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Raman intensity profiles of folded longitudinal phonon modes in SiC polytypes
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Raman spectral profiles of folded longitudinal phonon modes in 4H-, 6H-, and 21R- SiC polytypes which
form natural superlattices have been studied experimentally and theoretically. The Raman intensity of the
folded longitudinal modes is very weak except for the mode corresponding to a zone-center phonon mode in
the 3C polytype. The intensity profiles of these modes are interpreted on the basis of the bond polarizability
concept when one takes into account difference of the bond Raman polarizability between the cubic and
hexagonal environments. The agreement of the measured and calculated intensities indicates that the bond
polarizability model can be applied to Raman spectral profiles of the longitudinal folded modes as well as
transverse folded modes in SiC.
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I. INTRODUCTION

It is well known that SiC has a large number of polytyp
which form natural superlattices. Long period SiC polytyp
show a various number of Raman bands.1–4 These Raman
bands originate from the zone folding of transverse~longitu-
dinal! acoustic and optical branches along the^111& direction
in the 3C polytype with zinc-blende structure. The dispe
sion curves of transverse phonons propagating along
^111& direction axis in the 3C polytype have precisely bee
determined from the frequencies of observed folded mo
in various polytypes.3,4 The Raman intensity profiles of th
folded transverse acoustic~FTA! and optical~FTO! branches
are well reproduced by the spectra calculated on the bas
the bond polarizability concept and one-dimensional latt
dynamics model.3 The analysis of the Raman intensity pr
files of the folded modes has enabled us to identify the sta
ing structures of Si-C double atomic layers in long peri
SiC polytypes.5

The Raman intensity profiles have also been studied
the basis of the bond polarizability model of IV grou
semiconductors,6,7 artificial superlattices~SL’s! such as
GaAs-AlAs SL’s,8–12 other SL’s,13–16 fullerenes,17–19 IV-IV
group SL’s,20–22 and layered compounds.23,24 The Raman
spectra calculated based on the bond polarizability mo
reproduce well the observed ones for various crystals.

The folded modes of the longitudinal optical~FLO! and
acoustic branches~FLA! were also observed in SiC poly
types and the dispersion curves of the LO and LA mode
the 3C polytype were deduced.4 The Raman intensities o
these modes except an unfolded optical mode at;796 cm21

which corresponds to the phonon at theG point in 3C poly-
type are very weak as compared with those of the fold
transverse~FT! modes. The weak intensity of the folded lo
gitudinal ~FL! modes may be due to reduction of the pola
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ization in a unit cell by partial cancellation of the bond p
larizabilities.

Since SiC is a polar crystal, the polarization fields asso
ated with longitudinal vibrations should contribute to th
phonon dispersion and the Raman intensity. The Raman s
tering efficiency of the LO modes is related to two terms; t
contributions from the short-range field (dx/du) and long-
range field (dx/dE),25 wherex is the electronic susceptibil
ity, u is the atomic displacement, andE is the electric field.
For crystals with the zinc-blende structure, the Raman ten
component of the LO mode incorporating the latter contrib
tion is related to that of TO phonons by the following equ
tion:

dLO

dTO
5S 12

vLO
2 2vTO

2

CvTO
2 D , ~1!

whered is the tensor component andvTO and vLO are the
frequencies of the TO and LO modes, respectively.C is the
so-called Faust-Henry coefficient given by

C5e* ~dx/du!@mvTO
2 ~dx/dE!#21, ~2!

wheree* is the effective charge associated with the opti
phonons andm is their reduced mass. The Faust-Henry c
efficient of various zinc-blende-type semiconductors was
perimentally determined from the intensity ratio of the L
and TO modes.25

While the Raman intensity analysis of the LO modes h
been made on the zinc-blende structure, little is known ab
the LO modes in other structures. We have tried to exam
whether the incorporation of the long-range field into t
bond Raman polarizability is allowed for uniaxial SiC pol
types which have a large number of longitudinal modes.

