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Effect of confinement and octahedral rotations on the electronic, magnetic, and thermoelectric
properties of correlated SrXO3/SrTiO3(001) superlattices (X = V, Cr, or Mn)
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By using density functional theory calculations with an on-site Coulomb repulsion term combined with
Boltzmann transport theory, we explore the effect of t2g orbital occupation on the electronic, magnetic, and ther-
moelectric properties of (SrXO3)1/(SrTiO3)n(001) superlattices with n = 1, 3 and X = V, Cr, and Mn. In order
to disentangle the effect of quantum confinement and octahedral rotations and to account for a wider temperature
range, P4/mmm (untilted) and P21/c (tilted) phases are considered. We find that the ground-state superlattice
geometries always display finite octahedral rotations, which drive an orbital reconstruction and a concomitant
metal-to-insulator transition in confined SrVO3 and SrCrO3 single layers with ferro- and antiferromagnetic spin
alignments, respectively. On the other hand, the confined SrMnO3 single layer exhibits electronic properties
similar to bulk. We show that confinement enhances the thermoelectric properties, particularly for SrVO3 and
SrCrO3 due to the emergent Mott phase. Large room-temperature Seebeck coefficients are obtained for the
tilted superlattices, ranging from 500 to 600 μV/K near the band edges. The estimated attainable power factors
of 27.9 (26.6) μW K−2 cm−1 in plane for the (SrCrO3)1/(SrTiO3)1(001) superlattice with P4/mmm (P21/c)
symmetry and 28.1 μW K−2 cm−1 cross plane for the (SrMnO3)1/(SrTiO3)1(001) superlattice with P21/c
symmetry compare favorably with some of the best-performing oxide thermoelectrics. This demonstrates that
the idea to use quantum confinement to enhance the thermoelectric response in correlated transition-metal oxide
superlattices [Phys. Rev. Mater. 2, 055403 (2018)] can be applied to a broader class of materials combinations.

DOI: 10.1103/PhysRevB.100.165126

I. INTRODUCTION

Thermoelectric materials directly convert heat into elec-
tricity and have important applications in energy recupera-
tion and refrigeration. Transition-metal oxides constitute an
important class of thermoelectric materials owing to their
chemical and thermal stabilities as well as their environmental
friendliness. Moreover, the strong correlations present in these
materials play an important role in thermoelectrics [1,2] as
they can considerably modify the band structure and induce
peaks in the density of states, thereby increasing the Seebeck
coefficient S according to Mott’s formula [3,4]. Significant ex-
perimental and computational [5] research focuses on finding
improved oxide thermoelectrics among bulk materials [6,7]
by doping [8–10] or strain [11].

The performance of thermoelectric materials is deter-
mined by the figure of merit ZT = σS2T/κ , where σ and
κ denote the electrical and thermal conductivities, respec-
tively. Hicks, Harman, and Dresselhaus [12] proposed that
ZT can be improved in reduced dimensions, a route that
has become viable owing to modern layer-by-layer growth
techniques that enable an atomic-scale design of artificial
transition-metal oxide heterostructures [13–17]. The role
of quantum confinement and interface polarity to enhance
and design thermoelectricity have been assessed for the
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prominent LaAlO3/SrTiO3 (LAO/STO) system [18–20] as
well as for (LaNiO3)/(SrTiO3)(001) (LNO/STO) [21] and
(LaNiO3)/(LaAlO3)(001) superlattices (SLs) [22,23].

Recent work has demonstrated that the thermoelectric
response in (LaNiO3)1/(LaAlO3)1(001) SLs is significantly
enhanced [22]. This is attributed to the metal-to-insulator tran-
sition accompanied by bond and charge disproportionations
[24], induced by the interplay of quantum confinement and
tensile epitaxial strain. This concept directly exploits the cor-
relation effects in transition-metal oxides and, thus, extends
beyond the proposal of Hicks, Harman, and Dresselhaus [12].
The question arises whether this strategy can be successfully
applied also to other materials combinations.

Systems based on the band insulator SrTiO3 are known for
their excellent thermoelectric properties [25–27] and, there-
fore, emerge as ideal test cases. Okuda et al. reported a power
factor of σS2 of 28–36 μW K−2 cm−1 at 300 K for heavily La-
doped single crystals [28]. Ohta et al. achieved a power factor
of ∼20 μW K−2 cm−1 at 300 K in Nb-doped single crystals
[29]. In these systems, doping leads to partial occupation of
the Ti 3d orbitals, which are, thus, the physically active states.

