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Luminescence properties of Cu2+-doped TMAfl&r~ crystals 
and a spectroscopic study of the CUB$ complexes formed 

M C Marco de Lucas and F Rodriguez 
DCIITYM (Secci6n Ciencia de hlatedes),  Facultad de Ciencias, Univenidad de Cantabria, 
39005Sanhnder, Spain 

Received 9 November 1992 

Abstract. This work investigates the influence of Cu2+ impurities on the luminescence 
properties of rmAzMnBrd:Cu2+ as well as the local structum and orientation of the CUB$- 
complexes formed, by means of the excitation and luminescence spectra. lifetime measurements 
and polarized o p t i d  absorption spectroscopy in the 10-300 K temperature range. It is 
demonstrated that the presence of an intense Br- + Cu2+ charge transfer (cr) band at 555 nm 
m n g l y  favours a direct energy transfer from Mn2+ to the non-luminescent Cu2+ impurities. 
The influence of his energy transfer on the Mn2+ luminescence intensity, lifetime and bandshape 
is analysed as a function of the cn2+ concentration. The results are compared with previous 
ones oblaiained in onedimensional Cu2+-doped TMAMnCI, and m M n B r 3  crysols. Two 1, y- 
polarizedbandsar 18000and28400cm-t,andtwoz-polarized bandsat23800and36 IOOcm-' 
are observed in the CT spectra of TMA2MnBrd!u2+. Their Vansition energies as well as their 
polarization are explained in terms of Da symmetry distortions of the CUB$- tetrahedra. We 
also malyse the triplet struc1ure observed in the fim m band which is associaled with the 
tebahednl 2T, CI state, which is split by the effect of both the static h distortion and the 
Imge spin-orbit coupling of the Br- ligands. The absence of discontinuities in the evolution of 
the CuB6- cr bands with temperature supports the finding thal no structural phase transition 
a n  below 270 K in these crystals. 

1. Introduction 

The synthesis of single crystals from solutions containing (CH3)4NX and MnXz (X = CI 
or Br) gives rise to either red TMAMnX3 or green TMAzMt& crystals, depending on the 
crystal growing conditions and whether the stoichiometry is 1:l or 2:l. The trihalide crystals 
are of great interest because they are usually employed as prototypes of one-dimensional 
systems. Their crystalline srmcture belongs to the P % / m  space group with face sharing 
M a  octahedra forming linear chains along the hexagonal c axis. On the other hand, the 
TMA&ln& tetrahalides are orthorhombic (Pmcn  space group) at 300 K and the Mn2+ ions 
are tetrahedrally coordinated with four independent units occupying sites (4c) in the unit 
cell. 

This different coordination around Mn2+ is responsible for the very intense red and 
green luminescence exhibited by these crystals under optical excitation into the MnX6 or 
Mn& crystal field (CF) bands. The increase of about 3000 cm-' in the Mn2+ ligand field 
strength, lODq, on passing from tetrahedral to octahedral symmetry is responsible for the 
red shift experienced by the MnZ+ luminescence spectrum in these systems. However, the 
local structure around the MnZ+ is not the main influence on emission dynamics; even 
more important is the interaction among MnZ+ complexes within each structure, which 
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plays a fundamental role in energy transfer. These processes have been studied in detail in 
the one-dimensional TMAM~CI~ [ 1-31 and TMAMnBr3 [4] crystals. These studies revealed 
the existence of an excitation energy transfer between the exchange coupled MI& units 
along the chain in both crystals. The introduction of non-luminescent Cu2+ impurities at 
Mn2+ sites as excitation killers drastically alters their luminescence properties. A sharp 
decrease in the luminescence intensity as well as a progressive deviation from the single 
exponential behaviour of the decay is observed in these doped crystals. The higher the 
Cuz+ concentration is, the lower the luminescence intensity. An opposite effect is observed 
when doping with CdZ+. In this situation the Cd2+ ions act as barriers to energy transfer, 
confining the migration to limited segments of the chain 121. 

These phenomena, however, had not yet been investigated in T M A ~ M ~ X , .  The reason 
for this probably lies in the intrinsic nature of the green MnZ+ luminescence expected for 
these crystals with isolated MI& units. The optical properties of Cu2+ doped TMAzMnCl4 
crystals have recently been reported [5] but that work was mainly focused on the dichroic 
nature of the optical absorption (0.4) spectra of these crystals due to the presence of 
CuC1:- centres with Du local symmetry. Both the charge kansfer (cr) spectra as well 
as the sensitivity of these complexes as probes for detecting the phase transition sequence 
undergone by this crystal in the 10-300 K temperature range were thoroughly investigated 
[5,6]. A change in the crystal colour from bright green to pale orange was observed with 
increasing Cuz+ concentration due to the tail of the first CT band which peaks at 412 nm. 
Neither the luminescence intensity nor the lifetime of the MnCIi- was affected by the 
presence of Cu2+ impurities. However, the situation for TMA2MnBr4 crystals could be quite 
different. In fact, since the first ligand Br- to metal Cu2+ CT band is expected to appear at 
lower energies than the one from CI- to Cu2+; both the Cuz+ CT and the MnZ+ luminescent 
transitions may be resonant. Consequently, the existence of an effective energy transfer in 
these crystals must not be ruled out. 

