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Abstract. This work investigates the polarized charge-transfer (CT) spectra of the Jahn-
Teller distorted CuCl;~ and CuBrg' complexes formed in Cu?*-doped [N{CH3)4)CdCl; and
[N(CH3)4JCdBr; crystals. The transition energies as well as the dominant polarization of the cT
bands along the hexagonal ¢ direction are explained in terms of rhombic Doy, 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 vibronic conplings to totally symmetric vibrations
is found from analysis of the temperature dependence of the band width.

The influence of Cu®* impurities in the lattice dynamics is studied through the variation
undergone by different spectroscopic parameters in the 10-300 K range. Throughout this work,
the high sensitivity of CT transitions for detecting the structural phase transitions exhibited by
these crystals is demonstrated. In particular, the enhancement of the first-order character of
the ferroelectric phase teansition in [N(CH3)4JCdBrs:Cu** at Tx = 157 K, which has been
associated with the presence of Cu?* impurities is worth noting.

1. Introduction

The hexacoordinate copper(Il) complexes Cuxg' (X = F, Cl 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 elecironic configuration
of Cu?* (d°). An interesting feature of these systems is the strong 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 [1-4]. Apart from the common elongated Dy, symmetry
found for Cuxg', other geometrical configurations associated either with Dy, rhombic
distortions or with the compressed D4y symmeiry have been found in different copper-
doped or pure compounds [5-10]. However, it should be noted that the compressed Dy,
symmetry for CuXé‘ is very unusual. This geometry has only been identified clearly in
fluoride lattices such as the pure crystal KCuAlFs [11] or Cu?*-doped K.ZnF; [12,13]
and BayZnFg [14]. Although efforts have been made to form compressed complexes in
chlorides, they were unsuccessful. An example of this is the recent work carried out in
the (3-chloroanilinium); [CuCl,]Cl; crystal [15]). First x-ray experiments suggested the
presence of compressed CuClg'" but further investigations employing EPR, polarized optical
absorption (OA) spectroscopy, EXAFS and x-ray diffractometry at low tempertures showed
that these CuCIg_ 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 (enH;)MnCl,:Cu?* [17] is a unique system where the
presence of compressed CuClg‘ 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 Cuxg‘
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 Cu®* in isomorphous
crystals, as has been done for the tetrahalides CuClz_ and CuBri” of Dyg symmetry [9, 18-
22), the CT spectra of hexacoordinate complexes are at present very scarce for CuCli™
whereas no polarized CT spectrum has been reported for CuBr;~. The only CT spectrum
known for CuBrg‘ was obtained by Kuroda et af [23] for cubic LiBr: Cu®* crystals.

This work investigates the CT spectra of CuXé“ (X = ClI or Br) complexes formed in
the one-dimensional [N(CH;)14CdCl; (TMCC) and [N(CHj;)]4CdBr; (TMCB) crystals doped
with Cu?t in the 10-300 K temperature range, The reasons for using these crystals as Cu®*
hosts is threefold:

(1) They are diamagnetic and transparent in the X~ — Cu*t o1 region,

(2) These crystals allow easy substitution of Cd®* by Cu?*,

(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 [28].

The order—disorder P63/m — P2¢/a phase transition (PT) 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 Cu®* [28]. A new PT sequence takes place in
this Cu®*-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 Cu?+
impurities. It was suggested in [28] that the fairly large interaction between the TMA groups
and the Jahn-Teller (JT) distorted CuCl;™ units could be responsible for such anomalies.
In the present case of T™MCB: Cu®™ and T™McC: Cu®t, special emphasis will be placed on
the influence of PTs upon the CT spectra of Cu®t as well as on the role of Cu** upon the
lattice dynamies. In this way, the CT bands of Cu?* complexes are more sensitive than
the corresponding ligand-field transitions when used as probes to detect the PT sequence in
NH,Cl:Cu?* [29,30], NHBr:Cu?* [31] and TMA;MnClg:Cu?* [21,32].

2. Experimental details

Single crystals of TMCC:Cu?* and TMCB:Cu?t were grown by slow evaporation at 39 °C of
highly acidified (3 M CIH or BrH) aqueous solutions containing stoichiometric amounts of
the comresponding tetramethylammonium and cadmium halides. A 5 mol.% of the copper
halide was added to the solutions. The real Cu?* 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 ¢
direction. Their crystallographic sttucture 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
structure consists of linear chains of face-sharing CdXZ_ octahedra (figure 1). The TMA
groups placed between the inorganic chains display an orientational disorder associated
with the threefold axis of the molecule pointing along c.

