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Strong spin-orbit interactions in a correlated two-dimensional electron system formed
in SrTiO;(001) films grown epitaxially on p-Si(001)
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We observe strong spin-orbit interactions in a two-dimensional electron system formed on SrTiO;(001)
films grown epitaxially on p-Si(001). High-resolution transmission electron microscopy and related analytical
techniques reveal a sharp interface between Si and SrTiO;. Strain mapping analysis shows in-plane strain in
SrTiO; very close to the interface. Analysis of the low temperature magnetoconductance measurements reveals
that both quantum interference and electron-electron interactions are important. The contributions of these two
quantum phenomena to the temperature and magnetic field dependence of the conductance and Hall effect are

separated. The electron system has carrier concentrations larger than 10'#cm™

2, appears to be confined within

~4 nm, and has an estimated spin-splitting energy ~12 meV.

DOI: 10.1103/PhysRevB.102.125423

I. INTRODUCTION

Manipulating the spin of electrons by controlling their
motion via applied electric fields in zero magnetic field is
possible if spin-orbit coupling is strong. This has been a long-
standing goal for devices with applications in spintronics and
quantum computing. Spin-orbit coupling can be caused by
interface inversion asymmetry associated with the chemical
bonding within interfaces and by inversion asymmetry of the
potentials including a built-in electric field or an external
gate-voltage [1]. Strain can also induce inversion asymmetry
and lead to spin-orbit coupling; 0.2% strain has been shown
to strengthen spin-orbit interactions (SOI) by as much as 20%
[2]. In oxide systems, SOI are predicted to be very sensitive
to local polarizations tending to be stronger in easily polar-
izable materials such as SrTiO3. Polar lattice displacements
between oxygen and metal break the reflection symmetry in
the xy plane producing a Rashba effect while the SOI strength
can be controlled by the bond angles between oxygen and
metals [3,4]. Large Rashba spin splitting induced by polariza-
tion is also predicted for compressively strained SrTiO3 thin
films [5].

Spin-orbit coupling has been demonstrated in two-
dimensional electron systems (2DES) formed at the interface
between LaAlO5; and SrTiO3 and also at the surface of SrTiO3
under field gating [6,7]. The consensus so far is that field
gating allows for tuning the carrier concentration of the 2DES
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in SrTiOs-based systems by band filling and spin-orbit cou-
pling is realized due to a multiband effect. The conduction
band of SrTiO; originates from Ti 3d 1, bands. Quantum
confinement at a conducting (001) SrTiO; surface lifts the
degeneracy between the #,, orbitals due to band bending. The
splitting between the lowest energy d,, band and the d,./d..
bands at the I' point can be ~300 meV [8] depending on
the confinement potential. Most electrons occupy the light d,
band and are confined in the xy plane near the surface [9,10]
while carriers in the heavy d,/d,; bands extend further away
from the interface [11]. Spin splitting of ~10 meV occurs at
the anticrossing region of the dx, and d,./d., bands due to
multiorbital effects [8,12,13] and can be predominantly cubic
in the wave vector k [13,14].

In this letter, we show that spin-orbit coupling and quantum
confinement are also present in a 2DES formed on SrTiO3
thin films. The oxide films are epitaxially grown on a p-Si
(001) substrate, the workhorse of semiconductor industry, thus
providing a direct route for the realization of SOI-based de-
vices on Si with potential technological impact. Moreover, the
2DES has high electron carrier concentrations ~10'* cm™2
that occur spontaneously (without gating), appears to be con-
fined within 4 nm, and its estimated spin splitting energy
exceeds 12 meV. Electron-electron interactions (EEI) also
play an important role in the magnetotransport behavior and
together with quantum interference entirely determine the
temperature and magnetic field dependence of the conduc-
tivity and Hall resistance. Transmission electron microscopy
(TEM) shows a chemically abrupt interface and heteroepitaxy
while strain analysis reveals in-plane strain at the interface due
to the heteroepitaxy as expected.
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SrTiO3 on Si was originally proposed as an alternative
gate dielectric on Si because of its very high dielectric con-
stant. Until recently, SrTiOs/Si was believed to form a type-II
heterojunction with a very small conduction band offset [15]
hence making it an incompatible gate dielectric for Comple-
mentary Metal Oxide Semiconductor (CMOS) applications.
However, recent reports show that SrTiO; band bending at the
interface with Si creates a potential well of ~2V confining
the carriers to a few nanometers in the out-of-plane direction
and a high-density electron gas was predicted to arise near the
interface [16].

