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I. Phys.: Condens. Matter 4 (1992) 7179-7190. Primed in the UK 
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I. Experimental studies 
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Abstract. Single aystals of CH3NHaCdBr3 (MACE) have teen studied as a function of 
lemperature by means of differential scanning calorimetry, x-ray diffraction and Raman 
scatlering measurements A first-order s t ~ ~ t ~ r a l  phase Wansition is evidenced ky all 
three reehniques at 170 K The high-temperature phase (I) is hexagonal, with space 
p u p  P6almme and Z = 2 formula units per unit cell. The x-ray diffraction pallems 
of the low-lempemture phase (11) are consistent with a complex orthorhombic unil cell 
with lattice parameten such as O I I  E dah.,, bII 2 Zfiah, ,  and CII E 3ch.., i.e. 
corresponding to Z = 96; however, it is shown that the system can k described in a 
simplified manner by means of an orthorhombic *projection' unit cell onto the hexagonal 
piane with parameters such as a p  E aheI,  8 ,  E d%ah,. and cp Y Bchcx. The Raman 
data clearly indicate that the phase Wandtion is of the order-disorder 'ype, owing to the 
reorientational processes of the methylammonium groups. 

1. Introduction 

The crystal of formula CH,NH,CdBr, (MACB) belongs to a group of compounds 
exhibiting a marked one-dimensional type of structure, of which (CH,),NMnCI, 
(TMMC) has been probably the most widely studied from the points of view of its 
magnetic and structural properties [l-l and references cited therein]. 

The phase of MACB stable at room temperature is hexagonal, with space group 
P6Jmmc and 2 = 2 formula units per primitive unit cell; the lattice parameters 
are a = b = 7.897 8, and c = 6.888 8, [5]. This corresponds to the prototype 
phase for all compounds of this series [l-31. The structure consists of infinite chains 
made of face-sharing CdBr, octahedra, running parallel to the c (hexad) direction. 
The space between chains is occupied by the methylammonium (MA) groups, which 
are situated on sites with DSh symmetry at (1/3, u3, 3/4) and (2/3, ID, 1/4) [5]. 
This site symmetry is incompatible with the C& symmey of the free MA groups, so 
that these latter necessarily exhibit orientational disorder, so as to achieve statistically 
the D3h symmetry. In fact, examination of Fourier difference maps [5] reveals that 
the C-N bonds are tilted with respect to the c direction, probably because of the 
influence of NH.. .Br hydrogen bonds between the polar NH, ends of the MA groups 
and the bromine atoms of the octahedral chains. As a result, the instantaneous 
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position of the MA group conserves one uy mirror plane as a unique symmetry 
element, which means that the D,, site symmetry is achieved by the superposition 
of six energetically equivalent orientations, as represented schematically in figure 1; 
three of these orientations have the NH, end oriented ‘up’, and the other three 
orientations correspond to NH, oriented ‘down’. Thus, the reorientational dynamics 
of the MA groups in the hexagonal phase of MACB can be described in the frame of a 
multidimensional pseudo-spin model [6] of complex nature, i.e. including six positions 
for the MA groups on each site. 

Figure L Schematic representation of lhe six orientalionr. or lhe CHsNH; groups of 
M ~ C B  in the hexagonal phase, generating statislieally a site with D ~ I ,  symmetry (from 1-51’) 
(a) Projection along direction perpendicular to C. (b) Projection along the c direction. 
Full lines, MA group orienled ‘up’ (1, 3, 5). Broken lines, MA group oriented ‘down’ (2. 
4, 6).  

A phase transition occurring around 170 K has been reported in MACB [I]; how- 
ever, to our knowledge, this phase transition has not been analysed so far, in the 
absence of data concerning the structure of the low-temperature phase. 

