valid only in a diffusive regime, agreement between
the fitting curves and the experimental MR curves in a wider
B range (B<<0.2-0.3 T) was taken into account. It has been
shown that this approach gives better agreement between
Bgo estimated by WAL and that by beating of SdH
oscillations.'?

The parameters B, and By, are related to the characteris-
tic length scale I by B=#/4el*. Using this relation, we ob-
tained Vg dependence of the phase coherence length /4 and
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FIG. 3. (Color online) Experimental magnetoconductance Ao
=0(B)—0o(0) (dots), in units of e?/h, along with the best theoret-
ical fits (solid curves) to the data obtained by the ILP theory (see
text). (a) Results for Sample-A at 2.4 K for Vg of 145-160 V.
R,p(B=0) at each Vg was 32.1 (145), 4.30 (150), 1.53 (155), and
0.86 kQ (160 V). (b) Results for sample B at 2.5 K for Vg of
125-140 V. R,p(B=0) at each Vg was 21.1 (125), 5.74 (130), 2.70
(135), and 1.43 kQ (140 V).

the spin-precession length /gq. The results are shown in Fig.
4. It can be seen that l¢, which is about 0.25 um at 160 V
for sample A, decreases monotonically to 0.07 wm at 145 V
(inset of Fig. 4). The same trend is seen for sample B. This
indicates that electrons rapidly lose phase coherence as the
insulating regime is approached from the conducting side.’?
The spin-precession length /5o, on the other hand, decreases
as Vg is increased, from 60 nm at 145 V to 20 nm at 160 V
(sample A). This threefold change in Iy, tuned by gate volt-
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FIG. 4. The spin-precession length /gq, plotted against the gate
voltage for samples A—C. Data for samples A—C were taken at 2.4,
2.5, and 2.1K, respectively. The bold gray line is a guide to the
eyes. The inset shows the phase coherence length [, versus gate
voltage for samples A (filled circle), B (open circle), and C (open
square). The gate voltage for sample A (B and C) is shown in the
bottom (top) axis.
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age is remarkably large, and is comparable to a recent obser-
vation in a GalnAs/InP heterostructure:'® obviously this is
due to the large carrier tunability obtained in both systems.
We also note that /gq of around 20 nm obtained under large
Vg is exceptionally small. [e.g., s> 100 nm in n-type III-V
semiconductor heterostructures for strong spin-orbit coupling
conditions;*!? for p-type structures, lgo>200 nm (Ref. 34)].

The unusually short spin-precession length observed in
KTaO5-FETs originates from strong spin-orbit coupling,
combined with the large effective mass of electrons (~1 for
heavy-electron mass?!). Since Igo=VD7go, where D is the
diffusion constant and 74q is the spin-precession time, large
effective mass and strong spin-orbit coupling contribute to
small D and 7, respectively, leading to short Ig,. [Note that
introducing more defects in other semiconductors and mak-
ing just their mobility low could not in general result in short
lgo because this would cause larger 7gn.!) These features
make KTaOs-FET unique among many other conventional
semiconductor structures, and seem attracting to realize spin-
tronic devices such as spin-FETs (Ref. 1) with a nanoscale
channel length.

It is intriguing to consider the origin of strong spin-orbit
coupling probed at KTaOj; interfaces. We first note that the
impurity mechanism (caused by unintentionally doped heavy
impurity atoms) can be ruled out because recent work on
photocarrier-doped bulk KTaO; revealed the absence of
WAL even under the condition that negative MR due to WL
was observed® (see Ref. 36 for related work on SrTiO;).
Second, although the bulk inversion asymmetry (BIA) of an
underlying crystal structure could also lead to spin-orbit cou-
pling, this contribution should be small in KTaO; where all
the atoms occupy centers of inversion (though not totally
ruled out because applied electric field may induce nonzero
BIA due to the almost-ferroelectric nature of KTaOj3). Thus,
the most robust mechanism of spin-orbit coupling for the
present system is the Rashba effect, originating from the in-
version asymmetry of the confining potential. Since both the
macroscopic electric field and the microscopic spin-orbit in-
teraction from the atomic cores contribute to the Rashba
effect,’> one can expect greatly enhanced effect for
KTaO5-FET containing a heavy 5d element.

In conclusion, we have demonstrated the gate control of
spin precession in KTaOj field-effect transistors. The present
system is distinct from more conventional III-V semiconduc-
tors in that carriers originate from d-orbitals having large
electron mass, and in that underlying crystal structure pos-
sesses inversion symmetry. The latter means that the strong
spin-orbit coupling observed in this system is most likely to
originate solely from the Rashba effect. These features would
provide a new opportunity to study spin-orbit coupling ef-
fects in solids.
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