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A&.,,TiSr shows a second-order phase transition with T, = 298.0 K from a od X afi X 2c super- 
structure, space group Pxlc, to a disordered Cd(OH)?-NiAs intermediate structure with unit cell u X (I 
x c and space group P%n 1. In the disordered structure silver atoms occupy fractionally the sites of 
triangular lattice planes. Below T, silver atoms occupy special sites in space group PTlc: Ag(a) at +(O, 
0, f), Ag(P) at +(!$, f, a), and Ag(y) at +(4, j, t). The order is characterized by two order parameters 
qI = n(P) - n(-y) and qr = n(P) + n(y) - 2n(a), where n(a), n(P), and n(y) are the occupancies of the 
LY, p, and y sites, respectively. Single-crystal X-ray diffraction of the ordered structure showed the 
occupancies n(a) = 0.172, n(P) = 0.861, n(y) = 0 at 100 K and n(a) = 0.180, n(P) = 0.786, n(y) = 0.069 
at 255 K. Critical exponents p, and pz of the order parameters 7, and qr were determined from the 
temperature dependence of the intensities of the superreflections 101 and 102, respectively; the values 
obtained, /3, = 0.41 and p2 = 0.81, are between those predicted by P. Bak (Whys. Reu. Left. 44, 889 
(1980)) from scaling laws: p, = 0.33 and p2 = 0.86, and from mean field theory: PI = 0.5, p2 = 1 .O. The 
temperature dependence of the order parameters in the temperature range loo-298 K is compared with 
that from a Bragg-Williams (mean field) model, the energy being written in terms of nearest-neighbor 
repulsive interactions, E, for atoms at distance a and E* for atoms at distance c; E, > q because c > a. 
The space group of the observed structure, P?lc, is discussed in (3 + l)D superspace, which gives an 
alternate description for the symmetry of this commensurately modulated phase. Finally, some related 
phases are discussed. 0 1987 Academic PWS, IIX 

1. Introduction 

The disordered structure of Ag,.,STi& is 
of the intermediate Cd(OH)z-NiAs struc- 
ture (a x a x c unit cell) with silver atoms 
in the octahedral sites between sulfur atoms 
of neighboring TiS2 sandwiches; these sites, 
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forming triangular lattice planes, are frac- 
tionally occupied, n = 0.35 (Fig. 1). This 
fractional occupation of lattice sites leaves 
the possibility of several types of order- 
disorder transitions: transformations with 
ordering in the lattice planes with no 
change in the average occupancy of the 
sites of each plane (intralayer order-disor- 
der transitions) and transformations for 
which the average occupancy of the sites of 
each plane of silver changes (inter-layer or- 
der-disorder transition). The latter is the 
case for stage transformations, e.g., a sec- 
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FIG. 1. Structure of disordered Ago.,sTiSI is a per- 
spective view. Small open and large open spheres are 
titanium and sulfur atoms, respectively; silver atoms 
are hatched. 

ond-stage phase (gaps between sandwiches 
alternating between fractionally occupied 
and empty) transforming into a first-stage 
phase with all gaps between sandwiches 
fractionally occupied. The transformation 
of our study is of the first type; the average 
occupancy of the lattice sites of each plane 
is not changed but silver atoms order on a 
afi X afi X 2c lattice (I-3) (Figs. 2 and 
3). 

Two-dimensional (2D) order only of sil- 
ver atoms on a afi x afi lattice has been 
observed for stage-2 Ag0,i8TiS2 with E = 

FIG. 2. The ab plane of the unit cell of the disordered 
(dashed tines) and the ordered (full lines) structure of 
A&.,,Ti&. The (Y, p, and y sites of silver at z = 4 are 
indicated. 

FIG. 3. The silver sublattice of the ordered structure 
in perspective view; the silver sites are indicated by (Y, 
/3, and y; the nearest-neighbor repulsive interactions E, 
and e2 are also indicated (see Sect. 6). Cell edges are in 
units of the disordered structure. 

0.36 (4-6). In this stage-2 phase, planes of 
silver are at distances of 12.12 A, which is 
about twice the distance (6.398 A) between 
silver planes of stage-l Ago.jsTiSz. 

In a previous paper (3) we reported the 
structure determination of the disordered 
and the ordered phase Ag0.J5TiSz at temper- 
atures of 300 and 100 K, respectively, as 
well as the electrochemical and thermody- 
namic properties of intercalates Ag,Ti&. 
AC response and GITT (galvanostatic in- 
termittent titration technique) at tempera- 
ture above about 450 K showed the stage-2 
phase (0.18 I x 5 0.22) and stage-l phase 
(0.36 5 x I 0.44) to be superionic conduc- 
tors (3). The phases show a metallic type of 
electronic conduction which will be de- 
scribed in a forthcoming paper. 

