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The displacements of the ions and the changes in cell parameters which occur on application of an
electric field to a crystal of AgGaS, have been determined using X-ray diffraction. The shifts in Bragg
angle of 14 reflcctions, duc to a field of 2.6 x 10° V/m applied nearly parallel to [221], were used to
refine the change in ccll parameters. The resulting piczoelectric coeflficients are ), = dys = 8.8
©0.9) % 1072 C/N and dyy = 7.6 (1.8} x 1072 C/N. This leads (o a vatue of 4.8 (0.5) x 107" pC/N
for the piezoelectric constant in the [221] direction, which compares well with a value of 5-6 x 1912
C/N measurcd direcity. ‘Fhe ionic displacements were sfudied for two field directions. With £ =
2.6 % 10" V/minadirection parael (o [110], very small, but significant a and b direction displacements
were observed Tor ait atoms, whereas the displucements in the ¢ direction were negligible as expecied.
Relalive to the sulfur framework, the Ga ion displacement is considerably larger than that of the Ag
ions. The changes in scattering intensity for a field parallel 10 [221} were found to be much smaller,
indicating smaller ionic displacements for that field direction. The ion displacements are analyzed with
a model of nonpolarizable harmonic oscillators in an eleciric Reld. It is found that the observed
displacements of the Ga ions are much larger than the calculated displacements, whereas the displace-

ments of the Ag ton are in pood agreement with theory.

Introduction

With the development of more powerful
rotating-anode and synchrotron X-ray
sources i1 has become possible to study
bulk physical propertics such as the piczo-
clectric effect on a microscopic scale,
allowing a more fundamental understand-
ing of these processes at the atomic level.
In particubar, techniques which measure
changes in diffracted intensities and Bragg
angles upon external perturbation are
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highly sensitive and less prone to system-
atic errors.

[n a previous study we measured the re-
orientation of the molecule 2-methyt-4-
nitroaniline in an applied electrie field (/).
We describe here an X-ray diffraction study
of the influence of an external electric field
on single crystals of AgGaS,. AgGaS, is a
member of the AiIBiuCvi, family of com-
pounds with chalcopyrite structure. It is pi-
czoelectric (2} and shows nonlinear optical
propertics (3, 4). In addition it is a mixed
ionic~-electronic conductor with predomi-
nant ionic conductivity (3, 6). A preliminary
account of this work has been published (7).
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Theory

When a strong electric field is applied to a
noncentrosymmetric ¢rystal, homogeneous
deformation of the crystal occurs. A homo-
geneous deformation can be described as
having two components (8). The displace-
ment of a particle £ in unit cell m may be
written as

uik, m) = ulk) + 3 Ugx;tk, m), (1)

4

where u(k) is a displacement vector identical
for all particles k in different unit cells, Uj;
are the elements of a deformation tensor,
and x(k, m} is the position vector of particle
k in unit cell m with respect to a fixed origin.
The second term on the right hand side of
Eq. (1) corresponds to a change in cell pa-
rameters and correspondingly to a change
in ¢crystal shape. It describes an elastic de-
formation of the crystal, and is referred to
as the elastic or external strain. In the X-ray
diffraction experiment, this external strain
causes a change in Bragg angle of the reflec-
tions, but in the case of atomic or mon-
atomic ionic solids it has little influence on
the scattering intensities, This is because,
in the absence of rigid polyatomic units, ex-
ternal strain does not change the fractional
coordinates of the atoms when referred to
the new basis. Therefore, the exponent in
the structure factor equation

Fy = E fexp{2mi 2;:‘ (e, N (2)
4

is invariant, and Fy changes only through
small changes in atomic scattering factors
f;» via the change in sin 6/, and possible
changes in the temperature factors 7;.

The first term of Eq. (1) does not involve
a cell deformation, since the displacements
of equivalent atoms are the same for all unit
cells, irrespective of their distances from
the fixed origin. The term represents the
displacements of each of the atoms within
the deformed unit cell, and is referred to as
the internal strain. In contrast to the exter-
nal strain, it does not affect the Bragg angle
of the reflections but gives a much larger
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change in scattering intensity, since now the
fractional coordinates of the atoms and cor-
respondingly the exponent in the structure
factor will change.

in summary, in the case of atomic solids,
the external strain can be determined by
measuring the changes in Bragg angle of the
reflections, and the internal strain by mea-
suring the changes in scattering intensity of
the reflections.

