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Abstract. The perovskite crystal CsPbC13 is built up by a three-dimensional chain 
of PbC16 octahedra. The symmetry, the compatibility relation and the normal 
vibration modes of this crystal are studied by using the multiplier representation of 
p u p  theory dong the r-A-X-2-M-T-R direction in phase 1 and along the F-A-2 
direction in phase 11. The successive structural phase transitions (SPT) in CsPbC13 
at T,, = 47'C, T,z = 42'C and Tc3 = 37'C are induced by the condensation of 
the cubic zone boundary mode 73 at the M point and the tetragonal zone boundary 
modes ~9~ and my at the 2 point separately. The interpretation of these successive 
displaeive phase transitions with the normal vibration modes from OUT study is in 
good agreement with experimental investigation. A similar result from a previous 
investigation of layered perowkite RbAlF, , which has a two-dimensional octahedral 
network, is also compared and discussed. 

1. Introduction 

The structure of the perovskite type crystals ABX, is built up by a three-dimensional 
(3D) array of BX, octahedra. Successive structural phase transitions, which are caused 
by the condensation of a specific zone centre and zone boundary phonon modes in the 
ideal cubic structure, have been observed in many perovskite crystals such as BaTiO,, 
PbTiO,, KTaO, [l], SrTiO, [2], LaAIO, [3], KMnF, 141 and NaNbO, [5]. The eigen- 
vectors of the soft phonon modes, the amplitudes of which are small compared with 
the interatomic distances, correspond to the atomic displacements in the structure 
stabilized below the transition temperature T,. As a result, the crystals transform 
into slightly distorted structures from the ideal cubic phase. Extensive investigations 
and considerable advances have been made on the understanding of these displacive 
structural phase transitions (SPT) in the past decade. 

The perovskite crystals CsPbCl,, CsSrCI,, RbCdC1, and CsPbBr, exhibit a sim- 
ilar sequence of displacive SPT at  different temperatures [6-91. These displacive SPT 
are associated with various rotations of the relatively rigid octahedra, which are the r e  
sults of the condensation of certain zone boundary modes at T,. The non-ferroelectric 
crystal CsPbCl, undergoes afirst order SPT at T,, = 47"C, a second order SPT at T,, 
= 42 "C and again a first order SPT at T,, = 37 'C. This crystal has the ideal cubic 
perovskite structure with space group Pm3m (0;) in phase I. At T,,, the condensed 
zone boundary mode T, (M,) at the M point (i, $,O) of the Brillouin zone produced 
the tilting of the octahedra BX, around the [OOl] axis and the new unit cell volume is 
doubled. Phase I1 is tetragonal with space group P4/mbtn(Dih). The  second SPT at 
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T,, is associated with the softening of one of the doubly degenerate mode T ~ =  (Z5*) at 
the Z point (O,O, 4) of the tetragonal zone boundary. The mode rgZ is generated from 
the triply degenerate mode T~ (F&) at the R point ($, 4, i) of the cubic structure 
and represents rotation of the octahedra BX, around the 100 axls of the cubic phase. 
Phase 111 is orthorhombic with space group Cmcm (DJ) Jnd the unit cell volume 
is quadrupled with eight formula units of CsPbCI,. The third SPT at Tc3 is caused 
by the tilting of the octahedra BX, around the [OlO] cubic axis, and is associated 
with the softening of the zone boundary mode T~~ (Z5y) of the tetragonal phase. The 
space group of phase IV is Pnma (D;:) and the orthorhombic unit cell contains four 
formula units of CsPbCI,. The data of this SPT sequence are listed in table 1 and the 
unit cells of the successive phases are shown in figure 1. Crystal dynamical investiga, 
tions including neutron scattering studies into the phase transitions in CsPbCl, [6], 
in CsSrCI, [7] and in CsPbBr, [9], and a nuclear magnetic resonance (NMR) study 
into the SPT in CsPbCI, and RbCdC1, [8] are reported in the literature. In this paper 
we present a study into the symmetry and normal vibrations of CsPbC1, for both 
phases I and I1 by the multiplier representation of group theory [lo] and a crystal dy- 
namical interpretation of the successive displacive SPTs in CsPbCI,. The mechanism 
of the phase transitions in CsSrCI,, RbCdCI, and CsPbBr, are also included in our 
discussion. 

