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tures centered at 15400 and 15680 cm™ in the solution CD
to A, — *T, transitions. Our single-crystal experiments show
that this is an unlikely assignment because it neglects the large
contribution to the CD from the (totally symmetric) vibronic
*A, — E transitions. It is also in disagreement with the
theoretical prediction that R(*A, — ?T)) is smaller than R(*A,
— 2E) by at least a factor of 3.!%1%

The negative peak in the solution CD centered at 15420
cm™! more or less coincides with the maximum of positive CD
in the axial spectrum. w-Polarized transitions obviously de-
termine the sign in this region. The same is not true in the

3019

region of electronic origins “A, — 2E (14900 cm™), where the
sign of the CD is determined by the axial transitions. If solvent
effects can be neglected there must be w-polarized transitions
in the 15420- cm™ region with larger R/D ratios than the
corresponding electronic origins.
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The phosphorescence and phosphorescence excitation spectra of octahedrally coordinated d* manganese in MnPS; and
CdPS,; lattices have been recorded at 77 K and at 4 K. The phosphorescence lifetime of the *T; — SA, emission in MnPS,
is indicative of rapid energy transfer from excited manganese ions to nonradiative trapping sites. Analysis of the excitation
spectra of CdPSy:Mn (1%) suggests that the Mn?* ions may both substitutionally replace Cd?* ions in the host lattice
and occupy octahedral sites in the van der Waals gap. Additionally, there is evidence for rapid energy exchange between
electronically excited cadmium and manganese ions. The electronic excitation spectra of Mn?* ion in MnPS; differ dramatically
from all previously reported spectra of octahedrally coordinated d* manganese and suggests an exceptionally large value
of the ligand field splitting parameter 10Dg/B. The electronic excitation spectra are interpreted in the strong crystal field
scheme with use of the Tanabe-Sugano energy matrices. Excellent agreement with the experimental spectroscopic data
is obtained with use of a crystal field splitting parameter 10Dg = 8750 cm™ values of the Racah parameters B = 494 cm™!
and C = 3349 cm™'. The intensity maximum of T, — A, phosphorescence in MnPS; is observed at 9250 A and is therefore

the longest wavelength Mn?* emission to have been reported.

Introduction

Many transition-metal chalcogenophosphates (MPS;)
crystallize in a layered structure in which parallel planes of
transition-metal ions are separated by two planes of sulfur
atoms. The structure of the MPS; compounds has been re-
ported in detail only for FePS;' which belongs to the C3,
monoclinic space group with 2 formula units per unit cell.
Each transition-metal ion is surrounded by six sulfur atoms
forming a trigonally distorted octahedron. MnPS; and CdPS;
belong to the same monoclinic system as FePS; and have
closely similar lattice parameters.> One may assume that the
structures of all three materials are isomorphous.

In the layered MPS; structure, adjacent planes of sulfur
atoms are weakly bonded by van der Waals interactions, and
a variety of well-defined intercalation compounds may be
formed by introduction of atoms, ions, and molecules into the
van der Waals gap between the adjacent sulfur planes. The
intercalation reactions of MPS; compounds are reversible,
topotactic solid-state reactions in which a mobile guest species
enters the solid host lattice. The intercalated species is evi-
dently weakly bonded and, in some cases, dynamically dis-
ordered at room temperature. The physical properties of many
MPS; compounds such as transport phenomena, supercon-
ductivity, magnetic and optical properties, phase transitions,
etc. may be modified significantly by intercalation.?

The lamellar structure of the MPS, materials leads to highly
two-dimensional behavior in many of their physical properties.

surements indicate a 10° greater electron mobility intraplane
than interplane. The temperature dependence of the magnetic
susceptibility indicates that these compounds are two-dimen-
sional Heisenberg antiferromagnets below about 100 K.*
Intercalation with organometallic compounds leads to a de-
crease in the two-dimensional Heisenberg exchange interaction
and a corresponding decrease in the Néel temperature of the
material.* Similarly, intercalation also leads to a decrease in
the superconducting critical temperature.® Thus, intercalation
generally decreases the intraplane exchange interactions be-
tween transition-metal ions. The Heisenberg exchange in-
teraction ultimately depends upon the overlap of transition-
metal orbitals on adjacent sites and is therefore similar in
nature to the exchange interaction leading to exciton and
magnon migration in the excited state. We anticipate that
exciton energy transport may also be affected by intercalation.

