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Second-harmonic generation of I-III-VI2 chalcopyrite semiconductors:
Effects of chemical substitutions
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We report first-principles calculations of the second-order optical response coefficients in the I-III-VI2

(I5Ag,Cu; III5Ga,In; VI5S,Se,Te) chalcopyrite semiconductors. The computational approach uses the
length-gauge formulation of perturbation theory which explicitly separates pure interband from mixed
intraband-interband contributions. The expressions for static and frequency dependent second-harmonic gen-
eration coefficients are evaluated from band structures based on the local density approximation but including
semiempirical gap corrections. The linear muffin-tin orbital method is used to calculate the required band
structures and matrix elements. The results are in good agreement with experiment for the compounds for
which data are available and provide predictions in the other cases. The trends show that the dominating factor
determiningx (2) is the anion rather than the group I or group III cation. Thex (2) values clearly fall into
separated groups with increasing value going from S to Se to Te. While this correlates approximately inversely
with the band gap, several exceptions are notable:~1! Cu compounds have smaller gaps than corresponding Ag
compounds and nevertheless have slightly lowerx (2); ~2! AgGaTe2 has a higher gap than AgInSe2 but
nevertheless has a much higherx (2). An analysis of the various contributions to the frequency dependent
imaginary part of the response functions, Im$x (2)(22v,v,v)%, is presented in an attempt to correlate thex (2)

values with band structure features. The main findings of this analysis are that~1! there is a large compensation
between intra/inter- and interband contributions frequency by frequency as well as in the static values;~2! the
staticx (2) value is strongly affected by the sign of the low frequency parts of these separate contributions;~3!
these low frequency parts correspond to only a few valence and conduction bands and only to so-called 2v
resonances;~4! the general shape of the Im$x (2)(22v,v,v)% response functions is determined by the band
structures alone while the intensity, which ultimately explains the difference between tellurides and selenides,
arises from the magnitude of the matrix elements. Starting from AgGaSe2, the smaller effect on thex (2) due to
In subsitution for Ga than to Te substitution for Se can be explained by the fact that the Ga to In substitution
changes the gap only in a small region near the center of the Brillouin zone, while the Se to Te substitution
changes the gap throughout the Brillouin zone. This shows that contributions from other parts of the Brillouin
zone than the center dominate the behavior. The difference between Cu and Ag based compounds can be
explained on the basis of a different degree of compensation of inter- and intra/interband contributions.

DOI: 10.1103/PhysRevB.63.165212 PACS number~s!: 78.20.Bh, 42.65.Ky
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I. INTRODUCTION

Ternary chalcopyrites are promising for optical frequen
conversion applications in all solid state based tunable la
systems. These have potentially significant advantages
dye lasers because of their easier operation and the pote
for more compact devices. Tunable frequency conversio
the midinfrared~IR! is based on optic parametric oscillato
~OPO’s! using pump lasers in the near IR.1 On the other
hand frequency doubling devices also allow one to exp
the range of powerful lasers in the far infrared such as
CO2 lasers to the midinfrared.1,2

The ternary chalcopyrite semiconductors come in t
types: the II-IV-V2 and I-III-VI2 compounds, which are re
spectively derived from III-V and II-VI semiconductor com
pounds. While the binary semiconductors already allow
nonzero second-order response because of their lack o
version symmetry, they are, with some exceptions, cubic
therefore optically isotropic. The distinct advantage of t
chalcopyrites is their anisotropy, which leads to birefr
gence and hence allows for phase matching by angular
0163-1829/2001/63~16!/165212~12!/$20.00 63 1652
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ing, i.e., by simply rotating the crystal orientation with r
spect to the optical beams. While some of the II-IV-V2
compounds have higherx (2)’s than the I-III-VI2 compounds,
~notably CdGeAs2), they have typically smaller band gap
being derived from less ionic III-V instead of II-VI com
pounds. This affects the high frequency limit of transparen
and/or the types of laser that can be used to pump OP
Typically, one wants to stay significantly below the band g
for the pump laser to avoid two-photon and band tail abso
tion. Other differences result from the degree to which th
materials can presently be purified and the degree of crys
lographic perfection that can be achieved. Among the I-
VI2 chalcopyrites AgGaS2 and AgGaSe2 are the only ones
that have so far been developed for use in frequency conv
ing devices. While they do not offer the highest possib
x (2)’s among chalcopyrites, their wide range and superb
gree of transparency and the range over which phase ma
ing is possible are probably their greatest advantages.
overview of these materials’ properties, crystal grow
unique advantages over other~say II-IV-V2) chalcopyrites,
and specific applications can be found in Ref. 2. The copp
©2001 The American Physical Society12-1
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SERGEY N. RASHKEEV AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B63 165212
based compounds in the I-III-Vl2 family, on the other hand
have been largely studied in view of their photovolta
applications.3–5

In spite of the success some of the members of this fam
of compounds already enjoy, the properties of the entire fa
ily and the chemical trends are not yet well understood. T
purpose of the present paper is to develop a better un
standing of this interesting family of compounds. It comp
ments our recent similar study of the II-IV-V2 family.6 This
is important to guide further developments of new quat
nary alloys with improved combinations of properties. As
example, it is of interest to develop compounds with s
called noncritical phase matching~NCPM! to optimize the
frequency conversion for a specific frequency, for examp
frequency doubling of CO2 laser lines in the 9–11mm range.
Both AgGaxIn12xSe2 ~Ref. 7! and AgGaSe2xTe2(12x) ~Ref.
8! alloys have been suggested for this purpose. These p
bilities are based on tuning the index of refraction to a
sired value, making use of the fact that AgGaSe2 is negative
birefringent while the telluride and the In compound a
positive birefringent. Note that NCPM for second-harmon
generation~SHG! is possible only in negative birefringen
crystals and this is another possible advantage of the I
VI2 family over the II-IV-V2’s. In a recent paper,9 we have
already pointed out the distinct advantage of the Te sub
tution versus the In subsitution approach because it has
beneficial side effect of much more strongly increasingx (2).