Experiment

Sample Preparation

Crystals were obtained from A. Gentile.
They were grown from the melt by the
Bridgman technique, using the method of
Route et al. (9) as modified by Kyle (10).
The crystals were oriented by Laue X-ray
diffraction and subsequently cut using a
wire saw.

Two samples were selected. Crystal #1
had dimensions 0.375 X 0.675 x 4.25 mm:
the 0.675 x 4.25 mm faces were covered
with 200 nm of gold by sputtering. A voltage
of 1 x 10° V, with a frequency of v = 55.7
Hz, was applied over the .375 mm to give
a field of 2.7 x 10° V/m, nearly parallel to
the {221] direction. Crystal #2 had dimen-
sions 0.40 x G.70 x 3.0 m; the 0.7 x 3.0
mm faces were covered with gold. An elec-
tric field of 1 x 10° Volt, with a frequency
of 55.4 Hz, was applied paralle] to the [110]
direction (Fig. 1). With a gap of 0.4 mm this
corresponds to 2.5 x 105 V/m,

The crystals were held between two gold
plated clamps which served as electrical
contacts (Fig. 2), and mounted on a Huber
four-circle diffractometer. We note that in
this configuration, no ionic conductivity is
possible since the contacts are ionically
blocking. Current flow was in the uA
range.

Data Collection and Data Reduction

Data were collected at a Rigaku rotating
anode source with MoK« radiation and at
the SUNY X3 beamline at Brookhaven
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FiG. 1. Unit cell of AgGaS,; with the electric field
applied along [110] (sample #2).

National Laboratory with A» = 1.20 A
photons. To measure both the change in
intensity and the change in Bragg angle
upon application of the field we use the
three-step modulation method (71, i2),
which is a modification of earlier modula-
tion methods (13, I4). The electri¢ field is
applied to the crystal in three steps (field
“up,” field ‘“down,”” and zero field) with
a frequency of approximately 5¢ Hz, The
output of the detector is synchronously
gated to three different counting chains,
such that three different reflection profiles,
corresponding to each of the three states
of the electric field, are recorded in one
single scan.

The change in Bragg angles may be
determined by averaging of the shifts of
the reflection at the positive and negative
# sides (15). The piezoelectric elements
can be derived from the Bragg angle
changes A#, using the Barsch equation
(16),
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3 3
—tan Br E E hr.ihr.jslj
i=lj=1 (3)
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—FEtan 8, E E 2 ekhr,shr,jdkij’
k=1i=1j=1

A6,

where g; is the ijth component of the strain
tensor &, dy; the kijth component of the pi-
ezoelectric tensor d, and the ¢,’s and the
h, ;s are the direction cosines of the electric
field (of magnitude E) and the diffraction
vector h, respectively. Alternatively the pi-
ezoelectric elements can be derived by de-
termination of the complete strain tensor,
including a rigid rotation of the lattice, from
the change in direction of the scattering vec-
tors relative to a laboratory-based coordi-
nate system (/5).

The intensity changes are determined by
measuring the response ratios =,

AL 1L -
Nxp = Iy = 1, > 4)
where f,, I_, and I, refer to the intensity
with field up, down, or zero respectively.
The response ratio i, _ is the relative differ-
ence between field up and field down scat-
tering, equal to 7,4 — M _y. Since the three
intensities I, f_, I, are measured at very
small time intervals, virtually all experimen-
tal instabilities cancel in the response ratio
calculations, thus allowing the measure-
ment of very small intensity changes
(<.0.05%%), as well as small positional shifts
of the reflection resulting from the change
in cell parameters (/7).

CRAYSTAL

SPUTTERED GOLD LAYER

CONDUCTING CLAMPS

GONIOME TER HEAD

Fi1G. 2. Schematic drawing of the sample mounting.
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To place the intensity changes on an abso-
fute scale, the relative changes were multi-
plied by | F i (14), where F. is the calculated
structure factor obtained from the known
structure, according to

AF, =7, FL (5)

Analogous expressions were used for 7
and n_,. The resulting AF? values are the
input for the least-squares refinement using
the program TLSBMOL, in which, to ac-
count for the converse piezoelectric effect,
different sets of cell parameters are used in
the intensity calculation for the two states
of the field.