SiC polytypes except 3C and 2H polytypes are con-
structed from mixture of cubic and hexagonal stackings o
Si-C double layer. So far, the intensity profiles of the FT
16 605 ©2000 The American Physical Society
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and FTA modes were calculated assuming that the bond
larizabilities for bonds in cubic and hexagonal environme
are the same but the force fields are different.3 However, this
assumption does not well explain the observed spectral
files of the FLO and FLA modes. This fact may indicate th
the bond Raman polarizability relevant to the folded lon
tudinal modes differs for the bonds in different enviro
ments. It is of interest to examine the influence of loc
atomic arrangement on the bond Raman polarizabilities
the longitudinal modes, because it will provide informati
on the structure dependence of the dielectric propertie
SiC polytypes.

In the present work, we have analyzed the intensity p
files of the FL modes in SiC polytypes based on the bo
polarizability concept. The Raman intensity profiles of t
folded longitudinal modes are calculated taking into acco
difference of forces and bond polarizabilities for the enviro
ments. The calculated Raman intensity profiles are comp
with observed spectral profiles for 4H, 6H, 15R, and 21R
polytypes. Discussion is given for the bond polarizabil
approach.

II. EXPERIMENTAL RESULTS

A. Experiment

Polytype samples used in this experiment were sin
crystals prepared by the Acheson method or a chem
deposition method. The frequencies of the folded mo
were measured using 4H, 6H, 15R, 27R, 33R, 51R poly-
types. The intensity profiles of the FL modes were precis
measured for 4H, 6H, 15R, and 21R polytypes. Raman
spectra were measured at room temperature using
488-nm line of an Ar laser. The phonon Raman spectra sh
no remarkable resonance enhancement for the laser
with wavelengths from 456.5 to 514.5 nm. A quasiback sc
tering geometry was employed for the~0001! face. For this
configuration theA-symmetry phonon modes propagatin
along thec direction are observed. The scattered light w
dispersed by a double monochromator withf 50.85 m and
detected by a cooled CCD~charge-coupled device! detector.
The carrier concentration of the samples used was less
531016cm23.

B. Intensity profiles of FLO and FLA modes

Raman-scattering spectra of various polytypes have b
measured at room temperature. The results for three typ
polytypes are shown in Fig. 1. The FL modes in the figu
are labeled byx5q/qmax, wherex is the reduced wave vec
tor of the corresponding phonon modes in 3C polytype.3 As
shown in this figure, the folded LO and LA modes are ve
weak except for the FLO~0! mode ~unfolded mode!. The
intensities of the FL mode relative to that of the FL
(x50) mode lies in a range of 1022– 1024 ~Tables I and II!.
As shown in Fig. 1~a!, the FL~2/6!, FL~6/6! modes in the 6H
polytype are not observed because these modes are R
inactiveB1 modes. For the 15R polytype the FLA~4/5! dou-
blet at 568.6 and 573.4 cm21 is clearly seen@Fig. 1~b!#.

The FLO~2/7! modes in the 21R polytype are very weak
and their intensity relative to that of FLO~0! mode is less
than 1025, but the traces are found at 940 and 949 cm21. For
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the 21R polytype, the Raman intensity relative to that of th
FLO~0! mode is the largest for the FLO~4/7! mode and weak
for the FLO~2/7! and FLO~6/7! modes as shown in Fig. 1~c!
and Table II. It is to be noted that the width of the FL
modes and especially the FLA modes is small, being abo
cm21 for the FLA modes and about 2 cm21 for FLO modes.
This implies that there are no dominant decay channels
two-acoustic phonon modes unlike high-frequency op
modes.

C. Dispersion curves of the LO and LA branches of 3C SiC

We have also observed the FL modes for various po
types. The dispersion curves of the longitudinal acoustic
optical phonons propagating along the^111& direction in the
3C polytype are derived from the frequencies of the F
modes, in various polytypes.4 The result is shown in Fig. 2
The frequencies of the folded modes ina-SiC polytypes do
not much deviate from the dispersion curves of 3C SiC.

