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Second harmonic generation of GaN„0001…
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Second harmonic generation~SHG! spectra of the Ga- and N-terminated GaN~0001! surfaces have been
studied by using the first-principles full potential linearized augmented plane-wave method. Equilibrium sur-
face geometries are determined through the total-energy minimization method. The calculated SHG spectra in
the low-energy spectral range are dominated by the two-photon resonances associated with the surface states,
while in the high energy range the SHG responses are contributed from the bulk states. Adsorption of Ga on the
N-terminated GaN~0001! surface results in a substantial evolution of the surface related SHG features.
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I. INTRODUCTION

GaN is a promising material for various technological a
plications, such as short-wavelength light emitting diod
semiconductor lasers, and optical detectors, etc.1,2 Second
harmonic generation~SHG! ~Refs. 3–10! as surface-specific
optical spectroscopy has been applied to differ
semiconductor-adatom systems. From a practical standp
their noninvasive nature, high sensitivity to submonola
adsorption, and strong dependence of the spectroscopi
sponse on the adatom species have proven extremely u
for real time, in situ monitoring of surface dynamic pro
cesses involving various adsorbents.3 Several SHG studies o
GaN surfaces and interfaces are reported in Refs. 3, 9,
10. On the GaN~0001! surface10 interesting optical SHG
structures were reported, which could not be explained
bulk contributions.

Significant progress in quantitative theoretical explanat
of surface-specific spectroscopic responses has also
made in recent years. The semiempirical tight-binding mo
~SETBM! of surface optics11 has been used to explain SH
response from Si surfaces.12,13 The SETBM correctly pre-
dicted tendencies in SHG behavior for different surfaces
ambients, but it proved to be significantly less successfu
quantitatively explaining nonlinear surface spectra. The r
son for this is due to the well pronounced surface/interf
localization of the SHG signal. Strong contribution of th
surface/adsorbate specific electronic states to SHG req
additional parametrization of interatomic interactions a
optical matrix elements, which usually strongly depend
the change in environment. The complex surface chemi
is certainly difficult for the SETBM based only on a fe
parameters. Recently we presented anab initio pseudopoten-
tial approach for the SHG spectra of Si~001!-adsorbate
systems,14,15 which reproduced well all essential features
the observed SHG spectra. Significantly, the strongly c
trasting effects of H and Ge adsorbents15 and B surface
doping14 on the SHG spectrum were reproduced in quant
tive detail, thus testing the theory more stringently than
merely a single adsorbent. Equally important, the calcu
tions showed that the basic adsorbate-specific trends in
0163-1829/2001/65~3!/035405~7!/$20.00 65 0354
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SHG spectra were rather insensitive to the accuracy of
structural optimization, but extremely sensitive to the qua
of the near-surface eigenvectors and eigenstates, i.e., to
full convergence of self-consistent all-electron treatments

In the present paper we report results of SHG for
GaN~0001! N- and Ga-terminated surfaces by using the fir
principles full potential linearized augmented plane-wa
~FLAPW! method. This theory has better precision for opt
than the pseudopotential approaches in particular for ma
als with first row elements~like N!. The high accuracy of the
FLAPW method in predicting linear and nonlinear optic
spectra of group-III nitrides was demonstrated recently
Ref. 16. Here we extend our FLAPW study to the nonline
optics of their surfaces. The main goal of this work is
predict the surface specific features of SHG spectra of wu
ite GaN crystals. Based on comparison of the SHG spe
calculated for GaN(0001)(131):N and GaN(0001)(1
31):Ga surfaces, we predict changes of the SHG respo
by adsorption of Ga. The paper is organized as follows.
Sec. II we describe the details of the numerical method
Sec. III, the formulation of the dipolar nonlinear optical su
ceptibility is given to elucidate the key points in the comp
tational procedure of SHG. In this section we also discuss
restrictions which may apply for reliable SHG predictions
the surface. In Sec. IV we discuss our results
GaN(0001)(131):N andGaN(0001)(131):Gasurfaces in
comparison with experimental data.

II. METHOD

The electronic band structure and optical function com
tations are based on the film-FLAPW theory.17,18 In the
FLAPW method no shape approximation is made for cha
density, potential, and matrix elements in all the three
gions~vacuum, interstitial, and muffin tin!.17 FLAPW calcu-
lations have provided very accurate results of linear and n
linear optical functions for differentAIII BV compound
semiconductors~see, e.g., Ref. 16 and references therein!.

