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TMA,MnCI, crystals: study of the CuC1:- Jahn-Teller 
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Cantabria, 39005 - Santander. Spain 

Received 19 March 1991, in final form 13 June 195'1 

Ahstraet. The charge transfer (m) spectra of the CuCIi- complex formed in 
TMA2MnC1,:Cu?* single crystals are investigated in the IC-300 Ktemperature range. Two 
xg-polarized bands at 24300 and 337M)cm-'. and two z-polarized ones at 29500 and 
41 000 cm-' are assigned to m transitions of the CuCli-. These transition energies, as well 
asthe degree ofpolarization ofthembands, are explained i n  termsofJahn-teller distortions 
of D2d symmetry. The M S - X ~ .  calculations performed on this complex support this view. By 
means of these data. both the trans-Cl-Cu-CI distortion ansle and the orientation of 
CuCli- in the lattice are determined. 

The sensitivity of CT bands of CuCIi- for detecting the structural phase transition 
sequence of this crystal is analysed as well. A noteworthy finding of this work concerns the 
profoundchangesexperienced by m bands below the monoclinic P112,ln- Pl?,/cl phase 
transition temperature at 171 K. The spectra become nearly isotropic as a consequence of 
the formation of structural domains. 

These results are compared with those obtained in pure chlarocuprates such as Cs2CuCI, 
and TMAfhCI,. 

1. Introduction 

There has been particular interest in CuX, complexes (X = halogen ion, n = 4 ,6 ,  and 
Cu as divalent cation). These basicsystems present the simplest electronicconfiguration 
(d9) among transition metal ion complexes, and their optical transitions involve simple 
electronic jumps between one-electron molecular orbitals (MO). The optical absorption 
spectra of these CuZt complexes in the crystal field (CF) and charge transfer (0) regions 
strongly depend not only on the symmetry and degree of the Jahn-Teller distortion 
displayed by the Cuz+ ligands but also on the orientation of the CuX, in the lattice. This 
dependence has been extensively studied in pure chlorocuprate (11) compounds where 
the local structure around the Cuz+ is well known from x-ray diffraction techniques 
[l, 21. In tetracoordinated AzCuC14 crystals, it has been found that CuCla- complexes 
usually present Jahn-Teller distortions of nearly Dzd symmetry. A large number of 
crystals of this type has been synthesized and the transition energies and polarization 
type of t h e c ~  bands have been correlated with the trans-Cl-Cu-Cl distortion angle from 
about 125" to 180" (Dab square planar complex) of the CuCIZ- with different Cu2+-CI- 
distances, ranging from2.21 to2.27 8, [1-4]. However, such correlations have been less 
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studied for CT transitions. The high oscillator strengths of these cT transitions (-0.1) 
[SI, two or three orders of magnitude greater than those of the corresponding CF 
transitions [6], make it difficult to obtain reliable spectra in this CT region. 

Although attempts have been made to detect CT spectra in cesium compounds by 
using thin layers of Cs,CuCI, crystals [7,8], reflectance spectroscopy [5] or by diluting 
CuCIi- in transparent matrices like Cs2ZnC14 [5, 8, 91, the strong absorption back- 
grounds observed in the uv region precluded accurate measurement of the absorption 
intensities and only qualitative information about band polarization was obtained from 
such spectra. 

The CuCla- ff band assignment in Cs2CuC14 and Cs2ZnC14: Cu2' has been carried 
out through several Xn calculations on the pseudotetrahedral CuCli- complex (Du 
geometry) [5 ,  10-131. Nevertheless, the first ~ s - X a  calculations performed by Des- 
jardins eral[5] and Bencini and Gatteschi [lo], predict CT transition energies which are 
greatly shifted (more than 30%) from the experimental values. Later Ms-Xacalculations 
byGewirtheral[ll, 121,improvethepreviousresultsbyabout 15%thoughtheprocedure 
used leads to unusual values of the copper and chlorine spheres radii as discussed below. 
Recent D V - X ~  calculations on this complex by Deeth [ 131 are also discussed. 

