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Linear and nonlinear optical properties of group-III nitrides

V. I. Gavrilenko* and R. Q. Wu
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~Received 16 February 1999; revised manuscript received 4 October 1999!

Linear and nonlinear@second harmonic generation~SHG!# optical functions of cubic and hexagonal BN,
AlN, GaN, and InN have been studied by using the first-principles full-potential linearized augmented plane-
wave method. Equilibrium lattice constants are determined from the total-energy minimization method. The
calculated spectra of the second-order optical susceptibility show pronounced structures related to the two-
photon resonances. In materials with heavy metals there are remarkable contributions from the single-photon
transitions. Line shapes of the linear and particularly the nonlinear optical spectra of GaN and InN crystals are
very sensitive to the interactions between the conduction bands and metallicd states. Studies of the nonlinear
optical susceptibilities in both wurtzite and cubic crystals show high sensitivity of the SHG spectra to the
changes of atomic structure.
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I. INTRODUCTION

Group-III nitrides are promising materials for variou
technological applications, such as short-wavelength lig
emitting diodes, semiconductor lasers, and optical detecto1

Electron band-structure parameters and optical propertie
group-III nitrides including their linear2–15 and nonlinear op-
tical response functions16–20have been extensively studied
the last decade both theoretically and experimentally.

Nonlinear optical properties such as the second harm
generation~SHG! and the sum frequency generation~SFG!
spectroscopies have a great potential to be used as n
efficient techniques for material characterization. The opt
second-order susceptibility functions (x (2)) are known to be
very sensitive to the changes of symmetry.21 This makes
SHG and SFG spectroscopies extremely promising for
face studies,22 especially for monitoring surface contamin
tions and surface chemical reactions~see Ref. 23 and refer
ences therein!. Owing to technical difficulties and
computational demands, however, the nonlinear optical s
tra of the group-III nitrides are rarely studied using the fir
principles electronic structure theories and are still poo
understood.

In this paper we report results of a systematic study
electronic structure and linear, and nonlinear optical prop
ties of InN, GaN, AlN, and BN crystals in the zinc-blend
and wurtzite structures. We used the first-principles fu
potential linearized augmented plane-wave~FLAPW!
method. The equilibrium lattice constants are determin
from the total-energy minimization method. To understa
the nature of optical transitions and other relevant effects
the calculated optical functions, we study the local densi
of states~LDOS’s! and other electronic properties of the
materials.

This work is based on a single-electron picture, name
we neglected the excitonic effects and the local-field corr
tions. As shown previously, these effects in the bulk mat
als might change values of the predicted linear and nonlin
optical spectra by 20–30 %, especially in the spectral regi
of direct gaps in semiconductors.18,24–26
PRB 610163-1829/2000/61~4!/2632~11!/$15.00
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II. METHOD

The electronic band structure and the optical funct
computations are based on the FLAPW theory.27,28 In the
FLAPW method no shape approximation is made for cha
density, potential, and matrix elements.27 FLAPW calcula-
tions have provided very accurate results of linear and n
linear optical functions for many cubicAIIIBV compound
semiconductors as well as of wurtzite AlN and GaN cryst
~see Ref. 29 and references therein!.

A. Electron band structure

To take into account the exchange and correlation effe
we used formulas of both local density approximation~LDA,
with the von Barth–Hedin formula31! and the generalized
gradient approximation~GGA! ~with the Perdew-Bucky
formula!.32 The FLAPW-GGA approach has been succe
fully applied for the determination of electronic and optic
properties of various materials.33 The core states are treate
fully relativistically, while the spin-orbit coupling interac
tions among the valence states are treated sec
variationally.28 Energy cutoffs of 15 and 100 Ry are em
ployed to describe the augmented plane-wave basis funct
and the star functions for the charge density and potentia
the interstitial region, respectively. We found that BN a
AlN require lessk points than GaN and InN. 2500k points
in the full Brillouin zone~BZ! are employed to obtain reli
able results.