The lamellar nature of these materials and the relatively
large interplanar spacing (van der Waals gap) between ad-
jacent sulfur atom layers makes this class of materials par-
ticularly useful for the study of energy migration and energy
exchange in solids. These compounds may serve as highly
two-dimensional materials for the study of exciton migration
and may ultimately provide experimental data with which to
test existing theories for diffusive, percollative, and hopping
exciton migration in two-dimensional lattices. For a com-
parision of experimental data with the theoretical predictions
based on different models for the macroscopic averaging of
energy migration, it is necessary that the dimensionality of
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the lattice be well defined. Transition-metal salts of the general
formula A,XY;, where A = Na, K, or Cs and Y = Cl or Br,
have been demonstrated to be highly one-dimensional both in
their magnetic behavior and in their dielectric properties.
Studies of exciton migration in these materials have demon-
strated that general agreement with exciton migration by a
one-dimensional hopping model may be obtained.® It may
be anticipated that the two-dimensional materials discussed
in the present work will be similarly useful in further exploring
the relationship between lattice dimensionality and exciton
migration.

Additionally, the possibility of the formation of intercalation
compounds with a wide variety of organic, inorganic, and
organometallic compounds as well as certain metal atoms and
ions lends a further dimension to the possible experimental
studies. By intercalation of species with states lying above or
below the exciton band of the transition-metal array, it may
be possible to observe energy-transfer processes both within
and between the metal ion planes.

Unfortunately, the majority of chalcogenide intercalation
compounds have been characterized only by analytical com-
position and by determination of the interlayer spacing from
X-ray powder diffraction. It has been noted that the lack of
characterization as regards reproducible synthesis, composition,
structure, and bonding constitutes a severe problem currently
in intercalation chemistry.’> Historically, vibrational and
electronic spectroscopy have been of considerable utility in the
characterization of materials. It is the purpose of this paper
to report the results of preliminary investigations of the
electronic spectra of manganese in several MPS; lattices in
order to provide the necessary experimental data for subse-
quent studies of intercalation compounds of these materials.

Experimental Section

Sample Preparation. Single crystals of pure MnPS; were prepared
with use of the vapor sublimation method described by Taylor et al.’
Mn?*-doped CdPS; crystals were also synthesized with use of this
method. The synthesis of MnPS, was accomplished by heating a
stoichiometric mixture of the constituent elements in an evacuated
fused silica tube in a vertical two-zone furnace where a 750690 °C
temperature gradient was established over 30 cm. A good yield of
crystals in the form of platelets could be obtained after heating in
this manner for 7-10 days.

In the preparation of the Mn-doped samples, sufficient metallic
manganese was added to the mixtures to give an initial 1 mol %
concentration. A temperature gradient of 670-600 °C was used in
the preparation of the cadmium sample.

Elemental analyses of the MnPS, (% Mn = 30.47, % P = 16.34,
% S = 52.94) and CdPS; (% Cd = 45.89,% P = 12.24,% S = 41.83)
crystals prepared by the above methods were in substantial agreement
with the empirical formulas.

Electronic Spectra. The phosphorescence and phosphorescence
excitation spectra of CdPS;:Mn and MnPS; were determined with
use of single-crystal samples of approximate dimensions 0.1 X 5 X
5 mm. The crystals were mounted in a Janis Model 10DT cryostat
and cooled by a flow of helium vapor from a liquid helium reservoir.

Sample luminescence was excited with the broad band emission
from a high-pressure 1-kW xenon arc lamp, filtered by a cupric sulfate
solution. The emission was dispersed with a 1-m Interactive Tech-
nology monochromator and detected with a cooled RCA 7102 pho-
tomultiplier tube. MnPS; emission was filtered with a Corning 2-62
filter placed before a monochromator entrance slit to eliminate light
reflected from the surface of the crystal. Corning 2-58 and 3-70 filters
allowed study of the manganese emission from the doped crystal
samples.

Because of the weak intensity and broad line shape of manganese
emission, excitation spectra were recorded by monitoring the total
sample luminescence unless otherwise noted. The excitation source
employed was 1-kW xenon arc lamp which was monochromated IK
a half-meter f/9 scanning monochromator operated with a 25-
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(1973).

