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Dielectric properties of I-llI-VI ,-type chalcopyrite semiconductors
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Dielectric properties of I-Ill-Vb-type ternary chalcopyrite semiconductors, including linear and second
order nonlinear optical susceptibilities at 1Qu8n, have been quantitatively studied from the chemical bond
viewpoint. Contributions from each type of constituent chemical bond, ie: Ml and IIl — VI bonds, to the
total linear and nonlinear optical properties of these compounds at.di.thave been theoretically deter-
mined. The chemical bond method quantitatively expresses the trends in the dielectric properties of these
compounds, which is helpful for carrying out modeling of their properties.

[. INTRODUCTION principles calculations—at different approximation levels
and from different starting point$*>—have been applied to
For more than 20 years, chalcopyrite semiconductors witlthis subject. In the current work, we will present a quantita-
the formula I-11I-VI, (where 1, lll, and VI represent elements tive study on these interesting semiconductor compounds,
in the corresponding columns of the periodic tabfeve  Which is based on the chemical bond method.
attracted much attention due to their potential applications in One of the most interesting aspects of these I-1l}-Wipe
nonlinear opticalNLO) devices, detectors, solar cells, &tc. chalcopyrite semico_r_lductors i5§ the electronic configuration
As the chalcopyrite crystal structure is noncentrosymmetric®f the group | transition me}gll lon. Cu has the ground state
these compounds possess the essential property of a nonz&§Ctron configuratiofAr]3d™4s" (shell structure 2.8.18)1

NLO tensor which can be quite large. Some chalcopyri'[e"’mhd |'|°‘9 the ground state electrr(])n configuraig]4d s
semiconductors that are part of the large family of I-11l,VI (shell structure 2.8.18.18.1Such electron configurations al-

compounds, such as AgGaSAgGaSe, etc., have become low thed electrons to participate in the chemical bonding of
) . A . - the crystal. Hence, it is of great interest to know how many
useful in NLO device applications with strong commercial

possibilities. It is of interest to ask whether other materials i of the_d electrons contribute to thg bonds and in what manner
. j : r‘they influence NLO responses in these I-llI;Mype com-
this class, or mixed crystals and alloys of two end Com'pounds. Previous calculatiofis? on this topic have shown
pounds of this class, might offer excellent NLO resloonses'rmportant contributions frord electrons to the + VI bonds
More generally, it is .of interest to understand the origin of;, chalcopyrite compounds, yet these works have not given
the NLO responses in these I-lll-¥type materials and t0 s an explanation of their NLO behaviors. In the present
Study the '[I’ends W|th|n th|S fam”y Of Compounds. In the Work we will fo”ow the principa| assumptions made
present work, our choice of I, 1ll, and VI atoms allows us to previously®?* and treatd electrons as addition to the va-
consider the trends in the group I, group Ill, and group Vllence electrons of the type | ions that participate in the for-
atoms separately in this class of materials with the generahation of I— VI bonds. The contributions from these modi-
formula I-111-VI,. fied | — VI bonds to the total lineafi.e., refractive indices
I-1I-VI »-type chalcopyrite semiconductors crystallize inn ) and second-order nonlineéire., nonlinear optical sus-
the space group42d with four formula units in each unit ceptibility tensor coefficientslzg) optical responses of these
cell, which is a ternary analog of the diamond structure and-IlI-VI , type chalcopyrite semiconductors will be quantita-
essentially a superlattic@r superstructupeof zinc blende. tively scaled.
Like the atoms in diamond and zinc blende structures, each

ponstituent atom in these ternary compounds, I, Ill, and VI, II. THE CHEMICAL BOND METHOD
is tetrahedrally coordinated to four neighboring atoms. Thus
there is much research interests in their harditess, Refs. The dielectric theory of solids proposed by Phillips and

2—4) and pressure-induced behavidgesg., Refs. 5 and)6  van Vechten(also referred to as PV thegr§?% the bond-
Fundamental work has been done on various structurallgharge model developed by Levihe?* and the bond-
similar 111-V and 1I-IV-V , semiconductor§® Yet up to now  valence model perfected by Brofwrf° show us that chemi-
there is no comprehensive work that concerns the second@al bonding behavior and related bond parameters of a

order NLO behavior of these I-lll-\jitype chalcopyrite crystal are the important indices that allow us to properly
semiconductors, although their potential NLO applicationsexpress complicated interactions among all constituent atoms
have been emphasized. or ions in a real crystal. The chemical bond is thus one of the

