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By combining first-principles simulations including an on-site Coulomb-repulsion term and Boltzmann
theory, we demonstrate how the interplay of quantum confinement and epitaxial strain allows one to
selectively design n- and p-type thermoelectric response in (LaNiO3)3/(LaAlO3)1(001) superlattices. In
particular, varying strain from −4.9% to 2.9% tunes the Ni orbital polarization at the interfaces from −6%
to 3%. This is caused by an electron redistribution among Ni 3dx2−y2 - and 3dz2 -derived quantum-well
states, which respond differently to strain. Owing to this charge transfer, the position of emerging cross-
plane-transport resonances can be tuned relative to the Fermi energy. For moderate compressive strains
of −1.5% and −2.8%, the cross-plane Seebeck coefficient reaches approximately −60 and 100 μV/K
at around room temperature, respectively. This provides a compelling mechanism to tailor thermoelectric
materials. Finally, we demonstrate the robustness of the proposed concept with respect to oxygen-vacancy
formation.
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I. INTRODUCTION

Transition-metal oxides are attractive for thermoelectric
applications owing to their chemical and thermal stability
and environmental friendliness as well as the prominent
role of electronic correlations [1,2]. Considerable exper-
imental and computational [3] research aims at finding
oxide thermoelectrics with improved performance, mostly
among bulk materials by doping [4–7] or strain [8]. An
alternative strategy is to exploit heterostructuring and
dimensional confinement [9–16]. This is promoted by the
advancement of growth techniques that allow the design
of transition-metal-oxide superlattices (SLs) with atomic
precision [17–24].

One system that has been in the focus of intensive
research comprises the correlated metal LaNiO3 (LNO)
and the wide-gap band insulator LaAlO3 (LAO). Follow-
ing the initial proposal of Chaloupka and Khaliullin [25],
significant effort was concentrated on controlling the
degree of Ni eg orbital polarization, which is absent in
bulk LNO. For instance, Wu et al. [26] reported an orbital
polarization of −3% to 8% in (LNO)4/(LAO)4(001) SLs
on YAlO3, LaSrAlO4, and SrTiO3 (STO). Simulations for
ultrathin (LNO)1/(LAO)1(001) SLs revealed a similar vari-
ation of the orbital polarization between −4% and 2%
for LAO and STO substrates [27]. Variation of the spacer
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material [26,28] or the crystallographic orientation [29]
allows for even higher values.

Several studies have shown that a single or a double
LNO layer confined in LAO along the [001] direction
undergoes a metal-to-insulator transition (MIT) for tensile
strain [19,27,30] and exhibits magnetic order [20,31–33].
The origin of this MIT is, however, not related to orbital
polarization, as initially proposed, but to a disproportion-
ation into two inequivalent Ni sites [27]. With increasing
LNO thickness, for example, in (LNO)n/(LAO)3(001) SLs
on STO (n = 3, 5, 10) [16,27,30] or (LNO)4/(LAO)4(001)

SLs on STO [21,34], the metallic behavior of the nickelate
is restored.

While the confinement- and strain-induced opening of
a small band gap in (LNO)1/(LAO)1(001) SLs enhances
strongly the thermoelectric response, the thermoelectric
performance of (LNO)3/(LAO)3(001) SLs was found to
be impeded by (i) the two-dimensional metallic nature
of the LNO region and (ii) the too-thick insulating
LAO spacer layer, which prohibits vertical transport [16].
On the other hand, efficient thermoelectric energy con-
version requires both n- and p-type materials that are
structurally and electronically compatible. To this end,
the selective control of interfacial-layer stacking was
recently proposed as a strategy to achieve n- and p-type
response in polar (LNO)3/(STO)3(001) SLs [15]. Design-
ing the thermoelectric response necessitates quantum con-
trol over the spectral-transmission-function asymmetry
around the Fermi energy [35,36]. However, the distinct
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use of transport resonances, which are attractive for
thermoelectric applications [37], has been limited to model
studies [38,39] and materials realizations are lacking so far.