Table 1. Structural data of CsPbCls and CsPbBra, extracted from [6, 8, 91. The 
space group of CsPbCk in phase IV is Pnmo (Di t )  in [SI and PZl/tn (C$,) in 
[6] separately. The structural data and phase transition sequence in CsSrCla and 
RbCdCL correspond nearly completely to that of CaPbCL [7 ,8] .  

Phase T,(’C) Order Soft mode Space group Axes in cubic system 2 

I Pm3m (0;)  [too] [OlO] [OOI] 1 

I11 Ctnem (DlL) [OIO] [-I001 [OOI] 8 

N Pnmo (0:;) [I101 [OOl] [I-IO] 4 

I Pm3m (Of,) [100] [Ole] [OOI] 1 

I1 P4lmbn1 (D:h) [I101 [l-lO] [OOl] 2 

I11 Pnma ( D i t )  [no] [I-101 [OOI] 4 

47 First 73 (Ma) 
11 P4/mbm (D:h) [-lIO] [-1-10] [OOI] 2 

CsPbCls 42 Second rgr (25,) 

37 First TSY (253) 

130 First 13 (M3) 

CsPbBra 88 Second 7sr + my 
(Z5.x + 25”) 

2. Symmetry and t h e  normal vibrat ion modes of CsPbC1, in phases I and II 

The symmetry properties, symmetry vibration modes and the compatibility relation- 
ships of CsPbCl, in phase 11, along the P A - Z  direction in the Brillouin zone are 
calculated by using the multiplier representation of group theory [lo] and presented in 
tables 3, 6 and figure 2. The symmetry nomenclature from Kovalev [ll] we used are 
compared with notations from Fujii [6] in brackets where necessary. The condition for 
the compatibility of representations along a line of symmetry and a point lying on that 
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line is that the sum of the characters of the compatible representations should agree 
for the group of the wavevectors along that same line [12]. As for phase I, which is the 
ideal cubic perovskite structure, the symmetry properties and the normal vibration 
modes are well known and are available in the literature [17]. Therefore, we present 
here in tables 2 and 4 only the parts which are necessary in our discussion. 

Table 2. Symmetrypropertiesof CsPbC4 inphaseI. SpacegroupPmSm (0;). (1). 
The little group and the symmetry species correspond to the individual wavevectors 
in the Brillouin zone are presented by Kovalev notation (111. The nomendat- from 
Cowley [17] and Fujii [6] are also listed in braekets in tables 1 and 2 for comparison. 
(2) The degeneracies of the symmetry modes are presented in tables 4 and 6. (3) 0.0 
< !I < 0.5. 

k vector Little group Symmetry species of the nomtal modes 

Table 5. Symmetry properties of CsPbC4 in phase 11. Space group P4/mbm (D:,,). 
Notes as for table 2. 

k vector Little group Symmetry species of the nomial modes 

The normal vibration modes at the zone centre of phase I are calculated from 
the symmetry eigenvectors (table 4) by using further unitary transformation and are 
presented in table 5. The twelve non-acoustic phonon modes are grouped into four 
triply degenerate modes, each of which includes three orthogonal modes along the 
cubic principal axes [loo], [OlO] and [OOl] respectively. They are illustrated in figure 
3 and can be described in the following way. 

(i) The T~ mode represents the opposite bendings of the C1-Pb-C1 bonds of the 
octahedra. The Cl ions which are in the (001) (or (100) and (010)) plane vibrate 
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Figure 1. The unit cell projectious onto the (001) plane of CsPbCk in phases I, I1 
and I l l .  

against each other along the [OOl ]  direction, while the C1 ions or. ihe [OOl] axis do not 
move a t  all. 

(ii) One of the rlo mode describes the distortion of the octahedra BX, which is 
produced by the vibration of all the Cl ions. The bending of the Cl-Pb-CI bonds is 
caused by the CI ions in the (001) (or (100) and (010)) plane all of which move along 
the same [OOl] direction, while other C1 ions on the [OOl] axis will move in opposite 
direction and result in the stretching and sqeezing of the CI-Pb bonds. 

