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Abstract. The successive structural phase transitions in the layer compound, Have been
studied using single-crystal x-ray diffraction. The intermediate phase between 194 K and 214 K is
found to be incommensurate; the satellite maps show that the modulation mode which characterizes
the intermediate phase has= (3, 0, 0.25) (§ ~ 0.044). It is shown that the previously reported
satellite reflections aj = (8, 8, 0.25) are ascribable to twins. A structure model is presented for

the incommensurate phase. In the low-temperature phase below 197 K, the satellite reflections are
shifted to a commensurate positigp,= (0, 0, 0.25).

1. Introduction

TIGaSe and TlInS are ternary layer compounds which show semiconducting properties. The
ferroelectric phase transitions in these compounds have been studied for more than two decades.
Submillimetre spectroscopies, and IR and Raman studies have shown that J#BdSénS

undergo successive phase transitions accompanied by soft modes [1-4]. Their crystal structure
is characterized by metal-chalcogen layers formed of corner-connected tetrahedra, such as
GaSgq and Ing [5, 6]. Monovalent Tl ions are located, between the metal-chalcogen layers,
linearly along the channels in the [1, 1, 0] and {41, 0] directions. The prototypic unit cell

is made up of two such layers, where the upper layer is shifted a quarter of a unit along the
[1, 1, 0] and [1,—1, O] directions. A monoclinic unit cell is usually assigned to this crystal,

but, as described below, it has a pseudo-tetragonal symmetry.

X-ray and neutron scattering studies have shown that the low-temperature ferroelectric
phase has a fourfold-commensurate structure; the satellite reflections are obsejved at
(0,0,0.25) [7, 8]. It is also reported that the intermediate phase is incommensurate; the
satellite reflections are reported to appeagat (8,8, 0.25) (§ is reported as 0.012 for
TIInS; [7] and 0.02 for TIGaSg]8]). The detailed structure of the incommensurate phase has,
however, not been reported yet.

The present study is aimed at clarifying the nature of the successive phase transitions
in the thallium compounds. In this paper, we report the results of low-temperature x-ray
investigations of Tling. Our attention is focused on the structure of the intermediate phase
which is reported to exist between 216 K and 200 K [3].

2. Experimental procedure

Single-crystal samples of Tlin%re grown by the Bridgman method. Stoichiometric amounts
of the elements (99.999%) are sealed in an evacuated quartz tube. The sample is melted
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at 850°C and then solidified by a slow cooling. The crystals obtained are transparent and
dark yellow, and are cleaved easily in tlteb plane. In order to check the phase transition
points, the temperature dependence of the dielectric constant is measured using a Hewlett—
Packard capacitance bridge, 4270A. A small sample is cut normal to the [1, 1, 0] axis. Silver
paint is used as the electrode material. The measurements are made during gradual cooling
(0.2 K min~?) at four fixed frequencies, 1 kHz, 10 kHz, 100 kHz and 1 MHz.

The x-ray diffraction data are collected on a Huber four-circle diffractometer. Graphite-
monochromated Cu and ModKradiations are used. A small cleaved crystal is carefully
checked for twins by taking precession photographs. The crystal is then mounted on a
goniometer head and set in a stream of cold nitrogen gas. The temperature of the crystal
is kept constant within 0.2 K by a PID temperature controller.

3. Results and discussion

The unit-cell parameters deduced from the x-ray diffraction anglesasare 10.90 A,
b = 1094 A, ¢ = 1518 A andp = 10021° (space groupC2/c, Z = 16 at 290 K).
A triclinic unit cell can also be chosen, with = ' = a/./2,¢’ = ¢, o’ = B/ = 97° and
y’ = 90° (Z = 8), which has a pseudo-tetragonal symmetry.
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Figure 1. The temperature dependence of the real part of the dielectric constant in F&eSured
along the [1, 1, 0] axis. The peak at 210 K and the shoulder at 197 K correspond to transitions to
the intermediate- and the lowest-temperature phases, respectively. (See the text.)

