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’Resonéﬁ§é‘Raman Scattering-in IﬁSb.négf théfEl Tranéitioh-'
Peter Y. Yu' and Y. R. Shen
‘bépgrtmént ofvPhysics; Univérsity of California
| Inbrganic Material:ngesearch Division,

Lawreénce Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

'Resonance Reman scatteriﬁg in InSb near the Elvtrahsition has
beén measuréd at low témpéfatures for varioﬁs different,éonfigura—
tions with a'tunabie-d&é laser.. Thé eiperimenfalvcurves show a reso-
nance peak at an incident photﬁn énergy appreciebly hiéher thean the
energy of the El peak in‘the reflegtivify specfra, contrary:to fhe
prediétions éf‘existing théories. Double resonance in thé Raman

tensor involving transitions infthevband'continuum is proposed to

explain the resulf.
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Recentiy considerablé théoréticall and experimentalz—s interest has been
focused-on resonance Raman scattering (RRS’. However, most of the'eiéerimen-
tal investigations have so far been carried out with only a féw discréte
laser frequencies. Since these discrete_laser frequencies are separated by
0.1 eV or more, it becomes difficult*to obtain_detailed information sbout RRS,
especially for resonances which havé halfwidths smaller thah.oil éV;' This
'difficulty is dvercomé with the availability of tunable dye lasers.6 Measure-
ments.of RRS using a tunable dye laser have_already been repofted in CdS near
boundexcitén line57 and in Ge near the Elrand E1+Al t;‘ansitions.8 This Letter

is a preliminary report of a detailed study of RRS by TO and LO phonons in

InSb near the El transition carried out with a CW tunable dye laser. Our results

indicate that in InSb the k. hyperbolic exciton contributes négligibly to the RRS,

1

but rather, it is transitions involwving the band'cohtinuumithat are responsible
for the observed resonance enhancement in the Raman scattering of the TO and LO

phonons.' This is contrary to what Pinczuk -and Burstein proposed to explain their

'results on the surface-field induced Raman scatterlng in InSb 2

The samples used 1n our measurements were all n—type with carrier concen-

~trations between 10lh to lO 15 cm—3,' The sample'surfaces were prepared either

by cleaving ([110] face) or by mechanical polishing followed by etching ([100]

and [111] suffaces)L _After_éurfacelpreparation,.the-sample (thickness < 0.5 mm)
was placed‘on Fhe co}d”fingef of an optical dewér with a vacuum better than.
10-S Torr. The optical setup was tyﬁicél of a Raman spectrometer using photon
counting techniqués. A CW dye laser (Spectf; model T0) turieble from 1.98 to
2.16 eV was used as the exciting source. The integrated intensity of the

scattered light was normalized against the intensity of the 283 cm-l line of

~caleite measured under similar conditions.
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The following sgétterihg configurations have been studied: a) Z(XX)3Z,
v) z(Yx)z, ¢) 2'(X'x')z’', d) z'(y'x')z', e) X'(Y'Y')X',}aﬁd f)'x'(z'y')x',
where X, Y, Z, apd‘X'; Y', Z' denote respectively the [100}, [o10], (o001],
and [111], [li?], and [110] directioﬁs. Here we have used the notation of
Porto with the first and last letters indicating the direcfions of propagation
for the incident and scattered light respectively, and the }irst énd last
. letters inside the parentheses indicaping'thé polarizetion directions of the
incident and scattered light respectively. Thése configurations”have”been-
'éhosen to correspond to different physical situations. Assuming.that the
wave vector q of the incident photon is negliglble one can uhow thet in case
'(a),Raman scatterlng by both the LO phonon (LOR) and the TO phonons (TOR) are
forbidden, but the surface-electrlc—fleld induced Raman 5cattering by the
" 'L0 phonon (SFR) is allowed. In case (b) LOR is allowed while TOR and SFR
‘are forbidden. In cases (c) and.(d),LOR is forbidden but TOR and SFR are’
,ailowed; In case (e),all three pro&esses are alioﬁed.' Finelly, in case (f),
only TOR is allowed. In all casés, the effect of surface‘fieid on TOR hgs
been assumed to:be-negligible. We' found in our experiments that the above

selection rules were obeyed and that SFR was negligible if the incident

laser frequency Wy was far away from the El peak.

Figure 1 shows the measured scattering cfoss-section as a function of
' W, near the E, trensition for LOR in case (b) SFR in case (c¢), and TOR in

case (f) No correction due to dispersion in the absorption coefficient of
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the sample was necessary since it is negligible over the small energy range

. of our measurement.. We notlce that the shapes of the ILOR and the TOR curves
in Fig. 1 are similar but are qulte different from that of the SFR curve,
the 1atter being appreciably'sharper. Bothrthe LOR and the TOR have a mexi-
muﬁ resonance enhancement ef approximately'a factor of h while the SFR has
a maiimum enhancement cf more ﬁhan 60. These suggest that the resenance
enhancement of the LOR and the TOR is probabl& due to the same mechanism

which is different from that of SFR. The TOR curves measured in the other

cases all have essentially the same shape as the TOR curve in Fig. 1, indicat-

1ng that surface field has negllglble effect on TOR.

