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Ab initio pseudopotential calculations of the transverse and longitudinal phonon spectra
of Ge, a-Sn, and a-Sn/Ge superlattices
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A combination of a first-principles pseudopotential plane wave and the interplanar force coiftBaxs)
methods is used to calculate the transveéi®eand longitudinal(L) phonon spectra alon@01] of Ge and
biaxially strainede-Sn, which correspond to a coherent growtha8n, a-Sny Gey 5, and G€001) substrates.
The calculated sets of IPFC’s are also used to investigate the phonon speetBnfEe superlatticeSL’s)
pseudomorphically grown on a Ge substrate. Our results for botfi @ied L phonon spectra of unstrained
a-Sn are in good agreement with the experimental data, and their variations with respectGdlHeiaxial
strain are predicted. Despite the large lattice mismatch between Ge-&ndthe calculated phonon spectra of
a-Sn show a linear variation with respect to the strain state. TfaedL confined and interface phonon modes
in the a-Sn/Ge SL'’s are discussed, in comparison with the corresponding phonon spectra of bulk Ge and
properly strainedw-Sn. In particular, the Ge-like- andT-optical confined modes ia-Sn,,/Ge, SL's are well
described relative to the bulk dispersions of Ge by effective confinement lengths eqoal 19d,(Ge)/4 and
(n+3)ay(Ge)/4, respectively.S0163-182609)00926-1

[. INTRODUCTION techniqué combined with the interplanar force constants
(IPFC’s) method!® This approach is found to give results in

The recent progress in the growth techniques, such as tixcellent agreement with the available experimental data for
molecular-beam epitax§MBE), has allowed for the growth both theL and T phonon spectra of Si and Ge, and the in-
of high-quality superlattice$SL's) with very large lattice ~duced shifts of these phonon spectra due to the biadti)
mismatch between their constituent materials. Of particulaptrain:~ Furthermore, the obtained sets of IPFC’s were used
interest here is the-Sn/Ge SL's that have been grown by to investigate the phonon spectra of Si/Ge SL’s. It has been
low-temperature MBE by Wegscheider and co-workeren found that the confined phonon modes can be described rela-

a G001 substrate. The lattice mismatch between Ge anéiive fo the bulk diSperSionS. by eﬁegtive confinement lengths
a-SI’EI(iS c))f 14.6%. The growth of such man-made materialdlet— (1 1)a./4 for the Si-like L-optical (LO) modes, and
o #=(n+3)a, /4 for the Si-like and Ge-likeT-optical (TO)

: . d
has opened the way for further band-gap engineering "’“nor\qodes?8 Here,n is the number of Si or Ge atomic layers in
the SL unit cell, anda, /4 is the corresponding interplanar

the group-IV semiconductors® It has been found that
a-Sn/Ge SL’s with direct narrow band gaps can be obtaine istance
under certain conditionsThe main aim of this work is two- AS for. 2-Sn. no information. to the best of our knowl-

fold: (i) to provide accurate predictions for the effects of thegqge, is available in the literature about the effects of the
biaxial strain on the phonon spectra @fSn, (ii) to investi-  pjaxjal strain on its phonon spectra. Moreover, the phonon
gate the phonon modes in idealSn/Ge SL’s, grown on @ modes ina-Sn/Ge SL's have only been studied by using a
Ge(00)) substrate. phenomenological approach based on the Keating niddel,
Phonons in semiconductor SL’s have been the subject of and very briefly by assuming a mass approximaﬂ nThe
large number of experimental and theoretical investigatfons.former approach is proved to be inappropriate for studying
In addition to their fundamental importance, phonons in SL’sthe biaxial strain-induced effects on the phonon spectra of Si
are essential in the characterization of these very interestingnd Ge, see Ref. 8, whereas the second approach is found to
materials. New features have been observed in the phonarerestimate, by 30 cit, the frequency of the LO mode at
spectra of the semiconductor SL’s, such as the confined oghe zone center of-Sn. Therefore, an accurate study of the
tical, interface, and folded acoustical modes. Moreoverbiaxial strain effects on the phonon spectrase®n and the
phonons in strained SL’s have renewed the interest in thehonon modes im-Sn/Ge SL's is in order.
effects of the biaxial strain on the phonon spectra of bulk In this work we used the method of Refs. 7 and 8 to
semiconductors. The effects of tt@01) biaxial strain on the ~calculate theL and T phonon spectra alonf001] of un-
longitudinal (L) (Ref. 7) and transvers€T) (Ref. 8 phonon strained bulka-Sn, and the effects of th@01) biaxial strain

