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Chapter 1

Intr oduction and Outline

Modernsemiconductortechnologyhasleadto a varietyof beneficialandusefuldevicesplay-
ing an importantrole in every-daylife. For mostapplications,silicon is still thepredominant
material.However, sincethedemandsregardingfunctionalityareevergrowing, differentmate-
rials areintroducedin areaswheresilicon is ill-suited. Theseare,e.g., opticalcommunication
aswell ashigh-frequency, high-power, high-voltage,andhigh-temperatureelectronics.Here,
substanceslikegallium arsenide(GaAs)or siliconcarbide(SiC) areused[Mor94].

A specificgoalof thelastdecadewasto obtaina high-brightnessbluelight–emittingdiode
(LED) and its further developmenttowardsa laserdiode (LD). For thesedevices, thereare
many possibleapplicationsin solid-statelighting andasversatiletools,e.g., in medicine,for
ordinary and effect lighting, traffic lights etc. Most important,sincestandardcompactdisc
andDVD playersarebasedon long-wavelengthinfraredLDs, opticaldiscswith muchhigher
storagecapacitywould be possibleif blue-light emitting LDs would be usedto readthe data
tracks(which, in fact,will appearon themarket in thenearfuture[CSN04]). Dueto theshorter
wavelength,thebluelight canbefocusedon a smallerarea,allowing a higherstoragedensity.
SiC-basedblue emitters,existing alreadyfor many years,have an output power far too low
even to be usedin a large-areafull-colour displayconsistingof LEDs. This is becauseSiC
is an indirect-gap materialandthereforeill-suited for highly effective light emission;its blue
luminescencecomesfrom donor-acceptorpair recombinationsas well as free and impurity-
boundexcitons.

First attemptsto achieve blue luminescencefrom p–njunctionsof direct-gapsemiconduc-
torswerebasedon thewide-gapII–VI compoundszinc sulfide(ZnS)andzinc selenide(ZnSe)
[Rob75, Yam77]. However, thelifetime of high-brightnessZnSe-basedLEDsandLDs [Haa91]
wasseverelylimitedbydegradation,evenif grownonhomoepitaxialsubstrates[Bon96]. There-
fore,asanalternative materialsystem,amongtheIII–V semiconductorsthenitridecompounds
weretakeninto consideration[Nak97]. Dueto its room-temperatureband-gapenergy of about
3.4 eV [Mon74], gallium nitride (GaN) is well-suitedfor light emissionin the blue spectral
region. Moreover, by alloying with aluminiumand/orindium,anenergeticalrangeevenwider
thanthewholevisiblespectrumcanbecovered,sinceInN hasa(low-temperature)bandgapof
about0.7eV [Dav02], andAlN of about6.1eV [Li03], respectively. In contrastto otherIII–V
compoundscrystallizingin cubiczinc-blende(3C) structure,underambientconditions,group-
III nitridescrystallizein thehexagonalwurtzite (2H) structure.In epitaxialgrowth, however,
alsothin films of themetastablecubicphasecanbeobtained.CubicAlN (c-AlN) is anindirect-
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2 Chapter1. IntroductionandOutline

gapmaterialwith aminimumgapof about5.3eV [Tho01]. Theroom-temperaturebandgapof
c-GaN(alsoknown as

�
-GaN; � -GaNrefersto thewurtzitepolytype)is about3.2eV [Ram94],

i. e., it is slightly lower thanthatof the hexagonalpolytype. It canbe expectedthat the same
holdsfor thebandgapof c-InN [Bec02a].

Due to the wurtzite structureandthe high electronegativity of nitrogen,the 2H polytypes
of thegroup-III nitridesarepyroelectric.Their spontaneouspolarizationis significantlylarger
thanthatof SiCandof pyroelectricII–VI semiconductors.Moreover, sincepyroelectriccrystals
arealwayspiezoelectric,the strainpresentin layerednitride structuresmodifiesthe polariza-
tion and,accordingly, the internalelectricfield. In turn, this affectstheelectronicandoptical
properties,especiallyfor thin layersas,e.g.,quantumwells [Cho96]. Therefore,strainis avery
importantissuefor thegroup-III nitrides.Ontheotherhand,thepolarizationdifferencebetween
layersof differentcompositioncanbeemployedto createlargesheetcarrierconcentrationsat
the interfaces. These“natural” two-dimensionalelectrongases(2DEGs)in the nitrides can
beutilized aschannelof a field-effect transistor, which canbeusedashigh-power microwave
amplifier[Amb98]. Sincethese2DEGsresultfrom aredistributionof chargefrom thebulk ma-
terial dueto thepolarization-inducedinterfacecharge,otherinducedchargesinsidethedevice
or, mostimportant,at thesurfacemustbeeliminatedby passivationin orderto guaranteestable
device operation.On the otherhand,this surfacesensitivity canbe utilized to createvarious
typesof chemicaldetectors.Furtherpossibleapplicationsof group-III nitridesincludesurface
acousticwave devices,photodetectorsoperatingin theUV range,andsolarcellsabsorbingthe
full solarspectrum.

However, usinggroup-III nitridesfor electronicdevicesleadsto severalproblems.In gen-
eral, they arevery hardmaterialsrequiringspecialetchingandpolishingtechniques.Ohmic
contactsarenot easilyachieved [PGN94; chapter10]. Most important,for a long time only
n-typematerialhadbeenavailableand,thus,successfulp-typedopingof GaN(usingmagne-
sium)wasa mainbreakthrough[Ama89]. Furthermore,sincetheir latticeconstantsdiffer from
thoseof all well-establishedsubstratematerials,group-III nitridesaredifficult to epitaxially
grow without a high densityof dislocationsandconsiderableresidualstrains.Themostcom-
monsubstratesfor growing hexagonalGaNare[0001]-orientedsapphire(Al2O3) and6H-SiC.
Theformeris usuallycoveredfirst with anucleationlayer. For growing cubicpolytypes,mainly
[001]-orientedGaAs,3C-SiC,SiC-coatedSi, or Si areused[Miz86, Pai89, Liu93, Lei91].

Althoughtheseepitaxiesarefar from thepseudomorphicgrowth mode,structuresobtained
are not completelyrelaxed and, hence,not free from strain. Considerablereductionof the
dislocationdensitycanbeachievedby growth onpatternedsubstrates,resultingin lateralover-
growth, and/orby first growing a relatively thick buffer layerstructure.Becauseof the rather
high growth temperatures(in the rangeof about500. . .1000 � C; see,e.g., [Jai00]), thermal
strainsoccurduringcoolingdueto thermalmisfit, i. e.,deviatingthermalexpansioncoefficients
of epilayerandsubstrate.For instance,the resultingstressis compressive for hexagonalGaN
grown on sapphireandtensilefor GaNon 6H-SiC [Vol96], respectively. Thesituationis even
morecomplex for GaN/AlxGa1� xN (andother, similar)heterostructuresor superlattices,where
a mutual influenceof the different material layersoccurs. Provided the layer height is less
thanthecritical thickness,homogeneouslystrainedstructuresareobtained[Byk97]. Although
highly strained,suchstructuresarefree from cracksandhave thereforebeenusedascladding
layersfor laserdiodes[Nak98]. In general,otherapplicationsof nitridesuperlatticesincludethe
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creationof highly conductive p-typelayers[Koz99] aswell asBraggreflectors[Som98]. Also,
consideringtheelectronicintersubbandtransitionsin thequantumwells formedby thesuper-
lattice, they aresuitedfor optoelectronicapplicationsin the infraredspectralregion. For the
operationof suchdevicesa knowledgeof their phononpropertiesis important[Jov03]. Nitride
superlatticeshave beengrown with a periodof only a few monolayers[Kis02]. Furthermore,
spontaneousorderinginto thin layershasbeenobservedfor nitridealloys [Kor97, Beh99].

While mostof the technicalproblemscanbesolved, the influenceof strainon the perfor-
manceof nitride-baseddevicesremainsanintrinsic physicaleffect. Sincestraincannoticeably
changethedesiredcharacteristics,it hasto betakeninto accountalreadyin thedesignof a de-
vice. This requiresbothaprofoundunderstandingandareliabletheoreticalmodellingof strain
effects in the nitrides. Furthermore,it is importantto verify that after growth the strain is in
the specifiedrange.An easyway to experimentallyevaluatethe strainis providedby Raman
spectroscopy, i. e., throughmeasuringthe frequenciesof lattice vibrations. Thesedependon
the inter-atomic forces,which changeupondeformationsof the materialdueto their nonlin-
eardependenceon thedistancesbetweenatoms[She80]. Comparingthemeasuredfrequencies
with thoseof unstrainedmaterialthereforeprovidesinformationaboutthestrain. Then,using
the so-calledmicro-Ramantechnique,the straindistribution canbe determinedwith a spatial
resolutionin theorderof 1 � m.

However, thisisonlypossibleif samplesof sufficientqualityareavailableallowing to isolate
the strain influencefrom the experimentaldata,which thencanbe usedasa reference.For
a long time, suchhigh-qualitysampleswerenot available; therewerealwaysproblemswith
large backgroundelectronconcentrationsand high dislocationdensities(in the order of up
to 108 cm� 2 [Hof96]). The elasticconstantsof GaN were determinedonly from powdered
samples[Sav78]. Thebulk moduluswasnot preciselyknown; experimentaldatarangedfrom
188GPa [Xia93] to 245GPa [Per92]. This, in turn, influencedthedeterminationof themode
Grüneisenparameters,the phonondeformationpotentialsand the biaxial stresscoefficients
of the phononmodes[Kis96], which are key parametersfor the characterizationof strained
materialsusingRamanspectroscopy. Moreover, the few availablestrain-relatedphonondata
evendeviatedsignificantlyfrom eachother.

To overcometheseproblemsof experimentaluncertaintyand lack of knowledge, first-
principlescalculationscanbeused,sincethey provide therequesteddatafrom a full quantum-
mechanicaltreatmentof thematerialinvestigated.Sincenootherexperimentalparametersthan
the atomicnumbersandmassesaswell asthe crystalstructureareneeded,thesecalculations
are,in principle, ableto reasonablypredictexperimentalresults,reachingsufficient accuracy
to provide reliabledata.For group-III nitrides,theoreticalstudieshave startedin thebeginning
of the’90s with calculationsof structural,electronicandopticalproperties(see,e.g., [Chr94],
chapter4 of [PGN94], andreferencestherein). Thesecalculationsrequiredspecialcaresince
the group-III nitridesare,similar to the II–VI compounds,highly ionic materials.Numerical
difficultiesarisedueto thelocalizedd orbitalsof gallium andindiumthatareclosein energy to
the2s stateof nitrogen,whichhasbeencarefullyinvestigatedin severalstudies.

On the other hand,only few first-principlesstudieswere devoted to the elasticand vi-
brationalpropertiesof the nitrides [Miw93, Chr94, Kim94, Kim96], determiningelasticcon-
stantsas well as phononfrequenciesof unstrainedcrystals. The employed frozen-phonon
method,however, limits thesecalculationsto non-polarmodes,thusno resultscould be ob-
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tainedfor longitudinal-optical(LO) phononfrequencies.The influenceof strainon the zone-
centerphononfrequencieswastheoreticallyinvestigatedonly for thecaseof hydrostaticpres-
sure[Gor95]. SincetheFröhlichcouplingof LO phononsto electronsis governedbothby the
high-frequency andthestaticdielectricconstant,alsoa knowledgeof thedielectricproperties
of strainedsamplesis necessary. According to the Lyddane–Sachs–Teller relation, the latter
dielectricconstantis relatedto the formeroneby thezone-centerLO-phononandtransverse-
optical-(TO-)phononfrequency. However, no suchdataareavailablein the literature. There-
fore, a consistentdescriptionof the elasticpropertiesandof the strainandstressdependence
of phononfrequenciesaswell asof dielectricpropertiesof wurtziteandcubicGaNandAlN is
highly desirable.Moreover, a reliableresultcanonly be obtainedif structuralchangesunder
the influenceof differentdeformationsarefully taken into account.Especiallythe changeof
thecell-internalstructuralparameteru cannotbeobtainedfrom macroscopicelasticitytheory,
whoseapplicationwould, in addition,have thedrawbackthatits validity rangeis not known.

In this work, we investigatethe straindependenceof the structuralanddielectricproper-
ties aswell asof the phononfrequenciesof the nitride semiconductorsGaN andAlN using
quantum-mechanicalfirst-principlescalculations.For boththe3C andthe2H polytypeaswell
as for short-periodsuperlatticesthe strainedcrystalgeometryand the correspondingphonon
spectrumwill bedeterminedwithout usingexperimentalparameters.Threetypesof strainwill
beconsideredfor thebulk materials,correspondingto theapplicationof hydrostaticpressure,
of anisotropicbiaxialstressin thebasalplane,andof auniaxialpressurealongthecrystalaxis.
For the 2H polytypes,the chosendeformationswill preserve the wurtzite symmetry, whereas
for the3C polytypesthedeformationswill bedirectedalongthecrystallographicaxes,resulting
in a tetragonalstructure.

On theonehand,thesecalculationsarecomplementaryto respective experimentalinvesti-
gations,bothby helpingto correctlyinterpreteresultsandby providing informationnot easily
accessiblefrom experiments.Ontheotherhand,thetheoreticalinvestigationyieldsvaluablein-
formationsfor thephysicalunderstandingof thematerialpropertiesof thenitridecompounds.

This thesisis structuredasfollows. After anoverview of the theoreticalfundamentalsour
calculationsarebasedon (Chapter2), we presenttheresultsin threeparts:First, theproperties
of unstrainedGaN andAlN aredetermined(Chapter3), which areusedas referencevalues
for thosein a strainedstate. Second,the strain dependenceof the structural,dielectric and
vibrationalpropertiesis investigated(Chapter4). This requiresto preciselycalculateboth the
equilibriumandthestrainedcrystalgeometry. The resultswill becomparedwith a varietyof
experimentaldatain orderto clarify existingdiscrepancies.Third, short-periodsuperlatticesare
studiedasamodelsystemfor layerednitridestructures(Chapter5). Ourfindingsareconcluded
by asummaryandanoutlook,givenin thelastchapter.



Chapter 2

Fundamentalsand Objectives

2.1 Preliminaries and BasicApproximations

Fromaquantum-mechanicalpointof view, acrystal–– likeany molecule–– is asystemof nuclei
andelectronsand,in equilibrium, is electricallyneutralasa whole. It consistsof a very large
numberof nuclei(andanevenlargernumberof electrons),whereas(in mostcases)thenumber
of differentkinds of nuclei (i. e., atomicspecies)is rathersmall. In thermalequilibrium, the
nucleiof aperfectcrystalarefound(on thetemporalaverage)atpositionsR l� that,exceptfor
thesurface,form athree-dimensionalperiodicarray, thepositionsbeinglabeledin thefollowing
way. Onecanidentify a setconsistingof theminimumnumberof nuclei requiredto make up
thebulk crystalarrayby periodicrepetitionin space,which is calleda basis.A part of space
containinga basisandleadingto a completefilling of thebulk crystalvolumewhentranslated
alongwith thebasis,neitheroverlappingitself norleaving voids,is calledaprimitivecell. Then,
thepositionof the � th nucleus(i. e.,basiselement)in thel th cell is, in general,givenby

X l� � R 	 l 
���
�	���
�� u l� � R l� � u l� � (2.1)

with theBravaislatticevectorR 	 l 
 , thebasisvector
�	���
 , theequilibriumpositionR l� andthe
momentarydisplacementu l� of this nucleus,its massbeingM� . In thepresenceof constant
externalstress,R l� is still to beunderstoodasthecorrespondingequilibriumposition,which
differs from the oneof the unstrainedcrystal. As an abbreviation, let X denotethe setof all
displacedatomicpositions, X l� , andlet analogouslyR � R l� andu � u l� .

Sinceall physicalpropertiesof a givensystemcanbederivedfrom its many-particlewave-
function,thefundamentalproblemof anab-initio determinationof thesepropertiesis to solve
thestationarySchrödingerequationfor thesystem,� tot � � Etot � . Here,theHamiltonian

� tot ��� nuc ��� n-n � � el ��� e-e ��� e-n (2.2)

consistsof thekineticenergy andthe(pairwise)Coulombinteractionof thenuclei( � nuc��� n-n)
andof theelectrons( � el ��� e-e) aswell asof the(pairwise)Coulombinteractionbetweenelec-
tronsandnuclei ( � e-n). For � e-e, in diamagneticsystems(suchasundopedsemiconductors)
thetransverseinteractionof theelectronsdoesnotplayanimportantrole: Sinceit is basedona
vectorpotentialwhosesourcesarethemagneticmomentaof thenuclei,thespinmomentaof the
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6 Chapter2. FundamentalsandObjectives

electrons,andthecurrentdensitites,andtheexpectationvalueof thelattervanishes,it suffices
to assumespindegeneracy aswell asto take into accountonly thebareCoulombrepulsion.

Viewed as a collection of atomsin a commonbondingstate,obviously atomic bonding
and dynamicsof a crystal refer mainly to the motionsof electronsand nuclei, respectively.
For studyingthe lattice dynamicsin detail, it is thereforedesirableto separatethe electronic
andnuclearsubsystemswithin the quantum-mechanicaldescriptionof the crystal. Born and
Oppenheimer[Bor27; seealsoBor54,AppendixVIII] showedthatthis is indeedpossiblepro-
videdthattheconditionsof theadiabaticapproximationarefulfilled (seebelow). Theadiabatic
approximationis motivatedby the fact that,dueto the largemassdifference,in thermalequi-
librium themovementof thenuclei is ratherslow (by oredersof magnitude)comparedto that
of the electrons.This leadsto the assumptionthat, at leastas long asno significantchanges
occur in the electronicsubsystem,the movementof the nuclei doesnot dependon the actual
positionsof theelectrons,x ��� xi � , sincetheformerexperiencemerelyanaverageeffectof the
electroncloud. Statedanotherway, oneassumesthat,asthenucleimove, theelectronsfollow
adiabatically, i. e., their distribution adjustsitself nearlyinstantaneouslyand,therefore,canbe
determinedfrom a Schrödingerequationfor fixednucleiatmomentarypositionsX,

� frozen 
i � Efrozen

i
 

i ! (2.3)

ThecorrespondingHamiltonianis thatof asolidwith a “frozen” lattice:

� frozen ��� el ��� e-e ��� e-n ��� n-n ! (2.4)

Since � frozen dependsparametricallyon the coordinatesof the nuclei, so do Efrozen
i and  i .

Then,the adiabaticapproximationis formally obtainedby two basicsteps:1 First, the wave-
function of the total systemof nuclei andelectrons,� , is expandedin termsof the complete
systemof solutionsof Eq. (2.3),keepingthedependenceon all electroniccoordinatesonly for
theelectronicwavefunction,

� 	 X � x 
 �
i

"
i 	 X 
  i 	 X � x 
 � (2.5)

sothat(using � nuc � l � 1
2M #%$ 2& l#�' with themomentum$ & l# ' of the l� th

nucleus)theSchrödin-
gerequationof the total systemreads(where (*),+ denotesthescalarproductwith respectto
theelectronic coordinatesx only)

Etot
j
"

j � � nuc � Efrozen
j 	 X 
 " j

�
i

(  j ) � nuc 
i +-�

l �
1

M� (  j ) $ 	 l# 
  i + $ 	 l# 
 "
i ! (2.6)

Second,thenondiagonalelementsof the last termof Eq. (2.6) aredropped,sincethey involve
a non-adiabaticcoupling amongelectronicstates(i. e., transitions)due to the movementof
the nuclei, whereasa part of the diagonalonescanbe shown to vanishandthe otherpart to

1 It wasfoundthat theadiabaticapproximationcanbeusedbeyond the limits imposedby theolderansatzof
Born andOppenheimer(to expandtheHamiltonianin termsof the4th root of themassratio betweenanelectron
andany of thenuclearmasses).Here,we follow anapproachproposedlaterby Born [Bor54; AppendixVIII].
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be negligibly small [Zim92] (but seealso [Hau64]). Obviously, the validity of the adiabatic
approximationis limited by the secondstep; this will be further discussedbelow. Then, the
Schrödingerequationof thecrystalchangesinto anequationfor thewavefunctionof thenuclei,
determinedby thepropertiesof the j th electronicstateonly:

� nuc � Efrozen
j 	 X 
 " j . � Etot

j . " j . ! (2.7)

Here, / representsa vibrationalquantumnumber. The energy of the “frozen” lattice, Efrozen
j ,

obviouslyactsasapotentialtermfor themovementof thenuclei. It containsboththeCoulomb
interactionof thenucleiaswell astheadiabaticcontributionof theelectronsto thetotalenergy,
thusit completelydeterminesthepropertiesof thevibratinglattice.

In general,theequilibriumpositionsR of thenuclei follow from theminimumof the free
enthalpy. In this work, thermaleffectsarenot investigatedandthe temperatureis assumedto
be0 K. For zeroexternalpressure,then,thefreeenthalpy reducesto theinternalenergy, which
comprisesboththestaticenergy Efrozen aswell asthatof thezero-pointmotions.Thelatterone
is neglected.2 Then,the equilibrium positionsR of the nuclei are(approximatively) given by
thecondition 	10 X Efrozen

j 
2) X 3 R � 0. This meansthat, in general,they dependon theeigenstate
theelectronicsubsystemis in.

In astatewith totalenergy Etot
j . , thewavefunctionof thetotalsystemis givenby � j . 	 X � x 
 �"

j . 	 X 
  j 	 X � x 
 , i. e.effectively, theadiabaticapproximationamountsto keepingonly a single
termfrom theexpansiongivenby Eq.(2.5)[Böt83]. Sincethetermsneglectedin Eq.(2.6)con-
tain theelectron-phononcoupling,theadiabaticapproximationrequiresthatnotransitionsshall
occurin theelectronicsubsystem.To ensurethis, thenucleishouldmove very slowly in com-
parisonto theelectrons,i. e. thefrequenciesof thenuclearmotionsmustbemuchsmallerthan
thecharacteristicelectronictransitionfrequencies.Thisholdsfor insulatorsandsemiconductors
(in their groundstate)exhibiting anenergy gapbetweentheoccupiedandnon-occupiedbands
that implieselectronictransitionenergieslarger thanthecharacteristicvibrationalfrequencies.
Therefore,the adiabaticapproximationis in principle expectedto be sensiblefor wide-gap
materialssuchasgroup-III nitridesGaNandAlN and,on theotherhand,seeminglypoor for
metallic systems.However, it works well even for suchsystemsbecausethe Pauli principle
guaranteesthatonly few electronsneartheFermilevel canundergo transitions[Ven75, Böt83].

As further approximations,in the following the crystal is assumedto be infinite and the
electronsto bein their groundstate.Thelatterconditionis usedsinceneitherelectronictransi-
tionsnor excitedstatesareof interestin this work. Theinfinite crystalis modeledby periodic
(or, cyclic) boundaryconditions(asintroducedby BornandvonKármán[Bor12]), whichwere
shown to yield thecorrectasymptoticexpressionfor thedistribution of vibrationalfrequencies
of a finite crystal[Led43; seealsoMar63]. All energiesrefer to this macroscopicperiodicity
volume.

In this work, we determinethe equilibrium positionsof the nuclei for strainedcrystal
structures(cf. Sect.2.6) from a numericalcalculationof theground-stateenergy Efrozen

0 using
density-functionaltheoryin local-densityapproximationandbasedon a planewave–pseudo-
potentialmethod(cf. the following Section).Thevibrationalpropertiesaredeterminedin the

2 Cf. Sect.2.3.1. This approximationleadsto a minor systematicerror in thevolumedependenceof the total
energy. As a consequence,the equilibrium lattice constant(the equilibrium bulk modulus)will be determined
somewhattoo small(too large)[Alc01].
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harmonicapproximation(cf. Sect.2.3)by density-functionalperturbationtheory(cf. Sect.2.4),
with somesupplementaryinvestigationsbasedon frozen-phononcalculations(cf. Sect.2.5).

2.2 Density-FunctionalTheory

After separationof theionic andtheelectronicproblemaccordingto theadiabaticapproxima-
tion, thetotalenergy of a“frozen” latticehasto becalculatedin orderto obtainthefull potential
energy thatdeterminesthe propertiesof the lattice. However, becauseof the large numberof
variablesinvolved,anexact treatmentof theeigenvalueproblemof thecorrespondingHamil-
tonian,Eq.(2.3),is impossible.Fortunately, it is possibleto determinethedesiredground-state
propertiesof theelectronicsubsystemon thebasisof anexact theory–– thedensityfunctional
theory (DFT). Its basicconceptsas well as further approximationsrelatedto the numerical
realizationusedin thiswork aredescribedin thefollowing subsections.

The(pairwise)Coulombinteractionof thenuclei, � n-n, doesnot influencethebehavior of
the electrons.This allows to split the the frozen-latticeHamiltonian,Eq. (2.4), accordingto� frozen � � n-n �4� el andtheground-stateenergy is obtainedas

Efrozen
0 � Wn-n � Eel

0 � (2.8)

whereWn-n � (5� n-n+ 0 formally is theground-stateexpectationvalueof � n-n; it canbecalcu-
latedanalytically(cf. Sect.2.2.6). Eel

0 is theground-stateeigenvalueand  0 the ground-state
wavefunctionof � el:

� el  
0 � Eel

0
 

0 ! (2.9)

Usually, oneconsidersthe electronicsubsystemasbeingsubjectto an externalpotential. To
achieve this representation,we rewrite theinteractionbetweenelectronsandnucleias

� e-n ��6 e2

4798 0

N

i 3 1 l �
Z l�

xi 6 X l� �;: < 	 r 
 Vext 	 r 
 dr � (2.10)

whereN is thenumberof electrons,e is theelementarycharge, Z l� is theatomicnumberof

the l� th
nucleus,8 0 is thedielectricpermittivity constant,

< 	 r 
 � N

i 3 1

= 	 r 6 xi 
 (2.11)

is theelectrondensityoperator, and

Vext 	 r 
 �>6 e2

4798 0 l �
Z l�

r 6 X l� (2.12)

is theexternalpotential,which is a local single-particlepotential.TheelectronicHamiltonian
thenreads

� el ��� el ��� e-e � < 	 r 
 Vext 	 r 
 dr ! (2.13)



2.2. Density-FunctionalTheory 9

Here,theexternalpotentialdependson theactualpositionsX of thenucleiandthusrepresents
their influenceon the electronicsubsystem.Sincethe equilibrium positionsof the nuclei are
obtainedfrom a respective minimizationof Efrozen

0 , it is necessaryto calculateEel
0 for various

positionsX, i. e., in dependenceon Vext. In thegeneraltheory, however, thespecificnatureof
Vext is unimportant. Instead,onefocuseson the principlesof how the propertiesof a many-
electronsystemdependon the governingexternalpotential. In the following, we presentthe
theoryin a way thatemphasizesthesegeneralaspectsandtheir consequences.

2.2.1 Hohenberg–Kohn Theoremand Variational Principle

Theideaof usingtheelectrondensityasa fundamentalquantitywasfirst proposedby Thomas
[Tho27] andFermi[Fer27, Fer28] in orderto approximatively describeatomicsystems.DFT in
its presentform, however, is anexacttheoryfor amany-bodysystem.It is basedonthework of
Hohenberg andKohnontheinhomogeneouselectrongas[Hoh64]. AssumingaHamiltonianas
givenby Eq.(2.13)thatcontainsa local Vext(r ), they haveshown thatexternalpotentialswhich
differ by morethanaconstantleadto differentground-statedensitiesn 	 r 
 of thecorresponding
inhomogeneouselectrongas.This meansthat,vice versa,Vext is –– up to anarbitraryconstant
–– uniquelydeterminedby n;3 this is the fundamentalHohenberg–Kohn theorem. Sincethe
external potentialfixes the Hamiltonian,all physical propertiesof the systemare implicitly
determinedby theground-statedensity, which thereforecanbeusedasfundamentalquantityto
describemany-electronsystems.

This uniquedependenceon n can be usedto constructauxiliary functionalsallowing to
derive a variationalprinciple to determineof the ground-statedensityandenergy of a given
systemasfollows. We startby rewriting the eigenvalueequationfor the ground-stateenergy,
Eq. (2.9),asEel

0 � (  0 )?� el  
0 + .4 For a givenelectron-electroninteraction,theeigenvalueEel

0
of all Hamiltonians� el of type (2.13)dependsonly on the externalpotential. To emphasize
thisdependenceon Vext, thedesiredelectronicground-stateenergy is writtenasa functional

Eel
0 @ Vext A :B�  

0 � el ��� e-e � < 	 r 
 Vext 	 r 
 dr  
0 � (2.14)

where  0 is the normalizedgroundstatecorrespondingto the given Vext. Next we notice
that in general,thefunctionaldependenceon Vext canformally betransferedinto a functional
dependenceon n. For a givenground-statedensityn, this is achievedby replacingtheexternal
potentialwith the onedeterminedby virtue of the Hohenberg–Kohn theorem. This density-
dependent5 externalpotentialis denotedas VextC

nD [Esch96; p.77]. However, this implies that
Eel

0 @ VextC
nD A �  C

nD � el ��� e-e � < 	 r 
 VextC
nD 	 r 
 dr  C

nD is fixedonly up to anarbitraryconstant
[Dre90; p.9], so that it is meaningless.Here,  C nD denotesthe groundstatecorrespondingto
VextC

nD . Nevertheless,by subtractingtheambiguouscontribution of theexternalpotential[which

3 This holdsboth for degenerateandnon-degenerategroundstates[Lie83]. The externalpotential,however,
uniquelydeterminestheground-statedensityonly for a non-degenerategroundstate.–– In the following, a non-
degenerategroundstateis assumed.However, theformulaearealsovalid for degenerategroundstates[Dre90].

4 As above, EGFIH denotesthescalarproductwith respectto all electroniccoordinates.
5 Theindex notation“ f J gK ” indicatesthata quantity f is uniquelydeterminedby a functiong but additionally

is a functionof someothervariable(s),in contrastto a functionalwhich is written as“ f L gM .” Both the index and
thefunctionalnotationareusedregardlesswhetherthedependenceof f on g is givenexplicitly or implicitly.
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equals n 	 r 
 VextC
nD 	 r 
 dr since (  C nD ) < 	 r 
  C nD + � n 	 r 
 ] oneobtainsa well-definedfunctionalof

thedensity[Dre90, Esch96; loc.cit.],

F @ nA :B� Eel
0 @ VextC

nD A 6 n 	 r 
 VextC
nD 	 r 
 dr � (2.15)

whichobviouslycanalsobewrittenas[Dre90; p.10]

F @ nA � (  C nD )N	 � el ��� e-e
  C nD + ! (2.16)

For any given ground-statedensity, this yields the kinetic andCoulombenergy of the corre-
spondinginteractingmany-particlesystem. Thus, for a given interaction � e-e, F is a well-
defineduniversalfunctionalsinceit is not relatedto a specificsystem.

The desiredvariationalprinciple is basedon the following generalenergy functionalthat,
by virtue of F not dependingon Vext, allows to choosen andVext independently[Esch96],

E @ n � Vext A :B� F @ nA � n 	 r 
 Vext 	 r 
 dr � (2.17)

so thatn canbevariedfor fixedVext: Hohenberg andKohnhave shown that,upona variation
of n (amongall possibleground-statedensities),E @ n � Vext A reachesits minimal value–– which
equalsthe desiredground-stateenergy –– for the specificn correspondingto the given Vext.
Therefore,onehasfor the(electronic)ground-stateenergy functional,Eq.(2.14),that

Eel
0 @ Vext A � min

n
E @ n � Vext A ! (2.18)

Thusinsteadof solving the eigenvalueproblemof the Hamiltonian(2.13), the exact ground-
stateenergy (anddensity)of aninteractingmany-electronsystemcanbeobtainedby minimiz-
ing thefunctional(2.17)with respectto thedensityn, a functionof only threevariables.6

2.2.2 Kohn–ShamEquation

Althoughit is well defined,noexplicit expressionis known for thefunctionalF. Therefore,the
variationalprincipleof Hohenberg andKohnis of nopracticalusefor animmediateapplication.
Moreover, even if oneknows an explicit expression,onestill lacksa systematicway how to
vary n in order to find the groundstate. To overcomethe latter problem,Kohn and Sham
have derived a setof self-consistentequationsto be solved iteratively [Koh65]. Applying the
variationalprinciple, Eq. (2.18), to a formally non-interactingelectrongas(i. e., � e-e O 0),
they obtainedanexpressionfor aneffective externalpotentialsothat this auxiliary systemhas
thesameground-statedensity(andenergy) asthegiveninteractingsystem.7

Themostimportantaspectof theKohn–Shamapproachis that,sincetheHamiltonianof a
non-interactingsystemis asumof single-particleoperators,themany-particlewavefunctioncan

6 Thevariationalprinciple,aspresentedhere,only holdsfor thosedensitiesn thatcorrespondto the(possibly
degenerate)groundstateof any Hamiltonianof type(2.13);suchdensitiesarecalledVext-representable.However,
not all “reasonablywell-behaved” functionsareVext-representable(see,e.g., chapter2.3of [Dre90]).

7 This, of course,impliestheassumptionthatground-statedensitiesof interactingsystemsarealsoobtainable
asground-statedensitiesof non-interactingsystems.Thevalidity of this assumptionis addressedin chapter4.2
of [Dre90]; however, seealsochapter6.4of [Esch96] for adifferentjustification.



2.2. Density-FunctionalTheory 11

becomposedof single-particleones,P i , which obey individual Schrödingerequations.How-
ever, sincethe interaction-freeelectrongas is only an auxiliary system,thesesingle-particle
wavefunctionshave no physicalmeaning,andtheground-statewavefunctionof this auxiliary
systemis not theexactground-statewavefunctionof theinteractingsystem.Merely thecorre-
spondingN-particledensity(written herefor thecaseof spindegeneracy; N is assumedeven)

n 	 r 
 � 2
NQ 2
i 3 1

)RP i 	 r 
S) 2 � (2.19)

obtainedfrom the NT 2 lowest-in-energy single-particleorbitalsof theKohn–Sham(KS) equa-
tion (wherem is thefree-electronmass)

� KSC
nUVext D P i 	 r 
 O 6 V

h2

2m
0 2

r � VKSC
nUVext D P i 	 r 
 � EKS

i P i 	 r 
 (2.20)

equalsthe exact ground-statedensityof the interactingsystem;for the correspondingenergy
seebelow.

An iterative solutionof Eq.(2.20)is possiblesincethelocalKohn–Shampotential

VKSC
nUVext D :B� Vext � VHC

nD � VXCC
nD (2.21)

allowsto varyn for fixedVext. It consistsof theexternalpotentialVext of theinteractingsystem
underconsideration,the(classicalelectrostatic)Hartreepotential

VHC
nD 	 r 
 � e2

4798 0

n 	 r WX

) r 6 r W ) dr W � (2.22)

andtheKohn–Shamexchangeandcorrelation(XC) potential

VXCC
nD :B�

=
EXC=

n
� (2.23)

which is givenby thefunctionalderivative of theKohn–Shamexchangeandcorrelationenergy
EXC. Thelatteris definedas

EXC @ nA :B� F @ nA 6 EH @ nA 6 Ts @ nA � (2.24)

with theHohenberg–KohnfunctionalF of theinteractingsystem,Eq. (2.16),thefunctionalof
theHartreeenergy

EH @ nA :B� 1

2
n 	 r 
 VHC

nD 	 r 
 dr � (2.25)

andtheuniversalkineticenergy functionalTs of non-interactingparticles(i. e.,wheretheHamil-
tonianis a sumof single-particleoperators).8 The functionalTs @ nA is definedin the following

8 Sincein Eq. (2.24)thekinetic energy of theinteractingsystem,ascontainedin F, is not completelycompen-
satedby Ts, EXC differsfrom thetrueexchangeandcorrelationenergy WXC L nM�Y Z[E]\-J nK F_^ e-e\-J nK HI` EH L nM ; see,
e.g., chapters2.6and4.2of [Esch96] andEqs.(4.16),(7.32),and(7.33)of [Dre90].
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way: Considerthe givenground-statedensityn asbeinga ground-statedensityof a fictitious
Hamiltonianwithout electron-electroninteraction,9 � elU sC

nD �a� el � < 	 r 
 VextC
nD 	 r 
 dr , thecorre-

spondingground-statewavefunctionbeing  sC
nD . For this interaction-freesystemthe Hohen-

berg–Kohn functional F, Eq. (2.16),obviously reducesto (  sC
nD ) � el  sC

nD + O Ts @ nA . Therefore,
sinceF is awell-definedfunctionalof n, sois Ts [Esch96; p.79].