Highly crystalline SrTiO3 films can be grown directly on
Si by oxide Molecular Beam Epitaxy (MBE). SrTiO3; grows
coherently on Si(001) by a 45° rotation around the surface
normal [17]. Due to the lattice mismatch, the SrTiO5 unit cell
is tetragonally distorted; it is biaxially compressed in-plane
by 1.7% and extended along the growth direction [18-20].
Formation of an interfacial oxide layer (SiO,) is suppressed
at low O, pressures producing a sharp interface with SrTiOs.
Low O, pressure also causes oxygen-deficient films. Epitaxial
SrTiO; films on (001) Si substrates deposited by MBE can
be commensurately strained to Si (001) [21] up to a critical
thickness of ~2 nm after which plastic deformation occurs
through the formation of dislocations [21,22].

We employ low temperature magnetotransport measure-
ments to investigate the electronic properties of the 2DES
at the SrTiO3/Si(001) heterojunction. SOI are manifested
through weak antilocalization (WAL) effects. The conduc-
tivity of low-dimensional structures at low temperatures is
largely determined by quantum effects. The two physical
mechanisms that lead to quantum corrections to the classical
Drude conductivity op are the weak localization (WL) or
interference effects [23], and EEI [24]. In 2D, both corrections
are logarithmic in temperature [24] in the diffusive regime
kBT’ & 1, where t is the elastic scattering time, 7 is the tem-
perature kp is Boltzman’s constant, and 7 is Planck’s constant
divided by 2. The conductivity correction due to interference
effects is dow (T) = Gy ln(é), when 7, < 1o, where Gy =

¢/.n = 1.23x1073S, e the electronic charge, , is the phase
coherence time, the time in which phase information is lost by
a carrier, and Ty, is the spin-relaxation time. For EEI effects,

kBT‘L'
d0gel(T) = GoKeeln ) (nH

1n(1+F0

where K,, = 1+ 3(1 — )) and Fy < 0 is the interac-

tion constant in the triplet channel [24].

If the main source of dephasing is Coulomb interactions,
Ty X T-!, Sow, <0, and the total conductivity correc-
tion (up to a temperature-independent term) is §o(7T) =
Go(1 + Kee)ln(kBTf) The measured conductivity is o(T) =

e’n,t

op + 80 (T), with 0 = 1/R; and op = ensu = prea where
R, is the sheet resistance, ng the sheet carrier concentration, i
the mobility, and m™ is the effective mass. We use m* = 1.2m,
[25,26]. In 3D, the quantum corrections to conductivity are
%ﬁfﬁ ’% and %LO(T) = (T/Ty)"* where the coeffi-
cient a depends on the interaction constant and p > 1 (p = 2
for Coulomb interactions and p = 3 for electron-phonon scat-

tering) [24,27]. At the lowest temperatures (];Bg , % < 1), the

=a

interaction term which has a +/7 dependence dominates the
3D conductivity correction [27].

A perpendicular magnetic field B suppresses the electronic
phase coherence and in the diffusive limit, the magnetocon-
ductance (MC) is given by the Iordanskii-(Lyanda-Geller)-
Pikus (ILP) model [28]. When the linear Rashba contribution
is negligible as in the case for SrTiOs-based systems due to
the m; = 3/2 character of the d,, orbital [7,29], ILP reduces
to the Hikami-Larkin-Nagaoka (HLN) expression:

AowaL
MCwaL =

0

(1, By+ By 1 (1  By+2B
_w(er B >+2w(2+ B

1 B B B
— (=422 mM
2 B B

1. (B, +2B B
— ZIn u _1 20,
2 B B
where v is the digamma function and the two fitting parame-

ters are By and By, with By o, = = 12 l(z% « = D74 50, Where

Iy 5o are the respective phase- coherence and spin-relaxation
lengths, D = luZt is the diffusion transport coefficient in 2D,
up = hkp/m* 1s the Fermi velocity, kg is the Fermi quasimo-
mentum. The HLN expression is valid in the diffusive with
respect to the magnetic field regime, B < By = % and can
also describe the MC of systems with an arbitrarily complex
Fermi surface or multiband systems [30]. If delocalized elec-
trons contribute to transport, the MC includes an additional
term which accounts for the classical orbital magnetore-
sistance (Kohler term): MCkj = Aokn/Go = —AK1 ;232’
where Ak and m are temperature-dependent parameters. The
EEI correction in the longitudinal resistivity is independent of
the magnetic field unless the Zeeman energy is greater than the
thermal energy [31-33]. Finally, quantum interference effects
and SOI should not affect the transverse magnetoresistance
Ry, while EEI modify the Hall coefficient Ry = R,,/B by

(8Rp )1 s0 that SHes = —_0%ag T — 0 [24].