The aim of the present work is to gain information on the nature of this phase 
transition. Our results will be presented in a series of two papers, hereafter referred 
to as I and 11, respectively. This paper (I) is devoted to an experimcntal study of 
MACB as a function of temperature, by means of differential scanning calorimetry 
(DSC), single-ctystal x-ray diffraction and Raman scattering experiments. In paper I1 
[J, a bansition mechanism will be tentatively given, on the basis of a pseudo-spin 
formalism developed in the frame of group theory. 
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2. Experimental details 

21. Sample preparation 

Single crystals of MACB have been prepared by slow evaporation at room temperature 
of a saturated aqueous solution containing stoichiometric amounts of CH,NH,Br 
and CdBr, .4H,O; the solution was slightly acidified by adding a few drops of HBr. 
Colourless single crystals in the shape of a prism elongated along the hexagonal axis 
are obtained, with dimensions up to 2 mm x 2 mm x 3 mm; they have been used 
for Raman scattering experiments. Much smaller crystals have been selected for x-ray 
diffraction measurements. 

22. Differential scanning calorimetry measurements 

Differential scanning calorimetric measurements have been performed on a Dupont 
DSC model 9101990. The rates of increasing and decreasing temperature were 1 or 
2 K min-', and the temperature range explored extends from 77 to 300 K; the 
powdered samples, about 2 mg, were put into hermetically sealed metal capsules. 

2.3. X-ray diffraction 

Powder x-ray diffraction experiments as a function of temperature (80-300 K) have 
been performed with a Guinier Simon camera from Enraf Nonius, using the Cu K, 
radiation obtained with a quartz monochromator. 

Figure 2 The relations belween the hexagonal (liex) and onhorhombic (on) axes: (0)  

in direct space; (b) m reciprocal space. 

Single crystals of MACB have been studied with Weissenberg and prccesion cam- 
eras, using the MO K, radiation obtained with a graphite monochromator. Low- 
temperature measurements, down to 120 K, were achieved by means of an Enraf 
Nonius nitrogen gas flow system. As Will be shown in section 3.2 the low-temperature 
phase of MACB exhibits an orthorhombic symmetry; the relations between hexagonal 
and orthorhombic axes are given in figure 2. Hence, if h k l  designate the Miller 
indices related to utex, bieX and cL, and h'k'l' those related to lgCt and 

(etex), there exist the following relations: h' = It, k' = h + 2k,  1 = I'. 
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For precession photographs at low temperature, three different scattering con- 
figurations have been adopted. In the fust one, the x-ray beam was set parallel to 
c&, (clex) so as to observe diffraction planes parallel to corresponding 
also to (atex,btex)  planes. In the second one, the a;,, axis was set parallel to the 
incident x-ray beam, allowing the observation of planes parallel to (.!&,C;~,), corre- 
sponding also to (&Lex, c i , )  planes (figure 2). Finally, the crystal was rotated by 90° 
around colt ( c , , ~ ~ ) ,  so that the incident x-ray beam was parallel to .!&, allowing the 
observation of planes parallel to (a&,, cirt) or equivalently (&,, cl,,). 

24. Raman scatteting 

The Raman spectra have been recorded with either a Dilor 224 or a Coderg T800 
triple monochromator instrument, coupled with a Spectra Physics argon-ion laser 
model 171. The 514.5 MI emmision line was used for excitation with incident power 
not exceeding 0.2 W in order to avoid crystal damage. A Dilor C4N nitrogen contin- 
uous flow cryostat was used to keep the sample at different temperatures stabilized 
between 80 and ux) K. Spectra were also recorded down to 20 K with a Cryodine 
model U) helium refrigerator, equipped with the sample holder modification described 
in [SI. In both cases, the temperature regulation was better than f0.5 K. 

The X, Y, 2 orthogonal laboratory axes chosen for single-crystal measurements 
correspond to the a,,, (ahex) ,  bo,, and cor, (cheX) directions, respectively, as defined 
in figure 2. 

3. Results and discussion 

3.1. Diferential scanning calorimetty measurements 

Numerous cycles of heating and cooling between 77 and 300 K always reveal a strong 
thermal anomaly at about 170 K, related to the phase transition previously reported 
[I]. In the limit of experimental accuracy, no thermal hysteresis could be detected; 
however the DSC signal exhibits the characteristic shape of a first-order transformation. 
This first-order character will be further confirmed by means of x-ray diffraction and 
Raman scattering experiments. 