Boerio-Goates, Lifshitz, and Francis

T T T T T

— - | j -

I L
2000 10000 —

. — O

INTENSITY ——3
T T

5000 6000 8000 10000

7000 8
WAVELENGTH (A)

Figure 1. Phosphorescence spectrum of single-crystal CdPS;:Mn
recorded at approximately 4.2 K. Phosphorescence spectrum of
single-crystal MnPS; recorded at approximately 4.2 K is given in the
insert.

band-pass. A Corning 7-56 filter was utilized to isolate MnPS;
emission, and a Corning 2-58/7-59 filter combination was used to
pass the manganese emission from doped CdPS; crystals.

The lifetime measurements were made with use of a xenon flash
lamp with a 7-us decay time. The exciting light was filtered through
a cupric sulfate solution while the emission was filtered with a Corning
2-62 filter. The signal was processed with a Northern digital signal
averager; the decay curves were found to be exponential with time.

Photoconductivity Measurements. Single crystals of MnPS; ap-
proximately 0.1 X 5§ X 5 mm in size were selected for photoconductivity
measurements. Electrical contact was made by indium soldering No.
40 copper wire leads directly to the crystal. The crystals were too
thin to permit measurement of the photoconductivity perpendicular
to the principal cleavage plane. The wavelength dependence of the
photoconductivity was determined by irradiation of the sample with
nearly monochromatic light which was amplitude modulated by a
mechanical chopper. The photocurrent was measured with a Keithley
Model 603 electrometer with 10'%-Q input impedance. The amplitude
modulated component of the photocurrent was deteced with the aid
of a phase-sensitive synchronous amplifier.

Discussion

The electronic absorption and emission spectra of Mn2* have
been extensively investigated in a wide variety of compounds.
The excitation and emission spectra of Mn?* in MnPS; and
CdPS,; differ from the spectra of Mn?* in previously studied
lattices in that both the characteristic absorption bands and
the emission band are dramatically shifted to longer wave-
lengths. For example, an emission maximum at about 6000
A is fairly characteristic of manganese when either tetrahe-
drally or octrahedrally coordinated. The manganese emission
maximum in MnPS; at 9250 A is shifted to longer wavelengths
by 3250 A. The compounds which most resemble MnPS; in
their electronic spectra are MnS? and MnO.® The electronic
spectra of these materials show several bands shifted to longer
wavelengths relative to their positions in more ionic compounds
such as MnF,.

The emission spectrum of Mn?* in MPS; lattices is at a
much longer wavelength than observed in any manganese
compound previously investigated and most closely resembles
the phosphorescence of Mn?* in GaP where manganese sub-
stitutionally replaces Ga with nearly tetrahedral phosphorus
coordination.! The phorphorescence of Mn?* in GaP is the
longest wavelength manganese emission previously reported
(Amax = 9000 A).

MnPS, Phosphorescence Spectrum. The emission spectrum
of single crystals of MnPS; is shown in the insert of Figure
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Fi 1gure 2. Phosphorescence excitation spectrum of single-crystal MnPS,
recorded at approximately 4.2 K.

1 and consists of a single broad, featureless band centered at
9250 A. Emission intensity increases substantially as the
temperature is decreased to 4.2 K with no apparent change
in either the shape or peak position.

MnPS; Phosphorescence Excitation Spectrum. The phos-
phorescence excitation spectrum of MnPS; obtained by
monitoring the entire phosphorescence band centered at 9250
A is shown in Figure 2. Although several strong absorption
bands are expected in the 2000-3000-A spectral range, no
bands were observed in the excitation spectrum in this region.
Evidently, excitation wavelengths shorter than about 3000 A
do not lead to population of the *T;(*G) state. This may be
attributed to electron—hole excitation and relaxation by carrier
recombination. We have determined the wavelength depen-
dence of the photoconductivity of MnPS;, and the results
shown in Figure 3 are consistent with this interpretation. The
semiconducting band gap of MnPS; was determined to be
about 3 eV,