The order-disorder transition of stage-l 
AgTiS2 has been the subject of several 
studies. Suter et al. (2) studied the transi- 
tion of Ag0.33TiS2 crystals prepared from the 
elements by measuring the intensity and the 
excess linewidth of a superreflection of the 
ati X ati X 2c supercell as a function of 
temperature. They found the transition to 
be of second-order nature, T, being 250 K. 
Raman scattering experiments by Lionelli 
et al. (7) revealed the o-ccurrence of a con- 
tinuous transition, with T, = 300 K. Two- 
dimensional order of silver in stage-2 
Ago.igTi& was analyzed by Oshima and 
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Moss (6) from the diffuse X-ray scattering. 
In this paper we report on the nature of 

the order-disorder transition of stage-l 
Ag0.,,TiS2. In Section 2 we describe the 
structure determination of the ordered 
phase at 255 and 100 K. The structures are 
discussed in Section 3. The determination 
of the critical exponents of the two order 
parameters ql, and q2 is described in Sec- 
tion 4. In Section 5 the determination of the 
order parameters in the range 100-300 K is 
described. The results are compared with 
those from a mean field model in Section 6. 
The ordered structure using (3 + 1)D super- 
space is explained in Section 7. Some re- 
lated phases are discussed in Section 8. 

2. X-Ray Diffraction 

Experimental details concerning the 
preparation of single crystals have been de- 
scribed in our previous paper (3). Weissen- 
berg photographs taken at room tempera- 
ture of a single crystal aligned along the 
a-axis revealed the presence of superreflec- 
tions due to a afi x afi x 2c supercell. 
Besides these superreflections, diffuse scat- 
tering is also visible. This scattering is 
along c* and concentrated around the su- 
perreflections, which indicates that short- 
range order is mainly in the planes of silver, 
the correlation between neighbor planes of 
silver being small. It also appeared that su- 
perreflections (the extra reflections besides 
those of the subcell) with L odd are 
stronger than those with L even. In the fol- 
lowing we will use capitals HKL for the in- 
dices of the reflections in the a%‘? x aLh x 
2c supercell. We adopted space group P?lc 
for which the extinction rule is: reflections 
HHL with L odd not present. These reflec- 
tions were not visible on Weissenberg pho- 
tographs. This space group will be dis- 
cussed in relation with symmetry in (3 + 
1)D superspace in Section 7. 

In PTlc the atoms are on positions given 
in Table I. Titanium and silver atoms are on 

TABLE I 

ATOMIC POSITIONS OF THE ATOMS OF A&.,,TiS2 IN 

SPACE GROUP PTlc 

Site 
Atom Site symmetry Coordinate 

S 12i * I *cr. y, z), ; z = 4. )’ = 0, 
i = z’l2 

TiCI) 2h 3 0, 0, 0: 0, 0, 1 
Ti(2) 4f 3 +e. :. z); “(:. ii, f - z): z = 0 
Agkd 2a 32 *co. 0. $1 
A&P) 2c 32 +(I, f, 1) 
My) 2d 32 *c+. 4. f) 

P&e. z’ is the coordinate of sulfur in the disordered struc- 
ture (Table II). 

special positions; the silver sites are desig- 
nated as Ag(a) (at 2~: *(O, 0, a)), Ag(j3) (at 
2c: ?(f, +, f)), and Ag(y) at 2d: k(i, %, a>. 
The silver sublattice is shown in Fig. 3. 

Weissenberg photographs taken at 100 K 
showed that the diffuse scattering has dis- 
appeared, superreflections with L odd be- 
ing stronger than those with L even. This 
observation is obvious considering the 
structure factor of the superreflections. Ig- 
noring the contributions from sulfur and 
Ti( 1) (which are small), the geometrical part 
of the structure factor is given by 

IFI = fi [n(P) - WI 
for superreflections with L odd, 

IFI = n(P) + 474 - Wa) 
for superreflections with L even. 

Weissenberg photographs taken at temper- 
atures in the range 250-320 K proved the 
continuous character of the transition. The 
transition is due to ordering of silver atoms, 
the p site being occupied at the expense of 
the (Y and y sites. It may be noted that in- 
stead of the p site the y site may be taken as 
well as the occupied site below T,. It is con- 
venient to take the parameters describing 
the order as 

72 = n(P) + n(r) - m4. 