In this work, the CT spectra of CuCIi- complexes formed in TMA,MnCI, (TMA = 
(CH3),N) single crystals were investigated in the 10-300 K temperature range. This 
crystal was chosen for the following reasons: (1) the easy substitution of Cu2* for MnZt 
ions allowed us to dope the crystals with optimum Cu'+ concentrations for obtaining 
reliable CT spectra. The significant backgrounds observed in previous crystals were 
greatly reduced in the present case, and therefore. precise measurements of the inte- 
grated band intensities were possible; (2) this crystal provides a w,ell known sequence of 
structural phase transitions which has been investigated by means of different exper- 
imental techniques [14-211. These phase transitions have recently been studied in the 
10-300 K temperature range through the optical spectra of tetrahedral MnCla- com- 
plexes in the pure crystal [20.21]. 

Theopticalabsorption spectra ofTMA,MnCI,: C U ~ ~  and the new~s-Xacalculations 
on the D, CuCla- complex that are presented in this work allow us to make a clearer 
CT band assignment. The correlation between experimental and theoretical results, and 
the polarization of these CT bands also provide useful information about the degree of 
distortion of CuCIi- and about how they are oriented within the lattice, respectively. 

The sensitivity of CT bands as local probes for detecting the structural phase tran- 
sitions in this crystal is also analysed. This aspect was recently investigated in mixed 
NH4CI,-,,Br, and pure ammonium halide crystals doped with Cu" [22-241. Thcse 
studiesshowed that CT bands are sensitive enough to detect not only the different types 
of phase transitions displayed by this family of crystals but also the displacive effects 
associated with the small first-order character accompanying the I transition in NHCI 
at T =  242 K, which involves changes in the lattice parameter of only 0.005 A. 

M C Marc0 de Lucm et al 

2. Experimental details 

Single crystaIs of CuC1,-doped TMA,ILlnCI, were grown by slow, evaporation at 30 "C 
of acidic aqueous solutions containing stoichiometric amounts of N(CH&CI and 
MnCI: . 4H20, and different CuClz concentrations from 0.01 to 0.1 mol%, The ortho- 
rhombic crystallographic structure (Pmcn space group) at 300 K and the crystal orien- 
tation were checked by x-ray diffraction techniques. Several 6- and a-plates of good 
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optical quality with sizes of about 1 x 1 x 0.3 mm3 were selected and polished for the 
optical studies. The real Cu2+ concentration of these crystals was measured by atomic 
absorption spectroscopy. 

Polarized optical absorption spectra were recorded on a Lambda 9 Perkin Elmer 
spectrophotometer equipped with Glan Taylor polarizingprisms. The temperature was 
stabilized to within 0.05 Kin the 10-300 K range with a Scientific Instruments 202 closed 
circuit cryostat and an APD-K controller. 

Extinction directions and their temperature dependence were observed through a 
polarizing microscope. 

3. Theoretical details 

The standard version of the ~ c ~ - ~ ~ - X a m e t h o d  [25] was used to carry out spin-restricted 
calculations on the D2d CuC1:- cluster. Two CuCIi- geometries have been worked out: 
(1) metal-ligand distance R = 2.230 8, and the trans-CI-Cu-CI angle 0 = 
129.2"(CsZCuCI,) [26,27]; (2) R = 2.230 8, and 0 = 120". 

Neutral atoms have been usedin the initial atomiccalculation toconstruct thestarting 
molecular potential. The sphere radii of the muffin-tin approximation were determined 
following completely the Norman's procedure [28]: (1) the ratio of the sphere radii, r ,  
was fixed to the ratio of the 'atomic number radii'; (2) we allowed the atomic spheres to 
overlap; (3) the absolute values of the radii have been determined by imposing a virial 
ratio, U, = - 2(T)/(V), to be exactly one. In the present calculations, v,was kept to be 
better than 1.000001. The use of this criterium, in previous calculations carried out on 
copper complexes [29,30], led to accurate values (within 2000 cm-I) of the CT transition 
energies. 

