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Theexistenceof guidedelasticmodesin aphotoniccrystal�ber for anarbitrarycross-sectionis demonstrated
usingwaveguide�nite elementanalysis.In particular, it is shown thatband-gapsexist for guidedelasticmodes
along the longitudinal �ber axis, and thusa photoniccrystal �ber canbe simultaneouslya phononiccrystal
�ber. Theintroductionof a defectwithin thetwo-dimensionalcrystalleadsto theformationof highly localized
elasticwaveguidemodesthatco-propagatein thesamecorevolumeastheguidedopticalmode.Weconsiderthe
applicationof thesepropertiesto thesuppressionof stimulatedBrillouin scattering,andto enhancedcollinear
acousto-opticalinteractions.
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The studyof wave propagationin micro- andnano-struc-
tured materialsis a subject of intensecurrent researchin
physics. Much attentionhas focussedon electromagnetic
wave propagationin photoniccrystalsand photoniccrystal
optical ®bers (PCF) [1–3], but important resultson acous-
tic wave interactionsin phononiccrystalshave alsobeenob-
tained[4, 5]. Froma fundamentalviewpoint, bothphononic
andphotoniccrystalspossessremarkableguidanceproperties
suchas the existenceof absoluteband-gapsthat forbid the
propagationof wavesin any direction,which hasalreadyled
to a numberof importantapplicationsin both the photonics
andacoustics®elds.

Most previous studies, however, have consideredthe
phononicand photonicpropertiesof periodically structured
materialsindependently, althoughrecentworks have consid-
eredthe novel possibility of enhancedphoton-phononinter-
actionswithin acousticone-dimensionalband-gapmaterials
[6, 7]. For the particularcaseof PCFs,phononicbandgaps
have also beenrecentlystudiedin a preform, but only for
localized in-plane elastic waves acrossthe transverse®ber
cross-section[8]. The analysisof thesemodeswas per-
formed using both Rayleigh [8] and ®nite-differencetime-
domain [9] methods,but only for the two-dimensionalin-
plane bandgapcase. No studiesto date have considered
the existenceof phononicbandgapsfor out-of-planeelastic
guidedmodesalong the longitudinal ®ber axis. The exis-
tenceof acousticband-gapsfor out-of-planepropagationin
a two-dimensionalsolid-solidphononiccrystalhas,however,
beenrecentlydemonstratedusingaplane-waveexpansionap-
proach[10]. In this Letter, we studya novel combinationof
the acousticaland optical waveguiding propertiesin PCFs.
By consideringthe full three-dimensionalcaseof both in-
planeandout-ofplaneelasticwavepropagation,ananalysisof
phononic-bandgapmodesin a PCFis performed.This yields
new insights into the physicsand propertiesof micro-nano
structuressupportingphononic-bandgapguidanceof elastic
modeswhilst simultaneouslypresentingsingle-modeoptical

guidancein thesamePCFcoreregion. We thendiscusspar-
ticular designexamplesthat leadto thehypersonicband-gap
inhibition of stimulatedBrillouin scattering,and the hybrid
guidanceof both acousticand optical waves for enhanced
acousto-opticinteractions.

PCF is typically based on a periodic arrangementof
micron-sizecylindrical parallel air holesinside a silica ma-
trix, with a centraldefectactingasa core. Light is guided
alongthesolid or hollow coreeitherby a photonicbandgap
effect[11] or by modi®edtotal internalre�ection [12], respec-
tively. As regardsthepropagationof elasticwaves,theelastic
energy vanisheswithin thehollow cylindersandis thuscon-
strainedto remainwithin thesilica. Theboundariesof thehol-
low cylinderscanbeconsideredasfreefrom tractionsandact
asvery ef®cient scatterersfor elasticwavesof any polariza-
tion. Ouranalysisof theelasticmodesis basedon thewaveg-
uide ®nite elementmethod(FEM) which combinesa plane-
wave-likeansatzfor modesalongtheassumedin®nite propa-
gationdirectionwith a ®nite elementapproachthat is advan-
tageousin allowing themodellingof arbitrarycross-sections
[13]. With this technique,the two-dimensionalwaveguide
sectionin the plane(x; y) is meshedusing ®nite elements,
andthedisplacementsarerepresentedby piece-wisepolyno-
mialswithin theelements.Along thepropagationdirectionz
(alignedwith thePCFaxis)a sinusoidalvariationof thedis-
placementsis imposedwith agivenwavevectork. To account
for acousticpropagationalongthez axis,a harmonicdepen-
denceexp(| (! t � kz)) is considered.For isotropicmaterials
anda cylindrical geometry, the couplingbetweenthe trans-
versecomponentsux anduy andthelongitudinalcomponent
uz of thedisplacementsincludesa � � =2 dephasing.In order
to guaranteea uniquesolutionto thevariationalproblem,we
usethereal-valuedformulationwithin each®nite element