In theKohn–Shamscheme,Ts canbecalculatedfrom

Ts @ nA � 2
N Q 2
i 3 1

6 Vh2

2m
Pcbi 	 r 
d0 2

r P i 	 r 
 dr ! (2.26)

TheKohn–Shameigenvaluescanbeusedto expresstheelectronicground-stateenergy of the
interacting systemasfollows. From Eq. (2.20)andby usingEqs.(2.19), (2.21), (2.25),and
(2.26)aswell astheorthonormalityof theKohn–Shamorbitalsoneobtains

Ts @ nA � 2
NQ 2
i 3 1

EKS
i 6 2EH @ nA 6 n 	 r 
 Vext 	 r 
e� VXCC

nD 	 r 
 dr ! (2.27)

By expressingF throughEqs.(2.24)and(2.27), the energy functional the Hohenberg–Kohn
variationalprincipleis basedon,Eq.(2.17),becomes

E @ n � Vext A � 2
NQ 2
i 3 1

EKS
i 6 EH @ nA � EXC @ nA 6 n 	 r 
 VXCC

nD 	 r 
 dr � (2.28)

theeigenvaluesEKS
i dependingimplicitly on n andVext, cf. Eq. (2.20). Onceself-consistency

is reached,Eq.(2.28)yieldsthedesiredelectronicground-stateenergy of theinteractingmany-
particlesystemunderconsideration.This meansthat the gound-statepropertiesof the latter
areobtainedfrom an effective single-particleformalism. Moreover, up to this point, the self-
consistentKohn–Shamscheme,asestablishedby Eqs.(2.19)–(2.21),is mathematicallyexact.
However, no explicit expressionis known for EXC @ nA . Thus, for practicalapplications,an
approximationhasto beusedfor EXC, themost“popular” onebeingthelocal-densityapproxi-
mation(LDA), which is describedin thefollowing subsection.10

2.2.3 Local-DensityApproximation

TheKohn–ShamXC energy functionalcan,in general,bewritten in theform

EXC @ nA � n 	 r 
5f XCC
nD 	 r 
 dr � (2.29)

therebydefiningtheKohn–ShamXC energy densityf XCC
nD . For ahomogeneouselectrongas,the

XC energy densityis aspatiallyconstantquantityand,hence,justa functionof the(r -indepen-
dent)electrondensity, f XC

hom	 n
 . Now, within the the local-densityapproximation(LDA; here
andin thefollowing, indicatedby a tilde), f XCC

nD is simply replacedby f XC
hom:

EXC @ nA :B� n 	 r 
5f XC
hom n 	 r 
 dr � (2.30)

9 Seefootnote7.
10 In principle, EXC canbe calculatedexactly usinga self-consistentperturbationapproach[Gör94, Gör95].

However, thenumericaleffort is immense,hencethismethodis basicallyimpracticable.
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i. e. for the inhomogeneouselectrongasat position r oneusesthe XC energy densityof the
homogeneousgashaving anelectrondensitygivenby thelocal valuen 	 r 
 . Althoughonemay
assumethe LDA to hold merely for spatiallyweakly varying densities,it hasbeenfound to
work ratherwell also for solidswith covalentbondsexhibiting large gradientsof the charge
density. This hasbeenattributedto thefact that 	 VXC � VH 
 fulfills thesamesumrule which
canbederivedfor theexactexpressionandthatonly thesphericalaverageof theso-calledex-
changeandcorrelationholeenterstheXC energy within theexacttheory. Therefore,particular
detailsof theXC hole,not beingreproducedby theLDA, areoftenunimportantanda partial
cancellationof errorscanusuallybeexpected[Dre90; chapter7.2].

However, therearesomedrawbacksrelatedto theLDA, for systematicerrorsarebeingin-
troducedin somecalculations.Usually, thebondingis overestimatedand,correspondingly, the
latticeconstantsareunderestimated.For certainsemiconductors,themetal–insulatortransition
is obtainedat too large volumina [God89]. One flaw of the LDA is that the Coulombself-
interactionis notproperlycancelledby thelocal form of theexchangeenergy [Dre90]. Another
oneis thatfor freeatomstheelectrontransferenergiesfrom ans to ap or ad state(of thesame
mainquantumnumber)areunderestimated[Gun85].

Whereastheexchangepartof f XC
hom canbecalculatedanalytically, valuesfor thecorrelation

parthaveto betakenfrom numericalcalculations.They havebeenparameterizedusingexplicit
functions. Here,we usethePerdew andZungerparameterization[Per81] of theMonteCarlo
calculationresultsobtainedby Ceperley andAlder [Cep80].

2.2.4 Frozen-CoreApproximation and Nonlinear CoreCorr ection

In general,not all electronscontribute to the bondingof a crystal or a molecule: When the
chemicalenvironmentof anatomchanges,theinnershellsremainclosed.Therefore,theeffort
neededfor areasonablenumericalmodelingof theatomicbindingin acrystalcanbereducedif
oneassumesthesestatesasbeing“frozen” in anionic coreandusesaneffective ionic potential
thatactson theremainingvalenceelectrons.However, this independenttreatmentof coreand
valenceelectronsis possibleonly if, on the onehand,coreregionsof differentatomsdo not
overlapand,on the otherhand,the overlapof coreandvalenceelectrondensitiesof an atom
is rathersmall.11 Thelatterconditioncanbetroublesomefor atomsexhibiting semicorestates
whichoverlapsignificantlybothwith thevalenceandtherestof thecoreelectrons.Thisholds,
e.g., for the 3d statesof Gallium [Gar93b], which furthermoreareclosein energy to the 2s
statesof Nitrogen,sothatfor GaNthey canbeexpectedto contributeto thebonding.

In the Kohn–Shamschemethe frozen-coreapproximationamountsto splitting the total
electrondensity, Eq. (2.19), into coreandvalenceparts,n � nc � nv, andassumingthecore
electrondensityto beconstant,sothat it is sufficient to solve theKohn–Shamequationfor the
valenceelectronsonly. This requiresan expressionfor the effective KS potential,Eq. (2.21),
with nv asits only variable.It is obtainedasfollows. TheHartreepotential,Eq.(2.22),is linear
in thedensityandprovidesnodifficultiesin definingVHC

nc D andVHC
nv D . TheXC potential,however,

11 Strictly speaking,thisis necessaryonly in thoseregionswherethevalenceelectrondensityvariessignificantly
whenthechemicalenvironmentchanges;a largeoverlapof coreandvalencedensitiesmaystill occurin regions
wherethelatterremainsapproximatelyconstant.
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follows from theXC energy, which is nonlinearin thedensity. As furtherapproximation,one
splitstheXC energy [assumedto betreatedin LDA, Eq.(2.30)]asfollows:

EXC @ nc � nv
Acg EXC @ nc

A � EXC @ nv
A � EXC @ nc � nv

A � (2.31)

wherethe corepart, EXC @ nc
A � nc 	 r 
5f XC

hom nc 	 r 
 dr , is constantandcanbeomitted(which
amountsto shifting theenergy zero),whereasthemixedpart,

EXC @ nc � nv
A :B� nc 	 r 
Nf XC

hom nv 	 r 
 � nv 	 r 
5f XC
hom nc 	 r 
 dr � (2.32)

is neglected.Dueto thelocality of f XC
hom, thisapproximationis justifiedfor vanishingoverlapof

nc andnv. Then,oneis left with EXC @ nv
A , from which VXCC

nv D follows.
In the frozen-coreapproximation,core-level shifts and core polarization[Shi97] are ne-

glected. Nevertheless,the frozen-coreapproximationhasbeenfound to be very successful.
This is dueto thefact thattheerror therebyintroducedin theelectronicground-stateenergy is
merelyof secondorderin thedensity[Bar80].

However, if theoverlapbetweennc andnv becomesnon-negligible, theabove splitting of
EXC andthesubsequentneglectof themixedpart,Eq.(2.32),introducessignificanterrors.For
thiscase,Louie,Frøyen,andCohensuggestedarigorousfrozen-coretreatmentby notsplitting
theXC energy. For givenVext, theKS potentialis writtenas

VKSC
nc h nv D � V ionC

nc D � VHC
nv D � VXCC

nc h nv D � where V ionC
nc D � Vext � VHC

nc D ! (2.33)

Then,in theso-callednonlinearcorecorrection(NLCC), oneusesthesumof theatomiccore-
states’densitiesfor nc, whichrequiresto calculate–– oncefor all –– thefull corechargedistribu-
tion (of thefreeatom). However, sincethevalencechargedensityis very small in thevicinity
of the core,onecanreplacethe true corecharge densityinsidesome(appropriatelychosen)
radiuswith somenumericallyeasilymanageablefunction; this helpsto minimize numerical
errors[Lou82].

2.2.5 Pseudopotentialsand Plane-WaveExpansion

A pseudopotentialwas first usedby Fermi [Fer34] in a study of high-lying atomic states,
whereasfor solids,theorthogonalized-plane-wave(OPW)methodfor electronicband-structure
calculation[Her40] canbeconsideredasa precursorto pseudopotentialmethods.Theaim of
a pseudopotentialapproachis to reducethe numericaleffort neededfor treatingthe valence
electrons.The wavefunctionsof the latter oscillatein the coreregion, sincethey mustbe or-
thogonalto thoseof thecorestateswhicharelocalizeddueto the(singular)Coulombpotential
containedin V ion, Eq.(2.33).Theseoscillationsareunfavorablefor anexpansionof thevalence
wavefunctionsin mostbasissets,sincethey causea significantchangein thecharacterof the
wavefunctionswhengoingfrom theinter-atomicto thecoreregion.

However, as in the frozen-coreapproximation,onemay assumethat only the part of the
valencewavefunctionoutsidethe coreregion contributesto the bonding. Therefore,both the
valencewavefunctionand the ionic potentialneedto be treatedexactly in this region only,
whereasinsidethecoreregion they maybealteredsothat theoscillationsvanish.This degree
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of freedomcanbeusedin many differentwaysaccordingto theobjective of thespecificcalcu-
lation. In general,thepseudopotentialrepresentsa“pseudoion,” sinceit replacesboththeionic
potentialandthe coreelectronsaswell astheir effectsamongthemselvesandon the valence
electrons.

Therearevariouscategoriesof pseudopotentialsdiffering with respectto the kind of in-
putdatarequiredfor theirconstructionas,e.g.,empiricalpseudopotentials(usingexperimental
latticeconstantsandreflectiondata)or modelpotentials(mimicking atomicscatteringproper-
ties)[Coh89]. Basedonanextensionof theOPWmethod,anonempiricalapproachto findinga
pseudopotentialwasintroducedby Phillips andKleinman[Phi59]. They showedthatby using
smoothedBloch functionsaspseudowavefunctions,theorthogonalizationcorrectionin theKS
equationleadsto arepulsivepartof thepseudopotentialthatdependsontheangular-momentum
componentof thepseudowavefunctionandthereforemustbedescribedby anonlocaloperator.

All thesemethodsaim at describinga certaincrystalof a givenstructureandatomiccom-
position;transferabilityof theabove-mentionedpseudopotentialsis notguaranteedbut hasfirst
beenachieved by so-callednorm-conservingpseudopotentials[Ham79]. They arebasedon a
DFT-LDA solutionof the atomicSchrödingerequationor, to include relativistic effects, the
Dirac equation[Kle80] (or the Pauli equation);therefore,they are also called ab-initio (or
first-principles)pseudopotentials.Differentschemesfor their generationcanbe found in the
literature. First-principlespseudopotentialsallow to accuratelycalculatetotal energiesof dif-
ferentcrystalphasesandtheir latticeconstants,structuralpropertiesof surfacesandinterfaces,
cohesiveenergies,bulk modulus,elasticconstants,latticevibrations,etc.

Thechoiceof aspecificpseudopotentialdependsbothonthebasisfunctionsoneis goingto
useaswell ason theatomiccompositionof thematerialunderconsideration.In this work, in
orderto correctlytreatdifferentlystrainedstructuresaswell aslatticevibrations,first-principles
pseudopotentialsandaplane-wavebasisset(i. e.,aFourierexpansion)areemployed.Thelatter
is notbiasedto aspecificatomicarrangementandallowsto systematicallyincrease(andthereby
check)the accuracy of the calculationsby increasingthe numberof planewaves(i. e., taking
into accounthigherFouriercoefficients). In a plane-wave basis,however, thoseatomsarenot
easyto managethat exhibit markedly localizedstates,or nodesin their wavefunctions,since
theseleadto contributionsof high Fouriercoefficientssothata largenumberof planewavesis
requiredto modelthem. For group-III nitrides,this localizationoccursfor thethe2p statesof
nitrogen,sinceit hasnop statesin its core.Therefore,so-calledsoft (or smooth)pseudopoten-
tialsarerequiredfor thepresentcalculations,sincedespitetheseproblematicatomicstatesthey
leadto anexpeditiousconvergenceof thetotalenergy with respectto anincreasein thenumber
of planewaves.

The softest(smoothest)norm-conservingpseudopotentialsareobtainedby the generation
schemeof Troullier andMartins(TM) [Tro91]. Thespecialpropertiesof thesepseudopotentials
resultfrom (i) thepseudowavefunctionbeingparameterizedin thecoreregionby apolynomial
of 12th degree,(ii) theconditionthat thepseudowavefunctionandits first four derivativesare
continuousat thecoreradius(i. e., theso-calledcutoff radius),and(iii) theconditionthat the
curvatureof the total (i. e., not only the pseudo-ionicpart) TM pseudopotentialis zeroat the
nucleus.Thisallows to choosearatherlargecutoff radius,which increasesthesmoothness(but
might reducethetransferability)of thepseudopotential.
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The conditionsof the frozen-coreapproximationare well fulfilled for nitrogenand alu-
minium, whereasfor gallium and indium the NLCC is requiredbecauseof the semicoreGa
3d or In 4d electrons. For comparison,a Ga pseudopotentialwascreatedthat treatsthe 3d
electronsascompletelyfrozen in the core. However, from this pseudopotentialunusablere-
sultswereobtainedfor GaN[Kar97a]. Thecoreradius(andtheNLCC parameters)of theTM
pseudopotentialsusedin this work were chosenaccordingto the conceptof chemicalhard-
ness[Tet93, Fil95]. Thismethodwasimplementedandthepseudopotentialsweregeneratedby
Pletl [Ple98], whoalsofittedthepseudopotentialsto theparameterizationproposedby Bachelet,
Hamann,andSchlüter, whichallowsacalculationof plane-wavematrixelementsby ananalyt-
ical expression[Bac82].

2.2.6 Total-Energy Calculation and Brillouin-Zone Summation

In the adiabaticapproximationand using the Kohn–ShamDFT-LDA approach,the ground-
stateenergy (perunit cell) of a frozenlattice follows, for givenpositionsX of thenuclei (and
thereforefor givenVext), as[cf. Eqs.(2.8),(2.17),(2.18),and(2.24)]

Efrozen
0 � Wn-n � min

n
Ts @ nA � EH @ nA � EXC @ nA � Ee-n@ n � Vext A � (2.34)

whereEe-n@ n � Vext A :B� n 	 r 
 Vext 	 r 
 dr . For a crystal,theplane-wave basisfunctionsaredis-
tinguishedby thevectork thatlieswithin thefirst Brillouin zone,theexpansionextendingover
all vectorsG of the reciprocallattice. In the numericalcalculation,however, the numberof
planewavesis limited by a so-calledkinetic cutoff energy accordingto

Vh2

2m
) k � G ) 2 i Ecut ! (2.35)

Thetotal-energy contributionsarecalculatedfrom theFouriercoefficients(i. e., in recipro-
cal space),exceptfor theXC energy which is calculatedin realspace(usingfastFouriertrans-
forms). Due to the long-rangecharacterof the Coulombpotentialinvolved in Wn-n, EH, and
Ee-n, theirFouriercoefficientsdivergefor G � 0. However, dueto theoverallchargeneutrality,
thesedivergenciescancelexactly. Thisallows to rewrite thesumof thesethreecontributionsas

Wn-n � EH � Ee-n � EEw � E̊H � E̊e-n � (2.36)

wherethedivergenttermshavebeenomittedfrom theringedquantitiesbut includedinto thein-
teractionenergy of thenuclei,whichthencanbecalculatedanalyticallyby anEwaldsummation
techique[Mar63] –– andtherefore(in thatform) is calledEwaldenergy EEw.

In a crystaldescribedby periodicboundaryconditions,thereexists a densemeshof “al-
lowed” k pointsin theBrillouin zone.Accordingly, thesumover theKohn–Shameigenvalues
becomesasumoverall occupiedbands(index j ) in thefirst Brillouin zone(BZ); it is therefore
calledband-structureenergy

Ebs :B� 2
NQ 2
j 3 1

EKS
j � 2

occ.

k k l BZ

EKSk 	 k 
 ! (2.37)
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For the numericalcalculation,only a finite numberof k can be taken into account. There-
fore, oneusuallychoosesa setof so-calledspecialk-points(SP)adaptedto the crystalsym-
metry. Any sumof the form k l BZ f 	 k 
 thenbecomesa weightedsum k l SP m k f 	 k 
 with

k l SP m k � 1. TheKS equationis now solvedfor thesespecialk-pointsonly, thusthenumeri-
caleffort scaleslinearlywith thenumberof specialpoints.In theliteratureavarietyof schemes
for choosingspecialk-pointscanbe found (see,e.g., [Eva83]). In this work, setsof Chadi-
Cohenspecialpoints[Cha73] areused,which have beenfound to ensurea goodconvergence
for phononcalculations,bothof zinc-blendeandwurtzitenitrides[Kar97a, Kar97b].

UsingtheEwaldandtheband-structureenergy aswell asEq.(2.27)for Ts, theground-state
total energy of thefrozenlatticecanbewrittenas[cf. Eq.(2.28)]

Efrozen
0 � EEw � min

n
Ebs 6 E̊H @ nA � EXC @ nA 6 n 	 r 
 VXCC

nD 	 r 
 ! (2.38)

In thiswork, thetwo XC contributionsareabbreviatedas

E n XC @ nA :B� EXC @ nA 6 n 	 r 
 VXCC
nD 	 r 
 dr ! (2.39)

Thisnomenclaturewill beusedin thecontext of frozen-phononcalculations(Sect.2.5).

2.3 Lattice Dynamicsin the Harmonic Approximation

2.3.1 Potential Energy Expansionand Equation of Motion

The harmonicapproximationis motivatedby the fact that for sufficiently low temperatures
(i. e.,well below themeltingpoint) theamplitudesof theatomicvibrationsareusuallysmall(as
comparedto the interatomicdistances)andanharmoniceffects(as,e.g., thermalexpansionof
thelattice,temperaturedependenceof elasticconstants,or interactionsof latticevibrations)can
beneglected.This is assumedthroughoutthis work. Then,thepotentialenergy of the lattice,
which is givenby Efrozen

0 	 X 
 , canbeapproximatedby a Taylor seriesup to quadratictermsin
theatomicdisplacementsaso 	 u 
 :B� Efrozen

0 	 X 
 6 Efrozen
0 	 R 


� p
l �
o p l� u

p
l� � 1

2
p

l � q l r � r
o p q l l r�s� r u

p
l� uq l r� r � O 	 u3
 � (2.40)

with

o p l� �
t
Efrozen

0t
u
p

l� u 3 0

and

o p q l l r�u� r �
t 2Efrozen

0t
u
p

l� t
uq l r� r u 3 0

(2.41)

beingtheso-calledatomicforceconstantsof first andsecondorder, respectively. They arein-
terrelateddueto thecrystalsymmetryanddueto their invarianceagainstrigid-bodytranslations
androtations[Bor54, Mar63, Ven75, Böt83].
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In theequilibriumconfigurationall forcesvanish:o p l� � 0 	1vw� � l � ��
 � (2.42)

sothatin harmonicapproximation,thepotentialenergy canbewrittenas

o harm	 u
 � 1

2
p

l � q l r � r
o p q l l r�u� r u

p
l� uq l r� r ! (2.43)

The harmonicapproximationis of generaluse,regardlessof a (semi-)classicalor quantum-
mechanicaltreatmentof the lattice vibrations. Sincein this work quantumaspectsof lattice
vibrationsareunimportant,in the following the movementof the nuclei is describedas that
of a classicalchargedpoint mass(i. e., zero-pointvibrationsareneglected;cf. Sect.2.1). The
harmonicapproximationis usedsincethermaleffectsaregenerallyneglectedandonly thesta-
tionaryvibrationalpropertiesshallbeinvestigated.

If the � th basisatomin thel th cell is displacedfrom its equilibriumposition,it is exposedto
a forcegivenby

F
p

l� ��6
t o harmt
u
p

l� ��6 q l r � r
o p q l l r�s� r uq l r� r � (2.44)

whichyieldstheclassicalequationof motion

M�-xup l� �>6 q l r � r
o p q l l r�u� r uq l r� r ! (2.45)

2.3.2 Dynamical Matrix and Phonons

For solvingEq.(2.45),thetranslationalsymmetryof thecrystalis employedin choosingabasis
systemof complex functions(whosesuperpositionis supposedto yield real displacements)
[Ven75; Sect.2.2.6]:

u
p

l� � 1y
M � U

p 	��z) q
 ei
C
q { R & l ' �}| & q' t D � (2.46)

wherethenotationU
p 	��~) q
 indicatesthat theamplitudefactorfor thedisplacementof the � th

atomis consideredfor thecaseof a vibrationwith wave vectorq. Thegrid of “allowed” wave
vectorsq is determinedby theperiodicboundaryconditions.If thecrystalbasisconsistsof Nb

atoms,on inserting(2.46)into (2.45)oneobtainsasystemof 3Nb equations

� 2 	 q 
 U
p 	��~) q 
 � � r q

� p q q�s� r Uq 	�� W ) q
 	�� � x � y � z ��� � 1 � !2!S! � Nb 
 � (2.47)

where

� p q q�s� r � 1y
M� M� r l r

o p q l l r�u� r eiq{ C R & l ' � R
&
l r ' D

� 1y
M� M� r l r r

o p q 0 l r r�s� r eiq{ R & l r r ' 	 l W W � l W 6 l 
 ! (2.48)



2.3. LatticeDynamicsin theHarmonicApproximation 19

Thelaststepfollowsfrom thelatticeperiodicityof thepotential.Since
o p q l l r�s� r is symmetricin

theindex sets	�� � l � ��
 and 	 � � l W � ��WX
 [cf. Eq.(2.41)],the
� p q q�s� r form aHermitianmatrix; it is

calleddynamicalmatrix. Exceptfor theadditionalmassfactorsthedynamicalmatrixrepresents
theFouriertransformof thesecond-orderforceconstantmatrixwith respectto thelatticevector
R 	 l 
 .

Accordingto Eq.(2.47),theequationof motion(2.45)issolvedif andonly if theeigenvalues
andeigenvectorsof thedynamicalmatrixarefound,whichfollow from thetheso-calledsecular
equation(where � � is theidentitymatrixof thespecifieddimension):

det ��	 q 
 6 � 2 	 q
�� � 3Nb
� 0 ! (2.49)

Since ��	 q
 is Hermitian,for eachq onegetsrealeigenvalues� 2
j 	 q
�	 j � 1 � !2!S! � 3Nb
 . They

establishthedispersionrelationsof thelatticevibrations.Thestabilityof thelatticerequiresall�
j 	 q 
 beingreal. Accordingto thesymmetryof thecrystal,at somepointsq in theBrillouin

zonetheeigenfrequencies� j 	 q
 maybedegenerate.In thelong-wavelengthlimit (i. e.,q → 0),
threemodeshave zerofrequency, correspondingto a rigid translationof thecrystalasa whole
(along threemutually perpendiculardirections). Thesebranchesare referredto as acoustic
modes,theremaining3Nb 6 3 onesasopticalmodes.

Substitutingtheamplitudefactoras

U
p � q

j � A q
j e
p � q

j (2.50)

allowsto choosedimensionlesseigenvectorse q
j of the 	 3Nb

� 3Nb 
 -dimensionalmatrix ��	 q 

thatfulfill thenormalizationcondition(where† indicatestranspositioncombinedwith complex
conjugation,i. e.,Hermitianconjugation)

e† q
j � e q

j r � p � ebp � q
j e

p � q
j r � =

j j r ! (2.51)

Their completenesscanbeexpressedin mixedmatrixandcomponentnotationas

j

e q
j � e† q

j
p q 	1��� W 
 �

j

e
p � q

j ebq � W q
j � = �N� r = p q ! (2.52)

From Eqs.(2.46) and(2.50) it follows that for a vibrationalmode j with wave vectorq the
amplitude �u � q

j of thedisplacementu l� q
j of the � th basisatomin thel th cell is givenby

�up � q
j � A q

j e
p � q

j M� ! (2.53)

Upon transformationto so-callednormalcoordinatesandgeneralizedmomenta,thesemodes
becomevibrationsof independentharmonicoscillators.Thequantum-mechanicalbehavior of
the latter leadsto thepictureof vibrationalquantacalledphonons,a nomenclaturethat is also
usedin thepresentclassicaldescription.

In this work, thevibrationalpropertiesaredeterminedfrom a directnumericalcalculation
of thedynamicalmatrixandasubsequentdiagonalizationthatyieldsthemodefrequenciesand
eigenvectors.Thiscalculationis basedondensity-functionalperturbationtheory(cf. Sect.2.4).
Additionally, in somecasesalsotheso-calledfrozen-phononmethodis used(cf. Sect.2.5).
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2.3.3 Long-WavelengthLimit in Polar Crystals

Latticevibrationsof any finite wavelengthin polarsemiconductorscanbetreatedin thesame
wayasthoseof nonpolarones.Thelong-wavelengthlimit (i. e.,q → 0), however, needsspecial
attention,sincethelong-rangecharacterof theCoulombinteractioncausesamacroscopicelec-
tric field E for opticalmodes,whereoppositelychargedsublatticesvibrateagainsteachother
andcreatea dynamicaldipolemoment.Vice versa,thevibratingionsarecoupledto this field.
However, sincethecorrespondingpotentialenergy VE 	 r 
 � eE � r doesnot have theperiodic-
ity of the lattice,this couplinghasnot beentaken into accountin theharmonicapproximation
basedonaperiodicpotential.

2.3.3.1 Determination of the Dynamical Matrix

Following BornandHuang[Bor54; Chap.33], thiscouplingcanbetreatedphenomenologically
by taking into accountin thepotentialenergy of thevibrating lattice theappropriatecontribu-
tionsdueto theelectricfield. In thelong-wavelengthlimit, thedisplacementsof the � th atomare
identicalin eachcell andit sufficesto considera singleprimitive cell (sothatonecansuppress
thecell index l ). In contrastto Eq.(2.43),herethepotential-energy density� is consideredand
a slightly differentnotationfor its “purely mechanical”contribution (i. e., theonebeingsolely
determinedby theatomicforceconstants)is used,emphasizingits relationto thecorresponding
partof thedynamicalmatrix (seebelow). In general,12

� q → 0 	 u 
 � 1

2 ��� r u 	1��
 � C 	1��� W 
 � u 	�� W 

6 8 0

2
E ������� E 6 e

V � E � ZB 	1��
 � u 	���
 �
(2.54)

dependson thedirection �q :B� q T�) q ) alongwhich thelimit q → 0 is reached(seebelow). Here,
besidesthematrix C 	1����WX
 , whichwill bediscussedbelow, thefollowing quantitiesappear:E is
themacroscopicelectricfield accompanying thelatticevibrations.It is consideredin theelec-
trostaticapproximation[Ven75; Sect.4.3.4],sothatpolaritoneffectsarenot takeninto account.
Therefore,the q → 0 limit is restrictedto ) q )~� �

maxT c (with � max beingthe maximumfre-
quency of thevibratinglattice).This correspondsto thecaseof Ramanscatteringusingvisible
light. Consideringa Fourier component[with spatialvariationexp(iq � r )] of E, in theelectro-
staticapproximationit is given throughE ��6 �q 8 � 1

0 �q � P, with P beingthe total polarization
presentin the crystal. ��� is the tensorof the electronicdielectricconstantof the crystal, V
is thevolumeof theprimitive cell, and ZB 	1��
 is thetensorof theBorn effective chargeof the� th atom,introducedto describethecouplingbetweentheatomicdisplacementandtheelectric
field. Both �u� andZB 	���
 areconsideredin their q → 0 limit. The(dynamical)dipolemoment
of theprimitive cell, causedby thedisplacementof theions,is givenby

p � e � ZB 	1��
 � u 	���
 ! (2.55)

12 Any quantityprinted in bold upright is a vector, whereasboldfaceitalic indicatesa matrix. If a vector is
multiplied from theleft, this is to beunderstoodasamatrix productwith thetransposeof thevector.
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The Born effective charge takesinto accountboth the valencecharge Zval 	���
 of the ions and
thechangein theelectronicchargedistribution causedby thedisplacementof theions. Dueto
chargeneutralityof theprimitive cell, it holdsthat � ZB 	1��
 � 0 [Coc62].

Theforceenteringtheequationof motionis obtainedfrom Eq.(2.54).It canbewrittenas13

F
p 	1��
 ��6 V

t ��	 u 
t
u
p 	���
 �>6 V q � r C

p q 	1��� W 
 uq 	1� W 
�� e Ztr
B 	1��
 � E p ! (2.56)

Obviously, in the long-wavelengthlimit, the dynamicalmatrix consistsof two differentcon-
tributions: A (mathematically)regularonefrom theforcesdueto the lattice-periodicpotential
(at zero macroscopicfield), which is identical to the expressiongiven by Eq. (2.48), and a
(mathematically)non-analyticonefrom theforcesdueto themacroscopicelectricfield:

� q → 0�s� r � � rg q → 0�s� r �4� n� a� q → 0�u� r ! (2.57)

Thelattercontribution is non-analyticsinceit hasnouniquelimit for q → 0 but dependson the
direction �q in whichthelimit is taken.This is dueto thelasttermin Eq.(2.54)dependingonthe
anglebetweenthemacroscopicelectricfield andthedipolemomentp of thevibrating lattice.
Therefore,in Eq. (2.54)the“purely mechanical”contribution follows from theregularpartof
thedynamicalmatrix:14

C 	1��� W 
 :B�
y

M� M � r
V

� rg q → 0�s� r � 1

V
l r r
� 0 l r r�s� r ! (2.58)

Thenon-analyticpartof thedynamicalmatrix is determinedasfollows. Thetotal macroscopic
polarizationcontainscontributions arising from the electric field (independentof the atomic
displacement)and,viceversa,from theatomicdisplacement(independentof thefield):

P � 8 0 	 ��� 6 � �I
 � E � e

V � ZB 	���
 � u 	���
 � (2.59)

Thisallows to relatetheelectricfield directly to theatomicdisplacements:

E ��6 �q 8 � 1
0 �q � P

��6 e

8 0V
� �����q �q � 	 �u� 6 � �I
 � 1� �q �q � � ZB 	���
 � u 	���
 � (2.60)

whichcanbeshown to resultin [Ven75; Eq. (4.108)]

E ��6 e

8 0V
�q 1

�q �S�u��� �q �q � � ZB 	���
 � u 	1��
 ! (2.61)

13 Note that herethe transposeof ZB appearssincecomparedto Eq. (2.54) the orderingin the multiplication
with E hasbeeninterchanged.

14 As normalizationvolume,herethevolumeof theprimitive cell appears,sincethe l � summationin Eq. (2.43)
is taken up by the dynamicalmatrix, Eq. (2.48),whereasthe l summationleadsto a factorof Npc, the number
of primitive cells in theperiodicityvolumeconsideredby theperiodicboundaryconditions.However, this factor
cancelswith theoneappearingin thenormalizationof theenergy density� Z[�-��� NpcV � .



22 Chapter2. FundamentalsandObjectives

Insertingtheelectricfield, Eq.(2.61),into theequationfor theforce,Eq.(2.56),finally leadsto
thefollowing expressionfor thenon-analyticpartof thedynamicalmatrix:15

� n� a�p q q → 0�u� r � e2

8 0V
y

M� M � r
Ztr

B 	���
 � �q p �q � ZB 	���WX
 q
�q �S�u��� �q ! (2.62)

Equation(2.62)shows thatall the informationnecessaryto dealwith the non-analyticpart of
thedynamicalmatrix is containedin themacroscopicdielectricconstant��� of thesystemand
in the Born effective charges ZB. According to Eq. (2.59), the Born effective charge tensor
of the � th atomequalsthe partial derivative of the macroscopicpolarizationwith respectto a
(long-wavelength)displacementof the � th atomat zeromacroscopicfield,

ZB 	1��
 p q � V

e

t
P
p

t
uq 	���
 E3 0

� (2.63)

whereasthetensorof theelectronicdielectricconstantequalsthepartialderivativeof themacro-
scopicpolarizationwith respectto themacroscopicelectricfield at zeroatomicdisplacement:

	�8 � 
 p q � = p q � 1

8 0

t
P
p

t
Eq u3 0

! (2.64)

Thelasttwo equationsareusedto calculateZB 	���
 and �u� from first principles(seeSect.2.4).
In thesecalculations,noneedarisesto dealexplicitly with themacroscopicelectricfield, there-
fore the periodicboundaryconditionsarenot violated. Oncethesequantitiesaredetermined,
the full dynamicalmatrix in the long-wavelengthlimit is setup accordingto Eqs.(2.57)and
(2.62).Dueto thenon-analyticpart,its diagonalizationis possibleonly afterchoosingaspecific
direction �q. As result,oneobtainsthecompletephononspectrum(atthe � point)corresponding
to thechosen�q.

2.3.3.2 LO–TO Splitting and Static Dielectric Constant

Theinfluenceof thenon-analyticpartof thedynamicalmatrix is to modify thefrequenciesof
thosephononmodesexhibiting a nonzerodynamicaldipole momentp [cf. Eq. (2.55)]. Such
modesaretermedinfra-red(IR) activesinceaccordingto Eq.(2.61)they cancoupleto theelec-
tric field. Thelatterequationalsoshows thatthefield is alwaysdirectedalongthepropagation
direction �q, andthat modeswith a dipole momentperpendicularto the propagation direction
arenot influencedby thefield. The lattervibrationsarecalledtransverseoptical (TO) modes.
Correspondingly, vibrationswith p along �q arecalledlongitudinaloptical (LO) modes.Equa-
tion (2.61)showsthatin orderfor theelectricfield to haveaninfluenceonthelatticevibrations,
a longitudinalcomponentin themodepolarizationsuffices. Therefore,thefield doesnot only
influencethosemodesthatareLO modesin thestrict senseexplainedabove (whichoccuronly
for specialdirectionsthatdependon thecrystalsymmetry)but alsothosehaving a polarization
neitherperpendicularnorparallelto q. In general,thepolarizationdirectionof a modeis given

15 Notethedifferenttreatmentof theatomicmassesin [Ven75; Eq. (4.141)]. Notefurther that in the literature,
sometimesthe transposeof ZB is usedas“apparentcharge” [Coc62]. This makesa differencesince ZB is not
symmetric.
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by the directionof its atomicdisplacements,regardlesswhetheror not its dipole momentis
nonzero.For anIR-active mode,thepolarizationcorrespondsto its dynamicaldipolemoment.

The effect of the macroscopicelectricfield (or, equivalently, the non-analyticpart of the
dynamicalmatrix)canbeseenfrom thegeneralizedLO–TO splitting,givenby thedifferenceof
thesumof all eigenvaluesof thefull dynamicalmatrixandof its regularpart.Thisisobtainedby
takingthetraceof therespective matrices:trace � q → 0�u� r 6 � rg q → 0�u� r � trace � n� a� q → 0�u� r .
Sinceonly theIR-active modescontributeto thedifference,onehasthat

r

j 3 1

� 2
j 	5�q 
 6 � 2

j 	 0
 � e2

8 0V �
1

M �
)1�q � ZB 	���
2) 2�q �S�u��� �q ! (2.65)

Herer is thenumberof IR-active modes,� j 	5�q 
 is the frequency of a vibrationalmodedeter-
minedfrom thefull dynamicalmatrix,Eq.(2.57),and� j 	 0
 is afrequency determinedfrom the
regular part of the dynamicalmatrix only, wherethe electricfield is explicitly excluded. The
latterfrequenciesareknown asthedielectricdispersionfrequencies;they markthepolesof the
dielectric function in the infraredspectralregion. Sincethe macroscopicelectricfield is not
involved,in this work we denotethecorrespondingvibrationalmodesas“purely mechanical.”
As canbeseenfrom Eq.(2.65),in general,theLO–TO splittingmaydependonthepropagation
direction �q. Usually, for uniaxial crystalsthis directionis expresssedby theangle   	5�q � c
 be-
tween �q andthecrystal’sc axis. In thiswork, theangulardependenceof thephononfrequencies
will bestudiedin detail for thesuperlattices,sinceit helpsto identify differentmodes.In Sect.
3.2.3,anexplicit expressionfor theLO–TO splitting in awurtzitecrystalis given.

Finally, thetensorcomponentsof thestaticdielectricconstant,� s, arederived from a gen-
eralized[Coc62] Lyddane–Sachs–Teller (LST) relation,valid for any crystalsymmetry[Ven75;
Sect.4.3.5]:

r

j 3 1

� 2
j 	N�q 


r

j 3 1

� 2
j 	 0


� �q �S� s � �q�q ������� �q ! (2.66)

For crystalsof orthorhombicsymmetryor higher, a systemof mutually perpendicularaxes
exist which allows to identify modespolarizedalong eachof theseaxes. Thesemodescan
be further distinguishedaccordingto their propagation direction: Modespolarizedin the �
directionandpropagatingin the � directionarecalledlongitudinal(L) modes,whereasmodes
polarizedin the � direction but propagating in a direction

� ¡� � are called transverse(T)
modes.Theformeronesaredenotedas� &

p '
L U j , thelatteras� &

p '
TU j . It followsfrom simplesymmetry

considerationsthattherearein eachcaseNb 6 1 modesfulfilling this condition.Moreover, for
orthorhombicsymmetryor higher, thestaticandhigh-frequency dielectrictensorarediagonal
[Ven75; Table4.2]. Basedon theseconsiderations,CochranandCowley gaveanexpressionfor
the LST relationthat connectsthesediagonalelementswith all optic modespolarizedin the
correspondingdirection[Coc62]:

Nb � 1

j 3 1

� & p '
L U j� & p '
T U j

2

� 	18 s
 pSp	�8 � 
 pSp ! (2.67)
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Noteagain thatheretheL modespropagatealongthe � direction,whereastheT modesprop-
agatein a perpendiculardirection. In Sect.3.2.3,an explicit expressionis given for the LST
relationfor thecaseof wurtzitesymmetry.

