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Optical Properties of er-MnSt~
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Optical characteristics of n-MnS have been determined from 0.02 to 14 eV. Single crystals were used for
measurements above 0.05 eV. The shift with temperature of the 'A1~-+ 4A

& crystal-6eld splitting peak is
shown to be reasonably attributed to the effect of magnetic ordering. A broad weak band near 1 eV may
be either an impurity band or the unallowed transition Mn{3d~) ~ Mn(M+). The absorption edge at
2.8 eV is explained as due to transitions from the wide S~ (3p) band to the narrow Mn+(3d) band. Two tiny
peaks in the edge at 2.96 and 3.05 eV are suggested to be zero-phonon spin-orbit-split exciton peaks asso-
ciated with this transition. High-energy absorption structure taken from Kramers-Kronig analysis of
ultraviolet reflectance data are assumed to be associated with wide-band to wide-band transitions as in
nonmagnetic compounds. A simple band diagram is suggested to explain the electronic transitions. The
reststrahlen reflectance on a pressed powder was analyzed and the following parameters obtained: low-
and high-frequency dielectric constants, 20 and 6.8; longitudinal and transverse optical mode frequencies,
320 and 185 cm '.

I. INTRODUCTION

IMPLE compounds of the first transition series, such
as the NaC1-structured oxides and sulfides, are of

considerable interest in solid state physics because of
diverse electrical, optical, and magnetic effects con-
nected with their energy band structure. Little experi-
mental information on these substances is available,
however, because of difhculties in obtaining single
crystals. Excellent crystals of n-MnS, a good repre-
sentative of this type of compound, have been grown
and their optical properties studied.

Manganese sul6de occurs in three crystal forms. The
n form is a cubic NaC1-type structure with the distance
between neighboring Mn or S atoms being 2.60 A. ' The
P and y forms are irreversibly converted to the stable n
form upon heating. ' In the n form (which will be under-
stood for the rest of this paper), MnS shows a close
similarity to the oxides MnO, CoO, and NiO. Anti-
ferromagnetic ordering, which leads to anomalies in
specific heat and magnetic susceptibility, occurs at
the Neel point of 152 K.' Manganese sulfide shows a
semiconductor type of increase of conductivity with
temperature' ' although by simple energy band con-
cepts the incomplete 3d shell should lead to metallic
conduction. MnS is thus one of a category of low
mobility solids over which controversy still exists as to
whether "hopping-type" conduction occurs or not. '
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The results presented in this paper are from an
integrated set of measurements made to determine the
important optical properties of MnS. whenever pos-
sible the measurements were made on single crystals
grown from carefully prepared and analyzed MnS
powdel.

II. SAMPLE PREPARATION

Single-crystal samples were grown from MnS
powder prepared by precipitating Mn'+ ions from a
MnC12 4H20 solution with ammonium sulfide solu-
tion. Oxygen contamination was reduced by passing
dry H2S over the MnS powder as described by Archer. '
Neutron activation analysis for oxygen content showed
about 200 ppm of oxygen in the resulting powder. '

Single crystals were grown by the chemical-transport
method with iodine as the carrier. ' Conditions used
were 5 mg(cms of iodine and temperatures of 850 and
450 C for hot and cold ends of the growth tube. Crystals
grown under these conditions, in times varying from 8
to 36 h, usually occur in the form of platelets from 1
to 8 mm on a side, ranging from several microns to
about 1 mm in thickness. The large faces are (111)
planes which are seen to be highly perfect under ex-
amination by a metallurgical microscope. Occasionally
a rod of 5 to 10 mm length with square cross section of
approximately I)&1 mm is produced.

In infrared reflectance studies for which the single
crystals are not large enough, polished ~-in.-diam
pressed pills of MnS were used. The pills, pressed from
finely ground MnS powder under a force of about 17
tons, had a density of about 0.92 of single-crystal
density. Polishing was accomplished by using succeed-
ingly finer grades of lapping compound followed by
dry polishing on a paper covered polishing wheel
with 3-p powder.

