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The electron density in the A™BY! crystal GaS was experimentally determined by x-ray
diffraction. The resulting density distribution varies markedly from the distribution
predicted by the pseudopotential model proposed by Schliiter et al. The real bonds ob-
served in the x-ray diffraction determined distribution are curved and are located not only
between Ga-Ga and Ga-S nearest neighbors as predicted by the pseudopotential model,
but also between Ga and S next-nearest neighbors in the same elementary cell, between
Ga and S atoms in adjoining elementary cells, and between S-S interlayer neighbors in the
same elementary cell. The two atoms Ga and S are highly polarized. These findings al-
low a better understanding of the bondings and the discrepancies between our experimen-
tal findings, and the present pseudopotential model should permit an improvement in a
future theoretical model for bonding in the 4™BV! crystals.

INTRODUCTION

~ The AMBV! crystals are characterized by a high-
ly anisotropic layer structure. The layers are made
up of four two-dimensional sheets of similar atoms
in the sequence chalcogenide-metal-metal-chal-
cogenide. Within the layers the bonding between
chalcogenide and metal atoms is strongly covalent
although polarized, while the weak interlayer in-
teractions are of the van der Waals type.! Dif-
ferent stacking sequences of the layers are possible
in most of these crystals, resulting in different po-
lytypes with different crystalline structures,? which
exhibit minor variations in their optical® and elec-
trical properties.*

The optical, semiconducting, photoconducting,
and luminescent properties of the A™BY! crystals
have been extensively studied. The band structure
was initially calculated by Bassani et al.’~’
(among others) using a semiempirical tight-binding
method with a two-dimensional single-layer ap-
proximation. Further studies,®—!° showed that, in
spite of the high structural anisotropy, three-
dimensional calculations were necessary to account
for the experimental findings. Consequently,
Schliiter et al.'® proposed a theoretical model
derived from calculations using the empirical pseu-
dopotential method based on local spherically sym-
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metric potentials. The pseudopotential method
uses the pseudo-wave-functions obtained from band
calculations to determine charge densities.'~ 1
The results of synchrotron-radiation photoemission
studies'® and of x-ray-induced photoemission stud-
jes'” have provided a good fit!'>!® to the pseudopo-
tential model, but only within certain narrow ener-
gy regions.

We set out to compare the electronic structure
predicted by the pseudopotential method with the
experimental determination of electron densities by
x-ray diffraction, which provides results for the
valence electrons in the entire real space. Initial
results using Mo Ka radiation showed important
differences between theoretical predictions and ex-
perimental findings. In this paper we present the
results of a systematic study of the electron density
distribution of the GaS crystal. Our choice of GaS
was conditioned by the fact that among A™BV!
crystals, it presents the structure with the highest
symmetry, having only one type of structure
without stacking faults, the 3 type with the sym-
metry P6;/mmec.

X-ray diffraction information gives a good pic-
ture of the electron-density distribution in the ele-
mentary cell volume. Accuracy of the image di-
minishes in the regions near the center of the
atoms and very close to the symmetry elements
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(see error distribution!*~2!), but for our purposes

these small regions could be neglected. Corrections
for the various possible deformations of x-ray-
diffraction information as well as comparison with
corrected values of equivalent reflections are essen-
tial to image accuracy. The corrections and com-
parisons we carried out are discussed in detail
under Experimental Procedure.

Determination of electron densities by x-ray dif-
fraction permits a better understanding of the inter-
layer forces, of the overlapping of the interlayer
wave functions of the chalcogenide atoms, and of
the electrical conduction in the ¢ direction of the
crystals. It also gives an accurate picture of the
real bonds between atoms within a layer, bonds
which are responsible for most of the physical
properties of these crystals. Moreover, a deter-
mination of the potential distribution in the crystal
is possible, permitting a calculation of band struc-
ture and electronic states.

The discrepancies between our findings and the
previoulsy proposed models lead us to hope that, as
in the classical case of Si,?* the electron-density
determination will result in an improvement of the
theoretical model.?*

EXPERIMENTAL PROCEDURE

The GaS crystals were grown by vacuum sub-
limation. In their axis one screw dislocation could
be observed as found by Terhell and Lieth,2*
displaying the AB stacking sequence. No stacking
faults were observed. The data crystal had the
form of a hexagonal prism with dimensions along
a,b,c=0.033x0.039x0.039 cm? (volume 0.03
mm?>). The crystal data for our GaS-S crystal are
presented in Table I.

