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Abstract—The polarized optical absorption spectra of the 2-D A,Cd;_.Mn,Cl; (x = 0-1; A = CH;NH;)
crystals doped with Cu®* are investigated. The analysis of both the charge transfer and crystal field spectra
indicates that the copper impurities form CuClé“ complexes with an elongated Dy, (nearly Dyy,) symmetry. A
salient feature is the enhancement of charge transfer band intensity as well as the presence of new intense
bands at 21000 and 25000 cm™" observed on passing from x = 0 to x = 1 along the series. These bands are
associated with Mn—Cu aggregates whose superexchange pathways involve the short (equatorial) Cu—Cl
bond (25000 cm™") and the long (axial) Cu—Cl bond (21000 cm™!) of the CuCl¢~ complex. A noteworthy fact
of these exchange coupled Mn-Cu systems is that the transition energy of the first Mn?* excitations are
resonant with the C1~ — Cu®* charge transfer transitions. This effect seems to play a fundamental role in the
enhancement of intensity. The temperature dependence of the oscillator strength allowed us to estimate a
ground state exchange constant J ~ 70cm™ for the Mn~Cu pair. The results are compared with those
obtained in Mn—Cu aggregates in fluorides.

Keywords: CuCl{™, exchange coupled Mn—Cu systems, charge transfer spectra, (RNH;),Cd;_,Mn,Cly

crystals, spectroscopic and structural correlations

1. INTRODUCTION

The optical properties of Jahn-Teller (JT) Cu** have
been intensively investigated due to its single electro-
nic configuration (d°) and the variety of coordination
geometries displayed mainly by heteroligand Cu®*
complexes or even by CuX, complexes (X =F, Cl
or Br; n=4 or 6) formed in different inorganic
compounds. In general, the charge transfer (CT) and
crystal field (CF) electronic spectra strongly depend
on the nature of the ligands, X, the coordination
number, #, and the local geometry around the Cu**,
ie., Cu-X distances and coordination symmetry [1].
When Cu?* replaces a divalent cation, the occurrence
of a given geometrical structure for CuX,, depends on
the complex itself as well as on the host crystal. The
knowledge of such a structure is actually a difficult
task to be accomplished a priori 2, 3]. The bending
distorted tetrahedral (Dyy) and the elongated octa-
hedral (D4,) geometries usually found for CuX?™ and
CuX¢™ complexes, respectively, can be significantly
modified by crystal anisotropy or interactions with
neighboring atoms, this latter situation being particu-
larly important when hydrogen bonds are involved.
The compressed octahedral (Dg,) symmetry found for
CuF?#™ in KCuAlIF : Cu®* [4], Ba,ZnF : Cu®* [5] and

K,ZnF,:Cu®* [6, 7] and the square planar (Dg)
symmetry found for CuCl;~ complexes formed in
(creatinium),CuCl, and (nmph),CuCl; [3, 8] are
examples of this behavior. Interestingly, there are
several Cu®" doped or pure materials for which the
occurrence of structural phase transitions (SPT)
induced either by temperature or pressure, can be
accompanied by abrupt changes in the local structure
around Cu?* that can lead to an intense thermo-
chromism or piezochromism. The green to yellow
color change exhibited by the [(C,Hs),NH,],CuCl,
crystal at T, = 50°C is associated with a SPT which
modifies the CuCl3~ structure from Dy, (square planar)
to D,y [9]. Recent hydrostatic pressure experiments
carried out on (CH3CH2NH3)2CdC14:Cu2+ have
shown the existence of piezochromism in this crystal
[10]. The enormous redshift (AE = —1400cm™)
experienced by the first CI~ — Cu** CT band at
26 kbar has been interpreted in terms of tetrahedral
distortions of the nearly Dy, CuCl{™ complex.

Itis worth pointing out that CuX¢™ usually displays
an elongated Dy, symmetry with the exception of some
fluoride crystals [4-7]. In chlorides, the only evidence of
compressed CuClg™ was found in the layer perovskites
(enH,)MnCly [11, 12] and (C,H,,.{NH;3),MnCl,
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(n = 1,2) [13] doped with Cu®**. The deep red color of
these crystals, associated with an intense absorption
band at 21000cm™, was interpreted in terms of a
Cl™(eq) — Cu** CT transition within a compressed
Dy, symmetry molecular orbital (MO) framework.
Such a geometry would be favoured by crystal aniso-
tropy since this is the actual geometry of the replaced
Mn?" site. Recent work, however, performed on the
A,Cd;_ Mn,Cl: Cu®* (A = (CH;NH;) and x = 0—
1) mixed crystals [13] has shown that: i) the CT spectra
for the pure Mn and Cd crystals are completely different
in spite of the fact that the same site symmetry is
displayed by the Cd and Mn cations in these isomor-
phous crystals, ii) the oscillator strength of the CT bands
increase by almost an order of magnitude on passing
from x = 0 to x = 1. Furthermore, a new intense band
around 21000cm™" appears for x > 0, its intensity
being proportional to the Mn** concentration, x.

These findings suggest that the optical absorption
(OA) spectra of these crystals could not be only related
to structural modifications of the CuCl{™ complex
imposed by the host crystal but also some partici-
pation of the neighboring Mn** in the transition
mechanism ought to be considered.

The aim of this work is to investigate the influence
of Mn?* in the OA spectra along the A,Cd;_,Mn,Cl, :
Cu?* series. Special emphasis will be paid to the tem-
perature dependence of the absorption bands as well
as to the CF spectra whose bands strongly depend on
the tetragonal distortion of CuCl{™; ie., the Ryy/Req
parameter where R, and R, are the equatorial and
axial Cl-Cu distances, respectively.

Throughout this work we demonstrate that the
enhancement of intensity of the absorption bands
associated with the Cu®" impurities upon increasing

the Mn concentration is due to the exchange inter- -

action between Mn®* and Cu** in Mn—-Cu systems.
Moreover, this exchange interaction is also respon-
sible for the appearance of a new broad band at
21000cm™" and a narrow band at 25000cm ™" in the
A,Cd;_ Mn,Cl,: Cu** crystals and therefore for the
color change from light yellow to deep red on passing
from x = 0 to x = 1. The temperature dependence of

these bands is explained on the assumption of an
effective spin-dependent transition mechanism acting
on the exchange coupled Mn-Cu pairs. This mecha-
nism originaily proposed by Tanabe et al. [14] for
explaining the intensity of the *A*E Mn?* excitations
in Mn-Mn pairs, seems to describe properly this
Mn?* excitation in Mn~Cu systems [15-19].

A salient feature of the present work is the high
oscillator strength found for the absorption bands.
This is explained by the large transition moment
associated with the first excited states of Mn?"
which are nearly resonant with CT states of the
CuCl§~ complex. The results of this work are com-
pared with those available from other Mn-Cu
exchange coupled systems in fluorides [15-17).