'R. D. Archer and W. N. Mitchell, J. Chem. Phys, 39, 250
(1963).

Commercial analysis performed by General Atomics, San
Diego, California."R.J. Nitsche, J. Phys. Chem, Solids 21, 199 (1961).
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III. MEASUREMKNTS AND DISCUSSION
OF RESULTS

A number of different techniques are available for
determining optical parameters. The methods used to
span the spectrum of MnS fall naturaBy into three

ivisions, each useful in a different wavelength region.
FloIQ wRvclcngtlis of about 20 p, to 4500 A, MQS 1s

transparent enough for direct transmission measure-
ments. At all shorter wavelengths down to 500 4 no
measurable transmission occurs and ultraviolet reflec-
tance techniques must be employed. In both of these
ranges the platelet growth habit of the crystals proved
to be ideal. In the infrared region, from about 30 to
about 60 p, the intense lattice absorption also precludes
transmission measurements and rcfI. tre ec ance on a
polished pill of pressed powder has been analyzed to
determine the optical constants. The analysis Rnd
discussion of results for these three spectral ranges will

be covered in the succeeding sections.
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FIG, 1. Reflectance spectrum of MnS.

T. S. Moss S. D. Smith, and T. D. F. Hawkins, Proc. Ph s.
Soc. (I.ondon) 1370, 776 (1957).

A. The Transyarent Region

From photon energies of about 0.04 to 2.8 cP the
absorption coefficient of MnS is less than 10' cm '
and sufficient light is transmitted through the thin
plRtclcts foI' tI'ansmission 1TleRsUI'cmcQts. Before SUch

results can yield absorption coefficients, however, cor-
rection must be made for the rHcctance loss at the
sUI'fRccs. . IIl th1s work R refIectancc spectrum wRS 1Q"

dependently determined for this purpose. In the trans-
mitting region interference fringes arising from multiple
re ections within the crystal were used to determine the
index of refraction e from"

mX= 2nd, (1)

where d is the thickness, X is the wavelength, and m, is
a,n integer. Assignment of the proper integer ng was
accomplished quite unambiguously by extending the
measurements far enough into the infrared to rea, ch
nz=2 or 3 for the thinnest samples. Thicknesses were

etermined by a, Pratt a,nd Whitney compa, rator, as
used in accurate machine-shop measurements, a,nd by a,

metallurgical microscope with a graduated reticle ca]i-
bra, tcd against standard distances on an engraved slide.

YABIE I. Variation of index of refraction
with wavelength for n MnS.

Wavelength
(microns)

0.6
0.7
0.8
0.9
1.0

1.2
1.3
1,4
1.5
1.6
1.7
1.8
1.9
2.0
2.5
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0
11.0
12.0
13.0

Index of
refraction (I)

2.807
2.753
2.720
2.697
2.682
2.671
2.663
2.657
2.651
2.646
2.642
2.639
2.637
2.634
2.632
2.628
2.625
2.614
2.605
2.595
2,582
2.570
2.554
2.532
2.508
2.478
2.435

Having determined the fringe order a,nd the thickness,
an index of refraction was determined for the cor-
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Fxo. 3. Shift of the 'Al, -+ 'A
~ peak in MnS with temperature

compared with a calculated shift. Open circles are data points
and the dashed line is a calculated shift based on specific-heat data.

~0K. A. Wickersheim, Magnetism C,A.cademlc Press Inc. , New
York, 1963), Vol. II, Chap. 7.

"D. M. I'inlayson, F. S. Robertson, T. Smith, and R. W. H,
Stevenson, Proc. Phys. Soc. (London) 76, 355 (1960).

The width of the C peak itself is of some interest
because it rela, tes to the electronic conduction process
in MnS. This width gives some measure of the upper
bound of the combined width of ground and excited
states, and therefore an upper bound on the width of
the 3d band. It can be seen in Fig. 2 that the width of
half maximum is about 0.1 eV. If the degeneracy of the
excited state is actually split by covalency, part of the
width of the bond must be caused by the unresolved

splitting, and the actual width of the components may
be 0.04 eV. In either case, it appears from optical
evidence alone that the 3d band is rather narrow in
MnS.