spectra of Si and Ge have been thoroughly investigated, u gFtCr:]’ES:repngg?osirri\?gtsrt?éa':/éotrﬁg\éi%ntgr? rgiggéa;%@;]ets of
ing a first-principles pseudopotential plane-wa\®RP-PW in some a-Sn/Ge SL's, lattice matched to a ®81) sub-
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strate. Since only one phonon propagation direction is con- TABLE I. CalculatedL-IPFC’s (in 10° dyn/cm), {k;}, for un-
sidered in this work, the direction of the IPFC’s; substrate strained bulk Ge and biaxially straine#Sn, lattice matched to
and biaxial strain will, hereafter, be suppressed. In Sec. lithree different substrates. Fép, we show both the calculated
we briefly describe our computational method and give thevalue, in parentheses, and the value obtained from the other IPFC’s
details of the calculations. In Sec. Ill, we report and discus®Y Using the acoustic sum rule. The used values,cinda, are

our results for theT- and L-IPFC’s, phonon spectra of un- aso shown.

strained Ge and-Sn, and the strain-induced effects on the

phonon spectra at-Sn. In Sec. IV, we report and discuss the Ge a-Sh
calculatedT andL phonon modes im-Sn/Ge SL’s. Finally, Gesub. Gesub. @-SneGassub. @-Sn sub.
we give in Sec. V a summary of our main results and con
clusions. a, (R) 5.65 5.65 6.07 6.49
a, (A 5.65 7.20 6.85 6.49
Ko (+2.0470 (+1.9870 (+1.7061 (+1.41659
Il. METHOD AND COMPUTATIONAL DETAILS ko 420448 +19834 +1.7022 14142
The T-and L-IPFC’s of unstrained bulk Ge and biaxially k. —0.9084 —0.9371 —0.7860 —0.6456
straineda-Sn were calculated by using the supercell methodk.., —0.1221  —0.0662 —-0.0741 —0.0666
Three strain configurations have been consideredwf&n, k., +0.0072  +0.0171 +0.0116 +0.0039
which correspond to a coherent growth @nSm,_,Ge, sub- k., +0.0009 —0.0055 —0.0026 +0.0011
strates, withx=0, 0.5, and 1. Tetragonal supercells of eight
(twelve) atoms were used to calculate th€T-) IPFC’s. This
enables us to determine the IPFC’s up to the fogsikth)  LO andL-acousticalLA) branches
nearest-neighboring planes for the(T) polarization. The ThelL- andT-IPFC’s were determined from the calculated
convergence of the phonon spectra with respect to thélellmann-Feynman forces after displacing one atom in the
highest-order IPFC included in the calculations has beesupercell by (0.000,0.000,0.0G%,) and