The frequency of the unfolded LO mode depends sligh
on the polytype. Hofmannet al.26 have suggested that th
frequency decreases with increase of the hexagonality. H
ever, we did not found any remarkable polytype depende
of the frequency for the FLO~0! modes. For example, th
frequency of theA1~LO! mode in 6H-SiC (964.260.2) is
almost the same as that of the 4H polytype (964.260.2).27

FIG. 1. The whole Raman spectra of~a! 6H-, ~b! 15R-, and~c!
21R-SiC crystals. The intensity is plotted on log scale.
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TABLE I. Raman intensity of the FLO and FLA modes in 6H-SiC polytype. The measured intensities a
compared with ones calculated using parameters in Table III.

6H SiC
x5q/qM

FLA FLO

v ~cm21! I /I LO(0) Calc. v ~cm21! I /I LO(0) Calc.

0 965 1.0 1.0
2/6
4/6 513.9 7.631023 8.831023 889 4.331023 2.531023

504.6 1.331022 1.031023 883a ;0 1.931023

6/6

aObserved in resonance condition using 302-nm line.
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III. CALCULATION OF THE INTENSITY PROFILES
OF THE FLO AND FLA MODES

A. Bond polarizability approach to the Raman intensity

The Raman tensor component of the LO phonons is a
ciated with that of the TO phonon via the Faust-Henry co
ficient. The use of the renormalized bond Raman polariza
ity may be allowed for the FLA and FLO mode
corresponding to the modes with wave vectors inside an
the edge of the basic Brillouin zone of the 3C polytype when
we assume that the common Faust-Henry coefficient24 can be
used for these modes.

The Raman intensity of thelth mode is given by

Wl5S@n~v!11#v21S@eia8~l!es#
2, ~3!

whereS is a constant of proportionality,v is the frequency
of the phonon mode,n(v) is the Bose factor, andei andes
are the polarization vectors of the incident and scatte
light, respectively. In Eq.~3! the Raman polarizabilitya8(l)
consists of the bond Raman polarizabilities which inclu
the contribution from the polarization field.

In all SiC polytypes, any Si or C atom has the same fir
neighbor environment and the difference arises in the n
nearest neighbors and higher neighbors. The unit cel
polytypes consists of Si-C double layers and the differ
structures of SiC result from different stackings of the S
double layers. For the 3C polytype ~b-SiC!, all the double
layers occur in a cubic environment, and for the 2H polytype
all the double layers occur in a hexagonal environme
Other polytypes are constructed from mixtures of the cu
and hexagonal stackings. The atomic distances are almos
o-
-
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c
the

same for the different polytypes and the dependence of
atomic distance on the polytype structure is very weak.28

For the axialA1-type modes, the bonds in SiC polytype
are classified into two groups:~i! the bonds inclined to thec
axis ~inclined bond! and ~ii ! the bond parallel to thec axis
~parallel bond!. The bond Raman polarizability tensors ca
culated are shown in Fig. 3, wherea i anda' are the parallel
and perpendicular components of the bond polarizability,
spectively. For the axial (A1-type! mode, the inclined bonds
in groups ~i!a and ~i!b make the same contribution to th
tensor components, although they have different signs for
E-type transverse phonons.28,3 The parallel bonds contribute
only to the diagonal components of the Raman tensors. F
back scattering geometry using thec face of SiC,xx or yy
component of the Raman tensor contributes to the Ram
intensity of the axial (A1-type! modes. The Raman polariz
ability tensor for axial vibration is expressed as

arr~l!5Sarr
~a!@Al

a~zi !2Al
a~zi 11!#

1Sarr
~c!@Al

c~zi !2Al
c~zi 11!#

5I~arr
~a!!1II ~arr

~c!!. ~4!

For the FT modes, the bond Raman polarizabilityarr
(a)

was taken to be the same for cubic and hexago
environments.3 In the case thatarr

(a) does not depend on th
environment, the first term in Eq.~4! is reduced to

I~arr!5arr
~a!S@Al

a~zi !2Al
a~zi 11!#, ~5!

whereAa(zi)2Aa(zi 11) andAc(zi)2Ac(zi 11) are the rela-
tive displacement of the atomic planes connected by bo
s
TABLE II. Raman intensity of the FLO and FLA modes in 21R-SiC polytype. The measured intensitie
are compared with ones calculated using parameters in Table III.

