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Tetracoordinated Mn(ll) complexes providing different molecular structures were investigated using various
spectroscopical procedures. NasMnS, contains separate pseudotetrahedral Mn—S complex units, K,MnS; has chains
of edge-shared tetrahedra, and Cs,Mn;S, crystallizes in corresponding layers. Also doped materials, i.e.,
Csy(MnyZn;—)sS, with 0.0 < x < 1.0, are considered. Absorption spectra recorded from samples incorporated in
polyethylene pellets and excitation spectra taken from pure materials at 15-20 K temperature are assigned on the
basis of energy level calculations obtained from the angular overlap model. All compounds exhibit intensive emission
in the red, some of them also in the yellow region, which both are investigated in the temperature range from 12.5
to 250 K, in some cases varying the excitation power and excitation wavelength. Decay measurements supply
lifetimes and activation energies evaluated from Arrhenius plots. The results support an assignment of both types
of emissions to MnS, complex entities for all compounds, the red emission from the lowest excited level (Kasha
luminescence) and the yellow emission, observed for some of the compounds with increasing intensity at lower
temperature, from higher electronic levels.

1. Introduction the*T1(G) — ®A(S) d—d transition of this chromophor€:1°
¢ The origin of the red luminescence at about 15000 tm
observed in systems with concentrations larger than ca. 1
mol % Mr?" in ZnS is, however, has been explained
contradictorily. While earlier it has been attributed to Mn
pairs and clusterd!! which was concluded also from
absorption spectra of high resolutibrsome later authors
preferred an assignment to energy transfer processes between
excited Mn ions and unknown red emitting cent&r$?13
bands in the absorption and emission spectrum of the Possible sugg_estions att'ributin'g thg red emission to octa-
hedrally coordinated Mn impurifications must be excluded

primarily investigated ZnS:Mn are assigned to ligand field .
transitions of tetrahedrally coordinated Rrions (cf) 2689 because Stokes shifts (calculated from about 16700'cm
: i ,10,14,15. icaj i i
Agreement seems to be obtained as well on the explanation?bsorpt'ori% and 15000 cm emission maxima for this
interpretation) are expected to be larger than for the

of the yellow emission at 17000 crhwhich is assigned to -
tetrahedral coordination (19006> 17000 cm? yellow

emissioR %8101 due to the higher ligand field and larger
bond energy changes in case of the octahedron. Also
emission from hexacoordinated Khof o-MnS (rocksalt

Due to the particular magnetic and optical properties o
Mn?t doped in ZnS, it was the subject of numerous
publications in the past decade$. The present ternary
alkali—thiomanganates now offer the opportunity to inves-
tigate also chemical compounds of different molecular
structure starting from isolated mononuclear Mn complexes
leading to two-dimensional layer structures.

It is generally agreed upon that the 186@B000 cn?t
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Thiomanganates(ll) Containing Isolated Complexes

structure) has been fouldat 11530 cm?, which is the cryostat carried out as fast as possible is followed by immediate
significantly lower than the present red emissions. Investiga- evacuation. If the size of the cryostat is sufficiently small to be
tions on present ternary manganese sulfide complexes ddandled in the glovebox, the disk can be mounted without removal
not support the preceding explanations; we shall rather favor oM the inert atmosphere. .
assignments to transitions within the perturbed d shell of Mn ~ For performing excitation and emission measurements, powder
as it has been considered as a possible choice already in agamples of pure crystals have been used filled in an aluminum
earlier work? holder in a glovebox of argon atmosphere. Since this cryostat could
The present compounds contain sulfur-coordinated Mn(ll) not be placed into the drybox, the sample carrier had to be shortly

. . . ) exposed to air atmosphere before the cryostat was evacuated.
tetrahedra which they have in common with the ZnS:Mn Protection by storing the sample in a glass tube, although when

system. V\_/'th lower anc_entratlons of (_:ounter (_alkah) I0NS mounted by a heat conducting paste on the cooling finger, supplies
the clustering of Mn units increases: whiled\nS, includes only the red luminescence spectrum (about 15000 chalf-width
separated complex (pseudo)tetrahedra, the compounds with 800 cnr?); the strongly temperature dependent yellow emission
smaller contents of alkali metal ions, i.e ;MnS,, have one- (17000 cntd) will not be detected. This observation obviously is
dimensional infinite chaingld[MnSMz], and CsMn3S, crys- due to insufficient cooling at the sample despite all precautions
tals contain two-dimensional layer§[MnsS;¢/4.2” From being undertaken.

the layer compound, in addition, a continuous series of doped Samples of C&gMn,Zn, )5S, for all Mn contentsx are less
materialsii.e., Cs(Mn,Zn;—)sSs with 0 < x < 1, could be sensitive to moisture and can be shortly exposed to the atmosphere

investigated. With this set of compounds an investigation Without further care.

