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Disorder-induced phonon self-energy of semiconductors with binary isotopic composition
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Self-energy effects of Raman phonons in isotopically disordered semiconductors are deduced by perturba-
tion theory and compared to experimental data. In contrast to the acoustic frequency region, higher-order terms
contribute significantly to the self-energy at optical phonon frequencies. The asymmetric dependence of the
self-energy of a binary isotope system _,M, on the concentration of the heavier isotope masan be
explained by taking into account second- and third-order perturbation terms. For elemental semiconductors, the
maximum of the self-energy occurs at concentrations with<@%&0.7, depending on the strength of the
third-order term. Reasonable approximations are imposed that allow us to derive explicit expressions for the
ratio of successive perturbation terms of the real and the imaginary part of the self-energy. This basic theoret-
ical approach is compatible with Raman spectroscopic results on diamond and silicon, with calculations based
on the coherent potential approximation, and with theoretical results obtainedalssingjio electronic theory.

The extension of the formalism to binary compounds, by taking into account the eigenvectors at the individual
sublattices, is straightforward. In this manner, we interpret recent experimental results on the disorder-induced

broadening of the TOfolded modes of SiC with a'®C-enriched carbon sublattickS. Rohmfeld, M.
Hundhausen, L. Ley, N. Schulze, and G. Pensl, Mater. Sci. F&838r342 579 (2000; Phys. Rev. Lett86,

826 (200D)].
DOI: 10.1103/PhysRevB.65.075206
I. INTRODUCTION

The mass fluctation®f a single elementnduced by iso-
topic disorder can be described by the weightddmoments

PACS nunier78.30.Ly, 63.20-e, 63.50+x

(m/Am+x) " "=(Am/m)". (4)

The lowest-order moments gf, thus readsee Fig. &

of the relative mass differences with respect to the average go=(Am/m)*x(1-x), (53

massm of the virtual crystal, defined as

n
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wherei runs over the different isotopes with massesand

concentrationsc; . The definition of the average mass
=2;c;m; implies thatg,;=0.

For a two-isotope systerm;_,M, with M being the
heavy mass ang=c,,, Eq. (1) reads

m—M

m

n

)

m—m)"
gn(X)=(1—X)< — ) +Xx
m

Equation (2) can be rewritten as follows, using
Am=M-—-m

gn(X)=(m/Am+x) " "x(1—x)
X[X" (= D)N(1-x)" . 3

For the elements under consideration hgpam/m<1,
e.g. Am/m)c=1/12] we can neglect the dependence of
the first factor of Eq(3), which slightly breaks the odd or
even symmetry ofy,(x) with respect tox=0.5. Thus, for
x<m/Am with 0=x=<1 we can write

g3=(Am/m)3x(1—x)(2x—1), (5b)
g4=(Am/m)*x(1—x)[1—3x(1—x)], (50)

g5=(Am/m)°>x(1—x)(2x—1)[1—2x(1—x)]. (5d)

Hence, the contribution to the self-energy is evedd with
respect tox= 0.5 for even(odd) values ofn. In particular,g,
represents a parabola with the maximunxat0.5, whilegs
is odd with respect ta=0.5, i.e.,g3(0.5)=0.

The disorder-induced phonon self-energy is defined as

gig( @) =Agig @) =i g 0)/2, (6)

where A 45 denotes the disorder-induced shift, ahigls the
disorder-induced broadening corresponding to the full width
at half maximum(FWHM). The self-energy can be decom-
posed into individual contributions that are proportional to
the various moments af, with n=2,3,4 .. .,

Mgi(w)=Ax(1—X)+Azx(1—x)(2x—1)
+AX(L=X)[1-3X(L—x)]+---. (7)

In order to estimate the contributions of higher-order per-
turbation terms, Eq(.7) is fitted to experimental and theoret-
ical data of group-IV semiconductofsee Sec. Il for dia-
mond, Si, Gew-Sn and Sec. IV for SiT In Eq. (7) the fit
parametersAj=A; ,+iA; r are complex numbers; in prac-

