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The Intralayer Order-Disorder Transition in Monoclinic Cr;..,Se,
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The Cr;.,Se, shows an order-disorder transition from the monoclinic Cr;Se, type to the Cdl,-type
structure. This transition originates in the intralayer disordering of metal vacancies in the alternate
partially filled metal layers along the ¢ axis. The transition is reversible and of first order. The
transition temperature vs composition curve has a maximum (~900°C) at a stoichiometric composition
of Cr;Se,. A statistical treatment of this phenomenon was attempted via the Bragg-Williams approxi-

mation.

Introduction

Many transition metal monochalco-
genides (MX; M = metal, X = chalcogen)
form the NiAs structure in which the chal-
cogens are hexagonally close packed and
the metals occupy octahedral sites. In
metal deficient compositions M,_,X, the
vacancies are distributed exclusively in al-
ternate metal layers along the ¢ axis.! When
the alternate metal-vacancy layers are fully
vacant, the compounds change to the MX,
structure which coincides with the CdI,
structure. In the MX and the MX, range,
many vacancy-ordered phases exist which
correspond to the different cation—anion ra-

* Author to whom correspondence should be ad-
dressed.

t Deceased.

! Hereafter, we describe this layer as the metal-va-
cancy layer.

tios. Typical examples are given by the Cr-
S and Cr-Se systems, which exhibit a great
variety of possible vacancy-ordered
phases, such as Cr;Xg, CrsXs, Cr; Xy, CrXs
and CrsXs (I-3).

The compound Cr;-,Se4 has a monoclinic
cell (I2/m) based upon the NiAs structure at
room temperature, and shows a wide
homogeneity range of x < 0.20 (3, 4). The
arrangement of vacancies in the metal-va-
cancy layer is derived from the removal of
Cr atoms from alternate rows of the full
CrSe arrangement, which means that just
one half of the lattice sites are vacant in
metal-vacancy layers (see Fig. 6).

A few reports on the order—disorder tran-
sition have been published for the transition
metal chalcogen systems (5). Recently Oka
et al. reported successive intralayer order—
disorder transitions in the VS, and VSe,
systems (1.30 = x =< 1.70), namely, VsSg-
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FiG. 1. Phase relationship of the Cr,Se system (0.65 = y =< 1.0) and the composition dependence of
lattice parameters for specimens quenched from 600°C. The lattice parameters of the CrSe and Cr,Se;
phases are normalized to those of the Cr;Se, phase. Cr;Se; (a) and (b) has the rhombohedral and the

trigonal structure, respectively (7, 8).

type — V;S,-type — VS,-type (Cdl; struc-
ture) transitions on heating (6). They have
qualitatively explained these phenomena
by a statistical thermodynamic treatment.
In the present work we observed the in-
tralayer order—disorder transition in
Cr3:,5¢4 (CrySeq-type to Cdl,-type on heat-
ing), the peak of the composition vs transi-
tion temperature curve being centered at a
stoichiometric composition of Cr;Se;. A
simple treatment based on the Bragg—Wil-

liams approximation was successfully used
for interpreting this transition.

Experimental

Samples were prepared as follows. Pure
Cr metal powder (99.9%) and Se (99.999%)
were mixed in the appropriate ratios and
pressed into pellets, followed by heating at
800°C in evacuated silica tubes for a week.
After grinding, the samples were annealed
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F1G. 1—Continued.

again at desired temperatures for two
weeks and then quenched in water. A
chemical analysis was performed by oxidiz-
ing the samples to Cr,0; at 900°C in the air
for 14 hr. The structure identification of
quenched samples was carried out by the
powder X-ray diffraction method. The lat-
tice parameters were determined by the
least-squares method using a computer.
High-temperature X-ray diffraction mea-
surements were taken at various tempera-
tures up to 1100°C, using a commercial
powder diffractometer specially designed
for high-temperature measurements. The
samples used for these measurements were
sealed in evacuated silica capillaries. High-
temperature DTA measurements were car-

ried out from room temperature to 1100°C
at a heating—-cooling rate of 10°C/min for
several samples which had been sealed in
small silica capsules. Al,O; was used as a
reference.

Results and Discussion

In the present work, our interest was fo-
cused on the Cr;Se, phase. We found it im-
portant to investigate the phase relationship
between the neighbouring phases. We then
prepared the compounds Cr,Se with com-
positions between y = 0.65 and 1.00.

