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Structural and electronic properties of SrZrQO; and Sr(Ti,Zr)O; alloys
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Using hybrid density functional calculations, we study the electronic and structural properties of SrZrOs
and ordered Sr(Ti,Zr)O; alloys. Calculations were performed for the ground-state orthorhombic (Pnma) and
high-temperature cubic (Pm3m) phases of SrZrO;. The variation of the lattice parameters and band gaps with Ti
addition was studied using ordered SrTi, Zr,_, O3 structures with x = 0, 0.25, 0.5, 0.75, and 1. As Ti is added
to SrZrQ;, the lattice parameter is reduced and closely follows Vegard’s law. On the other hand, the band gap
shows a large bowing and is highly sensitive to the Ti distribution. For x = 0.5, we find that arranging the Ti
and Zr atoms into a 1 x 1 SrZrO;/SrTiO; superlattice along the [001] direction leads to interesting properties,
including a highly dispersive single band at the conduction-band minimum (CBM), which is absent in both parent
compounds, and a band gap close to that of pure SrTiOs. These features are explained by the splitting of the lowest
three conduction-band states due to the reduced symmetry of the superlattice, lowering the band originating from
the in-plane Ti 3d,, orbitals. The lifting of the #,, orbital degeneracy around the CBM suppresses scattering due
to electron-phonon interactions. Our results demonstrate how short-period StZrOs /SrTiO; superlattices could be

exploited to engineer the band structure and improve carrier mobility compared to bulk SrTiO;.
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I. INTRODUCTION

S1ZrO; (SZO) is a perovskite oxide of great interest as a
high-temperature proton conductor [1,2]. SZO also exhibits
resistance switching [3,4], strong luminescence [5], and
ferroelectric ordering [6,7], making it a promising material
for an array of technological applications. Recently, a two-
dimensional electron gas (2DEG) has been achieved at the
interface between SrTiOs; (STO) and Sr(Ti,Zr)O; (STZO)
via modulation doping [8], analogous to the traditional
GaAs/(Al,Ga)As heterostructures which are widely used in
high-electron-mobility transistors [9,10]. The conduction-
band offset between STO and SZO has been calculated to be
1.7 eV [11], consistent with photoemission measurements [12]
that produced a value of 1.9 eV. This value of the offset is
large enough to confine a 2DEG entirely on the STO side [13].
Unfortunately, there is a large lattice mismatch (5%) between
SZ0O and STO, posing severe limitations on the coherent
epitaxial growth of pseudomorphic layers. One way to lessen
the detrimental effects of the large lattice mismatch is to
use STZO alloys instead of SZO as a barrier material [8].
Therefore, knowing the electronic and structural properties of
STZO and how they compare to those of the parent compounds
SZ0 and STO will be very useful for device design.

While STO prefers a cubic structure at room temperature,
SZO is stable in an orthorhombic phase with Pnma sym-
metry (see Fig. 1). To date, most theoretical studies have
focused on the high-temperature (>1440 K) cubic phase of
SZ0 [14-16], while orthorhombic SZO has only been studied
using density functional theory (DFT) within the standard
local-density approximation (LDA) or generalized gradient
approximation (GGA) [17,18]. While these approximations
provide a reasonable description of the structural properties,
they severely underestimate band gaps of semiconductors and
insulators. On the other hand, hybrid functionals, such as the
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screened form proposed by Heyd, Scuseria, and Ernzerhof
(HSE) [19,20], provide a much more accurate description of
structural parameters and band gaps [21].

In this paper, we study the structural and electronic
properties of cubic and orthorhombic SZO using the HSE
hybrid functional. Engineering of the SZO band gap and
lattice parameters by adding Ti is investigated using a series
of SrTi, Zr;_, O3 ordered alloys, with x = 0, 0.25, 0.5, 0.75,
and 1. By adding Ti to SZO the lattice constant is reduced
according to Vegard’s law such that the lattice match with
STO is improved. The band gap shows a strong bowing with
Ti addition due to the interaction of the Ti 3d orbitals. As a
consequence of this bowing, STZO with high Ti content would
act as a poor barrier material for STO quantum wells. Finally,
for STZO systems with 50% Ti concentration, whereby the
Ti and Zr atoms can be arranged into an effective STO/SZO
superlattice along the [001] direction, we find a single, highly
dispersive band at the conduction-band minimum with d,,
character, and we discuss how this could lead to improved
carrier mobility compared to bulk STO. Section II describes the
methodology, and Sec. III contains our results and discussion.