The intensity changes are treated with the
following formalism (18). If the complex
structure factor F is written as A + iB, the
corresponding value of the structure factor
of a perturbed system F_, may be de-
scribed as

F, = (A+ AA) + i(B + AB). (6)

The difference between the intensities
with and without the perturbation leads,
after application of Lorentz, polarization,
and other appropriate corrections factors,
to AF? = F2 — F?. Substitution of Eq.
(6) gives

AF?=F2 — F*= (A + AA)?
+ (B + ABY — (A’ + BY) 7N
= 2(A AA + BAB) + (AA)! + (AB)?

or, for small perturbations,
AF? = 24 AA + 2B AB. (8)

In the chalcopyrite structure, three types
of reflections occur (cf. 19). Reflections with
(hki/2) all even or all odd are zinc-blende
like, and involve all three types of atoms;
those with /s, k even and //2 odd or vice
versa reflect the anisotropy associated with
the deviations of the anion coordinates from
the ideal value of x = 0.25 (x = 0.29, for
AgGaS; (20)), and those with /2 odd are
reflections that express the ordering in the
cation sublattice, i.e., the difference be-
tween Ag and Ga scatterers in the present
case.
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Results

Change in Cell Parameters and the
Piezoelectric Tensor

The changes in cell parameters, or exter-
nal strain, were studied using crystal #1,
with the field approximately parallel to the
[221] direction. From the orientation matrix
(21) and the diffractometer setting angles for
E parallel to the scattering vector, E was
determined to be along the reciprocal lattice
vector a* + 1.49b* + 2.29¢*. ApgGaS, be-
longs to the tetragonal space group 1424 and
has cell parameters a = b = 5.75722(3) A,
¢ = 10.3036(2) A (20, 22). The piezoelectric
tensor has only three nonzero elements,
diy = tys and dyg. Thus a field along a, b,
or ¢ produces only a change in «, 3, or v,
respectively (23). Since none of the columns
in the piezoelectric tensor contains more
than one nonzero element, the full piczo-
electric tensor can be obtained with just one
crystal setting, providing there is an electric
field component along a, b, and c¢. The
changes in Bragg angles of 14 reflections
were determined by measuring the shifts of
the peaks at both positive and negative dif-
fraction angles, and subsequent averaging
({12). The corresponding changes in cell pa-
rameters were obtained by least-squares re-
finement of the experimental data. The re-
sults are given in Table 1. As required by

TABLE 1

CELL PARAMETERS (A,") AND CHANGES IN CELL
PARAMETERS (104 A, 107*) DUE To THE EXTERNAL
FIELD ALONG [221} FROM THE REFINEMENT OF THE
SHIFT IN BRAGG ANGLE OF 14 REFLECTIONS

E=0 A

a 5.75722(3) 0.13(0.09)

b 5.75722(3) —0.10(0.08)

¢ 10.3036(2) —0.47(0.19)

w 90 —0.65(0.12)

8 90 — LE70.12)

y ) —0.68(0.12)

R, = 13.9%

GOF = 1.4
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symmetry the changes in length of the axes
are zero within 3¢. This also indicates that
the nonlinear terms (representing electro-
striction) can be neglected in the converse
piezoelectric effect. The ratio between
the change in a and the change in 8,
Aa/AB = 0.55(0.12), is within experimental
error equal to the ratio E/E, (=0.67) be-
tween the components of the field along a
and b, in agreement with the tetragonal sym-
metry.

The changes in Bragg angle were also
used to directly refine the piezoelectric ten-
sor. The result are given below:

d14 = d25 = 8.8 (0.9) pClIN
d36 = 7.6 (1.8) pCIIN.

We note that, unless the crystal polarity is
known, the signs of these constants are un-
determined. The crystal polarity can be de-
termined either by using other physical
properties such as the pyroglectric response
(24), or by measuring sensitive Bijvoet pairs
(25). In the case of AgGaS,, however, the
piezoelectric coefficients were known to be
positive (2). The experimental results corre-
spond to a value of 4.8 (0.5) pC/N in the
[221] direction, in good agreement with the
value of 5-6 pC/N measured by conven-
tional methods (26).

Tonic Displacements

The ionic displacements were studied
with both samples. For crystal #1, 22
reflections were measured at the NSLS
X3 beamline at Brookhaven National Lab-
oratory, with the field nearly parailel to the
[221] direction; only § of the 22 reflections
showed a relative change in intensity larger
than 3¢, the largest being 0.25%. Crystal
#2 showed a much larger effect. The rela-
tive changes in intensity of 23 reflections
were determined using a Rigaku Ru200
rotating anode source; 14 of the 23 showed
a change larger than 3o, the largest be-
ing 0.51%.

