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Electronic structure of SrVO;(001) surfaces: A local-density approximation plus dynamical
mean-field theory calculation
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The influence of local Coulomb correlations on the surface electronic structure of SrVOs, a strongly-
correlated metal in a perovskite structure, is investigated for both the SrO-layer and VO,-layer-terminated
(001) surfaces. The electronic structure within the local density approximation of a semi-infinite surface is
determined using the embedded Green-function approach, and the resultant density of states projected on the V
1, orbitals is used as an input to a subsequent many-body calculation within the dynamical mean field theory
(DMFT) and the multiorbital quantum Monte Carlo technique. Qualitatively, the present study confirms the
conclusion of recent photoemission experiments and tight-binding DMFT calculations which both indicate that
the electronic structure at the surface is more strongly correlated than in the bulk. On a quantitative level
significant differences are obtained as a function of orbital polarization at the surface, surface layer relaxation,

and SrO vs VO, surface termination.
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I. INTRODUCTION

Transition-metal oxides have been extensively studied as
typical strongly correlated materials. They exhibit phenom-
ena such as metal-insulator transition and superconductivity,
whose understanding is at the center of current solid state
research.'= The electronic structure of transition-metal ox-
ides is essentially determined by the energy dispersion of
transition-metal d bands, their occupancies, and the on-site
Coulomb and exchange energies among the d orbitals.* Their
properties can be greatly varied by applying pressure and by
chemically substituting nontransition-metal cation species,
which has enabled a systematic study of the phase diagram
of these materials (known as bandwidth control and filling
control).! As a result of this extreme sensitivity to key mate-
rial parameters it is not surprising that the electronic struc-
ture of transition-metal oxides may change at the surface due
to the reduced coordination of surface atoms, lower symme-
try, surface reconstruction, and less efficient surface screen-
ing processes.

Recently, surface effects in photoemission
transition-metal oxides were reported by several groups.
Maiti et al. proposed an algorithm for extracting bulk and
surface contributions to total photoemission spectra by ex-
ploiting the dependence of photoelectron escape length on
the incident photon energy.’ Their study for Ca,La,_ VO,
(0=x=0.5) suggested that bulk electronic properties be-
come metallic at x=0.2, while the surface might remain in-
sulating in the entire x range.>® Maiti et al. and Sekiyama et
al. performed photoemission measurements on Ca,Sr;_ VO,
for a wide range of photon energies.”!® They found that at
the surface the spectral weight of the coherent peak at the
Fermi energy (Er) is reduced, while that of the incoherent
satellite peak is enhanced. These experiments indicated that
the electronic structure at the surface is more correlated than
in the bulk.

Stimulated by these experimental observations, one of the
present authors (A.L.) initiated a theoretical investigation of
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the electronic structure of perovskite-type transition-metal
oxides at the surface.'>!* A semi-infinite cubic tight-binding
Hamiltonian was employed to represent the ,, bands and the
layer-resolved density of states (DOS) was then used as an
input to many-body Green-function calculations within the
dynamical mean field theory >'*!> (DMFT), combined with
the quantum Monte Carlo'®!” (QMC) method. The perov-
skite #,, bands consist of two subbands (xz,yz) which hy-
bridize predominantly in a plane perpendicular to the surface
and of a third one (xy) which hybridizes mainly within the
surface plane. It was shown that the reduced coordination
number of surface atoms leads to an effective narrowing of
the xz,yz bands. Nevertheless, as a result of intra- and inter-
orbital Coulomb interactions the surface quasiparticle spectra
of all three 1,, bands exhibit stronger correlation features
than in the bulk, in qualitative agreement with the above-
mentioned experiments.