Since the temperature at which magnetic ordering
occurs (Trv =152 K) lies within the range of tempera-
tures covered in optical absorption measurements, ex-

change related effects were sought. For this purpose
line C is superior to 3 and 8 since it will be relatively
unaffected by isotropic lattice parameter changes due
to its independence of crystal 6eld parameter Dq in

first order. The sharpness of the peak also permits its
position to be more accurately placed than is the case
for the broader peaks. V(ickersheim, " in fact, has
mentioned that the width of most crystal-Geld peaks
makes it impossible to observe the small exchange-
induced effects except in a few cases like Mn'+ and Cr'+.
Tlm position of the peak assigned to the 'A~, —&'A~

transition w'as measured between helium temperature
and room temperature. The shift of the line from the
room-temperature position is shown for various tem-
peratures by the open circles of Fig. 3.

In the case of sma11 shifts such as this, it is necessary
to consider the contribution from lattice distortion,
even in cases where the energy of the transition is un-

affected in first order. This has been attempted in
several ways for the corresponding 1ine of MnF2. '" "
Lacking information needed for either of these methods,

we have simply calculated the exchange-induced shift
and compared it with the observed shift.

The energy of the ith Mn'+ ion will be lowered by
the a,ntiferromagnetic ordering by

—S, P u, ,S,=U, (6)

rslVU=E (T),
U = 2E„(T)//A',

P)
(g)

where )7 is Avagadro's number and the ~ keeps the ex-

change energy from being counted twice. The predicted

» J.W. Stout and E. Catalano, J. Chem. Phys. 23, 2013 (1955).

where S; and S, are the spin angular momenta of the
ith and jth atoms, and J;; is the usual exchange in-
tegral. S; wi11 be ~ for the ground state. The shift of the
excited state will be different because 5; becomes 2

and the exchange integral is different. The ra, tio of the
exchange energy in the two states ca,n be estimated to a
first approximation by a method due to Kanamori"
and also used by Flnlayson e3 al.2' In this method the
exchange is assumed to be proportionaI to the fractional
occupancy of dy orbitals by spin components along the
direction of antiferromagnetic alignment. According
to this method the '3 ~, ground state should be shifted
by U, the 'At state by 2/SU, and hence the shift in
energy of the sAq, —+ 4Aq transition should be 3/SU.
Now the exchange energy U does not change abruptly
at T~, the Neel temperature, in real antiferromagnets
due to short-range order considerably above Tz and
varying degrees of 1ong-range order below T~. The
variation of U with tempera, ture can be estimated,
however, from the magnetic contribution to the specific
heat. This fact was used by Stout to determine the
magnetic energy L~' at the two temperatures of his
optical data. Since we have recently reported specihc-
hea, t measurements, ' we make use of these results.
In order to extract the magnetic contribution from
such data, however, it is necessary to separate out the
lattice contribution. This can be a difficult matter. 2'

Our method is to calculate the lattice contribution by
Debye's theory using a reasonable value of OD, the
Bebye parameter, estimated from room temperature
infrared data. The rough O~D used was 300'K. The
procedure used to estimate E (T), the magnetic energy
as a function of temperature, is summarized as follows:

1. A Debye specific-heat curve as a function of
temperature was calculated for 0+I)=300 K.

2. The magnetic contribution was obtained as a
function of temperature by subtracting the Debye curve
from the experimental specific-heat values. '

3. A numerical integration of the magnetic speci6c
heat was carried out from room temperature to 0 K
to give E (T) referred to the (almost) disordered state
at room temperature. From this information U as a
function of temperature is given by
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optical shift from the 300'K position as a function of
temperature is given from (g) as

EE(sA tr ~ 'A t) = se(2E /JtI) = (6/5)Z„/Ã. (9)

Results of this calculation are plotted in Fig. 3 as the
dashed curve. In view of the uncertainties of this
analysis, agreement of the shapes of the two curves and
the total shift is excellent and perhaps fortuitous. In
addition to the roughness of the a,pproximation which
was used to estimate the exchange shifts, a considerable
uncertainty exists in the estimate of the lattice specific
heat used to extract the magnetic energy. Because of
these uncertainties it may be stated only that the total
shift of the sharp line in MnS and the temperature
dependence of the shift are reasonably accounted for
by the exchange interaction.