The aim of this work is twofold first, to investigate the infbence of Cuz+ impurities 
on the luminescence properties of TMAzMnBi-4 crystals; and second, to characterize the 
Cu2+ complexes formed in these crystals. We focus on determining the local shucture and 
orientation of the Cu2+ complexes within the lattice. For this purpose, both the CT and CF 
spectra associated with the formed CUB$ complexes are analysed thoroughly by means 
of polarized QA spectroscopy. 

An interesting aspect connected with these copper doped crystals is the ability of 
the CuX:- in some crystals to present piezo- and thermochroism [7-10]. Geometrical 
modifications or reorientations of these distorted complexes induced by pressure or phase 
transitions can lead to substantial changes in the optical properties of such crystals. 
Furthermore, studies of the optical spectra of crystals containing tetrabromocuprates (E) 
are very scarce whereas a great number of compounds with CuCl:- geometries ranging 
from nearly tetrahedral to the square planar have been investigated [11-15]. 

A salient feature of the present investigations is the strong influence of the Cuz+ 
concentration on the luminescence of TMA2MnBr4:Cu2+. Unlike TMAzMnCI4:Cu2+, the 
emission spechum of TMAzMnBr4 largely overlaps with the first CT band of the CuB6- 
complexes. The origin of the so called mystery bunds observed at 555 and 345 nm in the OA 
spectrum of nominally pure TMAzMnBr4 crystals [ 161 is clarified as being due to the presence 
of uncontrolled Cu2+ impurities. In fact, it is demonstrated that these mystery bands are 
not associated with either Mnz+ or possible Coz+ impurities, as previously suggested, but 
indeed correspond to CT transitions of the CuBG- formed in TMAZM~B~~:CU~+.  

M C Marc0 de Lucas and F Rodriguez 
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2. Experimental details 

Single crystals of pure and CuBr2 doped TMA~MIIBQ were grown by slow evaporation at 
30 "C from HBr acidic aqueous solutions containing stoichiometric amounts of N(CH&,Br 
and MnBrz.Hz0. Pure TMAZMnEr4 crystals of bright green colour were obtained. The colour 
in the Cu2+ doped crystals varied from dark green to garnet and black with increasing Cu2+ 
concentration. The real Cu2+ content was measured by atomic absorption spectroscopy in 
three selected crystals, hereafter denoted by C1, C2 and C3. Their Cu2+ concentrations 
were 700, 2000 and 7400 ppm, respectively. 

The orthorhombic crystallographic structure of all the investigated samples was checked 
by x-ray powder diffractograms. Several E and a plates with sizes of about 4 x 2 x 0.5 mm3 
were selected and polished for optical studies. Crystal plates were characterized and oriented 
by means of their conoscopic images and looking for the extinction directions with a 
polarizing microscope. 

Luminescence and excitation spectra as well as lifetime measurements were performed 
on an implemented Jobin Yvon JY-3D fluorimeter 1171. Decay curves were obtained by 
modulating the excitation light with a mechanical copper, and the luminescence signal was 
digitized with a Tekonix 2340A scope. 

A Lambda 9 Perkin Elmer spectrophotometer equipped with Glan Taylor polarizing 
prisms was employed for recording the polarized optical absorption spectra. The temperature 
was stabilized to within 0.05 K in the 10-300 K range with a Scientific Instruments 202 
closed circuit cryostat and an APD-K controller. 

3. Results 

The luminescence spectra at 300 K of pure and Cuzc doped TMAZMnBr4 crystals are depicted 
in figure 1. The spectra consist of one asymmetric broad band whose maximum, located at 
about 510 nm, and intensity depend on both the Cu2+ concentration and the sample excitation 
geometry. The larger the Cu2+ concentration is, the shorter the maximum wavelength and 
luminescence intensity. The asymmetry of the band also increases with the Cu2+ content. 
The band maximum is located at 515,512,512 and 510 nm for the pure crystal, C1, C2 and 
C3, respectively. Special care was taken to record all these spectra with the same excitation 
geometry. All the luminescence spectra as well as the corresponding excitation spectra are 
nearly isotropic; the excitation peaks coincide with those observed in the OA spectrum of 
the pure TMA-JvfnBrh crystal (inset of figure 1). Band labelling of the tetrahedral MnE<- 
CF peaks was done according to the assignment given elsewhere [16, 181. It is noteworthy 
that this OA spectrum does not show any of the so-called mystery bands at 345 and 555 nm 
previously reported [ 161. However, these bands are observed in the OA spectra of the doped 
crystals as is shown in figure 2. The absorption coefficient of these mystery bands increases 
linearly with the Cu2+ concentration. 