(iii) Another rl0 mode involves the relative translational motionof the cubic lattice, 
including the Cs and Pb  ions, and the sublattice formed by the 3D octahedral network, 
The resultant motion of these vibrations is the asymmetric stretching of the CI-Pb 
bonds along the three principal axes. 

(iv) The last rl0 mode has the vibration pattern of the relative translational motion 
of the cubic sublattices formed by the Cs and Pb ions. 

In a previous paper [13] we investigated the normal vibrations and SPT in the 
layered perovskite RbAIF,. This has a layer structure with a ZD array of octahedra 
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X Z M T R r A 

r A Z 
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Figure 2. The compatibility relations along (a) ihe symmetry direction r-A-X-Z- 
M-T-R in phase I and (6)  along the r-A-2 direction in phare 11. 
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Table 4. Symmetry vibration modes of CsPbC13 in phase I. Space group Pm3m 
(0;). The Cks ions are in the equatorial (001) plane and the Cl.% ions me along the 
[OOI] axis. The 73 (M3) mode of the M point is condensed at “,I, while the softening 
of tbc r g  (Rzs) modc ah the R point induced the SPT at TCz and Tc3 

r Cs Pb CI1,Clz(CI.q) Cl3 (CL) 

M Cs Pb CIi,Cb(CLq) Cl, (Clax) 

23 

Y3 

. .  
Y l  -52 

710 X 
Y 
z 

AIF,, in contrast to CsPbCI, which is built up by a 3D network of PbCI, octahedra. 
It is interesting to compare the results from these two crystals in our discussion. The 
layer perovskite RbAIF, has a tetragonal symmetry with space group P4/mmm(Dih) 
in phase 1. The fifteen non-acoustic modes at  the zone centre are divided into five 
groups. Among them four groups have almost the same vibration patterns as those in 
CsPbCI,. However, as a result of the tetragonal symmetry, each group of vibrations 
spfits from a triply degenerate mode in CsPbCI, into a doubly degenerate mode in 
the (001) plane and a singly degenerate mode along the [OOl] axis in RbAIF,. The 
physically identical CI ions in the cubic CsPbC1, split into Cl,, ions which are in the 
equatorial (001) plane and C1, ions which lie on the [OOl] axis. The equivalence of 
the motion of the CI ions along the three cubic axes no longer exists in RbAIF,. As a 
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Table 5. Normal vibration modes of CsPbC13 in phase I at the eone centre r. 

71 

272 

4T4 

276 

73 

75 

71 
78 

8TlO 

4 h O  

z1 + z2 
Zl - zz 
Zl + 2 2  
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n i l  

Figure 3. The normal vibration modes of CrPbCI:, in p:i.xie I at the zone centre 
r. Vibrations along the [IOO] and @%1] directions of cadi triply degenerate mode are 
presented. 

result, the cubic mode generates into tetragonal T~ + rl0 modes, and the opposite 
vibrations of the Cl ions along three cubic axes are replaced by the opposite vibrations 
of the Cl,, ions only. Similarly, the cubic T~~ mode, which includes the vibrations of 
all the C1 ions, changed into tetragonal r, + T , ~  modes, and the Ci,, and Cl,, ions 
always move against each other. Another group of vibrations in RbAIF,, which comes 
from the characteristic layer structure and describes the relative motion of the Fa, 
ions, does not exist in CsPbC1,. Other evidence of the characteristic layer structure 
in RbAlF, obtained from a previous investigation 1131, such as the consistency of 
symmetry and symmetry vibrations along M-V-A (the [OOl] axis) and the anisotropy 
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of compatibility relations along [ O O l ]  and along [loo] and [OlO] axes in phase I, also 
do not appear in CsPbCI, (table 2 and figure 2). Despite all these differences, the 
small dispersion of the phonon branches along the [i, i, 0]-[4, i, direction in phase 
I ,  which is the driving force of the successive SPT, exists in both crystals [6,141. In 
CsPhCI,, the softening of the T, (M,) mode, the eigenvector of which is y,-+, in table 
4 and represents the rotation of the octahedra around the [OOl] axis, is responsible 
for the displacive SPT at Tel. The 7, (b,) mode, with eigenvectors t2 - y,, z1 - z3 
and y1 - x2 in table 4, describes the rotation of the octahedra around the three cubic 
principal axes. The R point (i, $, $) of the cubic phase transforms into the Z point 
( O , O ,  i) of the tetragonal phase. As a result, the R,, mode is modified under the 
influence of the tetragonality and splits into asingly degenerate mode rl and a doubly 
degenerate mode rgn + r,, (Z, + Z,, + Z5y) in phase 11. The r, mode is accompanied 
by the displacements of both ions Cs and Cl,, along the [OOl] direction, while the 
T~ mode is associated with displacements of the Cs ions along the rotation axes of 
the octahedra (see table 6). The condensation of the T~~ and r,, mode lead to the 
displacive SPT at T,, and T ,  separately. The difference between the M, and the R,, 
modes is that the R,, mode represents the opposite rotation of the neighboring BX, 
octahedra along the rotation axis, whereas the M, mode represents the rotation in the 
same direction. 