Details of experimental procedures are given in
Table II. The sample chosen for data collection
was attached with vacuum grease to the end of a
thin quatrz rod (diameter approximately 50 pm).

The diffraction data were treated by the STEPSCAN
program (Rigoult ), which is a modification of
the PROFILE program for background, dead time,
and Lorentz-polarization corrections. The variance
of the diffracted intensities was statistically deter-
mined for three periodically measured reflections:

X F3) =02 F3)+(0.01F3)* .

To check and increase the accuracy of absorp-
tion correction, which is of fundamental impor-
tance, 95 reflections were collected by rotation
about the scattering vector. These high-order re-
flections (6 between 17° and 22°) were chosen be-
cause they were unaffected by extinction, as we
found from earlier Mo K« studies. Their extinc-
tion correction was found to be about 0.96 and
could be expected to be negligible for Ag Ka radia-
tion. These observations were the basis of a least-
squares fit of sample dimensions following a pro-
cedure previously described (FACIES program,
Rigoult et al.?’).

The adjusted dimensions were used for the ab-
sorption correction by numerical integration with a
12X 12X 10 Gaussian grid (Coppens et al.?%). The
transmission factor was found to be between 0.103
and 0.190.

In order to obtain extinction parameters un-
biased by bond effects these parameters were ad-
justed with ¥-scan data. This procedure has been
described by Rigoult, Bachet, and Becker?® and
was carried out by the FACIEX program. The mea-
surements were made on 134 reflections of low or-
der (0 between 4° and 15°) which were found in
earlier Mo K« studies to be highly affected by ex-
tinction. The extinction proves to be anisotropic of
type I with the following extinction parameters
g,-j( X 10™%):

gu 136 (9) 812 0.19 (5)
g2 1.13 (5 g1z —0.56 (9)
g3 1.59 (10) g —0.11 (8)

TABLE 1. Crystal data for GaS-$ at room temperature (293 K).

Space group: P63;/mmc
Hexagonal cell:

New values Earlier results?
a=3.592(1) A 3.587(3) A
c = 15.4653) A 15.492(7) A
z=4

Linear absorption coefficient: u=87 cm~! (AgKa)

2A. Kuhn, A. Chevy, and R. Chevalier (Ref. 25).
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TABLE II. Experimental conditions for data collection (293 K).

Wavelength AgKa;: 0.5594075 A

Apparatus: four-circle diffractometer Philips PW 1100
Monochromator: pyrolitic graphite (cos’26,,=0.9722)

Scanning mode: 60—20 step scan, 90 steps (0.02°0 per step),

counting time: 1.33 s per step

Background determination: correlation algorithm

(5in0/A)max:  1.26 A1

Crystal size: 0.033X0.039X0.039 cm?® along a,b,c (volume 0.03 mm?)

Number of reflections measured: 5699

Number of symmetry-independent reflections:

615

These parameters were used to correct the extinc-
tion of all reflections by the LINEX program 74
(Becker and Coppens®®).

At this stage the equivalent reflections (4—12,
mean value 9) were averaged, the agreement factor
R(F?) between equivalent reflections was 3.6%,
and only 14 of the 5699 reflections were eliminated
because of deviation higher than 30 from the
respective mean value. The statistical standard de-
viation was found to be close to the theoretical one
defined above. This was an essential test of the ac-
curacy of all data processing up to this stage, espe-
cially the correction for absorption and extinction.
The number of measured reflections corresponds to
11 370 reflections in the whole reciprocal space
used for later Fourier summation.

Structure refinement

The atomic parameters published by Kuhn
et al.” were the starting point for full-matrix,
least-squares refinements based on F3, with GXF3)

as weights and scattering factors (including
anomalous dispersion) for neutral Ga and S atoms
from International Tables.*! The results of refine-
ments I and II are given in Table III.