Like the intensity and bandshape, the luminescence decay is also very sensitive to the 
Cuz+ concentration. Figure 3 depicts the decays measured with excitation at 380 nm for the 
pure, C1 and C2 crystals at room temperature. The decay behaves like a single exponential 
for the pure and C1 crystals with associated lifetimes of 385 and 300 f i s ,  respectively. The 
intensity decay for C2 is faster and clearly deviates from the single exponential behaviour. 
In sample C3, the luminescence intensity was so weak that we were not able to detect 
proper decays. 

Figure 4 depicts the variation of the luminescence spectrum of the TMA2MnBr&UZ+ 
(Cl) crystal with temperature. Note that below about 150 K, a new emission band is 
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Figure 1. Room temperature luminescence spectra of fhe pure and Cu2+ doped mzA2MnBra 
crystls cxc ihg  d 380 nm. Spectra I ,  2 .3  and 4 correspond to thc pure (0 ppm). CI (700 ppm), 
C2 (2000 ppm) d C3 (7400 ppm) clysrals, respectively. Specba were recorded under the same 
excitation geometry. ‘ I l ~ e  insel shows the 0.4 spectm of he pure crystal Clystal field bands xe 
labelled in Td notation. 

observed at 530 nm. Its relative intensity increases with respect to the emission band at 
510 MI and dominates the spectrum at T = 25 K. An isosbestic point at 525 nm is present 
throughout the spectral evolution. It should be pointed out that though the band maximum 
at 25 K is located at the same position as in the pure crystal [18-201, its bandwidth at half 
maximum, AH = 700 cm-I, is 300 cm-I narrower. 

The temperature dependence of the lifetime for both bands in the 10-300 K range 
is depicted in figure 5 .  Identical decays were measured for both emission components 
and neither the time dependence nor the lifetime change within our experimental accuracy 
throughout the temperature range. 

Figure 6 shows the polarized OA spectra at 300 K in the 230-700 nm range of 
the Cuz+ doped TMA2MnBr4 single crystals with incident light polarized along the a,  
b and c orthorhombic directions. In addition to the Mn2+ CF bands, three prominent 
anisotropic broad bands, hereafter called A, B and C, are observed at 555,352 and 277 nm, 
respectively. Except for band A, it is more difficult to analyse the contribution of Cuz+ to the 
TMA2M&r4:Cu2+ OA spectrum than it was in the case of the isomorphic TMA2MnC14:CuZt. 
This is due to the stronger signal of the MnB4- whose CF transition oscillator strengths are 
one order of magnitude greater than those of MnCI!- [21]. In order to solve this problem 
and get a more precise insight into the contribution of Cuz+ to the OA spectra, we have 
subtracted the MnZ+ signal of the spectra of figure 6. The results are shown in figure 7 .  
Band C is mainly polarized along b while bands A and B both display the same polarization 
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Figure 2. Optical absorption speclra of the pure and Cu2+ doped IUAIMIIBI~ cryswls at room 
tempemure. Spectra I ,  Z 3 and 4 correspond to the pure (0 ppm), Cl(700 ppm), CZ (2000 ppm) 
and C3 (7400 ppm) crystals, respectively. 

mainly along the a direction. Moreover, band A shows a complex structure which is formed 
by three components at about 603 (AI), 560 (A2) and 525 nm (A3). A shoulder at about 
420 nm is clearly observed in these spectra. The corresponding band called C’ is mainly 
polarized along b and its bandshape has been enhanced in the inset of figure 7. This has 
been done by subtracting 0.6 times spectrum b from spectrum a in order to eliminate band 
B in the final spectrum. This procedure allows the position of the peak C‘ to be determined 
precisely. 

Following the method of [SI, \*‘e have analysed the polarization character of these bands 
by means of the so called relative band intensities, defined as 

lri = I t /  I j  (1) 
j=n,b,e 

where r; and Ij represent the integrated band intensities in the polarized spectrum along the 
i and j directions, respectively. The summation extends over the three orthogonal directions 
a ,  b and E .  

The Irj  values derived from the spectra of figure 7 are given in table 1. The relative 
contributions as well as the peak positions of AI, A2 and A3 were calculated by fitting the 
whole A band to the sum of three gaussians. The fitting accuracy measured in terms of the 
chi square parameter was in all cases less than 

The temperature dependence of the OA spectrum of sample C2 in the 10-300 K range 
is depicted in figure 8. In this study we focus on the variations undergone by the 4T1(G), 
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Figure 3. Luminescence decays for the TUAzMnBs:Cu'+ crystals at mom temperamre. 
Lifetime values of 385, 300 and 50 $s were obtlined from lhe linear pM of the In(l/lo) 
versus time plots I ,  2 and 3, respectively. 
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Figure 4. Tempemure dependence of lhe luminescence spectrum of TMAMIB~.+:CU" sample 
CI (700 ppm) in the 25-300 K range. 

