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Infrared reflectivity and Raman scattering in GeS
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Zone-center optical phonons have been measured using infrared reflectivity and Raman scattering for single-
crystal, orthombic GeS. Using Kramers-Kronig analysis and oscillator fits of the reflectivity data, we have
determined the infrared-active TO and associated LO phonon frequencies, and dielectric constants for all three
principal polarizations, Group-theoretical analysis of the three-dimensional space group of GeS (D,'„) predicts
seven infrared-active phonons. Only six of these were observed. Raman measurements yielded an additional 12
zone-center phonons (in agreement with theoretical predictions). Despite the fact that GeS possesses a center
of inversion symmetry, many of the infrared and Raman modes are found to be nearly degenerate. This is
taken as evidence for the importance of the diperiodic layer symmetry (DG32, no inversion center) in

determining the vibrational properties of GeS. The ratios of various intralayer to interlayer force constants are
estimated and found to lie in the range 12:1 to 30:1.

I. INTRODUCTION

The preparation of good-quality, single-crystal
GeS was first reported by Yambumoto' in 1958
and there have been a few papers on the physical
properties of crystalline GeS since that time. ~"'o

Nevertheless, GeS remains the least studied mem-
ber of the group IV-VI semiconductors and, un-
til quite recently, remarkably little was known
about it other than its crystal structure, the ap-
proximate magnitude of the band gap, and the fact
that it exhibits photoconduction. This is perhaps
surprising, since GeS occupies a very interesting
position among the compound semiconductors. It
is one of the few compound semiconductors which
is easily produced in both crystalline and amor-
phous forms; it is the least anisotropic member
of the series of orthorhombic IV-VI semiconduc-
tors: GeS, GeSe, SnS, and Snye, "and, as will
be shown here and in a forthcoming publication, '2

it behaves as if it were in some sense an inter-
mediate case between the interesting two-dimen-
sional (layer-type) and three-dimensional crys-
tals. In the present paper, we report the results
of inf rared- ref lectivity and Raman-scattering
measurements on single-crystal GeS as a con-
tribution to the understanding of its lattice vibra-
tions. The emphasis in this paper will be on
experimental results, with theoretical interpre-
tation and a model for the l.attice dynamics being
deferred to a forthcoming publication. "

GeS is a semiconductor with a direct band gap
of E,=1.65, 1.737, and 1.744 eV at 300, 77, and
4. 2 'K, respectively. ' Although the magnitude
of the band gap appears to be isotropic, the ab-
sorption edge is highly anisotropic, being direct
allowed for E~~a and EI~c dixections, and forbidden
for Ellb. lt crystallizes in an orthorhombic (space
group Da„) structure with eight atoms per unit
cell and lattice constant;s'3'"'" a=4. 30 A, 5

=3.65 A, and c =10.44 A. This lattice structure
can be viewed as a distortion of the NaCl struc-
ture, the distortion being such as to form double-
layer planes perpendicular to the c axis. " Each
atom has three strongly bonded neighbors within
its own layer and three more distant (weakly bond-
ed) neighbors, one of which lies in an adjacent
layer. Because of the weak interlayer bonding,
QeS exhibits exceptionally easy cleavage perpen-
dicular to the c axis, leading one to expect that it
may show some features characteristic of two-di-
mensional or "layer-type" compounds. It is just
this question of the degree to which GeS exhibits
two-dimensional behavior in its lattice vibrational
properties that we wish to address in this and a
subsequent publication. '

It is well known"'" that a careful comparison
of the infrared and Baman-active phonon energies
energies can yield valuable information about in-
terlayer force constants in layer-type semicon-
ductors. Central to this analysis is the recog-
nition that there are two relevant symmetries in
the case of layer-type materials: the space-group
symmetry of the three-dimensional crystal, and
the diperiodic symmetry' of an individual layer.
We do not propose to give here a complete group-
theoretic analysis of the lattice vibrations in GeS,
but a brief summary of the main conclusions'
will prove useful in cataloging the measured pho-
nons.