B. Optical functions

The linear (x (1)) and nonlinear (x (2)) optical susceptibili-
ties are computed through the optical response theory
complex resonance functions.34 This approach requires lessk
points, but it is slower then other often-used methods witd
functions to determine the imaginary part ofx (1) and x (2)

with subsequent evaluations for the real parts from
Kramers-Krönig relationship.19,35

Here the optical functionsx (1) and x (2) were calculated
within random-phase approximation by neglecting the n
2632 ©2000 The American Physical Society
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TABLE I. The measured~at T5300 K) and calculated~at T50 K) lattice constants~in Å! of zinc-blende
and wurtzite nitrides. Experimental data are given in parentheses.

BN AlN GaN InN

Zinc blende
This work 3.619~3.615a! 4.42 ~4.38b! 4.55 ~4.5c! 5.02 ~4.98d!

Ref. 5 4.342 4.460 4.932
Ref. 2 3.619 4.357 4.433 4.922

Wurtzite
a 2.56 ~2.55!e 3.13 ~3.11!f 3.24 ~3.19!f 3.59 ~3.54!g

c 4.22 ~4.23!e 5.09 ~4.98!f 5.24 ~5.20!f 5.81 ~5.69!g

c/a 1.644 ~1.656!e 1.618 ~1.601!f 1.614 ~1.63!f 1.621 ~1.61!g

aReference 46.
bReference 47.
cReference 48.
dReference 49.
eReference 50.
fReference 51.
gReference 52.
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locality of the velocity operator.26 The nonlinear optical sus
ceptibility x (2) in longitudinal ~length! gauge is given by36

x i jk
~2!~22v,v,v!

52N
e3

\2 (
g,n,n8

H ~r i !gn$~r j !n,n8 ,~r k!n8g%

~2v2vng1 iGng!~v2vn8g1 iGn8g!

1
$~r k!gn ,~r j !n8n%~r i !ng

~2v1vng1 iGng!~v1vn8g1 iGn8g!

2
$~r j !ng ,~r k!gn8%~r i !n8n

~2v2vnn81 iGnn8!
F 1

~v1vn8g1 iGn8g!

1
1

~v2vng1 iGng!
G J rg

~0! , ~1!

where the curly-bracket notation indicates all permutatio
with respect to the Cartesian coordinates,N is the number
density of electrons,\v i j is the energy difference, andG i j
the corresponding broadening parameter, between levi
and j. The Fermi distribution functionrg

(0) was taken at zero
temperature. Matrix elementsrng were determined byrng
5png / imvng through momentum matrix elementspng . The
sum in Eq.~1! covers all occupied and empty states; ho
ever, the values of the triple matrix element products
nonzero only if the electron states in resonant denomin
terms@e.g.,n2g andn82g states in the first term of Eq.~1!#
have different occupancies. This procedure accounts all t
sitions with virtual electron and virtual hole contribution
The calculation of the SHG by Eq.~1! using additional oc-
cupancy factors in the code is close to the method use
Ref. 29 and provides very similar results.

The LDA is well known to underestimate band gaps
semiconductors, which in turn causes some errors for
linear and higher-order optical response functions. The g
dient corrections in the GGA somewhat improve the sit
tion but cannot solve the problem completely, as is dem
strated below. For a better agreement with experiment
quasiparticle corrections37 ~QP! with inclusion of both static
s

-
e
or

n-

in

f
e

a-
-
-
e

and dynamical interactions24 are needed, which makes th
calculation procedures extremely complex and time dema
ing. The many-body effects can be reasonably treated
using scissorslike corrections both to the band energies~D!
and to the velocity matrix elements.38 To match the experi-
mental gap energies, we shift the conduction bands~c bands!
by a value ofD and renormalize the corresponding mome
tum matrix elements as29

ṽnm5vnm

vnm1~D/\!~dnc2dmc!

vnm
. ~2!

