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R Valiente, M C M m o  de Lucas and F Rodriguez 
DCllTYM (Seca6n Ciencia de Materials), Faculkd de Ciencias, Universidad de Cantabria, 
39005-Santander. Spain 
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Abstract. This work investigates the polarized charge-transfer (cr) spectra of the Jahn- 
Teller distorted CuC$ and CUB$ complexes formed in Cu’+-daped m(CH3)4]CdCI3 and 
[N(CH3)4]CdBr3 crystals. The transition energies as well as the dominant polarization of the cr 
bands along the hexagonal e direction are explained in terms of rhombic 0% distortions. In the 
bromide complexes, the strong spin-orbit interaction of the Br- ligands leads to additional bands 
in the low-temperature spectra Evidence of vibmnic couplings to totally symmetric vibrations 
is found from analpis of the temperature dependence of the band width. 

The influence of Cuz+ impurities in the lattice dynamics is studied though the v ~ a t i o n  
undergane by different spectroscopic parmeters in the 10-300 K range. Throughout lhis work. 
the high sensitivity of cr tnnsitions for detecting the structural phwe bansitions exhibited by 
these crystals is demonsbated. In particular, the enhancement of the first-order character of 
the ferroelectric phase Vansition in [N(CHI)I]C~B~~:CU’+ at TF = 157 K which has ken 
associated with the presence of Cu2+ impurities is worth noting. 

1. Introduction 

The hexacoordinate copper@) complexes CuG- (X = F, C1 or Br) are attractive systems 
for investigating their optical and magnetic properties due to the variety of structural 
modifications displayed by these complexes as well as the simple electronic configuration 
of Cuz+ (d’). An interesting feature of these systems is the skong influence of the 
geometrical structure upon the optical properties of these complexes which may lead to 
marked piezochroism or thermochroism when such structural modifications are induced 
by pressure or temperature 11-41, Apart from the common elongated D4h symmetry 
found for C u g - ,  other geometrical configurations associated either with Dm rhombic 
distortions or with the compressed D4h symmetry have been found in different copper- 
doped or pure compounds [5-10]. However, it should be noted that the compressed &, 
symmehy for C u g -  is very unusual. This geometry has only been identified clearly in 
fluoride lattices such as the pure crystal KCuAIF6 [ l l ]  or Cuz+-doped KZzG4 112,131 
and BazZG6 [14]. Although efforts have been made to form compressed complexes in 
chlorides, they were unsuccessful. An example of this is the recent work canied out in 
the (3-chloroanilinium)~ [CuCl.$2L, crystal [E]. First x-ray experiments suggested the 
presence of compressed CuC1;- but further investigations employing EPR, polarized optical 
absorption (OA) spectroscopy, EXAFS and x-ray diffractometry at low tempertures showed 
that these CuCl2- units are actually elongated, forming an antiferrodistortive-type network 
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whose room-temperature x-ray pattern might be interpreted in terms of compressed units 
[16]. Concerning this, the crystal (enHz)MnC14:CuZ+ [I71 is a unique system where the 
presence of compressed CuCl2- complexes has been proposed to explain the origin of the 
red colour exhibited by this copper-doped manganese crystal. 

In general, investigations devoted to exploring the optical properties of C u g -  
complexes have been performed in pure crystals and so the OA spectra are limited to the 
range of the intraconfigurational ligand-field transitions. The corresponding charge-transfer 
(CT) spectra remain almost unexplored owing to the higher oscillator strengths of these bands 
(about 0.1). Although this problem could be overcome by diluting Cu2+ in isomorphous 
crystals, as has been done for the tetrahalides CuC$ and CUB$ of D z ~  symmetry [9,18- 
221, the CT spectra of hexacoordinate complexes are at present very scarce for CuCl2- 
whereas no polarized CT spectrum has been reported for CuBr:-. The only CT spectrum 
known for CUB$- was obtained by Kuroda er a1 [23] for cubic LiBr: Cu2+ crystals. 