2.4 Density-FunctionalPerturbation Theory

Sincephononfrequenciesareobtainedaseigenvaluesof the dynamicalmatrix, the latter has
to becalculatedfrom first principlesin orderto obtaina full ab-initio descriptionof a crystal.
In the harmonicapproximation,the dynamicalmatrix is directly relatedto the atomic force
constantsof secondorder, Eqs.(2.41)and(2.48).ConsideringtheHellmann-Feynmantheorem
for the frozen-latticeHamiltonian,Eq. (2.4), it follows that thedesiredforceconstantscanbe
obtainedfrom the linear responseof the electrondensity. Therefore,in principle, onehasto
apply first-orderperturbationtheoryto the DFT. The generaltheoryis elaboratedin [Bar01].
As perturbations,atomicdisplacementsaswell asa macroscopicelectricfield have to betaken
into accountin orderto determineboththeregularandthesingular(i. e., theanalyticandnon-
analytic)partof thedynamicalmatrix.

The self-consistentKohn–Shamschemecanbe extendedto explicitly calculatethe linear
responseof the electrons.The basicstepsproceedasfollows. Let

&
0'Vext be the unperturbed

external potentialand
&
1'Vext the first-orderperturbation,to which the systemrespondsby a

changeof theelectrondensityfrom its unperturbeddistribution
&
0' n (supposedto beknown) to	 & 0' n � & 1' n
 . FromEq.(2.21)onecanseethattheKS potentialwill changeaccordinglyandwill

act backon the density, andso forth until self-consistency. Explicitly, the perturbationterms
have to becalculatedfrom thefollowing setof equations[Kar93, Ple98]:
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Additional termsariseif a pseudopotentialis usedthat includesthe NLCC, sincethen also
in the calculationof the XC energy the actualpositionof the correspondingatomhasto be
takeninto account[Dal93]. In principle,thenumericaleffort to solve this systemof equations
is comparableto that neededfor solving the unperturbedKS equation. However, to obtain
all necessarydata,several differentperturbationshave to be treated,their numberscaling(to
leadingorder)as N2

b . Therefore,thepracticalapplicationof theDFPTmethodis limited to a
rathersmallnumberof basisatoms–– unlessultrasoftnon-normconservingpseudopotentialsare
usedwhich enormouslyreducethenumericaleffort; thecorrespondingmodificationof DFPT
is outlinedin [Bar01].
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Thedynamicalmatrix is calculatedin thefollowing way [Pav91, Bar01]. Accordingto Eq.
(2.8), its regular (analytic) part hasan ionic and an electroniccontribution, � rg � � ion �� el. The ionic contribution stemsfrom thesecondderivative of theEwald energy andcanbe
calculatedanalytically. Theelectroniccontribution is calculatedfrom thefollowing expression
(thefactor2 accountsfor spindegeneracy):

� el
p q q�N� r � 2

Nc

= �s� r
M � k k

&
0' P k k

t 2Vextt
ubp q� t uq q�

&
0' P k k

� 2

Nc

1y
M � M � r k k

t P k kt
u
p

q�
t
Vextt

uq q� r
&
0' P k k � c.c.

(2.69)

whereNc is thenumberof primitivecellsin theconsideredperiodicityvolumeand
t P k k T t up q�

is the first-orderperturbedKS orbital
&
1' P i for the caseof a “monochromatic”perturbation

given by u l� � u q� eiq{ R & l ' , cf. Eq. (2.46). For the singular(non-analytic)part of the dy-
namicalmatrix, Eq. (2.62), the tensorsof the electronicdielectric constantand of the Born
effective charge areneeded.They areobtainedasfollows [Pav91, Gia91]. The total macro-
scopicpolarization,Eq.(2.59),is –– in amicroscopicsense–– composedof apurelyionic term,
Pion � e

V � Zval� u 	���
 , with thenumberof valenceelectronsZval� contributedby the � th atom,
andan electronicterm, which encompassesboth the (static)dielectricscreening(presentfor
clampedions)andthedynamicaleffectsthatcauseZB 	���
 to differ from Zval� . For spindegener-
acy, theelectronicpolarizationcanbewritten asPel � 4

NcV k k ( & 0' P k k ) r
&
1' P k k + , cf. [Kar93].

Theperturbationin this casecanbeeithera latticevibration(asabove) or anelectricfield; the
latter is discussedbelow. Accordingto Eq. (2.63)onehasfor the tensorof theBorn effective
charge:

ZB 	���
 p q � Zval� = p q � V

e

t
Pel
p

t
uq 	���
 � Zval� = p q � 4

eNc k k

&
0' P k k r

p t P k kt
uq 	1��
 ! (2.70)

Accordingto Eq.(2.64),thedielectrictensoris givenby
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Here,
t P k k T Eq is the linear responsecausedby an electric field. It is determinedfrom the

following setof equations[Kar93]:
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Somecarehasto betakenwhendealingwith thematrix elementsof thepositionoperatorin a
systemwith periodicboundaryconditions;thisproblemis discussed(andsolved)in [Gia91].
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2.5 Frozen-PhononCalculations

In a frozen-phononcalculation,the frequency of a specificvibration is determinedfrom the
changein total energy thatoccurswhentheatomsaredisplacedaccordingto thephononmode
underconsideration.This requirestheknowledgeof therespectiveeigenvector, whichfor some
modescanbeobtainedfrom symmetryconsiderationsandgroup-theoreticmethods.This tech-
nique, using DFT-LDA calculations,was first appliedto silicon [Wen78, Yin80]. It hasthe
advantagethatit is not restrictedto harmoniceffects.However, for arbitraryq onehasto usea
supercellof dimension27,T�) q ) in orderto accommodatea full periodof thelatticewave. More-
over, dueto the macroscopicelectricfield associatedwith LO( � ) modes,the latter cannotbe
calculatedin this direct manner. Instead,onehasto calculatethe dynamicaleffective charge
andapplyEq.(2.65)to determinetheLO frequency from theTO one.Theeffective chargecan
beobtainedfrom a supercellcalculation,aswasdemonstratedfor GaAs[Kun81]. In this work,
usingthefrozen-phononmethodwewill studyonly TO modesandnon-polarvibrations.

In generalterms[i. e.,ignoringthetechnicalsubtletiespreviously indicatedby atilde (LDA)
and a ring (Coulombsingularity removed) as well as suppressingthe arguments],the total
energy of the interactingsystemof (valence)electronsand (classical)ion coresis given by
thefollowing contributions[cf. Sect.2.2.6,Eqs.(2.38)and(2.39)]:

Etot � EEw � Ebs 6 EH � E n XC ! (2.73)

Let y bethe(formal) vectorwhosecomponentsarethe(one-dimensional)displacementsy� of
the basisatomsfrom their equilibrium positionwhenthey oscillateaccordingto a ( � -point)
phononmode(i. e., the numberof componentsof y equalsthe numberof basisatoms.).The
frozen-phononenergy E { {¥{ph thatcorrespondsto eachof theabovetotal-energy contributions(i. e.,
“ �2�S� ” standseitherfor “tot,” “Ew,” “bs,” “H,” or “ ¦ XC”) is obtainedasthedifferenceof the
respective energy relative to its equilibriumvalue,

E { { {ph 	 y 
 :B� E { {¥{ ) y 6 E {¥{ { ) y 3 0 ! (2.74)

Fromthetotal energy, thephononfrequency is obtainedusingthefollowing harmonicfit func-
tion [Sri90; Eq. (3.48)]:

Efit 	 y 
 � 1

2
� 2 � M� y2� � (2.75)

wherethesumrunsoverall basisatoms.Theactualdisplacementsy� of theatomswith masses
M � arechosenaccordingto thetotal displacement§ � ) y ) andthecorrespondingcomponents
of thenormalizedmodeeigenvectore (whichwetake from theDFPTcalculation)asy� � e� § ,
sothat

Efit 	¤§%
 � 1

2
� 2 � M� e2� § 2 � (2.76)

which allows to determinethefrequency � from plotting thetotal energy vs thetotal displace-
ment § . Provided that the harmonicapproximationis appropriate,this frequency shouldbe
(nearly)identicalto theoneresultingfrom theDFPTcalculation.
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Thepurposeof thefrozen-phononcalculationis thefollowing: Equation(2.76)shows that
by referringto § theresultsobtainedfor differentmaterialsanddifferentlatticeconstants(i. e.,
varying underthe influenceof pressureor stress)canbe comparedwith eachother. This not
only holdsfor thefrozen-phonontotalenergy itself but alsofor its contributions[cf. Eqs.(2.73)
and(2.74)], which canbe plotted in exactly the sameway. Thereby, an interpretationof the
observed frequency shifts is possible,sinceone can study in detail the influenceof the dif-
ferentcontributions to the total energy. In this way, the frozen-phononcalculationprovides
informationnot accessibleby a DFPTcalculation.On theotherhand,only a DFPTcalculation
canprovide an exact eigenvector: Even if the crystalsymmetrydoesnot changeif the lattice
constantis varied,the eigenvectormay change,but this cannotbe obtainedfrom a symmetry
considerationalone.

2.6 Modeling of Strains and Stresses

Undertheinfluenceof externalforces,electricfieldsor dueto a changein temperature,a solid
undergoesa deformation.Theseeffectsareknown, respectively, aspurelymechanicalbehav-
ior (which canbeclassifiedas[visco]elasticor [visco]plastic[Hau00]), conversepiezoelectric
effect andthermalexpansion.Themechanicalandpiezoelectricpropertiesaretreatedexplic-
itly by ab-initio calculations.For an externally imposeddeformation,the structuralresponse
of the lattice is obtainedby minimizing the total energy with respectto theremainingdegrees
of freedomof the ionic positions. This will be describedin detail in Sects.3.1 and4.1. The
resultstherebyobtainedareinterpretedby assuminganideallinearelasticbehavior, takinginto
accountthe(converse)piezoelectriceffect aswill bediscussedbelow. As discussedbefore,the
ab-initio calculationsemployed beingvalid only for T � 0 K imply that thermaleffectsare
completelyneglected.

Experimentally, a givenexternalstressresultsin a macroscopicstrain. In thecalculations,
however, the atomicpositionsarechosenfirst, andthe accompanying forcesareobtainednu-
merically. Therefore,unlessa strainis givenin theexperimentalsituation,eachstresscasehas
to be modeledby appropriatestrains.This will be describedin the following. However, asa
generalclassification,thedifferentsituationsareidentifiedaccordingto the(symmetryof the)
stresspresentin eachcase.

2.6.1 Strained Bulk Crystal Structur es

In thiswork,homogeneouslystrainedwurtzite(spacegroup:C4
6. ) andzinc-blende(spacegroup

T2
d ) crystalsareinvestigatedthatexhibit no sheardeformation.Threedifferentphysicalsitua-

tionsareenvisagedgiving riseto suchahomogeneousstrain:(i) hydrostaticpressure,(ii) lattice
misfit in pseudomorphicgrowth on a substrateor of a superlattice,and(iii) uniaxially applied
stress.Additionally, in case(ii) a biaxial stressmay arisedueto thermalmisfit if the growth
takesplaceat high temperatures.

As long as no phasetransitionsoccur, hydrostaticpressurepreserves the symmetryof a
crystalstructure.For wurtzite,thestressesof (ii) and(iii) leadto symmetry-conservingstrains
if thebasalplaneis stressedisotropicallyor if uniaxialstressis presentalongthesymmetryaxis,
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Figure 2.1 Schematicrepresen-
tation of the tetragonalunit cell
(thick solid lines) and its lattice
constantsin thezinc-blendecrys-
tal structure.

[0001]. For zinc-blendematerials,isotropicbiaxial stressin aplaneperpendicularto or unixial
stressalongoneof thecubicaxes([001], say)leadsto a tetragonalunit cell andthepoint-group
symmetryis reducedfrom Td (class43m) to D2d (class42m).

From a macroscopicpoint of view, for thesespecificsituationsboth the resultingstrained
cubic (i. e., tetragonal)andwurtzite structuresare transverselyisotropicand, therefore,with
respectto their elasticproperties,canbe treatedon equalfooting. In fact,aslong asno shear
strainsareinvolved,theelasticpropertiesof hexagonalandtetragonalcrystalsarecharacterized
by elasticcompliance(andstiffness)matriceshaving thesameform with respectto nonvanish-
ing aswell asequal-valuedelements[Nye85]. For bothkindsof structures,thesymmetryaxis
is takenasthezaxisandonealwayshasto distinguishbetweenthec latticeconstantalongthis
axisandtheonein the xy plane,a. Theequilibriumtetragonallatticeconstantsarerelatedto
thecubiconeasa0 � acubT y 2 andc0 � acub (seeFig. 2.1).

In this work, a uniaxial stresswill be consideredthat preservesthe transverselyisotropic
elasticity. It is describedby a diagonalstresstensor ® � diag	 0 � 0 �S¯�° ° 
 and modeledby a
certainstrainof the c lattice constant,which is given by ± zz � 	 c 6 c0 
dT c0 and,only for this
specialcaseof uniaxialstress,labeledasuniaxialstrain ± ° ° . Correspondingly, isotropicbiaxial
stressin thebasalplaneis givenby ® � diag	 ¯I²,�S¯³²�� 0
 andmodeledby astrainof thea lattice
constant,± xx � 	 a 6 a0 
¤T a0, which for this specialcaseof isotropicbiaxial stressis labeledas
biaxial strain ± ² .

2.6.2 Pyroelectricity, Piezoelectricityand MacroscopicElasticity

Sincea polar latticethat lacksinversionsymmetryis piezoelectric,boththewurtziteandzinc-
blendephaseof the nitridesexhibit piezoelectricity. Due to its symmetry, thereis no spon-
taneouspolarizationin the zinc-blendestructureand for the tetragonaldistortion discussed
above, no piezoelectricpolarizationis created.On the otherhand,the wurtzite structureex-
hibits a spontaneouspolarization(pyroelectricity)andthestrengthof thepolarizationchanges
with strain.Therefore,onehasto take pyroelectricandpiezoelectriceffectsinto accountwhen
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relating stressand strain of the wurtzite structure. To linear order, this relation is given by
Hooke’s law, whichhereis written asto containtheconversepiezoelectriceffect:

¯ xx � 	 C11 � C12
d± xx � C13± zz 6 e31Ez � (2.77a)

¯ zz � 2C13± xx � C33± zz 6 e33Ez ! (2.77b)

Hereandin thefollowing, isothermalelasticconstantsCi j areassumedandtheVoigt notation
(for abbreviatedtensorindices)is alsousedfor the isothermalpiezoelectricconstantse31 and
e33. The electricfield inside the crystal is supposedto have only a z component,Ez (corre-
spondingto thenonvanishingcomponentof thespontaneousand/orpiezoelectricpolarization),
sinceany field componentin thexy planewouldgive riseto shearstress.

However, for anunstrainedbulk crystalthepyroelectriceffectscanbecompletelyneglected
in Eq.(2.77)if theelectricfield is suppressedbecauseof ascreeningdueto surfacecharges.In
theab-initiocalculationof abulk crystal,theelectricfield is suppresseddueto periodicbound-
ary conditions. Then,onemay useEq. (2.77)without the termscontainingthe piezoelectric
constants,which is donein the following. Moreover, this alsoholdsfor strainedbulk crystals
andcrystallinelayers. Thecorrectionsof theelasticpropertiesarenegligible studyingatomic
positions[Gle01, Bec02b].

As discussedin the previoussection,both the tetragonallystrainedcubicandthewurtzite
structureare transverselyisotropicandcan be treatedon equalfooting. Sincein this work,
elasticity theory is merely usedto interpretthe ab-initio resultsin the linear regime around
equilibrium, from the tetragonallystrainedcubic structuresonly the cubic elasticconstants
can be obtained. Due to the higher symmetryof the cubic structure,thereare more equal-
valuedelementsin the correspondingstiffnessmatrix thanin a stiffnessmatrix of a wurtzite
or a tetragonalcrystal. Therefore,as the resultsfor the cubic structurecanbe obtainedasa
specialcase(i. e., exhibiting somedegeneracies)of uniaxial symmetry(suchaswurtzite), in
thefollowing subsectionstheequationsarefirst givenfor wurtzitesymmetrywith asubsequent
specializationof thefinal resultsfor (tetragonallystrained)cubicsymmetry.

2.6.2.1 Wurtzite Symmetry

Without takinginto accountpyroelectricandpiezoelectriceffects,Hooke’s law reads

¯ xx � 	 C11 � C12
d± xx � C13± zz � (2.78a)

¯ zz � 2C13± xx � C33± zz ! (2.78b)

For auniaxialstress̄ zz ��¯e° ° ¡� 0 alongthezaxis(i. e.,in thedirectionof thec latticeconstant),¯ xx ��¯ yy � 0 holdsandEq.(2.78a)leadsto therelation

± xx ��6 j c ± zz 	 ��6 j c ± ° ° 
 (2.79)

betweenthestraincomponents,with thecoefficient

j c � C13

C11 � C12
(2.80)
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beingthePoissonratio for this case.By definition,theuniaxialstressis linearly relatedto the
strainalong the directionof the stressby the Youngmodulus(elasticitymodulus)E, which
obviously is direction-dependent.Here,this reads

¯�° °´� Ec ± ° ° (2.81)

andtheYoungmodulusin thec-axisdirectionis givenby

Ec � C33 6 2C2
13

C11 � C12
� C33 6 2j cC13 ! (2.82)

Thelastexpressionpermitsanintuitivephysicalinterpretation:Thestressin thec-axisdirection
is proportionalto theaxialstiffnessbut is weakenedby therelaxationthattakesplacein thetwo
perpendiculardirections.

An isotropic biaxial stress̄I² in the xy planeimplies vanishingforcesalong the c axis,¯ zz � 0. Then,Eq.(2.78b)givestherelation

± zz ��6 Rb
c ± xx 	 �>6 Rb

c ± ² 
 � (2.83)

with thebiaxial relaxationcoefficient of thec latticeconstant,

Rb
c � 2

C13

C33
! (2.84)

For transverselyisotropiccrystals,theisotropicbiaxial stressis linearly relatedto thehomoge-
neousbiaxial (i. e., in-plane)strainby thebiaxialmodulusY. Herethis reads

¯³²µ� Yc ± ² (2.85)

andthebiaxialmodulusfor theplaneperpendicularto thec axisfollowsas

Yc � C11 � C12 6 2C2
13

C33
� C11 � C12 6 Rb

cC13 ! (2.86)

Also here,anintuitive physical interpretationis possible:Thein-planestressis proportionalto
thesumC11 � C12 expressingthe in-planestiffnessandis weakenedby the relaxationtaking
placein c-axisdirection.

TheYoungmodulusEc is relatedto thebiaxialmodulusYc accordingto

Ec � C33Yc

C11 � C12
� 2j c

Rb
c

Yc ! (2.87)

Thisallows to expressthebiaxial stress,Eq.(2.85),in termsof thec-axisstrain,Eq.(2.83),as

¯³²µ�>6 Yc

Rb
c

± zz ��6 Ec

2j c
± zz ! (2.88)

Thelastequationis generallyknown to hold for cubicandelasticallyisotropicmedia[Nye85].
Nevertheless,it is not restrictedto that case,sincehereit also holds for wurtzite symmetry
dueto thespecialstraincasesunderconsideration.It hasto beemphasizedthat,althoughthe
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coefficient Ec T�	 2j c 
 ontheright-handsideof Eq.(2.88)is madeupof quantitiesthatreferto the
caseof uniaxialstress,this equationdescribes(andis only valid for) thecaseof biaxial stress.

For given hydrostaticpressurep the diagonalcomponentsof the stresstensorareequal,¯ xx ��¯ yy ��¯ zz ��6 p, andfrom Hooke’s law, Eqs.(2.78),it follows that

± zz � Rh
c ± xx � (2.89)

with thehydrostaticrelaxationcoefficient of thec latticeconstant,

Rh
c � C11 � C12 6 2C13

C33 6 C13
! (2.90)

To linearorder, thebulk modulusB0 relatesthechangein volume ¦ V � V 6 V0 (whereV0 is
theequilibriumvolume)to thepressurevariation ¦ p (aroundp � 0 GPa) accordingto

¦ V

V0
�>6 ¦ p

B0
! (2.91)

Thefractionalvolumevariationis givenby ¦ V T V0 � 2± xx �µ± zz, whichfor hydrostaticpressure
leadsto therelation

	 2 � Rh
c 
d± xx �>6 ¦ p

B0
! (2.92)

From Eqs. (2.89), (2.90) and either (2.78a)or (2.78b) (with ¯ p2p � 6 ¦ p) anotherrelation
between± xx and ¦ p canbeobtainedandbeusedto substitute± xx in Eq. (2.92),leadingto an
expressionfor thebulk modulusin termsof theelasticstiffnessconstants:

B0 � 	 C11 � C12
 C33 6 2C2
13

C11 � C12 � 2C33 6 4C13
! (2.93)

Sinceit follows from Eqs.(2.93)and(2.86)that,respectively,

Yc � 2 �¶	1j � 1
c 6 4
 Rb

c T 2 B0 and (2.94)

C13 � Yc T�	1j � 1
c 6 Rb

c 
 � (2.95)

thevaluesof theelasticstiffnessconstants16 canbedeterminedasaby-productof therelaxation
calculationif theab-initio resultsareinterpretedin termsof linearelasticitytheoryasdescribed
above.

2.6.2.2 Cubic Symmetry

To distinguishbetweenwurtziteandzinc-blendeelasticstiffnessconstants,lower-casecharac-
tersareusedfor the latter. The relationsobtainedabove for wurtzite symmetrycanbe spe-
cializedto (tetragonallystrained)cubicsymmetryif thefollowing substitutionsaremade:C11

andC33 arereplacedby c11, whereasC12 andC13 arereplacedby c12. It hasto be noticed,
however, that thesesubstitutionsarenot relatedto a transformationof the stiffnessconstants

16 Dueto the(unchanged)wurtzitesymmetry, only thevalueof thesumC11 · C12 canbeobtained.
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of a zinc-blendematerialinto wurtzitesymmetry, which is alsoknown asMartin’s transfoma-
tion [Mar72]. Instead,hereonly theanalogybetweenboth(strained)crystalsymmetriesis used
which is givenby thetransversallyisotropicelasticity.

For cubiccrystalsthataresubjectedto a (small) tetragonaldeformationasdescribedabove
(where ± xx � ± yy and ¯ xx �¸¯ yy), no piezoelectricpolarizationoccurs,andthe relationsbe-
tweenstressandstrain(i. e.,Hooke’s law) read

¯ xx � 	 c11 � c12
d± xx � c12± zz � (2.96a)

¯ zz � c11± zz � 2c12± xx ! (2.96b)

ThePoissonratioandtheYoungmodulusfor auniaxialstressalongthedirectionof thec lattice
constantaregivenby

j c � c12

c11 � c12
and (2.97)

Ec � c11 6 2c2
12

c11 � c12
� c11 6 2j cc12 ! (2.98)

Thebiaxial relaxationcoefficient of thec latticeconstantandthe(corresponding)biaxialmod-
ulusread

Rb
c � 2c12

c11
and (2.99)

Yc � c11 � c12 6 2c2
12

c11
� c11 � c12 6 Rb

cc12 ! (2.100)

As for thewurtzitestructure,the latterarerelatedto theYoungmodulusandthePoissonratio
accordingto Ec � c11Yc T�	 c11 � c12
 � 2j cYc T Rb

c, which implies that, asalreadymentioned,
alsofor the (tetragonallystrained)cubicstructurethebiaxial stresscanbeexpressedin terms
of thec-axisstrainby Eq.(2.88).

Additionally, sincec11T�	 c11 � c12
 � 1 6 j c, onehasthat

Ec � 	 1 6 j c 
 Yc and (2.101)

Rb
c � 2j c

1 6 j c
! (2.102)

Thelastequationis equivalentto

j c � Rb
c

2 � Rb
c
! (2.103)

Equations(2.102)and(2.103)only hold for cubiccrystalsandelasticallyisotropicmedia;due
to their symmetry, thePoissonratioandthebiaxial relaxationcoefficient arenot independent.

As it mustbe,for thehydrostaticrelaxationcoefficient onehasRh
c
O 1. Thebulk modulus

is relatedto theelasticstiffnessconstantsaccordingto

B0 � 1

3
	 c11 � 2c12
 ! (2.104)

It holdsthat Ec � 3 	 1 6 2j c 
 B0. Thevaluesof theelasticconstantscanbedeterminedfrom

c11 � 3B0 	1j � 1
c 6 2
dT�	�j � 1

c 6 Rb
c 
 and (2.105)

c12 � c11Rb
c T 2 ! (2.106)
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2.6.3 Elastic Energy of a Strained HexagonalSuperlattice

A superlatticeof alternatinglayersof two materialshaving slightly different in-planelattice
constantsis considered.Eachlayerheigthhi is assumedto besmallerthanthecritical thickness
of materiali � 1 � 2 so that thesuperlatticelayersareformedcoherentlyon top of eachother.
If no substrateis present,thecommonin-planelatticeconstantaSL is determinedby theelastic
propertiesof thelayers.An expressionfor thislatticeconstantin termsof theelasticconstantsis
known for cubicmaterialsandarbitrarystackingdirection[Ana91]. In thefollowing, basedon
linearelasticitytheory, it shallbedeterminedfor a superlatticecomposedof hexagonallayers
stackedin [0001]direction.

In the absenceof shearstrains,the densityof the elasticenergy of materiali is given by
(usingVoigt notationfor theindices)

u
&
i ' � 1

2

3p 3 1

¯ & i 'p ± & i 'p ! (2.107)

Sincehereonehasthat ¯ & i 'zz � 0, ¯ & i 'xx ��¯ & i 'yy , ± & i 'xx � ± & i 'yy , and ¯ & i 'xx � Y
&
i '

c ± & i 'xx , this reducesto

u
&
i ' � Y

&
i '

c ± & i 'xx
2 ! (2.108)

To lowest order in the strain, the elasticenergy of a column with baseareaof a hexagonal
cell is givenby multiplying Eq. (2.108)with thevolumeof theunstrainedcolumn.Neglecting
the changein heigth of eachlayer due to elastic relaxation,this is taken approximatelyas
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&
i '

0
2
hi , therebycancellingthenormalizingfactora

&
i '

0 in thestrain.Theelasticenergy
of a columnextendingover two adjacentlayershaving the samein-planelattice constantaSL

thereforeis
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i '

0
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For elasticrelaxation,aSL is determinedby theminimumof U , which follows from

0 � 2
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i '
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as
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i 3 1 hi Y

&
i '
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&
i '

0
2
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&
i '

c

� (2.111)

i. e.,anexpressionverysimilar to theonelongsinceknown for thecaseof cubiclayersstacked
in [001] direction[Mat77]. Here,however, in placeof theshearmoduli G

&
i ' , thebiaxialmoduli

Y
&
i '

c appear.
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2.7 Strain- and Stress-RelatedPhononFrequencyShifts

In general,thephononfrequenciesof astrainedwurtziteisotropiccrystalareshiftedor splitted
with respectto the strain-freevalues. In the linear strain limit theseshifts andsplittingsare
relatedto thestraintensor, » , by

¦ � 	 A1 
 � a 	 A1 
S	1± xx ��± yy 
e� b 	 A1
¤± zz � (2.112a)

¦ � 	 E1Q 2 
 � a 	 E1Q 2 
S	1± xx ��± yy 
�� b 	 E1U 2 
d± zz¼
c 	 E1Q 2 
 	�± xx 6 ± yy 
 2 � 4± 2

xy (2.112b)

in dependenceonthemodesymmetryj � A1 or E1Q 2. Thenon-Raman-active B1 modesfollow
a similar relation as the A1 modes. The samerelationshold for tetragonally-strainedcubic
crystals.Dueto theloweringof thesymmetry, onehasto distinguishbetweenmodespolarized
alongthe tetragonalaxisandthosepolarizedin the perpendiculardirection. The former ones
possessB2 symmetryandthey follow Eq. (2.112a),whereasthe latter oneshave E symmtry
andthey follow Eq.(2.112b).

The coefficients a 	 j 
 , b 	 j 
 , and c 	 j 
 are the correspondingphonondeformationpoten-
tials per unit strain. Sinceherewe areconsideringsymmetry-conservingstrains,the tensor»
is diagonalandonly the deformationpotentialsa 	 j 
 andb 	 j 
 are involved. The latter ones
aredetermineddirectly from the ab-initio calculationsby the following “artificial” deforma-
tion. While keepingonelatticeconstantfixedat its equilibriumvalue,theotheroneis slightly
strained,andthe internalparameteru is determinedfrom energy minimization. For this artifi-
cial strainstate,thephononfrequenciesarecalculated,andthedifferencesto theground-state
valuesimmediatelygive therespective deformationpotentialsaslinearcoefficients.

For theconsideredcasesof biaxial anduniaxialstrain,wherethediagonalelementsof the
straintensor, ± xx and± zz, arerelatedto eachotherby theratiosRb

c (biaxialstrain)or j c (uniaxial
strain),onecanintroducenew deformationpotentialsK ² Q5½¥½ 	 j 
 whichrelatethelinearfrequency
shift directly to thegivenbiaxial strain, ± ² , or uniaxialstrain, ± ½¥½ . Theshift is writtenas

¦ � 	 j 
 � K ² QN½¥½ 	 j 
d± ² Q5½¥½ ! (2.113)

Thestraincoefficients,K ² QN½¥½ 	 j 
 , arerelatedto thedeformationpotentialsby K ² 	 j 
 � 2a 	 j 
 6
Rb

c b 	 j 
 andK ½¥½ 	 j 
 �¸6 2j c a 	 j 
G� b 	 j 
 . However, thevaluesof thestraincoefficientsaredi-
rectlydeterminedfrom thecalculatedphononfrequency shiftsunderbiaxialanduniaxialstrain,
respectively. Furthermore,usingtherespectivestress-strainrelationthefrequency shifts(2.113)
canbe relatedto the correspondinguniaxial, ¯ ½¥½ , or biaxial, ¯�² , stressparameter. Thereby, in
thelinearstresslimit oneobtainsthecoefficientsK ² QN½¥½ 	 j 
 giving thefrequency changeperunit
stressasK ² 	 j 
 � K ² 	 j 
dT Yc andK ½¥½ 	 j 
 � K ½¥½ 	 j 
¤T Ec.



Chapter 3

Ground-StateDetermination and
Propertiesof Unstrained Polytypes

In this work, to determinetheequilibriumstructuralparametersfor GaNandAlN both in the
hexagonalwurtzite(2H) aswell asin thecubiczinc-blende(3C) structure,total-energy calcu-
lationsfor fixedatomicpositionsareperformed.For the2H structure,this requiresadeliberate
relaxationprocedure.Also, carefulconsiderationsof numericalinfluenceson the resultsand
of theaccuracy requirementsaregivenbeforeconvergency testsandstructural,dielectric,and
vibrationalpropertiesarepresentedanddiscussed.

3.1 RelaxationProcedure for the 3C and 2H Structur es

Thestructuralground-statepropertiesareobtainedfrom theuniversalequation-of-state(EOS)
by Vinet andcoworkers [Vin86]. The explicit expressionfor the volumedependenceof the
total energy, Etot 	 V 
 , is fitted to calculatedvaluesat differentvolumesVj of theprimitive cell,
Ej � Etot 	 Vj 
 . For 3C thereis only onestructuralparameter, the latticeconstantacub � 3

y
4V ,

and the EOScanalsobe determinedas Etot 	 acub
 . On the contrary, for 2H thereare three
parameters:a, c (lattice constants)andu (internalparameter);hencefor a given volume Vj

firstly onehasto determinetheratio cT a andthevalueof u beforethecorrespondingEtot can
beobtained.In orderto handlethesecalculationscorrectly, thefollowing hasto beconsidered:

The internal parameteru always adjustsitself for given “external parameters”a � c (or
V � cT a) accordingto a minimization of the total energy (internal relaxation),leadingto ei-
theru 	 a � c
 or u 	 V � cT a
 . Therefore,thetotal energy macroscopicallyaccessibleis a function
of only two parameters,Etot 	 a � c
 or Etot 	 V � cT a
 , resp.,in contrastto the numericallyavail-
ableresult Ecalc	 a � c � u
 which rendersthe total energy alsofor atomicpositionsthat arenot
physically realized.It holdsthat Etot 	 a � c
 � minu Ecalc	 a � c � u
 � Ecalc	 a � c � u 	 a � c
d
 .

If only thevolumeis fixedby externalconditions,alsotheratiocT a adjustsitself by energy
minimization. This resultsin a considerableexpensefor the relaxationof the2H structureby
meansof total-energy calculationsfor fixed atomicpositions: In order to minimize Etot at a
givenvolumeVj with respectto thelatticeconstants,it hasto becalculatedfor asetof suitable
valuesof cT a. For eachof these,thecorrespondinginternalparameteru hasto bedetermined

35
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first. This resultsin an“optimized” 	 cT a
 j and,finally, thevalueof uj � u Vj � 	 cT a
 j hasto
becalculated.

In thiswork, thetotal-energy minimizationsarehandledusingpolynomialfits. With asetof
five differentu andsevenvaluesfor cT a this amountsto 40 total-energy calculationsandnine
fits1 for each volumeVj , in contrastto just onecalculationfor the 3C structure.The EOSis
fitted to resultscalculatedat5 (8) differentvolumesfor the2H (3C) structure.For 3C, theEOS
alreadyyieldsthefinal result.For 2H, on theotherhand,it only givestheground-statevolume,
thusonestill hasto determinetheappropriatecT a andu values.

For 2H, the numberof seven cT a valuesis found to be necessaryin order to obtain the
desiredaccuracy for thestructuralparameters.A simplificationof the2H relaxationwould be
to firstly determinejustoneu0 (atonecT a), whichis keptfixedfor all cT a, andthendeterminea
new onefor thefinal cT a. However, neitheris it clearatwhichcT a thisu0 shouldbedetermined,
noris thereajustificationfor thisprocedure,whichwouldhavetobebasedonargumentsthatthe
latticeparametersvary slowly –– instead,their behavior is a priori unknown. Sucha simplified
procedurecannotbeexpectedto yield morethana roughestimate.

The main task of this work is to determinethe influenceof varioustypesof stress(as,
e.g., hydrostaticpressure)on the latticeparameters;all otherpropertiesarecalculatedfor the
resultingstrainedstructures.Due to the nitrides’ hardnessit canbe expectedthat changesin
the lattice constantsarerathersmall. Therefore,the wurtzite structureneedsto be calculated
mostprecisely, andit is not reasonableto usethe simplified relaxationprocedure.Moreover,
the accuracy of the final resultsis given by the convergency of the differencesof the lattice
parametersandof the physical propertieswith respectto the deformation.To resolve typical
structuralchangesof theorderof onehundredthof thelatticeparametersto aprecisionof a few
percent,thelatticeparametersthemselveshave to bedeterminedto a precisionof 10� 4 (which
indeedcanbeachievedusingthepolynomialfits; seebelow). As aconsequence,theseaccuracy
requirementshave to betakeninto accountalreadyfor theground-statecalculations.

However, a technicalproblemarisesfor thefitting: In orderto numericallysolve theKohn-
Sham(KS) equationusingplanewavesonehasto introducea kinetic cutoff energy Ecut. At a
givenvolumeV of theprimitive cell, Ecut determinesthenumberNpw of planewavesforming
thebasisfor theexpansionof theKS wavefunction.It holdsthat Npw ¾ V 	 Ecut
 3Q 2. This leads
to a possiblenumericalinfluenceon thecalculatedresultswhenthevolumeis varied,sincethe
calculationscanbeperformedwith eitherconstantEcut or constantNpw. For thedetermination
of the equilibrium volumeit wasshown that usinga constantEcut leadsto a resultwhich is
closerto the fully convergedonethanwhenusinga constantNpw [Gom86]. The arguments
givenin thelatterwork indicatethatthisnotonly holdsfor thedeterminationof theequilibrium
volumebut for non-hydrostaticdeformationsaswell. Therefore,in generalit is bedifficult to
accuratelyfind thetotal-energy minimum,sincefor calculationsperformedwith constantEcut,
thetotal energy shows systematicdiscontinuitieswhenthelatticeparametersarevarieddueto
changesof Npw [Gom86]. Thesesystematicfluctuationsaremostpronouncedin theregion of
theminimumof Etot.

