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Synopsis 

Neutron scattering experiments were carried out in o rde r 

to i nvesti gate the mechanism of the s uccessive phase transitions 

in CSPbC1 3 . Perovskite crystal CsPbC1 3 unde r goes three succes -

s i ve phase transitions at T=47°C , 42°C and 37°C . It has been 

e lucidat,ed that the se phase transitio ns are basically associated 

with the co ndensation o f rotational modes of PbC1 6 octahedra 

around the three principal axes . 

(1) 'rhe phase transition at 47°C is caused by the condensation 

of the n(m- degenerate M3 phonon mode at the zone boundary along 

the [110 ] direction of the cubic l attice. The a xi s of rotation 

of the PbC1
6 

octahedra is a l ong t he [00 1 ] axis . 

(2) 'rhe phase transition at 42°C is associated with the conden­

sati o n of one o f doubly degenerate modes z~ and z~ at the zone 

boundary along the [OO l] t direction of the tetragonal l attice which 

are d e rived from the triply degenerate R
25 

mode i n the cubic phase . 

The dire,:t ion of the rotation axis i s along the [100] when we 

ass ign z:~ as the condens i ng mode. 

(3) The phase transition a t 37°C is caused by the condensation 

o f the r,~aining z~ mode . 

(4) Both the M3 and R25 modes are overdamped in the cubic 

phase even at BOoC. 

~rhe crystal system and space groups at e ach phase deter-

mined from the eigen vectors of the condensing modes are i 

Phase II (42 "C<T<47 "C ) tetragonal 5 D4h - P4/mbm, 
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Phase II I (37°C<T<42°C) orthorhombic Cmcm, 

Phase IV (T<37°C) monoclinic 

These are consistent with the experimental resu l ts on the NQR 

spectra of Cl i on. 

A phenomenological theory to explain these successive 

phase transitions caused by the condensation of the M3 and R25. 

zone boundary phonans was developed. It is shown that by a 

suitable choice of the parameters included in the expansion of 

the free energy up to the sixth order with respect to rotation 

angles , the observed phase transition schemes can be qua l itatively 

expla i ned. 
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§l. Introduction 

In recent years, extensive investigations have been made 

on many structural phase transitions, in particular, of the cubic 

perovskite crystals (Fig. 1) . Many cubic perovskite crystals 

undergo phase transitions in which they transform to slightly 

distorted structures from original perovskites. It is well 

known that . these phase transitions are caused by the condensation 

of normal modes of the phonon whose eigen vectors correspond tp 

the atomic shifts in the structure stabilized be low the trans~tion 

temperature Te. The frequency of this phonon mode decreases as 

the temperature is lowered to Te' and at TC the restoring force 

for this mode vanishes so that the atoms shift to new equiliblium 

positions. The condensation of the "soft phonon" is very useful 

concept to understand various structural phase transitions. 

In some perovskites such as BaTiO;) , PbTiO~) a nd KTao~) , 

the transverse optical mode at the zone center softens, which 

explains the occurrence of ferroelectric phase transitions. 

Among these, BaTi0
3 

undergoes three successive phase transitions 

at 130°C, SoC and -80°C~) Th e symmetry of this crystal changes 

as cubic + tetragonal + orth orhombic + rhombohedral as the tem-

perature is lowere d. The direction of the spontaneous polariza-

tion referred to the cubic lattice is along the [100) in the 

tetragonal phase, [110) in the orthorhombic phase and [1111 in the 

rhombohedral phase:) It has b een known that these phase transi-

tions were understood in terms of the successive condensations of 

each of the triply degenerate zone center modes with e i gen vectors 

a long the <100> directions. 
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On the other hand, the phase transitions of SrTi0
3

(TC= 

1100K)5) and LaA10
3

(Tc=535°C)6) are explained by the softening 

of the zone boundary roadie which is associated with a rot.ation of 

BX
6 

octahedra around the principal axes of the cubic lat.tice . 

This mode belongs to the irreducible representation R25 of the 

cubic point group m3rn. However , the structure stabiliz,ed by the 

condensation of the R25 mode is somewhat different for t.hese 

subst.ances : SrTi03 has a tetragonal symmetry while LaAl03 has 9-

rhombohedral one . This difference also arises from the degener-

acy of the R
25 

mode. Because of the cubic symmetry , R25 is 

triply degenerate. Let us designate each of these thre:e modes 

x y z as R25 , R25 and R25 where the superscript symbols specify the 

axes of rotation of the BX6 octahedra. In SrTi03 , the R~5 mode 

condenses while in LaAl 0
3 

the condensing mode is given by the 

linear combination of R~5 + R~5 + R~5(Fig,2) , The anharmonicity 

of the lattice potential determines which one of the arbitrary 

linear combinations condenses below T 
7 , 8) 

C' 

In 
, 9-11) 12) 

some other pe.rovsk~tes such as KMnF3 and NaNb0 3 ' 

successive phase transitions associated with the rotational mode 

have been observed. K~nF3 undergoes the structural phase tran-

The transition at 184°K is exactly 

the same as that of srTio;3~ while the transition at 92°K 

*) The notations of c:rystallographic indices, such as [100] 

for the crystal axis, (100) for the crystal plane, Laue index 

331 100, reciprocal lattice point 2'2'2 and so on , are , hereafter, 

referred to the cubic la·ttice in the Phase I , unless otherwise 

specified by the subscript , such as [lOOlt' 
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is caused by the condensation of the M3 mode at the zone boundary 

along the [110 ] direction. This mode also corresponds to the 

rotation of the BX
6 

octahedra. The only difference between the 

R
25 

and the M3 is that the R
25 

represents the opposite rotation 

of the neighboring BX
6 

octahedra along the rotation axis , whereas 
, 

the M3 represents the rotation in the same direction as illustrated 

in Fig.3 . In the case of NaNb0
3

, it has been r eported that the 

phase transitions at 640°C and 572°C are caused by the condens.a-

tion of the M) and R25 modes , respectively. This i s in contrast 

with the case of KMnF
3 

in which the R25 mode first condenses. 

Recently, one of perovskite crystals CSPbCl 3 was found 

to undergo three successive phase transitions. In 1959, M~11erl4) 

first observed the phase t r ansition at 47°C. He a l so carried 

out the structure anal ysis and reported that the basic structure 

of this crystal was of perovskite type . In 1969, three groups 

independently found the other transitions . Sakudo et al~5) 

observed a broad elastic anomaly near about 40°C. They also 

found that super lattice reflections in x-ray diffraction pattern 

Fig.l) at room temperature. Hirotsu appear at the X-point(see 

and Sawada16 )made optical measurements and confirmed three phase 

According to their optical 

data , the crystal is uniaxial between 47°C and 42°C . Between 

42°C and 37°C , the optical elasticity axes -in the basal plane 

are lying along the pseudo- cubic <100> directions. 

the axe~~uddenly rotate by 45° pointing along the (lID) direc-

tions . Hirotsu inferred that the crystal symmetry may transform 

as cubic ~ tetragonal + orthorhombic + orthorhombic or monoclinic 
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when the temperature is lowered. Jensen17 ) carried out the NQR 

measurements on Cl ion using powder ~pccimen and obtained inter-

esting results which are depicted in Fig.4. This figure shows 

three phase transitions in which the transition at 42°C is of the 

second order and the others are of the first order, and the change 

of the site symmetry of the Cl ions . It is interesting that 

in the lowes t temperature phase, the Cl site seems to restore a 

higher symmetry. In 1 969 , studies of the EPR of Mn 2+ doped in 

CSPbC1 3 was made by Cape et a1~8) They discussed the space 

groups of the crystal at each phase. In 19 70 and 1971, Hirotsu 

made extensive experimental studies including dielectric , elastic , 

specific heat, optical and Raman scattering measurements~9 , 20) 

He confirmed that this crystal was not ferroelectric in any phase 

and also found four temperature dependent modes by Raman scat-

tering in the lowest temperature phase. Their frequencies 

decrease with increasiHg temperature towards room temperature. 