This work investigates the CT spectra of CuX:- (X 5 C1 or Br) complexes formed in 
the one-dimensional p(CH3)14CdCI3 (TMCC) and W(CH3)]4CdBr, (TMCB) crystals doped 
with Cu2+ in the 10-300 K temperature range. The reasons for using these crystals as Cu2+ 
hosts is threefold: 

(1) They are diamagnetic and transparent in the X- + Cu2+ CT region, 
(2) These crystals allow easy substitution of Cd2+ by Cuz+. 
(3) The presence of cationic impurities in the isomorphous TMMC containing manganese 

has a large influence on the magnetic and luminescence properties [24-27] as well as on 
the lattice dynamics 1281. 

The order-disorder P63/m + P21/a phase transition (FT) at T, = 126 K in TMMC, 
which is associated with the ordering of the tetramethylammonium (TMA) groups, is strongly 
affected by the doping of TMMC with 2% of Cuz+ [28]. A new pT sequence takes place in 
this Cu2+-doped crystal with transition temperatures of 92, 124 and 134 K. These PTS are 
probably associated with the prescence of an incommensurate phase stabilized by the Cu2' 
impurities. It was suggested in [28] that the fairly large interaction between the TMA groups 
and the Jahn-Teller (ST) distorted CuC1:- units could be responsible for such anomalies. 
In the present case of TMCB: Cu2+ and TMCC: Cuzt, special emphasis will be placed on 
the influence of FTS upon the CT specw of cu2+ as well as on the role of Cu2+ upon the 
lattice dynamics. In this way, the CT bands of CuZt complexes are more sensitive than 
the corresponding ligand-field transitions when used as probes to detect the PT sequence in 
NH4CI:Cu2+ [29,30], WBr:CuZt [311 and TMA2MnCI4:CUZ+ [21,32]. 

2. Experimental details 

Single crystals of TMCC:Cuz+ and TMCB:CuZf were grown by slow evaporation at 39°C of 
highly acidified (3 M ClH or BrH) aqueous solutions containing stoichiometric amounts of 
the corresponding tetramethylammonium and cadmium halides. A 5 mol.% of the copper 
halide was added to the solutions. The real Cu2+ concentrations in both crystals were 
measured by atomic absorption spectroscopy. Values of 0.075% and 0.070% were obtained 
for TMCC:CU~+ and TMCB:CU'+ crystals, respectively. 

The crystals grown as needles displaying hexagonal prism habits elongated along the c 
direction. Their crystallographic structure and orientation were checked by x-ray diffraction 
and polarizing microscopy. 
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The crystals belong to the hexagonal P63/m space group at room temperature. The 
sh'ucture consists of linear chains of face-sharing C d g -  octahedra (figure. 1). The "MA 
groups placed between the inorganic chains display an orientational disorder associated 
with the threefold axis of the molecule pointing along c. 

Figure 1. Smdure of the inorganic chains in the one-deimensional WO: (X L CI or Br) 
crystals. The local StNCtUIe around the Cu2+ in the doped crystals is shown on the right. Its 
symmeey is nearly Dih with a small rhombic distortion, D*b [C;), associated wikh [he bending 
of the equatorial CI- ligands towards the y axis. Note t M  the bIg (d,e_,n j unpaired electron 
orbital in Dah corresponds to the bi, (dxyj orbital in the DB symmetry anis. 

Spectra were recorded with a Lambda 9 Perkin-Elmer spectrophotometer equipped with 
Glan Taylor polarizing prisms. Sample path lengths for absorption were about 0.2 mm. The 
polarized light propagates perpendicular to c with E parallel (rr) or perpendicular (U) to 
the chain (c direction). 

The temperature was stabilized to within 0.05 K in the 9.5-300 K range with a Scientific 
Instruments 202 closed-circuit cryostat and an APD-K controller. 

3. Results 

Figure 2 shows the polarized OA spectra of Cuz+-doped TMCC and TMCB crystals at 10 and 
297 K. The room-temperature (RT) spectra of both crystals are characterized by the presence 
of two intense mainly rr-polarized bands which are located at 267M) and 37400 cm-' in 
the chloride and at 19200 and 32000 cm-l in the bromide. At low temperatures other 
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Figure 2 n- and o-polatized optical absorption s p e m  of the Cuz+-doped TME and TMCB 
crystals at 297 and 10 K. 

bands, masked in the RT spectra, are clearly visible. Although the chloride and bromide 
spectra are quite similar, the TMCB:Cuz+ spectrum shows a more complex Structure, with 
additionnl bands at around 19000 and 32000 cm-'. 