In order to overcomethe problemof the discontinuitieswhile maintainingthe benefitof
betterconvergencewhenusingEcut � const,onecanfit theresultingvariationof total energy

1 5 ¿ 7 · 5 calculationsfor the final u determination;seven fits to obtainthe u’s for the chosenc� a, onefor
optimizingc� a, andonefor optimizingthefinal u.
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usingappropriatefunctions.Then,thedesiredresultis obtainedastheminimumof thefitting
function. For the determinationof the equationof state,this function is an analyticalEOS,
andtheatomsareshiftedasto simulatehydrostaticpressure.Now, generalcasesof structural
relaxationshall be consideredwhere,by changingthe atomicarrangement,discontinuitiesin
thevariationof totalenergy occurdueto varyingnumbersof planewaves.Then,otherfunctions
(e.g., polynomials)areusedfor fitting, which for not too complicatedstructuresalsoallow for
systematicallytreatinginternaldegreesof freedom[Zia03].

In general,this deservestwo comments.First, the fitting itself canbe questionablesince
oneis not dealingwith datathatexhibit stochasticalnoisebut systematicvariationsdueto the
describedeffectof varyingNpw. Therefore,asystematicdeviationfrom thetrueresultcanoccur
in thefitting. However, if theamplitudeof thesesystematicvariationsis sufficiently small,also
thesystematicerrorof thefitting is small.By increasingthecutoff energy and/orthenumberof
specialk points,thenecessaryaccuracy can,in principle,bereached.Thismeansthat,asusual,
carefulconvergency testshave to bemade.

Second,mostly it is not clearwhat to chooseasan“appropriatefitting function,” sincethe
total-energy variationdepends(at least)on theatomicspeciesinvolvedandon thedeformation
studied.Obviously, thecorrectnessof the result–– i. e., to endup neiherwith anartificial nor
(in caseit existst) a satellitetotal-energy minimum but with the true one–– dependson the
choiceof boththesamplingof theatomicpositionsandthefunctionusedfor fitting. However,
in casethat the equilibrium positionscanbe roughly determined,it sufficesto performonly
small shifts of the atomsaboutthesepositions,so that the total energy might exhibit a nearly
symmetricbehavior, whichcanbefitted ratherprecisely.

The accuracy of the result,then,dependson the quality of the fit: The smallerthe devia-
tionsof thefitted curve from thecalculateddata,the lesstheuncertaintyin thepositionof the
minimum. Therefore,a smoothertotal-energy curve allows a betterfit. This leadsto thesame
requirementasdoestheneedto avoid systematicerrorsinvolvedin thefitting, sinceasmoother
total-energy curve is obtainedfor higherEcut and/orlargerk-point set.On theotherhand,this
meansthatthequalityof thefit might serveassignfor thedegreeof convergency reached–– at
leastin the(negative) senseasto indicatethatit canstill beimproved.

It hasto benoticedthattherequirementof asufficiently smoothtotal-energy curvealsoap-
pliesto thecalculationof thecT a ratioof the2H structure.Eventhoughin thiscasethevolume
doesnotchange,thetotalenergy showssomefluctuationssincetheshapeof theBrillouin zone
changesascT a variesand,therefore,differentsetsof planewavescontributein thetotal-energy
expansion.Theconsequencesfor thenitrideswill bediscussedin section3.2.1.2.

3.2 ConvergencyTestsand Discussionof Results

3.2.1 Structural Properties

3.2.1.1 Zinc-BlendePhase

For cubic AlN andGaN, the Vinet EOSis usedto determineEtot, acub, B0, and B W0 from cal-
culationsusingsetsof 5 and8 samplingpoints(lattice constants),meshesof 10, 19, 28, and
44 Chadi-Cohenk-points,andvarying cutoff energy. The variationof the resultswith these
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Table3.1 Ground-statestructuralpropertiesof AlN andGaNin zinc-blendephase:
lattice constantacub (Å), bulk modulusB0 (GPa) andits pressurederivative B �0 at
zeropressure,aswell asthe total-energy differencepercation-Npair betweenthe
3C andthe 2H structure À Etot Á Etot Â 3C Ã�Ä Etot Â 2H Ã (meV). Whereavailable,
experimentalvaluesaregivenfor comparison[PGN94; exceptnoticedotherwise].

acub B0 B �0 À Etot

3C-AlN calc. 4.334 210.2 3.5 +48.2

exper. 4.38 (202)aÅ b —

3C-GaN calc. 4.443 206.5 4.0 +20.2

exper. 4.49–4.55 (185)a —
a estimatedfrom transformedwurtziteelasticconstants
b [She91]

numericalparametersshows that,independentof thenumberof specialk-points,at leasta cut-
off energy of 70 Ry is requiredfor convergedresults. The structuralparametersarealready
convergedwhile the total energy is not; converging the latter requiresEcut Æ 85 Ry. Then,
independentof thenumberof specialk-points,thesamevalueof Etot is obtained.Furthermore,
for Ecut Æ 70 Ry the resultsarepractically independentof the numerof samplingpoints (5
or 8). For lower cutoff energies, this holdsonly for larger k-point sets,however, thesecon-
forming resultsdo not equalthe onesobtainedfor highercutoff energy. Therefore,obtaining
identicalfits of the EOSto differentnumbersof samplingpointsis only a necessarycriterion
for convergency (with respectto Ecut), nota sufficientone.

The resultsgiven in Table3.1 areobtainedfor Ecut Ç 75 Ry and19 Chadi-Cohenpoints
for 3C-AlN (28 pointsfor 3C-GaN).In comparisonwith theexperimentaldata,thecalculated
lattice constantsareapproximately1% (2%) smaller, which is dueto the enhancedbonding
causedby theLDA.

Comparingthe latticeconstantsof differentcubicnitridesoneseesthatAlN hasa slightly
smallerone. On the otherhand,it hasa slightly higherbulk modulus. This correspondsto
a trendwhich is to be expecteddueto the ionic radii of the constituentatoms. Nevertheless,
thenitrogenatomdominatesthebondingpropertiesin bothcases.This manifestsitself in the
nearlyequalandratherhigh valueof thecharge-asymmetrycoefficient g asdefinedby Garcia
andCohen[Gar93a], which is g Ç 0 È 794for 3C-AlN andg Ç 0 È 780for 3C-GaN.

3.2.1.2 Wurtzite Phase

For hexagonalnitrides one hasto determinenot only the ground-statevolume but also the
inner geometryas given by cÉ a and u. This requiresa separateconvergency test for these
parametersat a fixedvolume,V0. Here,anequilibriumvolumewasusedthatwasdetermined
in a preparatorywork basedon a cutoff energy of Ecut Ç 50 Ry. With respectto theaccuracy
requirementsof thepresentwork, it is foundthat the internalparameteru is nearlyconverged
using this cutoff, but cÉ a is not. For a convergedresultof the latter, at least Ecut Ç 75 Ry
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Table 3.2 Convergenceof theratioof thelatticeconstants,cÊ a, of 2H-AlN
and-GaNwith respectto thenumericalcutoff energy, Ecut (in Ry).

Ecut 2H-AlN 2H-GaN

50 1.597,5Ë 0.001,5 (no result)

60 1.597,4Ë 0.000,4 1.624,5Ë 0.000,8

70 1.598,43Ë 0.000,19 1.625,02Ë 0.000,08

75 1.598,27Ë 0.000,04 1.625,16Ë 0.000,05

80 1.598,28Ë 0.000,09 1.625,16Ë 0.000,04

is required;cf. Table3.2. In the caseof Ecut Ç 50 Ry the discontinuitiesof Etot causedby
varying Npw inhibitedthefitting for GaN.Only if thecutoff energy is chosenlargeenough,the
fit becomessmoothandallows to determinecÉ a with sufficient accuracy. The computational
differencein determiningcÉ a andu is thatavariationof u alonedoesnotchangetheplane-wave
basis,sincecÉ a is keptfixed.Thereforea lowercutoff energy is sufficient for thedetermination
of u.

More in detail,thecÉ a datagivenin Table3.2areobtainedasfollows: For theleast-squares
fits basedon Chebyshev-seriesrepresentationsof the polynomial approximationsof various
degrees,2 seven cÉ a samplingpointsareused. In order to take into accountthe influenceof
the particularchoiceof thesesamplingpoints, several fits areperformed,eitherusingall of
thesepointsor usingonly six of them,leaving eitherthefirst or thelastoneaside.Altogether,
this provides10 different results. Sincethe fluctuationsof the total energy curve beingdue
to varying Npw, they representa systematicerror andarenot due to a stochasticnoise,thus
a statisticaltreatmentof theseresults(meanaverageandstandarddeviation) doesnot yield a
“final result”but merelyanindicationaboutthespreadingof thedifferentfits. Comparingboth
themeanaveragesandthestandarddeviationsfor differentcutoff energieshelpsto follow the
convergence. It is with theserestrictionsin mind that we show the statisticallytreateddata
in Table 3.2. As the final result of the fitting, we take the cÉ a value of the fit that comes
closestto theoriginal data,i. e., whosefit curve shows the leastdeviation from thecalculated
energies. It was observed that in nearly all casesthis result was found inside the tolerance
interval determinedby thestatisticaltreatment.

Always,12 Chadi-Cohenpointshave beenusedasspecialk-point set.Theinfluenceof the
choiceof thenumberof thesepointshasbeentestedfor 2H-GaN.It wasfoundthatu doesnot
changewhenusing24k-pointsinstead,andcÉ a varieslessthan3 Ì 10Í 5, whichis notarelevant
amount. Sincethe calculationaleffort for the wurtzite structureis muchhigher than for the
zinc-blendeone,extensive convergency testsareabstainedfrom. Instead,basedon theresults
of the fits for cÉ a calculatedat five differentvolumes(with Ecut Ç 75 Ry), the EOSis fitted
to total energiesdirectly calculatedfor thesestructuresusingEcut Ç 70, 75, and80 Ry.3 The

2 Explicitly, theNAG routinesE02ADFandE02AKFareused.
3 Here, the calculationusing Ecut Î 75 Ry is necessarysincethe total energy of the resultingstructureis

needed.Fromthefits for cÏ a onereliably obtainsonly thepositionof theminimumof Etot with respectto cÏ a,
but not thecorrespondingvalueof Etot itself.
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Table 3.3 Ground-statestructuralpropertiesof AlN andGaN in wurtzite phase:
latticeconstanta (Å), ratio cÊ a, internalparameteru, andbulk modulusB0 (GPa)
aswell asits pressurederivative B Ð0 atzeropressure.Experimentalvaluesaregiven
for comparison[PGN94; exceptnoticedotherwise].

a cÊ a u B0 B Ð0
2H-AlN calc. 3.084 1.5983 0.3825 210.0 3.6

exper. 3.110–3.113 1.600–1.602 0.3821a 208b 6.3b

2H-GaN calc. 3.145 1.6252 0.3775 205.7 4.3

exper. 3.1892 1.6258 245 4

3.168–3.187c 1.625–1.628c 0.377a 188–245dÑ f 3.2–4.3dÑ f

3.188g 1.6264g 202.4h 4.5h

a [Sch77] c [Lag79] e [Sav78] g [Les96]
b [Uen92] d [Xia93] f [Per92] h [Tsu02]

resultingground-statevolumeis practicallyidenticalin all cases;it showsarelativeuncertainty
of Ò V É V Ç 3 Ì 10Í 5, which is betterthantheaccuracy desired.In this work, Ecut Ç 75 Ry is
usedfor determiningcÉ a andEcut Ç 60Ry for calculatingu.

Theresultsarepresentedin Table3.3. As for thecubicnitrides,thecalculatedlatticecon-
stantsareabout1 % smallerthanthe experimentalones. However, for 2H-GaN cÉ a is only
0.04% smallerthanfoundexperimentally(0.17% for 2H-AlN), which is a very goodresult.
Unfortunately, theexperimentalvalueof theinternalparameteru of GaNist notknownwith suf-
ficientaccuracy, sothatthedeviationis 0.13% (0.10% for AlN). ThelatticeparameterscÉ a and
u of GaNarerathercloseto theonesof the idealwurtzitestructure,Ó cÉ aÔ id ÇÖÕ 8É 3 × 1 È 633
anduid Ç 3É 8 Ç 0 È 375,whereasAlN showssignificantdeviationsfrom these.

Thesecomparisonsshow that the resultsobtainedfor GaN using the NLCC (in order to
partially accountfor the influenceof the Ga 3d electrons)are of the samequality as those
obtainedfor AlN, wherethereare no d electrons. This shows –– at leastfor the properties
studiedhere–– thattheNLCC is asuccessfulapproach.

3.2.1.3 Relative PhaseStability

As canbeseenfromFig.3.1,for bothnitridesthetotalenergy (percation–Npair)of thewurtzite
phaseis lower thanthatof thecubicphase.This is consistentwith theexperimentalfinding that
thewurtzitestructureis theequilibriumonefor AlN andGaNat ambientconditions.However,
the growth of the metastablezinc-blendepolytype hasalso beenachieved. For energetical
comparison,all calculationsareperformedusingEcut Ç 75Ry anddifferentnumbersof special
k-points.Here,convergency is reachedif theenergy differenceÒ Etot Ó 3C Ø 2HÔ doesnotchange
anymorewhenincreasingthesetof specialk-points.

Accordingto Lawaetz,a generaltrendcanbeobserved[Law72]: Dueto differencesin the
ionicity, the stability of the wurtzite lattice in comparisonto zinc blendeis closelyrelatedto
deviationsof thecÉ a ratio from theidealvalue.For a stablewurtzitestructure,cÉ a Ù× 1 È 633is
found,andtheenergeticaldifferenceto thezinc-blendestructureis larger for a materialwith a
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Figure 3.1 Comparisonof total energiesbetweenthe3C (dottedline) andthe2H (solid line)
phaseof AlN andGaN(percation–Npair).

largerdeviation. Here,this trendis foundto befulfilled for thenitrides;cf. Table3.3 for their
valuesof cÛ a.

3.2.2 Electronic Dielectric Constantand Born EffectiveCharge

To determinequantitiesderived from perturbationtheoryoneonly needsto know the lattice
parameters.To obtaina convergedresultof a DFPT calculation,it is not necessaryto choose
the samecutoff energy and k-point set as for the determinationof the structuralproperties,
sinceEcut andk pointsareonly numericaltools for the calculationof the physical properties
of interest.Therefore,oncethelatticegeometryhasbeendetermined,for calculatingtheelec-
tronicdielectricconstant,theBorneffective charge,andthephononfrequencies–– all of which
areobtainedfrom thesameDFPTcalculation––, a separateconvergency testhasto bemade.
Thephysicalpropertywhich is mostsensitive to the numericalparameterswill determinethe
computationalrequirements.

For the cubic nitrides, Ü�Ý and ZB arefound to be convergedusing Ecut Þ 50 Ry and10
Chadi-Cohenpointsfor AlN (28 for GaN).For the hexagonalnitrides,onehasto distinguish
betweenthexx andthezz componentof therespectivetensors.Dueto thescrew-axissymmetry
andthechargeneutralitycondition,for thefour atomsformingthebasisof thewurtzitestructure
thereis only oneindependenttensorZB. Here,thedifferencebetweenaswell astheordering
of thexx andzz tensorcomponentsareimportant.To reachconvergency Ecut Þ 60 Ry and12
Chadi-Cohenpointshave to beusedfor bothAlN andGaN. In Table3.4 the resultsobtained
aregivenandcomparedwith experimentaldata.In general,thereis goodagreementamongthe
data. Most important,the orderingof the magnitudeof the tensorcomponentsis determined
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Table 3.4 Dielectric propertiesof unstrainedAlN and GaN: electronicdielec-
tric constantß´à , Born effective charge ZB of the cation (in units of the elemen-
tary charge e), andscreenedBorn charge Z áB â ZB Ê�ã ß à for the zinc-blendeas
well as respective tensorcomponentsäåß´à�æ xx, äåß´à�æ zz, ä ZB æ xx, ä ZB æ zz, ä Z áB æ xx âä ZB æ xx Ê ã äåß´àçæ xx, and ä Z áB æ zz â ä ZB æ zz Ê ã äåß´àçæ zz for thewurtzitestructure.Experi-
mentalvaluesaregivenfor comparison.

ßèà ZB Z áB äéßèàçæ xx äåß´àçæ zz ä ZB æ xx ä ZB æ zz ä Z áB æ xx ä Z áB æ zz

AlN calc. 4.46 2.56 1.21 4.30 4.52 2.54 2.70 1.23 1.27

exper. (4.4)a — — (4.68)b (2.57)c

4.4d 4.8d

GaN calc. 5.40 2.65 1.14 5.20 5.39 2.60 2.74 1.14 1.18

exper. — — — (5.29)e 2.65f 2.82f

5.2g, 5.14h 5.31h

a [Tho01], estimatedfrom refractive-index measurementon 3C-AlN
b [Aka67], from IR reflectiononpolycrystallinesample
c [San83], nosymmetry-relateddifferencementioned
d [Pik81]
e [Azu95], assumingäåß´àçæ xx â äåß´à�æ zz

g [Ejd71]
f [Bar73] h [Yu97]

correctly. Also, thequalityof theresults(comparedto theexperimentaldata)is similar for GaN
andAlN. Therefore,heretheNLCC provesto bea successfulapproximationaswell.

3.2.3 Phononsand Static Dielectric Constant

3.2.3.1 Zinc-Blende Phase

For the cubic nitrides, the phononfrequenciesat the centerof the Brillouin zone( ê point)
aregiven in Table3.5, in comparisonto experimentaldata. The staticdielectric constantis
derivedfrom theelectronicdielectricconstantandthephononfrequencies,usingtheLyddane-
Sachs-Teller (LST) relation ë sÉìë�í Çïî 2

LO É î 2
TO. Theagreementof thecalculatedresultswith

theexperimentaldatais rathergood,thephononfrequenciesareoverestimatedby about1 %.
Comparedto otherIII-V semiconductors,thephononfrequenciesareratherlarge.This is dueto
boththesmallnitrogenmassand,asa consequenceof theshorterbondlength,thelargerforce
constants.Also, thestaticdielectricconstantsareratherlarge,especiallywhencomparedto the
electronicones.Theratio ë sÉ%ë�í showsvaluesof 1.88(1.79)for 3C-AlN (3C-GaN).This is, of
course,relatedto the samephysical origin asis the large LO–TO splitting, which is the high
ionicity establishedby ahighdensityof polarizableatomicbonds.Thiscanbeseenasfollows:
For cubicmaterials,theLO–TO splitting is givenby

î 2
LO Ø î 2

TO Ç e2Z2
Bë 0 ë�í Vðòñ (3.1)
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Table3.5 Phononsandstaticdielectricconstantof unstrainedAlN andGaNin zinc-
blendephase:Zone-centerTO andLO frequencies(cmÑ 1), the LO–TO splitting
(cmÑ 1), and the (resulting)static dielectric constantß s. Experimentalvaluesare
givenfor comparison.

TO LO LO–TO ß s

3C-AlN calc. 662 907 245 8.37

exper.a 655 902 247

3C-GaN calc. 560 750 190 9.69

exper.b 553 743 190
a cf. [Har99] b cf. [Goñ01]

whereð is thereducedmassof acation-nitrogenpairandV is thevolumeof theprimitivecell.4

Obviously, theLST relationthenbecomes

ë së�í Ç 1 ó î 2
LO Ø î 2

TOî 2
TO

Ç 1 ó e2Z2
Bë 0ë�í Vð î 2

TO

È (3.2)

As for thezone-boundarymodes,in Table3.6 thevaluesof the L- andX-point frequencies
aregiven. The formeronesarerelatedto theadditionalmodesfound in thewurtzitestructure
(seethefollowing subsection).Thelatteronesareof interestin conjuctionwith thecubic[001]
superlattices(cf. Sect.5.2).

Table 3.6 Phononsof unstrainedAlN andGaNin zinc-blendephase:Frequencies
of zone-boundarymodesat theL andX points(cmÑ 1).

TA(L) LA( L) TO(L) LO(L) TA(X) LA( X) TO(X) LO(X)

3C-AlN calc. 139 345 584 720 195 353 627 708

3C-GaN calc. 230 583 656 750 340 590 674 734

3.2.3.2 Wurtzite Phase

In comparisonto zinc-blendematerials,for phononsin wurtzite-structurecompoundstwo im-
portantdifferencesoccur: (i) Dueto theapproximatelydoubledelementarycell, theBrillouin
zoneis nearlyhalf in size,with thebranchesat the (former) L point beingfoldedbackto theê point,becausethecubic[111] directioncorrespondsto thehexagonal[0001]one.Therefore,
four additionalphononmodesoccur. The former longitudinalonesbecome(nondegenerate)
B1 modesandtheformertransversalonesbecome(twofold degenerate)E2 modes.(ii) Dueto
theaxialsymmetry-relatedanisotropy of thewurtzitelattice,the“original” ê -pointTO andLO
eigenmodesaresplit accordingto thesymmetryof theirvibrationalpattern,whichcanbeof A1

4 This alsoexplainswhy theLO–TO splitting is larger for AlN thanfor GaN: thescreening,thecell volume,
andthereducedmassareall smallerin AlN.
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Table 3.7 Phononsof unstrainedAlN and GaN in wurtzite phase:Zone-center
modefrequencies(cmù 1). Experimentaldataaregivenfor comparison.

Elow
2 Blow

1 A1(TO) E1(TO) Ehigh
2 Bhigh

1 A1(LO) E1(LO)

2H-AlN calc. 241 552 618 677 667 738 898 924

exper.a 248 609 669 656 891 910

2H-GaN calc. 142 337 540 568 576 712 748 757

exper.a 144 532 558 567 734 742

exper.b 144 533 561 569 735 743
a [Goñ01] b [Azu95]

or E1 type(cf. Fig.3.2).Theresultsaregivenin Table3.7.Thefrequenciesof theB1 modesde-
pendsensitively onthenumericalparametersand,therefore,indicatethedegreeof convergency.
Within theaccuracy reachedhere,thephononfrequenciesareconvergedto ú 1cmû 1.

Only the A1 and E1 modesareboth IR andRamanactive, sincethe dipole momentsas-
sociatedwith thedisplacementsof anion-cationpairsdo not canceleachother. However, this
cancellationoccursfor theB1 andE2 modesdueto thesymmetryof theirvibrationalpattern(cf.
Fig. 3.2). Therefore,the latter modesdo not interactwith macroscopicelectricfields. More-
over, due to the fractionarytranslationof the nonsymmorphicspacegroup C4

6ü , for eachof
the B1 modesthedisplacementsof thetwo atomsmoving areequivalentin thefollowing sense:
The“upward” movementof anatomalongthec axisis undistinguishablefrom the“downward”
movementof thesameatomthatoccurshalf anoscillationperiodlater. Therefore,thesemodes
donot contributeto first-orderRamanscattering.



3.2. Convergency TestsandDiscussionof Results 45

0
ý
° 30° 60° 90°

540

560

580

700

720

740

760

0
ý

° 30
þ

° 60
ÿ

° 90
�

°
600

620

640

660

680

700

720

740

880

900

920

940

E1(
�
T
�

O
�

)
�

A1(
�
LO
�

)

A1(
�
TO
�

)

E
high�
2

B
� high�

1

E1(LO)
�

P
ho

no
n 

fr
eq

ue
nc

y 
(c

m
–1

)

Θ (q� , c)

 P
ho

no
n 

fr
eq

ue
nc

y 
(c

m
–1

)

E1(TO)

A
�

1(L
	

O)

A
�

1(TO)

E
high�
2

B
high�
1

E1(LO)

Θ (q� , c)

Figure 3.3 Angulardependenceof calculatedopticalmodesof 2H-GaN(left panel)and2H-
AlN (right panel). 
 is theanglebetweenthephononpropagationdirection �q andthec axis.
Theangular-dependentmodesareplottedasdashedlines. Also shown areexperimentalvalues
(squares)for comparison[Fil96, Sie98]. The approximationaccordingto [Lou63] is applied
bothto thecalculatedandmeasureddata,andit is shown asthin andasdottedline, respectively.

Thelimiting casesof theangulardependenceof thephononfrequenciesshown in Fig. 3.3
canbe understoodasfollows. For propagation parallel to the c axis, the A1 modeobviously
is an LO phononand the E1 modeis a (twofold degenerate)TO phonon. For propagation
perpendicularto thec axis,the A1 modeandoneof theE1 modesareTO phonons,whereasthe
secondE1 modeis anLO phonon.In anintermediatedirection,themacroscopicelectricfield
producesamixing of theIR-activemodes,resultingin so-calledquasi-LOandquasi-TO modes
having neithera distinctsymmetrynor a properpolarization.Their frequency dependson the
anglebetweenthephononpropagationdirectionandthec axis.ThenonpolarB1 andE2 modes
aswell asthe E1(TO) phonondonotdependon thepropagationdirection.

Sincetherespective longitudinalandtransversalA1 andE1 modefrequenciesarerelatively
closeto eachother, accordingto Loudonit canbe expectedthat the angularvariationof the
(quasi-)LO andTO modescanbe describedby simpletrigonometricfunctions[Lou63]. As
canbeseenfrom Fig. 3.3, this approximationworksvery well, bothfor thecalculatedandthe
measureddata.

Similarto thecubiccrystals,theionicity of thewurtzitestructurerevealsitself in thesplitting
of the LO and TO modes. Becauseof the uniaxial crystal symmetry, one hasto take into



46 Chapter3. Ground-StateDeterminationandPropertiesof UnstrainedPolytypes

Table 3.8 LO–TO splittingsof zone-centerphononsof thesamesymmetry, � A1

and � E1 (cm
 1), tensorcomponentsof the static dielectric constant, ��� s� xx and
��� s� zz, aswell asangle-averagedvaluesfor the TO andLO frequencies,� TO and
� LO (cm
 1), for AlN andGaNin wurtzitephase.Experimentaldataaregiven for
comparison.

� A1 � E1 ��� s� xx ��� s� zz � TO � LO

2H-AlN calc. 280 247 8.16 9.73 658 915

exper.a 282 241 8.14b 10.27b 650 904

exper.c 7.98 9.18

2H-GaN calc. 208 189 9.24 10.36 559 754

exper.a 202 184 9.09d 10.11d 549 739

exper.e 202 182 9.02d 10.10d 552 740

exper.f 9.5 10.4
a [Goñ01] d using ��� from [Yu97]
b using ��� from [Pik81] e [Azu95]
c [Mal97] f [Bar73]

accountthedifferentmodesymmetries.FromEq. (2.65) it follows that for thecorresponding
displacementdirectionsholds( ��� x � z)

� 2
LO � ��� � � 2

TO � �!�"� 2e2 � ZB � 2#$#%
0 � %'& � #$# V( � (3.3)

with ( andV asabove [Eq. (3.1)]. Thevaluesof theLO–TO splittingsarerathersensitive to
thenumericalparametersusedin thecalculations;they aregivenin Table3.8.

For thewurtzitenitrides,thetensorcomponentsof thestaticdielectricconstantarederived
from a generalizedLST relation (cf. Sect.2.3.3.2). From Eq. (2.67) it follows that for the
relationbeweeenthexx (zz) componentsof thedielectrictensorsonehasto usethefrequency
valuesof the E1 (A1) modes(indicatedhereaccordingto therespective elongationdirection �
of thevibration,cf. Fig. 3.2):

� % s� #)#
� %'& � #)# �

� 2
LO � �!�� 2
TO � �!�+* (3.4)

FromTable3.8 it canbeseenthat theanisotropy of , s is larger thanthatof , & . This is dueto
thedifferentLO–TO splittingof the A1 comparedto the E1 modes.

Accordingto Table3.7, the E1–A1 splitting,beingdueto theanisotropy of theshort-range
forcesin thewurtzitelattice(andbeinglargerfor AlN thanfor GaN),is smallerthantheLO–TO
splitting, beingcausedby the long-rangeelectricfields. This suggeststhat theangle-averaged
valuesof the LO andTO frequencies,determinedas � � TO � 2 � � 2

A1 - TO.0/ 2� 2
E1 - TO. 1 3 (and

similarly for � LO, cf. [Luc71]), shouldapproachthoseof the respective modesin the zinc-
blendestructure. As can be seenfrom Tables3.5 and 3.8, this is indeedthe case. It holds
especiallywell for theTO modes,which is not surprisingdueto theadditionalinfluenceof the
electricfield in thecaseof theLO modes.



Chapter 4

Influenceof Strain on Bulk GaN and AlN

In this chapter, we investigatetheinfluenceof macroscopicstrainsonstructural,dielectric,and
vibrationalpropertiesof the bulk GaN andAlN polytypesunderthe influenceof hydrostatic
pressureanduniaxial aswell asbiaxial stress.Thereby, fundamentalmaterialparametersare
obtained.As a consequence,this allows for the converseprocessof deducingthe strainstate
from measuredproperties.

Fromthecaseof hydrostaticpressure,we determinethemodeGrüneisenparametersof the
phonons.The scalingof the interatomicforcesandotherpropertieswith the varying atomic
distancesallows to comparethenitrideswith othermaterialshaving alreadyrevealedinterest-
ing behavior dueto comprerssion.By investigating uniaxial andbiaxial stress,we obtainthe
phonondeformationpotentialsaswell assomeof theelasticconstants.

Thesestudiesarealsousefulregardingthe investigationof superlattices(cf. the following
chapter)with at leastonekind of layersbeingstraineddueto thedifferentlatticeconstantsof
GaNandAlN.

4.1 RelaxationProcedure for the Strained Structur es

Thestrainresultingfrom a uniaxialor biaxial stressis correspondinglydenotedasuniaxialor
biaxial. Here,for thecubicnitridesuniaxialstressis assumedto actalongoneof thecubicaxes
(as,e.g., [001]), which is takenasthez axis,andfor thewurtzitenitridesalongthesymmetry
axis,[0001]. Biaxial stressis assumedto actwithin therespectiveperpendicularplane,whereit
is takento beisotropic.Underthesestressconditions,theresultingstrainsconservethewurtzite
symmetrybut changethecubiclatticeinto atetragonalone,sothatonealwayshasto distinguish
betweenthein-planelatticeconstant,a, andtheonealongtheresultingsymmetryaxis,c. For
thecubicnitrides,theequilibriumtetragonallatticeconstantsarea0 � acub1

2
2 andc0 � acub

(cf. Fig. 2.1).
In general,uniaxial [biaxial] stressis givenby a diagonaltensor34� diag� 0 � 0 �$576 6 � [ 38�

diag� 5:9 �$5;9 � 0� ]. It is modeledby a certainstrainof thec [a] latticeconstant,which is given
by < zz � � c � c0 � 1 c0 [ < xx � � a � a0 � 1 a0] andlabeledasuniaxial [biaxial] strain <:6 6 [ <=9 ]. The
otherlattice constantadjustsitself accordingto the conditionof vanishingstressalongits di-
rection.For thetetragonallattice,this is theonly remainingdegreeof freedom,whereasfor the
wurtzite structure,alsoan internalstrain � u � u0 � 1 u0 occurs. In uor calculations,both relax-

47
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Figure 4.1 Normalizedvolumeversushydrostaticpressureaccordingto theVinet equationof
statefor GaNandAlN in thewurtzite(2H) andzinc-blende(3C) structures.Therespectivecell
volumeV0 at zeropressureis usedfor normalization.For comparison,resultsfor zinc-blende
GaAsarealsogiven. Solid line: 3C-GaN,short-dottedline: 2H-GaN,dashedline: 3C-AlN,
dottedline: 2H-AlN, thin solid line: GaAs.Experimentalresultsareplottedfor 2H-AlN (open
triangles[Uen92]) andfor 2H-GaN(filled diamonds[Xia93], filled circles[Uen94]).

ationsareobtainedby minimizing thetotalenergy of thestrainedlattice,aswill bedescribedin
thefollowing chapter.

4.2 Structural Properties

4.2.1 Hydr ostaticPressure

Resultsof thetotal-energy minimizationsfor GaNandAlN underhydrostaticpressurearepre-
sentedin Figs.4.1and4.3. UsingtheVinet EOS,therelationbetweenthenormalizedvolume
andhydrostaticpressure(at zerotemperature)is plottedin Fig. 4.1, togetherwith someexper-
imentalresults[Uen92, Xia93, Uen94]. It is well known that for GaN andAlN thesephases
changeinto thecubicrocksaltstructure(O5

h = Fm3mspacegroup)at remarkablydifferenttran-
sition volumesand,hence,pressures.Here,only the low-pressure2H and3C structuresare
consideredand, for comparison,the theoreticalEOSis plotted for the whole pressurerange
considered.The calculatedEOSfor the two phasesof AlN andzinc-blendeGaN arenearly
identical. To obtainthesamevolumecontraction,a slightly lower hydrostaticpressurehasto
beappliedfor wurtziteGaNsinceit possessesaslightly lowerbulk modulus(206GPa) in com-
parisonto AlN (210GPa). Thereis anexcellentagreementwith theexperimentaldata,which
show ratherlargedeviationsamongthemselves.Thelow-pressurestructuresof theconsidered
nitridesbehave very similarly with respectto their EOS.Moreover, thedifferencein theEOS
of thenitridesis muchsmallerthanthediscrepancy in thevolumesfor a givenpressurewhen
the group-III nitridesarecomparedwith a morecommonIII-V compound,e.g. GaAs. The
strongervariationof the latterone’s volumewith hydrostaticpressureis in agreementwith its
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Figure 4.3 Structuralparametersof wurtziteGaNandAlN underhydrostaticpressure.Solid
lines: GaN,dashedlines: AlN. (a) Ratio of the lattice constantscK a versuspressure.Exper-
imental resultsareplotted for 2H-AlN (opentriangles[Uen92]) and for 2H-GaN (filled cir-
cles [Uen94]). (b) Internalparameteru versuspressure.(c) Lengthsof the two inequivalent
bondsversuspressure.(d) Bondanglesversuspressure.For thelabeling,seethecorresponding
symbolsof Fig. 4.2.

weaker chemicalbonding,sincethe cohesive energy per bond,1.63eV, is muchsmallerthan
thecorrespondingvaluesof GaN(2.24eV) andAlN (2.88eV) [Har89].

In contrastto thesimilarity in theEOS,thecrystallatticesof wurtziteGaNandAlN behave
quitedifferently. Thecalculatedratioof thetwo latticeconstantsc1 a andtheinternalparameter
u areplottedversushydrostaticpressurein Figs. 4.3(a)and(b). For GaN the two quantities
arequitecloseto theidealvalues.Theirpressuredependenceis negligible, with linearpressure
coefficientsof LNM � c

a � 1 M pO pP 0 �Q� 4 * 7 R 10S 5 GPaS 1 and � M u1 M p� pP 0 � 5 R 10S 6 GPaS 1. For
AlN, thesituationis completelydifferent. Thevaluesc1 a (u) areremarkablysmaller(larger)
thantheidealvaluesanddecrease(increase)with rising hydrostaticpressure,with coefficients
of L=M � c

a � 1 M pO pP 0 �T� 5 * 6 R 10S 4 GPaS 1 and � M u1 M p� pP 0 � 1 * 08 R 10S 4 GPaS 1.

The resultsarein reasonableagreementwith experimentalstudiesof the lattice constants
underpressure[Uen92, Uen94]. For GaN,thenearlyconstantratio c1 a wasinferedalsofrom
opticalmeasurementsof thecrystal-fieldsplitting for compressedsamples[Liu98]. Thepres-
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Figure 4.4 Charge asymmetrycoefficient g

of cubic nitridesversushydrostaticpressure.
Solid line: 3C-GaN,dashedline: 3C-AlN.

surebehavior of u is consistentwith that of c1 a: Assumingnearly equalbond lengthspar-
allel andperpendicularto the c axis [which is justified, cf. Fig. 4.3(c)], the resultingrelation
u U 1

4 / 1
3

a
c

2
leadsto aninternalparameteru V 3

8, which increasesasc1 a decreases.
As aconsequenceof thedifferentvariationsof c1 a andu in GaNandAlN, onefindsdiffer-

ent latticedeformationsunderpressure.In Figs.4.3(c)and(d) the lengthsof the inequivalent
bondsandtheanglesbetweenthemareplottedversushydrostaticpressure.As canbeexpected
from Figs. 4.3(a)and(b), for GaN thesequantitiesarecloseto thosein an ideal tetrahedron
(equalbondlengths,identicalbondanglesof 109.47W ). With risinghydrostaticpressure,indeed
the bond anglesremainalmostconstant,i. e., besidesshrinkingbond lengthsno remarkable
changeoccursin theshapeof thetetrahedralstructure.Now, for AlN thesignificantdeviations
from theidealwurtzitestructurearefurtherenlargedunderpressure.Especiallythedifference
betweenthe bondanglesincreasesin sucha way that the zig-zagchainsperpendicularto the
c axisareflattened,i. e., thebondingtetrahedraarecompressedalongthec axisby shrinking
theverticaldistance 1

2 � u c of theAl–N layers.This impliesa tendency for dehybridization
from idealsp3 bondstowardssp2 andpz orbitals.

The trendof crystallizingwithin wurtzite structureand, in particular, to exhibit bondan-
glesdifferentfrom theideal tetrahedrononeshasoftenbeenrelatedto thelargeionicity of the
chemicalbonds.Thebondionicity canbecharacterizedby thechargeasymmetrycoefficient g
accordingto GarciaandCohen[Gar93a]. It is plottedin Fig. 4.4versuspressurefor thezinc-
blendephaseof GaNandAlN. A weakdecreaseof g with rising pressureis observed(slopes:
� 3 R 10S 4 GPaS 1 for GaN, � 4 R 10S 4 GPaS 1 for AlN). Thismeansthatthelogarithmicderiva-
tive of g with respectto the volumeis positive. At leastfor AlN, this behavior is seemingly
in contrastto the increaseof thedeviationsof c1 a andu from thevaluesof the idealwurtzite
structure,sincethis is usuallyrelatedto an increasingbondionicity. However, this argument
stemsfrom thecomparisonof differentmaterialsexhibiting differentionicitiesat their equilib-
rium. On the otherhand,with rising pressureanddecreasingbondlengthsthe overlapof the
valenceelectronwave functionsincreases.Consequently, the increasingprobabilityof finding
anelectroncloserto thecation,too, resultsin smallervaluesof thebondionicity.

