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Linear and nonlineafsecond harmonic generatid8HG)| optical functions of cubic and hexagonal BN,
AIN, 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 metstiites. 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.

I. INTRODUCTION II. METHOD

G Il nitrid . terials . The electronic band structure and the optical function
roup-il nitrides are promising materals 1or various computations are based on the FLAPW thedrsf In the

technological applications, such as short-wavelength lightr| Ap\w method no shape approximation is made for charge
emitting diodes, semiconductor lasers, and optical detebtorsdensity potential, and matrix elemeR{sFLAPW calcula-
Electron band-structure parameters and optical properties gfns have provided very accurate results of linear and non-
group-I1l nitrides including their linedr**and nonlinear op-  |inear optical functions for many cubié""BY compound

tical response function$ *’have been extensively studied in semiconductors as well as of wurtzite AIN and GaN crystals
the last decade both theoretically and experimentally. (see Ref. 29 and references thejein

Nonlinear optical properties such as the second harmonic
generation(SHG) and the sum frequency generati®FG
spectroscopies have a great potential to be used as novel A. Electron band structure
efficient techniques for material characterization. The optical T take into account the exchange and correlation effects,
second-order susceptibility functiong(¢’) are known to be e used formulas of both local density approximatibBA,
very sensitive to the changes of symméttyThis makes with the von Barth—Hedin formufd and the generalized
SHG and SFG spectroscopies extremely promising for Surgradient approximation(GGA) (with the Perdew-Bucky
face studie$? especially for monitoring surface contamina- formula).3? The FLAPW-GGA approach has been success-
tions and surface chemical reactiosee Ref. 23 and refer- fully applied for the determination of electronic and optical
ences therejn Owing to technical difficulties and properties of various materiald The core states are treated
computational demands, however, the nonlinear optical spedully relativistically, while the spin-orbit coupling interac-
tra of the group-Ill nitrides are rarely studied using the first-tions among the valence states are treated second-
principles electronic structure theories and are still poorlyvariationally?® Energy cutoffs of 15 and 100 Ry are em-
understood. ployed to describe the augmented plane-wave basis functions
In this paper we report results of a systematic study ofind the star functions for the charge density and potential in
electronic structure and linear, and nonlinear optical properth€ interstitial region, respectively. We found that BN and
ties of InN, GaN, AIN, and BN crystals in the zinc-blende AIN require lessk points than GaN and InN. 2500 points
and wurtzite structures. We used the first-principles full-n the full Brillouin zone (BZ) are employed to obtain reli-

potential linearized augmented plane-wavgLAPW) able results.

method. The equilibrium lattice constants are determined

from the total-energy minimization method. To understand

the nature of optical transitions and other relevant effects on

the calculated optical functions, we study the local densities The linear ‘) and nonlinear ¢(?)) optical susceptibili-

of states(LDOS’s) and other electronic properties of theseties are computed through the optical response theory for

materials. complex resonance functiod$This approach requires leks
This work is based on a single-electron picture, namelypoints, but it is slower then other often-used methods With

we neglected the excitonic effects and the local-field correcfunctions to determine the imaginary part gf") and x(?)

tions. As shown previously, these effects in the bulk materiwith subsequent evaluations for the real parts from the

als might change values of the predicted linear and nonlinedframers-Kranig relationship-*%°

optical spectra by 20—30 %, especially in the spectral regions Here the optical functiong® and x® were calculated

of direct gaps in semiconductot%24-2¢ within random-phase approximation by neglecting the non-

B. Optical functions
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TABLE |. The measuredat T=300 K) and calculate@at T=0 K) lattice constant§in A) of zinc-blende
and wurtzite nitrides. Experimental data are given in parentheses.