II. COMPUTATIONAL DETAILS

The calculations are performed using density functional
theory with the HSE hybrid functional [19,20]. In this
approach, the short-range exchange potential is calculated by
mixing nonlocal Hartree-Fock exchange with exchange from
the generalized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE) [22]. The long-range exchange potential
and the correlation potential are calculated with the PBE
functional. The screening length and mixing parameter are
fixed at 10 A and 0.25, respectively [20]. For comparison
we report both HSE and PBE results. The valence electrons
are separated from the core by use of projector-augmented
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(a) Cubic SrZrO;

(b) Orthorhombic SrZrO;
O

FIG. 1. (Color online) Bulk unit cells and Brillouin zones for the
(a) cubic and (b) orthorhombic crystal structure of SrZrO3. The lattice
parameter a for the cubic phase and a, b, and c¢ for the orthorhombic
phase are indicated. The silver spheres represent Sr atoms, Zr are blue,
and O are red; the inequivalent sites of O(1) and O(2) are indicated
for the orthorhombic structure.

wave (PAW) pseudopotentials [23] as implemented in the
VASP code [24]. For the present calculations we treated the
Sr 45240552, Zr 4524 p%4d>5s?, Ti 4s?3d?, and O 2s22p*
electrons as valence electrons. The energy cutoff for the
plane-wave basis set was 500 eV, with a k-point mesh of
7 x 7 x 7 for the 5-atom cell and a 5 x 5 x 4 mesh for the
20-atom cell.

III. RESULTS AND DISCUSSION
A. Bulk SrZrO;
1. Structural properties

The unit cell of SZO in the cubic (Pm3m) perovskite crystal
structure is shown in Fig. 1(a). The Sr atoms are located at
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the corners of the cubic unit cell and are surrounded by 12
nearest-neighbor O atoms. The Zr atom is located at the center
of the unit cell and is sixfold coordinated to nearest-neighbor
O atoms, forming an octahedron. The O atoms are found on
the faces of the cubic unit cell and are twofold coordinated
to neighboring Zr atoms. The primitive cell contains three O
atoms which are equivalent by symmetry.

In Table I, we list the calculated lattice parameters of
SZO in the cubic phase, obtained with the PBE and HSE
functionals. The results are compared with previous calcula-
tions and with experiment. The lattice parameter calculated
with PBE is 4.174 A, while with HSE we obtain 4.141 A.
The reported experimental value is 4.154 A [25], but we
note that the cubic structure is stable only at temperatures
in excess of 1440 K [26], and our calculations do not include
the effect of thermal expansion. A quantitative estimate of
the low-temperature lattice parameter for the cubic phase
is difficult due to nonlinearities and phase changes, but we
expect that both HSE and PBE somewhat overestimate the
(low-temperature) lattice parameter, with HSE being closer to
the experimental value.

Many perovskites, including SZO, prefer a distorted struc-
ture at room temperature, characterized by a tilting and rotation
of the BOg octahedra [25]. For the orthorhombic phase, a
20-atom unit cell (v2a x +/2a x 2a) is required to fully
describe the lattice distortions, as shown in Fig. 1(b). The
O atoms in the SZO orthorhombic structure, which has Pnma
symmetry, occupy two inequivalent sites, labeled O(1) and
O(2). The ZrOg octahedron contains four O(1) sites, each
having one short and one long Zr-O bond. In contrast, the O(2)
site, of which there are two per ZrOg octahedron, is equidistant
to both neighboring Zr atoms.