The corrections to the momentum matrix elements, as
cussed in the literature, appear to improve the results of
tical spectra further from the case with corrections merely
the band energies.20,29,39

III. ELECTRON BAND STRUCTURE

We determined the equilibrium lattice constantsa ~cubic!
anda andc ~hexagonal! through the total-energy minimiza
tion method. In Table I we compare the calculated data w
experiment and with the results obtained from previous c
culations. The LDA values of lattice constants2,5 are smaller
than the experimental data~i.e., smaller lattices!. This makes
energy gaps larger as a result of the hydrostatic compress
By contrast, our GGA data are slightly larger~by 0.8–1.0 %!
compared to the experimental lattice sizes~see Table I!. This
may shrink the bandwidths and gaps. It should be noted
all the calculations are performed here at zero temperat
The lattice constant is temperature dependent. The exp
mental values listed in Table I are obtained at room tempe
ture. In view of the sensitivity of the electron energy stru
ture and optical functions to the lattice constant~as well as to
the other temperature-dependent effects! this should be taken
into account by comparison between theoretical and exp
mental data.

The calculated energy gap values (Eg) are given in Table
II. To avoid computational complexity, the QP correctionsD
are used in most theoretical papers as a scissorslike oper
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2634 PRB 61V. I. GAVRILENKO AND R. Q. WU
The value ofD was widely chosen to match experimentalEg
data. However, due to the strongk dependence ofD ~see,
e.g., Ref. 26 and references therein! this does not improve
the disagreement between calculated and measured op
functions in high-energy spectral region. In other words,
scissorslike QP corrections do not improve the bandwidth
the c band. Therefore for a better agreement with expe
ment, GW corrections are required.37,40 In the absence o
reliable experimental results of optical functions in hig
energy regions of BN and cubic AlN, we did not use the Q
corrections for these materials. The values of the QP cor
tion D are determined in this work by fitting the main fe
tures of the calculated linear spectra (E2 transitions only! to
the experimentale2(v) curve.3 The value ofD50.5 eV in
GaN obtained through this procedure is remarkably sma
than the value ofD51.4 eV required to match the exper
mental gap. The spectral location of calculated features~par-
ticularly SHG peaks! should be closer to experimental spe
tra if main optical gaps are matched. The effect of this
correction on calculated optical functions is demonstra
below for SHG spectra of cubic GaN. For InN the values
D are determined by fitting the calculatedEg value to the
experimental one.

To understand the calculated optical susceptibility fu
tions we studied the LDOS spectra. The calculated LD
curves for BN, AlN, GaN, and InN are given in Figs. 1 an
2. Compared to otherAIIIBV materials, the band structures
the group-III nitrides show some important features: thed
bands of metal elements in GaN and InN are located q

TABLE II. Band-structure parameters~in eV! of zinc-blende
and wurtzite nitrides: values of quasiparticle correctionsD used in
present work; the calculated and measured values of the energ
Eg ; energy positionsEd of the d states with respect to the Ferm
level.

BN AlN GaN InN

Zinc blende
D 0.0 0.0 0.5 1.6
Eg

Expt. 6.1,a 6.2b,d 3.3a 1.9a

Present work~GGA! 4.6 3.30 2.4c 1.9c

Reference 10 6.1 5.2 3.8
Ed

Present work~GGA! 213.9 213.5
Reference 10 213.6 213.4

Wurtzite
D 0.0 1.8 0.5 1.65
Eg

Expt. 6.1,a 6.2b 6.3 3.3a 1.9a

Present work~GGA! 4.6 3.30 2.4c 1.9c

Reference 10 6.1 5.2 3.8
Ed

Present work~GGA! 213.9 213.5
Reference 10 213.6 213.4

aReference 46.
bReference 53.
cWith QP correction.
dReference 60.
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close to the valencespbands. The energy position of Ga 3d
states in both cubic and hexagonal GaN is at213.9 eV, a
result that agrees well with that obtained in the previo
linearized muffin-tin orbital~LMTO! calculation,4 213.3 eV,
but is still remarkably higher than the energy position of t
Ga 3d peak in an x-ray photoemission experiment,217.1
60.1 eV.4 In all the compounds studied here the valen
bands are dominated by the 2p bonding states of nitrogen a

ap

FIG. 1. The calculated local densities of states projected to
muffin-tin spheres of N~dashed line! and cation element~solid line!
in the cubic group-III nitride crystals.