2. EXPERIMENTAL

Single crystals of (CH3;NH;),Cd;_ . Mn,Cl; doped
with CuCl, were grown by slow evaporation at 37°C
from highly acidified (about 3m HCI) ethanol-water
solutions containing stoichiometric amounts of
CH;NH,.CIH and the metallic chlorides with dif-
ferent MnCl,/CdCl, concentration ratios. A nominal
molar 1-10 mol % of the copper halide was added to
the solutions. Suitable c-plates with edges parallel to
the a, b and a=£b crystallographic directions were
obtained.

The crystal structure was checked by powder X-ray
diffraction. All crystals are orthorhombic (4bma
space group) at room temperature. No trace of
phase segregation has been observed for any Bragg
peak in the mixed crystals. The intensity diagrams
were analyzed by means of the FULLPROF software
package [20]. The a, b and ¢ parameters and the cell
volume, ¥, obtained by fitting the experimental inten-
sity to the calculated I(20) diagram, are given in
Table 1. The fitting was largely improved taking into
account preferential orientation in (00 1) planes. The
Bragg R factors were smaller than 10%.

Precise measurements of the real Cu®*, Mn®" and
Cd?* concentrations were obtained by atomic absorp-
tion spectroscopy (Table 1). The real Mn®* and Cu?*

Table 1. Lattice parameters and cell volume of the A,Cd;_,Mn,Cl, : Cu®* series. The values of x as well as
the real Cu* concentration have been obtained from atomic absorzption. The number in parentheses

indicates the standard deviation for a, b, ¢ and ¥, and the nominal Cu

*+ concentration added to solutions

x a(A) 5(A) cd) v (A% mol % of Cu (nominal)
1.00 7.2701 (13) 7.2106 (12) 19.401 (2) 1016.9 (5) 0.50

0.97 7.2898 (13) 7.2255(12) 19.385 (2) 1021.1 (5) 0.24 (1%)

0.85 7.3500 (18) 7.2690 (17) 19.329 (3) 10327 (7) 0.20 (1%)

0.42 7.4129 (16) 7.3291 (16) 19.279 (3) 1047.4 (6) 1.09 (10%)

0.31 7.4226 (14) 7.3350 (14) 19.278 (2) 1049.6 (5) 0.14 (1%)

0.04 7481 (2) 7.382(2) - 19.249 (4) 1063.0 (8) 1.62 (10%)

0.00 7.485 (2) 7.390 (2) 19.245 (4) 1064.5 (8) -
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Fig. 1. Variation of the orthorhombic a, b and ¢ cell para-

meters (top) and the cell volume (bottom) with the Mn

concentration, x, along the A,Cd;_.Mn,Cl, series. The full

lines represent the least-square fitting of data to a polynomial
of order 3.

concentration in the crystals are about a factor 5 and
10 less than the nominal concentrations in solutions,
respectively.

The variation of the lattice parameters and the cell
volume with x for the A,Cd;_,.Mn,Cl, series is shown

in Fig. 1. Note that V/(x) significantly deviates from
Vegard’s law. The variation of the cell volume can be
described by a polynomial of order 3 in the 0-1 range
as V(x) = 1066 — 92x + 171x* — 127x°. A similar
behavior is also found for the a, b and ¢ parameters.

The crystals were oriented and selected for optical
studies by means of a polarizing microscope. The
refractive index in the crystal layer was measured by
the Becke line method using calibrated Cargille
liquids.

Spectra were recorded with a Lambda 9 Perkin
Elmer spectrophotometer equipped with Glan Taylor
polarizing prisms. Sample path lengths for absorption
were about 0.1-1mm. 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. For higher temperatures (300-550K), a
Leica heating stage was employed.

3. RESULTS -

Figure 2 depicts the polarized OA spectra at 9.5K
of the A,Cd;_,Mn,Cl, : Cu®* series for x = 0,0.3 and
1. The evolution of the spectra clearly shows both the
enhancement of band intensity and the spectral
changes upon increasing the Mn?* concentration.
The polarized OA spectra along the three ortho-
rhombic a, b and ¢ directions for A,CdCl, : Cu®* at

. 2+
A,Cd, MnCl,: Cu
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Fig. 2. Polarized o;z)tlcal absorption spectra at 7 =9.5K corresponding to the x=0, 0.3 and 1 crystals of the

Azcdl anxCL; Cu

series. The spectra are polarized along the a and b directions. The inset shows the corresponding

spectra for x = 0 along the three orthorhombic directions.
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Fig. 3. Plot of the room temperature integrated band inten-

sity versus x for the 21000 and 25000cm™' bands. The

intensity has been obtained from optical spectra scaled to
molar extinction values per Cu.

T =9.5K are given in the inset. The tail of the first
band at 25000 cm™ for x =0 is responsible for the
yellow color of the Cd crystals whereas the strong
band at 21000 cm™" observed for x = 1 is responsible
for the deep red color exhibited by the Mn crystal.
Intermediate colors are observed between x = 0 and
x=1. The occurrence of a new band below
25000 cm™" is related to the presence of Mn®* in the
host crystal. As Fig. 3 shows, the intensity of this new
band at 21000 cm™" as well as the band at 25000 cm™
is proportional to the real Mn®" concentration, x. The

corresponding room temperature CF spectra in the
NIR region for x = 0 and x = { and the spectrum of
the pure (CH;NH;)CuCl, crystal are shown in Fig, 4.
It must be observed that the highest energy band
located around 13000em™" in the pure Cu crystal
appears at Jower energies in the Cd and Mn erystals
(11000 cm™"). The fact that we observe a similar CF
spectrum for Cd and Mn in spite of the big differences
exhibited by the corresponding CT spectra is worth
noting. This feature is of great interest since similar
spectral differences found in the CF spectra of
(enH,)MnCly: Cu** and (enH,)CuCl, were a key
argument to discard the presence of Dy, elongated
CuClg‘ complexes in the Mn crystal [12].