The calculated lattice parameters of SZO in the orthorhom-
bic phase are also listed in Table I. The results using PBE
are overestimated by about 1%, whereas the HSE results are
in much better agreement with experiment. The HSE lattice
parameters are 5.783, 5.828, and 8.195 /DX, compared to the
experimental values of 5.796, 5.817, and 8.205 A [25,28-30];
the corresponding errors are 1.0%, 0.19%, and 0.12% for

TABLE I. Lattice parameters, band gaps, and enthalpies of formation AH for the cubic and orthorhombic phases of SrZrOs, calculated
with the PBE and HSE functionals. Results from previous calculations and from experiment are listed for comparison. For cubic SrZrOs, the
lattice parameter a is reported, as well as the direct (I'-I") and indirect (R-I") band gaps. For orthorhombic SZO, the lattice constants (a, b, and

¢), as well as the direct (I'-I") and indirect (S-I") band gaps, are reported.

Band gap (eV)
Structure Methodology Functional a (A) b (A) c(A) Direct Indirect AHy (eV) Reference
Cubic Present PBE 4.174 3.62 3.31 —16.41
HSE 4.141 5.28 4.89 —17.15
Other DFT LDA 4.095 3.62 3.37 [15]
GGA 4.186 3.72 342 [16]
B3LYP 4.144 5.07 4.89 [27]
Experiment 4.154 [25]
Orthorhombic Present PBE 5.832 5.876 8.269 3.72 3.70 —16.64
HSE 5.783 5.828 8.195 5.36 5.33 —17.38
Other DFT LDA 5.652 5.664 7.995 3.799 3.764 [17]
GGA 5.812 5.870 8.243 3.77 3.75 [18]
Experiment 5.796 5.817 8.205 5.2-5.6 —18.28 [25,28-30]
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TABLE II. Atomic positions for StZrO; in the orthorhombic structure, calculated with the PBE and HSE functionals and compared to
experiment. The positions are presented as fractional coordinates with respect to the lattice vectors a, b, and c.

Atomic coordinates (x,y,z)

Sr Zr O(1) 0(2)
PBE 0.006, 0.529, 0.25 0,0,0 0.072,0.018, 0.25 0.214, 0.286, 0.038
HSE 0.006, 0.529, 0.25 0,0,0 0.071, 0.018, 0.25 0.214, 0.286, 0.037
Experiment® 0.004, 0.524, 0.25 0,0,0 0.069, 0.013, 0.25 0.215, 0.284, 0.036

2Reference [25].

the a, b, and c lattice parameters, respectively. In order to
fully describe the distortions of the orthorhombic system, we
report the inequivalent atomic positions of the primitive cell in
Table II. The calculated atomic positions are also in good
agreement with experiment [25]. We note that while PBE
overestimates the lattice parameters, the distortions and atomic
positions are captured very well, and the results presented in
Table II are strikingly similar between PBE and HSE.

We also list the calculated enthalpies of formation AHy
of cubic and orthorhombic SZO in Table I. Both PBE and
HSE functionals correctly predict that the orthorhombic phase
is lower in energy than the cubic phase. The orthorhombic
structure is about 0.23 eV per formula unit lower than that of
the cubic structure. The HSE-calculated enthalpy of formation
of —17.38 eV is in reasonable agreement with the experimental
value of —18.28 eV [30]; in contrast, we find a much lower
magnitude for the enthalpy of formation, —16.64 eV, using the
PBE functional.