Here we explore the thermoelectric properties of
(LNO)3/(LAO)1(001) SLs from first principles. The single
LAO spacer layer induces the formation of distinct Ni-
derived quantum-well (QW) states, while at the same time
permitting electronic transport. This leads to the emer-
gence of sharp cross-plane-transport resonances associated
with the 3dz2 -derived QW states. Moreover, by use of
strain, the orbital polarization and thus the relative position
and occupation of 3dx2−y2- and 3dz2 -derived QW states
can be tuned. Interestingly, this mechanism allows one
to precisely shift the transport resonances relative to the
Fermi energy. Thereby, considerable n- and p-type ther-
moelectric response can be obtained in one and the same
materials combination by moderately varying the control-
parameter epitaxial strain between −1.5% and −2.8%. We
thus exemplify how to control and optimize the thermo-
electric properties of oxide heterostructures by varying the
layer thickness, confinement, and epitaxial strain. Further-
more, we show that the mechanism is robust with respect to
oxygen-vacancy (VO) formation. This opens an unexpected
area of application for the design of orbital polarization,
which is intensively pursued in artificial transition-metal
oxides.

II. METHODS

We perform first-principles calculations in the frame-
work of spin-polarized density-functional theory (DFT)
[41] as implemented in QUANTUM ESPRESSO [42].
The generalized-gradient approximation is used for
the exchange-correlation functional as parametrized by
Perdew, Burke, and Ernzerhof [43]. Static correlation
effects are considered within DFT with an on-site
Coulomb-repulsion term (DFT + U) [44] with U = 4 and
J = 0.7 eV for Ni 3d states, in line with previous work
by us and others [15,16,27,40,45,46]. To take octahedral
tilts fully into account, 40-atom

√
2a × √

2a × c super-
cells are used to model the (LNO)3/(LAO)1(001) SLs.
Epitaxial strain is considered by varying the in-plane lat-
tice parameter a from 3.65 to 3.95 Å. The out-of-plane
lattice parameter c(a) is optimized in each case (Fig. 1),
as are the atomic positions. All structures exhibit an anti-
ferrodistortive a−a−c− octahedral-rotation pattern and fer-
romagnetic order (see Supplemental Material [47]). The
Brillouin zone is sampled by an 8 × 8 × 4 �k-point grid [48]
and 5-mRy smearing [49]. The BoltzTraP code [50] is used
to obtain converged energy- and spin-resolved transmis-
sion functions Tσ (E) in Boltzmann theory (with a denser
64 × 64 × 16 �k-point grid) and thermoelectric quantities
according to Sivan and Imry [35], an approach we used
in previous studies [15,16,36,51,52]; it is described in the
Supplemental Material [47].