II. EXPERIMENTAL DETAILS

SrTiO; films were grown on p-Si(001) (Boron doped,
~5x10" cm~?) by oxide-MBE using Ti and Sr effusion cells
for codeposition at a base pressure of 5x 107!° Torr [34]. The
O, partial pressure was maintained at 4x 10~ Torr during
the entire growth. The surface quality and stoichiometry were
monitored continuously using in situ reflection high-energy
electron diffraction. Substrate oxidation was avoided using
the growth procedure described in Ref. [34]. The samples
were Ti terminated. To preserve the strain, maintain a pris-
tine interface, and prevent diffusion of oxygen vacancies, the
films were not annealed postdeposition. The temperature and
magnetic field dependence of the resistance was measured
using a standard four-point dc technique in the Van der Pauw
configuration with Cr [35] or Al [36] Ohmic contacts de-
posited through a shadow mask. All transport measurements
were reproducible over several months and no hysteresis or
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irreversibility was observed. We report low-temperature mag-
netotransport results on two heterojunctions with d = 20 nm
(film A) and d = 60nm (film B) grown on semi-insulating
Si(001) substrates [37], where d is the thickness of the
SrTiO; layer. These two films have similar sheet resistance
and slightly different sheet carrier concentrations. The 60-
nm sample was also imaged by TEM using a JEOL ARM
200F operated at 200 kV; the sample was prepared for cross-
section view using mechanical polishing followed by Ar™ ion
milling.

III. RESULTS AND DISCUSSIONS

High resolution TEM (HRTEM) [Fig. 1(a)] and selected
area electron diffraction (SAED) pattern [Fig. 1(b)] show
the epitaxial quality of the 60-nm film. The superimposed
SAED patterns show the epitaxial growth and the 45° in-plane
rotational offset with an epitaxial orientation relationship
SrTiO3 [100]//Si[110] zone axes [21]. The orientation re-
lationship between SrTiO; (STO) and Si in the diffraction
pattern is measured by selecting the in-plane reflections

Vacuum

50 nm

(8230)si and (g200)sto and is showing a ~1.6% lattice mis-
match between Si and SrTiOs, as expected. Additionally,
energy-dispersive x-ray spectroscopy (EDS) was performed
using aberration-corrected scanning transmission electron mi-
croscopy (Cs-STEM) with the high angle annular dark field
detector (HAADF) [Fig. 1(c)]. The integrated EDS spec-
trum [Fig. 1(d)] is aligned with the HAADF-STEM image
of Fig. 1(c). Below the interface only silicon is detected and
above the interface, Ti, O, and Sr, the SrTiO; elements, are
detected, showing clearly the abrupt chemical interface be-
tween Si and SrTiOs. Since EDS energies of Si-k, (1.74 keV)
and Sr-L, (1.81 keV) are very close, only Ti-k, (4.51 keV)
and O-k, (0.52 keV) were extracted from the EDS line profile
and shown in Fig. 1(e). The interface between Si and SrTiO3
is atomically and chemically sharp and free of oxide transi-
tion layers that are typically observed for oxides grown on
Si (under different growth conditions). This is confirmed in
the extracted oxygen and Ti EDS signals shown in Fig. 1(e),
where the peaks drop sharply at the interface. Moreover, the
Ti and oxygen EDS signals decrease towards the surface due
to the wedge shaped of the sample but their ratio remains

- ()