Figure 5 illustrates the variation of OA spectra for
the A,MnCl,: Cu?* crystal with temperature. It is
important to observe that this thermal behavior is
quite different from that found for the A,CdCl, : Cu®*
whose band intensity does not experience significant
variations with temperature. Figures 6 and 7 show the
variation of the oscillator strength and transition
energy corresponding to the first absorption bands
with the temperature. The oscillator strength has been
obtained from the integrated intensity of the absorp-
tion band through the equation [21]:

-8 n

where ¢ is the molar extinction coefficient and E is the

A,CuCl,

\
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Fig. 4. Polarized optical absorption spectra in the NIR region at room temperature of the A;CuCly, A,Cd;_Mn,Cl,: Cu®*

for x = 0 and x = 1, and the Cu®* undoped AoMnCly. The latter spectrum is given for comparison purposes. The inset shows

the spectra corresponding to the A;MnCl, : Cu?* and A,CdCl, : Cu?* to which the spectrum of the pure A;MnCly has been
subtracted in order to obtain the contribution from Cu®*,




OA spectra of (CH,NH;),Cd; _ Mn,Cl, : Cu®*

T T T T T T

10K

50K

120K

160 K
200K
240K
300K

e

40000 30000 20000 10000

WAVENUMBER (cm™)
Fig. 5. Temperature dependence of the OA spectra for

A,MnCl, : Cu>*. Note the spectral variations around the
structural phase transition temperature, T, = 92K, of the

575

transition energy (cm™). The refractive index within
the layer is n = 1.61 for both the x=1 and x =0
crystals.

Figure 8 shows the variation of the crystal absorb-
ance at 700mn in the 9.5-300K range for the three
selected crystals. Such a variation is a good probe for
detecting SPT in the host crystals through the abrupt
changes exhibited by the crystal transmittance at
critical temperatures. Apart from the abrupt changes
undergone by these parameters around the SPT tem-
peratures, it must be observed the different tempera-
ture dependence undergone by the oscillator strength,
f(T), along the series (Fig. 6). Whereas f(T') does not
exhibit significant variations in the whole 9.5-300K
range for the Cd crystal, it continuously decreases
upon increasing temperature in the mixed and pure
Mn crystals. However, an anomalous behavior of
f(T) is observed between 80 and 150K for x = 0.3.

The variation of the transition energy E(T) shows
an important redshift above the SPT temperature T,
for x=10.3 and x=1 [22-25]. The temperature
dependence of the bandwidth, H(T), corresponding
to the 21000cm™" band for x =1 (Fig. 5) can be
described by means of usual functions of the type
[26]: H(T) = Hy[coth(fwe/2kT)]"/? with an effective

host crystal. vibrational energy fwey = 208cm™" and a 7 = 0K,
bandwidth, Hy = 3100cm ™.
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Fig. 6. Variation of the oscillator strength with temperature, f(T), for the three selected crystals x = 0, 0.3 and I of the series.

The oscillator strength has been obtained from the integrated band intensity through eqn (1). f(T) corresponds to the

21000cm™" band for x = 1, the sum of the 21000 and 25000 em™~! bands for x = 0.3, and the 25000 cm™" for x = 0. We give the

total oscillator strength of the two bands for x = 0.3 due to difficulties to separate both contributions above 100 K. The inset
shows a magnification of f(7") around the SPT at T = 92K.
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Fig. 8. Variation of the absorbance at 700 nm with tempera-
ture for x =0, 0.3 and 1 in A,Cd,_,Mn,Cl,: Cu**. Note
that the anomalies observed at the phase transition tempera-
tures are completely due to changes of the crystal bulk

transmittance since no absorption from Cu®* occurs at this
wavelength.

Tables 1 and 2 collect some relevant structural and
spectroscopic data of the A,Cd;_,Mn,Cl,: Cu®
series. The band assignment given in Table 2 will be
analyzed in the following section.

4. ANALYSIS AND DISCUSSION

4.1. Local structure of the CuCl complex along
the A,Cd;_ Mn,Cl, : Cu" series

4.1.1. Analysis of the charge transfer of CuCl¢™ in
A,CdCl,: Cu®*. The CuCl¢~ molecular unit is the
basis for explaining the OA spectra of the
A,Cd;_ Mn,Cly: Cu?* series, since this is the coordi-
nation of the substituted Cd or Mn cations. Further-
more, the CuCl¢~ symmetry should be nearly Dy,
compressed if the actual Cd or Mn site symmetry is
kept after Cu replacement [27, 28]. In fact, the site
symmetry was an important argument to claim for a
compressed Dy, symmetry for CuCl{™ in
(enH,)MnCl, : Cu®*, in order to explain the position
and polarization of the first CT band at 20800 cm ™!
[12]. Nevertheless, this symmetry should be even more
favored in the isomorphous A,CdCl, crystal where
the CdCl¢™ tetragonal compression is more pro-
nounced than that for the MnCl¢™ in A,MnCl,. The
in-plane equatorial distance, R.q, and the out of plane
axial distance, R, in the perfect crystal are
Ryq=2.64 and 2.56A, and R, =254 and 2.50A
for A,CdCly [27] and A,MnCly [28], respectively.
However, this does not seem to be the situation
encountered for CuClg™ in the Cd crystal after the
analysis of the CT spectra performed in [13] and
confirmed by the CF spectra reported in this work.
Moreover, the position and polarization of the CT
bands likely indicates that the CuCl¢~ complex

displays a nearly Dy, elongated symmetry, with the
long axial bond randomly directed either along the
[1,1,0] or [1, —1,0] directions within the (00 1) basal
plane. This arrangement resembles the antiferrodis-
tortive structure displayed by the Dy, elongated
CuClg- complexes in the pure A,CuCly crystal,
where the axial bond in one Cu corresponds to the
equatorial bond of the nearest Cu [29, 30]. The present
conclusion is based on the fact that the CT spectra of
A,CdCly: Cu®* (inset of Fig. 2) show two bands at
25700cm™" in a, b polarization (26950cm™! in ¢
polarization) and at 36500 cm™, which are charac-
teristic of CT transitions from the bonding e, (7 - o)
and e, (o+ m) mainly equatorial Cl~ levels to the
mainly antibonding Cu®* big (x*=»%) molecular orbi-
tal within an elongated Dy, symmetry molecular
framework for CuCl¢~ [13]. The polarization of
these bands together with the similitude of the CT
spectra of A,CdCl,: Cu®* and CdCl,: Cu?t, where
CuCl¢™ displays an elongated Dy, symmetry [31],
allow us to conclude that the actual complex symme-
try is nearly Dy, elongated instead of Dy, compressed.
The fact that these two CT bands are observed in the
three polarizations and the intensity of the 36500 cm ™!
band along ¢ is twice as the intensity along a or b,
clearly indicates that the equatorial plane of the com-
plex must involve two Cu—Cl bonds in the ¢-plane and
two terminal Cu-Cl bonds along ¢. The isotropy
displayed by the CT and CF spectra in the c-plane (a
and b polarizations) suggests that the axial Cu-Cl
bonds of a given complex are either parallel or per-
pendicular to the axial bonds of other CuClg~ units.