0163-1829/2002/65)/07520610)/$20.00 65 075206-1 ©2002 The American Physical Society



F. WIDULLE, J. SERRANO, AND M. CARDONA PHYSICAL REVIEW B65 075206

D=D (w,wj)*+D_(w,w;) (103
0.25 ]
3 1 N 1
02 n-2 . Cw—wi—iy —o—o—iy
(10b)
0.15 | 1
Zwi (10)
=, O
01} n=4 ] w’— ol =20y

where y—0 if anharmonicity is neglectedo; denotes the
0.05 | . absolute value of the phonon frequency. Since we are inter-
ested in the self-energy of the Raman mode, to which the
largest contributions stem from close-lying optic phonon

g,/ (Am/m)"

0
states, the propagatoD_ can be neglected because
25 |Re{D,}|<|Re{D+}| and||m_{D,}|<|Im{D+}|. In the fol-
-0.05 r 1 lowing we thus seD =D with
n=3
01 [ ] 1
D,(w,w)=——— (113
. ! ! . W~ W;— | Y
0 0.2 0.4 0.6 0.8 1
X
W Wi . Y
FIG. 1. Mass fluctuationg,(x) for variousnth momentqEg. = > 51! > 2
(5)] of an elemental, i.e., monoatomic, crystat each sublattice of (w—wj)+y (w—w)+y
a compoung containing a binary isotope system.denotes the (11b
concentration of the heavier mass isotope. .
=Pi(w)+|Li(w). (110)
f[ice, we perform indiyidual fits td 4is and T 4s, thus obtain- D, (w,w;) consists ofP;(w), with a pole atw;, and a
ing the two sets of fit parameterg , andA, ;. In the fol- | orentzianL;(w). For the complex self-energy of the Raman
lowing section we show that, in general, the asymmetriephonon of a semiconductor with diamond structure,
with respect tax=0.5 are not identical fon 4 and T y;s. nth-order perturbation theory yieltls
For a characterization of the contribution of the third-
order perturbation term with respect to the second-order gn(X) 1 \n-1
term, we define the ratio I (w,x)= w(
2" 16N
A
I’s:A_:;: 8 Xil,iz,Z. ino1 wilDil'wiZDiZ.”win—lDin—l
(129
with s=A,I". For the maximum self-energy.xs we find
X 1 n—-1
:g“(n ) w(GN > wiDi) (12b)
11 /3 11 o 2 ¢!
Xmaxs=35 =g * E_ Ird )" © with D;=D(w,w;) and N; the number of unit cells. Note

that a factor of & 1)" is found in the corresponding equation
of the self-energy in Ref. 2. We believe that this factor
should not be there when the definitiongyf given in Ref. 2

[the same as our E@l)] is used. The factor appears only if

m; —m is written instead of—m; inside the brackets of Eq.
Il. PERTURBATION THEORY (1). It is easy to convince oneself of this fact by comparing
the real part of the third-order self-energy with the standard
In this section, explicit expressions for the disorder-expression from static perturbation theory which can be
induced self-energies of a two-isotope elemental crystal argyynd in Ref. 3.

derived by perturbation theory. For the calculations we use The second-order termné 2) of the self-energy
HdiS:H:A+iF Wlth A:A2+A3+ ce :Adis and r:FZ

where the positive (negativg sign corresponds to
r>0 (r<o).

+I03+..-=—-T4f2. The zero-temperature phonon 02(X) 1 .

propagator D(w,w;) for an isotopically pure crystal is the o(wX)==——o| e\ > o(Pi+iL)| (133
sum of the propagato® , (w,w;) andD _(w,w;) for posi- ¢!

tive and negative frequencies, respectively, contains the real part
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92( ) 1 W — W
A e
A=y (Gchi “ o= 0Pt y?
(13b
and the imaginary part
~92(%) 1 Y
(139

For y—0, Eq.(130 simplifies to a sum ovef-functions,
which represents the one-phonon density of std20S)

pi(w),

24X wz(%z wﬁ(w—wi)) (13d)

—Fz(w,x)zg

m 2
:ﬂgz(x)w piw). (13¢

If A,(w) andI',(w) do not depend strongly om near the
Raman phonon abg, then—TI",(wg) of Eq. (136 represents
the half width at half maximun{HWHM) of the disorder-
induced broadening.