A comprehensive understanding of the origin of the opti-effective starting points in understanding the complex rela-
cal nonlinearity of NLO crystalline materials is one of the tionship between composition, crystallographic structure and
most interesting subjects in the area of nonlinear optics, andhemical and physical properties of solids.
has been intensively studied. Various theoretical methods The original PV theory can successfully deal with chemi-
starting from Miller's empirical rule up to the current first- cal bond properties of binary crystals, e.@\B8 N-type
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FIG. 2. Bond graph of I-lll-V}-type ternary semiconductors.
Valences of atoms and theoretical valences of the bonds are shown.
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where each atorA in the corresponding lattice is assigned a
formal charge equal to its atomic valence or oxidation state
(Va) and each bond between atorAsand B is assigned a
bond valence €,5). The sum of the bond valencésach

FIG. 1. Zinc blende(left) and chalcopyrite(right) crystallo- - . T . .
graphic structures. Left: Two unit cells of the zinc blende Iatticev,vIth appropriate algebraic sign according to the bond direc-

(dark gray, group Il ion, light gray, group VI ignRight: One unit tion) at each node atom in the network equals its formal

cell of the chalcopyrite latticéblack, group | ion; dark gray, group charge; the sum around any loop is zero.
11l ion; light gray, group VI ion. The above idea allows PV theory and Levine’s model to

be successfully applied to any kind of multibond crystal. As

crystal€?2 formed from A and B atoms with valenciedl ~ shown previously;*’ the chemical bond method regards
and 8N, respectively. Levine improved this theory and certain macroscopic physical properties of a crystal as the
made it applicable for various types of multibond combination of the contributions of all constituent chemical
crystals?* As shown in previous publicatio§?’ the  bonds. Thus the linear and nonlinear optical properties of
chemical bond method regards a complex crystal as the conany crystal can be calculated by using the appropriate geo-
bination of all constituent chemical bonds. That means that anetric sum of the corresponding properties of its constituent
multibond crystal can be theoretically decomposed into ahemical bonds.

complete set of single bonds describing all constituent atoms |n a multibond crystal, the linear optical propegtycan be

or ions in their detailed chemical bonding structures. Anyascribed to contributiong® from the various types of bonds,
specific chemical bond A— B in a multibond crystal

ABpDyGy . .. can be expressed as a subformula

N(B—A)a

- Mo — B
Nen ABN(A-B)bN. 4 /N(B-A)aNgg 1) X % Fix % NEXE » (3

whereA,B,D,G, ... represent different elements or differ- ) ) )

ent sites of an element in the crystal formula, andWhereF* is the fraction of bonds of typg composing the
a,b,d,g, ... represent the quantities of the correspondincfctual crystalNg is the number of chemical bonds of type
element,N(B—A) represents the number & ions in the  per cn?. xf is the susceptibility of a single bond of type
coordination group of thé ion, andN¢ 4 represents the total

number of ions that can be considered as bonded ions in the

first coordination sphere of ionA. The prefix N(B x*=(4m) " HHQLIEL)?, (4)
—A)a/N¢ca represents the ratio between the numberBof

ions and the total number of ions bonded to the certiah,

and the subscriptN(A—B)bNcal/[N(B—A)aNcg] repre-  where(ly is the plasma frequencig is the average energy
sents the ratio of the elemeBtto A. Each type of bond has gap between the bonding and the antibonding states, and
its specific subformula, and the sum of all SUbeI’mU|aS(Eg)2:(Eﬁ)2+(CM)2, where C* and E/* are the average
equals the complete crystal formutzond-valence equation  energy gaps due to ionic and covalent effects,
On the basis of this idea, physical properties can be calcypspectively:'>2*?’Furthermore, the fractions of ionic and

lated for simple single bonds and added up geometrically i\ 4ent characteristics of the individual bond,and f*,
yield the macroscopic properties of the crystal. During the, ¢

decomposition of a multibond crystal into its constituentare defined by
single chemical bonds, the charge-neutrality principle in any
crystal formula must be obeyed; furthermore, each atom
shares its valence as equally as possible among the bonds
that it forms?® The following two network equationgwith
the same meaning as proposed by Br&wishould always
be obeyed:

fe=(Ef)?(EL?, fl=1—fL. (5

Chemical bond nonlinearities are evaluated on the basis of
linear results by means of a geometrical addition of nonlinear
contributionsdj of all bonds.** The corresponding mac-
2 Sap=Va, E Sap=0, 2) roscopic property is the NLO tensor coefficieit which can