A comparlson of the resonance enhancement of SFR in case (a) (Flg. l)

and LOR - + SFR in case (e) (Fig. 2) shows that in case (e), near the resonance

ieak, ﬁaman scattering by LO phonons is predominantly due to SFR.. Further-
more, absclute,ihtensity'measurements in the two cases show that there is
constructive interference between the Raman tensor of LOR and SFR.

The most surprising feature of the resonance enhancement curves in Fig.

1

is that in all three cases fhe peak occurs at incident photon energies around

_2 035 eV whereas the E peak in the reflect1v1ty spectrum of InSb at 5°K

9 e

_occurs at_1.983 eV. Similar results have been observed earlier by others in

. 3,L4,8 X ' -
‘>InAs, Ge, and Ge-Si alloys.”? It is now well established that excitonic

effects play an important role in the optical spectra of InSb at the E peak. 10

ﬂ”If thls were also true in RRS, exlstlng theorles1 would predict. two peaks in the

resonance enhancement curve, one at 1.983 eV and the other at 2.005 eV
(corresponding to scattered photon energy ﬁws = 1.983 eV). The two peaks
may overlap and appear as a single peak occﬁrring between 1.983 and 2.005 eV.

Our results therefore suggest thet transitions invelving band continuum are

1,8
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probably more important in the preseﬁt case,

Let us write the Raman tensor as:2

. E 9y (E )
. =‘3x( s) . 3X_( s) 3E W
ou oFE ou
|
i
. | ) .
where x(ES) is the electronic susceptibility at w, under the influence of the

surface electric field Es, and E is the infraréd macroécopic electric fleld
associated with the iaftice Yibration u. The first term in Eq. (1) is due
‘to eiectron-phonon iﬁteraction,via thé deformation potential aﬁd the second
term is due to the Frohlich intefaction}ﬂ'.‘For TO phonons, [3E/3u = 0. Our
experimental results suggest that ax(E )/Bu Bx(O)ISu, and that the Frohlich
term in Eq. (1) is responsible for SFﬁ. With no surface field, the Frdhlich
term is small since the intrabaﬁaITahiichinteraction is z;.aro.;11 'But vith
a surface field, the intrabandFTohlichinteractlon can be non-zero and in
our. case, SFR appears dominant over TOR and LOR near the resonance peak.

It has been pointed out that within a two-band model 3y/du « Bx/awz
near résonance in the liﬁif of zero phonon freQuency.? This two-band
approiimation is valid in case‘of.InSb at.El where the spin-orbit sp11t£i£gv
- is large.a We notice that éx/awz is related to the vaveléngth-modulated
reflectance of the sample. - On the other hand, theFrahlichinteractioﬁ term
ax(E;)/BE is related to the.electrorefléctance of the sample (biased at Es)'
From the eléqtroreflectance12 aﬁd wavelength-moduléted reflectancéj of IﬁSb,
we‘can.conclude that the E, péak in 3x/8u and ax/ag'should appear'gt the
same énefgy but 3X/3E should be.sharﬁer than 3x/3u because of the Franz;Kelaysh
effect.l3 This ekplains qualitatively why the curve of SFR is sharper than

those of TOR and LOR in Fig. 1.
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We:have plotted in Fig. 1 the dispersion of [éx/8w£l2 which has the T,
.exciton-enhanped E, pesk at 1.996 eV. This pesk 1s about 40 meV below the
peaks in the RRS curées,iniFig. 1. We can therefore conclude that the ?l
hyperbolic excitons do not pley-an important role in RRS of InSb. This‘is
cOntrary'to whaf Pinezuk.and‘Burstein concluded from their measurements eﬁ
- the temperature dependenee'of SFR.Z |
Cerdeira éf al.8_have shown that when the spin-orbit splitting Al at El '
is small, as in the cases of Ge and InAs, this shift of the Baman resonance
pesk can be explained, at least in part, by the overlapping resonant contriﬁu-
tions from the El and the E1+Al peaks. However, they have also pointed out that
invcempounds with large Al such as GaSb and InSb, this overlapping effect is ﬂegli-
gible and the two-band approximation we mentiened gbove is valid., This is particu-
larly true af low temperatures where the exciten peaks become much sharper. The
- observed shift of the Raman resonance in InSb must.therefore arise from a different
origin.

We have attempted to explain this difference of - hO meV in InSb as due to the

binding energy of the E hyperbollc exc1ton. However, Kane s m.odellh of

ehyperbollc excitons predicts a blndlng energy of only 11 meV for the E
-‘exc1ton of InSb. To account for the remaining ~ 30 meV we propose the
'fbllowing exiieeation.