As a second example, CuxAg12xGaS2 alloys have been
shown to exhibit a significant band gap bowing,10 with some
intermediate compositions giving lower band gaps than
end compounds. Sincex (2) is roughly inversely correlated to
the band gap, one might think that this would lead to a p
sible route to further enhancement ofx (2). However, as we
shall see below, Cu compounds generally have lowerx (2)

than corresponding Ag compounds.
The important question related to the above observat

of chemical trends is why? In other words, how are the
trends reflected in the trends in the underlying electro
band structure? While we do not yet have complete answ
to these questions, it is important first of all to establish
chemical trends clearly by studying not just isolated ca
but the entire family of materials. In the present paper
systematically study the electronic structure and opt
properties of a class of I-III-VI2 ternary compounds with
formula ABC2 (A5Ag, Cu; B5Ga, In; C5S, Se, Te )
which all exhibit the chalcopyrite crystal structure. Synthe
and crystal growth of new members of the family or mix
compounds to the point where reliable optical data can
obtained is time consuming. Therefore, a predictive com
tational approach as presented here should be of great v
Recently, we have shown that such a method is n
available.11,6 In the present paper, we will confirm again th
good agreement is obtained between calculated and ex
mental values in the few cases where the experiments
available. Second, since our methodology is based on b
structures, we attempt to provide an explicit link to the ba
structures and ask which band structure features are res
sible for the trends obtained from the calculations. As
shall see, a rather complex interplay between various co
16521
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butions occurs. This confirms our earlier observations on
IV-V 2’s.6 On the other hand, the overall dominating chem
cal trend, namely, an increase inx (2) from S to Se to Te, will
be shown ultimately to be due to a difference in moment
matrix elements.

The rest of the paper is organized as follows. In Sec. II
describe some details of our computational approach. In S
III we discuss the crystal structures and symmetry aspect
the x (2) tensors. In Sec. IV we show how we include g
corrections in the band structure in a semiempirical mann
In Sec. V we first present our calculated results for the st
second-harmonic generation coefficients and discuss t
trends. Next, we address the various questions raised in
Introduction by analyzing the results in terms of the deco
position of the frequency dependent Im$x (2)(22v,v,v)%
function into intra- and interband terms as defined in Sec
Also, we compare different contributions using a band-
band transition analysis. A summary of the main conclusio
of this work is given in Sec. VI.

II. COMPUTATIONAL METHOD

The computational approach used in the present inve
gation was described in detail in our previous paper.11 We
use the so-called length-gauge formalism proposed by S
and co-workers.12–14 This approach describes the interacti
between the long-wavelength electromagnetic field and
solid in the former•E, in which r is the position operator
and E the electric field, instead of adding2eA/c to the
momentump operator withA the vector potential. In spite o
the fact that the two Hamiltonians are equivalent throug
unitary transformation there are several advantages in u
the length-gauge formulation, namely,~i! the manifest ab-
sence of unphysical singularities in the zero-frequency li
without the need for invoking sum rules;~ii ! the simple and
natural account of the effects of the intraband motion of el
trons which gives an essential contribution to the nonlin
optical ~NLO! responses;~iii ! explicit satisfaction of the
Kleinman relations15 in the zero-frequency limit. Moreover
this formalism allows one to extract the real singularities
the NLO responses that correspond to physical processe
the system~e.g., the current injection in a semiconduct
irradiated by a circularly polarized light beam!.14

The price one pays is that the matrix elements of thr
operator between Bloch functions require care in their d
nition. Essentially, one has to use the crystal quasimom
tum ork representation in which ther operator, acting on the
coefficients of the expansion of an arbitrary wave function
the Bloch eigenfunctions of a givenk, is defined by16

r̂5 i“k1V̂, ~1!

with the V̂ operator defined in terms of its matrix elemen
between the periodic parts of the Bloch functions,

^ ikuV̂u j k&5j i j ~k!5
i ~2p!3

Vc
E

Vc

ui* ~k,r !“kuj~k,r ! d3r ,

~2!
2-2
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SECOND-HARMONIC GENERATION OF I-III-VI2 . . . PHYSICAL REVIEW B 63 165212
in which Vc is the volume of the unit cell. The main poin
emphasized by Blount,17 is that the diagonal elements (i

5 j ) of V̂ are not well defined but their combination with th
first term in Eq.~1!, i“k , is well defined. ‘‘Well defined’’ in
the present context means independent of the arbit
choice of the phase of the one-electron Bloch wave fu
tions, which can be considered to be a gauge transforma
Thus, one arrives at a separation of the generalr matrix
elements between Bloch functions of differentk and band
index into an intraband and interband part:

^ ikur u j k8&5^ ikur interu j k8&1^ ikur intrau j k8&,

5@12d i j #d~k2k8!j i j ~k!

1d i j @d~k2k8!j i i ~k!1 id~k2k8!“k#. ~3!

While the occurrence of ak gradient with ad function may
seem forbidding, it was shown by Aversa and Sipe13 that the
commutators one needs to calculate in practice are all fa
straightforward to evaluate. The use of this representa
leads naturally to a decomposition of the nonlinear respo
into various terms related to intraband and interband ma
elements of ther operator. For example, the current opera
also will have intra- and interband parts. An important po
is that the density matrixr to first order in the perturbation
has only an interband contribution but to second order
both intra- and interband contributions. Thus, in second
der in the electric field, several mixed terms occur: a mo
fication of the expectation value TrrJ of the interband cur-
rent operator due to the intraband parts of the density ma
and terms arising from the intraband part of the current
erator. In the following we refer to all but the pure interba
term as ‘‘intraband’’ terms even though they are in fa
mixed intra/interband terms. The pure interband term has
well-known form from molecular theories of second-ord
response,18 if one considers the sum overk as simply a sum
of independent contributions.

