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The thermal motion of Ag in the two-dimensional silver ion conductor AgCrSe; (at 295 K; a =
3.6798(2) A, ¢ = 21.225(2) A; Z = 3; spacegroup R3m) is studied as a function of temperature by single-
crystal X-ray diffraction. At room temperature the Ag atoms occupy only one-half of the available
tetrahedral holes between the CrSe, sandwiches. Disordering of the silver sublattice over all tetrahe-
dral sites proceeds second order with T, = 475 K: above T, the spacegroup is R3m. Refinements were
performed with data measured at six different temperatures in the range 295-673 K. Anharmonic
temperature factors of Ag based on the Gram—Charlier expansion have been refined up to fourth order.
R,, values range from 0.022 to 0.049, the number of variables from 17 to 22. The refinements confirm
the second-order nature of the order~disorder transition. Below T the largest thermal vibrations are
directed to the octahedral sites between the CrSe; sandwiches. The plane between the a- and B-lattice
plays a crucial role. The joint probability density function (jpdf) of Ag is high in regions surrounding
the projected a- and B-sites and the octahedral site; at these sites the jpdf shows a minimum. The

diffusion of Ag from an a- to a 8-site proceeds therefore via this intermediate plane.
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Introduction

The isostructural compounds MCrX,
(M = Cu, Ag and X = S, Se) are known to
be excellent M-ion conductors, owing to
quasi-two-dimensional diffusion of M-ions
(I-4). All these compounds undergo a
second-order phase transition at which
the silver (copper) sublattice becomes
disordered. The structures of these rhom-
bohedral compounds (in hexagonal descrip-
tion a = 3.4-3.7 A, ¢ = 18-22 A; space-
group R3m; Z = 3; Fig. 1a) are based on a
distorted cubic close-packing of the anions.
Sandwiches CrX; are present with Cr3*
cations in octahedral coordination by X?2-
anions. The tetrahedral sites between the
sandwiches CrX; form a slightly puckered
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honeycomb lattice, consisting of two inter-
penetrating triangular lattices denoted by «
and g8 (Fig. 1b). It may be noted that there is
a small difference in z-coordinate between
an a-site and a @B-site. For that reason
the distribution of silver or copper is
called quasi-two-dimensional. Neighboring
““planes’’ of silver (copper) are ¢/3 ~ 7 A
apart. Well below the phase transition one
sublattice (say the a-lattice) is fully. occu-
pied by Ag (Cu). At higher temperatures a
gradual disordering takes place over the
two sublattices « and 8, the disordering be-
ing complete at T, = 475 K for AgCrSe; (3).
At T, the spacegroup symmetry changes
from R3m to the centrosymmetric space-
group R3m.

Previous single-crystal X-ray diffraction
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(b)

FI1G. 1. (a) (1120) Section of the structure of MCrX,; large open circles are X, small hatched circles
are Cr, small open circles are M at «; the B-sites are indicated by small closed circles. (b) The puckered

honeycomb lattice formed by a- and B-sites.

investigation on AgCrS, showed that at
room temperature the amplitude of thermal
motion of Ag in the ab-plane is approxi-
mately three times larger than that along
the c-axis (3). A difference Fourier synthe-
sis showed residual densities around the sil-
ver sites pointing to an anharmonicity in the
thermal motion. In the harmonic approxi-
mation anisotropic thermal motion is de-
scribed by Uy; parallel (001) and Us; along
[001]. The anharmonicity is determined by
the site symmetry 3m of Ag, putting restric-
tions on the number of the higher order ten-
sor elements (see below).

In this paper we study the behavior of
the anharmonic thermal motion of Ag in
AgCrSe, as a function of temperature by
means of single-crystal X-ray diffraction.
We apply the Gram-Charlier expansion of
the probability density function and its cor-
responding Fourier transform, i.e., the tem-
perature factor, to account for anharmonic

motion. The disordering of the silver sub-
lattice below the phase transition, as well as
the disordered sublattice above T, will be
discussed on the basis of single and joint
probability density functions.

Experimental

AgCrSe; powder was obtained by synthe-
sis from the elements. Single crystals of
AgCrSe, grow in 5 days by vapor transport
in a temperature gradient 870-760°C, using
bromine as the transport agent. The crys-
tals used for X-ray data collection are plate-
lets and have dimensions of typically 0.25
x 0.25 X 0.04 mm3. Test measurements
were carried out to select suitable crystals.
The crystal was mounted upon a quartz fi-
ber with Torr Seal vacuum sealing kit. This
fiber was inserted in a 0.3-mm-diameter
quartz capillary to prevent oxidation at high
temperatures. :
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The intensities of the reflections were
measured on a CAD-4H kappa diffractome-
ter (Enraf-Nonius), equipped with a special
furnace as described by Tuinstra and
Fraase Storm (5). The »-20 scan method
was applied with a w-scan angle of (0.95 +
0.35 tan 6)°. MoKa radiation and a graphite
monochromator were used.