" The energy denominator of the most dispersive term in the microscopic

expression of the Raman tensor obtained by Loudonjjfcan be written as

[“’CG‘*EJL) -wv(i;) ~w, ] [wc(E+'§s) -wv@) -] - () v
or oK) - (R-gy) ] lu (R) - (K-T) -] (2")

e st st et e+
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vhere -cfz and 'q’s' are the wave vector of the incident _e.nd scattered photon

respecitvély, and hwc(k) and hwv(k) are the energies of electronic states

-with wave vector-l.c. in the conduction and valence bands respectively. Assume

that q = IB:R'I = l;sl . For a back scattering geometry 'cfz = :Es, the expressions
(2) and (2') become equivalent. So far, most theories on RRS have assumed that
q = 0 and predicted that resonances will occur when one of the two terms in

(2) or (2') becomes zero. This implies that if g is the energy of the E;

. peak, resonances will accur at wy = ms or w, = wg. We propose, however,

‘that the strongest resonance should occur when both terms in the expressions

(2) or (2') with q # O vanish. We .can assume that the valence band mass
and the conduction-band mass in the [111] direction a.re;éssentie,lly infinte.

Then, the condition for double resonance in the Raman tensor can be written

as:
w + (k+q )°/2u =u
g 1=l 1 2
L (3)
and o, + (kl'ql) /211_L = W

" where 'k‘l and E;. are respectively the projections of-l.:. and E:Q onto the plane

perpendicular to the [111] exis and ul is the transverse reduced mess of

the valence and conduction band along [111]. It can be shown that Eq. (3)

- can be satisfied for w, > w, where w is given by

' 2 2 :
w, =0 + (% + -—uI-) /(fq—) R (%‘)
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where Wy is the phonon frequency} Also the den51ty of states satlsfylng

Eq; (3) has the form: >’ N(w) = (w-0 )T -1/2

for w2 wm. The resonance
enhancement should then ocecur ah W, insteadvof mg.' Broadening is-expected
to remove thevinfinity singnlarity at w . Using the values hwo = 22 meV,
W o= 0/19.7) x mass of free electroq}6 and lqil = h.h x 103 cmj} ve obtain
Wy, -6, = = 33 meV. This, in eddition to the estimated binding energy of the

exclton, is in good agreement with the observed shift of ~ 40O meV It

should be noted that our model predlcts only one resonance peak as opposed
"to the two peaks predicted by existing theorlesl, whlch assume q = 0. The

- model also predicts that the resonance peak should shift with scattering

..geometry. Fon the configurations we have studied, the shift is too small

to provide'a valid test ofvfhefmodel.

| We have also studied the temperature dependence of RRS in InSb.betﬁeen
10°K and 83°K1 We found that the pesks 1in the resonant enhancement curves
shift together towards lcwer energies with.increase in temnenature. The
scattering intensities of TOR and LOR varied iittle befween'10°K and 83°K
while the corresponding change in SFR was'more appreciable. Figure 2 shows
the rescnance enhancement of SFR measured at.10°K and 83°K. The-resonance
peaks shifts by 26 5 meV between lO°K and 83°K as compared to 31 meV for the

e g S

' E peak in the reflect1v1ty spectra of InSb

. The. dlfference can probably

“be explalned within our model as due to- change in the transverse mass ul
with_temperature( The strong-temperature-dependence of SFR in InSb led
Pinczuk and Bursfein2 to conclude tha£ the hyperbolic exciton at El is
responsible for SFR. Since we have already shown that excitonic-effects
should-not be important for SFR in InSb, the_observed decrease in the peak
scattering intensity with lncrease in temperature mnst be caused by e decrease

in the surface field or in the matrix elements of the Frohlich interaction.
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Further investigations with the sﬁffaée field‘carefully monitored afe
necessary in order to‘clarifj this problem.
' In conclusion; we have measured the_resonance enhancement in the
allowed Raman scattering by TO and LO phoﬁoﬁs'and in thé surfacé—field-
| induced Raman scatterlng by 10 phonons in InSb for various scattering
A

conflguratlons ~In all cases only one resonance pesk appears at

incident photon energy appreciably higher than the E, peek in'the

1
reflectivity spectra. Double resbnance in the Raman tensor is proposed

as the possible cause of the observed resonance pesk. The resonant enhance-
.ment of the sufface-field ihduced,séattérihg is shown to have different
charactérisﬁiés-from thosé of thé'allowed ones.
It is our pleas;ré to écknowledg# helpful discussions with Professors
Y. Petroff, M. Lf Cohen, and E. Burstein, and technical assisﬁance from
Dr. N. Amer. We are‘also'grateful to Drs. F. Cérdeiré, Ww. Dréybodt, and
M. Cardona for sénding u§ a pgéprintiof their work.
This work was performed undéf.the.auspices of the U. S; Atomic Energy
Commission. v
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FIGURE CAPTIONS

Fig. 1. The ekpérimental‘Raman scattering cross-section of InSb as a

- function of incident photon‘frequency"' X T X

Fig.

SFR of the 10 phonon in case (¢) (T = 12%). —— A& —— 4

IOR in case (b) (T = 14°K) and —— o ——0 —

TOR in case (f) (T = 10°K) (see text). The dashed curve is the '%5' -

curve obtained from the experimental wavelength-modulated reflectivity

spectrum of InSb (T = 5°K) in Reference 7.

2. The cross-section of the'surface-field—induced Raman scattering by

10 phonons (case e) at 10°K (— x x ——) end 83°%K (—— o

N
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