2. Electronic properties

The calculated fundamental and direct band gaps of SZO
in the cubic and orthorhombic phases are also listed in Table 1.
Both the PBE and HSE calculations predict that cubic SZO
has a fundamental indirect band gap R-I"; the notation implies
that the valence-band maximum (VBM) is at R and the
conduction-band minimum (CBM) is at I". The calculated
indirect band gap in PBE is 3.31 eV, and the direct gap at
I' is 3.62 eV, in agreement with previous calculations [15,16].
The HSE indirect gap R-I" is 4.89 eV, and the direct gap at
I' is 5.28 eV. For the orthorhombic structure, both the PBE
and HSE calculations predict an indirect band gap, with the
VBM at S and the CBM at I'. The direct band gap at I" is only
0.02 eV (PBE) and 0.03 eV (HSE) larger than the indirect gap
S-I'. The fundamental gap is 3.70 eV in PBE and 5.33 eV in
HSE. As expected, PBE severely underestimates the band gap.
In contrast, the HSE value falls within the range of reported
experimental values, 5.2-5.6 eV [28,29]. The larger gap of the
orthorhombic phase, compared to that of the cubic structure,
is attributed to narrower bandwidths as a consequence of the
deviation of the Zr-O-Zr angles from 180°.

The HSE-calculated electronic band structures of cubic and
orthorhombic SZO are shown in Fig. 2. The upper valence
band of SZO is comprised mainly of O 2p states. In cubic
SZ0, the VBM is located at the R point, 0.31 eV higher in
energy than at I, giving rise to the indirect band gap. The
lower conduction band is comprised mostly of Zr 4d states
which are split due to the crystal field. In the cubic phase, the
crystal-field splitting results in the formation of a low-lying

threefold-degenerate band, derived from the Zr 4d t,, states,
with the Zr 4d e, band lying 4.6 eV higher in energy. The
minimum of the #,, conduction band is found at the I" point.
We note that inclusion of spin-orbit interaction (not shown)
will split the Zr 4d 1, bands into four- and twofold bands. The
HSE-calculated spin-orbit splitting of the #,, band is 69 meV.

The band structure of the SZO orthorhombic phase is
plotted in Fig. 2(b). As in the cubic phase, the upper valence
band is comprised of O 2p states. Orthorhombic SZO also
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FIG. 2. (Color online) Calculated band structure of SrZrO; in the
(a) cubic and (b) orthorhombic phases using the HSE functional. The
zero of the energy axis is placed at the valence-band maximum in
each case. Occupied states in the valence band are red; unoccupied
states in the conduction band are blue.
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FIG. 3. (Color online) Three possible configurations (labeled A,
B, and C) for the ordered Sr(Ti,Zr)O; alloys with 50% Ti concen-
tration, based on a 20-atom orthorhombic cell. The silver spheres
represent Sr atoms, Zr are blue, Ti are yellow, and O are red.

has an indirect band gap (S-T"), but the VBM at the S point is
only slightly higher in energy than at I". The lower conduction
band is comprised of Zr 4d states. The degeneracy of the
lower-lying f,, band is lifted by the lattice distortion, but the
splitting within the f,, band is quite small: the second and third
lowest conduction bands lie 65 and 121 meV above the CBM
at the I" point.

B. Sr(Ti,Zr)O; alloys

The orthorhombic primitive cell of SZO (Fig. 1) contains
four Zr atoms. In the present study, the Sr(Ti,Zr)O3 alloys
are constructed by replacing up to four Zr with Ti atoms,
resulting in concentrations of 0%, 25%, 50%, 75%, and
100%. In the cases of 25% and 75% Ti, there is only
one possible unique configuration of the Ti atoms since
all four Zr sites are equivalent. For 50% Ti concentration,
there are three possible configurations, which we refer to as
configurations A, B, and C. For each of these configurations,
as shown in Fig. 3, the positions of the Ti atoms in the
orthorhombic unit cell are A, Ti (a/2,0,c/4), Ti»(0,b/2,c/4);
B, Tii(a/2,0,c/4), Tix(a/2,0,3¢c/4); and C, Tij(a/2,0,c/4),
Tiz(0,b/2,3c/4). These are only nominal positions, and the
internal distortions of the orthorhombic SZO structure lead to
deviations from these coordinates. These positions correspond
to Ti separations of v/ (%)2 + (% )? for configuration A, ¢/2 for
B, and v/ (%)2 + (%’)2 + (%)2 for C. All the lattice parameters
and atomic positions are allowed to relax. We find that the Ti
configuration with the largest Ti-Ti separation (configuration
C) has the lowest energy, by 70 and 256 meV (per 20-atom cell)
compared to configurations A and B, respectively. We note
that larger supercells would be needed to find the ground-state
configuration for the alloy in thermodynamic equilibrium [31];
however, our goal is to investigate Sr(Ti,Zr)O; alloys to be
used as a barrier material for STO quantum wells, whereby
the epitaxy of these systems is achieved using layer-by-layer
growth techniques such as molecular beam epitaxy or pulsed
laser deposition [8], where structures other than the minimum-
energy configuration can be realized.