The excitation spectrum of MnPS; which lies to longer
wavelengths than 3000 A is qualitatively similar to that of
Mn?* in MnO and MnS and may be interpreted within the
framework of the strong crystal field splitting model. The
energy levels of Mn?* in a cubic crystalline field have been
caculated by Tanabe and Sugano in terms of the Racah pa-
rameters B and C and the crystal field splitting parameter
10Dg."! The octahedral crystal field mixes only states of
symmetry T, arising from the free ion terms *P, *F, and ‘G
and states of symmetry T, arising from *F, *G, and *D. States
of symmetry A, A,, and E are not mixed by the octahedral
crystal field and are therefore 10Dg independent. The ap-
propriate energy matrices for the mixing of *T, states and *T,
states are given by Tanabe and Sugano and are reproduced
below. The inclusion of the Trees!? correction term has been
reported to substantially improve the agreement between the
calculated and experimental energies for Mn?* in ionic lat-
tices.!> The Trees parameter « has been added to the Tan-
abe-Sugano energy matrices as shown in Chart I.

The phosphorescence excitation spectrum of MnPS, (Figure
2) may be interpreted with the aid of the Tanabe-Sugano
energy matrices for octahedrally coordinated manganese. The
sharp feature in the excitation spectrum at 4610 A is attributed
to the transition *E(*G) <— %A, which is Dq independent. This
characteristically sharp feature of the spectrum is readily

(11) Y. Tanabe and S. Sugano, J. Phys. Soc. Jpn., 9, 753 (1954).

(12) A. K. Mehra, J. Chem. Phys., 48, 4384 (1968).

(13) W. Low and G. Rosengarten, J. Mol. Spectros., 12, 319 (1964); A.
Mehra and P. Venkateswarlu, J. Chem. Phys., 45, 3381 (1966); A.
Mechra, Phys. Status Solidi, 29, 847 (1968).
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Figure 3. Wavelength dependence of the photocurrent in single-crystal
MnPS,, recorded at 300 K.
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identified and is found at 4630 A in the spectrum of octahe-
drally coordinated Mn?* in the cubic MnS lattice.® The
4A,(*G) < A transition, which is also Dg independent and
at 4664 A for Mn?* in hexagonal ZnS,? is expected to lie to
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Table I

Mn?* in: B,em™'  C,ecm™ 10Dg, em™  ref
free ion 786 3790
MnO 786 3210 9790 9
Mn(H,0)* 671 3710 8480 15
MnCL-2H,0 630 3600 8000 16
MnBr,** 536 3530 3100 17
MnS 583 3125 7300 8
MnPS; 494 3349 8750

higher energy, but slightly below its free ion value due to the
usual reduction in the Racah parameters B and C. The “E(“D)
<« SA, transition is confidently assigned to the sharp feature
at approximately 3980 A. The corresponding feature in the
spectrum of ZnS:Mn is found at 3918 A. With these as-
signments made, it is possible to compute the values of the
Racah parameters B and C for the octhedrally coordinated
Mn?* ion. Relative to the A, ground state, the energies of
the *E(*G) and “E(*D) states in terms of the parameters B and
C are 10B + 5C = E[*E(*G) and 17B + 5C = E[*E(‘D)].
Thus, we obtain B = 494 cm™! and C = 3349 cm™.

For the value of the crystal field splitting parameter 10Dg
to be obtained, the full matrices of Tanabe and Sugano were
diagonalized over a range of 10Dq values from 0 to 10000 cm™
and the best fit made to the remaining features of the observed
spectrum. The results of this computation and the best fit to
the experimental date with a = 0 are shown in Figure 4. The
corresponding value of 10Dgq is 8750 cm™, A poorer fit to the
experimental data is obtained with use of a value of the Trees
parameter o = 76. The corresponding values of the Racah
parameters and the crystal field splitting parameter are then
B =638 cm™, C=2763 cm™, and 10Dg = 7650 cm™!. The
results of this computation and the fit to the experimental data
obtained are also illustrated in Figure 4. The results of the
crystal field calculation are summarized in Table I where the
parameters obtained are compared with values of B, C, and
10Dg obtained from several other manganese salts.