B joop be expressed as
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GHNE(0.5{[(ZR)* +n(ZE)* VI(ZH)* —n(ZE)* T (xb)? N GfiNps(2s—1)[rg/(rg—r&)1*fL(xb)p"
d#q# dl"qli

(6)

dij=2
M

whereGfj is the geometrical contribution of chemical bonds wherer’4 andr are the covalent radii of ator#sandB. All

of type u, and ZR)* and (Zg)* are the effective valence the above parameters can be quantitatively deduced from the
electron numbers oA (cation and B (anion ions, respec- detailed chemical bonding structures of all constituent atoms,
tively. nis the ratio of numbers of the two eleme@sndA  as described in previous publicatiof?s’

in the bond-valence equatiéhd* is the bond length of the

M_type bond'qﬂ is the bond Charge of thﬁth bond,s I1l. APPLICATION TO CHALCOPYRITES

=248, rg=d*/2, andr¢=0.357 is the core radiusp” The semiconductors of the I-1ll-Ifamily are isoelec-
=(ra—rg)/(ra+rg) is the difference in the atomic sizes, tronic with the zinc blende 1I-VI compound semiconductors.

TABLE |. Chemical bond parameters and linear and second-order nonlinear optical contributions of all
constituent bonds in I-11I-\J-type chalcopyrite semiconductors at 1Q.@.

Bond Bond Bond Bond Geometry  NLO tensor
Crystal Bond length covalency  susceptibility charge factor contribution
d* (AA) e x* gtle G4 dis (pm/V)
Cu—S 2.380 0.323 5.212 0.761 0.191 -16.510
CuAlSs, Al — S 2.219 0.289 4.093 0.878 0.191 2.857
Cu— Se 2471 0.312 5.788 0.720 0.191 —18.703
CuAlSe Al — Se 2.347 0.284 4.627 0.817 0.192 7.159
Cu— Te 2.572 0.300 6.154 0.700 0.192 -16.159
CuAlTe, Al — Te 2.572 0.278 5.423 0.745 0.192 18.630
Cu— S 2.380 0.359 5.645 0.731 0.191 —-21.051
CuGa$ Ga— S 2.224 0.289 4.235 0.862 0.191 2.133
Cu— Se 2.417 0.458 7.451 0.659 0.192 —-37.444
CuGaSeg Ga— Se 2.417 0.281 5.047 0.777 0.192 7.220
Cu— Te 2.590 0.307 6.394 0.682 0.192 -17.933
CuGaTe Ga— Te 2.590 0.278 5.785 0.720 0.192 19.557
Cu—S 2.288 0.379 5.480 0.746 0.189 -23.101
CulnS, In—S 2.517 0.282 5.338 0.755 0.190 0.625
Cu— Se 2.424 0.318 5.685 0.728 0.191 —20.555
CulnSe In — Se 2.598 0.279 5.892 0.714 0.191 6.046
Cu— Te 2.585 0.290 6.060 0.703 0.191 -17.273
CulnTe In— Te 2.763 0.277 6.732 0.665 0.191 21.127
Ag — S 2.530 0.281 5.481 0.747 0.186 -21.641
AgAIS, Al — S 2.257 0.291 4.372 0.850 0.189 3.601
Ag — Se 2,571 0.289 6.006 0.707 0.189 -26.921
AgAlSe, Al — Se 2.429 0.283 4.983 0.785 0.191 9.280
Ag — Te 2.710 0.277 6.465 0.679 0.192 —27.423
AgAITe, Al — Te 2.636 0.278 5.714 0.725 0.192 23.195
Ag— S 2.605 0.214 4.498 0.870 0.183 -10.853
AgGaS Ga— S 2.235 0.294 4.534 0.836 0.187 2.607
Ag — Se 2.601 0.292 6.251 0.693 0.188 —-29.601
AgGaSe Ga— Se 2.416 0.284 5.183 0.769 0.191 8.346
Ag — Te 2.714 0.288 6.766 0.662 0.192 -31.101
AgGaTe Ga— Te 2.640 0.278 6.026 0.705 0.192 23.417
Ag— S 2.505 0.320 5.813 0.716 0.192 -33.077
AgInS, In—'S 2.505 0.280 5.177 0.765 0.192 0.795
Ag — Se 2.610 0.278 5.884 0.713 0.192 —29.028
AgInSe, In — Se 2.610 0.278 5.879 0.714 0.192 6.875
Ag — Te 2.756 0.282 6.797 0.660 0.192 -33.978