There is one Ga and one S independent atom per
unit cell lying in position —;—, %, z with site sym-
metry 3m; the only nonvanishing anisotropic ther-
mal parameters Uj; are thus Uyy, Uy, Us;, and
Up (U =Upn=2Up).

We have used the program LINEX 74 (Becker
and Coppens®) to refine the scale factor and the
atomic parameters (z, Uy, and Us3), see Table IV.
The z parameters are of higher accuracy than in
our earlier determination.?®

Valence-charge-density determination

Our purpose was to obtain the valence charge
density p, within the crystal:

Pv(F)zptot( r) —Peorel r), 1

where py is the total electron density (for all the
electrons), and p.. is the electron density for only

TABLE III. Results of refinements.

I 11
sinf/A range (A1) 0.00—1.26 0.70—1.26
Scale factor 0.998(1) 0.987(2)
R(F) 0.019 0.038
Ry(F) 0.018 0.023
R(F?) 0.024 0.024
Ry(F?) 0.030 0.033
s? 2.59 2.29
N 545 486
Ny 7 7

3S=[ 3 W(F5—F2/(Ngws—Ny)1'/%



4084 A. KUHN, A. BOURDON, J. RIGOULT, AND A. RIMSKY 25
TABLE IV. Atomic parameters. Fractional coordinate z (X 10°) and Uj; (in units of 10-3
.O)

Refinement I I a
sind/A range (A~ 0.0—1.26 0.70—1.26 0.0—1.0
Ga (x=7,y=1)

z 17082(1) 17081(1) 17 100(10)
Un 923(2) 895(3)
Us; 1210(4) 1171(4)

S (x= %, y= % )
z 60191(2) 60190(2) 60 160(30)
Uy, 876(4) 846(5)
Uss 1244(7) 1201(7)

*A. Kuhn, A. Chevy, and R. Chevalier (Ref. 25).

the core electrons. The p, can be computed by a
Fourier summation over the reciprocal space (RR):

Po(D)=0"" S [Fops(H)/k —F oo (H)]
HeRR
Xexp(—Zm'ﬁ-f') .

In this expression v, is the cell volume, k the scale
factor, and H the diffusion vector (H =2sin6/A).

The F,, are the measured structure factors and
F .. the theoretical structure factors corresponding
to a crystal built of spherical atomic cores:

Feored )= 3 fjcore D)T;(H)

j€E€cell

X exp(2miH-T}) . (3)

Here f) core Stands for the core form factor of atom
J (available from International Tables). T; and T;
are, respectively, the position and Debye-Waller
factor of atom J.

The F . were computed using the ; and T;
obtained from the high-order refinement II. In this
case the valence contribution to structure factors is
negligible so that atomic parameters obtained in
this way are not biased by bonding effects.

Practically, the computation of p, by Fourier
summation is limited by the experimental resolu-
tion, which leads only to a partial summation up
to H ... To diminish the resulting diffraction or
cutoff effect we used an apodization function.

We used the JIMDAP program>? to calculate the
electron density and the values of this density were
stored on disk. They were traced by graphic pro-
cessing on density maps of different planes and
their numerical values printed. As is indicated by
the International Tables®! the form factors of the
complete atom and the core are practically identi-
cal for values of sinf/A>0.4 A~!. Nevertheless,
differences have been computed for sin6/A up to
1.26 A~!. As Hosemann and Bagchi*? have
shown, the contour lines of equal electron-density
distribution are infleunced by noise effects. They

FIG. 1. GaS charge density in the (110) plane. (a)
without apodization, (b) with apodization.
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used an apodization function ro realize a smoother
image, thus alternating the diffraction casued by
the “cutoff” effect and the interference caused by
noise.

In Fig. 1(a), we can see the (110) plane of GaS
without and 1(b) with an apodization function hav-
ing the following values:

ﬂ}‘:—e A-Y 0-0.3 0.6 0.9
Apodization 1 0.5 0

We can see that the form of the atoms and bonds
and the numerical values are practically the same,
but the apodization suppresses all the structure de-
tails which result from noise effects and which
have no physical meaning. The optical analogy is
an attenuation of the diffraction aberration.