The three-dimensional space group of the GeS
lattice is, as already mentioned, D&„., There is
a center of inversion symmetry in this lattice
(lying between the layers) so that one should ex-
pect the infrared and Raman-active phonons to
be distinct (nondegenerate). On the other hand,
the relevant diperiodic group (DG32 in Woods no-
tation'6-the diperiodic analog of the triperiodic
group Cav„) has no inversion center. Thus, to the
extent that the vibrational properties of GeS are
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dominated by intralayer forces, one should ex-
pect degeneracies or near degeneracies between
some of the infrared and Baman-active phonons,
with splittings depending on the strength of the
interlayer forces. In the present paper, me mill
classify the observed phonons in terms of their
three-dimensional symmetries. A factor-group
analysis of the group D~„reveals that, of the 21
optical phonons, 2 are inactive, 7 are infrared
active, and 12 are Baman active. Figure 1 sum-
marizes these phonons, their symmetries and the
experimental conditions necessary for their ob-
servation, and shows the compatability relations
which exist between phonons for the DG32 and

D» symmetries. "
Section II contains details of the experimental

measurements together with infrared and Baman
spectra. Section III contains a discussion of the
Kramers-Kronig analysis and oscillator fits nec-
essary to deduce phonon energies from the in-
frared ref lectivity, along with a brief discussion
of the infrared-Haman splittings. In Sec. IV, we
summarize our results and conclusions.

II. EXPERIMENTAL

A. SampIes

Details of the growth of the crystals used in
this study have already been published elsewhere. '
Briefly, polycrystalline GeS mas first synthesized
from high purity elemental Ge and S, and trans-
ferred to quartz ampoules which were evacuated
and sealed. No intentional dopants were added.
Crystals mere then grown by slow sublimation,
resulting in single-crystal ingots 1.V5 cm in di-
ameter and 4-5 cm in length. For measurements
involving c faces (i.e. , faces perpendicular to
the c axis' ), sample preparation was trivial be-
cause of the easy cleavage in this plane. All mea-
surements on c faces were made with freshly
cleaved surfaces prepared by simply peeling off
a 5-10-p. m layer with cellophane tape. The n

and b axes were located mithin a cleavage face
from conventional Laue photographs. Samples
intended for measurements on a and 5 faces mere
more difficult to prepare since these required
cutting and polishing perpendicular to the cleavage
planes. This mas accomplished by first cutting
the samples in the correct orientation using a di-
amond-impregnated wire saw, and then fastening
them to glass slides with epoxy prior to polishing.
In most cases, this prevented the samples from
falling apart during polishing. The polishing it-
self was done very gently, using aqueous suspen-
sions of A1203 on polishing cloths. Surfaces pre-
pared in this manner mere entirely adequate for
infrared ref lectivity measurements, although they
were visibly inferior to the mirrorlike cleaved
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faces. For the Baman measurements, it was
found advantageous to give the a and 5 faces a
final light polish with Syton' immediately prior
to measurement.

B. Infrared refIeetivity measurements,

Figure 2 shows the results of infrared-reflec-
tivity measurements at 300 'K in a frequency range
from 20 to 450 cm '. These measurements were
performed on a Polytec FIB 30 Fourier spectrom-
eter with a resolution of 2. 5 cm '. The spectra
for Ella and EI~b were taken on an oriented cleavage
face using a wire-grid polarizer which could be
rotated by 90' for recording the two spectra.
Owing to the large anisotropy of GeS, it is nec-
essary to perform this alignment quite carefully.
In the present measurements, we sam no trace of
the sharp 120-cm ' EIIa resonance when recording
the E~~b spectrum. The spectrum shown for EIIc
mas taken on a polished a face. As a check on
the quality of this face, we also recorded the
EIIb spectrum and found it to be identical to that

FIG. 1. Diagram showing the relat, ions among phonons
for individual layers and three dimensional crystals of
GeS. The column on the left, labeled "Layer Symmetry"
assumes two adjacent but decoupled layers of Ges with
diperiodic symmetry (Ref. 16) DG32. Degeneracies
given in this column are per layer. In. the presence
of interlayer coupling, the phonons are split as shown and
labeI. led in accordance with the GeS space group D&&.

The optical activities N for Baman and ir for infrared)
of these phonons and experimental conditions necessary
for their observation. are shown on the right-hand side.
The vertical scale is not intended to represent an order-
ing ln energy,
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FIG. 2, Experimental reflectivity of GeS in all three
principal polarizations from 20 to 450 cm ' at 300'K.
The arrows at the right-hand side indicate the final values
of reflectivity reached at 4000 cm

recorded on a cleavage face. Thus, the somewhat
inferior quality of the polished surface presents
no difficulties at these long wavelengths.

