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State mixing for quasiparticles at surfaces: NonperturbativeGW approximation
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We presentab initio calculations for both the wave functions and the energies of single quasiparticles. The
conventional quasiparticle approach evaluates energy-level corrections to first order in the difference between
the self-energy and the Kohn-Sham exchange-correlation potential. Here, we also recalculate the quasiparticle
states. At the example of the GaAs~110! surface we show that this nonperturbative treatment is important for
surfaces with electronic states close in energy but different with respect to their localization. As a sensitive
observable the reflectance anisotropy is studied.@S0163-1829~99!15947-2#
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The state-of-the-artab initio calculations of structural
electronic, and optical properties of solids are based on
density-functional theory~DFT!,1 mainly in the local-density
approximation ~LDA !.2 However, the electron excitatio
spectra can be significantly different from those construc
straightforwardly with the solutions of the Kohn-Sham equ
tions of the DFT.3 They can in principle be described rigo
ously within a Green’s-function approach.3,4 The quantum-
mechanical part of the electron-electron interaction
contained in the exchange-correlation self-energyS, which,
in Hedin’sGWapproximation,3 is linearly expanded into the
screened Coulomb interactionW.

In order to calculate the single-particle excitation energ
and optical gaps of solids, usually only the main peak in
spectral function ofG is considered and satellite structur
are neglected.5,6 The first-principles quasiparticle~QP!
method5,7 yields self-energy effects in form of shiftsDl of
the Kohn-Sham~KS! orbital energies«l

KS . To be precise, QP

excitation energies«̃l
QP are derived from the KS energies

first-order perturbation theory with respect to the differen
dS5S2VXC , whereVXC denotes the exchange-correlatio
potential already considered in the KS equations. O
diagonal elements of the perturbation operatordS are ne-
glected. In fact, it has been shown for states close to
fundamental band edges5 of bulk semiconductors that th
real QP wave function has more than 99.9% overlap with
corresponding KS orbital. The perturbativeGWapproach en-
ables calculations of excitation energies for a variety of d
ferent systems including surfaces with an accuracy be
than 0.1 eV.5,7–11

The perturbative QP method is well established when
quantities of interest are energy levels. Physical proper
relying explicitly on the wave functions have been less
tensively studied using the QP approach, with the excep
of few works on the optical spectra of bulk semiconductor12

and surfaces8,13 where, consistently with the first-order pe
PRB 600163-1829/99/60~24!/16758~4!/$15.00
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turbative approach, the KS wave functions have been u
The huge amount of excellent results, which has been
tained with the standard procedure for energetic positi
does not necessarily imply that those results will be equ
excellent for the wave functions. A study concerning th
point has been performed on an aluminum surface, wh
image potential effects have been found using a nonper
bative QP approach.14

The perturbative approach is generally valid when the
shifts Dl do not change the ordering and occupation of
KS states. When the off-diagonal elements ofdS are not
small in comparison to the differencesu«̃l

QP2 «̃l8
QPu, the per-

turbative QP approach has to be improved. Important s
tems in this respect can be semiconductor surfaces. S
with different localization behave differently under the infl
ence of the perturbation operatordS.11 For some surfaces, i
has been shown that occupied surface states shift more
idly to lower energies than the corresponding bulk states.13,15

When their energies approach each other, the finite
diagonal elements may mix them and, hence, change t
character, at least partially. The accompanying mixing of
wave functions should influence all quantities containing m
trix elements between these states.

In order to investigate this possibility, we calculate qu
siparticle wave functions and energies beyond the conv
tional first-order perturbation treatment of the self-energy
fects. The self-energy is constructed using the Kohn-Sh
eigenstates of an underlyingab initio density-functional cal-
culation, and the resulting operator is diagonalized in
basis of the the KS wave functions. As an example fo
sensitive system, the GaAs~110! surface is studied. In fact, a
mixing of single-particle states of the same symmetry occu
The mixing effect is probed by the surface reflectance ani
ropy ~RA!.16

The main peaks in the spectral function of the sing
electron Green function define quasiparticles.3 For energies
E close to these peak positions they can be characterize
16 758 ©1999 The American Physical Society
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PRB 60 16 759STATE MIXING FOR QUASIPARTICLES AT . . .
quasiparticle energies«l(E) and wave functionsCl(E,x),
obtained by solving3

$T~x!1Vext~x!1Vh~x!%Cl~E,x!