The third-order self-energy can be written as

X 1
Ma(w,x)= 93( ) <6N) > wiwi(Pi+iL) (P +il)),
(149
yielding the following real and imaginary parts:
gs(x) 1
As(w,x)==g— (BN 2 wjo;(PiP;—LiL)),
(14b
gs(x) (1
Tyl x)==7— (GN)%waL (140
The corresponding fourth-order terms read
94(x) 13
Aa(0X)="7g w(GNC)
Xijzk wiijk(PinPk_3LiLij)! (15@
94(x) 13
r 4(w'x)_l_6w(6Nc)
XE wiijk(3PinLk_LiLij)' (15b)
i,k

The ratios of the third-order to the second-order perturbation
terms for the real and imaginary part of the self-energy is

PHYSICAL REVIEW B 65 075206

simply related to the disorder-induced shif} and broaden-
ing I',:

&z g3(x) i( i
A, 205(X) 6N,

1[A3-T3
_293(X) LAz 2} (168
92(X) o 928z |,
I's gs(x) 1
T, " ga 6 & P
gs(x) 1 Az (16b)
gz(X) 925,

The ratiosr [Eg. (8)] for a certain phonon mode af,
can be determined from the dilute limits—{0,1} and the
experimental shifts and broadenings fg=0.5. Under the
approximation of Eq(4), the expressions of Eq§l6g and
(16b) simplify to

C_gm 1 AS-T3 173
28 me| A, o5
rF:16— [Az]xo 0.5 (170

For phonons of crystals whos&,(wg,Xo)| and|T5(wq,Xo)|
are comparable, such as for the Raman mode of diamond or
the TO Raman modes of SiC, the asymmetryAdfw,x)
also depends oml',(wg,Xe) and ry/ry=2A3/(A5—T3)
(rp/r,=~8/3 for the Raman mode of diamond

For phonons withT'»(wg)|<|A5(wg)|, such as the Ra-
man modes of Si, Ge, and-Sn, Eq.(17a can be further
simplified. In these cases, <A, andrp/ry=2. The fact
that, generally, the contributions of higher-order terms to the
self-energy are not equally distributed among the real and the
imaginary part (,#rr) means, that the asymmetries of
A(wq,x) andl' (wq,X) have different shapes resulting in dif-
ferent concentrations at the maximum self-energigg, (s
#Xmaxr)- The ratios of the next successive-order terms read

Aar _3Asr_3As_ 3 Ass
Asr 4R, 2Ags 2A5,

Figure 2 shows the dependence mnof the concentration
Xmax, at which the self-energy has a maximum|Tit,(wg)|
<|Ay(wg)| (valid for Si, Ge, andx-Sn).

General expressions for the ratios of successive-order per-
turbation terms for phonons witl',( wg)|<|A,(wg)| can be
easily found using

(Z wiDi>n:(2 wiPi+iEi wil; " hein?

(18

=n"[cognh)+isin(nd)]=75"(1+ing),
(19
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FIG. 3. Raman shift of isotopically disordered diamond. The
FIG. 2. Dependence of the value X, at which the maximum  gpnen symbols represent experimental val@Befs. 5-10. The
OfA_ andl is fou_nd,_including second-order and third-order pertur- gashed line indicates the harmonic scaling of the phonon frequency
bation terms(solid line) and also fourth-order term&ashed and within the VCA (wom~Y3). The solid line corresponds to a fit with