In Table III, we list the lattice parameters, bond angles, and
band gaps of STZO alloys as a function of Ti concentration.
We also list the in-plane pseudocubic lattice parameter of the
orthorhombic STZO structure, defined as a, = +/(a? + b?)/2.
The structures presented for pure SZO and STO are orthorhom-
bic and cubic, respectively, as these are the ground-state phases
at room temperature. Only the HSE results are reported. The
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TABLE III. Lattice parameters (a,b, and c), bond angles, and
band gaps E, of Sr(Ti,Zr)O3 as calculated with the HSE functional.
Also reported is the pseudocubic lattice constant a, = /(a? + b?)/2.
For the bond angles, an average is taken over the supercell for the
case of the low-symmetry Sr(Ti,Zr)O; alloys.

Bond angle (°)

%Ti  a b ¢ a B-O(1-B B-OQ)-B E,

0 5.783 5.828 8.195 4.105 156.5 156.3 5.33
25 5.728 5.747 8.121 4.057 159.5 159.8 4.07
50 (A) 5.665 5.665 8.013 4.006 162.5 168.5 3.25
50 (B) 5.659 5.659 8.049 4.001 162.5 162.8 3.93
50 (C) 5.665 5.665 8.013 4.006 163.6 163.6 4.07
75 5.595 5.581 7.932 3.951 166.7 168.0 3.27
100 5.527 5.527 7.816 3.908 180.0 180.00  3.09

lattice parameters of SZO are about 5% larger than those
of STO; the variation of a. closely follows Vegard’s law as
Ti is added to SZO (see Fig. 4), and the lattice parameter
shows only a slight dependence on the Ti configuration at
50% composition. The reduction of the lattice constant with
Ti addition makes STZO alloys a more suitable barrier material
for STO quantum wells due to the reduced lattice mismatch.

The internal structure of the BOg octahedra is also affected
as a result of Ti addition, which can be seen from the increase
in the B-O-B bond angles (B = Ti, Zr). In the cubic
structure of STO the Ti—~O-Ti bond angles are 180°; however,
in the distorted SZO structure the Zr—O—Zr angles are reduced
due to the tilting and rotation of ZrOg octahedra. For pure
SZO0, the bond angles along the Zr—O(1)-Zr and Zr—O(2)-Zr
bonds are 156.5° and 156.3°, respectively.

Once Ti is added, the symmetry is lowered, and the bond
angles vary. The average of the bond angles over the whole
supercell for each alloy system is presented in Table III, and it
can been seen that the tilting and rotation of the BOg octahedra
are systematically reduced with increasing Ti addition. At the
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FIG. 4. (Color online) Variation of the pseudocubic in-plane lat-
tice parameter (red squares and dashed line) and band gap (black
diamonds and dashed line) of Sr(Ti,Zr)O; alloys as a function of
Ti concentration. For 50% Ti concentration, the results for all three
configurations (A, B, and C) are included. The data points represent
calculated values, while the dashed lines only serve as a guide to the
eye.
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limit of 100% doping the bond angles are increased to 180°
due to the cubic symmetry of pure STO. As mentioned above,
the lower symmetry in the case of the STZO alloys leads to
variation in the B—O-B bond angles; however, it is found that
the variation about the mean is typically small (~1°). There are
several cases where the variation is much larger: for the 25%
STZO alloy, the Ti—O(1)-Zr angles (163.3°) are 7.7° larger
than the Zr—O(1)—Zr angles (155.6°), and similarly, for the 75%
STZO alloy, the Ti—O(1)-Ti angles (171.6°) are 9.8° larger
than the Ti—O(1)-Zr angles (161.8°). Additionally, for the 50%
STZO alloy in configuration A, the in-plane Ti—O(1)-Ti angles
(172.4°) are 20.3° larger than the Zr—O(1)—Zr angles (152.1°).
The B—O(2)-B angles are fairly uniform throughout the cell
in all cases.

