PHYSICAL REVIEW B, VOLUME 64, 165205

Strain relaxation mechanisms and local structural changes in $i,Ge, alloys

Ming Yu,! C. S. Jayantht,David A. Drabold? and S. Y. Wd
!Department of Physics, University of Louisville, Louisville, Kentucky 40292
2Department of Physics and Astronomy, and Condensed Matter and Surface Sciences Program, Ohio University,
Athens, Ohio 45701-2979
(Received 17 August 2000; revised manuscript received 30 March 2001; published 5 October 2001

In this work, we address issues pertinent to the understanding of the structural and electronic properties of
Si; _,Ge, alloys, namely,i) how does the lattice constant mismatch between bulk Si and bulk Ge manifest
itself in the alloy system? an@) what are the relevant strain release mechanisms? To provide answers to these
questions, we have carried out an in-depth study of the changes in the local geometric and electronic structures
arising from the strain relaxation in Si,Ge, alloys. We first compute the optimized lattice constant for
different composition$x) by fully relaxing the system and by minimizing the total energy with respect to the
lattice constant at each composition, usingaminitio molecular dynamics scheme. The optimized lattice
constant, while exhibiting a general trend of linear dependence on the compd@siigard’s law, shows a
negative deviation from Vegard's law in the vicinity »F0.5. We delineate the mechanisms responsible for
each one of the above features. We show that the radial-strain relaxation through bond stretching is responsible
for the overall trend of linear dependence of the lattice constant on the composition. On the other hand, the
negative deviation from Vegard’s law is shown to arise from the angular-strain relaxation. More specifically,
the combined effect of the local bond-angle deviations from the tetrahedral angle and the magnitudes of the
corresponding peaks for the partial-angle distribution function determines the negative deviation from Vegard's
law. The electronic origin of the changes in the local geometric structure due to strain relaxation is also
presented in this work. In particular, the correlation between the bond charges and the bond-lengths for Si-Si,
Ge-Ge, and Si-Ge pairs in Si,Ge, alloys for different compositions is explicitly shown. Our calculation of
the average coordination number as a function of composition indicates a random occupation of Si and Ge on
the lattice sites, suggesting that Si and Ge atoms are fully miscible in the alloy system.
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I. INTRODUCTION co-workers’8 proposed a simplified model on the basis of
macroscopic elastic properties. The composition dependence
It is well known that the 4% difference in the experimen- of the bond lengths is described via a topological rigidity
tally observed lattice constants between bulk Si and bulk Ge@arametera*™* which leads to the Vegard limit whea**
gives rise to a significant strain in the growth of; SiGe, =0 and to the Pauling limit whea** =1. According to
alloys, and the relaxation of the strain causes changes both their model,a** should be 0.707 for SiGe alloys, and a plot
the local geometric structure and in the electronic structuref the Si-Si, Si-Ge, and Ge-Ge bond lengths versus compo-
of Si;_,Ge, alloys as compared to those of pure Si and Gesition should consist of three equally spaced parallel lines
In order to understand the mechanism of the strain relaxhaving a slope that is directly related to the valueadf .
ation, extensive experimentat! and theoreticaf~*° efforts These previous theoretical studies, while attempting to
have been devoted to the study of the interplay between thgrovide the insight into how the local structural properties
relaxation of the strain and the changes in local geometriaccommodate the relaxation of the strain, failed to predict
and electronic structures. Most experiméfits! found that the weak dependence of the bond lengths of Si-Si, Si-Ge,
the lattice constant as a function of the composition does naind Ge-Ge on the composition. They also did not reproduce
follow an exact linear relation such as the one given by thehe negative deviation of the lattice constant from the Veg-
Vegard’s modéf but has a negative deviation from the Ve- ard’s law. For example, the result given in Ref. 18 predicted
gard’s law. The bond lengths, on the other hand, show a linear dependence on the composition for the lattice con-
weak composition dependent&?-8 But they do not obey stant while the result by a Monte Carlo simulatidgielded
the Pauling modét in which the bond length between a pair a positive deviation from Vegard's law. Another Monte Carlo
of atoms is independent of composition, and the steric straistudy using a statistical-mechanical mddellso obtained an
in the alloys is accommodated by bond-angle changes. overall linear dependence of the lattice parameter on the
A number of theoretical studies have been devoted to theomposition, but with a hint of negative deviation from Ve-
local structural analysis of 8i,Ge, alloys at an empirical or gard’s law in the vicinity oix=0.5. An effort to resolve these
at the semi-empirical level. Weidmann and Newfiaby issues had been carried out by Sheral,?” using a semi-
minimizing a model strain energy function found that the empirical tight-binding method in the dilute limit. The model
bond lengths between Si-Si, Si-Ge, and Ge-Ge pairs as @escribed reasonably well the behavior of the lattice constant
function of composition are straight lines and parallel to eactand the properties of bond lengths in this dilute limit. How-
other. Similar result were also obtained by Ichimetaall*  ever, no attempt was made to correlate the model of strain
and Gironcoli etall® Alternatively, Thorpe and relaxation and the local properties in this study.
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Very recently, a more accurate experimental measuremenblume and composition, the network was fully relaxed by
of the local structure at all compositions has been reportethe dynamical quenching method using the quantum-
by Aubry et al® They analyzed th&-edge x-ray absorption molecular dynamics scheme cited above. The equilibrium
fine structure(XAFS) spectra of Si and Ge in strained and configuration was considered to have been reached when the
relaxed Sj_,Ge, alloys. They found that the Si-Si, Si-Ge, force on each atom is less tharx10 2 eV/A . We evalu-
and Ge-Ge first-shell distances show a weak dependence ated the total energy convergence by using both 1 and 8
the composition. The slopes of the linear fits to the bondspecialk points in the BZ and found that the result of using
lengths as a function of the composition are demonstrablg k points only improves the accuracy byx10 2 eV.
different from each othe¥.This result is different from the Therefore, we adopted tHe point calculation in the ensuing
previous theoretical predictions. They also confirmed fromsimulations. The volume optimization was carried out by
the composition dependence of the coordination numberminimizing the total energy with respect to the lattice con-
that the Si and Ge atoms are likely to be randomly occupyingtant for a given composition. We then conducted a local
the sites and are fully miscible at all compositions. analysis of the structural and electronic properties corre-