In this paper, we focus instead on the nonpolar
(SrXO3)1/(SrTiO3)n(001) SLs with n = 1, 3 and X =
V (d1), Cr (d2), and Mn (d3). While in these systems the
Ti 3d orbitals are formally empty (d0) and play no active
role, we systematically explore the effect of confinement
and t2g orbital occupation of the X 4+ ion on the electronic,
magnetic, and thermoelectric properties. A further advantage
of SLs over bulk systems is the possible reduction of the
lattice thermal conductivity. Indeed, a large interface thermal
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resistance was found recently in (SrVO3)/(SrTiO3)(001)
[(SVO)/(STO)(001)] SLs by Katsufuji et al. despite the sim-
ilar phononic properties of the constituent bulk compounds
[30]. We consider both tetragonal (P4/mmm, untilted) and
monoclinic (P21/c, tilted) structures. Our density functional
theory (DFT) calculations including an on-site Coulomb re-
pulsion term find that the studied SLs exhibit finite octahedral
rotations and tilts. For SrVO3 and SrCrO3 (SCO) single layers
confined in SrTiO3, already small octahedral rotations trigger
a significant electronic reconstruction towards orbital order to-
gether with ferromagnetic (FM) and antiferromagnetic (AFM)
spin alignments, respectively. This is accompanied by a metal-
to-insulator transition. On the other hand, a confined SrMnO3

(SMO) single layer shows electronic properties similar to bulk
and only modest octahedral rotations.

Moreover, we provide in- and cross-plane electronic
transport and thermoelectric quantities by using Boltzmann
transport theory in the constant relaxation time approxi-
mation. We find large room-temperature Seebeck coeffi-
cients ranging from 500 to 600 μV/K in the vicinity of
the band edges for the tilted (SrVO3)1/(SrTiO3)1(001) and
(SrCrO3)1/(SrTiO3)1(001) SLs due to the metal-to-insulator
transition, whereas (SrMnO3)1/(SrTiO3)1(001) SLs show a
very good thermoelectric performance irrespective of octahe-
dral rotations. The estimated attainable power factors exceed
those of (LaNiO3)1/(LaAlO3)1(001) SLs [22] by more than
a factor of 2 and compare favorably with some of the best-
performing oxide thermoelectrics, such as La- or Nb-doped
SrTiO3 [27–29]. This demonstrates that the confinement-
induced metal-to-insulator transition can substantially en-
hance the thermoelectric performance in correlated artificial
transition-metal oxides.

II. METHODS

First-principles calculations for (SrXO3)1/(SrTiO3)n(001)
SLs with X = V, Cr, and Mn and n = 1, 3 (referred to as
1/1 SL and 1/3 SL, respectively) have been performed in
the framework of spin-polarized DFT [31] by using the lin-
earized augmented plane-wave method as implemented in
the all-electron full-potential code WIEN2K [32]. We used
RMT × Kmax = 7 along with RMT values of 2.46 a.u. for Sr,
1.83 a.u. for Ti, V, Cr, and Mn, and 1.65 a.u. for O. The PBEsol
exchange-correlation functional [33] has been employed as
it renders a better description of the structural properties. In
order to take static correlation effects into account, the DFT +
U approach [34] with U = 5 and J = 0.7 eV for V, Cr, Mn,
and Ti 3d states was used. For selected cases, the dependence
on U has been studied in more detail. These values are in
line with previous studies [21,35–37]. To sample the Brillouin
zone, we have used 8 × 8 × 4 and 8 × 8 × 2 Monkhorst-Pack
k-point grids [38] for the 1/1 and 1/3 SLs, respectively. In
order to take octahedral tilts fully into account, we model
the 1/1 (1/3) SLs by using

√
2a × √

2a × 2c (4c) supercells
rotated by 45◦ about the [001] axis with respect to the cubic
perovskite unit cell that contain 20 (40) atoms in total. The
in-plane lattice constant was fixed to the experimental lattice
constant of STO, a = 3.905 Å, modeling epitaxial growth on
a STO(001) substrate, whereas the c parameter along with
the internal positions were optimized. The BOLTZTRAP code

[39] was employed to provide the energy- and spin-resolved
transmission Tσ (E ) from the DFT electronic structure by us-
ing Boltzmann transport theory in the constant relaxation time
approximation. We obtained converged transmission curves
for 38 × 38 × 26 and 38 × 38 × 13 k points for the 1/1 and
1/3 SLs, respectively. Subsequently, we have calculated the
thermoelectric quantities by using the approach of Sivan and
Imry [40], which has been described and used in previous
studies [10,11,21–23,41–43].

