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Computational investigation of intrinsic localization in crystalline S
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We investigatenumericallyexistenceand dynamicalpropertiesof intrinsic localizationin crystallinesilicon
through the use of interatomic Tersof force fields. We find a band of intrinsic localized modes (discrete
breatherseachwith lifetime of at least60 psin the spectraregion548-578 cm™ 2, locatedjust abovethe zone
endphononfrequencycalculatedat 536 cm™ 1. Thelocalizedmodesextendto morethanseconcheighborsand
involve pair central-atomcompressionin the rangefrom 6.1% to 8.6% of the covalentbondlengthperatom.
Finite temperaturesimulationsshow that they remain robustto room temperature®r higher with a typical

lifetime equalto 6 ps.
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In 1988 Sieversand Takend suggestedhat nonlinearity
of interatomicforcesin crystalscanlead to vibrational en-
ergy localizationin the form of intrinsic localized modes
(ILM’ s) or discretebreathergDB'’s) generatedn the absence
of any type of disorder Subsequentheoreticalanalysisof
this fruitful conceptaddresseda variety of issueé and in
particularfocusedon DB rigorousexistence’, mobility,* ther
modynamicproperties, and classicaland quantuni model
systemsOn the practical,experimentakide,DB’s havebeen
unequivocally generatedin man-madesystemsof micron
scalesuchas Josephsofunctions® aswell asMEMS (Ref.
9) while presently only quasi-one-dimensionatrystalline
PtCl seemdo presenta clearcandidateor presencef DB’s
on a microscopicscalel® From the purely computational
standpoint only few attemptsveremadesofar aimingatthe
numericalinvestigationof intrinsic localizationin real sys-
temsthroughab initio or alternativenumericalmethodst*
In the presentstudywe performa computationallyintensive
analysisthat detailsthe onsetof intrinsic localizationin one
of themosttechnologicallyimportantmaterialsyiz., in crys-
talline silicon, and analyzesomeof its properties.

Crystallinecarbon,silicon, and germaniumhavefour va-
lence electronsand form diamond structureswhere each
atomhasfour neighborslIn crystallinesilicon, in particular
the nearest-neighbodistanceis 2.35 A with ground-state
(cohesive enegy per atomequalto —4.63 eV while its vi-
brationalspectrurrhasan upperlimit bandat ~536.cm™ 1. A
large number of bulk, surface,as well as nanocrystalline
propertiescan be analyzedcomputationallythroughthe use
of semiempiricalinteratomicpotentialswith adjustablepa-
rameterditted from the experimentin the presennumerical
studywe usedalmostexclusivelypseudopotentialsf Tersof
type'* that follow modified Morse laws while incorporation
of environmentaleffects on bonding gives them implicit
many-bodycharactethatis importantin the studyof several
group-1V elementpropertiest® Our basicaim is on onehand
to investigatenonlinearlocalizationin bulk materials,while
on the otherto probeat the sametime the regimeof validity
of empirical pseudopotentialeaway from the usual purely
linear regime. Since empirical pseudopotential@re many
timesusedfrom a linearregimeto melting, it is importantto
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PACS numbefs): 63.20.R, 05.45-a, 63.20.Pw

studyin a controlledfashiontheir featuresin the vastinter
mediatenonlinearregime. In our computationswe useda
cell consistingof 216 atoms.Initially, we calculatedthe den-
sity of statesof the linearizedvibrational spectrumof Si and
confirmed known results mentionedabove and place the
zone end boundaryapproximatelyat w,=536.cm™*; pos-
sible stablelLM’ s can havefrequenciedarger than w . pro-
vided effective interactionhardeningtakesplacein a range
of large displacemenfrom the equilibrium positions.

In the searchfor intrinsic localizationpropertiesin mate-
rials it is importantto be able to constructa preciseinitial
statethatformsa breatherstate We will be usingatruncated
Fourierdomainmethodthathasbeentestedandseento work
well in three-dimensionamodel systems? Since we are
seekingspacelocalized but time periodic lattice solutions,
we considerfor a d-dimensionakystemof atomsthe Fourier
expansiorof the atomicpositionsR; andforcesF; actingon
the ith atom of massm; in multiples of the breatherfre-
quencywy; we thusobtain Newtons law in the frequency
domain, viz., —mnwiR; ,=F; ,, wheretilde denotesthe
transformedjuantitiesandthe indexn labelsFouriermodes.
The breatherconstructionalgorithm solvesiteratively this
equationby assumingan initial DB frequencwajo) outside
the phononbandaswell asaninitial, localizedsetof eigen-
vectors R(?; thesetwo enablethe first force evaluation
while throughit the first mode eigenvectorfollows. Subse-
quentuseof the latter correctsthe frequency obtainingthus
oM . Repetitionof this procedureresultsafterk iterationsto

=(K
R
min?(w{ )2’

for thefirst n,,,, Fouriermodesexceptthe zerothone,while
the constant zeroth mode follows from the equation
FMIRM1=0. The iterative procedureendswhen there is
convegencefor specificvaluesof wy, of the breathereigen-
VectorsR; .