dotted lines. Eq. (7) for n=2,3 to all experimental data, added to the VCA scal-
ing. The two experimental data points>at 0.1 andx=1, repre-
where 7=[%;w;Dj| and §=Arg{Z;w;D;}. They are sented as dotted symbols, were excluded from this fit.
Ani1 = g”“( ! > wipi) (209 man studies that address the variation of the self-energy with
An 20n | 6N the isotopic composition have been conducted for

diamond~'°and Si' The coherent potential approximation
| N L S P 08 (CPA) has been employed for diamdhdand Sii* while ab
T, 29, n—1|6N, < “i1 (200 initio electronic structure based calculations have been per-
formed for diamond and G&:All sets of data are analyzed
N Apiq with respect to the asymmetries of the self-energies and com-
= 1A (200 pared to the results we obtain by perturbation theory.
n Figure 3 displays the Raman frequencies of diamond ver-
According to Eq(17a, negative values far, are possible if ~sus the'*C concentration. The point®pen symbolsrepre-
IT',| exceedsA,|, but this does not occur for the Raman sent experimental values. The dashed curve represents the
phonons of elemental semiconductors. One could also obta@pproximately linear dependence expected in the VCA. The
rr<0 [Eq.(17b)] for phonons withg+ 0 that exhibit a nega- upward curvature of the experimental daveith respect to
tive disorder-induced shift.The latter originates from the the VCA line) clearly demonstrates the existence of an
fact that the shift is related to the Kramers-Kronig transfor-isotopic-disorder-induced self-energy as emphasized by the
mation of the broadening, which displays a change of sign o$olid line, which is a fit with Eq(7) for n=2,3. The prefac-
A i @) near maxima ofl’4(w). In such a case the asym- tors A, and A; contain all factors independent of The
metry would be flipped with respect #=0.5, i.e., the maxi- ratiosrs=Az/A, of the fitted values of these prefactors are
mum of the self-energy would occur at a concentrationlisted in Table | under “Raman experiments.” Note that two

Xmax<0.5. points, which are represented by dashed triangles, have not
been included in the fit since they deviate unreasonably from
1. COMPARISON WITH EXPERIMENTAL AND the other data. , o
THEORETICAL RESULTS It is difficult to see with the naked eye in Fig. 3 the asym-

metric behavior versug, which may arise from third-order
In this section, we display a compilation of the disorder-perturbation terms. The asymmetry appears, however, rather
induced self-energies for the Raman phonons of elementalearly when the difference between the measui@dthe
crystals(diamond, Si, Gex-Sn) which have been obtained calculated behavior and the VCA line is plotted, as shown in
either by Raman spectroscopy or from theoretical calculaFig. 4. In this figure, the solid line also represents the fit to
tions by several research groups during the past decade. Rall experimental datdexcept the dotted trianglgsthe dot-
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TABLE I. Characterization of the asymmetry of the phonon self-energy with respret @5 through the
ratiors=Azs/A,s and the concentratioy,,, s with s=A,I". These quantities are displayed for each elemen-
tal crystal that is realized as a binary isotopic system M, , with separate rows for the corresponding real
and imaginary part. The Raman data are compared with theoretical results that are derived from perturbation
theory(PTh, this work, the coherent potential approximati@@PA), andab initio calculations. The values of
the self-energiesA,,I",) are forx=0.5.

Raman experiments PTh CPA ab initio ©
AZ (Cmil) A XmaxA N XmaxA A Xmax,A N Xmax,A
m; My ~T, (cm™) rr Xmax I Xmax " rr Xmax rr XmaxT
126 13Cx ~62 0.31 0.57 0.33 0.58 0.35 0.58 0.22 0.55
1-x ~38 0.61 0.62 0.88 0.66 0.66 0.63 0.53 0.61
2 30 1.18 ~0 050 026 056 025 056
1=x X 0.02 0.53 0.61 0.52 0.61 0.64 0.63
o 7 1.06 0.33 058 030 057
Gy "Ge, 0.0%F 0.66  0.63 0.74 0.64
11 12 1.¢ 0.67 0.63
S-S, 0.02 ~1 ~067
16, 124g 0.7 041 059
xSk 0.02 082 0.65

a/alues taken as average from Refs. 5-10.
bReference 11.