III. BULK SrXO3, X = V, Cr, AND Mn

We start by providing a short overview of bulk properties
for the three compounds that are to be confined later in the
band insulator STO (d0). Note that the latter adopts a cubic
Pm3̄m structure around room temperature and undergoes a
transition to an antiferrodistortive tilted phase only below
105 K [44].

The correlated metal SVO (d1) crystallizes in a cubic per-
ovskite structure (space group Pm3̄m) with a lattice parameter
of a = 3.84 Å [45–51]. Although actually paramagnetic, there
is also experimental [52] and theoretical [35] evidence for a
FM phase with 1μB per V site.

SCO (d2) is a cubic perovskite with a = 3.818 Å and a
paramagnetic metal at room temperature [53]. For T < 100 K,
a tetragonal C-type AFM phase with space group P4/mmm
exists [54,55]. Theoretical studies confirm C-type AFM order
in the tetragonal phase along with (dxy)1(dxz, dyz )1 orbital
order [36,56]. Consistently, SCO(001) thin films were found
to be AFM ordered and metallic below 100 K, possibly with
orbital order [57].

Although the ground state of SMO (d3) is hexagonal, a cu-
bic Pm3̄m phase with lattice parameter a = 3.805 Å [58] can
be stabilized at room temperature [59]. It is semiconducting

SrVO3

SrTiO3

(SrVO3)1/(SrTiO3)1(001) P4/mmm SL

(SrVO3)1/(SrTiO3)1(001) P21/c SL

V
Ti

Sr

O

Octahedral 
rotations

FIG. 1. Side and top view of optimized (SrVO3)1/

(SrTiO3)1(001) SLs with P4/mmm symmetry (untilted, top
row) and with P21/c symmetry where octahedral tilts and rotations
are fully considered (bottom row).
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FIG. 2. Projected densities of states and corresponding spin densities of tetragonal (SrXO3)1/(SrTiO3)1(001) SLs (P4/mmm symmetry)
with X = V, Cr, and Mn. Top row: Layer-, element-, and spin-resolved densities of states for the TiO2, SrO, and XO2 layers. Central row:
Site-, orbital-, and spin-resolved densities of states for the two distinct X sites. Bottom row: Spin densities (side and top views), integrated
from −6 eV to the Fermi energy (0 eV), together with the local magnetic moments at the two distinct X sites. The spin density of the vanadate
1/3 SL is shown for comparison. Red and blue correspond to positive/negative spin densities.

and adopts G-type AFM order with a Mn magnetic moment
of ∼2.6μB [60,61] and a Néel temperature between 233 and
260 K [60,62,63]. SMO has also been grown as a thin film on
various substrates [64–66] and as a SL, e.g., with LaMnO3 on
STO(001) [67].

IV. (SrXO3)1/(SrTiO3)n(001), X = V, Cr, AND Mn
SUPERLATTICES WITH P4/mmm SYMMETRY

We now discuss the structural, electronic, and magnetic
properties of SLs in which single layers of SVO, SCO,
and SMO are confined in n = 1, 3 layers of the band in-
sulator STO as displayed exemplarily in Fig. 1 for the
(SVO)1/(STO)1(001) SL. In order to disentangle the effect of
quantum confinement and octahedral rotations, we start with
SLs of metastable P4/mmm symmetry (i.e., without tilts),
before moving later to their distorted ground states with P21/c
symmetry.

When constrained to the lateral lattice constant of the
STO substrate (a = 3.905 Å) the optimized cross-plane lattice
constants are c = 3.87, 3.88, and 3.83 Å in 1/1 SLs and
c = 3.91, 3.87, and 3.83 Å in 1/3 SLs for X = V, Cr, and

Mn, respectively. Detailed structural parameters for the SLs
are provided in the Supplemental Material [68] together with
an analysis of the impact of on-site Coulomb repulsion on the
octahedral rotations.

A. (SrVO3)1/(SrTiO3)n(001) superlattices

We begin with (SVO)1/(STO)n(001) SLs (d1/d0). For the
1/3 SL, we find FM order to be more stable than AFM
order. The partial occupation of the degenerate t2g orbitals
is accommodated by a checkerboard V4+ → V4+δ + V4−δ

charge disproportionation (CD) at the V sites, which goes
hand in hand with a breathing mode distortion of the VO6

octahedra (octahedral volumes: 9.34/10.43 Å
3

at the V1/V2
sites, respectively). The basal/apical V-O bond lengths are
1.92/1.91 Å at the V1 site and 1.99/1.98 Å at the V2 site.
The CD is also reflected in distinct spin magnetic moments of
0.42/1.30μB at the two V sites as indicted in the spin-density
plot shown in Fig. 2. Interestingly, we obtain a similar, albeit
less pronounced CD breathing-mode phase for the 1/1 SL as
well. Again, FM order is more stable than AFM order with
V1/V2 magnetic moments of 0.61/1.16μB corresponding