checked previously for Si and G&,and the above choice is (0.007,0.007,0.00@) , respectively. The calculations were
found to be an excellent one. A similar check has been pemerformed by using a PP-PW approach and the Ceperley-
formed for unstrained bull-Sn. For example, by increasing Alder data for the exchange-correlation enéfgys param-
to eight the highest-ordef-IPFC included, the maximum etrized by Perdew and ZungkrThe Kohn-Sham equations
change in the calculated frequency of the TO andwere solved by using the Teter-Payne-Allan conjugate gra-
T-acoustical(TA) phonon modes is of 1 cil, as it is the dient total-energy minimization technigt®PW’s up to 15
case for Si and G&. and 18 Ry in energy were used to expand the wave functions
The structure of the above supercells can be fully deterof Ge anda-Sn, respectively. The energy cutoff of Ge is the
mined by two structural parameters: an in-plane lattice paone we used in Ref. 8. The energy cutoff®@fSn has been
rameter @) that is assumed to be equal to that of the subchecked and found to give a very good convergence. For
strate, and a perpendicular lattice parameter)( In our ~ example, by increasing this cutoff energy to 22 Ry, it has
present work we have used the experimental data for thbeen found that the change in the frequency of the LO and
equilibrium lattice parameterggxpt) of bulk Ge anda-Sn, LA modes of unstrained bulk-Sn is less than 1 cnt. The
which are of 5.65 A(Ref. 12 and 6.49 A(Ref. 13, respec- Brillouin-zone integrations were performed by sampling on a
tively. It is worth noting here that this choice is different regular 4<4x2 Monkhorst-Pack mesh. The used Ge
from the one adopted in Refs. 7 and 8, where we have use@seudopotential is the one we have used in our previous
the calculated values af, (aghef). This is mainly because work® For Sn we used a scalar relatlylstlc psel_JdopotentlaI
we found that this choice gives a better quantitative agreedenerated by using the Kerker _sche?ﬁm_the Kleinmann-
ment between the calculated phonon spectra-8h and the Bylander form:* In the generation qf th|szpseudopotent|al
corresponding experimental data, see below. For this reasofe have used the atomic configuratios?5p for the s and
we have also recalculated the and T-IPFC’s of unstrained P components and the ionic configuratios'5p*5d***for
Ge and its phonon spectra, aff*™'. thed component. The used core radii are of 1.9, 2.2, and 3.0
The values ofa, of a-Sn with the above three strain 2{OMic units(a.u) for the s, p andd components, respec-

configurations were determined by using the macroscopigvely' T.he nonlir!ear .exchange—correlation core corrections
elasticity theory* The used values of the elastic constants®"® Not included in this work.

cy; andcy, are of 0.690 and 0.293 Mbat, respectively. It

has been found that the elasticity theory result for the Sn-Snlll. IPFC’s AND PHONON SPECTRA FOR UNSTRAINED
interplanar distance in the-Sn/Ge SL’s, grown on a Ge Ge AND STRAINED a-Sn

substrate, is in very good agreement with the observed The calculated sets &f andT-IPFC’s, {k;}, as described
value! Here we have also checked this choice by calculatinqn Sec. I of unstrained bulk Ge and bi'axilaily straine®n

the a, /a, ratio of bulk a-Sn lattice matched to a Ge sub- . ; . : ; :

strate, using the PP-PW methd@he so-calculated value is I(mwetzgfszS;;?%%ﬁ%ngggriﬂ?;\irl]l‘c\’;[:ﬂ g; ;?5 Ife(:)sr tlh?eq%l]”.
of 1.25, which is in excellent agreement with the elasticity . - ' — o
theory result of 1.27. Furthermore, we have checked the ef0larization direction. Those of thel 10] polarization are
fects of such small discrepancy in the Sn-Sn interplanar dig€lated to the listed values by