It is worth pointing out the presence of one mainly a-polarized band at 21900 and 
19700 cm-' in TMCC:CU~+ and TMCS:CU~+, respectively. This band was already observed 
as a shoulder in the unpolarized RT spectra of CdClz:Cu2+ [33] and also in LiC1:Cuz+ [23] 
together with the 26 700 and 37 400 cm-' bands, although in neither case could information 
about their polarization be obtained. A similar situation occurs for LiBr:CuZ+. It should 
also be noted that the peak positions and polarization of these bands for TMcc:Cuz+ coincide 
with those given by Giidel eta! [I71 for TMMc:Cuz+, although the strong overlap between 
the Cuz+ and MnZ+ bands in this crystal makes a quantitative analysis of polarization 
difficult. Table 1 shows the transition energy, polarization and total oscillator strength of 
these bands for TMCC:@+ and TMBC:Cu2+. The oscillator strengths were obtained from 
the total integrated intensity of each band through the formula 

f = 3.89 x low8 /CdE 
(n2 + 2)2 

where t is the molar extinction coefficient, E (cm-') is the energy and n is the refractive 
index. Values of n = 1.5 and 1.7 were obtained by the Becke method in TMCC:&+ and 
TMCB:CU", respectively. In both cases, the birefringence An is less than lo-'. 

Figures 3-5 depict the variation in the following spectroscopic parameters with 
temperature: the total oscillator strength. f~ = 2f, + f,, where fo and fz are the oscillator 
strengths obtained through equation (1) for the U and K spectra, respectively; the relative 
intensity defined by the ratio fn/(2fc + f,); the transition energy; the band width derived 
from the first and second band moments. For m . ~ c c C u ~ +  this analysis was made in the 
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Tsble 1. Assignment of the cr spectra of mcc:Cu'+ and 'IUCB:CU~+ within Dg and Dzh 
(Cl) molecular orbital schemes. Transitions from Ihe 'SI, ground state to different CT states are 
denoted by x. y. L or F depending on whether Vansitions are polarized dong the x ,  y .  z directions 
or forbidden, respenively. The experimental msition energies and the corresponding oscillator 
strengths (j5 = 2f, + fz) were obtained from the T = IO K spectra. The dominant polariwrion 
is given in parentheses. 

highest-energy band, at 37400 cm-', while for TMCE:CU'+ the analysis of the hand width 
was made for the peak at 19090 cm-' in the 10-200 K range since the presence of several 
components around 32000 cm-' makes such an analysis in this band difficult. 

It is interesting to observe that the variations undergone by these parameters show 
discontinuities at the PT temperatures. These are particularly important for the bands at 
19090 and 25080 cm-' in TMCB:CU~+ which experience jumps of about 100 cm-' at 
Tc = 157 K. Furthermore, the linear blue shift followed by all these bands from 297 K 
to T, changes below Tc. In the low-temperature phase, the hands experience a continuous 
red shift which resembles the variation undergone by the order parameter [25,26]. Similar 
variations are also found for TMCC:CU~+ although two jumps are detected at '& = 118 K 
and Cz = 104 K. 

In both cases, 
their temperature dependence follows typical hyperbolic cotangent functions H ( T )  = 
H ~ [ c o t h ( h ~ / Z k T ) ] ~ ~ ~ ,  with vibrational energies Ro = 267 and 157 cm-' for TMCC:Cuz+ 
and TMCB:Cuz+, respectively. 

By contrast, the hand widths are not so influenced by the PTS. 