165126-3



VERMA, GEISLER, AND PENTCHEVA PHYSICAL REVIEW B 100, 165126 (2019)

0

-2

-2

3

3

0

1

2

-1

1
2

0

-1

0 0 0 000 0

000 0Γ X M ΓZ

Γ X M Γ Γ X M ΓZ

Γ X M Γ ZΓ X M ΓZ

Γ X M Γ Z Γ X M ΓZ

1/3 SL
(SrMnO3)/(SrTiO3)(001) SLs

(SrCrO3)/(SrTiO3)(001) SLs(SrVO3)/(SrTiO3)(001) SLs
E

ne
rg

y 
(e

V
)

E
ne

rg
y 

(e
V

)

1/1 SL, O 2p

1/3 SL1/3 SL

(1/1)

1/1 SL 1/1 SL, Mn 3d

1/1 SL1/1 SL

2

2

222

2 1.2

1.21.2

1.2

1.2

 ecnanose
R

1.2Z

Γ X M Γ Z

In
-p

la
ne

 tr
an

sm
is

si
on

C
ro

ss
-p

la
ne

 tr
an

sm
is

si
on

(a) (b)

(c) (d)

(a.u.)

FIG. 3. Band structure and in- and cross-plane majority-spin transmission T↑(E ) of tetragonal (SrXO3)1/(SrTiO3)n(001) SLs (P4/mmm
symmetry) with n = 1, 3 and (a) X = V, (b) Cr, and (c) Mn. Red and blue bands correspond to spin-up and spin-down channels, respectively.
For the (SrMnO3)1/(SrTiO3)1(001) SL, additional band character plots (d) show the contributions of O 2p and Mn 3d orbitals in the confined
MnO2 single layer.

to alternating smaller (9.44 Å
3
) and bigger (10.10 Å

3
) VO6

octahedra. Despite this electronic reconstruction, both 1/3 and
1/1 SLs are metallic due to V 3dxy states crossing the Fermi
energy.

We observe the CD phase only for U > 3.5 eV (J =
0.7 eV), irrespective of n. For U < 3.5 eV, a metallic phase
is obtained as well, but the electron distribution is uniform
among the V sites. With increasing on-site Coulomb re-
pulsion, CD is enhanced: At U = 6 eV, we find magnetic
moments of 1.46/0.2μB and an emerging band gap of 0.27 eV,
whereas at U = 7 eV magnetic moments of 1.53/0.12μB and
a band gap of 0.64 eV are obtained.

The tendency to counter orbital degeneracy by CD is a
well-known phenomenon in bulk YNiO3 and LuNiO3 [69]
and layered nickelates, such as (LaNiO3)1/(LaAlO3)1(001)
SLs [22,24] or cuprate-nickelate hybrid structures [70]. No-
tably, our finding of a breathing-mode CD phase in 1/3 and
1/1 SLs is distinct from the results obtained by Pardo and
Pickett in related untilted (SVO)1/(STO)4(001) SLs, i.e., a
FM metallic orbital-ordered state with uniform and strong V
3dxy occupation that turns insulating under the presence of
spin-orbit coupling [35]. We will show below that octahedral
rotations are an alternative and strong driving force to open a
band gap.

From the TiO2 panels of the projected density of states
(Fig. 2), we infer that the Fermi energy is located in the center
of the STO band gap, pinned by V 3d states. Analysis of the
band structure (Fig. 3) shows that a reduction of the confining
STO thickness from n = 3 to n = 1 lowers the energy of the
V 3dxy bands by ∼0.5 eV and increases the bandwidth of

the V 3dxz and 3dyz bands from 0.4 to 0.7 eV. Moreover, it
increases the �-Z dispersion of the V 3d states, which results
in the formation of a sizable resonance in the cross-plane
transmission right below the Fermi energy. This resonance
stems from V 3dxz and 3dyz states that hybridize strongly
with 2p states of apical oxygen atoms (Fig. 2); it significantly
enhances the cross-plane thermoelectric response as we will
discuss below. We see that even without octahedral tilts as
additional degrees of freedom, quantum confinement strongly
impacts the electronic structure of vanadate SLs, and not
exclusively in the vertical direction (i.e., along �-Z).