tance on the calculated phonon spectra of hul&n, which 1o 110

are found to be very smafless that 2 cm! for the whole ki =k (1)
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TABLE Il. As in Table I, but for theT-IPFC’s. 300 r
[ C
Force Ge a-Sn =~ 250 E 7o :"_~ \fo
constant Ge sub. Ge sub. «@-Sn<Gessub. a-Sn sub. 'E f.':'::.:“____-___._ - \“‘\\\
Ko (+1.5740 (+1.4019 (+1.2667 (+1.1346 S 200 i kg ; N
Ko +1.5717 +1.3987 +1.2641 +1.1322 D 150 - - /;';"
Ky —-1.3729 —1.3301 —1.1819 —1.0245 § : /,;'/
k_4q —0.2514 —-0.1163 —0.1261 —0.1408 g‘ 100F - L4 I,;"
K.y +0.0595 +0.0454 +0.0406 +0.0361 p N - 7
[ —-0.0163 —0.0069 —-0.0071 —0.0072 R, L A
k5 —0.0814 —0.0463 —0.0457 —0.0493 50 - melIiI -
Ka g +0.0200 +0.0091 +0.01031 +0.0115 L . »
Kis —0.0070 —0.0038 —0.0036 —0.0042 OI‘ XT X
k_g —0.0187 —0.0079 —0.0091 —-0.0112
Kaig +0.0085 +0.0032 +0.0038 +0.0049 FIG. 2. Calculated. and T phonon dispersions alori@01] of

bulk a-Sn with three biaxial strain configurations, corresponding to
lattice matching toa-Sn (solid lineg, a-SnyGe s (long-dashed
The IPFC’s ofa-Sn show the same general features as thédines), and Ge(short-dashed lin@substrates.
corresponding ones of Si and G&namely, the very good
convergence with respect to the size of the used supercells t8ent between our calculated resultsagt™ and the experi-
calculate them; the alternation of sign in the case of thenental data can be easily inferred, for both Ge anin. In
T-IPFC’s, and the very good fulfilment of the acoustic sumthe case of-Sn, the error in the calculated frequency of the
rule (which reflects the very good accuracy of our calcula-TO mode at thd” point, wro(1), is 2% and 7.5% in the case
tions). Because of the use mgxpt in this work, the present of using a(E)Xpt and agh‘*’, respectively. This is the reason
IPFC’s for unstrained bulk Ge are smaller than the correbehind our choice of usinggx‘“in this work. (iii ) For cubic
sponding ones reported in Refs. 7 and 8. For example, thelemental semiconductors, the TO and LO phonon modes at
present value ok, of the T polarization is smaller than that the zone center are degenerate. This is not the case in our
of Ref. 8 (1.706X 10° dyn/cm) by about 7%. calculations, because of the different computational ingredi-
Figure 1 depicts the calculatdd and T phonon curves ents used to calculate tHe and T-IPFC’s. This is mainly
along theA direction of unstrained Ge angtSn, using the due to the differenk-points sampling resulting from the dif-
calculated IPFC’'qat both agxm and aghe‘ﬁ and the linear- ferentlengths of the supercells used, and the atomic displace-
chain modePf, together with the neutron-scattering d&3>  ments that may lead to some enharmonic efféseglected
The main features to note from this figure are as folloijs: in the present work However, the splitting of the TO and
The phonon modes calculated @§*™ are softer than the LO modes at th&" point is about 2% ofuro(T"), which is of
corresponding ones calculatedagf®°. This is most notice- the same order as the discrepancy between our calculated

able in the TO modes of Ge, and both the TO and LO modekesults and the experimental data. Therefore, this discrepancy
of a-Sn, where the difference in their calculated frequencie$an be used as an estimate of the uncertainty in our results.

is between 10 and 15 ci (i) The overall very good agree-  'N€ biaxial strain induced effects on theand T phonon
spectra ofa-Sn were investigated by calculating these spec-