Using this method we can constructthree-dimensional
silicon ILM’ s suchasthe onedepictedin Fig. 1(a). We note
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FIG. 1. (a) Numericallyaccuratediscretebreathemeneratiorin
silicon modeledby Tersof potentials.The breatherfrequencyis
wp=578 cm™ ! while vectors(magnifiedfor visualizationpurposes
denoteatomicdisplacementérom equilibrium; only first (gray, red
on line) andsecondwhite) neighborsto the central(black, blue on
line) two breatheratomsare included. The distortion of the two
centralbreatheratomsis a=0.18 A. (b) Time evolutionof the sili-
con breatherstateafter 998 breathermeriods.We plot the absolute
value of the displacementérom equilibrium alongthe direction of
motion of eachatom.We notethe coordinatedscillationof central
(solid), first (dotted, and second(dashedl neighboratoms.

that thereare two centralatomswheremostILM enepy is
concentratedwhile eachof theseatomsis surroundedby
three first neighboringonesoscillating in phasewith their
oppositeto them centralatom. At larger yet distancedrom
thetwo centralbreathesitesthereis alayerof seconcheigh-
boring silicon atomsthat have smaller yet discerniblemo-
tions with the samebreatherfrequency We notethat motion
practicallyceasedeyondthis layer of secondneighborsWe
thus have the typical configurationof a discrete breather
thereby having a collection of atoms oscillating with the
sameperiodwhile the amplitudeof the oscillationdropsex-
ponentially as we move away from the central oscillating
sites. Using the stateshownin Fig. 1(a) asinitial statewe
performedlong-time evolution of the lattice dynamicsand
confirmedthat this localized coherentoscillating state sur
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FIG. 2. (a) Breatherfrequencyasa function of distortionof the
centralatoms(d=2.35A). Dashedline correspondgo the upper
limit of phononband.

vives to the end of the simulation,i.e., hasa lifetime of at
least60 ps, or it lastsmorethat 10° DB oscillationperiodsat
zerotemperaturgFig. 1(b)].

For a more systematicstudy of the DB propertiesin sili-
con we appliedthe previousapproachfor various breather
periods;the resultsare shownin Fig. 2 wherebreatherfre-
quencyis plottedasa function of theamplitudeof the central
atom.We observea numberof remarkablefeaturesfirst we
notethatthereis a very small zonestartingat the top of the
phononbandto the lowest possiblebreatherfrequencylo-
cated at wy, =540 cm ! where no breathersare con-
structed.The lack of breathersn this small zone could be
attributed to the true three-dimensionalnature of the
structuret’ we also note that we find that true breather
modesin the small-frequencyand small-amplitudeside of
the breathetbandhaveweakerstability comparedo therest.
In whatregardshe specificbreathefrequency-amplitudee-
lation we observeaninitial increaseén DB frequencyasthe
amplitudeincreasesndicating an initial hardeningof bonds
while uponreachinga maximumin the frequencywy, max the
frequencydecreasewith the amplitude.The presencef this
secondbranchin the ““breatherdispersiorrelation’ indicates
the expectedsofteningof the bondsin the breathemeighbor
hoodat evenlarger amplitudes.

The dynamicalreasonsfor this distinct behaviorof the
intrinsically localizedsilicon modesarisefrom the potential
enepy of the modecentralatomsaswell asthe specificsof
the eigenvectorof eachatom constitutingthe ILM. Indeed
the natureof the pseudopotentialasedin conjunctionwith
the specificdiamondstructureof the silicon crystalappears
to inducea hardeningof the effective breathempotentialthat,
however getssoftenedat larger deviations.This tendencyis
imprintedin the changeof the first neighboreigenvectorgor
breatherswith different central-atomdifferencesand fre-
guencies.

Indeed,the eigenvectordor threeextremebreatherstates
of the breather band, viz., (i) the breather with w)
=540cm ! and lower central amplitude, (ii) the breather
with the highestpossiblefrequencyw,=578 cm™ 2, and(iii)
the breathemwith w,=540cm™* butlargercentralamplitude
are quite different. While in all three casesthe direction of
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FIG. 3. (a) Probability distribution (unnormalized of breather
lifetime at T=300K. (b) Breatherlifetime as a function of distor
tion of the centralatomsat T=300K. (c) Breatherlifetime as a
function of temperatureFor (a) and (c), the breatherfrequencyis
w,=578 cm™ ! andcorrespondso the top of the breathetand(see
Fig. 2).

the central-atoneigenmodealoesnot changejn thefirst case
(i) the first and secondneighboratom eigendirectionsare
approximatelyparallelto the one definedby the centraltwo

atomswhile astheamplitudeincreasesindwe movetowards
breathergii) and(iii ), this directionbecomesloserto being
perpendicularto it. As a result we observethat the lower

branchof the DB frequency-amplitudecurve is dominated
by angularmotion of the secondand third neighborsresult-
ing in the formation of an effective cage by the first and
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secondheighbordor the centralatomsleadingto bondhard-
ening. This cageis progressivelyremovedin the second
branchleadingto an eventualsofteningof the bondsandthe
remarkablefrequencydegeneracyn the breatherstates We
notethatthe breathersvith frequencydegeneracyoundhere
have distinct eigenstateghat differ particularly in the first
and secondneighborswhile, additionally have completely
differentenegies.All breathergoundin this rangearestable
as we have verified through substitution of the initial

breatherstatein the dynamicalequationsof motion andsub-
sequentmonitoring of the time evolution. However while

breathersn the rangew=550 cm™ ! havea lifetime over 60
ps we found that for breatherswith w<550cm™? lifetime

reducesby almostan orderof magnitude.

