
First-principles modeling of 
titanate/ruthenate superlattices 
Highly confined spin-polarized  

two-dimensional electron gas in  
SrTiO3/SrRuO3 superlattices 

Javier Junquera 
�

�����)'�)������*�����&����
���	������+,

��������%*
�!��� ��'
�	%��-
���!������	�%�GE9+:�G

�
�!	�

��=�A�,
5
����%M



The interface is still the device 
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FIG. 1: (color online) Schematic showing the buildup of potential in a polar layer as a function of its thickness t for LAO and
LASTO:0.5, assuming the same relative permittivity but di↵erent formal polarization P0 induced by the charge of the successive
A-site and B-site sublayers. The critical thicknesses for the electronic reconstruction are labeled t

(1)
c

and t

(2)
c

for LAO and
LASTO:0.5, respectively. The band-level scheme shows band bending in the pure LAO layer of the valence band (VB) and
conduction band (CB), and the critical thickness t

c

and potential buildup eV

c

required to induce the electronic reconstruction.
�

n

is the valence-band o↵set between STO and LAO.

�1 charges in pure LAO (see Fig. 1). One must, how-
ever, also consider possible changes of the other funda-
mental quantities determining the critical thickness ex-
pressed in Eq. (1). The energy gap �E formally de-
pends on the electronic bandgap of STO and the valence-
band o↵set �

n

(see Fig. 1) between the two materials,
which can evolve with x. In practice, however, the O 2p
valence bands of STO and LAO (x = 1) are virtu-
ally aligned (�

n

= 0.1 eV [17]) and �

n

further dimin-
ishes with x, so that we can confidently approximate
�E ⇡ E

g

STO, irrespective of the composition. The di-
electric constants of STO and LAO, however, di↵er sig-
nificantly ("STO = 300, "LAO = 24 at room temperature)
and it is not obvious a priori how the dielectric constant
of the solid solution will evolve with composition. To
clarify this point, we performed first-principles calcula-
tions on bulk compounds of di↵erent compositions using
a supercell technique (see [22]). Although the dielectric
constant of the LASTO:x evolves slightly with the atomic
arrangement, we observe that it remains essentially con-
stant for x = 1, 0.75 and 0.5. This result may initially
seem surprising; however, the large dielectric constant of
pure STO is mainly produced by a low-frequency and
highly polar phonon mode related to its incipient ferro-
electric character. This mode, absent in LAO, is very sen-
sitive to atomic disorder and is stabilized at much larger
frequencies through mixing with other modes for x > 0.5
without contributing significantly to the dielectric con-
stant. Hence, from the discussion above, it appears that

varying the composition of the LASTO:x films allows one
to tune the formal polarization while keeping the other
quantities in Eq. (1) essentially constant, that is,

t

LASTO:x
c

= t

LAO
c

/x. (2)

Based on this argument, we therefore predict that t

c

=
7ML and 5 ML for x = 0.5 and 0.75, respectively, a result
confirmed for x = 0.50 from first-principles calculations
(see [22]).
Two independent series of LASTO:x films were pre-

pared by pulsed laser deposition (PLD) using two dif-
ferent sets of growth parameters. The first set of films,
produced at the Paul Scherrer Institut, was grown on
both native and TiO2-terminated (001) STO substrates
using two di↵erent PLD sintered targets, with x = 0.50
and 0.75. Neither target (> 85 % dense) was conduct-
ing. Growth conditions using 266-nm Nd:YAG laser ra-
diation were: pulse energy = 16 mJ (⇡ 2 J cm�2), 10 Hz;
T = 750 �C, pO2 = 2.5 ⇥ 10�8 mbar; sample cooled
after growth at 25�C min�1 and postannealed for one
hour in 1 atm. O2 at 550�C. The second set of films
was grown on TiO2-terminated STO at the University
of Geneva using standard growth conditions: KrF laser
(248 nm) with a pulse energy of 50 mJ (⇡ 0.6 J cm�2),
1 Hz; T = 800 �C, pO2 = 1 ⇥ 10�4 mbar; sample cooled
after growth to 550�C in 200 mbar O2 and maintained
at this temperature and pressure for one hour before
being cooled to room temperature in the same atmo-
sphere. The stoichiometries of the films from both sets

M. L. Reinle-Schmidt et al.,           
Nature Communications 3, 932 (2012)  

Polar catastrophe and Zener breakdown 
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Existence of a critical number 
of layers of LaAlO3 for the 

formation of the 2-DEG 

sequence at the interface, whereas in other sam-
ples, in particular those grown under low oxygen
pressure, growth-induced oxygen vacancies in
the SrTiO3 were the dominant source of doping
(4, 5). We chose a third approach to dope the
interface. By using the electric-field effect (9, 10),
we reversibly induced the q2-DEG in LaAlO3-
SrTiO3 interfaces, providing the possibility to
tune the carrier density of the q2-DEG without
perturbing the microstructure of the interface.

For field-effect doping, it is desirable to
use interfaces that have a low carrier density
and, in the extreme case, are even insulating. For
LaAlO3-SrTiO3 interfaces, this implies limiting
possible doping by the polarity discontinuity as
well as by oxygen defects. Although doping by
oxygen vacancies is reduced if the SrTiO3 is well
oxidized, it is preferable to use ultrathin LaAlO3

layers to avoid possible doping by the polarity
discontinuity, which would dope the interface if
the flow of electrons from the LaAlO3 into the
interface is energetically favorable and kineti-
cally possible. In the polarity discontinuity mod-
el, the driving mechanism is given by the polar
catastrophe (11), which leads to an electric po-
tential, V, across the LaAlO3 that diverges with
its thickness, d. The heterostructure can avoid the
divergence of V by introducing interface rough-
ness, by moving electrons into the interface, and
by adding oxygen vacancies (11). Because the
energy needed to activate LaAlO3 electrons such
that they can move does not depend on d, this
naBve consideration suggests that d may have to
reach a critical value, dc, for the interface to
become doped and hence conducting.

To analyze the properties of the electron gas,
we fabricated and measured field effect samples
(Fig. 1) with the techniques described in (12).
To gain information on the strength of doping by
oxygen defects in our samples, we analyzed one
d 0 6 uc sample by cathodoluminescence.
Luminescence was observed with minute intensity
only: Under standard measurement conditions (4),
no indications of oxygen defects were observed.

As the measurements show (Fig. 2A), for the
interfaces to be conducting, d has to reach a
critical thickness, dc 0 4 uc. All samples with d Q
4 uc were conducting Esheet conductance (ss) ,
4 ! 10j3 ohmj1 (at 4.2 K) and ss , 2 ! 10j5

ohmj1 (at 300 K)^; all samples with d G dc,
insulating (ss G 2 ! 10j10 ohmj1 at all temper-
atures T ). The observation of a dc of 4 uc is
consistent with the observation that the conduc-
tivity of SrTiO3-LaAlO3-SrTiO3 heterostructures
is reduced if their p and n interfaces are spaced
by less than 6 uc (13).

Control measurements were performed on
samples that were patterned to have conducting
interfaces with 5-uc LaAlO3 layers in the areas in
which the contacts were placed and subcritical,
2-uc- or 3-uc-thick bridges connecting these areas.
These samples are insulating and thereby provide
evidence that the critical-thickness phenomenon
is not simply caused by an effect that is generated
by the contact between the Au and the q2-DEG.

Further reference studies on samples contacted
without Ar ion–etched holes proved that the
conducting layer is not located at the surface of
the LaAlO3. The conductivity also does not occur
in bulk SrTiO3, as was reported (14) for samples
grown under less oxidizing conditions. To test for
bulk conduction, we removed the surface layer of
a conducting sample by polishing. The remaining
substrate was highly insulating.

According to Hall measurements done on the
conducting samples, their carriers are negatively
charged with mobilities of È1200 cm2 V–1 s–1

and È6 cm2 V–1 s–1 at 4.2 K and 300 K, re-
spectively, and densities n , 1013 cm–2 at all T
(Fig. 2B). These mobilities are high but lower
than the best values reported in literature (2–5),
probably because of the growth conditions used,
which were selected to obtain interfaces with
low carrier density.

Which information does the steplike de-
pendence of the interface conductance on d
provide for the doping mechanisms present in
these samples? The d dependence of the inter-

face conductance can only be accounted for by
doping from growth-induced oxygen defects, if
during sample fabrication oxygen can diffuse
well through 3-uc-thick layers but not through
4-uc-thick ones. For this case, one has to expect
that d Q 4 uc samples can be turned into in-
sulators, too, if the diffusion of oxygen through
their LaAlO3 layers is enhanced. To test this
prediction, we annealed a d 0 4 uc sample for
7 days at 400-C in 20 bar of O2. This oxidation
step did not result in an insulating interface but
reduced the conductance by a factor of 5 (at all
T ). It therefore has to be concluded that the d
dependence of the interface conductance agrees
with the behavior predicted for doping by the
polarity discontinuity, although additional dop-
ing by oxygen vacancies might still be present.

The insulating samples are well suited to gen-
erate and control a q2-DEG by the electric field
effect. Electric fields were induced across the
SrTiO3 or across the LaAlO3 by applying gate
voltages, VG,b, to backside contacts of the SrTiO3

or voltages, VG,f, to small test contacts silver-

Fig. 1. Sketch of the samples and the contact configurations [the left side of the sample sketch in
(A) is a cross-sectional cut]. The SrTiO3 substrates were 1 mm thick. Current-voltage and resistance-
temperature measurements were done with the configuration shown in (B); Hall measurements,
with the van der Pauw configuration of (C) using either the contact configuration shown in gold or
in silver. The charges listed in the lattice sketch represent the unrelaxed charge distribution.
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Fig. 2. Influence of LaAlO3 thickness on the electronic properties of the LaAlO3-SrTiO3 interfaces.
(A) Sheet conductance and (B) carrier density of the heterostructures plotted as a function of the
number of their LaAlO3 unit cells. The data shown in blue and red are those of samples grown at
770-C and 815-C, respectively. The data were taken at 300 K. The numbers next to the data points
indicate the number of samples with values that are indistinguishable in this plot.
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Oxide Interfaces—An
Opportunity for Electronics
J. Mannhart1* and D. G. Schlom2*

Extraordinary electron systems can be generated at well-defined interfaces between complex
oxides. In recent years, progress has been achieved in exploring and making use of the
fundamental properties of such interfaces, and it has become clear that these electron systems
offer the potential for possible future devices. We trace the state of the art of this emerging field of
electronics and discuss some of the challenges and pitfalls that may lie ahead.

Herbert Kroemer began
his Nobel lecture by
stating, “Often, it may

be said that the interface is the
device” (1). Transistors, lasers,
and solar cells all exploit inter-
facial phenomena. Interfaces
enable data processing, mem-
ory, and electronic communi-
cation. Moreover, interfaces in
semiconductor structures are
the birthplace of a multitude of
fascinating discoveries in fun-
damental science. Curiously,
away from interfaces, in the
bulk of the material, the be-
havior of electrons in semi-
conductors such as silicon is
less exciting. The electrons zip
through the crystal lattice es-
sentially as independent, free
particles, barely interacting
with one another. In contrast,
there are other materials (e.g.,
many oxides) in which electron
interactions in the bulk of the
material give rise to spectacular
phenomena, including colossal
magnetoresistance and high-
temperature superconductivity.

These phenomena arise in oxides from regularly
spaced ions interacting with the electrons, from
the unique electronic character of oxygen ions,
and from the electronic correlations—interactions
among the electrons, which make them deviate
from free-particle behavior.

Interfaces Matter
The introduction of interfaces into semiconductor
structures spawned numerous semiconductor de-
vices of immense utility and interesting physics. By
analogy, it is tantalizing to incorporate well-defined
interfaces into oxides to generate novel phenome-
na. Because oxidemultilayers are far more difficult
to grow than semiconductor heterostructures,
progress in this direction was thwarted for many
years. Intensive efforts over the past two decades to
grow oxide superconductors, however, led to de-
cisive progress in the growth of oxide multilayers
(Fig. 1). Key steps were the ability to terminate
oxide substrates at well-defined ionic planes (2),
the application of pulsed-laser deposition (PLD)

(3) and molecular-beam epitaxy
(MBE) (4) to the growth of mul-
ticomponent oxides containing
difficult-to-oxidize constituents,
and the development of high-
pressure reflection high-energy
electron diffraction (5) to monitor
the deposition of individual atom-
ic layers. As a result, epitaxial het-
erostructures of oxides can now be
grown with atomic-layer preci-
sion. The chemical abruptness
and crystalline perfection of ox-
ide multilayers now rival those of
semiconductor multilayers; it is
possible to change from one ma-
terial to another over a distance of
a single unit cell (6, 7) (Fig. 1B).
Such oxide heterostructures can
also be patterned laterally (8)
(Fig. 1D), even with nanometer
resolution (9). The ability to pre-
cisely create interfaces connecting
different oxidematerials provides
a wealth of new possibilities to
generate novel electronic phases.

The samephenomena that con-
trol interfaces in standard semi-
conductors, such as the formation
of space charge layers, are also rel-
evant at oxide interfaces.Mobilities
of charge carriers have reached

values so high that the quantum Hall effect (QHE)
has been achieved at interfaces between oxides, an
effect previously limited to interfaces between high-
purity semiconductors and to interfaces involving
graphene sheets. As a result of improvements in
film growth, the mobility of two-dimensional elec-

1Center for Electronic Correlations and Magnetism, University
of Augsburg, 86135 Augsburg, Germany. 2Department of
Materials Science and Engineering, Cornell University, Ithaca,
NY 14853, USA.

*To whom correspondence should be addressed. E-mail:
jochen.mannhart@physik.uni-augsburg.de; schlom@cornell.edu
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Fig. 1. Micrographs of LaAlO3-SrTiO3 heterostructures. (A) Top view of a LaAlO3-SrTiO3
bilayer containing eight monolayers of LaAlO3, taken by scanning force microscopy
(figure courtesy of S. Paetel). (B) Cross-sectional view of a corresponding sample con-
taining five monolayers of LaAlO3 (figure courtesy of L. Fitting Kourkoutis and
D. A. Muller). (C) Optical photograph of a complete sample (figure courtesy of G. Hammerl
and K. Wiedenmann). (D) Scanning force microscopy image of a conducting ring
patterned by electron beam lithography into a LaAlO3-SrTiO3 structure [from (8)].
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Oxide Nanoelectronics on Demand
Cheng Cen,1 Stefan Thiel,2 Jochen Mannhart,2 Jeremy Levy1*

Electronic confinement at nanoscale dimensions remains a central means of science and
technology. We demonstrate nanoscale lateral confinement of a quasi–two-dimensional electron
gas at a lanthanum aluminate–strontium titanate interface. Control of this confinement using an
atomic force microscope lithography technique enabled us to create tunnel junctions and field-effect
transistors with characteristic dimensions as small as 2 nanometers. These electronic devices can be
modified or erased without the need for complex lithographic procedures. Our on-demand
nanoelectronics fabrication platform has the potential for widespread technological application.

Controlling electronic confinement in the
solid state is increasingly challenging as
the dimensionality and size scale are

reduced. Bottom-up approaches to nanoelectron-
ics use self-assembly and templated synthesis;
examples include junctions between self-assembled
molecule layers (1, 2), metallic and semicon-

ducting quantum dots, carbon nanotubes (3–6),
nanowires, and nanocrystals (7, 8). Top-down
approaches retain the lithographic design motif
used extensively at micrometer and submicro-
meter scales and make use of tools such as
electron-beam lithography, atomic force micros-
copy (AFM) (9), nanoimprint lithography (10),
dip-pen nanolithography (11), and scanning
tunnelingmicroscopy (12). Among the top-down
approaches, those that begin from modulation-
doped semiconductor heterostructures have led
to profound scientific discoveries (13, 14).

The interface between polar and nonpolar
semiconducting oxides displays remarkable

properties reminiscent ofmodulation-doped semi-
conductors (15–21). When the thickness of the
polar insulator (e.g., LaAlO3) exceeds a critical
value (dc = 3 unit cell), because of the polarization
discontinuity at the interface, the potential
difference across LaAlO3 will generate a “polar-
ization catastrophe” and induce the formation of a
quasi–two-dimensional electron gas (q-2DEG) at
the interface joining the two insulators (17). In
addition to the key role played by the polar dis-
continuity, there is evidence that, when present,
oxygen vacancies in the SrTiO3 also contribute to
the formation of the electron gas (22, 23).