Application of the field in the [110] direc-
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tion destroys the fourfold inversion and
the twofold rotation axes, leaving the d-
glide plane parallel to [110] as the only
symmetry element. As a result there are
1 Ag, | Ga, and 2 S atoms in the asymmet-
ric unit of the perturbed crystal. Since the
perturbed crystal is polar, the coordinates
of one atom have to be kept fixed in the
refinement of the atomic displacements to
define the origin. All shifts obtained are
therefore relative to the atom which is
fixed. The effect of bond-charge redistribu-
tion on the scattering intensity (27, 28) is
assumed to be negligible, since the data
consist of strong, and relatively high order,
reflections, Observed and calculated struc-
ture factor changes are listed in Table II.
The relative effects of the electric field are
of comparable magnitude for all three types
of reflections.

In Table IT1, ionic displacements are given
for the refinement with one of the sulfur
atoms fixed. Small but significant displace-
ments in the x and y directions occur in
particular for the Ga atom. The displace-
ments in the z direction are zero within ex-
perimental error, as expected since the field
has no component along the z direction and
the electrostrictive tensor has no compo-
nent allowing deformation along the z-axis.
The gallium atom shows considerably larger
displacements relative to the sulfur frame-
work than the silver atom. The relatively
large R/R,, values can be ascribed to the
limited data set. More accurate results as
well as a better fit may be expected with a
larger data set and better values of /o ().
However, data collection times required for
this improvement were prohibitive. Be-
cause of the small number of data, the tem-
perature factors had to be kept fixed during
the refinement.

Discussion

The ionic displacements can be calculated
from the bond stretching and bending force
constants of the Ag—S and Ga-S bonds with
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TABLE II
DIFFERENCE IN F? BETWEEN FIELD UP AND FIELD DOWN
h k i Fle AFZ, AFL o (AF)
-1 2 5 15.66 —-0.63 —-0.71 0.17
-5 2 3 22.69 0.15 0.03 0.30
4 -1 -1 27.54 1.33 1.29 0.38
1 -5 6 97.52 5.55 6.38 1.78
1 -2 -1 43.30 0.96 1.50 0.39
1 -5 -6 95.52 —7.80 —-6.90 1.62
2 1 3 21.16 —-1.29 —-1.10 0,18
4 —4 0 131.90 1.94 0.39 4,71
QO ~4 -2 13.08 0.56 0.52 0.08
—4 4 4 74.54 —1.42 -0.27 i.32
0 4 -2 14.69 —-0.67 —-0.73 0.15
4 0 -2 14.69 —0.87 —-0.74 0.14
-4 0 -2 13.08 0.64 0.52 0.09
0 -4 2 14.69 —0.62 —0.73 0.11
4 0 2 13.08 0.43 0.52 0.10
=2 -2 -4 122,30 ~B.91 -3.79 1.81
1 =2 5 14,94 0.33 0.37 0.11
3 -3 -10 75.29 1.35 1.60 0.76
4 -5 -7 20.82 —-0.31 —-0.12 (.22
4 -6 —4 72.71 -112 0.57 0.97
0 -8 -6 15.58 -0.56 —-0.65 0.13
E -7 -4 17.60 - 0,43 —-0.27 0.16
3 -6 —1 24.27 -0.87 —1.08 0.31
R factor including unobserved reflections 0.354
Weighted R factor including unobserved reflections 0.245
Goodness of fit = .36
the assumption of a rigid S-framework. where the elements of dF are given by
Koschel et al. derived the force-constams (dF), = 8F.fsr.. (10)
by a least-squares fit of a Keating model y £

to the zone-centered phonon spectrum (29).
The force constants they obtained for the
Ag-S and Ga-S bond were 19.7 and 51.9
Nm~!, respectively. The larger force con-
stant for the Ga—S bond is in agreement with
the observed thermal motion in the unper-
turbed structure (/7), which indicates the
average square displacement of the Ag ions
to be approximately 2.5 times that of the Ga
ions. It also agrees with the statement that,
since (Ga has a coordination closer to perfect
tetrahedral, Ga-S bonds are more oriented
and thus stiffer than Ag-S bonds (30).

