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Near-normal-incidence reflectance measurements are reported on the face-centered-cubic
(fcc) phase of MnSe from 0. 006 to 16 eV. The complex index of refraction and complex dielec-
tric constant have been obtained from a Kramers-Kronig phase-shift dispersion analysis of
normal-incidence reflectance data. The first-order infrared absorption (reststrahl) has been
analyzed to yield the transverse and longitudinal optical-phonon frequencies near I', the high-
and low-frequency dielectric constants, and an "ionicity" parameter. The ultraviolet disper-
sion has been correlated with single-electron interband transitions and many-body excitations.
In addition to the room-temperature reflectance measurements„, . trarismission data are re-
ported over the range 0.04-2. 8 eV down to 80'K. In this energy range no exchange-related
structure was detected. The Noel temperature was obtained from specific-heat measurements
and confirmed by an independent optical technique. The value obtained 247 'K agrees with
a previous determination. The results of this work are compared in detail with earlier work
on MnO and MnS.

I. INTRODUCTION

The transition-metal (iron-group) chalcogenides
display a large variety of optical, magnetic, and
transport properties. These compounds have ex-
cited considerable interest, in part, as a conse-
quence of this diversity. The elucidation of the
electronic structure of these materials, particular-
ly the nature of the states occupied by the cf elec-
trons, has been the principal effort. The present
work is concerned primarily with MnSe and secon-
darily with two of the other insulating antiferromag-
netic manganese chalcogenides, MnO and MnS.
All three have sodium-chloride-structured phases
with the lattice constant and magnetic exchange
strength increasing as the atomic number of the
chalcogenide ion increases. The optical and trans-
port properties of MnO ' and expecially of MnS
are partially known. Partial information is also
available on the transport properties of MnSe. ' The
measurements presented in this paper provide opti-
cal data complementary to those previously obtained
on MnO and MnS, and it was hoped that a detailed
intercomparison might yield valuable clues in the
interpretation of the optical and transport proper-
ties of the manganese chalcogenides. The informa-
tion presented here will also be of use in interpret-
ing the optical properties of other related insulating
antiferromagnetic compounds, e.g. , NiO and CoO.
All of these materials have remarkably similar
reflectance spectra. It seems possible that a single
model with minor variations could be used to de-
scribe the optical properties of the insulating anti-
ferromagnetic compounds MnO, MnS, MnSe, NiO,
CoO, and, perhaps, other similar compounds as well.

II. SAMPLE PREPARATION AND GENERAL
EXPERIMENTAL CONSIDERATIONS

MnSe crystallizes in three forms. e The n form,

which has the NaCl structure, is the only one con-
sidered in this work. Bulk material was synthesized
by a variation of the halide transport technique of
Shafer. ~' Stoichiometric amounts of high-purity
Mn metal (99.9%)' and elemental Se (99.999+%) '
were reacted at 900 C in an evacuated quartz tube
using resublimed I~ as a catalyst. In a temperature
gradient, transport would occur from the hot end
to the cold end. The transported material was then
baked out in vacuo at 1000 'C for about 20 hours.
However, the resulting crystals, which display
prominent (1, 1, 1) faces (octahedral habit), are of
very poor quality due to etching and parallel
growth. Material produced in this manner has
been reported to be stoichiometric within the
error limit 0. 5%." Oxygen content by neutron
activation analysis' on a typical batch was 400 ppm.
The lattice constant of the o.-MnSe produced by this
method is 5.461 A and agrees with the value re-
ported by Wiedemeier and Goyette. " Most of the
optical measurements reported here were accom-
plished on films produced by flash sublimation. '3

This technique is required as the in vacuo sublima-
tion of MnSe results in decomposition, i.e. , the
partial pressure of MnSe molecules is negligibly
sma, ll a,bove 1100 'C

Numerous substrate materials have been used,
including single-crystal cleaved plates of MgO,
CaF~, NaCl, and also polished soft glass and fused
quartz plates. At substrate temperatures above
250 'C epitaxy has been observed on all the above
fcc materials. No epitaxial films examined showed
Debye rings in the Laue x-ray diffraction photo-
graphs, and hence, were considered single crys-
tals. The lattice constant of these films is in ex-
cellent agreement with the lattice constant measured
on bulk material. The films were oriented so that
their prominent face was the same as the cleavage
plane of the substrate [i.e. , (111)on CaF3 and



3426 D. L. DE CKEH AND H. L. WILD

(100) on NaC1 and MgO]. On soft glass and fused
quartz, of course, no epitaxy was possible, but
lateral crystallization takes place, resulting in a
very smooth, uniform polycrystalline film.

All sublimed films were produced in a standard
vacuum evaporation system using a Veeco 2P2AB
diffusion pump followed by a water-cooled baffle
and liquid nitrogen trap. The maximum allowable
distance from source to substrate was about 10 in. ,
but virtually all films were produced at a distance
of about 4 in. The base pressure of this system
was about 1&&10 ~ Torr and during sublimation the
pressure would rise to 10 6 Torr; however, the very
high sublimation rates used (- 500 A/sec) greatly
reduced contamination by the residual gas in the
system. Epitaxial single crystals were used for
transmission studies near the absorption edge. Un-
fortunately, for vacuum ultraviolet reflectance mea-
surements, the surface of the epitaxial film samples
was, in general, too rough and irregular due to im-
perfection in the cleaved surface, especially with
MgO. Hence, all quantitative ultraviolet reflectance
data reported in this work was obtained from poly-
crystalline films on smooth polished glass substrates
produced by flash sublimation or by the following
alternate technique.

If Mn metal is sublimed at a very rapid rate at
1000'C from either a carbon or tantalum source
onto a smooth glass substrate held at 250 C, a
mirror with a near perfect surface results. ' This
metallic film is then reacted rapidly, either di-
rectly with elemental selenium in a closed evacuated
quartz tube, or reacted in a stream of ultrapure
Ha and HBSe. The reaction, in either case, pro-
ceeds rapidly at a temperature of 250 'C.