We focus on LaAlO3-SrTiO3 heterostructures.
Because of the large conduction-band offset
between LaAlO3 and SrTiO3, the q-2DEG is
confined largely within the first few unit cells of
SrTiO3 (22, 24), with very little penetration into
the LaAlO3 layer (25). Electric fields have been
used to control the metal-insulator transition at
room temperature (17) and the superconductor-
insulator transition at cryogenic temperatures (21).
Further in-plane confinement of the q-2DEG has
been achieved by lithographically modulating the
thickness of the crystalline LaAlO3 layer (26).
Control over the metal-insulator transition at
scales of <4 nm was demonstrated by means of
a conducting AFMprobe (24). This latter method
forms the basis for the results reported below.

RESEARCHARTICLE

1Department of Physics and Astronomy, University of Pittsburgh,
Pittsburgh, PA 15260, USA. 2Experimental Physics VI, Center
for Electronic Correlations and Magnetism, Institute of Physics,
University of Augsburg, D-86135 Augsburg, Germany.

*To whom correspondence should be addressed. E-mail:
jlevy@pitt.edu

Fig. 1. Creation of nanoscale tunnel
barriers. (A) Sketch illustrating how a
potential barrier is created by scanning
a negatively biased AFM probe. Inset:
Sketch of the barrier potential. Either
increasing the magnitude of negative
tip bias (Vtip) or scanning across the
wire for a greater number of cuts (Ncut)
with the same tip bias will increase the
height of the barrier potential V(x). (B)
Illustration of structure used for four-
probe measurement (C) Sketch of two-
probe ac measurement scheme. (D) I-V
characteristics of an uncut wire section
2 mm long and 12 nm wide (Vtip = 0 V),
and the same section with various
potential barriers in the middle created
with different negative tip bias (Vtip =
–0.5 V, –1 V, –2 V, …, –10 V). The
upper inset shows the conductance of
the uncut wire (slope of the I-V curve) to
be 6.8 mS. The lower inset shows the
turn-on voltage of the nanowire section
with a potential barrier as a function of
the Vtip that is used to create the
barrier. (E) Conductance of a wire 12
nm wide, with a potential barrier at the
middle written with Vtip = –0.05 V,
measured as the number of cuts Ncut
increases (i.e., barrier height increases).
The green dashed line shows an
exponentially decaying conductance G
as a function of barrier height, G º
exp[–A´Ncut], which is typical for thermal activated hopping. The red solid line shows a reference curve following behavior,Gº exp[–A(Ncut –N0)1/2] as expected
by us for tunneling, with best-fit parameters A = 0.99, N0 = 17.2.
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•  Controversial origin (intrinsic polar catastrophe versus extrinsic origin) 
•  Localization and extension in the SrTiO3 layer (electron gas localized on Ti) 
•  Dependence of the properties on the growth conditions 
•  Coupling with other functional properties (magnetism, superconductivity) 



Two questions addressed in this talk 

Question: Are there alternative mechanisms to generate 
two dimensional electron gases with new intrinsic 

functional properties? 

If so, what are they useful for? 



New alternative: take a metal embedded in an 
insulating matrix and reduce its thickness 

SrRuO3 

1.  Take a metallic oxide thin film (SrRuO3) 

Structure, physical properties, and applications of SrRuO3 thin films
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SrRuO3 is endowed with three remarkable features. First, it is a moderately correlated material that
exhibits several novel physical properties; second, it permits the epitaxial growth of essentially
single-crystal films; and third, because it is a good conductor, it has attracted interest as a
conducting layer in epitaxial heterostructures with a variety of functional oxides. In this review,
the present state of knowledge of SrRuO3 thin films is summarized. Their role as a model system for
studying magnetism and electron transport characterized by intermediate electron correlation and
large magnetocrystalline anisotropy is demonstrated. The materials science of SrRuO3 thin film
growth is reviewed, and its relationship to electronic, magnetic, and other physical properties is
discussed. Finally, it is argued that, despite all that has been learned, a comprehensive understanding
of SrRuO3 is still lacking and challenges remain.American Physical Society

DOI: 10.1103/RevModPhys.84.253 PACS numbers: 73.50.!h, 75.70.!i, 71.20.!b, 78.20.!e
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New alternative: take a metal embedded in an 
insulating matrix and reduce its thickness 

SrRuO3 

SrTiO3 

SrTiO3 

1.  Take a metallic oxide (SrRuO3) 

•  In bulk, a correlated metal ferromagnet, Tc = 160 K  
•  It can be easily epitaxially grown on SrTiO3 
•  It is frequently used as electrode in capacitors 

2. Embeed it in an insulating matrix 

3. Reduce the thickness of the metallic layer as 
much as possible 



Not trivial question: there might be a critical 
thickness for metalic and magnetic properties 

Critical thickness for itinerant ferromagnetism in ultrathin films of SrRuO3

Jing Xia,1,2 W. Siemons,1,3 G. Koster,1,3 M. R. Beasley,1,4 and A. Kapitulnik1,2,4

1Geballe Laboratory for Advanced Materials, Stanford University, Stanford, California 94305, USA
2Department of Physics, Stanford University, Stanford, California 94305, USA

3Faculty of Science and Technology and MESA! Institute for Nanotechnology, University of Twente, P.O. Box 217, 7500 AE,
Enschede, The Netherlands

4Department of Applied Physics, Stanford University, Stanford, California 94305, USA
!Received 16 March 2009; published 16 April 2009"

Ultrathin films of the itinerant ferromagnet SrRuO3 were studied using the transport and magneto-optic polar
Kerr effect. We find that below 4 monolayers, the films become insulating and their magnetic character changes
as they loose their simple ferromagnetic behavior. We observe a strong reduction in the magnetic moment
which for 3 monolayers and below lies in the plane of the film. Exchange-bias behavior is observed below the
critical thickness and may point to induced antiferromagnetism in contact with ferromagnetic regions.

DOI: 10.1103/PhysRevB.79.140407 PACS number!s": 75.70."i, 75.30.Cr, 75.30.Gw, 75.60."d

SrRuO3 is an itinerant ferromagnet with an orthorhomb-
ically distorted cubic perovskite structure, exhibiting a tran-
sition to a ferromagnetic !FM" state at Tc#160 K that was
shown to be dominated by transverse fluctuations of robust
local moments of size #1.6#B,1 the largest of any 4d ferro-
magnet. While the high-temperatures paramagnetic phase is
dominated by a “bad metal” behavior in the limit of kF!
#1 !Ref. 2" suggesting that Fermi-liquid theory may not be
valid, the observation of quantum oscillations in the resistiv-
ity of high-quality thin films of SrRuO3 demonstrated that
the ground state of this system is a Fermi liquid.3 At the same
time, the degree of electron correlation in SrRuO3 has been
found to be a strong function of ruthenium deficiency.4 To
understand the contrast in the behavior of SrRuO3 between
high and low temperatures, appropriate perturbations, such
as disorder and reduced dimensionality, may be used that
directly disturb the magnetic and transport properties of the
system. Indeed, recent studies of the thickness dependence of
the transport and electronic structure of SrRuO3 films5,6 con-
cluded that a metal-insulator transition !MIT" occurs in these
films at a critical film thickness of 4 or 5 monolayers !MLs",
depending on the disorder. However, the reported islandlike
microstructure showing coalescence of three-dimensional
patches and the inability to study the nature of the magne-
tism hinder any possible understanding of the observed tran-
sition. Since this may be an example of the interplay between
itineracy, ferromagnetism, disorder and dimensionality, bet-
ter films growth, and a more direct probe of magnetism are
needed to establish the important ingredients of the physics
involved.

In this Rapid Communication, we present results on the
MIT in ultrathin SrRuO3 films and their associated magnetic
properties. We show that in homogeneous films of SrRuO3, a
MIT occurs at a critical thickness below 4 ML. While Tc
drops rapidly below #10 ML, the size of the moment re-
mains unchanged from its 1.6#B in thick films,1 and the easy
axis which has been closer to normal for thick films becomes
even more normal. However, below the critical thickness the
easy axis of the moment plummets to the plane of the film
and an exchange-bias !EB" behavior emerges, suggesting the
existence of antiferromagnetic !AF" regions !or layers" that

interact with the remaining ferromagnetic regions !or layers".
Transport measurements reveal an increase in the resistance
with decreasing thickness. At 4 ML, the extrapolated low-
temperature sheet resistance is of order #7 k$, jumping up
8 orders of magnitude in 3 ML films.

SrRuO3 samples used in our experiment were grown by
pulsed laser deposition !PLD". The samples were grown in a
vacuum chamber with a background pressure of 10−7 Torr.
A 248-nm-wavelength KrF excimer laser was employed with
typical pulse lengths of 20–30 ns. The energy density on the
target is kept at approximately 2.1 J /cm2. All films were
grown on TiO2 terminated SrTiO3 substrates,7 at 700 C, with
a laser repetition rate of 4 Hz. We have calibrated the depo-
sition rate multiple times throughout the process by perform-
ing x-ray reflectivity on thicker samples. The thickness of the
films range from 2 to 25 ML, each with an uncertainty of
only few laser pulses, which is equivalent to a very small
fraction of a 1 ML !approximately 20 pulses per 1 ML".

Atomic force microscope !AFM" images !Fig. 1" taken
immediately following deposition indicate that between 2
and 7 ML, SrRuO3 films show homogeneous coverage of the
substrate, with two-dimensional stripe-shaped steps follow-
ing the !#0.2°" miscut of the substrate. These two-

FIG. 1. !Color online" AFM images of !a" SrTiO3 substrate be-
fore deposition, !b" 2 ML, !c" 5 ML, and !d" 9 ML !see text".
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dimensional steps are 1 ML in height and are typically 100
nm in width. Moreover, unlike previous reports,6,8 no three-
dimensional island growth was observed, indicating an
atomically smooth surface and single domain structure in
these films. The observed steplike growth seems to fade at
thicknesses above 9 ML as the steps mostly coalesce, sug-
gesting a transition from a growth mode of two-dimensional
layer by layer to a step flow mode, in agreement with earlier
reports.9

Figure 2 shows the resistivity of the films through the
transition measured from room temperature down to 4.2 K.
The ferromagnetic transition was noticeable in all films of 4
ML and above; however the transition becomes broad and
difficult to determine for the very thin films. We note that
while the extrapolated low-temperature sheet resistance of
the 4 ML film is of order !7 k!, the low-temperature re-
sistance of the 3 ML film increases more than 8 orders of
magnitude, much higher than the quantum of resistance for
two dimensions of h /e2!26 k!. Thus it is clear that a
metal-insulator transition has occurred in between these two
thicknesses.

The magnetic properties of the films were determined
from Polar Kerr effect "PKE# measurements, which is only
sensitive to the out-of-plane component of the
magnetization.10 While in general for thin-films magnetism
the Kerr signal is large,10 for ultrathin films "approaching 1
ML# of weak ferromagnets—especially deposited on
strongly birefringent substrates—the signal may be difficult
to resolve. In our case, SrRuO3 films are deposited on miscut
substrates of SrTiO3 which are very strongly linearly bire-
fringent. To overcome the above difficulties, we have used a
zero-area-loop Sagnac interferometer.11 This design is based
on a Sagnac loop in which two counter-propagating beams
with opposite circular polarization reflect from the sample
while completing a Sagnac loop. This design which was in-
troduced by Xia et al.11 is capable of measuring time-
reversal-symmetry-breaking effects with a shot-noise limited

sensitivity of 100 nrad /$Hz at a power of 10 "W, while
being completely immune to any reciprocal effects in the
sample.12 For the results reported in this Rapid Communica-
tion, we used a normal-incidence configuration, measuring at
a wavelength of 1550 nm with a beam focused on the sample
to a spot size of 3 "m and in the temperature range of 0.3 K
to room temperature. Since the optical penetration depth at
the used frequency is of order 200 nm, while the thickest
sample used was only 8.8 nm, the signal measured—to a
very good approximation—was simply proportional to the
area density of the magnetic moment.10

Figure 3 shows the evolution of the PKE measured on the
samples from 4 to 22 ML thick samples. Hysteresis loops
were obtained by recording the Kerr signal at the lowest
temperature "typically 0.4 K# while ramping an out-of-plane
magnetic field and then subtracting the linear paramagnetic
response from the SrTiO3 substrate and diamagnetic re-
sponse from the optical components in the fringing magnetic
field. After the magnetic field was turned off, the PKE was
measured as a function of temperature while the films were
warmed to room temperature. This allowed the determination
of the Curie temperature Tc and the angle of the easy axis.

The temperature-dependent remanent-Kerr effect of the 2
and 3 ML films did not show any ferromagnetic transition
down to 0.4 K to a resolution of #0.2 "rad. However, we
suggest that the magnetic transition may be deduced from the
resistivity data that show sharp upturn in the resistivity of the
3 ML film below !25 K "Fig. 2#. The resistivity of the 2ML
film could not be measured below 100 K due to the large

FIG. 2. "Color online# Resistivity data of SrRuO3 films. Arrows
point to the location of the ferromagnetic transition determined
from the derivative of the resistivity "see, e.g., top panels for 3 ML,
4 ML, and thick film derivatives#.

FIG. 3. Panels "a#–"d#: PKE hysteresis loop for SrRuO3 films of
different thickness taken at 4 K, with magnetic field applied perpen-
dicular to the plane of the film. Panels "e#–"h#: temperature depen-
dence of the remanent PKE signal measured at zero magnetic field
during warmup, after a positive saturation magnetic field was turned
off at the lowest temperature.
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Below 4 uc, SrRuO3 thin films on SrTiO3: 
   Insulating 
   Antiferromagnetic layer with the moments in       
   the plane of the film 



Not trivial question: there might be a critical 
thickness for magnetic and/or metallic properties 

Fundamental Thickness Limit of Itinerant Ferromagnetic SrRuO3 Thin Films
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We report on a fundamental thickness limit of the itinerant ferromagnetic oxide SrRuO3 that might arise

from the orbital-selective quantum confinement effects. Experimentally, SrRuO3 films remain metallic

even for a thickness of 2 unit cells (uc), but the Curie temperature TC starts to decrease at 4 uc and

becomes zero at 2 uc. Using the Stoner model, we attributed the TC decrease to a decrease in the density of

states (No). Namely, in the thin film geometry, the hybridized Ru dyz;zx orbitals are terminated by top and

bottom interfaces, resulting in quantum confinement and reduction of No.

DOI: 10.1103/PhysRevLett.103.057201 PACS numbers: 75.70.!i, 73.50.!h, 75.10.Lp

SrRuO3 is an itinerant ferromagnetic oxide with a fer-
romagnetic Curie temperature (TC) of 160 K and a mag-
netic moment of 1:6!B [1,2]. At TC, its electrical
resistivity curve changes slope due to the decrease in
spin fluctuations [3]. The ferromagnetic metallic ground
state can be understood in the framework of the Stoner
model [3], which is based on the competition between the
kinetic energy and exchange energy due to Coulomb re-
pulsion. The stabilization of a ferromagnetic state is fa-
vored when

IN0 > 1; (1)

where N0 and I are the nonmagnetic density of state (DOS)
at the Fermi level EF and the effective electron-electron
interaction, respectively. The model also predicts that

TC / ½1! 1=ðIN0Þ%1=2: (2)

Note that a systematic variation of N0 can induce TC

change in the band ferromagnetic material.
In simple metals, ultrathin films are known to exhibit

quantum confinement (QC) effects due to the confinement
of electrons inside the conducting layers [4]. These effects
alter the electronic structure and N0, so they can result in
striking variations of the physical properties such as con-
ductivity, magnetism, and the Hall effect. However, up to
this point, no QC effects have been reported in oxide
ultrathin films, including SrRuO3.

SrRuO3 is also one of the most frequently used oxide
electrode materials. It has high chemical stability, good
thermal properties [5], and the perovskite crystal structure,
which are advantageous for integration with other oxide
materials into heterostructures [6]. SrRuO3 has been used
in numerous oxide applications, including Josephson junc-
tions [7], magnetic tunneling junctions [8], Schottky junc-
tions [9], field effect devices [10], ferroelectric capacitors
[11,12], and multiferroic devices [13]. To design such
oxide thin film devices, it is important to understand how
thickness (t) affects the transport and magnetic properties
of SrRuO3, especially in the ultrathin limit.