Having studied the onset of localization in the purely
Hamiltoniancase we now turn our attentionto the DB prop-
erties at finite temperaturesTo this effect we considerour
silicon lattice model with kinetic terms thermalizedto a
given temperatureT and superimposeon it our precise
breatherstatefound in the way outlined above.We evolve
the systemin time andmeasurehe decaytime concentrating
primarily in the centraltwo silicon atoms.In orderto take
into accountthe statisticalfluctuationsof the procesawe re-
peatthis procedureseveraltimes to constructa histogram
describingthe probability of breatherdecayasa function of
time, suchasthe one shownin Fig. 3(a) for T=300K. We
notethatthe breathedecaydistributionis not a Gaussiarbut
has Gaussianfeaturesalthoughit has a clear tail at long
times;it canbefitted by a powerlaw distributionof the form
Ax*[(x—A1)8+A,], with Ay, A;, and A, appropriate
constantsDue to the specific powerlaw-like shapeof the
distributionwe chooseto defineasbreathelifetime thetime
associatedo the mode,i.e., the most probablevalue of the
distribution, that, in the depicted case is equal to 7,
=6.1ps.

Clearly, the breatherlifetime for each temperaturede-
pendson the specificbreatherstudied.In Fig. 3(b) we plot
the breather lifetime at T=300K as a function of the
breatheramplitude of the central atoms;we note that DB
lifetime increasedinearly with centraldisplacemenbr fre-
quency indicating that, once generatedthe more enepetic
breatherssurvive longer Systematicstudy in the way pre-
sentedpreviously of the breatherlifetime as a function of
temperaturgesultsin the curve of Fig. 3(c) that appliesto
breathersin the centerof the breatherband. We note that
althoughthe DB lifetime decaysto ~2 ps at temperatures
800 K and higher the statedoesnot completelydisappear
evenat 1500K. We find thusthat breathersoncegenerated
arevery robustto temperaturdluctuations.

In addition to silicon we performed similar studiesto
othervalence-fouratomic models,viz., thoseof germanium
and carbon.For germaniumwe found analogousbehavior
viz., existenceof a breathebandabovethe phononzoneend
separatecby a small breathergap. In the caseof carbon,
however we were not able to constructbreathersn a way
similar to that of silicon and germaniumWe evaluatednu-
merically the interactionenegy of the centraltwo atomsas
function of distanceand found that while in the caseof Si
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andGethis enegy differsvery little in the caseof C thereis
a substantialincreaseby more than 100% in the regions
wherebreatherscould form. Thus,althoughwe alsoobserve
abondhardeningor C, thereasorfor no breatheiformation
may be linked to the fact that the much larger effective
intercarborcouplingmovesthe systemawayfrom theregion
of the anticontinuouslimit where breatherscan exist!®
and as a result doesnot enablethe formation of localized
modesin this spectralregion. In order to test the validity
of Tersof results away from the linear regime we also
checkedthe possibility for breathemodeconstructionusing
other semiempiricalforms for silicon®2° Due to the fact
that thesepotentialsare either soft'® or lead to essentially
linear pair atomicforce€ in the regionsof interestno long-
lived stable breathermodescould be constructedIn what
regarddfinally experimentatealizationsof intrinsic localiza-
tion, our findingswould be compatiblewith a k=0 phonon
optic-modelocal hardeningin sometemperaturaange.Al-
thoughRamanspectrain crystalliné* and nanocrystallin&
Si show a generalmode softeningwith temperaturesome
small but discernibledeviationsthat are noted especiallyin
the nanocrystallinecasewherethe effective systemnonlin-
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earity is substantiallyenhancednay be connectedwith our
findings.

In conclusion,we have presentedh computationabnaly-
sis of nonlinearlocalizationin diamondstructureof silicon,
germaniumandcarbonusing Tersof potentialsFor thefirst
two elementswe found a breatherband abovethe phonon
band while for carbonno such band was identified. Fre-
quencydegeneracyn breathersvasfound dueto the effec-
tive formation of a breathercagefrom the secondand third
neighboratomsthatleadsin the specificpseudopotentialt®
an effective potential hardeningin a limited range of dis-
tances.The breatherifetime at finite temperaturesvas cal-
culatedandfoundto be of order6 ps at T=300K whilede-
caysto ~2 ps at temperaturedigherthan 800 K. We note
thatwe were not able,however to constructbreathersising
other standardpseudopotentialand, as a result, further in-
vestigationsare neededboth in assessinghe regime of va-
lidity of pseudopotentiali the nonlinearregimeaswell as
the actual experimentalrealization of nonlinear localized
modesin valence-lIVsemiconductors.
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