AginTe, In— Te 2.756 0.276 6.622 0.669 0.192 22.561
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TABLE IlI. Ordinary refractive indicem, and second-order NLO tensor coefficiemkg at 10.6.m.
Some available experimental data are also presented digreensor elements are in pm/V. All refractive
indices without citations are interpolated valusse text The data listed in parentheses are experimental

results.
Compound Refractive NLO tensor Compound  Refractive NLO tensor
indexn, coefficientdsg indexn, coefficientdsg
CuAlS, 2.378 -13.65 AgAlS 2.435 -18.04
CuAlSe 2.492 -11.54 AgAISg 2.549 -17.64
CuAlTe, 2.606 2.47 AgAITe 2.663 —-4.23
CuGa$ 2.4372 -18.92 (14.5:4.4) AgGa$s 2.3492 -8.25(11.1:1.79
CuGaSe 2.692° -30.22 (339 AgGaSe 2.592° —-21.25 (333.3" 9
CuGaTe 2.663 1.62 AgGaTe 2.720 —-7.68
CulnS 2.5328 —22.48 (9.6:2.99) AgInS, 2.549 -32.28
CulnSe 2.606 -14.51 AginSe 2.623° -22.15 (37.6:3.8")
CulnTe 2.720 3.85 AgInTe 2777 —11.42

8 rom Boydet al. (Ref. 28.
bFrom Boydet al. (Ref. 29.
°From Dmitrievet al. (Ref. 30.

Both zinc blende and chalcopyrite crystallographic structures-|||-V| ,-type compounds is shown in Fig. 2. From this de-
are sketched in Fig. 1 for comparison. From the crystalloscription we can derive the formal number of valence
graphic viewpoint, the tetragonal unit cell of chalcopyrite glectrons—to be used in further calculations—of each of the

can be regarded as a concatenation of two cubic unit cells ghns. considering the different bonds, for the group Il and
the zinc blende structure stacked on top of each other alon

. . . Group VI ions we get the values zf} —V)*=3,
the ¢ axis. The group Il ions of the zinchlende structure are 2" =Viyx—g and ¢'—V')* =3. However, for the group |
alternately replaced by group | transition metal ions ana( Vi -, i s ' group
group lll ions. Furthermore, the structure suffers a tetragona'PnS’ an additional complication shows up.
distortion: the unit cell is slightly strained in theaxis di- While the n_umber of valence electrgns for the group Il
rection. According to the following equatidilerived using anld group VI ions can be treated as fixed, for the value of
formula (1)], the chalcopyrite structure can be decomposedZ; " )* a substantial portion of thet electrons of the tran-

into two sorts of bonds: sition metal must be formally included into the number of
valence electrons. The amount depends on the specific com-
[=1T=VI;=1=VI+IlIl =VI. () pound. How to treat this d-electron problem” is one of the

The macroscopic properties of the I-ll-tompounds can key points and. one of the most interesting aspects of the
be referred to the microscopic contributions from these twdsurrent calculations. Different approaches have been chosen
basic structural units—I-VI and Il-Vi—connected in an in- in the past to account for this number. Neumahe,g., used
finite network. For crystals, due to their periodicity, this in- a fixed value, including all of the electrons, Merinet al**

finite network can be reduced to a finite network consistingderived values from band structure calculations of Jaffe and
of only a single formula unit; the graph of this network for Zunger*®*In the present work, we choose a different fitting

TABLE IlIl. Effective number of valence electronZ,)* and bond ionicities of Cu based I-1ll-Yitype
semiconductors. In the evaluation of the bond ionicities of-GuVI bonds, Neumann used a value of
(z&4—V* =11 (Ref. 17, which means that the Cud3electrons were considered to fully contribute to the
Cu — VI bonds. For the bond ionicities of the IH— VI bonds (f!" —"') Merino et al. (Ref. 21 used
Neumann’s datéRef. 17).