of optical properties of ternary manganese sulfides depending 2-2. Optical Investigations.The absorption spectra in the visible

on the structure and concentration has been carried out. A&nd near-UV region were recorded on a Cary 04 instrument of
comparison with iron sulfides, also available as isolated Yanan which is equipped with a tungsten and a deuterium lamp.
complex units and extended chain molecufeis, of great For low-temperature measurements the sample compartment had

. . L ; . to be extended by constructing a lens system on a microoptical
interest. Although Chemlc_al bonding in Fe(lll) sulfides is bank which allows light focusing on a helium LT-3-110C cryostat
more covalent due to the higher metal charge, the low-

i "€NErYYot Air Products mounted on an adjustable table. Since with this

absorption bands of these compounds could be assigned tQeyice the background absorption is not compensated by the parallel
d—d-transitions and were explained by angular overlap model peam, the background radiation must be monitored separately for
(AOM) calculations. Since d electrons of present manganeseeach recording of a spectrum. Spectral resolution obtained from
compounds are expected to be more localized on the metalthis setup was in general about 2 nm, in some cases 0.5 nm. By
the corresponding optical spectra should be due to ligandheating against the cooling power, the temperature of the samples
field transitions as well. This applies also for systems with could be chosen between 15 and 300 K. Heating facilities and

extended molecular structures. Their emission spectra showemperature control close to the sample mull were supplied by a

however, some specific differences, which will be the main (":'E"'T_ra“l ccontrol panel mOdi' OC]/ZO IdOfthAir Prloductst and
SUbjeCt of the present inVeStigation. emicals Company using a chromel/go ermoelement.

For luminescence measurements an argon ion laser type 2016
2. Experimental Section of Spectra Physics (4 W power), from which the plasma lines are
) ] ~ removed by a laser monochromator (type Laserspek Ill), was used
The compounds have been supplied by the Institute of Inorganic 4 jight source. Cooling between 12 and 300 K was provided by a
Chemistry of the Technical University in Aachen, Germany. josed-cycle system R 210 of Leybold-Heraeus where the temper-
Syntheses, structural properties, and magnetic properties are giveryy e is controlled by a heating furnace Variotemp HR-1 of the
i i 8,20,2
in the literature’® 202t same manufacturer. For temperature between 2 an & bath

2.1. Sample Preparation.In particular NgMn$, and KMnS, cryostat of CryoVac has been used equipped with two tank supplies
are extremely sensitive to moisture from the air. For reliable ¢, liquid nitrogen and helium, respectively.

measurements they must be handled in a glovebox filled with dried
argon. The absorption spectra were recorded from KBr or poly- fo
ethylene (PE) pellets. The PE samples proved to furnish better
resolved spectra, for which possible reaction with the medium is
avoided. In a typical preparation a microcrystalline sample of the
compound is mixed in argon atmosphere with2D-fold excess

of dried PE (spectroscopically pure quality) and filleda 5 mm
cavity of a press tool. The sample protected by a plastic bag is
removed from the box through a lock chamber and pressed in this
cover forming a disk by applym?2 t of pressure. Introduction into

A Jobin Yvon monochromator H 250 with lattices appropriate

r different wavelength regions is used for measurements between
13 K and room temperature; a Czerny-Turner double monochro-
mator from McPherson is applied when recording low-temperature
spectra at 2 K.

Emission intensities were analyzed using primarily an optical
multichannel analyzer (OMA) model 1460/1462 of EG&G which
allows light detection of different wavelengths on 750 photodiodes.
For decay measurements, a photomultiplier C31034 of RCA has
been used which was equipped with a Peltier cooler TE 104 Rf of

(16) Goede, O.; Heimbrodt, W.; Weinhold, V.; Schey E.; Eberle, H. PRA for quenching thermal noise. Improved sigrabise relations
G. Phys. Status Solidi B987, 143 511. were obtained by an amplifier model 1763 and an amplifier/
(17) Bronger, W.; Miler, P.J. Alloys Compd1997, 246, 27. discriminator 1762 both of PRA.
(18) Bronger, W.; Hendricks, U.; Mier, P.Z. Anorg. Allg. Chem1988§ o . -
559, 95. The excitation spectra were recorded from a device consisting
(19) Packroff, R.; Schmidtke, H.-Hnorg. Chem.1993 32, 654. of an XBO 150W Osram xenon lamp and a Jobin Yvon mono-

(20) ggonger, W.; Balk-Hardtdegen, . Anorg. Allg. Chem1989 574, chromator for selecting excitation light choosing wavelengths290

(21) Bronger, W.; Balk-Hardtdegen, H.; Schmitz, D.Anorg. Allg. Chem. 600 nm in steps of 5 nm. The light intensity was controlled by an
1989 574, 99. optical power meter 835 of Newport Corporation equipped with a
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Figure 1. Absorption spectra of NMnS; (18 K) and KMnS; in powders at 12 K detected from the red emission. Due to variation of
polyethylene pellets. Spectral resolution 0.5 and 2 nm, respectively. The wavelength in steps of 5 nm, the spectra contain some discontinuities.
numbers refer to the transitions resulting from the assignment of Table 1.
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detector 818 UV and an attenuator 883 UV furnished by the same | Csa(Mno.sZn5)aS4

company. The emitted light was monitored by the OMA as used
above.