‘Reference 14.

dreference 15.

®References 12,13.

dashed line represents CPA calculations while the dotted linquite) agree within error bars with the calculated ones.
is a fit to the asterisks which indicate points obtained in the The corresponding experimental values Igfi(x) (see
ab initio calculations:>*3 All data in Fig. 4 show a similar Fig. 7) are about a factor of 2 lower than the calculated ones,
asymmetric behavior, with a maximum af;(x) atx~0.6.  although both show the asymmetric behaviox,
This figure allows us to conclude that the real part of the~0.62) predicted by Eq17b). The reason for the discrep-
self-energy due to isotopic disorder is well understood forancy between the calculated and measufggd is to be
diamond, including the superposition of second-order andought in the mechanism responsible for it if"Sivithin the
third-order perturbation terms. harmonic approximatiod” 3s=0 for Si, Ge, anda-Sn, be-
Similar degree of understanding has been reached farause the Raman frequency is at the maximum of the spec-
I' 4is(x) as shown in Fig. 5. Th& position of the maxima of trum and thus corresponds to zero density of one-phonon
Agis and Iy determined from the experimental data agreestates. The rather small, but non-negligible, observed value
with those obtained by perturbation the¢Bg. (9)] and also  of I' s results from the DOS induced at tfie point by the
with the CPA andab initio calculations(see Table)l Note  anharmonic interactions responsible for the linewidth of the
that ther , andr values under “PTh” are obtained from the isotopically pure crystals. Thus, the widths observed for Si,
experimental values ok, for x=0.5. These values are not as well as for Ge and-Sn, correspond to fourth-ordéwice
affected by the third-order terms, which vanish for 0.5.  disorder and twice anharmonicjtand higher-order terms.
Moreover, the small anharmonic self-energies do not signifiunder these conditions, we have no guarantee that the terms
cantly affectA, since the latter is determined by an integralincluded in an anharmonic CPA calculation suffice to de-
over the wholegbasically harmonicDOS. scribe the experimental data, and agreement within a factor
Concerning the other elemental semiconductors, detailedf two between theory and the small experimental values of
experimental results with sufficient values rfto reach I is to be regarded as satisfactory at this point. Using this
quantitative conclusions of the type found for diamond, areargument too, similar values @ are to be expected for
only available for St! These data for Si are shown in Figs. 6 these elemental crystals.
and 7(filled circles together with the results of CPA calcu-  Although isotopic-disorder-induced effects have not been
lations (filled squares The latter show forAy(X) a clear studied so extensively in Ge angSn, there are some ex-
asymmetry with a maximum a2~ 0.56. The quality and perimental results available far=0.5 (Refs. 14,15 that can
the number of the experimental points are not sufficient tde compared with perturbation calculations. The latter, once
conclude that an asymmetry exists but they cannot exclude dontrasted with the measurements fee 0.5, provide reli-
either. The measured absolute values\gf(x) almost(not  able predictions for future experiments. The corresponding
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FIG. 4. Disorder-induced shift of the Raman phonon of diamond

as a function of theC concentration. The open symbols are Ra-  FIG. 5. Disorder-induced broadening of the Raman phonon of

man experimental datéRefs. 5-10 whereas the asterisks corre- diamond as a function of th&’C concentration. The filled circles

spond toab initio calculations(Refs. 12,13 The solid line is a fit  have been obtained from the Raman data of Refs. 5-9 by taking

with Eq. (7) for n=2,3 to all experimental data except for the two into account the corresponding instrumental resolutions and sub-

points atx=0.1 andx=1 indicated as dotted symbols. The dotted tracting the anharmonic broadenifig,~2 cm ! (FWHM). The

and dot-dashed lines represent the fits to theoretical values obtainedlid line is a fit with Eq.(7) for n=2,3 to these points. The dotted

from ab initio and CPA calculations, respectively. and dot-dashed lines are the corresponding fits to the values ob-
tained fromab initio (Refs. 12,13and CPA(Refs. 6,7 calculations,

data are displayed in Table I, where we compared them, ifespectively. Note that the scatter of the experimental points around

the case of Ge, with those obtained bgb initio the fitted curve is considerably smaller than in Fig. 4. This is prob-

calculations'***We should add that thab initio values of  ably due to the fact that the widths measured for x around 0.5 are