It is well known that, besides the reduced coordination
number in the normal direction, several other effects, such as
reconstruction and relaxation, may cause the single-particle
electronic structure at the surface to differ considerably from
that in the bulk. Unfortunately, it is not possible to self-
consistently determine the one-electron parameters at the
surface within a tight-binding approach. To evaluate the sur-
face electronic properties from first principles we perform a
calculation within the local density approximation'® (LDA)
and the full-potential linearized augmented plane-wave
(FLAPW) approach, combined with the embedded Green-
function technique.'® In the present work the focus is on the
(001) surface of SrVO; which has attracted much attention in
recent years.’!! To our knowledge no experimental studies
on the detailed atomic structure of the SrVOj; surface have
been carried out until now. Recent angle-resolved photoemis-
sion experiments found no evidence of a superstructure giv-
ing rise to band foldings.!! Therefore, in the present work we
consider unreconstructed surfaces, without any lateral rear-
rangement of atoms. Instead we focus on two effects: (i)
surface relaxation, i.e., displacement of the outermost atomic
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plane from its ideal bulk position, and (ii) surface termina-
tion, i.e., outermost planes consisting of a SrO or VO, layer.
We calculate the electronic structure of each surface within
the LDA and use the resultant local DOS projected on V 1,,
orbitals as an input to a subsequent multiband QMC/DMFT
calculation.

The main result of this work is that, although the quasi-
particle spectra of all of the surface structures considered
exhibit more pronounced correlation features compared to
the bulk, the degree of enhancement depends sensitively on
the details of the local density of states, in particular, the
orbital polarization caused by charge transfer among f,,
bands. This is a genuine surface effect since in the bulk the
cubic environment yields degenerate 1,, orbitals.

The plan of the paper is as follows: In Sec. II we briefly
explain the embedded Green-function method and the DMFT
approach. Section III presents the results and discussion of
the single-electron features of the surface electronic struc-
ture. Section IV contains the discussion of the correlation
effects associated with the surface. A summary is given in
Sec. V. We use the Hartree atomic units throughout the paper
unless otherwise stated.

II. METHOD

The first step in the LDA+DMFT approach is the
electronic-structure calculation within LDA. Since we intend
to compare surface and bulk electronic properties of SrVO;,
it is crucial that the calculated local DOS of surface V atoms
has the same accuracy as that of bulk atoms. Standard sur-
face calculations within a slab approximation are not suitable
for this purpose, as the calculated DOS exhibits spurious
spiky peaks due to discretization of energy levels in the sur-
face normal direction. In the present work we treat a truly
semi-infinite surface of SrVOj; by using the embedding tech-
nique of Inglesfield.?>?! In this method one considers explic-
itly a surface region with finite thickness which contains the
first few atomic layers. The effects of the semi-infinite sub-
strate and the vacuum are incorporated via embedding poten-
tials acting on boundary surfaces on both sides of the surface
region. The embedding calculation proceeds in three steps:
(i) calculating the bulk crystal potential of SrVO; using a
bulk electronic-structure code, (ii) constructing the embed-
ding potential for the (001) orientation from the correspond-
ing complex band structure,?>?* and (iii) performing a self-
consistent electronic-structure calculation in the embedded
surface region. We use a code that combines the embedded
Green-function technique and the full-potential linearized
augmented plane-wave (FLAPW) method."”

As stated in the Introduction, we consider the (001) sur-
face terminated both with a SrO and a VO, layer. It is to be
noted that both lattice planes possess no formal charges. For
the former case we embed two SrO layers and two VO,
layers in the embedded surface region as shown in Fig. 1(a).
This amounts to ten atoms per surface unit cell. For the latter
case, three outermost atomic layers are included in the em-
bedded region as shown in Fig. 1(b). The lattice constant of
bulk SrVO; is 7.26 a.u., the cut-off energy for the plane
wave part of the LAPW basis functions is 14.4 Ry, and the
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FIG. 1. Structure models of the SrVO5;(001) surface. (a) Surface
terminated with a SrO lattice layer, and (b) surface terminated with
a VO, layer. The z axis is chosen as the surface normal.

maximum angular momentum for partial wave expansion in-
side muffin-tin (MT) spheres for the LAPW basis is chosen
as I,,,=9. In addition to ideal cleaved surfaces, we consider
relaxations of top-layer atoms in the normal direction. Since
the force calculation is not yet implemented in the embedded
Green-function code, we utilize the slab version of the FLEUR
code to optimize the atomic geometry.>*

In the second step we treat the effect of local Coulomb
correlations on quasiparticle spectra within the DMFT.>!415
We adopt a simplified version of finite-temperature DMFT in
which the local Green function of a surface V atom is ap-
proximated by