The surface-smoothness requirements in the far
infrared are relaxed in the present case. Hence,

TABLE I. Summary of sample types employed in the
optical investigations.

samples that were carefully polished mechanically
mere entirely adequate for studies of the reststrahl
region. Bulk MnSe, prepared as already outlined,
mas finely ground in an argon-filled glove bag, and
pressed into a 13-mm-diam pill about 1.5 mm
thick under a force of 1V tons. This pill was then
sintered in vacuo at 1000'C for 20 h. The result-
ing pill was mechanically quite strong and had a
density of about 95% of the single-crystal density.
Polishing was accomplished by a standard tech-
nique using a small pitch lap and methyl alcohol
as a dispersing agent.

Table I gives a summary of the various sample
types employed in the transmission studies and the
reflectance measurements in the infrared and
ultraviolet regions.

III. INFRARED OPTICAL PROPERTIES

The infrared absorption spectra of polar insulat-
ing crystals is dominated by the resonant lattice
absorption (reststrahl). This absorption, at wr,
corresponds to the creation of a transverse optical
phonon of very small wave vector by the incoming
photon. Classical harmonic-oscillator dispersion
theory has been extensively applied in the analysis
of experimental spectra. "'6 However, if the rest-
strahl spectra displays prominent second-order
(multiphonon) absorption, it is much more conve-
nient to obtain the optical constants in this region by
a Kramers-Kronig phase-shift dispersion analysis. "

It is usually more convenient to display infrared
spectra on a wavelength scale. Also, if an evenly
spaced integration grid is employed, as is re-
quired for a Simpson's rule integration, it is of
considerable advantage to perform the integration
on a wavelength scale. The standard Kramers-
Kronig dispersion integral" with the change of
variable &u = 2vc/X differs from the original form
only by a change in sign. Thus we have

Region

200-2. 4 p
(0.006-0. 5 eV)

17 000-4600 A

(0.7-2. 6 eV)

17 000-4600 A

(0.7-2. 6 eV)

4600-800 A

(2. 6—16 eV)

Sample type

Polished pressed
pill

Thick polycrys-
talline films on
smooth glass sub-
s tr:1 tes

Epitaxial s ingle-
crystal films on

s ing!e-c rys ta1
substrates

Thin polycrys-
talline films on
smooth glass sub-
strates

Measurement

Normal incidence reflec-
tance study of the
rests trahl absorption
(Sec. III) .
Normal incidence reflec-
tance in the transparent
region (Secs. III
and IV).

Normal incidence trans-
mission studies of
crystal field spectra
(Sec. IV).

Normal incidence reflec-
tance studies of inter-
band and collective
electron effects (Sec. V).

0

where A(ar) = ~"(~)x(&u) and 1nr(~) = in'(v) + ie(~).
This form of the dispersion integral (either wave-

length or frequency integration) does not explicitly
contain the principal value, and so is much more
accurate and expeditious than the other commonly
used forms for numerical calculation. In polar
insulating compounds, the reststrahl and interband
absorptions are well separated in energy. Hence,
analysis of one region can be made independently
of the other with high accuracy, since the oscilla-
tor strength of interband transitions in the rest-
strahl region is negligible, and vice versa.
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The constants n, and n„are, respectively, the
static and high-frequency indices of refraction.
The long-wavelength contribution to the phase is
then

max (7)

FIG. l. Spectral variation of the reflectance and the
real part of the dielectric constant over the range in
energy 0.006-16 eV as determined in this vrork for the
po1ar insulator MnSe.

Of course, in order to implement the dispersion
analysis, some sort of extrapolation is necessary
on both ends of the data interval, as in the case of
dispersion analysis of high-energy reflectance data.
If the data range, which extends from X „to A. ~,
is such that the reflectance is constant at each end of
the data interval, the reflectance may be simply extra-
polated as a constant. For example, the contri-
bution to the phase for X & X „is

r(X) X „+&

Experimentally, for most polar compounds, it
is possible to extend the data interval on the small-
wavelength end as far as X/Xr-0. 01 before the re-
flectance is disturbed by the higher-energy inter-
band structure (see Fig. 1). Hence, the constant
reflectance extrapolation in this case is very well
justified. However, on the large-wavelength end,
it is experimentally difficult to get accurate reflec-
tance data beyond X/Xr- 2. If X,„ is only on the
order of 3X~, the assumption of a long-wavelength
constant reflectance extrapolation will lead to a
large error in the reflectance phase at long wave-
length. This will, in turn, lead to large errors in
the optical constants in this region. The solution
is to adopt an extrapolation derived from the class-
ical lattice dispersion model. For X/Xr»1, 0 is
nearly zero, and so r= (n —I)/(n+ I). By expanding
the classical dispersion reflectance result, we have

The complete expression for the phase i.s then given
by the sum of 8,(X), 83(X), and the numerical inte-
gration of the dispersion integral over the data in-
terval 8,(X). The optical constants n and k are then
easily computed from the phase and reflectance
amplitude. Fox completeness, the complex index
of refraction (N= n+ ik) and the complex dielectric
constant (i = ~, + fez) are related according to v,
= n —k, and za = 2@k. Although the large-wavelength
extrapolation tail discussed above is rigorously
valid only for X/Xr» 1, computation on synthetic
harmonic-oscillator reflectance data has shown
that for optical constants and damping similar to
those in the present case, the expression gives
accurate results even for X/Xr-2.