4.1.2. Correlation between the local structure and
the crystal field spectra in CuClg~. The comparison
between the CF spectra of A,MnCl,:Cu?*,
A,CdCl, : Cu** shown in Fig. 4 and the correspond-
ing spectrum of CdCl, : Cu®* also confirms the elon-
gated Dy, symmetry for CuClé" in the three crystals,
The three bands observed in CACl, : Cu®* at 11000,
9500 and 6400cm ™" are assigned to CF transitions from
the mainly Cu®* ey(xz, yz), byy(xy) and ay5(32*—1%) one
electron levels to the unfilled highest energy b, g(x2 -3%
one [32]. In our case, we observe the highest energy band
at 11300cm™" while the band around 9500cm™, as in
CdCl, : Cu?*, is hidden in the room temperature spec-
tra, The lowest energy band probably overlaps with the
vibrational overtones of the (CH3;NH;)* organic
groups. The inset of Fig. 4 shows the OA spectrum of
these crystals in which the contribution from the organic
groups has been subtracted employing the OA spectrum
of the undoped crystals. A broad band is observed
around 8000cm™ and 7000cm™" for A,CdCl, : Cu?*
and A,MnCly:Cu®*, respectively. Although these
bands are probably associated with the first
1327 =1%) = byg(x*~)?) (Dyy scheme) CF band, a
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Table 3. Some relevant structural and spectroscopic data for several Cu(II) chlorides. Ry and R,y are the equatorial and axial
Cu-Cl distances of the CuCl~ complexes. The first three compounds correspond to square planar CuCl?~ complexes. The ¢;,
€, and e; parameter are the transition energies obtamed from the crystal field spectra (Flg 10). The energy of the totally

symmetric stretching vibrations are given for two CuCl3~

complexes and for one CuCly~

complex. The two energies for

(cyclamH,)CuClg correspond to the stretching vibration of the equatorial and axial ligands, respectively. The experimental
data were taken from references given in the last row

Compound Req A) Ry (A) g =4,(m™?) =10Dg(m™) & @m?) fwem™) Ref.
CypHssN,0,CuCly 2.26 - 16600 12200 14000 - 46, 47, 48
(nmpH,)CuCly 2.27 - 16900 12500 14500 276 49, 50, 51
(creatinium),CuCl, 2.25 - 16500 12300 14000 290 52, 48
CsCuCly 2.32 2.78 8300 10000 12930 - 53, 54

. (EtNH;),CuCl, 2.29 3.04 11130 12390 13290 - 55, 56
{(n-PrNH;),CuCly 2.28 3.04 11300 12300 13500 - 56, 57
(MetNHj3),CuCly 2.28 2.98 11090 12110 13210 - 29
(cyclamH,)CuClg 2.29 3.17 13400 11100 12400 262/101 23
[Pt(NH;)4]CuCly 2.29 3.26 14300 10900 13100 - 58, 59
CdCl, : Cu?* - - 6400 9500 11000 - 32
A,CdCly: Cu2+ - - (80007) 9000 shoulder 11300 - Present work
A,MnCl, : Cu** - - (70007 9000 shoulder 11300 - Present work
(enH,)MnCl, : Cu** - - — 9000 11300 - 12

precise measurement of this transition energy is not
possible due to procedure employed for obtaining
such OA spectra. Since the CF spectra of
A,MnCl, : Cu®" and A,CdCl, : Cu®* are very similar

A (@ 1
15000 | A,=446-10%x-2.7-10* x? 1
=~ C ]
s 10000 | 1
< C i
o
< C i
5000 - 2, X =018 1
: ACAMCL: Q™ > oo
r CdCly: Cu™* — x =0.16 ]
% 0.1 0.2 0.3 0.4 0.5
x= Ry/Reg) - 1
13000 . T T T
(b)
12000 | X §
CdCl Cu™
£ 11000 A,CdMn)CL: Cu™
g R =237 A
; «
% 10000 b
9000 1
8000 2 0} ! I

22 225 23 2,35 2.4 2.45
R (A
eq

Fig. 9. Spectroscopic and structural correlation in CuCl¢™
complexes: Plot (a) shows the vanatlon of the tetragonal
splitting, A, = E[*A;, (32~%)] — E[*By, (x*—»*)], with
the tetragonal distortion parameter, x = f Ryx/Req) — 1 for
several CuCl¢™ complexes of Dy, symmetry. Plot (bz) shows
the variation of 10Dq = E[*By, (xy)] ~ E[*By, (x*=y%)], with
the equatorial Cu-Cl distance, R,,. Experimental data were
taken from Table 3. Full lines are the least-square fittings to a
quadratic functlon for A,(x) in (a), and a power law as
10Dg = KR' in (b). The vertical arrows and horizontal
lines mdlcate the values of A, and 10Dq and the correspond-
ing x and Req parameters respectlvely, for CdClz Cu**
Ale’lCL; Cu and A2CdC14 Cu

to that of CdCl, : Cu®*, this strongly suggests that the
Cu®* local structure is also similar for the three
crystals, in spite of the huge differences exhibited by
the CT spectrum in a and b polarizations for the Mn
crystal (Fig. 2). However, the CT spectra for the Mn
and Cd crystals along ¢ also support an elongated Dy,
symmetry for CuClg~ in the Mn crystal since the same
¢ polarized bands associated with electronic transi-
tions mainly involving terminal Cu—Cl bonds are
observed [12, 13].

At this stage, there must be an explanation for the
different experimental CF energies observed for the
pure A,CuCl; crystal and the Cu** doped A,MnCly,
A,CdCly and CdCl, crystals. As suggested by
McDonald and Hitchman [33], the difference between
these spectra probably reflects slight variations of the
tetragonal distortion of the CuCl¢™ units. Table 3
collects the experimental transition energies obtained
from the CF spectra of some pure Cu compounds
where the axial and equatorial bond lengths are
known from X-ray diffraction. Figure 9 plots the
variation of the splitting of the parent eg'octahedral
levels, A,, and the parameter 10Dq as a function of the
tetragonal distortion defined as x = (Ry/Req) — 1
and R, respectively, for the crystal series given in
Table 3. The correlation between structural data and
spectroscopic parameters allows us to confirm the
proposed Dy, elongated symmetry for the present
CuCl¢~ and also justifies the occurrence of such a
symmetry in the layer perovskites with compressed
sites.