4T2(G) and 4A1, +E(G) bands of the M n B e  and on the band A associated with the Cu2+. 
The three components of band A, which are well resolved in the low temperature spectra, 
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Figure 5. Lifetime temperature dependence of the TMANOBI&U~+ (sample C1-700 ppm) 
luminescence at 530 nm (0) and 5 I O  nm (0). These wavelengths campond to the luminescence 
band maxima observed at 10 and 300 K. respectively. 

experience a redshift of 200 cm-’ from 10 to 300 K (figure 9) in contrast with the ‘T,(G) 
and 4T2(G) bands of MILE$- which shift about 200 cm-l but to higher energies as a result of 
a decrease in the CF parameter 1004 by thermal expansion effects. At T = IO K, the Mn2+ 
bands display a rich vibronic structure in which progressions of the totally symmetric a, 
vibrations, ?io = 163 cm-’, are dominant [16]. It is worth noting that the three components 
of band A, peaking at 595.2.5.57.1 and 520.3 nm in the OA spectrum at T = 10 K, coincide 
with the mystery bands observed in the T = 20 K OA spectrum of the nominnlly pure 
TMAzMnBr4 1161. 

Figure 10 shows the polarized OA spectrum of C3, the most highly doped 
TMA2MnBr4:Cu2+ sample, in the NIR region (10W2200 nm). The OA spectrum of the 
undoped crystal is also included for comparison. The high absorption of the crystal induced 
by the TMA group vibrations prevents any spectroscopic study of Cuzc above 2200 nm. 

A prominent broad band mainly polarized along the b direction is observed at about 
1300 nm. This hand is not detected in the pure TMAZMnBr4 and is, therefore, associated 
with the Cuz+ centres. On the other hand, the nearly isotropic peaks at 1170, 1360 and 
1700 nm, also observed in the pure crystal, correspond to vibrational overtones of the TMA 
groups. 

The ED oscillator strengths of all these bands have been calculated by using the equation 
1221 

f = 3.89 x IO-* (nz + 2)2 S e d E  

where e is the molar extinction coefficient, E is the transition energy (cm-I) and n = 1.5. 
The integral extends over the whole band including the three orthorhombic polarizations 
with a factor of f for the x ,  y polarized bands. 

Table 2 summarizes the experimental oscillator strengths, calculated using equation (2), 
as well as the peak position, polarization and assignment of absorption bands associated 
with the Cu2+ complexes. An analysis of these data is given in the next section. 
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Figure 6. Polarized OA specua of m&MnBr4:Cu2+ (sample C2-2000 ppm) at mom 
temperature. (001) and (010) singlecrystal plates were used for obtaining the spectra with 
E parallel to the a,  b and c olfhorhombic directions. me zem absorption level was taken at 
700 nm for the Wee spectra. 

4. Analysis and discussion 

4.1. Luminescence properties: influence of Cuz+ impurities 

The presence of Cu2+ impurities in TMAzMnB4 with an intense absorption band in the same 
spectral region as the MnZ+ emission profoundly influences its luminescence properties. 
R o  processes are expected to be dominant: (1) Radiative Mn*+ + Cuzc energy transfer 
in which photons emitted by Mnz+ are absorbed by Cuz+. This mechanism would influence 
both the intensity and spectrum of the luminescence but would not affect the luminescence 
lifetime. (2) Non-radiative MnZ+ + CU” energy transfer. This would induce changes 
in both the time dependence and the total intensity of the luminescence depending on the 
particular transfer rates. 

The first of these processes is well reflected in the spectra of figures 1 and 4. The 
CuZf absorption band A at SS5 nm acts as a filter which modifies.the luminescence 
spectrum. Depending on the Cu2+ concentration the bandshape of the outward luminescence 
is deformed and its intensity is attenuated. An increase of the Cu2+ concentration shifts the 
luminescence band to higher energies because the crystal absorbance progressively increases 
from 490 to 550 nm. The sharp decrease of the luminescence intensity observed in figure 1 
is explained by several processes: attenuation experienced by the luminescence through 
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Figure 7. Polarired OA specIra of TMA~M&&CU~+ (sample (3-2000 ppm) at room 
temperahre after sublracting the MnZt contribution. The spectra were o b l n e d  by subtracting 
the OA spectra of the pure crystal (inset of figure 1 )  from those given in figure 6. The inset shows 
the OA spectrum corresponding to the b-polarized specmm minus 0.6 times the a-polarired one. 
This is done in order to elirninak bands A and B and to enhance band C' in the final spectrum. 