In accordance with the group-theoretical pre-
dictions (see Fig. 1), we observe reststrahl peaks
corresponding to one TQ phonon for Ellb and three
TQ phonons for E~~c. In the Ella polarization,
however, there should again be three TQ phonons
whereas we observe only two clearly resolved
peaks. An extensive search was made for the
"missing phonon" by performing repeated reflec-
tivity measurements for several different samples
at room temperature and one sample at 77 'K. In
addition, we pe rform ed trans mis sion measure-
ments over the 20-450-cm ' range. In no case
did we find any clear evidence of the third phonon.
Preliminary model calculations for the lattice
dynamics of GeS indicate that this phonon should
lie in the 150-cm ' range. If this is the case,
then it must have an extremely small oscillator
strength. We feel it is more likely that there
are two phonons contributing to the 250-320-cm '
peak and that, either these phonons are nearly
degenerate, or one of them is quite heavily damped.
This point will be discussed further in Sec. III.

In order to obtain better values for e„ from our
Kramers-Kronig analysis, the ref lectivity mea-
surements were extended to 4000 cm ' (X=2. 5 p. m)
using a Perkin Elmer Model 180-grating spec-
trophotometer. The ref lectivity in the 450-4000-

C. Raman measorements

Raman spectra were taken at room temperature
using the back-scattering geometry. A Spex
Triple monochromator, equipped with standard
photon counting electronics, was employed to
measure the phonon frequencies. Neon emission
lines were used to calibrate the systems to within
0. 5 cm '. The symmetries of the modes were
determined from polarization selection rules and
measured on both cleaved (c) and mechanically
polished (b and a) samples prepared as described
in Sec. IIA. The observation of minimal Rayleigh
scattering, even at 10 cm ' away from the laser
line, indicated the good quality of the polished
surfaces.

The 6471-A line of a Kr' laser was used as the
excitation source for all measurements reported
here. Qwing to the high absorption coefficient of
GeS at this wavelength, the scattering volume
was very small and our Raman intensities were
therefore weak. Nevertheless, the photon- count-
ing system was sufficiently sensitive to allow us
to measure the Haman spectra with adequate sig-
nal-to-noise ratios (better than 2:1 in the worst
case, and approximately 10:1for the stronger
lines).

The Haman spectra of GeS are presented in
Fig. 3 for various scattering geometries. The
notation X(YZ)X indicates the incident direction,
polarization vector of the incident and scattered
photons and direction of the scattered light, re-
spectively. By comparison of Figs. 1 and 3 it is
seen that 12 Raman-active phonons (4A, + 2B„
+4B„+2B,, ) are predicted on the basis of the

Da„symmetry and exactly 12 modes were observed.
Two mode symmetries, A, and B„,were mea-
sured on a cleaved c face. Although one would
expect the four A, modes to appear in any parallel-
parallel polarization configuration (diagonal matrix
elements in the Raman tensor), it was found that
two measurements were required to determine all
four modes. This is indicative of the inequality
of the matrix elements of the Raman tensor. For
the remaining two symmetries, B~, and B3„ the
b and a polished faces, respectively, were used.

III. ANALYSIS AND DISCUSSION

A. Kramers-Kronig analysis and oscillator fits

Assuming constant ref lectivity below 20 cm '

and above 4000 cm ' a Kramers-Kronig integration
was performed giving the phase angle of the com-
plex ref lectivity. The optical constants were then
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calculated by inverting Fresnel's formula for re-
flection. Figure 4 shows the real part &„and
imaginary part c~ of the complex dielectric func-
tion e versus frequency from 0 to 500 cm ', as
obtained from the Kramers-Kronig analysis. Bar-
ker ' has emphasized the dangers and difficulties
of associating particular st ructural features in c,
and cz with phonon energies in cases where the
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Kramers-Kronig analysis of the ref lectivity spectra
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phonons a,re closely spaced and/or heavily damped.
For present purposes, we adopt Barker's approxi-
mation ' and assume that the maxima in the e~
spectra occur at the TO phonon frequencies and
the above-resonance (positive slope) zero crossings
of c& occur at LO phonon frequencies. For the
E~Ic polarization, there are two resonances for
which &, exhibits no zero crossings. In these
cases, no truly longitudinal vibrations exist.
Nevertheless, we have estimated where the zero
crossings uould occur if the damping were lower,
thereby obtaining approximate LO frequencies.
Using these definitions, the TO and LO phonon
frequencies are tabulated in Table I along with
values for the static and high-frequency dielectric
constants, eo, and e„. The values given for g„
are the v =4000 cm ' values of z, .