EDS Ti K Profile
EDS O K Profile

FIG. 1. (a) HRTEM image of the cross-section view, (b) SAED pattern of the SrTiO;/Si interface oriented along the (110)//(100) zone
axes. (¢) HAADF-STEM, the line profile EDS spectrum is indicated. (d) EDS map spectrum obtained from the line as indicated in the
HAADEF-STEM image. (e) Extracted EDS signal of Ti and O from the EDS map spectrum. The black and white dashed lines on (c) and (d),

respectively, mark the interface region and are aligned to each other.
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FIG. 2. (a) HRTEM image of StTiO;/Si, (b) in-plane and (c) out-of-plane strain maps of (a) using the GPA method. The bottom white line
marks the interface between Si and SrTiO;. The region between the two white lines is the interfacial SrTiO; region.

constant. Thus, within our signal accuracy, we do not observe
oxygen loss as compared to Ti throughout the film thickness.
Strain analysis on the HRTEM image shown in Fig. 2(a)
has been performed using the geometrical phase analysis
(GPA) method [38]. The GPA method is a phase retrieval
process from the HRTEM images using a pair of reflections
of the reciprocal space. The reflections contain the amplitude
(A,) and phase (P,) of a specific g, vector, where the phase
is defined as the product between the gj;; vector and the
displacement u, and u, directions. Subsequently, the strain
maps in two dimensions are obtained by applying the sum of
derivatives of the 2D displacements with respect to the x; and
x; position. GPA generates color contours of strain directly
mapping the location of relative strain in the HRTEM image.
The gy and gop, reflections from the SrTiO; film were used
for the phase retrieval and strain maps, considering the x axis
as the in-plane axis and the y axis as the out-of-plane axis. The
coordinate references x-y are labeled in Fig. 2(a). The in-plane
(&xx) and out-of-plane (&y,) strain maps are shown in Figs. 2(b)
and 2(c), respectively. The strain determined by GPA is refer-
enced to the SrTiOj relaxed crystal lattice, i.e., a = 3.905 A.
The sign of strain indicates whether the measured local lattice
constant is larger (+, tensile strain) or smaller (—, compres-
sive strain) than the lattice constant of bulk SrTiOj3. In Fig. 2,
the bottom white line marks the interface between Si and
SrTiO; and the top white line marks the SrTiO; region within
2 nm from the interface. The ¢,, strain map at the interfacial
region indicates that SrTiO; is coherently strained in-plane to
Si. The localized strain sites are continuous perpendicular to

the interface, continuing across the bottom white line marked
on the image that delineates the interface from Si to SrTiOs3.
The localized strain sites are mapped at the SrTiO3/Si inter-
face due to the lattice mismatch but are not propagated in
the growth direction past 2 nm [Fig. 2(b)]. The color changes
around the local sites in &,, show an inhomogeneous strain
distribution directed along the growth direction [white arrows
in Fig. 2(b)] signifying a strain gradient perpendicular to the
interface. In comparison, the ¢,, strain map near the interface
does not have a large color variation showing that the out-
of-plane constant is more homogeneous. The ¢,, strain map
shows some tensile strain denoted by the “red” regions. Past
the interface, the strain relaxation shown by white arrows in
Fig. 2(c) occurs more along the antiphase boundary domains
and edge dislocations, the structural defects present in SrTiO3
films on Si [21,39,40]. The color changes around the edge dis-
locations in &, (white arrows) can be understood as insertion
of an additional (001) plane. A change from compressive to
tensile strain for the in-plane atoms ensues as the plane is
inserted. The strain gradient in €., is expected as the in-plane
strain relaxes. Strain gradients induce polarization through the
flexoelectric effect which becomes stronger as the size of the
strain relaxation region becomes smaller.

The sheet resistance Rgs increases as temperature de-
creases for both heterostructures as shown in Fig. 3(a).
Below 30 K, the conductivity decreases logarithmically with
T [Fig. 3(b)]. The slope of o (T) vs InT (up to 20 K) is 1.11
(Kee =0.11, Fy = —0.42) and 1.3 (K., = 0.3, Fy = —0.35)
for films A and B, respectively. The logarithmic behavior

T 7 T T — T T T T T
60 . --o--20nm 1 L4 ég nm - . 8 : :g nm 0.616 T"2+cons}; ]
\ - +--60nm 6 & S0mm s 1 7t nm \,.l..
50 i 1 8 Ao e
— 5 . E 6F M g -
O * - o -
g 4o} X ] = -
= o e Ng 4T 1.11In(T)+const Ot g : g St ol 0.473 T"+const.
() & \0 ) B o~ “
x 30 Y 1% .. l.. 3 4k ™ ]
) L L 7 ] oy
L) 7 b ]
N R \ :.f'
20+ oS !%\ Kot 3t e ]
s TN oL 1.3In(T)*const 1 o™
10+ (a) w L /r (b) ] 2 --I (C) 4
: = : : ‘s : ; 1 L L L 1 L
10 100 2 4 810 20 60 2 4 6 8 10
T (K) InT T1/2 (K‘IIZ)