For decay measurements the laser equipment from the lumines-
cence measurements was used. The modulation of the laser signal
was carried out by introducing an acousto-optical modulator EFC-
C200-PH of Matsushita into the light beam which was controlled
by signals of a pulse generator Turbo MCS T914 of EG&G Ortec.
The trigger signal also controls a multichannel analyzer for which
the above RCA photo multiplier is used equipped with an IBM-
PC/AT of EG&G Ortec providing Turbo-MCS software. This 22000
arrangement allows the determination of life times using multi- energy/cm™!
channel scaling (MCS) techniques. For more experimental details rigyre 3. Absorption spectra of G&VIno Zno 9sS: in polyethylene pellets
see ref 22. recorded at different temperatures.
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3. Results of resolution obtained which obscures minor band splittings.

3.1. Absorption and Excitation Spectra.The absorption ~ The main band profiles are, however, determined by the
spectra of NgMnS,; and K;MnS; recorded from polyethylene  MnS; level system. Some presumably antiferromagnetic
pellets are illustrated in Figure 1. The observed bands andcoupling can be detected from increased band intensities
shoulders are located on a broad background absorptionmeasured at higher temperature (cf. Figure 3) which arise
increasing toward higher frequencies resulting in relatively from larger occupations of excited pair states giving rise to
poor resolution that limits the accuracy of wavenumbers of spin-allowed transitions.
band positions. This background is primarily due to scattering Peaks in excitation spectra of the layer compounds,
effects from the polyethylene pellets since it is absent when Cs,(Mn,Zn;—)sSs, are much better resolved for higher Mn
considering excitation spectra recorded from the red emissionconcentrationd? The band close to 32000 crhis due to
of microcrystalline samples of pure materials (Figure 2). In the zinc host lattice; it gradually loses intensity relative to
the region 1900621000 cm! of NasMnS, in absorption a  the d—d bands when increasing the Mn content.
recording with hlgher sensitivity exhibits some vibrational Since apparent]y all present spectra result from MnS
fine structure’”23 chromophores which are somewhat distorted from tetrahedral

The absorption spectra of Mn doped in,2%S;, show a  coordination due to different site symmetry in the crystals,
series of band shoulders located on a background absorptionye can apply AOM calculations on the mononuclear species
which become more distinct for higher Mn concentrafién.  ysing the valence angles obtained from crystal structure
A temperature dependent spectrum of a 50% doped samplanyestigations?-1820.24For NaMnS, containing separate Mn
is depicted in Figure 3. Spectra of all present compounds complexes ofCs, local symmetry, the results are given in
exhibit absorption peaks or inflections at very similar Table 1. The tetrahedral band assignments agree with
positions, indicating that-€ld transitions are largely deter-  corresponding results reported for ZnS:Mn from Gumlich
mined by local Mng complex entities forming essentially  and co-workersand with investigations on bis(tetraphen-
the active chromophores in these materials. No additional y|dithioimidodiphosphinato)Mn(Il) of Siiman and Gray
bands can be detected which may be assigned to complexyhich contain tetracoordinated sulfur chromophores as well.
pairs or clusters. This might be due to the moderate quality |dentical assignments of corresponding bands in all spectra
considered are indicated by equal peak numbering in the

(22) Rosellen, U. Doctorate Thesis, Heinrich-Heine-Univérgitssseldorf,
1996.
(23) Rosellen, U.; Schmidtke, H.-H. To be published.

(24) Siiman, O.; Gray, H. Blnorg. Chem.1974 13, 1185.

858 Inorganic Chemistry, Vol. 41, No. 4, 2002



Thiomanganates(ll) Containing Isolated Complexes

Table 1. Band Assignments and Optimized AOM Results for a

—
[=]

0 r ! n T
Trigonally Distorted Mn$ Chromophore Calculated from the Parameters = N}?ﬁﬁn? —
(in cm™Y) B = 519,C = 3200, = 0 andDq = —454 Using the £ A
Structural Data of NeMnS; (MnS; 242.6 pm, Mn$ 242.4 pm, $MnSs ) g
108.17, SSMnS; 110.74)18 = ! |
" = /
transition energy, cmt e
Tq Cay band measd z 05 |
6A4(S)— 6A, — no. abs exc calcd 2 I
4 = 18614
T1(G) i, 1 18830 18800 jooo0 \
TyG) A 2 19750 19700 20359 . '
E 3 20650 20650 20382 L n
4E(G) E 4 21450 21400 21188 12000 15000 18000
4A1(G) A 5 21450 21400 21190 energy /o™
4To(D) E 6 23100 23100 23886
“Aq 7 24200 24100 23997 0.08 0.06 0.04 0.02 0 1/T (K
4E(D) ‘E 8 25000 25000 24821 10E T T T 7
o Ay 9 27100 28011 )
T1(P) E 10 28050 28100 28257

aBand centers from NdnS; spectra.