It should be mentioned that this approach neglects
excitonic and local-field effects. Unfortunately, there pre
ently is no general formalism available to ascertain the er
made by making these approximations. Local-field effe
have been studied by Levine and co-workers19,20 but only in
the nonadsorbing region. The effects were found to be of
order of 15% for the semiconductors under study and w
found to reducex (2). Excitonic effects on second-harmon
generation have been studied in the framework of the ef
tive mass model for asymmetric superlattices by Atana
et al.21 and for superlattices with an applied electric field
Tsang and Chuang.22 This work shows that SHG can b
strongly enhanced at excitonic resonances, but this is es
tially a result of the asymmetry in the envelope wave fun
tion and not related to the intrinsic bulk values that we
concerned with here. The methods used in those paper
clude only the specific quantum well derived SHG, not t
bulk contribution, and thus only consider transitions betwe
the few quantum well subbands and excitons derived fr
the bulk band edges. Tsang and Chuang found in their s
that band-to-band contributions dominate the exciton deri
16521
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contribution. To the best of our knowledge, a generalab
initio formulation of second-harmonic generation includi
continuum and bound excitonic effects for a bulk material
arbitrary symmetry has not yet been given.

The general framework of our approach is thus seco
order perturbation theory using the perturbation by the o
cal electric field written in the length gauge as mention
above. There are two main approximations. First, we w
within an effective independent particle model~specified by
the local-density functional theory!.23 This means that exci-
tonic effects and explicit exchange-correlation effects on
optical response functions are neglected but the excha
correlation effects are included in the band structure take
input in an averaged sense by the local-density approxi
tion ~LDA !. The second main approximation is the lon
wavelength limit, meaning that local-field effects are i
nored. Our particular implementation of the method us
the linear muffin-tin orbital band structure approach for ba
structures and matrix elements was presented previous11

and was shown to give good agreement with a linear a
mented plane wave~LAPW! implementation by Hughes an
Sipe.24 Our method has been successfully used for calcu
tions of optical properties of SiC polytypes,25 GaN-AlN
superlattices,26 LiGaO2,27 ZnGeN2,28 and, most relevant to
the present paper, II-IV-V2 chalcopyrites.6

The computational approach starts from the band str
ture calculated using the linear muffin-tin orbital~LMTO!
method29 in the atomic sphere approximation and with t
potential determined as usual within the framework of de
sity functional theory in the local-density approximation23

but with ana posterioriself-energy correction applied to th
gap, to be discussed in Sec. IV. The matrix elements requ
to calculate optical response are also calculated in a mu
tin orbital basis set, in particular, using the one-center par
wave expansion of the wave functions. Angular moment
cutoffs and other convergence issues were discussed in
11. The integrations over the Brillouin zone~BZ! are per-
formed using the tetrahedron method with well-converg
k-point meshes, typically corresponding to 256 points in
irreducible part of the BZ. Symmetrization of the integran
using the point group is used effectively while carrying o
the integrations. For the ternary chalcopyrite semiconduc
considered here, it was found that including the orbitals w
angular momentsl max53 in the basis set changes the resu
by a factor of 5–10 % at most. In most of our calculations
therefore include angular momenta up tol max52 only.

In order to facilitate the discussion of the band structu
analysis to be presented below, in which we discuss vari
separate terms and contributions tox (2)(2v,v,v), we re-
mind the reader of the final equations used to calcu
SHG:11

x inter
abc ~22v,v,v!5

e3

\2V
(

cvn,k

r vc
a $r cn

b r nv
c %

~vnv2vcn!
F 2 f vc

vcv22v

1
f nc

vnc2v
1

f vn

vvn2vG , ~4!
2-3
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in which $r ml
b r ln

c %5(1/2)(r ml
b r ln

c 1r ml
c r ln

b ) is a symmetrized combination of the dipole matrix elementsr nm
a

5dnmpnm
a / imvnm , which are in turn obtained from the momentum matrix elementspnm

a . Superscripts (a,b,c) refer to the
Cartesian coordinates. For the ‘‘intraband’’ contribution, one has

x intra
abc ~22v,v,v!5

i

2

e3

\2V
(
cv,k

f vcF 2

vcv~vcv22v!
r vc

a ~r vc;c
b 1r cv;b

c !1
1

vcv~vcv2v!
~r vc;c

a r cv
b 1r vc;b

a r cv
c !

1
1

vcv
2 S 1

vcv2v
2

4

vcv22v D r vc
a ~r cv

b Dcv
c 1r cv

c Dcv
b !2

1

2vcv~vcv2v!
~r vc;a

b r cv
c 1r vc;a

c r cv
b !G , ~5!
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with the generalizedk-space derivative

~r nm
b ! ;a5

r nm
a Dmn

b 1r nm
b Dmn

a

vnm
1

i

vnm
(

l
~v lmr nl

a r lm
b

2vnlr nl
b r lm

a !, ~6!

in which Dnm
a 5(pnn

a 2pmm
a )/m is the difference between tw

band velocities. We note that in the interband contribut
three different states occur:c, the conduction,v, the valence,
andn the intermediate band, which is either in the valence
in the conduction band. The sums are restricted to occu
or unoccupied bands by the Fermi factors such asf vc5 f v
2 f c which, at zero temperature, are 1 if the band is occup
and 0 if the band is empty. In the mixed intra/interband te
only v andc, i.e., one interband transition, occur, but gen
alized derivatives given in terms of intraband velocities a
pear. These arise from thed(k2k8)“k term in Eq.~3! and
represent the intraband part of the electronic motion invol
ment.V is the normalization volume. We note that each te
contains 2v andv resonances, corresponding to matching
either 2v or v to an interband transition. Each correspon
ing denominator is to be interpreted as havingv1 id, and
thus in thed→0 limit has an imaginary part that is ad
function joint density of states~JDOS! type of formula
weighted by matrix element factors and a real part tha
obtained from it by Kramers-Kronig transformation. We no
that in general the static limit calculated directly is nume
cally consistent with the value obtained from the Krame
Kronig transformation~the sum rule! within 5–10 % for all
the cases studied here. The ‘‘matrix element factors’’ cont
products of the pure momentum matrix elements and ene
difference denominators, which influence the sign of ea
contribution.