3.2 X-ray dijrracfion 

Guinier Simon photographs of MACB exhibit marked discontinuities in the thermal 
evolution of a number of diffraction lies around 170 K, consistent with the occurrence 
of a first-order structural phase transition. However, from these data, it is still very 
hard to gain precise information on the symmetry of the low-temperature phase. 

Weissenberg and precession photographs of single-crystal MACB taken at room 
temperature confirm the hexagonal symmetry and the PGJmmc space group [SI, 
owing to the systematic absence of 001 ( l  = 2n f 1) and h h l  ( 1  = 2n + 1) 
reflections [9]. The unitcell parameters at room temperature determined from both 
single-crystal and powder data are allex = bhex = 7.902 8, and chex = 6.888 84 in 
good agreement with Fuess’s data [SI. 

Single-crystal data obtained through Weissenberg and precession photographs in 
the low-temperature phase (phase 11) at about 120 K reveal a huge number of super- 
structure reflections, which were absent in the hexagonal phase (phase I) at room 
temperature. 
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First, a trebling of the lattice parameter along the then direction is clearly evi- 
denced on B r a g  photographs taken with the crystal rotating around the hexagonal 
axis. It is worth noting that a similar phenomenon has already been reported in the 
low-temperature phases of the related compounds (CH,),NCdCI, (TMCC) [Z] and 
(CH,),NCdBr, (TMCB) [IO]. 
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. . , I  . . . . .  . . . .  . .  9 . .  . .  . .  . .  . . . .  . . . . .  . .  
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Figure 3. Schematic representations of the 
x-ray diffraction precession photographs of 
MACE at 120 K (U) The ( C Z ; ~ ~ , ~ ; ~ ~ )  plane 
with 1 = 0.  (b) ?le  (b: , , ,&)  plane with 
h = 0. (c) Pie (a&,, =Eer) plane wilh 
k' = 0. 

. . .  

Figure 3(u) shows the dfiaction patterns of the (uiex, hie.) plane with 1 = 0 
obtained at 120 Kwith the precession camera. The main Bmgg peaks of the hexagonal 
phase I are still obsewed, as expected, and new superstructure reflections along the 
b& (b ieX)  direction are evidenced, situated at the M point (0, 1/2, 0) of the hexagonal 
Brillouin zone [ll]. This means already that phase I1 is also characterized by a 
doubling of the unit cell occurring in the hexagonal plane, leading to an orthorhombic 
unit cell with parameters corresponding to oOrt, borc (figure Z), thus replacing the M 
point at zone centre [12]. It is important to notice that the superstructure reflections 
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are observed along one direction only, whereas there are three equivalent r - M 
directions in the hexagonal system [Ill, which would lead to the existence of three 
equivalent orthorhombic domains (ferroelastic domains) oriented at 1 20° from each 
other. Apparently, our data show that one of these domains is strongly predominant 
in phase II of MCB, possibly due to an uncontrolled internal and/or external strain 
applying to the crystal. 

The precession photographs of the (b&t,c;,,) plane with h = 0 is shown in 
figure 3(b). The trebling of the c parameter is confirmed by the observation of 
superstructure reflections on row lines parallel to c’. In addition superstructure 
reflections are also observed on row lines parallel to bZrt (h iex) ,  in particular on the 
i = 4 row line, which are consistent with a doubling of the Bart lattice parameter 
such as defined in figure 2 Note that these superstructure reflections include the M 
point of the Brillouin zone, as reported already in figure 3(a). 

In figure 3(c) is shown the precession photograph of the (&, c i , )  plane with 
IC‘ = 0. Again superstructure reflections are observed along the a:rt direction, in 
particular on the 1 = 4 row line; this leads to the existence of a quadrupling of the 
sort lattice parameter. 