4.2.2 Uniaxial and Biaxial Strain

Structuralresultsof thetotal-energy optimizationsfor thenominallycubicnitridesarepresented
in Figs.4.5and4.6for biaxialanduniaxialstrain,respectively. Thereis nosignificantdifference
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Figure 4.5 Parametersof the tetragonallydistortedatomicgeometryof cubic nitridesversus
biaxial strain: (a) normalizedlattice constantcl c0, (b) ratio of lattice constantscl a, (c) nor-
malizedvolumeV l V0, (d) bondlength,and(e) bondangles;solid line: 3C-GaN,dashedline:
3C-AlN. The label m ( n ) denotesthe anglebetweenbondspointing alongoppositedirections
with respectto their z component(pointing along the samedirection with respectto their z

component),similar to thewurtzitecase.

between3C-GaN and 3C-AlN with respectto their strain behavior. The decreaseof the c
latticeconstantwith increasingtensilebiaxialstrainis aboutthreetimesof thea latticeconstant
for tensileuniaxial strain. For large strains,slight nonlinearitiesarefound. The linear strain
coefficientsaregivenin Table4.1.

Bothfor increasingtensilebiaxialandtensileuniaxialstrainthecell volumeincreases,since
therelaxationof thestress-freelatticeconstantdoesnot completelycompensatefor thechange
of thestrainedone.This is dueto thestiffnessof thelattice,hereresultingfrom aninterplayof
thechangesof bondlengthandbondangles;it is describedin thefollowing.

Picturethelatticedeformationasatwo-stepprocess:First,imaginetheatomsbeingclamped
in thestress-freedirectionsothatthey canbeshiftedonly alongthedirectionof themacroscopic

1.86
o1.88
o1.90
p1.92
p1.94
p

-2
q

-1 0
r

1 2
q0

r
.98
p

0
r

.99
p

1.00
r

1.01
r

1.02
r

1.35
s

1.40

1.45
t (d

u
)
v

B
o

n
d

 le
n

g
th

  
(Å

)

 

(a)
v

Uniaxial st
w
rain  (c–c0) x c0  (%

y
)

N
o

rm
a

liz
e

d
 la

tt
ic

e
 c

o
n

st
a

n
t 

 a

z a 0

-2
q

-1 0
r

1 2
q108

109

110

111

β α

(e{ )v

Uniaxial st
w
rain  (c–c0) | c0  (%

y
)

B
o

n
d

 a
n

g
le

  
(°

)

(b
}

)
v

R
a

tio
 o

f 
la

tt
ic

e
co

n
st

a
n

ts
  c

~ a

-2 -1 0
r

1 2
0
r

.98
p

1.00
r

1.02
r

(c� )v

Uniax� ial st
w
rain  (c–c0) � c0  (%

y
)

N
o

rm
a

liz
e

d
vo

lu
m

e
  V

� V
0
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uniaxialstrain.SameasFig. 4.5,but insteadof c thelatticeconstanta is shown in (a).
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Table 4.1 Strain-freevaluesX0 andlinearstraincoefficients 1
X0 � X

��������� 0
of param-

etersof atomicgeometry� X � c � a � cK a, andd) of the tetragonallystrainedcubic
nitrides(absolutelengthsin Å).

param. 3C-GaN 3C-AlN

X X0 ��� H � ��� G G � X0 ��� H � ��� G G �
c 4 � 443 � 1 � 109 1 � 000 4 � 334 � 1 � 097 1 � 000

a 3 � 141 1 � 000 � 0 � 355 3 � 064 1 � 000 � 0 � 353

cK a � 2 � 2 � 98 1 � 91 � 2 � 2 � 97 1 � 91

d 1 � 924 0 � 572 0 � 186 1 � 877 0 � 565 0 � 183

stress,andsecond,theatomsbeing“released”andshiftedalongtheperpendiculardirectiondue
to thelatticerelaxation.Thedifferencein thebehavior of bondlengthandbondanglesist that
the latterundergo similar changesin bothsteps,whereasthebond-lengthvariationsareof op-
positesign.Thismeansif in thefirst stepanangleincreases,it alsoincreasesin thesecondstep,
but if a bondgetsstretchedin the first step,it will shortenagain in the secondstep(andvice
versa).Therefore,in thesecond(i. e., therelaxation)stepa balanceis establishedbetweenthe
angularforcesthatgovern the furtherdistortionof thebondanglesandthecentralforcesthat
tendto recover thebondlength.

As onecanseefrom Figs.4.5and4.6,thebondlengthvariesonly weaklycomparedto the
bondangle � . This shows the tendency of thenitrides’ lattice to bemoreresistantto changes
of its bondlengthsthanto changesof its bondangles.Thebondlengthvarieslessfor uniaxial
strain,which is ultimately due to the lattice relaxationtaking placein two dimensions.The
bondanglesbehave very similar for biaxial anduniaxialstrain,because� dependson theratio
c1 c0 only, andthec latticeconstantexhibitssimilarvariationsfor uniaxialandbiaxial strain,as
canbeseenfrom Table4.1.

Table 4.2 Strain-freevaluesX0 andlinearstraincoefficients 1
X0 � X

��������� 0
of param-

etersof atomic geometry � X � c � a � cK a � u � dG G , and dH ) of the wurtzite nitrides
(absolutelengthsin Å).

param. 2H-GaN 2H-AlN

X X0 ��� H � ��� G G � X0 ��� H � ��� G G �
c 5 � 111 � 0 � 502 1 � 000 4 � 929 � 0 � 611 1 � 000

a 3 � 145 1 � 000 � 0 � 202 3 � 084 1 � 000 � 0 � 210

cK a 1 � 6252 � 1 � 507 1 � 199 1 � 5982 � 1 � 621 1 � 209

u 0 � 3775 0 � 694 � 0 � 551 0 � 3825 0 � 805 � 0 � 633

dG G 1 � 929 0 � 193 0 � 448 1 � 885 0 � 188 0 � 368

dH 1 � 921 0 � 611 0 � 107 1 � 872 0 � 594 0 � 103
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Figure 4.7 Parametersof the wurtzite atomicgeometryversusbiaxial strain: (a) normalized
latticeconstantcK c0, (b) ratioof latticeconstantscK a, (c) normalizedvolumeV K V0, (d) internal
parameteru, (e) bondlengths,and(f) bondangles.Solid line: 2H-GaN,dashedline: 2H-AlN.
For thelabeling,seethecorrespondingsymbolsof Fig. 4.2.

Structuralresultsof thetotal-energy optimizationsfor thewurtzitenitridesarepresentedin
Figs.4.7 and4.8 for biaxial anduniaxial strain,respectively. As expected,dueto the lattice
relaxation(Poissoneffect) oneobservesa decreaseof thec (a) latticeconstantwith increasing
tensilebiaxial (uniaxial)strain.Thecorrespondinglinearstraincoefficientsaresummarizedin
Table4.2. As for the cubic structure,the volumeincreasesin both casesfor increasingten-
sile strainasa neteffect. The internalparameteru and,hence,the internalstrain � u � u0� 1 u0

obviously show a differentstrainbehavior thanthelatticeconstants,which is neverthelesssys-
tematic:They alwayschangein the oppositeway to the ratio of the latticeconstants.As c1 a
shrinks,u increases(andvice versa),regardlessof the strain type (uniaxial or biaxial). The
samebehavior wasalsofoundfor hydrostaticpressure(cf. Fig. 4.3).

Theratherstronginternalstraineffectsdominatethevariationsof thebondlengthsandbond
angles[Figs. 4.7(e,f) and4.8(e,f)]. Interestingly, the lengthsd 6 6�� uc of thebondsparallelto
thec axisincreasefor bothstrains.Theeffect is strongerfor uniaxialstrain,following directly
the increaseof c. Moreover, even for biaxial strain the decreaseof the c-lattice constantis
accompaniedby an increasein bondlengthsparallel to the c axis. The lengthsof the bonds
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Figure 4.8 Parametersof the wurtzite atomicgeometryversusuniaxial strain. SameasFig.
4.7,but insteadof c thelatticeconstanta is shown in (a).
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nonparallelto thec axis,d9�� 1
3a2 / 1

2 � u
2

c2 1� 2
, alsoincreasewith tensilebiaxial strain,

while in theuniaxialcase,thereis moreor lessa compensationof thevariationsof c, a, andu,
resultingin almostconstantbondlengthsd9 . For certainstrainvalues,all bondlengthsof one
materialbecomeequal.However, this doesnot resultin idealtetrahedra,sincethebondangles
remaindifferent.

Theoppositebehavior of thebondangles� and� versusbiaxialor uniaxialstrainis particu-
larly interesting,sinceit impliesatendency to reducethedeformationof thebondingtetrahedra
for compressive biaxial strainor tensileuniaxialstrain.Theanglesapproachthevalue109.47W
of theidealtetrahedron.However, becauseof unequalbondlengths,againthetetrahedraremain
deformed.For the oppositecaseof tensilebiaxial strainandcompressive uniaxial strain,the
bondingtetrahedraarecompressedalongthec axisandtheangle� tendstowards90W , whereas
theangle � tendstowards120W . As for 2H-AlN underhydrostaticpressure,this impliesa ten-
dency for dehybridizationfrom idealsp3 hybridstowardssp2 andpz orbitalsalsoin thiscase.

4.3 Elastic Properties

4.3.1 Zinc-BlendePhase

Theelasticconstants,determinedasa by-productof the relaxation(cf. Sect.2.6.2),aregiven
in Table4.3, togetherwith othertheoreticalresults.Nearlyall datashow a prettygoodoverall
agreement.Unfortunately, noexperimentaldataareavailable.

It is a generalpropertyof cubic crystals(aswell asof elasticallyisotropicmaterials)that
thePoissonratio andthebiaxial relaxationcoefficient arenot independent,sinceit holdsthat
Rb

c � 2� c ��� 1 ��� c � [or � c � Rb
c � � 2 ¡ Rb

c � , respectively]. Here, however, Rb
c and � c have

beenobtainedindependently. Their consistency is testedusingtheabove formulae,Table4.3
shows a satisfactoryagreement.Interestingly, from Table4.3 it canbeseenthatevena perfect
consistency betweenthevaluesof Rb

c und � c doeshowevernotguaranteereliableresults.
The fractionalvolumechange¢ V � V0 � 2£ xx ¡8£ zz amountsto � 2 � Rb

c � £$¤ in thebiaxial
caseandto � 1 � 2� c � £:¥ ¥ in theuniaxialone.Thevaluesof theprefactorsarefoundastheslopeof
thecurvesin Figs.4.5(c)and4.6(c). In orderfor thevolumeto remainconstant,theprefactors
neededto vanish,which implies Rb

c � 2 and � c � 1
2. Thesevalueswouldonly bereachedif, in

therelaxationstep,thebondangleswould changeby a muchlargeramountthanthey actually
do. Sincetheobserved � c getsmuchcloserto its respective“critical value” thanRb

c, therelative
changein volumeis significantlysmallerfor uniaxialthanfor biaxial strain.

4.3.2 Wurtzite Phase

From the datashown in Figs. 4.7(a) and 4.8(a) the coefficients Rb
c and � c are immediately

obtained.They areshown andcomparedwith othertheoreticalandexperimentaldata(derived
from elasticstiffnessconstants)in Table4.4. In general,thebehavior of 2H-GaNand2H-AlN
is rathersimilar. It canbenoticed,however, thattheeffectof biaxialstrain(asexpressedby Rb

c)
is larger thanthatof uniaxial strain(asexpressedby � c) by a factorof about2.6 for 2H-GaN
and2.9for 2H-AlN. As for thecubicnitrides,theresultingchangein volumeis muchlargerfor
biaxial thanfor uniaxialstrain.



4.3. ElasticProperties 55

Table 4.3 Elasticstiffnessconstants(in GPa) aswell asrelatedmoduli andcoefficients(see
text) of zinc-blendeGaNandAlN comparedwith resultsof otherab initio calculationsa¦ d.

Rb
c § c

2̈ c
1¦;¨ c Rb

c
2© Rb

c
B0 c11 c12 Ec Yc

3C-GaN present 1 ª 109 0 ª 355 1 ª 101 0 ª 357 206ª 5 296 164 179 278

calc.a 1 ª 085 0 ª 352 1 ª 086 0 ª 352 204 293 159 181 279

calc.b 1 ª 130 0 ª 361 1 ª 130 0 ª 361 203 285 161 169 264

calc.c 0 ª 848 0 ª 298 0 ª 848 0 ª 298 183 297 126 222 316

calc.d 1 ª 041 0 ª 342 1 ª 041 0 ª 342 201 296 154 191 290

3C-AlN present 1 ª 097 0 ª 353 1 ª 091 0 ª 354 210ª 2 303 166 186 287

calc.a 1 ª 053 0 ª 345 1 ª 053 0 ª 345 208 304 160 194 296

calc.b 1 ª 073 0 ª 349 1 ª 072 0 ª 349 216 313 168 196 301

calc.c 1 ª 000 0 ª 333 1 ª 000 0 ª 333 209 314 157 209 314

calc.d 1 ª 000 0 ª 333 1 ª 000 0 ª 333 203 304 152 203 304
a [Wri97] b [Shi98] c [Bec00] d [Kim96]

Table 4.4 Elasticstiffnessconstants(in GPa) aswell asrelatedmoduli andcoefficients(see
text) of wurtzite GaN and AlN, comparedwith resultsof other ab initio calculationsa« b and
measurementsc¦ g. For all datasets,the hydrostaticrelaxationcoefficient is derived from the
elasticconstantsvia Eq. (2.90).Exceptfor thepresentones,thevaluesof thebulk modulusare
derivedfrom theelasticconstantsusingEq.(2.93).

Rb
c § c

2̈ c
1¦�¨ c Rh

c Yc Ec B0 C11 ¬ C12 C13 C33

2H-GaN present 0 ª 502 0 ª 202 0 ª 506 0 ª 99 463 373 206 515 104 414

calc.a 0 ª 509 0 ª 205 0 ª 516 0 ª 98 450 363 202 502 103 405

calc.b 0 ª 553 0 ª 212 0 ª 538 1 ª 04 432 332 197 490 104 376

exper.c 0 ª 533 0 ª 198 0 ª 494 1 ª 11 479 356 210 535 106 398

exper.e 0 ª 564 0 ª 212 0 ª 538 1 ª 07 458 343 208 520 110 390

exper.f 0 ª 598 0 ª 228 0 ª 591 1 ª 02 432 329 204 500 114 381

exper.g 1 ª 18 0 ª 371 1 ª 18 1 ª 01 239 150 195 426 158 267

2H-AlN present 0 ª 611 0 ª 210 0 ª 532 1 ª 21 469 322 210 538 113 370

calc.a 0 ª 579 0 ª 203 0 ª 509 1 ª 20 470 329 207 533 108 373

calc.b 0 ª 585 0 ª 207 0 ª 522 1 ª 17 474 337 212 540 112 383

exper.d 0 ª 509 0 ª 177 0 ª 430 1 ª 25 510 354 210 560 99 389

exper.e 0 ª 513 0 ª 182 0 ª 445 1 ª 21 499 354 209 550 100 390
a [Wri97] c [Pol96] e [Deg98] g [Sav78]
b [Shi98] d [McN93] f [Yam97, Yam99]

For cubic crystalsand for elasticallyisotropicmaterials,Rb
c � 2­ c

1®¯­ c holds. Due to their
uniaxial crystalstructure,the wurtzite nitridesmay exhibit an anisotropicbehavior. Compar-
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ing theratio 2­ c
1®¯­ c with theactualvalueof Rb

c providesinformationaboutthedeviation of their

elasticpropertiesfrom isotropicbehavior. It is obvious from Table4.4 that for 2H-GaN 2­ c
1®¯­ c

getsrathercloseto Rb
c, while for 2H-AlN therearesignificantdifferences.Thedeviatingelastic

propertiesof thetwo nitridesunderconsiderationarealsovisible in thepresenceof hydrostatic
pressure,wherea characteristicbehavior of theaxial ratio c� a is observed. Thelattercanalso
beexpressedby thehydrostaticrelaxationcoefficient which, in thehydrostatic-pressurecalcu-
lation, is foundto be1.02for 2H-GaNand1.23for 2H-AlN. Thesevalueshaveto becompared
to thosegivenin Table4.4which werederivedfrom theelasticconstantsasobtainedfrom the
uniaxial andbiaxial relaxation. Again this shows a very satisfactoryagreementbetweenthe
independentcalculations.

From the Rh
c valuesof Table4.4 it follows that only 2H-GaN exhibits a compressionap-

proximatelyhomogeneous(i. e., a proportionalcontraction),sinceRh
c � GaN�"° 1 ± 0, while for

2H-AlN the compressionis anisotropic[Rh
c � AlN ��° 1 ± 2]. This hasbeenobserved directly in

high-pressureX-ray-diffraction experiments[Uen92, Uen94] andwasalso found in otherab
initio calculationsfor hydrostaticpressure[Chr93, Ser00]. Therefore,the quality of calcula-
tions andmeasurementsof elasticstiffnessconstantsof wurtzite GaN andAlN canbe easily
characterizedby thedimensionlessquantitiesRb

c, � c,
2­ c

1®¯­ c , andRh
c. This is important,for there

aremany datapublishedfor the elasticconstantsexhibiting a broadrangeof values,andit is
thereforedesirableto have criteriaat handthathelp to choosereliableones.For instance,for
2H-GaN it appearsthat reliablevaluesarecloseto Rb

c � 0 ± 50 ±)±)± 0 ± 56, � c � 0 ± 20 ±)±)± 0 ± 21,
2­

1®¯­ � 0 ± 49 ±)±$± 0 ± 54,andRh
c ° 1 ± 0. Thesituationis somewhatlessclearfor 2H-AlN, sincethe

deviationsbetweentheresultsarelarger. Nevertheless,reliablevaluescanbeexpectedto fall in
therangeRb

c � 0 ± 5 ±)±)± 0 ± 6, � c � 0 ± 18 ±)±)± 0 ± 21, 2­ c
1®¯­ c � 0 ± 45 ±)±)± 0 ± 53,andRh

c ² 1 ± 2.

Thereasonfor thedifferentelasticbehavior of wurtziteGaNandAlN canbetracedbackto
theelasticstiffnessconstants(cf. Table4.4).Thepresentresultsarein excellentagreementwith
otherab initio calculations[Wri97]. This holdsin particularfor AlN. For GaN, the stiffness
constantscalculatedwithin our methodareslightly larger, mainly dueto the relatively small
valueof Rb

c. Theagreementwith measuredvalues[Pol96, Deg98, Yam97, McN93] is reasonable
for both nitrides. Therefore,sincein our caseall quantitiesstemfrom the sametype of DFT
calculations,the derived elasticconstantsrepresenta reliablebasisfor extractingphononand
electronicdeformationpotentials.For 2H-GaNthereis onesetof experimentalresults[Sav78]
which shouldnot be usedany longer. Unfortunately, this particularset of valueshasbeen
publishedin theLandolt-Börnsteinseries.

Accordingto Table4.4, therelationC11 ¡ C12 ° C13 ¡ C33 holdswith goodaccuracy for
2H-GaNbut not for 2H-AlN. This is in completeagreementwith the relationsRh

c ° 1 ± 0 and
2­ c

1®¯­ c ° Rb
c, that arefulfilled for 2H-GaNandindicatinga quasicubicbehavior. Thedifferent

elasticbehavior of wurtziteGaNandAlN is mainly determinedby the largerC11 ¡ C12 value
of AlN, which also causesits larger biaxial modulusY. The value of the ratio Rb

c � 2­ c
1®¯­ c �

� C11 ¡ C12 � C13�³� C33 canserve asanestimatefor a lower (upper)limit of Rh
c if it is larger

(smaller)than1.0. Dueto thequasicubicbehavior, therelationsbetweentheelasticmoduli for
2H-GaNcanbeapproximatedby simplifiedexpressions.Thebiaxial modulusandtheYoung
modulusarerelatedto thebulk modulusvia Y ° 3B0 � 1 � 1

2 Rb
c � � 3B0 � 1 � 2� c �´� � 1 �µ� c � and

E ° 3B0 � 1 � 1
2 Rb

c �´��� 1 ¡ 1
2 Rb

c � � 3B0 � 1 � 2� c � . Thesetwo moduli arerelatedto eachotherby
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E ° Y� � 1 ¡ 1
2 Rb

c � � Y � 1 �¶� c � . Obviously, in eachof theseequationstheconversionfactors
betweenthe elasticmoduli canbe expressedusingeither the biaxial relaxationcoefficient or
thePoissonratio,which themselvesarerelatedto eachotherthroughRb

c � 2­ c
1®¯­ c (asmentioned

above). Table4.4shows thattheserelationsareby nomeansvalid for 2H-AlN.

In contrastto theexperimentallyandtheoreticallywell-establishedresultsfor thehydrostatic
coefficient Rh

c, therearecontradictoryreportsondirectexperimentalresultsfor thebiaxialstrain
ratio Rb

c of GaN. For AlN no valuesat all are reported. The measuredvaluesRb
c � GaN� , of

0.48[Dav97], 0.43[Yam01], and0.38[Det92] (sometimesthelattervaluehasbeencitedto be
thePoissonratio)show significantdeviationsamongthemselves.Additionally, from theresults
obtainedby Romanoandcoworkers[Rom00], avalueof 0.386canbeextracted(whichfits their
databetterthanthe onefrom the literaturewhich they used),andfrom Fig. 1 of [Ama88], a
valueof 0.45canbeobtained,if thedatafrom Leszczynskietal. [Les96] areusedasstrain-free
referencefor the latticeconstants.Furthermore,valuesof 0.457[Maj96] aswell as0.400and
0.384[Zor01] have beencalculatedby first-principlesmethods.Exceptfor the largestones,
thesedatasignificantlyunderestimatetheresultslisted in Table4.4. Theelasticconstantsthat
canbederived from thesedata(assumingquasicubicbehavior andusinganaveragevaluefor
thebulk modulus)show thegeneraltrendthatC13 turnsout toosmallandall theotheronestoo
large.Unfortunately, thereareno reportsondirectlymeasuredvaluesof � c in theliterature.

Thereasonsfor thesedeviationsarenot entirelyclear, but someideascanbesuggested.To
determinethestrain,a referencevalueneedsto beknown correspondingto a fully relaxedcrys-
tal andthereforerepresentingthestrain-freecase.In general,the latticeconstantsof 2H-GaN
show unusuallylargefluctuations[Lag79], andit is difficult to determinethe“true” unstrained
values[Les96]. Now, strictly speaking,for the purposeof investigating elasticrelaxationthis
referencevaluehasto beunderstoodasdescribinga crystalfreefromexternalstress.Internal
straineffectsdueto defects,substituentatoms,andfree carriersmay still be present,andthe
equilibriumlatticeconstantsmayvary betweendifferentsamples.Therefore,“the” pair of ref-
erencevaluesa0, c0 of anideal2H-GaNcrystalcannotbeuniversallyapplicable.On theother
hand,consideringthesamecrystalin both thestressedandthestress-freestate,thebiaxial re-
laxationbehavior manifestsitself astheslopeof thec versusthea latticeconstant,independent
of their equilibriumvalues.By definition,it holds

Rb
c � � £ zz

£ xx
� � c � c0

c0

a0

a � a0
� � ¢ c

¢ a

a0

c0
± (4.1)

In the last expression,¢ c and ¢ a don’t needto refer to theequilibrium values.Rather, their
quotientrepresentsthe above-mentionedslope. Obviously, in extracting Rb

c from a measured
slope,theequilibriumvalueof c� a is of minor numericalinfluence.

However, the above-mentionedexperimentalvaluesRb
c � GaN� wereobtainedfrom a com-

parisonof differentsamples,not from onesinglecrystalsubjectedto varying stressor strain
states(asfor hydrostaticpressure).In contrast,the elasticstiffnessconstantshave beenmea-
suredfor only onesampleandcanthereforebeexpectedto bemorereliablein representingthe
elasticbehavior of thewurtzitenitrides.To resolve thisproblem,combinedX-ray anduniaxial-
pressureexperimentsarenecessaryin orderto directly observe the Poissoneffect of wurtzite
GaNandAlN singlecrystals.
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Figure4.9 (a)Borneffectivechargeand(b) high-frequency dielectricconstantversushydro-
staticpressurefor zinc-blendeGaN(solid line) andAlN (dashedline). Thethin lines[in (b)]
representexpression(4.2). (c) Resultingscreenedeffective ion charge. (d) Staticdielectric
constantasderivedfrom theLST relation.

4.4 Dielectric Properties

4.4.1 Hydr ostaticPressure

In Figs.4.9(a)and(b), thecalculatedpressuredependenceof theBorn effective charge ZB and
the high-frequency dielectricconstantÄ'Å for the cubic phasesis presented.For the wurtzite
nitridesthepressurebehavior of the respective tensorcomponentsis plottedin Figs.4.10and
4.11.Independentof thepolytypeandof thenitride,thequantitiesunderconsiderationdecrease
monotonouslywith rising pressure,except for the � ZB � zz componentof 2H-AlN. The latter
exhibits a saturationbetween10 and20 GPa, followedby a significantincrease.This is likely
dueto the mentioneddehybridizationaccompanying the tetrahedrondeformation.In general,
the pressure(and, hence,volume) dependenceis more pronouncedfor GaN becauseof the
strongercovalentbondingin AlN.

The numericalresultsfor the initial slopesof the logarithmic volumeaswell asthe pres-
surebehavior of the Born effective charge aregiven in Table4.5. The pressure-inducedre-

Table 4.5 Logarithmic derivative Æ�Ç ln ZB È Ç ln V É V Ê V0 and pressurecoefficients
Æ�Ç ZB È Ç pÉ pÊ 0 (10¦ 3 GPa¦ 1) of the(tensorcomponentsof the)Borneffectivecharge
of zinc-blende(wurtzite)AlN andGaN.Availableliteraturedataaregivenfor com-
parison.

AlN GaN

ZB Æ ZB É xx Æ ZB É zz ZB Æ ZB É xx Æ ZB É zz

Æ�Ç ln ZB È Ç ln V É V Ê V0 present 0.074 0.086 0.022 0.149 0.137 0.151

calc.a 0.139

Æ�Ç ZB È Ç pÉ pÊ 0 present Ë 0 ª 9 Ë 1 ª 0 Ë 0 ª 3 Ë 1 ª 8 Ë 1 ª 7 Ë 2 ª 0
exper.b Ë 2 ª 4 Ì 0 ª 5

a [Sen95] b [Per99]
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Figure 4.10 Pressuredependenceof (a) thetwo independenttensorcomponentsof theBorn
effective charge, (b) thehigh-frequency dielectricconstant,(c) thescreenedeffective charge
and(d) thestaticdielectricconstantof 2H-GaN.For comparisonthe3C resultsareplottedas
dashedlines.Thethin linesin (b) representexpression(4.2).
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Figure4.11 SameasFig. 4.10,but for 2H-AlN.

duction of thesedynamicalion charges indicatesa charge redistribution from the nitrogen
atomsto the gallium or aluminiumatomscomparedto the pressure-freesituation. Although
this holdsfor atomsbeingdisplacedfrom their equilibrium positions,we find the sametrend
asalreadydescribedfor the static ionic charge definedby the charge asymmetrycoefficient
(cf. Fig. 4.4). Thedynamicandthe staticcharge of the cubic polytypesarecomparedin Fig.
4.12(a).Thechargeasymmetrycoefficient takessimilarvalues,while theBorneffectivecharge
differs for GaNandAlN and,in particular, coversdifferentrangesof values.For AlN, which
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Figure 4.12 (a) Comparisonof the Born ef-
fectivechargewith thestaticchargeasymme-
try coefficient (for thewholepressurerange).
(b) Differenceof the model effective charge
(seetext) andtheab initio resultfor theBorn
effective charge versushydrostaticpressure.
Solid line: 3C-GaN,dashedline: 3C-AlN.
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hasa higherstatic ionicity, this rangeis smallerthan for GaN. Interpretingthe staticcharge
asymmetrycoefficient g asa bondpolarizability, it canbe relatedto the dynamiccharge by
Zmodel

B � � 1
2 ¢ Z ¡ 4g ¡ 8

3g � 1 � g2� , with ¢ Z � 2 asthedifferencebetweenthenumberof
valenceelectronsof groupIII andV elements[Har89]. For thenitridesconsideredhere,theg
valuesareratherlarge,andthereforetheuseof themodelformula leadsto anoverestimation
of thedynamiccharge,asis shown in Fig. 4.12(b).For AlN, this differenceis nearlyconstant,
whereasfor GaNit increaseswith pressure.Therefore,thepressuredependenceobtainedfrom
themodel, Ð Zmodel

B � Ð p � � 20� 3 � 8g2� Ð g� Ð p, givescorrectlytheonefoundfor AlN, whereasit
slightly overestimatestheonefor GaN.This justifiestheuseof themodelpressuredependence
having beenusedthroughouttheliterature.

Thevariationof thehigh-frequency dielectricconstantsversuspressure,asshown in Figs.
4.9(b),4.10(b)and4.11(b),exhibits a significantnonlinearbehavior alreadyfor not too large
pressures.Accordingto the bond-orbitalmodel [Har89], the underlyingvolumedependence
maybedescribedby

Ä'Å � V � � 1 ¡ [ Ä'Å � V0� � 1] � V0 � V � 5� 3
1 ¡ C � V0 � V � 4� 3 � 1

3� 2 (4.2)

with acertainconstantC. It is relatedby

C � 1

2

B0

Ä'Å � V0 � � 1
� ÐÑÄ'ÅÐ p pÒ 0

¡ 5

3

to the bulk modulusB0 andthe linear pressurecoefficient � ÐÑÄ'Å � Ð p� pÒ 0. This constanttakes
the valuesC � 1 ± 39 (3C-GaN) and1.07 (3C-AlN); whenappliedto the tensorcomponents
of thewurtzitephasematerials,onehasC � 1 ± 29 and1.30(2H-GaN,xx andzz component,
respectively) as well as 1.08 and 1.05 (2H-AlN, analogously). With relation (4.2) the low-
pressurerangefor AlN (i.e., below 10 GPa) is excellently reproduced,whereasfor GaN the
approximationis applicableevento slightly higherpressures(about15GPa).

Very interestingis thebehavior of thescreenedchargesZ ÓB � ZB ��Ô Ä'Å underpressureas
presentedfor thezinc-blendenitridesin Fig. 4.9(c).Thepressuredependencesof thedynamic
ionic chargeandof thedielectricconstantnearlycanceleachother. As aneteffect, thescreened
charge increasesslightly with increasingpressure.For AlN thescreenedchargevariesonly in
therangeZ ÓB ° 1 ± 21 ±�±�± 1 ± 22. Dueto theweaker covalentbondsin GaNthenetpressureeffect
on Z ÓB is morepronounced.Thereis a tendency for a saturationat ratherlargepressures.For
the hexagonalpolytypesone obtainsan analogousbehavior becauseof the similar pressure
dependence,ascanbeseenfrom Figs.4.10(c)and4.11(c).

4.4.2 Uni- and Biaxial Strain

The Born and screenedeffective chargesas well as the high-frequency and static dielectric
constantsof 3C-GaNand3C-AlN arepresentedin Figs.4.13and4.14,respectively. They show
a markedly nonlinearbehavior. Nevertheless,despitetheeasilynoticeabledifferencesbetween
3C-GaNand3C-AlN, thebasictrendis thesamefor thetensorcomponentsof theBorneffective
charge. However, oppositetrendsfor the tensorcomponentsof thedielectricconstantsoccur.
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Figure 4.13 Tensorcomponents(xx ë zz) of (a) theBorn effective charge ZB, (b) the high-
frequency dielectricconstantì�í , (c) the screenedeffective charge Z îB, and(d) the staticdi-
electricconstantì s of 3C-GaN versusstrain. Solid line: biaxial strain ïñð , dot-dashedline:
uniaxialstrain ïóò ò .
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Figure4.14 SameasFig. 4.13,but for 3C-AlN.

On theotherhand,thevariationwith strainis smallerfor AlN (notethedifferentscales)andit
turnsoutthatthetrendfor thescreenedeffectivechargeis nearlythesamein 3C-GaNand-AlN.
Thedifferenceremains,however, in thestraindependenceof thestaticdielectricconstant.

TheBorn andscreenedeffective chargesaswell asthehigh-frequency andstaticdielectric
constantsbehave rathersimilarly for 2H-GaN(asshown in Fig. 4.15)and2H-AlN (asshown
in Fig. 4.16),at leastconsideringthesignof thelinearstraincoefficientsfor biaxial or uniaxial
strain(cf. Table4.6). The mostsignificantexceptionsconcernthe zz componentboth of the
Bornchargeandof thestaticdielectricconstantversusuniaxialstrain.Bothshow amonotonous
increasewith strainfor GaN,whereasa decreaseis observedfor AlN. For uniaxialstrain,also
thexx componentof theBorn chargebehavescontraryin GaNandAlN.

Mostly, the quantitiesin Figs.4.15and4.16behave moreor lessdifferentwith respectto
biaxial or uniaxial strain. The main reasonis the oppositeeffect of the strainsparallel and
perpendicularto the c axis. For GaN, the componentsof the high-frequency (HF) dielectric
constantnearlyfollow thebehavior of thecorrespondingbondlengths(parallelaswell asnearly
perpendicularto thec axis). Thesametrendholdsfor AlN but is muchlesspronounced.The
in-planetensorcomponentsof thescreenedeffective chargesfor bothGaNandAlN arerather
insensitive to both biaxial and uniaxial strain. On the other hand,the zz componentsshow
oppositetrendswith biaxial or uniaxial strain. For GaN this is dueto the oppositetrendsof�������

zz, whereasfor AlN this originatesfrom thebehavior of
�
ZB

�
zz.
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Figure 4.15 Tensorcomponents(xx ë zz) of (a) the Born effective charge ZB, (b) thehigh-
frequency dielectricconstantì í , (c) the screenedeffective charge Z îB, and(d) the staticdi-
electricconstantì s of 2H-GaN versusstrain. Solid line: biaxial strain ï ð , dot-dashedline:
uniaxialstrain ïóò ò .
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Figure4.16 SameasFig. 4.15,but for 2H-AlN.

Table 4.6 Calculatedstrain-freevaluesX0 aswell as linear andquadraticstraincoefficients
1

X0

�
X��
������

0
, 1

X0

� 2X��
 2����� 0
of tensorcomponentsof dielectricproperties(X � ZB, Z îB, ì í , ì s, � ì )

of thewurtzitenitrides.First value:linearcoefficient,secondvalue:quadraticcoefficient.

property 2H-GaN 2H-AlN

X X0 ( ï ð ) ( ï ò ò ) X0 (ï ð ) (ï ò ò )�
ZB � xx 2 � 60 0 � 474 0 � 011 � 0 � 133 0 � 006 2 � 54 0 � 175 0 � 010 0 � 011 � 0 � 005�
ZB � zz 2 � 74 0 � 189 0 � 076 0 � 125 0 � 096 2 � 70 0 � 521 0 � 106 � 0 � 319 0 � 098�
Z îB � xx 1 � 14 � 0 � 287 � 0 � 065 � 0 � 198 � 0 � 027 1 � 23 � 0 � 119 � 0 � 028 � 0 � 073 � 0 � 017�
Z îB � zz 1 � 18 0 � 157 � 0 � 031 � 0 � 536 0 � 016 1 � 27 0 � 441 0 � 036 � 0 � 519 0 � 034��� í � xx 5 � 20 1 � 525 0 � 176 0 � 129 0 � 068 4 � 30 0 � 588 0 � 081 0 � 170 0 � 025��� í � zz 5 � 39 0 � 062 0 � 214 1 � 309 0 � 184 4 � 52 0 � 160 0 � 140 0 � 399 0 � 134���

s� xx 9 � 24 2 � 371 0 � 308 0 � 161 0 � 031 8 � 00 1 � 493 0 � 194 0 � 363 0 � 007���
s� zz 10� 35 1 � 158 0 � 093 1 � 287 0 � 432 9 � 56 2 � 159 0 � 308 � 0 � 339 0 � 489� � � � xx 4 � 04 3 � 460 0 � 240 0 � 201 � 0 � 008 3 � 70 2 � 544 0 � 162 0 � 588 � 0 � 007� � � � zz 4 � 96 2 � 347 � 0 � 019 1 � 262 0 � 351 5 � 04 3 � 956 0 � 229 � 1 � 002 0 � 404
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Apart from the in-planecomponentsof the dielectric constantsas functionsof uniaxial
strain, the otherdielectriccomponentsin Figs. 4.15and4.16 (right panels)aswell as in Ta-
ble 4.6 (lower part) indicateremarkablechangesinducedby strain. Outstandingexamplesare
thestaticdielectricconstantsand � Ä GaNÅ � xx versusbiaxial strain.They possessthelargeststrain
coefficientsof all quantitiesconsidered.Apart from � Ä s� zz of AlN in the caseof uniaxial dis-
tortionsthestraincoefficientsin Table4.6 arepositive. However, somecomponentsexhibit a
rathernonlinearbehavior. This holds in particularfor � Ä'Å � zz versusbiaxial strainand � Ä s� zz

versusuniaxialstrain.
Thelatticecontributionsto thestaticpolarizabilitiesof thegroup-III nitridesaregivenby

� ¢ Ä ����� � � Ä s����� � � Ä'Å ����� � 2e2 � ZB � 2� �
Ä 0V!#" 2

TO ��$!� ± (4.3)

This expressionfollows from a combinationof relations(3.4) and(3.3). For the nitridesthe
relative contribution of the lattice to Ä s is unusuallylarge (approximately50%), beingabout
1.5timesstrongerthanfor SiC.Furthermore,thedifferencebetweenthexx andthezz compo-
nentsis stronglyenhancedfor the staticonecomparedto the HF dielectricconstant,i. e., the
anisotropy is muchlarger for Ä s thanfor Ä'Å . This is dueto thedifferentLO–TO splittingsfor
the A1 andthe E1 phononmodes(seenext section).Thevariationof the latticepolarizability
for bothdirections$ � x andz is relatively weakfor uniaxialstrain(cf. Table4.6). However,
thelinearcoefficientsfor biaxial strainapproachrelatively largevaluesasdo alreadythecoef-
ficientsof thedielectricconstantsthemselves.Thatimpliesa remarkableincreaseof thelattice
polarizabilitywith rising valuesof tensilebiaxial strain.

