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The first low-temperature absorption and luminescence spectra of¥dped crystals of GErQ,, SrCrQ,

CsBr, and Csl are reported. Single crystals of@&,:MnO42~, which crystallize in the orthorhombjg-K,SO,
structure, were grown from basic aqueous solutions. An aldilioride flux composition was used to obtain
single crystals of SrCr@Mn0O42~ with the monoclinic monazite structure. Crystals of CsBr:M#aiGand Csl:
MnO2~ were prepared by slowly cooling the melt. The site symmetry in S§& @3, but the deviations from

D, symmetry are small, and the spectra are analyzed in the approxibaagmmetry. The’E < 2T, ligand-

field transitions are strongly polarized, and in absorption only the transition to the lowest-energy component of
the split2T, state is observed with its origin at 10 303 tin Luminescence is exclusively observed to the lower-
energy component of tHE& state. By a combination of absorption and luminescence data, it is shown that, in the
cubic CsBr and Csl lattices, Mn® is partly incorporated in the form of @4nQO, crystallites. The observed
nonexponential luminescence decay for these systems indicates the existence of several manganese(VI) species
with different relaxation times. Within isomorphous host lattices, a correlation is established between the
temperature-quenching behavior and the size of tfieldst ion: the efficiency of multiphonon relaxation processes
increases with increasing ionic radius of

1. Introduction BaMO, (M = S, Cr, Se) were reported only very recerfthy.
From a thorough analysis of the absorption and luminescence
In MnO42~, the Mrf* ion, which is a 3dion, is stabilized in spectra of MN@®~ in the CsSOy® and BaS@ hosts, a detailed
a well-defined tetrahedral oxo-coordination. In fiieground picture of the electronic structure and vibronic interactions in
state, the single unpaired electron occupiessthantibonding the?E and?T, LF states could be derived. Optical absorption,
set of e orbitals. In the first excited state, this electron is ESR, and Raman spectra of MO doped into CsBP and
promoted to ther and o antibonding set of,torbitals, giving Csl*! and other alkali-metal halid€swere reported; but a

rise to the?T, ligand-field (LF) excited state. The wedkE — detailed analysis of their optical spectra is still lacking, likely
2T, LF absorption band is centered at about 12 500'amthe ~ due to the poorly resolved absorption spectra and the lack of
near-infrared (NIR). The lowest-enerdg — 2T, ligand-to- luminescence spectra.

metal charge-transfer (LMCT) absorption band is centered at In this study we report the synthesis and optical spectroscopic

about 17000 crmt in the vis, causing the green color of MgfO. properties of MnG@-doped crystals of GErOy, SrCrQ;, CsBr,
Th { . " f MfO-doped tal and Csl, belonging to different structure types: ;Q©,
€ Spectroscopic properties o oped crystals were crystallizes in the8-K,SO, structure, SrCr@has a monoclinic

reported for various host lattices belonging to three different crystal structure (space group2i/n, 3 = 103.08) of the
structure types: the orthorhombjitK,SQ,* and the BaS@ monazite typé3and CsBr and Csl crystallize in the cubic CsCl
structures with space grolfnmaand the cubic CsCl structure  strycture. On the basis of the low-temperature absorption,
with space groupmBm. Polarized low-temperature absorption  excitation, and luminescence spectra, the energy level schemes
spectra of Mn@*~-doped KCrO, and isomorphous alkali-metal  of MnO42 in these host lattices are established and compared
sulfate$# and BaSGP were published in the early 1970s. But to those reported for the MO, (A = K, Cs; M= S, Cr) and
the first luminescence spectra of MgfO doped into a variety BaMO, (M = S, Se) hosts. Excited and ground state distortions
of host lattices such as KO, (M = S, Cr, Se), C£SS0O,, and along totally symmetric and JahiTeller coordinates are derived
from the highly resolved luminescence spectrum ofCZ6);.
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Differences in the luminescence band shapes, lifetimes, andand then c_ooled.to room temperatur&aﬁO°C(h. Pale blue-turquoise
quantum yields among the various host lattices are analyzed.crystals with an ill-defined shape were obtained. They appeared to be
A correlation is established between the luminescence quenchingfingle-crystalline, but under the microscope needlelike and blue
behavior and the size of the®lion for which Mrf* substitutes inclusions up to 2&xm in length were observed. Outside the inclusions,
in the host lattice. By chemical and structural variation of the e crystals appeared essentially colorless. Traces of,Mee found

. . o outside the crystal boule in the ampule. The volume of the crystals
host lattice, the spectroscopic processes can be S|gnn‘|cantlyWas typically -8 mn¥. For absorption experiments, a crystal of 2.5

influenced. x 2.0 x 0.8 mn# was polished to obtain two parallel faces. Crystals
. . of Csl:MnQg2~ were grown using a similar procedure.
2. Experimental Section Cs;MnO,. To simulate the postulated domains o8O, in CsBr
2.1. Synthesis.All the chemicals used for the present study were 2nd Cs! (see section 4.1), mixtures of2l80; and CsCl powders
of analytical grade except CSOH,O (<5% CsCOy). were pressed into pellets. £4nO, was prepared according to a

literature procedur& The product was characterized by X-ray powder
diffraction and used without further purification. The amounts of Cs
MnO; in the pellets were 0.1, 1, and 10 mol % with respect to CsCI.
Samples of pure GMNnO, were also prepared. The substances were
thoroughly ground in a mortar and then pressed into pellets for 20 min
at a pressure of 10 bar.

2.2. Spectroscopic Measurements. Single-crystal absorption
spectra in the vis and UV spectral regions were recorded on a double-
beam spectrometer (Cary 05e) fitted with a closed-cycle helium
refrigerator (Air Products) for sample cooling to 15 K. High-resolution
dabsorption spectra in the NIR region were measured on a home-built
along their crystallographib axis by X-ray diffraction. Samples for double-beam spectrometer based on a double monochromator (Spex

optical absorption measurements were obtained by polishing the deeplfloz) andlequipped Witlh ared-sensitive P'YI tﬁbf (Hamamatsu R 406).
green crystals to thin disks parallel to the crystallographic (001) plane The samples were cooled to 20 K in a cold helium-gas stream using

for measurements ia and b polarizations and parallel to the (010) the flow tube teChh'qge' . )
plane for measurements andc polarizations. Broad-band excitation of the luminescence was performed with a