In this Letter, we report on the thickness-dependent
ferromagnetism of ultrathin SrRuO3 films. We observed
that the metallic properties of SrRuO3 ultrathin films are
maintained down to t ¼ 2 uc (unit cells), but TC starts to
decrease at t ¼ 4 uc and becomes zero at t ¼ 2 uc. To
explain the TC reduction, we investigated the variation of
N0 using in situ scanning tunneling spectroscopy (STS)
and the first-principles calculations. Both of these experi-
mental and theoretical studies showed a significant de-
crease in the DOS at EF for t < 4 uc. This behavior
could be explained in terms of QC of Ru dyz;zx orbitals.
To obtain high-quality SrRuO3 ultrathin films, we used a

TiO2-terminated SrTiO3 (001) substrate, the surface of
which is atomically flat with 1-uc-high steps (small miscut,
i.e., <0:1'). On top of the substrate, we deposited SrRuO3

films using pulsed laser deposition (PLD) at 700 'Cwith an
oxygen pressure of 0.1 Torr and a laser fluence of
2:5 J=cm2 [14]. The growth rate of SrRuO3 films was about
0:015 nm= sec. The film thickness was controlled by in situ
monitoring of the reflection high-energy electron diffrac-
tion intensity oscillation while a two-dimensional (2D)
growth mode was maintained. Ambient atomic force mi-
croscopy (AFM) topography of the SrRuO3 films shows
atomically smooth surfaces that resemble the substrate
surface, as shown in Figs. 1(a)–1(c), indicating the step-
flow growth mode [15,16].
Figure 1(e) shows the temperature-dependent dc resis-

tivity "ðTÞ for SrRuO3 films for various values of t. As t
decreases, the "ðTÞ curves show systematic changes:
namely, the "ð20 KÞ value becomes higher and the slope
change occurs at a lower temperature. It should be noted
that our SrRuO3 films remain metallic down to t ¼ 2 uc.
As stated earlier, "ðTÞ should show an anomaly at TC. As
indicated by the arrows in Fig. 1(e), the "ðTÞ="ð300 KÞ
data also show anomalies, which we attribute to the ferro-
magnetic ordering. We estimated the TC values by differ-
entiating the "ðTÞ="ð300 KÞ curves. The black solid
circles in Fig. 2(a) show the experimental TC data for the
SrRuO3 films. Above 4 uc, TC remains nearly constant.
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However, TC decreases drastically below 4 uc, and it
becomes zero for the 2-uc film.

There have been earlier experimental reports that a
metal-insulator transition should occur at either 3 or 4 uc
of the SrRuO3 film [17,18]. Note that our observation on
the persistence of the metallic state down to 2 uc is not
consistent with the earlier experimental reports but agrees
with the first-principles calculations [19]. To obtain further
insight, we deposited SrRuO3 ultrathin films at a higher
growth rate of 0:045 nm= sec. As shown in Fig. 1(d), the
surface morphology of the films is very rough, indicating a
3D island growth mode even for the film with t ¼ 4 uc. As
shown in the inset in Fig. 1(e), the rough film has an
insulating behavior. Therefore, the difference between
our work and earlier work could be attributed to the effects
of disorder, such as grain boundaries and step edges.

Using our high-quality SrRuO3 thin films, we investi-
gated the thickness dependence of the low temperature
resistivity, i.e., !ð20 KÞ. Our 46-uc film has !ð20 KÞ ¼
51 "! cm, which is comparable to its bulk value of
20 "! cm [1]. As shown in Fig. 2(b), !ð20 KÞ increases

systematically with a decrease in t. According to the Drude
model for a metal, ! ¼ m$=ne2#, where m$, n, and # are
the effective mass, number density, and scattering time of
the free carriers, respectively. Down to 4 uc, the increase in
!ð20 KÞ can be explained in terms of the enhanced surface
scattering rates in a film geometry. Namely, the effect of t
can be incorporated by including an additional channel of
scattering at the top and the bottom surfaces of the thin
film. According to Matthiessen’s rule, the net ! is de-
scribed by a combined # with contributions from the bulk
and the surface scattering [20]. Assuming that the surface
scattering determines the minimum value of electron col-
lision time in the thin film, we have

! ¼ !b þ
!
m$vF

ne2

"
1

t
; (3)

where !b and vF are the bulk resistivity and the Fermi
velocity, respectively. Using the reported bulk values of
!bð20 KÞ & 20 "! cm, m$ & 7me, vF & 2' 107 cm=s,
n & 1:2' 1022=cm3, and # & 5' 10(15 sec [1,21,22],
Eq. (3) describes the t-dependent !ð20 KÞ for our
SrRuO3 films with t > 4 uc. The solid line in Fig. 2(b) is
the classical theoretical prediction based on the increased
surface scattering. For the films with t ¼ 2 and 3 uc,
!ð20 KÞ becomes even higher than the classical predic-
tions. A comparison with Eq. (3) indicates the possibility
of decreasing n for t < 4 uc.

FIG. 2 (color online). (a) t dependence of TC values.
Experimental TC values (black solid circles) were obtained
from the peak T positions in the inset in Fig. 1(b). TC values
were also estimated based on the Stoner model, i.e., Eq. (2),
using values for the nonmagnetic density of state at the Fermi
level (N0) estimated from in situ STS studies (blue open tri-
angles) and first-principles calculations (red open squares). (b) t
dependence of !ð20 KÞ. The solid line is the classical theoretical
prediction based on the increased surface scattering.FIG. 1 (color online). (a)–(c) AFM topography of SrRuO3 thin

films for different thickness values (t) of (a) 2, (b) 4, and
(c) 27 uc. (d) Topography of rough film with t ¼ 4 uc obtained
from much faster growth rate. All images are 2 "m' 2 "m in
size. (e) Temperature (T) dependence of the normalized resis-
tivity !ðTÞ=!ð300 KÞ of SrRuO3 thin films for t of 2–46 uc. The
SrRuO3 films remain metallic down to 2 uc. The inset shows the
!ðTÞ=!ð300 KÞ of the rough film with t ¼ 4 uc.
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However, TC decreases drastically below 4 uc, and it
becomes zero for the 2-uc film.

There have been earlier experimental reports that a
metal-insulator transition should occur at either 3 or 4 uc
of the SrRuO3 film [17,18]. Note that our observation on
the persistence of the metallic state down to 2 uc is not
consistent with the earlier experimental reports but agrees
with the first-principles calculations [19]. To obtain further
insight, we deposited SrRuO3 ultrathin films at a higher
growth rate of 0:045 nm= sec. As shown in Fig. 1(d), the
surface morphology of the films is very rough, indicating a
3D island growth mode even for the film with t ¼ 4 uc. As
shown in the inset in Fig. 1(e), the rough film has an
insulating behavior. Therefore, the difference between
our work and earlier work could be attributed to the effects
of disorder, such as grain boundaries and step edges.

Using our high-quality SrRuO3 thin films, we investi-
gated the thickness dependence of the low temperature
resistivity, i.e., !ð20 KÞ. Our 46-uc film has !ð20 KÞ ¼
51 "! cm, which is comparable to its bulk value of
20 "! cm [1]. As shown in Fig. 2(b), !ð20 KÞ increases

systematically with a decrease in t. According to the Drude
model for a metal, ! ¼ m$=ne2#, where m$, n, and # are
the effective mass, number density, and scattering time of
the free carriers, respectively. Down to 4 uc, the increase in
!ð20 KÞ can be explained in terms of the enhanced surface
scattering rates in a film geometry. Namely, the effect of t
can be incorporated by including an additional channel of
scattering at the top and the bottom surfaces of the thin
film. According to Matthiessen’s rule, the net ! is de-
scribed by a combined # with contributions from the bulk
and the surface scattering [20]. Assuming that the surface
scattering determines the minimum value of electron col-
lision time in the thin film, we have

! ¼ !b þ
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m$vF
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1
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; (3)

where !b and vF are the bulk resistivity and the Fermi
velocity, respectively. Using the reported bulk values of
!bð20 KÞ & 20 "! cm, m$ & 7me, vF & 2' 107 cm=s,
n & 1:2' 1022=cm3, and # & 5' 10(15 sec [1,21,22],
Eq. (3) describes the t-dependent !ð20 KÞ for our
SrRuO3 films with t > 4 uc. The solid line in Fig. 2(b) is
the classical theoretical prediction based on the increased
surface scattering. For the films with t ¼ 2 and 3 uc,
!ð20 KÞ becomes even higher than the classical predic-
tions. A comparison with Eq. (3) indicates the possibility
of decreasing n for t < 4 uc.

FIG. 2 (color online). (a) t dependence of TC values.
Experimental TC values (black solid circles) were obtained
from the peak T positions in the inset in Fig. 1(b). TC values
were also estimated based on the Stoner model, i.e., Eq. (2),
using values for the nonmagnetic density of state at the Fermi
level (N0) estimated from in situ STS studies (blue open tri-
angles) and first-principles calculations (red open squares). (b) t
dependence of !ð20 KÞ. The solid line is the classical theoretical
prediction based on the increased surface scattering.FIG. 1 (color online). (a)–(c) AFM topography of SrRuO3 thin

films for different thickness values (t) of (a) 2, (b) 4, and
(c) 27 uc. (d) Topography of rough film with t ¼ 4 uc obtained
from much faster growth rate. All images are 2 "m' 2 "m in
size. (e) Temperature (T) dependence of the normalized resis-
tivity !ðTÞ=!ð300 KÞ of SrRuO3 thin films for t of 2–46 uc. The
SrRuO3 films remain metallic down to 2 uc. The inset shows the
!ðTÞ=!ð300 KÞ of the rough film with t ¼ 4 uc.
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Tc decreases drastically below 4 uc and vanishes for 2 uc 

But the metallic state persists 
down to 2 uc 



First-principles simulations on                 
(SrTiO3)5/(SrRuO3)1  periodic superlattices 
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The superlattice can be viewed as a complete doping 
of the B site (Ti) of a single layer with Ru atoms 



Are there other mechanisms to generate 
2DEG at oxide interfaces? 

Doping the A-site of a SrTiO3 matrix 

Complete replacement of the Sr atom   
of a single SrO layer with a rare-earth 
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Metallic and Insulating Oxide
Interfaces Controlled by
Electronic Correlations
H. W. Jang,1 D. A. Felker,2 C. W. Bark,1 Y. Wang,3 M. K. Niranjan,3 C. T. Nelson,4 Y. Zhang,4,5

D. Su,6 C. M. Folkman,1 S. H. Baek,1 S. Lee,1 K. Janicka,3 Y. Zhu,6 X. Q. Pan,4 D. D. Fong,7

E. Y. Tsymbal,3 M. S. Rzchowski,2 C. B. Eom1*

The formation of two-dimensional electron gases (2DEGs) at complex oxide interfaces is directly
influenced by the oxide electronic properties. We investigated how local electron correlations
control the 2DEG by inserting a single atomic layer of a rare-earth oxide (RO) [(R is lanthanum
(La), praseodymium (Pr), neodymium (Nd), samarium (Sm), or yttrium (Y)] into an epitaxial
strontium titanate oxide (SrTiO3) matrix using pulsed-laser deposition with atomic layer control.
We find that structures with La, Pr, and Nd ions result in conducting 2DEGs at the inserted
layer, whereas the structures with Sm or Y ions are insulating. Our local spectroscopic and
theoretical results indicate that the interfacial conductivity is dependent on electronic
correlations that decay spatially into the SrTiO3 matrix. Such correlation effects can lead to
new functionalities in designed heterostructures.

Advanced deposition techniques enable the
growth of epitaxial heterostructures with
atomically controlled interfaces such as

multilayers (1), superlattices (2–4), and ultrathin
films (5, 6). In these artificial structures, the inter-
faces play a prominent role in determining the
functionalities of the structures and their applica-
tions (7). A recent example is the discovery of
two-dimensional electron gases (2DEGs) at the
interface between complex insulating oxides (8)
such as LaAlO3/SrTiO3 (9, 10), LaTiO3/SrTiO3

(2), and LaVO3/SrTiO3 (11) heterostructures, in

which the 2DEG is confined near the LaO/TiO2

interface. Magnetic and superconducting ground
states of the 2DEG have been identified (12–14),

and applications to field-effect transistors and tun-
nel junctions have been demonstrated (15–17).

Theoretical work on LaTiO3/SrTiO3 super-
lattices (18) suggests that for a several-unit-cell-
thick LaTiO3 layer, the LaTiO3/SrTiO3 interface
region is metallic; however, nonmetallic behavior
dominates in the LaTiO3 region away from the
interface, resulting from strong electron correla-
tions similar to those found in bulk LaTiO3. In
other bulk rare-earth titanates, the effect of elec-
tron correlations depends critically on the rare-
earth ion (19). We used the unique electronic char-
acter of oxide interfaces, and atomic level control
of their structure and composition, to deliberately
manipulate the 2DEG electronic properties.

We studied the effect of strong electron cor-
relations on an oxide 2DEG by inserting a single
atomic layer of RO (R is La, Pr, Nd, Sm, or Y)
into an epitaxial SrTiO3matrix using pulsed-laser
deposition with atomic layer control. The RO
layer donates electrons to the conduction band of
SrTiO3. These electrons remain near the inserted
RO layer due to Coulomb attraction. We find that
the transport properties of these electrons range
from metallic to insulating, depending critically
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of Physics, University of Wisconsin–Madison, Madison, WI
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sion, Argonne National Laboratory, Argonne, IL 60439, USA.
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Fig. 1. (A) Schematic
representation of a SrTiO3/
1-ML RO/SrTiO3 hetero-
structure. The atomic struc-
ture near the interface is
enlarged. The +1 valent
RO layer donates elec-
trons to neighboring TiO2
planes, leading to the
larger electron density ne
near the interface. (B) Typ-
ical RHEED oscillations
for the growth of 1-ML
LaO and 10-uc SrTiO3 lay-
ers in sequence on a TiO2-
terminated SrTiO3 substrate.
(C) AFM image of a 10-uc
SrTiO3/1-ML LaO/SrTiO3
heterostructure showing an
atomically smooth surface.
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Substitution of La for Sr provides one extra electron that
is transferred to surrounding Ti 3d states. Upon the low-
dimensional La substitution, 2D arrangement of the trivalent
La dopants forms a positively charged La sheet, which must
be screened, both by electrons and by ions. For the electronic
screening, the positive La layer produces a potential well, near
which the electrons will be confined if the layer is isolated.
Ionic screening occurs through atomic relaxation: Ti and Sr
cations move outward from the positively charged La sheet
while O anions move inward. Such a polar distortion produces
local dipoles pointing outward from the La layer, displayed for
the 5 × 1 SL in Fig. 1(a), which decreases monotonically away
from the La layer. Similar polar distortions have been reported
for LTO/STO and LAO/STO heterostructures.13,14,19,21 The
octahedral distortion can be quantified by the local octahedron
dimension d = [z(OIb) − z(OIa)] along the z direction. The
variation of d with the octahedron position is shown in Fig. 1(b)
for all systems we have studied. For each n × 1 stacking
sequence, the apical length d of the octahedron bordering the
La-doped layer is shorter than for subsequent layers. With
increasing doping layer separation (thicker STO slabs), the
apical length d of the octahedron adjacent to the La-doped layer
initially decreases toward that of an undistorted octahedron
(d = 3.895 Å, calculated) but then crosses and becomes smaller
than the undistorted n > 3 unit cells. The observation that this
octahedron becomes compressed for n > 3n correlates with
experimental results on the same system,10 where precisely
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FIG. 1. (Color online) (a) Optimized atomic structure for the 5 ×
1 SL. The signed numbers (in Å) indicate the change of the distance
along z axis between Ti and equatorial OII’s [pink (gray)], Ti and the
apical OIa’s or OIb’s [blue (dark gray)], and apical OIa’s and OIb’s
[thick red (gray)] from an unrelaxed octahedron. The positive sign
denotes an increase. (b) Distortion of the TiO6 octahedra on both
sides of the SLO layer in the n × 1 SL (n = 1–5). The vertical dashed
line indicates the undistorted octahedron.

this value is the critical thickness at which a metal-insulator
transition occurs. Thus the compression of the octahedron
appears to be associated with the transition, as well as the
changing (average) carrier density. An analogous compression
near the interface was also experimentally reported in the
LAO/STO system.22

Now we describe the tuning of the electronic system
afforded by the layer variable n. Figure 2 shows the near-Fermi
energy bands and projected density of states (PDOS) of the
Ti 3d–derived t2g (dxy,dyz,dxz) for bulk STO and for n = 1
and 5. The PDOS is plotted for the Ti site adjacent to the
La-doped plane. The threefold degeneracy of the t2g manifold
is removed due to the presence of the La-doped layer and
to the structural distortion discussed above (Fig. 1). In the
n = 1 case, the dxy orbital is hardly split off (by no more than
10 meV, Fig. 2), but for n = 5 the orbital reconstruction is clear
(40-meV splitting). This magnitude of splitting is sufficient
that the dyz,dxz orbitals are emptied: the transition to a pure dxy

band occupancy. Similar 3d band splitting has been observed
in the LAO/STO heterostructures, where x-ray-absorption
spectroscopy showed that the dxy orbital has a lower energy
than (dyz,dxz) by 50 meV and becomes the first available states
for conducting electrons.23 Recently, Kozuka et al.12 have
shown that Shubnikov–de Haas oscillations of superimposed
frequencies were observed in a similar system, i.e., Nb-doped
STO embedded in STO, which could be attributed to a confined
electron gas of multiple subbands.