While a simplified expression exhibiting this symmet
explicitly was derived in Ref. 11, it is useful to consider al
the frequency dependentx (2)(22v,v,v) even in the range
above the band gap. The reason is that the imaginary pa
this response function, Im$x (2)(22v,v,v)%, from which
the static value is obtained by a Kramers-Kronig transform
tion, can be analyzed in a manner similar to the imagin
part of the dielectric functione2(v) in terms of the underly-
ing band structure. This should be clear from the above eq
tions. A significant degree of cancellation among the int
band and intra/interband contributions usually takes pla
Thus an accurate calculation of all the terms is necessar
16521
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make reliable predictions and an analysis of these contr
tions may provide insights into the origins ofx (2) enhance-
ment in terms of the electronic band structure.

III. CRYSTAL STRUCTURES AND SYMMETRY
CONSIDERATIONS

As already mentioned in the Introduction, the chalcopyr
structure with compositionABC2 can be thought of as a
particular ordered structure of theA and B cations on the
cation sublattice of a zinc-blende structure with anionC. In
particular, the II-IV-V2 and I-III-VI2 chalcopyrites can be
obtained from the III-V and II-VI compounds, respectivel
by replacing two group III~II ! atoms per cell by II and IV~I
and III! atoms. The crystal structure is a body-centered
tragonal lattice with eight atoms per unit cell. It can b
thought of as a possibly tetragonally distortedA2B2 ~or 2 1
2! face-centered cubic~fcc! superlattice in the$201% direction
of the cationsA andB with an interpenetrating distorted fc
lattice of common anionsC displaced by(1/4,u,c/8a). The
cation ordering already breaks the cubic symmetry even if
distortion takes place but is then usually accompanied
some structural distortion as allowed by the new lowe
symmetry. The structural parameters are the lattice cons
a, which corresponds to the cubic lattice constant of the zi
blende structure from which the chalcopyrite structure is
rived, the ratioh5c/a, and the internal displacement param
eteru. In the ideal structureh52 andu51/4. The nonideal
value of u is due to the distortion of the anion sublattic
involving a shift by each anion away from one neighbori
cation in the direction of another cation~of a different sort!.
The spacegroup isD2d

12 or I4̄2d; the point group isD2d or

4̄2m.
In the present work we preferred to use the available

perimental values of the structural parametersa, h, and u
instead of obtaining them by total energy minimization. T
most complete set of parameters can be found in Refs.
32. A detailed discussion of the dependence of the b
structure on the values ofh and u, which characterize the
distortion from the ideal chalcopyrite structure, can be fou
in our previous publication6 for II-IV-V 2 materials.

Next, we discuss the tensorial aspect ofx (2) for chalcopy-
rites. Because the point group is 42̄m there are only two
independent components of the SHG tensor, namely, the
and 312 components~1, 2, and 3 refer to thex, y, andz axes,
2-4
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SECOND-HARMONIC GENERATION OF I-III-VI2 . . . PHYSICAL REVIEW B 63 165212
respectively, which are chosen along the cubic axes!.18 With
the usual matrix rather than third-rank tensorial notati
these arex123

(2)52d14 and x312
(2)52d36. In the static limit,

these two components are equal according to the Kleinm
‘‘permutation’’ symmetry, which dictates additional rela
tions between tensorial components beyond the purely c
tallographic symmetry.

IV. GAP CORRECTIONS

It is well known that the LDA underestimates band ga
in semiconductors because the LDA Kohn-Sham states
not take into account the quasiparticle self-energy correc
In particular, some of the compounds treated here h
nearly vanishing gaps in the LDA, as can be seen from Ta
I. Under such circumstances, completely erroneous res
would be obtained forx (2) because the latter is quite sens
tive to the gap.

We have two semiempirical approaches at our dispo
for correcting the gap: either simply adding a scissor sh
accompanied by a renormalization of the momentum ma
elements,33,24,11 or adjusting certain potential parameters
the LMTO method.11 As we argued previously,11 the latter
appears to provide better matrix elements for the transiti
between the valence bands and the lowest conduction b
because the eigenvectors are then changed consistently
the eigenvalues. Since the near gap transitions dominate
NLO response, as we will see below, the potential param
adjustment approach is preferable.

In this approach, one adds semiempirical corrections
the diagonal elements of the LMTO Hamiltonian11 to mimic
the effect of state dependent andk-point dependent self
energy corrections. The approach is simply based on a
eral understanding of the predominant muffin-tin orbi

TABLE I. Calculated LDA (Eg
lda) and experimental~Ref. 30!

values of the energy gap (Eg
expt), measured and calculated values

the staticx (2), and its decomposition in inter- and intraband cont
butions for different ternary semiconductors I-III-VI2 ~in pm/V!.

Compound Eg
lda

Eg
expt

~eV! xexpt
(2) x total

(2) x inter
(2) x intra

(2)

AgGaS2 1.02 2.64 23a 18 b 22 c 25.9 -24.1 50.0
AgInS2 0.35 1.87 33.9 -39.0 72.9
AgGaSe2 0.17 1.80 64a, 68 b, 66 c 65.5 -7.6 73.1
AgInSe2 0.10 1.24 72a, 63 b 83.3 -23.8 107.1
AgGaTe2 0.17 1.32 138.0 -108.8 246.
AgInTe2 0.21 0.95 152.5 -157.7 310.
CuGaS2 0.92 2.43 19a, 14 b 22.7 -38.9 61.6
CuInS2 0.01 1.53 14a, 11 b 31.7 -51.8 83.5
CuGaSe2 0.20 1.68 57a, 44 b 55.5 -71.4 126.9
CuInSe2 0.01 1.04 72.5 -115.0 187.
CuGaTe2 0.43 1.0d–1.24 142.0 -186.8 328.8
CuInTe2 0.18 1.06 126.0 -187.2 313.

aReference 30.
bReference 37.
cReference 36.
dThe value used in the calculations is 1.0 eV.
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character of the conduction band minima under consid
ation. For zinc-blende semiconductors, the main transiti
between the valence and conduction bands at theG, X, andL
points can be reasonably adjusted by shifting up thes orbit-
als for the cation and for the adjacent empty sphere~in the
atomic sphere approximation!. The states in chalcopyrite ca
be related to those in zinc blende by band structure fold
arguments, explained, for example, in Ref. 35. TheX point
of zinc blende for example is folded toG andZ of chalcopy-
rite, whereas theL point of zinc blende is folded toX of
chalcopyrite.