Temperature shifts of the sharp line (C) in vari-
ous compounds have been measured. Belyaeva and
Eremenko" have shown a linear increase of the ob-
served shifts with the Noel temperature for several of
these compounds. The shift is indeed greatest for MnS,
which has the highest Noel temperature of any of the
compounds measured, but the linear relation of the
shift to the Neel temperature is not obeyed. A cor-
responding shift of 150 cm ' has recently been re-
ported" for MnO between 77 and 295'K. Extension of
these measurements to helium temperature would
probably cause a greater total shift for MnO than the
150 cm ' shift we have observed in MnS. This is some-
what surprising, since MnS has a higher Neel tempera-
ture (152oK) than MnO (120'K).

The Absorption Edge

A strong absorption edge near 2.8 eV at room tem-
perature can be seen in I'ig. 2. At low temperatures
the edge shifts toward the violet by about 0.3 eV and
sharpens up considerably. Measurements on the
thinnest samples showed that the absorption coe@.cient
rapidly exceeded 104 cm ', and analysis of ultraviolet
reflectance con6rms that the absorption coeS.cient is
greater than 10' cm '. This suggests an intrinsic,
allowed transition. Another small but perhaps signifi-
cant feature of the edge is the presence of two tiny but
clearly resolved absorption peaks in the spectrum of the
thinnest sample at helium temperature. These ex-
tremely sharp peaks are located high on the absorption
edge at 2.96 and 3.05 eV.

To aid in the interpretation of these optical data,
it would be highly desirable to know the approximate
relative positions of the Mn (3d) bands with respect to
the S' band. A simple calculation based on free-ion
ionization potentials and electron amenities, the Made-
lung potential, and a polarization correction can be

"R.V. Pisarev and G. A. Smolenskii, Fiz. Tverd. Tela 7, 2556
(1965) (English transl. : Soviet Phys. —Solid State 7, 2064 (1966)].

made after the manner of Seitz, "and such as has been
applied to NiO by Morin" and Van Houten. "Such a
calculation suggests that the relative position of
3d'+ level may be a few electron volts above the center
of the sulfur 3p band, with a 3d+ level somewhat higher
than the 3d~. Since the electrons would occupy states
through the 3d~ levels, two possible transitions need
be considered. These may be represented by

Mn'++Mn'++br ~ Mn'++Mn+

S' +Mn'++he —+ 5 +Mn+.

(10)

The first reaction represents formation of a, hole in the
3d'+ band and an electron in the 3d+ band. The second
reaction represents the formation of a hole in the 3p
band and an electron in the 3d+ band. The first reaction
[Eq. (10)] is forbidden for electric dipole radiation
since it takes place from the sI'(3d') state to the
'D(3d') state The.second reaction [Eq. (11)j is allowed.
The 2.8-eV absorption edge is therefore ascribed to
transitions from the wide sulfur band to empty 3d
levels of manganese. Eagles" has developed a theory for
optical absorption involving very narrow bands in
ionic crystals. In discussing his results for wide band to
narrow band optical transitions, Eagles suggests that
exciton structure in the absorption edge will consist of
a series of peaks at energies of (E,+phd&r) where E. is
the lowest exciton state, the p's are integers, and
kv& is the phonon energy. He suggests that individual
phonon structure will probably not be resolved because
of the broadness of the peaks, but absorption due to a
process involving no emission or absorption of phonons
will be a line absorption. It is therefore suggested that
the two sharp peaks in the absorption edge of MnS may
be such zero-phonon lines from the 3p~ 3d transition,
the duality of the peaks being caused by spin-orbit split-
ting of the 3p valence band Since s.ulfur is adjacent to
chlorine in the Periodic Table, the spin-orbit splitting
of the two should be similar. Considerable work on ex-
citons in the alkali chlorides reveals splitting of exciton
peaks by about 0.1 eV due to spin-orbit interaction. "
The observed splitting of 0.09 eV is close enough to
suggest the correctness of this explanation and to in-
dicate further the participation of the 3p band edge in
the 2.8 eV absorption edge.