A g4 for Ge calculated by Vast and Bardht®agree with the largely generated by the isotopic disorder while the disorder-

CPA calculation on Si and also represent the available exinduced shifts are a small addition to the VCA dependence(see

perimental data rather weld@® "%(x=0.5)=1.14 cm*  Fig. 3.

compared to 1.18 and 1.06 crhobtained experimentally

for A, in Si and Ge, respectivelyTheab initio calculations We also observe a slight but systematic upwards shift of

of I'ys for Ge, however, give values which are an order ofy . of the CPA values for Si, compared to those obtained

magnitude larger than the experimental ones, a fact that Ca8Y perturbation theory. The points of the CPA calculation,

be attributed to numerical errors in the calculated DOS neajfich includes higher-order perturbation terms, are fitted
the van Hove singularity which is found at the Raman fre—With Eq. (7) for n=2,3 that only contains the second-order

quency. . . and third-order terms. As shown in Fig. 1, the higher-order
According to the values listed in Table | one can clearly )
terms(such as, e.ggs) emphasize even more the asymmet-

distinguish between two different behaviors in the magni- . .

tudes of A, and I',. Diamond exhibits a relatively large fic appearance of the_self—energy, provided that the prefactors
disorder-induced shifA,, whereas the other elemental crys- A; are all posmve_. Afit W'_th Eq(7) for n=2,3,4 to thg CPA
tals have much smaller values. This largely reflects the factoy@lues for the disorder-induced broadening of Si can be

of w in Eq. (13b). The difference is even more striking for found in Ref. 11.

I'5, which nearly vanishes for Si, Ge, andSn. This can be

explained also by the different orders of perturbation theory

coming into play. The overbending of the phonon dispersion

of diamond introduces largisecond-ordérisotopic disorder IV. EXTENSION FOR BINARY COMPOUNDS

effects which are not present in the case of Si, Ge,&&h

because of their vanishing DOS at the frequency of the Ra- The total isotopic-disorder-induced self-energy for a pho-
man phonon. Such overbending of the phonon dispersion igon of a binary compourtican be expressed as a sum of the
also encountered in SiC and will be discussed in Sec. V. self-energy contributions of the individual sublattices
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1.5 + Widulle et al. 1‘ PreshiN
o Experiment i\\ 0.15 | Widulle et al. e E \E
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I
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4 Z3
05 ° 0.05
0 §-—---mmm oo 0
- : : - 0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1

28 30
: ‘ x{“Si,_ Si
X ( 288i1_X308ix ) ( 1-x X )
. ) ) . FIG. 7. Disorder-induced broadening of the Raman phonon of Si
FIG. 6. Dls%gd(_er-lnduced shift of the Raman phonon of Si as &g 3 function of thési concentratior(Ref. 13. The solid line is a
function of the °“Si concentration(Ref. 11). The solid line is a fit fit with Eq. (7) for n=2,3 to the experimental data. The dot-dashed

with Eq. (7) for n=2,3 to the experimental data. The dot-dasheding represents the corresponding fit to the values obtained from
line represents the corresponding fit to the values obtained frorgpa calculations.

CPA calculations.