FIG. 2. The same as Fig. 1 but for hexagonal group-III nitri
crystals.
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PRB 61 2635LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
the top of the valence band. In the absence of the metd
states, the LDOS’s of N 2s bonding states in AlN and BN
are much higher than those of the electronic states of me60

~see Figs. 1 and 2!. The electronic transitions from the N 2s
band make remarkable contributions to the second-order
tical susceptibility due to the double-frequency resonance
discussed below.

IV. OPTICAL FUNCTIONS

A. Static dielectric constants

The calculated values of the static macroscopic dielec
constantse0 are given in Table III, in comparison with th
data in the literature. We can state quite good agreemen
our data with the previously published results. Comparis
of our results with previous LMTO–atomic sphere appro
mation~ASA! data2 presented in Table III shows that LMTO
data systematically underestimate experimental and FLA
results. The LMTO-ASA values of statice0 deviate more

TABLE III. Macroscopic dielectric constants of zinc-blende a
wurtzite group-III nitride crystals.

BN AlN GaN InN

Present work~cubic! 4.51 4.61 5.71 7.46
Reference 2 4.14 3.86 4.68 7.16
Reference 16 4.56 4.61 5.74
Reference 14 4.54 4.46
Expt. 4.41a 4.68b 5.7,c 5.46d 8.4e

e'

Present work~hex.! 4.50 4.05 5.87 7.37
Reference 2 4.19 3.91 4.71 7.27
Reference 16 4.51 4.42 5.54
Reference 14 4.50 4.38
Reference 15 5.21

e i

Present work~hex.! 4.61 4.19 5.89 7.25
Reference 2 4.14 3.77 4.62 6.94
Reference 16 4.56 4.70 5.60
Reference 14 4.67 4.61
Reference 15 5.41

e`

Present work~hex.! 4.53 4.10 5.88 7.33
Reference 2 4.14 3.86 4.68 7.16
Reference 16 4.56 4.61 5.74
Reference 14 4.56 4.46
Reference 15 5.28
Expt. 4.50f 4.68b 5.3560.2g 8.4e

aThe value of e05n0
2 is obtained from the refractive indexn0

52.1 measured in Ref. 54.
bReference 55.
cReference 56.
dThe value ofe05n0

2 is obtained from refractive indexn052.34
measured in Ref. 53.

eReference 57.
fReference 46.
gReference 58.
l
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significantly from the results of our full-potential and oth
pseudopotential calculations~see Table III!. By approxima-
tive treatment of the potential in the interstitial regions~as by
the ASA method30 used in Ref. 2!, the choice of the atomic
sphere radius affects somewhat the amplitudes of the ca
lated optical functions. Therefore the deviations observ
could be considered as measures for the errors in op
functions caused by approximative versus precise descrip
of the potential energy in nitrides.

In hexagonal crystals the anisotropy of statice is not
strong but is noticeable in all the materials studied here. O
data clearly indicate the tendency of changing signs
uniaxial anisotropy degree@de53(e i2e')/e i12e'# when
the cations change from simple to heavy metals:de.0 for
BN and AlN, de.0 for GaN, butde,0 for InN ~see Table
III !. Small positive values ofde for BN and AlN are also
reported in Refs. 14 and 18 as obtained from pseudopote
calculations. Our value ofde.0 for GaN is close to that
obtained in Ref. 18.

B. Linear optical functions

The calculated dielectric functionse(v) are presented in
Figs. 3–6. The calculatede(v) spectra of BN and AlN~Figs.
3 and 4! are in good agreement with LMTO-ASA results2

However, for BN, our theoretical spectra as well as LMT
ASA results2 are shifted to the higher-energy region com
pared to the experimental result of Im@e(v)# obtained from
the Kramers-Kro¨nig analysis of reflectance measurements41

The LMTO values of the imaginary part ofe of BN are only
slightly lower than the FLAPW data~Fig. 3!.

