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The first- and second-order Raman scattering by phonons has been investigated in a-Sn as a function of
scattering photon energy. A resonant behavior of both first- and second-order processes has been found near
the E, + A, gap (~ 1.85 eV) and a resonance of the first-order process near E, (3.7 eV). The scattering by
2T" (O) phonons develops a peak near resonance in a manner similar to that found for Ge and Si. The resuits
are interpreted in terms of two- and three-band scattering processes.

I. INTRODUCTION

. The first- and second-order Raman scattering
(RS) in the diamond and zinc-blende structure
semiconductors has received considerable atten-
tion during the recent years. In particular, the
resonance behavior of the RS cross section in the
neighborhood of the E, and E, gaps was studied
for Ge,'™® 8i,* and InSb,>*® using cw dye lasers and
a number of ion-laser lines. The results have
been interpreted in terms of deformation-poten-
tial theory™?® and the electron-phonon and elec-
tron-two-phonon coupling constants have been de-
termined from these measurements. The second-
order RS spectra of the above-mentioned mater-
ials have been measured for several scattering
configurations, which enables the separation of
two-phonon processes of different symmetry (I,
T,,, and I'}). The main features of the second-
order spectra are consistent with the data of in-
elastic neutron scattering and of optical absorp-
tion.

Contrary to other tetrahedral semiconductors,
relatively few experimental studies have been de-
voted to the lattice dynamics of gray tin (a-Sn).
Here one should mention the works of Myers® and
Price et al.'° on inelastic neutron scattering, and
the work of Buchenauer ef al.,'* in which the Raman
frequency and its temperature dependence have
been determined.

The lack of data on the Raman scattering of gray
tin finds its explanation in the difficulties one
faces working with this zero-gap material. Be-
side relatively weak scattering intensity, due to
the high absorption coefficient («>10° cm™) in the
whole region where laser lines are available, con-
siderable difficulties come from the fact that «-Sn
is stable only below 13 °C. This makes practically
impossible any grinding and polishing of the sam-
ples and one has to use as-grown surfaces, the
latter giving rise to unwanted background origi-
nating from diffuse Rayleigh scattering. Addition-
ally, thc temperature limit restricts the maximum
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allowable incident laser power.

In this work, we report results of measurements
of the relative cross section for first-order RS in
a-Sn as a function of laser frequency in the 1.55-
3.5-eV range. At low photon energies a resonance
due to an intraband deformation-potential mechan-
ism at the E, and E, + A, gaps is seen. Above 2.5
eV, the cross section increases again as a result
of a resonance related to the E, gap (3.7 eV). The
second-order RS spectrum of a-Sn is relatively
simple and resembles that of Ge and Si. The ex-
perimental spectra are compared with calculated
two-phonon density of states'? and the energies of
several two-phonon critical points are determined.
A qualitative measurement of the second-order
resonance curve shows that two-band interband
processes are essential in this case.

II. EXPERIMENT

The Raman experiments were made in back-
scattering configuration on as-grown (111) sur-
faces of two single crystals of @-Sn. The samples
were mounted on the cooled finger of a liquid-ni-
trogen cryostat and the average temperature in the
scattered volume was controlled by measurement
of the ratio between peak areas of Stokes and anti-
Stokes components (although this may lead to big
uncertainties in the region of strong resonance!s).
When possible, the incident laser power was kept
at 100 mW. Under these conditions, the estimated
average temperature, ranged between 100 and
150 °K.

In our measurements we have used 22 discrete
laser lines of a 165 Spectra Physics Ar-ion laser,
a Spectra Physics 170 Kr-ion laser, and a He-Cd
laser. The scattered light was analyzed with a
Spex double monochromator by means of photon
counting. When the resonance was studied, the
scattering strengths were compared to CaF, in
order to provide a calibration for the spectral re-
sponse of the entire apparatus (the w* dependence
is also automatically removed by this procedure).
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The absorption and reflection losses, which occur
for the incident and scattered light, were also ac-
counted for by using the experimental data for the
optical constants of a-Sn, taken from the work of
Hanyu.'*

Since the second-order RS spectrum of @-Sn is
quite weak and its measurement is additionally
complicated by a strong background, long integra-
tion times between 100 and 600 sec/channel and
spectrometer scan speed between 0.05 and 0.002
A/sec were used. At such extreme conditions one
runtakes many hours and the differentpart of the
spectrumhad tobe taken several times toassure
against long-term drifts of the electronic system.