All data were taken point by point using a Perkin
Elmer model 301 far-infrared spectrophotometer
(see Fig. 2). The Perkin Elmer reflectance attach-
ment for this instrument was modified so that either
the sample, an aluminum mirror reflectance stan-
dard, or a zero reflectance standard could be ro-
tated into the beam without breaking the dry N,
purge. Over most of the data range the appaxent
scatter in the data is about 0.005 reflectance units
or less. The absolute accuracy of the measured
reflectance is difficult to assess. The fact that a
polished pressed pill was used probably affects the
data only at the smallest wavelengths and would tend
to depress the reflectance due to diffuse scattering.
However, one must treat the results obtained from
such samples with some caution as it has been de-
monstrated that a rough surface can introduce
spurious structure into the reststrahl reQectance. '
The subsidiary structure shown in the Mnse rest-
strahl of this work is thought not to be due to this
cause, but rather to multiphonon absorption. This
conclusion is based on the quantitative observation
of the same reflectance features in not only the two
samples reported here, but also in other unreported
samples. In any case, the subsidiary structure is
small and has no consequence for the analysis pre-
sented. One sample (No. 2) was composed of ma-
terial supplied by Electronic Space Products and
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IO ~o/~r =-1 —,8 (v/&r) (6)
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The frequency coo is the position of the maximum in

g2, and y is the phenomenological damping param-
eter. The damping near ~~ can be obtained easily
by considering ~~ at co~. We have
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FIG. 2. Experimental MnSe rests trahl reflectance
(full curve) together w th harmonic-oscillator reflectance
(dashed curve). Harmonic-oscillator-model parameters
y =22. 6, f(;„=8.0, X+=71.0p, , and yjcv =0.106.

0
0

was claimed to be 99.996% pure. The other ptQ
(No. 3) was composed of material prepared by I,
catalysis as described earlier. Pill No. 2 was
run with an aluminum reference mirror produced
in this laboratory. Aluminum, 99.99'/o pure, was
evaporated from a multistrand tungsten wire source
onto a microscope slide substrate at 10 5 Torr.
Pill No. 3 was run against a mirror supplied by
Dr. H. E. Bennett of the Michelson Laboratory, China
Lake, California. For some unknown reason, pill
No. 3 is considerably more dense than pill No. 2,
and the polished surface is more nearly perfect.
Accordingly, only reflectance results for pill No. 3
wex'e analyzed in detail, although the experimental
ref lectances on both pills were in agreement to with-
in 0.04 reflectance units at all points. Over most
of the data range the agreement is much better, the
difference being less than 0.01.units.

From a dispersion analysis of the reststrahl
resonance, one obtains the high- and low-frequency
dielectric constants ~„and z, directly as the limit-
ing values of Kg. The transverse optical mode fr e-
quency ~~ is given approximately by the position
of the main peak in «2 (see Fig. 3). A more pre-
cise value can be computed from the following rela-
tionship obtained from the classical dispersion mod-
el by setting the derivative d«3/d&u to zero:

If v/&ur is small, very little error will be introduced
in setting «~(~r) = «z(&uo), so we have

V(~r)/~r = (». «.)/—«2(& o) .
The longitudinal optical mode wavelength at I" was
computed from the Lyddane-Sachs- Teller relation-
ship. ~~ The value obtained, 42. 2 p, is in excellent
agx'cement with the posltlon of the zex'0 of K at
42. 3 p. This is, of course, a consequence of
negligible damping in this region. In addition to
the parameters of the classical oscillator, we can
also compute the total electronic polarizability n,
the bulk modulus 8, and an "ionicity" parameter
e&*. Table II gives the computed reststrahl pa-
rameters. The values of crystal electronic polar-
izabilites given by Tessman, Kahn, and Shockley
are not entirely self-consistent due to the dependence
of the polarizability on environment. From the
Tessman, Kahn, and Shockley tables, one obtains
a range of polarizability for Sea from 6.0 to V. 5
x 10~4 cms. The value of o for MnSe (6. V9
x 10 ~ cm~) obtained in this work is reasonable
if one assumes that the yolarizabilities of Mn '
and Se are additive, since the polarizability of
Mn ' must be quite small. The departure of the
effective-charge ratio from unity is considerable,
even for the alkali halides, which are considered
highly ionic. In general, this departure has to be
accounted for in some manner other than simply
reduced ionicity. The shell model presented by
Dick and Overhausex partially accounts for this
discrepancy by including polarization mechanisms
absent in the simple model. However, in the pres-
ent case one must assume that the relatively large
departure from unity is due, in part, to the presence
of covalent bonding. A recent series of papers by
Phillips 8 discusses this problem. In examining

TABLE II. Parameters of the room-temperature first-
order res tstrahl absorption in MnSe.

ff~ = 22. 6
8.0

+=71.0 p, (141cm"~)

X, =42.2~ (237 cm- )
q(w&)/+& = 0.106

e~/2e= 0.42
G. = 6.79x10 24cm3

B=5.69 x 10~~ de/cm2
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FIG. 3. Spectral dependence of the real and imaginary
parts of the dielectric constant in the reststrahl region
obtained by a phase-shift analysis of the reflectance data.

shifted at low temperatures. This structure prob-
ably should be considered spurious, and due to
relatively large errors occurring in the reflectance
near the reflectance minimum. An additional very
weak and broad absorption in the room-temperature
spectra on the other side of the main dispersion at
95 cm ' (position in zp) occurs at an energy corre-
sponding to the energy difference of the TO and LO
mode at l; and, hence, is tentatively identified as
the difference band Lor —TO~.

Since the spin-dependent absorption reported in
NiO is only 30 cm ', reflectance techniques lack
sufficient sensitivity to detect the corresponding
absorption in MnSe if it is as small. Transmis-
sion measurements performed on a single-crystal
platelet grown by the I, transport technique at 80 'K,
and with a sensitivity of 2 cm ', failed to show any
wavelength-dependent absorption over the region
15-30 p. However, a broad (wavelength-indepen-
dent) "absorption" of -10 cm ' was observed. The
temperature dependence of this absorption is shown
in Fig. 5. This "absorption" is due to the interac-
tion of the optically active MnSe sample in its anti-
ferromagnetic state with the ref lectometer instru-
mental polarization. Hence, this experiment pro-
vides an independent optical measurement of TN,
which is in agreement with the previously assumed

10,0

calculated and measured bulk moduli of a large
number of compounds it seems unlikely that the
error in the calculated value presented here will be
greater tlian 50/o.