In Fig. 5, the results for GaN obtained in this work a
given together with the experimental data of spectroel
sometry measurements.3 An overall good agreement with ex

FIG. 3. The calculated spectra of real~dashed lines! and imagi-
nary parts~solid lines! of the linear dielectric functione(v) of the
~a! cubic and~b! hexagonal BN crystals. In panel~b! values ofe i

and ofe' are shown by bold and thin lines, respectively. In pan
~a! experimental data of Ref. 41 are presented by circles.
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2636 PRB 61V. I. GAVRILENKO AND R. Q. WU
periment is achieved for both real and imaginary parts
e(v). This demonstrates the accuracy and reliability of o
FLAPW approach for predicting optical spectra.

Spectra ofe(v) of InN ~Fig. 6! are calculated in this work
with QP corrections ofD51.6 eV ~cubic! and D51.65 eV

FIG. 4. The calculated spectra of real~dashed lines! and imagi-
nary parts~solid lines! of the linear dielectric functione(v) of the
~a! cubic and~b! hexagonal AlN crystals. In panel~b! values ofe i

and of e' are shown by bold and thin lines, respectively. Expe
mental data~Ref. 59! are presented by open (e1) and filled (e2)
circles.

FIG. 5. The calculated spectra of real~dashed line! and imagi-
nary parts~solid line! of the linear dielectric functione(v) of the
cubic GaN crystal. Experimental data obtained by the spectroe
sometry~Ref. 3! are shown by open (e1) and filled (e2) circles.
f
r

~hexagonal; see Table II!. The line shapes of our FLAPW
spectra are in reasonable agreement with previous LMT
ASA results.2 In the region near the threshold, however, t
intensities of our FLAPWe2 spectra are remarkably highe
than that of the LMTO-ASA calculations2 for both cubic and
hexagonal crystals. In wurtzite InN crystals the experimen
values42 of e2 in the low-energy region are about a factor
1.5 higher in magnitude than the results predicted by LMT
ASA calculations. The line shape of our FLAPW spectra
in good agreement with experiment@see Fig. 6~b!#. It appears
that e2 of InN is sensitive to the accuracy of wave functio
and eigenvalues. The experimental verification ofe(v) of
InN is highly desirable.

C. Second-order optical susceptibilities

In Table IV we listed values of the static second-ord
optical susceptibility constants,d ~cubic! and dxzx and dzzz
~hexagonal!. In cubic materials our FLAPW1GGA1D data
are quite close to those obtained from t
LMTO1LDA1QP calculations,20 and in hexagonal crystal
our results are quite close~with somewhat enhanced absolu
values! to those obtained from the previou
FLAPW1LDA1QP calculations of AlN and GaN.19

Pseudopotential theory based on LDA1QP ~Ref. 16! pre-
dicted smaller values ofd, dxzx, anddzzz for AlN and GaN,
which are further reduced if the local-field effects are tak
into account.18

The frequency dependences of the nonvanishing com
nents~xyzin cubic crystals andxzx, zxx, andzzzin hexagonal
crystals! of the x (2) function are given in Figs. 7–18. In
contrast to the linear optical functions, the calculated spe
of x i jk

(2)(22v,v,v) show pronounced structures contribut

-

-

FIG. 6. The calculated spectra of real~dashed lines! and imagi-
nary parts~solid lines! of the linear dielectric functione(v) of the
~a! cubic and~b! hexagonal InN crystals. In panel~b! values ofe i

and of e' are shown by bold and thin lines, respectively. Expe
mental results ofe2 ~Ref. 42! are shown by open circles.
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PRB 61 2637LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
from both single- and double-frequency resonant terms.
analyze these contributions to the SHG spectra, it is hel
to comparex (2) and the linear opticale2 spectra.43 To this
end, the values ofe2 are shown in the bottom panels a
functions of bothv/2 andv. One can clearly see that th
main contributions to thex (2) spectra come from two-photo
resonances@cf. e2(v/2)#. The single-photon resonances@cf.
e2(v)# contribute mainly to the high-frequency parts wi
much smaller amplitudes. The LDOS curves in Figs. 1 an

TABLE IV. The calculated values of static second-order opti
susceptibility, for zinc-blende~d! and wurtzite (dxzx,dzzz) group-III
nitrides ~in pm/V!.