FIG. 3. (a) Sheet resistance for the 20-nm (circles) and 60-nm (squares) films versus temperature, (b) logarithmic temperature dependence
of the conductivity along with the corresponding fits from 2 to 20 K, (c) conductivity versus the square root of temperature along with the
corresponding fits from 20 to 60 K for the 20-nm film and from 20 to 80 K for the 60-nm film.
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FIG. 4. Magnetoresistance (MR) for (a) the 20-nm film and (b) the 60-nm film. Magnetoconductance in units of >/ for (c) the 20-nm
film and (d) for the 60-nm film after subtracting a parabolic background from the MR, the black lines show the fits (up to 8 T) to the HLN

model including the Kohler term.

extends up to the same temperature for both films although
their thicknesses differ by a factor of three establishing that
below 20 K the electron system for both films is effectively
2D. Deviation from the logarithmic temperature dependence
for temperatures above 20 K is evident for both films. We
plot the measured conductivity against /T in Fig. 2(c) for
temperatures up to 100 K. The temperature dependence of the
conductivity changes from InT to +/T at 20 K and persists up
to 60 K for the 20 nm film and up to 80 K for the 60 nm film
as shown in Fig. 3(c). The slopes for these temperature ranges
are 0.473 K~/? and 0.616 K~'/2 for the 20- and 60-nm films,
respectively.

The measured conductivity at 100 K before the on-
set of quantum effects for each sample is off =7 G
and of =8.4 Gy. The corresponding sheet and volume
carrier concentrations are: n? =2x10"cm=? and, nf =
42x10" em™2, nf = 7.6x10" em™3, n8 = 7x10" cm=3.
The diffusion constants calculated from the Drude conduc-
tivity (using 2D kinematic equations for the transport) are
DA ~1.0 cm?/s and D® ~ 1.3 cm?/s while the elastic trans-
port mean times are 4 2~ 1.9 fs, 78 ~ 1 fs. Our estimated
mobility of 5 cm?/Vs at ~100 K is limited by longitudinal
optic phonon scattering [41] and as such is not characteristic
of the defectiveness of the films but rather of the phonon scat-
tering. The mobility values are in agreement with published
values for oxygen-deficient, Nb or La-doped SrTiO3 crystals,
which at temperatures between 100 and 200 K are 10-100
cm?/Vs ny = 4x10%-4x10%* cm™3 (roughly independent

from carrier concentration) [42,43]. The low temperature
mobility cannot be determined from our conductivity data
since quantum interference effects renormalize the mobility
(through the scattering time).

The magnetoresistance (MR) (symmetrized in B) with B
applied perpendicular to the interface for the 20-nm film
shown in Fig. 4(a) for several temperatures between 2 and
20 K, is nonmonotonic; it is positive at low B and becomes
negative at high B resulting in the characteristic antilocal-
ization maximum. The corresponding MC curve [Fig. 4(c)]
has a minimum which becomes deeper and wider as the
temperature decreases. This is consistent with the expected
temperature evolution due to WAL [44] and indicates that tg,
is shorter than 74 [44-46]. Notably, the antilocalization min-
imum persists to temperatures above 20 K revealing a robust
SOL. At 2 K the bare HLN expression fits the MC data well
(two-parameters fit). At higher temperatures, the Kohler term
improved the fittings considerably, and for temperatures above
14 K, the contribution of the Kohler term becomes comparable
to that of HLN [47]. The fitting range (for all fits) extends to
8 T that encompasses the characteristic WAL minimum and is
much smaller than the estimated B, ~ 10>-10° T.