In addition to room-temperature near-normal-in-
cidence reflectance data, transmission and reflec-
tance data were taken down to 80 K over the range
15-60 p. . Below the critical temperature, all
magnetically ordered materials should display ad-
ditional absorption structure due to the interaction,
either directly or indirectly (via phonon participa-
tion), of the radiation field with the magnon modes
of the crystal. ' ' Calculations based on the model
proposed by Mizuno and Koide' for the spin-depen-
dent absorption in NiO give the position of the main
spin-dependent absorption in MnSe at 21. 5 p, , as-
suming a Neel temperature of 247 'K. ' At T
=100 'K, over the region 15-40 p, no change in re-
flectance larger than the signal noise (-1/p of the
reflected signal) could be seen. Over this region

0.1 and it is estimated that an absorption as
small as 100 cm ' could have been detected. Above
about 45 p., the reflectance curve is steepened con-
siderably (Rgpp K/Rppp K=2. 1 at 48. 5 g), which is
due to a shift in the second-order absorption to-
wards shorter wavelength. The absorption struc-
ture appearing just before 40 p, (see Fig. 4) is un-
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FIG. 4. Spectral dependence of the real and imaginary
parts of the index of refraction in the reststrahl region
obtained by a phase-shift analysis of .the reflectance data.
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FIG. 5. Temperature dependence of the apparent ab-
sorption in a MnSe single crystal as a consequence of
optical activity.
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IV. FUNDAMENTAL ABSORPTION EDGE, EXCITONS,
AND CRYSTAL FIELD EFFECTS

Many transition-metal compounds and aqueous
solutions of transition-metal ions are brightly
colored due to sharply defined "windows" in the
transmission spectra. The absorption structure
responsible can be quantitatively treated by ligand
field theory, as developed largely by Tanabe and
Suganoss and Orgel. 8 As originally developed,
the theory was intended to apply to transition-
metal ions in dilute concentration (hydrated ions
in aqueous solution or as substitutional impurities
in a host crystal lattice). More recently, however,
the theory has been applied to systems of high-ion
concentration, e.g. , transition-metal compounds.
The experimental spectra of a large number of
transition-metal compounds are in reasonable
quantitative agreement with predictions of ligand
field theory.

Accordingly, one ascribes the observed "crystal
field" optical absorption in Mn ' to transitions be-
tween the ground-state S and the higher-lying ex-
cited-state levels derived from the crystal-field-
split 6, P, . . . states of the free ion. Such tran-
sitions will be doubly unallowed (parity and spin)
for dipole radiation, and hence, coupling to some
intermediate state is required to give a nonzero
transition probability. Optical absorption measure-
ments on the system Ni„Mg&, „&0 indicate that there
is essentially no overlap between d electrons of
adjacent sites." Hence, the basic assumption of
ligand field theory is essentially fulfilled in NiO.
However, the d electrons are not strictly localized
(i.e. , core electrons) as evidenced by the presence
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FIG. 6. Spectral dependence of the absorbance of a
MnSe single-crystal film in the vicinity of the fundamental
absorption edge, showing the "crystal-field-splitting"
structure.

of an exchange field and antiferromagnetic order
below T~. This extremely important result is
immediately applicable to other similar compounds,
e.g. , MnO, MnS, and MnSe. The quantitative suc-
cess of ligand field theory implies that the 3d elec-
trons in these compounds are highly localized.
The absorption structure appearing in Fig. 6 is
unambiguously identified as crystal field absorp-
tion by detailed comparison with the corresponding
structure in MnO and MnS. ' ' This absorption is
superimposed on a steep absorption edge which
rises to -10 cm '. A similar association is pres-
ent in MnO and MnS, however, the absorption edge
shifts to lower energy as the chalcogenide ion be-
comes heavier while the crystal field structure re-
mains more or less stationary. Hence, in MnSe
the crystal field structure is "buried" much deeper
in the edge than is the case for MnO.

Anordinaryband calculation cannot accurately de-
scribe the highly correlated many-body states oc-
cupied by the d electrons. However, the electron
states of the crystal responsible for the bonding

I
arising from the transition-metal 4s orbitals and

chalcogenide (2, 3, 4) P orbitalsj should be de-
scribed in the ordinary one-electron band formal-
ism. The nature of the absorption edge in the
manganese chalcogenides remains uncertain even



Rftel extensive work~ both theoretical Rnd experi-
mental. Recent band calculations place the Sd
states betweenthe broad (2, 2, 4) p "valence" and
the 48 "conduction" bands. This is also suggested
by a simple ionic energy-band calculation. In

NiO and CoO this ordering is also confirmed by
photoemission experiments. ~'4' If we assume this
ordering, the edge could either be a consequence
of P- d or d- s transitions. The latter excitation
is not electric dipole allowed, but there may be suf-
ficient state mixing so that the dipole selection
rules are broken down. There is indirect evidence
for the participation of the (2, 4) p electrons in the
absorption edge of MnS and MQSe from an analysis
using a dispersion model proposed by %emple and
DiDomenico. In this model, the dispersion in the
real part of the dielectric constant ~, is represented
by a Sellmeier oscillator for E&F, Hence, we
write

This simple relationship accurately describes the
low-energy dispersion in a large number of ionic
Rnd covalent solids, including MnS and MnSe. Un-
fortunately, dielectric dispersion data in this region
is not available for MnO. Wemple and DiDomenico
define a dispersion energy F., = V/Zo. For most of
the compounds studied, this quantity has the prop-
erty of obeying the empirical relationship

Eu=0 3NcZNe ~ (12)

where N, is the coordination number (6 for the
octahedral coordination of the NaCl structure), Z
ls the RQlon valence Rnd N ls the effective num-
ber of valence electrons per anion. For Mn8 and
MnSe one calculates E~ = 30. 3 and 33.2 eV, re-
spectively. N, is then approximately 8, which cor-
responds to the occupation of a saturated (s-p)
valence band. One, therefore, has evidence of par-
ticipation of the (2, 4) p electrons in the edge ab-
sorption. However, this evidence must be viewed
with some caution since the same analysis, when
applied to the europium chalcogenides, yields anom-
alous results. This is apparently a consequence
of the participation of the 4f electrons in the edge
absorption and the small oscillator strength associ-
ated with their excitation.