Within an angular overlap model (AOM) [1], the
spectroscopic parameters: A, = ¢, A, = €3 — ¢, and
10Dq(eq) = ¢, where €1, €, and e5 are the CF transition
energies (Fig. 10), are given in terms of the e, and e,
bonding parameters by A, = 2¢,(eq) — 2¢,(ax) and
A, = 2e,(eq) — 2e.(ax). The parameter 10Dqg(eq) only
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Fig. 10. Correlation diagram corresponding to a CuClé~

complex from octahedral (Oy) to square planar (Dg,) sym-

metry, passing through an elongated (Dyy,) intermediate. ¢;,

€, and ¢; represent the three crystal field transition observed
" in'the'OA spectra.

depends on the equatorial distance Req. For a fixed
value of Ry, parameters A, and A, change from
2e,(eq) and 2e_(eq), respectively, for a square planar
CuClZ™ complex (R, — 00) to zero when Ry = Reg.
The value of A, is higher than A, due to the higher
interactions from the o bonding electrons than those
from the m-ones. Ratios of A,/A, of about 3-4 have
been experimentally observed for MnFZ™ and Cqu“
complexes [34]. For CuCl¢~, the CF spectra are similar
to those found for square planar CuCl?~ whenever the
axial Cu—Cl distance is longer than 3.20 A [33]. Below
this distance, A, decreases upon decreasing R,,. This
effect is well illustrated in the plot of Fig. 9. Estimates
on the local structure of CuCl¢™ for doped crystals can
be extracted from Fig. 9 through the CF transition
energies. Using the A, values of Table 3, we obtain
ratios of Ry /R,q=1.16, 1.18 and 121 for
CdCly: Cu**, A,MnCly:Cu®* and A,CdCl,: Cu?t,
respectively. These values together with Rq derived
from 10Dgq on the assumptlon that 10Dq o R o allow
us to obtain Ry, = 2. 37A for the three systems while
Ry =275, 280 and 2.87A for CdCl,:Cu®*,
ApMnCly: Cu*™ and A,CdCly:Cu®*, respectively.
These distances are in agreement with those obtained
for CdCl, : Cu?* through MS—Xe calculations and the
analysis of the isotropic superhyperfine tensor (R, =
2.80A; Ry = 2.35A) [35], and thus confirm the elon-
gated symmetry for CuCl¢™ in A,CdCl,: Cu®* and
A;MnCl, : Cu?*,

This result indicates that the strength of the Cu—Cl
bond is more important than the corresponding Cd-
Cl or Mn~Cl bond strength for the equilibrium geo-
metry even though the host site tends to impose a
compressed geometry for CuCl¢™.

4.1.3. Local structure of CuCl¢™ from vibrational
Cu~Cl frequencies. The local structure for CuCl{~ in
A,CdCl,: Cu** and A,MnCl,: Cu®* derived in the
previous section could also be anticipated from the
analysis of the vibrational frequencies of the totally

symmetric modes associated with the Cd-Cl, Mn~Cl
and Cu-Cl bonds. If the M-Cl bonds are considered
within the (001) plane of the perovskite layer as a
system of coupled springs whose force constants are
derived from the vibrational angular frequency by
k =mu?, then the equilibrium Cu-Cl distances for
the CuCl¢~ impurity can be obtained by requiring that
the internal force acting on the shared Cl™ ion is zero:

- R o) = k(S 7

wosfe

for the equatorial and axial Cu~Cl bonds, respec-
tively. k{* and k{* are the corresponding force con-
stants, and k; with i = 1 and 2 is the Cd-Cl and Mn-
Clforce constant, respectively. RE,_ and RE_q, are
the equilibrium distances in a pure Cu compound, and
R;* and R{* are the corresponding ones in A,CdCl,
(i = 1) and A,MnCl, (i = 2). Ry; is the nearest M—Cu
(M = Cd, Mn) distance within the (00 1) plane. Then
R;% and R{* can be estimated from the structural data
and the proper vibrational frequencies available for
several CuCl?™ and CuCl¢™ complexes (Table 3), and
for the Mn~Cl and Cd-Cl bonds. Taking values
w =290 and 101cm™! for the stretching v1brat10n
associated with the equatorial (Ryq = 2.25 A) and
axial (R, = 3. 2A) Cu-Cl bonds, respectively, fw =
210em™ for Mn~Cl in NagMnClg [36, 37] and
CdCl,: Mn?** [38] and hw = 220cm™! for Cd-Cl in
NagCdClg [36] and A,CdCly [39], we obtain from eqn
(2): Ry = 2.7A and Ry = 2.4 A for A;MnCl, : Cu?*
and A,CdCl, : Cu®*. Assuming that the equilibrium
distance of the terminal Cu~Cl bond is Ryq = 2.3 A,
the real local structure around the Cu is orthorhombic
Dy, (nearly Dyy) like it must correspond to a complex
formed in an orthorhombic host. Note that these
estimates are similar to those obtained from the CF
spectrum analysis and therefore the present geome-
trical description for CuCl¢™ is likely. This analysis
suggests that a compressed Dy, symmetry might be
obtained in this kind of layered structures whenever
the bonding strength of the host cations is stronger
than the corresponding Cu bonding. The compressed
geometries found in several fluorides seems to follow
this trend [3-8].

KPR
(2)
k¥ (REi-c1 —

4.2. Influence of Mn in the optzcal absorption
spectra of A,Cd,_,Mn,Cl, : Cu**

4.2.1. Enhancement of band intensity in exchange
coupled Mn—Cu systems. We associate the enhance-
ment of intensity and the presence of new bands in the
OA spectra along the A,Cd;_ Mn,Cls: Cu*" series
with exchange coupled Mn—-Cu systems rather than
with isolated CuCl¢~ complexes. Two fundamental
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features exclude the latter possibility: i) the geo-
metrical structure of the CuCl¢~ complex formed in
A MnCly: Cu** and A,CdCl,: Cu®* are nearly the
same according to the previous discussion. In such a
case, the CT spectra of the Mn crystal should be
similar to that of CdCly: Cu®* and A,CdCly: Cu®*,
ii) even though the CuCls~ symmetry was nearly Dy,
compressed (R.q = 2.5-2.6A and Ry ~23 A), the
presence of an in-plane polarized narrow band at
25000cm™ could not be accounted for within this
scheme. According to the analysis performed by
Schmid et al. [12], such a band resembles the
SA; —*E, *A, spin-flip Mn?* excitation in MaCI¢™.
However its oscillator strength is enormously high
(f =3 x 1072) to be assigned to a single Mn?" pair
excitation. Furthermore, the oscillator strength of the
broad band at 21000cm™ (f =9 x 1072) which was
assigned to thee, (7 + o) — alg(3zz—r2) CT transition
in a compressed Dy, symmetry [11, 12], is about one
order of magnitude higher than the corresponding
first CT band in A;CdCl, : Cu®* (f = 8 x 10™3). This
difference is hard to conciliate with the longer equa-
torial distance displayed by the compressed centers. In
fact, the overlap between the e, (r-+o) and
aIg(BZz—r2) wavefunctions must be much smaller
than the overlap between the e, (r+0) and
blg(xz— %) levels for elongated complexes, and there-
fore weaker oscillator strengths should be expected for
these CT transitions in compressed centers. More-
over, the intensity of the 21000cm™' band for
A,MnCly: Cu®* continuously decreases by about
40% from 9.5 to 500K (Figs 5, 6 and 11) whereas no
significant change of intensity is observed for the first
CT band in A,CdCly:Cu*". Consequently, the
narrow and broad bands at 25000 and 21000cm™
observed in A,MnCl, : Cu®" must be associated with
exchange coupled Mn-Cu systems. Although
exchange coupled systems involving Mn—Cu dimers
or Cu-Mn-Cu trimers have been investigated in
fluoride crystals such as KZnF5:Mn?*, Cu?* [15,
16], K,CuF,: Mn?** [17] and in organometallic sys-
tems [18, 19], the effects of these interactions are
usually studied through the fine spectral features
observed around the single °A; —“E ‘A spin-flip
transition of Mn** as well as through their thermal
dependence. Valuable information on the exchange
constants for both the ground and the excited states
can be extracted from the optical spectra. It is worth
noting the high values of the ground state exchange
constant measured spectroscopically in the Mn-F-
Cu systems formed in K,CuF,: Mn** (J = 25¢cm™")
[17]and KZnF; : Mn**, Cu®* (J = 65¢m™") [15]. The
exchange constants are given on the basis of an
exchange hamiltonian defined as H,, = 2JSp,.Scy.
These J values are about one order of magnitude