4. Analysis and discussion 

4.1. Charge-transfer band assignment 

The peak energies and oscillator strengths of the absorption bands in figure 2 are 
characteristic of ligand X- to metal Cuz+ CT transitions of the formed Cu%- (X = CI 
or Br) complexes. This statement is also confirmed by the red shift of about 6000 cm-' 
experienced by these bands when Cl- is replaced by Br- ligands, according to the 
J0rgensen optical electronegativity scale which predicts a shift of the CT transitions given by 
A E  = 30000 Ax.  whereAx = xc, - xer = 0.2 is the CI--to-Br- optical electronegativity 
difference 1341. In addition, the spectra in figure 2 are very similar to those obtained for 
CdCIz:Cuz+ where the CuCI:- complexes formed are known to display an elongated D.jh 
symmetry [33]. In fact, the two bands observed in CdC1z:Cu2+ at 25000 and 32000 cm-' 
were assigned within a D4b symmetry molecular orbital (MO) framework to electric dipole 
(ED) transitions coming from the mainly We, ,  (n t U )  and e,, (U + n) MOS to the mainly 
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Figure 3. Variation in the tohl oscillator strength. the relalive x intensity and the transition 
energy of the highest-energy CI band in the 1&300 K range for TMCC:CU~+. 

Cu2+ antibonding bl, ( x 2  - y2) MO according to the diagram in figure 6. No evidence of 
other ED symmetry-allowed m transitions from the non-bonding b2, (IT) and e,, (n) ligand 
levels was obtained in this system. 

The similarity between the CT spectra of the Cu2+-doped TMCC and TMCB crystals and 
those of CdClz:Cu2+ s&ongly suggests a D4h symmetry for the present C&- complexes. 
Although a strict D4h symmetry is not possible for the JT distorted CuX:- complexes given 
that the symmetry at the substituted Cd2+ site is D3d, their real symmetry should not be 
far from D4h since this is the more common symmetry exhibited by Cuz+ placed in nearly 
octahedral sites. However, this symmetry cannot account for the polarization shown by the 
bands associated with the e,, -+ bl, cr transitions because we observe that they are mostly 
polarized along the chain (c direction). In fact, if we consider a local D4h symmetry for 
CuCI2- with the long Cu-CI bond randomly distributed along one of the three. trans CI-Cd- 
CI directions of the substituted CdCl:- octahedron, then the IT-to-u polarization oscillator 
strength ratio f x / f c .  of the e,, --t bl, bands must be necessarily less than 2, irrespective 
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Figure 4. Temperature dependence of lhe total oscillaior svengtb and the vansition energy. 
derived from the first momenf of several ff bands for TMCS:CU~+. Firstmoment analysis for 
bands at 25080 and 19090 em-' could be m d e  in the 10-200 K range. 

of the CuC1:- orientation. The x and U oscillator strengths are f o  = fT(1 - f sin*a) and 
f n  = f+sin2a, and therefore Iz/Io = (2sin2ol)/(l+cos2a), wherea is the angle between 
the distortion axis (2) of the complex and the c direction. This result indicates that a D4h 
model cannot explain the experimental value f , /fm = 6 of the mainly x-polarized bands in 
TMCC:CU*+ and ?ucB:Cu2+, even in the most favourable case (a = 90") where fz/fo = 2. 

Nevertheless this polarization can be qualitatively explained if we consider a Du, 
rhombic distortion of the complex. As shown in figure 1, this type of distortion is more 
favoured than D4h for one-dimensional systems with the TMMC-type Structure due to the 
crystal anisotropy. The actual D z ~  (C;) symmetry is associated with the bending of the 
equatorial Cu-CI bonds of the D4h complex towards the c direction without changing the 
cu-ck distances. EXAFS measurements [35,36] carried out on TMMC:~U*+ confirm this 
geometry for CuC1;- with short Cu-CI distances R = 2.29 A. The two long Cu-CI 
distances, roughly estimated from the EXAFS spectra of [35], are around 3.0 A. 

This geometry of the CuC1:- complex contrasts with that found in two-dimensiond 
crystals, such as (cyclam H&uC16 with R, = 3.18 A and Ro9 = 2.29 and 2.30 A [6], or 
(enH~)CuC14 with R, = 2.90 A and Re, = 2.31 and 2.32 A [7]. These crystals display 
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Figure 5. V-tion in the band width, derived from the secand momens of Ihe CT bands at 
31220 and 19090 cni' in the K spectra of mcc:Cu'. and ~ c B : C U ~ + .  respectively. Solid 
lines correspond 10 the least-square finings lo the equation H(T) = Ho[coth(ho/2kT)]'f*. 

