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It is well known that transport in lightly n-doped StTiO; involves light and heavy electron bands. We
have found that upon application of moderate quasi-isotropic pressures, the relative positions of these
subbands are changed by a few meV and, eventually, a band inversion occurs at ~1 kbar. Such effects are,
however, suppressed in the closely related KTaO; perovskite. We show that the extremely subtle
electronic reconfiguration in SrTiO; is triggered by strain-induced structural transformations that are
accompanied by remarkable mobility enhancements up to about Au/up = 300%. Our results provide a
microscopic rationale for the recently discovered transport enhancement under strain and underscore the
role of the internal structural degrees of freedom in the modulation of the perovskite electronic properties.
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The recent discovery of high-mobility transport in oxide
heterostructures [1] has attracted the investigation of these
systems for novel applications, with SrTiO; as the power-
house of this emerging electronics [2]. Strontium titanate
is a band insulator that goes into a conductive state by
chemical or electrostatic doping [3,4]. Extremely confined
highly conductive layers can be created when interfacing
SrTiO; with polar oxides (e.g., LaAlO3) [1] or at the
bare surface of SrTiO; crystals [5,6]. Underlying all
these transport properties is the fact that the electronic
mobility of the SrTiOj; structures can reach values above
10* cm?/V's, among the highest in any bulk oxide [1,3].
Spectacular advances in high-quality complex SrTiO; het-
erostructures have demonstrated the feasibility of boosting
those remarkable transport properties even more and, in
particular, of enhancing the electron mobility of SrTiO;
[7,8]. An interesting complementary pathway is provided
by the modulation of internal structural degrees of freedom
[9]. This idea has been already successfully applied to
other materials, and a remarkable example is given by
recent developments of electron band modification in
silicon-based devices through strain engineering [10],
leading to mobility enhancement factors above 100% in
Si/SiGe structures [10,11].

Similar to conventional semiconductors, it has been
recently found that strain induces also a large enhancement
of the mobility in SrTiOs, which opens up promising ave-
nues to tailor the properties of high-mobility SrTiO; struc-
tures [8,12]. Nevertheless, the microscopic understanding
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of the strain-dependent electronic band structure—crucial
to understand this extraordinary transport enhancement—is
not well understood. Interestingly, pressure is expected to
be a significant driving force to induce important changes in
the electronic structure because the Fermi energy of lightly
doped SrTiOj is just a few meV from the bottom of the
conduction band [13]. In consequence, here we have con-
sidered the systematic variations of transport under quasi-
hydrostatic pressure as an extremely sensitive probe of the
conduction states. We have discovered a nonmonotonic
strain dependence of mobility and carrier density that can
only be interpreted in a multiband framework in which light
and heavy electrons participate in transport. We have found
that the subband energy splittings are about a few meV at
ambient pressure, but a moderate pressure—in the order of
~1 kbar—is sufficient to modulate the subband structure
and even trigger a band inversion that is accompanied
by mobility increases of around 300%. Such a strain-
modulated electronic structure is suppressed in KTaOj;, a
perovskite with closely related electronic properties [14]
that can also sustain two-dimensional surface metallic
states [15,16]. We show that the mobility enhancement in
SrTiO; is set off by a very subtle rearrangement of electrons
among the conduction subband states driven by strain-
induced structural transformations that are, however, absent
in KTaO3 .

We analyzed two SrTiO; (samples A and B) and one
KTaO; single crystals that were doped with a different
amount of carriers via thin film deposition (see sample
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preparation conditions in the Supplemental Material [17]).
The electronic homogeneity was carefully checked by
transport (Fig. S1 in the Supplemental Material [17]).
For pressure experiments, we placed the samples in a
clamp-type piston cylinder pressure cell that used an
organic liquid as a pressure transmitting medium [18].
The decrease of pressure when cooling was properly cor-
rected and the temperature was varied at low rates to
approach the quasihydrostatic pressure condition.