1E d3x8S~x,x8;E!Cl~E,x8!5«l~E!Cl~E,x!,

~1!

whereT is the kinetic energy operator,Vext is the external
potential due to the ions, andVh is the Hartree potential o
the electrons. In the following, we neglect the lifetime of t
quasiparticles and take only the Hermitian part ofS into
account. Then the quasiparticle is represented by ad-like
peak in the spectral function at the solution«l

QP of the equa-
tion «l(E)5E and by a wave functionCl(«l

QP ,x). The QP
Eq. ~1! and the KS equation2 only differ by the respective
exchange-correlation potential. We, therefore, expand the
wave functions into the complete set of orthonormalized
orbitals fm(x) according to Cl(E,x)5(mclm(E)fm(x).
The QP equation is transformed into a system of algeb
equations

(
m8

$@«m8
KS

2«l~E!#dmm81dSmm8~E!%clm8~E!50, ~2!

wheredSmm8(E) is the matrix element of the difference b
tween the self-energy operator and the LDA exchange
relation potential. Equation~2! has to be solved forE in the
interval we are interested in. For a givenE the matrix ele-
mentsdSmm8(E) form a Hermitian matrix after the neglec
of the lifetime effects due toS. It guarantees that also the Q
statesCl(E,x) at the same energyE form a complete system
of orthonormalized wave functions. In general, we apply
linear approach to the energy dependence of the perturba
In the diagonal case,dSmm(E)5amm2(E2«m

KS)bmm, the
reliability of such an approach has been shown.5,7 In first-
order perturbation theory it gives QP eigenvalues«̃m

QP

5«m
KS1amm/(11bmm) as shifted KS energies. Since th

off-diagonal elements of the perturbation,dSmm8 , are small
in comparison to the diagonal ones, the resulting QP ener
«l

QP are rather close to the perturbation-theory values«̃l
QP .

For that reason only the correct energy dependence
dSmm8(E) close toE5 «̃m

QP andE5 «̃m8
QP is needed. We have

checked that in their surrounding intervals~about 4 eV wide!
the linear interpolation around («̃m

QP1 «̃m8
QP)/2, dSmm8(E)

5amm82@E2( «̃m
QP1 «̃m8

QP)/2#bmm8 (m5” m8), is still valid.
Neglecting the energy dependence ofdSmm8(E) for
(mÞm8), i.e., keeping only the first-right hand term in th
equation above, can change significantly the off-diago
matrix elements. Hence, in our calculation the energy dep
dence of all matrix elements ofdS(E) is accounted for.

We perform the QP calculations in three steps: the ou
«m

KS andfm of the first step based on the DFT-LDA is use

to calculate the QP energies«̃m
QP in first-order perturbation

theory in the second step. In the third step, not only
energies but also the wave functions are updated nonpe
batively under inclusion of the off-diagonal elements of t
perturbation operator. As a consequence of the energy
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pendence of the self-energy, QP wave functions with diff
ent QP eigenvalues are not orthogonal to each other.

In order to describe the relaxed GaAs~110! surface, the
repeated-slab method is used. Each slab consists o
atomic layers and 7 layers of vacuum. The total energy
timization and the electronic structure calculations are p
formed using a pseudopotential-plane wave code. The
orbitals are expanded in a set of plane waves up to an en

cutoff of 15 Ry. Further details for the calculations of«̃m
QP

are given in Ref. 13.
For the nonperturbative calculation, we expand the

wave function in a set of 26 valence and 26 conduction
states, neglecting the mixing between valence and cond
tion states. The 52 bands considered cover the energy in
val of 9 eV around the Fermi level, which allows for a co
rect description of the RA spectrum for photon energ
below 5 eV. For the screened Coulomb interactionW in the
self-energyS5 iGW, we use a plasmon-pole model d
scribed in Ref. 17.