ux (x; y; z; t) = p(x; y)T � ûx cos(! t � kz); (1)

uy (x; y; z; t) = p(x; y)T � ûy cos(! t � kz); (2)

uz(x; y; z; t) = p(x; y)T � ûz sin(! t � kz); (3)
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whereû = (ûx ; ûy ; ûz )T is the vectorof the 3n displace-
mentsat then nodesof the®nite elementandthep is a vec-
tor of n Lagrangeinterpolationpolynomials. The dynamics
of elasticwavesareobtainedasthe solutionof a variational
probleminvolving thekineticandstrainenergies.Thekinetic
energy in aone-wavelength-long®niteelementwith sectionS
is

K = ! 2
Z 2� =k

0
dz

Z

S
dxdyuT :�: u; (4)

where� is themassdensity. InsertingEqs.(1-3)andintegrat-
ing alongz yieldsK = ! 2=2k (ûT :M S :û), with theelemen-
tary massmatrix M S and the polynomial matrix P de®ned
by
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Z
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0
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Similarly, thestrainenergy within the®nite elementis given
by

U =
Z 2� =k

0
dz

Z

S
dxdySI CI J SJ ; (6)

wherethe strain tensorsS and C are written in contracted
notation,i.e. C is a 6 � 6 matrix andS is a 6-component
vector. Integratingalong z andmakinguseof sine andco-
sineorthogonality, thestrainenergy canbeexpressedasU =
1=2k (ûT :K S :û) , with the elementarystiffnessmatrix de-
®nedas
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and the vectorspT

;x = (@p1=@x; � � � ; @pn =@x) and pT
;y =

(@p1=@y; � � � ; @pn =@y). As is usualwith elasticFEM prob-
lems,thesolutionof thevariationalproblemwith no external
appliedforcesis givenby thelinearequation

(K (k) � ! 2M )û = 0 (9)

wherethe stiffnessmatrix K (k) andthe massmatrix M are
obtainedby assemblingtheelementarystiffnessandmassma-
tricesrespectively by standardprocedures[14]. K (k) is ac-
tually a secondordermatrix polynomialin k, while M is k-
independent.Eq. (9) is in theform of ageneralizedeigenvalue
problemfor ! 2 if k is considereda parameter.

We have usedthis waveguide FEM techniqueto analyse
the phononicbandgapcharacteristicsof the silica-air honey-
comb structuresshown in meshedcross-sectionas insetsin
Fig. 1. Notethathere,aselsewherein thispaper, opencircles
areassociatedwith air holes.We show honeycombstructures
both(a) without and(b) with a centralsolid silica defect.For
this structurehaving a hole pitch (centre-to-centredistance)
of a, the PCF diameteris then � 10a. The bandstructure
in Fig. 1a for elasticwaveguidemodeswithout a centralde-
fectexhibitshighdensityexceptin severalregionswhereonly
isolatedbranchesexist. An examinationof the correspond-
ing eigenvectorsrevealsthat in the denseregionsthe elastic
modesaresimilar to thoseof a solid cylinder. In particular,
their energy densityis spreadin thewhole®ber. In contrast,
isolatedbranchescorrespondto modesthat are localizedon
the external boundaryof the PCF, which is clampedin the
calculation.Whentheexternalboundaryis consideredstress-
freeinstead,modesin thedenseregionsareonly veryslightly
affected,but isolatedbranchesaredisplaced.We interpretthe
isolatedbranchesascorrespondingto modesthataretrapped
betweentheexternalboundaryof thePCFandthebandgaps