III. RESULTS AND DISCUSSION
A. First-order resonant scattering

The results for the resonance of the first-order
RS in @-Sn between 1.55 and 3.5 eV are shown in
Fig. 1. The matching of data points taken with dif-
ferent lasers is good. The most prominent fea-
ture is the strong decrease of the RS cross section
between 1.55 and 2.5 eV. No peaks or shoulders
are clearly pronounced in this region within the
uncertainty of the measured RS intensity. Above
2.5 eV, the scattered intensity increases again.
We have, however, only two points at higher en-
ergies and thus it is difficult to make any definite
conclusions about the exact line shape of this res-
onance.

To discuss the results of Fig. 1 we will use the
band -structure scheme of gray tin'® and will follow
the dielectrical approach developed earlier for®
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FIG. 1. Resonance in the Raman scattering of a-Sn
at liquid-nitrogen temperature. The positions of the
_ Ey, E;+Ay,and E, gaps is from Ref. 15. Curves
through the points were obtained from Eq. (1) with
d},0 =0 (dashed) and with d,/d$ o= — 3.5 (solid).
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FIG. 2. Band structure of o-Sn illustrating the posi-
tions of the E, E;+ A, E,;, Ej+ A, edges.

Ge and Si.

Although @-Sn is a member of the family of tet-
rahedral semiconductors, its peculiar band struc-
ture (Fig. 2) makes it a semimetal. The energy
gap E, is fixed at zero at all temperatures and
pressures. The next set of gaps is the E,-E, + 4,
doublet at 1.37 and 1.85 eV, respectively (at
200 °K). These gaps are attributed to transitions
between spin-orbit split valence (A;) and conduc-
tion (A,) bands along (111) directions. The initial
and final bands are nearly parallel, thus giving
rise to two-dimensional critical points in the com-
bined electron density of states. Three other tran-
sitions are also indicated on Fig. 2. These are
the doublet Ej—Ej+ A} (2.3-2.6 V) and E, (3.7 eV)
which have been seen as weak and strong peaks,
respectively, both in the reflectance'*!® and elec-
troreflectance.®

The quasistatic theory of the resonant RS has
been already successfully applied to interpret the
experimentally observed line shapes of RS cross
section vs photon energy for a number of diamond
and zinc-blende semiconductors.® In particular,
it was shown that for the E, and E, + A, gaps that
there are two main contributions to the Raman
tensor, namely two-band terms due to the modula-
tion of the gaps (A;-A,) by the phonons and three-
band terms corresponding to the coupling by the
phonon of the spin-orbit split valence bands A,.
The only independent component '}, of the com-
plex first-order Raman tensor is given by

V2x x5 1 dx 5>
d1_<_ﬁ_Al_d3,0+m%d1,o

hz 1/2
X W (1 +n5) (1)
where dz'o and d; , are the averaged one-phonon

deformation potentials, x* and x~ are the contribu-
tions to the complex scalar susceptibility x -
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FIG. 3. Deformation potentials of the A; (conduction)
and A3 (valence) band edges of InSb (Ref. 17).

=(€-1)/4rm of E,, and E, + 4,, respectively, a is
the lattice constant, ny the statistical factor, w,,
the phonon frequency, M the average atomic mass,
and N the number of unit cells per unit volume.
The cross section for the first-order RS is pro-
portional to w* multiplied by the square of the ex-
pression on the right-hand side of Eq. (1).

The first term in large parentheses of Eq. (1)
represents three-band contributions while the sec-
ond term gives the two-band effects. The line
shape and the relative weight of these two terms
depends both on the spectral dependence of the
complex susceptibility and the values of 43 ,, 47 ,,
and A,. Although the derivative dx/dw should be
strongly enhanced near E,, and E, + A, the mea-
surements on Ge and Si have demonstrated that the
Raman tensor is dominated by three-band terms.