, 2+
AzMnCI 4 Cu
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Fig. 11. Temperature dependence of the oscillator strength
corresponding to bands at 25000 and 21000cm™" (inset)
measured in A;MnCl, : Cu®* and the two bands measured
in A,Cdy7Mng;Cls : Cu®™. Full lines represent the least-
square fitting of the experimental f(7T') data to eqn (5) for
A;MnCly: Cu®* and to eqn (4) for AyCdg7Mng ;Cly : CuZ*.
In this latter case we fit the experimental curve below 80 K
and above 150K (see text for explanation). The small jump
observed in Fig. 6 at T,; = 92K has been corrected for this
analysis.

higher than the antiferromagnetic exchange inter-
action of the RbMnF; bulk (J = 3.4cm™") [40] or
the ferromagnetic one in K,CuF, (J = —8.8cm™") [41]
obtained from inelastic neutron scattering and specific
heat measurements, respectively. Furthermore, the
exchange interaction between the “A, excited state
of Mn** and the ground state of Cu?* is ferro-
magnetic, with J* values about 20-50% higher than
J [15-17]. But it must be realized that although these
transitions are enhanced by the exchange mechanism
with respect to theisolated MnF¢ ™ center, there are no
cases of their oscillator strengths (~107*~107%) being
as big as those measured for the 25000 cm™" peak in
A,MnCly: Cu®* (3 x 1072). Nevertheless, the present
Mn-Cl-Cu coupled system is a special case since, at
variance with fluorides, the 4A1 *B excitation of Mn2*
and the C1™(eq) — Cu?* CT transition at 25000 cm™"
are resonant. Therefore, oscillator strength for Mn?*
excitations in Mn-Cl—Cu systems should be expected
to be greater than in the corresponding Mn-F-Cu
systems, provided that a chief mechanism for Mn?*
transitions to gain oscillator strength is the mixing
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with CT states by configuration interaction in such
exchange coupled systems. ‘

Analogously, the in-plane polarized components of
the *T; and *T, excitations of MnCl¢~ which are
placed at 20000 and 21500 cm™", respectively, in both
(enH,)MnCl, [12] and A,MnCl, [42], are nearly reso-
nant with the ClI™(ax) — Cu®" CT transition. This
CT band has been observed at 23150cm™" in the low
temperature spectrum of A, CdCl, : Cu?™ (inset of Fig. 2
and Table 2) [13].

Therefore, we assign the two intense bands observed
in A,MnCly:Cu** and A,Cdy;Mng;Cls: Cu?* to
electronic transitions of Mn—Cu pairs from the ground
state to excited states whose electronic wavefunctions
involve both odd-symmetry CI~ — Cu®* CT states of
the CuClg“ complex and Mn** spin—flip excitations. In
particular, these mixed excited states correspond to the
Cl™(eq) — Cu®* CT state and the A, *E state of Mn**
for the band at 25000cm™!, while for the band at
21000cm ™, the excited state involves the CI™(ax) —
Cu?* CT state and the in-plane polarized components
of the *T, and *T, Mn®* excitations. In this way, if
we denote the excited states of the Mn—Cu pair by
[Mn*Cu > and {MnCu" > (Mn* means excited state
of Mn?", and Cu* corresponds to CI~ — Cu®* CT
state), then the configurational interaction may
lead to mixed states a/Mn*Cu > +8/MnCu* > and
BMn*Cu > —¢|MnCu” >. The « and § coefficients
will mainly depend on the matrix -element
(MnCu*|He [Mn*Cu > where H,, is the hamiltonian
relating the exchange interaction between these two
excited pair states. Consequently, the oscillator
strength of electric dipole (ED) transitions from the
groun state [MnCu > to either excited state of the pair
is expected to be considerably greater than those for
single C1I~ — Cu*" CT transitions within an isolated
CuCl¢~. This comes from the fact that the excited
state wavefunctions of the pair spreads over the Mn—
Cl-Cu cluster and therefore higher transition
moments are likely. Hence these Mn chlorides doped
with Cu®* are outstanding systems to investigate
exchange effects involving CT states.

The OA spectra of the mixed A,Cd,_Mn,Cly:
Cu** (Fig. 2) can be qualitatively explained within
this scheme, taking into account that for x = 0.3,
the presence of Mn—Cu dimers is predominant while
only Mn—-Cu-Mn trimers are formed for x=1.
Assuming that the Cd and Mn cations are randomly
distributed among the metallic sites of the layer
perovskite, the following aggregates will be formed in
A,Cdy7Mng;Cly : Cu** —19% of CuCl¢™ monomers;
66% of Mn~Cl-Cu dimers and 15% for Mn—Cl-Cu-
Cl-Mn trimers. In this analysis only Mn-Cu-Mn
systems forming bond angles of 180° are considered
as trimers. On the other hand, the spectra of Fig. 2

clearly show that the bands at 25000 and 21000 cm™
must be associated with distinct Mn-Cu exchange
pathways since their relative intensity changes with
the Mn concentration, x, according to the proposed
assignment. The prominent intensity of the
25000 cm™! band for x = 0.3 is explained within this
figure assuming that the formation of Mn-Cu pairs
connected through the equatorial Cu—~Cl bond is more
likely than those involving the axial Cu~Cl bond. The
change of relative intensity observed from x = 0.3 to
x = ] would reflect an increase in the Mn~Cu(ax) with
respect to the Mn—Cu(eq) since the same number of
pairs are formed for x = 1. Although the effective
ground state exchange constant, J, for Mn~Cu(ax)
is expected to be much smaller than that for the Mn—
Cu(eq) in Cu®" complexes of Dy, symmetry due to
the zero overlap between the b, (x*=y*) and the
manganese wavefunction along the axial bond [15,
17), this is not true for the present systems where
the real D,, symmetry makes the unpaired mainly
Cu®* one-electron wavefunction to be: o322 —r* >
+4|x*~y* >, that provides a non zero overlap
between Cu and Mn along both the axial and equa-
torial bonds.

