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Neutron-scattering experiments have elucidated the mechanism of the successive phase transitions of
CsPbC1, at 47, 42, and 37'C. These phase transitions are basically associated with the condensation of
rotational modes of PbC16 octahedra around the three principal axes. The phase transition at 47'C is

caused by the condensation of the nondegenerate M, phonon mode at the zone boundary along the

[110] direction of the cubic lattice. The axis of rotation of the PbC16 octahedra is along the [001] axis.

The second phase transition at 42'C is associated with the condensation of one of doubly degenerate

modes Z", and Z', at the zone boundary along the [001] direction of the tetragonal lattice, which are

derived from the triply degenerate R» mode in the cubic phase. The direction of the rotation axis is

along the [100] axis when we assign Z", as the condensing mode. The third phase transition at 37'C
is caused by the condensation of the remaining Z', mode. The crystal systems and the space groups of
three low-temperature phases were determined from the eigenvectors of the condensing modes as

tetragonal D'„„orthorhombic 8,",„, and monoclinic C,'„ in the sequence of decreasing temperature.

These are consistent with the previous experimental results on nuclear-quadrupole-resonance spectra of
Cl ion. A phenomenological theory has been developed to explain these successive phase transitions

caused by the condensation of the M, and R» zone-boundary phonons. The observed phase-transition

schemes can be qualitatively explained by a suitable choice of the parameters in the free-energy

expansion with respect to order parameters.

I. INTRODUCTION

In recent years, extensive investigations have
been made on many structural phase transitions.
Many cubic perovskite crystals (ABXS) unde~go

phase transitions in which they transform to slight-
ly distorted structures from the ideal perovskite-
type structures. It is well established' that these
phase transitions are caused by the condensation
of the particular normal modes of the phonon in the
cubic phase whose eigenvectors correspond to the
atomic displacements in the structure stabilized
below the transition temperature T,. The frequen-
cy of this phonon mode decreases as the tempera-
ture is lowered to T„and at T, the restoring force
for this mode vanishes so that the atoms shift to
new equilibrium positions.

In some perovskites such as BaTiQ„PbTiQ„
and KTaQ3, the transverse-optical mode at the
zone center becomes unstable, which explains the
occurrence of ferroelectric phase transitions in
these substances. Qn the other hand, the other
class of perovskites such as SrTiQ3, I aA103,
KMnF3, and NaNbQS ' undergoes phase transi-
tions which axe caused by the condensation of the
zone-boundary mode associated with the rotation
of the BX6 octahedra. Among these crystals,
KMnFg and NaNbQ3 show successive phase transi-

tions. KMnF3 undergoes phase transitions at 1&4

and 92 K. The transition at 1&4 K is caused by
the condensation of the zone-boundary mode along
the [111]direction belonging to irreducible repre
sentation R» of cubic point group msm. The tran-
sition at 92 K is due to the condensation of the
zone-boundary mode along the [110]direction be-
longing to M3 of point group 4/mmm. These both
modes represent the rotational vibrations of BX6
octahedra around cubic principal axes. The differ-
ence between the R» and the M3 is that the R25 rep-
resents the opposite rotation of the neighboring
BX6 octahedra along the rotation axis, whereas the

M~ represents the rotation in the same direction
as is illustrated in Fig. 1. In the case of NaNbQ3,
the M3 mode first condenses at 640 C and then it
is followed by the condensation of the R» mode at
570'C. This is contrast with the case of KMnF3
in which the R» mode first condenses.

Recently, the perovskite crystal CsPbC13 was
found to undergo three successive phase transi-
tions. In 1959, Manlier observed the phase trans-
ition at 47'C for the first time. He also carried
out the structure analysis and reported that the
basic structure of this crystal was of perovskite
type. In 1969, three groups independently found
the other transitions. Sakudo et aE. observed a
broad el', stic anomaly at about 40 'C. They also
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R25 and thus to give a general basis to understand suc-
cessive phase transitions occurring in various pe-
rovskite crystals.