4.5 Zone-CenterPhononFrequencies

4.5.1 Hydr ostaticPressure

Thepressuredependenceof the zone-centerLO andTO phononfrequenciesis shown in Fig.
4.17 for the cubic polytypes3C-GaN (a) and3C-AlN (b). In the lower part their differences
areplotted. Thereis a monotonousincreasefrom the zero-pressurevalues" LO � 750 (907)
cm® 1, " TO � 560 (662) cm® 1, and " LO �%" TO � 190 (245) cm® 1 for GaN (AlN) with
rising hydrostaticpressure.In the low-pressureregion the calculationsessentiallyreproduce
the Ramanmeasurementsfor 3C-GaN [Sie97, Kar98]. The physicsof this behavior can be
explainedusinga descriptionwith elasticbond-stretchingandbond-bendingforceswithin a
Keating model [Kea66] and, respectively, of the Coulomb forces by an Ewald summation
technique[Sri90]. The two characteristiczone-centerfrequenciesfollow within this model
as[Gri00]

" 2
LO/TO ��&�� � 1

Mc
¡ 1

MN
4$ ¡ 4' ¡ cLO/TO

(
f (4.4)

with thecationmassMc, thenitrogenmassMN, theradial($ ) andangular(' ) forceconstantof
theKeatingmodel,cLO � 2� 3, cTO � � 1� 3, andtheCoulombforceconstant

(
f � e2Z2

BÄ 0Ä'Å V
± (4.5)
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Figure 4.17 Pressuredependenceof the
zone-centeroptical frequenciesfor the zinc-
blendephaseof (a) GaN and(b) AlN (upper
panels).Thedifferenceof theopticalphonon
frequenciesis plottedin thelowerpanels.The
experimentalresults[Sie97] are indicatedby
filled squares.

Theincreaseof ) LO and ) TO mainly follows theincreaseof theradialforceconstant*,+ 1- dn

with decreasingbondlengthd but is modifiedby theincreaseof theCoulombforceconstant.

Theincreaseof theLO–TO splittingsof 3C-GaNand3C-AlN in Fig. 4.17is in contrastto
the behavior of mostof the otherIII-V semiconductorsincluding BN [San83]. The reasonis
thenetpressureeffect discussedabove for thescreenedion charge. Theeffect of the increase
of Z .B (cf. Fig. 4.9)is enhancedby theeffectof thefactor1- V in theCoulombforceconstantin
Eq. (4.5). Therefore,althoughtheLO–TO splitting of GaNandAlN increases,thesematerials
becomelessionic with pressure,in contrastto SiC [Kar96].

Thepressuredependenceof all zone-centermodesin thewurtzitecrystalsis plottedin Fig.
4.18. Generally, with the exceptionof the lower E2 modes,the phononfrequenciesincrease
with rising pressurefor reasonsthathave alreadybeendiscussedin thezinc-blendecase.The
agreementwith thepressuredependencesfoundexperimentallyis reasonable.It is remarkably
improvedconsideringtheLO–TO splittingsin thelower panelsof Fig. 4.18.

Over thewholepressurerangeplottedin Fig. 4.18,thereis aremarkabledifferencebetween
2H-GaN and2H-AlN concerningthe A1 andthe B1 modes.They show a significantdrop in
their pressuresensitivity for AlN, or even a saturation-like behavior. The excitation of these
modesis accompaniedby atomicdisplacementsalongthec axis. Consequently, thehigh-pres-
surebehavior is relatedto thestructuralchangesasdiscussedfor theinternalparameteru.

The increasingLO–TO splitting, which is observed theoreticallyand experimentallyfor
both nitrides (cf. the lower partsof Fig. 4.18), is due to the pressurebehavior of the corre-
spondingcomponentsof the dynamiceffective charge tensorand of the dielectric constant,
respectively, wherethezz componentsapplyto themodeswith A1 symmetryandthexx com-
ponentsto thosewith E1 symmetry. By comparisonwith theresultsfor thezinc-blendecasein
Figs.4.10and4.11,onederivesthesameinterpretationalsofor thewurtzitecase.Thescreen-
ing of the decreasingdynamiccharge is reduced,and the increasingLO–TO splitting is not
due to an increasein ionicity. The presentresultsare in contrastto the experimentsof Per-
lin et al. [Per99]. They found a decreasingsplitting of the A1 modesin 2H-GaN. However,
theirLO andTO modesweremeasuredindependentlyfrom two differentsamples,whereasthe
experimentalresultscitedherewereobtainedfrom thesamesample[Sie97].
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Figure4.18 Pressuredependenceof thezone-centeropticalfrequenciesfor wurtziteGaN(left
panels)andAlN (right panels).In addition,thedifferenceof LO andTO phononfrequenciesof
thesamesymmetryareshown (lower parts). Experimentalresults[Sie97, Sie98] areincluded
for comparison(filled diamonds– A1 modes,opencircles – E2 modes,filled squares– E1

modes).

The anomalousvariationof the lower E2 frequenciesis a consequenceof the interplayof
theEwald andtheHartreeenergy. Figure4.19shows thatfor the Ehigh

2 mode,upona displace-
mentof the atoms,the Ewald energy causesthe total energy to increase,whereasthe Hartree
contribution causesit to decrease;theoppositeholdsfor the Elow

2 mode,Fig. 4.20.This means
thatthehigh-frequency E2 modeis stabilizedby theEwald energy andthattheHartreecontri-
butiondestabilizesthismode.As aneteffect,underhydrostaticpressurefor theEhigh

2 modethe
stabilizinginfluenceincreasesmorethanthedestabilizingone,sothatthefrequency increases.

For the Elow
2 mode,Fig. 4.20shows that the influenceof EHartreeandEEwald is reversed,so

thatnow theEwald contribution hasa destabilizinginfluence.We notethat themodepatterns
shown in Fig.3.2exhibit acharacteristicdifference:For thehigh-frequency E2 mode,theatoms
of acation-anionpairarrangedparallelto thec axisaredisplacedto thesameside,whereasfor
the low-frequency E2 modethey aredisplacedin oppositedirections.Sincealsofor the Elow

2
modethe pressuredependenceof the Ewald energy is the mostpronouncedone,the phonon
frequency of the Elow

2 modeis reducedunderpressureasmuchas this destabilizationis not
compensatedfor by theotherenergy contributions.In GaNonehasonly apartialcompensation
due to the band-structureenergy and the Hartreecontribution, and the frequency decreases
underpressure.In AlN, first, the destabilizinginfluenceof the Ewald energy is lessmarked
thanin GaN,andsecond,thereis a net cancellationof all contributions,so that a very weak
pressuredependenceof thismoderesults.
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Figure 4.19 Frozen-phononenergy contributions vs total displacementfor the Ehigh
2 mode

(upperparts). Left panel: GaN, right panel: AlN. The solid anddashedlines arefits [using
Eq. (2.76)] to thefive datapoints(circlesandsquares)closeto d L 0Å. Solid linesandopen
circles: p L 0GPa, dashedlines and opensquares:p L 14GPa. In the lower parts, the
pressure-induceddifferenceM E (of thefitting curves)is shown. Note thedifferentscalingof
theordinatesfor GaNandAlN.
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Figure 4.20 As in Fig. 4.19,but for the Elow
2 mode.Here,theordinatesarescaledidentically

for GaN(left) andAlN (right).
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Figure 4.21 Phononfrequen-
ciesof 3C-GaN(left panels)and
3C-AlN (right panels)versusbi-
axial strain. Solid lines: zone-
centermodes;dottedlines: X-
pointmodes.

4.5.2 Uni- and Biaxial Strain

Thebiaxial straindependenceof thezone-centerphononfrequenciesof 3C-GaNand3C-AlN
is plottedin Fig. 4.21,andthedependenceon uniaxialstrainis given in Fig. 4.22. Dueto the
tetragonalsymmetry, theTO modessplit into B2 andE modesaccordingto their polarization,
with atomicdisplacementsalongthec axisfor the B2 modesandwith thosein thexy planefor
the E modes.

The straindependenceof the zone-centerphononfrequenciesof 2H-GaN and2H-AlN is
plottedin Fig. 4.23. Thereis a generaltendency in thestraindependencefor all modesunder
considerationexceptfrom the lower E2 modes.With rising compressivestrainthe modefre-
quenciesincreaseaswasalreadyobservedfor hydrostaticpressure.Here,it occursfor biaxial
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Figure 4.23 Zone-centerphononfrequenciesof 2H-GaN(left panels)and2H-AlN (right pan-
els)versusbiaxial strain ]_^ (solid line) anduniaxialstrain ]_` ` (dot-dashedline). In addition,the
LO–TO andanisotropy-relatedsplittingsaregiven.

anduniaxialdistortions,but with differentstrength.In general,thestrainvariationsarelarger
in thebiaxial casecomparedto theuniaxialone.However, the A1(TO) andBlow

1 modesin AlN
remainnearlyunaffectedby uniaxial strain. Closerinspectionrevealsthat they even show a
weaklynonlinearbehavior.

In thehydrostaticlimit theeffectcanbeexplainedby ageneralshorteningof thebondsand,
asa consequencethereof,anenlargementof the forceconstants.In thecaseof biaxial strain,
i. e., a reductionof the a-lattice constantaccompaniedby a smallerincreaseof the c-lattice
constant,this bondcontractionhappensmainly for the threebondsnonparallelto the c axis
(cf. Fig. 4.7). Similarly, undercompressive uniaxialstrainthebondsarealsoshortened,but in
particulartheoneparallelto thec axis(cf. Fig. 4.8). However, thechangein unit cell volume
thatoccursalongwith thesebond-lengthvariationsis muchlarger in thecaseof biaxial strain
thanfor the uniaxial one,which partly accountsfor the differentmagnitudeof the frequency
shifts.

The lower E2 modesin Fig. 4.23behave oppositelyunderbiaxial anduniaxial strain. As
underhydrostaticpressure,thesemodesare softenedwith rising compressivebiaxial strain.
For GaN, the experimentallydeterminedphonondeformationpotentials[Dav97] confirm the
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positivesignof thebiaxialmodecoefficient, i. e.,themodesoftening.Recently, theshift of this
modeto higherenergy undertensilebiaxial strainhasbeenobserved experimentallyalsofor
AlN [Pro01]. However, in thepresenceof uniaxialstrainthebehavior of thelower E2 modesis
“normal.”

4.6 PhononMode Coefficientsand Deformation Potentials

4.6.1 Hydr ostaticPressure

Thelow-pressurebehavior of aphononfrequency is describedby themodeGrüneisenparame-
ter

a
j bdc

e
ln f je
ln V V g V0

b B0

e
ln f je

p pg 0
(4.6)

for a mode j with the frequency f j . Calculatedandmeasuredvaluesarecollectedin Table
4.7 for the cubic crystals. The presentcalculationaswell as the available linear-muffin-tin-
orbital (LMTO) studiesof the TO phonon[Kim96, Gor95] give larger Grüneisenparameters
for GaN in comparisonwith AlN asa consequenceof the strongercovalentbondingin AlN
and,therefore,larger force constantshjilk [cf. Eq. (4.4)]. Thereby, the presentplane-wave
resultsunderestimatethe experimentalGaN values,whereasthe LMTO treatmentsgive too
large a modeGrüneisenparametera TO. A possiblesourcefor the discrepancy is the useof
differentbulk moduli B0 in thedeterminationof theGrüneisenparameters.

With theexceptionof thoseof thelow-frequency E2 modes,themodeGrüneisenparameters
in Table4.8 arepositive. They arerathercloseto thevaluediscussedin thezinc-blendecase.
This alsoholdsfor the larger GaN values,exceptfor the high-frequency E2 mode,wherethe
Grüneisenparameteris slightly larger for AlN. One set of experimentalvaluesfor 2H-AlN
[Per93a] seemsto fall off thecommontrendandshouldbeusedwith care,especiallysincethe
authorsdonot confirmtheseresultsin a subsequentwork [Per93b].

For the lower E2 modesof 2H-GaN and2H-AlN we find Grüneisenparametersthat are
negative or nearly zero in reliable agreementwith the Ramanmeasurements[Sie97, Sie98,

Table 4.7 ModeGrüneisenparameterm j for zinc-blendeGaNandAlN. Othercalculatedand
experimentalvaluesarealsogiven.Besidesvaluesfor zone-centermodesalsothoseof phonons
at thezone-boundary(L point) arelistedfor comparisonwith zone-centerwurtzitemodes.

Reference LO( n ) TO(n ) LO( n ) o TO(n ) LO(L) TO(L) LA(L) TA(L)

3C-GaN present 1.02 1 p 19 0.5 1.05 1.23 0.92 o 0 p 49

calc.[Kim96] 1 p 8
calc.[Gor95] 1 p 52

exper. [Sie97] 1.20 1 p 4 0.5

3C-AlN present 0.89 1 p 14 0.2 0.96 1.31 0.85 o 0 p 29

calc.[Kim96] 1 p 5
calc.[Gor95] 1 p 42
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Table4.8 ModeGrüneisenparameterm j for thezone-centerphononsin wurtziteGaNandAlN.
Othercalculatedandexperimentalvaluesaregivenfor comparison.

Reference E1(LO) A1(LO) Ehigh
2 E1(TO) A1(TO) Elow

2

2H-GaN present 0.99 0.98 1.28 1.19 1.21 o 0 p 35

calc.[Gor95] 1.60 1.48 1.52 o 0 p 20

exper. [Sie97] 1.20 1.50 1.41 1.51 o 0 p 4
exper. [Per93a] 1.80 1.61 1.18 o 0 p 43

2H-AlN present 0.91 0.82 1.34 1.18 1.02 o 0 p 02

calc.[Gor95] 1.66 1.48 1.50 o 0 p 28

exper. [Sie98] 1.06 1.58 1.41 1.51 0 p 1
exper. [San83] 1.0 1.0 1.6 1.6

exper. [Per93a] 1.65 2.38 1.48 q 0

exper. [Per93b] 0.38;0.4 1.26;1.34 1.58;1.68 q 0

Per93a, Per93b]. Accordingto the folding relationshipbetweenpointsin thezinc-blendeand
wurtzite Brillouin zones,the Elow

2 modesat r in wurtzite correspondto TA(L) modesof the
zinc-blendestructure.This is reflectedby the fact that the Grüneisenparameterof the TA(L)
modesa TA s L .tbdc 0 u 5 and c 0 u 3 for 3C-GaNand3C-AlN, respectively, have thesamesignand
orderingasthoseof thecorrespondingE2 modesof thewurtzitestructures.

4.6.2 Uni- and Biaxial Strain

The linear straincoefficients [cf. Eq. (2.113)] K vxwzy{y}| j ~ (in cm� 1) of the wurtzite nitridesare
listed in Table 4.9. In addition, in this table the linear stresscoefficients K vxw_y{y}| j ~ per unit
stress(i. e., in units of cm� 1/GPa) aregiven. They areobtainedfrom the strain coefficients
K vxwzy{y}| j ~ usingthecalculatedelasticstiffnessconstantspresentedin Table4.4. For GaN,these
coefficients are comparedwith experimentalresultsfor j b Elow

2 , A1(TO), E1(TO), Ehigh
2 ,

and A1(LO) [Dav97, Dem96, Kis96, Klo98, Age98, Wie00]. For GaN, several experimental
deformationpotentialsandstresscoefficientsexist for the Ehigh

2 mode. In general,very good
agreementis obtainedwith thecoefficientsmeasuredby Davydov etal. [Dav97]. Thisholdsnot
only for the Ehigh

2 but alsofor othermodes,in particularfor E1(TO). For thestresscoefficient
of thismode,anotherexperimentalresult[Wie00] showsverygoodagreementwhenalargerset
of samplesis usedfor fitting, which thencoversawider strainrange.

It is importantto noticethattheoriginally publishedexperimentalbiaxialmodecoefficients
only seldomarethedirectly measureddata.Either thepublishedvaluesarealreadyconverted
to stresscoefficientsvia elasticstiffnessconstants[Kis96, Age98, Pro01, Wie00], or themode
coefficientswerereconstructedfrom phonondeformationpotentials[Sar02, Gle03] whichhave
beenobtainedby meansof additionalmodepressurecoefficients (or Grüneisenparameters),
or bothconversionshave beenmade[Dem96, Dav97]. Dueto thesevaryingprocedures,addi-
tional errorsareintroducedto the results.On the otherhand,in [Klo98] no suchconversions
have beenemployed,andthestraincoefficient is givenonly with respectto � zz, sincethevari-
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Table 4.9 Linear coefficients per unit strain, K ^���` `�� j � (in cm� 1), or per unit stress,K ^���` `}� j � (in
cm� 1/GPa), of the zone-centervibrational modes j of 2H-GaN and 2H-AlN. The last two columns
give valuesfor theLO-TO splittings.Theobtainedbiaxial coefficientsarecomparedwith experimental
results.a� i In someworksthebiaxial straincoefficientwasobtainedrelative to thec-axisstrain,] zz, and
not to the in-planestrain, ]z^ . For clarity, heretheoriginally measureddataarelistedandthenecessary
conversionis indicatedby theadditionalfactorRb

c . Whereappropriate,theexperimentalcoefficientsare
recalculatedto correctfor a wrong conversionformula or deviating valuesof the elasticstiffnesscon-
stants.Theresultingnumbersaregivenin parenthesis.Thevaluesin bracesareobtainedfrom a fit that
coversawider strainrange.c

Elow
2 Blow

1 A1(TO) E1(TO) Ehigh
2 Bhigh

1 A1(LO) E1(LO) LO o TO

A1 E1

2H-GaN

K ^�� j � 154 o 527 o 931 o 1139 o 1115 o 836 o 885 o 1198 46 o 59

240a o 671a o 1341a o 1293,a o 191 ��o 842� b

o 693 ��o 1214� ,b
o 2632Rb

c ��o 1395� ,d
o 2537Rb

c ��o 1345� e

K � ��� j � o 24 o 149 o 443 o 300 o 418 o 696 o 618 o 389 o 175 o 89

K ^�� j � 0.33 o 1 p 14 o 2 p 01 o 2 p 46 o 2 p 41 o 1 p 81 o 1 p 91 o 2 p 59 0.10 o 0 p 13

0.5a o 1 p 4,a o 2 p 8a o 2 p 7a, o 0 p 8 ��o 1 p 8� b

o 3 p 0 ��o 2 p 1� c o 3 p 9 ��o 3 p 3� ,c
o 2 p 9 ��o 2 p 5� ,b
o 4 p 2 ��o 2 p 9� ,d
o 4 p 8 ��o 2 p 8� ,e

o 2 p 4f

K � ��� j � o 0 p 06 o 40 o 1 p 19 o 0 p 80 o 1 p 12 o 1 p 87 o 1 p 67 o 1 p 04 o 0 p 47 o 0 p 24

2H-AlN

K ^�� j � 439 o 1047 o 1330 o 1208 o 1198 o 738 o 1038 o 1233 292 o 25

o 4398Rb
c ��o 2239� ,g

o 1396i o 1502i o 1689i o 692i

K � ��� j � o 288 40 o 70 o 391 o 532 o 516 o 434 o 442 o 355 o 51

K ^�� j � 0.94 o 2 p 23 o 2 p 84 o 2 p 58 o 2 p 55 o 1 p 57 o 2 p 21 o 2 p 63 0.62 o 0 p 05

o 6 p 3 ��o 4 p 4� ,g
o 3h

o 2 p 8i o 3 p 0i o 3 p 4i o 1 p 4i

K � ��� j � o 0 p 89 0.12 o 0 p 22 o 1 p 21 o 1 p 65 o 1 p 60 o 1 p 35 o 1 p 37 o 1 p 10 o 0 p 16
a cf. [Dav97]. d cf. [Kis96]. g cf. [Pro01].
b cf. [Dem96]. e cf. [Klo98]. h cf. [Sar02].
c cf. [Wie97] and[Wie00]. f cf. [Age98]. i cf. [Gle03].
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ation of the lattice constantc is measured.For this result,a correctionis necesssarydue to
anothersourceof errorthatoccasionallyoccursin thepublishedvaluesfor K v , which consists
of the useof a wrong relation[Rie96] between��v and � zz. Furthermore,in [Kis96] isotropic
elasticmoduli have unnecessarilybeenextractedfrom thestiffnessconstantsaccordingto the
Voigt average[Voi10], which appliesonly to polycrystallinesamplesthatconsistof crystallites
having arbitraryorientation.Therefore,it hasto benoticedthatthepublishedvaluesin several
casesdependon theprocedureandtheparametersetsusedfor their extractionfrom the“raw”
experimentaldata. For instance,the resultsfor 2H-AlN [Pro01] wereobtainedusingelastic
constants[Dav98] thatyield wrongvaluesfor theelasticrelaxationcoefficients.Instead,if one
employs the resultsof McNeil et al. [McN93] for the elasticconstants,the valueof themode
coefficient for thehigh-frequency E2 modeof AlN is considerablylowered[Pro01]. But still,
theagreementbetweentheexperimentalandthetheoreticalresultis not complete.

In severalpapersthemeasuredfrequency shift versusthec-axisstrain, ��f���� zz, is givenex-
plicitly. Therefore,to minimizetheinfluenceof additionalerrorswepreferto list theseoriginal
datain Table4.9 wherepossible.They are identifiedby the necessaryconversionfactor Rb

c,
whichhasbeenaddedfor consistency. In orderto avoid theinfluenceof differentformulasand
elasticconstants,thestresscoefficientswerepartly recalculatedfrom the originally measured
data,usingmeasuredelasticstiffnessconstantsfor bothGaN[Pol96] andAlN [McN93]. The
reevaluationbringstheexperimentalresultsrathercloseto thecalculatedones.This holdses-
peciallyfor thebiaxial straincoefficientsandtheaccompanying stresscoefficientsfor the Ehigh

2
and A1(LO) modesof GaN.For thesemodestheagreementcanbeconsideredto beexcellent.
In general,comparingthe calculatedandmeasuredcoefficients for GaN andconsideringthe
uncertaintiesof theexperimentalresultsandthevariationsamongthedifferentmeasurements,
theagreementbetweentheoryandexperimentin Table4.9 is very satisfactory. Thedatacon-
firm theweakdependenceon the modesymmetry. Theconsiderableloweringof thevalueof
the stresscoefficient of the Ehigh

2 modeof GaN dueto the recalculationimplies that by using
theRamanshift of this modeasa measurefor thebiaxial strain,up to now theaccompanying
stresshasbeenunderestimated.

Sometimes,in thecaseof a biaxially strainedcrystala relationof thefrequency shift to the
relative volumechange,��f�| j ~ b�c f 0 | j ~ a | j ~�� V � V0, is usedasanapproximation,with the
phononfrequency in thestrain-freesituation,f 0 | j ~ , andthemodeGrüneisenparameter, a | j ~ .
This relation is strictly valid only in the presenceof hydrostaticpressureand, therefore,its
applicationto thecaseof biaxial strainhasto bejustified. It simply meanstheuseof K �v | j ~ b
c f 0 | j ~ a | j ~�| 2 c Rb

c ~ insteadof K v�| j ~ b 2a | j ~ c Rb
cb | j ~ . Sincein termsof the phonon

deformationpotentialsonehasK �v | j ~ b�� 2a | j ~�i Rh
cb | j ~��_| 2 c Rb

c ~���| 2 i Rh
c ~ , for thenitrides

underconsideration,this “hydrostaticapproximation”is only valid for thosemodeswherethe
deformationpotentialsa | j ~ andb | j ~ arenearlyequal.Thecalculatedphononfrequency in the
strain-freecaseandthedeformationpotentialsarelisted in Table4.10. It canbeseenthat for
GaNthecriterionof nearlyequalvaluesfor a | j ~ andb | j ~ is fulfilled only for the Ehigh

2 , holds
approximatelyfor the A1(TO) andE1(LO), but fails for the Elow

2 , E1(TO), and A1(LO) mode.
From the experimentallydeterminedmodeGrüneisenparameter[Goñ01], a | Ehigh

2 ~ b 1 u 50,
the measuredzero-pressurefrequency [Goñ01], f 0 | Ehigh

2 ~ b 567u 0cm� 1, andthe relaxation
coefficient resultingfrom the elasticconstantsof Polian et al. [Pol96], the numericalvalue
of K �v | Ehigh

2 ~ b�c 1248cm� 1 is obtained.Usingagain theelasticconstantsfrom [Pol96], this
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Table4.10 Phonondeformationpotentialsa � j � andb � j � (in cm� 1) for wurtziteGaNandAlN.
Additionally, theresultingisotropicandsheardeformationpotentials,K iso � j ��L 2a � j � � b � j �
andK sh� j �¡L 2 ¢ a � j �£o b � j ��¤ , aregiven. Themodefrequencies¥�� j � (in cm� 1) calculatedin
thestrain-freecasearealsolisted.

Elow
2 Blow

1 A1 � TO� E1 � TO� Ehigh
2 Bhigh

1 A1 � LO� E1 � LO�
2H-GaN ¥�� j � 142 337 540 568 576 713 748 757

a � j � 78 o 335 o 645 o 715 o 736 o 666 o 667 o 774

b � j � 2 o 275 o 679 o 598 o 720 o 926 o 870 o 708

K iso � j � 158 o 945 o 1969 o 2028 o 2192 o 2258 o 2204 o 2256

K sh� j � 151 o 120 68 o 234 o 32 520 406 o 132

2H-AlN ¥�� j � 241 552 618 677 667 738 898 924

a � j � 148 o 573 o 765 o 841 o 886 o 596 o 731 o 870

b � j � o 221 o 196 o 393 o 745 o 906 o 764 o 737 o 808

K iso � j � 75 o 1342 o 1923 o 2427 o 2678 o 1956 o 2199 o 2548

K sh� j � 738 o 754 o 744 o 192 40 336 12 o 124

correspondsto avalueof thestresscoefficientof c 2 u 6cm� 1 � GPa,whichindeedapproachesthe
calculatedvaluegivenin Table4.9. Thereforeit is surprisingthatby usingthis approximation,
a value of c 3024cm� 1Rb

c hasbeenobtainedfor the biaxial strain coefficient of this mode
[Gie89]. This is probablydueto a modeGrüneisenparameterwhich is too large,sinceit was
derivedusingabulk modulusof 245GPa [Per92].
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Chapter 5

Short-Period GaN/AlN Superlattices

In this chapter, we investigatethe influenceof compositionandlayeredorderingon thestruc-
tural andvibrationalpropertiesof short-periodGaN/AlN superlattices(SLs), formedeitherin
thecubic[001] or thehexagonal[0001] direction.Themotivationfor thesestudiesis twofold:
Basicinformationaboutthe propertiesof thesestructuresis neededto supportthe useof Ra-
manandIR spectroscopy for materialcharacterization,andshort-periodsuperlatticesarechosen
sincetheir growth resultsin a homogeneouslystrainedstructure,makingit suitablefor various
applications.

The focusof this chapteris on the generalpropertiesandthe physical peculiaritiesof the
phononsin thenitride SLs,sincethenumericallyratherdemandingcalculationsfor the larger
cellsallow to draw mainly qualitative conclusions.

5.1 Structural Properties

5.1.1 Symmetry and Relaxation

In general,anm ¦ n SL composedof two binarymaterialsA andB consistsof alternatinglayers
containingm atomicbilayersof materialA andn atomicbilayersof materialB. Independent
of the symmetryof the SL, this is denotedasAmBn. A pseudomorphicm ¦ n SL basedon
zinc-blendebulk materialsstacked alongthe [001] directionhastetragonalsymmetry. More
precisely, if m i n is anevennumber, thesymmetryis simpletetragonalwith spacegroupD5

2d
(P4m2), but if it is anoddnumber, thesymmetryis body-centeredtetragonalwith spacegroup
D9

2d (I4m2) [Sap83]. In bothcases,theatomicbasisof theSL,viewedasabulk crystal,consists
of Nb b 2 | m i n~ atoms.For a pseudomorphicwurtzite-basedm ¦ n SL stackedalong[0001],
thesituationis significantlydifferent: If m i n is anevennumber, theSL hashexagonalsym-
metry with the symmorphicspacegroupC1

3§ (P3m1), whereasif it is an odd number, the SL
hashexagonalsymmetrywith thenonsymmorphicspacegroupC4

6§ (P63mc) [Kit98]. In thefirst
case,theatomicbasisof theSL consistsof Nb b 2 | m i n~ atoms,whereasin thesecondcase,
in orderto havetranslationalinvariancealong[0001],a fractionaltranslationis needed,making
theatomicbasistwice aslarge,i. e., Nb b 4 | m i n~ . This alreadyholdsfor the2H structureof
a binary compoundlike GaN or AlN with four atomsin the unit cell, sinceit correspondsto
m b 1 andn b 0. As a consequence,theunit cell of, e.g., anh-(1 ¦ 1)-[0001]SL containsfour
atoms,asdoesthecorrespondingoneof a c-(1 ¦ 1)-[001] SL (where,for clarity, “h” indicates
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↑


[001]

↑


[0001]

Figure5.1 Atomic structureof (AlN)1(GaN)1 superlattices(schematic).Mediumandlight gray
symbols:group-III atoms,darkgraysymbols:nitrogenatoms.Left: cubic [001] stacking;the
dashedlinesindicatea conventionalunit cube(cf. Fig. 2.1). Right: hexagonal[0001] stacking;
thedashedlines indicatea conventional2H cell, whereasthedasheddoubleline connectsthe
basisatomsbelongingto the indicatedcell (cf. Fig. 4.2). (By convention[Amb98], the [0001]
directionis givenby a vectorpointing from a group-III atomto thenearest-neighbourN atom
alongthec axis.)

a hexagonaland“c” a cubic-derived SL). Yet for an h-(AlN)2(GaN)1-[0001] SL the unit cell
containssix anion-cationlayers,i. e.,it is givenby 2[(AlN)2(GaN)1], whereasin theunit cell of
thecorrespondingc-(2 ¦ 1)-[001] SL thereareonly threesuchlayers.

Due to the loweredsymmetry, thereare more internal degreesof freedomin the atomic
arrangementfor theSLsthanfor thebulk crystals.Thesehave to betaken into accountin the
relaxationof the latticewhenminimizing thetotal energy for a givenstructureanda givenin-
planelattice constantby varying the atomicpositionsalongthe stackingdirection. For both
cubicandhexagonalSLsstudiedhere,themaininternaldegreeof freedomis therelativeheight
of theAlN andGaNpartsof theSL cell. Theatomicarrangementwithin eachmateriallayer,
however, is much more strictly governedby symmetryfor the cubic than for the hexagonal
SLs. In thecubic1 ¦ 1 SL, thereis no additionaldegreeof freedom,sincethereis a symmetry
alongthestackingdirection:Thelayersaresymmetricby meansof aC2 operationwith axesof
rotationperpendicularto thesidefacesof thecubeshown in theleft partof Fig. 5.1,positioned
atthecenteratomof therespectivemateriallayer(whichherearethecations).Thissymmetryis
presentin all c-(m ¦ n)-[001] SLs,sothat–– asin thebulk –– thereis nodifferencebetweenthe
“up” and“down” directions.In higher-ordercubicSLs,dueto this C2 symmetry, the internal
relaxationis symmetricto thecenterof the respective materiallayer. On thecontrary, for the
hexagonalSLs,thereis no additionalsymmetryconstraintexceptfor thefractionaltranslation
thatappliesto thoseSLswherem i n is odd. This meansthatalreadyfor theh-(1 ¦ 1)-[0001]
SL, theatomicpositionsof all four basisatomsare“free,” i. e.,thereis nosymmetryconstraint
for them.This makesa full relaxationof thehexagonalSLsratherdemanding.Therefore,this
full relaxationis only taken into accountfor the smallestSLs (m b n b 1), whereasfor the
largeronesonly therelative layerheighthasbeenrelaxed.

To studytheinfluenceof strainon thesuperlattices,we considerthreedifferentlatticecon-
stantsin the layer planesperpendicularto the stackingdirection. Theseare thoseof (zinc-
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blende/wurtzite)AlN andGaN bulk materialsaswell asan intermediaryonedeterminedby
macroscopicelasticity theoryasdescribedin Sect.2.6.3. The former onescorrespondto the
casethat the(pseudomorphicallystrained)short-periodSL is grown on a substrate,sothat the
in-planelattice constantis determinedby that of the substrate,whereasthe latter casecorre-
spondsto a free-standingSL. For eachin-planelatticeconstant,anatomicarrangementaccord-
ing to themacroscopicelasticconstants(cf. Sect.4.3)waschosenasstartingconfigurationfor
therelaxation.After relaxation,boththetotal heightof theSL cell (cSL) aswell astherelative
thicknessof the two materiallayerswere found to have changedin the following way: The
relaxedtotal cell heightis identicalto themacroscopicallycalculatedvalue.However, thereis
a trendfor an increaseof theGaNlayer thicknessat theexpenseof a reducedAlN one. This
becomesmostpronouncedfor theultrathinc-(1 ¦ 1)-[001] SLs.For thehexagonal[0001]struc-
turessimilardeviationsfrom themacroscopicpredictionswerefound,but to asomewhatlesser
extentthanfor thecubicSLs. In addition,theinternalstructuraldegreesof freedomhave been
relaxed for the h-(1 ¦ 1) SLs. It turnsout that the respective internalparametersuGa anduAl

behave in theoppositeway to theknown dependenceonbiaxial strain(asshown in Chapter3),
i. e.,for increasinglengthof thec latticeparameteralsou increases(andviceversa).Theeffect
is nearlytwice aslargefor AlN asfor GaN.

In hexagonalSLs,a macroscopicelectricfield is createdif the constituentlayersdiffer in
theirspontaneouspolarization.This is thecasefor GaNandAlN. Therefore,thisfield hasto be
takeninto account.Frommacroscopicelasticitytheorythatincludestheconversepiezoelectric
effect it is known that theinternalfield changestheelasticbehaviour of thelayers.Especially,
the layer heightsdiffer from their relaxed valuesobtainedfor zerofield: The field causesthe
AlN layersto increaseandtheGaNlayersto shrink in height[Gle01]. However, herewe find
exactly theoppositebehaviour of thelayerheights.

Altogether, this meansthat, in general,the macroscopicelasticity theorycannotdescribe
well theatomicpositionsin ashort-periodGaN/AlN SL. Oneratherhasto considerthesestruc-
turesasa sort of bulk materialof its own kind: They representorderedAlmGanNm̈ n alloys.
For larger layers,it hasof courseto beexpectedthat thebulk characterof eachmateriallayer
will dominateandwill lead to the predictedmacroscopicbehaviour. Sincein our study we
arelimited to short-periodSLs,we however cannotgive anestimatefor thecritical numberof
atomicbilayersthatmarksthetransitionbetweena “conventionalSL” andan“orderedalloy.”

5.1.2 Stability

To determineof the stability of the superlattices(in the limit T © 0 K), we comparethe total
energiesof the layeredstructureswith the onesof the correspondinglystrained(andalsothe
fully relaxed)bulk materials.Thereby, we obtaintheenthalpy of formation[Mar86] in depen-
denceon aSL astheenergy gain eitherwith respectto pseudomorphicallystrainedbulk layers
(relevantfor epitaxialgrowth with layerthicknessesbelow thecritical value)or with respectto
relaxedbulk material(with thicknesseslargerthanthecritical one):

� H str
f | aSL ~ b ESL | aSL ~ c EGaN| aSL ~ c EAlN | aSL ~�ª (5.1)

� H unstr
f | aSL ~ b ESL | aSL ~ c EGaN| aGaN~ c EAlN | aAlN ~�ª (5.2)
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Table5.1 Enthalpy of formationfor variousshort-periodsuperlattices(in meVper
anion-cationpair). Thefirst valueis theenthalpy for thestrainedcase( M H str

f ), the
valuein parenthesisis theenthalpy with respectto thefully relaxedbulk-like layers
( M H unstr

f ).