Table 1. e!, e, and e3 denote the square components of the unitary vectors cl, e2 and e3 pointing 
along the S4 axes of the MnB$ tetrahedra in m ~ z M n B r 4  with respect to the orthogonal a, b 
and c directions respectively. 1.. with i = a ,  b and E .  are the relafive intensities of bands A, B 
and C defined in equation (1). The last hvo columns show the polarization type of the bands: 
x. y type for bands A and B. and L type for C. 

i direction el I$ 1: 1; /:+2/$ 1: +21: 

U 0 0.51 0.40 0.44 0.20 1.00 1.08 
b 0.60 0.18 0.27 0.25 0.47 1.01 0.97 
e 0.34 0.31 0.33 0.31 0.33 0.99 0.95 

band A and by the excitation beam through band B; and the non-radiative MnZf + CuZt 
energy transfer proposed above. 

The appearance of a new component in the low-temperature luminescence spectra 
(figure 4), also observed in other compounds containing MnB$ complexes 123,241, is 
not associated in our case either with non-equivalent MnBr$- units or with different excited 
states; instead, it corresponds to the same 4 T ~  + 6At transition of Mnzt. The presence 
of these two components is explained by taking into account the fact that the variation of 
band A with temperature (figure 8) modifies the crystal transmittance. The evolution of the 
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Figum 8. Temperaare dependence of the polarized OA s p e c "  of TMAZM~BU:CU~+ (sample 
C1-700 ppm) in the 400-650 nm range. The inset shows the T = 9 K polarized OA specka of 
band A along the two extinction directions. 

Figure 9. Variation of the pe& positions of the three components (Al. A2 and A3) of band A 
as -'ell as the total integrated intensity with the empenrure. Peak positions were obtained by 
hutting band A la the sum of three Gaussians xs is explaiaed in the text. 

luminescence spectrum observed in figure 4 is a direct consequence of the band narrowing 
of the A3 component at 520 nm together with the 300 cm-' redshift experienced by the 
emission band from 300 to 10 K. The isosbestic point at 525 nm roughly corresponds to the 
maximum of the A3 absorption band and the luminescence bandshape at low temperature 
corresponds to the convolution of the real luminescence spectrum and the transmittance 
window between 520 and 560 nm. 
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Figure 10. Polarized OA spectra of rMA2MnBr&u1+ (sample C3-7400 ppm) at room 
temperamre in the 100&2200 nm NIR mge. A (001) single crystal was employed for obtaining 
the spnra with E parallel to the a and b orthorhombic directions. The OA spectra of the pure 
TMAzMnBrp crystal is also included. 

Thii interpretation is also supported by the fact that the lifetime and its temperature 
dependence are the same for the two components (figure 5), indicating that the emission 
bands at 530 and 510 nm correspond to the same electronic 4 T ~  + 6 A ~  transition, as is 
expected for this crystal with equivalent MnB$ complexes. 

The results of figure 3 show that an increase in the Cuz+ concentration leads to a decrease 
of the luminescence lifetime, with a pro,gessive deviation from the exponential behaviour in 
sample C2, as well as a pronounced drop in the total luminescence intensity similar to that 
observed in Cu2+ doped TMAM~CI~ 11-31 and TUAMnBr3 [4]. However, the microscopic 
origin of these phenomena is quite different. While in the latter systems it is associated 
with the existence of migration between exchange coupled MnZ+ and subsequent transfer to 
Cu2+, the long distance between independent MIS$ units (8 A) in TMA2MnBr4 [25,26] 
prevents migration among MnZ+ in this crystal. Nevertheless, CuZc doped TMAzMnBr4 
crystals exhibit suitable conditions for either radiative or non-radiative direct energy transfer 
from Mnz+ to the non-luminescent Cu2+. In fact, the high oscillator strength of the first CT 
band of the Cu2+ (0,018) and the large overlap between this band and the Mn2+ emission 
favour both types of transfer. The effect of the Cu2+ concentration on the intensity decay 
(figure 3) must be explained in terms of a direct non-radiative energy transfer mechanism. 
In particular, the dipoledipole transfer rate between one MnZf and one Cuz+ ion can easily 
be calculated 1271 using 

(3) 

where rin is the Mn2+ radiative lifetime, Rhln-c. is the Mn2+-Cu2+ distance and RO is the 

DD q,+Cu = (r&)-' (Ro/RM.-c.)~ 
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critical interaction distance, defined in the following equation, for which the Mn2+ -+ CuZf 
transfer rate is (riD)-': 

where fcU is the oscillator strength of the CT band, and 

J 

Gwn(ij) and gC,(b) are the normalized bandshapes of the emission and CT bands, 
respectively. Other parameters defined in equation (4) have the usual meaning [27]. 

Taking for the present case fc. = 0.018, %n = 1, Q = 0.1647 (1/103 cm-I), ij = !9.5 
(I@ cm-I) and n = 1.5, we obtain Ro = 30 A. 