The values of the sphere radii obtained in CuC.I:- with 0 = 129.2" following this 
procedure are ~ ( C U )  = 1.31 8, and p(CI) = 1.56 A. Such values correspond to an over- 
lapvolumeofeachchlorinesphereof5.5% andaratioofsphereradiir = p(Cl)/p(Cu) = 
0.84. 

Electronic transition energies were calculated using the transition state procedure. 

4. Results 

Figure 1 shows the T =  300 K optical absorption spectra in the 220-500 nm range of 
CuZt-doped TMAz MnC1, single crystals with incident light polarized along the a, band 
c orthorhombic directions (hereafter called a, b and c ) ,  Three prominent anisotropic 
absorption bands, denoted by A, B and C, are clearly seen at 24300, 33700 and 
41 000 cm-', respectively. A and B display the same polarization and have maximum 
and minimum intensities along the a and b directions, respectively, while the opposite 
behaviour is observed for the C band. One shoulder, C', located at about 29500cm-', 
is also observed near the B band in the spectra of figure 1 with a dominant polarization 
as the C band. These bands are associated with the presence of CuZt, as their intensities 
are proportional to the Cu2+ concentration. 
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Figure 1. Polarized optical absorption spectraofTMA,MoCI,: Cu" at T = 300 K, (010) and 
(100) single crystal plates were used for obtaining the II. b and c polarizations. Spectra were 
taken with E parallel to a and eon the (010) single crystal plate, and with E parallel to 6 and 
con the (100). respectively. The spectra with E parallel 10 e are the same in both crystals. 
The arrows indicate the location ofMn2' crystal field peaks. The inset show dependence of 
the C band intensity on the polarization angle. q. which is the angle E makes with E :  (0) 
experimental poins. Full curve depicts the functions given i n  equation ( 5 ) .  The Cu?' 
eoncentration was 4200 ppm. 

The relative band intensity, Ir,, for each polarization i = U. band c, was calculated 
for the three bands through the equation 

where I,  and I, represent the integrated band intensities along the i and j directions, 
respectively. The Ir, values derived from the spectra of figure 1 are 0.44,0.23,0.33 for 
theAband;0.45.0.24,0.3lforB;and0.l6,0.51,0.33forC,alonga,bandc, respectively. 
These values are characteristic of the crystals and they do not depend on the crystal 
growing conditions or on the CuZt concentration. 

The inset of figure 1 portrays the variation of the relative intensity of the C band, lrc, 
with the angles, pC* and pcb, that the polarization plane makes with the c direction in 
(010) and (100) crystal faces, respectively. The full curve depicts the function I ( q , )  = 
0.31 cos* qc. + 0.17 sin2q, in (OOI), and I(q,b) = 0.31 cos2 qc--a + 0.52 sinZ pcb in 

Upon cooling, no significant changes are observed in the spectra in the 300-171 K 
temperature range. Only small jumps in the relative intensities, Ir,, of less than 10% are 
detected at the structural phase transition temperatures of the TMA,MnCI, crystals: 
292.6K,292.3 Kand268.7K(Pmcn+ incommensurate+ PZl/cll-+P112,/n).Band 
narrowings of about 500 cm-' and band shifts of 100 cm-' are measured in this tem- 
perature range. 

However, theP112,/ii-r P12,/cl structural phase transitionat 171 Kinducesabrupt 
changes in the optical absorption spectra as depicted in figure 2.  Besides the band 
narrowing, thesespectraexhibitnofurthersignificantmodificationsdown to 10 K(figure 

(100). 
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Figure 2. Paiarired optical absorption 
spectra taken with E parallel to a and e on 
the (010) face ofTMA2MnC14:Cuz*. The 
spectra were recorded above (T = 173 K) 
and below (T = 161 K) the PllZl/n -+ 

PlZ,/cl structural phase transition at T = 
171 K. 