Some experimentation showed that shifting the Ag or
s states had little effect while shifting the Gas or In s and the
empty spheres states nearest to those atoms did have
effect in opening the gap, while leaving the valence ban
essentially unchanged. This indicates, as expected, the d
nant role of the III cations states in the lowest conductio
band atG. Unfortunately, we do not have enough experime
tal information on the different band gaps in all chalcopyrit
considered here. Instead of adjusting each compound i
vidually, we decided it was preferable to treat the shifts
transferable parameters representative of the atom. We
adjusted the gaps at the threek points mentioned earlier fo
the zinc-blende II-VI compounds CdS, CdSe, CdTe, Zn
ZnSe, and ZnTe to those obtained inGW quasiparticle
calculations.34 These showed only slight differences betwe
the shifts for Cd and Zn for the different compounds. W
thus used the same shift for Gas and Ins states, and nearly
constant values for the shifts throughout the series of co
pounds, and adjusted the remaining discrepancies by m
of a constant shift or scissor correction. The potential para
eter shift values were chosen to open the gap at least a
halfway so as to avoid the wrong LDA band masses in ca
of nearly zero gap. We used only about half the values of
shifts in II-VI compounds to make sure no gaps were ov
corrected, keeping in mind that we would adjust the rema
der with an unbiased scissor correction.

In part, the smaller gaps in I-III-VI2 compounds than in
the corresponding II-VI compounds is due to the fact that
Ag and Cud-bands are closer to the valence band than
the Cdd or Zn d bands. While the Cd 4d bands lie at about
27.5 eV below the valence band maximum in the LDA, t
Ag 4d bands lie near24.0 eV and hybridize significantly
with the S, Se, or Tep bands. The Cu 3d bands lie between
22 and24 eV while the Zn 3d bands lie at about26.5 eV.
This tends to push up the valence band and thus reduce
gap.

To finish this section on band gaps, we note that all
I-III-VI 2 materials considered have a direct band gap w
the minimum at theG point. This is different from the case
of II-IV-V 2 chalcopyrites considered in our previous pape6

where the band gap varies from direct to pseudodirect
indirect.

V. RESULTS

A. Trends in static values

Table I provides our results for the static~zero-frequency!
values of the SHG as well as intra- and interband contri
tions along with the values of the gaps discussed before
2-5
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SERGEY N. RASHKEEV AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B63 165212
The total SHG values are seen to be in good agreem
with experimental ones where the experiment is availa
with the exception of CuInS2.

36,30,37 Clear chemical trends
are apparent. There is a general tendency toward higherx (2)

from Ga to In and from S to Se to Te. However, the m
important factor is clearly the anion. The Ga to In chan
gives only a modest increase of about 10-30 %, while th
to Se and Se to Te changes are by a factor of 2 or more.
fact is interesting for practical applications. In particular, t
values in the tellurides become competitive with those of
II-IV-V 2 chalcopyrites, for example, larger thanx (2) in
ZnGeP2. It is also noteworthy that at the same time the ba
gaps stay near or above 1 eV. Thus the increase inx (2) is not
at the expense of a reduced frequency range. Also, the in
of refraction is not too much affected by going from s
lenides to tellurides. The actual figure of merit for frequen
conversion applications,@x (2)#2/n3, is thus even more
strongly enhanced than isx (2) itself.

If we compare these results to the known values ofx (2) in
II-VI compounds we see that the enhancement of the S
when one substitutes Se by Te is less dramatic—x (2)(0)
530, 80, and 90 pm/V for zinc-blende ZnS, ZnSe, and Zn
and 40, 50, and 60 pm/V for zinc-blende CdS, CdSe,
CdTe, respectively. For CdS and CdSe the 123 compo
for the zinc-blende structure has been calculated from
333 component of the wurtzite phase, the actual structur
which these materials occur,37 using simple geometric rela
tions among the tensor components.25 Thus, the strong en
hancement of the SHG in the I-III-VI2 materials by a factor
of 2 with each anion substitution is rather surprising. T
reason for this difference from the II-VI’s will require furthe
study of the II-VI NLO response. Here we restrict the d
cussion to the I-III-VI2 materials.

The compensation between the interband and intrab
terms can be analyzed from Table I and Figs. 1 and 2. Fo
the materials considered the interband contribution is ne

FIG. 1. Staticx (2) values forABC2 compounds (A5Ag, B
5Ga, In; C5S, Se, Te). Positive bars, intraband contributio
negative bars, interband contribution; shaded area, total value.
experimental values of the direct gap from Ref. 30 are shown
circles with scale on the right. The error bars show the minimal
maximal experimental values of SHG from Refs. 30 and 37.
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tive, while the intraband one is positive, and there is a s
nificant compensation between them. It is noteworthy thou
that in the silver selenides this compensation is the smal
i.e., the interband term is very small. This situation r
sembles that of CdGeAs2 in the II-IV-V2’s,6 where the ab-
sence of compensation between the intraband and interb
contributions gives rise to its record SHG coefficient~about
500 pm/V!. In copper selenides, however, the compensat
is ‘‘normal,’’ and the interband contribution is comparab
with the intraband one. In spite of the very low compensat
in silver selenides, the absolute value of the intraband term
these materials is still lower than in the tellurides. This
true for both the compounds of silver and copper.

Generally speaking, we also see an increase from Ga t
with the only exception that SHG in CuGaTe2 is a little
higher than in CuInTe2. However, this effect is smaller tha
the effect of the anion substitution.