In the present systems, the average Cu2+-Cu2+ distances are 54, 38 and 25 A for the 
C1, C2 and C3 crystals. This means that the number of MnZ+ ions within the critical 
interaction sphere varies from 15% in Cl, to 50% and 100% in C2 and C3, respectively. 
These values allow us to explain qualitatively the experimental results of figure 3. Faster 
non-exponential decays are observed in C2, where half of the MnZ+ are inside the critical 
sphere. The dramatic decrease of the luminescence intensity in C3 (figure 1) reveals the high 
MnZ+ -+ Cu2+ transfer rate, which is estimated to be 7.8 x 104 s-' for the largest MnW- 
Cuz+ distance. This mechanism explains the extremely low luminescence of sample C3, 
whose efficiency should decrease by about one order of magnitude. Further investigation 
along these lines using pulsed light in order to obtain precise decays I ( f )  will be done in 
the near future. 

It is worth pointing out that the reason why these phenomena have not been observed 
in TMA2MnCb:Cu2+ is that the first CT band of the CuCIi- complexes, located at 412 nm, 
is far from the Mn2+ luminescence band, which peaks at 522 nm at 300 K [28,29]. 

4.2. Polarization analysis of the CUB$ optical absorption specfrum 

The oscillator strengths and the transition energies of the absorption bands A, B and C 
of the spectra of figure 7 clearly indicate that these bands correspond to CT transitions 
of Cu" having Br- ligands. Furthermore, the similarity between these m spectra and 
the corresponding ones for TMAZMnCb:Cu2+, associated with CuCli- Du symmetry 
complexes 151, strongly suggests that distorted CuBe- complexes with D z ~  symmetry are 
responsible for the spectra of figure 7. This view is also supported by the OA spectra of 
solutions of TMA2CuBr4 containing CUB$ units [30-321. In addition, the Cr bands A, 
B, C and C' in TMA2MnBr4:Cu2+ display the same polarization with respect to the a, b 
and c directions as the corresponding ones in mzMnCb:Cu2+. The major difference 
is that the overall spectrum for the bromide is shifted by about 5000 cm-' to lower 
energies (table 2). This energy difference is a direct consequence of the smaller optical 
electronegativity of the Br- ligand, x = 2.8, compared to that of the CI-, x = 3.0, and 
agrees reasonably well with the value expected on the basis of Jgrgensen's empirical rule 
[33]: AE E 30000Ax = 6000 cm-'. 

Moreover, the polarization analysis performed on these spectra supports a Dzd symmetry 
distortion of the Cu2+ substituted MnBG-. A local D z ~  symmetry is usually found in 
tetracoordinated complexes when a strong Jahn-Teller (JT) ion like Cuz+ is involved [34]. 
Such a Du  distortion in Td complexes corresponds to flattened tetrahedra in accordance 
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with the fact that vibrational modes of e (bending) symmetry in Td are the most relevant in 
IT coupling [35]. This distortion would take place dong one of the three improper S4 axes 
of the undistorted tetrahedron and consequently the CT symmetry allowed electric dipole 
transitions would be polarized either along z or in the perpendicular x-y plane, with z being 
directed along the S4 axis around which the distortion takes place. 

The analysis of the relative intensities of the bands A, B and C (table I), using the 
procedure followed in [5], clearly demonstrates that A and B are x ,  y polarized while C 
is z polarized. Moreover, the relative intensity values allow us to determine the CUB<- 
orientation within the lattice. The x-ray structural data for TMAzMnBr4 [25] show that the 
four MnBri- tetrahedra in the orthorhombic unit cell are located in (4c) (figure 11). The 
square components of the el. e2 and e, unitary vectors along the three S4 axes are the same 
for all the tetrahedra. By inspecting table 1, it is concluded that the CuB4- distortion takes 
place around the el& axis lying in (100) planes. This result resembles the experimental 
observations in the pure TMAzCuBr4 where CUB<- units are distorted along e l .  As in the 
case of TMAzMnC14:CuZ+. the data of table 1 indicate that the CUB$ distortion axis has a 
net component outside the (100) plane. The experimental values of can be reproduced 
well if we take into account the fact that the CUB<- complexes formed are rotated 30" 
either clockwise or counterclockwise around the c direction. This means that TMAzMnBr4 
should also exhibit an orientational disorder in the orthorhombic phase associated with 
CuBri- rotations around the c-axis similar to that observed in TMAzM~CI~:CU'+ crystals 
[6]. Evidence of this disorder has been obtained for the family of crystals TMAzMBr4 
( M = Z  n, Cu, Mn) using x-ray diffraction techniques [25,26,36-391. 

Since no abrupt changes are observed either in the relative (JT intensities or in the 
peak positions when temperature is varied, we conclude that no phase transition involving 
reorientational motions of the CUB$- tetrahedra takes place in the range 10-270 K. This 
result is in agreement with the experimental observations of Gesi [40] using dielectric 
measurement: he did not find any evidence of phase transitions in this crystal at I atm 
between 77 and 276 K. However, it is rather different f" findings in TMAzMnC14:CuZ+ 
crystals where small jumps of the band intensities were observed at the phase transition 
temperatures 161. 