IOW0 I I 
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Figure 3. T = 10 K polarized optical absorption spectra of TMAIMnCI,:Cuz*. The inset 
shows a magnification of the c' band to clarify its polarization. 

3). A noteworthy fact at this temperature concerns the isotropy of the spectrum taken 
in the (010) plane. The c and a polarized spectra become nearly the same, remaining 
unchanged with the polarization angle within the (010) plane. However, they are still 
anisotropes in (100) (c and bpolarizations) and the spectrum alongc does not correspond 
to that obtained along c in the (010) plane. The C band intensity in (100) is about twice 
that observed in (010) while A and B bands have similar intensities in both planes. 
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At 10K,  the shoulder, C’, appears at 29500cm-’ and, because of the band 
narrowing, its polarization is now clearer than at 300 K, though no quantitative esti- 
mations of Ir, were made (inset of figure 3). 

5. Analysis and discussion 

5.1.  Polarization analysis: Jahn-Teller distortion and CuC& orientation 

The transition energies and the molar extinction coefficients of the absorption bands A. 
B and C of the TMA,MnClp: Cu2+ crystals are characteristic of CT transitions of CuZt 
complexes having CI- anions as ligands. Given that Cu2’ replaces the tetrahedrally 
coordinated Mn2*, the complexes involved must be CuCI$-. 

The relative intensities, Ir,, measured at 300 K,  allowed us to conclude that A and B 
bands are x ,  ypolarized while C is completely r-polarized, where z is taken along the 
symmetry axis of the distorted CuCIi- complexes. 

Independently of the particular orientations of CuCI’,- and the crystallographic 
structure of the host matrix, it iseasy toidentify bandsdisplayingx, y-or r-polarizations 
from the Ir,values, i = a,  band c, provided we are dealing with single crystals. In fact, 
electric dipole allowed transitions which are polarized either along a given r-direction 
or in the ( x ,  y) perpendicular plane, must verify the following equations: 

I: =f: C cos2 e; =f;  
I=o.b.r i=o.b.c 

2 r:y = f $  E sin%, = 2 f i .  (2) 
i=o.b.< t=o.b.c 

If and I t v  are the total integrated band intensities along the i-direction for z- and x ,  y- 
polarized transitions. respectively;f, andf2 are their respective oscillator strengths, and 
Biistheanglezmakeswitheachorthorhombicdirection,i = a, bandc. Oncethevalues 
of Ir, are determined from equation (1). it is possible to distinguish between x ,  y or z- 
polarizations by taking into account: 

Irf + 2Ir? = cos2,, + sin2 e, = 1 (3) 
for every direction, i = a ,  b and c. 

By inspecringtable 1 it followsthat AandBarex,y-polarized, whileCisz-polarized. 
Therefore, the C’ band is principally z-polarized. Though we confined these calculations 
tosystems withonlyone z-direction ofdistortion. the sameconclusion applies tosystems 
having different CuC13- orientations. 

Except for the C’ band, these polarizations were also qualitatively deduced for the 
CT bands of CuCI$- complexes in Cs2ZnCI, and the pure Cs2CuCIp compounds on the 
basis of D, symmetry distortions [S-S] .  In our case, a similar distortion symmetry is 
expected for the Cu2+ substituted tetrahedral Mn2+. I n  fact, CuCIi- complexes usually 
display D,-type distortionscorresponding to flattened tetrahedra, at variance with the 
CuClf,- complexes in which DJh elongated [31] (or unusually compressed 1291) octa- 
hedral distortions are present. These experimental observations reflect the fact that 
vibrational modes of e (bending) symmetry in Td, and those of eg (stretching) symmetry 
in 0, complexes, are the most relevant in Jahn-Teller couplings 1321. 