The 30 symmetry eigenvectors at  the zone centre of CsPbCls in phase I1 are listed 
in table 6. They can be divided into four groups. The first group, which includes six 
eigenvectors r4+r6+2rl,, consists of the relative vibration and translational motion 
of the two tetragonal sublattices formed by the Cs, and Cs, ions. Another six modes 
r2+r4+27,, describe the same kind of motion for the Pb, and Pb, sublattices as those 
in the first group. The motion of the CI, ions are given by 12 of the modes. Among 
them eight modes are in the equatorial plane, which are 7,+r3+r5+7,+27,,, and four 
of them r4+r6+rg are along the [OOl] axis. The modes rl,r3,r5 and r,, describe the 
tilting, stretching, sqeezing and twisting of the octahedra around the [Dol] axis in 
the equatorial plane. One of the rlo modes represents the bending of the Cl,,-Pb- 
Cl,, bonds while another rl0 mode corresponds to the translational motion of the 3D 
octahedra array in the (001) plane. These symmetry vibration patterns are illustrated 
in figure 4. During the SPT at  T,,, the M point of the cubic reciprocal lattice is 
transformed into the r point of the tetragonal lattice. As a result, the symmetry 
modes T ~ ,  r,, r5 and r7 show the same vibration patterns as r,, r,, r, and T~ modes 
at the M point of phase I, and thus can be regarded as originated from them. It is 
the eigenvector rl (Alg) here exhibits a soft mode behaviour as phase I is approached 
from temperature below T,, , and should be assigned to the soft mode for the SPT 
a t  T,, (141. The four modes r,+r,+r,, which involve the vibrations along the [OOl] 
axis of the Cl, ions, are the translational (rq), the Cleq-Pb-CIeq bond bending (T~), 
and the tilting of the octahedra around the [loo] and [OlO] axes (r9). The last group 
of 6 eigenvectors describe the 3D translation and relative vibrations of CI,, ions from 
the neighbouring octahedra in the (001) plane. The phase I1 of CsPbCI, and RbAlF, 
are both tetragonal with the same space group of D&. Naturally, the 30 symmetry 
species and symmetry vibration modes at the zone centre for CsPbCI, and RbAlF, 
should be identical (some little differences from slightly different linear combinations). 
The six extra modes r, + r, + 27, in RbAIF,, which emerge from the layer structure 
and involve the relative vibrations of Fa, ions in the same octahedra, do not exist in 
CsPbCI,. 
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Figure 4. The sym”try vibration modes of CrPbC13 at the zone centre r in pliase 
11, Only those representing the motion of CLq ions in the (001) plane are presented. 