From Hall transport measurements we extracted the
mobility w and sheet carrier density ng,.. for various
pressures (P ~ 1073-10 kbar) and temperatures (T ~
5 K-150 K). Assuming a uniform carrier distribution, the
effective carrier density n(P)—which, in general, is a
function of the pressure P—was inferred after dividing
Ngeet DY the crystal thickness. In particular, at ambient
pressure, we obtained for SrTiO; volume carrier
concentrations ng =~ 1.1 X 10! cm™3 (sample A) and
ny =~ 8 X 10" cm™? (sample B), with low temperature
(5 K) mobilities u = 3 X 10* cm?/V's (sample A) and
u =~ 0.35X10° cm?/Vs (sample B). The u vs n data
shown in Fig. S2 (Supplemental Material [17]) show
that these two samples are representative of the prop-
erties of metallic SrTiO; in the w-n diagram [13].
For KTaO; we found ng=5.25X 10 cm™® and
u = 0.785 X 10° cm?/Vs.

The dependence of ng,..; and p on pressure measured at
various temperatures is displayed in Fig. 1. Note first the
striking dissimilar pressure dependence between SrTiO;
and KTaOj;. While the ng,.., for KTaOj; is decreasing rather
monotonically for pressure values above 1 kbar, for
SrTiO; a conspicuous dip in the sheet carrier density is
observed at the lowest temperatures (7 = 10 K for sample
A and T = 35 K for sample B), indicating an apparent
sharp carrier depletion at pressures P ~ 1 kbar, which
could be initially interpreted as a significant carrier

freezing. On the other hand, the mobility of KTaO5 shows
modest variations for all the range of applied pressures,
with a maximum decrease at the lowest temperature of
~ — 20% from ambient to the highest pressure. In con-
trast, the mobility of SrTiO; exhibits a cusplike pressure
dependence, with its peak value at around the pressure of
the apparent sheet carrier density dip. The mobility
enhancement is strongest at lower temperatures, being
about Au/u = 300% for sample A, and A/ = 115%
for sample B at temperature 7 = 5 K.

While the physical origin of the strikingly different
behavior of SrTiO; and KTaO; is discussed at the end,
henceforth we will focus our analysis to SrTiOs5. Note that
the interpretation of the observed nonmonotonic behavior
in a single-band picture would require unrealistic large
modulations of the carrier effective masses (see discussion
in the Supplemental Material [17]). Instead, we show that
the data can be satisfactorily described within a two-band
model with heavy and light electrons with an effective
carrier density given by [19]:

~ (wn)? + (upny)?
n(P) = 5 3
Ming+ gy

(D

where w;, u,, n;, n;, are the mobility and volume carrier
densities of light and heavy electrons, respectively, which
are all dependent on pressure. Note that in Eq. (1) the terms
dependent on the magnetic field are neglected [19], since
the Hall coefficients stay constant for all magnetic fields up
to B =9 T, except for singular cases that are discussed at
the end (see also Fig. 4). The electrons are unequally
populating the light and heavy bands, giving way to a
population unbalance An;, = n; — n;, determined by the
energy splitting A, (P) between both bands. We assume in
the following that the total number of carriers stays con-
stant for all pressures; i.e., the sum of the carrier densities
of light and heavy electrons is equal to ng = n; + n;,.
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FIG. 1 (color online).

Sheet carrier density ng,.. and the electron mobility w as a function of pressure (corrected for temperature)

measured at different temperatures, for SrTiO; samples A (a), (b) and B (c), (d) and for KTaO5 (e), (f).
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The two-band model has the obvious advantage of
not requiring unrealistic assumptions about huge
strain-driven effective mass enhancements and it offers a
natural way to understand the sheet carrier density dip
(Fig. 1). Indeed, conduction band splittings have been
inferred experimentally [5,20-25] and supported by theory
[26-28]. To better set the discussion, we define the mobility
ratio b = u,;/ u,, the relative volume-carrier density n” =
n/ng and the relative differential band populations Anj, =
Any, /ng, so that we can parametrize Eq. (1) as:

. [ +b)+Anj(b-DP
TR A1+ An, (07 — 1]

2)

Figure 2 shows the predicted behavior of n" as a function
of Anj,, obtained from Eq. (2), for three different values of
the parameter b. Remarkably, the dip in the experimental
sheet carrier density (Fig. 1) is reproduced by n"(An},)
(Fig. 2) without the need of invoking any real carrier
freezing. Thus, Eq. (2)—parametrized in terms of the
mobility ratio (b), relative volume-carrier density (n”),
and differential band population (Anj,)—can appropri-
ately describe the observed pressure dependence of
transport, and will be considered in the following to under-
stand the evolution with strain of the energy splitting
Ap(P).