figures. Band splittings in spectra of the chain and layer

intensity (arbitrary units)

compounds are due @, or C, site symmetry. Spirorbit 0.1k rej:ﬁ:i; L 1
coupling giving rise to multiplet splittings of maximal 130 vellow emission ——
cm! (obtained from ligand field calculatioffson MnBr2~
with £ = 320 cm!) has been neglected. The calculated
model parameters obtained from the fit of the spectra agree : : '
12.5 20 50 250 T (K)

with those expected from the spectrochemical and the
nephelauxetic series which are known, respectively, for FiglugeK“- c'lfmiSSiO” SPECtdfaOf '%Mnsﬁtaff‘dhKZMnszfr?m crystal PfOVrV]dEFSd §
. - at and temperature dependence of the integral intensity of the red an
ligand f'?'_d parameterBq and Racah parametesand C yellow emission bands of NBINS; (lexe = 488 nm). Corrections for

of transition metal complex compountfs.The low B intensity changes of excitation light are neglected (see text).
parameter compares well with that of the Siiman and Gray

compound* This finding is explained from the strong yomperature the yellow band is the main component of

covalency by whiclB parameters are decreased more than gnission; it loses, however, intensity on temperature increase
C as can be show; by analyzing the Slatélon_don in favor of the red luminescence which is dominanfat
parame_terst and F,.?” The degree of covalency in the_ 50K. Other than NaVinS,, from K-MnS, only red emission
metal-ligand bands reflected by the nephelauxetic ratio g g served with intensity decrease toward higher tempera-

Bempie/Biree ion that relates the electron repulsion parameters y o in particular from about 50 K on. Similar temperature
derived from the spectra of the complex compound and of behavior is known from ZnS:Mf

the free ion is 0.54 for M5, and compares with 0.42 for
Fel'S, ™ The splitting due to lower symmetry is generally g \in 7, .S, doped with Mn of different concentrations
calculated smaller than observed in the experiment. This is presented in Figure 5. A correction for temperature
shortco_mlng IS c_o_nvenlently take_n care of_b_y mtrc_)ducmg dependent absorption (Figure 3) is only minute. The general
expansion coefficients for d orbitals providing different ., rse of the emission curves remains unchanged. Yellow
Covalezgcy effects in molecular orbitals of dfferent sym- ,minescence is detected only from systems with low Mn
metry: . , concentrationsX < 0.12); emission bands in the red are
3.2. Emission SpectraAll compounds _Of presentinterest  ,psered from all compounds independent of concentration.
show efficient luminescence in the red; dVnS, and Cs- The temperature dependent emission intensities are again
ZnsS with low Mn concentration emit in the yellow region g6y related to those observed for the preceding com-
as well. This finding agrees with (.earller %ogizzezr;tratlon pounds which contain isolated complexes or molecular chains
dependent investigations on the ZnS:Mn systefrt™ (cf. Figure 4). The red emission gains intensity at the expense

In F|gur_e 4 the luminescence spectra are |IIus_trated_ of the yellow emission (if observable) with increasing Mn
together with the temperature dependence of integral intensi-c,cantration. A crossing of temperature curves for red and
ties of both emissions for the compounds indicated. At low yellow emission intensity as shown in Figure 4 is also

(25) Vala, M. T.. Ballhausen, C. J Dingle, R.: Holt, S. Mol. Phys. observed from the doped compounds with low Mn concen-
1972 23, 217. tration ¢« = 0.02 or 0.05). The fine structure detected in the

(26) Lever, A. B. Plnorganic Electronic Spectroscop@nd ed.; Elsevier: yellow emission is not well-resolved. Visual inspection of
Amsterdam, 1984.