SrCrO4MnO 42-. Because of the insolubility in water and the high xenon Iamp (Osram XBO_15O WI1) filtered by a satL_Jrated_ aqueous
melting point of the host material, single crystals of SFGKNO2" C.uz+ solution and.a color filter (Schott KG 4). The emitted light was
were prepared using the flux method. Manganese was added to,Srcro dispersed by a single monochromator (3/4 m Spex 1701), equipped
as KMnQ, which is reduced to Mng~ above 220°C in air. To with a grating blazed at 1'25“1 and deFeCtgd by_a germanium det_e'ctor
prevent the formation of Mn@-,6 the growth temperature must be (ADC 403 L, cooled to 77 K) in combination with a lock-in amplifier

kept below 620C. We used a ternary flux system composed of NaCl, (SR 510 or SR 830). The spectra were c_orrected for syst_en”_l response
KCI, and CsCl, in analogy to the synthesis of Ba3O2° Best and show the number of photons per unit energy and unit time. For

results were obtained with the molar composition NaCl (24.8%), KCI tir?we-depegient me{asu;emer;ts :jhe samp(ljels were excited at 532 nm with
(26.49%), CSCI (41.3%), and SICiQ7.5%). The amount of KMn I8 SECOnE armonc o & puse EA‘?-hN aser d(%:/la“tE-Ri'y DCR-3).
was varied in several attempts between 0.8 and 5 mol % with respect | "€ €mitted photons were detected with a coole tube (Hamamatsu

to SrCrQ. The starting materials were thoroughly mixed, placed in a R 3310). Luminescence decay curves were recorded with a mglti-
platinum crucible with a tight-fitting lid, and kept for 12 h at 620 channel scaler (SR 430) at 980 nm. Excitation spectra were obtained

in a temperature-controlled furnace. The mixture was slowly cooled using the s_ample beam O,f t_he double-beam |n$trument. The emitted
first to 530°C at—1.5°C/h, then to 450C at—2 °C/h, and finally to light was filtered by a Si filter and recorded in the_ same way as
room temperature at50 °C/h. Due to the low solubility of SrCrQ described for the luminescence measureme_nts. Va_rlable sample_ tem-
the crystals could be separated from the flux by washing the cake in peratures bet\/\{een 10 and 300 K were achieved with a cold helium-
water. The crystals obtained were always yellow. Only a very small 92s flow technique.

fraction of the MnQ?~ originally present in the melt was incorporated
into the host lattice. Some crystals were of a well-defined flat shape 3- Results
and therefore suitable for spectroscopic measurements. The single

crystal used for the present studies was%.7.6 x 0.95 mn¥ with a . . o
well-defined crystal face identified as the crystallographidj2dlane. 20 K absorption spectra of gSrO;:MnO,* for E parallel toa

Its MnO;2~ concentration was found to be 45 ppm by measuring the andb are shown in Figure 1, broken and solid lines, respectively.
absorption spectrum in the vis. In the near-infrared (NIR), a weak band system extends from

CsBr:MnO - and Csl:MnO 2. Crystals of CsBr and Csl doped 10 466 cnm* (origin) to about 14 500 cnt and exhibits a well-
with MnO;2~ were prepared by slowly cooling the melts. Manganese esolved fine structure ib polarization. From a comparison
was introduced as Mn@kH,O, which is oxidized by air oxygen to  With the absorption spectra of £0,:MnO,?~ 2 it is assigned
MnO42~ in the presence of GEO; during the heating proces.Best to the?E — 2T, ligand-field (LF) transition of MNn@2~ A much
results were obtained using the following procedure: A 4.00 g sample stronger absorption band is observed between 16 000 and 20 000
(18.8 mmol) of CsBr was mixed with 7.5 mg (38nol) of MnCl:- cm™L It is readily assigned to the lowest ener§fy — 2T,
4H,0, corresponding to an initial manganese concentration of 0.2 mol ligand-to-metal charge-transfer (LMCT) transitidnin both
Os/?jbsgrfcr:asge\}grént%é%Lljgﬁlymr?igg dogn?t(r);n"s"fes;r:gigdé ZﬂcajrtTZIas Jpolarizations it shows a well-resolved vibrational progression
ampule. The open ampule was heated to 6Z0in a temperature- I?} ‘he.;"‘?”y S?/m(;n%tnchﬁo str?tthng ) mode. ForE||b Th
controlled furnace for 30 min, slowly cooled to 520 at—10 °C/h, t evi : ratloha sidebands are split !nto two cqmponents. e

intensity ratios of the two partners in each pair vary along the
(14) Hulliger, J. Angew. Chem1994 106, 162. progression, indicating the presence of two overlapping band

(15) Gmelins Handbuch der anorganischen CherSigringer: Berlin, 1975; systems in this polarization. Their respective origins are at

Cs,CrO4MnO £2. Single crystals of GErO,;:MnO,2~ were grown
from a strong basic aqueous solution of MfOsaturated with Gs
CrO;4 using the temperature-difference method described in ref 14. After
dissolving h 6 M CsOH, KMnQ is rapidly reduced to Mn@~ by
OH™.15 The solutions were initially 2.5 1074 M in MnO4?>~ to grow
crystals for absorption experiments in the vis and the luminescence
measurements and 225102 M for the crystals to measure the weak
d — d absorption in the NIR. After saturation with £30,, the
solutions were transferred into the crystal growth tulfe€rystals of
green color and of high optical quality were obtained within-89
days. The rhombohedrally shaped crystals were found to be elongate

3.1. Absorption and Excitation Spectra. The polarized

Vol. 56, Mn (C2), p 52. _ 16 008 and 16 099 cmt. In a polarization, there is a single
(16) Booth, J. S.; Dollimore, D.; Heal, G. Rthermochim. Acta 980 39 band system with an origin at 16 073 ¢h In this polarization,