Equilibrium surface geometries are determined throu
total-energy minimization guided by atomic forces. Calcu
tions of electronic-structure and optical properties are ba
©2001 The American Physical Society05-1
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V. I. GAVRILENKO AND R. Q. WU PHYSICAL REVIEW B 65 035405
on the generalized gradient approximation~GGA!.19 Eigen-
values and wave functions are obtained by direct diago
ization of the Hamiltonian with the fully converged charg
density. We modeled the surface by a slab containing e
GaN monolayers~ML’s !. Test calculations with a thicker sla
~up to 16 GaN ML’s! indicate that the results reported he
are reliable within 10–15%.

To compare with experiments, the quasiparticle~QP! cor-
rections are usually invoked in most theoretical pap
through a scissorslike operator. The value of the energy s
DQP was chosen to match the experimental gap energyEg .
Due to the strongk dependence ofDQP ~see, e.g., Ref. 20
and references therein!, however, this treatment does not im
prove deviations between the calculated and measured
cal functions in the high-energy spectral region. The rea
for this is that the scissorslike corrections do not improve
bandwidth of the conduction band (c band!. The GW
corrections,21,22which are beyond the scope of this paper, a
needed for a better quantitative comparison with exp
ments. In addition, the scissorslike QP corrections do
apply for cases with half filled metallic bands as found
the GaN~0001! surfaces. Therefore no QP correction
adopted here.

III. NONLINEAR OPTICAL SUSCEPTIBILITY

Calculations of optical functions are based on a sing
electron picture without the excitonic and local-field corre
tions. The polarizationP of a solid induced by an inciden
harmonic radiation at frequencyv can be expanded up to th
second order in electric field of light as

Pi~r ,v!5x i j
(1)Ej~r ,v!1x i jk

(2)Ej~r ,v!Ek~r ,v!

1Qi jkl
(2) Ej~r ,v!¹kEl~r ,v!, ~1!

where optical susceptibility functionsx (1) andx (2) stand for
the linear and nonlinear responses, respectively, andQ(2) de-
scribes the quadruple contribution toP.

A. Microscopic formulation

The ensemble average polarizationP of the system is de-
termined through the density matrix (r):

^P&5Tr~rP!. ~2!

The time-dependent response of a system to the incident
monic radiation is determined by the equation of motion
r, which at the thermal equilibrium is given by23

]r

]t
5

1

i\
@Ho1V,r#, ~3!

whereHo is the Hamiltonian of the unperturbed solid, andV
describes the interaction between the radiation and the
ter. Equation~3! can be projected on the orthogonal Blo
eigenfunctionsus& of Ho , @(Ho2Es)us&50]. In the thermo-
dynamic equilibrium, the density matrix in the singl
electron picture is defined through the Fermi distributi
function, f o(Es)5$exp@(Es2F)/kT#21%21, as23
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(0)5 f o~Ei !d i j .

At zero temperature@with f o(Es8)51 for the occupied (v)
states andf o(Es)50 for the empty~c! states#, the first and
second order solutions of Eq.~3! for harmonic radiation,
V(t)5Voexp(2ivt) are given by

rs,s8
(1)

5
Vs,s8

Es2Es82\v
, ~4!

rs,s8
(2)

5
1

Es2Es82\v
(
s9

^suVus9&^s9uVus8&

3S 1

Es92Es82\v
2

1

Es2Es92\v
D . ~5!

B. Second-order nonlinear optical susceptibilities

Equations~1!, ~2!, and~5! can be used now to derive th
expression forx (2). To this end one should specify the pe
turbation term in Eq.~3! which can be used in the form o
V52e/mcAp ~velocity gauge! or V52eEr ~length gauge!.
In a frequency range below near ultraviolet the light wa
vector is vanishingly small, therefore both approach
yield the same results.24 In a series of papers, Levine an
Allan25 as well as Del Sole and Girlanda26 demonstrated how
to use the length gauge for the determination of optical s
ceptibilities. Equations~1!–~5! in the length gauge yield the
well-known formula forx (2) given in many books for non-
linear optics.27–29 To avoid the divergence, the diagonal (s
5s8) terms for the intraband transitions need to be exclud
It has been shown for bulk SHG that these terms prov
insignificant contributions tox (2) and thus can be omitted in
most cases.24,30 According to our recent finding,15 however,
the intraband contributions become more important for
determination of surface SHG. Sipe and Ghahramani31 de-
rived equations invoking explicitly both the inter- and intr
band contributions. Using the latest formalism in the leng
gauge~atomic units!, thex i jk

(2)(22v,v,v) is given by32

x i jk
(2)~22v,v,v!5E dk

4p3
@x II

i jk~22v,v,v!

