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AND TRIGONAL SELENIUM#¥

P. J. Carroll and J. S. Lannin

Department of Physics
The Pennsylvania State University
University Park, Pennsylvania 16802 USA

Second order Raman scattering measurements in
monoclinic and trigonal Se indicate differences
in the phonon density of states for high fre-
quency optic modes. The increased frequency

and band shape changes in monoclinic Se arise
from the absence of interchain coupling present
in trigonal Se. The existence of a peak in mono-
clinic Se at 220 cm~! is consistent with weak
ring-like excitations in amorphous Se, whose
primary spectrum is related to trigonal Se.

I. Introduction

Of basic interest to the lattice dynamics of two-fold coordinated
solids, which include Te, Se and S, is the relative role of inter-
unit versus intraunit bonding, where unit refers to either rings or
chains. 1In amorphous Se and Te, for example, it has been suggested
that an increase of the high frequency phonon states relative to the
trigonal, chain associated phase is a consequence of weakened inter-
chain coupling and corresponding increased intrachain bonding [1,2].
Similarly for ring associated crystalline Se and S materials it has
been suggested that the dominant bonding is within rings, given the
large Inter-ring distances, which imply molecular systems with van
der Waal coupling. In this study a comparison of the phonon spectra
of monoclinic (m-) and trigonal (t-) Se is made using second order
Raman scattering as a probe of the one phonon spectrum. This rela-
tion between the second order spectra and the one phonon density of
states is possible under conditions of predominant overtone scatter-
ing and weak frequency dependent coupling parameters for the bands of
interest. For elemental group IV and V semiconductors these condi-
tions have been observed to be essentially satisfied [3,4]. A recent
second order study in Te also suggests these conditions hold for high
frequency optic modes of interest here [5].

While m-Se has not been previously studied using second order
Raman scattering, earlier work on t-Se interpreted the spectra in
terms of 2k = 0 processes [6], in contrast to the present analysis.
Recent time of flight neutron scattering measurements [7] in poly-
crystalline t-Se are shown below to imply the present overtone anal-
ysils. Furthermore, the higher resolution Raman spectrum indicates ad-
ditional structure in the phonon spectrum of t-Se at high frequencies
not observed 1in neutron studies. A comparison of the corresponding
m-Se spectra is shown to indicate differences in the vibrational
spectra of the chain and ring derived Se phases which are also rele-
vant to the structure of amorphous (a-) Se. In particular the spec-
tra are consistent with the predominance of chains in a-Se [8,9].
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II. Experiment

Raman scattering measurements were performed at room temperature
in the backscattering geometry using 7525 A Kr laser radiation and
a Spex third monochromator system. Polycrystalline t-Se and m-Se
samples and a small unoriented single crystal of m-Se (a form) were
employed. No polarization analysis of the scattered light was per-
formed as similar spectra were observed from both single crystal and
polycrystalline m-Se.

III. Results and Discussion

In Fig. (1) the room temperature second order Raman spectrum for
m-Se is shown. The dashed lines indicate the wings of the first
order peaks which are ~50 - 100 times more intense. The vertical
arrows in Fig. (1) indicate twice the frequency of the k = 0 Raman
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Fig. 1. Second order Raman scattering from m-Se(o) at 300 K: The
dashed curves indicate wings of the first order spectra while the
vertical arrows correspond to twice the frequency of first order

k = 0 Raman modes

modes. Above ~35 cm~ ! the observed first order spectra are similar
to that obtained by Mooradian and Wright (MW) [10], however, addi-
tional first order peaks are observed at low frequencies at 16 cm™?,
26 cm~?! and 32 ecm™!. The corresponding t-Se second order data for
the entire spectral range, which are not shown here, is similar to
that reported by MW at low temperature. The latter spectrum was
interpreted by Lucovsky et al. [6] in terms of 2k = 0 processes, while
Geilck and Schrdder [11] considered a combined density of states pic-
ture. Recent inelastic neutron scattering measurements [7] in t-Se
by Gompf indicate, however, that the major second order Raman peaks
are to be associated with predominant overtone scattering.