(17) Meller, J. W.Comprehensie Treatise on Inorganic and Theoretical
Chemistry Longmans Green: New York, 1947; Vol. 12, p 281. (18) Nyholm, R. S.; Woolliams, P. Rnorg. Synth.1968 11, 56.
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Figure 1. E||b (solid line) andE]||a (broken line) polarized 20 K I
absorption spectra of @8rO,;:MnO in the vis and NIR regions.
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Table 1. Origin Positions, Vibrational Frequencies (ch and
Huang-Rhys ParameterS for the Progression in the MO
Stretching ¢) Mode for the Lowest-Energ$E — 2T, LMCT
Transition of MnQ?~ in Various Host Lattices

host polarizn origin v S TTI T T T[T I T[T I T[T T [T T T T[T T [T T [TTTT
CsS0O, E||b, #1 16 138 750 1.7
El|b, #2 16 349 755 1.6
Elb 16 229 773 1.4
CsCrO, Ellb, #1 16 008 740 1.8 m
E|lb, #2 16 099 760 1.7 1
EOb 16 073 757 15 1
BasQ Ella 17 266 730 1.7 1 |
Ellb 16 868 795 15 PV et
BaSeQ Ella 16 750 730 I
Ellb 16 530 793 L |
SrcrQy Ellc 15452 757 1.6 10700 10750
Elc 15 380 758
CsBr 16 151 760 15
Csl 16 125 730 1.5
a . L TTT T T[T T T[T T[T T[T T[T T[T TTTT
For CsSOy and CsCrOy, the two origins observed impolarization
are designated by #1 and #2. 11000 12000 13000 14000

o ) energy [cm'l]
each member of the progression in theanode carries a shoulder ) ] )
on its high-energy side corresponding to the first sideband of a Figure 2. Ella Ellb, andEllc polarized’E — =T, (LF) absorption
progression in the ©Mn—0 bending §) mode of 209 cmt. spectra of GCr0;MnO4*" in the NIR region at 20 K. Three electronic
1 - . DO origins (I, I, and Ill) are indicated. Progressions in the bendidy (

Above 21 500 cm, the strong increase in absorption is due to 54 stretchings() modes and their combination bands are assigned for
the onset of the host absorptigh.The absorption spectra in  transition | in theE||b spectrum. The regions of origins Il and IIl are
the 15 0006-20 000 cntt region of MNnQ?~ doped into SrCrQ shown in the small insets on an expanded scale. The scale of the ordinate
CsBr and Csl are not shown; they are similar to the spectra in is the same in all three spectra.
Figure 1. But the vibrational structure is less resolved. Inthe py two much weaker systems. The origin of the second band
case of SrCraMnO*", the absorption between 15000 and  system is located at 10 722 ch(labeled II) and appears
20 000 cn is predominantly polarized. The spectra of CSBr:  exclusively inb and ¢ polarizations. The third band system
MnO42~ and Csl:MnQ?™ are very similar to each other. Origin has its origin at 10 731 cm (labeled Ill) and isa and c
positions and vibrational frequencies for the progression in the oarized. The region of the origin lines Il and 11l is shown in
v mode for the lowest-energE — 2T, LMCT transition of  the small insets on an expanded scale in Figure 2. The three
MnO,*~ in different host lattices are listed in Table 1. origin positions and the vibrational sidebands for the progres-

Figure 2 shows theE||a, E|lb, and E|lc polarized 20 K sions in the totally symmetric MRO stretching ¢) and
absorption spectra of @8rO,;:MnO42~ in the region of the’E O—Mn—0 bending §) modes built on origin | inE|b
— 2T, LF transition in detail. They consist of a predominantly polarization are indicated at the top of the spectrum. The
E|lb polarized broad band system exhibiting a well-resolved dominant progression-forming mode is the bending mode,
vibrational structure built on the origin at 10 466 ch{labeled whereas coupling to the stretching mode is less important. This
I'in b polarization). This dominant band system is superimposed js reflected by the HuanrgRhys parametersS, which are
substantially larger for the bending mode than for the stretching
(19) Ballhausen, C. J.; Liehr, A. OJ. Mol. Spectrosc1958 2, 342. mode; see Table 2Sis defined by the intensity ratio of the
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Table 2. Origin Positions and Vibrational Frequencies (éin
Together with the Respective HuanBhys ParameterS for the

Progression-Forming ©Mn—0 Bending §) and the Mr-O 5
Stretching ¢) Modes for the’E — 2T, LF Absorption of MnQ?™ in T T
Various Host Lattice’s v
host transn origin v Sv) o S0) FTd
CsCrOq I 10466 770 0.66* 325  3.51*
I 10722 769 308
1l 10731 770 0.49 307
SrCrQy I 10303 785 0.32* 382  245*
CsBr I 10440 760 335
Csl I 10425 760 330

@ Huang-Rhys parameters marked with an asterisk were obtained
by fitting a simulated band shape to the experimental spectrum.
Transitions I, Il, and Il are explained in the text.

"'I-Tﬁlﬁi‘l|—|1ﬁ—||T11||||1]||||||

10000 11000 12000 13000 14000 15000

energy [em’]

Figure 4. Excitation (solid line) and absorption (broken line) spectra
of the 2E — 2T, (LF) transition of CsBr:Mn@~ in the NIR region at

20 K. Origin | and the respective progressions in the bendfad
stretching ¢) modes are indicated. The excitation spectrum was obtained
by detecting the luminescence below 10 000-&m