(T pi(€)
Giliw,) = f_w deiwn +u—e-3(iw,)’ W

where w,, is the Matsubara frequency, u is the chemical po-
tential, and i is the index for the 1,, orbitals, {d,,,d,..d,}.
The z axis is chosen as the surface normal pointing to the
vacuum. In Refs. 12 and 13 p,(¢), the local DOS projected on
orbital i, was calculated using a semi-infinite cubic tight-
binding model. In the present work we employ a more real-
istic DOS obtained from the first-principles calculation de-
scribed above. In Eq. (1), X;(iw,) is the onsite self-energy of
orbital i which characterizes the effect of local Coulomb cor-
relations. As we do not consider the relaxation of surface
atoms within the plane which would lift the C,, symmetry at
a V site, the self-energy is diagonal with respect to orbital i.
In contrast to the bulk where the self-energies for the three
t,, bands are the same, at the surface X, deviates from
Exz, z*

IL principle, Eq. (1) is valid only when the self-energy is
site-independent. In the present case we confront a problem
of treating a semi-infinite system with layer-dependent self-
energies. Unfortunately, a full description of Coulomb corre-
lations for such an inhomogeneous system is still exceed-
ingly complicated. Here we consider only the primary effect
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and assume that the reduced dimensionality at the surface
enters the theory through the layer-dependent DOS, p;(e). In
view of the local Coulomb interaction, this assumption
should be justified for qualitative purposes. We refer to Refs.
12 and 13 for further discussions.

Starting from an input self-energy, within DMFT one cal-
culates the bath Green-function G,(iw,) as (G)™'=(G,)™!
+2,, which gives a mean-field Hamiltonian at the V site
under consideration. Then one adds to this effective one-
electron Hamiltonian a correlation term,

E (U, - Jﬁo’o”)ﬁioﬁja’ > (2)
ijo.0’'
(i#))

H1= E UnAlel,L +
i

where U and U’ =U-2J are intraorbital and interorbital Cou-
lomb matrix elements and J is the exchange interaction. As a
result of less efficient screening these interaction energies are
likely to be somewhat larger at the surface than in the bulk.
Since there are so far no theoretical estimates of this effect,
bulk values of U and J will be used in the calculations dis-
cussed below. The single-site impurity problem which is
solved using the multiband quantum Monte Carlo technique
yields a new many-body Green-function G;. A new self-
energy is then derived by using again the relation 3;
=(G;)"'=(G,)"". This procedure is iterated until the differ-
ence between the input and output self-energies becomes suf-
ficiently small.

II1. LDA RESULTS

The calculated work function of the ideal SrVO; surface
terminated with a SrO layer is only 1.3 eV, suggesting that
the outermost SrO layer is slightly positively charged. This
value increases to 2.6 eV when the atoms in the top SrO
plane are relaxed to minimal-energy positions. As stated in
Sec. II, the atomic geometry was optimized using the FLEUR
code?* and a slab model consisting of five VO, and six SrO
layers. The calculated displacements in the z direction of the
O and Sr atoms are +0.07 a.u. (outward) and —0.37 a.u.
(inward), respectively. The rather small displacement of the
top-layer O atoms signifies that the local octahedral symme-
try of outermost V ions is only slightly disturbed. We per-
formed an additional calculation where the V and O atoms in
the second layer were also allowed to relax. The atomic dis-
placements obtained are smaller than 0.02 a.u. and give rise
to only insignificant changes in the electronic structure at the
V site. For the VO,-layer-terminated surface, the surface ge-
ometry was optimized using a slab consisting of four VO,
layers and three SrO layers. The calculated displacements in
the z direction of the top VO, layer, —0.13 a.u. for the V site
and +0.05 a.u. for the O site, with respect to the ideal posi-
tions are rather small. The corresponding work functions for
the ideal and relaxed surfaces are 4.4 eV and 4.8 eV, respec-
tively.

The orbital-decomposed DOS of a V atom within LDA is
calculated from the imaginary part of the Green function as
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FIG. 2. The local DOS projected on 3d orbitals of an outermost
V atom for (a) ideal and (b) relaxed SrVOs surfaces terminated with
a SrO layer. R=2.05 a.u. and 7=0.07 eV. Solid, dashed, dotted,
and dashed-dotted lines correspond to the xz/yz, xy, 372-12, and
x%—y? components, respectively.