Normal vibration modes and the struclural phase lrunsitions 1381 

Figure 4. (Continued) 
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Figure 4. (Continued) 
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The interpretation of the SPT at T,,  TCz and Tc3 from the normal 3. 
vibration modes 

The detailed structural data of CsPbCI, is given by Fujii [6] and Alexandrov [15]. 
The unit cell of phase I, I1 and 111, which are cubic, tetragonal and orthorhombic 
respectively, are illustrated in figure 1. The unit cell parameters are related to each 
other as 

aIII = &aII = 2a, 
(a1 = b1) (QII = b d  (UTI1 = b 1 I d  (1) 

b,,, = Ab,, = 26, e,,, = 2c1, = 2c1 

The first-order phase transition at  T,, in CsPbCI, is induced by the softening of the 7, 
(M,) mode in the Brillouin zone. The eigenvector of this mode [yl -4, which involves 
only the motion of the Cleq atoms in the equatorial plane (table 4), gives exactly the 
tilting of the octahedra around the [OOI] axis which stimulated this displacive phase 
transition. 

The second order SPT at T,, is caused by the tilt of the PbCI, octahedra around 
the [loo] cubic axis and accompanied by displacements of the Cs ions along the same 
direction [SI. This is associated with the condensation of T ~ =  mode at the 2 point 
(0,O i) in the tetragonal Brillouin zone. This displacive phase transition can be 
explained in the following way. As a result of the condensed mode, the atomic dis- 
placement U , x ( ~ t ) ,  which describes the displacement of the rith atom in the lth unit 
cell from its equilibrium position, can be written as 

'Z 

uIx(~J = Q,e,(k)exp(ik.Tt). (2) 

Here QE is a complex normal mode coordinate, ec(k) is the eigenvector of the soft 
mode and p I  is the position vector of the atoms in the lth unit cell. For simplicity we 
assume that the phase of the complex coordinate 0, = 0. In phase 11, the position 
vector ptX of the Kth atom in the lth unit cell is given by 

Tih  = TP, + (3) 

The vectors TP, in equation (3), which stand for the atomic equilibrium positions in 
the exact tetrahedral structure of phase 11, are listed in the first column in table 7. 
These vectors T:, are further transformed into the corresponding Orthorhombic unit 
cell of phase 111 with the following equations and are presented in the second column 
of the same table. 

1 
ZIIl = +I, - ZYI, + i 
YI,, = +I1 + i Y I I  + i 

(4) 1 l,II = + 5. 

The third column of table 7 gives the (e), (d), (e), (f) and (g) sites of the orthorhombic 
unit cell (Cmcm,DiE) which should be occupied by the atoms under equilibrium in 
phase 111. These sites are represented by T,& in equation (3). During the SPT a t  T,,, the 
condensation of the mode 79s at h = (O,O, !j) will provide the necessary displacements 
U,, in (3) for each atom to move from its regular positions T:, in phase I1 (column 
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2, table 7) to its new equilibrium position rlr in phase 111 (column 3, table 7). These 
displacements are predicted by comparing column 2 and column 3 and listed in column 
4 in the same table. By using suitable linear combination of the doubly degenerate 
mode r, derived from our normal vibration analysis (table 6), we are able to further 
calculate these expected displacements. 

The displacements of the Cs ions along the [loo] cubic axis, which is the [OIO] 
direction for the orthorhombic unit cell in figure 1, are obtained by recombining the 
doubly degenerate mode r, in table 6 into r,, : -(Xl + Yl ) ,  (X, + Yz);  rgu : -(Xl - 
Y l ) , ( X ,  - Y,). These displacements are in the tetragonal unit cell and should be 
transformed into the orthorhombic lattice according to equation (4). Supposing that 
X and Y have equal magnitude U ,  we derive the displacements for Cs ions as 

r,, :Csl 6x = 0 6y = -U 62 = 0 
Cs2 6 x =  0 6 y = u  62 = 0 

rgu : cs 1 6z = -U 6y = 0 62 = 0 

Cs2 6z=  U 6y = 0 62 = 0. (5) 

The parameter U has not been determined [15]. Tlie displacements of other Cs ions, 
which are not in the same tetragonal unit cell, can be calculated in the same way by 
considering the corresponding position vectors rp and wave vector (O,O, $) in equation 
(2). In column 3 of table 7 only atoms of one half of the orthorhombic unit cell are 
listed. The other half of the unit cell lies on top or below of the first half along the z 
axis. As a result of equation (2), the displacements of atoms, belonging to the upper 
or lower half of the orthorhombic unit cell, have opposite displacements than those in 
column 3. The results are in overall agreement with the expectation from column 4 
of table 7. 