This work was presented at the Third Interna-
tional Meeting on Ferroelectricity, Edinburgh,
1973. '

II. EXPERIMENTAL

(b)

FIG. 1. Displacement patterns of the X ions of cubic
perovskite ABX3 for the modes (a) R25 and (b) M3. A
ions situated at every corner are omitted for simplicity.

found that superlattice reflections in x-ray-diffrac-
tion pattern appear at the X point, the zone bound-
ary along the [001]direction of cubic lattice, at
room temperature. Hirotsu and Sawada made op-
tical measurements and confirmed three phase
transitions at 47, 42, and 37 'C. Jensen carried
out nuclear-quadrupole-resonance (NQH) measure-
ments on the Cl ion using powder specimen and ob-
served three phase transitions in which the transi-
tion at 42 'C is of second order and those at 47 and

37 'C are of first order. Hereafter, we designate
each phase as follows: phase I (T&47'C), phase II
(47 & T & 42'C), phase III (42 & T& 37'C), and phase
IV (37'C & T). According to his experimental re
suits, the NQR line which is singlet in phase I
splits into two lines in phase II. In phase GI, the
low-frequency line, the intensity of which is about
twice as strong as that of the other line, splits in-
to two lines. In phase IV, these two lines become
single again as if the Cl site seems to restore a
higher symmetry. In 1969, studies of the EPR of
Mn

' doped in CsPbC13 were made by Cape et al. '
They discussed the space groups of the crystal at
each phase. In 1970 and 1971, Hirotsu made ex-
tensive experimental studies including dielectric,
elastic, specific-heat, optical, and Raman-scat-
tering measurements. He confirmed that this crys-
tal was not ferroelectric in any phase and also
found four temperature-dependent modes by Raman
scattering in phase IV. Their frequencies decrease
with increasing temperature towards room temper-
ature. However, the mode assignments were not
made. 16

In spite of these extensive experimental works
on CsPbCl3, the microscopic mechanism of three
phase transitions in this crystal has not been eluci-
dated yet. The purpose of the present work is to
clarify the mechanism of the structural phase tran-
sitions of CsPbC13 by neutron-scattering method
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FIG. 2. Temperature dependences of the superlattice
reflections observed at the zone boundary points, M, R,
and X along the directions [110], [111], and [001] referred
to the cubic lattice, respectively. The arrows indicate
the phase transition points. The triangles above 47'C
show the temperature dependence of the temperature
times the inverse of the quasielastic scattering intensity
observed at the M point [2 (310)].

The earlier part of the present neutron scatter-
ing experiments was carried out with the triple-
axis neutron spectrometer (ISSP ND-1) installed
at the JRR-2 reactor of Japan Atomic Energy Re-
search Institute. The energy of incident neutrons
was 14. 2 meV from a pyrolytic graphite (002)
monochromater. In this case, —,

'
X components

were eliminated with graphite filters. The germa-
nium (111)plane was used for an analyzer. The
collimation angles of four collimators; in-pile,
monochromator to sample, sample to analyzer,
analyzer to detector, are all 30 min. The con-
stant-Q technique was utilized. The sample crys-
tal has a nearly quadrangular pyramid shape with
a 1.2 cm' volume and a 15 mm height, and its mo-
saic spread was measured to be 0. 4 . The speci-
men was set in the electric furnace and the tem-
perature of the specimen was controlled within
~0. 2'.

Extensive measurements were also carried out
on a triple-axis neutron spectrometer at the High
Flux Beam Reactor of Brookhaven National I abora-
tory. Pyrolytic graphite (002) planes were used
for both the monochromator and the analyzer. The
inelastic- scattering experiments were carried out
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TABLE I. Crystal system and space group at each
phase of CsPbC13.

FIG. 6. Comparison between the observed dynamical
structure factors (open circles) and the calculated ones
(solid circles) at various points in the reciprocal space
in phase I. (a) M3 mode at the I)/I point and (b) R25 mode
at the R point.

which are compatible with the zone boundary modes
~3 and R», respectively, tend to decrease at
-0.3 and in the range of & &0.35 they become over-
damped. This implies that the condensing modes
are M3 and R». In Fig. 4, the energy spectra of
the Z, (TA) mode along the [L$0] direction are
shown. The temperature dependence of the quasi-
elastic scattering due to the overdamped phonon at
the M point [—,(210)] is shown in Fig. 5. The ener-
gy resolution was 0.6 meV [full width at half-
maximum (FWHM)). The inverse of the inten-
sity of this quasielastic scattering times tem-
perature T/I is plotted against the temperature T
in Fig. 2. The nearly linear relation between T/I
and T suggests that the square of the intrinsic un-

damped phonon frequency coo decreases in propor-
tional to T- T„* as the temperature is lowered to
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the transition temperature 47 'C. Here, T„* is the
intrinsic second-order transition temperature.
The quasielastic scattering due to the overdamped
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FIG. 7. Crystal struc-
tures at (a) phase II, (b)
phase III, and (c) phase IV
stabilized by the condensa-
tion of the modes Mf, Z~5,

and Zf, respectively. When
the Pb ions are taken to be
placed on the s= 0 plane,
the Cs ions drawn with solid
and broken circles are
placed on the z = 4a and
z = —4a planes, respectively1