R
p,»(e)=_—ﬂ_1f (;:)ZL Pdr(i|3G(r,r,e+ink)|i), (3)

where |i) denotes the lattice harmonics corresponding to or-
bital i, and R is the MT radius of a V atom. At a given
two-dimensional (2D) wave vector k in the surface Brillouin
zone (SBZ), the DOS projected on orbital i is a smooth func-
tion of energy e for the xz/yz orbitals, whereas the DOS for
the xy orbital appears nearly as a discrete state because of the
quasi-2D nature of the xy band. Since in numerical calcula-
tions the integral over k in Eq. (3) is replaced by a summa-
tion with an appropriate weight function we introduce a finite
imaginary energy 7 so that p;(€) for the xy orbital becomes a
smooth function of energy e.

As is well known, the valence electronic structure of
SrVOs; is characterized by O 2p bands, located between —7
and -2 eV below E, and by V 3d bands, located between
—1 and +5 eV relative to E.> Due to the octahedral sym-
metry, the V 3d bands split into the three #,, bands at lower
energies and the two e, bands at higher energies. Ey crosses
the 7,, bands, which accommodate one electron. In Fig. 2 we
show the local DOS projected on five 3d orbitals of an out-
ermost V atom for the SrVO; surfaces terminated with a SrO
layer in the energy range corresponding to the V f,, band.
Here E is chosen as the origin of energy. Reflecting the
relatively small distortion of the octahedron surrounding a V
atom in the outermost VO, plane, the calculated DOS’s for
the ideal and relaxed surfaces are quite similar.
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TABLE I. Occupations of t,, orbitals calculated in a V muffin-
tin sphere with radius R=2.05 a.u.

SrO-terminated VO,-terminated
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FIG. 3. The local DOS projected on t,, (solid line) and e, (dot-
ted line) orbitals of a V atom in bulk SrVO; with R=2.05 a.u. The
inset shows the 7,, DOS without broadening. The curves in the
main panel are broadened using the Lorentz distribution of width
7=0.07 eV.

For comparison, we show in Fig. 3 the corresponding lo-
cal DOS of a V atom in bulk SrVOj; obtained using a bulk
FLAPW code. The 1,, DOS in the inset was calculated using
a standard tetrahedron method for a three-dimensional bulk
system, which is in good agreement with previous
calculations.?>?7 It exhibits a characteristic asymmetric peak
related to the Van Hove singularity according to the quasi-2D
electronic structure. This DOS curve was further broadened
using a Lorentz distribution with the same width parameter 7
as in Eq. (2) for the sake of a better comparison with the
surface calculation. The resultant DOS’s for the #,, and e,
orbitals are shown in the main panel of Fig. 3.

It is seen that the overall shape of p,,(e) in Fig. 2 is very
similar to that of the bulk #,, DOS in Fig. 3 as may be
expected from the quasi-2D character of the xy band. At a
closer look one finds that its position is shifted toward lower
energies as compared to that of the bulk #,, band, which can
be attributed to a change in the onsite energy at the V site.
The shift amounts to 0.2 and 0.25 eV for the ideal and re-
laxed geometries, respectively. As a consequence, at a fixed
k point, one observes two distinct peaks in the k-resolved d,,
DOS, a dominant one at a lower energy corresponding to the
xy band of the surface layer and a small one at a higher
energy originating from the wave-function tail of the bulk xy
band. In contrast, the DOS for the xz/yz band at a fixed k
point forms a broad spectrum owing to their energy disper-
sion with wave number in the z direction and exhibits no
distinct surface states in the spectrum. Thus, when integrated
over the SBZ, p,, ,.(€) in Fig. 2 appears in the same energy
range as that of the bulk #,, band. However, its shape is
appreciably different from that of the bulk 1,, band; its
weight is reduced at low and high energies but enhanced at
intermediate energies. The same qualitative trend was found
previously in the semi-infinite tight-binding calculation.'?!3
Thus, the effective width of p,,.(€) is smaller than that of
the bulk 7,, DOS although their total widths are identical.