However, the mode assignment has not been made. In spite of 

these extensive experimenta l works on CsPbC1 3 , the microscopic 

mechanism of three phase transitions in this crystal has not 

been clarified yet. 

The purpose of the present work is to clarify the mecha­

nism of the structural phase transitions in CsPbCl
3 

by neutron 

scattering method. 

For the later convenience, the phase transition schemes 

of CsPbC1 3 are shown in Fig.5. The symbols representing each 

phase and the transition temperature as indicated in the figure 

will be used hereafter. In §2, experimenta l methods of neutron 
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scattering and specific heat measurements are described. In §3 I 

the observa tions of the temperature dependences of the Bragg 

reflections and the specific heat are describe d. These gave 

the overall feature of the successive phase transitions. In §4 , 

the phonon dispersion curves in the cubic phase measured along 

the symmetric directions are given. The presence of the soft 

modes associated with the phase transitions is also shown. 

In §5, the mode determination of the condensing phonons is ca~ri­

ed out by ana l yzing dynamical structure factors, and the spa~ 

groups and the atomic arrangements at each phase are then in­

ferred from the polarization vectors of the condensing modes. 

In §6, a phenomenological theory to explain the successive phase 

transitions caused by the condensation of the particular phonon 

modes is developed. It is shown that by a suitable choice of 

parameters included in the free energy expression, the observed 

phase schemes are qualitatively explained. In §7, the relation 

between the observed NQR spectra and the space groups determined 

in §5 is discussed. A microscopic origin of the successive 

phase transitions i s also discussed on the basis of the l attice 

dynamical characteristics of perovskite crystal. 
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§2. Experimental 

All single crystals used for the present experiments 

were kind l y provided by Dr. S . Hirotsu of Tokyo Institute of 

Technology. 

(i) Neutron scattering 

The ear lier part of the present neutron scattering ex-

periments was carried out with t he triple-axis neutron spec trom-

eter (ISSP ND- l) insta lle d at the JRR-2 reactor of Japan AtomiC 

Energy Research Institute. The energy of incident neutrons was 
o 

l4.2mev (2 . 40A) from a pyrolytic graphite (002) monochromator. 

In this case , )../2 components were e l iminated wi th graphi te f il-

ters. The germanium (I l l ) plane was used for an ana l yzer . 

The collimation angles of four collimators; in- pile , monochro-

mator t o sample , sampl e to analyzer, analyzer to detector, are 

a ll 3 0mi n. The constant " Q" technique was uti l i zed . Th e sam-

pIe crystal has a near l y quadr angu l a r pyramid shape with 1.2cc in 

vo lume and lSmm 1 n height, and its mosaic spread 

was measured to be 0 .4 ° . Th e specimen was set in the electric 

furnace and the temperature of the specimen was controlled within 

Extensive measuremen ts were also carried out on a triple -

axis neutron spectrome t er at the High Flux Beam Reactor of Brook-

haven National Laboratory. Pyrolytic graphite (002) planes were 

used for both the monoch romato r and the analyzer . The inelastic 

scattering exper iments were carried out with the incident energy 

of 38rneV and al l four collimations were 20rnin . On the other 

hand, most measurements of q uasi-e l ast i c scattering were made 
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with incident energy of 13.7meV and )./2 components werE~ eliminat-

ed with graphite filters. The collimation was 20rnin. before 

the monochromator and other three collimations "'ere 40min. The 

crystal specimen has a nearly triangular pyramid shape with 

about I cc in volume . 

constant within +0 . 2°. 

The temperature of the specimen was kept 

(ii) Specific heat measurements 

The specific heat was measured by an a.c . calorimetry. 

technique recently developed. The principles of the a. . c . cct'lo-

rime try and the measuring system of this calorimeter ha.ve been 

reported in deta i l by Hatta and Ikushima~l) The singl.e crystal 

of 50~ in thickness and 2x2mm 2 in area was blacked on Cine side 

with a graphite suspension to absorb the heat given by light 

pulses. A response of the periodic heating of the specimen 

was detected by one of two 25~ Chromel-Alumel thermocouples at­

tached on the opposite side of the specimen to that exposed to 

the light. The other thermocouple detected the temperature of 

the specimen. The a . c. components of the response which are 

proportional to the inverse of the specific heat were plotted 

against temperature of the specimen. 

specimen was lO/7min. 
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§3 . Successive Phase Transitions 

Since it has been known that csPbC1
3 

was not ferroele­

ctric~O) we inferred that the phase transitions would be associ-

ated with zone boundary phonons. In fact , we observed super­

lattice Bragg reflections at the M-point(~ , ~ , O) and R- point 

il l (2'2'2) referred to the reciprocal lattice of the simple cubic 

lattice at room ternperature(Fig.l). The temperature dependences 

of the intensities of super lattice reflections l 1. 0 
2 2 

and 

335 '22'2' observed by neutron scattering are shown in Fig . 6 . 

The ~ ~ 0 reflection shows a distinct discontinuities at 47 ° C 

and then vanishes above th i s temperature . The 335 
222 reflection 

gradually decreases its intensity with increasing temperature 

and vanishes at 42°C . It a l so indicates 

at 37°C . Accord i ng to the earlier x-ray 

slight discontinuity 

work by Sakudo et a1~;) 

the super lattice reflections appear at the X-point(O , O , ~) at 

room temperature . Therefore, the temperature dependence of the 

III reflection at the X-point was also measured. 
2 

As is shown 

in Fig . 6 , the temperature dependence of the ill reflection 
2 

is similar to that of the 335 
222 reflection. Recently , Harada 

et al~2) carried out the precise x-ray diffraction experiments 

and observed super lattice refl ect i ons at all points of X, M and 

R at room temperature , which is consistent with the present inve s-

tigation. These temperature dependences of superlattice reflec-

tions clearly show the existence of three phase transitions and 

that the transition at 42°C would be of the second order and 

remaining two of the first order. These transitions are also 

identified by specific heat measurements. Fig.7 shows the spe-
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cific heat v~sus temperi3.ture curve measured by the a.c . calorim­

e try me thod. 