The MR of the 60-nm film [Fig. 4(b)] is positive and in-
creases as the temperature decreases. The MR has a parabolic
behavior at high temperatures [47]. A prominent cusp at low B
that is typically associated with WAL gets more pronounced
at low temperatures [47]. After subtracting a B? term from
R, we obtain the residual resistance and the corresponding
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FIG. 5. Temperature dependence of the characteristic magnetic fields (a) By, and (b) Bso extracted from the HLN fits with the Kohler
term for the 20-nm (red circles) and the 60-nm film (blue diamonds), (c) the phase-coherence time increasing linearly with 1/7 and the
corresponding linear fits to the data (dashed lines). (d) the spin-relaxation time is temperature-independent.

MC [Fig. 4(d)] [47], which shows the characteristic WAL
minimum and closely resembles the MC of the 20-nm film.
The MC of the 60-nm film is then fitted using the HLN expres-
sion and Kohler term as described previously for the 20-nm
film. The extracted values of By, and By, versus temperature
are shown in Figs. 5(a) and 5(b). By increases with 7 and
is slightly larger for sample B than A. By, =2 T for both
films and is roughly independent of temperature as expected
for a degenerate electron system [44]. These By, values are
typical of these reported for WAL studies for the 2DES at
SrTiO3/LaAlO; [29,48]. At 2 K the corresponding lengths
have similar values for both films /; = 12 nm and /i, = 9 nm
pointing to an intrinsic to the heterostructure origin for SOL
The corresponding 7, and 7y, are shown in Figs. 5(c) and
5(d) with 7,4 increasing linearly with 1/T as expected when
the main phase breaking mechanism is EEI [24]. Unlike g,
Ty 1S temperature-independent and is larger for film A with
the lower n,. This is consistent with the Dyakonov-Perel spin
relaxation mechanism where 7, decreases with n; [49].

The transverse resistance Ry, is linear in B [Fig. 6(a)].
The Hall coefficient Ry is negative and as the tempera-
ture decreases, Ry increases in magnitude and, accordingly,
the sheet carrier density ny = 1/eRy appears to decrease
[Fig. 6(b)]. Film B has a higher carrier concentration, nf =
3x10™ cm~2 than A, n? = 1.5x10"¥cm 2. Additionally, n?
decreases faster with temperature than n?. At first glance,
we might attribute this apparent decrease of n, with tem-
perature to a freeze-out of charge carriers where electrons
trapped by defects get activated to conduction as temper-
ature increases (n; o< e E4/kT)  often observed in SrTiO;
SrTiO3-based systems [50-53]. This is not the case here since
n, decreases logarithmically with temperature as shown in
Fig. 6(b) following the temperature dependence of dogg (7).
In contrast, we show that the apparent decrease of n; is,
in fact, caused by the EEI correction to Ry. The change
in the Hall coefficient, [Ry(T) — Ry (20 K)]/Ry (20 K) =
ARp /Ry = §Ry /Ry along with 5‘;% calculated using Eq. (1)
are plotted as a function of temperature in Fig. 6(c). The

T T
®- 20nm, ARYR, | |

0+ 24 ® 20nm s SO‘nn) 0.6
¥ ___ B2 . O~ 20 nm, 36, /op
10 + 22 ¢ , e - @60 nm, AR/Ry,
— P 28 = 04 ° s ©--60 nm, 86;,/op ]
g 20 o 20p & I% bo L 3 , 00in/Gp
E § 26 =
5 :g 181 ,"’ 3. o2} s 1
= 30 - 1e . 14 & 2 8080
X T 16+ 2 3 I .
o P P - {225 & 00f Soe
-40 + 2 14| s /’r. x
W 4 .—" 20 % o ° 00 0000
-50 12} T e-T -0.2 o000 1
T e
60 ) ) 10l==% : ; : : .
0.5 1.0 1.5 20 25 3.0 35 -04 L L L L - L
o 2 4 6 &8 10 2 4 6 810 20
B(T) InT T(K)

FIG. 6. (a) Hall resistance for several temperatures between 2 and 20 K for both samples, (b) logarithmic temperature dependence of the
inverse Hall coefficient along with linear fits to the data, (c) relative change of the Hall coefficient from 20 K [Ry (7)) — Ry (20 K)]/Ry (20 K) =
ARy /Ry (20 K) (closed symbols) and interaction correction to the conductivity over the Drude conductance ‘SZ% (open symbols) vs InT for

. . (ORe)ppr _
both samples following the predicted % =

—23‘;% relation for interaction effects (the lines are a guide to the eye).
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logarithmic increase of ARy /Ry with decreasing tempera-
ture agrees with theoretical predictions and the ratio of the
two quantities indeed approaches —2 as T — 0 [24]. As a
result, EEI effects determine the temperature dependence of
1/eRy, which therefore does not correspond to the net carrier
concentration. Electronic correlations, in addition to disorder,
cause the apparent electron localization. EEI and quantum
interference effects renormalize the carrier concentration and
scattering time (and hence mobility), respectively, driving the
system to an insulating state.