LI L L L B L L corresponding spectra of Mn&-doped Csl (not shown) are
10500 11000 11500 12000 12500 13000 very similar to those of the bromide.
4 The origin positions and vibrational energies for the progres-
energy [cm ] sions in the stretching/{ and bendingd) modes together with
Figure 3. Unpolarized 20 K2E — 2T, (LF) excitation spectrum of  the respective HuangRhys parameterS for the’E — 2T LF
SrCrQ:Mn0O4 in the NIR region. Origin | and the corresponding transition of MnQ?~ in the host lattices used for the present
progressions in the bending)(and stretchingy) modes are indicated.  study are listed in Table 2. In those cases where sideband
The excitation splectrum was obtained by detecting the Iummescencespmting or strong coupling of the electronic transition to lattice
below 10 000 e vibrations occur, the values & were obtained by fitting a
first sideband to the respective origin line. The determination simulated band shape to the respective experimental spectrum
of Sfor transitions Il and Il is made difficult by the dominance using the procedure described in ref 9. HuaRipys parameters
of the superimposed sidebands of system I. obtained in this way are marked with an asterisk in the table.
The unpolarized 20 K luminescence excitation spectrum of  3.2. Emission Spectra.The unpolarized 15 K luminescence
SrCrQ;:MnO42~ in the region of the’E — 2T, (LF) transition spectrum of C£rO,.:MnO4%~ is shown in Figure 5, lower graph.
is shown in Figure 3. The excitation spectrum was obtained It consists of two unusually well-resolved overlapping broad-
by detecting the luminescence below 10 000 &mlt consists band systems. The two electronic origins denoted bydJ
of a higly structured broad-band system with an origin at 10 303 are located at 10 466 and 9506 chnrespectively. From the
cm L. In analogy to CsCrO,MnQ42, the sideband structure  coincidence of origint with origin | in absorption, the emission
is dominated by progressions in the bendidproode, whereas  band is assigned to tH&, — 2E transition of MnQ?~. As in
coupling to the stretchingv] mode is less pronounced. absorption, the main progression-forming mode is the bending
Polarized absorption spectra in the corresponding region (not(d) mode, whereas coupling to the stretchimy hode is less
shown) demonstrate that this transition is essenti&|jc important. The sidebands in the bending-mode progression
polarized. show slightly irregular spacings, and some of the lines are split.
Figure 4 shows the 20 K excitation and absorption spectra These are clear indications of a Jafweller effect, as will be
of MnO42~ doped into CsBr in the region of tR& — 2T, (LF) analyzed and discussed in section 4.1.1.
transition. The excitation spectrum was obtained by detecting The upper graph of Figure 5 shows the unpolariZ&gd—
the luminescence below 10 000 chn It shows a fairly resolved  2E luminescence spectrum of SrCrinO,2~ at 15 K. Due to
band system with its origin at 10 436 cin(labeled 1). Apart a stronger coupling of the electronic transition to lattice
from the larger line widths, it is similar to thE||b polarized vibrations in this system than in @rO;:MnO42~, the sharp
absorption spectrum of @5rO,;:MnO42~ shown in Figure 2. lines are accompanied by phonon sidebands of higher intensity,
Both the vibrational frequencies of the progression-forming thus washing out the sharp features at lower energies. There is
modes and the positions of origin | are very similar; see Table a single broad-band system built on oridimt 10 303 crm.
2. The absorption spectrum shown at the bottom of Figure 4 The progressions in the stretching @nd bendingd) modes
has the same band positions as the excitation spectrum. Theare indicated at the top of the spectrum. Similar to those of
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Figure 5. Unpolarized?T, — 2E luminescence spectra of Mg
doped into SrCr@(upper curve) and GErO, (lower curve) at 15 K. BLILIL L L L L B
. ; 4 :
In the case of SICr&OMnO4*~, a single origin (I) and the respective 7000 8000 9000 10000

progressions in the bending)(and stretchingy) modes are indicated.
The sharp line at 10 013 crh(labeled#) is assigned as one quantum
of the & bending mode of Mng3~ built on originl. In the spectrum of
CsCrOsMnO~, two electronic originsl(andJ) and their respective
progressions in the bending)(and stretching) modes are indicated.

energy [cm'l]

Figure 6. Unpolarized?T, — 2E luminescence spectra of CsCl:Cs
MnQ,, CsBr:MnQ?-, and Csl:Mn@~ at 20 K. The progressions in
the bending ¢) and stretchingy) modes are indicated.

CSZC_rO4:MnO42 ; the progressions in the be”‘?‘"‘@ (node_t are Table 3. Origin Positions and Vibrational Frequencies (&jn
dominant, and some of the sidebands are split. There is a weakrogether with the Respective HuanBhys ParameterS for the
line at 10 013 cm? denoted by # in Figure 5. On the basis of Progression-Forming ©Mn—0 Bending ¢) and the Mr-O

its separation of 290 cm from origin I, we assign it to a totally Stretching ¢) Modes for the’T, — 2E Luminescence of Mng~ in
symmetric component of the bending mode transforming as t Various Host Lattice’s

in the parenfTy symmetry. host transn origin v ) d(e) ) o) A
A comparison of the emission spectra of SrgNMNO4*~ and CsCro, | 10466 802 034 299 2.9 402 960

CsCrO4:Mn0O42~ in Figure 5 shows that the relative lumines- J 9506 799 0.12 323 2.42*

cence intensities of the band systems built on origiasd J SrcrQy | 10303 811 0.25* 360 2.53* 290 (567)

are very different. While for SrCr&MnO42~ all the intensity J

is contained in the single band systéthe band systerd is CsCl:CsMnOx 5 18 :‘?g ;gg ggg 396 957

stronger thanl in the case of G&£rO;MnO4~. Polarized CsBr | 10440 788 305 394 959

luminescence measurements on Sr&MMO.2~ (not shown) J 9481 786 325

reveal a strong polarization dependence of the whole band Csl I 10425 779 295 390 950

J 9475 780 324

system: The intensity rati&||c/ECc is 5/1.
The upper, intermediate, and lower graphs of Figure 6 show aHuang-Rhys parameters marked with an asterisk were obtained

the unpolarized 20 K luminescence spectra of CsGMDO, by fitting a simulated band shape to the experimental spectrihe

and of MnQ?~ doped into CsBr and Csl, respectively. Except €nergy differenceA between origind andJ observed in the corre-

for the decreasing resolution, the three spectra are very similar sponding luminescence spectra is given in the last column. The value

s o 'listed for SrCrQ was obtained from an AOM calculation.
and they are also very similar to the emission spectrum of pure
CsMnO,. The spectra are similar to the corresponding ¢ andv progressions are given in Table 3. They are very similar

spectrum of C£LrO,:MnO42~ (see Figure 5). There are two
overlapping band systems built on originandJ, respectively.
Again, the main progression-forming mode is the bendig (
mode, whereas coupling to the stretching (node is less

indeed, with a very slight trend to lower values along the series.
The luminescence decay times at 10 K of MAOdoped

into a variety of host lattices are collected in Table 4. With

the exception of those of the halides, they all lie within the

important. The positions of the origins and the energies of the range 1.5-3 us. For the halides, the decay is nonexponential
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Table 4. Luminescence Decay Timespsat 10 K («s) andTio
Values (K) in Several Host Latticés %8, (d,) 27, (t,) P 2A" (d,,)
host Topd 10 K) T10% ¢, mol % J,cmt 28, (d,;) E P | 4* — 3 2A' (d,2.,2)
K2SQy 2.32 213 0.1 9833 %8, (d,,) | l ) | 2A" (d,;)
K,Cro, 2.19 193 0.1 9670 11 FLdN
C3SO, 1.72 285 0.1 9589 1l ‘ ; | I
CsCro, 1.65 271 0.1 9506 R | Lppdd
SICrQy 2.51 230 0.0045 | [ l | | I
BasSQ 2.75 350 0.1 ~10700 s 20 (d.2)
BaSeQ 221 285 0.1 ~10320 AL T e | N
) 2A (d 2. 2) % (e) — A" (dy)
CsCl:CsMnO; (1.0) 158 0.1 9478 oy
CsBr (1.23) 164 0.2 9481 D, T4 Cs
Csl (1.24) 147 0.05 9475