The data assembled in Table I demonstrate that the values
of the crystal field splitting parameter 10Dgq obtained from
MnPS,; are fairly typical of those found in a variety of other
manganese compounds. However, the value of the Racah B
parameter is dramatically reduced from its free ion value, well
below its usual value in other manganese compounds. The
reduction in B leads to an exceptionally large value of the ratio
of 10Dgq/B and is the predominate cause of the pronounced
long wavelength shifts of the absorption bands in the spectrum
of MnPS;. The reduction of B may be attributed to a high
degree of covalent bonding between manganese and the six
sulfur ligands in MnPS; lamellar compounds. This view is
consistent with the failure of the Trees correction parameter
to improve the theoretical fit to the experimental data. The
success of the Trees correction technique is greatest when
coordination is more ionic; in instances where highly covalent
bonding is involved, the Trees correction frequently results in
a poorer fit.}

Energy Transfer in MnPS;. The phosphorescence life time
determined for several MnPS; crystals synthesized and grown
separately was found to vary substantially from one crystal
to the next. Typically, half-lives were on the order of 50 us
at 77 K and increased about 10% as the temperature was
decreased to 4.2 K. The temperature dependence of both the
intensity and life time of *T,(*G) — %A, (5S) phosphorescence

(14) Y. Uehara, Sei Marianna Tka Daigaku Kiyo, Ippan Kyoiku 3, 57
(1974).

(15) L. J. Heidt, G. K. Koster, and A. M. Johnson, J. Am. Chem. Soc., 80,
6471 (1958).
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Soc., 84, 167 (1962).
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Figure 4. Splitting of Mn?* free-ion terms by an octahedral crystal
field. Solid curves were computed for B = 494 cm™, C = 3349 cm™,
and @ = 0. The dashed curves show the shifts resulting from B =
638 cm™, C = 2763 em™, and a = 76. Circles indicate position of
experimentally determined energy levels and approximate uncertainty
in energy.

is consistent with rapid and efficient thermally assisted energy
transfer from excited manganese ions to nonradiative traps.
The activation energy for this process in MnPS; is evidently
sufficiently low that trapping remains competitive with man-
ganese radiative decay even at 4.2 K.

The radiative lifetime and its temperature dependence may
be compared with that of Mn?* in a variety of other materials.
In the three-dimensional crystals MnF,, KMnF;, and K,;MnF,,
radiative life time is determined almost entirely by quenching
by nonradiative traps in this temperature range. Exciton
migration in three-dimensional materials is extremely efficient
even at 2 K, and small concentrations of nonradiative
quenching transition-metal ions are difficult to remove. Ex-
citon dynamics in a nominally pure crystal of MnF, were
investigated by MacFarlane and Luntz'® and by Wilson et al.!?
A small concentration of Mg?* and Ca?* traps established the
trapping time in the sample studied at 250 us at 1.9 K.
McClure and co-workers determined that manganese excitons
migrate rapidly in the one-dimensional material (CH;)4N-
MnCl; (TMMC) at temperatures above 77 K2 Free excitons
are effectively trapped by Co?*, Ni?*, and Cu?*. In both
TMMC and MnF,, exciton motion is thermally assisted. A
substantial distortion is expected to accompany excitation to
the 4T, state, resulting in a self-trapping of the free exciton.
It is necessary, therefore, for lattice phonons to participate in
thermalization of the localized exciton. Thus, in both mate-
rials, an increase in the rate of trapping and a corresponding
decrease in the manganese radiative life time is observed with
increasing temperature. McClure and co-workers observed
an activation energy for quenching of 420 cm™ in TMMC.
Similar behavior was observed by McPherson and Francis in
the one-dimensional salt CsMnBr;.6

Energy Transfer in CdPS;:Mn. The emission spectra of
single crystals of CdPS, doped with 1 mol % of Mn?* exhibited
two broad bands centered at 5800 and 8800 A as shown in
Figure 1. Excitation spectra could be obtained monitoring each

(18) R. M. MacFarlane and A. C. Luntz, Phys. Rev. Lett., 31, 832 (1973).

(19) B. A. Wilson, W. M. Yen, J. Hegarty, and G. F. Imbusch, Phys. Rev.
B, 19, 4238 (1979).

(20) H. Tamameti, D. S. McClure, C. Maryzacco, and M. Waldman, Chem.
Phys., 22, 79 (1977).
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emission band separately. The principal feature of the exci-
tation spectrum obtained monitoring the 5800-A emission is
a relatively sharp band at 4200 A. The 8800-A emission band
was obtained with excitation wavelengths shorter than the
CdPS; absorption edge at 3500 A.%!

