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e infrared-active lattice vibrational modes of GaS and GaSe were studied
n the range 50—500 cm ™" . The previously observed single reststrahlen

d is found to be split into three peaks in the appropriate experimental
figurations. The existence of two doubly degenerate infrared-active £

s in both crystals is explained by breaking of symmetry selection rules
oa h.igh number of stacking faults. Based on this conclusion, a new
gnment is given to some of the modes and correlation is drawn between
 zone-center vibrational frequencies in the two crystals. A simple scaling
tor is found to relate most of the modes.
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of Ga$ as B-GaS hereafter). e-GaSe also has tw
per unit cell but has Dy, symmetry, while 'y:'l
a very rare modification with rhombohedral §
and three layers per unit cell. 6

Lattice vibrations of these two crystals ha
extensively studied during recent years by
Raman scattering and far infrared measure
These studies have aimed at answering sev
The first aim was to elucidate the problem o
crystal structure of GaSe by assigning the s
of the g = 0 modes. The second was the natur
the weak interlayer forces, and the third
extent to which these compounds can be co -_'
to be two-dimensional crystals. However, due
difficulties in crystal growing only thin pl
single crystals were available. This resulted i
experimental disadvantages. In the far infrare
no spectra were taken with the electric field @
incident light polarized parallel to the ¢ axis.
Raman measurements, an unambiguous deter
of the mode symmetries is not complete beca
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leakage of scattering intensity inte owed polar-
izations. This is especially true for tl bly degener-
ate £ modes for which much contrﬁﬁy persists
about the assignment of the modes and their origin.
Mos. of these problems are resolw by examining
the polarized far infrared spectra of large single crystals
of GaS and GaSe.*® This study enabled us to clarify
the assignments of all the reported Rman and i.r.
modes.

2. SYMMETRY CONSIDERATIONS

The coordination numbers of the gallium and
selenium atoms in a single layer are four and three,
respectively. The layer unit cell contains four atoms
and in the D3;, symmetry of the indiv I al layer the
division of the 12 long-wavelength nﬁﬁﬂ modes of
vibration is:®

24, +24% +2£' +2E"
of which 4," + E' are acoustical modes.

The crystalline structure may give rise to a small
splitting of each intralayer frequene two as a result
of the interaction between the two | in the crystal
unit cell.** These Davydov doublets are very closely
spaced in; for example, the As, S5 and As, Se; layer
crystals.™ In the case of the two modifications of
GaS(Se) crystals this Davydov splitt geurs in two
different ways, as presented schema in Fig. 1.

The symmetries of the 24 vibrational modes of the
B-De, modification at the Brillouin zone-center are:

[ = 24,, + 24y, + 2By, + 2By + 2B, + 2F,, +
2E28 + ZEZH ]

(with 4,, + E;,, as acoustical modeg.} ,

For the e-D5;, structure the res%ﬁmply:
I' = 44, + 44, + 4E'+4E"

where A," + E' are symmetry types ggg,;u: acoustical
modes.

The two structures exhibit a mm difference
in the selection rules The presence qﬂ% ersion sym-

aaﬂh E' layer mode show a different la;haﬁbur in the
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FIG. 1. Symmetry selection rules and the splitting of
the layer vibrational modes in different crystal struc-
tures of GaS(Se). The polarization selection rules
for the Raman (R) and infrared (ir) modes are given
in parentheses; i.a.: inactive.

two symmetries. Both are Raman and infrared active
in the D3y, symmetry whereas one is Raman active
and the other infrared active in the Dgj, structural
symmetry. A closer look at the symmetry divisions
of the E'(Ey, + E4p) and A5"(A2, + Byg) normal
modes for both structures and their relations to the
layer structure reveals that at high energies we expect
only one Davydov doublet for each of the A,” and the
E' layer modes. The resulting additional crystalline
A" and E' modes are derived from the layer 4, +E'
acoustical modes and are rigid layer modes located at
very low energies.}® Thus, the comparison of the
Raman and the infrared E'(E,, + E,,) modes may
serve as a probe for identifying the crystalline structure
In the D¢y, symmetry we expect to observe in the '
higher energy (above 50 cm™!) infrared spectrum only
one E;, mode(polarized | C) and one4 ,, mode
(polarized !} C). In the D3, structure two E' modes
(LC) and two A, (|| €) are expected. However, in
practice the closely spaced Davydov doublets are not
expected to be resolved in infrared reflection spectra
and both structures should have similar spectra.