There are no dynamical displacements for the Pb ions which are the centres of 
the rigid octahedra during the phase transformation. The transition displacements 
of the Cl,, ions are similarly given by rearranging the doubly degenerate mode r, 
into r9, : -(22 - 23);r9, : (21 - 24). Here r,, and rSv represent the rotation of the 
octahedra around the cubic [loo] and [OlO] axes respectively. Using equation (4) and 
assuming 2 = 201, we derived 

rgz :c11 6 2 = 0  6y=O 6 2 = 0  
C12 62 = O  6y=O 62 =-a 
C13 62 = O  6y= 0 62 = a  
C14 6x=O 6 y =  0 62 = O  

rgu :CI1 6 2 = 0  6 y = O  & = a  
C12 6x=O 6y=O 62 = O  
C13 6 x =  0 6y=O 62 = O  
C14 6 2 = 0  6y= 0 62 = -a. (6) 

The parameter a = 0.049aII1 is the result of the tilting angle 4 = 11' of the octahedra 
around the [loo] cubic axis a t  T,, [15]. Although the parameter y in column 1 and 3 
of table 7 both represent the rotation of the octahedra around the [OOI] axis in phase 
I1 and 111, the rotation angles are different. In phase I1 the tilting angle t) = 4.3O and 
y = 0.019aII, while in phase I11 t) = 6.1° and y = 0.027a1,1 [15]. Detailed analysis 
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using equation (2) showed that this increase of the rotation angle from phase I1 to 
111 should be the result of further softening of the T~ (M3) mode at the cubic zone 
boundary or the 7, mode at the tetragonal zone centre, but not the T~ mode at the 
tetragonal 2 point (O,O,i) which leads to a contradiction with the structural data  in 
phase 111. 

The displacements of the C1, atoms are calculated in the following way. The 
eigenvectors of the doubly degenerate mode rg2 and T~~ in table 6 are recombined as 
T ~ = :  xs, ys; and rsv: x,, ye. Further, assuming weak anisotropy, we transform the 
symmetry modes into 

79e : -(Q12S -Q2Y.5)*(Q226 -QIY6) 79# : -(Q125 + Q Z ! k ) >  (QZz6 + Qty6) 

(7) 

in which Q,  Y QZ,Q1 > Qz. Assuming I = y = 26, we further transform these soft 
mode displacements into the orthorhombic lattice as 

rs= :C15 62 = -e(Ql + Q 2 )  = -0 

C16 62 = c(Q1 + QZ) = LY 

T~~ :Cl5 62 = -t(Q1 - Q 2 )  = -p 
C16 6~ = ((QZ - Ql) = -j9 

6y = f(Q2 - Q1) = -P 
6~ = 4Qz - Qi) = -P 
6y = -c(Q1 +Qz) = -a 

JY = f ( Q i +  Q 2 )  = 

6z = 0 

62 = 0 

6r  = 0 

6r = 0. 

(8) 

Using equation (2), we can calculate all the expected displacements for Cl,, ions in 
table 7. The parameter f(Q1 + Q2) = a = 0.049aII1 is the result of the tilting of 
the octahedra around the cubic [loo] axis and the parameter P has not been deter- 
mined [15]. 

From the crystal chemical point of view [16], the B ions of the ABX, crystal in the 
cubic phase are tightly restricted in the space left by the anions, while the A ions are 
accommodated more spaciously. The  cell parameter is practically independent of the 
RA and is smaller than the sum of RB and R,. This indicates strong interaction of the 
B-X bonds. The tension of the B-X bond increases with the falling temperature, and 
constitutes one of the chief reasons for the SPT in ABX,. The rotations of the BX, 
octahedra around the cubic principal axes not only changes the A-X distance but may 
also be accompanied by slight increments of the B-X distance, relieving the state of 
stress. The interaction of the Pb-CI bond plays a more important role in changing the 
crystal symmetry from cubic (aI = 6,) to tetragonal and orthorhombic (alI1 f b,,, and 
aIll cx 6,,,). Therefore, we have applied the anisotropy of the soft mode displacements 
in the (001) plane to Cl,, ions but not to Cs ions in our calculation. 