The IVear Infrared Ban-d

Between the reststrahlen absorption and the crystal-
field splitting peaks in the visible, there is a broad and
comparatively weak absorption band apparently super-
imposed on a continuous background that rises steadily

24 F. Seitz, The rVod'e~n Theory of SoHds (McGraw-Hill Book
Company, Inc., New York, 1940), p. 448.

2' F. J. Morin, Bell System Tech. J.37, 1047 (1958}.
~ S. Van Houten, J. Phys. Chem. Solids 17, 7 (1960}.
'~ D. M. Eagles, Phys. Rev. 130, 1381 {1963)."H. R. Phillipp and H. Ehrenreich, Phys. Rev. 131, 2016

{&963).
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FIG. 4. High-energy reQectance spectrum of
single-crystal MnS.

with lIlcI cRslng cncI'gy. FlguI'c 2 shows the band foI'

two samples, |"and H. Sample H is more representative,
since the three best samples of thickness 134, 277, and
577 p, reproduced the IJ curve in magnitude and in
shape within the approximate limits of experimental
error. Temperature variation of the data from sample G
is given, since the peak is more easily separated from
the background. The narrowing of the band a,nd the
shift to higher energy are similar to the behavior of F
centers in ionic crystals" and to absorption by impurity-
to-impurity excitation in semiconductors. "One possible
explanation is, therefore, that the band is due to
unknown, a,ccidental impurities. In view' of the relative
position of d bands suggested in the preceding section,
a second possibility is an excitation from the narrow
3d'+ band to the narrow 3d+ band. The width of the
ba,nd would be due to multiphonon emission and
absorption caused by strong coupling of the highly
localized 3d electrons to the lattice. Such narrow-band
to narrow-band absorption in ionic crystals has been
discussed by Eagles. "Further measurements on thicker
crystals, perhaps grown by R different method, are
needed to establish the nature of the absorption
mechanism with certainty in this weakly absorbing
region.

B. Ultraviolet Reflectance

Because MnS crystals produced by the iodine trans-
port reaction grow in the habit of platelets with very
perfect, Qat faces, they are ideal for reflectance measure-
ments. The reflectance technique coupled with Kramcrs-
Kronig analysis of the data has been used to extend the
determination of optical constants into the far
ultraviolet.

ExPer&nenkgl Method

Direct, almost-normal-incidence reAcctance measure-
ments were made with a Mcpherson model 235, 50-cm

vacuum ultraviolet spectrometer. The dispersing ele-
ment was a 600 line/mm grating blazed at, 3500 A.
Two light sources werc used. For the region from 6000
to Rbout 3500A] R SylvRIllR Sun Gun incandescent
lamp was mounted outside the entrance slit, Fl.om
3500A to Rll shorter wavelengths, the McPherson,
HlntcI'cggcI' type dlschRI'gc lamp wRs used. In oI'dcI' to
make the near-normal-incidence measurements without
use of either R reference mirror or two diBerentde-
tcctoI's, R dcvlcc %Rs constructed to pclInlt movement
of the sample in and out of the beam and to rotate the
detector into either the incident beam or the rejected
beam without disturbing the sample chamber vacuum.
The photomultiplier tube was an RCA 1P28, which was
coated with sodium salicylate phosphor for use below
1600 A. The specular retlectance spectrum Ot MnS
single crystals is given in Fig. 4. The actua, l angle be-
tween the incident beam and the norma, l to the crystal
surface was about O'. The rHectance values given a,re
an average of values for the four most Qawless crystals.
Comparison of results for the several crystals shows
agreement to wlthlI1 about 2%% up to 4 eV, w1thlll 6/e
in the region of the main maximum from 4 to 7 eV, and
perhaps higher in the region above 10 eV.