4.2.2. Energy level diagram of Mn—Cu dimers and
Mn-Cu-Mn trimers. Figure 12 shows an approxi-
mate energy level diagram for a Mn—Cu dimer and a
Mn-Cu-Mn trimer. We use an effective exchange
hamiltonian of the type H = 2J,S¢,.Spmp for both
the ground and excited states, J,, = J and J*, respec-
tively. The Mn total spin is Sy, = 5/2 for dimers and
Sumn = Suint + Stz (Svin = 5,4, 3, 2, 1, 0) for trimers;
Scu = 1/21in all cases. It is important to point out that
irrespective of the accuracy of this approximation to
describe the exchange interaction between the excited
states which can affect the energy of the sublevels,
both the state description and the selection rules
derived by this procedure are the same ones obtained
through the actual exchange hamiltonians using the
one electron spin operators:

Hy =2 Z Jaibj(SMn, * sCu,) (3)
ij

A Dy, symmetry is assumed for the Mn-Cu-Mn
trimer according to the crystallographic structure of
the host crystal, Thus the electronic ground state is
described by the ket |°A,(a)*A A (b)> which trans-
forms as Ay, + By, in Dyy. The even (+) and odd (-)
wavefunctions correspond to combination of the
Mn? states [*A;(@)£°A,(#)]/v/2. The unpaired
Cu?* wavefunction (mainly da_y) transform as ay,
in the local Dy, symmetry. The coupling of three spin
Sa= 5/2, Sp=5/2 and Se, =1/2 gives rise to
eleven spin states. The two Mn excited states
I*A;(@)*ACA(B)> and [CA()*A A (b)> give rise
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to excited trimer states 9B1g +°By,... (Fig. 12).
These states are degenerate for the same spin value
whenever the exchange interaction between these two
states:

<*A1(a)’Ar°A (0)|Heel* A (0)?A1 A (0) >= 0

The exchange interaction between the 2By, CT state
of CuCl{™ and the two Mn** ground state gives rise to
a similar state diagram as for the ground state. These
states also transform as By, + Ay, but exchange the
spin values. Given that the two excited states
[Mn"Cu > and [MnCu" > are nearly resonant, they
are mixed by configuration interaction provided that
< Mn"Cu|HyMnCu* > # 0. Within this scheme the
only ED transitions allowed by symmetry correspond
either to Aj, — By, or to B, — Ay, connecting states
with the same spin value. These transitions are com-
pletely polarized along the Mn—Cu—Mn trimer axis.

Although the level diagrams shown in Fig. 12
foresee the existence of two and nineteen different
allowed transitions for dimers and trimers, respec-
tively, these are not resolved spectroscopically and
therefore information about J* cannot be directly
extracted from the absorption spectra. However,
proper values of the ground state exchange constant,
J, can be obtained from the temperature dependence
of the total oscillator strength, /(T), provided that we
know the relative intensity associated with each ground
state sublevel of the trimer.

4.2.3. Thermal dependence of the band intensity:
influence of the Mn—Cu exchange interaction. The
shape of f(T) allows us to distinguish between
dimers and trimers since they exhibit rather different
thermal behaviour. The variation of f(T) for dimers
and trimers are given respectively by the equations:

$(1) = e L @
[1 +§exp(—3J/kT)}

f(T) =11 x£(0) (ZL-exp(—E,-/kT)) /Z (3

Z =78 ¢exp(—E;/kT) is the partition function of
the trimer; J; is the normalized relative intensity
associated with the ith ground state sublevel; E; and
g; are the corresponding energy and spin degeneracy,
respectively; and f(0) is the oscillator:strength at
T=0K.

It is important to note that f(T) can be exactly
calculated for dimers given that only electronic tran-
sitions coming from the *A, ground state sublevel are
allowed. However, this is not the situation for trimers,
where f(T") depends on the different I; values. Such
values have been calculated by Mathoniére et al. [18],

for the ®A, —%A, spin—flip transition of Mn** in
Mn-Cu-Mn trimers. According to the results in
[18], the I; relative intensity can be easily obtained
on the basis of a spin-dependent transition moment
operator, P, acting on exchange coupled Mn~Cu pairs
[14, 43, 44];

S
P= Z 1—-[Mn,Cu (SMn, * SCu)
i=1 (6)

HMn,Cu = HMn(a),Cu + HMu(b),Cu

where H}’;IHICu = 0J;/0E  when E/ — 0, E/(j =x,y,2)
being the jth component of the light electric field.
Symmetry considerations show that the x, y compo-
nents of the Iy, ¢, vector are zero in a local Cy, pair
symmetry (z is taken along the Mn~Cu line).

The relative intensity J; is then given in terms of the
6~f symbols by:

I; o< | < S, Sptn, SculPIS, Shnys Scu>[?
and < S) SMmSCu|P|S1 S;an) SCu >

o/ (28yn + 1)(2S3gy + 1)

x\/ﬁx{si‘“ 172 S}

1/2 Sy, 1
><{SMn 1/2 Slt’ln} (7)
3/2 5/2 5/2

The experimental variation of f(T) for the two
intense bands in A,MnCly: Cu?* (Fig. 11) are well
explained within the trimer model using the J; values
calculated from eqn (7) [18]. Although these intensities
do not necessarily correspond to our situation described
in Fig. 12, since the moment operator of eqn (6) is valid
only for spin—flip excitations without any change of
orbital configuration, this result strongly suggests that a
similar spin-dependent transition mechanism to that of
eqn (6) must be involved in these trimer excitations. In
no case can the variation of f(T) for A;MnCl, : Cu**
be described in terms of dimers, eqn (4).

It is important to realize that although the struc-
tural unit to describe the Mn~Cu interaction for x = 1
is an aggregate formed by one Cu and its four nearest
Mn (pentamer), it can be shown (section 4.2.4) that the
temperature dependence of the band intensity is that
given by eqn (5). In fact, £(T) has the same thermal
dependence as a trimer if the spin- dependent transition
moment operator for the two bands at 25000 and
21000cm™" involves Mn-Cu pathways along the axial
and the equatorial Cu—~Cl bonds, respectively.