B. (SrCrO3)1/(SrTiO3)n(001) superlattices

In (SCO)1/(STO)n(001) SLs (d2/d0), we observe a metal-
lic AFM state in both 1/1 and 1/3 SLs (Figs. 2 and 3). In-
creasing U destabilizes AFM order, and beyond U = 6 eV FM
order becomes the ground state. Such competing FM/AFM
order is typical for Cr compounds [71]: The (SCO)1/(STO)n

SLs are isoelectronic to half-metallic FM CrO2 in which strain
or doping can induce a transition to AFM order [72,73] as well
as to insulating AFM YVO3 or LaVO3 [74,75].

The projected density of states (Fig. 2) shows that the Cr
3dxz and 3dyz orbitals are occupied at each Cr site, whereas the
3dxy orbital is empty and higher in energy related to the small
vertical compression of the CrO6 octahedra (basal/apical V-O
bond lengths: 1.95/1.93 Å for the 1/1 SL). In contrast to
the 1/3 SL (Fig. 3) and the 1/1 SL with octahedral tilts
(discussed below), we observe a slight difference in orbital
occupation at the two Cr sites present in the 1/1 SL, reflected
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in spin magnetic moments of −1.89 and 1.74μB (Fig. 2)
and noncongruent band structures in the two spin channels
(Fig. 3).

The Fermi energy is aligned with the valence-band maxi-
mum (VBM) of the STO region. By reduction of the confining
STO region, the Cr-3d bands become more dispersive along
the �-Z direction (Fig. 3), thereby increasing the cross-plane
conductivity. However, the overall impact of varying the con-
finement is less pronounced here than for the V-based SLs
discussed above.

C. (SrMnO3)1/(SrTiO3)n(001) superlattices

In (SMO)1/(STO)n(001) SLs (d3/d0), the t2g orbitals are
half-filled. This leads to band gaps of 0.54 and 0.53 eV in
1/3 and 1/1 SLs, respectively, which are close to the value
we find for bulk SMO (0.5 eV). The VBM of the MnO2

layer is aligned with the VBM of the STO region (cf. Fig. 2).
As a result of the tensile strain, the MnO6 octahedra are
compressed with basal and apical Mn-O bond lengths of 1.95
and 1.87 Å, respectively, in both 1/3 and 1/1 SLs. AFM order
was found to be more stable than FM order in both 1/3 and
1/1 SLs along with Mn magnetic moments of ±2.67μB as
shown in the spin-density plot in Fig. 2, similar to bulk SMO.
The projected density of states (Fig. 2) and band character
plots (Fig. 3) show that the VBM is formed by O 2p states in
all layers. The Mn t2g states are dispersed −0.5 eV below the
VBM, whereas the eg states constitute the conduction band.
We therefore conclude that the band gap in the present SLs is
of charge-transfer type, similar to bulk SrMnO3 and CaMnO3

[61,76,77].
Reduction of the STO thickness causes the Mn-3d bands

to become more dispersive along the �-Z direction, which
is particularly evident for the unoccupied Mn 3d eg states
(Fig. 3). Apart from these observations, the impact of varying
the confinement is less pronounced here than for the V-based
SLs discussed above.

V. (SrXO3)1/(SrTiO3)n(001), X = V, Cr, AND Mn
SUPERLATTICES WITH P21/c SYMMETRY

We now allow octahedral rotations to emerge as additional
degrees of freedom, which lowers the symmetry to P21/c.
Irrespective of X and n, we found structures with finite
antiferrodistortive octahedral rotations to be the ground state
(Table I). Exemplarily, Fig. 1 shows the optimized geometry
of the (SVO)1/(STO)1(001) SL. Even though the rotational
angles are small, as detailed below, the impact on the elec-
tronic structure of the SLs is very strong.

TABLE I. Stabilization [total energy difference �E =
E (P4/mmm) − E (P21/c) per TM atom] of different SLs due to
octahedral rotations.

System �E (meV), n = 1 �E (meV), n = 3

(SVO)1/(STO)n SL 298 326
(SCO)1/(STO)n SL 224 243
(SMO)1/(STO)n SL 7 46

The optimized cross-plane lattice constants are 3.90, 3.84,
and 3.83 Å in 1/1 SLs and c = 3.89, 3.83, and 3.83 Å in 1/3
SLs for X = V, Cr, and Mn, respectively. Further details about
the structural parameters are provided in the Supplemental
Material [68].