Consequently, we assume D2,, symmetry for the CuCI:- complexes formed in 
TMA,MnCI,. This assumption is also supported by the optical absorption spectra of 
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OCI- Mn" 5,' 
Figure4. (100).(010)and(001)projectionsofthe 
TMA2MnC14 unit cell (Pmcn space group). Only 
the four MnCI:. units at (4c) sites were drawn. 
Thefigureon theleftsideinthe bottomshowsthe 
unitary vectors e,, e2 and e, along the S, axes of 
the MnCIf- tetrahedron. CuCli- distortions of 
Du symmetry would correspond to a flattened 
tetrahedron along one of the Si axes. The trans- 
CI-Cu-Cl angle, 8. equal to 1OY for regular 
tetrahedra. defines the degree of distortion of 
these CuCIi- wmplexes. 

I 

cu cl:-: D** symmetry 

Figure 5. Energy level diagram of the CuClf' 
complex in DId symmetry corresponding to the 
electronic ground state configuration obtained in 
OurMS-Xncalculation(R = 2.UOA.a = 129.2"). 
Energiesaregiven withrespecttothe4b2(x2 - y') 
MO. The arrows indicate the symmetrvallowed 
electric dipole transitions. 

figures 1-3 which resemble themspectraof the isomorphousTMA2CuCI, and Cs2CuC1, 
where the local structure around the Cu2+ is known to be nearly DZd [5-8,26,33,34]. 

The values of Iri, equal to cos2 -9; or (sin' -9,)/2 depending on the z- or x,y-polariza- 
tion of the band, also contain useful information about the CuC1:- orientation in 
TMA,MnCI,. When analysing this information it is advantageous to take into account 
the possible Jahn-Teller distortions on the basis of its Pmcn crystallographic structure 
at 300 K [35]. The unit cell contains four MnCI:' units in (4c) sites, with one of t t  , 
Mn**-CI- bonds along c and the other three CI- ions lying in the (001) plane as indicated 
in figure 4. MnCla- tetrahedra also lie in mirror planes parallel to (100) at $U within the 
unit cell. It is important to point out the existence of a structural disorder in the 
orthorhombic phase of this family of crystals associated with MnCI:- rotations around 
the c-axis, which has been evidenced by x-ray diffraction [35, 361 and NMR (37-391 
techniques. 

Jahn-Teller distortions of CuCla- would take place along one of the three S, axesof 
the MnCIi- tetrahedron. The square components of the unitary vectors (denoted by el, 
e'ande,) pointing along the three &axes, are the same for the four IMnC1:- tetrahedra 
of the unit cell and are given in table 1 togetherwith the cos' O,-values deduced from the 
spectra of figure 1. 
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Table 1. e, .  e, and es denote the square components of the unitary vectors e, ,  cI and e, 
poinling along the L axes of the MnC1:- tetrahedra in TMAIMnCll with respect to the 
orthogonal a, b and E directions, rapectively. Ir,. with i = a ,  b and c, are the relative 
intensities of bands A. B and C. defined in equation (1). Last two columns show the 
polarization type of the bands: xy-type for bands A and B, and r.type for C. 

Relative intensities 
~~ 

idirection e ,  ez(e3) Ir: Ir: Irc lr: +Zlr f  lr,! + 2IrS 

a 0 0.50 0.44 0.45 0.16 1.04 1.06 
b 0.69 0.16 0.23 0.24 0.51 0.97 0.99 
c 0.31 0.34 0.33 0.31 0.33 0.99 0.95 

The anisotropy of CT spectra clearly indicates that Jahn-Teller distortions are not 
randomly distributed among the three equivalent Ss directions, but rather the crystal 
presents preferential directions for distortions. According to the data of table 1. the 
preferential direction for this crystal would be near e,. This result resembles the exper- 
imental observations in isomorphous A2CuC1, compounds where CuC1:- is known to 
distort along e,, This direction coincides with one of the S4 axes of the inorganic BCIi- 
tetrahedrainAIBCl,crystalswithA = CsandTMA,andB = Zn,Co,Fe,NiandMn2+ 
[26.34-36,40]. The differences between the cos2 8, and those for e, (table 1) might be 
reconciled if CuCIZ- were rotated Z O O ,  either clockwise or counterclockwise. around c. 
This would reflect the orientational disorder of MnC1:- in this crystal though the angle 
is largerfor CuCIZ- in TMA,MnCI,, than those measured for NiCla- and FeCI?,- (r8") 
in TMA,NiCI, and TMA2FeCI4 [36]. 