1h II
i jk~22v,v,v! 1s II

i jk !~22v,v,v!],

~6!

x II
i jk~22v,v,v!

5(
nml

r nm
i $r ml

j r ln
k %

v ln2vml
S 2 f nm

vmn22v
1

f ml

vml2v
1

f ln

v ln2v D ,

~7!
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h II
i jk~22v,v,v!

5(
nml

Fvnmr nm
i $r ml

j r ln
k %S f nl

vln
2 ~vln2v!

2
f lm

vml
2 ~vml2v!

D
12

fnmrnm
i $rml

j rln
k %~vml2vlm!

vmn
2 ~vmn22v!

G28i(
nm

fnmrnm
i $Dmn

j rmn
k %

vmn
2 ~vmn22v!

,

~8!

s II
i jk~22v,v,v!

5(
nml

f nm

vmn
2 ~vmn2v!

@vnlr lm
i $r mn

j r nl
k %2v lmr nl

i $r lm
j r mn

k %#

2 i(
nm

f nmDnm
i $r mn

j r nm
k %

vmn
2 ~vmn2v!

, ~9!

whereDnm
i [pnn

i 2pmm
i , $r ml

j r ln
k %[ 1

2 (r ml
j r ln

k 1r ml
k r ln

j ), vnm is
the energy difference between levelsn and m, and f nm[ f n
2 f m , with f i the Fermi occupation factor at zer
temperature.32 Matrix elementsrnm are usually evaluated
through momentum matrix elementspnm as rnm
5pnm / imvnm .32

C. Surface nonlinear optical response

The above formalism has been successfully applied
cently in the SHG studies for several bulk materials.16,32,33It
is not a trivial task, however, to extend it for surface SH
owing to the following reasons.

~i! The lowered symmetry at surfaces induces localiz
surface states which, in turn, result in unusual features
optical excitations not presented in the bulk.

~ii ! Structural relaxations and reconstructions ca
changes of electron band structure related to the excitat
of bulklike atomic orbitals in the near-the-surface region.

~iii ! The normal component of the light electric field d
cays rapidly in the surface region~discontinuity in the clas-
sical picture!.

~iv! The local-field effect and electron screening, which
surface could be different from those in bulk.

~v! The dc electric field established in the surface bar
causes electric-field induced second harmonic~EFISH! re-
sponse through the third-order nonlinear contribution.

The first two points are treated well in most of mode
first-principles approaches. As found in our previous cal
lations, the surface states induce pronounced different
tures below the threshold in the bulk SHG spectra. Th
provide additional means to monitor the surface chemis
The surface structure relaxation and reconstruction can
determined with a high accuracy in total-energy and fo
optimizations. Our calculations show that the strain effect
SHG is negligible for Ge/Si~001! systems.15

The discontinuity of thez component of the light electric
field gives rise to a large field gradient that can genera
sizable contribution from the quadruple terms@see Eq.
~1!#.34,35 The error associated to this effect will be enhanc
if the surface states orient along thez direction. This occurs
03540
e-

d
of

e
ns

t

r

-
a-
y
y.
be
e
n

a

d

for the N-terminated surface, where there is only o
z-oriented surface state per unit cell.

The local-field effect provides 10–30% contributions
linear polarization functions of bulk semiconductors.20 Effect
of electron screening~more precisely the effect of electro
exchange and correlation interaction on the optical polar
tion function! is usually less pronounced and very often co
pensates the local-field effect.20 The local-field corrections
on nonlinear optical susceptibilities were found to be in
range of221–130% in bulk semiconductors.36 It is reason-
able to expect the same range for the surface correction

Electric-field effects in SHG, the EFISH, could provid
substantial contribution to the surface response. The co
sponding term in polarization function is described by t
third-order optical susceptibility@which is not presented in
Eq. ~1!#. Experimental studies37,38 as well as theoretica
estimates14 for silicon surface suggested that EFISH cou
even be comparable to the second~dipole! term in Eq.~1!.

The latter three factors will be analyzed in our futu
work. In this paper, we focus on the leading dipolar con
butions to SHG given in Eq.~6!. The main features in the
spectral region associated to excitations of bulklike sta
should be reliable. In the long-wave spectral region wh
the surface states play the key role, the calculated S
should be viewed only qualitatively.