The SPT a t  Tc3 is induced by the softening of the T~~ mode at  the 2 point of the 
tetragonal structure. The condensation of this mode is associated with another tilting 
of the octahedra around the [OIO] axis of the cubic cell and the displacements of the Cs 
ions along the same axis. The space group of phase IV is given as PZ1/m (Ci,) [6] and 
Pnma (DiE) [SI from different investigations. A t  present the detailed structural data 
are not available. However, we can still discuss the atomic displacements, induced 
by the soft mode T~~ from our normal vibration calculation. According to Fujii [6] 
and Plesko [8] the condensed doubly degenerate mode rSz and rgU have the same 
displacive amplitude. The CIeq ions in phase 111, including Cl, (Cl,) and CI, (U3), 
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Phase IV 

@ O  
CS Pb 

. 
CI 

Figure 5. The crystal ortliorlmnbic stmctwe of CsPbC13 at (a) phase I11 and 
( a )  phase IV. sdlematichlly drawn from equations ( 5 ) ,  (6)  and (8). The Pb ions are 
placed on the I = f plane and the Cs ious are placed 011 the z = $ plane. The Cs ions 
on the r: = t plate, which are not  own in the ligule, liave opposite displacements. 

become crystallographically non-equivalent. The Cl, ions shift out of the (001) plane 
containing the Pb ions, while the C1, ions are placed nearly on its plane, this results in 
the environment around the C1, and CI, ions being substantially different. In phase IV 
the C1, (Cl,) also shifts out of the original (001) plane, while C1, (Cl,) stays at  nearly 
the same position as in phase 111. The ionic arrangements around the two ions were 
found to be very similar, though not crystallographically equivalent, to each other. 
The Cl,, ions also shift to new positions due to the rotation of the octahedra. As a 
result of all these changes, the direction of the rotation vector of the octahedra PbCI,, 



1388 G L Hua 

as well as the displacements of the Cs ions, will be pointing to the [110] axis of the 
cubic lattice [SI. The description of the displacements of the ions in phases I11 and 
IV agree well with equations (5 ) ,  ( 6 )  and (E). The crystal structures of the successive 
phases I11 and IV, figure 5,  from our normal vibration analysis, show the same patterns 
as those predicted by Fujii [6] and Plesko [8]. The interpretation of the successive SPTS 
in CsPbC1, is in good agreement with the result of the experimental investigation. 

The structure, the symmetry and the successive SPT in CsSrCI, and RbCdC1, 
correspond nearly completely to those of CsPbCl, [7,8]. Therefore, the discussion 
for CsPbCl, should also be valid for CsSrCl, and RbCdC1,. The sequence of SPT in 
CsPbBrs has some differences (see table 1). The mechanism of the SPT from cubic 
(0;) to tetragonal (D&) structure at T,, = 130% is the same as that of CsPbCl,. 
The second order SPT at T,, = 88 "C is different. Instead of the condensed mode T~~ in  
CsPbCI,, the transition is induced by the condensation of the doubly degenerate mode 
rgZ + T ~ ~ .  Previous investigation on CsPbBr, showed [lS] that in phase 111 each Pb 
ion is surrounded by six Br ions, which form a distorted octahedra, and five of these Br 
ions are shared by two or even three octahedra, so that they form bridges between the 
Pb ions. The result of this is the transformation of a 3D octahedral network in phase 
11 into a structure of extended chains of Pb-Br octahedra parallel to the a axis of the 
orthorhombic unit cell in phase 111. The Cs ions are distributed between these chains 
of polynuclear complexes, and has a coordinate of 9 with the Br ions. The atomic 
distances change considerably and the crystal is thus disordered. There is no simple 
relationship between the unit cell parameter and the lattice planes of the two phases. 
The SPT a t  T,, cannot be interpreted straightforwardly from the eigenvectors of the 
condensed mode T~~ + rgY. Further experimental investigation should be carried out, 
so as to achieve a better understanding of the SPT in CsPbBr,. 
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