3dxy (DZh)
K

3dg2.y2 (Dap)

X =Cl, Br

Figure 1. Structure of the inorganic chains in the one-deimensional T™vcx (X = CI or Br)
crystals. The local structure around the Cu?t in the doped crystals is shown on the right. Its
symmetry is nearly Day with a small rhombic distortion, D2y (C'Z"), associated with the bending
of the equatorial C1~ ligands towards the y axis. Note that the by (d,2_2) unpaired electron
orbital in D4y, corresponds to the by (dyy) orbital in the Dz, symmetry axis.

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 ¢ with E parallel (7) or perpendicular (o) to
the chain (¢ 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 Cu?*-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 m-polarized bands which are located at 26 700 and 37400 cm™! in
the chloride and at 19200 and 32000 cm™! in the bromide. At low temperatures other
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Figure 2. 7- and o-polarized optical absorption spectra of the Cu®*-doped T™CC 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:Cu?* spectrum shows a more complex structure, with
additional bands at around 19000 and 32000 cm™!.

It is worth pointing out the presence of one mainly o-polarized band at 27900 and
19700 cm™! in TMCC:Cu?* and TMCB:Cu?*, respectively. This band was already observed
as a shoulder in the unpolarized RT spectra of CdCiy:Cu?* [33] and also in LiCL:Cu®t [23]
together with the 26 700 and 37400 cm™! bands, although in neither case could information
about their polarization be obtained. A similar sitwation occurs for LiBr:Cu?*. It should
also be noted that the peak positions and polarization of these bands for TMCC:Cu®* coincide
with those given by Giidel ez al [17] for TMMC:Cu®*, although the strong overlap between
the Cu®* and Mn?* 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:Cu®* and TMBC:Cu®t, The oscillator strengths were obtained from
the total integrated intensity of each band through the formula

_ -
f=389% 107 s fedE (1

where ¢ 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:Cu?* and
TMCB:Cu?*, respectively. In both cases, the birefringence An is less than 1072,

Figures 3-5 depict the variation in the following spectroscopic parameters with
temperature: the total oscillator strength, fr =2, + fr, where f; and fr are the oscillator
strengths obtained through equation (1) for the o and n spectra, respectively; the relative
intensity defined by the ratio f5 /(2fs 4+ fx); the transition energy; the band width derived
from the first and second band moments. For TMcC:Cu?t this analysis was made in the
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Table 1. Assignment of the CT spectm of ™CC:Co?* and TMCB:Cu?* within Dyy, and Dy,
(C;’ ) molecular orbital schemes. Transitions from the zBlg ground state to different CT states are
denoted by x, y, z or F depending on whether transitions are polarized along the x, y, z directions
or forbidden, respectively. The experimental transition energies and the cormesponding oscillator
strengths (fT = 2fx + fz) were obtained from the T = 10 K spectra. The dominant polarization
is given in parentheses.

Transition assignment Mmc:Ca* T™MCR:Cutt
Dy DanCh) Energy (eV) fT Energy (eV) fr
2Big — 2Aa (7 +0) (F) Byy (F) 16950 () 0.004
By — 2By (7 +0) (2,9 Bay (y) 26650 (r) 0.03 19090 () 0.04
2Bay (x) 22310 (=) 0.02
Big = *Bw (1) (2) A, (2) 28070 (o) 0.02 19730 (o) 0.04
By — 2By (w + ) (x, ) 2By, (¥} 31600 () 0.01 25080 () 0.02
2By (x)
2B, — 2By (o + 1) (£, 3) 2By, (y) 37220 () 0.08 31000 ()
2Bay (x) 32100 () 0.24
2By = Ay (0 +7) (F) B (B 34700 (o)

highest-energy band, at 37400 cm™!, while for TMCB:Cu?* the analysis of the band width
was made for the peak at 19090 cm™! in the 10-200 X 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 vndergone 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
T. = 157 K. Furthermore, the linear blue shift followed by all these bands from 297 K
to T, changes below T.. In the low-temperature phase, the bands 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 Ty = 118 K
and Tp = 104 K.

By contrast, the band widths are not so influenced by the PTs. In both cases,
their temperature dependence follows typical hyperbolic cotangent functions H(T) =
Holcoth(he /2kTY]1V2, with vibrational energies hw = 267 and 157 cm™! for T™™CC:Cu?*
and TMCB:Cu?*, respectively.