] ) < 950 ,
TRPRNEDY gr;(:)w|e<(w)|2 Palop) =2 T3 olet(w)
n—-1 _ 1e(w) P w— w:
% 3%2 wiD(0,0)|e(w))|? , x 3Nc2i wile(wi)*mdw—wi)
(21) =3 Sosele(w)pie), (@229

where|e*|? denotes the square of the eigenvector, averaged
over allg's corresponding to a given frequency. The secondwhere p(w) corresponds to the one-phonon partial DOS
order self-energy can be described in a way similar to thaggjected on the sublattice. Note in Eq.(220) that for crys-
used for monoatomic semiconductors tals with diamond structure E@13e is recovered by setting
. |e“(w)|?=1/2.

92(x) wle(w)? The general expression fog can be quite complicated for

4 binary compounds when both sublattices contain isotopic
disorder. However, if there is only one isotopically disor-

Ax(w,X)=2,

1 2 " 2 — wj dered sublattice, the sum overis replaced by a single term.
X 3_Nc i il ()] (0— )2+ ) In this case, it is straightforward to derive expressions similar
' to Egs.(17a and(17b),
(229
K m 1 AZ_FZ
o 9500 , Fa=8— 2 2} , (233
rz(w,x)_EK‘, 7 ole(w)] Am lew)2l A2 | _gs
1 Y
X| =— o e (w;)]? . 1A
3N, E. C (0—w;)?+ ¥2 rp=164— w|e(w)|2[A2]X:O'5’ (23b
(22b
wheree(w) is the eigenvector component at the disordered
For y—0, Eq.(22b) simplifies to sublattice for the phonon under consideratierg., a Raman
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FIG. 8. Disorder-induced broadening of the TO Raman modes FIG. 9. Disorder-induced shift,(w) and broadenin@’,(w) for
of the 6H-SiC polytype versus th€C concentration of the carbon 3C-SiC and 6H-SiC. We obtaifi,(») from the DOS that has been
sublattice. The data are taken from Ref. 17. The solid lines represeticulated by Hofmanret al. (Ref. 19 using the bond-charge

fits with Eq.(7) for n=2,3 to the data points that correspond to the model.A,(w) is determined by a Kramers-Kronig transformation.
TO(0), TO(2/6), and TA6/6) phonon modes.

Kramers-Kronig relations. The frequency dependenca of
phonon. Thus, the isotopic effects of a disordered sublatticeandI", for 6H-SiC, as well ad", for zinc blende SiQ3C-
in a compound is different from that for the correspondingsicC) is shown in Fig. 9 for the region of the TO modes. The
monoatomic crystal. three parallel lines cut the axis at the frequencies of the
We apply Egs.(23a and (23b) to the Raman spectro- TOQ(0), TO(2/6), and TQ6/6) phonons, and the crossing with

scopic results on a variety 6F'Si*“C, _, °C, polytypes, re-  A,(6H) gives the(approximatg disorder-induced shift of
cently reported by Rohmfelelt all” We have performed a fit the corresponding Raman peak.