(a; lattice constant of the
cubic cell).
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phonon at the R point shows the similar tempera-
ture dependence as that at the M point.

V. MODE DETERMINATION AND THE STATIC
STRUCTURES

R: I/2 {335)

SR
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FIG. 8. Temperature dependences of the quasielastic
scattering (open circles) and the superlattice Bragg re-
flection (solid circles) observed at the R point [2 (335)].
The quasielastic scattering increases with decreasing
temperature and shows a discrete increase at the cubic-
to-tetragonal transition point 47 'C.

In order to determine the condensing mode of the
M point uniquely, the intensity measurements of
the quasi-elastic scattering due to the overdamped
phonon were made at the M points around various
reciprocal-lattice points. Figure 6(a) shows the
comparison between the observed dynamical struc-
ture factors (open circles) and the calculated ones
(solid circles) for various M points at 80 'C. In
the calculation, we used the eigenvectors of the
M, mode illustrated in Fig. 1(b}. The temperature
factor of the Cl ion determined from the best fitting
was Bey=12 6 A at 80 C This value corresponds
to (u ) =0. 16 A in mean-square displacement.

Below 47 C, the static displacement correspond-
ing to the eigenvector of the M, mode takes place.
The space group of the static structure at phase II
was determined as D4„P4/mb-m [Fig. 7(a) and Ta-
ble I]. The directions of the new principal axes of
the tetragonal lattice, [100]„[010]„and[001], are
taken along [110], [110], and [001]referred to the
pseudocubic lattice, respectively. The unit cell is
doubled as compared with the cubic cell. In this
phase, the site symmetry of the Cl-I ion is differ-
ent from that of the ions Cl-II and Cl-III which are
placed at the equivalent sites.

t-

5

4
Cl
K
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0
30 40 50
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60

FIG. 9. Temperature dependences of the quasielastic
scattering (open circles) and the superlattice Bragg re-
flection (solid circles) observed at the X point [2 (223)).
The remaining temperature independent intensity above
47 'C is the background, which means that there is no

quasielastic scattering above 47'C at the X point in
contrast with the R point (cf. Fig. 8).

Following the same procedure as the case of the
M3 mode, observed quasielastic intensities at vari-
ous R points were compared with the calculated
dynamical structure factors using the eigenvectors
of the R2S mode [Fig. 6(b}]. The temperature fac-
tor was Bc,=10.5 A at this temperature (55 'C).
In this case, however, the preceding cubic-to-te-
tragonal transition at 47 C causes some complica-
tions in exact mode assignments. In Fig. 8, the
temperature dependence of the quasi-elastic scat-
tering at —,'(335) (open circles) is shown together
with that of the Bragg reflection at the same point
(solid circles). This shows a sudden increase at
47 'C and diverges at 42 'C corresponding to the
expected condensation of the R» mode. The in-
crease at 47 'C is interpreted due to the fact that
the triply degenerate R» mode in the cubic phase
splits into a doubly degenerate Z~ mode and a non-
degenerate Z, mode in the tetragonal phase as
shown later. Another effect of the tetragonality in
phase II can be seen in the appearance of quasi-
elastic scattering at the X point referred to the
pseudocubic lattice. Figure 9 gives the tempera-
ture dependences of the quasielastic scattering and
the Bragg reflection at 2(223). Below 47 'C, they
show temperature dependences similar to those of
the R point (cf. Fig. 8). This is simply due to the
fact that the points R and X in the cubic lattice be-
come equivalent in the tetragonal phase, both being
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FIG. 10. Relation between the reciprocal lattice of
the tetragonal structure stabilized by the condensation
of the M3 mode drawn with the thick lines and that of the
cubic structure drawn with the thin lines. The symbols
in parentheses are referred to the tetragonal structure
and those out of parentheses are referred to the cubic
one. The points X and 8 become equivalent in the
tetragonal phase, both being Z points.

the Z point of the tetragonal cell which is the zone
boundary along the tetragonal unique axis as shown
in Fig. 10.