Data collection was carried out at six dif-
ferent temperatures between 295 and 673 K.
Two crystals of the same batch were used
for the structure investigations. The crystal
had to be replaced after the first four data-
sets because of the accidental cracking of
the quartz capillary. As will be shown later,
this had little consequences on the results.
At each temperature about 1900 reflections
with —-7=h=<7,0<k=<7, -45=<1<45
were measured with the conditions: sin /A
<1.077Aand ~h + k + [ = 3n, the rhom-
bohedral reflection condition. The intensi-
ties were corrected for Lorentz polarization
and absorption (& = 324 cm™!) (6). After
averaging over equivalent reflections, the
intensities of 375 reflections were available
for structure refinements. Reflections with
|[Fops| < 2.5 0(|[Fobs]) were not used in the
refinements. The total number of these re-
flections increased from only 1 at 295 K up
to 25 at 673 K.

Refinement of the Structure

All structure refinements and calcula-
tions were carried out with the program
system PROMETHEUS (7). Anharmonic
temperature factors based on the Gram-
Charlier formalism were used,

T(hy, hy, hy) = Tharm(hy, ha, h3)

[1+ ELSSS Cuhohah,

Qm)ZZEZDWmhhh+ .
)

where h,, h,, and h; are the Miller indices;

Cpqr and D, are the third- and fourth-order
tensor elements respectively; and i = vV —1.
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The occurrence of { in the temperature fac-
tor reflects the possibility of a noncentro-
symmetric probability density function.

The use of this expansion and other ex-
pansions to describe anharmonic thermal
motion has been extensively discussed by
Zucker and Schulz (8, 9). The anharmonic
temperature factor was used only for silver,
since the other atoms did not show devia-
tions from the harmonic description. The
point symmetry of the Ag-site (3m) requires
two independent second-order, three third-
order, four fourth-order, five fifth-order,
and seven sixth-order thermal motion ten-
sor elements (10, 11). The occupancy of the
available silver sites was constrained by the
condition p, + pg = 1 for refinements at T <
T.. Furthermore, the thermal parameters of
Ag-ions at a- and B-sites were kept equal.

Atomic scattering factors and correction
terms for anomalous dispersion were taken
from International Tables for X-ray Crys-
tallography (10).

To fix the origin in the noncentrosym-
metric low-temperature phase Cr was kept
fixed at (0, 0, 0). The absolute configuration
of the crystal, i.e., the occupancy of a and
B at room temperature, was determined by
a refinement with reflections transformed
from (hkl) to (hk1). The refinement with
the lower R-factor was regarded as belong-
ing to the correct configuration.

The atomic parameters, one scale-factor,
and one isotropic extinction parameter
were refined. The function minimized was
E w(lFobs’ - |Fcall)2/2 wlFobslz’ with w =
/a2

As starting values for the atomic parame-
ters at 295 K, the values of Engelsman et
al. (12) were used, as obtained by neutron
powder diffraction.

Anharmonic Thermal Motion of Ag in
AgCrSe;
The Low-Temperature Phase

The coordinates and temperature factors
resulting from the harmonic refinements at
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TABLE I

RESULTS OF THE REFINEMENT WITH HARMONIC
TEMPERATURE FACTORS AT T = 295 K

Ag Cr Se(1) Se(2)
1 1.0000 1.0000 1.0000 1.0000
b4 0.1520(2)  0.0000 0.2692(1)  0.7328(1)
U; 0.0826(9) 0.0079(3)  0.0080(5)  0.0080(5)
Us;;  0.0113(4)  0.0082(5) 0.0069(4) 0.0103(4)

Note. (a) Spacegroup R3m with hexagonal axes (ob-
verse setting): a = 3.6798(2) A, ¢ = 21.225(2) A. (b)
Standard deviations in the last decimal are given in
parentheses. (c) p = occupancy of the site; z = z coor-
dinate. (d) The harmonic temperature factor is of the
form exp(—T), where T = 2w2 2 h;h;Uya}a}.

room temperature (Table I) agree nicely
with those reported by Engelsman ez al.
12).