For purposes of discussion the second order spectra of Fig. (1)
may be divided into three spectral bands centered at ~180 em™?, 360
em~! and 490 ecm~!. The weaker band centered at 360 cm™! corresponds
to combination processes between lower and higher lying optic modes
and is similarly observed in t-Se and Te [5]. The other two bands
will be assumed in the following discussion to be predominately over-
tone in character, given the results in t-Se and Te. In contrast to
t-Se, the presence of low lying first order optic modes obscures
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observation of second order acoustic scattering features in m-Se.

Figure (2) focuses on a comparison of the highest frequency sec-

ond order band in m-Se with that of t-Se.
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Fig. 2. Comparison of the high fre-

quency second order Raman spectra

of m-Se and t-Se at 300 K: The
dashed curves indicate the estimated
background. Note that the frequency
scale 1s shifted by 20 cm™! between
the two spectra

Note that the onset of

the horizontal axes in Fig. (2)
have been shifted by 20 cm™!,
while the dashed curves are an
estimate of a monotonic back-
ground. The spectra clearly
indicate substantial changes in
the second order scattering
that imply appreciable changes
in the phonon density of states
under the assumption of pre-
dominant overtone scattering.
While the t-Se spectrum indi-
cates two peaks separated by

20 em~!, the m-Se spectrum also
exhibits additional features at
460 em~! and 520 cm~!, which
occur above and below the major
peaks. In m-Se the two major
peaks are shifted to higher
frequencies relative to t-Se

by ~34 cm™! This corresponds
to a first order density of
states shift of 17 em™!. This
decrease in the average fre-
quency of the highest phonon
band in t-Se 1s attributed to
the influence of interchain
interactions. The absence of

a corresponding strong inter-
action between rings in m-Se
implies that the bond charge
and corresponding first neigh-
bor interaction has increased.
This is quite analogous to the
suggestion in a-Se and a-Te
that the absence or reduction
of interchain coupling re-
sults in a shift of the high
frequency band to increasing
energies [1,2]. A comparison
of the first and second order
Raman spectra [12] of bulk a-
Se with the results in m-Se
indicates a similar shift of
the density of states relative
to t-Se.

The presence of two similar major peaks in the second order Raman
spectra of both m-Se and t-Se implies that their origin is not re-
lated to the two peak density of states of a model chain [13], but

is a consequency of two-fold coordination.

In contrast to m-Se, the

t-Se spectra do not indicate additional structure in the phonon

spectra at higher frequency.

This is attributed to the influence of

interchain coupling in the latter which results in a general depres-

sion of high frequency phonon states.

A similar trend is suggested

for Te, where interchain effects are further enhanced [5].
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At low frequencies the m-Se spectrum of Fig. (1) indicates major
peaks at ~162 cm~! and 220 em™! as well as weak structure between
180 - 220 cm~!. The major peak in m-Se at 220 cm~! occurs near to
twice the frequency of a weak feature observed in the Raman spectra
of bulk a-Se [8,10,14] and liquid Se [8]. This feature, which has
been attributed to rings [6,8,14] is thus consistent with the den-
sity of states peak in m-Se. An earlier analysis [6,14] assumed a
totally molecular dispersion for these modes in comparing the k = 0
spectra of m-Se and the density of states Raman peak in a-Se. The
present results more accurately confirm the consistency of this ring
assignment.

A comparison of the second order Raman spectra [12] of a-Se with
the results of Fig. (2) indicates much better agreement with the t-Se
spectra than that of m-Se. In particular, a broadening of the t-Se
spectrum and a shift to higher frequencies as expected for weaker
interchain coupling yields an excellent correspondence to the a-Se
results. In contrast, the high frequency peak in m-Se at 520 em™?!
does not have a corresponding feature in a-Se. This is consistent
with a recent analysis based on first order Raman scattering measure-
ments that concluded that chain-like configurations are the dominant
scattering entity in a-Se [8]. An exception to this behavior is the
weak. peak at 110 cm™! which the present results imply arises from a
small number of rings.
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