An accurate theoretical determination of equilibrium con-sponding to each composition.
figurations of Sj_,Ge, alloys with no parametric input is
highly desirable. This is because such a determination can
help to clarify issues related to the whole spectrum of avail- 1ll. LOCAL ANALYSIS OF STRUCTURAL PROPERTIES
able experimental observations. Furthermore, it can shed :
light on the interplay between the effects of strain relaxation, !N @ recent experimental study on local structural proper-
and local properties of the alloys. In this work, we have used/€S ©f Si-,Ge alloys, Aubry etal. concluded from the

the ab initio molecular dynamics scheme, as developed byF°MPosition dependence of the coordination numbers that Si
Sankey and co-workefS,to carry out the energy minimiza- and Ge atoms are likely to be randomly occupying the sites

tion for the determination of the equilibrium structures of and are fglly misc_ible gt all compositions: In order to provide
Si;_,Ge, alloys at various compositions. A brief outline of a theoretical ponflrmatlor] of the conclusion drawn by Aubry
this method is given in Sec. Il. We then conducted a locaft al- we carried out stqdles on two types of alloy modéls:
analysis of the structuréSec. I1l) as well as electronic prop- & nonrandom alloy andi) a random alloy. In the nonrandom

erties(Sec. 1V) of the relaxed configurations. Corresponding alloy model,”?i I‘?nd_ Ge atolm? are (J!istributed at th? sitesh of
to each composition, we have computed the optimized latticd!® Supercell following a rule for a given concentration. The
constant, bond lengths, coordination numbers, and pairs-"tes in the ;upercell can be Iabeleq sequentially in a certain
correlation functions(radial and angular The results of ~©Order ffomhs”e 1 throllljglf?:wherQN is the tc;tal_ nurgber of
these calculations are used to identify the mechanisms fdi0ms In the supercell. The assignments of Si and Ge atoms

strain release and to explain succinctly the origin of Vegard’sat the 3|te§ are carried oult n ahpattern a;:cordmg tr? their
law as well as the deviation from this law fein the vicinity ~ concentrations. For example, in the case @f;§5& 25, the

of 0.5. The conclusions drawn from this work are given in2SSignment of Si and Ge atoms at a given site proceeds fol-
Sec. V. lowing the rule of one Ge atom after every three Si atoms.