The emission band at 5800 A is characteristic of either
octahedrally or tetrahedrally coordinated Mn?* ion in a wide
variety of lattices. For example, tetrahedral coordination of
Mn?* in ZnS produces a strong *T,(*G) — A,(°S) phos-
phorescence with A, at 5800 ;f The opportunity for both
octahedral and tetrahedral sulfur coordination may be found
within the van der Waals gap of MPS; lattice with the FePS,
structure.

Moreover, lamellar compounds, and particularly the chal-
cogenides, can easily be nonstoichiometric due to a metal
excess in the van der Waals gap. These metal ions will link
the transition-metal planes and have been shown to hinder
diffusion and related motions of the planes.> Therefore, we
infer that the 5800-A emission obtained from CdPS;:Mn is
due to octahedrally or tetrahedrally sulfur-coordinated Mn?*
ions intercalated between the sulfur planes. The single sharp
band observed at 4200 A in the 5800-A excitation spectrum
may then be plausibly assigned to the *E(*G) — ¢A(°S)
transition, which is observed at 3920 A in ZnS:Mn (wurtzite) ®

The emission band observed at 8800 A is similar to that
observed in MnPS; and therefore attributed to Mn?* ions
which have substitutionally replaced Cd** in the CdPS; lattice.
No Mn?* bands could be observed in the excitation spectrum
obtained monitoring the 8800-A emission; therefore, the
manganese emission at 8800 A is excited, at least predomi-
nately, by excitation of the host CdPS; lattice above the strong
absorption edge at 3500 A. Since no emission at 5800 A could
be obtained by excitation above the CdPS; absorption edge,
we conclude that there is rapid and efficient energy transfer
within the two-dimensional metal ion planes but essentially
no energy tranfer from the metal ion plane to intercalated
manganese ions. Morever, since direct excitation of the sub-
stitutional and intercalated manganese centers should lead to
emission with about equal efficiency, we must also conclude
that the larger portion of the manganese content of the doped

(21) R. Brec, D. M. Sleigh, G. Ouvrand, A. Louisy, and J. Rouxel, /norg.
Chem., 18, 1814 (1979).
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CdPS; crystals is intercalcated between the sulfur planes.

An additional weak green luminescence band with peak
intensity at 5200 A could be excited by irradiating CdPS;:Mn
in a narrow band with A, = 3100 A. Identical luminescence
and excitation bands may be observed in nominally pure ZnS
and CdS crystals.!*??  The center responsible for these
emission and excitation spectra can be correlated with isolated
Zn and Cd neutral atoms occupying interstitial positions in
the crystal lattice. The excitation and emission transitions are
correlated with the 'P; < S, and 3P,, — 'S, atomic tran-
sitions, respectively. Therefore, the spectroscopic evidence
indicates the presence of some metallic cadmium in our sample
material.

Conclusion. The phosphorescence excitation spectra of Mn?*
in MnPS; and CdPS;:Mn have been recorded and compared
with the spectra of Mn2?* in related manganese compounds.
The observed electronic excitation and emission spectra, al-
though at markedly longer wavelength than those in Mn?* in
any other lattice, may be interpreted in terms of the conven-
tional octahedral crystal field splitting of the free ion *G and
‘D terms. The crystal field splitting parameter 10Dq for
MnPS; is of comparable magnitude to that for MnS. Since
the crystal field splitting parameter is relatively unchanged
from its value in MnS, the long wavelength shift of the
spectrum of MnPS; must be attributed to the reduction in the
magnitude of the Racah B parameter which is due to the
high-order covalent bonding between manganese and the sulfur
ligands.

Spectroscopic evidence is presented for rapid electronic
energy transfer from Cd**-donor to Mn?*-acceptor sites in
CdPSy;:Mn. Additionally, spectroscopic evidence suggests that
Mn?* ions, in addition to substitutionally replacing octahedrally
coordinated Cd?* ions in the transition-metal plane, may also
occupy octahedrally or tetrahedrally sulfur-coordinated sites
in the van der Waals gap. Further work is currently in
progress to investigate the effect on energy transfer of inter-
calation by organic cations.

Registry No. MnPS;, 59707-74-3; CdPS;, 60495-79-6.
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(1972).