§4 . Phonon Dispersions 

The experimenta.l results in the previous section suggest 

that t he instabi l ities I:>f the zone boundary phonons a t the M­

point and the R- point a:5 observed in KMnF;- l l) and NaNbo~2) may 

occur at 47°C and 42 °C in CSPhCl 3 , respectively. In order to 

investigate the be havior of these phonons in the cubic p hase, the 

phonon dispersion curve:5 along the three synunetric directions 

[001; ] , [ 1;1;0 ] and [1;1;1; ] ,.ere measured by neutron inelastic scat-

tering method. Fig . S shows the phonon dispersion cur ves of the 

acoustic branches at BO'C(Phase I) . It is characteristic of 

CSPbCl 3 crystal that th4~ energy of the whole acoustic phonon 

is remarkably low in comparison with other pe rovskite crystals 

such as srTiO~) and KMn} .. ~ :- ll) Moreover , the longitudinal acoustic 

phonons with the energ i es l arger than about 5 meV are broadened 

out and become unobservled a l ong anyone of three directions. 

The energies of the "3(TA) and the A3 (TA) branches along 

[l,;1;; 01 and [z;; r;r; ] which aD~ compatible with the zone boundary modes 

M3 and R25 tend to decrease at 1;,,-,0.3 and in the range of I;; >0 .35 

they become overdamped. The quasi-elastic scatterings due to 

these overdamped phonons at their zone boundaries were observed 

at various temperatures .. The measurement was made under the 

conditions that the crysta l was mounted with the (1301 axis 

vertical so as to observe e i ther the M3 and R
25 

modes. Figs.9 
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and 10 show the temperature dependences of the quasi-el astic 

scattering at the M-point(~ , ~ / O) and the R-point(~I~I~) I respec-

tive1y. The energy resolutions were 0.16 meV FWHM in both 

cases, which are shown by the triangles in the figures. Since 

the low lying modes are overdamped around the M- point and R-

point, it is impossible to observe the softening directly. 

However , we can esti mate t he frequency of the phonons as follows: 
2 

It is known that wh en the neutron scattering cross section (~~w) 

due to excitation of an anharmonic phonon is integrated over w, 

the resu l tant cross section (~~) depends only on the character­

istic frequency of the phonon , wO' and is independent of its 

damping constant~3) Namely , the cross section is expressed by 

K = T + q , 

I F~(K)12 

w~ (jq) 
, ( 1 ) 

( 2 ) 

where K is the scattering vector , T the reciprocal lattice vector 

nnd q the reduced wave number vector. The dynamical structure 

factor F~(K) of the j - th phonon mode takes the form of 

F~(K) = ~ 1m 
K 

- MK iK.r e e K, (3 ) 

( 4 ) 

where b , m , B and r mean the scattering length, the mass, the 
KKK K 

isotropic temperature factor and the averaged position of the 
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K-th atom in a unit cell, respectively . eK(jq) is the polariza-

tion vector of the K-th atom for the mode q of the j-th phonon 

branch. 

The intensities integrated over the energy obtained from 

Figs.9 and 10 were analyzed with Eq . (1) to give the temperature 

dependence of wo. It was found that in each case the values of 

T/(~~) changed nearl y linearly against the temperature T and its 

extrapolation towards the lower temperature side became zero at 

TO which is lower than TC ' These represent that the undamped 

phonon energy of each mode decreases in proportion to (T-TO) as 

the temperature is lowered to the transition temperatures. 

At the same t i me, the quasi - elas t ic scattering shows a 

remarkable anisotropy in the q - space . It extends from the M-

pOint(~ , ~,O) towar ds the R-point(~ , ~ , ~) in the cubic phase . 

In Fig.ll, the intensity of 

along the [~ ~ ~ ] direction 

t h e quasi- elastic scattering observed 

with q=(; ~ ~) connecting the M-

point with the R- point is plotted by the solid circles (56°C) and 

triangles(BO·C). The open circles and triangles in the same 

figure show the intensity of the quasi-elastic scattering along 

3 I 1; 
the [~C ~3 0] direction which is perpendicular to the 

[~ ~ C J direction in the (130) plane used for this measurement. 

The origin in the figure corresponds to the M-point(~,~,O) . 
'-1 3 1 The waVe number resolutions were 0.016 A FWHM along the [22 1; ] 

and 0.035 A-I FWHM along the [ l+ ~ ~~ OJ which are shown by 
223 

the large solid and open triangles, respectively. The distance 

·-1 between the M-point and R-point is 0 . 566 A at BO·C. It is 

seen that the quasi-elastic scattering shows the ridge along the 
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[ 3 1 1 d ' , 2 2 ~ ~rect~on. Taking the difference of the resolution 

functions into consideration , the quasi-elastic scattering around 

the M-point is expected to be even more anisotropic than that 

direc tly observed . This fact represents that all phonons belong-

ing to the T 2 mode along the [~ ~ l;; ] direction a r e overdamped and 

their energies are as low as those of the over damped phunons at 

the M-point and R-point. 

§s. Mode Determination and the Static Structures 

Fi g.12 shows the temperature dependence of the intensi-

ties of both the q uasi - e l astic scattering(o pen circ l es) and 

the Bragg reflection(so l id cir cles ) at the M-point (f , ~ , O). It 

is seen that the i ntensity of the quas i -e l as t ic scattering in-

creases with decreasing temperature showing critical behavior. 

Since phonon bra nch which is overdamped is compatible with 

, one can reasonably infer that the condensing mode 

In order to determine the mode of the M-point uniquely, 

the intensity measurements of the quasi - elastic scatterings due 

to the soft (overdarnped) phonon mode were made at the zone bound-

ari es along the [1101 direction around various reciprocal lattice 

points. Fig . 13 shows the comparison between the observed(open 

circles) and c a Iculate d{solid circles) dynamica l structure factors 

for various M-points at 80°C . In the calculation of the dynam-

leal structure factors from Eq. (1 ), vie used the eigen vect ors of 
3 

the M3 mode illustrated in Fig . l(b). The tempera ture factor of 
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the chlorine atom defined by Eq. (4) which gave tile best fitting 

be tween the observed and t~e calculated dynamical structure fac-

tors was 12.6 A2 at 80°C. From this satisfactory agreement of 

the dynamical structure factors, it is concluded that the phase 

transition at 47°C is caused by the condensation of the M
3

, 

[110] zone boundary mode. Below 47°C , the atomic displacement 

corresponding to the polarization of the M3 mode takes place. 

The space group of the static structure at Phase II (42°C<T<47.oC) 

due to the condensation of the M3 mode was determined as D~h-

P4 / ulbm [see Fig. J and Table I). The directions of the new 

principal axes of the t etragonal lattice , [lOO]t' [OlO]t and 

[OOl] t ' are t aken along [110], [110] and [001] referred to the 

pseudo-cubic lattice , respectively. Then the unit cell is doubled 

(/2a x 12a x a) as compared with the cubic cell (a x a x a) . 

It is well known that the rotation angle of the PbC1
6 

octahedra 

around the [OOllt axis plays a role of the order parameter in 

Phase II. This rotation i s expressed as <~ ' > . 
z In this phase, 

the site symmetry of the ClI ion is different from that of the 

ClIr and ClIII ions which are placed at the equivalent sites as 

shown in Fig.2(c), while in Phase I all Cl ions are placed at the 

equivalent sites. 