Figures 1(a) and (b) show the phase rela-
tionship close to the Cr;Se, phase, and the
composition dependence of lattice parame-



164

1000~
Cdl; -type
800|-
[
600}~
400}=
05 0.6 0.7 08 0.9 1.0

y in Cry Se

F1G. 2. Transition temperature vs composition curve
for the Cr;Se, phase. Experimental results obtained by
DTA measurements are given by open circles. The
parabolic solid line is a calculated result based on the
Bragg-Williams approximation (see text).

ters for specimens quenched from 600°C.
Lattice spacings of the CrSe and Cr,Se;
phases are normalized to those of the
Cr;Ses-type cell. Here we mainly describe
the Cr;Ses phase. The homogeneity range
of the Cr;Se, phase at 600°C is 0.71 < y <
0.81. The lattice constants (a, b, c, axis) of
the CriSe, phase continuously increase
with decreasing vacancy. The unit cell vol-
ume also shows a similar behavior. On the
other hand, the monoclinic angle 8 has a
maximum close to the stoichiometric com-
position of Cr;Se;. A similar behavior has
been observed in V1S, (9) and V;Ses (10)
phases. These results would be correlated
with the superstructure ordering which
originates in the minimization of the repul-
sive interaction energy of vacancies. Hence
it is plausible that the monoclinic distortion
is most pronounced at the exact stoi-
chiometric composition.

The most remarkable result found in this
work is that the phase transition was ob-
served in high-temperature DTA measure-
ments in the Cr;Se, phase. Experimental
results are shown in Fig. 2 by open circles.
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The transition temperature (7.) shows a
parabolic change with composition, having
a maximum at the stoichiometric composi-
tion. The maximum transition temperature
is close to 900°C. The DTA profiles near the
transition temperature are shown in Fig. 3
for Cry73Se (Cryg9,Seq). This transition is
quite reversible for all compositions which
were investigated, and exhibits a hystere-
sis. The hysteresis width is 6°C at the stoi-
chiometric composition, and increases with
the deviation from this composition. These
results imply that the transition is of first
order. The high temperature phase cannot
be quenched to room temperature at any
composition.

The crystal structure above T, was deter-
mined by in situ observation, using high-
temperature X-ray diffraction. The charac-
teristic profiles of diffraction peaks and
lattice parameters of Crp7;Se (Cry0Se,) at
different temperatures are shown in Figs. 4
and 5, respectively. With increasing tem-
perature, the monoclinic structure becomes
continuously less distorted, as seen in the
temperature dependence of the peak pro-
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Fi1G. 3. DTA profiles of Cry5:Se (Cra5,S¢,). Heating
and cooling rates are 10°C/min.
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FIG. 4. Variation of characteristic X-ray diffraction
peaks with temperature for Cry 13Se (Cr;,Se,).

files and of the monoclinic angle B8. This is
especially so at the temperature immedi-
ately below the transition, where the dif-
fraction pattern is very close to that of the
CdI, structure. Above the transition, the
structure changes from the CriSes-type to
the CdlI,-type. The X-ray powder pattern of
a NiAs-type structure is usually very simi-
lar to that of a Cdl-type structure. How-
ever, one can exclude the possibility of the
NiAs structure for the high-temperature
phase, because 001 reflections with odd
numbers of 1 were observed in the diffrac-
tion patterns. This result is easily under-
standable from the thermodynamic point of
view which predicts that the transition to
the NiAs structure is expected to occur at
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FiG. 5. Temperature dependence of the monoclinic
angle 8 and the unit cell volume of Cry ;Se (Cr,,Se,).
The unit cell volume of the Cdl,-type phase is normal-
ized to that of the Cr;Se,-type structure,

even more elevated temperatures (6). Fur-
thermore, in diffraction patterns above the
transition there is no evidence to show any
extra peak which would be responsible for
the superstructure formation. It is thus
likely that the transition is of the intralayer
order—disorder type, where metal vacan-
cies in the alternate metal-vacancy layers
take on a disordered arrangement above T..
As mentioned before, the transiiion is of
first order. Nevertheless, from the continu-
ous change of unit cell volume with temper-
ature as shown in Fig. S, this transition
seems to be close to second order.