In this case the intensities of the super- 
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TABLE II ties showed that the Laue group is %z: after 
ATOMIC COORDINATES,~CCUPANCIES, AND averaging over equivalent reflections the in- 

THERMAL PARAMETERS OF THE DISORDERED tensities of 2060 independent reflections 
STRUCTURE OF A&.,,Ti& AT 300 K with Z > 3o(Z) at 100 K and 1503 indepen- 

(2% ,2x 
dent reflections with Z > 3@(Z) at 255 K 

Atom Occupancy Coordinate were available. 

S 1 ~(f, 3, 0.2231(4)) 0.81(3) 1.57(6) Refinements were carried out using the 
Ti 1 0, 0, 0 0.92(3) 1.76(6) X-ray system (20); scattering factors were 
4 0.346(5) 0, 091 3.11(9) 1.43(5) those from Cromer and Mann (II). The re- 
Note. a = 3.4275(6) A, c = 6. 3977(7) A, space group k%l. finements converged smoothly to RF = 

The temperature factor has the form 0.039 for data measured at 100 K and to RF 
T = exp - 2”’ c h,k,a:a,*U(i, j). = 0.055 for those at 255 K. Results of the 

i..i 
Standard deviations in the last decimal place are given in pa- 

superstructure at 300 K, already mentioned 
rentheses. in our previous paper, are given in Table II 

reflections with L odd and even are propor- 
for comparison with the refinement results 

tional to 7: and & respectively. 
in Tables III and IV. 

The intensities of the reflections were 
measured at 255 and 100 K. Our data, cov- 
ering reflections up to sin 8/h = 1.407 A, 
were measured on a CADdF kappa diffrac- 
tometer (Enraf-Nonius) using monochro- 
matized MoKo radiation. Use was made of 
the o scan technique. The crystal was 
cooled with a stream of evaporating liquid 
nitrogen. The temperature during each in- 
tensity measurement was measured and 
stored (8). Reflections with - 15 I H I 8,0 
5 K 5 15, and 0 I L 5 33 were measured. 
The intensities were corrected for Lorentz 
polarization and absorption (9). Inspection 
of the intensities of 4958 measured intensi- 

3. Discussion of the Structure 

The refinement of the substructure (at 
300 K) confirmed the proposed structure 
from powder data (I). Ag and Ti are in tri- 
gonally distorted octahedra of sulfur atoms, 
the Ag-S and Ti-S distances being 2.656 
and 2.440 A, respectively. The average oc- 
cupancy ii of the silver site is 0.345. An 
interesting feature is the large anisotropy of 
the thermal motion of silver, (z.&,)~‘~, the 
root-mean-square amplitude of vibration in 
the ab plane being much larger than (z#‘~, 
the rms amplitude along c. The latter ampli- 

TABLE III 
ATOMIC COORDINATES,OCCUPANCIES,ANDTHERMAL PARAMETERSOFTHE ATOMS IN 

THE ORDERED STRUCTURE OF A&.r5TiSz AT 100 K 

WI 1) ucm U(33) 
Atom Occupancy x Y Z (loo A’) (100 AZ) (100 A’) 

S I .32934(7) - .00506(7) .ll217(2) .327(9) .312(9) .513(8) 
Ti(l) I 0 0 0 .302(S) .601(14) 
Ti(2) I I 3 .mw .339(6) .571(9) 
kid4 .171(2) ; 0 f 1.48(4) .32(4) 
.MP) .861(3) $ f t I .029(7) .474(7) 
&z(y) 0 4 f i - - 

Note. a = 5.928&X(7) A, c = 12.744(9) 8, space group PTlc. Temperature factor of the form 
given in Table II. Nondiagonal tensor elements of the temperature factor of sulfur: U(12) = 
.167(7), U(13) = - .04(7), U(23) = - .035(7) AZ. Tensor elements U(ij) are multiplied by 100. 
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TABLE IV 

ATOMIC COORDINATES, OCCUPANCIES, AND THERMAL PARAMETERS OF THE ATOMS IN 
THE ORDERED STRUCTURES OF A&.,,Ti& AT 255 K 

Atom Occupancy x 
Wl) ww U33) 

Y Z (100 AZ) (100 A*) (100 A*) 

S 1 .3301(l) -.00414(10) .1164(4) .72(2) 0.68(2) 1.08(2) 
Ti(1) 1 0 0 0 .81(l) 1.30(3) 
Ti(2) 1 i I .0002(4) .85(l) 1.30(2) 
Ah4 .180(3) 0 0 a 3.9(l) .96(5) 
&c(P) .786(3) 3 f f 2.48(2) .99(2) 
My) .064(3) b i? f 2.4(2) 1.2(l) 