Figure 11 shows the least-square fitting of f(T) to
eqn (5). The obtained ground exchange constants are
J(ax) = 65cm™" for the 21000 cm™" band and J(eq) =
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85cm™" for the 25000cm™' band. This difference
between J(ax) and J(eq) confirms the distinct origin
of these two bands and therefore justifies the present
assignment.

It must be pointed out that f(T) experiences an
abrupt increase of about 5% at the SPT temperature,
Ty = 92K (inset of Fig. 6). We associate this jump
with an increase in the effective exchange constant
induced by structural changes at 7. This SPT
involves tilting of the inorganic MClg octahedra
which tends to bend the Mn-Cl-Mn bond, thus
decreasing the exchange interaction below Tp. In
particular, this anomaly would reflect an increase
AJ =2cm™ provided that the z-component of the

PP

transition moment operator varies as the eXchéng%
constant, J. This STP has also an important influence
on the transition energy of the band at 21000 cm™"
where a redshift of —350cm™! is observed just above
T, (Fig. 7). The fact that we do not observe a similar
redshift in the 25000 cm™! band seems to confirm the
assignment of these bands. Indeed those bands asso-
ciated with the 10Dq-dependent “T; and T, Mn**
excitations are expected to be more sensitive than
those associated with the 10Dqg-independent *A,, *E
excitations to changes of the local environment
induced by SPT. Therefore these structural effects
are important in distinguishing the origin of these
bands.

The influence of SPTs upon the spectroscopic
parameters is much stronger for the mixed
AyCdg;Mng5Cly: Cu*™  crystal. The anomalous
behavior exhibited by f(T) in the 80~150 K must be
ascribed to structural effects induced by the SPT.
At variance with the pure A,CdCly:Cu®* and
A,MnCl, : Cu* crystals, the SPT around T in the
mixed crystal takes place in a broad temperature range
probably due to the structural disorder and concen-
tration gradients. This is evidenced by comparing
the variation of f(T) with those followed by the
transition energy and the crystal absorbance at
700nm (Figs 7 and 8). The latter variation reflects
the critical scattering phenomena at the SPT tem-
perature which extends over a wide temperature
range AT =70K in A,Cdy;Mng;Cly: Cu?*. This
fact together with the different type of Mn—-Cu aggre-
gates formed in this mixed crystal makes it difficult to
perform a precise analysis of the variation of f(T).
However, we can roughly explain this variation in
terms of dimers. Such an analysis has been done
outside the 80~150 K range to avoid the SPT effects.
Pigure 11 shows the calculated f(T) curves from
eqn (4) below 80K and above 150K. We obtain
exchange constants of 65 and 70cm™, respectively.
The increase of f(T) from 80 to 150K is probably
associated with a continuous increase of the

effective exchange constant, J(T), as well as of the
transition moment parameter, II*(T), due to
reorientational motions of the MClg octahedra
induced by the SPT. The increase of the exchange
constant, AJ = 5cm™", and the analogous increase
experienced by the extrapolated oscillator strength at
T=0K, Af(0)=0.01 in the same temperature
range, can be accounted for if we assume that, like
for trimers, the z-component of the transition moment
operator, II?, varies as the exchange constant J.
4.2.4. Variation of KT) in AyMnCly:Cu**—a
Mny—Cu pentamer model. Let us consider the penta-
mer formed by one Cu®* and the four Mn neighbors in
AyMnCly:: 'Cuz'*(.g Two Mn are along the axial Cu~Cl

‘direction and the other Mn are along the equatorial

Cu—Cl one. We only consider the four nearest Mn?"
ions around the Cu®" impurity for describing the
aggregate given that the antiferromagnetic Mn—Mn
exchange interaction of the bulk, J = 5cm™ [45], is
much weaker than the corresponding Mn-Cu
exchange constant (J = 65cm™").

Within this model it can be shown that the variation
of the band intensity with temperature is that of
eqn (5), provided that the corresponding transition
moment associated with the electronic transition
involves either the axial or the equatorial pathway.

The exchange hamiltonian of a pentamer is given
by:

Hex = J(ax)sla\dxn ‘ SCu + J(GCI)S;gn : SCu (8)

where {8 =S}, +S% and SF; = Si + Sin
Manganese 1, 2 and 3, 4 are along the axial and
equatorial Cu—Cl bonds, respectively. Denoting by
[S%9, Siga S, Siin, Scy > the states of the pentamer,
the dipole moment matrix element related to the axial
exchange pathway is:

< S€q1Se1\2quax7S§2mSCu|Pax|Seq )Se}\%msax 7S%nxSCu >
= « X0 « X0 .
59,8% 'th;n’sﬁn 5,8

< 5%, S¥%u, SculPux|S™, Sk, Scu > ©)

This matrix element is equal to that given in eqn (7)
for a trimer. The energy of each ground state sub-
level is

E=Ey +Ey
= 209 155 1) - St +1)

~Sca(Scu +1)] + @ [S*4(S9 + 1)
- N(}n(SeN(}n + I)Sel\gn - SCu(SCu + 1)] (10)

Therefore, the temperature dependence of the
total relative intensity of a band involving the axial
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transition moment operator, P, is:

Z I,gje~ BB /T
i

z

<Z LB /kT) <Z g o~ By /kT> i
! J

Z
7 = (Z g e-Eax,./kT> (Z g e—Eeqj/kT)
i J

where the i, j subscripts include all the axial and
equatorial frimer sublevels. A similar equation is
obtained for I*%(T) when the equatorial transition
operator P, is employed. Note that eqns (5) and (11)
provide the same intensity thermal dependence, I(T).

*(T) =

5. CONCLUSIONS

The main feature of the present work is the strong
influence of Mn?* on the optical properties of Cu®*
doped A,Cd,_,Mn,Cl, crystals. Although the local
structure around the Cu?" is almost the same along
the series, an important intensity enhancement of the
Cl~ — Cu** CT bands induced by the exchange
interactions with the nearest Mn®* neighbors is
observed. At variance with other Mn—-Cu coupled
systems formed in fluorides, the present systems are
very attractive in the investigation of exchange effects,
given that the CI~ — Cu?* CT states are nearly
resonant with some Mn?" excited states. This renders
the excited state associated with the optical excitation
highly delocalized along the Mn—Cl-Cu path and
therefore greater transition moments are likely.

It is worth pointing out that these effects have not
been found in other Mn chlorides doped with Cu®"
whose Mn-Cl-Cu pathway angle deviates from 180°.
The 1D [(CH3);N]MnCl; : Cu** is an example of this
behavior. The synthesis of new compounds containing
exchange coupled Mn—Cl-Cu systems with different
structural geometries would be highly desirable in
order to clarify the influence of the exchange pathway
upon the optical spectra.
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