. B. Oscillator fits

l I I I

$0 200

WAVE NUMBER (cm-&)

I

300

Starting with the TO f requencies obtained f rom
the Kramers-Kronig analysis, an oscillator model
was constructed using the following expression for
the complex dielectric function:

FIG. 3. Experimental Raman spectra for GeS Bt
300'K. The notation x(y, z)x indicates the incident direc-
tion of the exciting radiation, the polarization of the in-
cident and scattered photons, and the direction of the
scattered radiation. , respectively.

J J

where ~, , S&, and y, are, respectively, the po-
sition, strength and damping of the jth oscillator.
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TABLE I. Phonon en.ergies and dielectric constants
for GeA as determined from a Kramers-Kronig analysis
of the infrared reflectivity from 20 to 4000 cm ~.

phonon energies are given in cm ~. Two of the LQ pho-
nons for E II c are enclosed in parentheses to emphasize
uncertainties in their values as discussed in the text.

TG)
LGg

TO2
LGp

TQ3
LQ~

117.5
123.5

25. 1
14.8

E lib

201, 0
298. 0

Elle

105.0
107.0

237. 0
/75. o)

280. 0
(320. O)

30.0
10, 0

Oscillator parameters were chosen to obtain the
best agreement between calculated and experimen-
tal ref lectivities, with the sole constraint that the
& values should remain as close as possible to
the TO frequencies given in Table I. %e did not
have access to a least-squares optimization pro-
gram and the adjustment of parameters was done
manually with the aid of a minicomputer equipped
with a plotter which allowed us to plot calculated
ref lectivity curves as "overlays" on the experi-
mental data. The fits which were obtained are
shown in Fig. 5 and the corresponding oscillator
parameters are given in Table II. Each of the
ref lectivity fits will now be discussed individually

in greater detail.
For Ella the agreement between experimental

and calculated ref lectivity is quite satisfactory.
It is noteworthy that this fit was obtained with only
two oscillators despite the fact that three infrared-
active phonons are predicted for this polarization
by group theory. Equally good fits were obtained
with a three-oscillator model, but only when ex-
treme values were chosen for the parameters of
the third oscillator (very low oscillator strength,
strong damping, or near degeneracy with the sec-
ond oscillator). In no case was a three-oscillator
fit better than the two-oscillator fit shown in Fig.
5. By comparing Tables I and II it is seen that it
was not necessary to change the oscillator ener-
gies from the values obtained from the Kramers-
Kronig analysis, but there is a slight disagree-
ment in the values for &0 and e„.

For E lib the agreement between experimental
and calculated ref lectivity is again quite good. In
this case, the best over-all agreement was ob-
tairied when the oscillator position was shifted to
205 cm instead of being kept at the position in-
dicated by the Kramers-Kronig analysis (201 cm ).
It would appear, from a casual inspection of Fig.
5, that the fit in the 400-500-cm ' range could be
improved by simply lowering the assumed value
for &„and raising the oscillator strength slightly
to keep the ref lectivity at lower frequencies from
falling. This results in a very rapid degradation
of the fit in the neighborhood of the reststrahl
peak, however, and a worsening of the over-all
fit. Similar comments apply to other small vari-
ations of the parameters which were attempted in
the final stages of the fitting process.