III. INTERPLAY OF STRUCTURE AND ORBITAL
POLARIZATION

Figure 1 shows the optimized (LNO)3/(LAO)1(001)
SL structures and cell heights c(a) for several in-
plane lattice parameters a, modeling the growth on
a variety of substrates imposing compressive strain
[such as ScAlO3 (3.60 Å), YAlO3 (3.716 Å), or LAO
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FIG. 1. Top and side views of optimized (LNO)3/(LAO)1(001)
SLs for a = 3.65, 3.79, and 3.95 Å, ranging from compres-
sive (left) to tensile (right) epitaxial strain. Below them, several
optimized c(a) values are shown, together with a fitted curve.
Moreover, B—O—B bond angles and O—B—O distances are
provided as a function of the substrate lattice parameter a. Green
(red) circles mark DFT (XRD) results for bulklike LNO films
on LAO and STO [40]. The pseudocubic lattice parameters of
LAO, LNO, and STO are 3.79, 3.838, and 3.905 Å, respectively.
C, central layer; IF, interfacial layer; u.c., unit cell.
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(3.79 Å)] or tensile strain [such as STO (3.905 Å),
DyScO3 (3.94 Å), or GdScO3 (3.976 Å)] [56,57]. The
relaxed parameters c(a) for discrete a values are fitted
to c(a) = c0 tanh[ã(a − ai)] + c1, giving c0 = −0.934 Å,
c1 = 15.86 Å, ã = 4.818/Å, and ai = 3.773 Å (inflection
point). With the pseudocubic lattice parameter of LNO,
aLNO = 3.838 Å [40], this corresponds to degrees of epi-
taxial strain ε = a/aLNO − 1 ranging from −4.9% to 2.9%.
The strong octahedral rotations around the c axis present
for compressive strain are continuously reduced when
shifting to tensile strain. This is reflected in part in the basal
B—O—B bond angles, which increase from 153◦ to 161◦
(Ni) and from 161◦ to 165◦ (Al; 180◦ implying the absence
of any rotation). In contrast, while almost no octahedral
rotations around the a axes are present for strong compres-
sive strain, they appear at a ≈ 3.80 Å, signaled by a sudden
decrease of the apical B—O—B bond angles (stronger
tilts) from approximately 175◦ to 165◦. This onset is
located close to the inflection point ai of the c(a) curve;
the relaxation pattern around this point has been carefully
checked to avoid local minima. The basal O—Ni—O and
O—Al—O distances increase from 3.7 to 4.0 Å, whereas
the apical O—Al—O and interfacial O—Ni—O distances
decrease from 3.95 to 3.78 Å and from 4.2 to 3.9 Å, respec-
tively. The central apical O—Ni—O distance is almost
constant (approximately 4 Å). Comparison of the nicke-
late region with DFT and x-ray-diffraction (XRD) results
for 100–200-Å-thick LNO films grown on LAO and STO
substrates [40] reveals major similarities (e.g., the strong
variation of the apical bond angles with a) (Fig. 1). Similar
to the (LNO)3/(LAO)3(001) SLs and at variance with the
(LNO)1/(LAO)1(001) SLs [16], the present system shows
no tendency toward an in-plane Ni-site disproportiona-
tion and remains metallic for all substrate lattice constants
considered.

We quantify the octahedral regularity R and the Ni
3d eg–orbital polarization P (from O—B—O distances
d and Ni-orbital occupations n) shown in Fig. 2 by the
expressions

R = d basal
O—B—O − d apical

O—B—O

d basal
O—B—O + d apical

O—B—O

and

P = n(3dx2−y2) − n(3dz2)

n(3dx2−y2) + n(3dz2)
.

Positive (negative) values of R denote a compression
(elongation) in the [001] direction, while positive (nega-
tive) values of P imply a preferential occupation of the
in-plane 3dx2−y2 (out-of-plane 3dz2 ) orbital. We reduce
projection errors arising from the tilts of the octahedra
by applying a simple correction scheme to the “Carte-
sian” orbital occupations (see Supplemental Material [47]).
While P is almost constant in the central LNO layer
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FIG. 2. Regularity R of the NiO6 and AlO6 octahedra (upper
panel) and Ni 3d eg–orbital polarization P (lower panel) in
(LNO)3/(LAO)1(001) SLs as a function of a, ranging from
compressive (left) to tensile (right) epitaxial strain. Positive (neg-
ative) values of R denote a compression (elongation) in the [001]
direction, while positive (negative) values of P imply a preferen-
tial occupation of the in-plane 3dx2−y2 (out-of-plane 3dz2 ) orbital.

(approximately 1%), it changes from −6% (compres-
sive strain) to approximately 3% (tensile strain) in the
interfacial LNO layers. Likewise, R of the interfacial
NiO6 octahedra shows the strongest strain dependence
and varies between −6% and 1.25%. Experiments on
(LNO)4/(LAO)4(001) SLs found a similar variation of P
with strain [26]. We thus conclude from Fig. 2 that the
interfacial Ni-orbital polarization can be designed consid-
erably by strain, displaying the strongest variation around
a = 3.80 Å.