We have used Eq. (1) to calculate the theoretical
dependence of the first-order RS cross section vs

photon energy in the case of gray tin. For estima-
tion of the average values of the deformation po-
tentials, the data of pseudopotential calculations
of Zeyher'” for InSb for the variations of d3,, and
d; , along [111] were available (Fig. 3). The cor-
responding deformation potentials for a-Sn should
be nearly the same. The dielectric constant was
taken from the works of Hanyu'* and Lindquist and
Ewald'®; the x* and x~ contributions being sepa-
rated in the manner suggested by Aspnes and Car-
dona'® (see Fig. 4). The two theoretical curves of
Fig. 1 were obtained with d3, ,/d5 ,= -3.5 eV, the
average value obtained from Fig. 3, (full line) and
d;,0/d, o= = (dashed line). In the latter case, we
simply neglect two-band contributions. The two
curves are nearly identical and fit well the experi-
mental points, which demonstrate the dominance
of the three-band terms in the resonant RS of gray
tin near E, gap.

Although consistent with earlier conclusions for
Ge and Si, the above result differs from the data
of Dreybrodt ef al.® for the isoelectronic InSb. In
that case, a relatively strong contribution of two-
band terms has been observed in the resonance of
TO phonons and the experimental points have been
fitted using the values d3,,/d;, o= -0.4 and d3,,/d;,
= -2.9 for scattering from (011) and (111) sur-
faces, respectively. There is no reason, how-
ever, for the deformation potentials to be surface-
dependent and to differ so much from the theoret-
ically estimated ratio in the case of a (011) sur-
face. Thus we believe that the two-band contribu-
tions in 1TO-phonon resonance near E, and E, + 4,
in InSb become important only due to sharp struc-
ture in x, i.e., dx/dw being strongly enhanced.
Such sharp structure may originate from exciton
transitions.?® Thus it could depend on the surface
being measured and should not be so strongly pro-
nounced in the case of semimetallic gray tin.

In view of the good agreement between the ex-
periments and the theoretical curve of Fig. 1, we
have tried to determine the value of the deforma-

FIG. 4. Dependence of
X"s x™,and x" —x" vs
photon energy of the of ¢-Sn
obtained from the data of
Ref. 14.
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tion potential d , of Eq. (1) (d;,,~0) by measur-
ing the scattering efficiency of @-Sn at 1.92 eV
with respect to that of silicon. The efficiency of
silicon can be obtained from the Raman tensor P,
calculated by Swanson and Maradudin® to be 19 A
at 1.92 eV. The excellent agreement between the
dispersion of P given by these authors and that
found experimentally* supports this value of P.
The scattering efficiency S of Si is found from P
with the expression®:

S=4P¥1+nphw*/a’Mwc*, (2)

w being the laser frequency and c the speed of
light. The scattering efficiency of a-3n near E,
+4, is obtained by replacing Eq. (1) into:

S=d?w?/c*. (3)

The measured scattering intensities I are re-
lated to the scattering efficiencies through??

I=[(1 =R)(1 —R)/(a, + a)n’]S, (4)

where R; and R, are the reflectivities for incident
and scattered radiation, «; and a the correspond-
ing absorption coefficients and », the reflective in-
dex of the scattered radiation (collection-angle
correction). We measure at 1.92 eV I, /I,
=0.04. From this value and using the optical con-
stants of @-Sn given in Ref. 14 and those of Si from
Ref. 23, we find S,_5,/Ss;=8.1. With this value and
the theoretical value of P for Si, Egs. (1) and (2)
yield d3 ,=18 eV for a-Sn, somewhat smaller than
the value expected from Fig. 3 (31 eV). A value

of dj ;=19 eV, also smaller than that predicted by
pseudopotential calculations (dj ;=37 eV) has

been recently measured for GaAs.?*

B. Second-order scattering

Figure 5(a) displays the first- and second-order
Raman spectrum of «-Sn for a laser wavelength
A=17525 A(1.65 eV) at a power of 150 mW. The
arrows indicate the two-phonon overtone critical
points, as derived from Ref. 10.