(Zgu-Vl)* pr-Vl f!II-VI
u I I
Compound Ref. 21 This work Ref. 17 Ref. 21 This work Ref. 17 This work

CuAlS, 7.39 8.33 0.78 0.58 0.677 0.62 0.711
CuAlSe, 8.06 8.46 0.79 0.55 0.688 0.65 0.716
CuAlTe, 8.25 8.61 0.75 0.52 0.700 0.56 0.722
CuGa$S 8.05 7.83 0.77 0.60 0.641 0.55 0.711
CuGaSe 8.60 6.73 0.76 0.54 0.542 0.55 0.719
CuGaTe 8.56 8.47 0.81 0.47 0.693 0.51 0.722
CulnS 8.64 7.64 0.77 0.53 0.621 0.60 0.718
CulnSe 8.74 8.39 0.77 0.46 0.682 0.60 0.721

CulnTe 8.96 8.80 0.76 0.30 0.710 0.57 0.723
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TABLE IV. Values of the ionic and covalent contributions of the individual bonds to the nonlinear
susceptibility[first and second terms in E¢p)] for I-IlI-VI ,-type semiconductors.

Compound Bond lonic Vovalent  Compound Bond lonic Covalent
contribution contribution
Cu—S —10.598 -5.911 Ag— S -12.077 -9.563
CUuAlS, Al —S 6.005 -3.148 AgAIS Al —S 7.667 —4.065
Cu— Se  -15.458 -3.245 Ag- Se  -17.842 -9.079
CuAlse Al — Se 9.092 -1.932 AgAlse Al — Se 11.770 —2.490
Cu— Te -21.366 5.207 Ag— Te  —-25.483 —1.940
CuAlTe, Al — Te 15.421 3.209 AgAITe Al — Te 19.206 3.990
Cu— S -12.999 -8.051 Ag— S -6.711 —4.142
CuGa$s Ga— S 6.583 —4.450 AgGaS Ga— S 8.539 -5.931
Cu— Se  -28.472 -8.972 Ag- Se  -19.543  -10.058
CuGaSeg Ga— Se 11.255 —4.034 AgGage Ga— Se 13.111 —4.765
Cu— Te  -23.897 5.963 Ag— Te  -28.827 —2.274
CuGaTe Ga— Te 18.429 1.129 AgGalte Ga— Te 22.066 1.350
Cu—S -13.915 -9.186 Ag- S -17.508 —15.568
CulnS, In—'S 12.001 -11.376 AgInS In— S 12.927 -12.132
Cu— Se  -16.925 -3.629 Ag- Se  —19.498 -9.529
CulnSe In — Se 17.308 -11.262 Aginge  In— Se 19.450 -12.575
Cu— Te -22.622 5.349 Ag— Te  -31.542 -2.435
CulnTe In — Te 27.656 —6.528 AginTe In— Te 29.480 -6.919

approach using experimental data of the ordinary refractivéhe so-called Kleinman symmetry conditions on NLO tensor

indexn, as a reference. coefficients> yield only one independent nonzero NLO ten-
In the calculation of the average energy gap due to thesor coefficient—d;g—for the I-IlI-VI,-type chalcopyrite
ionic effect!!1%:24:27 semiconductors. On the basis of the geometrical sum of all

PPN P nonlinear contributions of constituent chemical boruis,
Cr=14.D"exp(—ksrg)[(Za)* —n(Zg)*1/rG,  (8)  the total NLO tensor coefficiendss can be quantitatively
we follow Levine's conclusion that the structural factot  calculated. The final results and available experimental data,

=0.089 yields satisfactory results for a wide range of crystafS Well as the interpolated refractive indices at 10r6, are
classes, including zinc blende and wurtZ#t&* From the fit, isted in Table Il. A comparison between calculated and ex-

sing Eqs.(3)—(6) and (8), proper values forZ/)* can be perimental data shows that the current work reasonably ex-
gelri\?edq -6 (8), proper valu 40 plains the nonlinear dielectric behavior of the I-lll-\lam-

Unfortunately, up to date there are only few experimentalIIy Xf semlconducto;sih bond ioniciti lculated in th
data available concerning the dielectric properties of the comparison of the bond 1oniciies caiculated In the
I-11-VI ,-type compound&®=3° Therefore, we deduce the

missing values of the refractive indices using a linearized sL T T T T ]
interpolation scheme based on the average atomic number of | AN - BCulnTe, |
the compound? ok CuATe, > McuGaTe, ]
. Ay
Crystallographic structure data for all I-1ll-YI com- 5 s
pounds we studied here are taken from Ref. 19. From these | A AgAlTe, |
. . . . mAgGaS, \

data the bond geometries can be derived. On the basis of this -10 |- N AgGaTep(\!glnTe21
structural information and following the decomposition for- - ﬁ“A'Sz CuAISe m CulnSe v

AN > =

mula Eg.(7), the macroscopic optical properties for each 19 R

N AgAIS N
. . 2 ]
[-11I-VI , crystal can be calculated by summing up the micro- .