Figure 1 shows the temperature dependence of the real part of the dielectric constant
measured along the [1, 1, 0] axis. Upon cooling, the dielectric constant shows maxima at two
points, 209 K and 200 K, and a shoulder at 197 K, suggesting successive phase transitions. In
the paraelectric phase, the dielectric constant can be fitted by the Curie—Weiss curve. At higher
temperatures, however, owing to the semiconducting nature of the crystal, the dc conductivity
increases and the dielectric constant deviates from the Curie-Weiss curve. The frequency
dependence of the real part of the dielectric constant is small, while the imaginary part has
some dependent parts derived from the dc conduction.

Figure 2 shows the integrated intensity of the diffraction peaks near (4, 0, 5.25), plotted
againsttemperature. When the sample is cooled below about 214 K, satellite reflections appear.
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In the temperature range between 214 K and 197 K, the satellite intensity increases almost
linearly as the temperature is decreaskdx 214 — 7. Below about 197 K, the satellite
intensity increases steeply, suggesting a second transition to the low-temperature phase.

Satellite at (4,0,5.25)
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Figure 2. The temperature dependence of the integrated intensity of the satellite peak if, TIINS
measured around the (4, 0, 5.25) Bragg point. The full squares show the data for the spontaneous
polarization [2] normalized at 85 K.

In a recent study of Tling Allakhverdievet al observed a complicated nature of the
transitions [4]. They reported that the dielectric constant shows a shoulder at 195 K and three
peaks at 201 K, 206 K and 216 K. They assigned the shoulder at 195 K to the lock-in transition
to the commensurate phase; the peaks at 201 K and 206 K to incomplete lock-in transitions; and
the peak at 216 K to the normal-to-incommensurate phase transition [4]. They also reported
that the transition process is a little sample dependent. From comparing figures 1 and 2, we
regard the shoulder at 197 K (figure 1) as corresponding to the lock-in transition, but not the
peak at 200 K.

In order to search for the modulation vector which characterizes the intermediate phase,
the diffraction intensity is scanned step by step at meshes iktite!), (0, k, /) and(h, i, [)
zones. Figure 3(a) shows the contour map taken around the Bragg points (4, 0, 5) and
(4, 0, 6) scanned in the*—* plane (note that the (4, 0, 5) main reflection is absent because
of the glide symmetry). The satellite positions are shifted along tifedirection suggesting
that the intermediate phase is incommensurate. Figure 3(b) shows the intensity map of the
satellites scanned in thié—* plane. Figures 3(a) and 3(b) clearly show that the satellites are
located alg = (—0.044, 0, 0.25) and(0.044, 0, —0.25). Although the intermediate phase is
incommensurate, the wave vector is different from that given in previous papers, where the
satellites are reported to appeargat (8, §, 0.25) (§ is reported as 0.012 in reference [7]).

We think that the previously reported satellite diffractiomgat (8, §, 0.25) is ascribable to

twins contained in the crystal, where the two axeandb are exchanged and mixed. The
satellite intensity increases as the temperature is decreased. Throughout the intermediate
phase, however, the direction of the modulation is almost temperature independent.

Figure 3(c) shows the contour map taken in ttfec* plane around the (0, 4, 6) and
(0, 4, 7) Bragg points; owing to the above-mentioned pseudo-tetragonal symmetry, the two
main reflections (4, 0, 6) and (0, 4, 7) are equivalent in the high-temperature phase. We notice
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Figure 3. Diffraction intensity maps for the incommensurate phase of Birt8ken around the
(4,0, 5) and (4, 0, 6) Bragg points: (a) scanned indhe:* plane; (b) scanned in thié—* plane;

(c) scanned in the*—* plane around the (0, 4, 6) and (0, 4, 7) Bragg points. Note that in (a) the
main peak at (4, 0, 5) is absent and the satellite peak=a#.75 is shifted along the*-axis by
about 0.044 while the peak At 5.25 is shifted by—0.044. Also note that in (c) satellites are not
observed (a sharp narrow line at around (0, 4, 5.75) is attributed to multiple scattering).
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that the satellites are not observed in (B&/) zone: this is extinction rule (i) (see figure 3(c)).
We find that in the(h0l) zone, the satellites appear only around the main reflections having
indicesih = 4m and! = 2n + 1 (wherem andn are integers): this is extinction rule (ii) (see
figure 3(a)). We find also a third extinction rule, rule (iii): the satellite reflections are absent
inthe (0, 0, 1) line.