Figure 5(b) shows the calculated density of two-
phonon states taken from the work of Tubino et
al.'? In the latter work the valence-force potential
method has been used to obtain phonon-dispersion
curves fitting the experimental points of Ref. 10
(Fig. 6) and the calculations of g{w) have been per-
formed by a root sampling method using 5000 dis-
tinct q’s in one irreducible element of the Brillouin
zone (45 of the volume of the whole Brillouin zone).

There is a relatively good correspondence in
peak positions between the two-phonon density of
states and the second-order spectrum. In the ac-
oustical region we were able to resolve only a
structure at 108 cm™, which probably comes from
overtone processes at W and/or ¥ critical points.
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FIG. 5. Density of overtone two-phonon states of
a-Sn (Ref. 12) compared with the second-order Raman
scattering. Inset shows resonant enhancement of the
2T (0) scattering at 1.92 eV.

The structure above the first-order peak resem-
bles the second-order spectra of Ge and Si. At
230 cm™, a shoulder corresponds to the strong
peak in the two-phonon density of states. It should
be mentioned that a peak at that energy was found
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FIG. 6. Dispersion relations of a-Sn calculated in
Ref. 12 (the labelling of the TO and LO modes at
given in this reference is incorrect. We have accord-
ingly corrected it). Points are from neutron scattering.
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also in the phonon spectrum derived from inelas-
‘tic neutron scattering.® Basing ourselves on the

dispersion curves of Fig. 6, we could tentatively

assign this peak to phonon combinations X,(0)

+ X, (A).

The broad structure between 265 and 330
cm™ peaks at 280 and 315 cm™. The accuracy in
determination of peak position is not higher than
15 cm™. Here the contributions could come both
from overtone and combinations processes.

In the region between 360 and 400 ¢cm™ should
lay the structure due to two-phonon overtone pro-
cesses at the X, L, and I points. The position of
2L} (TO) peak was found to be 383+2 cm™. Al-
though the laser frequency is in the region of E,
resonance, the 2I" (TO) structure is less pro-
nounced than for the cases of Ge and Si. The exis-
tence of the shoulder at the double frequency of
the optical phonon at =0 is most clearly seen at
excitation with 6471 A (1.92 eV) laser line, closer
to the E, + A, gap [Fig. 5(c)]. This 2T (O) struc-
ture has been attributed to iterated electron-one-
phonon interaction which should resonate more
strongly than the rest of the spectrum.3*

C. Second-order resonance

In order to get some idea about the resonance
behavior of the second-order spectrum, we have
measured the first- and second-order RS spectra
of a-Sn with three other laser lines, namely,

6471 A(1.92 eV), 5017 A(2.47 eV), and 4579 A
(2.71 eV). The intensities of the 2L} (TO) peaks
were then normalized using the first-order reso-
nance curve. The points estimated in this way are
shown on Fig. 7.

In the scattering configuration used (no analyzer)
all three components I';, T',,, and I'}; of the Raman
tensor are allowed. The I', component, which con-
sists mainly of overtone scattering, contains only
two-band terms. It should be proportional to dx/
dw and should peak near E,, and E, +4,. The ex-
perimental points of Fig. 7 qualitatively follow
such a dependence (dashed line). However, the
higher value of the point at 1.65 eV indicate that
the I' , and I'}; components which contain three-
band terms, can not be neglected and a more pre-
cise description has to account for both two-band
and three-band processes.

The different resonance curves for the first- and
second-order RS cross- sections in a-Sn could ex-
plain the high value of first- to second-order in-
tensity ratio of Fig. 5(a). This ratio decreases
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FIG. 7. Resonance of the scattering by 2TO (L)
peak near E;+ A;. Dashed curve corresponds to the
theory for two band processes.

strongly if one goes far from the resonance and
becomes comparable with that of other diamond-
like and zinc-blende semiconductors.