The evolution of the electronic structure with epitaxial
strain is shown exemplarily for a = 3.70 and 3.80 Å in
Fig. 3. As previously observed in (LNO)3/(STO)3(001)

and (LNO)3/(LAO)3(001) SLs [15,16], distinct Ni
3dx2−y2 - and 3dz2 -derived QW states form within the band
gap of the spacer material due to confinement. While
the 3dx2−y2-derived QW states are restricted to single
LNO layers and show almost no influence of the LAO
spacer layer, the 3dz2 -derived QW states extend over the
entire QW and split up strongly. Consequently, the two
sets of states have a distinct response to a variation of
the substrate lattice parameter: With increasing strain, the
3dx2−y2 -derived (3dz2 -derived) QW states are shifted to
lower (higher) energies. This impacts the band occupa-
tions: Fig. 3 shows that the strong increase of P in the
interfacial LNO layers with strain (Fig. 2) is caused by
a charge transfer from the localized second 3dz2 -derived
QW state to the set of dispersive 3dx2−y2 -derived QW
states. (More information can be found in Supplemental
Material [47].)
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E

FIG. 3. Majority-spin band structures (total and projections on 3dz2 orbitals at different Ni sites) and related electronic transmission
T↑(E) of (LNO)3/(LAO)1(001) SLs for two selected substrate lattice parameters, a = 3.70 and 3.80 Å. Note the cross-plane-
transmission peak (black arrows) that stems from Ni 3dz2 -derived bands along �-Z (i.e., the second QW state; white arrows) and
crosses EF (zero energy) with increasing epitaxial strain. Analysis of the Ni eg QW states reveals that the first 3dz2 -derived QW
state exhibits strong contributions from the central nickelate layer, but is also dispersed below the valence-band maximum of LAO
(which is located approximately 0.6 eV below EF ; see Supplemental Material [47]). The second QW state is clearly localized in the
interfacial nickelate layers. The third QW state shows contributions from all nickelate layers, but the contribution from the central
layer is strongest. The inset displays the local density of states [53–55] integrated from −0.5 to −0.3 eV below EF , visualizing pre-
dominantly the second QW state. The central panels emphasize schematically the evolution of the different 3dx2−y2 -derived (orange,
quasi-threefold-degenerate) and 3dz2 -derived (blue) QW states with epitaxial strain. The band structures correspond to �k-resolved den-
sities of states, in which each electronic state is represented by a broadened δ distribution of weight 1 (total) or a weight equal to the
projection of the respective wave function on 3dz2 orbitals at different Ni sites (projected). The color scales are in the unit of reciprocal
electronvolts. C, central layer; IF, interfacial layer; a.u., atomic units.

IV. THERMOELECTRIC RESPONSE
EXPLOITING TRANSPORT RESONANCES

The single LAO spacer layer allows significant cross-
plane electronic transmission (Fig. 3). In particular, res-
onances emerge, which originate from the 3dz2 -derived
QW states and whose position can be shifted considerably
with respect to the Fermi energy EF by epitaxial strain.
We emphasize that this is possible only due to the oppo-
site response of 3dx2−y2 - and 3dz2 -derived QW states to
strain, which causes the strong change in orbital polar-
ization (Fig. 2) by a redistribution of electrons (Fig. 3);
otherwise, EF would simply shift with the resonances. Par-
ticularly, the cross-plane-transmission peak close to EF ,
which stems from Ni 3dz2 -derived bands along �-Z (i.e.,
the second QW state), shifts from −0.24 to 0.12 eV as a
increases from 3.70 to 3.80 Å. Since the Seebeck coeffi-
cient S is highly sensitive to the asymmetry of the trans-
mission around μ ∼ EF , this resonance can be exploited
for a targeted design of the thermoelectric response: For
300 K, we find that S ranges between 100 μV/K (a =
3.73 Å, similar to the values for YAlO3 and GdAlO3
substrates) and −60 μV/K (a = 3.78 Å, similar to the val-
ues for CeAlO3 and LAO substrates); at the same time,
moderate values are obtained for the electronic figure of
merit ZT|el = σS2T/κel, attaining 0.30 and 0.14 (Fig. 4,
Table I). Thus, epitaxial strain acts as a control param-
eter that allows one to induce n-type (S < 0) and p-type