The trend inx (2) is seen to be inversely correlated wi
the gaps in an overall sense. This is most clearly seen in
3 which shows a clear separation of all tellurides from

;
he
y
d

FIG. 2. Staticx (2) values for ABC2 compounds (A5Cu; B
5Ga, In; C5S, Se, Te). The symbols are the same as in Fig. 1

FIG. 3. Staticx (2) values versus gap for various compounds
2-6
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SECOND-HARMONIC GENERATION OF I-III-VI2 . . . PHYSICAL REVIEW B 63 165212
lenides and sulfides. However, for compounds with nea
the same gap, the rule cannot be used to predict which
terial will have the largestx (2). For example, going from
AgGaSe2 to AgGaTe2 decreases the gap slightly less than
going to AgInSe2, but the SHG coefficient increases far mo
for the Te substitution than for the In substitution. Also, w
find systematically that the Cu compounds have smaller g
than the corresponding Ag compounds, and yet hav
smallerx (2). Thus, the inverse correlation with gaps that h
been emphasized before38 provides only a rough guideline
but not a precise predictive tool.

B. Frequency dependent response

In order to better understand the origin of the relat
magnitudes of the intra- and interband contributions, we n
consider the frequency dependentx (2) functions, or, more
precisely, their imaginary part Im@x (2)(22v,v,v)# ~we
also use the simplified notation Im@x (2)(v)#), from which
the real part and in particular its static value can be obtai
by a Kramers-Kronig transformation. Figures 4–7 show
imaginary part of the frequency dependentx (2)(v) for the
123 components in all the I-III-VI2 materials considered. In
these figures, the horizontal axis corresponds to\v. Also,
we show the frequency dependent interband and intrab
parts for all of them. One may note that the overall shape
the SHG curves for all materials considered is rather simi
Yet, some of the fine structure details will be shown to p
a role in understanding the trends in the static values.

First, we note the opposite signs of both contributio
throughout the frequency range. We now consider
Kramers-Kronig integral

FIG. 4. Frequency dependent Im@x (2)(22v,v,v)# for
AgGaS2 , AgGaSe2, and AgGaTe2 as function of energy\v. Solid
line, total; dotted line, interband; dashed line, intraband contri
tion. The curves for AgGaSe2 and AgGaTe2 were shifted down by
an arbitrary amount.
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Re@x (2)~0,0,0!#5~2/p!PE
0

`

$Im@x (2)~22v,v,v!#/v%dv

~7!

of these separate contributions to derive the static low
quency limit. Clearly, this integral will emphasize the lo
frequency region. At energies higher than 5 eV the ima
nary part of SHG drops to zero very fast.

-

FIG. 5. Frequency dependent Im@x (2)(22v,v,v)# for AgInS2 ,
AgInSe2, and AgInTe2 as function of energy\v. Solid line, total;
dotted line, interband; dashed line, intraband contribution.

FIG. 6. Frequency dependent Im@x (2)(22v,v,v)# for
CuGaS2 , CuGaSe2, and CuGaTe2 as function of energy\v. Solid
line, total; dotted line, interband; dashed line, intraband contri
tion.
2-7
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SERGEY N. RASHKEEV AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B63 165212
The interband contribution in the AgGa-VI2 series~Fig.
4! starts off with a positive peak, then becomes negative,
then swings to positive again. In view of the Kramers-Kron
emphasis on the low energy region, this is significant. T
curve giving the total contribution tox (2) for these materials
shows that, even though there is a significant negative c
tribution between about 2 and 3 eV, the large first posit
peak dominates. Taking into account the energy denomin
weight factor in the Kramers Kronig transformation, we c
understand that the net interband contribution is stron
suppressed by this sign change. Comparing the areas u
the curve between first~positive! and second~negative peak!
in the interband spectrum, we can see that the largest de
of compensation is expected in the Se compound. Thi
consistent with what we noticed earlier, namely, that the
terband contribution to the static value is smallest in the t
Ag based Se compounds, and in particular in AgGaSe2. The
same discussion applies to some extent to AgInSe2.

Comparing In to Ga compounds, we notice that the fi
positive peak in the interband contribution becomes v
narrow, i.e., less significant in weight. Also, in AgGaTe2, the
area under the first positive peak in the interband contri
tion is significantly smaller than the area of the subsequ
negative peak, thus leading to a more negative overall c
tribution to the interband static value and a larger degree
compensation of inter- and intraband contributions.

Next, comparing Cu based to Ag based compounds,
note that the first positive peak is almost completely abs
except in CuGaSe2 and CuGaTe2, in which cases they are
still very small. Thus, in all Cu compounds, the interba
contribution is strongly negative. In fact, comparing cor
sponding Ag and Cu compounds, we note a stronger ne
tive interband contribution in the Cu compounds. For e
ample, comparing AgGaSe2 with CuGaSe2, we can see tha

FIG. 7. Frequency dependent Im@x (2)(22v,v,v)# for CuInS2 ,
CuInSe2, and CuInTe2 as function of energy\v. Solid line, total;
dotted line, interband; dashed line, intraband contribution.
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while the intraband contribution is actually larger
CuGaSe2 the total value is nevertheless smaller than in
Ag compound because of the much stronger negative in
band contribution. Thus, we can state that to some exten
lower x (2) values of Cu versus Ag compounds in spite
having smaller gaps are related to the larger degree of c
pensation of intraband by interband contributions.

Next, we compare overall intensities of features. Here
see a clear trend of increasing absolute value of all spec
features from S to Se to Te. So, while the differences
tween Ga and In and Cu vs Ag are affected strongly by
interplay of inter- and intraband contributions, the most o
vious trend ofx (2) static values appears to result from ove
all intensities of both types of contribution.