Altogether, these results lead to a ‘giant’ orthorhemhic unit cell for phase 11, with 
lattice parameters such as U,, Y 4uhex, B,, Y 2BOrt = 2&aheu and cII Y 3chex, i.e. 
a unit cell corresponding to 2 = 96 formula units. Clearly, owing to the complexity 
of this unit cell, it would be interesting to find a simplified description of the system. 
Indeed, as already mentioned, the (agex, bLeX) plane, with 1 = 0 (figure 3(a)) only 
reveals a doubling of the unit cell in the hexagonal plane. Now it is important to 
point out that this 1 = 0 plane is the Fourier uansform of the structure in direct space 
projected onto the hexagonal plane [ I 3  In other words, the complcx orthorhombic 
unit cell of phase 11, when projected along the c direction, only reveals a doubling 
of the hexagonal unit cell in the hexagonal plane, such as represented in figure 2 
Thus, in the following and in particular in paper 11, we shall define a ‘projection’ unit 
cell with parameters such as u p  aoPt = ahex, 0, Y bo,, = &ahex and cp Y 3ch,,. 
Hence, we conclude that the quadrupling of noPt on the one hand, and tlie doubling of 
bo,, on the other hand, as observed in the actual stracture of phase 11, are necessarily 
due to complex atomic displacements along the c axis, which cannot influence the 
‘projection’ structure in the hexagonal plane. Note also that the present data do not 
reasonably allow us to propose a space group for the complex orthorhombic structure 
of phase 11, nor for the ‘projection’ structure. 

3.3. Raman scattering 
The Raman spectra of MACB single crystals have been studied in the low-frcquency 
range (0-200 cm-’) corresponding to the ‘lattice vibrations’; spectra have also been 
recorded in the frequency range around 900-1000 cm-’ corresponding to the C-N 
stretching vibration of the MA groups. The so-called lattice vibrations correspond to 
all vibrational modes of the CdBr, octahedral chains and to the external modes of 
the MA groups, i.e. to their rotatory and translatory vibrations. From classical factor- 
goup analysis (141, the representation of the lattice vibrations at the Brillouin zone 
centre of MACB in the hexagonal phase I is the following: 

r = A,, + 24, + 2Bl, + 2Ll, + 3E2, + 3.4,” + 2B,, + 2B,, + l E l ,  + 3E,,. 

This enumeration includes the k = 0 acoustic modes (of zero frequency), which 
transform as A,, + E,”. Among the even-parity (g) modes, only the A,, (as2 + 
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ayy, cezz), E,, (a,,, ayz)  and E,, (a,, - ayy, as,) ones are expected to be 
Raman-active [lS]. These latter can be described as follows [l-31: 

(i) The totally symmetric A,, mode corresponds to a breathing vibration of the 
octahedral chains (stretching-like). 

(ii) The two E,, vibrations are respectively an internal bending mode of the octa- 
hedra and a degenerate rotatory mode of the MA groups around axes perpendicular 
to c. 

(iu) The E,, representation contains two internal (bending-like) modes of the 
octahedral chains and a translatory vibration of the MA groups along directions per- 
pendicular to the hexagonal axis. 

At this stage, it is important to notice that the selection rules reported above 
refer to the averaged structure of MACB in phase I, i.e. with the MA groups having 
the D,, site symmetly. Now, as stressed in section 1, this site symmetry results from 
orientational disorder of the MA groups; under these conditions, in addition to the 
allowed h = 0 modes, the Raman spectra may exhibit disorder-induced scattering [16, 
171, i.e. may reflect a weighted frequency distribution of phonon modes throughout 
the whole Brillouin zone (h # 0). 

I A I 

’ I \  ’ 183K Jn I 

157K . Ill 

I 
200 I so I00 50 

vc” 
t 

, Feure 4. ”le low-frequency CI:: Raman 
spectrum of MACB as a [unction of tempera- 
ture. 