(S > 0) thermoelectric response in one and the same mate-
rials combination.

In the constant- (i.e., energy-independent) relaxation-
time approximation, S and ZT|el do not depend on τ .

S

FIG. 4. Thermoelectric properties of (LNO)3/(LAO)1(001)
SLs at μ = EF and three different temperatures for cross-plane
transport as a function of a. Epitaxial strain as imposed by
exemplary (rare-earth) aluminate substrates is marked (calcu-
lated from Ref. [56]). The insets depict the evolution of the
transmission peak with strain (cf. Fig. 3).
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Since in this work the focus lies on a narrow energy
window (around the transmission peak), we consider this
approximation to be well justified. Around room temper-
ature, electron-phonon scattering contributes substantially
to τ [16] and might also exhibit a strain dependence. While
ZT|el renders the contribution of the electronic system,
the phonon heat conductivity κph needs to be consid-
ered to obtain the total ZT. However, for the SLs studied
here, the respective bulk values (κph ∼ 0.035 W/K cm for
bulk LNO [58] and approximately 0.1 W/K cm for bulk
LAO [59] at 300 K) may not be the relevant quantities; for
instance, the presence of interfaces is expected to reduce
κph due to scattering of phonons.

The thermoelectric performance is higher for the p-type
case than for the n-type case since the intensity of the
transmission peak increases from a = 3.80 to a = 3.70 Å
(Fig. 3) owing to an enhanced dispersion along �-Z. The n-
and p-type responses exhibit opposite dependence on tem-
perature: while the former decreases, the latter increases.
The system shows strong anisotropy, S being negligible
in the plane (not shown here) due to the two-dimensional
metallic character (Fig. 3).

Comparison with literature (Table I) reveals that the
thermoelectric properties are strongly improved in the
(LNO)3/(LAO)1(001) SL with respect to bulk LNO
and (LNO)3/(LAO)3(001) SLs [16] owing to the reduc-
tion to a single LAO spacer layer. The system attains
S and ZT|el values that are similar in magnitude to
those of metallic (LNO)1/(LAO)1(001) SLs at aLAO
or (LNO)3/(STO)3(001) SLs at aSTO [15,16]. Only
(LNO)1/(LAO)1(001) SLs at aSTO, which undergo a
MIT for tensile strain [27], show higher values that are

TABLE I. Comparison of the attainable thermoelectric perfor-
mance of the present system around 300 K (Fig. 4) with related
nickelate SLs (DFT + U results) and bulk LNO (i.e., without
heterostructuring). (See Supplemental Material [47] for further
information.)

a (Å) ε (%) S (μV/K) ZT|el

(LNO)3/(LAO)1(001) SL, cross plane (this work)
3.73 −2.8 100 0.30
3.78 −1.5 −60 0.14

(LNO)1/(LAO)1(001) SL, cross plane [16]
3.79 (aLAO) −1.3 −80 0.2
3.905 (aSTO) 1.7 ±600 0.8–1.0

(LNO)3/(LAO)3(001) SL, cross plane [16]
3.79 (aLAO) −1.3 −5, 15 < 0.01
3.905 (aSTO) 1.7 −5, 15 < 0.01

(LNO)3/(STO)3(001) SL, cross plane, p-type interfaces [15]
3.905 (aSTO) 1.7 135 0.35

LNO bulk (DFT + U, this work) −12 0.006
LNO bulk (expt. [58], κtotal) −18 0.009
LNO bulk (expt. [58], κWiedemann-Franz) −18 0.013

comparable to those of the best oxide thermoelectrics [16].
Another beneficial feature of the LAO layers is that they
are expected to scatter LNO phonons due to the high mass
difference, thereby reducing the detrimental cross-plane
lattice thermal conductivity.