In order to investigate how the Rz5 normal mode
at the 8 point in the cubic perovskite is modified
under the influence of the tetragonality, the nor-
mal mode analysis in the tetragonal lattice with
the space group D~~„was made at the Z point. The
unit cell involves ten ions. At the Z point, the lit-
tle group is 4/mmm, and the 30 irreducible repre-
sentations are obtained as

3ZJ + Zg + 2Z2 + Z3 + Z3 + 2Z4 + 2Z4 + 5Z5 + 4Z5

Here, Zs and Z', correspond to doubly degenerate
modes. The doubly degenerate mode representing
the rotational vibration of the PbC16 octahedra
around the pseudocubic axes [100]and [010]belongs
to the Z~ mode. The other nondegenerate rotation-
al mode whose axis of rotation is along the [001]
direction belongs to the Z& mode. However, these
are not purely rotational mode but are accompanied
by the displacements of the other ions. The Z,
mode is accompanied by the displacements of the
both iona Cs and Cl-I along the [001]direction.
The Z~ mode, on the other hand, is accompanied by
the displacement of the Cs ion along the rotation
axis of the octahedra. Since the tetragonality is
small, one may assume that the condensing mode
at the Z point is either one of these slightly modi-
fied Rzs type modes. Further the optical measure-
ments' have shown that the crystal symmetry in
phase III was lower than orthorhombic. There-

TABLE II. Comparison between the observed dynam-
ical structure factors and the calculated ones in an
arbitrary unit at the points R and X referred to the pseudo-
cubic lattice in phase II (45 C). The observed values
are directly comparable between the points R and X. The
calculation is normalized at two points marked with as-
terisks.

8 point

—,'(111)
~~ (113)

2» (331)

2» (333)

—,
' (115)

—,
' (335)

+ (551)

—,
' (117)

—,
' (553)

Obs.

& 0.7

Calc.

47. 1 47.1*

37.7 39.7
& 0.2

28. 6 33.5
48.7 47.7

15.2 20.1

39.0 40.3

30.2 34.0

X point

—,'(003)

—,
' {221}

—,'(223)
—' (005)

—' (225)

—,
' (441)

—(443)

—,
' (007)
» (227)

y (445)

Obs. Cale.

&0.1

0.1
13.5 13.5*

& 0.6

10.6 10.6
8.0 9.1

10.9 11.9
17.2 17.6

fore, the condensing mode is the doubly degenerate
mode belonging to Z5 whose rotation axis is per-
pendicular to the tetragonal unique axis because
the condensation of the Z& mode brings only tetrag-
onal symmetry. To specify each of these degen-
erate modes, let us use the notations Z", and Z"„ in
which the superscripts represent the rotation axis
of the PbC16 octahedra. For the Z~ mode, dynami-'
cal structure factors at the points X and R referred
to the pseudocubic lattice are given by

I &a@') I "I [I ci/&mcus)'"]~&4!) 4.&-1)'

x(l+ —,')ae-"c~+ [I c./(mc. )'"](V„-V'„)

x(- I)'he- cs
I (1)

I +;(R) I "I Pci/&mcus)"'je. [(- I)'"(&+ l)
—(I+ ', )j e--"c~+ [I „/(mc. )'"](V„-V„')

x(-I)'(&+ -')e ""
I . (2)

Here P, represents the rotation angle of the PbCI6
octahedra around the [100]axis, (P,') is the rota-
tion angle of its octahedra around the [001],axis
which plays a role of the order parameter in phase
II. U„and U' are eigenvectors of the ions Cs-I and
Cs-II along the [100]direction, respectively (see
Fig. 7). The indices of the reciprocal lattice
points h, k, and l are referred to the pseudocubic
lattice. The similar expressions are obtained as
for the Z~~ mode. These formula are obtained by
the linear expansion of the dynamical structure
factor with respect to (P,'). It is noticed that F~(X)
is linear to (P,'), whereas E~(R) is independent of
(P', ) under the above approximation. In phase I
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in which (Q,") is zero, E~(X) vanishes while E~(R)
has a. finite value. This agrees well with the ex-
perimental results that no quasielastic scattering
is observed at the X point above 47 'C. The dy-
namical structure factors obtained from the quasi-
elastic scattering at the points X and R measured
at 45'C (phase II) are shown in Table II. In the
calculation of the structure factors, Eqs. (1) and
(2) are rewritten on the assumption of Mc, =Mc, as