tra at the above three strain configurations. The results are
shown in Fig. 2. The important features to note from this
figure are as follows(i) The compressive biaxial strain leads
to an upward shift in the frequency of the TO, LO, and LA
phonon modes, while it leads to a downward shift of that of
the TA modes. This behavior is consistent with that of the
phonon spectra of G&® lattice matched to $i,Ge, sub-
strates, which, in turn, is consistent with the sign of the ex-
perimental values of the Gneisen parametéfsof these
phonon modegpositive for the TO, LO, and LA, and nega-
tive for the TA). (ii) The calculated shifts in the and T
phonon spectra show almost a linear variation with respect to
the strain state, despite the large strain range consid@ied.
The strain-induced shift in the frequency of the TO and LO
phonon modes over th& direction show a weak and a quite
FIG. 1. Calculated phonon dispersion relations algp@i] of ~ Strong wave-vector dependence, respectively. By going from
unstrained bulk Ge ana-Sn, ata5* (solid line9 andal"®°(dashed ~ @-Sh to Ge substrates, the difference in the shift of the cal-
lines). Experimental data from neutron-scattering measurements areulated values ob o, Aw o, at thel” andX points is 15.9
shown by circles and squares forand T polarizations, respec- cm !, while itis only 4.1 cm ! in the case ofA w+q. (iv) For
tively. The experimental results are taken from Ref. 22 for(&e «-Sn lattice matched to a Ge substrate, the calculated values
T=80K) and from Ref. 23 for-Sn (at T=90 K). of Aw o(T") andAwro(T") are 44.5 and 22.1 cnd, respec-
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tively. Experimental data for the strain-induced effects on the 350+

phonon spectra ofe-Sn are unavailable, and, so, the above C

results serve as predictions. 300 - Lo(Ge)
The (001 biaxial strain can be divided into isotropic and - C

uniaxial contributions. Concentrating on the optical-phonon T, 250 ... LO(Sn)

modes at thd" point, the former contribution shifts the av- § ... To(sn) T

eraged frequency of the LO and the two TO modes(I’), ~ 200 Iy -

while the latter yields a splitting between the frequency of g C LA(Ce) ,/

the LO (singleh and the TO(double} modes,Aw g 1o(I). § 150 - //

For a-Sn lattice matched to a-Sn, sGe&, 5 substrate, the cal- & :

culated values oA w(I') andAw o1o(I") are 14.8 and 11 £ 100 o //I.A(Sn)

cm 1, respectively. Whereas, in the case of the lattice match- = - /7

. TA(SR™) | //

ing to a Ge substrate, they are 29.6 and 22.4 cmespec- SOf /el B

tively. This reflects more clearly the linearity of the biaxial 0 ¥

strain induced frequency shifts. r XT X

IV. PHONON SPECTRA OF a-Sn/Ge SL's
FIG. 3. Superposition of the calculatédand T phonon disper-
In this section we will use the above calculated IPFC’s t0sjons alond001] for unstrained bulk Ge and for biaxially strained
investigate the general features of thandT phonon modes  pulk «-Sn, lattice matched to a Ge substrate.
in straineda-Sn/Ge SL'’s lattice matched to a Ge substrate.

In this study, ideal superlattices have been assufmedr- . o anda-Sn—like TO confined modesy) the occur-

face roughness and intermixing were negleLtddoreover, o 00 ofT interface modes, because frequency gaps do exist
both the Sn-Ge interplanar distance and the IPFC’s acrosg the superposition of th& phonon spectra of Ge and
the interface are assumed to be equal to the mean values &fraineda-Sn

the corresponding ones in Ge and properly strainesin. To illustrate the general features of thgphonon spectra

The effects of using this approximation for the Sn-GeIPFC’sof the a-Sn/Ge SL’s, we show in Fig. 4 those of the

have been checked by calculating the phonon spectra of Se\c’f—Sl‘h/GQ SL. The two top-most modes, with frequencies

eral a-Sn/Ge SL's(lattice matched to a Ge substratey 302.9 and 276.5 cit at the zone center, are true Ge-like LO

using the IPFC'’s of either Ge or strainedSn alone for the fined modes. Th tth des iust beleith fre-
whole SL. For example, it has been found that the differenc car;rl]réiees 22465' 217e7ne;<nd r2e0e4n51967$§ Jtlrjiel“ %’gﬁ) ;?e

in the calculated frequencies of the interface phonon modeg o, " e quasiconfined LO phonon modes. This can be

. 0 . ; ! .
between these two extreme cases is about 2.5% of their v. een from the corresponding displacement patterns, where

_1 . . ra
ues (about 250 cm-, see below, which justifies the use of the amplitude of the displacements of the Ge layers are sig-
the above approximation.