with Eg. (7) for n=2,3 to the linewidth of the transverse =~ Raman experimental results extracted from Fig. 8 are
optic (TO) modes of the 6H-SIiC polytype measured in Ref.compared in Table Il with those found by the perturbation
17 for 3C concentrations ranging from=0.15 tox=0.40.  scheme of Eqg923a and(23h). The fit to the T@0) mode is
These experimental results are displayed together with ouymmetric, but the large scattering of data points still allows
fits in Fig. 8. The fit performed in Ref. 17 was based on thereasonable asymmetric fits with similar curvature than for
asymmetric curve obtained by CPA calculations forthe other two modes. The two numbers given for the natio
diamond’ This curve was first fitted to the data points of the of the TQ0) mode represent maximum and minimum values
TO(2/6) mode and further adjusted to the T@and TA6/6)  and correspond to 6H-SiC and 3C-SiC, respectively. For the
modes by multiplication with the constant scaling factorcubic polytype the DOS vanishes at the Raman frequencies
w?py(w) assuming constant eigenvectpsse Eq(220]. In-  in the harmonic approximation. Therefore, we performed a
stead, we have considered each TO mode separately and pebnvolution of the imaginary part with the anharmonic
formed fits with Eq(7) for n=2,3 in the same manner as for proadeningl’,,=1.4 cm ! (Ref. 22 in order to estimate
the elemental semiconductors in Sec. Ill. We used, howevethe finite value. Note that the phonon dispersion of the hex-
parameters appropriate to SiC, not to diamond. In this wayagonal polytypes, calculated in Ref. 19, exhibits an over-
we rigorously conclude that the behavior Iofs versusx is  bending of the TO branches, which mainly occurs around the
asymmetric. This fact cannot be derived from the data in Figk point of the Brillouin zone. The relatively large value of
3 of Ref. 17 which were obtained only for 04%<0.40. TI', observed for the TM) mode compared to those of Si,
The latter can be fitted equally with either a symmetric or anGe, anda-Sn (see Table )l provides evidence of a nonvan-
asymmetric curve. ishing DOS caused by an overbending of the phonon disper-
Using Eq. (229 for a single disordered sublattice, to- sion. The experimental results from Ref. 17 support therefore
gether with the assumption of a constant eigenvectothe DOS calculated with the bond charge model by Hofmann
|€55(a)|=0.84%"2 we have calculated the imaginary part et al2®,
I';(w) for 6H-SIC and 3C-SiC using the DOS of Hofmaen The striking feature in Table I, which is added to the
al.’® The corresponding real pat,(w) is obtained by the general behavior of the Raman phonons of elemental crys-
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TABLE Il. Asymmetry of the phonon self-energies of isotopically disordered SiC, characterized by the
ratio rs=Az5/A,s and the concentration,s. Experimental results from Raman spectroscopy of the
TO-phonons of 6H-SiCRef. 17 are compared with calculations using perturbation théBiih, this work.

The values of the self-energied {,I',) are forx=0.5.

Raman experiment PTh

A2 (Cm_ 1) rA XmaxA A2 (Cm_l) rA Xmax,A

natSlnlexlsCx _FZ (Cm_l) fr XmaxI* _FZ (Cm_l) fr XmaxI'
1.7 0.28-0.21 0.57
TO(0) ~0.55 ~0 ~0.5 0.12-0.90 0.58 0.62

2.2 —-0.75 0.36
TO(2/6) ~3.8 0.71 0.64 3.8 0.76 0.64

15 —6.0

TO(6/6) ~9.7 0.66 0.63 7.3 0.53 0.61

*Note that for negative values the asymmetry is flipped with respe&t=t6.5, i.e. the maximum of the
self-energy occurs at<0.5.

tals, is the negative values pf obtained for the T@2/6) and  turbation theory. The results are used to analyze the asym-
TO(6/6) phonons. This change of sign implies a reversednetric behavior of these self-energies versus the isotopic
asymmetry, i.e., the maximum is now shifted to lower con-concentration in crystals containing two different isotopes.
centrations of the heavier isotope<(0.5). Since in Ref. 17 The asymmetry is found to originate primarily from a com-
the phonon frequency was used for the determination of th@ination of second-order and third-order contributions to the
13C concentration, no experimental information can be exphonon self-energies and can be determined from the
tracted about the disorder-induced shift. Within our interpre-second-order perturbation terms without the need of addi-
tation, however, a negative, has been already observed tional parameters. These results are extended to binary crys-
indirectly for a two-phonon combination in isotopically tai- tals (e.g., zinc blende or wurtzite-type semiconductasd
lored diamond by cathodoluminesceri¢@he fact that some used to interpret quantitatively recent experimental data for
absolute values af, - are much larger than unity is caused SIC versus the isotopic composition of the carbon compo-
by a strong difference in magnitude betweenandl’, or by ~ nent. The possible asymmetric behavior of the self-energy in
a vanishingA, [see Egs(233 and (23b)]. The latter occurs this material, which contrary to the statement in Ref. 17 does

at frequencies near the maximum of the phonon DOS wher80t follow from the available data for 0.35¢<0.40 only, is
A(w) changes sign. clarified on the basis of our analytical expressions.
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