21R-SiC
x5q/qM

FLA FLO

v ~cm21! I /I LO(0) Calc. v ~cm21! I /I LO(0) Calc.

0 966.7 1.0 1.0
2/7 249.1 3.431023 1.931023 ;949 ,1025 1.631023

240.3 4.431024 3.331023 ;940 ,1025 131024

4/7 457.5 4.631023 5.831023 907.8 3.431023 1.931023

449.9 6.331023 0.931024 904.2 3.031023 1.431023

6/7 593.5 2.831023 1.631023 850.1 3.231023 1.331023

590.0 1.231023 2.631023 840.1 7.331024 3.331024
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inclined and parallel to thec axis, respectively. The summa
tion is taken over a unit cell. The phase of the relative d
placement of a double planes@Al

a(zi)2Al
a(zi 11)# differ by

2mp/n from that of the neighboring double planes, wheren
is the number of the Si-C double planes in the unit cell, a
umu<n/2!. Accordingly, in Eq.~5! these displacements can
celed each other out. As a result, the first term of Eq.~4!
becomes almost zero. The same argument can be appli
the second term. However, provided thatarr

(c) differs for cu-
bic and hexagonal environments, the second term give
finite value, although it is small.

FIG. 2. Dispersion curves of the LO and LA modes whi
propagate along thê111& direction in 3C-SiC, which are estimated
from the frequencies of the observed folded modes in various p
types.

FIG. 3. The bondings in SiC polytypes are classified into t
groups. The bond Raman polarizability tensors when assumin
zinc-blende structure are shown for theA1-type phonon modes.
-

d

to

a

Let us assume that, for the FL modes, the bond Ram
polarizability depends on the stacking only for the para
bonds as shown in Fig. 4~a!. The parallel bond in group~ii !
will play a dominant role for the Raman intensity of th
A1-type FLO and FLA phonons, because the bond stretch
occurs for this bond. On the other hand, for the Raman
tensity of the FTA and FTO modes, the contribution from t
bonds in groups~i!a and~i!b is dominant and even a stackin
independent bond polarizability model gave a good agr
ment between the experimental and calculated results.3 Un-
der the above assumption the Raman polarizability of thelth
FLO or FLA mode is reduced to the following form:

arr~l!5aS@Al
a~zi !2Al

a~zi 11!#

1Se~ j !@Al
c~zi !2Al

c~zi 11!#, ~6!

where we put

e~ j !5ec for the cubic environment,

and

e~ j !5eh for the hexagonal environment.

B. One-dimensional lattice dynamics model

The displacements of the atomic planes for the fold
transverse~FT! modes have so far been calculated using
one-dimensional lattice dynamics model.3,28 The Raman in-
tensity of the FT modes depends strongly on the displa
ment pattern of the atomic planes.3,29 We have calculated the
displacements for the FL modes using a lattice dynam
model similar to that of the FT modes.3 The displacement
amplitudes of the atomic planes are obtained as solution
the equations of motion,

Mjv
2u~nu j !5(

r ,s
D j , j 1s

r u~n1r u j 1s!, ~7!

y-

a

FIG. 4. The stacking arrangement of the 6H polytype is de-
picted in ~a!. One-dimensional lattice dynamics model of SiC f
the longitudinal modes and the force-constant parameters are sh
in ~b!.
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whereu(nu j ) and M j are the displacement and mass of t
j th rigid plane in thenth unit cell, respectively, andD j , j 1s

r is
the interplanar force constant. We look for solutions of t
exponential form,

u~nu j !5u~ j !exp~2 iqzn!, u~ j !5Aj exp@ if~ j ,q!#, ~8!

andf( j ,q)52qjzj1f j (q).
In the Raman intensity calculation we use the normaliz

displacement amplitudes.
The frequency of the folded phonon modes are de

mined from the secular equation,

uM jv
2d i j 2Di j ~q!u50. ~9!

where

Di j 5exp@2 iq~zj2zi !#Sd i , j
n exp~2 iqzn!. ~10!