The fit shown in Fig. 5 for Elle is substantially
worse than those for Ella and Ellb. This result
could have been anticipated from the &, and &~

spectra obtained for Elle portion of Fig, 4 shows

~ 05

~~~,0
0
lLl
IX 117.5

257. 5

Eil b
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TABLE II. Parameters used in the oscil, l,ator model
for calculating the GeS ref lectivity curves shown in Fig.
5. Frequencies, oscillator strengths, and damping con-
stants are all expressed in units of cm ~.
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160.0
695. 0

790. 0 200. 0
630.0
160.0

FIG, 5. Oscillator fits for the ref lectivity spectra
shown in Fig. 2 assuming independent oscillators with
constant damping. The solid lines were calculated using
the oscillator parameters given in Table II, and the
points were taken from the experimental curves in Fig.
2.

1, 0
5. 0

22. 7
13.5

7.0
7.0
5. 0

20. 9
10.0



J. D. WILEY, Vf. J. BUCKE I, AND R. I . 8 CHMIDT

TABLE III. Frequencies (in cm ) of Raman-infrared
doublets which have been split in accordance with the
predictions of Fig. 1.

R (kg) ir (8)„) R (B3g) ir(B)„) R (B2g) ir (B3„)

269
238
111

258 212
( )
118

201 242 280
132 238
114 105

C. Comparison of infrared and Raman mode frequencies

We are now in a position to compare the infrared
and Raman-frequencies and discuss the implica-
tions of our data. in terms of interlayer force con-
stants. Returning briefly to Fig. 1, it is seen
that the introduction of interlayer coupling gives
rise to three low-lying, Rama, n-active phonons,
1Ag+1B~g+1B3g, which can be identified as rigid-
layer modes"' in which individual layers move
against each other as units. In the present case,
we can make the following identification: The A,
and B,g phonons are shear modes in which adja-
cent layers move parellel to one another in the a,

and b directions, respectively, and the B~, pho-
non is a compressive mode in which adjacent lay-
ers vibrate against one another in the c direction.

that the resonances in &, are extremely asymmetri-
cal, and that Qy remains essentially flat between
the first two resonances. This is quite unlike the
behavior of simple independent oscillators, and
leads us to conclude that a more sophisticated
model (including frequency-dependent damping
and coupling between the upper two oscillators) is
necessary if better fits are to be obtained, Con-
cermng the upper two oscillators in the Elle po-
larization, another point should be noted: The
best over-all fit was obtained when the second os-
cillator had a normalized oscillator strength of
S2 = Sf~2 =630/237. 5 = 2.653. Comparing this
with the second oscillator of the E~~a polarization
(for which S2=695/257. 5=2.699) one sees that
these two oscillators are nearly identical. Thus,
if it were not for the presence of the third oscil-
lator ~3 in the E tie polarization, the (d, oscillator
would cause a reststrahl peak nearly identical to
the one seen for Ella. In particular, the u~ rest-
strahl peak wouM, by itself, extend to about 300
cm '. The sha. rp dip in ref lectivity seen at 275
cm ' is therefore not due to a coincidence between
the ending of the ~z peak and the beginning of the
~3 peak. Rather, it is caused by a partial can-
cellation between the negative e, of the ~~ oscil-
lator and the positive &, of the ~3 oscillator. This
point is mentioned simply to reemphasize the dif-
ficulty of determining I 0 phonon frequencies when
the oscillators are so closely spaced that the e,
resonances begin to overlap.

TABLE IV. Values obtained for the frequency-
splitting parameters of Eq. (2) for 4 pairs of Baman-
and infrared-active phonons. The observed phonons with
frequencies of v, and v would be degenerate, with fre-
quencies vo, in the absence of interlayer coupling. The
final column (vaja) is a rough measure of the ratio of

7

intralayer to interlayer force constants for each pair
of chonons. All frequencies are given in cm '.

Splitting

Ag-B)„
B3g-B
B(„-A.g
B2g-Bsu

269
212
118
114

v

258
201
ill
105

264
207
115
110

(1 0/&)'

24
19
16
12

From Fig. 3, the frequencies of these three rigid-
layer modes are seen to be v(A, ) =46, v(B„)=55,
and v(B2, ) =76 cm '. Since the force constant of a.

classical oscillator is proportional to the square
of the resonant frequency, these three frequencies
can be used directly to adjust the interlayer force
constants in a dynamical model. Again, referring
to Fig. 1, it is seen that the interlayer intera. ction
also causes splittings in the higher-energy modes
such that for small splittings'

2 + ~2)1/2

where vo is the frequency in the absence of inter-
layer coupling and ~ is the shift caused by coupling.