The calculated band gap of SZO (5.33 eV) is significantly
larger than the gap of 3.09 eV for STO. The band alignment
of SZO/STO, as calculated in Ref. [11], is type I, with
the VBM of SZO 0.34 eV lower than that of STO and
the CBM of SZO 1.74 eV higher than that of STO, in
agreement with experimental results based on photoelectron
spectroscopy [12]. In Fig. 4 we show the variation of the band
gap with Ti concentration. The band gap shows a significant
bowing, as well as a strong dependence on the Ti configuration
at 50% Ti concentration. The variation of the gap with Ti
concentration indicates that low Zr content would lead to too
small energy barriers. Specifically, for 75% Ti content the
increase in the band gap from pure STO is only 0.18 eV.
Decreasing the Ti content to 25% still leads to a band gap
increase of only about 0.4 eV. The Ti content of the alloy
can be reduced further, leading to a much larger increase in
the band gap; however, this is at the expense of an increased
lattice mismatch with pure STO.

The band gap of 50% STZO in configuration A is only
slightly larger than the band gap of STO, but it is significantly
lower than the gap of configurations B and C, by 0.7 and
0.8 eV, respectively. This large reduction in the band gap of
configuration A is attributed to the directionality of the Zr/Ti
d states. For the parent compounds SZO and STO, the lowest
three conduction-band states originate from the d ,, states
(dyy,dy;,dy;). SZO has a significantly larger band gap than
STO because the Zr 4d states lie at a higher energy than the Ti
3d states. In configuration A, the structure is basically a 1 x 1
SZO/STO superlattice along the [001] direction, in which unit
cells of SZO and STO alternate. In the STO layers, the Ti 3d,,
orbitals strongly interact in the in-plane directions, similar to
the dy, band in STO. This is evident in Fig. 5, where we plot
the charge density of the lowest-energy conduction band (at I')
for STZO in configuration A; the Ti 3d,, character is clearly
observed. Not surprisingly, this band lies at an energy similar
to that of the CBM in STO (hence the similar band gap). On
the other hand, for configurations B and C, the Ti orientation
is such that the Ti 3d t,, states have a greater interaction with
Zr 4d states; consequently, the CBM is derived from a mixture
of Ti 3d and Zr 4d states and lies much higher in energy than
for configuration A.

The orbital composition of the lowest conduction-band
states also explains the large bowing in the band gap of the
STZO alloy. In the case of 25% Ti content, the #,, states of the
Ti 3d band hybridize predominantly with the Zr 4d,, states
of the in-plane Zr nearest neighbors and with the Zr 4d,/,.
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(a) (b)
O ® 0 ® 0 ® O

Sod pod Bod po bed pod Bod ot
9P 9929909
© 9006009 O

pod od bod b Bed Pod Bod bod
EEXREXEX
a

FIG. 5. (Color online) Charge-density isosurface of the lowest-
energy conduction-band state at I for Sr(Ti,Zr)O; with 50% Ti
concentration in configuration A, viewed along the (a) [010] and
(b) [001] directions. The silver spheres represent Sr atoms, Zr are
blue, Ti are yellow, and O are red. The isosurface is shown in yellow;
the value of the isosurface is set to 12% of the maximum value.
The system is effectively a 1 x 1 SrZrO;/StTiOs superlattice along
the [001] direction, and the conduction-band minimum is confined to
the SrTiOs layers with Ti 3d,, character.