Thus the nonrandom alloy consists of arbitrary configura-
tions but with a correlation among the distribution of atomic
Il. METHOD species in the system. The purpose here is to determine how
the composition dependence of the coordination numbers for
a configuration with a correlation among the distribution of
%tomic species compares with the experimental observation.
In the randomalloy model, the Si and Ge atoms a@m-
letely) randomly distributed. We found that the total energy
ifference between these two cases is quite stwathin the
error baj, but the coordination numbers as a function of the
Eomposition are quite different as shown in Fig. 1. It is found
that thenonrandomalloy (open symbolscan not explain the
'experimental result(see the insét but the random alloy
gsolid symbol$ mimics the experimental result very well.

The ab initio molecular dynamics scheme employed in
the present work is based on the density-functional theor
(DFT) in the local-density approximatiofLDA), as devel-
oped by Sankey and co-workerswhere a local basis set is
used to construct the Kohn-Sham orbitals. These basis fun
tions are slightly excited pseudoatomic orbité®\O). The
Kohn-Sham orbitals are calculated self-consistently using th
Hamann-Schiter-Chiang  pseudopotentidts and the
Ceperley-Alder form of the exchange-correlation potential
as parametrized by Perdew and ZurnfgeFhe use of PAO’s

as basis set is extremely convenient in studies which requir The two kinds of average coordination numbers that are
extracting information about local structural and electronlcrelevam to alloys are defined arhverage:EiNni/N andN,;

properties of complex systems such ag $Ge, alloys. For N, . )
complex systems with reduced symmetry, the computational ~i,, (B)nia(ﬁ)/Na(ﬂ)’ respectively, Whert\ayeragels the
performance of this method as far as the CPU time is coneoordination number that counts all atom types as neighbors,
cerned is better than othab initio methods based on plane- whereasN,; gives the average number Gftype neighbors
wave basis sets. for the a-type atom within a cutoflR.,; with N being the

In our simulationsp>-type PAOs were used with confine- total number of atomsy; the number of neighbors of th¢h
ment radii of 5.0ag and 5.2 ag for Si and Ge atoms, re- atom, andN () the total number of the--type atom having
spectively. The initial network chosen has a tetrahedral symg-type atoms as its neighbors. It is clear theage4 in
metry with 216 atoms in a cubic unit cell. For a given the four-fold bonding structure such as tetrahedral symmetry
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FIG. 1. The calculated coordination numbers as a function of the  F|G. 2. Optimized lattice constant as a function of the compo-
compositionx where the circles denotélg;s;, the up-triangles  sition x (solid circles. The solid line is the Vegard model predic-
Nsige: the down-triangledges;, and the squareNgege. The solid  tion. The inset is the experimental measurements where solid circles

symbols correspond to thrandomalloy model and the open ones are from Ref. 10 and open circlémcluding error barsare from
correspond to theonrandomalloy model. The inset shows the Ref. 9.

coordination numbers obtained from XAFS results as a function of
composition(Ref. 9. The lines indicate the expected coordination

numbers on the basis of random site occupancy. optimization yields a mismatch of only about 2.4%. There-

fore, we present the experimental data of Ref. 9 in the inset
rather than in the same figure. Our goal is to compare the
trend and the general pattern of the structural changes as a
unction of concentration so as to deduce an understanding
f the strain relaxation mechanisms in SiGe, alloys.

The average bond length between a pair of atoms of types

systems, andl, ;=1 when there is only one (8) atom in
the B8 (a) atom system. Ifa and 8 atoms are randomly
distributed, there must be no significant difference amon
Naos Ngg, Ng,, andN,z atx=0.5, and the composition
dependence of the coordination numbers must follow the lin- ) ; N <R
ear dependence outlined by the two straight lines shown it and B, b.g, is defined as baﬁ:EiaaEJﬁcmdia,jﬁ/
Fig. 1. The coordination numbers of threndomalloy model EiN“nia(,B), wherea(B) denotes the type of ator,, is the

clearly show such a behavior as can be seen in Fig. 1 and our * . .
: . : fotal number ofa-type atom in the supercelli; ; the dis-
results are consistent with the recent experimental alp