The solutions of the KS equations and the results of
perturbative self-energy calculation have been used to ca
late QP wave functions and energies at the four hi
symmetry pointsG, X, M, andX8 as well as at the Baldere
schi point in the surface Brillouin zone~BZ!. We find that in
general the coupling matrix elementsdSmm8(E) are small.
The most important changes happen for the lowest cond
tion slab bandsc1, c2, andc3 at the BZ center. Already in
the DFT-LDA treatment the cation-related surface bandC3
merges nearG into the projected bulk bands, and cross
with the bandscn. This leads to a remarkable coupling of th
two lowest empty KS states as represented in the inse
Fig. 1. The eigenvalues of the three lowest empty states
shifted towards higher energies within the perturbativeGW
approximation. After the application of the nonperturbati
procedure the two coupled lowest bands show an anticr
ing behavior. The lowest one moves down in ener
whereas the other one is further shifted to higher energie

The consequences for the wave functions are shown
Fig. 1 for the lowest empty band atG. In this figure, the
square modulus of the wave function, integrated over
surface plane, is plotted versus the coordinate perpendic
to the surface. In the case of DFT-LDA, this state exhibit
clear bulk character: the probability to find an electron at
first atomic layer is the same as in the bulk, at the third a
fifth layer. The inclusion of the off-diagonal elements, i
stead, gives rise to a clear change in the localization.
probability to find the quasiparticle in the surface region
considerably increased, whereas it is decreased in the re
of the bulklike atomic layers.

In the case of theX point, one expects smaller effects o
the intermixing of KS wave functions at the band edges
the fundamental gap because of the energy separation of
and surface states. The empty cation-relatedC3 states are
clearly below the bulk conduction bands.18,19 In fact, as can
be seen in Fig. 2 no mixing occurs for the lowest emp
state, which is clearly a surface state. In all other ca
shown in Fig. 2 a hybridization of surfacelike and bulklik
states is observed. The changes in the localization beha
of the electronic states are smaller than in Fig. 1. Nevert
less, they are of the order of 10%, hence much larger t
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those occuring in the bulk. They could contribute to a mo
fication of surface optical properties.

In order to demonstrate the effect of intermixing
single-particle states of the DFT-LDA into QP states
have calculated the reflectance anisotropy of the rela
GaAs~110! surface within the different approximations co
sidered for the electronic structure. The RA is defined
DR/R52(Ry2Rx)/(Rx1Ry),

16 whereRy is the reflectivity
for light polarized along@ 1̄10#, the direction of the zig-zag
chains at the surface,19 and Rx is for light polarized along
@001#. There are two main reasons for an influence of
mixing effect: ~i! Since the bulk of zinc-blende GaAs is op
tically isotropic, the only source of the RA is the surfa
region. ~ii ! The signal is proportional to the differenc
@ uvcv

y (k)u22uvcv
x (k)u2# of the matrix elements of componen

of the velocity operatorv between conduction (l5c) and
valence (l5v) statesCl(«l

QP ,x), at the samek point in the
surface BZ. Small changes of the wave functions in the s
face region may induce huge changes of the above differe
and, hence, of the resulting RA.

In order to evaluate the optical response using the
states, we use the random-phase approximation form of

FIG. 1. Quasiparticle and DFT-LDA wave function~square
modulus integrated over the surface plane! for the lowest empty
state at theG point. The positions of the As atoms~full circles! and
Ga atoms~open circles! are indicated along the coordinate norm
to the surface. The solid line indicates the probability to find
electron as calculated in the present non-perturbative QP appro
the standard KS result~DFT-LDA wave function! is shown by the
dashed line. Inset: Energy of the three lowest conduction band
GaAs~110! at theG point, calculated according to LDA~KS!, stan-

dard perturbativeGW ( «̃QP), and the present approach («QP).
-
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FIG. 2. Squared moduli of the wave functions integrated o
the surface plane for valence and conduction states near the fu
mental gap atX. The atomic positions are indicated as in Fig.
Solid line: present QP, dashed line: standard KS.~a! Valence state
at 22.19 eV;~b! uppermost valence state, related to the anion fil
dangling bond;~c! lowest empty state, related to the cation emp
dangling bond;~d! conduction state at 2.88 eV. Energies are giv
relatively to the top of the valence band atG.