BN AN GaN InN
Zinc blende
This work 3.619(3.61%) 4.42 (4.389) 4.55 (4.5 5.02 (4.98)
Ref. 5 4.342 4.460 4.932
Ref. 2 3.619 4.357 4.433 4.922
Wurtzite
a 2.56 (2.55° 3.13 (3.1 3.24 (3.19f 3.59 (3.54)9
c 4.22 (4.23° 5.09 (4.99' 5.24 (5.20' 5.81 (5.699
cla 1.644 (1.656° 1.618 (1.602f 1.614 (1.63 1.621 (1.61)9

8Reference 46.
bReference 47.
‘Reference 48.
dreference 49.
®Reference 50.
Reference 51.
9Reference 52.

locality of the velocity operatof® The nonlinear optical sus- and dynamical interactioA$are needed, which makes the
ceptibility x(?) in longitudinal (length gauge is given b¥ calculation procedures extremely complex and time demand-
ing. The many-body effects can be reasonably treated by

Xi(jzk)(_zwawaw) using scissorslike corrections both to the band ener@i¢s
3 and to the velocity matrix element® To match the experi-
N e_z > [ (fi)gn{(rj)n,n/ ,(rk)n’g}_ mental gap energies, we shift the conduction baodsmnds
he g [(2o—ongtiThg) (0 —wqgtilhg) by a value ofA and renormalize the corresponding momen-

tum matrix elements 4%

{(rk)gna(rj)n’n}(ri)ng
(Lot opgtilhg)(w+ o gtilyg)

_ {(rj)ng-(rk)gn’}(ri)n’n

(2w—wnn,+irnn/)

~ onmt (A7) (Sne— Ome)
Vam™ Vinm w . (2
1 nm

w+wa+il., The corrections to the momentum matrix elements, as dis-
( n'g n g) . . .

cussed in the literature, appear to improve the results of op-

N 1 (0) B tical spectra further from the case with corrections merely to

(@—ongtilng || Po the band energie<:**%

where the curly-bracket notation indicates all permutations
with respect to the Cartesian coordinatbkis the number

density of electronsi w;; is the energy difference, and; We determined the equilibrium lattice constaat&ubic)
the corresponding broadening parameter, between lévelsanda andc (hexagonal through the total-energy minimiza-
andj. The Fermi distribution functiovhgo) was taken at zero tion method. In Table | we compare the calculated data with
temperature. Matrix elements,; were determined by,,  experiment and with the results obtained from previous cal-
=Png/iMmw,g through momentum matrix elemergs,. The  culations. The LDA values of lattice constafttsare smaller
sum in Eq.(1) covers all occupied and empty states; how-than the experimental datae., smaller latticels This makes
ever, the values of the triple matrix element products aresnergy gaps larger as a result of the hydrostatic compression.
nonzero only if the electron states in resonant denominatoBy contrast, our GGA data are slightly largéy 0.8—1.0 %
terms[e.g.,n—g andn’ —g states in the first term of Eql)]  compared to the experimental lattice sizese Table)l This
have different occupancies. This procedure accounts all trammay shrink the bandwidths and gaps. It should be noted that
sitions with virtual electron and virtual hole contributions. all the calculations are performed here at zero temperature.
The calculation of the SHG by E@l) using additional oc- The lattice constant is temperature dependent. The experi-
cupancy factors in the code is close to the method used imental values listed in Table | are obtained at room tempera-
Ref. 29 and provides very similar results. ture. In view of the sensitivity of the electron energy struc-
The LDA is well known to underestimate band gaps ofture and optical functions to the lattice constéag well as to
semiconductors, which in turn causes some errors for théhe other temperature-dependent effettiss should be taken
linear and higher-order optical response functions. The grainto account by comparison between theoretical and experi-
dient corrections in the GGA somewhat improve the situa-mental data.
tion but cannot solve the problem completely, as is demon- The calculated energy gap valudsj are given in Table
strated below. For a better agreement with experiment th#. To avoid computational complexity, the QP correctiagns
quasiparticle correctiods(QP) with inclusion of both static ~are used in most theoretical papers as a scissorslike operator.