The results of Fig. 6 were obtained from a single-
crystal film 0.98 p, in thickness, deposited on a
(1, 1, 1) cleaved surface of a CaF2 single crystal
All transmission measurements were accomplished
on R Cary 148 spectrophotometer. The sample
thickness was determined from the positions of
successive minima and maxima inthe interference
structure appearing in the transmission spectra.
The correct fringe order was assigned by plotting
fringe order vs 1/X. The optical thickness nd is
then determined from the slope of this plot. The

thickness can then be calculated using the index of
refraction computed from the infrared reflectance
data of Sec. GI. A very careful examination of the
transmission spectra of this sample Rnd several
other samples as thin as 0. 2 p,, at temperatures
down to 10 'K, failed to show any structure not
shown in Fig. 6. At liquid helium temperatures
the crystal field peak at 2. 7 eV shows a hint of
additional structure, but nothing is actually re-
solved. The temperature shift in the absorption
edge from 300 to 80'K is seen from Fig. 6 to be
approximately 0.08 eV towards the violet. The
corresponding shifts in MnO and MnS are, respec-
tively, 0. 1 and 0.3 eV. '3 As is suggested in Sec.
V, the actual absorption edge is possibly due to an
exciton. Hence, the relatively large differences
in observed shifts in the manganese chalcogenides
may be the result of changes in the exciton absorp-
tion rather than in shifts of the band edges them-
selves.

The temperature dependence of the crystal field
absorption energies has been related to the temper-
ature dependence of the exchange. ' In the present
case, a rather large exchange shift was expected
as a consequence of the relatively high weel tem-
perature (MnO, 120 K; MnS, 152'K; MnSe, 24V
'K). The crystal field absorption in MnSe is very
nearly at the same energy as in MnO and MnS.
However, the absorption edge is shifted approxi-
mately 2 eV towards the red in comparison with
MnS. Consequently, the sharpest peak (at 2. V eV)
is situated very high on the absorption edge, and
at room temperature appears only Rs a shoulder.
An actual peak is not resolved until the sample is
cooled to 200'K. The shift in wavelength from the
position of this peak at 200 to 10 K is less than
the limit of resolution (5 A). Hence, it is not pos-
sible to determine even the direction of the shift.
From Fig. 6 it appears that the peak at 2. 5 eV is
shifted -0.Oj. eV towards the violet at 79'K. This
is perhaps only an apparent shift, since the original
spectra included interference structure which
was removed mathematically. This correction
quite conceivably could be in error by the amount
of the apparent shift, due to the very broad nature
of both the lower-energy crystal field peaks and
the interference structure itself.

V. ULTRAVIOLET OPTICAL PROPERTIES AND ELECTRON
ENERGY-BAND STRUCTURE

The highly dispersive interband transitions.
associated with the fundamental absorption edge
and beyond in the ultraviolet are most easily ex-
plored by reflectance techniques. '~ For allowed
transitions, the absorption will rise to- 10 cm ' (see
Fig. V). As in the case of reststrahl absorption, the
use of thin film transmission measurements is limited
by problems of nonbulk effects and also by R lack of
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suitable transparent substrates below 1000 A. As
in the reststrahl absorption, the single-angle re-
Qectance technique was chosen, primarily because
of intensity restrictions imposed by the small sam-
ples employed. Surface quality for reflectance
measurements in the vacuum ultraviolet is particu-
larly critical in regard to chemical purity, crystal-
line perfection, and surface roughness. 4'~ Only
samples of the highest quality will possess a quan-
titative specular reflectance. For MnSe there is
the added difficulty of chemical instability in moist
air. This is responsible, undoubtedly, for most
of the variation in reflectance results from sam-
ple to sample, especially in the early samples.
This problem ideally would be circumvented by in
situ production of the reflectance surface in the
high vacuum of the ultraviolet monochromator.
The sample surface also was observed to deteriorate
under the action of the hydrogen gas in the reflectom-
eter when the Hinteregger discharge lamp was
run in the windowless configuration. This photo-
chemical reaction has also been reported in the
lead chalcogenides, 44 but in the present case it does
not appear to be serious, since the time required
for appreciable change (0.005 reflectance units) in
the 1600-800-A region appears to be many hours.

It should be emphasized that although large quan-
titative variations (-0. 1 reflectance units) were ob-
served between various samples, the details of the
reflectance spectrum reported in Fig. 8 have been
corroborated by the data obtained from several doz-
en samples. These samples have included polished
pressed pills, polished single-crystal samples,
epitaxia1. single-crystal films, and polycrystalline
films. In general, the reflectance results of polished
samples display structure very similar to the re-
sults of the better samples, but "blurred out" and in
the poorest samples shifted in energy by the effect
of the distrubed surface. The epitaxial films suf-
fered considerably from effects of surface rough-
ness, although most samples, up to 4 to 5 eV, give
results in substantial agreement with the polycrys-
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FIG. 8. Spectral dependence of the vacuum ultraviolet
near-nor. mal-incidence reflectance of MnSe.

talline film samples. The polycrystalline films
deposited on smooth soft glass or fused quartz sub-
strates displayed uniformly greater reflectance in
all regions and the data more consistent than from
epitaxial single-crystal films. This is a result,
presumably, of the much smoother surface of the
polycrystalline films. Beyond 4 eV, the reflectance
variation between several samples was - 0. 04 re-
flectance units out to 12 eV and somewhat greater
beyond this point. The peak at 3 eV, however,
displayed a large variation in intensity from sam-
ple to sample. This phenomenon was also observed
in the corresponding peak in MnS. In the trans-
parent region (0. 05-2. 5 eV) relatively thick sam-
ples are required (d & 50 g) unless a thin-film re-
flectance analysis is used. In the present work,
thick polycrystalline films on glass substrates were
used. In general, the surface smoothness of vacu-
um deposited films decrease as the film thickness
increases. Consequently, the absorption edge re-
flectance in MnSe has a relatively large uncertainty.