BN AlN GaN InN

d
This work 1.04 21.0 11.7 8.93
Reference 20 2.4 20.4, 20.23 10.6
Reference 18 1.7 0.005 5.0

dxzx

This work 21.25 20.35 25.86 5.62
Reference 19 20.25 24.27
Reference 18 20.9 20.1 22.1

dzzz

This work 1.61 24.21 10.42 6.17
Reference 19 23.77 6.03
Reference 18 1.7 22.3 3.5

FIG. 7. The calculated spectra of the~a! real ~dashed line! and
imaginary parts~solid line! and ~b! absolute values of the second
order optical susceptibility functionxxyz

(2) (22v,v,v) of the cubic
BN crystal. In the panel~c! the spectra ofe2(v/2) ~dashed line! and
e2(v) ~solid line! are shown.
o
ul

2

show that the valence bands of all group-III nitrides a
dominated by the nitrogen 2p states. These electronic stat
as well as the states close to the bottom of the conduc
bands provide the main contributions to the predicted S
spectra of group-III nitrides. In the high-energy regions the
are some features that arise from the double-frequency r
nances from the N 2s states~e.g., the structure at 10.0 eV fo
BN in Fig. 7!. Comparisons between the calculated spec
of x (2) for different nitrides indicate a clear trend that th

l

FIG. 8. The same as Fig. 7 but for a cubic AlN crystal.

FIG. 9. The same as Fig. 7 but for a cubic GaN crystal. In
panel~a! corresponding functions calculated without the QP corr
tion are shown.
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2638 PRB 61V. I. GAVRILENKO AND R. Q. WU
single-frequency resonance contributions to SHG are
hanced in compounds with heavier metals~cf. Figs. 9, 10,
and 15–18!. For BN, for example, only small contribution
from the single-frequency resonances to thex (2) spectra can
be found in the high-energy region~see Figs. 7 and 12!. By

FIG. 10. The same as Fig. 7 but for a cubic InN crystal.

FIG. 11. The calculated spectra of the second-order optical
ceptibility componentsx i jk

(2)(22v,v,v) of the wurtzite BN crystal.
The real and imaginary parts are shown by dashed and solid l
respectively.
n-

contrast, the single-frequency resonance terms contrib
almost in the whole spectral range for GaN and InN~cf. Figs.
9, 10, 16, and 18!. The effect of QP corrections to SHG
spectra is demonstrated for cubic GaN in Fig. 9. We belie
that due to the reasons discussed above, the value

s-

s,

FIG. 12. The calculated absolute value spectraux i jk
(2)u of the

wurtzite BN crystal. In the bottom panel the spectra ofe2(v/2)
~dashed line! ande2(v) ~dotted line! are shown with scaled ampli
tudes.

FIG. 13. The same as Fig. 11 but for a wurtzite AlN crystal.
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PRB 61 2639LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
D50.5 eV, needed to match the experimentalE2 energy in
GaN, is more reasonable for the spectral location predicti
of the most prominent SHG resonances in GaN. For hexa
nal AlN the calculated SHG spectra~Figs. 13 and 14! agree
well with the previous FLAPW-LDA results,19 indicating
that the gradient corrections are less important for the
shape of optical functions in nitrides.

FIG. 15. The same as Fig. 11 but for a wurtzite GaN crystal

FIG. 14. The same as Fig. 12 but for a wurtzite AlN crystal.
s
o-

e

For cubic AlN the calculated SHG spectrum agrees w
with the previous LMTO-ASA result.20 However, there are
some differences in their line shapes. Our FLAPW theo
predicts a stronger response in the spectral region abo
eV. As mentioned above, our FLAPW calculations for In
predict a stronger linear response in the low-energy spec
region than the previous LMTO-ASA study,2 ~cf. Fig. 5!, due

FIG. 17. The same as Fig. 11 but for a wurtzite InN crystal.