[
y'gg')

) )( 1. ) (I+ —)/g+~( —1) yg
) e C1 (3}

where o. and P are taken as parameters to be fixed
by the best fitting between the observed and calcu-
lated intensities. The parameter n thus obtained
is 0.4. P should be smaller than n by a factor of
v($,') so that the second term of Eq. (4) is negligi-
bly small in comparison with the first term. The
same temperature factor of Bc, as obtained at
55 'C was used in this analysis. The calculated dy-
namical structure factors due to the Z", mode are
shown in Table G. In the calculation, the intensi-
ties at the points R and X are independently nor-
malized at ~(113) and 2(223), respectively. The
good agreement between the observed dynamical
structure factors and calculated ones confirms that
the phase transition at 42 'C is caused by the con-
densation of the Zz mode or any linear combination
of the modes Z& and Zs. In fact, it can be seen that
the dynamical structure factors I' „" and E"„associ-
ated with the respective modes Z~ and Z5 give the
same values at the reciprocal-lattice points (hhl),
where the observation was made. As pre see later,
however, the condensation of the Z~ mode has been
strongly supported by various experimental facts
rather than any linear combinations of Z~ and Z",.

The space group of the proposed crystal struc-
ture of phase III attained by this mode condensation
was determined to be Dz'„Cmcm [F-ig. V(b) and Ta-
Me I]. The directions of the new principal axes of
the orthorhombic lattice [100]„[010]„and[001],
are taken along the directions [010], [100], and
[001]referred to the pseudocubic lattice, respec-
tively. The unit cell becomes eightfold in compari-
son with the cubic cell. In this phase, the Cl-I,
Cl-G, and Cl-III ions are placed at nonequivalent
sites.

As for the phase transition at 37 'C, the same
procedure as used to determine the condensing
mode at 47 and 42 'C cannot be followed because
the quasielastic scattering was masked by the
strong Bragg reflection which already exists at Z
point. However, we have observed that the inten-
sities of the Bragg scattering at Z points observed
at 25'C (phase IV) are nearly proportional to the

intensities of the quasielastic scattering observed
at the respective Z point at 42 'C (phase II). This
means that the static stxucture in phase IV should
be also derivable from the condensation of the Zs
mode. It is reasonable to infer that the phase tran-
sition at 37 C is caused by the condensation of the
remaining Z", mode. Further, as will be discussed
in Sec. VI, these two modes, Z~ and Z~z, should
have the equal amplitude in the stable low-tempera-
ture phase. Thus, the direction of rotation vector
of PbCI8 octahedra as well as the displacement of
Cs ion, will be pointing to the [110]direction of
the pseudocubic lattice in phase IV, Hirotsu and
Sawada observed that on cooling the crystal, one
of the principal optic axes suddently rotates from
the [100]direction to [110]direction at 3V 'C tran-
sition point. Based on the above consideration, we
therefore infer the crystal structure in phase IV
as is schematically given in Fig. V(c). In this
structure, the modes Z~ and Z", condense with equal
amplitudes.

The space group is determined as Cz„-P2,/m.
The directions of the new principal axes of the
monoclinic lattice [100], [010], and [001] are
taken along the directions [110], [010], and [110]
referred to the pseudocubic lattice. The unit cell
is quadrupled in comparison with the cubic cell.
The ions Cl-G and C1-III have very similar ionic
arrangements around themselves though they are
not crystallographically equivalent.