Note. a = 5.9424(6), c = 12.791(8) A, space group PTlc. Temperature factor of the form 
given in Table II. Nondiagonal tensor elements of the temperature factor of sulfur: U(1,2) = 
0.35(l), I/(13) = -0.05(l), U(23) = -0.05(l) AZ. Tensor elements are multiplied by 100. 

tude is about the same as (u$,)“~, and (~5)“~ 
of titanium and sulfur. Such an anisotropy 
in the thermal motion of silver was also 
found in Ag0.i8TiS2 (6), Ag0.,,NbS2 (12), and 
AgCrS2 (22), the latter two compounds hav- 
ing silver atoms in tetrahedral coordination 
by sulfur. The role of the thermal motion in 
relation with order-disorder transitions and 
the mechanism of fast-ion conduction will 
be the subject of a forthcoming paper. 

X-Ray diffraction experiments are now 
being performed in order to trace the distri- 
bution of silver at higher temperatures: 
hopping versus liquid-like type of motion, 
and the possibility of the occupation of 
other sites in the planes of silver, e.g., the 
tetrahedral sites. 

The occupancies n(cu) = 0.172(2), n(P) = 
0.861(3), n(y) = 0, and E = 0.345 at 100 K 
(standard deviations in parentheses) are in 
agreement with those (n(a) = 0.14, n(P) = 
0.90, and n(y) = 0) of the experiment de- 
scribed in our previous paper (3), taking 
into account that the experiments described 
here cover a larger data set. At 255 K we 
found an intermediate distribution: n(a) = 
O.l80(3),n(/3) = 0.786(3),n(y) = O.O69(3),ii 
= 0.343. 

The coordinates of sulfur in the average 
structure (00~) transforms into 4, 0, $ of the 
superstructure. The coordinates from the 

refinement significantly deviate from this 
value (Tables III and IV). We may consider 
this as a relaxation of the sulfur sublattice 
to the different occupancies of the (Y, p, and 
y sites of silver, the distances of these sites 
to the neighboring sulfur atoms being 
2.6377(5) A, 2.6642(5) A, and 2.6262(5) A, 
respectively. The differences between 
these distances with respect to the average 
value are created by displacements of sul- 
fur within the ab planes, the sulfur-sulfur 
distances being 3.4695(7) A, 3.4083(10) A, 
and 3.3917(9) A (Figs. 4a and b), which may 
be compared with the S-S distance of 
3.4230(5) A in the disordered structure. 

Ti( 1) has site symmetry 7 and the Ti( 1)-S 
distances are 2.4322(5) A. The site symme- 
try of Ti(2) is 3 and there are two different 
TiQ)-S distances, viz., 2.4601(4) A (the 
three sulfur atoms also bonded to Ag(p)) 
and 2.4252(5) A (to sulfur atoms neighbor- 
ing the unoccupied silver site) (Fig. 4b). 

4. Critical Exponents of the Order 
Parameters 

Our X-ray measurements described in 
Section 2 clearly showed the continuous 
character of the order-disorder transition. 
The possibility of second-order transitions 
between phases with Cd(OH)2 type sub- 
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a Q/y? 

FIG. 4. (a) The sulfur atoms at z = Q (thin-lined circles) and z = I (bold-lined circles) coordinating Ag 
at z = t in the ordered structure. The arrows indicate the displacements from the positions in the 
average structure (relative scale). (b) The sulfur atoms at z. = -4 (thin-lined circles) and z = Q (bold- 
lined circles) coordinating Ti atoms at z = 0 in the ordered structure. Displacements indicated as in (a). 

structure was discussed on the basis of the 
Landau theory by Haas (13). For com- 
pounds like trigonal Cr& and Cr5S6 with 
ati X ati X 2c type superstructure, 
space group PTlc, isostructural with 
Ago.uTiSz (to be discussed in Sect. 8), he 
then reported that a single second-order 
transition to the a x a x c substructure, 
space group P?m 1, is not allowed. A recon- 
sideration of this problem by Haas (24) has 
shown that the analysis given in (13) is 
wrong and that the Landau theory allows a 
second-order type transition between the 
ordered and the disordered structure. 

The transition of Ag,.,,Ti& is character- 
ized by order parameters nl and 7,r2 defined 
in Section 2. Systems closely related to 
ours, the intercalates of graphite, EuCs, 
YbCs, and BaC6, have been discussed by 
Bak (15) in relation to possible continuous 
transitions. The disordered structure of 
these compounds has space group P6Jmmc 
while the structures of the metal sublattice 
in the ordered and disordered structure are 
the same as the silver sublattices in ordered 
and disordered Ag0.,,TiS2. Bak predicts, on 
the basis of the Landau theory, a second- 
order order-disorder transition for the 
graphite intercalates. He also applied the 

theory of critical phenomena to the possible 
(experimentally not yet found) order-disor- 
der transitions of these compounds. 