To characterize the transport properties of the carriers, we
consider the dispersion of the multiple subbands in more
detail. As is seen in Fig. 2, the dxz,dyz bands still show a
parabolic dispersion near the ! point while the dxy band
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FIG. 2. (Color online) The band structure at the bottom of the
conduction band (left) and PDOS (right) of the Ti 3d–derived t2g

(dxy,dyz, and dxz) orbitals for bulk Sr1−xLaxTiO3, 1 × 1 (n = 1), and
5 × 1 (n = 5) SL. The PDOS is plotted for the Ti atoms nearest to the
La-doped (SLO) plane in the SL.
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Partial replacement of the Sr atom of a 
single SrO layer with La 

P. V. Ong et al., Physical Review B 83, 193106 
(2011) 

The conduction electrons are transferred to the SrTiO3 matrix but stay 
near the RO layer due to Coulomb attractions 



First-principles simulations of 
(SrTiO3)5/(SrRuO3)1 superlattices 

Local Spin Density Approximation + Hubbard U 
(LSDA+U) 

Ueff = 4.0 eV, applied only to Ru-d orbitals 
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                in-plane symmetry to allow rotation of 
oxygen octahedra and different magnetic orders  



First-principles simulations of 
(SrTiO3)5/(SrRuO3)1 superlattices 

Ueff = 4.0 eV, applied only to Ru-d orbitals 
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                in-plane symmetry to allow rotation of 
oxygen octahedra and different magnetic orders  

Full relaxation of atomic coordinates 
(atomic forces smaller than 0.01 eV/Å) 

In-plane lattice constant constrained to 
the theoretical one of SrTiO3 (3.874 Å) 



Atomic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 
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RuO6 oxygen octahedra rotates 11.6° 
bulk tetragonal SrRuO3 under the same 
strain conditions  rotates 11.3° 

M. Verissimo-Alves et al.,  
Physical Review Letters 108, 107003 (2012) 



Atomic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 

RuO6 oxygen octahedra rotates 11.6° 
bulk tetragonal SrRuO3 under the same 
strain conditions  rotates 11.3° 

Interactions between RuO2 planes well 
screened already with 5 layers of SrTiO3 
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Atomic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 

Small atomic 
rumplings and 
changes in the 

interplanar 
distances 

Units in Å 

M. Verissimo-Alves et al.,  
Physical Review Letters 108, 107003 (2012) 



Electronic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 
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 2DEG exhibit magnetism with 
 magnetic moment                 
per SrRuO3 unit cell 

Electronic states around the 
Fermi level are fully spin 

polarized, with only the minority 
spin  electrons involved in the 

charge transport 

Two dimensional electron gas, 
strictly confined in the SrRuO3 

layer 

NO POLAR CATASTROPHE 

NO O VACANCIES 

M. Verissimo-Alves et al.,  
Physical Review Letters 108, 107003 (2012) 



Which orbital are responsible for the 
PDOS in the RuO2 layer? 
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Two degenerated perpendicular one-dimensional 
bands 

M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



Which orbital are responsible for the 
PDOS in the RuO2 layer? 
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M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



Which orbital are responsible for the 
PDOS in the RuO2 layer? 
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M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



The most important feature can be explained 
within a simple tight-binding model 

Only t2g states retained in the basis set 

Assuming cubic symmetry, the PDOS of 
a full three dimensional solid 

dxy band unaltered 

dxz,yz present two peaks 
in good agreement with 

first-principles 

Reducing dimensionality (slab) 

M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



Good agreement between          
tight-binding and first-principles 
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What about 
the shifts? 

M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



Two different effects to explain the shifts 
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What about 
the shifts? 

Different in 
bonding of the 

orbitals in-plane 
and out-of-plane 

neighbors 

Strong correlation: 
the Hubbard U 

correction 

M. Verissimo-Alves et al., Phys. Rev. Lett. 108, 107003 (2012) 



Explaining the shift: Different in bonding of the 
orbitals with in-plane and out-of-plane 

dxy orbitals only interact strongly with in-plane neighbors.  
All of them are orbitals centered around Ru4+ atoms   



Explaining the shift: Different in bonding of the 
orbitals with in-plane and out-of-plane 

dxy orbitals only interact strongly with in-plane neighbors.  
All of them are orbitals centered around Ru4+ atoms   

dyz,xz orbitals interact: 
 In-plane with centers around Ru4+ ions. 
 Out-of-plane  with functions centered on Ti4+ ions, mediated by O  



Explaining the shift: Different in bonding of the 
orbitals with in-plane and out-of-plane 

dxy orbitals only interact strongly with in-plane neighbors.  
All of them are orbitals centered around Ru4+ atoms   

dyz,xz orbitals interact: 
 In-plane with centers around Ru4+ ions. 
 Out-of-plane  with functions centered on Ti4+ ions, mediated by O  

Ru (2.20) is more electronegative than Ti (1.54) 

Apical O are polarized toward Ru 

Increase of covalency 

Decrease in the energy of the bonding state and a 
increase of the antibonding levels 



Explaining the shift: strong correlation, 
the Hubbard U correction 

Assuming that: 
 the majority spin t2g levels are full 
 the minority spin dxz, dyz and dxy contain respectively 0.5, 0.5 and 0.0 e 
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Good agreement between tight-binding and first-principles results 

LDA+U theory predicts that orbital energies are shifted by 
 
  
 
 where λ is the occupation of the orbital 



Conclusions 

Highly confined (one monolayer thick) 2DEG at the SrTiO3/SrRuO3 interfaces 
in (SrTiO3)5/(SrRuO3)1 periodic superlattices 

2DEG localized on d-orbitals of Ru and not on Ti 

2DEG intrinsically magnetic (not dependent on O 
vacancies or defects, as in LaAlO3/SrTiO3) 

New origin for the 2DEG: due to electronegativity of Ru, 
and not to polar catastrophe 
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Two questions addressed in this talk 

Question: Are there alternative mechanisms to generate 
two dimensional electron gases with new intrinsic 

functional properties? 

If so, what are they useful for? 

1. Coupling between magnetism and ferroelectricity 



Ferroelectric PbTiO3/SrRuO3 superlattices 
with broken inversion symmetry 

driven compositional inversion symmetry breaking could
be assessed. The total number of bilayers in the superlattice
was varied from one sample to another so that the total
thickness of each sample was in each case as close as
possible to 100 nm. Growth rates for the two materials
within the superlattice were obtained from x-ray diffrac-
tion measurements performed on many preliminary
samples. Bottom SrRuO3 electrodes (20 nm in thickness)
were deposited in situ for the samples used for electrical
measurements, and gold top electrodes were added to the
samples in a second deposition process. The superlattices
were grown at a temperature of 550 !C and the SrRuO3

electrodes were grown at 620 !C.
Experimentally, it has been demonstrated byRjinders et al.

[34] that when grown by pulsed laser deposition the termi-
nation of a SrRuO3 film is affected by both deposition con-
ditions and layer thickness, and that as a film grows on Ti
terminatedSrTiO3 there is a conversion fromaRuO2 to a SrO
termination layer. At a growth temperature of 700 !C this
transition already occurs for a single unit cell SrRuO3 layer,
but at lower deposition temperatures, this transition occurs
later in the growth, as the RuO2 layer is comparably more
stable at these conditions. As a consequence of the small
thickness of our SrRuO3 layers, the low deposition tempera-
tures used in our process, and the different kinetic regime of
sputtering as compared to pulsed laser deposition, a RuO2

termination of our SrRuO3 layers, may still be possible.
The epitaxial growth of our samples was confirmed by

x-ray diffraction and high resolution (HR) scanning trans-
mission electron microscopy (STEM). Figure 1(a) shows a
HR STEM cross section of an 8=1 PbTiO3=SrRuO3 super-
lattice. The PbTiO3 layers are the brightest because of
the high atomic number of Pb, while the SrRuO3 layers
are less bright than PbTiO3, but have enhanced brightness
compared to SrTiO3 (not shown) because the Ru ion has a
higher atomic number than Ti. In addition to the STEM
image shown, we also carried out STEM-EELS line scans
[35], which support the ideality of our grown structures.

Although the interface most likely to form in
PbTiO3=SrRuO3 superlattices if the atoms in the material
are deposited in the same ratio as the parent targets breaks

inversion symmetry, it is possible to consider interfaces
that might form which do not. In Fig. 1(b) we show three
kinds of interfaces which we have studied using first
principles calculations, which we illustrate for the case of
a 3=1 superlattice. The ideal structure which breaks inver-
sion symmetry is the first from the left in Fig. 1(b). In order
to study the significance of the symmetry breaking effect,
we also simulated two different kinds of interface which
conserve symmetry: one in which one Pb-O plane has been
replaced by a Sr-O plane, which is shown in the center of
Fig. 1(b); and another (less likely due to the high volatility
of Ru) unit cell in which a Ti-O plane has been replaced
by a Ru-O plane, shown on the right.
We investigated the three kinds of interface shown above

using first principles calculations. These were performed
using density functional theory, using a basis of numerical
atomic orbitals as implemented in the SIESTA code [36]. We
used the same basis set and pseudopotentials as Verissimo-
Alves et al. [27]. We studied the influence of spin polariza-
tion, the use of the generalized gradients approximation
within the commonly used Wu-Cohen parametrization
[37], and the effect of correlations within the LDAþU
and LSDAþU approximations [38] which are the local
density approximation and local spin density approximation,
modified by the addition of a HubbardU term. The different
approximations used can affect the electronic properties of
the metallic layer along the parallel direction. However, the
electrical anisotropy is mostly dependent on the superlattice
periodicity, and therefore results are computed using the
local density approximation (LDA),which is the bestmethod
to characterize both the structural and electronic properties of
the superlattices. Full details regarding the calculations can
be found in the Supplemental Material [35]. We examined
the electrical conductivity of the superlattices both in plane
(!xx) and out of plane (!zz) by calculating the diagonal
elements of the conductivity tensor within the relaxation
time approximation to the Boltzmann transport equation
[39]. The anisotropy in ! is fully determined by the anisot-
ropy of the Fermi surface geometry, as determined by!""¼
$e2#

P
kv

2
k"$ð%F$%kÞ. The relaxation time, #, is the only

variational parameter in the expression, and we choose # ¼
1:3' 10$14 s after experimental results in bulk SrRuO3

[40]. This approximation ignores the anisotropy of the
electron-phonon scattering, although this is known to be a
much smaller effect [39]. The results shown in Fig. 2(a) are
for the ideal interfaces, but these quantities were also calcu-
lated for the two other cases and are qualitatively similar,
again an indication that the anisotropy is almost fully deter-
mined by the inter-SrRuO3 layer distance. We find, in agree-
ment with Ref. [27], that the electrons in the single unit
cell layers of SrRuO3 are confined to that layer, so while
the in-plane conductivity, !xx, of the structures does not
change dramatically as the spacing between the layers is
varied, the out-of-plane conductivity, !zz, decreases expo-
nentiallywith a characteristic length of 1.3 Å as the thickness
of the PbTiO3 layers is increased.

(a) Pb Sr Ti Ru O

Ideal
symmetry
breaking
interface

Sr excess 
symmetry
conserving
interface

Ru excess 
symmetry
conserving
interface

(b)

FIG. 1 (color online). (a) A HR-STEM image of an 8=1
PbTiO3=SrRuO3 superlattice. (b) The three types of interfaces
considered theoretically in this Letter, illustrated for the case of
a 3=1 PbTiO3=SrRuO3 superlattice.
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n-unit cells of PbTiO3 / 1unit cell of SrRuO3 

In the two-component PbTiO3=SrRuO3 superlattices in
which the inversion symmetry is broken by the ideal inter-
face structure, our calculations predict a self-poling behav-
ior. In Fig. 2(b) we show the energy of the superlattice as a
function of the polarization. We computed the total energy
of the system for atomic displacements along the line ~r ¼
~rPþ þ uð ~rP$ $ ~rPþÞ, interpolating linearly between the

two minima of the energy. These two minima are charac-
terized by two different polarization states, Pup (higher

energy minimum) and Pdown (lower energy minimum).
As shown in Table I, the simulations for the ideal interface
show that, as the PbTiO3 layer thickness is reduced, there is
an increasingly large difference in the values of the stable
up and down polarizations, until for the 5=1 superlattice,
when the potential well has just one minimum, only the
down polarization is stable.

The preference of one polarization state over another for
superlattices with broken compositional inversion symmetry
was seen in all of the calculation schemes used. In the spin
polarized calculations for samples with single unit cell
layers of SrRuO3 the spin polarization is not affected by
the direction of the polarization. However, in simulations of
superlattices with symmetry breaking interfaces that have
SrRuO3 layers thicker than 1 u.c. the magnetization is
different for the two polarization directions. Although it is
not the focus of the present paper, this finding demonstrates
the potential for the compositional breaking of inversion
symmetry at the PbTiO3=SrRuO3 interface to enable a form
of coupling between magnetism and ferroelectricity.

Experimental values for the switched ferroelectric polar-
ization of the samples were obtained from polarization-
electric field hysteresis loops performed on a number of
samples. Polarization hysteresis was observed in samples
with a PbTiO3 layer thickness of 5 u.c. or greater.
The experimentally measured polarization as a function of
the total number of unit cells in each bilayer is shown in
Fig. 3, along with characteristic loops measured at three
different frequencies on the 7=1 sample shown as an inset.
Successful hysteresis loops confirm that the thin layers of
SrRuO3 in the material are acting as dielectric layers, and
allow a continuous polarization in the structure. An indepen-
dent confirmation of ferroelectricity comes from x-ray dif-
fraction reciprocal space maps around superlattice Bragg
peaks, shown in the Supplemental Material [35]. These
show diffuse scattering from the in-plane periodicity of
stripe domains with polarization oriented up and down with
respect to the substrate, and are similar to those seen in
PbTiO3=SrRuO3 superlattices [41,42]. These domain fea-
tures were observed in the 7=1, 9=1, and 13=1 superlattices,
but not in the 5/1 superlattice. The lack of domain features in
the 5=1 PbTiO3=SrRuO3 superlattice may be due to the
relative instability of one polarization state with respect to
each other, i.e., while the polarization can be switched under
a field from one direction to the other, its equilibrium
configuration is dominated by a single polarization direction.
Direct comparisons between the calculated stable polariza-
tions in the layer and the experimentally measured switched
polarizations are difficult to make, as the two quantities,
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TABLE I. Calculated stable polarization magnitudes (DFT LDA) in the up and down direc-
tions for a selection of ideal superlattices.

Stable polarization (!C=cm2)
Ideal Sr excess Ru excess

Superlattice Pdown Pup P P

ðPbTiO3Þ5ðSrRuO3Þ1 35.8 unstable 2.0 23.3
ðPbTiO3Þ6ðSrRuO3Þ1 39.2 16.8 16.4 32.5
ðPbTiO3Þ7ðSrRuO3Þ1 45.0 45.1 27.2 44.2
ðPbTiO3Þ9ðSrRuO3Þ1 50.9 50.2 42.9 52.7
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•  Inversion symmetry is artificially broken in a 
bicolor superlattice 

•  Hysteresis loops are measured 

In the two-component PbTiO3=SrRuO3 superlattices in
which the inversion symmetry is broken by the ideal inter-
face structure, our calculations predict a self-poling behav-
ior. In Fig. 2(b) we show the energy of the superlattice as a
function of the polarization. We computed the total energy
of the system for atomic displacements along the line ~r ¼
~rPþ þ uð ~rP$ $ ~rPþÞ, interpolating linearly between the

two minima of the energy. These two minima are charac-
terized by two different polarization states, Pup (higher

energy minimum) and Pdown (lower energy minimum).
As shown in Table I, the simulations for the ideal interface
show that, as the PbTiO3 layer thickness is reduced, there is
an increasingly large difference in the values of the stable
up and down polarizations, until for the 5=1 superlattice,
when the potential well has just one minimum, only the
down polarization is stable.