The temperature dependence of luminescence from

(27) Sinha, S. P.; Schmidtke, H.-¥ol. Phys.1965 10, 7. band components indicates peak intervals of-2800 cn?,

(28) Schmidtke, H.-H.; Adamsky, H.; Sthiserr, T.Bull. Chem. Soc. Jpn.  which is close to 250 cnt vibrational quanta ot modes

29) %gfn%%ifhgfhong; Heimbrodt, W.: Hommel, D.; Goede, Rhys. obtained from a modified valence force field investigation
Status Solidi AL984 81, 695. on NaMn$S, using a QCPE prograft233°Magnetic field
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Table 2. Evaluated Lifetimess) for the Three Components of Eq 1 from the Luminescence Decay at 12 K Obtained by Excitdfign=a#:88 nm

red emission yellow emission
compound T1 T2 73 71 T2 73
NagMnS, 124.5(3.0) 33.2(1.5) 6.7(0.8) 927.0(18) 268.0(10) 63.0(4)
KaMNnS, 115.4(2.0) 29.5(1.1) 5.8(1.0)
C(Mng.02ZNo 9934 116.0(1.5) 34.8(1.6) 6.9(0.5) 1021.0(15) 660.0(12) 112.7(3)
C(Mng.08ZN0.92)3S4 114.9(3.0) 57.1(2.8) a a a
CMnsS, 52.7(4.5) 22.7(3.5) 5.0(1.5)

aNo evaluation possible due to low emission intensity.

Osa(Mng 2Zn0.08)354 — |
Csy(Mng,05Zno.95)354 -+
Cso(Mng psZng 02)384 ----

=
<
T

0.5 1

intensity (arbitrary units)

1

red emission:

Cs2(Mno.08Zno.g2)3S4 -o-

01F Cs2(MngsZng )38y ~—

corrected for absorpt. int. ©
CsoMnzS, -+--

yellow emission:

intensity (arbitrary units)

=1

o

—_
T

12.5 20 50 250 T (K)

Figure 5. Emission spectra of GE8Nn.Zn;—4)3Ss from crystal powders

and different doping at 13 K (exc = 488 nm). Temperature dependence

of the integral intensity of the red and yellow emission bands.

Table 3. Temperature Dependence of Measured Lifetimes (

NasMnSy KoMNS,
red yellow red

T (K) T1 T1 T2 T1 T2 T3 T (K) T1 T2 73

12 a 124.5 33.2 927.0 268.0 63.0 12 115.4 29.5 5.8
23» 2707.1 149.0 35.4 925.8 165.1 50.9 22 91.8 242 4.3
45 2704.2 140.0 29.8 660.4 57.0 2.2 41 740 204 41
60 2686.8 121.3 28.5 369.1 38.5c 60 714 227 3.8

a A lifetime corresponding tay is not detected; instead, a component
73 = 6.7 us (cf. Table 2) is observed Lifetime plots between 12 and 23
K exhibit a more elaborate time function than that of three exponentials.
¢ Not to be evaluated due to low intensity.

law has been reportéd.A decay formula derived from
energy transfer processes of molecular dipoleggteo-
Dexter mechanisi) had to be rejected due to passing of
bounds imposed on the statistical test functi#tibhe time
constants obtained by fitting the data points to the decay
formula, eq 1, are compiled in Table 2. A dependence of
the parameters, i.e., amplitudésand lifetimesz;, on the
detection wavelength could not be observed when using
present experimental facilities. Simulation of emission decay
by three exponential components indicates the presence of
mainly three different sites with important concentrations in
the crystals the origin of which cannot be identified.
Contributions from higher closely lying energy level com-
ponents belonging to the same multiplets can be excluded
due to fast relaxations expected since the energy is bridged

effects on excitation spectra of ZnS:Mn, however, suggest by crystal vibrational quanta which keep the nuclear frame-
only a moderatéT, x e coupling3! The fine structure can ~ Work unchanged.

be as well due to a superposition of several vibrational ~Temperature dependent measurements of the red lumi-
modes. Notice also the distinct shift of the red emission peak nescence are presented in Table 3. The red emissiongef Na
by about 800 cm' toward lower energy when increasing MnS, and of compounds with minor Mn concentration
the Mn concentration frork = 0.02 to 1.0, which we shall

deal with further below.

exhibits for temperature higher thar8 Z a long-living
component€; — 7y). This observation which apparently is

3.3. Lifetimes. The decay data measured from the red and common to all compounds which show yellow and red

yellow luminescence of NMnS, and the layer compounds
with small Mn concentratiornx(= 0.02) do not follow simple

luminescence simultaneously strongly supports an assignment
of both emissions to MnSmolecular entities (see next

exponential functions. A statistical evaluation using residuals, section). Between 12 and 23 K the decay curve is more

autocorrelation, and other critetidor testing a fit to a

complicated than applying a fit by three exponentials as in

hypothetical intensity decay formula supplies for both types eq 1.

of emissions a three-component function as

3
=" Ae™ (1)

(30) Mclntosh, P. F.; Peterson, M. R. QCPE program No. 342, Chemistry
Department, Indiana University, revised by Ném, A.; Eifert, K.,
Institut fur Theoretische Chemie, UnivergitBusseldorf.

(31) Parrot, R.; Boulanger, D.; Pohl, U. W.; Litzenburger, B.; Gumlich,
H.-E. Phys. Status Solidi 8998 207, 113.