The Si-C bond chain and the force parameters for the
polytype are shown in Figs. 4~a! and 4~b!. The 6H polytype
contains two hexagonal and four cubic stackings in the u
cell. The interplanar forces are taken into account up to
third-neighbor planes. The force constants and bond Ra
polarizabilities have been determined so that the calcula
phonon dispersions for the 3C polytype, the splitting of the
FLA modes and also the Raman intensity profile fit to t
experimental results. The force-constant parameters thus
termined are listed in Table III. These parameters reprod
well the dispersion curves of the LO and LA phonon mod
propagating along thê111& direction of the 3C polytype.
The dispersions are not so sensitive to the choice of the
rameters. The dispersion curves calculated using the pa
eters in Table III is almost the same as those shown in Re
though the third-neighbor forces were not included in Ref
Calculated frequencies of the FLO~0! modes in 4H, 6H,
15R, and 21R polytypes do not show clear hexagonality d
pendence contrary to the suggestion of Hofmann.26

IV. DISCUSSION

The calculated intensity of the FLO and FLA modes
compared with the observed spectral profiles in Fig. 1, wh
their intensity is normalized for that of each FLO~0! mode.
In this calculation we takeqc50.017, which corresponds t
the 488-nm excitation. As shown in Tables I and II, t
qualitative agreement is obtained on the whole, though th
are some discrepancies in certain modes. The result of
fitting reveals that it is necessary to take into account
difference between the bond polarizabilities for the cubic a
hexagonal environments to reproduce the observed profi

Figure 5 shows Raman intensity of the FLA~4/4! mode in
4H-SiC and the FLA~6/7! modes in 21R SiC against the
bond-Raman-polarizability ratioeh /ec . The horizontal ar-
rows denote the experimental intensity. Here, we assume

TABLE III. Force-constant parameters and bond Raman po
izabilities.

K1c K1h K2 K3c K3s K4 K5c K5h

(104 dyn/cm)
ec /a eh /a

14.8 14.2 3222.0 11 20.25 20.4 0.25 0.69 0.76
e

d

r-

H

it
e
an
d

e-
ce
s

a-
m-
4,
.

re

re
he
e
d
s.

at

eh.ec . This figure shows that about ten percent differen
of the two polarizabilities is needed to reproduce the Ram
profiles of the FL modes. The best fit value of the ratioeh /ec

is 1.11 for the FLA ~4/4! mode in 4H-SiC, 1.14 for the
FLA~6/71! mode at 593.5 cm21 and 1.08 for the FLA~6/72!
mode at 590 cm21. We takeeh /ec51.10 for the bond polar-
izability ratio eh /ec in all the polytypes~Table III!. In Tables
I and II we compare the calculated and experimental int
sities of the FL modes in 6H and 21R polytypes.

It is well known that the Raman intensity is genera
larger for covalent crystals than ionic crystals in which ele
trons are localized at around nucleus. In the framework
the bond polarizability model, the Raman polarizability, i.
the derivative of the bond polarizability with the atomic di
placement is considered to be large for covalent bond
The charge density distribution in SiC polytypes has be
discussed by several authors. Parket al. have calculated va-
lence charge density for 3C, 2H, 4H, and 6H polytypes.30