The mean-square displacement in the ab-
plane (Uy; = 0.0826 A?) is of the same mag-
nitude as the largest mean-square displace-
ments in well-known solid electrolytes in
their low-temperature phase at room tem-
perature. For example, Yoshiasa et al. (13)
report 0.08 A2 for Ag in Agl; Schulz et al.
(14) give 0.01 A2 for Pb and 0.02 A2 for F in
PbF,. More striking however is the very
large ratio U,;/Us;, displaying the two-di-
mensional character of the ionic diffusion.

In Table II the positional and thermal pa-
rameters for Ag at the six temperatures of
measurements are given. Since we focus on
the thermal motion of Ag, we here omit all
the refined parameters of the other atoms.
Coordinates and thermal parameters of all
atoms and |Fps|, |Feal, 0 (|Fobs)) for the six
temperatures of data collection are given in
separate tables.!

! See NAPS Document No. 04716 for 19 pages of
supplementary materials from ASIS/NAPS, Micro-
fiche Publications, P.O. Box 3513, Grand Central Sta-
tion, New York, New York 10163. Remit in advance
$4.00 for microfiche copy or for photocopy, $7.75 up
to 20 pages plus $.30 for each additional page. All
orders must be prepared.
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The decrease of the reliability factor R,
when adding anharmonic tensor elements
to the harmonic temperature factor proves
the presence of anharmonicity in the ther-
mal motion of silver. A check on the physi-
cal significance of the higher order tensor
elements was performed by calculating the
Fourier transform of the temperature fac-
tor, i.e., the probability density function
(pdf) of the atom. It is known that none of
the anharmonic temperature factors, which
are in use for general site symmetries, ex-
clude that their corresponding pdf’s are
nonnegative everywhere for all values
of the parameters (15). Therefore, to
make physical sense, the pdf should not
have deep negative regions in central
parts.

Only third- and fourth-order tensor ele-
ments were used in the refinements. Adding
fifth-order tensor elements either improved
the model very little (T = 295 K), or gave
physical meaningless pdf’s. In all pdf’s
some small negative regions were calcu-
lated: the ratio |min(pdf)|/max(pdf) was
mostly less than 0.05; only the 475 K refine-
ment gave a larger ratio of 0.15. The small
negative regions can be found in the tails of
the distributions.

The pdf maps of the planes z = z(Ag,) for
295, 400, and 450 K are shown in Fig. 2.
The largest amplitudes are toward the octa-
hedral sites. This means that a silver ion at
an a-site does not jump through the edge of
the tetrahedron (the direct way), but in-
stead follows an indirect way through the
faces of the tetrahedron to reach the 8-site.
By using inelastic neutron scattering, infra-
red spectroscopy, and model calculations,
Briiesch et al. (16) arrived at the same con-
clusion in the case of AgCrS,.

Just below the phase transition (Fig. 2c)
the pdf map displays some splitting in the
central region. The distance of the modes
(i.e., the local maxima in the pdf) to the
central site is about 0.6 A. This distribution
does not imply that there is a static distribu-
tion at these three off-center sites. Limita-
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TABLE 11
RESULTS OF THE REFINEMENTS FOR Ag

T (K) 295 400 450 500 573 673
Spgr R3m R3m R3m R3m R3m R3m

p 1.0000 0.855(6) 0.646(9) 0.5000 0.5000 0.5000

2z 0.1531(2) 0.1558(3) 0.1579(5) 0.1561(3) 0.1567(4) 0.1590(9)
Un 0.094(2) 0.188(5) 0.25(1) 0.271(5) 0.297(6) 0.34(1)
U 0.017(1) 0.025(1) 0.028(2) 0.035(2) 0.039(2) 0.054(4)
Cin -0.223) -1.1(1) -2.8(4) -2.0(1) -2.3(1) -3.4(2)
Cip; 0.00011(3) 0.00018(7) 0.0003(1) 0.0003(1) 0.0005(1) 0.0011(3)
Cins 0.021(2) 0.12(7) 0.26(2) 0.20(1) 0.22(1) 0.31(3)
Dy 0.47(8) 2.8(5) kI¢)) 2.7() 3.4(8) 3(2)
Dy 0.000035(8) 0.00002(1) 0.00001(2) 0.00004(1) 0.00005(2) 0.00007(6)
Dyps ~0.002(2) 0.017(9) 0.14(4) 0.02(2) 0.03(3) 0.18(9)
Diss 0.0008(2) —0.017(8) —0.023(3) ~-0.006(1) -0.007(2) -0.022(6)
N 375 374 372 368 355 351
R,(1) 0.034 0.053 0.061 0.073 0.068 0.087