(32) Biertimpel, I.; Schmidtke, H.-HChem. Phys1997 215 271.

More exponentials do not contribute to the quality of the (33) Busse, W.; Gumlich, H.-E.; Meissner, B.; Theis,DLumin.1976

12/13 693.

adaptatlon which is limited by the number of measured data (34) Hennig, H.; Rehorek, DPhotochemische und photokatalytische

points. Also for the ZnS:Mn system a triexponential decay

860 Inorganic Chemistry, Vol. 41, No. 4, 2002
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Table 4. Parameters (s 1) and AE (cm™1) of Eq 2 Evaluated from Temperature Dependent Lifetime Measurements

red emission yellow emission
compound [ Tio" s AE T s AE
NasMnS, 1 3.7x 10? 1.4 x 107 1011(20) 1.1x 10° 15x 10 112(5)
2 6.7x 10° 4.0x 100 560(25) 3.7x 10° 7.6 x 10t 54(4)
3 3.0x 10 2.1x 107 540(32) 1.6x 10* 1.1x 10 54(5)
C(Mno.02ZNo.08)3S4 1 2.2x 10° 42x 108 474(20) 1.0x 108 8.9x 10 153(8)
2 8.7x 10° 45x% 10 469(20) 1.8x 10° 48x 108 170(8)
C(MNo.08ZN0.99)3S4 1 8.8x 10° 6.9x 108 403(25) a a a
2 1.8x 10¢ 1.3x 1P 439(30) a a a
red emission
compound [ T S AE, S AEp
KoMnS, 1 8.6x 10° 3.7x 10° 466(25) 1.1x 10t 26(1)
2 3.1x 10 7.0x 10° 416(25) 3.4x 104 18(1)
3 1.7x 108 3.0x 107 419(30) 1.5x 10 18(1)

aNo definite evaluation possible due to low emission intensity.

200 100

25

NagMnSy,
red luminescence

temperature independent term supplies the decay constant
Tip at temperature§ — 0. For a satisfactory fit of the K

Mn$S; plots, two exponential terms are necessary, suggesting
deactivation through more than one process. At low tem-

—
(@)
[
AT

perature the channel attributed to the smaller activation
5 energy is the predominant component. Due to the instru-
mental difficulties arising from measuring the temperature
directly on the sample, the activation energies are subject to
errors of 5%. Note that the larger activation energies sf K
MnS; from the two measured are remarkably equal to those
for corresponding emissions of the other compounds. Only
the AE parameters of the mononuclear Mn complex ion are
somewhat higher, which may result from the site symmetry,
i.e., Cs, for the mononuclear complex different fro@a and
D, for complexes with extended structures, the latter systems
exhibiting very similar energy changes on molecular distor-
Since luminescence from all Compounds can be detectedtion as has been estimated from Ilgand field calculatins.
also at relatively high temperatures, the lifetime changes canThe activation energies of the red and yellow emission
be investigated within large temperature intervals. Arrhenius Presently obtained compare well wittE"™!= 450 cnr* and
plots (In(Lk) versus 1T) of the three measured lifetime AE®'® =170 cn* reported for different Mn concentration
components are illustrated in the case of the red emission ofdoped in ZnSH12.29
NasMnS, in Figure 6. Since the absorption intensity of
systems with separate complex units changes only very little o o ]
with temperature, a correction of emission has been neglected Summarizing the above findings we will come to the
when determining lifetimes from eq 1. In the region between conclusion th_at both the_ yeII_ow and the red emissions result
23 and 80 K the; parameters belonging to red luminescence from electronic I_e_vels pr_|mar|Iy due_to d electr_ons _of |solat_ed
do not vary very much with temperature. The yellow M_n com_plex_entmes Whl_ch are subject toammpr mteract_lon
emission of NavinS, exhibits larger temperature changes W|t_h their neighbors. This fo_IIows_ from magnetic propertles
of 7, starting already from 15 K on. Also all other compounds Which closely obey the CurieWeiss law®2°Zand is well-
show a drastic decrease of lifetimes of red and yellow (if SUPPorted by the spectroscopical results presented in the
observable) emission at higher temperaf@ighe red emis- ~ Préceding sections. .
sion lifetimes of kMnS, also decrease starting from 15 to ~ 1he absorption spectra of isolated complexes, of complex
20 K but vary much slower with increasing temperature chains, and of layers can be explained on the basis of the
compared to the yellow emission in cases where both of these*OM. applied on a local mononuclear species, which is able
emissions are observed. to simulate the excited d-level energies very well (as we have
A fit of the measured lifetimes to the temperature function S€€n in section 3.1). All compounds, i.e., those emitting
exclusively red and those exhibiting both radd yellow
1 1 _AE/KT . emission, show remarkably similar absorption and excitation
==—+se ™" for i=1,2,3 (2) . .
T T spectra as is illustrated by the equal numbering of spectral
peaks (cf. Figures 13) indicating closely related energy
applying the common iterative least-squares procedure leaddevel systems. Also the temperature dependence of lifetimes
to activation energies, which are compiled in Table 4. The is very similar (section 3.3). Red emission, which in the

/v in s —
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Figure 6. Arrhenius plot of the measured lifetimes depending on
temperature for the red emissions. The solid curves mark the calculated
functions obtained from thé, 7; parameter fit.