According to the theory of critical phe- 
nomena the critical exponents /3 of the or- 
der parameters 71 of a second-order phase 
transition (r) - (1 - T/T,)fi) for a system 
with short-range interactions depend only 
on the spatial dimensionality and the num- 
ber of independent components of the order 
parameter. For the Ising model of spins on 
a square lattice with ferromagnetic nearest- 
neighbor interactions, for example, the spa- 
tial dimensionality D = 2 and the order is 
characterized by a single (d = 1) order pa- 
rameter r) - (M), the magnetization, the 
critical exponent of 7 being Q. In the case of 
D = 3 the critical exponent for the Ising 
model is 0.312. Magnetic systems with 
higher dimensionality of the order parame- 
ter are the 3D-XY (planar Heisenberg 
model (d = 2) and the 3D Heisenberg model 
(d = 3). 

The order-disorder transition of the 
graphite intercalates discussed by Bak (15) 
as well as Ag,.,,Ti!$ of this study are de- 
scribed by two order parameters. The criti- 
cal behavior is expected to be the same as 
for the 3D-XY magnetic transition with pi 
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of the primary order parameter V,Q equal to 
0.33 and p2, the exponent of 72, being 0.86. 
One expects therefore that the intensities of 
superreflections with L odd will be propor- 
tional to (Z’, - T)“.66 while the intensities for 
those with L even will be proportional to (T, 
- ~)1.72. 

In Section 6 we will give a mean field 
model which shows the physical origin of 
the different temperature dependencies of 
the two. order parameters. In the following 
we will discuss the determination of the 
critical exponents. 

In order to determine the critical expo- 
nents in the case of Ago.35TiS2, the intensi- 
ties of the superreflections 101 and 102 
were measured in the temperature range 
260-300 K. Use was made of the w scan 
technique in order to eliminate the contri- 
bution of the diffuse scattering in the mea- 
surement of the background intensities. 
Counting times of 30 set for 101 and 75 set 
for 102 were used; different counting times 
were chosen in order to obtain about the 
same number of counts (and therefore the 
same standard deviation) for the intensities 
of 101 and 102. The crystal, which was en- 
closed in a glass capillary, was cooled with 
a stream of nitrogen gas. The temperature 
was measured at a distance of about 0.5 cm 
from the crystal. The temperature variation 
during a measurement was about kO.1 K; 
measurements with a larger variation were 
rejected. The variation in temperature is 
due to irregularities in the evaporation of 
liquid nitrogen used in temperature control. 
Several runs with increasing and decreasing 
temperature were performed. During a run 
the intensities at different temperatures 
were measured with time intervals of about 
3 min; in most cases the measurements at 
the same temperature were repeated. 

Log Z (intensity in counts) versus log (T, 
- T) plots were made in order to determine 
2pi (from 101) and 2p2 (from 102) as well as 
T,. The results are shown in Fig. 5. We 
found pi = 0.41 +- 0.02, p2 = 0.81 r 0.02, T, 

3.5 . 
2.5 - f. 

. 

2.0 - 
,rf 

-0.5 0 05 1.0 
LCGIX-Tl 

FIG. 5. Log Z (intensity in counts) versus log (T, - 
T) plots for the 101 and 102 superreflections. (+), 
Measurements with increasing temperature; (.), 
with decreasing temperature. 

= 298.0 K. It is seen that the data points 
from measurements with increasing tem- 
perature (+) lie above those measured with 
decreasing temperature (a) which is proba- 
bly due to a systematic error in the mea- 
surement of the temperature. 

The values obtained for p1 and p2 com- 
pared to those predicted by Bak (15) (0.33 
and 0.86, respectively) indicate that forces 
with longer range than nearest neighbors 
have to be taken into account. We will dis- 
cuss this in Section 6. 