measurementsOn the other hand, the composition depen-tance between the-type atom at theth site and thes-type
dence shown by the nonrandom alloy model with a correladtom at thejth site, andn; (B) the number of neighboring
tion among the distribution of atomic species is quite differ-3-type atoms around the-type atom at theth site within
ent from the experimental result. Thus, our results supporthe cutoff radius ofR.,. We tookRg, to be 2.7 A in our
the notion that Si and Ge atoms randomly occupy the siteanalysis which is between the first and the second peaks of
and are fully miscible in Si.,Ge, alloys because of their the radial-pair distribution function of the relaxed alloy con-
similar chemical properties. We therefore concentrated ofigurations. We examined the choice Rf in the region of
the random alloy model hereafter in our local structural 2.6—-3.2 A and found that the value does not have much
analysis and in the comparison with the experimental resultsnfluence on the results because the first and the second
We examined the global and local structural properties opeaks are well separated by about 1 A.
Si;_,Geg, alloys at various compositions x( Figure 3 illustrates the calculated average bond-lengths of
=0, 0.10, 0.25, 0.40, 0.5, 0.60, 0.75, 0.90, and ).1.0 Si-Si, Si-Ge, and Ge-Ge pairs versus the compositiorhe
Figure 2 presents the optimized lattice constant versus thexperimental dafaare presented in the inset. Notice that the
composition obtained from the total energy minimization.largest error bar for Si-Si bond length in,;SjGe, alloys
We found that the lattice constaiisolid circle monoto- occurs atx~0.75 while that for Ge-Ge bond length at
nously increases from 5.513 A at=0 (corresponding to ~0.25° These features had been attributed to the distortions
pure S) to 5.645 A atx=1 (corresponding to pure Ge associated with possible compound formation at these
with increasingx. It exhibits a negative deviation from the concentrationg.Turning now to the theoretical result, it can
linear Vegard’'s law(dashed ling The deviation appears be seen that the variation of both sets of bond len¢#iSi
from x~0.25, shows the largest deviation arouxe 0.5, and Ge-Ggwith respect tax follows the same general pat-
and then gradually disappears beyore:0.75, in good tern. Overall, the bond lengths are rather insensitive to the
agreement with experimental restftd (see the inset It  composition. For the Si-Si pairs, the increase in their average
should be noted that, while the experimental value of théond-length is concentrated in the Ge-rich region while for
mismatch between bulk Si and bulk Ge is about 4%, outhe Ge-Ge pairs, the decrease in their average bond length is
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FIG. 3. Calculated average bond lengths as a function of the FIG. 4. The total(r) (solid curves and partialg,5(r) (dashed
compositionx, where the circles denotbg;, the up-triangles curves radial-pair distribution function at compositions »# 0.0,
bsice: and the squarelsg.ce. The stars represent the overall aver- 0.10, 0.25, 0.40, 0.5, 0.60, 0.75, 0.90, and 1.0. Note that the left
age bond lengths calculated by taking into account all three types dfashed curves correspond ggis(r), the middle togsicdr), and
bonds without distinguishing any particular bonding pair. A solid the right toggecdr). respectively.
line is drawn through these points to provide a guidance to the eye. . .