an antiferrodistortive structure where the nearly D4h CuCI2- units exhibit a real rhombic 
DZh (C;) symmetry, with three different metal-ligand distances. The existence of these two 
Du distortions, and Ci, has a large influence on both the EPR and the optical absorption 
spectra, especially for the CT bands. A salient difference between geometries concerns the 
electronic ground state. This transforms as a,, or bl, depending on whether the unpaired 
electron orbital is d,r-p (C;) or d,, (Cg), respectively. Note that the x ,  y coordinate axes 
are taken along the equatorial Cu-Cl directions for C; while they are directed along their 
diagonals for C; (figure 1). In the former case, the dx+z orbital mixes with the Cu2+ dk+z 
and 4s orbitals, and therefore we can find significant departures in the principal values of 
the gyromagnetic tensor g from those found in elongated D4h complexes. Moreover, this 
also affects the CT spectra because new ED transitions allowed by symmetry are expected 
in DZb (C;) with respect to D4b and Du (q) (figure 6). EPR and OA measurements in 
two-dimensional systems would be desirable for clarifying these points. 

The Da (C;) scheme in figure 6 accounts well for the OA spectra of the present one- 
dimensional systems. The four bands observed in the low-temperature spectra of mCc:Cu2+ 
are assigned according to their polarization and peak energy to the CT transitions indicated in 
figure 6 and table I .  It is worth pointing out that this is the first system where the presence 
of one cT band associated with the second e, MO (D4b  notation) is observed. It is also 
noteworthy the strong dichroism exhibited by the bzu (e. in D4h) + b,, cr bands, which 
seem to be completely polarized along the y direction of the CuCI:- complex (figure 2). 
However, this behaviour is difficult to reconcile a priori. with slight rhombic distortions 
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since this transition would be x ,  y polarized in a perfect D4h symmetry. The experimental 
intensity ratio, fn / fo = 6, clearly suggests that this band uniquely corresponds to the y- 
polarized bzU + alg transition (Da (C;)). With this assumption, the experimental value is 
close to that expected if the equatorial plane of the CuCI:- complex coincides with that of 
the CdCl2- octahedra in the perfect lattice: f , / f a  = 2cot2,9, where B = 31.2" is the angle 
that the equatorial plane makes with c [32]. Analogously, this model allows us to confirm 
the assignment of the CT band at 28070 cm-' to the a,, (bzU in D A ~ )  -+ bl, transition, 
which must be polarized along the z direction of the complex. In fact, the experimental 
ir-to-6 intensity ratio & / f a  = 0.8 for that band obtained by fitting the OA spectra in 
the 200W3OOM) cm-l range to the sum of two Gaussians, is similar to the expected 
value fn/fa = Zcot2(900 - p) ,  for ,9 = 31.2". This result, together with the structural 
data obtained from EXMS for TMMC:Cuzt, justifies the geometrical structure proposed for 
CuCI:- and sketched in figure 1. The values of the interatomic distances in the complex 
(2.29 and 3.0 A for Cu-CI bonds, and 2.64 A for the Cd-CI distances) and the angle 
,9 = 31.2" lead to CI-Cl distances within the equatorial plane of 3.10 8, and 3.24 A, along 
the x and y directions, respectively. This figue explains, qualitatively the oscillator strength 
enhancement observed dong the c direction taking into account that the oscillator strength 
of the b, and b3. --t b,, CT transitions are mainly governed by the pc orbitals of the CI- 
ligands. The modules of the non-zero mamx elements {b3,1xlbt6) and (b&lblg), which 
are equal in D4h. must be different in D a  (Cg). An increase in I{b2ulylblg)12 and a decrease 
in I(b&lb,,)lZ are expected for the C; distortion of figure 1 since the CI-Cu-CI bending 
along the y direction increases the ligand charge density in this direction and decreases it 
along x .  This simple picture explains the observed polarization although precise calculations 
of those matrix elements for several Da distortions would be useful in order to establish 
structural correlations. 