Ill. ELECTRON BAND STRUCTURE
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TABLE Il. Band-structure parametersn eV) of zinc-blende
and wurtzite nitrides: values of quasiparticle correctidnased in Lot BN |
present work; the calculated and measured values of the energy gap ’
Eq4: energy position€Ey of the d states with respect to the Fermi iy
level. Al M /\4“ " 5
A Py \!\'{( w A A%y
0.0 /An\l M ;
BN AIN GaN InN ’
i c-AIN
i 10 f A i 1
Zinc blende n g
A 00 00 05 1.6 N bl
E, S M i
/ VA
Expt. 6.12 6.2 3.3 1.9 0.0 4 = ‘ 1
Present worKGGA) 4.6 3.30 2.4 1.9
10 c-GaN
Reference 10 6.1 5.2 3.8 2 N
Eq 3 il
Present worKGGA) ~139 -135 J ' R
Reference 10 -13.6 —13.4 0.0 ¥ :
Wurtzite 10 - ) c-InN |
A 0.0 1.8 0.5 1.65 it
i Iy
Eq ] P ;
Expt. 6.126.2 6.3 38 19 A ! A
Present worKGGA) 4.6 3.30 2.4 1.9 %500 -10.0 0.0 100
Reference 10 6.1 5.2 3.8 Energy (V)
Eq . .
FIG. 1. The calculated local densities of states projected to the
Present worKGGA) -13.9  —135 muffin-tin spheres of Ndashed lingand cation elemer{solid line)
Reference 10 —-13.6 -—134

8Reference 46.
bReference 53.
‘With QP correction.
dreference 60.

The value ofA was widely chosen to match experimerig|
data. However, due to the stromgdependence oA (see,

e.g., Ref. 26 and references thejeihis does not improve

in the cubic group-IIl nitride crystals.

close to the valencspbands. The energy position of Ga 3
states in both cubic and hexagonal GaN is—t3.9 eV, a
result that agrees well with that obtained in the previous
linearized muffin-tin orbitalLMTO) calculation® —13.3 eV,

but is still remarkably higher than the energy position of the
Ga 3 peak in an x-ray photoemission experimentl17.1
+0.1eV? In all the compounds studied here the valence
bands are dominated by thg Donding states of nitrogen at

the disagreement between calculated and measured optical

functions in high-energy spectral region. In other words, the ‘

scissorslike QP corrections do not improve the bandwidth of 1o} w-BN
the ¢ band. Therefore for a better agreement with experi- A

ment, GW corrections are requird®’® In the absence of n N

reliable experimental results of optical functions in high- ,,,fr\ i A R
energy regions of BN and cubic AIN, we did not use the QP 00 == ‘ I

corrections for these materials. The values of the QP correc- ol
tion A are determined in this work by fitting the main fea-

tures of the calculated linear specti@,(transitions only to
the experimentak,(w) curve® The value ofA=0.5eV in

GaN obtained through this procedure is remarkably smaller 0.0
than the value ofA=1.4eV required to match the experi-

mental gap. The spectral location of calculated feat(pes-

A
ticularly SHG peakgsshould be closer to experimental spec-
tra if main optical gaps are matched. The effect of this QP J
correction on calculated optical functions is demonstrated 00

below for SHG spectra of cubic GaN. For InN the values of ol \/\
A are determined by fitting the calculatéd, value to the

experimental one.

To understand the calculated optical susceptibility func-
tions we studied the LDOS spectra. The calculated LDOS 00
curves for BN, AIN, GaN, and InN are given in Figs. 1 and
2. Compared to othek"'BY materials, the band structures of
the group-lIl nitrides show some important features: the
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FIG. 2. The same as Fig. 1 but for hexagonal group-Ill nitride

bands of metal elements in GaN and InN are located quiterystals.
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TABLE Ill. Macroscopic dielectric constants of zinc-blende and
wurtzite group-lll nitride crystals.
BN AIN 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. 448 468 57546 8.4
€
Present workhex,) 4.50 4.05 5.87 7.37
Reference 2 4.19 3.91 4.71 7.27
Reference 16 451 4.42 5.54
Reference 14 450 438 <
Reference 15 5.21 w
€l
Present workhex,) 4.61 4.19 5.89 7.25
Reference 2 4.14 3.77 4.62 6.94 =000 50 10.0 150 200
Reference 16 4.56 4.70 5.60 Photon energy (eV)
Reference 14 4.67 461
Reference 15 5.41 FIG. 3. The calculated spectra of rddhshed linesand imagi-
nary parts(solid lineg of the linear dielectric functior(w) of the
€ (@ cubic and(b) hexagonal BN crystals. In panéd) values ofe
Present workhex) 453 4.10 5.88 7.33 and ofe, are shown by bold and thin lines, respectively. In panel
Reference 2 4.14 3.86 4.68 7.16 (a) experimental data of Ref. 41 are presented by circles.
Reference 16 4.56 4.61 5.74
Reference 14 4.56 4.46 significantly from the results of our full-potential and other
Reference 15 5.28 pseudopotential calculatior{see Table Ill. By approxima-
Expt. 450 469 535-08 8 tive treatment of the potential in the interstitial regidas by

the ASA method used in Ref. 2 the choice of the atomic
The value ofe,=nj3 is obtained from the refractive index,  sphere radius affects somewhat the amplitudes of the calcu-