Their result shows that the charge distributions are sligh
different for the hexagonal and cubic environments. Acco
ing to their calculation, the hexagonal layers of 4H-SiC are
positively charged while the cubic layers are negativ
charged as compared with that of 3C structure. From studies
of the chemical shift for several SiC polytypes, Sorokinet al.
concluded that the average charge on Si atoms vary with
hexagonality.31 The similar conclusion was obtained by Gu
and Petuskey,32 though their dependence is weaker than
result of Sorokinet al.3 According to the calculation by Par
et al., the valence charge density for parallel bonds with
the Si-C bilayer is slightly positive for the hexagonal env
ronments as compared with that of the cubically stacked
layer. Their result seems to indicate that the ionic characte
large for hexagonal environment. The bond charge in the
polytypes has also been discussed by Qteishet al.33 and K.
Karch et al.,34 but quantitative analysis on the hexagonal
dependence has not yet been made. From the above di
sion it is likely that the bond polarizability of the paralle
bonds is larger in the cubic environment than in the hexa
nal environment. This consideration, however, does not n
essarily lead to the conclusion thatec is larger thaneh , be-
cause the bond Raman polarizability is complex functions
the bond polarizability componentsa i anda' and these de-
rivatives. In the present work we assume thateh is larger
thanec . The same assumption has been made in the reso
Raman scattering of the FL modes in SiC.35 As shown in
Fig. 5, the Raman intensity profile of the FL modes does
depend on the absolute magnitudes ofeh andec , but on their
difference. It is to be noted that the sign and relative mag
tude of the Raman polarizabilitiesec and eh cannot be di-
rectly determined from the analysis of the observed Ram
profiles, because the Raman intensity is related to the sq
of the Raman polarizability. It is instructive to compare t
Raman spectra of the folded longitudinal and transve
modes. In the framework of the bond polarizability trea
ment, the parallel bond does not contribute to the Ram
polarizability for the FTA and FTO modes, because the t
atoms at the edge of this bond move perpendicularly to
bond. On the contrary, the stretching motion of the para
bond will contribute largely to the Raman polarizability o
the FLA and FLO mode. As stated before, the bond Ram
polarizability treatment quantitatively explains the spect

r-
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profiles for the FTA and FTO modes, although the stack
dependence of the bond Raman polarizability for the inclin
bonds was neglected. This fact together with the results
the present work suggests that the local stacking struc
has a striking influence on the bond Raman polarizability
the parallel bond. The polarization field associated with
longitudinal modes is isotropic and might not contribute

*Electronic address: nakashim@pem.miyazaki-u.ac.jp
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FIG. 5. Calculated Raman intensity as a function of the bo
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of
re
f
e

the difference of the bond Raman polarizabilities in the cu
and hexagonal environments.

It is of interest to compare the Raman intensity of t
FLA modes for artificial superlattices such as GaAs-AlA
system and natural superlattices, SiC polytypes. The rela
Raman intensity of the FLA modes in GaAs-AlAs superla
tices is strong compared with the FLA modes of SiC po
types. The reason for the difference is that in SiC the bo
Raman polarizabilities are nearly equal for different stack
layers, but in GaAs-AlAs superlattices the bond Raman
larizabilities are much different for AlAs and GaAs layer
The difference in the bond polarizabilities at the interface
the constituent layers contributes mainly to the Raman int
sity for GaAs-AlAs superlattices, while in SiC the bond R
man polarizabilities cancel each other out.

V. CONCLUSION

In the present work, we have analyzed the Raman int
sity profiles of the FLO and FLA modes in SiC polytype
using the bond polarizability approach, in which the te
(dx/dE) is incorporated into the bond Raman polarizabilit
A reasonable agreement is obtained for the experimental
calculated Raman profiles for these modes, although the
fect of the long-range field on the Raman intensity is n
directly taken into account. The force constant parame
and bond Raman polarizabilities are determined so as t
the frequency and the Raman intensity. These parameter
universal ones and can be applied to any other SiC p
types. This fact suggests that the bond polarizability
proach is useful to examine the Raman intensity for the l
gitudinal phonon modes which accompany long-ran
polarization field in SiC. It is found that it is necessary
take into consideration the difference in the forces and b
Raman polarizabilities of the parallel bonds between cu
and hexagonal stackings in order to explain the Raman
tensity profiles of FLO and FLA modes in SiC polytype
The investigation of the Raman intensity using the bond R
man polarizabilities will provide a clue for completely con
sistent description of the lattice polarization and charge d
tribution in the SiC polytype system.
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