4. Model for Explaining the Luminescence Properties
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Figure 7. Potential curves of ligand field levels for a MpSluster
(schematic) providing a model explaining the observed emission properties.
A similar plot will be obtained for an appropriate projection in tQe,

Qs(€) space (see text).

Rosellen and Schmidtke

orbit splittings are small. The potential curves are shown
with respect to the totally symmetric coordin&eo.) since
symmetrical stretching vibrations mainly contribute to vi-
bronic coupling causing the main shift of potential minima
compared to the ground sta&’ This shift is expected
toward smaller atomic distances since the excfetevels
result predominantly from the electron configuratio?nge
with fewer d electrons in partiallg-antibonding 1 than in
the®A; ground state which arises fron?t}(e < t,in energy
and antibonding strength). The Mi$ bonds are therefore
expected to be stronger in the excited states, and the force
constants are increased compared to the ground state. The
shift of the lower excitedT; level is somewhat larger than
for 4T,, as is indicated in Figure 7, because configuration
interaction (Cl) supplies intermixing with higher quartet
levels providing similar antibonding effects as A1, a
process which is larger fdiT, than for#T,.1%22 A calculation
of vibronic coupling for tetrahedral coordinatiéhperformed
with the ligand field parameters given in Table 1 and
applying the force constants;; obtained from a modified
valence force field investigation, furnishes potential energy
shifts AQ;(o;)) = — 4.3 and—2.1 pm and stabilization
energiesAE;(a;) = — 85 and—20 cm! for 4T; and“T,
respectively??23

Since the yellow emission spectra of compounds with
separate Mngunits show indications for a progressiondn

literature has been generally attributed to cooperative effectsmodes?22338 (cf. Figure 5), we also considered vibronic

between different Mn complex units or special “red
centers®511"13js observed as well from systems of isolated
Mn complexes, as in NMnS,; and Cg(MnyZn;—)sS, of low

Mn concentration, and is similar to that observed for
complexes with extended structures, i.e,MRS, and Cs-
MnsS, (section 3.2). In addition, a complex with dithioimi-
dodiphosphinate ligands which largely separate the emitting
Mn centers also exhibits red luminesceft®.As outlined

coupling of 4T, and “T, with e vibrations and calculated
corresponding potential energy curves as those inQhe
(ay) space: both excited state curves are shifted to smaller
Mn—S atomic distances compared to the ground state; the
shift of the*T; is, however, smaller than that &F,. A figure

very similar to Figure 7 can be drawn if in the three-
dimensional plotE(Q,,Qs) is projected on a plane going
through one of the three equivalent minima of T orbital

in section 3.3 the luminescence decay can only be simulatedcomponents?

by exponential time functions and not, e.g., by decay
formulas derived from a model of interacting molecular
dipoles. Similar activation energies of the red emission

A corresponding calculation (neglecting CI) of vibronic
coupling for T; x € coupling furnisheAE; f¢) = —57 cnT!
andAQ; () = —4.29 pm (inclusion of Cl reduces somewhat

obtained for the chain compound and the isolated species inthe absolute value of both of these data; for numerical values

the slightly doped materials (cf. Table 4) indicate equal
energy transfer mechanisms confirming local energy levels
for these systems.

The transitions betwe€fT; and*T, to the®A; ground state
are spin forbidden; one is symmetry allowedlinsymmetry
by electric dipole transitions, the other vibronically allowed
involving € or 7, vibrational modes. Intensity is obtained
through level mixing of excited quartets and the sextet ground
state by spir-orbit coupling and by virtue of lower symmetry
in the crystals providing level splittings.