Furthermore, the Cu2' ions occupy the Mn2+ (4c) sites with the same probability as 
is deduced from the variation of the C band intensity with the polarization angle, given 
in the inset of figure 1. For such a situation the intensity is given by equation (4) 

4 

Wqc- , , )  = Q Z lei . (cos q W u ,  + sin qc4u,)12 (4) ,= -4 

where e; denotes the unitary vectors along the z-axis of the CuC1?,- rotated +30"around 
c(e; and e; ' )  in each (4c) site, i = 1,2,3 and 4. A similar equation is obtained for IF 
(qcb) by replacing the unitary vectors alonga, U,, and along c,  U,, by the corresponding 
ub and U,, respectively. Then, the relative intensity becomes 

IrC(q,) = 0.31 cos' 9)- + 0.17sin2 q m  

IrC(qeb)  = 0.31 cos' qcb + 0.52 sinz qc4 (5) 

in the (010) and (100) crystal faces, respectively, as was represented in the inset of 
figure 1. 

Concerning the degree of the Jahn-Teller distortion of these CuC1:- complexes we 
have estimated the trans-CI-Cu-Cl angle to be 124", as is demonstrated in the next 
section. 

5.2. Charge transfer band assignment 

Within the CuCl?,- (DZdsymmetry)Moframework, there areninepossiblecr transitions 
involving electronic jumps from occupied mainly ligand MOS (made up of eight 3p.- and 
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four 3p, CI- atomic orbitals) to the unpaired mainly Cu2' b2(-d(x' - y')) MO. Six of 
them, transforming as a2 + 2e + b, + b, + a l  irreps., have predominantly mcharacter 
and three, mainly U ,  transform as e + b, + al (figure 5). Only five transitions are electric 
dipole symmetry allowed, e -+ b, and al  -t b, beingx, y- and z-polarized, respectively. 

The difficulty in making an unambiguous assignment of CT bands of CuC1:- (D%) 
results from the fact that only four of these five allowed transitions are clearly observed 
in the spectra. 

This assignment in Cs compounds was made by means of the Xa calculation 
technique. This way, reliable M S - X ~  calculations were performed by Bencini and Gat- 
teschi [ 101 for explaining the cr spectra of Cs2CuCI4. Their procedure was similar to that 
outlined in section 3, but they employed greater sphere radii: ~ ( C U )  = 1.38A and 
p(CI) = 1.62 A. These results lead to a virial ratio, U, = 0.999874 and the cr assignment 
given in table 2. It is worth mentioning that these calculations predict reasonably well 
the energy difference between any two CT bands in the spectrum but all transitions 
appear shifted by about 7000 cm-' (30%) to higher energies. This calculation was not 
able to explain successfully the z-polarized component displayed by the CT band of 
Cs,CuCI, at 34500 cm-' which was assigned to the 3al+ 4b2 cr transition. Following 
their assignment method, such a 3al- 4b2 transition should appear in the spectrum 
about 3000 cm-' above the one at 24800 cm-I. 

Earlier MS-XLY calculations performed by Solomon er al [5] in the same system, using 
aratioofthesphereradiir = 0.96,predict c~transitionenergiesfortheCs~CuCl~system 
which are shifted about 9000 cm-I from the experimental values, but to lower energies. 
The virial ratio, U,, obtained in these calculations was 1.000434, Later M S - X ~  results by 
Solomon er a [ [  11, 121 employing a different procedure, led to transition energies closer 
to the experimental values (15%). However, such a procedure which matches the 
potentials of the atomic spheres measured at the sphere boundaries, gave counter- 
intuitive valuesof the sphere radii: ~ ( C U )  = 1.65 A and p(CI) = 1.32 .&. The radii ratio 
r = 1.25 is hard to conciliate with the ionic radii one of Cuz+ (or even Cui) and Cl-. 