aThe Ty value is defined as the temperature at which the Figure 7. Tq — Cs andTq — D. splittings of the ligand-field (LF)
luminescence intensity is reduced to 10% of its 10 K value. In the States of MnG?"in CsCrO, and SrCrQ, respectively. Electric-dipole-
case of CsCl:GIn0,, CsBr, and Csl, the,ps values were obtained allowed transitions are shown by arrows; short-dashed, long-dashed,

from fits to the tail of the decay curves, giving an upper limit fog and solid lines correspond t&, y-, and zpolarized transitions,
The fourth column gives the nominal concentrations of MrQexcept respectively. In the case of €rO:MnO#~ (Cy), transitions 1l and)

for SrCrQ,, where the experimentally determined actual value is given. a&ré bothy andz polarized. The designation of the absorptions 1, I,
The last column lists the energies of the origirin luminescence, ~ and lll and emissions andJ relates to Figures-37.

corresponding to the smallest energy gap between excited and ground
states.

with lifetimes of the longest-lived species of aboytd Also
included in Table 4 are the so-call@dyy, values. These are

the temperatures at which the luminescence intensity has
dropped to 10% of its 10 K value. Except for those of the
halides, these “quenching temperatures” range from 193 K for
K2CrOs to 350 K for BaSQ. For the halides there is substantial
guenching of the luminescence below 160 K. PurgMZe),

was found to have the same luminescence decay and quenching

behavior as G#nQ, finely dispersed in a CsCl pellet. Figure 8. lllustration of the two component€)¥ and Qy) of the e
bending mode in a tetrahedral MOGomplex.

4. Discussion

4.1. 2E < 2T, Ligand-Field Transitions. 4.1.1. CsCrOg4
Host Lattice. Since CsCrO;y is isostructural with GOy,
similar spectroscopic properties of MO doped into the two
hosts are expected, and the spectra ¢fd88,:MnO4%~ can be
analyzed in analogy to those of £5,:MnO42~. Therefore
we do not provide a detailed analysis of the optical spectra o
CsCrO4:Mn0O4%~ here but rather refer to ref 8 and give a
summary of the results.

The only symmetry element of the CfO ion in CsCrOy is
a mirror plane §¢) perpendicular to the crystallograptiaxis,

[l is due to 2A"(xy) — 2A"(x2 and appears ira and ¢
polarizations. We ascribe this partial relaxation of the selection
rules to spir-orbit coupling.

As shown in ref 8, thély — Cs distortion is moderate, and
the splitting of the LF states is thus expected to be small.
¢ However, the luminescence spectrum shows a large value of

the2E ground-state splitting for GErO;:MnO42~ of 960 cnr?!
(see Table 3). This is due to the effect of the poorly shielded
positive charges of the Cdons creating a substantial crystal-
field potential at the MnG¥~ site.

and the site symmetry is th@,2° Adopting the axis orientation Both the absorption (Figure 2) and luminescence (Figure 5)
from ref 8, the moleculax axis coincides wittb, and they and spectra demonstrate that coupling of thg totglly symmetric
zaxes lie in theac mirror plane with a rotation of 37from the stretching {) mode to theE < 2T, LF transitions is weak; see
aandc axes, respectively. The effect of tiig— Cs distortion ~ the corresponding Huarghys parameters with values sub-

on the2E < 2T, LF transitions of MnG?~ is illustrated in the stantially small_er than 1in Tables2 and 3. A simp[e Franck
right-hand side of Figure 7. Spin—orbit coupling is neglected ~ Condon analysis thus suggests only a small change in the/n
because its effect on band splittings is largely quenched by thePond length upoiE < 2T; LF excitation.
crystal field. Both the ground and excited LF states splitinto ~ Jahn—Teller Effects in the ?E and T, LF States. In
their orbital components. 18, the components of the electric- ~ contrast to the stretchingXmode, coupling of the bendingX
dipole (ed) operator along y, andz transform as A, A’, and mode to the electronic transitions is very pronounced. This is
A', respectively. This gives rise to the selection rules shown due to Jahr Teller (JT) effects in both the ground and excited
by arrows in Figure 7: solid and dashedbtted lines correspond ~ LF states. The active mode is a bending mode with e symmetry
to x- andy,z-polarized transitions, respectively. in the parenfTy symmetry. The’E < 2T, LF absorption and
The three electronic origins for tH& — 2T, LF transition emission spectra of Mn@~ doped into C&CrO, and CsSOy
of MnO42~ indicated in the absorption spectra of Figure 2 are are very similar, and we use the formalism described in ref 8
assigned to the orbital componentsZ5 on the basis of the  for C$SO:MnOs*~ to calculate the JT parameters for,CeOy:
selection rules sketched in Figure 7. The predominahtly MnO".

polarized absorption | is assigned to th&"'(xy) — 2A'(y2) Let us first turn to the B e vibronic coupling in the ground
transition. Absorption Il, which corresponds?&’ (xy) — 2A'- state. The e vibration consists of the two componepis

(X2 — y?), is observed in both andc polarizations. Absorption  (transforming ag?) andQy (transforming asy) shown in Figure
8. The single-mode B e JT HamiltonianH;t requires an

(20) Nord, A. G.Acta Chem. Scand.976 30, 198. additional termHcr representing the noncubic crystal-field (CF)
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potential and is given by Table 5. Jahn-Teller Parameters, Stabilization Energies, and
Angular Distortions for MnG?~ in CsCrO, and CsSOs# Obtained
H=H,+ Hy+ Hg D from Fits of the Experimental Emission Speétra
. CeCrO, CsSO, CeCrO; CsSO,
with Fe 0318 0294 C 243 256
G 0.044 0.039 Ex(%E), cn?t 16 14
2 2 E
Ho _1f 0 & o |1 O (1la) & 164 155 Ep(?T;)cm® 928 925
ho, 2\ X% oY 01 Fr -2.39  —235 runo A 163 160
o, A 0.354  0.336 A#(e), deg 1.5 1.4
#, deg 154 155  Af(e),deg —18 —1.6
Hyr  [FeX+ Ge(X — Y?) —FeY + 2GeXY hwe, cl 288 309 AB(T>), deg 11.2 10.5
= I} 1
hwe —FeY + 2GeXY —FX — Ge(X2— V) hwd, cmrt 325 335 A@(T,), deg 55 49
(1b) a Definitions of the symbols in the first column are given in section
4.1.1.
Hor_ (S =S 1c
how, \-S —S (1c) The JT stabilization energieSyr for the 2E and?T, states

are given by?
X, Y are the coordinates of the e vibratid@yx, Qy made

. . . . . 2
dimensionless. Likewisdse andGg are the linear and second-

Fe

order JT coupling constantfs and gg, respectively, made EJT(ZE)thwe (4a)
dimensionless.Sx, Sy are the two components of the noncubic E