In the present work, contributions topnm only from atoms
in the upper half of the slab12,14 are calculated. In othe
words, we consider only one surface for the SHG determi
tion.

D. SHG efficiency

In real experiment, the SHG efficiencyR(v) is measured,
which is defined as39

R~v!5
I r~2v!

I i
2~v!

,

where indexesr and i denote reflected and incident intens
ties of the second harmonic fields, respectively. The funct
of R is a combination of different~allowed by symmetry!
components ofx i jk

(2)(v) and it is usually very difficult to
single out these components experimentally~see, e.g., Ref.
10!. Here we calculate the SHG efficienciesRpp andRsp for
both p-polarized incoming, p-polarized outgoing (p-in/
p-out!, ands-polarized incoming,p-polarized outgoing (s-in/
p-out! light geometries, respectively.

The local symmetry of the GaN(0001)(131) surface is
C3v which is a subgroup of theC6v

4 spatial group of bulk
GaN wurtzite crystals. Based on general rules,40 the values
of Rpp andRsp for the C3v symmetry are given by

Rpp5CU i

nv
Tp(2v)Tp

2(v)(sin2uxzzz

1n2vnvF2~v!xzxx22F~v!F~2v!xxzxU2

, ~10!

Rsp5CuTp~2v!Ts
2~v!xzxxu2, ~11!
5-3
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C5
32p2e2

m2c3
v2tan2u, ~12!

Tp5
2A«cosu

« cosu1A«2sin2u
, ~13!

Ts5
2 cosu

cosu1A«2sin2u
, ~14!

whereF(v)5A12sin2u/«(v).

IV. RESULTS AND DISCUSSION

A. Atomic and electronic structure

Atomic geometries of the GaN~0001! surface are opti-
mized through calculations of atomic forces which cont
both the Hellmann-Feynman and the Pulay correct
terms.41 Here we consider two atomic configuration
N-terminated (131) structure, and Ga-terminated (131)
surface where additional adatoms of Ga are placed dire
over the surface nitrogen atoms. In agreement with previ
finding,42,43 the Ga-terminated geometry is preferred en
getically. Our value of 2.08 Å for the atomic bond leng
between adsorbed and host atoms of Ga-on-top geomet
in a good agreement with the recent finding of 2.06 Å.44

The calculated surface band structures of the Ga-
N-terminated GaN(000)(131) surfaces are presented
Fig. 1. Significant differences are obvious between the
cases. The N-terminated GaN(0001)(131) surface has one
dangling bond per unit cell. Thep interaction between adja

FIG. 1. The calculated electron band structure of N-~a! and Ga-
~b! terminated GaN(0001)(131) surface.
03540
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cent dangling bonds is responsible for the metallic chara
of this surface. The electronic structure of this surface
well pronounced low dispersive metallic surface state in
gap @see Fig. 1~a!#.

The Ga-terminated GaN(0001)(131) surface is charac
terized by three surface states@labeled asG1 , G2, andG3 in
Fig. 1~b!#, which disperse strongly in the Brillouin zone, in
dicating the strong interaction between the neighboring s
face atoms. Our FLAPW band structure of the GaN~0001!
~131!:Ga surface confirms the previous results obtain
from empirical calculations based on the extended Hu¨ckel
method45 and also most recentab initio pseudopotentials
study.44

B. Nonlinear optical susceptibilities

The wurtzite GaN crystals are polar; the dipole seco
order optical response is thus allowed in volume. Anab ini-
tio study of SHG in bulk GaN, using the FLAPW loca
density approximation~LDA ! theory, has been performed b
Hugh, Wang, and Sipe in~Ref. 33!. SHG spectra of all inde-
pendent bulk components ofx (2) in GaN are given in our
recent study.16 To understand the contributions tox (2) from
the surface states, it is instructive to compare results of
surfaces with substantially different electronic structures:
Ga- and N-terminated GaN(0001)(131) surfaces.