The values of Anj, extracted from experiments are
plotted in Fig. 2 for sample A (stars) and sample B
(squares). The values Anj, <O (area not shaded in
Fig. 2) correspond to the case when the heavy band is
populated preferentially, while Anj, >0 (shaded area)
indicates that the electrons occupy mainly the light band.
Because Eq. (2) is quadratic, two sets of solutions for Anj,
are found. At pressures close to the ambient the two
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FIG. 2 (color online). Calculated curves of the relative carrier
density n” versus the relative differential band population Anj,
for different values of the mobility ratio parameter b [Eq. (2)].
The experimental values of n” are plotted as stars (sample A) and
squares (sample B). The shaded (not shaded) areas correspond to
Anj, >0 (Anj, <0).

solutions correspond to Anj, <0 (full symbols) and
Anj, > 0 (hollow symbols), respectively. At high enough
pressures, P ~ 1 kbar, the sign of An,rh is reversed for both
sets, so that a band inversion occurs for both cases.
Because the mobility is enhanced by increasing the pres-
sure just above the ambient, carriers should populate
mostly the heavy band at ambient pressure, and the light
band is progressively occupied with pressure, thus increas-
ing the mobility (full symbols in Fig. 2). We note that while
theoretical [26] and experimental works [5,25] report low-
est energy light bands in surfaces and interfaces, first-
principles calculations indicate that the lowest band has
larger mass in bulk [27,29].

To determine the energy splitting A, between light and
heavy bands as a function of pressure we have used the
Chang-Izabelle approximation, which gives a maximum
error of ~1% for the considered full range of energies with
respect to the exact calculation based on the Fermi-Dirac
integral [30]. For the calculation of the carrier density in
this approximation we have

A 2/3
Un nl(h) + [§F(3/2)i|
Niw(ng = Anypy) - L2

[no = Anypy l/[2N ] }
[0.59 + (ng = Any)/ N1

Al(h) = kBT{ln

3)

where A, represents the position of the Fermi energy
with respect to the bottom of the light (heavy) conduction
band, + (— ) applies to light (heavy) electrons, and Ny, is
the effective density of states of light (heavy) bands defined

2m* k
—1 in"B *
as Nypy = zl—52, 1(h)

T]3/2, where m
of light (heavy) electrons, respectively. We have taken the
approximation that the mobility ratio is roughly the inverse
ratio of the effective masses, i.e., b = w;/u, = mj;/mj.
Recent band structure calculations and experimental find-
ings indicate that the mass ratio is mj /m; =~ 10-20 [5,31],
so that we assume a similar valor for the parameter b. A
roughly similar mobility ratio has been inferred from mag-
netotransport experiments [20]. From the derived Anj, (P)
dependence and assuming that b = 10 and m] = my, (bare
electron mass), we have obtained the energy splitting
A, = A; — A, between light and heavy bands as a func-
tion of the applied pressure at T = 5 K (see Fig. 3). We
have checked that the energy splittings A, are not strongly
modified by considering different mobility ratios (Fig. 3)
or effective masses (Fig. S3 in the Supplemental Material
[17]). An inspection of Fig. 3 allows us to conclude that
(i) the light and heavy bands cross each other at some
intermediate pressure, close to P ~ 1 kbar, and (ii) the
energy splittings A, are of the order of the meV. This
offers a natural way to explain why the dip in ngee(P)
(Fig. 1) is observed only at low temperature where kzT <
A,;,. For temperatures above around 10-15 K the influence

is the effective mass
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FIG. 3 (color online). Pressure dependence of Ay, at T =5 K
as calculated from the experiments through Eq. (3) for both
samples A (blue) and B (red). Mobility ratios b = 5 (triangles)
and b = 10 (circles) have been used to calculate these values.

of the energy splitting is rapidly smeared out by thermal
effects, in perfect agreement with experiments.