All measurements reported here in the range
2. 5-16 eV were accomplished on a McPherson
model 235, 0. 5-m Seya-Namioka vacuum ultraviolet
monochromator. The dispersing element was a 600
lines/mm grating blazed at 3500 A. The grating
was used in first order only. Unwanted higher-
order diffracted light was removed by soft glass or
quartz filters positioned just after the exit slit. A
1-kW quartz-iodine lamp was used as a source from
6000-3800 A (2-3.3 eV), and a 1-kW Hinteregger-
type discharge lamp, supplied by McPherson, was
employed from 3800-VOO A (3.3-1V. 2 eV). The
hydrogen continuum was utilized up to 14.4 eV, and,
above this energy, reflectance points were obtained
at 16.7 and 17.2 eV using argon gas at very low

pressure. An EMI 9514S photomultiplier detector
mounted externally to the sample compartment
utilized a conventional silvered Pyrex light pipe
arrangement. Below 3800 A, a sodium salicylate
phosphor coat was applied to the end of the light

pipe from an ethyl alcohol solution. The reflec-
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tance attachment was so constructed that by rotating
the top turret. either the full beam or the reflected
beam could be received, thus providing an absolute
near -normal-incidence reflectance measurement.
The actual angle of incidence was 11 .

The ultraviolet optical constants were obtained
from a Kramers-Kronig phase-shift dispersion
analysis of the near-normal-incidence reflectance
data. The phase contribution of the region less
than 0. 1 eV was obtained by a constant reQectance
extrapolation, in which we have

(l3)

This, of course, neglects the reststrahl absorption
and is justified by the arguments presented in Sec.
III. The phase contribution from this region 8,(E)
is given by Eq. 4 with a change of sign and by re-
placing X by E. The contribution over the data in-
terval 82(E) is obtained by numerical integration of
Eq. 1. The contribution of the high-energy region
was obtained by both a modified Roessler extrapola-
tion and also a power-law extrapolation of adjust-
able exponent. For both extrapolations, the ad-
justable parameter of the extrapolation was used
to force the phase at some energy on the absorption
edge to assume a value so that the computed ex-
tinction coefficient at that energy was identical with
the measured value (see Fig. 9). Hence, the com-
puted phase at low energy is nearly identical for
both extrapolation schemes. The two methods dif-
fer significantly only at high energy where, in gen-
eral, the Roessler extrapolation yields a phase which
is too large. In the present case the Roessler ex-
trapolation yields a phase at 16 eV which actually
exceeds m. This is a consequence of the overesti-
mate of the actual high-energy reQectance by the
Roessler extrapolation which is essentially a con-
stant reflectance extrapolation. The optical con-
stants reported here were obtained by a power-law
extrapolation. Computation on reQectance data ob-

tained from a variety of samples has revealed that
although there are large differences in the computed
optical constants especially at high energy, the peak
positions of all structures are in agreement to
0. 15 eV or less. Hence, it is felt thai the ultra-
violet reflectance data presented is adequate fear the
purposes of this paper.

The composite reflectance data of Fig. 8 was
obtained as follows: The reflectance from 0. 1 to
3.0 eV is the average of results obtained on two
thick polycrystalline samples produced by sublima-
tion of manganese onto a smooth soft glass substrate
and subsequent reaction with H3Se. The data from
3.0 to 4. 0 eV is the result of measurements on a
single thin polycrystalline sample produced in an
identical manner. The data from 4. 0 to 16.0 eV
was obtained from the average of three polycrys-
talline samples, one produced by the sublimation of
manganese metal onto a smooth soft glass substrate
and subsequent reaction with H2Se and two samples
produced by the flash sublimation of MnSe onto a
similar substrate.

The optical constants obtained from these data
will be discussed with particular attention to sever-
al newly recognized aspects and the inferences which
can be made from them. Powell and Spicer have
recently reviewed several possible absorption mod-
els for NiO. ' The same models are directly ap-
plicable also to the manganese chalcogenides. A

detailed comparison of the reported reQectance
spectra of NiO, CoO, ' MnS', and MnSe in the pres-
ent work discloses a remarkable general similarity,
except for differences in structure just after the
initial peak.

Crucial to the interpretation of the optical results
is the presence or absence of photoconductivity.
Photoconduetivity has been reported at the edge en-
ergy in MnO. The same work also reports photo-
conductivity at the crystal field peak energies. It
is certain that this latter photoconductivity, at least,
is not a simple type. Unreported photoconductivity
measurements on MnS single-crystal platelets
yielded only negative results over the range 2-6
eV. The most recent photoconductivity data on
NiO indicates similar results over the range 4-7
eV. It is concluded that in NiO and MnS (and, by
inference, also MnSe and MnO) the optical excita-
tions over the region from the absorption edge to
the first reflectance minimum are localized. Many-
body effects are probably important in this region. '
We suggested in Sec. IV that the edge absorption
was a consequence of excitation of the chalcogenide
(2, 3, 4) P electrons. Since the hole that was left
in the broad p band after excitation would lead to a
conducting state, contrary to photoconductivity re-
sults, the excitation cannot be an ordinary band
transition. The possibility that the edge absorption
is a "charge transfer excitation" has been previous-
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ly suggested for ¹iO.~ In this model an electron
is removed from a chalcogenide anion (2, 3, 4) P
orbital and placed in a 3d or 4s orbital of neighbor-
ing transition-metal cation. In either, the "trans-
fer exciton" above or the other localized exciton
model discussed briefly by Powell and Spicer, ' the
electron wave function is given in a tight-binding
approach as a. suitable linear combination of atomic
wave functions.