The above-mentioned change in position and shape of
pi(€) results in increase or decrease in the occupation number
of orbital i inside a V MT sphere, n; defined as n;
= [Erp,(€)de. To avoid effects of the broadening parameter 7,

Bulk Ideal Relaxed Ideal Relaxed
Nz vz 0.24 0.21 0.19 0.31 0.28
Ny 0.24 0.27 0.31 0.12 0.13
Total 0.72 0.69 0.69 0.74 0.69

we use a semicircular contour ending at E in the complex
energy plane in evaluating n;. In Table I we compare n; of the
1, orbitals in the bulk with the corresponding ones of an
outermost V atom at the surface. It should be noted that the
sum of n; in the bulk is smaller than unity because n; is
calculated in a MT sphere with a fixed radius R=2.05 a.u.
For a SrO-layer-terminated surface, the effective reduction in
width of p,, ,.(€) leads to the decrease in n,,,,, while the
downward shift of p,,(€) leads to the increase in n,,. This
surface, therefore, is characterized by a sizable interorbital
charge transfer from xz,yz to xy by about 13% or 29% for
the ideal or relaxed geometries, respectively.

In order to illustrate the convergence of the electronic
properties with distance from the surface, we show in Fig. 4
the local DOS projected on V 3d orbitals in the second VO,
plane. One notices an oscillatory distortion in the shape of
sz,yz(f), which originates from the interference of electronic
states incident from the interior with the waves reflected at
the surface. The same behavior was observed in the tight-
binding calculation.'>!*2% On the other hand, p,,(€) becomes
nearly identical with the bulk #,, DOS in Fig. 2 including not
only its shape but also its position. Thus, the potential change
due to the surface and the concomitant interorbital charge
transfer decay very rapidly with distance from the surface.

Next, we consider the SrVO;(001) surface terminated
with a VO, layer. One may expect a larger change in the
electronic structure of the outermost V site since the loss of
one apex O atom greatly disturbs the local octahedral sym-
metry. Figure 5 shows the calculated local DOS projected on
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FIG. 4. The local DOS projected on 3d orbitals of a V atom in
the second VO, plane for an ideal SrVO; surface terminated with a
SrO layer. R=2.05 a.u. and 7=0.07 eV. Solid, dashed, dotted, and
dashed-dotted lines correspond to the xz/yz, xy, 3z2—r2, and x?
—y? components, respectively.
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FIG. 5. The orbital-decomposed DOS of an outermost V atom
for (a) ideal and (b) relaxed SrVOj; surfaces terminated with a VO,
layer. R=2.05 a.u. and 7=0.07 eV. Solid, dashed, dotted and
dashed dotted lines correspond to the xz/yz, xy, 3z>—r2, and x?
—y? components, respectively.

3d orbitals of an outermost V atom for the ideal and relaxed
SrVO; surfaces terminated with a VO, layer. Compared to
the bulk and SrO terminated surface several pronounced
changes occur: (i) The ds,2_,2 surface band is shifted far be-
low the bulk e, band and forms a relatively narrow spectrum
at about 0.8-1.5 (1.0—1.7) eV above E. This implies that
the d32_,» band in the top layer becomes a localized 2D
surface band. [We note that the long tail of ps.2_.2(e) is an
artifact of the Lorentz broadening; n3.2_,2 is negligibly
small.] (ii) The shape of the d ez DOS is also greatly modi-
fied compared to the #,, DOS in Fig. 3, but the band appears
in the same energy range as that of the bulk band. Thus, no
surface band is formed from the d,, ,. state. Nevertheless, the
density of states below Ep is considerably enhanced, imply-
ing an interorbital charge transfer that is opposite to the one
found for the SrO terminated surface. (iii) Owing to the
quasi-2D character of the d,, states, their local density of
states is affected to a much lesser degree by the missing
apical O atom. However, their position shifts by ~0.3 eV
toward higher energies compared to the bulk, implying about
50% reduced orbital occupation. The details of this charge
rearrangement among f,, orbitals are given in Table I. As we
discuss in the next section this surface induced redistribution
of valence charge has significant consequences for the influ-
ence of Coulomb interactions on the #,, quasiparticle spectra.