A. (SrVO3)1/(SrTiO3)n(001) superlattices

We find that octahedral rotations stabilize the
(SVO)1/(STO)n 1/1 and 1/3 SLs by 298 and 326 meV
per V atom, respectively, as compared to P4/mmm symmetry
(Table I). FM order is more stable than AFM order by 8 and
18 meV per V atom in the 1/1 and 1/3 SLs, respectively, with
V magnetic moments of 0.85μB. Despite the small rotational
angles (basal V-O-V bond angle ∼175◦ and apical V-O-Ti
bond angle ∼173◦; 180◦ equals untilted), a Mott-insulating
phase emerges with band gaps of 0.68 and 0.8 eV in the 1/1
and 1/3 SLs, respectively. Perfect orbital order is observed
instead of CD, reflected in the spin-density plots (Fig. 4) with
alternating 3dxz and 3dyz orbital occupation at the two V sites
(checkerboard). At variance with the P4/mmm SLs, the V
3dxy band is always empty (Figs. 4 and 5). Right above the
VBM of STO, a hybrid state is formed by V 3d and apical O
2p orbitals that even shows considerable contributions from
the confining TiO2 layer (Fig. 4).

Considering the strong energy gain associated with
the octahedral rotations (Table I), this constitutes the
ground state compared to the previously addressed CD
phase in the P4/mmm V-based SL and the tetragonal
(SVO)1/(STO)4(001) SL by Pardo and Pickett [35]. The
associated orbital ordering opens a band gap in confined SVO
single layers even without spin-orbit coupling. Additional
calculations combining octahedral rotations and spin-orbit
coupling lead to the same electronic phase, albeit exhibiting
a larger band gap (2.1 eV) and a total energy additionally low-
ered by 97 meV per V atom (see the Supplemental Material
[68]).

As we reduce the STO thickness from n = 3 to n = 1,
the bands corresponding to the mentioned hybrid state at the
VBM become more dispersive, in particular, along the �-Z
direction (Fig. 5). This results in a cross-plane transmission
peak together with a small increase in the in-plane trans-
mission, whereas, in the 1/3 SL, there is almost no cross-
plane transmission due to the larger STO tunneling barrier.
The cross-plane transmission peak in the 1/1 SL is less
pronounced in the tilted (Fig. 5) than in the untilted (Fig. 3)
case owing to the distinct orbital occupation.

B. (SrCrO3)1/(SrTiO3)n(001) superlattices

Octahedral rotations stabilize the (SCO)1/(STO)n 1/1 and
1/3 SLs by 224 and 243 meV per Cr atom, respectively,
as compared to P4/mmm symmetry (Table I). Checkerboard
AFM order is now clearly preferred over FM order by 23 and
27 meV per Cr atom in the 1/1 and 1/3 SLs, respectively, with
Cr magnetic moments of ±1.76μB. We find this magnetic
order to be superimposed by alternating dxy + dxz, dxy + dyz

orbital order, similar to low-temperature bulk SCO [36,56],
thereby opening band gaps of 0.97 and 1.15 eV in the 1/1
and 1/3 SLs, respectively (Figs. 4 and 5). Magnetic and
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orbital order can be directly inferred from the spin-density
plots (Fig. 4). The orbital order is clearly distinct from that
of the P4/mmm SL discussed above, where dxz and dyz were
occupied and the dxy orbital was always empty at each site.
Again, the octahedral rotations are small, for instance, the
basal Cr-O-Cr bond angle and the apical Cr-O-Ti bond angle
are ∼176◦. It is interesting to note that the isoelectronic
but more strongly tilted compound YVO3 also shows dxy +
dxz, dxy + dyz orbital order (albeit of C-type) together with
G-type AFM order [78–80].

The VBM of the CrO2 layer is aligned with the VBM of
the STO region (Fig. 4). Reducing the STO thickness from
n = 3 to n = 1 increases the dispersion of the Cr 3d bands
along the �-Z direction but leaves the overall band structure
and transmission largely unchanged (Fig. 5).

C. (SrMnO3)1/(SrTiO3)n(001) superlattices

In the case of (SMO)1/(STO)n SLs, the energy difference
between the P4/mmm and the P21/c symmetry is 7 and
46 meV per Mn atom in the 1/1 and 1/3 SLs, respectively,
which is much smaller than in the V- and Cr-based SLs

(Table I). These small energy differences correlate with the
small octahedral rotation angles (basal Mn-O-Mn bond angle
and apical Mn-O-Ti bond angle ∼174◦). Consequently, we
find the electronic structure and magnetic moments of the
tilted SL (Fig. 5) to be similar to those of the untilted SL
(Fig. 3), i.e., no electronic reconstruction is triggered by the
octahedral rotations. The band gaps are slightly enlarged to
0.61 and 0.60 eV in the 1/1 and 1/3 SLs, respectively. Again,
the VBM of the MnO2 layer is aligned with the VBM of the
STO region (Fig. 4).