VI. PHENOMENOLOGICAL TREATMENT OF SUCCESSIVE
PHASE TRANSITIONS

The thx'ee successive phase transitions of
CsPbCl, show interesting correspondence to the
phase transitions of BaTiO, . In the case of BaTiQ„
the phase transitions are caused by the condensa-
tion of each of triply degenerate optically active
modes at the zone center. In the case of CsPbC13,
on the other hand, the phase transitions are caused
by successive condensations of the zone boundary
modes associated with the xotational vibration of
the PbCle octahedra around the principal axes of
the cubic lattice. The amplitudes of the thxee axi-
al vectors play the role of order parameters in
CsPbC13 in contrast with the case of BaTiOS, where
three polar vectors (components of the spontaneous
polarization) play the same role. Since the sub-
stantial part of the atomic displacements in all
lower symmetry phases are describable by the
eigenvectors of the modes M, and R~~ in the cubic
phase, we may generally express the deviation of
the particle density distribution from that in the
cubic phase as follows:

5p(r) =Z e, yI"'(r)+Ed, q,'"'(r), i =x,y, z . (5)

Here f~&' and tt)&~
' ax'e the basis functions of the ir-
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reducible representations M, and R2,. The sub-
script indicates the axis of rotation.
and t(,'"' are nondegenerate eigenvectors at the non-
equivalent M points (-,'E')), (-,'0-,'), and (0-,'-,') which
forms the star of the wave vector in the cubic recip-
rocal space. On the other hand, t)P', g+', and

g,'"' are triply degenerate eigenvectors at the R
point. In this case there are no other independent
eigenfunctions since the wave vector (-,'-,' —,') forms
the star by itself. Following Landau's phenomeno-
logical theory of the second order phase transi-
tion, we expand the free energy of the system in

terms of c, 's and d, 's up to the sixth order. It is
convenient to introduce two order parameters $
and g defined by

c] ——$y], dq
——g5],

3 ~2 Qd2
i

Then the free energy is expressed as follows:

(7)

5F(T, (,q, y„5, )= ,'A(T-T—„*)$+ ,'B(T —Ts)q-+[-,'C(y, +y„+y,)+ ,'D(y„y—,+y, y, +y'„y„)]$'

~ [—
' B(6,+ 5„+5,) + —' F(5„5,+ 5, 5,+ 5„5„)]g +{—G(y „5,+ y „5„+y, 5 )

+ ~H[y, (5„+5,)+y„(5,+(),)+y, (5,+5„)]}$g + ~ I(y, +y„+y,)$

+ {—,
' J[y,(6„+5,) + y „(6,+ 5~)+ y, (5, + 5„))+ 2 K(y, 5„6,+ y „5,5, + y 5 5,)}( (9)

Each term is constructed so that cubic symmetry
operations leave it invariant. In the sixth-order
terms we have neglected terms which are not es-
sential to explain successive phase transitions.
The transition temperatures T„* and T„are chosen
to be the intrinsic second order transition temper-
atures which are obtained from the extrapolation
of T/I vs temperature (Fig. 2). The equilibrium
state at an arbitrary temperature should be deter-
mined by the minimization of 5F with respect to
(, g, y, 's and 5, 's. At the present stage, one can-
not determine the coefficients in Eq. (9) numerical-
ly. We investigate only qualitatively the conditions
to stabilize the observed four phases.

A. Phase I and phase II

In the temperature region sufficiently higher
than T*„and TI~„ the minimum of the free energy is
certainly attained by ( =0 and q = 0, that is, by
phase I when A &0 and B&0 are assumed. Further,
as is pointed out in the Sec. V, we have T„*&T„*.
Therefore, the phase with ( o 0 and g= 0 will be
first stabilized on cooling from phase I. Further,
under conditions that C & D & 0 and I &0, the stable
phase is attained by y„=y„=0 and y, =1. The de-
formation in the static structure is expressed by

T, = Ts*+ 3 C '/16AI . (12)

Corresponding to the first-order transition, the
value of $ shows a finite jump at T, given by g (T,)
=- 3C/4I.

B. Phase III and phase IV

To investigate the lower-temperature phase
transitions associated with the condensation of Z,
mode, we proceed as follows: Let us assume that
the order parameter $ is not affected very much by
the onset of the phase transitions under considera-
tion. In fact, the experimental results show that
this assumption is satisfied since the Bragg inten-
sity at the M point shows little disturbances at the
lower two transition points (Fig. 2). On this as-
sumption, $ is looked upon as a temperature-de-
pendent parameter, not a thermodynamical vari-
able, whose temperature dependence is simply de-
termined by Eq. (11). This parameter is ex-
pressed as ($). The free energy in the tetragonal
phase is then given by setting $ =($), y, =y„=0,
and y, = 1 in Eq. (9):

aF(T, q, ~, ) = .'B(T- T„")q'-
+ [-,'E'(S', + V'„)+-.'F't"„S'„]q', (12)

gp (q(Af) (10)

which represents the observed phase II. The tem-
perature dependence of the order parameter $ is
given by

with

T*„'= Tg —(II/2B) ($)',
Z' = E+J($)~,
F' =F+K($)