3. EXPERIMENTAL

The crvstais used in this work were htained from
both Bridgman'? anu woulioe traaspurt proce esses. The
indine transport grown Crysials we n.!\- ts with
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polarization is incomplete in most spectra but
serves to clearly demonstrate the existence of*
three modes. The Davydov splitting of the 43"
mode is inaccesible. It might be stated here th
existence of the high energy £ mode is also
the fine structure of the i.r. spectra of the iod
port grown platelets. The high resolution sp:
the only available configuration (E 1 C) reveal
sharp dip at 336.5 em ™" for GaS and a slope ¢
tinuity at 246 cm™*! for GaSe, the latter can b
observed also in the data of Wieting and Verb

A computer oscillator fit program to the J
spectra fails to give satisfactory results as it te
fit the band to a single oscillator with a transy
frequency of the lower £ mode and suppres
higher two oscillators. The fit was done the
trial and error, using the Kramers—Kronig anal
of a spectrum taken with £ polarized at 45°
¢ axis to obtain initial values for the paramet
is the reason for the relatively large errors give
some of the parameters in Table.1. The separ:
of the two E modes in these two crystals is to
to account for by the interlayer splitting. 18
it can be concluded that the weak E mode at
in GaSe (340 cm™ in GaS) is originated fron
rigid-layer mode by breaking of symmetry rul
to stacking faults. These faults are known to
in both crystals®® and reduce the local symm
Cs,. The E modes are allowed in both the Ra

to the present measurement the results obtai
Raman scattering,” ~12 we are able to presen
plete assignment for the zone centervibra
of GaS and GaSe based on their intralayer or
is given in Fig. 3 together with the scaling rell
of the frequencies. The simple scaling betwee
of the lines may serve as an additional suppo!
present assignment.

5. CONCLUSION

The far infrared spectra of GaS and
crystal has been investigated in the 50—500
region. This first observation of polarized sp
the electric field of the incident light polarii
parallel to the ¢ axis enabled us to resolve th
reststrahlen band into three modes. One out
and two in-layer doubly degenerate £ modet

£
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Table 1. Oscillator parameters
strength, and damping cons
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ed active modes in GaSe and GaS. v;, $i and vy; are the oscillator
ted error for the frequencies in 2 cm™ unless otherwise stated,

estimated error for s; and v, is 2 B modes and 10% for the A, modes
IUMt ‘GBS GaSe GaS
ayer S i
symmetry M‘u ' 5; Yi Vi ! 5 Vi
E' 215%et: 2.6 0.02 294 25 0.005
E" 241’%1 0.05 - 3404 0.08 0.01
A 0.01 318 0.7 0.03
found that the existing controversy about the
v(Ga slel v (Gu_ls) ment of the doubly degenerate vibrational modesis
Hem™ w7 a result of the breaking of symmetry selection rules
L B o due to the high number of stacking faults in both
252 crystals. A complete new assignment and correlatior
E"Q 340 between the vibrational modes is given which showss
e simple scaling relation.between the frequencies of mg
A; 236 38 of the modes similar to those found in two other
isomorphic layer compounds As, S; and As, Se;.1®
e/ i REA A more detailed account of the symmetry properties
Nz 292 and current results of some Raman measuremeénts
: which are now in progress will be published elsewhere
Ay 135 188
E' &0 74
Aj— 37
E'd-19.5 2.5 Hy

FIG. 3. Frequencies and assignme
phonons of GaSe and GaS. The ¢
only on layer symmetry. The
between the corresponding mo

® N AW

ac

one center Acknowledgments — We wish to thank M. Hayek and
nt is based Dr. O. Brafman for introducing us to the problem and
relations supplying some of the crystals used in this research.

given. We are indebted to Dr. R. Zallen for some helpful
v discussions.

g REFERENCES
HAHN H. and FRANK G., Z. Anorg. Allg. Chem. 278, 340 (1955).

SCHUBERT K., DORRE E. and KLUGE M., Z. Metallk. 46, 216 (1955).

JELLINEK F. and HAHN H.,Z Naturf. B16, 713 (1961).

LEUNG P.C., ANDERSON G., SPITZER W.G. and MEAD C.A., J. Phys. Chem. Solids 27, 849 (1966).
WRIGHT G.B. and MOOR A., Bull. dm. Phys. Soc. 11, 812 (1966).

KURODA N., NISHINA Y. and FUKUROI T., /. Phys. Soc. Japan 28, 981 (1970).

WIETING T.J. and VERBLE J.L., Phys. Rev. BS, 1473 (1972).

WIETING T.J., Solid State Commun. 12, 937 (1973).




CRYSTAL STRUCTURE OF GaS AND GaSe

\FMAN O. and LIETH RM.A., Phys. Rev. BS, 2772 (1973).
J.P., MEIXNER A E. and KASPER H.M., Solid State Commun. 12, 1213 (1973).
FF R.M., CLAYMAN B.P. and BROMLEY R.A., Solid State Commun. 13, 1531 (19
nd VOITCHOVSKY J.P., Solid State Commun. 14,757 (1974).

L., MANCINI AM., and RIZZO A., . Crystal Growth 16, 183 (1972).
LADE M.L. and WARD A.T., Phys. Rev. B3, 4257 (1971).

LADE M.L., Phys. Rev. B9, 1627 (1974).

DOVE D.B. and MOOSER E., Helv. Phys. Acta 34,373 (1961). -