In this study we mostly concentrate on the SHG efficie
cies rather than each individual component. In order to ill
trate the typical behavior, the spectra of real and imagin
parts ofxzzz

(2) are shown in Fig. 2. The absolute values of t
all three independent components ofx (2) calculated in this

FIG. 2. The calculated spectra of the second-order optical
ceptibility componentxzzz

(2)(22v,v,v) of the N-terminated~a! and
Ga-terminated~b! GaN(001)(131) surfaces~bold solid lines!. The
real and imaginary parts are shown by dashed and solid lines
spectively. The rescaled~by factor 1/40! spectra are shown in pane
~a! by the thin lines.
5-4
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FIG. 3. The calculated spectra of absolute values of the sec
order optical susceptibility componentxxzx

(2) (22v,v,v) of the
N-terminated~a! and Ga-terminated~b! GaN(001)(131) surfaces
~bold solid lines!. The thin solid lines the SHG spectra prese
results of the bulk wurtzite GaN~Ref. 16!. The rescaled~by factor
1/8! surface spectrum is also shown in panel~a! by the dashed line.

FIG. 4. The same as Fig. 3 but for thexzxx
(2) (22v,v,v) com-

ponent. The rescaled~by factor 0.01! surface spectrum is als
shown in panel~a! by the dashed line.
03540
d-

t

FIG. 5. The same as Fig. 3 but forxzzz
(2)(22v,v,v) component.

The rescaled~by factor 0.02! surface spectrum is also shown
panel~a! by the dashed line.

FIG. 6. SHG efficiencies for thep-in/p-out,Rpp ~a! and thes-in/
p-out, Rsp ~b! configurations of GaN(0001)(131):Ga~solid lines!
and of GaN(0001)(131):N ~dashed lines! surfaces. The rescale
spectra ~by a factor of 1/25! of the GaN(0001)(131):N
surface are shown by the thin dashed lines. Note different scale
panelsa andb.
5-5



fo
-

nt

h

l
F

ti-
n

ac

th

b
on
-
n

e
i-
co

o

e
V as
sig-
for

and

d
le
spe-
uch
ion
a of
n,
tion

nd

D.
ce,
rgy
t

V. I. GAVRILENKO AND R. Q. WU PHYSICAL REVIEW B 65 035405
work are presented in Figs. 3–5. The SHG efficiencies
p-in/p-out (Rpp) ands-in/p-out (Rsp) configurations are pre
sented in Fig. 6.

Compared to the bulk functions in Ref. 16~see the thin
lines in Figs. 3–5!, the SHG spectra can be separated i
two spectral regions: region 1 (0<\v<5.0 eV) and region
2 (\v.5.0 eV). In region 2 the SHG functions for bot
surfaces are obviously determined by the bulk responses~see
Figs. 3–5!. The Rpp and Rsp of both surfaces~see Fig. 6!
converge to each other at\v.5.0 eV. The differences stil
seen in Fig. 6 are caused by the restrictions of the model.
thicker slab ~with 16 ML’s and more! the values of
Rpp (Rsp) at \v.5.0 eV of both surfaces become quan
tatively the same. In region 1, the calculated SHG functio
appear to be dominated by contributions from the surf
states.

Note that highly intensive peaks are predicted in
low-energy region for the N-terminated GaN(0001)(131)
surface. Although the predicted peak intensities should
viewed cautiously as discussed in in Sec. III c, such str
peaks~rescaled in Figs. 2–6! promise a possibility to iden
tify surface chemical compositions and atomic arrangeme
with an extremely high sensitivity.

Experimental SHG spectra of GaN~0001! surface are re-
ported in Refs. 10 and 46. A surface-induced SHG peak n
2.8 eV was observed.46 As discussed in Sec. III, for compar
son with experiment the calculated SHG data should be
rected byDQP . The best value ofDQP is 1.4 eV to match the
measured gap of the bulk wurtzite GaN. Although it is n
,

ilp

.

.

n,

ci

V.

,
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clear what should be used forDQP at surface, it is reasonabl
to assign the peak in the calculated spectra at 1.5–1.6 e
the correspondent for the observation. A much stronger
nal should be detected in the infrared-red spectrum region
the N-terminated GaN~0001! surface.

V. CONCLUSIONS

The atomic geometries, electronic band structures,
nonlinear optical functions of GaN~0001! surface are studied
by using theab initio FLAPW method. The Ga-terminate
GaN(0001)(131) geometry is found to be more favorab
energetically than the N-terminated surface. The surface
cific features in the SHG nonlinear optical spectra are m
stronger than the bulk responses. Nitrogen terminat
strongly enhances the surface contribution to SHG spectr
the GaN~0001! surface in the low-energy spectrum regio
whereas adsorption of a Ga monolayer reduces it in rela
to nitrogen. This result can be used as a highly sensitivein
situ tool to monitor the changes in chemical composition a
geometry during the growth processes.
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