Of course, it is possible that we are seeing d-
electron excitation in the absorption edge region. 4'"
Further elucidation of whether d or p electrons are
being excited in this region could come from an
analysis of the volume plasma resonances present
in all of these materials. The function —Im(1/i)
= ~p/(~, + ~p ) is proportional to the characteristic
energy loss for transmission of energetic elec-
trons through thin films. ' ' The electron energy-
loss spectruna in such an experiment shows charac-
teristic sharp absorption peaks corresponding to
single-electron excitations and collective plasma
oscillations. Collective plasma oscillations are
conveniently described in terms of a frequency-de-
pendent longitudinal dielectric constant. ' However,
in a cubic crystal in which the dielectric constant
is a scalar, and in the limit of small wave vector,
the longitudinal dielectric constant is identical with
the transverse (optical) dielectric constant. Hence,
one may compute an optical electron energy-loss
function —Im(1/Pc) from the dielectric constants de-
rived from the phase-shift analysis of the reflec-
tance data. "

From an inspection of Fig. 10, peaks in the energy-
loss function can also be clearly associated with
"interband transitions. " However, the two physical
phenomena can be usa;mbiguously separated by an
inspection of the complex dielectric constant. In

the region of a plasma resonance, both K, and Kp

(15)

The difference in the dielectric constant at some
energy 8 and the asumptotic value K„=8.0 is the
contribution to the high-frequency dielectric con-
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FIG. 11. Plot of the effective dielectric constant, due

to interband transitions occurring in the range of energy
up to E.

will be small, and have, respectively, positive and
negative slopes. ' This situation is very much un-
like that for interband absorption. Therefore, the
peaks in —Im(1/k) at 8. 1 and 11.5 eV are identified
as representing collective plasma oscillations.
The energy-loss function computed from the MnS
data of Huffman and Wild shows a single well-de-
fined plasma resonance at 9.5 eV. Qf course,
these resonances are virtual, since it is not pos-
sible to excite a longitudinal plasma oscillation
with plane wave electromagnetic radiation normally
incident upon a smooth surface. It is obvious from
an inspection of the complex dielectric constant
near 8. 1 and 11.5 eV in MnSe and 9. 5 eV in MnS
that these resonances are strongly screened and
thus, are not free-electron-like. This results in
a large depression of the resonance energy below
its free-electron position. Wilson has studied
phenomenologically the effect on a plasma resonance
from a higher-energy interband transition and pre-
dicts qualitatively the shift to lower energy as seen
here. " A similar large shift is also seen in the
conduction-electron plasma resonance in Ag. ' This
effect may be very crudely accounted for by intro-
ducing a screened plasma frequency ~~, ' ' where

h&p = (n~gge /M6p) (1+5ICg) (14)

In this expression n, « is an effective electron con-
centration and 6K, is the contribution of the lower-
lying electrons to the high-frequency dielectric con-
stant at the screened plasma energy. In Fig. 11
we have plotted the contribution to the high-frequency
dielectric constant in an energy range less than F.,
as computed from the sum rule
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It can be seen from Fig. 12 that n„,(E) increases al-
most linearly up to the highest experimental energy
with no leveling off at 24 (or 20) electrons/unit cell
as might be expected. This is a consequence of
further d or p transitions commencing at 9 eV in
MQ86 Rnd 10 6V ln MQS. It 18 not possible to dis-
tinguish between d- and p-electron excitation from
R plasma oscillation analysis in the manganese
chalcogenides.

The highly damped plasma resonance indicated
at 11.5 eV in MQSe must be considered with some
caution. Small reflectance errors over broad
energy regions can sexiously affect the computed
optical constants and hence the optical energy-loss
function This conslderRtloQ 18 especlRlly 1IDpor-
tant in the present study where reQectometer in
age sample preparation was not accomplished.
Mn8 appears not to display a similar structure,
although Huffman and %'ild'8 data extend only to 14
eV, so perhaps the resonance is yet to come. The
resonRnce wRs R persistent effect whlcIl RppeRred
in all of the calculated results of the better Mn8e
samples and so it is assumed to be a real phenom-

stant in the energy range above E, 5x,(E). Hence,
the effective number of electrons participating in
the collective plasma oscillation may be computed.
For the 8. 1-eV resonance in MnSe, one obtains
n, « = 23.4 electrons/unit cell and for the 9. 5-eV
resonance in Mn8, one computes n, «=17.2 elec-
trons/unit cell. These values for n,«are reason-
ably close to the electron concentrations expected
for either 4/8 or 3d' excitation, 24 and 20 electrons/
unit cell, respectively. Unfortunately, the crude-
ness of the analysis prevents a more quantitative
comparison. It is also interesting to look at the
effective number of free electrons in a given ener-
gy range as computed from the sum rule n, «(E):

E
n„,(Z) = (2m&, /we'I') f E'~,(z') dZ' .

ena. However, it would be desirable to perform a
fast electron loss experiment to verify the optical
electron losses reported here. From the scieened
plasma frequency relation, Eq. 14, one computes
for the 11.5-eV loss peak an effective electron con-
centration of 38.5 electrons/unit cell. This nearly
corresponds to the full p-d electron concentration
of 44 electrons/unit cell. Hence, we tentatively
ascribe the resonance to a screened joint resonance
of the 4p selenium valence electrons and the 3d
manganese electrons. One concludes that by 11.5
eV both the d Rnd p electrons have been excited. If
one RssuIQ68 that the RbsorptloQ from 2-8 eV 18 R

p - d "localized exciton, " then presumably the ab-
sorption centered at 10 eV is a consequence of elec-
tron excitation into the 4s state, perhaps 4p- 4s.
The 4p-4s gap is then -10 eV, which is about 50%
larger than band calculations indicate. ' The exci-
tation of the screening electrons is manifested in
the strong absorption at 15 eV. One could reason-
ably expect to see transitions from the deep-lying
selenium 4s and 3d levels in this region.