The low-frequency Raman spectra of MACB single crystals as a function of tem- 
perature are shown in figures 4 to 6. From a general point of view, the spectra 
recorded in the hexagonal phase, i.e. above T, = 170 K, exhibit broad features as 
expected for a disordered phase. Abrupt changes occur at the transition temperature, 
which are consistent with a first-order transition, and then the spectra progressively 
reveal numerous narrow lines as the temperature decreases from 170 down to 20 K 

3.3.1. Hexagonalphase I. In phase I, the A,, (azz)  spectrum is dominated by a strong 
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line at 160 an-, (figure 4), assigned to the expected breathing mode of the octahedral 
chains. This frequency compares nicely with the corresponding one obscrved at 
156 an-' in ~ C B  [l, 181. In addition, we observe a broad band extending from 0 
to 100 an-', which corresponds to disorder-induced scattering, Le. to a frequency 
distribution of low-lying phonon modes. A similar feature has already been reported 
in the high-temperature hexagonal phase ( PBJmmc) of TMMC and m C C  [Z]. In the 
case of MACB, this frequency distribution splits into two parts, which are more dearly 
perceptible at low temperature just above T, (figure 4); the first one, appearing at 
e 20 cm-' as a shoulder on the Rayleigh line, may be due to acoustiolike chain 
modes at k # 0, and the second one, centred around 70 an-', b more likely due to 
external vibrations of the disordered MA groups. 

X(Y2IY 

TOOK 

200 150 1 0 0  50 
"mi' 
c 

The low-frequency ari (a) and 
:aman spectra of MACB as a func- 
nperarure. 

The E,, (azz,aYz)  spectra (figures 5(u) and (b) )  exhibit a plateau-like scattering 
at low frequency, ending in a broad band at 50 cm-I. Certainly, 'disorder-induced' 
scattering strongly contributes to these spectra, even though two E,, modes at X: = 0 
are expected according to the averaged symmetry. Note the presence of a weak line 
at 160 cm-I due to a polarization leakage of the strong A,, line occurring at this 
frequency. 

spectrum 
(figure 6) at about 50, 110 and 130 an-', respectively, again they appear as broad 
and partially resolved features (note also a weak polarization leakage of the strong 

The three expecred modes with E,, symmetry are observed on the 
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Figure 6. The low-frequency Raman 

I I 

A,, mode at 160 cm-’). The E,, spectrum is further characterized by the presence 
of a strong quasi-elastic scattering (‘Rayleigh wing’) that we assign to jump motions 
of the MA groups between different orientations. Indeed, as will be shown in paper I1 
[7], among the pseudo-spin coordinates attached to the reorientations of the MA 
groups, two of them transform according to the E,, degenerate representation at 
zone centre. It is worth noting that this representation corresponds to the e1-e2 and 
e6 components of the strain tensor in the 6/mmm (Deb) crystalline class [19]; e,-e, 
is the only component able to induce a low-temperature (ferroelastic) phase I1 with 
orthorhombic symmetry [12, 191. A similar situation was encountered with crystals 
of TMMC and TMCC [2-4], but in those cases quasi-elastic scattering was completely 
absent in the E,, Raman spectrum; this was attributed to the T, (spherical) symmetry 
of the (CH,),N+ groups in TMMC and TMCC, whose reorientations cannot produce 
any change of the crystal polarizability 131. Thus, it is heartening to point out that in 
the case of the MA groups with C,, point symmeny (rod-like shape), reorientations 
of the CN bonds may indeed produce a variation of polarizability resulting in quasi- 
e h t i c  scattering as observed in the disordered phase of MACB. 

J.J.L. vrinurnumurc pnase 11. DCGAUSC UI me wmpiex urrnornumoic unit cell iounu 
for phase I1 of MAcB, and in the absence of space-group determination, the Raman 
spectra can be discussed on qualitative grounds only. Anyhow, whatever the space 
group of phase I1 could be, the number of observed Raman lines at low temperature 
is far less than can be expected for such a unit cell with Z = 96, or even for the 
simplified ‘projection’ unit cell with Z = 12. 