=2.1 measured in Ref. 54. lated optical functions. Therefore the deviations observed
PReference 55. could be considered as measures for the errors in optical
‘Reference 56. functions caused by approximative versus precise description
9The value ofey=n2 is obtained from refractive inder,=2.34  of the potential energy in nitrides.

measured in Ref. 53. In hexagonal crystals the anisotropy of statids not
°Reference 57. strong but is noticeable in all the materials studied here. Our
Reference 46. data clearly indicate the tendency of changing signs of
YReference 58. uniaxial anisotropy degreleSe=3(¢,—€,)/ €+ 2¢€, ] when

the cations change from simple to heavy metals>0 for
the top of the valence band. In the absence of the netal BN and AN, e=0 for GaN, butse<O for InN (see Table
states, the LDOS’s of N 2bonding states in AIN and BN ll). Small positive values obe for BN and AIN are also
are much higher than those of the electronic states of Metalreported in Refs. 14 and 18 as obtained from pseudopotential
(see Figs. 1 and)2The electronic transitions from the Ns2  calculations. Our value obe=0 for GaN is close to that
band make remarkable contributions to the second-order opbtained in Ref. 18.
tical susceptibility due to the double-frequency resonances as
discussed below. B. Linear optical functions

The calculated dielectric functiong w) are presented in

IV. OPTICAL FUNCTIONS Figs. 3—6. The calculates{ w) spectra of BN and AINFigs.
3 and 4 are in good agreement with LMTO-ASA resufts.
However, for BN, our theoretical spectra as well as LMTO-

The calculated values of the static macroscopic dielectridSA result$ are shifted to the higher-energy region com-
constantsey are given in Table Ill, in comparison with the pared to the experimental result of [le(w)] obtained from
data in the literature. We can state quite good agreement dhe Kramers-Kraig analysis of reflectance measureméhts.
our data with the previously published results. Comparisormhe LMTO values of the imaginary part efof BN are only
of our results with previous LMTO—-atomic sphere approxi-slightly lower than the FLAPW datéFig. 3).
mation(ASA) dat& presented in Table Ill shows that LMTO In Fig. 5, the results for GaN obtained in this work are
data systematically underestimate experimental and FLAPVgiven together with the experimental data of spectroellip-
results. The LMTO-ASA values of statie, deviate more sometry measuremenitsin overall good agreement with ex-

A. Static dielectric constants
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FIG. 4. The calculated spectra of rédashed linesand imagi- FIG. 6. The calculated spectra of rédashed linesand imagi-
nary parts(solid lines of the linear dielectric functiom(w) of the ~ nary parts(solid lineg of the linear dielectric functiow(w) of the
(a) cubic and(b) hexagonal AIN crystals. In panéb) values ofe, (&) cubic and(b) hexagonal InN crystals. In pané) values ofe;

and of ¢, are shown by bold and thin lines, respectively. Experi- and of e, are shown by bold and thin lines, respectively. Experi-
mental data(Ref. 59 are presented by opere,) and filled (e,) ~ mental results ok, (Ref. 42 are shown by open circles.
circles.

(hexagonal; see Table)lIThe line shapes of our FLAPW
periment is achieved for both real and imaginary parts okpectra are in reasonable agreement with previous LMTO-
e(w). This demonstrates the accuracy and reliability of ourASA results? In the region near the threshold, however, the
FLAPW approach for predicting optical spectra. intensities of our FLAPWe, spectra are remarkably higher

Spectra ofe(w) of InN (Fig. 6) are calculated in this work than that of the LMTO-ASA calculatioAgor both cubic and
with QP corrections ofA=1.6 eV (cubic) and A=1.65eV  hexagonal crystals. In wurtzite InN crystals the experimental
valued? of €, in the low-energy region are about a factor of
1 ‘ 1.5 higher in magnitude than the results predicted by LMTO-
100 - eGaN | ASA calculations. The line shape of our FLAPW spectra is
in good agreement with experimdisee Fig. @)]. It appears
that e, of InN is sensitive to the accuracy of wave functions
and eigenvalues. The experimental verificatione(f) of
INnN is highly desirable.