Overall, we learn from this that~1! interband/intraband
differences play a role in the effects of Ga to In and Cu to
substitution, but~2! it is the overall increase in intensity o
all contributions in the case of tellurides that leads to it ha
ing the largestx (2) rather than the subtleties of intra
interband cancellations; and~3! it is the low energy region
below 2–3 eV that dominates the behavior in these mater

To gain further insights into the band structure origins
the x (2) trends, we now turn to a more detailed analysis
the low energy portions of the nonlinear response functio
It is well known that the SHG spectra are more sensitive
fine details of the crystal and the underlying band struct
than the corresponding linear response functions. There
two main reasons for that sensitivity. For one thing, t
second-order response involves more ‘‘resonances’’ than
linear one. In addition to the usualv resonances there appe
the 2v resonant contributions; see Sec. II. Secondly, the r
and imaginary parts of the products of matrix elemen
which control the strength of a given resonance inx (2), can
be positive or negative. In contrast, for the linear respon
the corresponding factors involve only the square of ma
elements, which ensures, for example, that«2(v) is positive.
As a result, the structure inx (2)(22v,v,v) is more pro-
nounced than in the linear response. The question now
which of these factors has the dominant effect.

Figure 8 shows an example of such anv vs 2v analysis
of resonant contributions to Im@x (2)(v)#. It can be shown
that the low energy region is dominated by the ‘‘2v ’’ reso-
nances for all the materials considered. This is a quite g
erally true11,6 and happens because the direct transit
threshold for the 2v part occurs at an energy that is half th
for the v part, i.e., near the threshold the 2v contribution is
the only one that exists.

In addition tov vs 2v analysis one can analyze differe
terms in SHG by a decomposition into separate band-to-b
contributions, similar to the well-known way of analyzin
linear optical response. Figure 9 shows that the domina
low energy peak in SHG, which plays a crucial role in t
formation of the zero-frequency value ofx (2), originates
from the 2v term and is due to the transitions from the thr
upper valence to the two lower conduction bands.

This fact significantly simplifies the electronic structu
interpretation of the frequency dependent SHG because
have to focus on only a few bands near the gap. For exam
we now consider the following question: Starting fro
2-8
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SECOND-HARMONIC GENERATION OF I-III-VI2 . . . PHYSICAL REVIEW B 63 165212
AgGaSe2, why does Te subsitution for Se increase the s
ceptibility more than In substitution for Ga, in spite of th
fact that the latter decreases the gap more?

Let us inspect the electronic band structures
AgGaTe2 , AgGaSe2, and AgInSe2 ~Fig. 10!. We note that,
whereas AgInSe2 has a reduction of the gap relative
AgGaSe2 only near theG point, AgGaTe2 exhibits an overall
reduction of the gap over the entire Brillouin zone. This is
least suggestive that the reason whyx (2) in AgInSe2 is not as
much increased as in AgGaTe2 might be due to the fact tha
the region aroundG does not make a sizable contribution
x (2). Also, the upper valence and lower conduction bands

FIG. 8. Frequency dependent 2v ~solid line! and v ~dashed
line! contributions to the total Im@x (2)# for AgGaTe2 and AgGaSe2
as function of\v.

FIG. 9. Frequency dependent total Im@x (2)# ~solid line! and the
contribution from the transitions between the three upper vale
and the two lower conduction bands to the 2v term ~dashed line!
for AgGaTe2 , AgGaSe2, and AgInSe2 as function of\v.
16521
-

r

t

n

AgGaTe2 seem to be more ‘‘parallel,’’ i.e., the difference o
curvature between them is lower than in AgGaSe2. This
gives an additional amplifying factor when one takes t
integrals over the Brillouin zone, making the oscillat
strength of all the peaks bigger. This clearly shows t
trends inx (2) cannot be based solely on the minimum ba
gap. In fact, it indicates that the ‘‘average’’ band gap play
more significant role.

This difference in the gap behavior between the two m
terials can be explained by the fact that the conduction b
minimum atG has strong cations character whereas othe
states in the conduction band are more heavily mixed w
other atomic orbitals such as anionp states. The overall re
duction in gap by substitution of Se by Te is consistent w
an overall weakening of the bonds, and, therefore, with
smaller bonding-antibonding splitting. Fortunately, it do
not affect the short-wavelength cutoff significantly, so th
the usual laser pumps for OPO’s can still be used. On
other hand, the weakening of the bonds and the heavie
atom may be expected to push the multiphonon absorp
edge slightly further toward longer wavelengths. Weak
bonds and a heavier atom~Te instead of Se! will lead to
lower phonon frequencies. In particular, as is already
case in AgGaSe2, it lies beyond the CO2 laser lines,8 which
is of practical significance for the intended applications
these materials.

Up to this point, we have argued that the differences
tween various compounds in this family can be related to
interplay of inter- and intraband contributions, and the lat
to the behavior of only a few bands near the gap. Howev
in order to understand the most obvious trend from S to S
Te, these considerations are not sufficient. Ultimately, t
trend appears to arise from the simple fact that both in
and interband parts of the spectra have higher overall in
sities in Te than in Se than in S compounds.

A lower average gap implies smaller factors such
(vcv22v)21 in Eqs.~4! and~5!. One might expect that this
would increase the intensity of the spectral features in b
the inter- and intraband contributions. We have already
plained that In substitution has only a minor effect becaus

e

FIG. 10. Electronic bands of AgInSe2 , AgGaSe2, and AgGaTe2,
including semiempirical gap correction, along theZ-G and G-X
lines in the Brillouin zone@Z5(2p/ha)(0,0,1); G5(0,0,0); X
5(2p/a)(1/2,1/2,0)# for the experimental crystal structure. Th
energy reference is at the top of the valence band.
2-9
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SERGEY N. RASHKEEV AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B63 165212
affects the gap only near the center of the BZ. But can
intensity difference of the spectral features be explain
completely in terms of the size of the average energy tra
tion denominators? We now show that in fact it cannot. T
suggests that ultimately matrix elements, which characte
the wave functions of the upper valence and the lower c
duction band states, are responsible for this trend.