The spin splitting energy calculated using A = /€23, with

Q3 =1/(Q2t7y) is A* = 12 meV and A = 19 meV. These
energies are more than 10 times larger than the lowest tem-
perature in our experiments and they are also larger than
the reported spin splitting energies of 0.5 meV on the gated
SrTiOj surface [7] and & 2-5, meV for SrTiO3-based sys-
tems [54,55]. These estimated spin splitting energies are
comparable to those observed on gated SrTiO3;/LaAlO; [6]
for a gate voltage of 100 V even though no gating is applied
here. We have not observed SOI for SrTiOs/Si heterostruc-
tures that have thicknesses and conductivities similar to the
20-nm and 60-nm films presented in this work but smaller
carrier concentrations (~10'* cm~2) and higher disorder. This
indicates that the observed SOI is not solely due to disorder
and is likely related to band filling and the orbital structure of
StTiOs3.

The 2D electronic behavior from the magnetotransport re-
sults and analysis necessitates electron confinement within
SrTiO; for both films. The effective dimensionality of the
system is the number of dimensions for which the system
is larger than the characteristic length scale. For interference
effects, the characteristic length is the phase coherence length
Iy while for EEI, the characteristic length is the thermal length
Ir = VhD/kgT [23]. At 2 K, the phase coherence length is
Iy ~ 12 nm for both films, which is smaller than the actual
film thicknesses so the carriers should be confined within an
effective thickness d,. As temperature increases, both /7 and
decrease and at a characteristic temperature, there should be a
crossover from 2D to 3D behavior manifested as a deviation of
the conductance from the InT dependence to /T dependence.
As noted earlier, this crossover occurs around 20 K for both
films indicating that the effective 2DES thickness d, is similar
for the two films despite the difference in their physical thick-
ness. Taking the 3D to 2D crossover to occur when Iy r ~ 2d,
[27], and from the estimated /; r &~ 6—7 nm at 20 K, the upper
limit for the effective thickness is d, & 3—4 nm comparable to
the thickness of the strained SrTiO3 layer. Above the crossover
temperature, the electrons are no longer confined within a
thickness of I, 7 (I r < 2d,) and the electronic behavior for
interference and EEI effects becomes 3D.

Moreover, an effective thickness of d, ~ 4 nm indicates
that the volume carrier densities are much larger that the cal-
culated ones when assuming that the electrons are distributed
throughout the total film thickness and they are on the order
of ~10?! cm~ nearing the electron density required for a
strongly correlated Mott insulator ~1.7x10?> cm™3. Such
high carrier concentrations are not easily achieved in SrTiO3-
based systems even under electrostatic gating. In contrast,
in the SrTiO;/Si system carrier concentrations ~10'* cm™=2

occur spontaneously (without gating) and are confined within
4 nm. Since strong SOI and confinement at these high carrier
concentrations have not been observed on the bare or gated
SrTiO; surface, we assume that the 2DES is confined at the in-
terface with Si. This points directly to a confinement potential
near the interface. In the absence of a confining potential, elec-
trons originating from oxygen vacancies, which are uniformly
distributed in our films, as evidenced from the EDS line profile
[Fig. 1(e)], should also be uniformly distributed throughout
the SrTiO; film. A large electric field at the interface would
cause electrons distributed throughout the film thickness to
accumulate at the interface accounting for the confinement of
these large carrier densities. Such an electric field could be
induced by strain or band offsets.