FIG. 16. The same as Fig. 12 but for a wurtzite GaN crystal
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2640 PRB 61V. I. GAVRILENKO AND R. Q. WU
mainly to a better description of wave functions, charge, a
potential in the FLAPW method.

D. Role of thed states

As shown in Figs. 1 and 2, thed states of GaN and InN
are located at about 14 eV below the Fermi level. We
hybridization exists betweend states of adjacent atoms. T
understand the role of thed states in the linear and nonlinea
optical response functions we calculatede(v) and x (2) of
GaN and InN without inclusion of optical transitions from/
thed states. We found that optical transitions related to thd
states provide remarkable contributions in both materials.
an example, the results obtained for GaN are shown by
lines in Fig. 19 in comparison with the data of the prec
calculations. The imaginary part of dielectric functions in t
upper panel of Fig. 19 is obviously reduced by excludi
d-state transitions at\v.6.0 eV. Consequently, the value o
the static dielectric constant decreases by about 15%.
nonlinear susceptibility is affected even more strongly@see
Fig. 19~b!#, because the two-photon processes involve m
more electronic states around the Fermi level than in
linear response. Our results demonstrate that electron tra
tions involvingd states contribute in the whole spectral ran
of x (2), and the related corrections are possibly as large
50%.

E. Optical response: Wurtzite versus cubic structure

The group-III nitrides often exist in mixed structures wi
cubic and hexagonal phases. It is thus important to un
stand how sensitive the SHG is to the changes in the c
talline structure. In both cubic~zinc-blende! and wurtzite
structures each atom of one kind is tetrahedrally surroun
by four atoms of the other kind. Because both phases h
the same nearest-neighbor configurations, one may ex
similar optical responses.

FIG. 18. The same as Fig. 12 but for a wurtzite InN crystal.
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The first systematic study of linear and second-order
tical susceptibilities in cubic and hexagonal II-V
semiconductors44 indicated that the change in atomic stru
ture plays a limited role at energies below the gap~linear
functions! or at half gap~second-order response!. Stronger
effects were reported in the high-energy regions of II-
compounds.44

In this work we compare the imaginary parts of thexzzz
(2)

component for group-III nitrides withxxyz
(2) spectra for both

wurtzite and cubic structures in Fig. 20. Following Ref. 4
we project thexxyz

(2) component of the cubic structure into th
hexagonal frames. As in II-VI semiconductors,44 the spectra
of two nitride phases are very different. For GaN and InN t
x (2) spectra for the two structures are similar only in t
long-wavelength regions. The spectra of the cubic phase
remarkably blueshifted in the high-energy region. These
ferences around direct-gap energies can be explained.
localization of optical transitions ink space corresponds to
delocalization in the real space. In other words, electron tr
sitions around direct optical gaps may involve atomic bon
extending to several atomic shells in the real space.

Comparing SHG results of the two phases~see Fig. 20!
one can see thatx (2) spectra in cubic materials are system
atically blueshifted with respect to their hexagonal count
parts. This corresponds to the structure-induced change
the bandwidth and gap sizes. Although the LDOS for the t
phases in Figs. 1 and 2 is very close in profile, the band
wurtzite crystals are noticeably narrower. It is well know
that the electron band structure of solids is determin
mainly through the interactions between nearest neighb
with much weaker contributions from the interactions w
the second-nearest neighbors, and the interactions with th
nearest neighbors very offen could be neglected for

FIG. 19. The calculated spectra of~a! real ~dashed lines! and
imaginary parts~solid lines! of linear dielectric functionse5e1

1 i e2 , and~b! real ~dashed lines! and imaginary parts~solid lines!
of xzzz

(2) of the wurtzite GaN crystal. The thin lines are correspond
values calculated by excludingd states from the optical transition
matrix elements.
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estimations.45 Atomic geometries of the two phases are th
same up to second-nearest neighbors. As a consequen
the same atomic configuration in the first two atomic she
in cubic and wurztite crystals, the shapes of the SHG spe
of two phases are quite similar~see Fig. 20!. Note from the
lattice parameters in Tables I and V, the nearest- and seco
nearest-neighbor interatomic distances in the wurtzite str
ture are 0.1–0.6 % larger than those in the cubic phase~in
agreement with corresponding data calculated for ideal str
tures using experimental lattice constants!. The increase of
d12 and d13 causes the weakening of the relevant bondi
energies and gives rise to the obtained redshift of the S
spectra in hexagonal as compared to the zinc-blende crys