170 K is observed 
on the a,, spectrum (figure 4), where the weak broad band of phase I at Y 20 cm-I 
gives rise in phase I1 to a set of three very strong and narrow lines at 11, 19 and 

One of the most striking changes occurring abruptly at T, 
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21 em-’, respectively. These low-lying modes are probably due to transverse and/or 
longitudinal acoustic modes (involving mainly motions of CdBr, octahedral chains) 
at those points of the Brillouin mne (k # 0 in phase I) which are replaced at mne 
centre in phase 11. The p i n t  A (0, 0, lD), associated with the trebling of the lattice 
parameter along c, and the point M (0, In, 0) that defines the ‘projection’ unit 
cell, are good candidates. Furthermore, the frequency distribution at E 70 cm-I is 
progressively replaced by a number of narrow lines; note also the splitting of the 
breathing mode of the octahedral chains (160 em-’) at low temperature (figure 4). 

The plateau-like scattering of the a,, and ay. spectra abruptly disappears in 
phase I1 where it is replaced by weak but well defined features (figure 5). It is impor- 
tant to notice that the a,, (figure 5(u))  and aya (figure 5(b)) spectra are markedly 
different in phase 11. This is indeed expected for a biaxial crystal (Orthorhombic in 
our case), provided that the sample remains essentially single-domain. This result 
corroborates our observations by x-ray diffraction. 

The quasi-elastic scattering of the azy spectrum completely disappears below T, 
(figure a), and again this spectrum progressively gives rises to a great number of 
Raman lines as the temperature is lowered. 

lb summarize, all these results are consistent with the occurrence of a first-order 
transition at 170 K; it is certainly of the order-disorder type since the broad frequency 
distributions and quasi-elastic scattering characteristic of the disordered phase I are 
replaced by well defined features in phase 11. However, in spite of the first-order 
character of the transition, a number of Raman lines remain rather broad just below 
T, (figures 4 to 6), which means that some kind of residual disorder still persists 
before the system becomes completely ordered as the temperature is lowered down 
to N 20 K 

3.3.3. The srrefching mode of h e  u4 group. The axz Raman spectra of phases I 
and I1 of MACB recorded in the 900-1000 em-] frequency range (i.e. corresponding 
to the CN internal stretching mode of the MA groups) are shown in figure 7. In 
phase I a single l i e  at E 970 em-’ is observed, whereas in phase I1 at least three 
components at 967, 971 and 973 cm-I, respectively, can be resolved. These three 
components must be assigned to crystal-field splitting andlor to the existence of three 
sets of inequivalent MA groups in phase 11. Again, this result is consistent with an 
ordered structure for phase 11. 

4. Conclusions 

The experimental studies of crystals of CH,NH,CdBr, by means of differential scan- 
ning calorimetry and x-ray diffraction and Raman scattering measuremens as a func- 
tion of temperature show that a first-order phase transition occurs at T, Y 170 K 
The hexagonal symmetry of the high-temperature phase 1 is confirmed and the x-ray 
diffraction patterns obtained in the low-temperature phase I1 reveal a huge number 
of superstructure reflections, which are consistent with a giant orthorhombic unit cell. 
It is shown, however, that this complex system can be described in a simplified man- 
ner by means of a ‘projection’ unit cell onto the hexagonal plane; this unit cell is 
still orthorhombic. The Raman data show that the mechanism of the transition at 
T, is essentially of the order-disorder type, due to ordering processes of the methyl- 
ammonium groups; indeed, the MA groups are orientationally disordered between six 
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980 970 960 933 
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Figure 7. The C N  siretching mode of the methylammonium groups of MACE: (a) phase I 
(300 K); (b)  phase I1 (77 K). 

equivalent positions in phase I, leading to the observation of broad frequency distri- 
butions and quasi-elastic scattering, and these features are replaced by v,elI defined 
Raman lines in the ordered phase 11. The ordering processes of the MA groups will 
be tentatively analysed in paper 11. 
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