RESULTS

The results*® from the (110) section and the most
important x,y,z, sections for values of z, between 0
and 0.25 and with Az steps of 0.0125 are shown on
density maps (Figs. 2—7). The dashed line in the
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FIG. 2. GaS valence charge density in the (110) plane
(X-like inter- and intralayer bondings).

Z, = 0.0

FIG. 3. GaS valence charge density in the x,y,z,
plane. z,=0 (interlayer van der Waals S—S bonding).

density maps represents the zero density. The un-
broken lines give increasing or decreasing charge
density of 0.05¢/A 3. The dotted lines indicating
the “negative density” are the consequence of a
“diffraction process” as in optics resulting in part

FIG. 4. GaS valence charge density in the x,,z,
plane. z,=0.10 (intralayer S—S bonding perpendicular
to the c axis).
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FIG. 5. GaS valence charge density in the x,y,z,
plane. z,=0.1625 (intralayer Ga—S sp® bonding).

from the fact that the sinf/A values are limited

" and from the existence of high-density peaks. In
the volume center between four or more high-
density peaks we will automatically find negative
densities which have no physical sense. They are
the negative parts of the Gibbs effect. They indi-
cate the absence of an electron cloud and must be
neglected. The average standard deviation of the
valence density was computed to be 0.1e/A>.

FIG. 6. GaS valence charge density in the x,,z,
plane. z,=0.1750 (intralayer Ga— Ga bonding perpen-
dicular to the c axis).

FIG. 7. GasS valence charge density in the x,y,z,
plane. z, = 0.250 (intralayer bonding of the Ga-Ga
pairs in the center of the sheet).

Sulfur —gallium and gallium — gallium bonding

The experimental results show that the S—Ga
bonding does not occur in the (110) plane as we
would expect from the Ga-S total valence density
of the pseudopotential model,'® but the Ga—S
bonding does occur around the (110) plane. The
charge densities in the x,y,z, sections (z,
= 0.150—0.1750, the Ga atom is positioned at
+,5,0.171) show three sp® hybrids (Fig. 5). In
these sections we can also see three maxima in the
[110] direction and the corresponding two direc-
tions by the ternary symmetry with about 0.45¢/A3
in the center of each maximum (Fig. 6). These
maxima are probably the consequence of orbital
overlapping of two Ga nearest neighbors in the
same x,y,z, section in such a way that each Ga
atom overlaps with six nearest-neighbor Ga atoms
in the same sheet. In the center of the layer, in the
x,Y,2z, plane with z, =0.250, we can observe the
bonding of the two Ga atoms (one above the other)
by three “bridges” (there is no direct bonding in
the direction of the ¢ axis) and the bonding of three
surrounding S pairs of the layer at the origin,
forming a density maximum of 0.3¢/A3 (Fig. 7).

The (110) section, Fig. 2, shows these inter- and
intralayer bonds in a clear manner. We see X-like
intralayer bonds between three Ga pairs and three
S pairs with a charge-density maximum 0.3e/A3 at
z=0.250 and 0.750 and slightly different X-like
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interlayer bonds between six Ga atoms and six S
atoms around the center of symmetry at z =Q and
0.50 with a density maximum of about 0.4e/A3,

Sulfur —sulfur bonding

As we can see in the (110) section (Fig. 2), the
electron cloud of the four sulfur atoms in the ele-
mentary cell and of the surrounding cells spreads
along the ¢ axis with small maxima at z=0, 0.25,
0.50, and 0.75. The electron cloud of one sulfur
atom along the c axis has an overlapping length of
¢/4=3.866 A. We can find these maxima even in
the x,y,z, planes with z, = 0 and 0.250.

In the interlayer plane x,y,z, with z, =0, Fig. 3,
we observe an electron-density peak of about
0.4e/A3 (eight full lines after the dashed line) on
the a and b axis in the origin, surrounded by a star
with six points directed toward three S atoms in
the higher and three S atoms in the lower layer.
Any S atom of the two layers has in this plane a
density of about 0.05¢/A3. The van der Waals
forces between two consecutive layers are essential-
ly concentrated at the origin, demonstrating that
any S atom has one orbit directed toward the ori-
gin, anld ghere are vety small forces in the coordi-
nates 5,5,0 and ,5,0 the projections of the
atoms.