C. Second-order optical susceptibilities

In Table IV we listed values of the static second-order
optical susceptibility constantsl, (cubic andd,,, andd,,,
(hexagonal In cubic materials our FLAPWGGA+ A data
are quite close to those obtained from the
LMTO+LDA +QP calculationg? and in hexagonal crystals
our results are quite clogeith somewhat enhanced absolute
values to those obtained from the previous
FLAPW+LDA+QP calculations of AIN and Gal¥.
Pseudopotential theory based on LBOP (Ref. 16 pre-
dicted smaller values d, d,,,, andd,,,for AIN and GaN,

50 ‘ ‘ L which are further reduced if the local-field effects are taken

00 4 120 into account®
The frequency dependences of the nonvanishing compo-

FIG. 5. The calculated spectra of re@lashed lingand imagi- ~ NeNts(xyzin cubic crystals anetzx zxx andzzzin hexagonal
nary parts(solid line) of the linear dielectric functior(w) of the ~ Crystals of the x'?) function are given in Figs. 7-18. In
cubic GaN crystal. Experimental data obtained by the spectroellipcontrast to the linear optical functions, the calculated spectra
sometry(Ref. 3 are shown by openeg) and filled (e,) circles. of x{{(—2w,w,®) show pronounced structures contributed

0 8.0
Photon energy (eV)
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TABLE IV. The calculated values of static second-order optical
susceptibility, for zinc-blendéd) and wurtzite €, ,,d,,,) group-Ill a | CAIN
nitrides (in pm/V). 0.1t ,l -
s [
BN AN GaN InN "R 50 Lo J/ l‘.‘= ,/\1\ e
p \\H% l",,\""/ X
This work 1.04 -1.0 11.7 8.93 01 ; '
Reference 20 2.4 —-0.4,-0.23 10.6
Reference 18 1.7 0.005 5.0 b
Oypy E‘_ 01
This work —-1.25 —-0.35 -5.86  5.62 =
Reference 19 -0.25 —4.27
Reference 18 —-0.9 -0.1 -21 0.0 ,
dZZZ 80 | c
This work 1.61 —-4.21 10.42 6.17 '
Reference 19 -3.77 6.03 S5
Reference 18 1.7 —-2.3 3.5 40+
0.0
. 0.0 4.0 8.0 12.0
from both single- and double-frequency resonant terms. To Photon energy (eV)

analyze these contributions to the SHG spectra, it is helpful
to comparey® and the linear opticak, spectrd To this
end, the values ok, are shown in the bottom panels as show that the valence bands of all group-lll nitrides are
functions of bothw/2 and w. One can clearly see that the dominated by the nitrogen@states. These electronic states
main contributions to thQ(z) spectra come from two-photon as well as the states close to the bottom of the conduction
resonancefcf. e,(w/2)]. The single-photon resonanckef. ~ bands provide the main contributions to the predicted SHG
e,(w)] contribute mainly to the high-frequency parts with spectra of group-lll nitrides. In the high-energy regions there

much smaller amplitudes. The LDOS curves in Figs. 1 and Are some features that arise from the double-frequency reso-
' ' nances from the N 2statege.g., the structure at 10.0 eV for

BN in Fig. 7). Comparisons between the calculated spectra

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

. ‘ of x® for different nitrides indicate a clear trend that the
0.1 * BN _ . —
g 00
=
-0.1
-02
g 01
B
=
0.0
«~ 100
W
0.0 .
. 15.0
. 0.0 410 8.0
FIG. 7. The calculated spectra of tk@ real (dashed lingand Photon energy (V)
imaginary partgsolid line) and (b) absolute values of the second-
order optical susceptibility functiop}%)z(—Zw,w,w) of the cubic FIG. 9. The same as Fig. 7 but for a cubic GaN crystal. In the

BN crystal. In the pan€lc) the spectra o&,(w/2) (dashed linfand  panel(a) corresponding functions calculated without the QP correc-
e,(w) (solid line) are shown. tion are shown.
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FIG. 12. The calculated absolute value spe¢w§ﬁ2| of the
wurtzite BN crystal. In the bottom panel the spectraegfw/2)

single-frequency resonance contributions to SHG are er{—‘jg:ze‘j lingand e;(w) (dotted ling are shown with scaled ampli-

hanced in compounds with heavier met&dé Figs. 9, 10,
and 15-18 For BN, for example, only small contributions
from the single-frequency resonances to #4¢ spectra can
be found in the high-energy regideee Figs. 7 and 12By

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

contrast, the single-frequency resonance terms contribute
almost in the whole spectral range for GaN and lieN Figs.