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 Cu®* CT transitions of the formed CuX§~ (X = Cl
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
Jargensen optical electronegativity scale which predicts a shift of the CT transitions given by
AE = 30000 Ay, whereAx = xcr — xg: = 0.2 is the Cl™-t0-Br™ optical electronegativity
difference [34]. In addition, the spectra in figure 2 are very similar to those obtained for
CdCly:Cu** where the CuClg" complexes formed are known to display an elongated Dy,
symmetry [33]. In fact, the two bands observed in CdCly:Cu?t at 25000 and 32000 cm™!
were assigned within a Dy, symmetry molecular orbital (MO) framework 1o electric dipole
(eD) transitions coming from the mainly Cl™e, (v + o) and e, (¢ + &) MOs to the mainly



4532 R Valiente et al

L3

ey’

(3]

-

“l

Ik

= os | .

= R B

g ™

Z 1 ]

g R

& T,= 104K . T

m -

9 0065+ T =118 K * 4

|24

=

o

8

< » -

I‘_(.

2 o . .

=] - .

g - g * y
SRR o

S . 4

; 073t . | !

wl
py
g

E{T)=37800-342T |

Ll
]
8
—
—

Pol.

w
=
[=]
(=

TRANSITION ENERGY (em™)
o)
a3
=]

0 100 200 300
TEMPERATURE (K)

Figure 3. Varjation in the total oscillator strength, the relative = intensity and the transition
energy of the highest-eergy €T band in the 10-300 K range for TMcC:Cu?*,

Cu?* antibonding by (x% — y?) MO according to the diagram in figure 6. No evidence of
other ED symmetry-allowed CT transitions from the non-bonding by, () and e, (@) ligand
levels was obtained in this system.

The similarity between the CT spectra of the Cu?*-doped TMCC and TMCB crystals and
those of CdCly:Cu®* strongly suggests a Dy, symmetry for the present Cqu" complexes.
Although a strict Dy, symmetry is not possible for the IT distorted CuX‘é' complexes given
that the symmetry at the substituted Cd?* site is Dsq, their real symmetry should not be
far from Dy, since this is the more common symmetry exhibited by Cu?*+ placed in nearly
octahedral sites. However, this symmetry cannot account for the polarization shown by the
bands associated with the e, — by, CT transitions because we observe that they are mostly
polarized along the chain {c direction). In fact, if we consider a local Dy, symmetry for
CuCl{~ with the long Cu~Cl bond randomly distributed along one of the three trans Cl-Cd-
Cl directions of the substituted CdCI¢~ octahedron, then the 7-to-o polarization oscillator
strength ratio fr/f;, of the e, — by, bands must be necessarily less than 2, irrespective
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Figure 4. Temperature dependence of the total oscillator strength and the transition energy,
derived from the first moment, of several cT bands for T™™ce:Cu?¥. First-moment analysis for
bands at 25080 and 19090 cm~! could be made in the 10-200 K range.

of the CuCl{~ orientation. The = and o oscillator strengths are f, = fr(1 — § sin®a) and
fo=Jr sin® &, and therefore I, /. =2 sin? o)/ (1+cos? @), where « is the angle between
the distortion axis {z) of the complex and the ¢ direction. This result indicates that a Day,
model cannot explain the experimental value f./fz = 6 of the mainly m-polarized bands in
T™MCC:Cu?t and TMCB:Cu?*, even in the most favourable case (& = 90°) where f; /f, = 2.

Nevertheless this polarization can be qualitatively explained if we consider a Doy
rhombic distortion of the complex. As shown in figure 1, this type of distortion is more
favoured than Dy, for one-dimensional systems with the TMMC-type structure due to the
crystal anisotropy. The actual Dy (CJ) symmetry is associated with the bending of the
equatorial Cu-Cl bonds of the Dy, complex towards the ¢ direction without changing the
Cu—Cl distances. EXAFS measurements [35,36] carried out on TMMC:Cu?? confirm this
geometry for CuClg' with short Cu—Cl distances R = 229 A. The two long Cu-Cl
distances, roughly estimated from the EXAFS spectra of [35], are around 3.0 A.

This geometry of the CuClg“ complex contrasts with that found in two-dimensional
crystals, such as (cyclam H;)CuClg with Ry = 3.18 A and Req = 2.29 and 2.30 A [6], or
(enHy)CuCly with Rax = 2.90 A and Req = 2.31 and 2.32 A [7]. These crystals display
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Figure 5. Variation in the band width, derived from the second moment, of the cr bands at
37220 and 19090 cm~! in the 7 spectra of TMce:Cu?* and TMcB:Cu®®, respectively. Solid
lines correspond to the least-square fittings to the equation F(T) = Holcoththe /26 TY]H2.