4.2. Influence of the spin-orbit interaction in the L7 spectra 

Apart from the peak energies, the similarhy between the RT spectra of the isomorphous 
TMCC:CU'+ and TMCB:CU~+ makes the CT band assignment easy. The bands at 19000 cm-' 
and 31 000 cm-I correspond to the two s(n+u)  and s ( o + x )  + bt, CT transitions within 
a D~I, MO framework. However, an important difference between these two crystals is the 
presence of additional CT bands in the low-temperature spectra of TMBC:Cu2+ (figure 2). 
This feature, which was also observed in the tetracoordinated CuX:- (X C1 or Br) 
complexes of D z ~  symmetry [20,221, is explained in terms of the larger spin-orbit interaction 
of the Br- ligands (c4p = 2480 cm-' and f3p(C1)/<4p(Br)n. 0.25) [37]. For CUB$-, this 
interaction is ofthe same order as the D a  ligand field, and therefore the spin-orbit splitting 
of the ligand states can be detected spectroscopically. The effect of the spin-orbit interaction 
on the CT spectra of CuBri- is twofold: firstly the tetragonal 2&+2B2. and 2E.+2A2u states 
coming from the parent zT~.  and *TI, octahedral states split several thousand wavenumbers 
into 2r; + r; and r; + 2r; (double-group irreducible representations in Bethe notation), 
respectively; secondly CT transitions coming from the 'BIg(r;) ground state are ED allowed 
to states transforming as r; ( x ,  y .  z polarized) or r; ( x ,  y polarized). This means that 
transitions from the ground state to every odd-parity CT state are allowed by symmetry. 

Although the present arguments indicate that the cr transitions can be polarized dong 
x ,  y or z ,  most bands as in CuCI2- are mainly polarized along c. This behaviour can 
be understood using the same scheme followed for CuCl2- where the mainly ir-polarized 
bands were associated with the 'B1, + 'B2, transition. According to this, the presence of 
additional bands mainly polarized along c (table 1) is due to the mixing with the 2Bzu state 
by the spin-orbit interaction. 
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The peak energies, oscillator strengths and assignments of the CuBr:- CT bands are 
listed in table I .  Two facts must be emphasized: firstly the largest splitting is observed for 
the first CT band associated with the *Tl.(n +U) octahedral state (this result was also found 
for CUB$ complexes [22]);  secondly the oscillator strengths for CuBr:- are three times 
those for the CuCl:- (this demonstrates the higher metal-ligand overlap expected for the 
more covalent CuBri- complex). 

4.3. Temperature dependences: influence of phase transitiom 

The variations in the different spectroscopic parameters, shown in figures 3 and 4 for 
TMCC:CU~+ and TMCB:CU'+, reveal anomalies at the PT temperatures. The less sensitive 
of these parameters to the phase transformation is the band width (figure 5).  Its variation 
reflects the coupling of the c'r states to totally symmetric vibrations which are associated with 
stretching modes of the equatorial ligands of a, symmetry. This is clearly evidenced through 
the vibrational energies derived by fitting the temperature dependence of the band width to 
the equation H(T) = Ho[c~th(hw/ZkT)]~/~. The values ho = 263 cm-I for CuCIt- and 
165 cm-' for are similar to those found by Raman spectroscopy for the a], mode of 
the equatorial ligands in the square planar (creatinium)zCuCId (290 cm-I) [38],  and in the 
CuCIt--elongated (cyclam &)CuCls (262 cm-I) and (metH)z CuC14 (275 cm-I) [6 ] .  The 
fact that these frequencies are somewhat larger than the corresponding CdC16 frequencies of 
the pure crystal confirms the geomehical structure proposed for these CuClr  complexes. 
The same at, mode is assumed for since its frequency essentially corresponds to 
(mcl/ms,)'/z times the CUCI;- frequency. 