Superlattice onAlN elast.strained onGaN
1 « 1
cubic o 111 ( o 100) o 110 ( o 104) o 110 ( o 100)

hexagonal 265 (273) o 3 (3) 260 (273)
2 « 2
cubic o 1 (12) o 1 (6) o 1 (10)

hexagonal 5 (17) 5 (11) 6 (17)

The total energy of the SL, ESL, is taken per cation-anionpair, whereasthe total energiesof
bulk-like layers,EXN (X b Ga,Al), aretaken per atom. The latticeconstantsaSL, aGaN, and
aAlN indicatethe strainstate. Positive formationenthalpiesindicatean instability of the SL
againstdecompositioninto a systemwith thicker GaNandAlN layers.

Therehasbeenquitesomecontroversyaboutthestabilityof short-periodsuperlatticeswith
respectto thecaseof GaAs/AlAsstructures[Byl86, Woo87, She88]. For theGaN/AlN SLswe
find thattheenergy differencesarewell resolvedanddependsensitively on thegivenstrainand
thenumberof bilayersin theSL period.Theresultsarelisted in Table5.1. Formally, thedata
indicatelargedifferencesin thestabilitybetweenzinc-blende-andwurtzite-derivedSLs.Cubic
GaN/AlN [001] 1 ¦ 1 SLs arestableindependentlyof the strainsituation. However, already
for 2 ¦ 2 SLsa changeoccurs.Decompositionin thick unstrainedlayersof theconstituentsis
possible. In the hexagonalcases,the situationis different. Only the 1 ¦ 1 SLs canbe stabi-
lized againstdecompositioninto thick strainedlayersfor an in-planelattice constantcloseto
theaverageone.In all othercasesa1 ¦ 1 SL is notanequilibriumstructure.For largerSLs,the
instability dominates.However, independentof polytypeandstrainstatetheabsolutevaluesof
theenthalpy of formationaresmallerthanthethermalenergy kBT ¬ 25meVat roomtempera-
ture.Consequently, equilibriumconditions(asdonesofar)cannotgiveacompleteanswer. The
possibilityto grow suchshort-periodSLswill dependonkineticeffects.

5.2 PhononModesof Short-Period SLs

Comparedto thewell-studiedcaseof aGaAs/AlAsSL, thephysicalsituationis remarkablydif-
ferentfor aGaN/AlN SL: first, thelayersaremutuallystraineddueto differentlatticeconstants,
second,thereis a partial overlapof theoptical-phonondispersionsof thebulk materials,and,
third, thecommonanionis thelightestatom.In thissection,weinvestigatetheconsequencesof
theseconditionsfor thephononmodesof short-periodGaN/AlN SLs,stackedalongthecubic
[001] andthehexagonal[0001]direction.
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Figure 5.2 Phonondispersions
of bulk GaN (solid lines) and
AlN (dashed lines). Left:�

–X part for cubic polytypes.
Right:

�
–A part for hexagonal

polytypes.

5.2.1 GeneralAspects

Thephononmodesof a short-periodm � n SL canbeviewedfrom two differentperspectives:
First,asfor bulk materials,thenumberof phononmodesdependson thenumberof atomsthat
belongto the primitive cell, which dependson the symmetryof the SL asdescribedin Sect.
5.1. Second,as for SLs with thicker layers,the phononsmay be characterizedasconfined,
propagating,andinterfacemodes(asknown for GaAs/AlAsSLs[Ric87]). Bothviewswill help
to classifyandunderstandthe phononmodesfound in the nitride SLs studieshere. They are
investigatedparticularlywith regardto theirdependenceonthein-planestrainandthepropaga-
tion direction(asalreadydiscussedfor theangulardispersionof thebulk phononmodes,Sect.
3.2.3).

The secondperspective describedabove is basedon a comparisonof the bulk materials’
phonondispersionalongthestackingdirectionof theSL. Sincetheenlargementof theatomic
basisdueto the SL stackingcorrespondsto a reductionof the Brillouin zone,effectively the
phonondispersionsarefolded alongthat direction. For cubic [001] stacking,this affects the
(corresponding)� –X direction,whereasfor hexagoal[0001] stacking,this affectsthe � –A di-
rection.Thesepartsof thedispersionsareshown for unstrainedbulk GaNandAlN in Fig. 5.2.
Becauseof thedifferentlatticeconstantsof GaNandAlN thebiaxial strainin thesuperlattice
layersis compressive for GaN andtensilefor AlN. As shown in Sect.4.5.2, the phononfre-
quenciesincreasewith increasingcompressive strain.Theonly exceptionis thelow-frequency
E2 modeof the wurtzite structurewhosefrequency decreases.The sameholdsfor the zone-
boundaryTA phononsof the cubic nitrides. Therefore,dueto the strain-inducedshift of the
bulk phonondispersions,for any given in-planelattice constantthe partial overlapof the LO
branchesof GaNandAlN is enhancedfor theSLs.At thesametime,theenergeticalseparation
betweenall of theLO andtheTO modesincreases,andonecanexpecttheTO modesregion
to be split into confinedAlN andGaN phonons.Becauseof the oppositestrainbehavior of
thetransversalacousticphonons,theirbranchoverlapis reducedandTA modesconfinedto the
AlN layersmayoccur(seeSect.5.2.3).
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Figure 5.3 Angular dispersionof zone-centerphononmodesof an h-(1 � 1)-[0001] SL for
threedifferentstrain situations. Left: aSL � aAlN ; center: aSL of a free-standingSL; right:
aSL � aGaN. Themodetypeandthedominantmaterialcharacteris indicated. �	� q 
 c� refersto
theanglebetweenthec axisof theSL andthephononpropagationdirection �q.

For propagationalongthestackingdirectionof thesuperlattice,transversemodesvibratein
the layer planeandarethereforetwofold degenerate.This makesthemeasilydistinguishable
from longitudinalmodesvibratingperpendicularto thelayerplane.For this propagationdirec-
tion, thelongitudinalor transversecharacterof themodesis thesameasfor thecorresponding
bulk modes.This allows to identify the“origin” of themode.Therefore,to identify a specific
mode,thelabeling“L 
 ” or “T 
 ” (with “ 
 ” standingfor either“A” or “O”) is keptalsofor other
propagationdirectionsalbeitthepolarizationof themodemight change.

5.2.2 Phononsof 1 1 Superlattices

The1 � 1 superlatticesplay a specialrole in thatof all short-periodSLs, in their casethebulk
dispersionis foldedonly onceandthatthey areclosestto anorderedalloy. All layersareinter-
facelayersandthereis nopartthatcouldbeconsideredasbulk-like. Therefore,for ahexagonal
1 � 1 SL in principlethephononspectrumshouldberathersimilar to thatof a2H crystal.Since
also for the cubic 1 � 1 SLs onehasa single folding alonga high-symmetrydirection, their
spectrumshouldbesimilar to thatof thehexagonal1 � 1 SLs. For any higher-orderSL, how-
ever, more foldings are involved and therebythe differencesin the bulk dispersionsbecome
noticeable.We first discussthe findingsfor the h-(1 � 1)-[0001] SLs, the c-(1 � 1)-[001] SLs
will beconsideredafterwards.

For thehexagonal1 � 1 SLs,thephononspectrumat the � point resultsfrom a“mixture” of
therespective branchesof thebulk dispersions,shiftedaccordingto thebiaxial in-planestrain.
Comparedto the angulardispersionof the wurtzite nitridesdiscussedin Sect.3.2.3,Fig. 5.3
shows someremarkabledifferencesfor theshort-periodwurtzite-basedSLs. In additionto the
angulardispersionpresentfor the LO andthe TO mode,herealso the modesresultingfrom
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the acousticbranchesshow angulardispersion.Moreover, in the rangeof the TO modes,an
additionalangular-dependentbranchis observed. In the following, we discussthesefindings
for themodesin orderof increasingfrequency.

For propagationalongthec axis (i. e., for ��� 0� ), theback-foldedTA modesaretwofold
degenerate.However, for ��� 0� , a smallsplitting occurs:With increasingin-planecomponent
of �q, the macroscopicelectricfield cancoupleto the x-polarizedmode. Due to the lowered
symmetrycomparedto the 2H case,the latter’s dynamicaldipole momentp doesnot vanish.
The limiting frequency for in-planepropagation (i. e., for ��� 90� ) of the dispersive branch
dependsbothonthestrengthof its dynamicaldipolemomentandonthescreeningof theelectric
field. Thesameinterpretationholdsfor theLA-derivedmodewhoseangulardispersionis also
dueto a longitudinal–transversesplitting. However, sincefor in-planepropagationthismodeis
polarizedalongthe z direction,thecorrespondinglimiting frequency is a dielectricdispersion
frequency, whereasthe onefor ��� 0� is determinedby the dipole momentandthe electric
field.

According to the wurtzite bulk dispersions,for the TO phononsone can expect to find
both GaN-confinedaswell asAlN-confinedmodes.They areindeedpresentin the h-(1 � 1)-
[0001]SLs,theGaN-confinedonehaving thelowerandtheAlN-confinedonehaving thehigher
frequency. Similar to the TA-derived modesfor ��� 0� they aretwofold degenerate.For the
wurtzitebulk phonons,two differentTO modesareobservedfor ��� 90� dueto theanisotropy
of the2H structure,which makesa differencewith respectto thepolarizationdirection. This
frequency differenceis a“purely mechanical”oneanddoesnot involvethemacroscopicelectric
field. Sincethe sametype of structuralanisotropy exists in the SLs, also herea frequency
differencebetweenTO modespolarizedalong the SL stackingdirection, z, and in the layer
planecanbeexpectedfor in-planepropagation. This is indeedthecase:For increasing� , one
of theGaN-confinedTO modeschangesits polarizationdirectionfrom in-planeto z-oriented.
It shows an upward angulardispersionand also changesits characterto a mixed mode. In
thelimit of in-planepropagation,this modeis completelyz-polarizedandexhibits mainly AlN
vibrations. Moreover, it possessesa large p (as comparedto other modes)and is therefore
stronglyIR-active, its frequency thereforebeingoneof thedielectricdispersionfrequencies.

Theotherangular-dependentbranchin the region of theTO modes,showing a downward
dispersioninto thegapbetweentheAlN- andGaN-confinedTO modesfor increasing� , needs
specialattentionsincethismodeis acommonfeatureof all short-periodGaN/AlN-SLsstudied
here. It is a mixed modethat occursboth in the hexagonalandthe cubic SLs. For in-plane
propagation,thismodeis polarizedin thex directionandthereforecouplesto theelectricfield,
henceits limiting frequency for ��� 90� is not a dielectricdispersionfrequency andthemode
is not a “purely mechanical”one. Interestingly, thedynamicaldipolemomentp of this mgde
variessignificantlywith theangle:For ��� 0� it is oneof thestrongest,whereasfor increasing
� it decreasesandfor ��� 90� reachesapproximately20 % of theoriginal value.Theorigin of
this modewill beanalyzedbelow. Besidestheangular-dependentTO modesdiscussedso far,
therearetwo otherTO modesthatarenondispersive. For all angles,they remainconfinedTO
modes.BotharestronglyIR-active,theirp beingslightly lessthanthatof theupward-dispersive
TO branch.

In theregion of theLO phonons,two modesarefound. Theonewith the lower frequency
exhibits vibrationsof the N atomsonly. It is mainly z polarizedandhasa weakp. Corre-
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spondingly, its dispersionis practicallynegligible. On the contrary, the LO branchwith the
highestfrequency hasa very strongp. Similar to the upward-dispersive TO modeit changes
its polarizationdirection: For ��� 0� it is z-polarized,whereasfor ��� 90� it is x-polarized.
Hence,this modealwayscouplesto theelectricfield andneitherof its limiting frequenciesis
a dielectricdispersionfrequency. This makesit similar to theIR-active LO modeobservedfor
wurtzitebulk crystals.In thefollowing, we furtherinvestigatethis similarity.

Oneknows that in binary bulk polar crystalsthe LO–TO splitting correspondsto a lifting
of the degeneracy betweenlongitudinalandtransversalmodeshaving the samedisplacement
pattern.Thedegeneracy is lifted dueto thecouplingof theLO modesto theelectricfield.1 For
wurtzite, this allows to establisha correspondencebetweenthe limiting valuesof the angular
dispersionof the IR-active LO modeandthat of the IR-active TO modes(i. e., the dielectric
dispersionfrequencies).This correspondenceis explicitly expressedby the formula for the
LO–TO splitting in the wurtzite case,Eq. (3.3). However, if several IR-active LO modesare
presentin acrystal,thereis nosuchdirectcorrespondencesinceseveralmodescontributeto the
LO–TO splitting,which thenis givenby Eq.(2.65),repeatedherefor convenience:

r

j � 1

� 2
j � �q  "! � 2

j � 0 � e2

#
0V $

1

M$
% �q & ZB �('  % 2
�q &*),+-&.�q / (5.3)

From this equationit is not possibleto identify the correspondingmodessincethe pairing
underthe sumon the left-handsideis arbitrary. Moreover, althoughin principle the physical
argumentconcerningthe degeneracy of the displacementpatternholds,onecannotexpect to
alwaysfind the correspondingLO andTO modesby inspectingtheir displacements:Due to
thenon-analyticalpartof thedynamicalmatrix,not only thefrequency of a longitudinalmode
differsfrom thatof thecorrespondingtransversalmodebut alsoits eigenvectormightbealtered.

In this situation,thenumericalcalculationscanbeusedto closelyinspectthe influenceof
theelectricfield. By repeatingthediagonalizationof thefull dynamicalmatrixbut employing a
differentvaluefor thecomponentsof thehigh-frequency dielectricconstant,),+ , it is possibleto
simulatea gradualswitch-on(or -off) of thecomponentsof theelectricfield. Therebyonecan
immediatelyseewhich transversemodecouplesto the electricfield andwhich LO frequency
it givesrise to. If thefield would becompletelyscreened(or, equivalently, thecouplingto the
field would be suppressedby settingthe effective chargesto zero),only “purely mechanical”
modeswould be presentand they would show no angulardispersion. For the short-period
SLsdiscussedabove, this meansthatboth theuppermostLO modeaswell asthedownward-
dispersive TO modewould vanish,andinsteadof theupward-dispersive TO modetherewould
be a constantmodeat the limiting frequency for in-planepropagation. Both of the in-plane
polarized,confinedTO modeswouldbetwofold degeneratethroughout.2

Switchingon only the z componentof thefield affectsboth the z-polarizedTO modeand
the “pure N” LO mode. For small angles� , they exhibit an upward dispersion,andwith in-
creasingfield strength,the limiting frequency of theformermodeapproachestheoriginal fre-
quency of the “pure N” LO mode,whereasthe latter mode’s frequency approachesthe one

1 It is exactly this degeneracy with respectto the displacementsthat alsocontributesto the staticdielectric
constant[cf. thegeneralizedLST relation,Eq.(2.67)].

2 Also the acousticmodeswould take on their “purely mechanical”frequency values. Sincefor them the
situationis clear, in thefollowing only theopticalmodesareconsidered.
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of the uppermostLO mode. Hence,an anticrossingat the frequency of the “pure N” LO
modeoccurs. If the in-planecomponentsof the electricfield areheavily screened(choosing1325476

xx 8 1325476
yy 9 500: 000worksratherwell), thecouplingto theotherIR-active modesis

suppressed.But if thelatterscreeningis reduced,anticrossingwith theAlN-confinedTO mode
occurs,which could leadto a wronginterpretation.Vice versa,switchingon only the in-plane
componentsof thefield while keepingthez componentscreened,bothtwofold-degeneratein-
plane-polarizedTO modesstart to split into different limiting frequenciesfor ; → 90< : One
branchremainsunaffectedwhile theotherincreasesin frequency. Thebranchsplit off theAlN-
confinedTO modeapproachesthecorrespondinglimit of theuppermostLO mode,whereasthe
branchoriginatingfrom theGaN-confinedTO modeapproachesthe limiting frequency of the
downward-dispersiveTO mode.

The latter result is remarkable:It demonstratesthe different ways the electric field acts
amongthe IR-active modes: First, it is responsiblefor the limiting frequency valuesof the
dispersive branchesthatarepurely longitudinal,andsecond,it mixesthesepureLO modesto
producethe observedangulardispersion.This is clearly what happensfor the uppermostLO
branch:Its limiting frequenciesarerelatedto differentTO modes(bothof themaredominated
by AlN vibrations),andtheangulardispersionarisesfrom a mixing of thesepureLO modes.
It hasto beemphasizedthat themixing is independentof thecreationof theLO modes:Even
if one of the limiting frequenciesof an angular-dependentbranchis a “purely mechanical”
one, this doesnot meanthat the other limiting frequency is the correspondinglongitudinal
one. This holdsonly for thosebrancheswherethe longitudinal frequency is higher thanthe
“purely mechanical”one,asis thecasefor theacousticmodes.Onthecontrary, thedownward-
dispersiveTO branchdoesnot connecta longitudinalmodeto its transversalcounterpart,since
thelattermusthavea lower frequency thanthelongitudinalmode.

Figure5.3 shows the angulardispersionof the h-(1 � 1)-[0001] SL for threedifferent in-
planelattice constant,therebyillustrating the influenceof a biaxial strain in the basalplane
on the superlatticephonons. Correspondingto their bulk behaviour, it can be seenthat for
increasingaSL, all modesshift to lower frequenciesexceptfor theTA-derivedones.Thesame
behaviour with respectto in-planestrainis alsofoundfor thec-(1 � 1)-[001] SLs. Theangular
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dispersionof the latter is thereforeshown in Fig. 5.4 only for one in-planelattice constant.
Also the interpretationof thephononmodesof thecubic-derived SL is completelyanalogous
to thatof thehexagonalone.However, threedeviationshave to bementioned:First, thelower
TO modeis of mixed characterandnot a GaN-confinedone. Second,the LO-derived mode
that exhibits only N vibrationshasa symmetricpatternwith no associateddipole moment,
in accordancewith the internalstructuralsymmetry(C2) of the cubic-derived SLs described
above. The latter kind of a p � 0 modeis a typcial featureof the cubic-derived SLs. Third,
thereis anoticeablelongitudinal–transversesplitting for theTA-derivedmode.Thismeansthat
the coupling to the electric field is strongerand that this modealsocontributesto the static
dielectricconstant.

5.2.3 FoldedAcoustic Phonons

Viewedasa bulk crystal,all 3N ! 3 nonzero� -point phononmodesof a short-periodsuper-
lattice areoptical modes. However, as in the caseof the low-frequency B1 and E2 modeof
2H, the lowest � 3N = 2 >! 3 nonzeromodescanbe interpretedasresultingfrom back-folded
acousticbranchesof the bulk dispersion.This simpledistinctionbetweenmodesof different
origin, just by countingthenumberof modes(orderedby increasingfrequency), is fairly easy
for thenitrideSLssincethereis a largeenergeticalgapbetweentheopticalandacousticmodes
in bulk GaNwhichalsoaffectstheacousticmodesof theSL.

Fromits displacementpattern(i. e.,theeigenvector)onecanidentify thedominantmaterial
characterof a mode(whetherit is morerelatedto AlN or GaN vibrations). For the acoustic
modes,thegeneralfindingis thatif new � -pointmodesappeardueto back-foldingof aninterior
sectionof thebulk dispersion(i. e.,not from ahigh-symmetrypoint), thisdegeneratefrequency
splits into a pair of modes,wherein many casesthe high-frequency oneis dominatedby Al
vibrationsandthelow-frequency oneby Gavibrations,with a non-negligible contribution also
from the other cation type. However, this is not a generalrule anda correlationwith other
quantities(strengthof thefrequency splitting,numberof layers)is hardto establish.For cubic-
derivedSLslargerthan1 � 1, modeswith p � 0 occuralsoamongthefoldedacousticmodes.

The strainpresentin the GaN andAlN layersaffects the LA-derived andthe TA-derived
modesdifferently:As describedfor the1 � 1 SLs,with increasingtensilestrain,theLA-derived
modesdecreasein frequency, whereasthereis anincreasefor thefrequency of theTA-derived
modes. For someadjacentLA and TA modesthe possibility of a reversedorder is implied
underdifferentstrainsituations.This happens,e.g., for the c-(2 � 2)-SL. Moreover, sincethe
overlapof the TA branchesof correspondingly-strainedbulk materialsdecreasesunderthese
strainconditions,TA-derivedmodesconfinedto theAlN layersoccur. As anexample,in Fig.
5.5vibrationalpatternof someof thefoldedacousticmodesof a free-standingh-(3 � 3)-[0001]
SL areshown.

TheLA-derivedmodesexhibit asimilardistributionof theirdisplacements.Thesameholds
for theTA- andLA-derivedmodesof thecubicSLs. In general,theconfinementof theupper-
mostLA-derivedmodeis not asmarkedasfor theuppermostTA-derivedone.Practically, this
holdsfor any in-planelatticeconstant,sincewhatmattersis therelativepositionof thebranches
of theGaNandAlN bulk dispersion.This hardlychangessincethebiaxial shift coefficientsof
GaNandAlN phononsarerathersimilar (cf. Chapter4).
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Figure5.5 Displacementpatternof foldedTA modesof anh-(3 ? 3)-[0001]SL (schematic;dark
grey columns:Ga displacements,light grey columns:Al displacements;hatchedcolumns:N
displacements).Therelativeatomicdisplacementsin y directionareshown for threemodeswith@�A

0B (i. e., Cq D c) versustheatomiclayerposition.Left: Modewith E A 92cmF 1, foldedfromGIH 3J , correspondingto a full periodof 6J ; propagating. Center:Mode with E A 180 cmF 1,
folded from 2GIH 3J , correspondingto a full periodof 3J ; AlN-dominated. Right: Mode with
E A 229cmF 1, foldedfrom GIH J , correspondingto afull periodof 2J ; confined.Here,J denotes
aneffectivebilayerthickness.

5.2.4 TO Phonons

Due to the clearseparationof the bulk TO phononbranches,in GaN/AlN SLs confinedTO
phononsareto beexpected.Theangulardispersionof theTO-phonon-relatedmodesfoundfor
a cubic-derived2 � 4 anda wurtzite-derived3 � 3 SL areshown in Fig. 5.6. (Here,a compres-
sive in-planestrain is chosenfor the cubic SL for demonstrationalpurposes,sincethis strain
increasestheangulardispersionof theupward-dispersivemode.)For propagationalongtheSL
stackingdirection(i. e., ��� 0� ) threedoublydegenerateGaN-confinedandthreedoublydegen-
erateAlN-confinedmodesarefound. In general,anm � n SL hasm andn suchmodes(except
for the hexagonaloneswith m K n odd, wherea doublingof the numberof modesoccurs).
WhereastheAlN-confinedmodesarefoundin anarrow frequency rangebothfor thecubicund
thehexagonalSL, theGaN-confinedmodesspreadover a larger interval for thecubic SL but
arecloselyspacedin thehexagonalSL. This is dueto thedifferencesin thebulk dispersion,cf.
Fig. 5.2. As for the folded acousticmodes,the straindependenceof the confinedTO modes
follows thatof thecorrespondingbulk phonons.

As alreadynoticedfor the 1 � 1 SLs, for increasing� a downward-dispersive branchis
found,reachingfrom theAlN-confinedmodesinto thegap,towardstheGaN-confinedmodes.
For reasonsto beexplainedbelow, this modeis labeled“interface” in Fig. 5.6. However, con-
cerningthedispersive branchfound in theGaN-confined-modes’region, thereis a significant
differencebetweenthecubicandthehexagonalSLs: ThecubicSLsshow a stronglyupward-
dispersive branch,whereasthe hexagonalSLs possessa ratherflat downward-dispersive one.
As known from the 1 � 1 SLs, the GaN-TO-relateddispersive branchis due to a mixing of
a stronglyIR-active in-plane-polarizedTO modewith thestronglyIR-active z-polarizedmode
(whosefrequency is adielectricdispersionfrequency) foundin theTO region. Correspondingly,
thepolarizationandthecharacterof this modechangesstronglywith � . For thehexagonalSL,
this is shown in Fig. 5.7. Thepatternof the z displacementsis similar to a bulk TO( � ) mode,
sinceall cationsvibratein phase.
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Figure 5.6 Angular dispersionof zone-centerTO phononmodes. Left: cubic-derived 2 ? 4
SL, aSL

A
aAlN . Right: wurtzite-derived3 ? 3 SL, aSL of a free-standingSL. Besidesthemode

character(confined/propagating)alsotherelativestrengthof thedynamicaldipolemomentp is
indicated.

In principle,thesameholdsfor thecubicSL. However, sinceherethez-polarizedmodehas
a slightly lower frequency thanthesecond-highestGaN-confinedTO modeandsincethelatter
modehasa non-negligible dipolemoment,anadditionalmodemixing occurswhich resultsin
an anticrossingfor anglescloseto �S� 90� . Hence,the upward-dispersive branchendsin a
field-relatedlongitudinalmode,similar to the downward-dispersive mode. The strongly IR-
active z-polarizedmode(marked “z-pol.” in Fig. 5.6) is connectedwith the second-highest
GaN-confinedTO mode,giving adispersionthatbecomesnoticeableonly for �T� 75� .

As alreadydescribedfor the 1 � 1 SLs, the �U� 90� valuefor the modefound in the TO
gap is determinedby thefield in the layerplane.For �WV 90� this branchis a mixtureof this
purelylongitudinalmodewith theAlN-confinedTO modethatpossessesthestrongestdynami-
caldipolemoment.However, accordingto thepositionof thelattermoderelative to otherAlN-
confinedmodeswith non-negligible dipole moments,an additionalmixing with thosemodes
may occur, which effectively resultsin a mode-crossingor anticrossingbehaviour, ascanbe
seenfor thehexagonalSL in theright partof Fig. 5.6.

The attribution of an interfacecharacterto this mode is problematicsincethis mode is
determinedfor vanishingwavevectorq, but in order to exhibit the typical decayaway from
the interfacethe in-planecomponentof q must be nonzero. Nevertheless,it is justified for
the following reasons:(i) Whereasthe numberof all other typesof modeschangeswith the
numberof layers(m, n), this modeis alwaysfound asa singlemodein the gap betweenthe
GaN-cofinedandtheAlN-confinedmodes.(ii) Fromacalculationfor aGaN(5nm)/AlN(5 nm)
SL usingthedielectriccontinuummodel,aninterfacemodewasfoundin exactly thisfrequency
range[Gle99]. (iii) Fromthis mode’s displacementpattern,asshown for theh-(3 � 3)-[0001]
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Figure 5.7 Displacementpatternof the lowest-frequency confinedTO modeof an h-(3 ? 3)-
[0001] SL (schematic;cf. Fig. 5.5). Therelativeatomicdisplacementsin z direction(top row),
in x direction(middlerow) andin y direction(bottomrow) areshown for thelowest-frequency
TO modeat differentangles

@
versustheatomiclayerposition. Left column:

@XA
0B , doubly-

degeneratemode( E A 580cmF 1). Middle column:
@YA

45B , split mode(y-polarized:E A 580
cmF 1, xz-polarized:E A 579cmF 1). Rightcolumn:

@ZA
90B , split mode(y-polarized:E A 580

cmF 1, xz-polarized:E A 576cmF 1).

SL in Fig. 5.8, it canbeseenthatin contrastto thepropagatingz-polarizedTO mode,theGaN
andAlN partsof this modeare vibrating out-of-phaserelative to eachother. This not only
justifiesto characterizethis modeasan interfacemode[Ger91], it alsoexplainsits relatively
weakdynamicaldipolemoment;a factwhich wasmentionedfor the1 � 1 SLsbut alsoholds
for thehigher-orderones.

Finally we mentionedthat,althoughnot visible in Fig. 5.6,all doublydegenerateconfined
TO modesshow a very weaksplitting accordingto thestrengthof their dynamicaldipolemo-
mentwith thecorrespondinglongitudinalfrequency slightly abovethatof thetransversalmode.
Therefore,theso-called“alternationrule” thateachdielectricdispersionfrequency is followed
by acorrespondingLO modeis fulfilled. Therehasbeensomecontroversyaboutthis rule con-
cerningInP/GaPc-(1 � 1)-[111] SLs[Als01, Ozo01], which aresimilar to theGaN/AlN SLsin
thesensethat they representthesamerelative atomicconstellationof a III-V materialsystem
but shiftedby a periodin theperiodictableof theelements.Theangulardispersioncalculated
for this SLsis in accordancewith experimentalresults[Ozo01]. Despitethedifferentstacking
direction,it qualitatively agreescompletelywith the onefound herefor the nitride 1 � 1 SLs.
Thisconfirmsour interpretationthatthephononmodesof thelatterSLsarethoseof anordered
alloy.
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Figure 5.8 Displacementpatternof theTO-gapinterfacemodeof anh-(3 Ë 3)-SL (schematic;
cf. Fig. 5.5). This modes’relative atomic displacementsin x direction are shown for three
differentpropagationdirectionsversustheatomiclayerposition.Left: ÌÎÍ 0Ï , ÐTÍ 663cmÑ 1;
center: Ì�Í 45Ï , Ð�Í 633 cmÑ 1; right: ÌÒÍ 90Ï , Ð�Í 616 cmÑ 1. The modepatternshown
for ÌTÍ 0Ï is that of the highest-frequency AlN-confinedTO mode,beingthe endof the IF-
modebranchfor smallanglesdespitethemode-mixing-inducedanticrossing,cf. Fig. 5.6,since
it carriesthefull angulardependence.

5.2.5 LO Phonons

Accordingto thebulk dispersion,all LO modesabove750. . .800cmÓ 1 (dependingonthestrain
state)shouldberelatedto AlN or to pureN vibrations.However, for in-planepropagation,the
uppermostLO branchshown in Fig. 5.9 for a cubic-derived2 Ô 4 anda wurtzite-derived3 Ô 3
SL exhibits propagating character, with a non-negligible contribution of the Ga atoms. This
canbeseenfrom this mode’s vibrationalpattern,shown in Fig. 5.10for thehexagonalSL. A
similar patternis found for thecubicSL. This propagatingmodeis stronglyIR-active; it cor-
respondsto thedispersive LO modediscussedalreadyfor the1 Ô 1 SLs: Sincewith increasingÕ

it changesfrom z to x polarization,it alwayscouplesto theelectricfield, hencenoneof its
limiting frequenciesis adielectricdispersionfrequency.

In orderto understandtheangulardispersionof theLO modes,asshown in Fig. 5.9,weare
interestedin discerningthe “purely mechanical”modespolarizedalongthe SL c axis. From
generalsymmetryconsiderationsit follows that for a crystal of orthorhombicsymmetryor
higherandhaving Nb basisatomsthereare Nb Ö 1 suchmodespolarizedalongeachof the
crystallographicaxes[asmentionedin thediscussionof Eq. (2.67)]. For theSLs investigated
here,Nb× 2 of thesemodesstemfrom the optical branchesof the bulk constitutents.Oneof
themis alwaysfoundin theregionof theTO modes.Therefore,Nb × 2 Ö 1 “purely mechanical”
modesremainto be indentifiedin theLO modes’region. Sincetherearealways Nb × 2 modes
presentin this region andtheuppermostoneis not relatedto a “purely mechanical”vibration,
all otherbranchesmustberelatedto suchvibrations.It turnsout thatthefrequenciesin thelimit
of in-planepropagationarethoseof the“purely mechanical”vibrations,sincethenthey do not
coupleto theelectricfield.

Therefore,if themacroscopicelectricfield wouldbecompletelyscreened(or if thecoupling
to thefield would besuppressed),all LO modeswould remainconstantat thefrequency found
for

Õ�Ø
90Ù exceptfor theuppermostone,which wouldvanishfrom theLO modes’region but

show up again asanadditionalTO mode.Whenswitchingon thez componentof thefield, all
z-polarizedmodeswith a nonvanishingp experiencean upward dispersionfor small

Õ
. With
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Figure 5.9 Angular dispersionof zone-centerLO phononmodes. Left: cubic-derived 2 Ë 4
SL, aSL Í aAlN . Right: wurtzite-derived3 Ë 3 SL, aSL of a free-standingSL. Besidesthemode
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increasingfield strength,eachof thesemodesapproachesthe
ÕåØ

0Ù limiting frequency of the
next-highermode.

In otherwords: The limiting frequency for
ÕæØ

0Ù of the LO branchesis, in the senseof
anLO–TO splitting, relatedto thenext “purely mechanical”LO vibrationwith a nonvanishing
dipolemomentfoundbelowthepresentone,notabove–– althoughtheupwarddispersionfound
for theSLsmight leadto this wrong impression.Theupwarddispersionis merelydueto the
mixing of thedifferentlimiting frequencies.In particular, it doesnot imply thata decreasein
frequency occursdueto theadmixtureof themacroscopicelectricfield. At leastfor crystalsof
orthorhombicsymmetryof higher, thenonanalyticpartof thedynamicalmatrixalwaysleadsto
an increaseof thevibrationalfrequency if a modepolarizedalongoneof thecrystallographic
axescouplesto theelectricfield.



Chapter 6

Summary and Outlook

In this dissertation,ab-initio investigationsof the straininfluenceon vibrationalpropertiesof
GaNandAlN aswell asof short-periodGaN/AlN superlatticesarepresented.Basedondensity-
functionaltheoryanddensity-functionalperturbationtheory, for differentlystrainedstructures
completephononspectraandrelatedpropertiesarecalculatedunsingthelocal-densityapprox-
imationandnorm-conservingpseudopotentials.The resultseitheragreewith availableexper-
imental data,or the occurringdiscrepanciescan be widely clarified, leadingto a consistent
picture. Whereexperimentalresultsarenot available, the resultsthereforepresenta reliable
predictionof themissingdata. In addition,thepresentresultsprovide physical interpretations
for thelattice-dynamicalpropertiesof GaNandAlN.

Theab-initio DFT-LDA calculationsrenderthe total energy of a givencrystalstructurein
dependenceon theatomiccoordinates.For theminimizationof the total energy, which yields
the equilibrium structure,in this work a systematicvariation of the atomic positionsand a
subsequentpolynomialfit areperformed.For a high enoughcutoff energy of the plane-wave
expansionthis methodleadsto fairly preciselattice constants.Changesin the third position
afterthedecimalpointcanberesolved.Thisaccuracy is necessarysincethefinal resultsmustbe
givenasachangeof theinvestigatedquantity(latticeparameters,phononfrequencies,dielectric
constantetc.)relative to thechangeof the latticeconstants.Therebyonefacestheproblemof
dividing by a small quantity, thusan accuracy of the final resultof the orderof 1 % requires
anaccuracy for thedeterminationof the latticeconstantsbelow 0.1 %. In this work, the latter
accuracy is reached.

Thebulk materialsareconsideredbeingsubjectto threedifferentdeformations,correspond-
ing to hydrostaticpressure,abiaxialstressin thebasalplane,andauniaxialpressureperpendic-
ular to thebasalplane.Thelattercase,althoughnot realizedexperimentally, is includedsince
it providesadditionalmaterialparameters.Sinceit is complementaryto hydrostaticpressure
andbiaxial stress,a comparisonof the threeindependentcalculationsprovidesa consistency
checkof the resultsobtained.However, this requiresthe relaxedstructuresto be identicalfor
eachtypeof deformation.Sincetherelaxedstructuresserve asreferencefor thestrain-related
changes,a comparisonof differentlyobtainedresultsis possibleonly if they refer to thesame
reference.In thiswork, theconformityof therelaxedstructuresis obtainedby choosingarather
largenumericalcutoff energy. For therelaxedgroundstateof 3C and2H polytypesof GaNand
AlN, the latticeparameters,thebulk modulusandits pressurederivative aredetermined.The
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corespondingequationof state,i. e., the pressure–volumerelation,is in very goodagreement
with experimentaldata.

Further, we determinethe variationof the lattice geometry(bondlengthandbondangles,
lattice constantratio c× a, internalparamteru) underthe influenceof hydrostaticpressureas
well asof biaxial anduniaxialstress.Thecubicpolytypesof GaNandAlN behave practically
the same,whereasfor the wurtzite polytypesa significantdifferenceis found: Underhydro-
staticpressure,GaNundergoesa proportionalcontraction,whereasAlN shows ananisotropic
behaviour. This is confirmedby experimentaldata. It is not easyto determinethe internal
parameteru experimentally, and it is not accessibleusingmacroscopicelasticconstants.On
the other hand, it is an importantmaterialparametersincethe polarizationof the 2H poly-
typeschangesconsiderablywith u. Therefore,thestructuralresultspresentedhereprovide an
iomportantcontribution to thedescriptionof thematerialpropertiesof GaNandAlN.

Fromtherelaxationcalculationsperformedatdifferentstepsfor thegivendeformationtype
it follows that over a rangeof approximatelyç 2% strain both polytypesof GaN and AlN
behave almostelastically linear. From the proportionalityfactorsand the bulk moduluswe
determinethe elasticconstants.Comparingtheseconsistentlydetermineddatawith literature
valuesbecomesclearwhichof thelatterarereliableandwhicharenot.