CF potential in CgCrO,. They transform ag? andxy in the F.2

cubic limit and describe static distortions alo@x and Qv, E T(ZTZ) =—Thw ' (4b)
respectively. To restrict the number of parameters, weSget J 2 €

to zero and packed all low-symmetry effects into the single )
parametelSy. This corresponds to a slight rotation of t@s, wherefiwe = 288 cn! andfiwe’ = 325 cmi are the energies
Qv coordinate system in order to cause the displacements ofOf the e vibration in théE and?T, states, respectively. With
the minima of the two sheets of the ground-state adiabatic the fitted parameters we obtain JT stabilization energigs
potential energy surface (APS) alo@y to vanish. (E) = 16 et and Eyr{’T2) = 928 cm* for the 2E and?T,

In the case of théT, excited state, the ;T® e JT coupling states, respectively (see Table 5). The JT effect is much stronger
leads to an APS consisting of three equivalent parabolas in I the?T; state than in the ground state. This is a consequence
Y space intersecting & = Y = 0 in the cubic limit. The of the dlffere_nt antibonding characters of the e amuid)lec_ular
noncubic CF potential in GErOy lifts the orbital degeneracy ~ Orbitals, which are ofz and o + z types, respectively.
of 2T,. The?A'(y2 component (Figure 7) serves as inital state Moreover, the much stronger orbital splitting in the ground state
for the 2T, — 2E emission. The corresponding vibronic 1€@ds to a larger quenching of the JT effect. L
Hamiltonian to first order can be written as For MnO#~ doped into CsCrO, and CsSQy, the situation

in the ground state is very different from the linea®ke JT
2 2 problem, for which the APS takes the form of the well-known
H Z% - 66_)(2 - & + X+ Y2) + FT(— %X + %ﬁ ) “Mexican hat”. In the present case the noncubic crystal field
potential dominates the JT effect, and the ground-state APS is
@) divided into two parabolas separated by fite ground-state
whereFr denotes the linear vibronic coupling consténade splitting of 960 cnTl. These lowerd-) and upper{+) sheets
dimensionless. correspond in essence to the potentials of the electronic functions

There are seven parameters required to simultaneously|xyCand|Z[)(see Figure 7), respectively. The contour plots of
describe the E® e and © ® e JT vibronic surfaces and thus these sheets are shown in Figure 9. Eothey take the form
calculate the spectra. For the ground state thesd-ar&e, of an ellipse, whereas fer. the contour lines are almost circular.
and Sk (see eq 1), a constaft corresponding to the ratio of  This provides the key to an understanding of the different
the overall intensity of emissionkand|, andhwe, the energy sideband structures of the emissidnand J (see Figure 5).
of the e vibration. For the excited state the parameterg are Because of the different curvatures of the potentialalong
|Fr] and¢, corresponding to the magnitude and orientation of Qx andQy, the vibrational energies of the two compone@is
the displacement of the energy minimum of the emitfiAg and Qy are different, leading to a splitting of the initially
(y2 (%T,) state in theX, Y space, respectively. These parameters degenerate vibronic levels af- and thus to the observed
were determined by fitting the observed vibronic levels in the splitting of the sidebands of emissidn In the case of the
emission spectrum, and their values are listed in Table 5. Thesheet, the JT effect leads to an increase of the curvatures of the
dimensionlesp was converted int@’ in the Qx, Qy space (in potential alondx andQy by almost similar amounts. Therefore

angstrom units) using the following relation: the vibronic levels ofe; remain nearly degenerate, and the
sideband splitting remains unresolved. The much larger line
o= 5-806p ©) widths of the sidebands of emissidncompared to those of
NJhou origin J are probably due to this unresolved splitting. In the

2E ground state, the minima of both the ande_ sheets are
whereu = Y/3-m(O) is the appropriate reduced mass for the e displaced alon§@x. These displacementQy can be converted
bending modé! Analogous expressions hold for the conversion into angular distortions from the regular tetrahedron. For a
of X'into Qx andY into Qy, respectively. displacemenAQyx along Qx the tetrahedral ©Mn—0 angles

(21) Cyvin, S. J.Molecular Vibrations and Mean-Square Amplitudes  (22) Bersuker, |. BThe Jahn-Teller Effect and Vibronic Interactions in
Elsevier: Amsterdam, 1968. Modern ChemistryPlenum: New York, 1984.
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Figure 9. Contour plots of the uppee() and lower €-) sheets of the
adiabatic potential-energy surface for e ground state of Mng3~
doped into C£CrO;, as a function of the JahiTeller-active coordinates
Qx, Qv, calculated using the potential-energy terms of eq 1 and the

parameters of Table 5. The points indicate the geometry of the lowest-
energy excited state.

6 for the two pairs of oxygens which are intersectedzoin
Figure 8 change b6 = —(AQx/rmn—o), where bothAQx and
the Mn—=0O bond lengthru,—o are in angstrom units. The
displacement#\Qx lead to a compression of the Mg® ion
alongz by Af(e+) for e+ and an elongation alongby Af(e-)

for e_, respectively (see Table 5). The black spot in Figure 9
shows the energy-minimum position @x, Qv space of the
emitting 2A’(y2) (°T,) state. It is displaced along both tiag
andQy coordinates, corresponding to a compression afing
AB(Ty) and a torsional twist bA@(T2) = AQv/fvn—o, respec-
tively, wheregp = 90° for a regular tetrahedron. The large
values forp’ and ¢ (Table 5) indicate the substantial angular
distortions of MnQ?™ in its 2A’(y2) (%T») state due to the J®

e JT effect.