The inset is the experimental result for the first-shell bond lengths aft-tYP€ atom at the origin and A-type atom at a distanae
different compositiongsee Fig. 8 in Ref. B Notice that the largest away. As shown in Fig. 4, the total radial-pair distribution
error bar for Si-Si bond length in Si,Ge, alloys occurs atx  function g(r) (solid curve in the region of the first-shell
~0.75 while that for Ge-Ge bond lengthyat 0.25(Ref. 9. These  distance consists of three subpeaks: the Si-Si peak on the left
features had been attributed to the distortions associated with poside, the Si-Ge in the middle, and the Ge-Ge on the right side
sible compound formation at these concentrati(Ref. 9. (note that these subpeaks can be clearly distinguished at
=0.4, 0.5, and 0.6 Such peak positions shift less than 0.5%
mostly in the Si-rich region. The Si-Ge pairs appear to formfrom x=0.0 to x=1.0, indicating that during the strain re-
at a distance close to the mean value of the average bonthxation all the pairs of Si-Si, Si-Ge, and Ge-Ge prefer to be
lengths of Si-Si and Ge-Ge pairs for a given compositionas close to their equilibrium distances as possible. It can also
The weak dependence of the average bond lengths of Si-Be seen that the 2% shift of the peak position of the average
and Ge-Ge pairs on the composition indicate that the Si-Siirst-shell distance is attributed to the change of the ratio
and Ge-Ge pairs prefer to maintain their respective bonémong the Si-Si, Si-Ge, and Ge-Ge pairs in the mixture. This
length even in the alloying situation. The preference of theexplains the monotonous increase of the lattice constant with
Si-Ge pairs to form at distances close to the mean value dhcreasing Ge composition. Furthermore, the average overall
the average bond lengths of Si-Si and Ge-Ge pairs is abond length of all three types of bonds has been plotted
indication that the mismatch between lattice constants ofersus the composition in Fig. 3. It shows a linear depen-
bulk Si and bulk Ge is accommodated by the formation ofdence on the composition. Hence the strain release through
the Si-Ge bond. It should be noted that the bond lengths vehe radial stretching is apparently responsible for the overall
the composition curves for Si-Si, Si-Ge, and Ge-Ge bondsrend of linear dependence of the lattice constank.on
obtained in the present calculation do not correspond to The question is then how does the lattice constant versus
equally spaced parallel lines as obtained by previoux curve exhibit a negative deviation from Vegard's law? Spe-
calculationst*~*>1"18They are, however, consistent with the cifically, how does the mismatch between the lattice con-
experimental resul{see the inset of Fig.)3as discussed stants of bulk Si and bulk Ge manifest itself when Si-Si and
above. It should also be noted that the calculated averag@e-Ge pairs prefer to maintain their respective lengths? To
bond-length of Si-Si pairs for bulk Siis 2.39 A, somewhat answer this question, we examined the bond-angle strain re-
longer than the experimental value of 2.35 A while the cal-laxation from the bond-angle distribution functig(). It is
culated average bond-length of Ge-Ge pairs for bulk Ge iseen from Fig. 5 that the peak of the bond-angle distribution
2.44 A, somewhat shorter than the experimental value ofs sharp at pure limits and broad at or close to the maximum
2.45 A Thus the spread of the variation of the calculatedmixing case k=0.5). This is an indication that there are
average bond-lengths versus the composition is narrowdarge bond-angle distortion where the strain is largest. To
than that of the corresponding experimentally observed bondnderstand in more detail how the angular strain affects the
lengths. local structure, we plotted the 6 partial bond-angle distribu-

We next analyze how the local structure changes due tton functionsg,g,(6) at x=0.25, 0.5, and 0.75, respec-
the strain relaxation. The radial-strain relaxation can be anaively as shown in Fig. 6. Herg,z,(6) gives the angular
lyzed from the radial-pair distribution functiag,g(r) for an  distribution for the angle between two bondg« andSy.
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FIG. 7. The average bond ang“r_}aaﬂy as a function of the com-
position x. Note that the stars denote the overall average bond

angle, the solid(open circles 0 gisis{® gegecd, the solid (open

From Fig. 6, we found that all the partial bond-angle distri- S34a"€S Osicesi (Ocesicd, and the  solid (open) up-triangles

bution functionsg,s,(#) have their peaks centered around Oesisi (Oceces, respectively. The solid line denotes the tetrahe-
the tetrahedral angleg& 109.47°). But both the magnitude 9ral angle of 109.47¢.

and the position of the peaks change as the composition

changes and hence so do their contributions to the totad=109.3° atx=0.75 to#=108.8° atx=0.25. In the vicin-
bond-angle distribution functiong(6). For example, ity of x=0.5, however, all of the partial bond-angle distribu-
Osisis( #) contributes the most to the total bond-angle distri-tion functionsg, () contribute to the total bond-angle dis-
bution functiong(#) in the case ok=0.25. The magnitude tribution functiong(#6) with comparable weights.

of it; Pt?]akGShOWE a monOtSO'niC{Iitl decrea}sei:mreaigs tO]: ’ An interesting feature is that the average bond-angles al-
wards the Ge-rich region. Simultaneously, the position of i - =~ = = _
peak shifts fromg= 1909.7° atx=0.25 t0y0=11%.1° atx %Nals keep in the order _ OfOsisis™ O sices™ O cecesi ,
=0.75. On the other hand, the magnitude of the peak of @ cesis™ @ cecece” Ocesice independent of the composi-
Joececk ) decreases monotonically asdecreases towards tion (see Fig. 7. In particular, it is found that the deviations
the Si-rich region while the position of the peak shifts from of @ gsis; (solid circleg and O gjges;(solid squaresfrom the

tetrahedral angle are always positive while thos@@geeee

L GeGes (open circles and © gesice (OpeN squargsalways negative.
=025 w025 GeSiGo This can be understood as follows. The average bond-angle