The present approach is inappropriate for investigating
the effects of the intermixing on the phonon spectra of SL’s.
These effects have been studied in the case onts®/Ge
and Si/Ge SL’s, using the Keating modéIThis work has 300
shown that there are two main effects of the intermixing that
can be summarized as follow8) In the presence of inter-
mixing the interface region looks like an alloy of the con-
stituent materials. Thus, additional peaks appear in the Ra-
man spectra of these SL’s that originate from the alloyed
interface layers(ii) The presence of alloyed interface layers
reduces the effective thickness of the pure atomic layers,
which leads to a downward shift in the frequency of the
confined modes. As noted above, such effects are neglected
in this work.
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A. General features

R

In Fig. 3, we show th& andL phonon dispersions of bulk
a-Sn lattice matched to a Ge substrate, together with those of
unstrained Ge. From this figure, the expected main features
for the phonon spectra of the-Sn/Ge SL'’s are as follows: 0 02 0.4 06 08 1.0
(i) the existence of true LO confined modes in the Ge layers, q (n/d)

(ii) the existence of only quasiconfined LO modes in the

a-Sn layers, since the LO phonon branch of straiae@in FIG. 4. TheL phonon dispersions alori@01], in the SL Bril-

lies in the LA continuum of Geliii) the lack ofL interface  |ouin zone, for then-Sn,/Ge, SL, lattice matched a Ge substrate.
modes, because of the absence of gaps il.theonon con- s the SL period. Atomic displacements of the selected modes at the
tinuum of Ge and strained-Sn, (iv) the existence of true zone center are also displayed.
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FIG. 5. As in Fig. 4, but for thel phonon dispersions. Solid

curves: the[110] polarized modes. Dashed curves: fHe10] po-
larized modes.

nificant but they are clearly smaller than those of the Sr!1
layers. The rest are LA extended folded modes. As expecte(ﬁ’
no L interface modes have been found in this and other stud:

ied a-Sn/Ge SL'’s.
The symmetry of thex-Sn,/Ge,(001) SL's has impor-
tant consequences on thdiphonon spectra. Thiel10] and

[110] polarizedT phonon modes are degenerate and nond
generate in th€001) SL's with D,4 (oddn andm) andD
(evenn andm) point groups, respectivefy.

To illustrate the general features of tiigphonon spectra
of the a-Sn/Ge SL’s withD,,, symmetry, we show in Fig. 5
those of thea-Sn,/Ge, SL. The three modes in the fre-
quency range between 260 and 300 ¢rtwith frequencies
289.8, 285.7, and 268.7 cth at thel point) are true Ge-like
TO confined modes. The two phonon modes with frequen
cies very close to 250 cnt (245.5 and 247.4 cit, at the
zone center are interface modes, since they lie in a fre-
quency gap of thél phonon continua of bulk Ge and the
properly strained bulle-Sn (see Fig. 3. These values are in
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FIG. 6. Frequency of the Ge-like LO confined modsse text
in the a-Sn,/Ge;, SL, lattice matched to a Ge substrate, plotted
onto the LO dispersion of unstrained bulk Ge. Three formsdgf
are used. The frequency of the Ge-like LO confined modes in the
a-Sn,/Ge, SL, by using deg=(n+1)ay/4, are also plotted
(crosses

B. Confinement

In this subsection, we will investigate the relationship be-
tween the true Ge-like LO and TO confined modes in
a-Sn/Ge SL's, lattice matched to a Ge substrate, and the
corresponding phonon curves of bulk Ge. In Fig. 6 we plot
the calculated frequencies of Ge-like LO confined phonon
modes,w| (j is the order of the modes starting with the
ighest-frequency ongin the a-Sn,/Ge;, SL onto the LO
honon curve of bulk Ge al.f=]7/ds, Wheredg is the
ffective confinement length. This figure shows that the best
it to the LO bulk dispersions is achieved hy.¢=(n
+1)ay/4. Here,n is the number of monolayers of unstrained
Ge andag/4 is the interplanar distance between them. This
result is consistent with thdg of the Si-like LO confined
odes in Si/Ge SL'$Ref. 7).