The transition may be regarded as a two-
dimensional order—disorder type. Thus, we
can treat this transition by using the simple
Bragg—Williams approximation. We take
the Cr;Se4-type structure as the basic struc-
ture. In Fig. 6, the crystal structure of
Cr;Ses-type is depicted with the sulfur at-
oms omitted. For simplicity, the lattice is
assumed to be pseudo-hexagonal because
the monoclinic angle g is close to 90°. We
designate the metal sites as A, B, and C as
shown in Fig. 6. When the occupation prob-
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F1G6. 6. Schematic crystal structure of monoclinic
Cr;Se,. The selenium atoms have been eliminated for
simplicity. The closed and shaded circles are Cr metal
atoms at C and A sites, respectively, while the open
circles represent vacancies at the B site. £, E,, and E;
are pairwise interaction energies (see text).

abilities are expressed as xa, xg, and x¢ for
A, B, and C sites, respectively, the follow-
ing expression is expected for each struc-
ture; xa = xc = 1, xg = 0 for the Cr;Se;-type
structure, x4 = xg < 1 (= % at the stoichi-
ometry of Cr;Se,), xc = 1 for the Cdl,-type
structure.

Next, we construct the free energy ex-
pression in a way similar to that reported by
Koiwa and Hirabayashi (/1), who investi-
gated the order—disorder transition of oxy-
gen atoms in Ti-O system. Adopting the
Bragg-Williams approximation for the esti-
mation of the interaction energy between
Cr atoms in the metal-vacancy layers, the
configurational energy is expressed as fol-
lows:

1 N N
E = ENA(ZNA/Z + 4NB/ Z)(E] + Ez)
1 N N
+ 5 NB(ZNB/ Z + 4NA/ Z)(E] + E;)
1 N
+5 (Nava/ 3)En ()
where N is the total number of Cr atoms,
and N4 and Ny are the number of Cr atoms
on A and B sites, respectively. E; and E,

are the pairwise interaction energies be-
tween nearest neighbors and second near-

OHTANI ET AL.

est neighbors in the metal-vacancy layers,
respectively. E; is the interlayer pairwise
interaction energy between neighboring
metal-vacancy layers. E, F,, and E; are de-
picted in Fig. 6.

On counting the number of ways of ar-
ranging atoms on A and B sites, the config-
urational entropy S is obtained by using the
Stirling approximation as follows,

N (‘Il‘l)’
S=——4"kln—'TV———
NA!(Z_NA>!
(3)
In ——7——
N
Wl - )
N
——Ek Nal 4
= 7] Aan-A
N
+<_4—_NA>ln_A_/~N
1 A
N
4 N
+ NBlﬂNB“I'(-I“‘NB)
N
4
lnN—— . (2)
7 Ne

When using the occupation probabilities
XA = NA/(N/4) and xg = NB/(N/4) instead of
the numbers of the Cr atoms, the free en-
ergy is given by the following equation:

N
G = 7 UG + 4xaxs + XD)E + E)

+ ZXAXBE:;} + kT{XA In XA
+ (1 —x)In(1 — xp)
+ xgIn xg + (1 — xg) In (1 — xp)}].

3
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To obtain the critical temperature (7), it
is convenient to express Eq. (3) as a func-
tion of a long-range order parameter s,
which can be characterized as follows:

Na =2y — D1 + s)N/4 = x, - N/A,

Np = Qy — 1)1 — s)N/4 = xp - N/4, (4)
where y is the composition of the Cr atoms
in the expression Cr,Se. The critical tem-
perature 7, is given by minimizing the free

energy with respect to s. The condition for
determining T, is therefore

(aF (s)) ~ 0
5=0

as
(500 ©

s =

Solving these equations, T, is obtained as

AE +E;+ E
1.=T T8 B oy ha-y. ©

The calculated results are compared with
experimental results in Fig. 2. Considering
the rough approximation in the present
treatment, the experimental results are
rather well fitted to the calculation. A
higher degree of approximation is required
for obtaining improved coincidence be-
tween experiments and theory.

In conclusion, we observed the intralayer
order—disorder transition of vacancies in
the Cr;.,Se4 system. The transition temper-
ature vs composition curve has a maximum
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(~900°C) at the stoichiometric composi-
tion, and can be qualitatively explained by a
simple treatment based on the Bragg—Wil-
liams approximation.
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