VI. THERMOELECTRIC PERFORMANCE

We now discuss the thermoelectric properties of
(SXO)1/(STO)n(001) SLs, specifically their evolution
with increasing t2g orbital occupation (X = V, Cr, and Mn)
and the impact of octahedral rotations. We focus on 1/1
SLs (n = 1) that tend to show an improved thermoelectric
performance with respect to 1/3 SLs and in order to compare
with the (LNO)1/(LAO)1(001) SLs [22].

The thermoelectric properties are summarized in Fig. 6 and
Table II. We report power factors divided by the relaxation
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bands correspond to spin-up and spin-down channels, respectively.

time PF/τ in Fig. 6 which are, hence, independent of the
choice of τ and related to the electronic fitness function
introduced by Xing et al. [81]. For Table II, we use a room-
temperature relaxation time of τ = 4 fs, a typical value for
oxides and, particularly, for STO [19,22].

For values of the chemical potential μ that lie deep in
the band gap, the Seebeck coefficient S can easily exceed
1000 μV/K (Fig. 6). However, the electrical conductivity σ

and, thus, the PF decreases rapidly in the band gap. We there-
fore focus our discussion on μ values within a ±100-meV
interval around the band edges. For the metallic systems,
the Fermi energy cannot be controlled strongly by doping;
therefore, we consider a smaller μ interval in that case. The
values in the following refer to 300 K.

TABLE II. Overview of the attainable thermoelectric perfor-
mance of the present (SrXO3)1/(SrTiO3)1(001) SLs of different
symmetries and comparison to a selection of prominent oxide ther-
moelectrics around room temperature (300 K). Further data concern-
ing the 1/3 SLs can be found in the Supplemental Material [68].

System S (μV/K) PF (μW K−2 cm−1)
P4/mmm symmetry, τ = 4 fs

(SrVO3)1/(SrTiO3)1(001)
In plane 26 3.0
Cross plane 191 25.4
(SrCrO3)1/(SrTiO3)1(001)
In plane 14 0.5
Cross plane 126 27.9
(SrMnO3)1/(SrTiO3)1(001)
In plane 519 19.2
Cross plane 529 23.4

P21/c symmetry, τ = 4 fs

(SrVO3)1/(SrTiO3)1(001)
In plane 591 9.3
Cross plane 557 14.3
(SrCrO3)1/(SrTiO3)1(001)
In plane 578 26.6
Cross plane 590 18.6
(SrMnO3)1/(SrTiO3)1(001)
In plane 527 23.0
Cross plane 526 28.1

Literature

(LaNiO3)1/(LaAlO3)1(001), aSTO (DFT + U [22], τ = 4 fs)
In plane ±600 11
Cross plane ±600 2
SrTiO3 (DFT [19], τ = 4.3 fs) −400 10
La:SrTiO3 bulk, expt. [28] −380 35
La:SrTiO3 films, expt. [27] −980 39
Nb:SrTiO3 bulk, expt. [29] −240 20

We begin with a discussion of the P4/mmm systems.
Although the in-plane thermoelectric performance is small in
the V- and Cr-based SLs, we find very large cross-plane PFs
of 25.4 and 27.9 μW K−2 cm−1, respectively, i.e., strongly
anisotropic properties (Table II). This is related to the high
Seebeck coefficients S ∼ 191 and 126 μV/K in conjunction
with high (metallic) electrical conductivities σ . For the Mn-
based SLs, much higher S ∼ 519/529 μV/K values are ob-
tained in plane/cross plane owing to the presence of a small
band gap. The PFs are also high (19.2/23.4 μW K−2 cm−1),
albeit smaller than in the cross-plane direction for the V- and
Cr-based SLs.

The metal-to-insulator transition in the confined SVO and
SCO single layers (Figs. 4 and 5) triggered by the small
octahedral rotations in the P21/c SLs has a drastic influence
on the thermoelectric properties. Due to the band gap, the
Seebeck coefficients get strongly enhanced and exceed even
those we obtained for the Mn-based SL (Table II). This is
accompanied by an increase of the in-plane PFs for the V-
based SL and, particularly, for the Cr-based SL, reaching
9.3 and 26.6 μW K−2 cm−1, respectively, at the expense of
slightly lowered cross-plane PFs. For the Mn-based SL, we
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find slightly enhanced PFs due to the (small) octahedral rota-
tions at almost unchanged S, which is related to an increased
electrical conductivity σ . For the P21/c SLs, the Seebeck
coefficients are in the range of 500–600 μV/K in all cases.
Interestingly, we obtain similar in- and cross-plane values
for S and PFs in the semiconducting systems near the VBM
despite the layered crystal structure (Fig. 6). This resembles
observations made in (LNO)1/(LAO)1(001) SLs for S where,
on the other hand, in- and cross-plane PFs were different due
to the wide-gap LAO layer [22].