Up to now, the best agreement between experimental and calculated a transition 
energies has recently been obtained by Deeth [13] using the Dv-Xa method. Energy 
differences going from 3000 cm-' to 5000 cm-' were obtained by this method. 

In the present case of TMA,MnCI,:Cu2+, the well defined polarization of the CT 
bands allows us to clarify their assignment. According to the previous Xa calculations, 
the A and B bands would correspond to 4e --* 4b2 and 2e ---t 4b2 transitions, and C and 
C' to 2a,+4b2 and 3a,-4b2, respectively. However, following the trends of such 
predictions at 0 = 129.2", the C' band would correspond to the 3e-t 4b2 transition 
instead of the 3a,- 4bZ which would be located nearer the A band. This could be 
explained qualitatively by taking into account the fact that the oscillator strength of the 
3e-t 4bZ transition may be weaker than that of the 3al -+ 4bZ because the 3e  comes 
from the even eg MO in the Dfh square planar CuCI?+- complex (0 = 180') where only 
e"+ b,, and a,,-, bl, transitions are symmetry allowed. Therefore, it is reasonable to 
expect weak intensities for this transition in other CuCI:- complexes having different 
values of the distortion angle, 0. 

In an attempt to interpret these experimental results, new MS-XCY calculations were 
performed in order to study the influence of 0 on the CT and CF transition energies. This 
study was suggested by the redshift displayed by the CT bands in TMA2MnCI4:CuZ+ 
with respect to those in TMAzCuC14 and Cs2CuCI4 (0 = 129.2"), probably due to a 
smaller value of 0 in the former case. This assumption was confirmed by the high-energy 
CF band whose peak energy is known to vary linearly with 0, in the range 125" to 
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140" [3,4,41], as E(cm-') = 140 6' - 9240. We detected this CF band at 8200 cm-' in 
TMA2MnCI4: Cu2+, which would correspond to a CuCIi- distortion angle 6' = 124". 

Table 2 shows the results of our MS-Xa calculations performed for the two CuC$ 
geometries: 6' = 129.2' and 120", with the same value of R = 2.230 A. 

The following conclusions can be drawn: (i) for 6' = 129.2", our SCF Ms-Xnprocedure 
reproduces the experimental results of Cs2CuC14 more accurately than in previous 
calculations. The calculated ( 3 ~  transition energies are within 10% of the experimental 
values. (ii) cr bands shift to lower energieswith decreasing 6'; a blueshift ratio AE/A6' = 
127 cm-'/deg is obtained for the 4e + 4b2 cr transition in this 6' range. This figure may 
explain the experimental variations found when passing from CszCuC14 or TMA2CuC14 
with0 = 129.2"(-25000cm-') [1,7]to(NPhpipzH2)CuC14with6' = 142"[41]and(Bis- 
dipropylammonium)CuCI, with 6' = 147" [4], which peak at 27030 and 26 100cm-', 
respectively. Inourcase, the firstcrband (A) isplaced500 cm-bellow thecorresponding 
one in CszCuCI,, supporting the value 8 = 124". (iii) When 6' decreases from 129" to 
120", the 3a, + 4bz transition energy also decreases, but more slowly than that of 
3e + 4b,. The 3a, + 4b2 transition energy is greater than that of 3e + 4b2 for 6' = 120". 
This result may explain the observation of the C' band placed 5200 cm-' above the A 
band. Moreover, the 3e + 4b2 and 3a, -+ 4b2 transitions would have similar energies at 
6' = 124" and thus would appear close together in the spectrum. The fact that C' is mainly 
r-polarized would reflect a higher electric dipole oscillator strength for the 3a, + 4b2 
transition than for the 3e-t 4b2 one at 6' = 124". A general study on both the transition 
energy and the oscillator strength variations with the distortion angle 6' and the ligand- 
metal distance in CuCIi- (D2J are currently under investigation. 