The intralayer bonding between the S atom and
its six next S neighbors is best seen in the x,y,z,
section with z, =0.1 (the position of the S atom is
at z=0.1017), Fig. 4. Between two S neighbors
there are “electron bridges” with densities of about
0.15—0.2¢/A? and density in minima between
three S neighbors at the origin of 0.05e/A3. AllS
atoms overlap with six nearest-neighbors S atoms
in the same sheet.

Similar density distributions can be observed in
the x,y,z, sections with values of z, =0.675, 0.075,
and 0.0875 and on the other side of the S atom at
z,=0.1125, 0.1250, and 0.1375. In the two last
sections we can see also the beginning influence of
the Ga atom in the [110] direction. There is a
small overlapping of the wave functions.

DISCUSSION

We have seen, by inspecting different sections of
the crystal, that high-density regions actually bind
atoms together. These high-density regions appear
curved, which would seem to be in contradiction
with the principle of minimization of energy. If we
superpose different sections or if we build up a
three-dimensional model we can arrive at a more
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precise observation. It becomes apparent that these
curved bonds share long common parts and over-
lap (for example at the point $ in Figs. 2 and 6), a
situation which “minimizes” the total bond length
of the crystal. This provides an explanation for the
fact that high-density regions are not straight or
even localizable in only one plane and that they fill
atomless interlayer or intralayer regions.

In a similar way X -like bonds between four co-
planar atoms are shorter than the correspondent
quadrilateral bonds. In phonon studies, this type
of bonding has qualitative consequences and prior
to our experiments, Polian et al.® has already in-
troduced a fifth force between Ga and S of adjacent
half-layer to fit experimental dispersion curves with
those calculated, using a rigid-ion model with axi-
ally symmetric forces. They even suggested an ad-
ditional interaction between the center of the
Ga—Ga bonds. The X-like intralayer bonding we
found (Fig. 2) seems to agree with their interpreta-
tion of the phonon-dispersion curve.

At very high pressure Polian et al.** have seen
that intralayer and interlayer bondings tend to-
wards the same value. Our measurements, at nor-
mal pressure, do show a similarity in their X-like
shape. The former bondings are stronger than the
latter and it can be presumed that they become
equal at very high pressures. Later work will veri-
fy whether these two instances of overlapping and
types of Ga—S bonding are responsible for the B
type.

An initial, simplified calculation shows a charge
of about 5.5 electrons around the S cores and of
only 0.2 electron around the Ga cores as in the
case of a metal. In Ga$S, the Ga-Ga distance is
2.449 A, whereas the shortest distance between two
Ga atoms in metallic a-phase gallium is 2.437 A
(Bradley®®). The a phase is the only stable phase
of metallic gallium. In the metastable phases B
(Ref. 36), ¥ (Ref..37), and & (Ref. 38), the Ga-Ga
distance is greater than 2.60 A. This confirms the
metallic nature of the intralayer Ga—Ga bond in
GaS.

We are now calculating the electronic structure
of GaS with a self-consistent local-density formal-
ism which differs from that used by Zunger and
Freeman.*® Initial results for total valence-electron
density seem to be in very good agreement with
our experimental results. Later, we would like to
study the electron density due to each state (band)
separately, which will enable us to determine the
contribution of each valence band to the chemical
bonds in GaS.
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CONCLUSION

Our experimental results show the presence not
only of bonding between Ga-S and Ga-Ga nearest
neighbors in the elementary cell as predicted by the
pseudopotential model but also of bonding between
Ga and S next-nearest neighbors in the same ele-
mentary cell and with atoms in the surrounding
elementary cells. The latter bonds cannot be
predicted by the model used in the pseudopotential

method.

This unusual electron density may arise from the
fact that, in GaS, atoms are not closely packed.
This arises from the noncomplementarity of the
valence (groups III and VI) of the components.
The d inner state of Ga has probably some influ-
ence on this crystalline structure.

We would hope that the real bonding found ex-
perimentally will stimulate a rethinking and
reshaping of the theoretical model.

*Equipe de Recherche associée au CNRS.
Laboratoire associ€ au CNRS.
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