In a recent paper [9], a binary compound TIS was reported to undergo similar phase
transitions. At room temperature, monoclinic TIS is ferroelectric and the superlattice refl-
ections are observed at (0, 0, 0.25). The structure is, therefore, isomorphic with that of the
low-temperature phase of the ternary compounds. Upon heating, TIS exhibits successive phase
transitions. It is reported that the high-temperature phase is paraelectric and the intermediate
phase between 345 K and 320 K is incommensurate, where the satellite reflections appear at
q = (—0.04, 0, 0.25) and(0.04, 0, —0.25), but not atg = (8, §, 0.25) [10].

The structural phase transition in Tlin&an be ascribed to small displacements of atoms
from the positions that they occupy in the high-temperature high-symmetry phase. Since the
dielectric constant measured alongétkaxis shows little anomaly at the phase transition points,
we can expect the relevant displacements to be iathelane. The last extinction rule, rule
(iii), also suggests that the atomic displacements are inth@lane. The first extinction rule,
rule (i), suggests that the displacements are parallel to-tinds.
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Figure 4. Diffraction spots observed in the incommensurate phase of TliT8e vectorsy 4
andgs,4 show the modulation waves ai/4 = (—0.044 0, 0.25) andqs/s = (0.044 0, 0.75).

The diffraction pattern in figure 4 shows intuitively that the modulation vector which
characterizes the intermediate phase is not of the fundameniaype, but of the third-
harmonicgs/s-type. Let us discuss this point a little further [11]. For the wave vector
q = (8, 0,0.25), the little group contains the-glide plane in addition to the identity. Hence
the modulation displacements have either even or odd character with respectake the
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modulated displacements as sinusoidal:

uy = Ag sin(q - i + Op). 1)
Assuming a-glide (atoms ak: (x, y, z) andk’: (x, —y, 1/2 +7z)), the structure factor of the
mth-order satellite reflection is given by

Fm(Q) = 5(Q —mq — G) Z kam(Q * Ak)[eXpqu)k) exmhi[hxk + kyk + le])
kK’

+ exp(im®y) expri[hx; — ky, +1(1/2 +z0)])] (2

wheregG is the reciprocal-lattice vectoy; is the form factor of thé&th andk’th atoms,J,,, is
the Bessel function [12].

For modulated displacements that are even with respagtuw@ haved, = ®;, while
®, = &, + 7 for odd displacements. Hence for ttiedl) zone reflection€) = mq + Gy,

Fn(Q) = Z Sedm(Q - Ap) explim®y) exp(2rilhxy +1z;]) (1 +(—=1)P) 3)

k,k'
with p = [ orl+m depending upon the parity of the displacements with respectfor even
displacements, the satellitég = 1, 2, 3, ...) follow the same extinction rule as the parent
fundamental reflectioim = 0), whereas for odd displacements, the odd-order satellites

Displacement

c
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b

Figure 5. A schematic drawing of the unit-cell stackings in TIlnS he curves and arrows in the
central part show the displacement mode in the incommensurate phase. The displacements are of
odd parity with respect to theglide (see the text). The dotted lines at the bottom of the left-hand
stacking show the structure unit which gives rise to the incommensurate reflections. Note that in
the projection along the-axis (right) the atoms show the same arrangement as in the projection
along theb-axis (left).
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(m = 1,3,...) are present, and the fundamental and even-order satellites are extinct. This
latter case corresponds to the observed experimental situation (extinction rule (ii)); that is, the
atoms connected by tleglide symmetry move in antiphase.