IV. CONCLUSIONS

The first- and second-order scattering due to
phonons in «-Sn, and its resonance in the 1.5-3.5-
eV region, has been investigated. The first-order
scattering shows a resonance near the E, + A, edge
(1.8 eV) which can be interpreted in terms of
three-band processes with a deformation poten-
tial d; , (the two-band deformation potential df ,
is negligible). The first evidence for an E, reso-
nance at around 3.5 eV in the one-phonon scatter-
ing of tetrahedral semiconductors has been ob-
tained. This resonance, however, could not be
quantitatively analyzed because of an insufficient
number of experimental points. The two-phonon
scattering has been analyzed in terms of critical
points. It resonates mainly in the two-band elec-
tron—two-phonon interaction fashion expected for
the I'; component. Close to E, +4,, a more
strongly resonant peak develops at the energy of
2T (O) phonons. Its behavior is similar to that
found for Ge and Si, and thus can be interpreted
as iterated scattering by electron-one-phonon
interaction.

ACKNOWLEDGMENTS

We would like to thank W. Paul for supplying the
a-Sn crystals, G. Giintherodt for carrying them
from the U.S. to Germany under refrigeration,

D. E. Aspnes for processing the x* and x~ used
here, and G. Wolff for his invaluable technical
assistance.




16 RESONANT FIRST- AND SECOND-ORDER RAMAN SCATTERING... 5355

*Supported in part by the Alexander von Humboldt Foun- p. L. Price, J. M. Rowe, and R. M. Nicklow, Phys.
dation, on leave from the Faculty of Physics, Sofia Rev. B 3, 1268 (1971).
University, Bulgaria. ¢, J. Buchenauer, M. Cardona, and F. H. Pollak,
tSupported in part by the Alexander von Humboldt Foun- Phys. Rev. B 3, 1243 (1971).
dation, on leave from the Institute of Semiconductors L2R. Tubino, L. Piseri, and D. Zerbi, J. Chem. Phys.
of the Academy of Sciences of USSR, Novosibirsk, 56, 1022 (1972).
USSR. 3p. Merlin and M. Tliev (unpublished).
IB. A. Weinstein and M. Cardona, Phys. Rev. B 7, 2545 '4T. Hanyu, J. Phys. Soc. Jpn. 31, 1738 (1971).
(1973). - !*M. Cardona and P. McElroy, Solid State Commun. 4,
®M. A. Renucci, J. B. Renucci, and M. Cardona, Solid 319 (1966).
State Commun. 14, 1295 (1974). M. Cardona and D. L. Greenway, Phys. Rev. 125,
M. A. Renucci, J. B. Renucci, R. Zeyher, and M. Car- 1291 (1961).
dona, Phys. Rev. B 10, 4309 (1974). TR, Zeyher (unpublished).
43. B. Renucci, R. N. Tyte, and M. Cardona, Phys. Rev. BR. E. Lindquist and A. W. Ewald, Phys. Rev. 135,
B 11, 3885 (1975). 191 (1964). '—
5W. Dreybrodt, W. Richter, F. Cerdeira, and M. Car- 8D, E. Aspnes and M. Cardona (unpublished).
dona, Phys. Status Solidi B 60, 145 (1973). K. L. Shaklee, J. E. Rowe, and M. Cardona, Phys.
Sw. Kiefer, W. Richter, and M. Cardona, Phys. Rev. Rev. 174, 874 (1968).
B 12, 2346 (1975). 2L, R. Swanson and A. A. Maradudin, Solid State Com-
R. Loudon, Adv. Phys. E, 423 (1964). mun. 8, 859 (1970).
8See W. Richter, Resonant RS in Semiconductors 2R, Loudon, J. Phys. (Paris) 26, 677 (1965).
(Springer, Berlin, 1975), Vol. 78, p. 121, and refer- 23H. R. Philipp, J. Appl. Phys. 43, 2835 (1972).
ences therein. %R. Trommer and M. Cardona (unpublished).

V. Myers, J. Phys. Chem. Solids 28, 2207 (1967).