In NiO and CoO there are, respectively, 32 and
28 d electrons/unit cell. The d-electron concentra-
tion is significantly larger than the p-electron con-
centration in NiO. Calculation of the optical energy
loss function from a new phase-shift dispersion
analysis of reported reflectance data ' yields NiO
loss peaks at 7.8, 15.2, and, perhaps, -26 eV.
The position of the last peak is uncertain since it
ls very QeRx' to tI1611 high-energy dRtR limit. The
computed loss peaks in CoO are at 8. "I and 21.2
eV. The resonances at 7. 8 and 8. 7 eV in NiO and
CoO, respectively, are both highly damped and
highly screened. For these peaks, following the
screening analysis used for MnS and MnSe, one
computes 10.5 and 13.5 electrons/unit cell for
N1O RQd CGO. These VRlues R16 8lgnlflcRntly sDlRll-
er than the electron concentrations computed for
the lowest-energy resonances in MnS and MnSe.
These small values could be a consequence of ex-
citation of electrons from a hybrid valence band. '
However, the damping and screening of these reso-
nances is so strong that the crude analysis used
certainly cannot be relied upon to give quantitative
results. The higher-energy loss peaks in NiO and
CoG are screened relatively weakly; therefore,
the simple analysis here should be valid.

The loss peak at 21.2 eV in CoO is apparently
analogous to the MnSe loss at 11.5 eV, and corre-
sponds to the joint excitation of the 2p and 3d elec-
trons. One computes an electron concentration
for this screened resonance of 51.1 electrons/unit
cell which compares accurately with the known
p-d concentration of 52 electrons/unit cell. Ap-
parently, the tentatively identified resonance at- 26 eV in NiO is also to be identified with a joint
p-d excitation. For this resonance one computes
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an electron concentration of 51 electrons/unit cell
which compares reasonably well with the p-d con-
centration in NtO of 56 electrons junit cell. The
intermediate NiO resonance at 15.2 eV yields, upon
analysis, an electron concentration of 26. 8 e3.ec-
trons/unit cell. This concentration is only slightly
larger than the valence-band p-electron concentra-
tion, but it is not at all clear that the resonance can
be associated with excitation of the 2p valence band
electrons in view of the resonance of unknown origin
at lower energy.

The MnSe data and the analyses reported here
further emphasize the strong general similarity in
the optical properties of the antiferromagnetic in-
sulators MnO, MnS, NiO, and CoO. It is likely
that a single model can be applied to all of these
compounds to describe their electronic structure.
Many-body effects are undoubtedly important from
the absorption edge to probably the first reflectance

minimum. The nature of the excitations present in
this range is still not clear. In NiO and CoO it ap-
pears that electrons from states not directly cor-
responding to free ion states may be involved. A
more sophisticated analysis and interpretation of
the volume plasma resonances in these materials
may contribute additional information concerning
p and d electron excitation in various energy
regions.
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Third-harmonic generation in strongly absorbing media has been measured in reflection,
by means of a picosecond pulse train from a mode-locked Nd-glass laser. The nonlinear sus-
ceptibility X~3~(3') has been measured in the semiconductors diamond, Si, Ge, and GaAs, and
the metals Be, Mg, Al, Cu, Ag, and Au relative to LiF. The data are compared with data for
X

~ obtained in the infrared from frequency mixing with CO2 lasers. The different dispersion
characteristics for valence- and conduction-band contributions are pointed out. The cUbic an-
isotropy of X'3 (3+) in silicon and several alkali halide crystals is determined by means of
circularly polarized laser pulses. The selection rules for the generation of circularly polar-
ized third harmonics have been confirmed both in transparent and in absorbing media.

I. INTRODUCTION

Optical third-harmonic generation (THG) in
transmission was first detected by phase matching
in calcite by Terhune et al. ' They also measured
the susceptibility and anisotropy in LiF and other
alkali halide crystals. ~ THG in gases was observed
by New and Ward. ' They discovered that phase-
cancellation effects from focusing into a homogeneous
medium of infinite extent eliminate THG. Phase-
matched THG was achieved in a liquid by Bey
et al. by utilizing the anomalous dispersion due
to dye molecules placed in a normally dispersive
liquid. The same workers also observed THG in
reflection from the same dye-liquid combination
by achieving phase matching near the critical angle
for total internal reflection. ' Non-phase-matched
THG in reflection was observed by Wang and
Baardsen, who remeasured TH susceptibilities
for the alkali halides and glass. The first reflected
THG from strongly absorbing media was reported
by Bloembergen et al.

The observed signals are necessarily weak, since

they are generated by a higher-order nonlinear
polarization in the small absorption depth at the
third-harmonic frequency. The intensity of the
incident laser light must be high, and yet thermal
damage due to absorption cannot be tolerated. If
the medium is also strongly absorbing at the funda-
mental, the use of high-intensity picosecond laser
pulses is essential. In this paper more details on
the experimental method and more complete exper-
imental data are presented. The dispersion of the
nonlinear susceptibility in the absorbing frequency
ranges is of theoretical interest.

In Sec. II the pertinent theory of THG in reflec-
tion and transmission is briefly reviewed. Section
III describes the experimental techniques. In Sec.
IV we present the experimental results for some
semiconductor crystals of cubic symmetry, in-
cluding diamond, Si, Ge, and GaAs. The dispersive
behavior of X' ' is discussed and a comparison with
other data for X' ' obtained from frequency mixing
in the infrared is made. The influence of conduc-
tion electrons and surface preparation is inves-
tigated. In Sec. V the cubic anisotropy of X'" in