The preference of one polarization state over another for
superlattices with broken compositional inversion symmetry
was seen in all of the calculation schemes used. In the spin
polarized calculations for samples with single unit cell
layers of SrRuO3 the spin polarization is not affected by
the direction of the polarization. However, in simulations of
superlattices with symmetry breaking interfaces that have
SrRuO3 layers thicker than 1 u.c. the magnetization is
different for the two polarization directions. Although it is
not the focus of the present paper, this finding demonstrates
the potential for the compositional breaking of inversion
symmetry at the PbTiO3=SrRuO3 interface to enable a form
of coupling between magnetism and ferroelectricity.

Experimental values for the switched ferroelectric polar-
ization of the samples were obtained from polarization-
electric field hysteresis loops performed on a number of
samples. Polarization hysteresis was observed in samples
with a PbTiO3 layer thickness of 5 u.c. or greater.
The experimentally measured polarization as a function of
the total number of unit cells in each bilayer is shown in
Fig. 3, along with characteristic loops measured at three
different frequencies on the 7=1 sample shown as an inset.
Successful hysteresis loops confirm that the thin layers of
SrRuO3 in the material are acting as dielectric layers, and
allow a continuous polarization in the structure. An indepen-
dent confirmation of ferroelectricity comes from x-ray dif-
fraction reciprocal space maps around superlattice Bragg
peaks, shown in the Supplemental Material [35]. These
show diffuse scattering from the in-plane periodicity of
stripe domains with polarization oriented up and down with
respect to the substrate, and are similar to those seen in
PbTiO3=SrRuO3 superlattices [41,42]. These domain fea-
tures were observed in the 7=1, 9=1, and 13=1 superlattices,
but not in the 5/1 superlattice. The lack of domain features in
the 5=1 PbTiO3=SrRuO3 superlattice may be due to the
relative instability of one polarization state with respect to
each other, i.e., while the polarization can be switched under
a field from one direction to the other, its equilibrium
configuration is dominated by a single polarization direction.
Direct comparisons between the calculated stable polariza-
tions in the layer and the experimentally measured switched
polarizations are difficult to make, as the two quantities,
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tions for a selection of ideal superlattices.

Stable polarization (!C=cm2)
Ideal Sr excess Ru excess

Superlattice Pdown Pup P P

ðPbTiO3Þ5ðSrRuO3Þ1 35.8 unstable 2.0 23.3
ðPbTiO3Þ6ðSrRuO3Þ1 39.2 16.8 16.4 32.5
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•  The electrons are confined to the SrRuO3 layer 
(         does not change dramatically with the 
spacing between layers) 

•  The out-of-plane conductivity decreases 
exponentially 



Ferroelectric PbTiO3/SrRuO3 superlattices 
with broken inversion symmetry 

driven compositional inversion symmetry breaking could
be assessed. The total number of bilayers in the superlattice
was varied from one sample to another so that the total
thickness of each sample was in each case as close as
possible to 100 nm. Growth rates for the two materials
within the superlattice were obtained from x-ray diffrac-
tion measurements performed on many preliminary
samples. Bottom SrRuO3 electrodes (20 nm in thickness)
were deposited in situ for the samples used for electrical
measurements, and gold top electrodes were added to the
samples in a second deposition process. The superlattices
were grown at a temperature of 550 !C and the SrRuO3

electrodes were grown at 620 !C.
Experimentally, it has been demonstrated byRjinders et al.

[34] that when grown by pulsed laser deposition the termi-
nation of a SrRuO3 film is affected by both deposition con-
ditions and layer thickness, and that as a film grows on Ti
terminatedSrTiO3 there is a conversion fromaRuO2 to a SrO
termination layer. At a growth temperature of 700 !C this
transition already occurs for a single unit cell SrRuO3 layer,
but at lower deposition temperatures, this transition occurs
later in the growth, as the RuO2 layer is comparably more
stable at these conditions. As a consequence of the small
thickness of our SrRuO3 layers, the low deposition tempera-
tures used in our process, and the different kinetic regime of
sputtering as compared to pulsed laser deposition, a RuO2

termination of our SrRuO3 layers, may still be possible.
The epitaxial growth of our samples was confirmed by

x-ray diffraction and high resolution (HR) scanning trans-
mission electron microscopy (STEM). Figure 1(a) shows a
HR STEM cross section of an 8=1 PbTiO3=SrRuO3 super-
lattice. The PbTiO3 layers are the brightest because of
the high atomic number of Pb, while the SrRuO3 layers
are less bright than PbTiO3, but have enhanced brightness
compared to SrTiO3 (not shown) because the Ru ion has a
higher atomic number than Ti. In addition to the STEM
image shown, we also carried out STEM-EELS line scans
[35], which support the ideality of our grown structures.

Although the interface most likely to form in
PbTiO3=SrRuO3 superlattices if the atoms in the material
are deposited in the same ratio as the parent targets breaks

inversion symmetry, it is possible to consider interfaces
that might form which do not. In Fig. 1(b) we show three
kinds of interfaces which we have studied using first
principles calculations, which we illustrate for the case of
a 3=1 superlattice. The ideal structure which breaks inver-
sion symmetry is the first from the left in Fig. 1(b). In order
to study the significance of the symmetry breaking effect,
we also simulated two different kinds of interface which
conserve symmetry: one in which one Pb-O plane has been
replaced by a Sr-O plane, which is shown in the center of
Fig. 1(b); and another (less likely due to the high volatility
of Ru) unit cell in which a Ti-O plane has been replaced
by a Ru-O plane, shown on the right.
We investigated the three kinds of interface shown above

using first principles calculations. These were performed
using density functional theory, using a basis of numerical
atomic orbitals as implemented in the SIESTA code [36]. We
used the same basis set and pseudopotentials as Verissimo-
Alves et al. [27]. We studied the influence of spin polariza-
tion, the use of the generalized gradients approximation
within the commonly used Wu-Cohen parametrization
[37], and the effect of correlations within the LDAþU
and LSDAþU approximations [38] which are the local
density approximation and local spin density approximation,
modified by the addition of a HubbardU term. The different
approximations used can affect the electronic properties of
the metallic layer along the parallel direction. However, the
electrical anisotropy is mostly dependent on the superlattice
periodicity, and therefore results are computed using the
local density approximation (LDA),which is the bestmethod
to characterize both the structural and electronic properties of
the superlattices. Full details regarding the calculations can
be found in the Supplemental Material [35]. We examined
the electrical conductivity of the superlattices both in plane
(!xx) and out of plane (!zz) by calculating the diagonal
elements of the conductivity tensor within the relaxation
time approximation to the Boltzmann transport equation
[39]. The anisotropy in ! is fully determined by the anisot-
ropy of the Fermi surface geometry, as determined by!""¼
$e2#

P
kv

2
k"$ð%F$%kÞ. The relaxation time, #, is the only

variational parameter in the expression, and we choose # ¼
1:3' 10$14 s after experimental results in bulk SrRuO3

[40]. This approximation ignores the anisotropy of the
electron-phonon scattering, although this is known to be a
much smaller effect [39]. The results shown in Fig. 2(a) are
for the ideal interfaces, but these quantities were also calcu-
lated for the two other cases and are qualitatively similar,
again an indication that the anisotropy is almost fully deter-
mined by the inter-SrRuO3 layer distance. We find, in agree-
ment with Ref. [27], that the electrons in the single unit
cell layers of SrRuO3 are confined to that layer, so while
the in-plane conductivity, !xx, of the structures does not
change dramatically as the spacing between the layers is
varied, the out-of-plane conductivity, !zz, decreases expo-
nentiallywith a characteristic length of 1.3 Å as the thickness
of the PbTiO3 layers is increased.

(a) Pb Sr Ti Ru O

Ideal
symmetry
breaking
interface

Sr excess 
symmetry
conserving
interface

Ru excess 
symmetry
conserving
interface

(b)

FIG. 1 (color online). (a) A HR-STEM image of an 8=1
PbTiO3=SrRuO3 superlattice. (b) The three types of interfaces
considered theoretically in this Letter, illustrated for the case of
a 3=1 PbTiO3=SrRuO3 superlattice.
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n-unit cells of PbTiO3 / 1unit cell of SrRuO3 

In simulations of superlattices with more 
than one unit cells thick of SrRuO3, the 
magnetization is different for the two 

polarization directions 



Two questions addressed in this talk 

Question: Are there alternative mechanisms to generate 
two dimensional electron gases with new intrinsic 

functional properties? 

If so, what are they useful for? 

1. Coupling between magnetism and ferroelectricity 

2. Use in thermoelectric devices 



Analysis of the thermoelectric figure of merit for 
SrTiO3/SrRuO3/SrTiO3 superlattices 
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The thermoelectric effect is the direct 
conversion of temperature differences 

to electric voltage and viceversa.  

A good thermoelectric system could be 
used to convert waste heat into 

electricity without producing 
greenhouse gas emissions. 

 



Thermoelectric materials might play a role on the 
solution of today’s energy problem 

K. Koumoto, I. Terasaki and R. Funahashi, MRS Bulletin 31 206 (2006) 



Thermal conductivity 

Electrical conductivity 

Seebeck coefficient 

Absolute temperature 

Figure of merit 

For a material to be useful for electronic devices, ZT > 1 at room temperature 

Performance of a thermoelectric material evaluated 
through the dimensionless figure of merit 

With conventional solids, a limit is rapidly obtained, where a modification to any 
one of these parameters adversely affects the other transport coefficients so the 

resulting Z does not vary significantly. 



L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B 47, 12727 (1993) 

Electrons confined to move in two dimensions. 

 

Change in the band structure and the electronic density of states  

It might be possible to increase Z of certain materials 
preparing them in quantum-well superlattices 

An increase in the carrier density per unit volume can be 
obtained without changing the Fermi energy, i.e. without a 

change in the Seebeck coefficient 

Two-dimensional density of states 
in the free-electron model 



It might be possible to increase Z of certain materials 
preparing them in quantum-well superlattices 

 

Are we stuck?

Well, perhaps not really... theory to the rescue!



L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B 47, 12727 (1993) 

Electrons confined to move in two dimensions. 

Layering may reduce the phonon themal conductivity 

Degrees of freedom to play with in superlattices: 

 - Layer thickness (the thinnest the better)   

 - Orientation in which make the layers 

 - Optimum current direction 

 - Anisotropy effective-mass tensor 

It might be possible to increase Z of certain materials 
preparing them in quantum-well superlattices 



A new class of thermoelectric materials:                                 
2DEG confined within the thickness of a unit cell in SrTiO3 

H. Ohta et al., Nature Materials 6, 129 (2007) 

H. Ohta, Materials Today, 10, 44 (2007) 

Dramatic increase in the Seebeck coefficient Thermoelectric figure of merit 

SrTiO3 (9 unit cells) / SrTi0.8Nb0.2O3 / SrTiO3 (9 unit cells) 



WIEN-2K 

Simulations of the thermoelectric figure of merit: 
transition from first to second-principles methods 

SIESTA 

CRYSTAL 

First-principles Second-principles 

BOLTZTRAP 
G. H. Madsen and D. J. Singh, 

Computer Physics Communications 
175, 67 (2006)  

Input required: 

Atomic structure 

Symmetry space group 

Electronic band structure 

Solves the semiclassical Bloch-
Boltzman transport equations 
within the constant relaxation 

time approximation 

… 



Transport tensors in SrTiO3/SrRuO3/SrTiO3: 
minority spin Behavior around Fermi energy at zero doping 

is different for each spin component 

M. Verissimo-Alves et al. Phys. Rev. B 86, 085305 (2012)  

System is metallic 

Conductivity presents a local 
maximum close to  

decreases as the chemical 
potential gets closer to the dxz,yz 

band edge 

PABLO GARCÍA-FERNÁNDEZ et al. PHYSICAL REVIEW B 86, 085305 (2012)

 

FIG. 2. (Color online) Total DOS (solid black lines) and PDOS
on some Ru(4d) orbitals, showing the main character of the bands
around the Fermi energy in (SrTiO3)5/(SrRuO3)1 superlattices. Green
dot-dashed lines are the projections on the 4dxy orbitals, blue dashed
lines those on the 4dxz,yz orbitals (these curves are exactly degenerate),
and red dotted lines those on the 4dx2−y2 orbitals. The zero of energies
is aligned at the Fermi level. The wiggles around zero are caused by
the finite k resolution.

for the 4d orbitals of Ru (Fig. 2). Since Ru4+ is a low-spin d4

transition metal ion, we expect the conduction band to have
a strong t2g(4dxy ,4dxz,4dyz) character. Indeed, the conduction
band in the minority spin is formed by the half-filled degenerate
Ru(4dxz,yz) orbitals while the Ru(4dxy) band is mainly situated
at an energy slightly above the Fermi level. Similarly, the
majority-spin valence band is composed by Ru t2g orbitals,
but since they are shifted to lower energies they are strongly
mixed with O(2p) bands. In Ref. 29 these features were
explained with the use of a simplified tight-binding model,
including three main physical ingredients as follows: (i) the
bidimensionality of the SrRuO3 layer, (ii) the difference
of in-plane and out-of-plane bonding for the Ru ions, and
(iii) the electron-electron interactions as described by a
Hubbard term. In Fig. 2 we can also see the Ru(4dx2−y2 )
band; however, as it lies at relatively high-energies, its presence
is negligible when discussing the transport properties in this
system.

B. Transport calculations

In Fig. 3 we show the calculated electrical conductivity,
Seebeck coefficient, and power factor for T = 300 K as a
function of the position of the chemical potential (i.e., doping
level) for both the majority- and minority-spin channels. We
also compare them to their corresponding DOS. Due to the
tetragonality of the superlattice, all the previous transport
tensors are diagonal with only two independent components:
one parallel to the interface (xx = yy) and a second one
perpendicular to the interface (zz component). Since all the
carriers are confined to move in the SrRuO3 plane, from now
on we will only focus on the parallel one.

As expected for a half-metal, the behavior of these
quantities around the Fermi energy at zero doping differs
substantially according to the different nature of each spin
channel.

In the case of the minority spin, the system is metallic
in the SrRuO3 layer (Fig. 2), and the conductivity presents

FIG. 3. Results of the calculation of the electronic DOS and
transport properties at 300 K [conductivity (σ ), Seebeck coefficient
(S), and power factor (PF)] of (SrTiO3)5/(SrRuO3)1 superlattices as
obtained by Boltzmann’s semiclassical transport theory. On the left
column we show results for the majority-spin bands and on the right
for the minority-spin ones.

a local maximum close to µ = 0. Then σ decreases quickly
as the chemical potential decreases and gets closer to the Ru
(4dxz,yz) band edge (around −0.6 eV below the Fermi energy;
see Fig. 2). The other spin component (the majority one)
is semiconducting and the small nonzero contribution to σ
(indiscernible from zero in the scale of the figure) comes from
the use of a finite temperature in the simulation (electrons
thermally excited to the conduction bands, leaving behind
holes in the valence band). In both cases, the conductivity
quickly increases when |µ| > 1.5 eV as the doping starts
to involve the large density of states associated with SrTiO3
levels. When we compare these values with those of typical
high-efficiency thermoelectrics, σ ≈ 1 (m" cm)−1, we find
that the value for the minority spin is larger [≈3 (m" cm)−1]
while that of the majority channel is much smaller.

Similarly, the curves for S also reflect the different nature of
the spin components. In the case of the majority-spin channel
that displays a semiconductor-type behavior, we note a typical
discontinuity of the Seebeck coefficient, showing the change
from hole (region with µ < 0) to electron (region with µ > 0)

085305-4
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dot-dashed lines are the projections on the 4dxy orbitals, blue dashed
lines those on the 4dxz,yz orbitals (these curves are exactly degenerate),
and red dotted lines those on the 4dx2−y2 orbitals. The zero of energies
is aligned at the Fermi level. The wiggles around zero are caused by
the finite k resolution.

for the 4d orbitals of Ru (Fig. 2). Since Ru4+ is a low-spin d4

transition metal ion, we expect the conduction band to have
a strong t2g(4dxy ,4dxz,4dyz) character. Indeed, the conduction
band in the minority spin is formed by the half-filled degenerate
Ru(4dxz,yz) orbitals while the Ru(4dxy) band is mainly situated
at an energy slightly above the Fermi level. Similarly, the
majority-spin valence band is composed by Ru t2g orbitals,
but since they are shifted to lower energies they are strongly
mixed with O(2p) bands. In Ref. 29 these features were
explained with the use of a simplified tight-binding model,
including three main physical ingredients as follows: (i) the
bidimensionality of the SrRuO3 layer, (ii) the difference
of in-plane and out-of-plane bonding for the Ru ions, and
(iii) the electron-electron interactions as described by a
Hubbard term. In Fig. 2 we can also see the Ru(4dx2−y2 )
band; however, as it lies at relatively high-energies, its presence
is negligible when discussing the transport properties in this
system.