In the SrTiO3/Si system, strain causes splitting of the
levels with the d,, band lower in energy than the elliptical
d.c/d,; bands [56]. Strain and strain gradients also break the
structure inversion symmetry of SrTiO; and could induce
SOI [49,57]. Strain at the interface may also account for the
observed SOI. The inhomogeneous strain distribution in &,
directed along the growth direction produces a strain gradient
that could induce polarization at the interface through the flex-
oelectric effect. SrTiO3 has a large flexoelectric coefficient.
In bulk single-crystal SrTiOs, the flexoelectric coefficient was
measured by directly applying a static force and bending the
crystal; along the (001) directions, the value of the flexoelec-
tric response was ~6 C/nm producing local polarization of
several £C/cm™2, which increases as temperature decreases
[58]. In another recent experiment, the flexoelectric polar-
ization in SrTiOjz core dislocations measured using STEM
was ~28 uC/cm~2 [59]. This polarization corresponds to
~1.8x 10" ¢cm~2, which is in-line with the measured carrier
concentrations here. The induced flexoelectric polarization
would further require compensation by either screening
through free carrier redistribution or accumulation of defects
such as oxygen vacancies near the interface. Lattice strain has
been shown to affect the vacancy formation energy of several
metal-oxide materials although compressive strain, as in the
case of the SrTiO3;/Si system, hinders vacancy formation,
and tensile strain favors oxygen vacancies [60]. Subsequent
measurements using off-axis electron holography are required
to map the electrostatic potentials and the distribution of the
electric field in the Si/SrTiO; heterojunction.

Another possibility is that a built-in electric field at the
interface is caused by the band offsets between Si and SrTiOs.
Until recently, the SrTiO3/Si heterojunction was believed to
be a type-II heterojunction with a very small conduction band
offset [15]. It was recently reported that the band arrangement
of this heterojunction can be altered with carrier density; it
can become type-III with a conduction band offset of 2.7—
3.3 eV for Nb-doped SrTiO; on Si(001) [16]. It was shown
that the SrTiO3 band bending creates a potential well of ~2V
confining the carriers to a few nanometers in the out-of-plane
direction and a high-density electron gas was predicted to
arise near the interface [16]. This built-in field can also cause
carrier confinement and a Rashba-SOI as in conventional
III-V semiconductor heterostructures [44]. Subsequent field-
gating experiments could elucidate the origin of the observed
SOL

125423-7



RYAN J. COTTIER et al.

PHYSICAL REVIEW B 102, 125423 (2020)

IV. CONCLUSION

Employing the established analysis framework for 2D
quantum systems such as GaAs-based quantum wells to
understand the electronic properties of the SrTiO3/Si het-
erostructure allows us to evaluate the SOI rigorously but also
allows us to deconvolute and extract the contributions of EEI
to transport that are not typically considered for SrTiOsz-based
systems. The extracted Fy values suggest that EEI are repul-
sive and are stronger for the film with higher ny. In strongly
correlated electron systems, as n; (band filling) increases,
electron occupation in a unit cell increases, enhancing electron
correlations. The combination of repulsive EEI at large elec-
tron densities and structural distortions—due to strain and the
antiferrodistortive transition at ~105 K—is consistent with
a predicted Mott transition in SrTiO3 [61]. Additionally, in
SrTiO3-based systems, interaction effects are predicted to be
interorbital. They arise from electronic correlations between
the populated d,, and d, /d., bands that are also mixed by SOI
[62]. It has been reported that electronic interactions cause a
competition between the occupancies of different bands such
that when the population of one band increases, the energies
of the states in the other band are shifted and the other band’s
occupation decreases. In the presence of such a competition,
occupying the band with the highest single-particle density
of states is usually preferable, as this results in lower single-
particle energy [63]. When multiple bands are occupied, a

nonlinear Hall effect is typically observed due to two-carrier
transport, i.e., different-mobility electrons originating from
two different bands [63,64]. In our case, the Hall effect is
linear in B (within the accuracy of the experiment). Though
multiple bands of SrTiO; may be occupied, the electrons par-
ticipating in the electronic transport appear to be originating
from bands with comparable mobilities or from a single band
possibly due to EEI. Some evidence for multiorbital effects
(presence of additional high mobility carriers) is provided by
the MCky; term and the B? background in the MR of the
60-nm film.

We, hereby, report the simultaneous observation of large
spin-splitting without field gating, 2D confinement, and EEI
in a chemically abrupt SrTiO3/Si heterojunction. The integra-
tion of oxides with semiconductors remains important for the
technological advancement of the next generation electronics
that use oxide functionalities and may be achieved by con-
ceiving and implementing new device paradigms. Observing
concomitant SOI and EEI in SrTiO; integrated directly on Si
could broaden the device applications of the most advanced
and mature semiconductor technology.
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