A comparison of the GE€rO, and CsSOy hosts shows very
similar JT parameters of Mn®" in both systems, leading to
almost identical magnitudes of the JT effect in 8keand?T,
states; see Table 5. Since the energy of the e vibréiians
substantially lower in G£rO, than in CgSQOy, the potentials
are shallower and the angular distortions larger inGO,
(Table 5).
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4.1.2. SrCrO; Host Lattice. SrCrQ, has a monoclinic
crystal structure of the monazite type with the space gR®im
and 8 = 103.08. The MnQ?2- site symmetry isC..13
However, the deviations frorD, are small, and the optical
spectra can be interpreted» symmetry in a good approxima-
tion. The molecularz axis is almost parallel to the crystal-
lographicc axis, and thex andy axes make angles of about
20° with a andb, respectively. To study the effect of thge—

D, distortion on the’E <> 2T, LF transitions of Mn@~, we
performed a crystal-field analysis within the framework of the
angular overlap model (AOM) using the GO host tetrahedron
geometryt® Spin—orbit coupling was neglected because it is
strongly quenched by the crystal field. From the calculated
splitting pattern which is shown schematically on the left-hand
side of Figure 7, it can be seen that the unpaired electron
occupies the @2 orbital in the ground state of M. This
gives rise to the selection rules shown by arrows in Figure 7:
short-dashed, long-dashed, and solid lines correspord e,
andz-polarized transitions, respectively.

On the basis of the selection rules sketched in Figure 7, we
assign thek||c polarized absorption (Figure 3) and emission
(Figure 5) to transition 1= | (Figure 7). Equating the
appropriate AOM expression with the absorption maximum at
11 272 cm! and settinge? /e equal to 0.2, we obtair) =
11 528 cnt, which compares well with the corresponding value
of 10 856 cn1! for the CsSOy host® In contrast to the case of
the CsCrO, host discussed above, we were able to observe
neither thex- andy-polarized absorption transitions Il and 1l
nor thez-polarized luminescence transitidmpredicted by Figure
7 in this host.

At first sight, the line at 10 013 cnt (labeled #) in the
luminescence spectrum of Figure 5 has the appearance of a
second origin. However, the following considerations show that
an assignment to origid is very unlikely: The resultingE
ground-state splitting of 290 crhwould be much smaller than
the value of 567 cmt found from the AOM calculation.
Furthermore, the intensity ratio of the origin lih¢o the line #
is the same in both polarizations and no vibrational sideband
corresponding to line # could be observed. We therefore assign
this line to a sideband corresponding to one quantum ofsthe t
bending mode of Mng¥~. In a basic aqueous solution, the
frequency of this mode was found to be 3327¢i#

We are therefore left with the conclusion that the intensity
of the LF transition is predominantly concentrated in component
| corresponding tGA(x2 — y2) <> 2B4(xy) in the SrCrQ host
lattice. The other formally allowed components are swamped
by I in both absorption and emission. As seen in Figures 3
and 5, as well as Table 2, the coupling to thenode with e
parent symmetry inTq is again dominant and essentially
determines the shape of both absorption and emission bands.
With an S(v)/S(d) ratio of about 1/8, coupling to the totally
symmetricv mode is even less important in this host than in
CsSO, and CsCrO4. We conclude that by far the most
dominant vibronic coupling effect is the, ® e Jahn-Teller
coupling in the excited LF state. Th&sideband splittings
clearly observable in the luminescence spectrum of Figure 5
are the result of the weaker&e coupling in the ground state,
similar to the situation in GErOq; see section 4.1.1.

4.1.3. CsBr and Csl Host Lattices. The low-temperature
absorption and luminescence spectra of Mh@loped CsBr
and Csl lattices are characterized by their similarity and by the

(23) Gonzalez-Vilchez, F.; Griffith, W. R1. Chem. Soc., Dalton Trans.
1972 1416.
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similarity to those of pure GMnO,. In particular, the electronic 60
ground-state splitting is of the order of 95060 cnt? for all
the three samples whereas, for Sr¢ (667 cntl) and BaSQ
(~370 cntd), it is substantially smaller. The splitting is
similarly large in CsSOy (969 cnml) and CsCrO, (960 cnT?l),
and in these lattices it has been ascribed to the crystal-field 50
potential resulting from the Csions, from which the guest E
o

O+
Mo

MnO42~ ion is poorly shielded in th@-K,SQ; type structure.

Combined with the microscopic observation of microscale +
crystalline inclusions in the Mng -doped CsBr crystals, this
is a clear indication that the Mn@ ions are not molecularly
dispersed in these lattices but rather occur as microcrystals of
CsMnO,. To test this hypothesis, we artificially created such
“crystals” by pressing a pellet of a finely ground powder of
CsMnO4-doped CsCl. The near identity of the spectroscopic
properties with those of Mng~-doped CsBr and Csl crystals
on one hand and the pure 04 on the other fully confirms
the above hypothesis. CsBr and Csl in the molten state act as
a flux medium for the growth of GMnO, crystals.

The decrease in resolution in the emission spectra (Figure 6)
from CsCl:CsMnQ, to Csl:MnQ2~ correlates well with the
decrease of the observed size of theMI®O, crystallites €50
um in the CsCl,<25 um in the CsBr, and too small to be
observable in the Csl host lattices). With decreasing size of

6+
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the crystallites, the site for M@~ becomes more and more T 109 [K]
|II-def|ne_d, which leads to increasing inhomogeneous line Figure 10. Temperatureys, at which the luminescence intensity of
broadening. MnO2~ is reduced to 10% of its 10 K value (&30, and SrCrQ.

The luminescence decay behavior of MAGdoped CsBr 20 K) versus the ionic radius of ¥ for different host lattices.
and Csl strongly supports the hypothesis that the luminescence
arises from crystallites of GBINO,4. In contrast to those of all
the other MnG?—-doped crystal systems studied so far, the
decays at 10 K in both of these systems are significantly faster
and nonexponential. In addition, thermal quenching begins at
significantly lower temperatures than that in the other host
lattices; see Table 4. Since the luminescence decay behavio
of pure CsMnQy, is very similar in all these respects, the
observed luminescence in the CsBr and Csl lattices originates
from crystallites of CaMinO,4 with dimensions up to 5@m. It
is remarkable that pure @dnO4 shows detectable luminescence
up to about 160 K. Concentration quenching is usually very
pronounced in undiluted compounds of the 3d metals. In the
present system, energy migration to killer traps is unusually
inefficient because the energy transfer step between neares
neighbors is slow. This is the result of the unusually large
geometric distortion of the excited state versus the ground state
along the e ¢) Jahn-Teller coordinate. This leads to the
unusually large Stokes shift of approximately 3400-érand
thus a very small spectral overlap between the emission and
absorption profiles. This spectral overlap is a factor in the
expression for the excitation energy transfer between MnO
centers in the lattice and may be the key factor for understanding
the observed behavior of @dn0O,. Energy migration does
occur in CsMnO;4 at 10 K, and the luminescent centers are
shallow traps, most likely Mngd~ centers on slightly perturbed

sites. A distribution of such sites is the likely reason for the [ . . . X " ; -
nonexponentiality of the 10 K luminescence in these systems. lonic radius of thg Mt ion for which Mrf™ substitutes. W|th|n .
isomorphous lattice types, we see a clear trend of increasing