In the cubic phase, it has been observed 

branch which is compatible with the R
25 

mode at 

that the A) 
111 
2'2'2 was 

also overdamped. Following the same procedure as the case of 

the M3 mode, observed quasi-elastic intensities at various R­

points were compared with the calculated dynamical structure fac­

tors using the eigen vectors of the R
25 

mode illustrated in 
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Fig.2 (a) . The tempera·ture factor giving the best fitting was 

°2 10.5 A at 55°C where quasi- e lastic scatterings 'were measured. 

As is shown 1'n Fig . 14, agreement between observation and calcula­
from which 

tion is satisfactory , /w,9. may infer that the condensing :mode at 

However , the preceding phase transition to the 

tetragonal phase at 47°(:: causes some complications in mode assign-

ments. In Fig. l S, the temperature dependences of quasi-ela ~ tic 

scattering and the Bragq- reflection at 3 3 5 
2'2'2 are show:n . It- is 

observed that the quasi·-elastic scattering diverges at 42°C 

corresponding to the expected condensation of R25 mode. Further, 

it is noticed that the quasi - elastic scattering shows a sudden 

increase at the transition point, 47°C. This could be inter-

preated due to the fact that the triply degenerate R
25 

mode in 

the cubic phase splits :into the doubly degenerate Zs mode and 

the non- degenerate Zl mCJde i n the tetragona l phase . A:nother 

effect of the tetragonality in Phase II can be seen in the appear-

ance of quasi-elastic scattering at the X- point (referr·ed to the 

cubic lattice) in the tc=tragonal phase. Fig.l6 shows the temper-

ature dependences of the quasi-e l astic scattering and the Bragg 

reflection at Below 47°C , similar temperature depend-

ences as those of R- point are seen (cf . Fig .15) . This is simply 

because of the fact tha·t in the tetragonal phase , the R-points 

and the X-pOints referred to the cubic lattice become equivalent, 

both being the z - points of the tetragonal unit cell . :1n Fig .17 , 

the reciprocal lattice of the tetragonal system is shown together 

wi th that of the cubic system. 

In order to investigate how the R
25 

normal mode at the 
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R-point in the cubic perovskite crystal is modified under the 

influence of the tetragonality, the normal mode analysis in the 

tetragonal lattice with the space 5 group D4h- P4/mbm was made at 

the Z- point, the zone boundary along the tetragonal [OOI]t 

dire ction . The unit cell invol ves ten ions. At the Z- point , 

the little group i s 4/mmm , and the irreducible representations 

are obtained as 

He re, Zs and Zs correspond to doubly degenerate modes. It is 

found that the doub l y degenerate mode representing the rotational 

vibration of the PbC 1
6 

octahedra arou nd the pseudo- cubic axes 

[lOOJ and [OlO J belongs to the Zs mode and the other non- degen­

erate mode whose axis of rotation is a l ong the [DOl ) direction 

belongs to the Zl mode. These are not purely rotational mode 

but are accompanied by the displacements of the other ions. 

The Zl mode represents the rotationa l vibration of the PbC1
6 

octahedra around the [OOlJ axis accompanied by the displacements 
Cs 

of the both ions II1II and ell along the [OOl J direction. 

mode, on the other hand , is accompanied by the displacements of 

the Cs ion along the rotation axis of the octahedra . Since the 

tetragonality modifies the vibrational s pectra only slightly, one 

can assume that the overdamped mode at Z-point is either one of 

these rotational modes . Further the optical measurements19 ) 

have shown that the c:;'stal symmetry in Phase III wa s lower than 

orthorhombic. Therefore , we infer that the condensing mode is 
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the doubly degenerate mode belonging to ZS' whose rotation ang l e 

is perpendicular to the tetragonal un i que axis. 

of 

the 

and 

the degenerate mode , let us us e the symbols ZX 
5 

ZX 
5 and zr modes , dynamical structure factors 

R- point referred to the pseudo- cubic lattice 

b 
I C1 TI <~ . > ~y 

ImC1 z 

bCs l e-MCs I • + - (U +U ' ) (-1 ) k 
1m y y 

Cs 

- (i+ 

- MC1 e 

Td specify each 

and z~. For 

at the X-point 

are given by 

(5 ) 

(6 ) 

( 7 ) 

( 8) 

Here, cp x and ¢l y represent the ang l e of rotation of the PbC1 6 octa-

hedra around [1 00 ] and [010]. respectively. Ux and Uy are the 

eigen vectors along [100] and [ 010] of the cS r ion , and U~ and 

u~ are those of CS 11 ion. h , k and t represent the indices of 

the reciprocal lattice pOints referred to the pseudo-cubic lattice. 
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These formula are obtained by the linear expansion of Eg . (3) with 

respect to <4> ; >. It is noticed that Fd(X) is linear to <$; > so 

t he tetragona lity o f th e lattice gives rise to new quasi-elastic 

scattering at the X- point , but no influence to that at the R-

point can be occured by the tetragona lity under the above approx-

imation . In Phase I , <4> ' > as well as U and U ' becomes zero. z 

Therefore, Fd(X) becomes zero while Fd(R) has a finite va lue even 

above 47 °C, which agrees well with the experimental results shown 

in Figs .1S and 16. The dynamical structure factors obtained 

from t he quasi-elastic scatterings a t the X-point and R- point 

measured at 45°C (Phase II) are shown in Figs.18 and 19, r espec-

tive1y . The open circles in the figures represe nt the experi-

mental valu es . In the calculation of the dynamical structure 

factors, Egs. (5)-(8) are rewritten on t~ assumption of MCI=MCs as 

( 9) 

(10 ) 

IF~(R)I ~ 1{( _l )k+l(k+ ~) - (€ + ~» ) + a( - l/ (h+ ~) le -MC1, 
(11) 

IF~(R) I ~ I{( _i)h+i(h+ ~) - (l+ ~» ) + 8 (_1)1 (k+ ~) Ie-Mel, 

(12 ) 

where a and a are t a ken as parameters . a i s determined so as to 

give the best fitting between th~ observed and calculated in ten-

sities. The same t emperature facto r of BCI as is obtained at 

55°C was used. The ca lculated dynamical structure factors at the 
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x-point 1n the case of a=0.4 are shown by the solid circles in 

Fig.lB. As for the R- point, a is smaller than ct by a factor of 

u<~ ' > so that the second term in Egs. (11) and (12) is negligibly 
z 

small in compal:ison with the first term. The calculated values 

at the R-point are shown by the solid circles in Fig . 19. In 

both cases , the effect of the domains was taken into account 

assuming that they are equally distributed. The agreement be-

tween the obse rved and the calculated dynamical structure factors 

is satisfactory. 

The space group of the crystal structure of Phase III 

attained by the condensation of the z~ mode was determined to 

17 be D
2h

- Cmcm . In this space group, the directions of the new 

principal axes of the orthorhombic lattice [1 00]0 ' [010]0 and 

[001] a are taken along the directions [OlO J, [ lOOJ and [001] 

referred to the pseudo- cubic latti ce , respectively. The unit 

cell becomes e i ght- fold (2a x 2a x 2a) in comparison with the 

cubic cell (a x a x a) . In this 

i ons are placed at non- equivalent 

phase , the ClI' 

sites( Fig.20). 