— GeGeGe

Osisisi (Osices) between two Si-Si bondqtwo Ge-Si
bondg depends on how the lattice constant of the S5,
AN alloys at a certain compositioncompares with that of bulk
Si. Since the lattice constant of the alloy is always greater
than that of the bulk Si and it increases with increasinthe

average bond angl® gisisi (Ogiges) Will therefore always

be greater than the overall average bond-af@gi®ost iden-
tical to the tetrahedral angle of 109.47°) and increases with
increasingx (see Fig. 7. Hence, a positive angular deviation

of Ogisisi (Osiges) from the overall average bond-angle re-
sults and this angular deviation increases with increaging

(towards the Ge-rich regionBy the same token, since the
0 PRPLEA S S S lattice constant of the alloy is always less than that of bulk
100 105 110 115 100 105 110 115 120 —

8 0 Ge, the average bond-ang®ggece (5(;95@3 will always
be less than the overall average bond angle and decreases

FIG. 6. The partial bond-angle distribution functigp.(6) at - . . o
x=0.25, 0.5, and 0.75. The left panel shows the rgéults corre\-NIth decreasingc. Thus, a negative angular deviation from

sponding t0gssis(6) (solid 1ine), gsices(d) (dotted ling, and the average bond-angle results for the average bond-angle
Ocesis(8) (dashed ling The right panel shows the results corre- ® gegece (O cesicd @and this negative deviation decreases
sponding t0ggececk®) (solid 1ine), geesicd #) (dotted ling, and  with decreasing (towards the Si-rich regionThis scenario
Ocecedt ) (dashed ling also indicates that the largest positive angular deviation for

FIG. 5. The total bond-angle distribution functig() at x
=0.0, 0.10, 0.25, 0.40, 0.5, 0.60, 0.75, 0.90, and 1.0.
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TABLE I. The local electron distributionthe on-site orbital ,p,,py ,p,) electrons, the bond electrons
associated with the atom at a given site with its nearest neighbors, and the total electrons associated with the
atom at a given siteof the alloy Sj_,Ge, with x~0.1(194 Si atoms and 22 Ge atoms in the supercéhe
first column gives the atomic site label which indicates the position of the atom in the supgseeetlietails
in Sec. IV). Note that the result is obtained in the frameworksgf basis set.

Site label S Py Py p, Bond electrons Total electrons
1(Ge 1.36413 0.50554 0.50491 0.50517 1.18629 4.06604
5 (Si) 1.23439 0.50791 0.50881 0.50834 1.22400 3.98344
70 (Si) 1.23474 0.50842 0.50851 0.50847 1.22387 3.98401
167 (Si) 1.23282 0.50800 0.50844 0.50834 1.22485 3.98245
200 (Si) 1.23460 0.50819 0.50884 0.50902 1.22405 3.98470
209 (Si) 1.23520 0.51266 0.51200 0.51179 1.23056 4.00220
210(Si) 1.23458 0.51178 0.51219 0.51240 1.23107 4.00202
211 (Si) 1.23539 0.51216 0.51181 0.51152 1.23084 4.00171
212 (Si) 1.23517 0.51218 0.51267 0.51212 1.23047 4.00261
213(Si) 1.23523 0.51142 0.51086 0.51186 1.22959 3.99896

(of the order of 1°) occurs in the Ge-rich two parts: the radial relaxation and the angular relaxation.
The former is responsible for the general trend of a linear
dependence on the composition, and the latter is responsible
for the negative deviation in the lattice constant in the vicin-
ity of x=0.5.

Osisisiand O siges;
region (largex) while the largest negative angular deviation
for O gegece@Nd O gesice (—1°) occurs in the Si-rich region
(small x). But, because the partial bond-angle distribution
functiongs;sis( ) [Jsices( @) ] is insignificant in the Ge-rich

region andggececk?) [Jgesicd #)] is insignificant in the
Si-rich region, the large positive angular deviation of V. LOCALANALYSIS OF ELECTRONIC STRUCTURE