B. Transport calculations

In Fig. 3 we show the calculated electrical conductivity,
Seebeck coefficient, and power factor for T = 300 K as a
function of the position of the chemical potential (i.e., doping
level) for both the majority- and minority-spin channels. We
also compare them to their corresponding DOS. Due to the
tetragonality of the superlattice, all the previous transport
tensors are diagonal with only two independent components:
one parallel to the interface (xx = yy) and a second one
perpendicular to the interface (zz component). Since all the
carriers are confined to move in the SrRuO3 plane, from now
on we will only focus on the parallel one.

As expected for a half-metal, the behavior of these
quantities around the Fermi energy at zero doping differs
substantially according to the different nature of each spin
channel.

In the case of the minority spin, the system is metallic
in the SrRuO3 layer (Fig. 2), and the conductivity presents

FIG. 3. Results of the calculation of the electronic DOS and
transport properties at 300 K [conductivity (σ ), Seebeck coefficient
(S), and power factor (PF)] of (SrTiO3)5/(SrRuO3)1 superlattices as
obtained by Boltzmann’s semiclassical transport theory. On the left
column we show results for the majority-spin bands and on the right
for the minority-spin ones.

a local maximum close to µ = 0. Then σ decreases quickly
as the chemical potential decreases and gets closer to the Ru
(4dxz,yz) band edge (around −0.6 eV below the Fermi energy;
see Fig. 2). The other spin component (the majority one)
is semiconducting and the small nonzero contribution to σ
(indiscernible from zero in the scale of the figure) comes from
the use of a finite temperature in the simulation (electrons
thermally excited to the conduction bands, leaving behind
holes in the valence band). In both cases, the conductivity
quickly increases when |µ| > 1.5 eV as the doping starts
to involve the large density of states associated with SrTiO3
levels. When we compare these values with those of typical
high-efficiency thermoelectrics, σ ≈ 1 (m" cm)−1, we find
that the value for the minority spin is larger [≈3 (m" cm)−1]
while that of the majority channel is much smaller.

Similarly, the curves for S also reflect the different nature of
the spin components. In the case of the majority-spin channel
that displays a semiconductor-type behavior, we note a typical
discontinuity of the Seebeck coefficient, showing the change
from hole (region with µ < 0) to electron (region with µ > 0)
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Seebeck coefficient is very small at 

When the system is doped, the absolute value 
increase lineary with the chemical potential 



Transport tensors in SrTiO3/SrRuO3/SrTiO3: 
majority spin Behavior around Fermi energy at zero doping 

is different for each spin component 

M. Verissimo-Alves et al. Phys. Rev. B 86, 085305 (2012)  

System is semiconducting 

Small contribution to  
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for the 4d orbitals of Ru (Fig. 2). Since Ru4+ is a low-spin d4

transition metal ion, we expect the conduction band to have
a strong t2g(4dxy ,4dxz,4dyz) character. Indeed, the conduction
band in the minority spin is formed by the half-filled degenerate
Ru(4dxz,yz) orbitals while the Ru(4dxy) band is mainly situated
at an energy slightly above the Fermi level. Similarly, the
majority-spin valence band is composed by Ru t2g orbitals,
but since they are shifted to lower energies they are strongly
mixed with O(2p) bands. In Ref. 29 these features were
explained with the use of a simplified tight-binding model,
including three main physical ingredients as follows: (i) the
bidimensionality of the SrRuO3 layer, (ii) the difference
of in-plane and out-of-plane bonding for the Ru ions, and
(iii) the electron-electron interactions as described by a
Hubbard term. In Fig. 2 we can also see the Ru(4dx2−y2 )
band; however, as it lies at relatively high-energies, its presence
is negligible when discussing the transport properties in this
system.

B. Transport calculations

In Fig. 3 we show the calculated electrical conductivity,
Seebeck coefficient, and power factor for T = 300 K as a
function of the position of the chemical potential (i.e., doping
level) for both the majority- and minority-spin channels. We
also compare them to their corresponding DOS. Due to the
tetragonality of the superlattice, all the previous transport
tensors are diagonal with only two independent components:
one parallel to the interface (xx = yy) and a second one
perpendicular to the interface (zz component). Since all the
carriers are confined to move in the SrRuO3 plane, from now
on we will only focus on the parallel one.

As expected for a half-metal, the behavior of these
quantities around the Fermi energy at zero doping differs
substantially according to the different nature of each spin
channel.

In the case of the minority spin, the system is metallic
in the SrRuO3 layer (Fig. 2), and the conductivity presents

FIG. 3. Results of the calculation of the electronic DOS and
transport properties at 300 K [conductivity (σ ), Seebeck coefficient
(S), and power factor (PF)] of (SrTiO3)5/(SrRuO3)1 superlattices as
obtained by Boltzmann’s semiclassical transport theory. On the left
column we show results for the majority-spin bands and on the right
for the minority-spin ones.

a local maximum close to µ = 0. Then σ decreases quickly
as the chemical potential decreases and gets closer to the Ru
(4dxz,yz) band edge (around −0.6 eV below the Fermi energy;
see Fig. 2). The other spin component (the majority one)
is semiconducting and the small nonzero contribution to σ
(indiscernible from zero in the scale of the figure) comes from
the use of a finite temperature in the simulation (electrons
thermally excited to the conduction bands, leaving behind
holes in the valence band). In both cases, the conductivity
quickly increases when |µ| > 1.5 eV as the doping starts
to involve the large density of states associated with SrTiO3
levels. When we compare these values with those of typical
high-efficiency thermoelectrics, σ ≈ 1 (m" cm)−1, we find
that the value for the minority spin is larger [≈3 (m" cm)−1]
while that of the majority channel is much smaller.

Similarly, the curves for S also reflect the different nature of
the spin components. In the case of the majority-spin channel
that displays a semiconductor-type behavior, we note a typical
discontinuity of the Seebeck coefficient, showing the change
from hole (region with µ < 0) to electron (region with µ > 0)
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Seebeck coefficient displays large values  

For comparison one monolayer 
of Nb-doped SrTiO3 embedded 

into a SrTiO3 matrix  

W. S. Choi et al.,                 
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FIG. 2. (Color online) Total DOS (solid black lines) and PDOS
on some Ru(4d) orbitals, showing the main character of the bands
around the Fermi energy in (SrTiO3)5/(SrRuO3)1 superlattices. Green
dot-dashed lines are the projections on the 4dxy orbitals, blue dashed
lines those on the 4dxz,yz orbitals (these curves are exactly degenerate),
and red dotted lines those on the 4dx2−y2 orbitals. The zero of energies
is aligned at the Fermi level. The wiggles around zero are caused by
the finite k resolution.

for the 4d orbitals of Ru (Fig. 2). Since Ru4+ is a low-spin d4

transition metal ion, we expect the conduction band to have
a strong t2g(4dxy ,4dxz,4dyz) character. Indeed, the conduction
band in the minority spin is formed by the half-filled degenerate
Ru(4dxz,yz) orbitals while the Ru(4dxy) band is mainly situated
at an energy slightly above the Fermi level. Similarly, the
majority-spin valence band is composed by Ru t2g orbitals,
but since they are shifted to lower energies they are strongly
mixed with O(2p) bands. In Ref. 29 these features were
explained with the use of a simplified tight-binding model,
including three main physical ingredients as follows: (i) the
bidimensionality of the SrRuO3 layer, (ii) the difference
of in-plane and out-of-plane bonding for the Ru ions, and
(iii) the electron-electron interactions as described by a
Hubbard term. In Fig. 2 we can also see the Ru(4dx2−y2 )
band; however, as it lies at relatively high-energies, its presence
is negligible when discussing the transport properties in this
system.

B. Transport calculations

In Fig. 3 we show the calculated electrical conductivity,
Seebeck coefficient, and power factor for T = 300 K as a
function of the position of the chemical potential (i.e., doping
level) for both the majority- and minority-spin channels. We
also compare them to their corresponding DOS. Due to the
tetragonality of the superlattice, all the previous transport
tensors are diagonal with only two independent components:
one parallel to the interface (xx = yy) and a second one
perpendicular to the interface (zz component). Since all the
carriers are confined to move in the SrRuO3 plane, from now
on we will only focus on the parallel one.

As expected for a half-metal, the behavior of these
quantities around the Fermi energy at zero doping differs
substantially according to the different nature of each spin
channel.

In the case of the minority spin, the system is metallic
in the SrRuO3 layer (Fig. 2), and the conductivity presents

FIG. 3. Results of the calculation of the electronic DOS and
transport properties at 300 K [conductivity (σ ), Seebeck coefficient
(S), and power factor (PF)] of (SrTiO3)5/(SrRuO3)1 superlattices as
obtained by Boltzmann’s semiclassical transport theory. On the left
column we show results for the majority-spin bands and on the right
for the minority-spin ones.

a local maximum close to µ = 0. Then σ decreases quickly
as the chemical potential decreases and gets closer to the Ru
(4dxz,yz) band edge (around −0.6 eV below the Fermi energy;
see Fig. 2). The other spin component (the majority one)
is semiconducting and the small nonzero contribution to σ
(indiscernible from zero in the scale of the figure) comes from
the use of a finite temperature in the simulation (electrons
thermally excited to the conduction bands, leaving behind
holes in the valence band). In both cases, the conductivity
quickly increases when |µ| > 1.5 eV as the doping starts
to involve the large density of states associated with SrTiO3
levels. When we compare these values with those of typical
high-efficiency thermoelectrics, σ ≈ 1 (m" cm)−1, we find
that the value for the minority spin is larger [≈3 (m" cm)−1]
while that of the majority channel is much smaller.

Similarly, the curves for S also reflect the different nature of
the spin components. In the case of the majority-spin channel
that displays a semiconductor-type behavior, we note a typical
discontinuity of the Seebeck coefficient, showing the change
from hole (region with µ < 0) to electron (region with µ > 0)
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The power factor shows strong 
compensation of the Seebeck coefficient 

and conductivity in both channels 

Wherever the Seebeck 
coefficient is large the 

electrical conductivity is 
very small (or even zero) 

Only for very strong hole doping 
(1 hole per Ru atom) an 

appreciable enhancement is 
observed 



Conclusions 

Highly confined (one monolayer thick) 2DEG at the SrTiO3/SrRuO3 interfaces 
in (SrTiO3)5/(SrRuO3)1 periodic superlattices 

2DEG localized on d-orbitals of Ru and not on Ti 

2DEG intrinsically magnetic (not dependent on O 
vacancies or defects, as in LaAlO3/SrTiO3) 

New origin for the 2DEG: due to electronegativity of Ru, 
and not to polar catastrophe 
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Bulk SrRuO3: a well known ferromagnetic metal 

Highly correlated, narrow d-band metal 

Ferromagnetic, with a transition temperature around 160 K 

In bulk, crystallizes in the GdFeO3 structure (Pbnm crystal structure; a-a-c+ rot.)  

increase in hysteresis. ~Microscopic studies, such as neutron
scattering, may reveal spin orientation in the ordered state
for x.0 materials and might determine if the moment re-
sides partially on neighboring oxygen for the mixed
crystals.5! Finally, though there is essentially no discernible
hysteresis ~very small remanent moment! for the x50
sample, there is a very rapid increase in the remanent mo-
ment for x.0. @Earlier results on a single-crystal sample
reported a significant hysteresis for SrRuO3 ~Refs. 16 and
17!.# Thus the easy axis for mixed single crystals (x.0) is
not readily determined; e.g., it is less clear that the @110# is
not the easy axis.16 Magnetic hysteresis is not an intrinsic
physical property, but the large difference in remanence be-
tween mixed (x.0) and unmixed (x50) ferromagnets, pre-
pared in exactly the same way, is compelling
In Fig. 7~a! we show several magnetic isotherms for

SrRuO3 in fields to 30 T, more than twice the field applied in
any previous study. To improve signal to noise, several
single crystals were stacked with the field parallel to various
ab-plane orientations, and so comparison with the lower-
field, single-sample data is not precise. The magnetization
does not reach the theoretical S51 limit (2mB /Ru) even at
30 T, reflecting the itinerant character of the ferromagnetism
of SrRuO3. The highest-field slope of the data in Fig. 7,
taken to be the Pauli paramagnetism ('0.002mB /Ru T),
translates to a density of states at the Fermi surface around
500 states/Ry f.u. This should be compared to 166

states/eV atom derived from our heat capacity measurements
for SrRuO3 ~see below! and to 366 states/Ry f.u. derived
from the high-temperature (T.TC) magnetic susceptibility
term x0 . The larger values derived from the high-field slope
of M ~30 T, 5 K! and from x0 may reflect the lack of mag-
netic saturation on the one hand and the high-temperature
(T.TC) x0 vs low-temperature (T!TC) heat capacity mea-
surements on the other.18
In Fig. 7~b! we show magnetization at T55 K to 30 T for

paramagnetic CaRuO3. The interesting feature is the curva-
ture to high H seen for CaRuO3. This is reminiscent of
M (H) for highly enhanced nonordering paramagnetic metals
like Pd or Pd0.95Rh0.05,19 where the curvature is attributed to
topological features of the density of states near the Fermi
surface in these strongly Stoner enhanced materials. The data
may be fit to a Stoner-Edwards-Wohlfarth cubic term, M
5a11a2H1a3H3, with the parameters a1539 emu/mol,
a256.531023 emu/mol Oe, and a351.2310214 emu/
mol Oe3. The a2 coefficient is near to the T55 K value of x

for CaRuO3, the temperature dependence of x varying
strongly in that temperature region.
A rather remarkable feature of the Sr12xCaxRuO3 system

is that the magnetic ordering temperature appears to decrease
to 0 K only for x51.0 ~see Fig. 4!. This means the present
data do not permit an identification of a critical concentration
Sr required to produce magnetic order. This result has fo-
cused our attention on dilute Sr doping in CaRuO3. We per-
formed several very-low-field magnetization studies on two
single-crystal Sr0.05Ca0.95RuO3 samples x50.95 and x

FIG. 6. Magnetic isotherms for two mixed (x.0) crystals along
principal crystallographic directions. Data for Hi

@

110
#

are omitted
for clarity. The data for Hi

@

001
#

appear to be an easier axis than
@100# for the x50.25 sample, in contrast to the data of Fig. 5.

FIG. 7. Magnetic isotherms to very large magnetic fields for
ferromagnetic SrRuO3 and paramagnetic CaRuO3. The magnetiza-
tion for SrRuO3 never reaches the theoretical limit of 2mB /Ru at
highest fields.
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     Difficulty of making single domain crystal samples 
     Large magnetocrystalline anysotropy 

Magnetization does not saturate even for 30 T 

G. Cao et al., Phys. Rev. B 56, 321 (1997) 



Bulk SrRuO3: a well known ferromagnetic metal 

Highly correlated, narrow d-band metal 

Ferromagnetic, with a transition temperature around 160 K 

In bulk, crystallizes in the GdFeO3 structure (Pbnm crystal structure; a-a-c+ rot.)  

Magnetic properties in bulk difficult to characterize: 
 
     Difficulty of making single domain crystal samples 
     Large spin-orbit coupling of the magnetic 4d Ru atom (900 cm-1) 
     Large magnetocrystalline anysotropy 

Dramatic anysotropy of the magnetization 
in plane vs out-of-plane 

G. Cao et al., Phys. Rev. B 56, 321 (1997) 

tonically and smoothly depressed to 0 K for x51.0
(CaRuO3), the depression in the extrapolated T!0 K low-
field moment is depressed more rapidly.
Figure 4 shows TC and Q, the Curie-Weiss temperature,

vs x for all samples measured. As noted above, the magnetic
ordering persists to x51.0 and the depression of TC is
smooth and monotonic. For x,0.8, Q tracks TC rather
well—as expected for ferromagnetic systems—but a strong
deviation between the two occurs for x.0.8. This suggests
that for large x antiferromagnetic correlations and/or spin
fluctuations begin to dominate over long-range ferromag-
netic ordering. The magnetic ordering for x!1.0 does not
have the characteristics of long-range ferromagnetism, but
appears to take the form of a short-range, possible spin-glass-
like transition. This region is illustrated in the inset of Fig. 4.
We present data below on a x50.95 and a x50.96 sample.
Returning to an earlier point, even very small, '1 at. % Sr
doping in paramagnetic CaRuO3 is enough to induce mag-
netic correlations between cation moments.
In Fig. 5 are shown several magnetic isotherms at T

55.0 K for a fairly large ~2 mg!, nearly cubically shaped,
single crystal of ferromagnetic SrRuO3 for H along the prin-

ciple crystallographic directions. As the sample was nearly
cubic, demagnetizing corrections should be essentially inde-
pendent of field direction, and so no corrections were made.
It is clear from Fig. 5 that the @100# or @010# direction is the
easy axis, rather than @110# asserted in prior work.17 In a
magnetization study of epitaxially grown single-crystal thin
films, Klein et al.7 demonstrate that the easy axis is in the
ab plane, but with the direction of the easy axis dependent
on the temperature, varying by 15° between near TC and 0 K.
The data of Fig. 5 rather dramatically illustrate the anisot-
ropy of magnetization in plane vs out of plane. There is no
magnetic hysteresis measurable in SrRuO3 on the scale of
this figure.
In spite of a smooth and uniform decrease in TC ~see Fig.