As for the phase transition at 37°C , the same procedure 

a s used to determine the condensing mode for the transitions at 

47°C and 42°C cannot be followed because the quasi - elastic scat-

tering is mask€d by the strong Bragg reflection which already 

exists at Z-points . However , we have observed that the inte nsi-

ties of the Bragg reflections at room temperature (Phase IV) at 

Z-points were proportional to those of the quasi-elastic scatte r-

This means that the eigen vectors of the soft 

mOde which causes the phase transition at 37 °C should be similar 
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to that of the Zs mode. In fact, it is found from Eqs. (9)-(12) 

that the dynamieal structure factors F~ and F~ due to the modes 

Z~ and Z~ give the same intensities at the reciprocal lattice 

points where the observations are made. Therefore, the phase 

transition at 37°C is caused by the condensation of th e remaining 

z~ mode. The crystal structure of Phase IV is shown in Fig.21. 

The space group was determined as C~h- P2 1/m . The directions of 

the new principal axes of the monoclinic lattice [IOOlm ' [OlO]"m 

and [OOlJ are taken along the directions [llOJ, [OOlJ and [11 OJ 
m 

referred to the pseudo-cubic lattice when the [OIOlrn axis is 

taken as a unique axis . The unit cell is quadrupled (/2a x 2a 

x /2a) in comparison with the cubic cell. It is found that 

the CI lr and CIIII i on s have very similar ionic arrangements 

around themselves though they are not crystallographically 

equivalent. 
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§6 . Phenomenological Treatment of Successive Phase Transitions 

in CsPbCl) 

The three successive phase transitions in CsPbCl
3 

show 

interesting correspondence to t h e phase transitions in BaTiO~~ 

In the case of BaTi0
3

, the phase transitions are caused by the 

successive condensations of each of triply degenerate optical 

active modes at the zone c enter . In the case of CSPbCl
3

, on the 

other hand , the phase transitions are caused by the successive 

condensations of the zone boundary modes associated with the 

rotati onal vibration of the PbCl 6 octahedra a r ound the principal 

axes of the cubic l attice . The three axial vectors describing 

the rotation of the PbC1
6 

octahedra around the principal axis 

play the role of the order parameters in CsPbC1
6 

in contrast with 

the case of BaTi0
3 

where three pol ar vectors (components of the 

spontaneous polarizati on) play the same ro l e . However , in 

CSPbCl
3 

it should be noticed t ha t there are four independent order 

parameters associated with the non- degenerate M3 and triply 

degenerate R
25 

modes. The ampl itudes of these four rotational 

modes are expressed as ~ ~, ~x ' ~y and ~z. On the analogy of 

the Devonshire theory for BaTiO~ ~ ) the free energy is expanded up 

to the s i xth order with respect to the rotation ang l es as follows: 

+ ~2 + 
Y 
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(13) 

As is usually done , we assume that the coefficients in this 

expansion have the symmetry property of the cubic phase , and that 

all of them except X· and X are independent of temperature . 

Xl and X take the form of 

x' ~ A (T - T 6) (A > 0 ) , (14 ) 

(B > 0). ( 15) 

TO and TO are certain temperatur es related to the intrinsic tran­

sition temperatures of the phase transitions caused by the conde n-

sation of the M3 and R
25 

modes , r espectively. The stability 

conditions of the system at an arbitrary temperature are given 

by 

= = = 
3F 

= o. (16) 

At the present stage , one cannot determine the coefficients in 

(13) quantitatively . Therefore , we investigate only the follow-

ing four solutions which represent the four phases actually 

observed in CsPbC1
3

, 

(i) (Phase I) I 
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(i i) (Phase II) , 

(iii) . ' ~ 0 , • ~ 0, • -.z - 0 z x y 
(Phase III) , 

(iv) (Phase IV) . 

A. Phase I and Phase II 

In Phase I , the minumurn of the free energy is given by 

the condition (i) . I f we assume that TO>TO ' the system will 

become stable with the condition (ii). In Phase II , the free 

energy is expressed as 

_ X' . ,2 + C 
2 z '4 

. , 6 z . (17) 

As is well known , the c(Jndi tion that the transi tion is of the 

first order as actual ly observed in CSPbC1
3 

is 

C < 0 , G > O. 

The rotation angle $ ' 
z 

. ,2 _ 
z 

1 {-C + 
2G 

l' .­., given by 

~2 _ 4GA(T - TO) ) . 

(1 8 ) 

(19 ) 

Substituting Eg. (19) in;to (17), the transition temperature Tr 

is obtained from the equation 
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X
, 
o - (20) 

corresponding to the first order transition, the value of ¢ ' 
z 

shows finite jump at Tr which is given by 

$ , 2 ~ - 3C/4G . 
zO 

From Eqs . (20) and (21) , we obtain 

G ~ 3XO' / $ , 4 zO 

( 21) 

( 22) 

(23) 

These values should be determined from the experimental data. 

B. Phase III and Phase IV 

To investigate the phase transitions associated with the 

condensation of Z5 mode , we proceed as follows: Let us assume 

that the order parameter 41' is not affected very much by the 
z 

onset of the phase transitions under consideration. In fact , 

the experimental results show that this assumption is actually 

satisfied since the Bragg intensity at M-point shows little dis-

turbances at the lower two transition points (Fig.6). On thi s 

assumption , ~ t is looked upon as a t emperature dependent param­
z 

eter , not a thermodynamical variable, whose temperature depend-
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ence is simply determined by Eq . (19) . This parameter is express -

ed as <CP T>. z Further , we assume that the parameters 0 , F ' 

and H' are positive, 50 that the equilibrium state is always 

attained with <f> =0 throughout the temperature region we are con­
z 

cerned. The free energy is then given by 

F F 8 ' ( ",2 + ",2) 
= II + 2 'x .y 

with 

8' = X + F<cp,>2 , 
z 

D' = D + H<$,>2 
z 

E' = E + 1<$ , >2 
z 

+ E-,-",2",2 
~x'l'y , (24) 

( 25) 

(26) 

(27) 

It is noted that the coef:Eicients 0 ' and E I are now temperature 

dependent through <cp ~ > . The stability conditions 

of = of = 0 (28) 

allow us two sets of solutions , ($ fO, $ =0) and ($ =$ fO), x y x y 

with finite values of order parameters depeJiding on the values 

of the coefficients 0' and E ' . These solutions exactly corre-

spand to the obser ved pha:se III and IV. The order parameters 

and the free energies for the respective phases are given by 

$~( I II) = - 8 ' / D' (29) 
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, (30) 

¢~(IV) = ¢~(IV) = -B'/(D' + E'), (31) 

(32) 

To obtain stable states in lower tempe ratures , we have 

B I < 0 , (33) 

D I > 0 , (3 4) 

D' + E' > 0 . (35) 