9, 10, 16, and 18 The effect of QP corrections to SHG
spectra is demonstrated for cubic GaN in Fig. 9. We believe

that due to the reasons discussed above, the value of
(xzx) w-BN
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FIG. 11. The calculated spectra of the second-order optical sus- 0205 50 100
ceptibility components(i(ﬁ)(— 2w,0,w) of the wurtzite BN crystal. Two Photon Energy (eV)

The real and imaginary parts are shown by dashed and solid lines,
respectively. FIG. 13. The same as Fig. 11 but for a wurtzite AIN crystal.
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02 - 1
" /—//%
00 M\v\ oo ‘ “
(zxx) (zxx)
04 - 1
02 - ]
02 | ,
—~ 000
2 030
go
‘o 020
~
>~ o010
g
52 0.00 !

0.0 50 100 0.0 5.0 10.0
Two Photon Energy (eV) Two Photon Energy (eV)
FIG. 14. The same as Fig. 12 but for a wurtzite AIN crystal. FIG. 16. The same as Fig. 12 but for a wurtzite GaN crystal.
A=0.5eV, needed to match the experimerialenergy in For cubic AIN the calculated SHG spectrum agrees well

GaN, is more reasonable for the spectral location predictionwith the previous LMTO-ASA resuft® However, there are

of the most prominent SHG resonances in GaN. For hexagsome differences in their line shapes. Our FLAPW theory
nal AIN the calculated SHG spect(kigs. 13 and 14agree predicts a stronger response in the spectral region above 6
well with the previous FLAPW-LDA result§ indicating eV. As mentioned above, our FLAPW calculations for InN
that the gradient corrections are less important for the lingredict a stronger linear response in the low-energy spectral

shape of optical functions in nitrides. region than the previous LMTO-ASA study(cf. Fig. 5), due
(xz%) w.GaN (xzx) w-InN
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FIG. 15. The same as Fig. 11 but for a wurtzite GaN crystal. FIG. 17. The same as Fig. 11 but for a wurtzite InN crystal.
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matrix elements.

FIG. 18. The same as Fig. 12 but for a wurtzite InN crystal.

mainly to a better description of wave functions, charge, anq?
potential in the FLAPW method.

D. Role of thed states . The first sy;tglmatic ;tudy of_ linear and second-order op-
N tical susceptibilities in cubic and hexagonal 1l-VI
As shown in Figs. 1 and 2, thet states of Ga.‘N and InN - gemiconductofé indicated that the change in atomic struc-
are located at about 14 eV below the Fermi level. Weak, . plays a limited role at energies below the gtipear

hybridization exists betweed states of gdjacent atoms. To functions or at half gap(second-order responseStronger
understand the role of thistates in the linear and nonlinear qoftacts were reported in the high-energy regions of -V

optical response functions we calculatetlo) and xy(?) of compoundé?
GaN and InN without inclusion of optical transitions from/to In this work we compare the imaginary parts of ﬁ?'g)
z

thed states. We found that optical transitions related todhe component for group-lIl nitrides with(2, spectra for both
states provide remarkable contributions in both materials. As P group °S WitXyz SP !
urtzite and cubic structures in Fig. 20. Following Ref. 44,

an example, the results obtained for GaN are shown by thi ) ) ) .
we project they,y, component of the cubic structure into the

lines in Fig. 19 in comparison with the data of the precise X , 4
calculations. The imaginary part of dielectric functions in theN€Xagonal frames. As in 1l-VI semiconductdfshe spectra

upper panel of Fig. 19 is obviously reduced by excludingOthWO nitride phases are very different. For G_aN and InN the
d-state transitions dtw>6.0 eV. Consequently, the value of x'? spectra for the {wo structures are similar only in the
the static dielectric constant decreases by about 15%. TH@Ng-wavelength regions. The spectra of the cubic phase are
nonlinear susceptibility is affected even more stroniglge remarkably blueshifted in the high-energy region. These dif-