5. Measurement of m and w in the 
Temperature Range 100-300 K 

The power law r] - (T, - T)P describes 
the transition in the temperature region 
close to T,. In order to determine ?I and q2 
in the range down to 100 K the intensities of 
a number of superreflections with L odd 
and L even together with some subcell re- 
flections were measured at temperatures of 
207, 225, 239, 259, 272, 283, and 290 K. 
Below 207 K the relative change in inten- 
sity with temperature was the same for su- 
per- and subcell reflections; these changes 
were small and can be attributed to the de- 
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crease of the temperature factor only. We 
therefore assumed that already, at about 
200 K, the occupancies of the silver sites 
are equal to those found at 100 K. The in- 
tensities of reflections with L odd and even 
were scaled with respect to those at 207 K. 
From the square root of these relative val- 
ues, proportional to 

n(P) - n(r) and 
0.861 

1m43) + n(r)1 - 44 
0.255 

for reflections with L odd and even, respec- 
tively, and the relation n(a) + n(P) + n(r) 
= 1.035, it is possible to calculate n(a), 
n(P), and n(r) for each temperature. The 
occupancies obtained are given in Fig. 6 to- 
gether with those from a refinement at 255 
K. In Fig. 7 a plot of r)i and r)2 versus TIT, is 
given. 

6. Bragg-Williams (Mean Field) Model for 
the Transition 

The physical meaning of the different 
temperature dependencies of ql and q2 is 
that it is more favorable to fill the /3 site 
from the y site than from the (Y site. This 
can be understood when one writes the en- 
ergy of the system in terms of nearest- 
neighbor repulsive interactions, cl, be- 

T(K) 

FIG. 6. Occupancies of the a, p, and y sites as a 
function of temperature from the measurements of 
Section 5. The occupancies from the refinement at 255 
K are included (+). 

1.0 

-------__ 

0.0 

9 

I 
0.6 

i 

--------- 

0.L 

t 

01 .I. I I I I,, , , , ,y 
03 0.L 0.5 0.6 0.7 0.8 0.9 1.0 

TITC 

FIG. 7. The order parameters q, and q2 versus T/T, 
calculated from the data of Fig. 6. 

tween silver atoms at distances a (within 
the silver layers) and ~2, between silver at- 
oms at distance c (between layers) as 
shown in Fig. 3. 

The energy of a system of N(a) . E silver 
atoms is 

E = 3~(&l~(~)n(p) 
+ 444-Y) + 4PMr)l + N(a) 

* &2b2(4 + WP) * WI 
where N(a) is the number of a sites, N(a) = 
N(p) = N(y). Because the distance c > a, 
EI will presumably be greater than c2; cl and 
~2 > 0. Then it follows immediately that 
more energy is gained by increasing ql (= 
n(p) - n(r)) than by increasing r/2 (= (n(p) 
+ 4-Y) - 244). 

Taking, for example, n(P) = 0.7, one 
may compare the energy E' = E/N(a) for 
two extreme cases: 

(a) n(a) = 0.3, n(r) = 0; E' = 0.63 .q + 
0.09 &2 

(b) n(a) = 0, n(r) = 0.3; E' = 0.63 &I + 
0.42 c2 
which shows that case (a) is more favorable 
than (b). 

The energy can be given in terms of vi 
and n2: 

E = i'V(a)[3i-i2(3q + ~2) - (4) . (3~1 
+ 2.92171: - w * (3&l - 2E2)7& 
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where fi is the average occupancy of the 
silver sites. 

In the Bragg-Williams (mean field) ap- 
proximation the entropy is given by S = k 
In W with 

w= n N(i)! 
i=m,B,v [n(i)N(i)l![(l - n(i))N(i)l! ’ 

from which one obtains, using the Sterling 
approximation, 

S = -kN(a) ,=& n(i) In n(i) 
. . 

+ [I - n(i)] In [l - n(i)]. 

The entropy also can be expressed in terms 
of rll and 7)2. The equilibrium values of ql 
and r)2 (where F has a minimum) are found 
from the conditions 

aFla7, = 0 and aFlaq2 = 0, 

F being the free energy F = E - TS. The 
equilibrium values of ql and q2 were found 
numerically; e2 was chosen to be B of E, and 
E was taken to be 4. FIkT was calculated 
(for a chosen value of .qIkT) as a function 
of ql and r/2 with increments of 0.01. Figure 
8 shows that mean field theory predicts a 
second-order transition and that the tem- 
perature dependence of the order parame- 
ters is different for ql and q2. The occupa- 
tion probabilities of the (Y, /3, and y sites of 

TITc 

FIG. 8. The order parameters VJ, and q2 versus TIT, 
from the model of Section 6. E~/E, = f, ii = f. 

? 