states of the out-of-plane Zr neighbors. The Ti 3d states have
a significantly lower energy than the Zr 4d states, and at 25%
Ti concentration there is already a large reduction in the gap
with respect to pure SZO. For the 50% alloy in configurations
B and C, the hybridization with neighboring Zr 4d states is
comparable in degree to the 25% alloy, which is why the
calculated band gap is similar. On the other hand, as discussed
above, in configuration A the CBM has almost pure Ti 3d,,
character due to the strong in-plane coupling between these
orbitals, so the band gap is reduced to near that of pure STO.
Looking at the case of 75% Ti, the CBM is again composed
mostly of Ti 3d t,, states with almost no hybridization with Zr
4d states. As the 75% Ti alloy already has a CBM with nearly
pure Ti 3d character, the band gap is nearly the same as that
of pure STO. This bowing effect for the STZO structures is
illustrated by the smooth curve in Fig. 4 passing through the
value for the 50% Ti alloy in configuration A.

The 1 x 1 SZO/STO superlattice (configuration A) exhibits
interesting properties, not present in the parent compounds.
In Fig. 6 we show the calculated band structure for the
1 x 1 SZO/STO superlattice. First, it features a direct band
gap, with a value (3.25 eV) that is close to that in STO
(3.09 eV). Second, the lowest-energy conduction band is
highly anisotropic almost dispersionless along the I'-Z ([001])
direction due to the confinement of the electrons in the TiO,
plane, yet it is highly dispersive in the in-plane directions due
to the strong interaction of the Ti 3d,, orbitals. The effective
mass in the in-plane directions is found to be almost isotropic;
the calculated masses are 0.45m, along I'-X and along I'-S
and 0.44m, along I'-Y . These values are similar to the effective
mass of 0.39m, calculated for the light electron band in bulk
STO [32].

An important aspect of the electronic properties of the 1 x 1
SZO/STO superlattice is that it enables high electron mobility
compared to STO. In STO, the electron mobility at room
temperature is rather low as the presence of three bands around
the CBM leads to enhanced electron-phonon scattering [33]. In
contrast, in the 1 x 1 SZO/STO superlattice there exists only
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FIG. 6. (Color online) Electronic band structure calculated with
HSE for Sr(Ti,Zr)O; with 50% Ti doping in configuration A. The zero
of the energy axis is at the valence-band maximum. Valence-band
states are red; conduction-band states are blue.

one band at the CBM that electrons can scatter to, leading to
a significantly reduced scattering rate. Compared to the case
of a threefold-degenerate band at the CBM, the presence of
only a single band near the CBM reduces the electron-phonon
scattering rate by more than a factor of 2 [33]. Finally, although
the 1 x 1 SZO/STO superlattice (configuration A) is not the
minimum-energy configuration for a 50% STZO alloy, it is
only 70 meV higher in energy (per 20-atom cell) than the
lowest-energy C configuration, making it very plausible that
this structure could be realized using a layer-by-layer growth
method, such as molecular beam epitaxy. Using modern
techniques for oxide epitaxy, such oxide superlattices can now
be realized with monolayer precision [34,35].

PHYSICAL REVIEW B 92, 085201 (2015)

IV. SUMMARY

We have used hybrid density functional calculations to
investigate the atomic and electronic structure of SrZrOj; in
the cubic and orthorhombic phases and Sr(Ti,Zr)O; ordered
alloys. We find that the HSE hybrid functional provides
improved accuracy when compared to the standard DFT-GGA
calculations. In particular, HSE is able to accurately describe
the band gap for the orthorhombic phase of SrZrO;. For the
Sr(Ti,Zr)O5 ordered alloys, the lattice constant is reduced with
increasing Ti content according to Vegard’s law. The band gap
of the alloy exhibits a large bowing with Ti addition, and
consequently, only low-Ti alloys exhibit a significant band
gap increase compared to pure SrTiOs3. In the case of alloys
with 50% Ti content, we find that a 1 x 1 SrZrO3/SrTiO;
superlattice layered along the [001] direction exhibits highly
interesting features, such as a direct band gap close to that of
SrTiOj and a highly dispersive single band at the CBM with an
effective mass similar to that of SrTiO3, making it a promising
material for enhancing carrier transport in perovskite titanates.
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