Data Aealysis

Derivation of optical constants from the reflectance
dRtR wRs accomplished by the much used KrRIIlcl s-

Kronig analysis. "The phase shift 0 was computed by
numerical integration at 0.1-CV intervals throughout the
region of reflectance da, ta using an IBM 7040 computer.
Slncc this type of Rnalysls 1cqulI'cs lntcgl RtloQ fl olri
zero to infinite energies, a reasonable extrapola, tion must
be used to extend the data interval to infinity effec-
tively. The technique proposed by Roessler" was

employed in this work. In this scheme the extinction
coe%cient k is forced to be zero at two points in the

l,6

LU

C3
lx
ural. 2
~D

l.O—

0

PHOTON ENERGY (eV)

FIG. 5. Spectral dependence of the real and imaginary parts of the
refractive index calculated from reflectance data.

"I . Stern, in Solid Sta/e Physics, edited by F.Seitz and D. Turn-
'9 J %'. Schulman and %. D. Compton, Colon Ceygg s jw Solids bull (Academic Press Inc. ,Ne, ), , p.ew York 1963) Vol. XV p. 327.

Y k 1962) . 54. "D M. «e»ler, I'rlt I Appl Phys &6, 1119 (1965)(Pergamon Press, Inc. , New York, 1962), p.
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~ R- 111, 113 (1958)
J.Ph s. Chem. Solids 24 332"J.C. Kemp and V. I. Neely, J.P ys. em.

(1963)."K.Loh, Solid State Commun. , 269269 1964 .
'7 R. L. Wild (private communication}."A. W. Lawson (private communication).



99(5 D. R. HUFFMAN AND R. L. WILD

5'™
6-

5-

I-
U
LLI

I

20
I I

50 40
E/a~

60 xio ~-'IS

FIG. 8. Correlation of apparent exci ton peaks with lat tice
constant a& for some divalent ionic crystals with NaCl structure.
References for the data are as follows: Ba and Sr compounds, 33;
CaO, 34; MgO, 35; EuS, 36; other Eu compounds, 37.

would be much clearer if it were separated from the
lower-energy absorption band. Such a speculation
could perhaps be checked if similar work were done on
Mno. The decreased lattice constant should shift the
band gap and exciton to higher energies, while absorp-
tion measurements have shown" that the lower-energy
absorption edge occurs near the same energy as for
MnS.

Lacking the guidance of any semblance of detailed
band calculations pertaining to MnS, explanation of
the higher-energy structures is likely to be even more
speculative. However, in the light of Phillips's" review
of the band structure deduced from numerous experi-
ments on NaCl-structured alkali halides, a suggestion
will be offered. If one assumes a free-electron model for
the valence band, the next singularity in the density of
states above the minimum of the conduction band may
be expected to occur at the symmetry point I. in the
(111) direction at the Brillouin zone edge. A second
critical point will be X in the (100) direction. The
energy positions of these conduction-band critical
points relative to the minimum point of the conduction
band, assumed to be at the zone center I'i is given by
Phillips as

surveyed by Phillips. " The suggested transitions in
increasing order of their energy are as follows: (Num-
bers 2, 3, and 4 are based on helium-temperature data
where the structure is clearer. The other transitions were
measured a,t room temperature. )

(1) Near 1 eV—possible 3d++~ 3d+ transitions be-
tween localized levels, with participation of many
phonons. (This transition may be a nonintrinsic im-
purity effect. )

(2) 2.08, 2.46, and 2.78 eV—3d crystal-field splitting
transitions.

(3) 2.96 and 3.05 eV—tiny, spin-orbit-split exciton
peak associated with the 3p —+ 3d, broad-hand to
narrow-band transition.

(4) 3.1 eV—3p ~ 3d broad-band to narrow-band
absorption edge.

(5) 6.0 eV—possible 3P ~4s, broad-band to broad-
band exciton peak assumed to be at I'.

(6) 6.2—10 eV—3P ~4s, broad-band to broad-band
transitions.