FIG. 3. Reflectance anisotropy of GaAs~110!, calculated with a
five k-points set: Top full line: DFT-LDA; dashed line: perturbativ
GWapproximation; bottom full line: non-perturbativeGWapproxi-
mation ~see text!.
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PRB 60 16 761STATE MIXING FOR QUASIPARTICLES AT . . .
polarizability propagator within the length gauge.20 QP wave
functions are in general not orthogonal to each other. Ho
ever, since the valence~conduction! QP wave functions do
not contain contributions from LDA conduction~valence!
states, the mutual orthogonality between filled and em
bands, which is important in the calculation of the optic
properties, is preserved.21 The results of the calculation
within three different approaches to the electronic struct
are shown in Fig. 3. The spectra have been calculated
just five k points in the irreducible part of the BZ. Thi
restriction arises from the necessity to calculate 1404 s
energy matrix elements perk point, and to handle the corre
sponding energy dependence. Convergence is expected
larger number ofk points, even if the triangle method i
applied.22 So we do not expect a reasonable resembla
with experimental RA data.23 Nevertheless, the RA spectr
in Fig. 3 allow to demonstrate the effect of the nonpertur
tive treatment of the quasiparticle corrections, in particu
the mixing of KS states of different localization into new Q
wave functions. The main effect of the perturbativeGW ap-
proximation is the shift of the RA spectrum towards high
energies. Since the QP shifts of the KS states are not r
also the line shape is changed, with some transfer of osc
tor strength to the low-energy peak. When also the chan
of the QP wave functions with respect to the KS orbitals
taken into account, there is a further transfer. This effec
mainly restricted to the low photon energy region, from 2
to 2.5 eV. This is related to the fact that the RA in this regi
is governed by transitions at theG point, which are strongly
v.
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influenced by hybridization effects as discussed in Fig.
The higher energy region is dominated by optical transitio
between modified bulklike states.13 Mixing of such states is
weaker and, moreover, does not significantly influence
RA.

In conclusion, we have presented anab initio treatment of
quasiparticle effects within theGWapproximation that is not
restricted to pure energy shifts. Rather, changes of the w
functions with respect to the solutions of the Kohn-Sha
equation have been taken into account. As a model sys
the GaAs~110! surface is considered. Differently from th
case of bulk semiconductors, sometimes, the identificatio
DFT-LDA wave functions as the quasiparticle ones may
be correct. Significant hybridization between surface a
bulklike states may occur. Physical properties that are do
nated by matrix elements may be affected by the sm
changes in the wave functions. This is demonstrated at
example of the surface reflectance anisotropy. Neverthe
the spectrum does not changequalitatively. We believe that
other surfaces, likeC(111)231, where perturbativeGW re-
sults for the gap do not agree with experiments,24 are also
candidates for the application of the nonperturbative QP
proach.

This work was supported by the Thu¨ringer Ministerium
für Wissenschaft, Forschung und Kultur. Computer
sources of the Forschungszentrum Ju¨lich are acknowledged
We are grateful to Rex Godby for the use of his plane-wa
GW code.
. B

le,

l

y.
ated
A

ys.
s
ns,

ty

. B

nd
1P. Hohenberg and W. Kohn, Phys. Rev.136, B864 ~1964!.
2W. Kohn and L.J. Sham, Phys. Rev.140, A1133 ~1965!.
3L. Hedin, Phys. Rev.139, A796 ~1965!; L. Hedin and S. Lun-

dqvist, Solid State Phys.23, 1 ~1969!.
4M.S. Hybertsen and S.G. Louie, Phys. Rev. Lett.55, 1418~1985!;

R.W. Godby, M. Schlu¨ter, and L.J. Sham,ibid. 56, 2415~1986!.
5M.S. Hybertsen and S.G. Louie, Phys. Rev. B34, 5390~1986!.
6F. Bechstedt, M. Fiedler, C. Kress, and R. Del Sole, Phys. Re

49, 7357~1994!.
7R.W. Godby, M. Schlu¨ter, and L.J. Sham, Phys. Rev. B35, 4170

~1987!.
8X. Zhu, S.B. Zhang, S.G. Louie, and M.L. Cohen, Phys. R

Lett. 63, 2112~1989!.
9J.E. Northrup, M.S. Hybertsen, and S.G. Louie, Phys. Rev. L

66, 500 ~1991!.
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