Figure 11 shows the joint density of states for the sa
three materials shown in Fig. 9. In general, the JDOS has
same features as the linear response function. Its peaks
respond to the transitions with high oscillator strength. T
transitions occur in the regions of thek space where the
corresponding pair of bands has a small difference in cu
ture, i.e., they are nearly parallel. However, the JDOS co
pletely ignores the optical transition matrix elements, wh
are equal to zero if the transition is forbidden by, e.g.
symmetry argument. Figure 11 shows that in spite of the
that the bands are more ‘‘parallel’’ in AgGaTe2 than in the
two other materials this factor is actually not all that impo
tant. For the transitions between the three upper valence
two lower conduction bands~which accounts almost entirel
for the zero-frequency SHG!, the oscillator strength change
by a factor of only 1.3 when one goes from AgGaTe2 to
AgGaSe2.

Even more instructive is the calculated value of the 2v
term of the SHG under the assumption that the momen
matrix elements are equal to unity~Fig. 12!. This quantity
corresponds to SHG in the same way in which the JD
corresponds to the imaginary part of the dielectric functi
These curves clearly show that the amplitudes of this fu
tion is even more independent of the material than is
JDOS. This means that the analysis of densities of state
not enough, and one should take into account the momen
matrix elements of the electronic transitions to underst
the differences inx (2).

FIG. 11. JDOS’s for AgGaTe2 , AgGaSe2, and AgInSe2 ~solid
line!, and the partial contribution from the transitions between
thre upper valence and two lower conduction bands~dotted line!.
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At the same time, it is interesting to observe that the ov
all shape of the spectral function that we discussed abo
namely, a positive peak in interband contribution at low e
ergies, followed by a negative peak, and then again a p
tive peak, is maintained even if we set all matrix eleme
equal. This shows that it is not the sign changes of the m
mentum matrix elements products as such but rather the p
actors containing energy band differences that lead to
overall behavior. With reference to Eqs.~4! and~5!, we note
that all terms have the general structure of a (v2v i j )

21

denominator, a momentum matrix element combination,
additional factors containing energy band differences suc
vcv5vc2vv . It is clear that these last factors are respo
sible for the sign changes.

At the present moment we do not have a good phys
explanation of what determines the relative magnitudes
the momentum matrix elements of sulfides, selenides,
tellurides, but apparently their difference is what ultimate
underlies the main trend inx (2) values.

VI. CONCLUSIONS

In summary, we have presented a systematic and com
hensive investigation of the frequency dependent and s
second-harmonic generation response functions of the I
VI2 chalcopyrites~with I5Ag or Cu, II Ga or In, and VI5S,
Se, or Te! based on first-principles calculations of the ele
tronic band structure and optical matrix elements. The o
parameter that was adjusted to experiment in the band s
tures used as input in thex (2) calculations is the band gap
Good agreement was obtained with experiment for the
compounds for which data are available. For the other co
pounds our results stand as predictions to be verified.

e FIG. 12. The 2v resonant contribution to SHG for AgGaSe2

and AgGaTe2 as function of\v, calculated in the approximation
that all the momentum matrix elements are equal to unity: interb
term, solid line; intraband term, dashed line.
2-10
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SECOND-HARMONIC GENERATION OF I-III-VI2 . . . PHYSICAL REVIEW B 63 165212
The clearest trend obtained from our calculations is
increase inx (2) from S to Se to Te compounds. This trend,
expected, is correlated inversely with the band gap. S
various aspects are somewhat unexpected. The increa
x (2) from S to Se to Te is much larger in I-III-VI2 com-
pounds than in II-VI’s. While the Cu compounds have sy
tematically smaller gaps than the Ag compounds they h
lower rather than higherx (2). Ga to In subsitution generally
increasesx (2) but only slightly. Also, while AgInSe2 has a
smaller gap than AgGaTe2, the telluride has a significantly
higherx (2).

Our analysis identified the dominant contributions to t
staticx (2) in terms of the Kramers-Kronig transformation
the contributions to the Im$x (2)(22v,v,v)% functions. In
all cases, the low energy region of the latter gives the do
nant contribution, in which so-called 2v resonances are th
only or at least the most important contribution. Furth
analysis showed that only a few valence and conduc
bands near the fundamental gap influence this energy reg
Some of the discrepancies from the general rule of thumb
increasingx (2) with decreasing gap can be traced back to
behavior of the interband contribution in the low energy
gion. If this function has a sign change in the low ener
region, a significant cancellation of the contributions bel
and above the node can lead to a very small negative
interband contribution. This circumstance is favorable fo
high x (2) because then the mixed intra/interband contrib
tion, which is positive in these compounds, dominates. T
occurs, for instance, most strongly in the Ag-III-Se2 com-
pounds. It occurs to some degree in all Ag compounds
more markedly in the Ga than in the In compounds. It do
not occur in the Cu-derived compounds, which thereby e
up with slightly lowerx (2) than their Ag based counterpart
um

fi,
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It was further found that this overall spectral shape of
functions is to a large extent determined by the band str
ture itself. It was maintained even if momentum matrix e
ments were taken as constant showing that it does not o
because of a change in momentum matrix element produ

In part the differences between AgGaTe2 and AgInSe2
could be related to the fact that in the latter the gap is
duced from that of AgGaSe2 only near theG point, which
does not give a dominant contribution tox (2), while in the
former the gap is reduced throughout the BZ. This feat
explains why the lower gap in AgInSe2 does not necessarily
lead to a higherx (2).

On the other hand, it was found that the overall change
intensity of the spectral features from S to Se to Te, wh
ultimately is responsible for the trend of the static valu
depends crucially on including the proper matrix elemen
In other words, it is the size of these matrix elements tha
responsible for the dominant trend in these materials.

Since at this point no experimental values are availa
for the x (2) tellurides and our calculations predict a signi
cant advantage for these materials9 we hope our work will
stimulate further experimental efforts on these materials.
the theory side, a moreab initio treatment of the quasiparti
cle gap corrections is desirable and considered to be a p
ity for future work. More detailed experimental informatio
on the band structures of these compounds, for exam
from UV reflectivity measurements or angular resolved ph
toemission, will be useful for further refining these pred
tions.
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