In Fig. 22, a schematic diagram of the fre e energy curve a'c e ach 

phas e is shown. The conditions that FrlI is lower than J~IV in 

the tempe rature range of T>TIII and F IV is lower than F 11:r in 

the range of T<TIII as actually observed in CsPbC1
3 

are 

for T > TIll ' (36) 

0' = E' for T = TIll ' (37) 

D' > E' for (3 8) 

The transition temperature TIll .between Phase III and Pha!;;e IV 

is determined from Eq. (37) . Using Eqs. (26) and (27), th .. condi-

tions (36) and (38) are rewritten as 
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D - E < ( I - for T > TIII I (39) 

D - E > (I - for (40) 

As the par ameter <~ I > monotonical l y decreases and tends to zero z 
with increasing temperature , the condi tion that the temperature 

i ndependent parameter"s D- E and I - H satisfy the inequalities ( 391)' 

and (40) is g i ven by 

H - I > 0 > D - E . (4 1 ) 

In Fig.23 , the stabl e region of these phases wi th respect to 0 ' 

and E ' i s mapped out. The stab l e state at an arbitrary temper-

ature i s r epresented by the point (D ', E ' ) with 

E'=E+I<41 , >2 . 
z 

El i minating 

E ' = ! D' + (E 
H 

<..1. 1>2 we have 
'z ' 

I 
D) • 

H 

D' =D+H<4> , >2 
z and 

(42 ) 

This means t hat the representative point of the system moves 

along the str aigh t l ine given by the above formu l a in D' - E ' plan e . 

As the l ine (42) and the line O' =E' intersect at D' =E ' 

whe re T=T1 11 , one can obt ain one more condItion 

EH - DI > 0 

EH - DI 
H- I 

(4 3 ) 

because o f the occur rence o f the phase t r ans i t i o n between Phase 

III a n d Phase IV u nder the conditi ons (34 ) and (35 ). 
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The conditions (41), (43) and D>O show that the point comes 

across the boundary of these two different regions in the way 

that is shown by the arrow in Fig.23 as the temperature is 

lowered. 

Summarizing, one can obtain the following equations and 

ine qualities to determine various parameters to expl ain the 

observed successive phase transitions . 

(i) A(T1 - T' ) = 3C2/16G , 
° (ii) B (TIl - T ) + F<$~(TIl»2 = ° , ° (iii) D - E = (I - H) <$~(T1Il»2 

(iv) A > 0, B > ° , 
(v) C < 0, G > ° , 
(vi) E > D > ° , 
(vii) H > I , 
(viii) EH - D1 > ° , 
(ix) B' < 0, D' > 0, D' + E' > ° . 

In order to determine the set of coefficients numerically, more 

expe riments should be carried out. It is noted, however, that 

the r e is a simple relation between the Bragg intensity at the 

X-point in Phase III and that of Phase IV ~t TIll' irrespective 

of the numerica l values of the coefficients. Substi tuting the 

relation DI=E I into Eqs. (29) and (31) , we can obtain the order 

parame t e rs at TIll in both Phase III and IV as fo~ows 

~2(111) = -B'/D ' x 
, (44) 
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$~(IV) = $~(IV) = -B'/2D'. (45) 

Calculating the static ·structure factors F on the basis of the 
5 

crystal structure determined in f5, we obtain 

(46) 

for the h h i~ type reflections referred to the cubic l attice 

as used in the present experiment (see Fig . 6) . Then the intensi-

ty just above TIll in Phase III is 

1(111) oc $2(111) = -B ' /D ' . 
x 

(47) 

On the other hand , the int:ensity just below TIll in Phase IV is 

1(IV) oc ($ + 4' )2 = 4$x
2

(IV) = - 2B'/D ' = 2 1(111). x y 

( 48) 

Thi s rough estimation of t:he change in the Bragg intensities 

at TIll (Fig.24) is qua li t:atively consistent with the experimen~. 

tal results shown in Fig.fi. 
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§7 Discussion • 

Since the super l attice reflections at 

t o the cubic lattice) were observed by Sakudo 

X-points (referred 

15) et ale , it has 

been conjectured that there exists a certain soft zone boundary 

mode at x- point i n the cubic phase in addition to the rotationa l 

modes. However , the observed TA phonon dispersion at the X-

point (Fig.S) is well defined and shows no temperature depend-

enc e in the temperature r ange from BO°C to 4S Q C. Further the 

analysis of the quasi- elastic scattering at the same point shows 

tha t the overdamped mode at x- point is associated with the Zs 

mode which is derived from the R25 mode. Therefore , the phase 

tra nsitions of CsPbC13 are interpreted as in the common basis of 

the softening of the rotational modes wh ich are char acteristic 

of the perovskite structure. 

The symmetry properties at each phase dete rmined by the 

present investigation are compared with the NOR spectra on 

Cl ion measured by Jensen using the powder specimen(Fig.4)~) 

In Phase I (Fig . l), a ll Cl ions are p l aced at the equiva l ent 3d 

sites with the site symmetry 4/rnrnrn shown in Tabl e I so that they 

have the s ame field gr adi ent . This expl ains the observed single 

NQR line above 47°C in Phase I shown in Fi~.4 . In Phase II 

(Fig.3). C1II and C1III ions are p laced at the equivalent 4f 

site with the site symmetry rom . On the other hand , CI I ion which 

does no·t move by the rotation of the PbC1
6 

octahedron around the 

[001] axis , is placed at the 2b site with the site symmetry 4/m. 

Therefore, two NQR lines must appear in Phase II and moreover 

t heir intensity r atio is to be 2:1. Thi s i s consistent with 
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the experimental results. In Phase III (Fig.20), C1II and C1III 

ions become crystallographically non- equivalent owing to the 

rotation of the octahedra around the [100] axis . CI
II 

ion has 

the site symmetry m while ClIII has the site symmetry 2 . In 

this case , it is noticed that ClII shifts out of the (001) plane 

containing the Pb io~: while CIIII is placed nearly on its plane , 

which results in that the distance between the CIII and its near­

est neighboring Pb ions is substantially different from that be-

tween the CIIII and its nearest neighboring Pb ions. As Pb ion 

gives rise to the large contribution to the field gradient of the 

Cl ion , the stronger NOR line should split into two lines with 

nearly equa l intensities. This is also consistent with the ex-

perirnental results in Phase III shown in Fig.4. In Phase IV( 

Fig.21) , C1III also shifts out of the (001) plane containing the 

Ph ions while CllrI stays at the nearly same position as in Phase 

II I . Then the distance between the CI III and its nearest neigh-

boring Pb ion becomes nearly equal to that for CI
III

. Moreover , 

as seen in Fig.21, the ionic arrangements around the Cl
II 

are 

found to be very similar to that around the CIrrI' a lthough the 

CIlr and CI1II are crystallographically non- equivalent. There -

f ore , two lines which once sp l it in Phase III may come close 
• 

together in Phase IV. These two adjacent NQR lines may be ob-

served as a single line if their splitting is within the resolu-

tion of the spectrometer . This situation is visualized more 

clearly by the following considerations. If we assume that at 

Phase II the rotation of the PbC1
6 

octahedron around the [0011 

axis is infinitesimally small, the space group of the structure 
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stabilized by the condensation of the z~ mode is 23 
D2h - Frnmm . 