(14)

(15)

(16)
= (1/2I){- C+ [C -4AI(T T~)] }-

and the transition temperature T, between phases
I and II is obtained as

The stability conditions with respect to 5, 's allow
us two sets of solutions depending on the values of
E' and F'.
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1. F'&E'&0

In this case, a solution of 5„=1and 5„=0 (or 5„
=0 and 5„=1) gives the minimum of the free ener-
gy. The temperature dependence of q is deter-
mined by

q'„, =- B(T- 7'*„')/E' .
The static structure in this state is given by

]yw) + ~ y(s)

which corresponds to the observed structure in
phase III.

2. E'&F'

In this case, 6„=5„=+I/v 2 gives the stable
state. The order parameter q is given by

FREE
ENERGY

TEMPERATURE

TI
FI

g', „=—j3(T- T„*')/(E'+ F')
and the density distribution is

(2o)

which corresponds to the structure in phase IV.
It is convenient to map out the stable region of

phase III and phase Pf with respect to E' and F' as
is shown in Fig. 11. The state of the system at an
arbitrary temperature is represented by the point
(E', E') with E'=E+Z($) and E'=E+K{$) .
Eliminating (g },we obtain

F' = (K/Z)E'+ [F-(K/8) E] . (21)

This means that the representative point of the sys-
tem moves with temperature along the straight line

FIG. 12. Schematic diagram of the free energy at
each phase.

given by the above formula in the E'-F' plane. We
look for the conditions that the point comes across
the boundary in the way that is shown by the arrow
in Fig. 11 as the temperature is lowered. The
conditions are

E'&F' for T&Trrc ~

E'&F' for T& T

Here T», is the transition temperature between
phases 111 and IV. From the condition (22) together
with the assumption that $ is monotonically de-
creasing with increasing temperature, we obtain
the following inequalities:

F&E&0, J&E, FJ&EE. (23)

PHASEIlI
/l

/
/

By choosing the coefficients satisfying the equa-
tions and inequality conditions given above, the
free-energy curves vary with temperature as is
schematically shown in Fig. 12. Thus, the ob-
served features of the successive phase transitions
of CsPbCl, are qualitatively understood on a. phe-
nomenological ba,sis. In order to determine the
set of coefficients numerically, more extensive
experimental investigations such as determination
of the absolute values of order parameters should
be carried out.

VII. DISCUSSION

UNSTABLE

FIG. 11. Stable region of phase III and phase IV with
respect to the coefficients D' and E'. The arrows rep-
resent the trace of the temperature dependence of the
system.

Since the superlattice reflections at the X points
were observed by Sakudo et a/. ,

" it has been con-
jectured that there exists a certain soft zone-
boundary mode at the X point in the cubic phase.
However, the present work confirmed that the ob-
served TA phonon at that point is well defined and
shows no temperature dependence in the tempera-
ture range from 80 to 45 'C. Moreover, the analy-
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sis of the quasielastic scattering shows that the
overdamped mode at the X point is associated with
the Z5 mode which is derived from the Rzs mode,
Therefore, the phase transitions of CsPbCl, are
simply understood on the common basis of the softening
of the rotational modes of BX6 octahedra which are
characteristic of the perovskite crystal ABX3.

The symmetry properties at each phase deter-
mined by the present investigation are comparable
with the NQR spectra on Cl ion measured by
Jensen. " In phase I, all Cl ions are placed at
the equivalent 3d sites shown in Table I, so that
they have the same field gradient. This is con-
sistent with the observed single NQR line above
4'7 'C. In phase II, the ions Cl-II and Cl-III are
placed at the equivalent 4f site. On the other hand,
the Cl-I ion which does not move by the rotation of
the PbCI~ octahedra around the [001]axis, is
placed at the 2b site [Fig. V(a)]. Therefore, two