Fig. 19b)], because the two-photon processes involve mucliérences around direct-gap energies can be explained. The
more electronic states around the Fermi level than in thdPcalization of optical transitions ik space corresponds to a
linear response. Our results demonstrate that electron trang€localization in the real space. In other words, electron tran-
tions involvingd states contribute in the whole spectral rangeSitions around direct optical gaps may involve atomic bonds

of x!?, and the related corrections are possibly as large agxtending to several atomic shells in the real space.
50%. Comparing SHG results of the two phagsse Fig. 20

one can see tha¢'®) spectra in cubic materials are system-
atically blueshifted with respect to their hexagonal counter-
parts. This corresponds to the structure-induced changes in
The group-llI nitrides often exist in mixed structures with the bandwidth and gap sizes. Although the LDOS for the two
cubic and hexagonal phases. It is thus important to undephases in Figs. 1 and 2 is very close in profile, the bands of
stand how sensitive the SHG is to the changes in the cryswurtzite crystals are noticeably narrower. It is well known
talline structure. In both cubi€zinc-blend¢ and wurtzite that the electron band structure of solids is determined
structures each atom of one kind is tetrahedrally surroundeghainly through the interactions between nearest neighbors,
by four atoms of the other kind. Because both phases hawgith much weaker contributions from the interactions with
the same nearest-neighbor configurations, one may expetife second-nearest neighbors, and the interactions with third-
similar optical responses. nearest neighbors very offen could be neglected for the

E. Optical response: Wurtzite versus cubic structure
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TABLE V. Calculated distancegén A) between nearestd(,)
and second-nearest neighbodsd of zinc-blende and wurtzitén
parenthesesitrides.

BN AIN GaN InN

d;, 1.567(1.569 1.914(1.916 1.970(1.982 2.174(2.196
d;z 2.559(2.576 3.120(3.122 3.217(3.219 3.550(3.568

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

V. CONCLUSIONS

The electronic band structures and linear and nonlinear
optical functions of the cubic and hexagonal BN, AIN, GaN,
and InN crystals have been studied with the first-principles
FLAPW method. In BN and AIN the valence bands are
dominated by 8 and 20 bonding states of N. The calculated

band-structure parameters and the values of macroscopic di-
FIG. 20. The calculated spectra of the imaginary second-ordeelectric constants as well as the static values of the second-

optical susceptibility components of the wurtzitg{?,, bold lines ~ order susceptibility agree well with available data in the lit-
and of the zinc-blende ";)Z, thin lineg crystals. The optical func- erature. The predicted second-order optical spectra show
tions of the cubic phase are projected into the hexagonal coordinaggronounced structures related to single- and double-
frames. frequency resonances. The SHG response in group-lll ni-

trides is mainly due to double-frequency resonances; single-
estimationg® Atomic geometries of the two phases are thephoton resonances provide noticeable contribution only in
same up to second-nearest neighbors. As a consequenceroéterials with heavy metals. In these materials the transi-
the same atomic configuration in the first two atomic shellgtions from/tod states contribute remarkably to the linear and
in cubic and wurztite crystals, the shapes of the SHG spectmonlinear optical functions. The second-order optical suscep-
of two phases are quite similésee Fig. 2D Note from the tibility functions are very sensitive to the atomic configura-
lattice parameters in Tables | and V, the nearest- and secontens in wurtzite and zinc-blende phases.
nearest-neighbor interatomic distances in the wurtzite struc-
ture are 0.1-0.6 % larger than those in the cubic phase
agreement with corresponding data calculated for ideal struc-
tures using experimental lattice constanfhe increase of Work was supported by the Division of Chemical Sci-
d;, and d,; causes the weakening of the relevant bondingence, office of Basic Energy Science, U.S. Department of
energies and gives rise to the obtained redshift of the SH&nergy(Grant No. DE-FG03-99ER14948nd by a comput-
spectra in hexagonal as compared to the zinc-blende crystaisng grant at NERSC.
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