In this case, CIII and CI III are placed at non-equivalent s ites 

(8h , 8f) . On the other hand , the condensation of z~ + z~ 
28 gives the structure with the space group D2h - Imma. In s uch 

a case , CI
II 

and CI
III 

are placed at the equiva len t 8g sites . 

Therefore , when the F-9tation ang l e of the PbCl 6 octahedron 

caused by the condensation of the M3 mode is small, ClII and 

Cl lr I ions i n Phase IV may be regarded as nearly equiva l ent. 

Thus, the site symmetry of the chlorine i ons on the basis of the 

space group determined in the present work we l l explains the ob-

served splittings of the NOR spectra a t each phase . 

The successive phase transitions observed in csPbCl
3 

as 

well as KMnF
3 

and NaNb0
3 

are caused by the condensation of the 

same zone boundary modes of M3 and R2S ' As the condensations 

of these modes are character i stic to the perovskite structure , 

the l attice dynamica l propert y of thi s structure is investi gat-

ed using the rigid ion model~S) The force constants of short-

range interaction are expressed by A. and B . which are the de-
l. l. 

rivatives of a harmonic potential function parallel and perpen-

dicular to the l ine joining the interacting ions , r espectively. 

The suffix i runs from one to three where ~ne i s for A- X, two 

is for B-X and three is for X-X forces (see Fig.l). The equa-

tions of motion of the i ons lead to the set of equati ons . 

E E [D"o (KK') -
K l B P 

tt 2 mm , WQ 
K K KK 

o , ( 49) 

wher e mK is the mass of the K ion and Ua(K') is the a c omponent 
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of the polarization vector of the K' ion . D~6(KK O ) is the ele-

ment of the dynamical matrix, which corresponds to the B component 

of the force acting on the K' ion whe n the K ion moves along the 

(J direction . The secular e quati o n is given by 

d e t ( 50 ) 

The dime nsio n of this determinant for the cubic pe rovskite is 

15 " 1 5 . For the symmetric direction of q , t he l eft- hand side 

of Eg . (47) is easily factored so that the phonon e ne r gy of each 

mode can be explicitly expr essed in terms of the forc e constants 

invo lved in the dynamical matrix . Now , we consider , in partic­

ular , the d i rection [ ~ ~ ~ l . The phonon energy of the T2 branch , 

which connects M3 t o R
25

, can be easily obtained as 

(51) 

:<here Cl (~) and C
2

(O are the Coulomb coefficients of (B-B)xx and 

(A-XI)xy type shown in Table II, r espectively . It is characte r­

istic of W(T
2

) that the ~ -dependence of energy is due only to 

Coulombic term . Th e value of the Coul omb .coeff i cient Cl( ~) -C2( ') 

1 1 monotonical l y decreases a l ong t he [22 s ] direction from - 14 . 383 

2 2 
at , =0 to -1 4.461 at ,=1/2 in units of Zxe Iv. Therefore the 

difference between the W2 (M3) and W2 (R25 ) is given by 

, ( 52 ) 
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where zxe is the i onic c harge of tl1e X ion and v i s the volume 

of a unit cell. In the case of CsPbC1
3

, we obtain 

=0.8 
2 meV , which means that the dispersion of the T2 branch is 

very flat . This is consistent with the experimenta l result of 

the quasi-elastic scattering observed along the [~,~, ~ ] direction 

(Fig .ll). However, Eq. (52) s hows that the R25 mode always lies 

l ower than the M3 mode , which conflicts with the experimental 

fact in CSPbC1 3 that the M3 mode condenses at the higher temper-

ature than the R25 mode . If we t ake the short-range interacti on 

between the X i on s belonging to the neighboring octahedra into 

account , the phonon energy of the T2 mode is g i ven by 

1 
= mx[Al+Bl+B2+4B3+2A4+B4( l-cos2rr,) 

Then, we obtain 

z2e2 

+ X {C l (O-Cz(,»)l. (53) 
v 

• (54) 

Bya suitabl e choice of the parameter B4 , the energy of the M3 
• 

mode can be lowe r than R
2S

" However, it i s not clear whether 

or not this parameter B4 p l ays an essential role for the soften­

ing of the both modes M3 and RZ5 because of the simpl icity of 

a harmonic rigid i on model. 
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M$11er 14)carried out the structure analysis of CsPbC1 3 by 

x-ray diffraction. He reported that the structure in the highest 

t emperature phase was of the perovskite type with some disordered 

atomic ar~%gement5 in which the chlorine and cesium ions can take 

several equivalent positions slightly displaced from the ideal 

perovskite positions. According to his Fourier map , the chlorine 

ion occupies statisticall y fou r positions a l ong the face d i agonals, 
o 

abou t 0.5 A away from the face center . As for the cesium i on , 

the definite disordered pos i tion is not clearl y seen on the 

Fourier map . A prel i minary experiment of the neutron powder 

di ffract ion of CsPbC13 in its cubic phase made by the present 

author , has also shown similar resul ts. The observed sma l l tran-

sition entropy (0.25 cal . mol~ldeg- l) associated wi th the phase 

tra nsition at 47°C 20 )suggests that even if the positions of 

chlorine ions are disordered , they don l t independently move around 

thei r disordered positions but rotate collectively so that the 

framework of the PbC1 6 octahedron remains r i gid . Thi s i s c l osely 

related to the exper i mental fact that both modes M3 and R25 rep­

resenting the rotational v i bration of the PbC1
6 

octahedron are 

heavily overdamped . 
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Table I 

The crystal system and space groups at each phase of CSPbC1 3 , 
The wyckoff no tations and point symmetries o f equivalent 
positions are also shown. 

Phase I (47°C<T) 

cubic 0
1 - Pm3m h 

Pb 
Cs 
Cl 

1 a 
1 b 
3 d 

Phase II (42°<T<47°C) 

m3m 
m3m 
4/mmm 

5 tetragonal D4h - P4/mbm 

Pb 2 a 
Cs 2 c 
Cl - I 2 b 
Cl-II 4 Cl-III 9 

Phase III(37°<T<42°C) 

orthor hombic D~~ 

Pb 8 d 
Cs 4 c 

4 c ' 
Cl - I 8 g 
Cl - II 8 f 
Cl-III 8 e 

Phase IV (T <37°C) 

mono c linic Z CZh -

Pb Z a 
Z d 

Cs Z e 
Z e ' 

Cl-I Z e ' , 
Z e ' I I 

Cl- II 4 f 
Cl - III 4 f ' 

4/m 
mmm 
4/m 

mm 

Cmcm 

1 

mm 

m 
m 
2 

PZ1/m 

I 

m 

m 

1 
1 

z = 1 a x a x a 

z = 2 ,/2a x ,/2a x a 

z = 8 2a x 2a x 2a 

z = 4 12a x 2a x '/Za 



Table II 

Coulomb coefficients of cubic perovskite structure ABX
3 

shown in Fig.l. When these values 
a r e mUltipied by (e2/v)ZKZK ' ,they give the Coul omb contributions to the dynamical matr ix . 