R, (2) 0.022 0.028 0.040 0.033 0.028 0.049

Note. (a) p = Occupancy of the a-site; z = z coordinate of Ag; N = number of reflections with [ Fop|

< 2.50(Fapy)).
‘ S (o —

IFcaII)Z)

® R.=|

2 (W(|Fobs]2)

”
] , w=l/g

(c) R, (1) is the agreement factor after refinements with only harmonic temperature factors; R42)
results after including tensor elements up to the fourth order. Third- and fourth-order tensor elements
C,,rand D, have been multiplied by, respectively, 10> and 104

tions, strengths, and examples of different
methods to describe multimodal atomic
probability densities have been discussed
by Kuhs (17).

The disordering of the a-sublattice is
demonstrated very well with the simulta-
neous refinement of the occupation proba-
bility of the a- and the B-sites (p, and pp).
At room temperature the a-sublattice is
fully occupied. A refinement of the occupa-
tion of the B-site gives a nonsignificant oc-
cupation. At 400 K the refinements yield
the best results with p, = 0.85. In the last
50 K below the phase transition the dis-
ordering goes very fast, as predicted
by theoretical models for this order—
disorder transition (3, 18, [9). In order
to compare the long-range order parameter
(L(T) = 2po(T) — 1) of the order-disorder
transition with L for the theoretical models,

the occupation probability should be deter-
mined for a range of temperatures. It is our
opinion not to draw definite conclusions on
the temperature dependence of the long-
range order parameter from the tempera-
ture dependence of the intensity of some
silver sensitive reflections (e.g., 104, 015)
as was done by Yakshibayev et al. (4) for
CuCrSe,. These authors found a transition
temperature (no change in intensity) about
120 K below T, known from DTA and ionic
conductivity measurements. The authors
ascribe the discrepancy to experimental
conditions (high background level). In our
case we found a similar behavior, which
shows that such intensity measurements
result in a misleading interpretation of the
transition. The only way to compare exper-
imental and theoretical models is by refine-
ments on full data sets.



ANHARMONIC THERMAL MOTION OF Ag IN AgCrSe,

221

F16. 2. Single pdf’s of Ag in the plane parallel (001)at z = z (Ag.). @) T=295K; (b)) T=40K;(c) T
= 450 K. Contourlines 6, 16, 26, . . . , 186; 400, 450, . . . , 700; 1500, 1600, . . . , 1900 A-3. The

lobes are directed to the octahedral sites.

The High-Temperature Phase

The high-temperature phase of AgCrSe;
can be regarded as a superionic phase; the
ionic conductivity just above the phase
transition is about 20 SM~! (2). The ionic
conductivity however does not show the
usual type of Arrhenius behavior because
of the order—disorder transition (I, 3, 18).
Results of the refinements can also be
found in Table II. The decrease of the reli-
ability factor R, when going from 500 to 573
K is probably due to a better absorption
correction for the second crystal used for
measurements at 573 and 673 K. When we
compare the results of refinements at 500 K
(first crystal) and 573 and 673 K (second
crystal) there are no anomalous jumps in

the parameters. So we assume that the use
of a second crystal does not affect the inter-
pretation of the results.

In the superionic phase the amplitudes of
thermal vibration become comparable with
interionic distances. In the overlap region
the value of the pdf cannot be uniquely de-
termined. Instead the joint probability dis-
tribution function (jpdf) has to be used (20).
The jpdf is defined by the equation

ipdf@) = 2, pilpdf,(n)] 2)

with p; the occupancy of site i, the summa-
tion being taken over all occupied sites.
The probability of finding the atom in a
small volume element dr around r is given
jpdf(r) multiplied with dr. By calculating
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Fi1G. 3. Joint pdf of Ag at T = 673 K. (a) Plane parallel (001) at z = z (ag,); the 8- and octahedral sites
projected at (4, %) and the origin, respectively. (b) Plane parallel (001) halfway to the - and 8-
sublattice, the octahedral sites at the origin. (c) The plane parallel [001] defined by A = (3, —1, 0.45), B
=(%,%, 0.45),and C = (4, —1, 0.55). (d) The plane parallel c defined by A = (1, 0, 0.45), B = (0, 1, 0.45),
and C = (1, 0, 0.55). The planes in (c) and (d) are perpendicular to the planes in (a) and (b). Hatched
straight lines in (a) and (b) correspond with those in (c) and (d). Contourlines (a) and (b): —2,2, . . . ,

78 A-%; (¢) and (d): 10, 13, . . . , 49; 100, 106, .

the jpdf in appropriate sections, one can
trace the possible diffusion paths.