Figure 5 shows the displacement mode, schematically. The displacements are of optical
type and composed of a fundamental wave over the four unit cells alomrgetkis. We notice
that the mode corresponds to the third harmonic of the acousticgype,The extinction rule
(ii) also shows that the basic motif which gives rise to the incommensurate diffraction is not
the usual unit-cell structure but a small unit shown in figure 5. It hg&a<11l x 1/2 volume
of the usual unit cell. This means that the displacements are uniform imthplane, and
ions with the same-coordination will move together.
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Figure 6. Diffraction intensity maps for the commensurate phase of Blin@) taken around

the (4, 0, 5) and (4, 0, 6) Bragg points; (b) taken around the (0, 4, 6) and (0, 4, 7) Bragg points.
Note that in (a) the superlattice reflections are stronggsat= (0, 0, £0.75), while in (b) the
reflections are stronger af/4 = (0, 0, £0.25).

Below about 197 K, the satellites are lockedgto= (0, 0, £0.25), suggesting a phase
transition to the fourfold-commensurate structure (see figures 6(a) and 6(b)). In this phase,
the extinction rules (i) and (ii) are broken, and only the third rule, rule (iii), survives. In the
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low-temperature phase, therefore, the polarization vector is no longer parallel deattis.
The contour map taken in the— plane (figure 6(a)) shows that the superlattice intensity is
stronger at the positiong,s = (0, 0, +0.75) than atg;,4 = (0, 0, £0.25). We notice that the
weak peaks ajy,/4 are attributable to the third harmonic of the modulation wawgat since
mod(3x 3/4,1) = 1/4.

The contour map taken around (0, 4, 7) (figure 6(b)) shows that the satellite diffractions
atgy4 = (0,0, £0.25) are stronger than those @f,» = (0, 0, £0.75). From a symmetry
consideration similar to that described above, the displacements alohegattie are found
to be of even-type modulation, i.e., of the fundamental acoustic type. They can, however, be
third harmonics of the mode observed alongdkexis atqg = 3/4.

The incommensurate phase transitions in the thallium compounds have been discussed
by Gashimzadet al [13], using the Landau theory. Let us consider the phase sequence from
the phenomenological viewpoint. Crystals of the TIGafaenily have the space group2/c.

Since the representationgis = (0, 0, £0.25) is two dimensional, there are two components
of the order paramete® and Q*, which give rise to the quadrupling of the unit cell. The
expansion of the Landau free energy is given as [10]

B

) do* d do do*
+ (0% + 0 +iE(Q* — Q)P + Q0 P+ o — — PE @)
2 2 2Xo0

wherea = ao(T — Tp), B andx > 0, andP is the polarization along thk-axis. The third
term is the Lifshitz gradient invariant. The fifth term is the lock-in energy which stabilizes
the commensurate phase. The sixth and seventh terms are the anisotropic and isotropic
couplings between the order parameter and the polarization. The Lifshitz term leads to a
spatially modulated phase. Here, the modulation is taken along-#xés. From symmetry
considerations, it could also be taken along ¢kexis as Gashimzadet al did [11], but it
cannot be taken along theaxis. The presentresultis, therefore, consistent with the theoretical
prediction.

We note that the temperature dependence of the satellite intdnisityimilar to that of
the spontaneous polarizatidh reported in reference [2] (see figure 2). The intengitig
proportional to the square of the order parame@rand Q*. From the above free-energy
expansion, however, we see thats the secondary parameter and is proportional to the fourth
power of the order parametaefsand@*. Further precise data fdrand P are needed, in order
to decide whetheP is proportional to the fourth power of the order parameter or not. The
experimental fact that the polarizatigh persists above the commensurate—incommensurate
transition point [2, 4] may lead to another interpretation: that the intermediate phase is a
mixture of the high-temperature and the low-temperature phases.

In this study, the modulation vector in the incommensurate phase of ;TlhaS
been identified. At present, unfortunately, there are no structural data available for the
incommensurate phase in the thallium compounds. For the low-temperature commensurate
phase of TIS, Nakamura and Kashida presented a structural model, where monovalent Tl ions
and apical S ions are assumed to move normal to the channel directions [1, 1, 0] add (],
in antiphase [14]. The displacements are assumed to be in the form of a sinusoidal wave
propagating along the*-axis. The present results for the incommensurate phase ofsTlInS
show that the displacement vector is in thaxis direction, and also that the modulation wave
is not of the fundamental type but is of the optical type. Further detailed studies, of compounds
including TIS, TIInS and TIGaSeg, are now in progress in order to clarify such points.
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