NQR lines must appear in this phase and moreover
their intensity ratio is to be 2: 1, which is consis-
tent with the experimental results. In phase III,
the ions Cl-II and Cl-III become crystallographical-
ly nonequivalent owing to the rotation of the octa-
hedra around the [100]axis [Fig. V(b)]. In this
case, it is noted that the Cl-II shifts out of the
(001) plane containing the Pb ions while the Cl-III
is placed nearly on its plane, which results in that
the environment around the Cl-II is substantially
different from that around the Cl-III. Then, the
stronger NQR line in phase II should split into two
lines with nearly equal intensities. This explains
the observed triple lines in phase III. In phase IV,
the Cl-III also shifts out of the original (001) plane
while the Cl-II stays at nearly the same position
as in phase III [Fig. '7(c)], The ionic arrangement
around the Cl-II is found to be very similar to that
around the Cl-III, although their sites are crystal-
lographically nonequivalent. Therefore, two lines
which once split in phase III may come close to-
gether in phase IV. These two adjacent NQR lines
may be observed as a single line if their splitting
is within the resolution of the spectrometer. This
situation is visualized more clearly by the follow-
ing considerations. If we assume that at phase II
the rotation of the PbCQ octahedra around the [001)
axis is infinitesimally small, the space group of
the structure stabilized by the condensation of the
Z," mode is D~„. In this case, the Cl-II and Cl-III
are placed at nonequivalent sites (8f and 8h). On
the other hand, the condensation of Z", +Zs mode
gives the structure with the space group D». In
this structure, the both ions Cl-II and Cl-III are
placed at the equivalent Bg site. Therefore, when
the rotation angle of the PbCI8 octahedra caused by
the condensation of the M, mode is small, the ions
Cl-0 and Cl-DI in phase IV may be regarded as
nearly equivalent.

The successive phase transitions of CsPbC13 es-
sentially originate from two different mechanisms.
The one is that the condensing R» mode is degen-
erate in the higher symmetry phase. In this case,
the transition are interpreted on the same line as
the successive phase transitions of BaTi03. The
other is that the M, mode and the Rzz mode have
nearly equal frequencies and show similar temper-
ature dependences. From a microscopic stand-
point, we can understand the major reason for
these facts as follows: In the frame work of the
rigid ion model, the characteristic frequencies of
the T2 phonon branch along the [,' 2f]—d—irection which
is compatible with the modes M, and R» at &=0 and
4=0. 5, respectively, is given by

(u (Tp)= (I/mx)(Ai+Bt+Bq+4B3

+(&' e'/ )[C (&)—C,(1)]j. (24)

Here, we have used the same notations for various
short-range force constants as Cowley used in his
paper "T.he electrostatic part C, (i) C, (-L) cal-
culated with Ewald's method shows little 4-depen-
dence along the [—,'-,'f] direction. For CsPbC13, the
difference ~'(M, )- ru (R~~) is calculated to be 0. 8
meV. This implies nearly flat dispersion of the
T, branch of CsPbGL, as is observed in KMnFB. '
In fact, the remarkable anisotropic quasielastic
scattering which extends from the M point [—,'(310)]
to the B point [-,'(Sll)] was observed in the present
experiment. %'e should note that in Cowley's cal-
culation of phonon dispersion curves of SrTiO„'
the frequencies of both modes M3 and R~z are imag-
inary, which suggests the characteristics of perov-
skite crystals.

It is noted that the soft modes in this crystal are
heavily overdamped and moreover the higher-fre-
quency phonons with energy co & 5 meV are not ob-
servable because of the broadening of the spectra.
These results suggest that the anharmonicity of the
potential will be extremely large in the cubic
phase. In connection with this, it is noticeable
that the observed Debye-%aller factors in the cubic
phase give extraordinary values. The mean square
displacement of Cl ions at 80 'C is 0. 16 A, which
is about one order of magnitude larger than that of
the usual ionic crystal. Mf(lier, ' in his structure
analysis in the cubic phase, suggested that there
is disordered arrangement of ions in which Cl ions
and Cs ions take several equivalent positions slight-
ly displaced from the ideal perovskite positions.
On the other hand, the observed small transition
entropy (0.25 cal mole ' K ', Ref. 15) associated
with the 47 'C phase transition suggests that even
if the averaged structure is disordered, the mo-
tions of Cl ions are not independent but they move
collectively so that the framework of the PbGQ oc-
tahedra remains rigid.
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