In general, we observe larger PFs for p-type than for n-type
doping in the semiconducting systems since σ is found to be
always higher near the VBM than near the CBM (Fig. 6). This
is related to the O 2p states that constitute the valence band
in the Mn-based SLs and the tilted Cr-based SLs and to the
mentioned hybridization below EF in the tilted V-based SL.

For the metallic systems, the electronic figure of merit
ZT |el = σS2T/κel attains cross-plane values of 0.8 and 0.7
for V and Cr, respectively. For the semiconducting systems,
the usual convergence to ZT |el = 1 is observed in the band
gap. This is related to the electronic contribution to the
thermal conductivity κel, which is found to follow the trend
of the electrical conductivity σ . Although the calculation

of the lattice thermal conductivity is beyond the scope of
this paper, we note that the SL design is expected to favor
phonon scattering in the vertical direction. This is supported
by a recent experimental report of a large interface thermal
resistance in (SrVO3)/(SrTiO3)(001) SLs by Katsufuji et al.
despite the similar phononic properties of the constituent bulk
compounds [30].

We generally found an enhanced thermoelectric perfor-
mance in the 1/1 SLs compared to the 1/3 SLs, particularly
in the cross-plane direction due to the higher dispersion along
�-Z . A detailed comparison demonstrating the influence of
confinement (i.e., the STO thickness n) on the thermoelectric
properties can be found in the Supplemental Material [68].

Finally, we compare the thermoelectric response of the
1/1 SLs around 300 K to some of the best-performing oxide
thermoelectrics reported so far (Table II). The PFs obtained
in this paper exceed the already large values reported for
(LNO)1/(LAO)1(001) SLs [22] by more than a factor of 2
and attain values that are comparable with those of La- and
Nb-doped STO bulk and thin films [27–29]. Specifically, we
point out 27.9 (26.6) μW K−2 cm−1 in plane for the Cr-based
SL with P4/mmm (P21/c) symmetry and 28.1 μW K−2 cm−1

cross plane for the Mn-based SL with P21/c symmetry.
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VII. SUMMARY

We combined density functional theory calculations
including on-site Coulomb repulsion and Boltzmann
transport theory in the constant relaxation time approximation
to systematically explore the electronic, magnetic, and
thermoelectric properties of (SrXO3)1/(SrTiO3)n(001)
superlattices, varying the number of confining spacer
layers (n = 1, 3) and, particularly, the t2g orbital occupation
[X = V (d1), Cr (d2), and Mn (d3)]. To disentangle the
effect of quantum confinement and octahedral rotations and
to account for a wider temperature range, we considered
P4/mmm (untilted) and P21/c (tilted) phases and found
that the ground-state superlattice geometries always display
finite octahedral rotations. These drive a metal-to-insulator
transition in confined SrVO3 and SrCrO3 single layers that is
accompanied by an orbital reconstruction together with ferro-
and antiferromagnetic spin alignments, respectively. On the
other hand, a confined SrMnO3 single layer shows electronic
properties similar to bulk.

We demonstrated that the confinement favorably im-
pacts the thermoelectric properties, particularly for SrVO3

and SrCrO3 due to the emergent Mott phase. Large room-
temperature Seebeck coefficients were obtained for the

tilted superlattices, ranging from 500 to 600 μV/K in
the vicinity of the band edges. The estimated attainable
power factors, for instance, 27.9 (26.6) μW K−2 cm−1 in
plane for the (SrCrO3)1/(SrTiO3)1(001) superlattice with
P4/mmm (P21/c) symmetry and 28.1 μW K−2 cm−1 cross
plane for the (SrMnO3)1/(SrTiO3)1(001) superlattice with
P21/c symmetry, compare favorably with some of the best-
performing oxide thermoelectrics, such as La- or Nb-doped
SrTiO3. These findings prove that the enhancement of the
thermoelectric response by exploiting confinement-induced
metal-to-insulator transitions in short-period oxide superlat-
tices [22] is a general principle that applies on a broader set of
materials combinations.
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