Osisisi (Osices) and the large negative angular deviation of  Haying identified the mechanism for the strain release as-
O cecece (Ogesicd Will not manifest themselves in any sig- sociated with the lattice mismatch and established the link
nificant way in the release of strain. However, in the neigh-between the local structural changes and the mechanisms for
borhood ofx=0.5, both the positive angular deviation of the strain release, it would be illuminating if one can gain an
Osisisi (Osices) and the negative angular deviation of understanding of the interplay among the local electronic
GeGeGe (@_)GeSiGQ are still substantial€0.5°) while their structure, local structural changes, and the strain-relaxation.

respective partial bond-angle distribution functions all make,'[:or .th|s purposi, we ctg]ducltled a Ioc_:al aﬂalygs of tf;}edelec-
significant contributions to the total bond-angle distribution. ronic structure for Si,Ge, alloys, using the approach de-

A closer examination of Figs. 6 and 7 reveals that in theveloped in Ref. 26. The analysis was carried out in the

3 - - . .y ”
vicinity of x=0.5, the magnitudes of the negative angularframework of thesp” basis set used in theab initio” mo-

deviati ®. 40, h lecular dynamics scheme. In Tables | and II, we list the local
eviations 010 gegegeaNd O gesiceare greater than or com- g ac4ron distributiongthe on-site orbital electrons, the bond

parable to the positive angular deviations @k;sisi and  electrons, and the total site electrpiisr two alloy configu-
Ogicesi- Furthermore, the magnitudes of the peaks of theations corresponding tx~0.1 and x~0.9, respectively.
partial bond-angle distribution functionggegec€®?) and  Specifically, for each of these configurations, we present the
Jcesicd 0) are greater than those g§isis{0) andgsiges(d).  results for local electron distributions in two regiofia); one
The combination of those effects leads to the situation wher@ the vicinity of an impurity atom anéb) in the vicinity of
the negative angular deviations outweigh the positive angulaa host atom(which is at least beyond the second nearest
deviations. A net negative angular deviation in the bond-neighbors of the impurity atomin Table I(corresponding to
angle manifests itself in the reduction of the lattice constanta Si-rich configuration withk=0.1), the local electron dis-
Hence, in the vicinity ofx=0.5, it is the bond angle relax- tributions in the region surrounding a Ge impurity at site 1
ation that leads to the negative deviation from Vegard's lawwith 4 nearest neighbor Si atoms at sites 5, 70, 167, and 200,
in the lattice constant. respectively and those in the region, away from the impurity
Based on the local structural analysis, we have establisheat site 1, surrounding a host Si atom at site 213 with 4 near-
how the local structure changes and how these changes agst neighbor Si atoms at sites 209, 210, 211, and 212 are
the result of the accommodation to the strain relaxationgiven. From Table I, it is seen that the charge transfer occurs
Even though Si-Si, Si-Ge, and Ge-Ge pairs in the alloydetween the Ge impurity atom and its 4 nearest neighbor Si
prefer to maintain their respective bond lengths so that theiatoms in the region surrounding the impurity while there is
respective bond lengths are, for the most part, insensitive too significant charge transfer amongst the Si atom and its
the change in the composition, the average overall bondeighbors in the region away from the immediate neighbor-
length nevertheless shows a linear dependence on the coimeod of the impurity. From the results shown in Tables | and
position. The strain relaxation can therefore be separated intd, it can be seen that the electron transfer always occurs
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TABLE Il. The local electron distributiofithe on-site orbital §,p, ,p, ,p,) electrons, the bond electrons
associated with the atom at a given site with its nearest neighbors, the total electrons associated with the atom
at a given sit¢of the alloy Sj_,Gg, with x~0.9 (22 Si atoms and 194 Ge atoms in the supercehe first
column gives the site label which indicates the position of atom in the supéseeldetails in Sec. IVNote
that the result is obtained in the frameworksy® basis set.

Site label S Py Py p, Bond electrons Total electrons
25 (Ge) 1.37737 0.49334 0.49340 0.49316 1.15640 4.01367
26 (Ge) 1.37615 0.49374 0.49376 0.49358 1.15781 4.01504
27 (Ge) 1.37787 0.49430 0.49424 0.49440 1.15614 4.01695
28 (Ge) 1.37739 0.49370 0.49358 0.49447 1.15631 4.01544
29 (Si) 1.24569 0.49890 0.49896 0.49910 1.19274 3.93539
41 (Ge) 1.37833 0.49107 0.49134 0.49121 1.14972 4.00167
42 (Ge) 1.37836 0.49046 0.49051 0.49103 1.15002 4.00037
43 (Ge 1.37892 0.49140 0.49139 0.49130 1.14951 4.00252
44 (Ge 1.37801 0.49069 0.49059 0.49041 1.15051 4.00021
45 (Ge) 1.37814 0.49045 0.49013 0.49083 1.14994 3.99949
from the Si atom to the Ge atom as expected because of the V. CONCLUSION