Qur conclusi_on about the nature of tr_\e chrom_ophores_ and T.0%With decreasing ionic radius of . Thus, for the BaS®
Ium[nophorgs In Mn(yf-doped halides is at variance With gy cpre type, we have more than a doubling af, between
earhe_r St.Ud'eS in W.h'Ch. I was assumed th?t Nfidons were BaMoQs2* and BaSQ, corresponding to a reduction of more
substituting for halide ions in the host lattiEe.No lumines- than 50% of the M radius. It is conceivable that the MO

cence spectra were available in these earlier investigations, jisiances of the guest Mnd ion will to some degree adapt to
whereas the most conclusive evidence for the presencezof Cs

MnO, cystallites in our work is the spectral and temporal (24) crystallizes in the tetragonal scheelite structure with space group
behavior of the luminescence. 14/a.

4.1.4. Multiphonon Relaxation. Radiative luminescence
transitions are always in competition with nonradiative pro-
cesses. Concentration quenching based on energy migration
to killer traps may be very efficient in undiluted systems, as
discussed for G81n0O, in the preceding section. In diluted
rcrys.tals with MnQ?~ concentrations considerably below 1%,
these can be neglected and multiphonon relaxation is the main
competitor. The seven top entries in Table 4 represent the seven
host lattices for Mn@~ explored so far, and we will now
interpret the observed valuesgfd10 K) andTigyin terms of

a simple model which has some predictive value. The definition
of Ti0e% the temperature at which the luminescence intensity
has dropped to 10% of its 10 K value, is an attempt to
{;haracterize and quantify the thermal quenching behavior by
one number.

In all the lattices above the broken line in Table 4, both the
luminescence intensity and lifetime remain approximately
constant between 10 and 100 K. Both quantities then gradually
decrease upon further temperature increase. For BEB0,2~
we have shown that the luminescence lifetime below 100 K is
purely radiative and thus the quantum efficiency i% We
assume the same to be true for the other lattices. Multiphonon
relaxation processes occur at higher temperatures. The signifi-
cantly differentTygs values in Table 4 reflect their different
efficiencies. For better efficiency, we have plotted in Figure
10 theT109 values for the various lattices as a function of the
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the host lattice. This means that the ligand field and thus the host lattices are listed in Table 1. As for the ligand-field

°E—2T, energy splitting will be largest in the lattices with the excitations, we observe a dependence of the first LMCT energy

smallest M radius within a given structure type. Thisis very on the size of the B ion for which Mrf™ substitutes within a

nicely borne out by experiment, as shown in the last column of given structure type. Thus the origin positions are higher in

Table 4, listing the energies of the electronic originsThese CsS0O, than in CsCrO4 and higher in BaS@than in BaSe@

actually correspond to the smallest electronic energy gap In the CsBr- and Csl-doped samples, #e— 2T, LMCT

betweer?T, and?E. This energy gap is an important parameter origins are very similar in energy to that of £30,;MnO",

for multiphonon relaxation processes. The nonradiative relax- in full support of our notion that the chromophores in these

ation rate exponentially decreases with increasing number of halide-doped systems are 50, crystallites with the same

phonons required to bridge this gap. Thus the observed trendsstructure as GErO,.

within a given structure type in Table 4 and Figure 10 can be In all the host lattices studied so far, the lowest-enékgy-

understood. T1oe can be established for host lattices not yet 2T, LMCT band exhibits a fairly resolved vibrational progres-

explored by extrapolating Figure 10 in a straightforward way. sion. The HuangRhys parameters in Table 1 were obtained
We can also qualitatively understand the influence of the by fitting simulated band shapes to the experimental spectra of

cation in the host material. This influence is significant: The the totally symmetric stretching’Y mode in a simple Franek

T10% Values for the G5O, and CsCrO, host lattices are about  Condon analysis. Assuming harmonic potentials and equal force

30% higher than those for the corresponding potassium lattices.constants in the ground and excited states, the corresponding

For the Cs salts, the energies of the highest energy stretchingncrease of the MrO equilibrium distance in the excited state

(v) modes of Mn@* are lower by about 3%. This is the is given by

relevant mode in the multiphonon relaxati&mnd thus these

processes are least competitive in the low phonon energy Cs 1 1 S

and Ba hosts. BaS@MnO,2~ with a T1gy value of 350 K and AMn—0) =ZAQ; = 2V 7ciu )

a quantum efficiency at 300 K of 20% is the host lattice in

which multiphonon relaxation is least competitive. This, S and ¥ are the HuangRhys parameter and vibrational

together with its low solubility in water, makes this system a frequency (in cm?) for the progression in the totally symmetric

potential candidate for application as a NIR solid-state laser stretching mode, respectively, ands the reduced mass which,

material. The very broad luminescence extending from about for that mode, corresponds to the oxygen nfas$he A(Mn—

900 to 1500 nm at room temperature and the establishedO) values thus obtained for the systems listed in Table 1 range

weakness of excited-state absorption in this wavelength fange from 0.045 to 0.060 A.

are additional attractive features which warrant a further Inthe absorption spectra of &&r0,:MnO4*~ (see Figure 1),

investigation of this material. the observation of one and two originsarandb polarizations,
4.2. °E — 2T, Ligand-to-Metal Charge-Transfer Transi- respectively, is due to an orbital splitting of thixs LMCT state.
tion. The first excited LMCT electron configuration of Mn& This polarization behavior is consistent with tle selection

is t1° €2 i.e., one electron is promoted from the fully occupied rules shown in Figure 7. In the case of SrGi@n042, a
set of § ligand orbitals to the essentially metal-centered set of single, predominantl¥||c polarized LMCT band is observed,
e molecular orbitals. The corresponding doublet ligand-to-metal very similar to the situation in théE — 2T, LF absorption
charge-transfer (LMCT) states af&,, 2T,, 2T1, and 2T, of region.

which a2T, is lowest in energy. The origin positions of the
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