IV. DMFT RESULTS

In this section, we treat the effects of local Coulomb cor-
relations on the excitation spectra of an outermost V atom

PHYSICAL REVIEW B 73, 245421 (2006)
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FIG. 6. Bulk quasiparticle spectra of a V atom in SrVOj; derived
from LDA+DMFT for U=5.55¢V and J=1 eV. Solid (dotted)
curve: input from unbroadened (broadened) bulk DOS, as shown in
Fig. 3.

within LDA+DMFT. For this purpose, we use the orbital-
decomposed DOS shown in Figs. 2 and 5 as an input to Eq.
(1). Since the DOS functions calculated in a MT sphere with
a given radius are not normalized to unity, each of them is
multiplied by a constant such that the resultant renormalized
pi(€) accommodates exactly one electron per band when in-
tegrated over the whole energy range. This procedure should
qualitatively account for the V 3d charge hybridizing with
O 2p states.

Besides p;(€), the inputs to a DMFT calculation are the
local Coulomb parameters, the filling of the #,, bands, n, ,
and temperature T="". It is plausible that Moy, at the surface
deviates from the bulk configuration (3d)" due to charge re-
distributions between and within surface layers. As a quali-
tative estimate, we choose to use a ratio of the total th, OC-
cupation calculated in a V MT sphere in the bulk and that at
the surface which are tabulated in the third row of Table I.
For example, for the ideal or relaxed surfaces terminated
with a SrO layer, n,2g=0.69/0.72=0.96 is used as an input to
the DMFT calculation. The same value applies to the relaxed
surface with VO, layer termination, while the unrelaxed case
has n,, =0.74/0.72=1.03. The effects of 1y, ON the quasipar-
ticle spectra of V atoms are found to be rather modest as long
as its variation from the bulk value Moy, =1 is less than 0.05.
More important are the local Coulomb energies: In the
present work, we adopt U=5.55, J=1, and U'=U-2J
=3.55 eV, which were determined by Nekrasov et al. using
the constrained LDA method for a bulk crystal.?® As it is
likely that the Coulomb energies are enhanced at the surface
due to less efficient surface screening processes, the results
discussed below should be regarded as representing a case
where correlation effects are tuned to a minimum.

As a reference system, we show in Fig. 6 the bulk quasi-
particle spectra of SrVO; for 8=8 eV~! (T=1450 K), which
was derived from the imaginary-time Green function using
the maximum entropy technique.?’ The solid line represents
the quasiparticle DOS calculated using the tetrahedron 1,,
DOS in the inset of Fig. 3. It exhibits a coherent peak strad-
dling Er, and the lower and upper Hubbard bands character-
istic of a strongly correlated electron system. The line shape
is in good agreement with a recent calculation of Nekrasov et
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FIG. 7. Quasiparticle spectra of an outermost V atom for (a)
ideal and (b) relaxed SrVOj; surface terminated with a SrO layer.
U=5.55¢eV and J=1 eV. Solid and dashed lines correspond to the
xz/yz and xy components, respectively.

al.**?7 Since the LDA DOS in Figs. 2 and 5 includes a Lor-
entz broadening, it is necessary to check how this additional
broadening affects the V quasiparticle spectra. The bulk
DMEFT calculation was therefore repeated for the LDA DOS
in the main panel of Fig. 3, using the same broadening pa-
rameter 7=0.07 eV. The result is shown by the dotted line in
Fig. 6. As may be expected, the lower and upper Hubbard
bands are less pronounced than for the unbroadened DOS.
Nevertheless, the qualitative features of the spectral distribu-
tion, in particular, the peak positions, remain nearly intact for
the present choice of 7.

Figure 7 shows the calculated xz/yz and xy quasiparticle
spectra of a V atom at the surface of SrVO; with SrO-layer
termination. The comparison with the bulk spectra shown in
Fig. 6 demonstrates that correlation effects for a fixed value
of U are enhanced at the surface. The coherent peaks of both
the d,,,, and d,, contributions are narrower at the surface
and the incoherent satellite features are more pronounced
than in the bulk, in qualitative agreement with recent experi-
ments >'” and with previous tight-binding calculations.!>!3 Tt
should be noted that correlation effects would be further re-
inforced if the spectra were calculated using the LDA DOS
without broadening. According to Fig. 2, the d,,, surface
DOS is effectively narrower than the d,, DOS. One might
therefore expect the d,,,, quasiparticle spectrum to be more
strongly correlated. However, the local Coulomb interaction
mixes both bands, so that this difference will be reduced.
More importantly, according to Table 1, the d,, surface band
has a larger occupation than the d,,,, band. As a result, the
d,, band turns out to be even more strongly correlated than

the d,,,, band. In fact, in order to be able to accommodate
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FIG. 8. Quasiparticle DOS of an outermost V atom for (a) ideal
and (b) relaxed SrVOj; surfaces terminated with a VO, layer. U
=5.55eV and J=1 eV. Solid and dashed lines correspond to the
xz/yz and xy components, respectively.