Interestingly, the relative x intensity fn/fTr of the 2B~,  + 2B~. transition at 
37000 cm-' in TMCC:CU~+ gives directly coszg, assuming that this band is completely 
polarized along the local y axis of the complex. Therefore, this parameter allows us to 
follow the orientation of the CuCl: complex with temperature. Note that 0 remains almost 
constant in the P63/m phase (3oQ-118 K); it experiences an abrupt increase AS = +2" 
at the P63/m + P & / m  PT temperature T,, = 118 K and decreases by Ag = -1" at the 
P21/m + P & / b  PT temperature TCz = 104 K. Below this temperature, p continuously 
decreases about 2' from 101. to 10 K. This result must be compared with the variation 
undergone by the corresponding peak energy. This band experiences a linear blue shift of 
620 cm-' between 300 and 118 K according to the variation expected for a decrease in the 
equatorial C u 4  distances by thermal contraction 1391. The red-shift jump of 100 cm-' 
observed at T,, points out a local expansion of the complex associated with this PT. The 
P21/m + P 2 1 / b  PT is evidenced by the change in slope at Tc~. Below this temperature 
there is a continuous red shift down to IO K, probably due to an anomalous local thermal 
expansion around Cu2+. It should be noted that anomalous relaxations around impurities 
have also been detected in the P43m phase of Cu2+-doped N&CI below Tc = 242.5 K, 
by OA and Raman spectroscopy [40] .  Nevertheless, such a local expansion for TMCC:CU'+ 
could be actually reflecting the lattice dynamics, in view of the struchlral data reported by 
Couzi et a1 [41] on pure TMCC crystals, where the nearest Cd-Cd distance along the chain 
increases from 3.33 A at 100 K to 3.35 A at 45 K. 

The results for TMCS:CU'+ are similar to those for TMCC:CU'+ although an analysis of 
the parameter fr / fr for the band at around 32 000 cm-' is not easy owing to the presence 
of o-polarized components. 

The variation in the total oscillator strength as welt as of the peak energies (figure 4 )  
reveals also anomalies at the P63/m + P61 ferroeleclric PT temperature T, = 157 K. 
The peak energies of the three selected bands show similar temperature dependences which 
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resemble the variation followed by the order parameter given by the spontaneous polarization 
[42,43]. It is interesting to observe the higher sensitivity of the cr band at 25500 cm-I for 
detecting the ferroelectric PT. Future calculations of the transition energies as a function of 
the metal-ligand distances and the complex geometry may clarify this distinct behaviour. 

h I 

I I 
154 156 158 1 60 162 

TEMPERATURE ( K ) 
F i w c  7. Temperature dependence of the absorption coefficient around the fermelecwic phase 
transition of T M C S : C U ~ ~ .  The selected wavelengths provide the maximum variation in the c~ 
spectra (533 nm) and the absorption background (800 nm). The peaks observed in the cooling 
(Tc = 156.5 K) and heating (TH = 157.4 K) m s  for A = 800 nm reveal critical scattering at 
the PF kpmpalure. These peaks are no1 detected for A = 533 nm because of the local chvaetcs 
of the Cu2+ probe. 

In order to explore the role of the Cuzt impurities on the PT dynamics, we have made 
precise measurements of the FT temperature and the thermal hysteresis in TMCB:CU*+. 
Figure 7 depicts the variation in the crystal absorption coefficient at 18 870 cm-' (530 nm) 
and 12 500 cm-' (800 nm) around TF. The curves were obtained making continuous heating- 
cooling runs at rates of 0.15 K min-'. The selected wavelengths allow us to follow the pT 
dynamics in the complex and in the crystal independently. This procedure was employed 
with success for detecting the FT sequence in T M A ~ M ~ C I ~ : C U ~ ~  [32,44] and in the mixed 
WBrl-,CI,:Cu2+ crystals [45,46]. The results clearly show that the Car:- complex 
follows the crystal dynamics. However, the measured thermal hysteresis AT = 0.9 K is 
somewhat larger than the value of 0.2 K obtained by Vanek el al [47] for pure crystals 
through dielectric techniques. This increase in the first-order character of the ferroelectric 
FT is attributed to the presence of Cuz+, in line with the discussion in [28]. The interactions 
between the Cd%- octahedra and the TMA molecules governing the FT may be largely 
increased by the presence of IT elongated CuX2- complexes and thus they affect the T M A  
ordering. 

Finally, it must also be pointed out that no evidence of the pT at T = 183 K reported by 
Kahrizi et a1 [48] by thermal dilatometry has been found through the present spectroscopic 
tools. This is in agreement with the dielectric measurements carried out by Gesi [42]. who 
detected only one FT at T, = 156 K. 
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