FIG. 1: Bandstructuresfor elasticwaveguidemodesof honeycomb
silica PCFs(a) without and (b) with a central defect. The two-
dimensionalmeshesof the cross-sectionsareshown asinsets. The
longitudinalline in silica is shown in (a).
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FIG.2: Elasticguidedmodes(shown in grayscale)propagatingalong
theexternalboundaryof thePCFof Fig. 1a.(a) In-planeand(b) lon-
gitudinal displacementsfor the points labeledrespectively (A) and
(B) in Fig. 1.

of theinnerhoneycombstructure,asillustratedby Fig. 2.
Signi®cantly, we have found that suchhoneycombstruc-

turesassociatedwith out-of-planephononicbandgapscanbe
combinedwith opticallyguidingPCFmicrostructuresto raise
theexciting possibilityof hybridphononic-photonicguidance
within a commonmode area. As a ®rst possibleapplica-
tion, we considera typical high-air-®ll fraction PCF, usually
usedfor opticalguidancevia modi®edtotalinternalre�ection,
whosesolid coreis nanostructuredby thedefect-freehoney-
comb patternin Fig. 1a, suchthat the nanostructuredcore
presentsa phononicbandgapengineeredto inhibit stimulated
Brillouin scattering(SBS).This is of muchpracticalsigni®-
cancearoundthetechnologically-importantwavelengthrange
around1550nm asSBSis highly detrimentalfor ®ber com-
municationssystems[15].

SBS is a three-wave nonlinear interaction in which an
intense, incident optical pump wave of frequency ! p is
backscatteredinto a downshiftedStokes wave of frequency
! s = ! p � ! throughthe coherentgenerationof an acous-
tic phononat frequency ! via materialelectrostriction[16].
Thescatteredacousticphononsmodulatetherefractive index
of themedium,actingasaBragggratingpropagatingforward
at the longitudinal acousticvelocity v, so that the re�ected
opticalmodeis downshiftedthroughtheDopplereffect. The
longitudinalwave vectorof the SBSphononis given by the
phasematchingcondition,k = kp � ks , wherekp andks are
the optical pump andStokeswavevectors,and ! = vk de-
®nestheSBSphonondispersionrelation.In silica,v = 5970
m/s which is much smaller than the speedof light, so that
theacousticwave vectorandtheSBShypersoundfrequency
areverywell approximatedin single-mode®bersby k = 2kp

and! = 2nv! p=c, wheren is theeffective index of theopti-
cal mode[15]. Using typical parametersfor telecommunica-
tion ®bersat1.55� m, theacousticwavelengthandfrequency
arerespectively 543 nm and11 GHz. In general,optically-
guidinghigh air-®ll fractionPCFswill beacousticallymulti-
modefor suchsmall acousticwavelengths,but if a central
additionalnanostructureis addedin the PCF core region to
openan out-of-planephononicbandgapfor the phononcou-
ple (! ; k), thecoherentampli®cationof SBSphononswill be
inhibited.

To illustratethis moreexplicitly, thestraightline in Fig. 1a
passingthroughtheorigin shows theSBSphonondispersion

FIG. 3: (a) PCF cross-sectionshowing the combined micro-
nanostructuredesignedfor simultaneouscoreoptical guidanceand
theinhibition of SBSphononpropagation.(b) Detail of thecorere-
gion. (c) and(d): Numericalsimulationsof thefundamentalTE and
TM opticalmodesat 1.55� m.