The situation of Ge-like TO confined modes is more com-
plicated. This is because of the existence of fivpolariza-

tion directions([110] and[110]), and of the effects of the
symmetry of the SL's on these phonon modes. We plot in
Fig. 7 the calculated frequencies of the Ge-like TO confined
modes, wly, in the «-Sn/Gey, a-Sn/Ge,, and
a-Sn/Ge, SL’s onto the TO phonon curve of bulk Ge at
Jefr=] 7 desr . Three forms oflg have been considered. From
this figure, it is evident that a very good description of these
modes, with botfj110] and[110] polarizations, relative to
the TO curve of bulk Ge can be obtained l=(n

m

good agreement with the value obtained by Raman spectros-3)ay/4. The quality of the fitting decreases for the two or

copy of about 260 cmt (Ref. 26. Only [1TO] polarized

three low-frequency TO confined modeghigher-order

interface modes exist in the present case because all thBodes. This can be understood, since these modes are less

Sn-Ge bonds in the-Sn/Ge SL’s withD,,, symmetry lie
along[110]. For these interface modes, the displacemen

amplitudes decay rather rapidly to zero away from the inter-
face, as can be easily seen from the atomic displacemefCOr

patterns of modeb andc, also shown in Fig. 5. The three
modes in the frequency range between 200 and 220'cm
(with frequencies 216.8, 213.1, and 209.7 ¢mat the zone
centej are true a-Sn—like TO confined modes. The four
modes in the frequency range from 50 to 90 ¢mare Ge-

confined to Ge layers than the ones with higher frequencies.
This result is in accord with that of Ref. 8, for the Si-like and
be-like TO confined modes in Si/Ge SL’s. One may argue,
ding to Fig. ), that thew!, of the[110] polarized
confined modes in the--Sn,/Ge;, SL are better fitted by
de=(n+2)ay/4. This is true. However, the first two of these
modes(j=1 or 2 are also very well described .¢=(n
+3)ay/4. Furthermored¢=(n+3)ay/4 is almost the average

of the[110] and[ 110] polarized Ge-like TO confined modes

like TA confined modes, since they lie above the TA phononin «-Sn,/Ge, SL. Thereforeds=(n+3)ay/4 can be used, to

continua of the properly strained butkSn. The rest are TA
extended folded modes.

a very good approximation, ad.; of all the Ge-like TO
confined modes in the-Sn/Ge SL’s. The difference in the
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310 C. Interface modes

300 (@) As noted above, onlyl interface phonon modes exist in
the @-Sn,/Geg, SL’'s. These modes are degenerate and non-

290 degenerate in the-Sn/Ge SL'’s withD,q andD,;, symme-
2801 tries, respectively. For $IGe, SL's with D, symmetry,
270 3 we have found that the frequency of the two interface modes
o0 converge to the same value when botland m are greater
250 : : : : than eighf Otherwise, a splitting occurs because of the
(b) interface-interface interaction. The same behavior has been
. 9007 for the interface modes ia-Sn/Ge SL'’s withD,;, symmetry.
F'E 290 . For example, theirffrequencies in tlagSrh/Ge4 SL are of
o 245.5 and 247.4 citt, see above. This can be easily under-
s 280 stood, since the long-range nature of T&PFC's of a-Sn is

270 By similar to that of Ge and Si. Therefore, a splitting in the
frequency of the interface modes is expected in all the ex-

20 ' perimentally growna-Sn/Ge SL'’s withD,,, symmetry, on a
200 (c) Ge substratdat least. To show this, we have studied the

interface phonon modes ink-Sn,/Geg, SL’'s with n
=2,4,..,12. We have found that the frequencies of the two
interface modes at thE point change monotonically by in-