4.3. Charge fransfer and crystal field band assignment 

Within a molecular orbital (MO) framework, there are five possible ED allowed CC transitions 
in  CuB$ complexes of Da symmetry (figure 12). These transitions involve electronic 
jumps from mainly Br- MOS of e and a1 symmetry to the unpaired mainly CuZc (d,z-,Z) 
MO of b symmetry. The e -+ bz is x ,  y polarized while the a1 -+ bz is z polarized. 

The cr band assignment given in table 2 was made on the basis of both their polarization 
and the K or U character of the ligand MOS involved in the transition, following the same 
scheme employed in the assignment made for CuCl!- [5,41]. Transitions coming from U 

orbitals axe expected to have higher oscillator strengths due to the larger overlaps with the 
3d wavefunctions of Cu2+. Bands B and C. at 28400 and 36 100 cm-', were assigned to 
transitions from the mainly Br- (pm) 2e and 2al MOS to the 4bz MO, respectively, given 
that their oscillator strengths, 0.06 and 0.05, are much higher than those corresponding to 
the bands C' and A, - 0.01 and 0.018, respectively. In the case of CuCli- complexes, 
where the mainly Cl- (px) 3e and 3al a p p w  close together in the energy level diagram 
151, the lowest intensity band C' was associated with either the 3e -+ 4bz (CszCuCl4) 
or the 3al --f 4 b  (TMAzMnC14:Cu'') transitions depending on whether their respective 
polarizations were ( x ,  y) or z. In TMAzMnBr4:CuZ+, this band at 23800 cm-' is assigned 
to 3a1 -+ 4bz in accordance with its mainly z polarization. This assignment agrees with 
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Figure 11. (loo), (010) and (001) projections of the 
rmazMnBr4 unit cell (Pmcn space gmup). Only the 
four MnB$ units at (4c) sites were drawn. The 
figure on the left side at the bottom shows the u n i w  
vectors el, e2 and e3 dong the S4 axes of the MnBG- 
tetrahedron. CUBG- distortions of ~ 2 d  symmetry 
would correspond to a flattened tetrahedron dong one 
of the S4 axes. The trans-Br-Cu-Bar angle. 8, equal 
to 109' for regular tetrahedra, defines the degree of 
distortion of these CUB<- complexes. 

\ 

/ 
\ 
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Cu2' d 

'la + Du + SO. CTTNUIW 

Figure 12. Proposed energy level diagram of the 
CuBd- electronic states in Td symmetry under the 
influence of the Dw distortion field and spimrbit 
intemtion. The unpaired oneelectron level of each 
state is given in parenthesis following the same notation 
as used for CuCl:- in [SI. The rr states are scaled 
according to the energies and polarivtiam observed in 
the OA spectrum. The mows indicate the symmetry 
allowed electric dipole transitions. 

that given for CUB$ in solutions of TMAZCuBr4. where the singlet character of the ligand 
MO associated to the C' band was demonstrated by MCD measurements [31]. 

The first x ,  y-polarized CT band, at 555 nm, shows a triplet structure whose components 
are well resolved in the 10 K OA spectrum. Though a similar structure has already been 
found by Bird and Day [30] in TMAzCuBy solutions at 77 K, it is not observed in CszCuCIh 
where only one band at 403 nm (4e + 4b2) and a small shoulder (la2 --f 4 b )  at about 
435 nm were detected [ 4 2 4 ] .  Bird and Day assigned the three components of CUB$ 
LT band A to transitions from the ground state to the non-bonding 'TI CT state within the 
tetrahedral symmetry which is split by both the Du static distortion and the large Br- spin- 
orbit interaction (c4p = 2480 cm-') in 'E (r6 + r7) f2A2(r6) (double group Da irrep). The 
mixing between the r6('Az) and the r&E) states, induced by the spin-orbit interaction of 
the Br- ligands, gives ED oscillator strength to the 'Bz --t 'A2 transition which would be 
forbidden on the basis of only D2d distortions. 

In the present case, the bands Al ,  A2 and A3 are analogously assigned to 'Az(r6) and 
'E(r6 + r,), respectively. However, the intensity of band A1 and the splitting between 
A2 and A3 are different in the two systems. In particular, the A2-A3 splitting increases 
from 850 cm-' in TMA2CuBr4 [30] to 1300 cm-' in TMn2MnBr4:CuZ+, and the ratio of the 
intensity of A1 to the total intensity of band A is twice as high for the latter case. However, 
it is noteworthy that the mean position of band A taken as the arithmetic average of the 
transition energies of Al, A2 and A3 has the same value, 18000 cm-', in both systems. 
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The different 'TI splitting pattem found in these systems gives direct evidence of the 
different contributions of the spin-orbit interaction and the tetragonal crystal field in the 
two CUB$ complexes. We have calculated this splitting in a first-order approximation by 
diagonalizing the effective Hamiltonian 