, 
0 . 5 
0.4 
0 . 3 
0 . 2 
0.1 
o 

, 
0 . 5 
0.4 
0.3 
0 . 2 
0 . 1 
o 

<; 

0 . 5 
0 . 4 
0 . 3 
0.2 
0 . 1 
o 

xx 

o 
0.245 
0 . 897 
1. 724 
2.410 
2.677 

B - B 

yy zz 

o 0 
0.245 - 0 . 490 
0.897 -1. 794 
1. 724 - 3.448 
2.410 - 4.820 
2 . 677 - 5.354 

B - A 

xx yy zz xy 

o 0 0 
o 0 0 
o 0 0 
o 0 0 
o 0 0 
o 0 0 

o 
3 .124 
6 . 023 
8 . 430 

10 . 047 
10 . 620 

B - X 
I 

xx yy zz 

o 0 

yz 

o 
o 
o 
o 
o 
o 

o 
4 . 959 
9.513 

4 . 959 -9.918 
9.513 - 19 . 026 

13.234 
15 . 695 
16.559 

13 . 234 - 26 . 468 
15 . 695 - 31.390 
16 . 559 -33.118 

q = 

xy yz zx 

o 
o 
o 
o 
o 
o 

zx 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

xy yz zx 

000 
000 
o 0 0 
000 
o 0 0 
000 

1 1 
2" 2" ' 

<; 

0.5 
0.4 
0.3 
0.2 
0 . 1 
o 

, 
0 . 5 
0.4 
0 . 3 
0.2 
0.1 
o 

<; 

0.5 
0 . 4 
0 . 3 
0.2 
0 . 1 
o 

B - X 
III 

xx yy zz xy yz zx 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

xx yy 

o 0 

o 0 
o 0 
o 0 
o 0 
o 0 

xx yy 

o 0 
o 0 
o 0 
o 0 
o 0 
o 0 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

A - X 
I 

o 
o 
o 
o 
o 
o 

o 
1.062 
1. 738 
1. 764 
1.103 
o 

zz 

o 
o 
o 
o 
o 
o 

xy 

14 . 461 
14.698 
1 5 . 331 
16 . 134 
16 . 801 
17 . 060 

yz 

o 
o 
o 
o 
o 
o 

A - X 
III 

zz xy 

o 0 
o 0 
o 0 
o 0 
Q 0 
o ·0 

yz 

14.461 
13 . 824 
11. 920 

8 . 808 
4.695 
o 

zx 

o 
o 
o 
o 
o 
o 

zx 

o 
o 
o 
o 
o 
o 



Fig.l 

Fig.2 

Fig.3 

Fig . 4 

Fig.5 

Fig.6 

Fig.? 

Fig.S 

Fig.9 

Figure Captions 

(a) The unit cell of cubic perovskite structure ABX3 ' 

(b) The reciprocal lattice of si:mple cubic structure. 

The displacement patterns of the X ions in the triply 

degenerate R25 mode. 

The displacement patterns of the X ions in (a) R25 and 

(b) M3 modes. (c) The projection of the tetragonal 

structure in the z-plane which is stabilized by the con-

densation of the R25 mode or M3 :mode . 

Temperature dependence of the C1 35 NQR frequency in 

CsPbC1 3 , after Jensen . 

The phase transition schemes of CsPbC1
3

, 

Temperature dependences of the super lattice Bragg reflec-

tions observed at the zone boundary points M, R and X 

along [110 ), [111) and [001) directions of the pseudo-

cubic lattice, respectively. Three arrows indicate 

the phase transition points. 

Temperature dependence of the specif i c heat of CsPbC1
3 

:measured by the a. c . calorimetry method . Three peaks 

correspond to the phase transition points . 
• 

Phonon dispersion curves of the acoust i c branches a l ong 

the symmetric directions at 80°C . The parts which are 

shown by the broken l ines were not accurate because of 

the broadening of the spectra. 

Temperature dependences of the quasi-elastic scatterings 

at M-point(~ , ~ , O). 



Fig.IO Temperature dependences of the quasi-elastic scatterings 

at R-point(~,~,~) . 

Fig . ll The anisotropic distribution of the quasi - elastic scatter­

ings around the M-point(~,~~O) in Phase I. The large 

solid and open triangles at the origin represent the 

resolution functions in the q- space along the directions 

11 '-111; . 
[2 2 1; ) and [~1;'~3'O), respect~vely. The distance 

-1 between the M-point and R-point is 0.566 A at BO ·C. 

Fig.l2 Temperature dependences of the quasi - e l astic scattering 

Fig.13 

(open circles) and the superlattice Bragg reflection 

(solid circles) at the M-point(~ , ~,O) • 

Comparison between the observed dynamical structure fac-

tors(open circles) at 80°C and the calculated ones (solid 

circles) for the M3 mode at various M-points(~,},O). 

Fig.14 Comparison between the observed dynamical structure fac-

tors at S5°C(open circles) and the calculated ones (solid 

. 1 ) f h d t' . (1 1 1) Clrc es or t e R25 rna e a varlOUS R-polnts 2'2' 2 . 

Fig.IS Temperature dependences of the quasi-elastic scattering 

(open circles) and the super lattice Bragg reflection 

(so lid circles) at R-point(~,~,~). The discrete increase 

in the quasi-elastic scattering corresponds to the cubic-

to-tetragonal transition point. 

Fig . 16 Temper ature dependences of the quasi- elastic scatt ering 

(open c irc l es) and the super l attice Bragg r eflection 

(so lid circles) at X-point(l,l,~). The rema ining 

temperature independent intensity above 47°C is due to 

the incoherent scatt ering , which means that there is 



no quasi-elastic scattering above 47°C at the X-point 

in contrast with the R-point(Fig.1S) . 

Fig.l? Relation between reciprocal lattice of the tetragona l 

Fig.IS 

Fig.19 

structure 
t t t (q ,q and q ) x y z stabilized by the condensation 

of the M3 modl! (dnl\vn with the thick lines) and that of 

the cubic ~~ructure (q~, qC and qe) (drawn with the thin 
y z 

lines) • The symbols in parentheses are referred to the 

tetragonal structure ~ and those out of parentheses are 

referred to the cubic one . 

Comparison between the observed dynamical structure 

tors (open circles) at 4S Q C and the calculated ones 

(solid circles) for the ZX 
5 

mode at various X- points 

I 
(0,0' 1) • 

Comparison between the observed dynamical structure 

to~s (open circles) at 4S Q C and the calculated ones 

(solid circles) for the z~ mode at various R-points 

III 
(I I I) . 

fac -

fac-

Fig.20 The crystal structure at Phase III stabilized by the 

condensation of the z~. 

Fig.2l The crystal structure at Phase IV stabi lized by the 

condensation of the z~ mode . • 

Fig.22 A schematic diagram of the free energy at each phase. 

Fig.23 The stable region of Phase III and Phase IV with respect 

t o the coefficients Dt and Et. The arrows represent 

the trace of the temperature dependence of the system. 

Fig.24 A schematic diagram of the temperature dependences of 

the order parameters . 
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