FIG. 20. The calculated spectra of the imaginary second-or
optical susceptibility components of the wurtzite (xzzz

(2) , bold lines!
and of the zinc-blende (xxyz

(2) , thin lines! crystals. The optical func-
tions of the cubic phase are projected into the hexagonal coordi
frames.
o

of
s
ra

d-
c-

c-

g
G
ls.

By contrast the linear optical functions appear to be v
stable in the cubic-hexagonal phase transitions. Clearly
nonlinear optical response is much more sensitive to
atomic configurations than the linear one. The high sens
ity of x (2) to the atomic structure can be used for opti
detections of phase mixture, embedding, and phase tr
tions in nitrides.

V. CONCLUSIONS

The electronic band structures and linear and nonlin
optical functions of the cubic and hexagonal BN, AlN, Ga
and InN crystals have been studied with the first-princip
FLAPW method. In BN and AlN the valence bands a
dominated by 2s and 2p bonding states of N. The calculate
band-structure parameters and the values of macroscop
electric constants as well as the static values of the sec
order susceptibility agree well with available data in the
erature. The predicted second-order optical spectra s
pronounced structures related to single- and dou
frequency resonances. The SHG response in group-III
trides is mainly due to double-frequency resonances; sin
photon resonances provide noticeable contribution only
materials with heavy metals. In these materials the tra
tions from/tod states contribute remarkably to the linear a
nonlinear optical functions. The second-order optical sus
tibility functions are very sensitive to the atomic configu
tions in wurtzite and zinc-blende phases.
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TABLE V. Calculated distances~in Å! between nearest (d12)
and second-nearest neighbors (d13) of zinc-blende and wurtzite~in
parentheses! nitrides.

BN AlN GaN InN

d12 1.567~1.569! 1.914~1.916! 1.970~1.982! 2.174~2.196!
d13 2.559~2.576! 3.120~3.122! 3.217~3.219! 3.550~3.568!
or-
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Ädermannsdorf, Switzerland, 1990!, p. 227.

42Q. Guo, O. Kato, M. Fujisawa, and A. Yoshida, Solid State Co
mun.83, 721 ~1992!.

43J. E. Sipe, A. I. Shkrebtii, and O. Pulci, Phys. Status Solidi A170,
431 ~1998!.

44J. L. P. Hughes and J. E. Sipe, Phys. Rev. B58, 7761~1998!.
45W. A. Harrison, Electronic Structure and Properties of Solid

~Freeman, San Francisco, 1980!.
46Numerical Data and Functional Relationships in Science a

Technology, edited by O. Madelung, M. Schulz, and H. Wei
Landolt-Börnstein, New Series, Group III, Vol. 17, pt.
~Springer, Berlin, 1982!.

47I. Petrov, E. Mojab, R. C. Powell, and J. E. Greene, Appl. Ph
Lett. 60, 2491~1992!.

48S. Strite, J. Rujan, Z. Li, A. Salvador, H. Chen, D. J. Smith, W.
Choyke, and H. Morko¸c, J. Vac. Sci. Technol. B9, 1924~1991!.

49S. Strite, D. Chandrasekhar, D. J. Smith, J. Sariel, H. Chen
Teraguchi, and H. Morko¸c, J. Cryst. Growth127, 204 ~1993!.

50T. Soma, S. Sawaoka, and S. Saito, Mater. Res. Bull.9, 755
~1974!.

51H. Schulz and K. H. Thiemann, Solid State Commun.23, 815
~1977!.

52K. Osamura, S. Naka, and Y. Murakami, J. Appl. Phys.46, 3432
~1975!.
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