As a further check of the consistency of our analysis, we
have analyzed the evolution of the Hall resistance R, as a
function of pressure and temperature. For fields |[B| =9 T
the maximum cyclotron energy is hw, = ;‘ITTB) =~ | meV.
Since the sheet carrier density is obtained from the Hall
resistance through ng,.ec = B/(eR,,), a nonlinear R, (B) is
only expected at low enough temperatures (7 < 15 K) and
small band splittings (A, = 1 meV). This is just what we
observe in Figs. 4(a)-4(d), where R,,(B) displays an
almost perfect linear dependence on magnetic field (up to
B =9 T) except when measured at 7 = 10 K and pressure
P = 0.1 kbar, where the splitting energy is estimated to be
Ay = —0.5-0.8 meV for sample A.

To shed light on the microscopic mechanisms, we have
carried out density functional theory calculations (see
details in the Supplemental Material [17]). According to
them, in the cubic structure, the spin-orbit coupling (Agg)
splits the degenerate t,, bands by ~30 meV at the I" point,
giving way to a low-lying doublet with a heavy and a light
band, plus a higher energy singlet state with a light mass
[Fig. 4(e)]. Note that, because of the very small Fermi
energy (~ meV), only the low-lying doublet states are
relevant for transport. Additionally, below 7 = 105 K,
SrTiO; undergoes an antiferrodistortive cubic-to-
tetragonal transformation involving rigid TiOg octahedra
rotations in opposite directions around the ¢ axis [27] that
results in a tetragonal unit cell with a lattice parameter ratio
c/a = 1.0008. This causes a splitting of the degenerate
low-lying doublet leading, at ambient pressure, to two
strongly mixed bands separated by a few meV [see
Fig. 4(f)], in perfect agreement with the experiments. We
have also investigated the effects on the electronic struc-
ture of varying the cell tetragonality c¢/a ratio, which is
known to be enhanced with hydrostatic pressure [32]. From
this study we conclude that if ¢/a decreases and eventually

= 5K 10K e 15 K (e)
0.09 ap--2mev ()] £ 1
__ 0.06{P =1 bar <
e g
- Aj,~-0.85 meV
%009 . o) &
g 0.06]P =0.1 kbar
C
_% 0.09 Ap~+1.8 meV (c)
[7]
2 0.061p - 3.4 kbar =
8 g
L 0.09 Ap~+1.2meV (d) 4
on
0.06{P = 10 kbar 8
M _
75 -5.0

Magnetic field (T)

FIG. 4 (color online). Hall resistance R,, of sample A mea-
sured at (a) P = 1073 kbar, (b) P = 0.1 kbar, (c) P =~ 3.4 kbar
and (d) P = 10 kbar. The values of the splitting A, indicated in
the panels are those extracted from Fig. 3 assuming b = 10.
Bands calculated from density functional theory are shown in (e)
and (f) for the cubic and tetragonal structure, respectively. The
spin orbit splits the bands into an upper singlet (dashed green)
and doublet with light (dashed-dotted red) and heavy (solid blue)
masses.

goes below unity, the splitting energy between the upper
light and the lower heavy bands is reduced, and eventually
they reverse their positions, as observed in the experiments
[33]. Such a scenario should imply strain-driven structural
transformations with symmetry lower than tetragonal [34],
in which both octahedra rotations and tiltings should occur.
Further experimental work is needed to validate these
predictions.

Finally, we observe that KTaO; remains cubic down
to the lowest temperatures [27] with no indications of
pressure-induced transition to tetragonality [35]. This
explains why, contrary to SrTiO;, a band inversion and a
nonmonotonic strain dependence of ng,.; and w are absent
in KTaOj;. From the SrTiO; mechanical properties [36] we
can infer a lattice deformation = 0.02% at the band cross-
ing point (P = 1 kbar). Epitaxial strain engineering is then
suggested to be an invaluable strategy towards transport
enhancement in SrTiO;. Although we have used quasi-
isotropic instead of uniaxial or biaxial strain, it is known
that both hydrostatic and nonhydrostatic stress yield simi-
lar distortions and tiltings of TiOg octahedra in a closely
related perovskite, CaTiO5 [37]. Therefore, we believe that
our results give a suitable description of the physical
mechanisms that govern the recently observed large mo-
bility enhancements with uniaxial strains [12] and illustrate
the enticing opportunities that an accurate control of octa-
hedral rotations offer to engineer the material properties in
perovskites [9,38].
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