T(K) 

FIG. 9. Occupation probabilities of the (Y, p, and y 
sites versus TIT, calculated from the data of Fig. 8. 

silver as shown in Fig. 9 may be compared 
with those from the experiment as given in 
Fig. 6. Complete ordering as expected from 
this model is not found experimentally. Be- 
low about 200 K the ordering does not 
change. Intercalate order-disorder transi- 
tions of stage-l graphite intercalates MC6 
were studied by a mean field model by Ho- 
rie and Miyazaki (26). The authors took, 
besides the interactions cl and E:! of our cal- 
culation, longer distance interactions into 
account, viz., the in-plane interactions at 2a 
+ b (= afi) and 2a, the out-of-plane inter- 
actions a + c and 2c. The latter interaction 
stabilizes a structure with three-layer or- 
dering, ABC. The phase diagram showed 
the following transitions: a disordered to 
three-layer ordering, ABC, b disordered to 
two-layer ordering, AB, changing into 
three-layer ordering ABC at lower tempera- 
ture. These possibilities depend on the ratio 
of the interaction energies. In our model the 
AB and ABC stacking would have the same 
free energy. 

The observation that Ag,,,,TiS;! does not 
order completely (below 200 K no changes 
were observed) may possibly be due to the 
fact that a three-layer structure becomes 
stable. The possible transition will be of 
first-order character (a second-order transi- 
tion is not allowed by symmetry (13)) and 
therefore kinetically slow. 
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The critical exponents from log q versus 
log (1 - TIT,) plots using data of the model 
are 0.5 and 1.0 for pi and /32, respectively. 
The values from the experiments are be- 
tween those predicted by Bak (15) and 
those from mean field theory. For both 
models the energy depends on nearest- 
neighbor interaction only. In the Bragg- 
Williams approximation the entropy is cal- 
culated assuming that the occupancy of, 
e.g., an CY site depends only on the average 
of the occupancy of the (Y sites; in Bak’s 
model the entropy is calculated exactly but 
with the same assumption as for the energy. 
Our experimental data suggest that interac- 
tions of longer distance than nearest neigh- 
bors must be taken into account. 

The mean field approximation used in the 
2D afi x a%‘? order-disorder transition, 
taking n = 5 and n(a) = n(r) f n(P) (the (Y 
and y sites now being equivalent), does not 
lead to a second-order transition. We found 
dkT,, where the order parameter jumps 
from 7 = 0.275 to 7) = in a first-order way, 
to be 1.4675. This value of .dkT, is in agree- 
ment with that given by Osorio and Falicov 
(17) in the mean field calculation of the 
phase diagram (dkT, versus composition). 
These authors also calculated the phase di- 
agram in the triangle approximation, dkT, 
for n = $ now being 2.77. First-order char- 
acter of the 2D aV’?? x afi transition using 
the Bethe-Peierls approximation for the 
entropy was found by Campbell and Schick 
(18). 

We investigated the character of the 3D 
order-disorder transition for some values 
of the ratio 4 = eZ/e,. For q = 0.1 we found 
first-order character; for q = 0.25 the char- 
acter changed to second order. 

It may be noted that dkT, from mean 
field theory deviates considerably from 
those using more accurate expressions for 
the entropy. Following the methods of the 
cluster variation method, T, may differ as 
much as a factor of 2. 

An approach similar to the one given 

here, but also including the variation in 
composition, was used by Oka et al. (29) 
for the order-disorder transitions of phases 
V&, and V& with monoclinic superstruc- 
tures of the Cd(OH)2 type subcell. Calcu- 
lated occupation probabilities of interlayer 
vanadium atoms against temperature plots 
for the transition of the V& to Cd(OH2) 
structure show the same trends as observed 
for Ag0.35TiS2. The same phenomenon as 
found by us, viz., first-order character of 
the transition when the interlayer interac- 
tion is small, was also calculated by Oka et 
al. (19) for the V& and V& to Cd(OH)* 
transition. Experimental data concerning 
the occupation probabilities versus temper- 
ature in the case of V& and V& are, how- 
ever, not available. 

7. The Ordered Structure in (3 + l)D 
Superspace 

The ordered structure can be considered 
to be a commensurately modulated struc- 
ture with vector q = 3 a* + 6 h* + i c*. 
Consequently a (3 + 1)-dimensional super- 
space group (de Wolff et al. (20) can be 
determined which describes the symmetry 
of the modulated phase (21). In the recipro- 
cal unit cell of the substructure all reflec- 
tions can be described by 

s* = ha* + kh* + Ic* + mq, 

m = ?l, +2, 3 being the order of the satel- 
lites. Reflections with m = 0 correspond to 
the subcell reflections. Due to the commen- 
surately, m is restricted to -3 < m 5 3. The 
relation between satellite reflections in the 
description of a modulation and the type of 
reflection in 3D reciprocal space can easily 
be deduced from Fig. 10. First-order satel- 
lites (m = 21) correspond to reflections 
HKL with H - K f 3n, L odd in 3D space. 
Second-order satellites correspond to re- 
flections with H - K # 3n, L even in 3D 
space. 