The oscillator strengths of cr bands A, B and C were calculated from the spectra of 
figure 1 through the equation [42] 

f = 3.89 x 10-*[n/(nz + 2)'] E dE (6)  I 
where n = 1.5 is the refractive index; the integral extends over the whole band, E being 
the molar extinction coefficient and E ,  the transition energyin cm-l, 

The values of J calculated from equation (6) are given in table 2. The oscillator 
strengths JA = 0.022andfB = 0.073obtainedfor thex,y-polarized bands, andfc = 0.049 
andf,, < 0.001 for the z-polarized bands confirm the mainly n-character of A and C' 
transitions, and the mainly u-nature of B and C, respectively. 

5.3.  Influences of the structuralphase transition 

The abrupt change of CT band intensities at T = 171 K, observed in figure 2, gives 
evidence of reorientational motions of CuCla- induced by the P112,ln + P12,/cl 
structural phase transition. Such reorientations may be associated with both the for- 
mation of a new crystallographic phase and the existence of structural domains. This 
latter possibility was recently proposed to explain the optical properties of pure 
TMA,MnCI, crystals [20,21]. In the present work, the observation of the different cr 
spectra along the c-direction dependingon whether the incident light was perpendicular 
to (100) or (010) face (figure 3) clearly indicates that we are not dealing with a single 
structural domain but with a domain distribution which must be different for (100) and 
(010) type crystals. Furthermore, below 171 K the spectrum becomes isotropic in the 
(010) face since it does not change when rotating the polarization plane around the 
incident b-axis. This isotropy indicates that the domain distribution involves CuCla- 
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orientations whose distortion z-axis present identical projections along the c- and a- 
directions. 

Direct evidence of the existence of these domains was obtained by observing one 
(010) crystal face under crossed polarizers. The phase transition at 171 K was easily 
detected by such an optical configuration as the crystal became illuminated below 171 K 
with crossed polarizers along the extinction directions of the previous P112,/n phase. 
Two different domains showing extinctions at angles of 30" and 60" with the c-direction 
were identified. These parallelepiped shape domains with edges parallel to c and a,  were 
almost randomly distributed. The domain distribution changed inevery heating-cooling 
cycle around the phase transition temperature. 

The analysis of cr band intensities at 10 K suggests that besides forming domains, 
the CuCli- reorientates. Assuming that only two types of domains exist, the CuCIi- 
distortion direction, z ,  would lie preferentially in (100) planes for one of them. These 
CuC1:- orientationsallow ustoexplain theintensitiesofthecrbandsinthe 10 Kspectra: 
x,y-polarized bands, A and B, display similar intensities in both (100) and (010) faces 
alongc, while the C intensity in (100) face is twice that in (010). 

Finally, thepresent resultspoint out the necessity ofcarefully verifying the possibility 
of a domain structure when performing polarized spectroscopic measurements at low 
temperaturesof CuCI;. in A,BCl,-type crystals, most of which are known to experience 
structural phase transitions. 

M C Marco de Lucas et a1 

6. Conclusions 

Thecrspectraof CuCI:- inTMA,MnCI,areexplainedintermsofregular Dasymmetry. 
The cr band assignment is clarified by performing reliable polarization measurements 
and by correlating their energies with the theoretical MS-Xa results. 

The Jahn-Teller distortion of the CuCla- complexes takes place along preferential 
directions of the lattice corresponding to rotations of 30" around c with respect to that 
displayed by CuCIz- in pure isomorphous A2CuC14 crystals. The CI-Cu-CI distortion 
angle was estimated to be 124". 

The CT spectra experience notable changes on passing the monoclinic P112,ln 
+ P12,/cl phase transition temperature at T = 171 K. These changes were interpreted 
in terms of domain formation and also reorientation of the CuCIi- complexes. 
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