Table III contains the seven appropriate pairs of
infrared and Raman-active phonons for convenient
comparison of their splittings. In one case (the
"missing" infrared-active phonon in the Elia po-
larization) no comparison is possible. Of the
remaining six pairs, four show relatively small
splittings (7-11 cm ') and two show splittings
which are too large to be treated as perturbations.
Following Zallen, ' we can use Eq. (2) to esti-
mate the ratio of intralayer to interlayer force
constants. One expects that the values of 6 ob-
tained from the splittings should be of the same
order of ma. gnitude as the rigid-layer mode fre-
quencies reported above, and that the force-con-
stant ratio should be given approximately by (vo/
A)'. Table IV shows the results of this sort of
analysis obtained for the four weakly split pairs of
phonons. Without specific knowledge of the eigen-
vectors for each vibrational mode, it is not pos-
sible to make detailed comments concerning these
splittings or the strong splittings of the other two

Bgg B3„pairs . Neve rthele ss, a few qualitative
observations are of interest. Consider the upper
two pairs of phonons in Table 1V (A~ —B,„and B„
—Bz„). These are the highest-energy phonons a.nd

ca,n thus be safely identified as two of the "NaCl-
type" vibrations in which the Ge and S sublattices
vibrate against one another. For these two cases,
it is seen that ~ does, indeed, agree with the rigid-
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layer mode frequencies, and that the force-con-
stant ratios are quite large (approximately 20:1).
A force-constant ratio of 20:1 is certainly consis-
tent with the exceptionally easy (001) cleavage of
GeS, but is still small compared to the ratios ob-
tained for many other "layer-type" compounds.
Thus, for example, Zallen et ol. ' estimate (us-
ing the same "frequency-ratio" criterion as used
here~ ) that the force-constant ratio in As28, is
about 100:1.

Taking a slightly different approach, we can use
the rigid-layer mode frequencies to estimate the
ratios of specific force constants. Using the a di-
rection as an example, the rigid-layer shenr mode
in this direction has a frequency of 48 cm '. In
the absence of interlayer coupling, the highest-
frequency intralayer vibration in the a direction
would be 264 cm '

(vo from the top line of Table IV).
This gives a force-constant ratio of (264/46}2 =30.
Similar reasoning for the 5 direction gives a ratio
of (201/55}'=14. Because of the large splittings
in the c direction, it is difficult to define an un-
shifted frequency for the intralayer vibrations.
Taking 260 cm ' as an average value, we obtain
a ratio of intralayer to interlayer compressive
force constants in the c direction of (260/76) =12.

IV. SUMMARY AND CONCLUSIONS

We have reported the results of infrared-re-
flectivity and Raman-scattering experiments for
single-crystal GeS at 300 'K. These measure-
ments enabled us to determine the q =0 phonon
energies of 18 of the 19 optically active phonons
predicted by group theory. Our failure to observe
the remaining phonon (one of the 3B,„phonons;
infrared active for E ~la remains a puzzle for which
we have no satisfactory explanation. It was shown
that certain pairs of the infrared- and Raman-ac-
tive phonons would be degenerate in the absence
of interlayer coupling, and the relatively small

splittings between many of these pairs indicates
the importance (though not necessarily the domi-
nance) of layer symmetry in determining the lat-
tice vibrations in GeS. Crude estimates were
given for the ratios of various pairs of intralayer
and interlayer force constants, yielding values in
the range 12:1-30:1. These values are a factor
of 2-5 times smaller than corresponding estimates
for other layer-type compounds, such as As~S„
As, Se„MoS„and GaSe. "'"'" We therefore sug-
gest that it is perhaps not appropriate to classify
GeS as a truly layer-type compound but, rather,
to consider it an intermediate case between layer-
like and three-dimensional crystals. In this re-
gard, it will be very interesting to study the group
IV-VI isomorphs of GeS: GeSe, SnS, and SnSe,
all of which should be more anisotropic (layerlike)
than GeS. " The extent to which GeS exhibits
three-dimensional behavior in its electronic prop-
erties has been discussed by Venghaus and Buch-
ner ' who performed electron energy-loss mea-
surements and found no anisotropy in the e2 spec-
trum above 3 eV. This is in qualitative agree-
ment with absorption measurements of Wiley
et a/. ' which showed extreme anisotropy in the
imm. ediate region of the band gap but less anisot-
rophy at energies above 2 eV.
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