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FIG. 2. A simple valence-bond model of bonding in

CdInzSe4, shoeing the possible existence
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layered InSe (Ref. 25) suggest



37

fects such as
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Author and
Sample

TABLE I. Experimentally observed structural parameters of a-CdIn25e4.

Rg„p (A)

Hahn'
Klstalah
Trykozko'
Kawano and
Ueda"

S.SOS

5.8207
5.823
S.81S

1.00
1.00 0.275120.0001 0.2265+0.0001 2.61

2.51

Reference 27: Synthesized by reacting binary compounds at 900'C, followed by homogenization at 600 C.
Reference 33:Material gro~n by iodine chemical transport. Powder data collected at room temperature were obtained after anneal-

ing at 400'C for 15 hours.
Reference 34: Material gro~n by iodine vapor phase chemical transport, reacted at 670'C and crystallized at 620'C. Room temper-

ature powder
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TABLE III (continued).

CBM
VBM

&Cdd &

Se s

UR

1.86
—0.24
—0.24
—0.27
—1.04
—1.19
—1.19
—1.54
—1.65
—3.45
—5.02
—5.78
—5.79
—9.38

—11.68
—11.85
—12.20
—12.21

Present
SDP

1.54
—0.35
—0.35
—0.36
—0.90
—1.29
—1.34
—1.35
—1.44
—3.60
—5.06
—5.71
—5.72

—11.82
—12.08
—12.30
—12.30
—16.05

Expt.

1.90
—0.26
—0.26
—0.38
—0.50
—0.97
—0.97
—1.00
—1.23
—3.59
—4.55
—5.39
—5.39

—11.45
—11.53
—11.78
—11.78

—15.79

2.81
—0.62
—0.62
—1.41
—1.94
—1.94
—
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FIG. 9. Plot planes used for charge density plots. (a) sho~s
the vacancy plane, which includes the solid atoms and the va-

cancies, and (b) shows the indium plane, the solid atoms being
in the
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Cdln28e4 Total Valence Charge Density
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FIG. 11. Square of the wave-function amphtude for six of the highest seven bands at I . Contour spacings are logarithmic with
values in electrons per a.u. shovrn for every fifth contour, and the vacant site is indicated by a cross. Here there is evidence for lone-
pair-like states, but their orientations are varied, thus explaining the reason for the lack of evidence of lone-pair states in the total
charge densities shown in Fig. 10.

p,„(r)= g g p (r—R„r;), —

where R„aredirect lattice vectors of unit cell n, and ~,-

are the site vectors of the atom at site i. The Fourier
transform is then

p,„p(G}=I p,„p(r)e ' 'dr

=N g p~ (G)e 'dr, (13)

p (q)= I p (r)e 'q'dr,

~,„pt(G,T)=p,„ps(G)g(G,T) .

One can model p,„p,(r) as a superposition of atomic
charge densities p (r) of atoms of type a

and N is the number of primitive unit cells in the crystal.
It is usual in structural refinement to use spherical atomic
charge densities p (

~
r

~
) to get atomic form factors

f (q)= I p ( (
r

~

)e '«'dr,

which depend only on q =
~ q ~, and to calculate p(G)

only for a single cell, so that p(0) is just the number of
electrons per primitive cell [i.e., divide Eq. (13) by NJ. In

toTj
ET
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BT
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g(X Z h k l) e i(e/Z)[—4x(h+k)+4asl)
J

—i(m/2) f —4x(h +k)+4sgI]+e
—i(m/2)[4x (h —k) —4zgl j+e
—i( 1r/2) [—4x ( II —k) —4gql ]+e (18)

Here h, k, and I are Miller indices along Cartesian axes
(h, k, and vil are integers}; x, z, and v} are the structural
parameters [Eqs. (1}and (2)]; and the f, are atomic struc-
ture factors of Eq. (15). The subscripts A, B, and C refer
to the atoms in a cell with the formula A 'B2H C4 V, and
V indicates the site normally vacant in the CdInzSe4
structure. It is clear from Eqs. (17) and (18) that there
are no forbidden reflections for the ordered structure.

The value off„

in Eq. (17) is essentially zero when that
site is vacant; however, several types of disorder on the
cation sublattice are possible (Sec. IIIA), and it will be

where F„,(G) represents the raw experimental data
given by Kawano and Ueda, and F,
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where

+fcf (x,h, k, l), (19)

f (& I k I} e iiw/2—)[4x(h+k+!)J

+e
—i{7f/2)[4x( —h —k +I)]

—i(m/2) f4@{h —k —I))+e

+ —i(w/2) f4@ ( —h +k —1)]+e (20)

For the stage-I disordered structure, replace atom A by a
vacancy and atom 8 by an "averaged" cation. There are
no forbidden reflections for this structure, so it is not pos-
sible to distinguish this state from the ordered one by the
mere presence or absence of certain reflections. Howev-
er, there are difFerences in the patterns of the degenera-
cies to be expected, and we examine these next.

The
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TABLE VI. Comparison of x-ray retlections of the CdIn2Se4 structure.
~
G

~

is in units of 2m ia, where a is the lattice constant.
The classes are de6ned in Table V. The subscripts
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TABLE VII. XPS and UPS observed



JAMES E. BERNARD AND ALEX ZUNGER 37

ception to this usual behavior.
Koval et al. also measured reflectivity of the material,

and found peaks at 1.95, 2.50, 3.55, and 4.15 eV, all
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aeter ( —12.5 eV), and (v) the In 4d band (—16 eV). Each
of these subbands is characterized by distinct features in
the bonding pattern, evidenced in band-by-band charge
density plots (Fig. 8) and in the XPS spectra {Table VII).
Previous calculations, using either empirical ' or self-
consistent pseudopotentials lacking Cd d states exhibit
systematic deviations from the present all-electron study.

(c) Relaxation of the "ideal" structure has only subtle
efFects on the band structure, leaving the band
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