4!, the initial rate of depression of the extrapolated
(T!0 K) magnetic susceptibility ~see Fig. 3! is much more
rapid than the rate of depression of TC . This is due to an
increased negative curvature in the low-temperature isother-
mal magnetization for x.0 @see Figs. 6~a! and 6~b!#. The
data in Fig. 6 are for T55 K and with H directed along the
principal axes, a @100#, b @010#, and c @001# and along the
@110# direction. The data for Hi

@

110
#

are not shown in order
to reduce clutter in the figure. In all cases, the sample was
zero-field cooled ~ZFC! through TC prior to the measure-
ment. Demagnetization effects are not included. Several fea-
tures of the data of Fig. 6 are notable: First, the initial slope
of M (H), (dM /dH)H!0 , for the mixed samples (x.0) de-
creases rapidly with x , reflecting the rapid decreasing
M /H(T!0 K) seen in Fig. 3. Second, the highest-field mag-
netization M ~H57 T, T55 K! decreases with increasing
x . Third, the approach to saturation for the x50.25 sample
@Fig. 6~a!# is more rapid for Hi

@

001
#

than for the in-plane
field ~see Fig. 5 for contrast!. This suggests that the easy axis
tips out of the ab plane and nearer the c axis for this con-
centration range. For the x50.53 sample, the effect is less
strong; i.e., the magnetization does not rise as rapidly for
Hi

@

001
#

. Fourth, for the mixed samples, M (H ,T) has a
weak steplike structure at low magnetic fields. The steplike
structure appears to represent a field-induced spin reorienta-
tion, perhaps from out of plane to in plane—a domain rota-
tion on the approach to magnetic saturation. The rapid de-
crease in M (H ,T.0 K) for increasing x parallels a strong

FIG. 3. Low-field magnetic susceptibility ~H510 Oe in the ab
plane!, used to determine the ferromagnetic ordering temperature.

FIG. 4. Magnetic ordering temperature TC and Curie-Weiss
temperature Q vs x . The inset shows an expanded view of the
presumed spin-glass-ordering regime.

FIG. 5. Magnetic isotherms at T55 K for x50 (SrRuO3) along
the principal crystallographic directions.
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magnetoresistance is negligible in SRO,11,12 we can reliably
measure the AMR by setting a field high enough to saturate
the sample in any direction. To evaluate the AMR, the elec-
trical resistance was measured by the four-probe method in a
PPMS, with a magnetic field of H=9 T. The field was ap-
plied in the film plane, and was rotated around a normal axis,
while the current injection was preserved. With this configu-
ration, any contribution from the demagnetizing fields was
avoided. For each rotation angle !, the electrical resistance
was recorded. These magnetotransport measurements al-
lowed us to determine the angular dependence R!!" under
the magnetic field. Figure 4!a" shows the resulting R!!"
curve recorded at 10 K; according to the geometry of the
measurement, illustrated by the inset in Fig. 4!b", the minima
in the R!!" curve correspond to the magnetization being par-
allel to the current, whereas the maxima are found when M is
normal to it. It follows, then, that "!#"#. This situation is
the reverse to what is commonly observed in normal ferro-
magnetic metals, i.e., "!$"#. However, it is worth recalling
that in manganites a "!#"# has also been reported !see, e.g.,
Ref. 13". We note also that at high field, a sin2 ! dependence
is expected for the resistance when no other magnetoresistive
effects other than AMR are present. Instead, as it is observed
in Fig. 4!a", the minima are sharper than the maxima and,
consequently, the sin2 ! angular dependence is not found.
When the field is applied along the direction of these
minima, the applied field H cannot overcome the magnetic
anisotropy and the magnetization does not follow the direc-
tion of H. Thus, the hard in-plane axis of the magnetization
coincides with the direction at which the minima appear.11
Note that this means that even at 9 T the magnetic aniso-
tropy is not overcome.

The temperature dependence of the AMR was evaluated
from the R!!" curves at different temperatures taking the
difference between the maxima and minima at H=9 T, and
using the expression,

AMR =
R# − R!

1/3R# + 2/3R!

. !2"

Figure 4!b" shows the temperature dependence of the
AMR. We observe that the value of the AMR !$20% " is
strikingly higher, by one or two orders of magnitude, than

the usual values measured in other ferromagnets. As an ex-
ample, values of AMR of an order of 0.2% at low tempera-
ture were reported for La0.7Ca0.3MnO3 films.

14 As pointed
out above, this is not an unexpected result, since the SO
coupling constants are two orders of magnitude larger in
SRO than in manganites. On the other hand, from these ex-
perimental results, no enhancement of the AMR near the
Curie temperature is found in the SRO film,11 contrary to
what is observed in manganite films.15 This result is consis-
tent with an unchanged spin-orbit coupling %SO when cross-
ing the Curie temperature in SRO. Instead, Jahn–Teller dis-
tortions appear in manganites when the transition
temperature is approached, leading to an unquenching of the
orbital moment. Since the SO coupling hamiltonian is ex-
pressed as Hso=%soLS, where L and S are, respectively, the
orbital and magnetic moments, that might explain why the
AMR in manganites is strongly enhanced in the neighbor-
hood of the Curie temperature.11

In summary, we have measured the temperature depen-
dence of the Kerr rotation of a SRO film at a wavelength in
the visible range !&=630 nm". A Kerr rotation about two
orders of magnitude larger than in manganite compounds has
been measured. This is attributed to the large spin-orbit cou-
pling of the Ru ion, which also leads to a strong uniaxial
magnetic anisotropy and an unusual high anisotropic magne-
toresistance.
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Electronic structure of SrRuO3 thin films 
and superlattices are very different  

2-4 

As the point charges along the z-axis are removed, the energy of the dz2 orbital decreases, while that of 

the dx2–y2 orbital increases by the same amount.  Similarly, the dxz and dyz orbitals, which have a 

component along the z direction decrease in energy, while dxy increases in energy.  These changes are 

shown below.   
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Electron Distributions 

 So far the discussion has focused on the splitting of the d-orbitals in various fields, but we have not 

mentioned placing electrons in these orbitals.  For the octahedral field, there are some electron 

configurations that are simple.  These are d1, d2, d3, d8, d9 and d10, with electron distributions shown 

below.  
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For d4 – d7, two different electron configurations are possible for first-row transition metals in an 

octahedral field.  These are either high-spin (h.s.) or low-spin (l.s.).  Whether the complex assumes a h.s. 

or l.s. configuration depends on the relative energy of the ligand-field splitting (Δo) and the energy that it 

takes to pair electrons and lose exchange, the pairing/exchange energy (P).  For example, for the d4 

electron configuration in an octahedral field, the h.s. configuration is (t2g)3(eg)1 with four unpaired 

electrons.  The corresponding l.s. configuration is (t2g)4(eg)0, with two unpaired electrons.  The two 

cases are shown below.  
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Superlattice: 
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The chemical environment of the Ru ions is 
preserved up to second nearest neighbours 
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Thin-films: 
Loose of ligands      Tetragonal structure 

Influence of reconstruction is much larger 

Figure 2!a" shows the valence band spectra of STO-
capped SRO films taken at emission angles !!" of 0° and 70°,
together with reference spectra of homoepitaxial STO films
recorded at normal emission. The valence band mainly con-
sists of three structures: two prominent O 2p derived struc-
tures exist at the binding energies of 2.5–9.0 eV !Refs. 7 and
10" and a characteristic structure located near EF. The struc-
ture is assigned to Ru 4d derived electronic structure, since
the valence band spectrum of STO has a band gap of 3.2 eV
below EF owing to the n-type semiconductive nature of
STO.7,13 The STO overlayers are therefore essentially “trans-
parent” when the electronic structure near EF of buried SRO
layers is measured, and we can directly address the change in
the Ru 4d derived electronic structure at the interface with
STO.7 Additionally, the Ru 4d state was not sensitive to the
thickness of the STO overlayer, which is in sharp contrast to
the case of STO /La0.6Sr0.4MnO3 heterointerfaces,11 suggest-
ing that the change in the electronic structure of SRO at the
interface with STO is significantly weaker.

In order to see the change in electronic structure at the
interface in more detail, we show in Fig. 2!b" the angular
dependence of Ru 4d states near EF. Since the intensity of
photoemission spectra is proportional to exp!−d /" cos !",
where d is the distance from the interface !surface" and " is
the photoelectron mean-free path, the 70° spectrum is more
sensitive to Ru 4d states close to the topmost interface. At

first glance, there seems to be no significant change in the
spectra. However, a closer look reveals that some spectral
weight is actually transferred from the sharp peak at EF to a
broad structure located at around 1.5 eV with increasing
emission angle !increasing interface sensitivity". The change
can be seen more clearly by subtracting the O 2p contribu-
tion !dotted lines" from the spectra, as shown in the upper
panel of Fig. 3. The spectral contribution of O 2p states was
simulated with a linear combination of the Gaussian func-
tions. In comparison with the angular dependence of SRO
films, where 70° spectra correspond to surface sensitive
spectra, it is clear that the spectral weight transfer, character-
ized by the suppression of spectral intensity at EF, is weaker
in the buried interfaces. Since it has been reported that the
Ru 4d derived states are particularly sensitive to disorder14,15

and orthorhombic distortions as in Ca-doped SRO,10,16 the
difference between surface and interface sensitive spectra
suggests that the electronic structure of SRO films is main-
tained in the interface region but not at the surface.

In order to investigate how the electronic structure
changes at the interface or at the surface, we extracted the
interface, surface, and bulk spectra from the data following
the procedure given in Ref. 10. The results are shown in the
bottom panel of Fig. 3. It is assumed that the measured
photoemission spectra can be expressed as I!E"=exp
!−s /" cos !"Ibulk!E"+ #1−exp!−s /" cos !"$Iint!E", where s is
the thickness of the interface !surface" layer and Ibulk and Iint
denote the spectra of the bulk and interface !surface" regions,
respectively. One can obtain the bulk and interface !surface"
components separately from PES spectra measured at two
emission angles. In order to obtain the bulk and interface
!surface" components of the Ru 4d states, we have used a
mean-free paths of 12 Å, according to Ref. 12, and a surface
layer thickness of 4 Å, the height of a single unit cell of

FIG. 1. !Color online" AFM images and schematic side views of !a" SrRuO3
film and !b" SrTiO3 /SrRuO3 bilayer. The scan area of the AFM images is
2#2 $m2.

FIG. 2. !Color online" !a" In situ valence band spectra of STO/SRO bilayers
with a STO overlayer thickness of 3 ML taken at emission angles of 0° and
70°, together with reference spectra of homoepitaxial STO films. !b" PES
spectra near EF on a narrower binding energy scale. Additional structures
within the band gap of STO, which are commonly observed at disordered or
defect-rich STO surfaces,13 are not present in the reference spectra, confirm-
ing that the sharp structure near EF originates from Ru 4d states.

FIG. 3. !Color online" Top: angular dependence of Ru 4d spectra for !a"
SRO films and !b" STO/SRO bilayers, where the 70° spectra are more sur-
face !interface" sensitive. Bottom: !a" bulk and surface spectra extracted
from the PES spectra for SRO films and !b" bulk and interface spectra of
STO/SRO bilayers.
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Some spectral weight is transferred from the sharp peak 
at EF to a broad structure at -1.5 eV. 

 
More remarkable for the thin film than for the superlattice 
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tures, the remanence is in all cases close to the FC magnetic
moment, indicating square hysteresis loops. Indeed, hyster-
esis loops along the !110"o directions are rather square show-
ing that the easy axis should be close to this direction, see
Fig. 7#b$. The diamagnetic contributions of the substrate and
sample holder were determined from the high-field slope of
the magnetic moment and were subtracted; this procedure
was chosen, since it is impossible to determine the diamag-
netic contribution independently with sufficient precision.
Note, however, that this procedure neglects paramagnetic
contributions from the film itself and leads to different values
of the saturation magnetic moment along the various crystal-
lographic directions. This is clearly unphysical, so very prob-
ably there are reversible paramagnetic contributions to the
magnetic moment in the !11̄0"o and !001"o direction due to
magnetization rotation processes. The saturation magnetic
moment at 10 K is about 1.9!B /Ru, somewhat larger than
the value found in a single crystal.2 Comparing the saturation
values along the various crystallographic directions yields a
first indication of the size of the magnetocrystalline aniso-
tropy energy: !110"o" !11̄0"o" !001"o. Coercive fields at 10
K were 100 mT #!110"o$, 165 mT #!11̄0"o$, and 465 mT
#!001"o$.

Figure 8 shows the corresponding data for the 5-nm-thick
SRO film; the indexing is done on the basis of the AFM
measurements, i.e., under the assumption that the !001"o di-
rection is along the terraces of the SrTiO3 substrate. Overall
the appearance of the magnetic moment is similar to that of
the thicker film but there are some significant differences.
Whereas the !110"o direction is still close to the easy-axis

direction, the in-plane anisotropy between !11̄0"o and !001"o
is lost in the hysteresis and remanence curves. Note that the
film behaves unconventional in the sense that along !001"o
the remanent magnetic moment is higher than the FC one; at
present we do not have any explanation for that. The satura-
tion magnetic moment at 10 K is 1.5!B /Ru, considerably
lower than for the 40-nm-thick film. This might be related to
the higher coercivities that were much larger than for the
thicker film with 567 mT #!110"o$, 856 mT #!11̄0"o$, and 900
mT #!001"o$. In view of the TEM result showing a disloca-
tion network for the 60-nm-thick film, but coherent strain for
the 5 nm thick film, one might conclude that the magnetiza-
tion reversal process is controlled by nucleation of reverse
domains and not by domain-wall motion. Since the thicker
film has more nucleation centers at the dislocations, the co-
ercive fields are lower. Main conclusion from these magne-
tization data is the presence of an easy axis close to the
!110"o direction #parallel to the substrate normal$ for both
films and an almost isotropic magnetocrystalline anisotropy
energy within the film plane for the 5-nm-thick film.

More detailed magnetization studies could only be made
on the thicker SRO film since the SQUID magnetometer
signal from the 5-nm-thick film was too small. Figure 9
shows angular sweeps of the magnetic moment recorded in
an applied field of 3 T and various temperatures for rotations
in the #a$ #001$o and #b$ #11̄0$o plane, respectively. #F de-
notes the angle between magnetic field and the surface nor-
mal #!110"o$. The data are not straightforward to interpret
since the magnetic field might not be sufficient to force the
magnetization vector into the respective crystallographic
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FIG. 7. #Color online$ 40 nm SrRuO3: #a$ magnetic moment per
Ru ion as a function of temperature. Measurements were done in
FC and remanence #REM$ mode. #b$ Magnetic moment hysteresis
curves at 10 K. The measurements were made with the magnetic
field applied along the various crystallographic directions indicated
in the figure. The kinks near $0.5 T for the !001" curve are mea-
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Atomic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 

RuO6 oxygen octahedra rotates 11.02° 
bulk tetragonal SrRuO3 under the same 
strain conditions  rotates 11.3° 

Interactions between RuO2 planes well 
screened already with 5 layers of SrTiO3 
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Electronic structure of periodic 
(SrTiO3)5/(SrRuO3)1 superlattices 
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Effect of the Ueff 

Figure 2: (Color online) PDOS on the atomic orbitals of the Ru atom [as in Fig. 3(b) of the main
body of the paper], for (a) Ueff=0.0 eV (i.e., no inclusion of strong correlations), (b) Ueff=1.0
eV, (c) Ueff=2.5 eV, (d) Ueff=4.0 eV, and (e) the reference B1-WC calculation. Calculations are
carried out at the frozen LSDA relaxed geometry.
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M. Verissimo-Alves et al.,  
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Effect of the spin-orbit interaction 

Figure 4: (Color online) PDOS obtained from a full potential linear augmented plane wave
calculation, within the B1-WC functional, for (SrTiO3)5/(SrRuO3)1 superlattices, including
spin-orbit coupling. The same geometry as in Fig. 1 of the main body of the paper has been used.
Red, solid line: no spin-orbit interaction included. Black, dashed line: spin-orbit interaction
included.

majority spin and minority spin band edges coming from the B1-WC LAPW calculation is
not the same as that in the Crystal09 B1-WC calculation, it is clear that, qualitatively, the
system continues to be half-metallic and that the Ru d orbitals have the same shape as in the
Crystal09 B1-WC calculation and in the LSDA+U calculation. The lack of influence of the
spin-orbit coupling on the band structure was already pointed by Rondinelli et al. [30] in bulk
SrRuO3. There, only the lift of the degeneracy of the t2g bands, and a small push of the highest
occupied majority bands (of the order of 0.05 eV) was observed.