more electrons, the lower Hubbard peak of the dxy DOS for
the relaxed structure [Fig. 7(b)] is seen to be substantially
larger than that of the d,.,, band. In this case the filling ratio
between the two bands, nxy/nxz,yz, is 1.75, which is even
larger than the corresponding LDA value, 1.6. Thus, the
surface-induced interorbital charge transfer from d, . to d,,
states is further enhanced via local Coulomb correlations.
We now proceed to the discussion of the quasiparticle
spectra of the VO,-layer-terminated surfaces. As discussed in
the preceding section, the long tail of p;.2_.2(€) on the low
energy side in Fig. 5 is an artifact of the Lorentz broadening
introduced in the LDA DOS. The lower edge of the d5.2_,2
band at k=0 is located at 0.8 and 1.0 eV above E for the
ideal and relaxed surfaces, respectively. Thus, in the present
work the multiband QMC calculation is carried out using the
three 1,, states without incorporating the d3.2_,2> orbital into
it, as in the case of the SrO-layer-terminated surfaces. Figure
8 shows the calculated quasiparticle DOS of an outermost V
atom for the ideal and relaxed SrVOj; surfaces terminated
with a VO, layer. According to Fig. 5, p,..(€) has a much
weaker van Hove singularity and its spectral weight is more
evenly spread out over the band width than for the SrO layer
terminated surface. Thus, in the quasiparticle spectra shown
in Fig. 8 the satellite peaks (especially the upper Hubbard
band) are less pronounced and the coherent peak is slightly
broader than in the spectra shown in Fig. 7. A more dramatic
effect occurs as a result of the surface-induced orbital polar-
ization. According to Table I the d,,,. band is more popu-
lated on this surface than the d,, band. Local Coulomb cor-
relations further promote this interorbital charge transfer

from d,, to d,,,.. The ratios n,,/n, . calculated via the
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DMEFT are now 0.19 and 0.25 for the ideal and relaxed sur-
faces, respectively, which are a factor 2 smaller than the
corresponding LDA values (see Table I). Thus, the d,, band
becomes nearly depleted at the VO,-terminated surfaces, in
striking contrast to the opposite trend for the SrO-terminated
surfaces which are characterized by n,,/n,,,.>1.

V. SUMMARY

The effect of Coulomb correlations on the electronic
structure of SrVO;(001) surfaces was studied within the
LDA+DMEFT approach. The LDA single-particle electronic
properties were calculated for a semi-infinite system by us-
ing the embedded Green-function approach. The layer de-
pendent local DOS was projected on the V 1,, orbitals and
subsequently used as an input to a DMFT calculation com-
bined with the multiband QMC technique. The results for the
SrO-layer-terminated surfaces are in qualitative agreement
with previous tight-binding calculations by one of the
present authors (A.L.). The reduced coordination number of
outermost V atoms gives rise to a significant narrowing of

PHYSICAL REVIEW B 73, 245421 (2006)
the LDA DOS for the d,,,. band, which leads to stronger
correlation features in the quasiparticle spectra. Moreover,
the surface-induced transfer of charge from d,. . to d,, or-
bitals is enhanced due to Coulomb correlations. In the case
of VO,-layer terminated surfaces, the lack of the local octa-
hedral symmetry at outermost V sites causes a considerable
rearrangement of 7,, valence charge compared to the bulk, in
particular, a transfer of charge from d,, to d,, .. This transfer
is further promoted by correlation effects.

Compared to the cubic bulk environment, therefore,
SrVO; surfaces exhibit a rich variety of single-particle and
many-body phenomena. Apart from the simple band narrow-
ing effect, important effects occur due to shifts of inequiva-
lent lye bands, redistribution of spectral weight, and con-
comitant redistribution of orbital occupations. In addition,
the issue of surface termination was studied from first prin-
ciples and was shown to give rise to opposite trends with
regard to orbital-dependent correlation enhancement. Analo-
gous effects should take place also at other transition-metal
oxide surfaces.
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