an antiferrodistortive structure where the nearly Dy, CuC!i' units exhibit a real rhombic
Dy, (C,) symmetry, with three different metal-ligand distances. The existence of these two
Dy, distortions, C;, and CJ, 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 by; depending on whether the unpaired
electron orbital is d;2_y2 (C}) or d,, (C5), 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 Cj (figure 1). In the former case, the d,:_ orbital mixes with the Cu®* dy,._,2
and 4s orbitals, and therefore we can find significant departures in the principal values of
the gyromagnetic tensor g from those found in elongated Dy, complexes. Moreover, this
also affects the CT spectra because new ED transitions allowed by symmetry are expected
in Day (C5) with respect to Dy, and Dy (C)) (figure 6). EPR and OA measurements in
two-dimensional systems would be desirable for clarifying these points.

The Doy (C)) scheme in figure 6 accounts well for the 0A spectra of the present one-
dimensional systems. The four bands observed in the low-temperature spectra of TMCC:Cu?*
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 (D4, notation) is observed. It is also
noteworthy the strong dichroism exhibited by the by, (ey in Day) — byg CT bands, which
seem to be completely polarized along the y direction of the CuCli~ 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 Dy symmetry. The experimental
intensity ratio, fn/fy = 6, clearly suggests that this band uniquely corresponds to the y-
polarized by, — aj, transition (Mg, (C5)). With this assumption, the experimental value is
close to that expected if the equatorial plane of the CuClg‘ complex coincides with that of
the CdClé' octahedra in the perfect lattice: fi/fy = 2cot® 8, where f = 31.2° is the angle
that the equatorial plane makes with ¢ [32]. Analogously, this model allows us to confirm
the assignment of the CT band at 28070 cm~! to the a, (by in Dy} — by, transition,
which must be polarized along the z direction of the complex. In fact, the experimental
T-to-o intensity ratio fn/fy = 0.8 for that band obtained by fitting the QA spectra in
the 20000-30000 cm™' range to the sum of two Gaussians, is similar to the expected
value fr/fs = 2cot?(90° — 8), for § = 31.2°. This result, together with the structural
data obtained from EXAFS for TMMC:Cu®*, justifies the geometrical structure proposed for
CuClg‘ and sketched in figure 1. The values of the interatomic distances in the complex
(2.29 and 3.0 A for Cu-Cl bonds, and 2.64 A for the Cd—Cl distances) and the angle
£ =31.2° lead to CI-Cl distances within the equatorial plane of 3.10 A and 3.24 A, along
the x and y directions, respectively. This figure explains, qualitatively the oscillator strength
enhancement observed along the ¢ direction taking into account that the oscillator strength
of the by and b, — biy CT transitions are mainly governed by the p, orbitals of the C1™
ligands. The modules of the non-zero matrix elements (bsy|x|byg) and {byy|y|b1g), which
are equal in Dy, must be different in Doy (C3). An increase in |{ba) ylblg)iz and a decrease
in |'.:b3ul.\’11::»1g)|2 are expected for the CJ distortion of figure 1 since the Cl-Cu—Cl 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 Dy, distortions would be useful in order to estabiish
structural correlations.

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

Apart from the peak energies, the similarity between the RT spectra of the isomorphous
™CC:Cu?* and TMCB:Cu?t makes the CT band assignment easy. The bands at 19000 cm™
and 31000 cm~! correspond to the two e, (7 +0) and ey(c+7) — big CT transitions within
a Dyy MO framework. However, an important difference between these two crystals is the
presence of additional CT bands in the low-temperature spectra of TMBC:Cu®* (figure 2).
This feature, which was also observed in the tetracoordinated CuX2~ (X = CI or Br)
complexes of Dy symmetry {20, 22], is explained in terms of the larger spin—orbit interaction
of the Br~ ligands (4 = 2480 cm™" and £3,(Cl)/&4(Br)= 0.25) [37]. For CuBrg‘, this
interaction is of the same order as the Dy, 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 CuBrg~ is twofold: firstly the tetragonal 2E, +2B, and 2E,+2 Ay, states
coming from the parent 2Ty, and 2T}, octahedral states split several thousand wavenumbers
into 2I'g’ + 'y and Tg 4 2T; (double-group irreducible representations in Bethe notation),
respectively; secondly CT transitions coming from the 2}313(1"7*' } ground state are ED allowed
to states transforming as I'; (x, y,z polarized) or Iy (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 CT transitions can be polarized along
X,y or z, most bands as in CuCl{™ are mainly polarized along ¢. This behaviour can
be understood using the same scheme followed for CuClg' where the mainly m-polarized
bands were associated with the 2B, — 2By, transition. According to this, the presence of
additional bands mainly polarized along ¢ (table 1) is due to the mixing with the 2B, state
by the spin—orbit interaction,



CT spectra of CuX‘;“ (X = Ci or Br} complexes 4537

The peak energies, oscillator strengths and assignments of the CuBrg~ CT bands are
listed in table 1. Two facts must be emphasized: firstly the largest splitting is observed for
the first CT band associated with the 2Ty (% + o) octahedral state (this result was also found
for CuBrE' complexes [22]); secondly the oscillator strengths for CuBr; ™ are three times
those for the CuClg" (this demonstrates the higher metal-ligand overlap expected for the

more covalent CuBr¢~ complex).