L)

o (n+2)a/4 creasingn, for n less than or equal to eight, between the
o7gl ©  (n+3)a/4 values of 237.7 and 263.1 crh(in the a-Sn,/Ge, SL) and
o (n+d)a /4 © 240.0 and 248.85 cnt (in the a-Sn,/Ge; SL). For n larger
2695 02 04 06 08 10 than eight, the frequencies of these interface modes stay al-
r q (2n/a) X most unchanged, with a split of about 8 ¢t

FIG. 7. As in Fig. 6, but for the Ge-like TO confined modes in
a-Sny/Gey; SL (@) and ina-Sn,/Ge;, SL, with both[110] (b) and V. CONCLUSIONS

[110] (c) polarizations. The frequency of the Ge-like TO confined The longitudinal and transverse phonon spectra along

modes with[110] polarization in thea-Sn,/Ge, SL, by using [001] for bulk Ge and(001) biaxiall :

- y straineda-Sn were
derr=(n+3)ay/4, are al.so plottedcrossek Those of thex-Sn,/Ge, studied, using first-principles pseudopotential and interplanar
SL are also showfsolid symbols, for the same three formsdyf). force constants methods. The general features of L

forms of dgg, of the LO and TO confined modes has beenPhonon spectra a-Sn/Ge superlattices, lattice matched to a
explained as a direct consequence of the fact that th&&001) substrate, have also been similarly investigated. In
T-IPFC'’s are of longer range than theones(for more de- the following we summarize our main results and conclu-
tails, see Ref. B sions.

Because of the very large lattice mismatch between Ge (1) The calculated. andT phonon spectra for unstrained
and a-Sn, the growna-Sn,,/Geg, SL's, on a Ge substrate, Ge anda-Sn are found to be in very good agreement with
have only one or two Sn monolayérélt would be of inter-  experiment.
est to study the effects of having such very small numbers of (2) An almost rigid shift is predicted for the TO phonon
Sn monolayers in the above SL’s on the confinement of theibranch ofa-Sn due to th€001) biaxial strain, while that of
Ge-like TO and LO phonon modes. For this reason, we havghe LO branch shows a quite strong wave-vector depen-
studied the confinement of these modes in &th&n,/Ge,  dence.
anda-Sn /Gey3 SL's. It has been found that the confinement  (3) The Ge-like LO and TO confined phonon modes in
of the Ge-like phonon modes is very slightly affected by ,-Sp /Ge, SL's are well described with respect to the cor-
such a decrease in the number of Sn monolayers. For exasponding curves of bulk Ge by effective confinement
ample, the frequency width of the Ge like LO confined lengths equal toi{+1)ay(Ge)/4 and (+3)ay(Ge)/4, re-
modes iln thex-Sn,/Gey, anda-Sny/Gey, SL's is of 0.3 and  gpectively.

0.5 cm -, respectively, whereas, that of the Ge-like TO con- (4 | 4-Sn/Ge SL’s, quasiconfined LO and truly confined
fined modes is of 0.5 and 2.5 ¢th respectively. In Figs. 6 TO Sn-like phonon modes have been found.

and 7 we also plot the centers of these narrow frequency (5) only T interface phonon modes #Sn/Ge SL’s have
bands of the Ge-like LO anfll10] polarized TO confined peen found, with a frequency of about 250 ¢m

modes in thea-Sn,/Gey, SL, respectively, onto the corre-
sponding curves of bulk Ge. Here, only one formdgf has
been used in each cad@+ 1)ay/4 and i+ 3)ay/4, respec-
tively]. The obtained results lie almost on top of the corre-
sponding ones of the-Sn,/Ge;, SL. Therefore, one can Two of us (A.B.A. and N.M) would like to thank the
conclude that the above forms df; are still valid even for  Center for Theoretical and Applied Physics, Yarmouk Uni-
such a very small number of Sn monolayers in the SL unitversity, for financial support and kind hospitality, where the
cell. bulk of this work was done.
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