In the case of AgCrSe, the need to use
the jpdf in the high-temperature phase be-
comes clear by comparing maps calculated
with single pdf’s and with a jpdf. The single
pdf’s show roughly the same features as
those below the phase transition, i.e., three
lobes toward the octahedral sites, but they
become increasingly flat. Thus a significant
overlap of two neighboring pdf’s has to be
expected. In Fig. 3 the jpdf of the Ag-atom
at 673 K in four different sections is shown.
The jpdf’s of 500 and 573 K resemble the
jpdf at 673 K very much, so we confine our-
selves to that temperature.

The jpdf shows features which cannot be
resolved by single pdf’s. Figure 3a shows a
section parallel (001) through the a-sublat-
tice. The largest thermal vibrations are no

.., 130 A3,

longer directed to the octahedral sites. A
saddle point is present halfway to a—« sites
(and B-B sites) in two neighboring unit
cells. This corresponds to a diffusion be-
tween silver sites in the a-sublattice. The
same applies to the g-sublattice. A more
probable diffusion path however can be de-
tected by inspecting the sections given in
Figs. 3b--3d. In the plane with the z-coordi-
nate of the octahedral site (Fig. 3b), we find
large values of the jpdf (compared with the
value at the mode) in bands surrounding
the octahedral sites; a minimum density is
found at the octahedral sites and at the pro-
jected «- and B-sites. This particular den-
sity distribution is due to an overlap of the
pdf’s of an a-site and a B-site. The sections
given in Figs. 3¢ and 3d are perpendicular
to those in Figs. 3a and 3b; to facilitate the
recognition of the relative orientation of the
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planes, corresponding lines have been indi-
cated by straight hatched lines. By compar-
ing Fig. 3a with Fig. 3c it is clear that the
more favorable diffusion path from « to 8
and from « to « (8 to B) is via the plane
between the a- and B-sublattice, the sites at
the trigonal axes including the octahedral
site being avoided. A comparison of Figs.
3¢ and 3d shows that direct jumps through
the edge of the tetrahedron are possible, but
they are less likely than the path via the
band around the octahedral site. Hibma (1)
already suggested that off-center octahe-
dral sites, i.e., sites displaced from the true
octahedral site, play an important role in
the conduction mechanism. The refinement
of the occupancy of an octahedral site how-
ever need not be necessary when using an-
harmonic temperature factors. In the case
of AgCrSe, the refinement of the occu-
pancy of the octahedral site resulted in a
occupancy of only 0.04 with the same R-
value, but mostly larger standard devia-
tions. This can hardiy be regarded as signifi-
cant in view of the high point symmetry of
the octahedral site (3m). We conclude
therefore that anharmonic temperature fac-
tors alone are good enough to describe the
silver distribution in the crystal.

Careful inspection of the three-dimen-
sional jpdf shows that the point of maxi-
mum probability density—the mode—is
somewhat displaced along the trigonal axis
with respect to the refined z-coordinate
(about 0.16 A). The displacement is di-
rected toward the face of the tetrahedron.
This is a common feature of anharmonic
probability density functions: the mean of
the pdf, i.e., the refined position, need not
coincide with the maximum of the pdf.

The probability density function is di-
rectly related to the one-particle potential
by the formula

V(r) = —kT In[pdf(r)/pdf(r = ry)l, 3)

where k is Boltzmann’s constant and T is
temperature. From this formula one can
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calculate in principle the activation energy
for ionic conductivity. When using the jpdf
instead of the pdf in Eq. (3), the results
must be carefully interpreted, because it
can be shown that in the case of disordered
structures a pseudo-potential is obtained,
which is strongly temperature dependent
(20). The lowest barriers in AgCrSe, (in the
plane between the «- and the B-sublattice,
see Fig. 3b) obtained with Eq. (3) vary from
0.14(3) eV at 500 K to 0.11(3) eV at 673 K.
These values have to be compared with
conductivity measurements by Gerards (3),
who obtained with ac-response techniques
0.17(3) eV. The discrepancy may be due to
the use of pressed powders in the ac-re-
sponse techniques. On the other hand the
presence of static disorder results in an un-
derestimation and a temperature depen-
dency of the activation energy obtained
with Eq. (3). The occurrence of the band of
maximum density around the octahedral
site together with the temperature depen-
dency of the activation energy seems an
indication of some static disorder in
AgCrSez.
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