relation.Point(C) in Fig. 1acorrespondsto ! a=(2� ) = 1911
m/s and ka=(2� ) = 0:32, and illustratesthat it is indeed
possibleto openphononicbandgapsaroundparticularSBS
phononcouples.Althoughit appearsfrom the®gurethat the
nanostructureopensup only a partial out-of-planebandgap,
thebandgapwidth canin factbesigni®cantlylarger thanthe
SBS linewidth so that it is indeedpossibleto incorporatea
suitably scaledhoneycombnanostructurewithin an exterior
PCF microstructuresuchthat highly con®nedoptical guid-
anceandSBSinhibition canbe simultaneouslyobtained.In
particular, we considerthe mixed micro-nanoPCFstructure
in Fig. 3a andFig. 3b. Here, the hole diameterandpitch
are 2.59 � m and 2.76 � m respectively for the exterior mi-
crostructure(typical solid corePCFdimensions)and145nm
and207nm respectively for theinternalhoneycomb(techno-
logically feasiblesizes[3]). Simultaneousoptical guidance
in sucha structurewasveri®edusingstandardbeampropa-
gationmethodvectorsimulations,andFig. 3c andFig. 3d
show the guidedmodesolutionsfor the TE (horizontal)and
TM (vertical) electric®eld components.This illustratesthat
ef®cientopticalguidanceat1.55� m is indeedobtainedin the
presenceof the phononicnanostructure.Calculationof the
associatedeffective indices(n = 1:2046andn = 1:1557re-
spectively) allows us to verify that the phononicbandgapis
indeedopenedabouta meanSBSfrequency of 9.3 GHz for
bothpolarizations.Signi®cantly, wecanalsoseefrom Fig. 1a
that theelasticband-gapwidth is muchwider thantheusual
SBSlinewidth of 50 MHz [15], thusensuringcompleteSBS
phononinhibition. We notethat,contraryto currentmodula-
tion techniquesusedto suppressSBSin optical®bersthatof-
tenimpair theoverall transmissionperformance,theproposed
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FIG. 4: Elasticwaveguidemodes(shown in gray-scale)localizedin
the coreof the PCFof Fig. 1b by a phononicband-gapeffect. (a)
In-planeand(b-c) longitudinaldisplacementsfor thepointslabeled
respectively (D), (E), and(F) in Fig. 1b.

FIG. 5: Optical (a) TE and(b) TM modessimulationsin the same
PCFasin Fig. 4.

nanostructurationof aPCFis totally passive.
Our waveguideFEM techniquealsoallows theconvenient

investigationof a rangeof other photo-phononicstructures,
andwe considernow thephononicbandgappropertiesof the
structurepreviously shown in Fig. 1b, of which the central
silica defectis expectedto introducelocalizedelasticmodes
within theband-gaps.A comparisonof thebandstructuresof
Figs. 1a and1b revealsthat the denselypopulatedmodere-
gions,aswell astheisolatedbranchescorrespondingto modes
localizedbetweentheexternalboundaryandthehoneycomb-
structuredinterior arevery similar, indicatinginsensitivity of
thesemodesto thepresenceof thecoredefect.However, it is
signi®cantthatadditionalisolatedbranchesappearwithin the
band-gapsin Fig. 1b, andexaminationof modesalongthese
particularbranchesrevealsthatthey arelocalizedandtrapped
within the silica defect,as illustratedby Fig. 4. Waveguid-
ing of theseelasticcoremodesclearly relies on the out-of-
planeelasticband-gappropertiesof thePCF. Beampropaga-
tion methodsimulationswereagainusedto checkthatoptical
core guidanceis possibleunderrealistic conditions. Fig.5a
andFig.5bshow the fundamentalopticalTE andTM modes
at 1.55�m , respectively for a holediameterandpitchof 1.01
� m and1.13� m. With suchdimensions,thefrequency of the
acousticwaveguidemodeof Fig. 4b (correspondingto point
(E) in Fig. 1b) is 1.3 GHz. Hence,from Fig. 4 andFig. 5,

we anticipatethatguidedacousticmodeswithin suchanout-
of-planephononicband-gapstructurewill enableenhanced
collinearacousto-opticalinteractions,presentingboth a sig-
ni®cantly increasedinteractionlength comparedto in-plane
acousto-opticalinteractionsacrossthe PCFcross-section[8]
and the possibility of coherentlycoupling and transferring
energy betweenseveral optical modes. By controlling the
anisotropy of the PCF, e.g. throughthe anisotropicdistribu-
tion of holes,anisotropicacousto-opticalinteractionbetween
optical modesof differentpolarizationshouldalsobe possi-
ble. Suchan interactionmay for instance®nd applications
in ultrashort laser pulse shaping,as an alternative to bulk
acousto-opticalprogrammable®lters[17].

In summary, we have demonstratedthat out-of-plane
phononicband-gapsexist in a PCF with an arbitrary ®nite
cross-section,raisingthepossibilityof guidingelasticmodes
localizedalongthe externalboundaryof the PCFaswell as
insidea defectof the phononiccrystal. Basedon thesefea-
tures,hybrid guidanceof acousticandoptical guidedmodes
hasbeendemonstratedwithin a PCFsimultaneouslyforming
a phononiccrystal ®ber. This propertyyields new insights
into the possibility of enhancedacousto-opticalinteractions,
aswell asinhibition of light-inducedacousticwaveslikestim-
ulatedBrillouin scattering.
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