V. IMPACT OF OXYGEN VACANCIES

Finally, we explore the robustness of our proposed
mechanism with respect to the formation of oxygen vacan-
cies (Fig. 5). To this end, we generate an isolated vacancy
in the central LNO layer of our supercell for three substrate
lattice constants a, corresponding to a (high) VO concentra-
tion of 4.2% of the oxygen sites. We find that the released
electrons are accommodated by the 3dx2−y2 -derived QW
states, leading effectively to a shift of EF (Fig. 5). Most
importantly, the 3dz2 -derived QW states, which give rise
to the transport resonances, are preserved. The resonance
corresponding to the second QW state crosses EF at a sub-
strate lattice parameter a of approximately 3.80 Å instead
of approximately 3.76 Å (cf. Fig. 4). Hence, in the presence
of oxygen vacancies, slightly higher strain is required to
achieve a selective design of n- and p-type thermoelectric
response as in the case of an ideal SL. The vacancy forma-
tion energies under oxygen-rich conditions can be derived
from DFT total energies,

Ef
VO

= E(SL with VO) − E(SL, ideal) + 1
2 E(O2),

and amount to Ef
VO

= 2.25, 2.15, and 2.29 eV for a = 3.70,
3.80, and 3.90 Å, respectively (endothermic). Comparison
with the DFT value for bulk LNO of Ef

VO
= 2.8 ± 0.2 eV

E

FIG. 5. Impact of oxygen vacancies in (LNO)3/(LAO)1(001)
SLs at three different substrate lattice constants. The projected
majority-spin band structures (interfacial Ni 3dz2 orbitals) show
that the released electrons are accommodated by the 3dx2−y2 -
derived QW states, leading to a shift of EF (zero energy; cf.
Fig. 3), and that the 3dz2 -derived QW states, which give rise
to the transport resonances, are preserved. The white arrows
mark the second QW state, which crosses EF at approximately
3.80 Å. On the right, a representative optimized SL geometry at
a = 3.90 Å is shown (cf. Fig. 1).
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[60] suggests that our SLs are slightly more prone to
oxygen-vacancy formation [61].

VI. SUMMARY

By combining density-functional theory calculations
with an on-site Coulomb-repulsion term and Boltz-
mann theory in the constant-relaxation-time approxi-
mation, we explored the thermoelectric properties of
(LaNiO3)3/(LaAlO3)1(001) superlattices and the impact of
different substrate lattice parameters. Variation of epitaxial
strain between −4.9% and 2.9% causes an electron redis-
tribution among Ni 3dx2−y2- and 3dz2 -derived quantum-
well states that results in a considerable change in the
orbital polarization (−6% to 3%). Concomitantly, sharp
cross-plane-transport resonances emerging from the 3dz2 -
derived quantum-well states, induced by the confinement
due to the single LaAlO3 spacer layer, can be shifted
relative to the Fermi energy. Slight variation of the control-
parameter epitaxial strain between −1.5% and −2.8%
is sufficient to selectively induce a considerable n- and
p-type thermoelectric response (approximately −60 and
100 μV/K) in one and the same oxide superlattice. We
showed that oxygen vacancies cause only a small shift of
this crossover point. This constitutes an interesting mech-
anism to design thermoelectricity and a concrete materials
realization in an oxide system of current interest that calls
for further experimental and theoretical exploration. We
expect that the results can be extended to a broader class
of oxide heterostructures.
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