For the calculatedstrainedstructuresthe dynamicalmatrix, the tensorcomponentsof the
dielectricconstantandof theBorn effective chargesarecalculatedusingDFPT. For thesecal-
culationsit sufficesto considertheprimitive cell only; dueto theperturbationalapproach,no
supercellcalculationsarenecessaryto obtainresultsfor theLO modes.Themodeeigenvector
determinesthesymmetryof themodeandthecalculatedfrequenciescanbeclassifiedaccord-
ingly. Using the generalizedLyddane–Sachs–Teller relation,the staticdielectricconstantcan
becalculatedfrom thehigh-frequency oneandtheLO- andTO-modefrequencies.A calcula-
tion of thephononfrequenciesin dependenceon theinternalparameteru (possibleonly in the
theory)shows how sensitive thelatticevibrationsreactto changesin theatomicarrangements.
Varying u by 1 % leadsto a changein the phononfreqeunciesof approximately5 %. This
emphasizeshow necessaryit is to calculatethelatticeparametersaspreciselyaspossible.

In conjunctionwith thestructuralpropertiesdeterminedthis rendersthepressureandstrain
dependenceof thedielectricpropertiesandthephononfrquencies,whichyield themodeGrün-
eisenparameter, thebiaxial anduniaxialmodecoefficientsaswell asthephonondeformation
potentials. In this work, phonondeformationpotentialsof 2H-AlN were presentedfor the
first time; experimentalvalueswerenot presentat that time. The dielectricpropertiesshow
markednonlinearitiesin dependenceonstrain.Thelow-frequency E2 modeof the2H polytypes
exhibitsaparticularpressureandstraindependence:Insteadof shiftingto higherenergiesunder
compressive deformations(asis observed for all othermodes),its frequency decreases.This
modesofteningis, however, ratherweak and it is not relatedto the pressure-inducedphase
transitionof thenitrides. For thecorrespondingzone-boundaryTA modeof thecubicwe also
find a softening. This behaviour is known from othermaterials.For silicon it wasexplained
asbeingdueto an interplayof centralandangularforces. However, dueto the high ionicity
of the nitridesandthe differentmassesof anionandcation this modelcannotbe transferred
to the group-III nitrides. Employing the frozen-phononmethodwe show that the decreasein
frequency of the Elow

2 modemainly resultsfrom achangein theinterplayof EwaldandHartree
energy. DifferencesbetweenGaNandAlN wereobservedaswell asbetweenthe Elow

2 andthe
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Ehigh
2 mode:The increaseof the lattermode’s frequency is dueto an interchangedrole of the

influenceof EwaldandHartreeenergy comparedto the Elow
2 mode.

Our resultsdecisively contributeto theclarificationof thepressure-inducedincreaseof the
LO–TO splitting, which is consistentlyobserved in experiments.This increaseis not dueto
an increasein ionicity (as for SiC) but to the decreaseof the dielectric screening:Both the
Borneffective chargeandthehigh-frequency dielectricconstantdecreasewith increasingpres-
sure.Yet thedecreaseof thedielectricconstantis morepronounced,thusthescreenedeffective
charge,which is therelevantlattice-dynamicalquantitydeterminingthestrengthof theLO–TO
splitting, is increasingwith pressure.

All findingsfor straindependencesof latticedynamicalpropertiesarecomparedwith exper-
imentalresults.For hydrostaticpressure,a systematicunderestimationof themodeGrüneisen
parameteris found,amountingto approximately20 %. Thereasonfor this discrepancy is not
clear: Sinceit occursboth for GaN andAlN, it cannotbe relatedto the nonlinearcorecor-
rectionthat is employed for theGaatomonly. We supposethat it is relatedto anunsufficient
descriptionof theelectronicstates(especiallythebandgap)andtheirpressureandstraindepen-
dence.This problemappearedratherunexpectedly, sinceusingthesamemethoda rathergood
agreementof experimentalandtheoreticalresultsfor SiC andfor otherIII–V seminconductors
(mainly arsenides)wasachieved. This systematicdiscrepancy only insignificantlybelittlesthe
valueof theresultsobtainedin this work, sincestill therelationshipsaregivencorrectly. This
refersbothto thedifferentmodecoefficientsof a singlematerialaswell asto a comparisonof
differentmaterialsand/orpolytypes.

Comparingthe calculatedcoefficients for biaxial stresswith experimentaldata revealed
much larger discrepanciesthan what shouldhave beenexpectedfrom the above-mentioned
findings. A detailedinvestigation leadsto the conclusionthat most of the discrepanciesare
relatedto mistakesmadein theconversionof the“raw” experimentaldatato thefinal resultor
to the usageof unreliableconversionfactors.After correctingtheseconversionsa reasonable
agreementwith thecalculatedresultsis found. Moreover, alsodiscrepanciesamongtheexper-
imentaldataarereduced.As a conseqeunceof this revision thebiaxial stressasinferredfrom
Ramanmeasurementsmustbelargerthandeterminedsofar.

From the investigation of the short-periodnitride superlattices(being treatedas a model
systemfor nitride heterostructures)severalpeculiaritiesarenoticed.Theinternalrelaxationof
thesuperlatticeleadsto a geometrydeviating from the onedeterminedusingelstic constants.
This becomesnoticeableespeciallyfor the hexagonalsuperlattices,wherethe heightsof the
GaNandAlN layersaremodifiedin theoppositeway ascomparedto themacroscopictheory
(including the polarizationand field effects). For the phonons,a distribution of the modes
completelydifferent from GaAs/AlAs superlatticesis found. The energeticalorderingof the
modesandthepartialoverlapof thebulk phonondispersions,whichhaveto beconsideredwith
in theappropriatestrainapplied,leadsto separatefrequency regionsfor all of theLO andall of
theTO modesaswell astheacousticmodes.

ThepseudomorphicallystrainedGaNandAlN layersexhibit anincreasedfrequency differ-
encebetweentheGaNandAlN TA modes.HenceAlN-confinedfoldedTA modesappear. The
highest-frequency LA modesarenot completelyconfinedto theAlN layers.Exceptfor oneof
them,all TO modesarealsoconfinedmodes;they arepolarizedin thelayerplane.Thedeviating
TO modeshowing propagatingbehaviour is foundin thefrequency regionof theGaN-confined
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modes,its frequency beingoneof thedielectricdispersionfrequenciesandits polarizationbeing
directedalongthestackingdirection.In thebandgapbetweentheAlN-confinedandtheGaN-
confinedmodesaninterfacemodeis foundfor all superlattices,independentof thenumberof
layersandthepolytype.It is aplanarmodeexhibiting astrongangulardependence.Exceptfor
theonesdominatedby nitrogenvibrationsalsotheLO modesshow angulardispersion,all being
polarizedmainly in thestackingdirection. Theonly exceptionis theuppermostLO mode. It
changesits polarizationdirectionandit is stronglyIR active, thusfor all propagationdirections
it couplesto theelectricfield, in completeanalogyto thepolarLO modeof bulk material.The
straindependenceof all superlatticemodesis determinedby thatof thebulk materials.All in
all, theshort-periodsuperlatticesexhibit phononpropertiestypicalbothfor thickersuperlattices
(confinedandinterfacemodes)aswell asfor abulk material.

Fromtheresultspresentedherefurtherpossibleor usefulinvestigationscanbepointedout.
Most urgentareanaloguouscalculationsfor InN, which werenot tractablefor sometime be-
causeof technicalproblems.On theonehand,thebandgapof InN asdeterminedin theDFT-
LDA calculationpracticallyvanishesor even becomesnegative, which leadsto difficulties in
the calculationof the phonons.On the otherhand,it becameobvious that the nonlinearcore
correctiondoesnot suffice to correctlydescribethe influenceof the coreelctrons. Although
the lattice constantandthe dielectricconstantareobtainedin reasonableagreementwith ex-
perimentaldata(which are also critical for InN), the calculationof the phononfrequencies
fails [Ple98]. Only whenusinga pseudopotentialthattakesthe4d electronsfully into account
asvalenceelectrons,valid resultsareobtainedfrom aDFPTcalculation[Bun00].

Themethodsusedherecanbeappliedto detailsof thestructuralandphononpropertiesas
well asof their straindependence(analogouslyto thecomparisonof the Elow

2 andEhigh
2 mode).

At many occasionsonemaynoticehintsthatthehigh ionicity of thenitridesplaysanimportant
role alreadyfor their structuralproperties. Thereforeit is reasonableto monitor the change
in the static ionicity in dependenceon strainalso for the 2H polytypes. Due to the lowered
symmetry, themethodof GarciaandCohencannotbeused.Instead,calculationsbasedon the
Berry-Phaseapproachwouldhelphere.

The most importantextensionwould be, of course,to calculateab-ititio the phononsof a
mixed group-III nitride alloy. From modelcalculationthe one-or two-modebehaviour to be
expectedis alreadyknown, thereforethesimplevirtual-crystalapproximationcannotbeused.
In principle,a possibilitywould be to employ a clusterexpansionmethod;anotherpossibility
would be the to employ a supercellandfill the atomic in a randomway. However, the real-
ization of the supercellcalculationusingnormconservingpseudopotentialsis an illusion due
to thehigh cutoff energy required.A possiblechance,then,is theuseof non-normconserving
pseudopotentialsof theVanderbilttype.
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Zusammenfassung

In dieserDissertationwerdenUntersuchungenderPhononenvon Gallium- undAluminiumni-
trid unterdemEinfluß von Verspannungenund von GaN/AlN-Übergittern vorgestellt,die auf
parameterfreiennumerischenRechnungenberuhen.Ausgehendvon derDichtefunktionaltheo-
rie (DFT) und der Dichtefunktionalstörungstherie(DFPT) werdenim Rahmender Näherung
der lokalenDichte (LDA) undunterVerwendungvon normerhaltendenPseudopotentialendie
Gesamtenergie und dasvollständigePhononenspektrumsowie mit der Gitterdynamikzusam-
menhängendeGrößenfür unterschiedlichdeformierteKristallstrukturenbestimmt.Wo entspre-
chendeexperimentelleDatenvorhandensind,zeigtsicheineguteÜbereinstimmungbzw. las-
sensich Inkonsistenzenaufzeigenund ihre Ursachenweitestgehendklären; wo dieseDaten
fehlen(etwa aufgrundunzureichenderProbenqualität),stellendie berechnetenErgebnisseeine
verläßlicheVorhersagedar. DarüberhinausermöglichendieErgebnissedieserArbeit einephy-
sikalischeInterpretationder gitterdynamischenEigenschaftenvon GaN und AlN sowie ihrer
Abhängigkeit vonderDeformationdesKristalls.

DasbesondereInteressean denGruppe-III-NitridhalbleiternGaN und AlN resultiertaus
ihrenbesoderenMaterialeigenschaften.Zusammenmit Indiumnitrid undin Form ternärerund
quarternärerLegierungensind sie für vielfältige Anwendungenin der Mikro- und Optoelek-
tronik geeignet,so etwa für die HerstellungblauerLeuchtdiodenund blauerHalbleiterlaser,
vonHochleistungstransistorenzurVerstärkungvonMikrowellen,vonUV-Photodetektoren,von
akustischenOberflächenwellenbauelementenundvon im gesamtensichtbarenSpektralbereich
absorbierendenSolarzellen.InsbesonderedieEntwicklungdesblauenHalbleiterlaserszumEin-
satzin deroptischenDatenspeicherungwar langeZeit einetreibendeKraft derForschungund
derindustriellenEntwicklungaufdiesemGebiet.

AufgrundderhexagonalenKristallstrukturundderWachstumsbedingungenstelltdieDefor-
mationderNitridhalbleiterstruktureneinenMaterialparametervon besondererBedeutungdar.
Die starke spontaneund piezoelektrischePolarisationbeeinflußtüber innereelektrischeFel-
derdie elektronischenundoptischenEigenschaftenderBauelemente.Ein einfachesVerfahren
zur Ermittlung desDeformationsgradesist dahersehrwichtig. Prinzipiell ist diesmittels Ra-
manspektrospkopiemöglich,diessetztaberReferenzwertevon ProbenhoherQualitätvoraus.
DerartigeProbenwarenlangeZeit nicht vorhanden,unddie wenigenexperimentellbestimm-
ten elastischenEigenschaftensowie Phononendatenfür deformierte(bzw. verspannte)Nitrid-
schichtenwichendeutlichvoneinanderab. DieseSchwierigkeitenkönnendurchparameterfreie
numerischeRechnungenüberwundenwerden,die in der Lage sind, die benötigtenDatenin
verläßlicherQualitätzuermitteln.Die vorliegendeArbeit widmetsichdieserAufgabe.

Die DFT-LDA-Rechnungenlieferndie Gesamtenergie einergegebenenKristallstrukturaus
vollständigquantenmechanischenRechnungen,d. h. ohneRückgriff auf experimentellePara-
meter. DieseRechnungenwerdendeshalbauchalsAb-initio-Rechnungenbezeichnet.Bei dem
hier verwendetenProgrammsind lediglich die atomarenKoordinatenvorzugeben.Die Mini-
mierungder Gesamtenergie zur Bestimmungder Gleichgewichtsstrukturwird durcheinesy-
stematischeVariationder Atompositionenund einenanschließendenPolynomfiterreicht.Bei
hinreichendhohernumerischerAbschneideenergie für die Entwicklung nachebenenWellen

105



106 Zusammenfassung

führt diesesVerfahrenzu sehrgenauenBestimmungender Gitterkonstanten,Änderungender
dritten Nachkommastellekönnenaufgelöstwerden.Das ist erforderlich,weil die Ergebnisse
alsÄnderungenderuntersuchtenGrößen(Gitterparameter, Phononenfrequenzen,dielektrische
Konstanteetc.)relativ zudenGitterkonstantenänderungenangegebenwerden.Manhatesdabei
mit demProblemzutun,daßdurcheinekleineGrößegeteiltwerdenmuß,daherist eineGenau-
igkeit desEndergebnissesim Prozentbereichnur gewährleistet,wenndie einzelnenGitterkon-
stantenmit einerGenauigkeit im Sub-Promille-Bereichbestimmtwerden.DieseGenauigkeit
beiderBestimmungderGitterkonstantenwird in dervorliegendenArbeit erreicht.

Bei der Untersuchungder Volumenmaterialienwerdendrei verschiedeneDeformationen
berücksichtigt:EineKompressionunterhydrostatischemDruck, einebiaxialeVerspannungin
derGrundebeneundeinuniaxialerDrucksenkrechtzurGrundebene.Experimentellwerdendie
beidenerstgenanntenDeformationenuntersucht.Der uniaxialeFall liefert jedochweitereMa-
terialparameterundwird deshalbin dieUntersuchungenmit einbezogen.Er verhältsichzudem
komplementärzum hydrostatischenDruck und zur biaxialenVerspannung,so daßdurchden
VergleichderErgebnissederdrei unabhängigenRechnungeneineKonsistenzprüfungmöglich
ist.Diessetztjedochvoraus,daßdievollständigrelaxiertenStrukturenin allendreiFällenüber-
einstimmen,weil derunverspannteZustandderBezugszustandist. Nur bei einemidentischen
Bezugszustandist esmöglich,die Ergebnisseder unterschiedlichenRechnungenmiteinander
in Beziehungzusetzen.In dervorliegendenArbeit wird dieseÜbereinstimmungerzielt,indem
einesehrgroßeAbschneideenergie gewählt wird.

FürdenrelaxiertenGrundzustandder3C- und2H-PolytypenvonGaNundAlN werdendie
Gitterkonstanten,derKompressionsmodulundseineAbleitungnachdemDruckbestimmt.Die
zugehörigeZustandsgleichung(d. h. die Druck-Volumen-Beziehung)stimmthervorragendmit
experimentellenResultatenüberein.Desweiterenwird dieKristallgeometrieunterdemEinfluß
vonhydrostatischemDrucksowie biaxialerunduniaxialerVerspannungberechnetunddieVer-
änderungenderBindungslängenund-winkel, desVerhältnissesderGitterkonstantenc× a sowie
(für dieWurtzitstruktur)desinnerenParametersu angegeben.Währendsichdie kubischenPo-
lytypennahezuidentischverhalten,ergibt sicheineunterschiedlicheDeformationvon2H-GaN
und -AlN: GaN zeigt unterhydrostatischemDruck eineproportionaleKontraktion,wohinge-
genAlN anisotropdeformiertwird. Dieswird durchexperimentelleVergleichsdatenbestätigt.
Im Experimentstellt sich der innereParameteru als schwerzugänglicheGrößeheraus.Als
innereGrößeist er zudemnichtüberdiemakroskopischenelastischenKonstantenbestimmbar.
Andererseitsist ereinwichtigerMaterialparameter, denndiespontanePolarisationderwurtziti-
schenNitride verändertsichwesentlichmit u. Damit lieferndiehiererzieltenErgebnisseeinen
wichtigenBeitragzurBeschreibungderMaterialeigenschaftenvonGaNundAlN.

Anhandder für verschiedeneVerzerrungsstufenunabhängigvoneinanderbestimmtenEr-
gebnissezeigt sich, daßsich die beidenPolytypenvon GaN und AlN übereinenweitenBe-
reich (ç 2% Deformation)elastischnahezulinear verhalten.Aus denProportionalitätskoeffi-
zientenunddemKompressionsmodulbestimmenwir die elastischenKonstanten.Durcheinen
Vergleich der untereinanderkonsistentbestimmtenErgebnissedieserDissertationmit Litera-
turdatenwird aufgezeigt,welchedavonalszuverlässiggeltenkönnenundwelchenicht.

Für die für verschiedeneVerspannungenrelaxiertenStrukturenwird mittelsauf derDFPT
beruhendenRechnungendie dynamischenMatrix, die Tensorender hochfrequentenDielek-
trizitätskonstantesowie der effektiven Ladungender einzelnenIonenbestimmt.DieseRech-
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nungensindin ihremnumerischenAufwanddenenderGesamtenergieberechnungvergleichbar
und ermöglichendie BestimmungdeskomplettenPhononenspektrumsam � -Punkt (oderan
einemanderenPunktder Brillouinzone)allein mit Hilfe der primitiven Zelle. Durch die stö-
rungstheoretischeHerangehensweiseist keineSuperzellenrechnungerforderlich,um auchdie
LO-Modenzu erhalten.AnhanddesPhononeneigenvektorsläßtsichdie SymmetriederMode
erkennenunddie berechneteFrequenzentsprechendklassifizieren.Mittels derverallgemeiner-
ten Lyddane-Sachs-Teller-Relationläßt sich zudemanhandder LO- und TO-Frequenzendie
statischeDielektrizitätskonstanteausderhochfrequentenberechnen.

Zusammenmit den Strukturbestimmungenliefert dies die Druck- und Verspannungsab-
hängigkeit der dielektrischenGrößenund der Phononenfrequenzen.Darauswerdenentspre-
chenddie Moden-Grüneisenparameter, die biaxialenbzw. uniaxialenModenkoeffizientenund
die Phononen-Deformationspotentialeberechnet.Insbesonderewerdenin dieserArbeit erst-
malig Phononen-Deformationspotentialefür AlN bestimmt;experimentelleWertelagendafür
langeZeit nicht vor. Die dielektrischenEigenschaften(Tensorderstatischenundderhochfre-
quentenDielektrizitätskonstantesowie derBornscheneffektive Ladungen)zeigenausgeprägte
Nichtlinearitätenin Abhängigkeit vonderDeformation.

Die untere(niederfrequente)E2-Phononenmodeder2H-PolytypenzeigteineBesonderheit
in ihrer Druck- undVerspannungsabhängigkeit: EntgegendemTrendaller anderenModen,bei
kompressiverDeformationzuhöherenWertenzuverschieben,nimmtdieFrequenzdieserMode
ab. DiesessogenannteSofteningist abernur schwachausgeprägt,sodaßdasVerhaltendieser
Mode nicht mit dem vom äußerenDruck hervorgerufenenstrukturellenPhasenübergang der
Nitride zusammenhängt.Im SinneeinerFaltungderBrillouinzone,die manfür denVergleich
derEigenschaftender3C- und2H-Polytypenannehmenkann,entsprichtdie untereE2-Mode
einemtransversal-akustischenZonenrandphononder3C-Polytypen.Auch für dieseModenfin-
denwir eineFrequenzabnahmeunterDruck. DiesesVerhaltenist von anderenMaterialienher
bekannt.Für Silizium wurdeesmit einerVeränderungdesZusammenspielsvon Zentral-und
Winkelkräftenerklärt.WegenderhohenIonizitätderNitridhalbleiterundderunterschiedlichen
Anion- und Kation-Massenläßt sich dieseseinfacheModell jedochnicht auf GaN und AlN
übertragen.Unter Verwendungder sogenanntenFrozen-Phonon-Methodezeigenwir, daßdie
FrequenzabnahmederunterenE2-ModeunterDruck auseinemunterschiedlichenZusammen-
spiel von Ewald- und Hartree-Energie resultiert.Dabei zeigensich zum einenUnterschiede
zwischen2H-GaN und -AlN, zum anderenstellt sich heraus,daßdie Frequenzzunahmeder
oberen(höherfrequenten)E2-Modeauf einenRollentauschdesEinflussesderEwald- undder
Hartree-Energie zurückgeht.

UnsereErgebnissezur Druckabhängigkeit der Phononenfrequenzentragenüberdiesent-
scheidenddazubei, in einer Kooperationmit ExperimentatorendasVerhaltender LO-TO-
Aufspaltungunter Druck zu erklären.Die auchexperimentellgefundeneZunahmeder LO-
TO-Aufspaltunggehtnicht auf eineZunahmederIonizität zurück(wie esbei SiC derFall ist),
sondernaufeineAbnahmederdielektrischenAbschirmung:Sowohl dieBornscheeffektiveLa-
dungalsauchdie hochfrequenteDielektrizitätskonstantenehmenunterDruck ab. Die Abnah-
mederDielektrizitätskonstanteist dabeistärker ausgeprägt,sodaßdie abgeschirmteeffektive
Ladungzunimmt; letztereist die für die LO-TO-Aufspaltungmaßgeblichegitterdynamische
Größe.



108 Zusammenfassung

Die berechnetenErgebnissezurAbhängigkeit dergitterdynamischenEigenschaftenvonder
Verspannungwerdendetailliertmit experimentellenBefundenverglichen.Dabeizeigtsichbe-
züglich deshydrostatischenDruckeseinesystematischeAbweichungder Rechnungengegen-
überdemExperiment:Die Moden-Grüneisenparametersowohl desAlN alsauchdesGaNwer-
denum ca.20 % unterschätzt.Der Grundfür dieseAbweichungenist unklar:Weil siesowohl
bei AlN als auchbei GaN auftreten,könnensie nicht durchdie nur beim Ga-Atomverwen-
detenichtlineareRumpfkorrekturverursachtsein.Vielmehrist zu vermuten,daßsiemit einer
unzureichendenBeschreibungderelektronischenZustände(insbesonderederBandlücke) und
ihrerDruck-bzw. Verspannungsabhängigkeit zusammenhängen.DiesesProblemist unerwartet
aufgetreten,mit der gleichenMethodeist zuvor einesehrguteÜbereinstimmungder Ergeb-
nissefür SiC sowie für andereIII-V-Halbleiter(insbesondereArsenide)erzieltworden.Diese
systematischeAbweichungschmälertdenWert der in dieserDissertationenthaltenenErgeb-
nissejedochnur unerheblich,weil die Größenverhältnisserichtig wiedergegebenwerden.Dies
betrifft sowohl die GrößederKoeffizientenverschiedenerModeneinesMaterialsalsauchden
VergleichverschiedenerMaterialienbzw. Polytypen.

Bei einemVergleich der berechnetenKoeffizientenfür biaxialeVerspannungmit entspre-
chendenexperimentellenDatenergebensichweitausgrößereAbweichungen,alssienachden
zuvor beschriebenenBefundenzuerwartensind.Bei einereingehendenPrüfungstellt sichher-
aus,daßviele derAbweichungenauf Fehlerin derAuswertungoderauf die Verwendungun-
zuverlässigerDatenzurückgehen,die für dieUmrechnungderunmittelbargemessenenGrößen
benutztwerden.NacheinerentsprechendenKorrekturergibt sicheinewesentlichbessereÜber-
einstimmungsowohl derexperimentellenDatenmit denin dieserArbeit berechnetenErgebnis-
senalsauchderexperimentellenDatenuntereinander. EineKonsequenzdieserRevisionhäufig
verwendeterexperimentellerMaterialparameterist, daßdie anhandvon Ramanmessungener-
mittelteVerspannunggrößerist alsbislangangenommen.

Bei der Untersuchungder Strukturund der PhononenmodenkurzperiodischerÜbergitter,
die als Modellsystemfür Heterostrukturendienen,lassensich einigeBesonderheitenfeststel-
len. Die innereRelaxationdesÜbergitters resultiert in einer Geometrie,die von der mittels
der elastischenKonstantenbestimmtenabweicht.Dies zeigt sich besondersdeutlichbei den
hexagonalenÜbergittern, bei denensich die Höhender GaN- und der AlN-Schicht in entge-
gengesetzterWeiseändern,als esvon der makroskopischenTheorieher zu erwartenist. Bei
denPhononenergibt sichein deutlichanderesBild, alsesvon GaAs/AlAs-Übergitternherbe-
kannt ist. Durch die energetischeOrdnungder Modenund denpartiellenÜberlappder Pho-
nonendispersionender Volumenmaterialien,die in dementsprechendenVerspannungszustand
zu kombinierensind,ergibt sicheineAufteilung desresultierendenSpektrumsin die Bereiche
sämtlicherLO- undsämtlicherTO-Modensowie derakustischenModen.

Die gegenseitigepseudomorpheVerspannungderGaN-undAlN-Schichtenführt zu einer
VergrößerungdesFrequenzunterschiedesderTA-ModenvonGaNundAlN. Infolgedessentre-
ten auf die AlN-SchichtenbegrenzteTA-Moden auf, die oberstenLA-Moden sind dagegen
nicht vollständigauf die AlN-Schichtenbegrenzt.Bis auf einesind die TO-Modenebenfalls
schichtbegrenzteModen;sie sind in der Schichtebenepolarisiert.Die ein davon abweichen-
desVerhaltenzeigendeausgebreiteteTO-Modefindet sich im Frequenzbereichder GaN-TO-
Moden.IhreFrequenzstellteinederdielektrischenDispersionsfrequenzendar, undsieist längs
derStapelungsrichtungpolarisiert.Im BereichderBandlückezwischendenAlN- unddenGaN-
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artigenTO-Modentritt für alleÜbergitter, unabhängigvonderAnzahlderSchichten,einepola-
reGrenzschichtmodeauf,dieeinestarkausgeprägteWinkelabhängigkeit aufweist.Mit Ausnah-
me der von Stickstoffauslenkungendominiertensind auchdie LO-Modenstarkwinkelabhän-
gig. Bis auf die oberstesind die LO-Modenfür alle Ausbreitungsrichtungenim wesentlichen
in derStapelungsrichtungdesÜbergitterspolarisiert.Dagegenändertdie obersteLO-Modeih-
re Polarisationsrichtungmit derAusbreitungsrichtung.Sie ist zudemstarkIR-aktiv, sodaßsie
für alleAusbreitungsrichtungenandasmakroskopischeelektrischeFeldkoppelt,analogzuder
polarenLO-ModeeinesVolumenmaterials.Die Verspannungsabhängigkeit allerÜbergittermo-
denwird durchdie der reinenVolumenmaterialienbestimmt.Insgesamtzeigendie kurzperi-
odischenÜbergitter sowohl einigederfür dickereÜbergitter typischenPhononeneigenschaften
(schichtbegrenzteModenundGrenzflächenmoden)alsaucheinesehrgroßeÄhnlichkeit zuden
EigenschafteneinesVolumenmaterials.

AnhandderhiervorgestelltenErgebnisseläßtsichbereitserkennen,welcheweitergehenden
Untersuchungenmöglichbzw. sinnvoll wären.Am dringlichstensindanalogeUntersuchungen
zumInN, welchessichderBerechnunglangeZeit entzogenhat.Zum einenist die Bandlücke
desInN in derDFT-LDA-Rechnungverschwindendgeringbzw. kannsienegativ werden,was
zu Problemenbei der Berechnungder Phononenführt. Zum anderenzeigt sich,daßdie Ver-
wendungder nichtlinearenRumpfkorrektur nicht ausreicht,um den Einfluß der Rumpfelek-
tronenrichtig zu beschreiben.Obwohl die Gitterkonstanteunddie Dielektrizitätskonstentebei
VerwendungderNLCC in guterÜbereinstimmungmit experimentellenDatenerhaltenwerden
(die aberfür InN ebenfalls kritisch sind),schlägtdie BerechnungderPhononenfehl. Erstmit
einemPseudopotential,dasdie 4d-Elekronenvoll alsValenzelektronenberücksichtigt,gelangt
manmittelsDFPT-RechnungenzubrauchbarenErgebnissen.

Die hierbenutztenVerfahrenlassensichvertieftaufDetailsderstrukturellenundderPhono-
neneigenschaftensowie ihrerDeformationsabhängigkeit anwenden,etwa umunterschiedliches
Verhaltenin Abhängigkeit von derModensymmetriezu untersuchen(analogzu demVergleich
derElow

2 - undderEhigh
2 -Mode).An vielenStellenergebensichHinweise,daßdiehoheIonizität

derNitride einewichtigeRolle bereitsbei denstrukturellenEigenschaftenspielt.Sehrsinnvoll
ist esdaher, die Veränderungder statischenIonizität unterDeformationseinflußauchfür die
2H-Polytypenzu untersuchen.Wegender geringerenSymmetrieist dasVerfahenvon Garcia
und Cohenjedochnicht anwendbar. Hier würdenauf der Berry-Phasen-Methodeberuhende
Rechnungenweiterhelfen.

Die wichtigsteErweiterungstellt jedochzweifelsohnedie Ab-initio-Berechnungder Pho-
nonenvon Mischkristallendar. Aus Modellrechnungenist daszu erwartendeEin- bzw. Zwei-
Moden-VerhaltenbestimmterMischkristallebereitsbekannt,daherkanndieeinfacheNäherung
desvirtuellenKristallsnichtverwendetwerden.EinegenerelleMöglichkeit derBerechnungbe-
stehtin einerClusterentwicklung,eineanderein derVerwendungeinerSuperzellemit zufällig
durchmischteratomarerVerteilung.Letzteresist jedochaufgrundderhohenerforderlichenAb-
schneideenergiebeiderVerwendungnormerhaltenderPseudopotentialeeinillusorischesUnter-
fangen.Hier wärensinnvollerweisenichtnormerhaltendeVanderbilt-Pseudopotentialezu ver-
wenden.



Lebenslauf

Name Jan-MartinWagner
Geburtstag 24.Juli 1967
Geburtsort Berlin
Familienstand ledig
Staatsangehörigkeit deutsch
Eltern DorotheWagner, geb. Berckenbrinck,Kindergärtnerin

Hans-GünterWagner, Diplomingenieur

1973–1977 GrundschuleamBuschgraben,Berlin-Zehlendorf
1977–1979 Nord-Grundschule,Berlin-Zehlendorf
1979–1985 Schadow-Oberschule(Gymnasium),Berlin-Zehlendorf
Dezember1985 Abitur (Gesamtnote:1,5)

1986–1996 StudiumderPhysik, TechnischeUniversitätBerlin
1988 Werkstattpraktikum(Metallbearbeitung)in derSchweißtechnischen

Lehr- undVersuchsanstaltBerlin
1989–1993 Tutor für TheoretischePhysik, Institut für TheoretischePhysik der

TU Berlin
November1996 Physik-Diplom(Gesamturteil:sehrgut);ThemaderDiplomarbeit:

„HöhereOrdnungenbeiderentartetenVierwellenmischungin Halb-
leitern.UntersuchungexzitonischerZweiniveausysteme“(Betreuer:
Prof.Dr. I. Broser;Kooperation:Prof.Dr. R. Zimmermann,Humboldt-
UniversitätzuBerlin)

1997–heute Arbeit anderDissertationbeiProf.Dr. F. Bechstedt,Friedrich-Schiller-
UniversitätJena

1997–2002 WissenschaftlicherMitarbeiteramInstitut für Festkörpertheorie
undTheoretischeOptik (heute:„und -optik“) derFSUim Rahmen
desDFG-Schwerpunktprogramms„Gruppe-III-Nitrideundihre
Heterostrukturen:Wachstum,materialwissenschaftlicheGrundlagen
undAnwendungen“(SPP1032)

Jena,den13.Mai 2004



Ehrenwörtliche Erklärung

Ich erklärehiermit ehrenwörtlich,daßich dievorliegendeArbeit selbständig,ohneunzulässige
Hilfe Dritter undohneBenutzungandereralsderangegebenenHilfsmittel undLiteraturange-
fertigt habe.Die ausanderenQuellendirekt oderindirekt übernommenenDatenundKonzepte
sindunterAngabenderQuellegekennzeichnet.

Bei derAuswahl undAuswertungdesMaterialshabenmir die nachstehendaufgeführtenPer-
sonenin derjeweils beschriebenenWeiseunentgeltlichgeholfen:

1. Prof.Dr. FriedhelmBechstedt(alsbetreuenderHochschullehrer),

2. Dr. KrystianKarch(Betreuungin derEinarbeitungsphase),

3. Dr. habil.PasqualePavone(technischeHilfen zumProgrammcode).

WeiterePersonenwarenander inhaltlich-materiellenErstellungdervorliegendenArbeit nicht
beteiligt.Insbesonderehabeich hierfür nicht die entgeltlicheHilfe von Vermittlungs-bzw. Be-
ratungsdiensten(PromotionsberateroderanderePersonen)in Anspruchgenommen.Niemand
hatvonmir unmittelbarodermittelbargeldwerteLeistungenfür Arbeitenenthalten,die im Zu-
sammenhangmit demInhalt dervorgelegtenDissertationstehen.

Die Arbeit wurdebisherwederim In- nochim Auslandin gleicheroderähnlicherForm einer
anderenPrüfungsbehördevorgelegt.

Die geltendePromotionsordnungderPhysikalisch-AstronomischenFakultätist mir bekannt.

Ich versichereehrenwörtlich,daßich nachbestemWissendie reineWahrheitgesagtundnichts
verschwiegenhabe.

Jena,den13.Mai 2004



Danksagung

Ich möchtemich bei allen herzlich bedanken, die mich bei dieserArbeit unterstütztund zu
ihrem Gelingenbeigetragenhaben,sei esdurcheinephysikalischeDiskussion,in Form von
praktischerUnterweisungim Umgangmit RechnernundProgrammenodereinfachnur durch
ihre Anwesenheitim richtigenMoment.

Vor allemdanke ich meinemBetreuerundDoktorvaterProf.FriedhelmBechstedtfür seineop-
timistischeGeduld,seineimmerwährendeDiskussionsbereitschaftundfür die Freiheit,die ich
bei derWahl von Wegen,Zeit undZiel hatte.NichtsdestowenigerwarenseineIdeenundsein
unermüdlichesInteresseamFortgangderArbeit für ihr Gelingenundfür die Fülle derErgeb-
nissevongroßerBedeutung.

Für die schnelleEinarbeitungin die Handhabung der Programmeund die Betreuungin den
erstenWochendanke ich Dr. KrystianKarch.TechnischeUnterstützungbei derundphysikali-
schesVerständnisrundum die Phononenberechnungverdanke ich Dr. habil. PasqualePavone
undDr. ThomasPletl, denenich zudemfür ihre Gastfreundschaftbei meinenAufenthaltenin
Regensburg danke.Für finanzielleUnterstützungdanke ich derDeutschenForschungsgemein-
schaft(ProjektBe1346/8),für RechenzeitdemJohn-von-Neumann-Institutfür Computingim
ForschungszentrumJülich(Projekthjn10).

Im RahmendieserArbeit habensich einigeinteressanteKontakteergeben.Für physikalische
Diskussionenbzw. die BereitstellungexperimentellerErgebnissedanke ich Prof. Alejandro
Goñi, Dr. Henrik Siegle, Dr. JérômeGleizeund Dr. Nicolai Wieser. Wertvolle Hinweisezur
Frozen-phonon-Methodeverdanke ich Prof.Gyaneshwar P. Srivastava.Für die Übernahmeder
externenGutachtenund die lebhafteDiskussionbei der Verteidigungdanke ich Prof. Dieter
StrauchundDr. habil. Axel Hoffmann.Ein ganzbesondererDankgilt Dr. habil. RobertHeitz
(†2003)für seinenBlick vonaußenundseinesteteAnregungzumPerspektivwechsel.

Darüberhinausdanke ich allen KolleginnenundKollegenamIFTO für ihre Hilfsbereitschaft
und die guteArbeitsatmosphäre,insbesondereunsererSekretärinSylvia Hofmannund unse-
rer ComputeradministratorinDipl.-Phys.Marion Fiedler. Für in mancherleiDiskussionenüber
eineVielzahlvon ThemenundDingengewonnenetiefgehendeEinsichtendanke ich Dr. Hans-
ChristianWeißker, ihm verdanke ich auchmeinenDoktorhut.MeinemlangjährigenZimmer-
und KonferenzgefährtenDr. KarstenHannewald danke ich speziellfür einenbestimmtenPo-
stertransport.Fürihr offenesOhrbzw. diverseAufmunterungendankeich Dr. AndreasZywietz,
Dr. Luis Ramosund Dr. Andrej Stekolnikov; Dr. Birgit Adolph danke ich besondersherzlich
für dasKorrekturlesendesManuskripts.– Außerdemdanke ich ReinhardK. Köhler für seine
Motivationskünsteunddafür, daßernicht mit ihnengegeizthat.

ZumSchlußdanke ich vonganzemHerzenmeinenEltern.