(7) 10 eV—onset of transitions possibly at I. in the
(100) direction at the Brillouin zone edge.

D. Infrared RefIectance

Since there is considerable evidence that 3d electrons
of MnS are in a very narrow band, coupling of these
electrons to the lattice may be quite important, both
optical and in electrical-conduction processes involving
these electrons. Necessary parameters in the theories
of slow-moving electrons and accompanying lattice
polarization (polarons) are the low- and high-frequency
dielectric constants t.o and e„and the longitudinal and
transverse optical mode frequencies coo and coy. These
parameters have been measured in this work on MnS
by measuring and analyzing the strong reAection band
in the infrared, the reststrahlen band.

&r(X)= h'/2ma'= 5.3 eV

Er(1-)=3IIg'/8ma'= 4 eV,

(15)

(16)
lOI~g-----
9

where the energies have been computed for the lattice
constant a of MnS. Thus if the absorption band be-
ginning near 6 ev is due to the onset of absorption at a
minimum gap located at I', additional bands might
begin at 10 and 11.3 eV. This couM be an explanation
for the 10—14 eV band. .

8

6
8

Pu 4

excITok

INn (4S-l iiII)

«l EXCITOIII
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ca—— + ~ —-Mn(3d')
CUI Q 5l

M. gd»)

C. Summary of Suggested Oytical Transitions

The interpretation given for the effects noted in
optical absorption spectra of the last two sections is
summarized in Fig. 9. The basis for the figure is a band
diagram with broad bands sketched by analogy with
the bands of many NaCl-structured compounds

SPIN -ORB
SPLITTING

.09

( l00)

S(5p)

FIG. 9. Summary of suggested assignments for features in the
optical absorption spectrum of MnS, based on a supposed band
diagram.
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I'IG. 10. Infrared reQectance of a polished powder sample of
MnS compared with the best fit to a one-frequency dispersion
calculation. Open circles and squares are data points and the solid
curve represents the calculated curve.

The basic instrument used was the Perkin-Elmer
model 301 spectrophotometer. Because of the small
size of the single crystals compared to the beam of the
spectrometer, measurements were made on a polished,
pressed powder pill. In the absence of a reflectance
attachment, the spectrometer was slightly modi6ed
for the reQectance measurements. A position on the
second of two wheels inside the spectrometer which
rotate reflection filters into the beam was used to mount
the sample. Either the sample or a reference mirror
could then be rotated into the beam for comparison.
Since one of the principle elements for removing higher-
order radiation from the diGracted beam had been
eliminated, the other 6lter elements and wavelengths
chosen for data points were carefully selected to give
minimum higher-order radiation. The circles of Fig. 10
show the results of the measurements on a polished
pressed powder pill of MnS from 20 to 90 p.

These results were 6tted to the phenomenological
equations of Huang" for dispersion at a single frequency

"K.Huang, Proc. Roy. Soc. (London) A208, 352 (1951).

including a damping term. With the aid of an IBM 2040
computer, the four parameters 60, E'-, (do, and y {the
damping constant) were varied for the best Gt to the
data. The approximate sequence given by Spitzer4' for
varying the parameters for best 6t was used. The results
are indicated by the solid curve of Fig. 10.The values of
the four parameters characterizing this curve are as
follows:

op= 20, ~p= 185 cm ',
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e =6.8 p/coo=0. 14.

It is seen from Fig. 10 that the greatest departure of
the experimental points from the computed curve
occurs at long wavelengths. If ep were determined
strictly from the long-wavelength reflectance, a con-
siderably different value would be obtained. The pro-
cedure we have used, however, makes the determina-
tion of ~p more dependent on the width of the reRec-
tance band which is less sensitive to errors in magnitude
of the reflectance. Nevertheless, ep contains an estima, ted
uncertainty of ~ 10%.

Two other parameters which are often of interest
can now be determined for MnS. They are the longi-
tudinal optica, l mode frequency given by the Lyddane-
Sa,chs-Teller relation

My={60/ty) ~ ' G7=320clI1

a,nd the effective ionic charge4'

e~ =0.16e.