4.3. Temperature dependences: influence of phase transitions

The variations in the different spectroscopic parameters, shown in figures 3 and 4 for
TMCC:Cu?t 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). Iis variation
reflects the coupling of the CT 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} = Holcoth(fiw/2kT)]'/2, The values how = 263 cm™' for CuCli™ and
165 cm~! for CuBré~ are similar to those found by Raman spectroscopy for the a;; mode of
the equatorial ligands in the square planar (creatinium);CuCly (290 cm™') {38], and in the
CuClg_-elongated {cyclam H4)CuClg (262 cm™!) and (metH); CuCls (275 cm™) [6]. The
fact that these frequencies are somewhat larger than the corresponding CdCly, frequencies of
the pure crystal confirms the geometrical structure proposed for these CuClg" complexes.
The same a;, mode is assumed for CuBr§  since its frequency essentially corresponds to
(mei/me)'/* times the CuCl{~ frequency.

Interestingly, the relative m intensity fr/fr. of the 2B;; — 2B,, wansition at
37000 em™! in T™MCC:Cu®t gives directly cos® 8, assuming that this band is completely
polarized along the local y axis of the complex. Therefore, this parameter allows us to
follow the corientation of the CuClg‘ complex with temperature. Note that 8 remains almost
constant in the P63;/m phase (300-118 K); it experiences an abrupt increase A8 = +2°
at the P63/m — P2;/m PT temperature T,; = 118 K and decreases by AS = —1° at the
P2y/m — P2;/b PT temperature T, = 104 K. Below this temperature, # continuously
decreases about 2° from 104 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 Cu—Cl distances by thermal contraction [39]. The red-shift jump of 100 cm™!
observed at Ty points out a local expansion of the complex associated with this PT. The
P2y /m — P2,/b bt is evidenced by the change in slope at T;. Below this temperature
there is a continuous red shift down to 10 K, probably due to an anomalous local thermal
expansion around Cu®*. It should be noted that anomalous relaxations around impurities
have also been detected in the P43m phase of Cu®t-doped NH,Cl below T, = 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 structural data reported by
Couzi et al [41] on pure TMCC crystals, where the nearest Cd-Cd distance along the chain
increases from 3.33 A at 100 K t0 3.35 A at 45 K.

The resuits for TMCB:Cu?* are similar to those for TMCC:Cu?* although an analysis of
the parameter f;/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 well as of the peak energies (figure 4)
reveals also anomalies at the P6:/m — P6; ferroelectric Pt temperature 7 = 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 CT band at 25500 cm™! 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,

T ¥ ] T T

T,=157T4K = T"mf” KlTH-lST.ék

| o]
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Figure 7. Temperature dependence of the absorption coefficient around the ferroelectric phase
transition of TmcB:Cu*. The selected wavelengths provide the maximum variation in the ¢t
spectra (533 nm) and the absorption background (800 nm). The peaks observed in the cooling
(Te = 156.5 K) and heating (T = 157.4 K) runs for A = 800 nm reveal critical scattering at
the PT temperature. These peaks are not detected for A = 533 nm because of the local character
of the Cu?* probe.

In order to explore the role of the Cu®* impurities on the PT dynamics, we have made
precise measurements of the PT 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 12500 cm™! (800 nm) around T¢. 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 PT sequence in TMA;MnCly:Cu?* [32,44] and in the mixed
NH,Br,_,Cl,:Cu?t crystals [45,46). The results clearly show that the CuBrg' 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 et al [47] for pure crystals
through dielectric techniques. This increase in the first-order character of the ferroelectric
PT is attributed to the presence of Cu*t, in line with the discussion in [28]. The interactions
between the CdX{™ octahedra and the TMA molecules governing the PT may be largely
increased by the presence of JT elongated CuX}~ complexes and thus they affect the T™MA
ordering.

Finally, it must also be pointed out that no evidence of the PT at T = 183 K reported by
Kahrizi et al [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 PT at Tz = 156 K.
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