higher electronegativity of the Ge atom with respect to the Si . - .
atom. For example, each of the 4 nearest neighbor Si ato In conclusion, ourr_:lb initio molecular _dynam|cs study of
transfers about 0.017e to the impurity Ge atom at the centgi'l‘xGQ( alloys provide a comprehensive understanding of

ecing 13 gan of sbout 0066e for e Ge impury tom ' 70 befueer e svan esiaton sesodaed i
The transfer of the electrons comes mostly from thepSi 9

orbitals to Gep orbitals, with the remainder contributing to and electronic properties. We find that Si and Ge atoms do

the enhancement of the bond charge for the formation o ot have a strong preference to form either the Si-Si or the

Ge-Si bond, as can be seen from the results shown both lbe-Ge paifrtr?ut i?rr](i-:‘l frull%/ rrr;iiscilbler in :Qe 18:?\%%‘ arllcl)yj tion
Table | (x=0.1, Si-rich configurationand Table Il k=0.9, ecause ot the simriar chemical properties. © relaxafio

Ge-rich configuration For the Ge-rich configuration, the process, most of the Si-Si and Ge-Ge pairs try to maintain

charge transfers again are mainly concentrated in the imm heir equilibrium distances corresponding to their pure limits,

diate vicinity of the impurity(Si). For example, it can be eading to a weak dependence of the average bond length for

seen from Table Il that 0.065€ are transferred from the im>" " Si-Ge, and Ge-Ge pairs on the composition. However,

purity Si atom(at site 29 to its 4 nearest neighbor Ge atoms the overall average bond length does show a linear depen-

. . L dence on the compositio(see Fig. 3, indicating that the
(at sites 25, 26, 27, and 28, respectivebach gaining on the radial relaxation is mainly responsible for the general trend

average about 0.016e. In the region away from the immedi- : )
ate neighborhood of the impurity Si atom, there is hardly anyof a linear dependence of the lattice constant on the compo-

charge transfer between the host Ge atom at sitecdbtey s@tipr]. on th_e other hand, the bond-angle relaxqtion in the
and its 4 nearest neighbor host Ge atdatssites 41, 42, 43, vicinity of X_.O'.5 has been s_hown to be responsible for th,e
and 44, respectively From Table |, one obtains the average negative deviation of the latiice constant fro”f‘ the.Vegards
bond charge for a pair of Si-Si bond to be about 0.62e. Fronlnaw' Fmal!y, we would I|I§e .to remark that, unhke 1S'XGeK.
Table Il, one obtains the average bond charge for a pair Ozﬁlloys V.Vh'Ch are fully miscible due to the similar chemical
Ge-Ge bond to be about 0.58e. From Tables | and I, Ongrop_ertlefs (.)f Si and G_e_, "?‘"r?%_/f of lll-V compounds are usu-
obtains the average bond charge for a Si-Ge bond to be aboﬁllly immiscible at equilibriunt.

0.60e. Thus the sequence of average bond charges follows
the orderp,d Ge-GeX Qpond Si-Ge)< gpond Si-Si), provid-

ing the electronic basis for the observation of average bond- We acknowledge the support received from the NSF
lengths in the order dbgece™> bsice™ bsisi (See Sec. I). Our  (Grant Nos. DMR-9802274 and DMR-0081Q06nd the
local analysis also finds that the average bond charges for th¢.S. DOE(Grant No. DE-FG02-00ER458382\e are grate-
Ge-Ge, Ge-Si, and Si-Si pairs show weak dependence on thel to the computing support received from the Dahlem Su-
composition. However, the overall average bond charg@ercomputing Center, University of Louisville. We thank Dr.
shows a general trend of linear dependence on the compogk. Demkov and Dr. O. Sankey for the use of their
tion. These results provide the electronic basis for the relaFireball96 code. Finally, M.Y. would like to acknowledge the
tionships established for various average bond lengths in thgartial support received from the Institute of Physics, Aca-
structural analysis given in Sec. Ill. demia Sinica, Taiwan.
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