An interesting feature is noticed for the 
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FIG. 10. (a) Reciprocal lattice plane (a*b* plane); 
dots and crosses correspond to subcell and super- 
reflections (with indices HKL). (b) The section 
through reciprocal space, m = 1, 2, 3, indicates the 
first-, second-, and third-order satellites, respectively, 
of 000. 

third-order satellites. Third-order satellites 
correspond to reflections HKL with H - K 
= 3n (including HHL) with L odd in 3D 
space. Reflections HHL with L odd are the 
extinct reflections in space group P51c; re- 
flections H - K = 3n, H f K, with L odd 
are all allowed in space group PTlc. For 
satellites one expects the intensities on the 
average to decrease in the order m = 1 to 3. 
Superreflections with L even (m = 2) are 
indeed found weaker than those with L odd 
(m = 1). It was observed that a number of 
forbidden reflections in P31c are present 
with intensities exceeding 3o(Z). This 
means that the true symmetry is P3 or P? 
rather than P?lc, the deviation from Pslc 
b@ng small. The allowed reflections in 
P3lc, HKL with H - K = 3n (n f 0) and L 
odd have about the same intensities (some 
exceeding 3cr(Z)) as the forbidden reflec- 
tions HHL with L odd. In 3D description 
they are weaker because silver atoms do 
not contribute. In (3 + 1)D space all reflec- 
tions, HKL, H - K = 3n, and L odd are 
weak because they are third-order satel- 
lites. The observations are in agreement 
with the (3 + l)D superspace group de- 
scribed in the a%‘? x afi x 2c supercell to 
be TP;y;. It may be noted that this space 
group does not occur in the list of (3 + l)D 

superspace groups of de Wolff et al. (20). It 
belongs to a new Bravais class, which ap- 
plies only to some particular commensu- 
rately modulated structures (van Smaalen 
(21)). 

We therefore conclude that a superspace 
group description explains the observed pe- 
culiarities of the diffraction pattern in a 
more natural way then the conventional de- 
scription in 3D space. 

The function describing the modulation 
consists of two parts: an occupational mod- 
ulation for silver and a displacive modula- 
tion for sulfur and titanium. The occupa- 
tional modulation function gives the same 
intensity function for first- and second-or- 
der satellites as the conventional method 
for superreflections with L odd and even in 
PTlc. A full account will be given else- 
where (22). 

8. Related Phases 

Li,TiSz (0 < x < l), at room temperature 
isostructural with disordered stage- 1 
Ag,Ti& and Li,Ta& with a lithium sublat- 
tice similar to that of Li,TiSz, has been the 
subject of a large number of studies. A re- 
view of structures and properties and new 
results were described recently by Dahn 
and McKinnon (23). So far no direct exper- 
imental evidence from neutron- or X-ray 
diffraction is available for the existence of 
3D order-disorder transitions as found for 
Ago,35T&. 

Trigonal Cr2S3 (Crm[CrS2]) and Cr&, 
(Cr&CrS2]) are isostructural with ordered 
Ago.uTi&; Cr atoms occupy t of the avail- 
able octahedral sites between sandwiches 
CrS2 in the case of Cr2SJ, and $ of these 
sites in the case of Cr&. Both ordered 
phases with unit cells aV’? x afi x 2c 
have space group P?lc (24). As discussed 
in Section 4, one may expect second-order 
phase transitions to a disordered structure 
with a x a x c unit cell space group P31c. 
One also expects the transitions to occur at 
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a higher temperature than found for 
Ag0,,,TiS2 because of the higher charge of 
the ions involved (Cr3+) and the absence of 
shielding (Cr#, and Cr& are semiconduc- 
tors; Ag0.35TiS2 is a metal). Experimentally 
it was found for trigonal Cr2S3 that the or- 
der persists up to at least 1150 K. Cr& 
shows a peritectic decomposition at about 
600 K into the disordered phase and Cr3S4 
(25, 26). 

The same type of sublattice order as 
found for Ag0.35TiS2 is present in phases 
Ml13TX2 (M is a 3D transition element, T = 
Nb, Ta; X = S, Se). M atoms occupy 4 of 
the available octahedral sites between sand- 
wiches TX2 which have the metal Tin trigo- 
nal-prismatic coordination. In the ordered 
structure, space group P6322 (27), as well 
as in the assumed disordered structure, the 
unit cell contains two units TX, in the direc- 
tion of the c-axes. The order-disorder tran- 
sition will be from a structure with a afi X 
afi x c unit cell, space group P6322, to a 
structure with a x a x c unit cell, space 
group P631mmc. So far no order-disorder 
transitions have been reported. 
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