H = -AL.  S +  HCF (5) 

where h is the spin-orbit coupling constant within the sixfold 'TI state, L is the effective 
angular momentum operator and HCF is the tetragonal component of the crystal field. 
Figure 13 shows the results of these calculations. The 'TI splitting is given in units of 
A as a function of the parameter ,3 = AIA. The energy difference between the 'E and 'A2 
states induced by the tetragonal crystal field is represented by A. Note that in the limit 
A >> 1 ,  the energy difference between the two highest states r6 and r7 tends to A, which 
corresponds to the spin-orbit splitting within 'E. 

Figure 13. (a)  Splilting of the ~ T L  NB (G) cr state as 
a function of B = A1.L A and A are the tetragonal 
splitting between 'E and 'A2 states and the spin- 
orbit coupling constant, respectively. The energies are 
@?en wilh respect lo the Tb('Az) state in units of 
A. (b) variation of the piua"er S2 = [E(I'&E)) - 
E(T,CE))I/IE(Ts('E))- E(T6('Az))I with 8. Values 
of B = 2.80 and 1.38 have been determined through 
this cw." from the experimental values of s1 = 0.32 
and 0.52 in mhCuBr4 1301 and mA1MnBr~:Cn2+. 
respectively. 

............. 
0-4 

a, 

........................... c:m, ,, 
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Taking A and A as fitting parameters, the triplet structure observed in CUB$ is well 
reproduced for A = 1030 and 750 cm-', and A = 1420 and 2100 cm-' in TMA2MnBr4:CuZ+ 
and mA~CuBr4, respectively. 
WO results should be underlined. (1) The spin-orbit coupling constant is much lower 

than the expected value, A = 1/2& = 1240 cm-', in the former compound 1301, which 
is in turn responsible for the weak splitting (850 cm-') displayed by the 'E state. (2) The 
h distortion in TMA2MnBr4:Cu2+, measured through the parameter A, is smaller than in 
TMA2CuBr4. Both of these facts favour an increase of the ED oscillator strength of the 
'B'(r6) --t 'Az(r6) transition in TMA2MnBr&!uZ+. which explains the relatively high 
oscillator strength of its A1 band. Furthermore, this analysis explains why the highest r6 
state lies above the r7 state. The polarization measurements of figure 8 also support this 
view. In fact, though bands AI, A2 and A3 display nearly the same x ,  y polarization, a 
simple inspection of the 0.4 spectra at 10 K shows that while AI and A3 have exactly the 
same intensity ratios in both polarizations, this ratio is slightly different in A2. 
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Concerning the m spectrum (figure lo), the z-polarized broad band at 7700 cm-' is 
assigned to the transition from the 4a1(3z2 - r2) to the 4bz maidy Cu2+ MOS. Other CF 
bands at lower energies are masked in the spectrum by the overtones of the "4 groups 
at 6000 cm-'. Thus, the CF spectrum of T M A z Z I I & ~ : C U ~  and its assignment reported by 
De [45] must be taken with caution. In fact, the three absorption bands at 1100, 1350 and 
1670 nm assigned by this author to CUB& CF bands coincide exactly with the TMA group 
overtones that we observe in the OA spectrum of the pure TMAzMnBr4 (figure 10). 

Finally, it is worth noting the red shift of 500 cm-' experienced by the 4al + 4b2 CF 
transition when passing from TMA2bbC14:CuZ+ to TMA2MnB4:CuZt. This shift, which is 
also observed in pure compounds where this band changes from 9000 cm-l in CszCuCl+ 
[42] and TMAZCUCI~ [46], to 8000 and 8300 cm-' in CszCuBr4 [47] and TBA~CUBQ [48], 
respectively, reflects the weaker ligand field strength of the Br- ligands. However, such 
red shifts can also be induced by reducing the D a  distortion through a decrease of the 
trans-XXu-X bond angle -9 of the CuX:- complex. This effect, which is experimentally 
well known for CuCIi- [ll-161, has not yet been evidenced for CUB$ in view of the 
small number of title compounds. 

Accordingly, the variation in the CF band observed in C&<- when passing from 
CszCuBr4 (8000 cm-') or TBAzCuBr4 (8300 cm-I) to TMAzMnBr4:Cu2+ (7700 cm-') can 
be explained in these terms. 'Ihis variation is very similar to that found in TMAzCuCb 
(9000 cm-') and TMA2MnCl&uZt (8200 cm-') which is associated with a reduction of 
the distortion angle B from 129" to 124" [5,49,501. The red shift of t h e m  band as well as 
the reduction of the 'TI CT state splitting, A, are then interpreted in terms of weaker & 
distortion of the CUB$ tetrahedra of the doped crystals considered here. 
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