The displacements Ar of an ion are found
by solving the matrix equation

dF - Ar = F(electric) = gE,

)

F;is the component of the force in direction
i exerted on the displaced particle. The de-
rivatives in (10) are calculated numerically.
Taking the ionic charges from the fit of the

TABLE 111

IoNic DISPLACEMENTS {10* A) DUE TO a FIELD OF
1.10° V/m PaRALLEL To [110].

Ax Ay Az
Ag -1.4{0.7) ~-2.5(0.9) +0.4 (0.6)
Ga —4.4(0.9) —4.7 (0.9 0.0 (0.8)
S(1) +0.5 (0.3) +0.3(0.6) + 1.7 (0.8}
R, = 24.5%
GOF = 18

Note. Shifts are relative to §(2).
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Keating model to the spectroscopic results
(25), qag = 0.95 |e| and gg, = 0.75 [e], we
find for an electric field of 2.6 x 10° V/m
parallel to [110]

122 x 107* A | [110]
0.39 x 10°* A | [110).

The displacement of the Ag ion is in good
agreement with the experimental result. The
observed displacement of the Ga ion, how-
ever, is 10 times the calculated value. To
explain the displacements in terms of the
present model of nonpolarizable charged
harmonic oscillators unrealistically large
charges on the Ga atoms would be required.

Using the approximations mentioned
above, we find the ionic displacements for
an ¢lectric field parallel to [22] to be smaller
by a factor of 1.2 compared to the [110]
field direction. This in agreement with the
smaller intensity effects for the [221] direc-
tion observed in the experiment.

From a model for linear electrooptic ef-
fects, based on the bond-charge dielectric
theory of Phtllips and van Vechten (31}, the
atomic displacement induced by an electric
field in a given direction can be estimated.
Using data from (31) as well as our own
measurements of the dielectric constants
of AgGaS,, we calculate displacements of
2-5 % 107% A for a field of 2 x 105 V/m,
which as an average value is in reasonable
agreement with the experimental results.

The calculations presented above contain
a number of approximations. The Keating
model used in the derivation of the force
constants describes the phonon spectrum in
terms of rigid ions connected by springs
(32). Since the ions are assumed to be rigid,
polarization effects are neglected. A much
more sophisticated model is the Breathing-
Shell Model (BSM) (33}, which has proven
successful in lattice dynamics calculations
of silver halides (34). However, the BSM
has to our knowledge not been applied to
the phonon spectrum of AgGas,.

The influence of polarization of the ions
on the experimentally observed shifts may
be small, as shown by the following argu-

ArAg =
ArGa
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ment. Using the polarizibility of Ag,
alAg?) = 1.66 x 107% Cm¥V (35), we
obtain with a field of 2.6 x 107% V/m an
induced dipole of 4.31 x 107* Cm (1.31 x
10~* D). This corresponds to an apparent
displacement of the total electron cloud of
46 electrons (relative to the nucleus) of
0.59 x 10~% A, For Ga*, a(Ga) = 3.35 x
107%° Cm?/V (35), the corresponding value
is 1.75 x 10~% A. These displacements are
two orders smaller than the observed shifts.
On the other hand, polarization of the ions
may also influence the force constants be-
tween the ions. Furthermore, these force
constants will be affected directly by the
external electric field. To get an estimate of
the importance of these effects and to clarify
the reason for the discrepancy between ex-
periment and calculation it will be necessary
to get more accurate data on AgGaS,. This
would allow simultaneous refinement of
ionic displacements and structural and ther-
mal parameters. In the present study, syn-
chrotron radiation could not be used effec-
tively because deadtime limitations in the
counting equipment did not allow use of the
full beam intensity. Use of faster counting
equipment may eliminate this limitation.

Summary

We have determined the piezoelectric ten-
sor of AgGaS, by X-ray medulation meth-
ods. The obtained tensor gives results which
compare well with direct measurements of
the piezoelectric coefficient in the [221] di-
rection. The ionic displacements on applica-
tion of an electric ficld have also been deter-
mined. For an electric field parallel to [110],
the Ga atoms showed significantly larger dis-
placements than the Agatoms, relative tothe
S framework. This is at variance with the
force constants of the Ag—S and Ga—S bonds.
For a field nearly parallel to [221] much
smaller ionic displacements are observed.
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