The main features obtained from the emission measure-

the calculation would need the paramej&32not available
from the present experiment) which is of an order similar to
that of the results obtained farcoupling. Although theAQ
value gives a change of valence angles of amly 0.5,
potential energies in the space should be considered
simultaneously with the distortions in the, space. This
would, however, complicate the present model drastically
with a loss of insight into the vibronic coupling mechanism.
The discussion which follows, therefore, will be carried out
using a plot as Figure 7 which either applies for @go.)
coordinate as indicated or applies as a projection inhe

ments can be explained by a system of potential energyQs(€) space.

curves for the Mnscomplex as it is illustrated schematically
in Figure 7. The levels are classified in tetrahedral notation
neglecting spir-orbit coupling which is justified since further
distortion, e.g..Cs, as reported for N#nS,,2* and spin-
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Thiomanganates(ll) Containing Isolated Complexes

The red emission, which is observed for all compounds, completely depopulating tH&, level by relaxation intdT;
is the standard emission from the lowest excited staie at low temperature such that yellow emission over red
following Kasha'’s rule’® The yellow emission detected in  emission is favored (see Figure 4). The crossing of the two
NasMnS, and weakly doped layer compounds, on the other emission intensity curves is well within the temperature range
hand, results from the highefT, level. Irradiation by in which the drastic lifetime change of red emission is
continuous laser excitatiofidy. = 488 nm) occupies higher  observed (Table 3). The constant red emission intensity
vibrational levels of‘T; and“T, followed by fast relaxation  increasing even in the temperature rangz3 K, where the
through channels into their zero-phonon levels. If the long-living emission is detected, results from the high
activation barrier between these states allows, energy ex-population of the’T; state provided by the particular design
change from the “yellow level” to the “red level” may occur of activation channels and feeding from “yellow” levels.
at low temperature. In any case radd yellow emission is The potential curves depicted in Figure 7 may be used
observed. Excitation with light of higher frequency keeping for discussing the bandwidths of yellow and red emission
the other parameters constant is found to supply more yellowas well. Since the red luminescence originates from a
compared to red emission. At temperature higher than aboutpotential curve*T; which in Q(a) space is more shifted
23 K for compounds containing separate Me®mplexes,  with respect to the ground state than the curve of the next
another species appears which exhibits a long-living red higher excited statéT,, the transition arrives at a steeper
emission (see Table 3) that is not observed at lower descent of the ground state than the yellow emission, giving
temperaturesAy = 0). This may be attributed to unique rise to an excitation of a larger number of vibrational quanta,
MnS, entities employing smaller interaction with the envi- which results in a broadening of the emission band. In the
ronment than those in extended structures. Apparently thecorresponding plot of,, Qs(¢) space théT, curve is more
geometry of this species has a symmetry clos@gfa which shifted than théT; curve, which would result in a broader
T, — ®A; transitions are symmetry-forbidden (in addition emission band for the yellow emission compared to the red
to spin-forbidden), making electric dipole transitions less emission. Since bands in Figures 4 and 5 are evidently
probable. Promotion of red emission intensity connected with narrower for yellow emissions, the plot i@:(c;) space
decreased yellow emission is generally observed whenwould be more appropriate for explaining the observed
increasing the power of the excitation light which obviously |uminescence.
is due to a heating of the sample. This observation is
reversible: power reduction of excitation light favors yellow 5. Conclusions
emission compared to red emission. For compounds such . )
as KMnS, and CsMnsS, forming extended molecular The red emission of tetrahedrally coordinated Mn(ll)

structures, we can assume more effective energy exchangé(;_bﬁ_e r_vgg f;(.)rﬂ sysr:_ems aig'ffzreﬂt as ZnS:h_Inlz n(phs-
between the two deactivation channels throtifthand“T, ithioimidodiphosphinate)**and all present thiomanganate

vibronic levels as well as population of “red levels” from compounds with various types of strucf[ures is conveniently
the “yellow levels” giving rise to only red emission. The at_tnbuted to MnScomp_Iex levels following Kasha's rulé.
highly doped CgMn,Zn;—,)sS, systems follow this mech- |\S/|mcﬁ| Sﬁtems cc(;n(t.:am'\;lngzseparate I\.d:]r?ts, S'\l/IJCh as ZnS:
anism as well: increased interaction (or clustering) between n, NasMnSy, and Cs(Mn.Zn;,)sSs with low Mn concen-

complexes for larger Mn concentration leads to improved trat||on, §Xh|b:3t yerlllowand re(fj emission asbwell, earlller
4T,—*T, level exchange such that excitation energy will be explanations by charge transfer transitions between clusters

collected in the lower quartet level providing merely red or by partlcut!ar drled cv_ar:cters equAaIIy p_resent n falkl) tl’;]eshe
emission. The reason for this higher level mixing is attributed systems are hardly satistactory. An assignment of both the

to stronger cooperative effects which decrease the molecular€d and é/el_low emlssg)r;) to Mlmsihron?_(f)phores '; aII_
symmetry more effectively to lower than cubic. This view compounds IS supported by LPTSE s rck;m |bet|.me dan act:va-
is supported by a lowering of the activation energy for tion energy measurements which can be obtained over a large

systems of higher Mn concentration which favors the energy temperature range. A m°d‘?' of poteptlal energy plots Of. the

transfer promoting the red emission (see Table 4). A model tyvo lowest t_exmtgd electronic I.evels in tetrahedral coordina-

of increasing level dispersions and smaller energy gaps with tion can rationalize the experimental results.
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