20 | CuGagzlx AgAlSe, ‘.\AgGaSe2 -

d,, tensor coefficient at 10.6 um

scopic contributions of its corresponding constituent chemi- “Bens. ~Maginse,
cal bonds. = N R 1
-30 | “mCuGaSe, -
IV. RESULTS AND DISCUSSION sl Agins B\ ]

| PR [ TN T T N N S NN S
15 20 25 30 35 40 45 50 55
Average atomic number

Starting from the chemical bonding structures of all con-
stituent atoms in the I-1lI-\VJ compounds, we have quantita-
tively calculated chemical bond parameters of all constituent
chemical bonds, and further their quantitative contributions F|G. 3. Calculated second-order nonlinear optical susceptibili-
to the total linear and nonlinear optical properties of theties of various I-1ll-Vl,-type ternary semiconductors plotted as a
whole crystal. Calculated results are summarized in Table function of the crystal compositiofaverage atomic numbeof the

The restrictions imposed by the crystal symm&mnd  compound(dashed lines are guides for the gye
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present work with previously calculated results for Cu-basedable IV. Several trends can be derivédl) The ionic con-

I-111-VI ,-type compound$’?! is summarized in Table Ill. tributions are always larger than the covalent ori@s The
The large differences between the results calculated by difionic contributions of the two different bonds in a compound
ferent authors can be ascribed to the following facts. tend to cancel(3) In Te compounds the covalent contribu-

(1) Different approaches are used to determine thdions tend to a further cancellation of the remaining ionic
d-electron contribution to the formal valence of the group Icontributions. These and other trends can also be found in
transition metal ions. the plot of the total second-order nonlinear optical suscepti-

(2) Dielectric responses at different wavelengths are conbilities of the compounds considered plotted as a function of
cerned; the current work studies properties at 1006,  the crystal compositioFig. 3).
while in other works static conditions are assumét.

(3) Different methods are used to treaZ\{)*. The
present work determines the value f@/()* on the basis of
its bond graph; the two types of bonds are treated differently. From the chemical bond viewpoint, we have analyzed
The other work”*!uses a fixed value of 6 @ue to the outer second-order nonlinear optical properties of several Cu and
shell electronic configuratios?p?). In fact, as shown in Fig. Ag based I-1ll-Vl,-type semiconductors, which are potential
2, the four bonds of the group VI ions are not equal; therecandidate materials for frequency-doubling applications.
fore, it is reasonable to deduce the effective valence electro@alculations of the contributions of the different constituent

V. CONCLUSION

number of ions from the corresponding bond graph. chemical bonds to the total dielectric response of the crystals
The ionicity values show that the+ VI bonds are more demonstrate their individual role. The present work also
covalent than the Ill— VI bonds (due to the strong quantitatively shows that the electrons of the group I tran-
d-electron effect of the | ions This agrees well with previ- sition metal ions are one of the important factors that domi-
ous conclusions of Jaffe and Zundér® nate the contributions of thet- VI bonds to the total optical
Table | shows that there are differences in the contributesponse of the compound. The trends found in the chalcopy-
tions of the |— VI and Il — VI bonds to the dielectric rite compounds investigated here provide important guide-

response, especially the nonlinear optical properties, of thiénes for future improvement of the nonlinear optical proper-
I-11I-VI ,-type compounds. In order to understand theties of these and similar materials. Furthermore, the present
property-changing trends in these materials more thoroughlywork shows that the I-1lI-V4-type compounds have pre-
we compared the ionic and covalent contributions of the in-dominantly ionic character of the chemical bond.

dividual bonds. The ionic contribution is calculated from the
first term in Eq.(6) (based! on the electronegativity differ-
ence of the two bonded atorsand B), the covalent con-
tribution from the second terntbased on the atomic size D.X. thanks the Alexander von Humboldt Foundation for
difference of the two atom. The results are detailed in support during his stay in Germany.
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