The present results, together with those reported in Sec. 2, allow us to claim that the elec-
tronic structure reported in the main body of the paper is robust, independent of the DFT
functional (LDA+U or hybrid functionals), basis set (numerical atomic orbitals, gaussians or
augmented plane waves), and pseudopotentials (norm-conserving, Hartree-Fock or any in full
potential simulations).

The small difference in the alignment of the majority and minority spin edges between the
Wien2k and Crystal09 results might be due to the fact that in Crystal09, the B1-WC
functional is applied to all the orbitals, while in Wien2k, the B1-WC is applied only to the Ru
and Ti atoms, and only inside the muffin-tin spheres.

5 Discussion 5: Bulk band structure simulations of SrRuO3.

In this work, the effective Hubbard parameter Ueff was obtained by comparison of the PDOS
obtained with LSDA+U and that coming from the B1-WC hybrid functional. Up to our knowl-
edge, this is the first time that this hybrid functional has been applied to a metallic system. So,
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Is the electron gas a 2DEG or 1DEG? 
The minority spin DOS resembles that of a 1D tight-binding  model 

The xz bands have only a large 
TB constant along x 

The in-plane xy band has two 
large TB constants 

Electrons would form a 2DEG 

The 2DEG is formed of 
degenerate orthogonal 1DEGs 
(xz, yz) 



BOLTZTRAP approach to 
compute the transport tensors 

BOLTZTRAP 

G. H. Madsen and D. J. Singh, Computer 
Physics Communications 175, 67 (2006)  

Simplest approximation for the relaxation time: keep it constant 

From the electronic band structure, we can compute the group velocities 

and then the conductivity tensors 

The transport tensors can then be calculated from the conductivity distributions 

Finally, the Seebeck coefficient can be easily calculated 



Simple models to explain the dependence of the 
transport functions: free-electron vs tight-binding 
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
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Fig. 5. This maximum can clearly be seen around µ = 0 in the
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around µ ≈ −0.5 eV.
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other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in
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tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the

085305-6

PABLO GARCÍA-FERNÁNDEZ et al. PHYSICAL REVIEW B 86, 085305 (2012)

 

 h
–

h–

FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
and the tight-binding model of Eq. (9) (right panels). Different colors
represent the dimensionality of the system: solid black lines denote
three dimensional, blue dashed lines denote two dimensional, and red
dash-dotted lines denote one dimensional.

(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 5. (Color online) Graphical representation of (a) one-
dimensional tight-binding and (b) free-electron bands that illustrate,
respectively, Eqs. (9) and (8). In (a) we show with red dashed
parabolae the free-electron band approximation to the tight-binding
model at the band edge while the blue dash-dotted line depicts
the group velocity at the midband (ε = 0) and the band bottom
(ε = −2γ ).

the band, while the free-electron ones are not. The reason
behind the similitudes between the two models comes from
the fact that the tight-binding dispersion curves can be approx-
imated by parabolae (see Fig. 5) at the band edges. Comparing
these simple models to the first-principles calculated DOS
of the conduction band (top-right panel of Fig. 3), we find
that the most similar one is the 1D tight-binding model. In
particular, both pictures display a very characteristic two-
peaked structure. While it is reasonable that a tight-binding
model is more adequate than a free-electron one to describe
the narrow 4d bands of Ru, it seems surprising that the DOS
resembles that of a 1DEG rather than a 2DEG one. The reason
for this behavior is that, in the case of Ru(4dxz) and Ru(4dyz)
bands, the hopping parameter in the conducting plane is only
large along x or y directions, respectively [see Fig. 7(a)].
Thus, the 2DEG in the (SrTiO3)5/(SrRuO3)1 superlattice is,
in fact, formed by two half-filled orthogonal 1D bands. In
contrast, in the Ru(4dxy) and Ru(4dx2−y2 ) bands, the orbitals
bond equally in the x and y directions [see Figs. 7(b) and 7(c)]
forming a proper 2DEG. Indeed, if we compare the DOS of
the majority-spin Ru(4dx2−y2 ) band in Fig. 2 we observe a very
similar shape to that of the ideal bidimensional tight-binding
model shown in Fig. 6. For the Ru(4dxy) a good agreement
with the model can be also be achieved if the tight-binding
expansion is extended to include interactions with in-plane
neighbors along 〈110〉 directions that shift the central DOS
peak to higher energies.

Regarding the electric conductivity, the results obtained
for both the free-electron and the tight-binding models are
equivalent at the band bottom where the tight-binding bands
can be approximated by parabolae. This can be seen in the
way the conductivity curves decay in a quicker way as the
energy gets closer to the lower bound of the band. However,
the behavior for half-filling differs markedly in both models.
In particular, the tight-binding model predicts a maximum
conductivity in the middle of the band, a behavior not ob-
served for the free-electron approximation. This conductivity
maximum corresponds to the maximum of the group velocity
as deduced from Eq. (9) and can be graphically determined
as the location of the maximum slope in the band diagram of
Fig. 5. This maximum can clearly be seen around µ = 0 in the
full conductivity calculation for the minority-spin channel in

FIG. 6. (Color online) Density of states (DOS), electrical conduc-
tivity (σ ), Seebeck coefficient (changed sign, −S), and power factor
(PF) for a free-electron model as described in Eq. (8) (left panels),
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(SrTiO3)5/(SrRuO3)1 (Fig. 3), and the 1D character of the band
can also be observed in the abrupt reduction of conductivity
around µ ≈ −0.5 eV.

The Seebeck coefficient follows a similar trend, with the
free-electron and tight-binding results closely matching each
other at the band bottom. At this point, the absolute value
of the Seebeck coefficient is larger for bulk (3D) than in
lower-dimensionality systems (2D and 1D). This might be
surprising since it was experimentally shown that in the
2DEG in Nb-doped SrTiO3

3 the Seebeck constant increases
with reduced dimensionality. However, in that case, it was
argued3,40 that polarons are responsible for transport45 and,
thus, the present model cannot account for their behavior.
Going back to the comparison between both the free-electron
and the tight-binding one-band models, we find that, in the
former, S cannot change sign, while in the latter the bands
transit with filling from electron (S < 0) to hole- (S > 0)
dominated behavior. The value S = 0 is achieved exactly in the
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FIG. 2. (Color online) 2DEG sheet resistivity (ρs), STO bulk
resistivity (ρ), and Seebeck coefficient (S) measured (EXPT, left
panels) and calculated (BBT, right) for a 5 u.c. STO/LAO interface
(solid black lines) and several n-doped STO bulk samples. The
Hall-measured concentrations are ns = 2.4 × 1013 cm−2 for the
STO/LAO sample and n3D = 1021 cm−3 (long-dashed), 3 × 1020

cm−3 (dash-dotted), and 2 × 1019 cm−3 (dotted) for the STO samples.
For the interface, two calculated values (2DEG0) and (2DEG1/2)
are reported, corresponding to the band structure of the insulating
and fully compensated interfaces, respectively. The 2DEG thickness
establishing the 2D-3D equivalence is indicated as Leq.

2 nm to 11 nm.18,20,21,23,29,35 In the STO/LAO calculations,
on the other hand, the doping charge Q is fixed in the 3D
simulation cell, and ns is extracted as Q/A; by construction,
the thickness is naturally identified with the STO sidelength
(2.07 nm) of the simulation supercell, but this is more a
constraint rather than an actual determination of L. To bypass
this uncertainty, we label each bulk sample with an equivalent
thickness Leq = ns/n3D, that is the thickness which establishes
the equivalence between bulk STO and STO/LAO samples.
Depending on our choice of L, we then select the appropriate
bulk to be compared with the interface. Clearly small L is
the best-case scenario for larger Seebeck amplitude in 2DEG,
while larger L means smaller n3D equivalent to the same ns ;
thus larger |S| in bulk. Figure 2 clearly shows that, unless we
assume the gas to be extremely localized (with L as small
as one or two unit cells), experiment and theory coherently
report |S| values larger in STO than in STO/LAO. The main
conclusion is a lack of thermopower enhancement at the
interface, with respect to the equivalently doped STO bulk.

But which is the reason for this lack of thermopower
increase? The thermopower behavior at the interface is hidden
in the intricacy of the actual band structure. According to
our discussion above, differences between STO/LAO and bulk
STO Ti t2g band profile can be rationalized in terms of three
specific features: (i) band effective masses, (ii) on-site band
offset, and (iii) intersite band offset. The determination of
the individual impact of these ingredients is instrumental to a
thorough understanding of the thermoelectric behavior. To this
aim, we use the effective mass multiband model described in
Sec. II which includes 18 bands (6 Ti atoms, consistent with
the 2DEG thickness of our ab initio calculations, and three
t2g orbitals per Ti). In order to highlight the pure confinement
effect on the electron charge due to the lowered dimensionality,
the relaxation time model parameters are kept equal for the
bulk and the interface.

The results for the in-plane component (we fix j = x) of
Seebeck and electron conductivity are reported in Fig. 3. Total
(Sj , σj ) and band-resolved quantities (Sναj , σναj , where ν and
α are Ti-site and orbital indices, respectively) are shown at
T = 100 K as a function of the total charge of the well Q =∑

να Pνα . The band conductivity σναj increases proportionally
to the effective mass prefactor Cναj , which in turn depends on
the inverse of m∗α,x (see Sec. II); also, σ increases with the
chemical potential µ for two reasons: the Fermi velocity and
the relaxation time τ , which both increase with µ. At variance,
Sναj is proportional to the relative conductivity σναj /σj , and
increases in magnitude with decreasing µ.

In the 3D case (upper-most panel of Fig. 3) there is no orbital
splitting; all bands are energy-degenerate and equally filled.
The difference in band conductivity is only due to the mass
prefactor: Cdxy,x = Cdxz,x , while Cdyz,x is much smaller since
the dyz bands are “heavy” along x; thus σxy,x = σxz,x $ σyz,x .
The same order characterizes the band Seebeck coefficients:
Sxy,x = Sxz,x $ Syz,x . In two dimensions (second panel from
the top of Fig. 3) the band bottoms are still aligned, but the
different masses change the band occupancies: the largest
portion of the total charge Q fills the flatter dxz and dyz

bands, and only a small portion remains in dxy . For a given
Q, the chemical potential µ [and in turn τ (µ)] is lowered with
respect to its 3D value. Total conductivity drops by over an
order of magnitude, compared to the 3D value. This has two
causes: the decrease of µ and the suppression of the σxy,x band
conductivity due to the mass prefactor, since in two dimensions
Cdxz,x > Cdxy,x > Cdyz,x . On the contrary, the decrease of µ
enhances |S| at small Q from ∼ 300 mV/K in three dimensions
to ∼ 500 mV/K in two dimensions. It is interesting to see how
individual bands contribute to this enhancement: the ration
σναx/σx enhances Sxz,x , which is the dominant contribution,
and depresses Sxy,x , which remains slightly below average.
Finally, Syz,x is marginal and similar to the 3D case.

So far the model produces the expected enhancement of S
due to the reduced dimensionality. Now we introduce the effect
of on-site band splitting (third panel from top of Fig. 3): we
add to the 2D bands an on-site homogeneous splitting between
singlet dxy and doublet (dxz, dyz) states of &t2g = 0.1 eV. This
causes a large transfer of charge from dxz and dyz orbitals,
which are left nearly empty, into the dxy orbital. The immediate
consequence is that µ must shift dramatically upwards, for a
given Q, with respect to the degenerate case. Total conductivity
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FIG. 3. (Color online) Total and band-by-band t2g conductivity
(left panels) and thermopower (right panels) in the x direction as
a function of the total charge of the well Q, calculated using the
multiband model described in Sec. II C for the cases illustrated
schematically in the right panels. From top to bottom: (a) the 3D case;
(b) the 2D t2g-degenerate case; (c) the 2D case plus a dxy − (dxz,dyz)
band splitting of 0.1 eV; (d) the 2D case with intersite dxy bands split
according to the ab initio calculated STO/LAO band structure for
Q = 1/2.

recovers one order of magnitude with respect to the degenerate
case, mainly due to the rise of the dxy contribution. On the
other hand, S is brought back to nearly the same value as in
three dimensions, thus losing all the advantage gained by the
dimensional lowering. Looking at band contributions, Sxy,x

grows with respect to the t2g-degenerate case, but this gain is
largely canceled by the suppression of Sxz,x , which was the
main source of the 2D enhancement.

Finally, in the lowest panel of Fig. 3 we consider a
site-dependent, spatially inhomogeneous dxy band offset,
mimicking the actual profile of the STO/LAO band structure
given by ab initio calculations in the case of Q = 1/2 electrons

per unit area (the marginally occupied dxz and dyz bands
are now neglected). Clearly, the intersite band offset favors
a charge accumulation into the lowest-energy dxy band on the
Ti atom right at the interface (band-1), and the consequent rise
of µ. In turn, this causes a fourfold increase in band-1 σxy,x

(the red curve of the lowest panel of Fig. 3) and the halving of
band-1 Sxy,x (red curve of the lowest-right panel) with respect
to the on-site split homogeneous case. Since the band Seebeck
coefficient is weighted by σxy,x /σx , all other bands add a minor
and progressively vanishing contribution to S. Total conductiv-
ity σx is about five times larger, and the thermopower Sx nearly
halved, with respect to their 3D value. This corresponds to a
power factor S2σ similar to that of the STO bulk.

In summary, the analysis of STO/LAO shows that the
increase in absolute Seebeck coefficient achieved by a pure
decrease of dimensionality (which in itself lowers the chemical
potential) is overcome by additional features (on-site and
intersite band splitting) specific of the interface which increase
the chemical potential, thus playing against the rise of
thermopower.

IV. DISCUSSION

Measurements and ab initio calculations consistently point
to a lack of thermopower increase for the 2DEG at the
STO/LAO interface. A multiband model used to disentangle
conductivity and thermopower in individual band energy
contributions provides a simple rationale: the thermopower
enhancement due to the 3D-to-2D band mass modification
is counteracted by additional on-site and intersite t2g orbital
splitting, which both favor the rise of the 2DEG chemical
potential, and thus the lowering of the thermopower. Notice
that these considerations do not contradict the thermopower
rise observed in Nb-doped STO multilayers,10 since in the
latter the negative effects on thermopower discussed for
STO/LAO, on-site splitting, and charge accumulation at the
interface ultimately due to the large STO/LAO conduction
band offset and LAO polarity are expected to occur to a much
smaller extent.

This analysis provides a transparent understanding of the
thermoelectric behavior of oxide heterostructures, from which
simple guidelines can be drawn in the search for oxide
heterostructures with improved thermoelectric capabilities.
The Seebeck amplitude is largely determined by the chemical
potential (measured with respect to the mobility edge energy
of the system); thus any band modification, either in terms
of band mass or band alignments, enhances (suppresses)
the thermopower to the extent that it lowers (increases) the
chemical potential. In general, a multiband system possesses
more “degrees of freedom” to be potentially exploited to the
aim. As an example, the on-site splitting of t2g orbitals is not
necessarily detrimental for thermopower: it would actually be
advantageous in case the dxz, dyz, and not dxy , were the lowest
in energy, since the chemical potential would be lowered.

More generally, any interface characterized by the energy
stabilization of the orbitals with larger mass, or, equivalently,
by the mass enhancement of the most filled orbitals, is expected
to display thermopower enhancement. For what concerns the
power factor S2σ the optimal condition is given by highly
anisotropic bands, with small masses along the electron current
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