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The electronicstructureandthe Fermi surfaceof two-dimensionalrare-earthsilicidesepitaxially grown on
Si~111!, YSi2 and GdSi2, have beenstudiedby a combinationof angle-resolvedultraviolet photoemission
spectroscopyanddensityfunctionaltheorycalculations.Both silicidespresenta very similar electronicstruc-
ture,with two characteristicelectronicbandsbelow the Fermi energy. One crossesthe Fermi energy nearthe

Ḡ point of the surfaceBrillouin zone~hole pocket! andthe otheronecloseto the M̄ point ~electronpocket!.
Thesetwo bandsarisefrom surface~localized! statesandareresponsiblefor all theFermisurfacefeatures.The
theoreticalcalculationsare in good qualitative agreementwith the experimentalresults,and also allow to
examinethenatureof thebondingbetweenthe rareearthandtheneighboringsilicon atoms.We havefounda
combinationof spmetallic typebondtogetherwith covalentbondsinvolving the rare-earthd statesandSi 3p
states.
I. INTRODUCTION

During thelastyearsa greateffort hasbeenmadetowards
the understandingof the relationshipbetweenthe electronic
andatomic structureof two-dimensional~2D! systems.The
aim behindtheseideasis to control andtailor the electronic
propertiesderived from the reduceddimensionality of a
layer. Of a particularinterestaretheelectronicbandscloseto
the Fermi level aswell as the Fermi surface,becauseof the
large amountof processesin which they play a crucial role
~transport,opticalproperties,magnetism, . . . !. Experimental
and theoreticalsurfacesensitivetechniqueshaveto be used
to gatherinformationabouttheseproperties.In the lastyears
angle-resolved ultraviolet photoemission spectroscopy
~ARUPS! hasprovedto be a powerful tool to determinethe
Fermi surfaceand the occupiedbandstructureof very thin
films. Complementary, highly optimized density functional
theory~DFT! basedcodesoffer thepossibilityof finding the
equilibrium geometryandexaminingits electronicstructure.

Rare-earth~RE! silicides epitaxially grown on Si have
beenstudiedin detailbecauseof their interestingtechnologi-
cal applications, that could be derived from their low
Schottkybarrierheighton n-typeSi~111!.1–4 Thebulk struc-
tureof theheavyRE silicidesstudieduntil now consistsof a
stack of alternatingplanesof RE and Si atoms.In the Si
planes one atom out of six is missing, forming a p(A3
3A3)R30° superstructure, and leading to a RESi1.7
stoichiometry.5,6 Most of the RE silicides presenta p(1
31) 2D phaseat coveragesof about1 ML.7–9 In contrastto
the bulk, this phasedoesnot includeSi vacanciesandthere-
fore the film presentsa RESi2 stoichiometry. The atomic
structureof the two-dimensionalphasewasfirst reportedfor
Si(111)1p(131)-ErSi2,10,11 and recently, the samemodel
was proposedfor other heavyRE silicides, suchas Y, Dy,
and Ho silicides12–16 and germanides.17 The geometrycon-
sistsof aninterfacialRE layerpositionedat T4 sitesandwith
a Si bilayer on top. This top Si bilayer is rotated180° about
the surface normal with respect to the rest of bulk like
Si~111! bilayersbelow the RE. The structure,typically de-
notedasB-T4, is sketchedin Fig. 1.

The surfaceelectronicband structurefor thesesystems
hasonly beenstudiedfor the Si(111)1p(131)-ErSi2.11,18

ARUPS experimentsshow two bandscrossing the Fermi
level, originating2D holeandelectronpocketsaroundthe Ḡ

and M̄ points,respectively. Thesebandsare responsiblefor
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all the featuresappearingin the Fermi surface~FS!.
The aim of this paperis preciselyto provide a detailed

electronic characterization for other Si(111)1p(1
31)-RESi2 systems,in order to generalizethe previousre-
sults for Er to the restof RE silicides that presenta similar
atomic structure. For this purpose, the Si(111)1p(1
31)-YSi2 and Si(111)1p(131)-GdSi2 surfaceswere ex-
perimentallystudiedwith ARUPSin orderto determinetheir
bandstructureandFermi surface.The measuredspectraare
then comparedagainstARUPS simulationsobtainedfrom
DFT basedcalculationswithin the local densityapproxima-
tion ~LDA !. Since the LDA fails to describecorrectly the
correlationeffects associatedto the highly localized f elec-
trons, the theoreticalstudy has beenrestrictedto the YSi2
system.AlthoughY hasno f electrons,it is still considereda
RE due to its trivalent nature.Moreover, and in order to
ensurea meaningfulexperiment-theorycomparison,we re-
moveany finite sizeeffects inducedby the DFT slabgeom-
etry by transferringthe DFT Hamiltonianto a semi-infinite
modelsystemwhich is solvedvia Green’s functionsmatch-
ing techniques.Our approachallowsoneto identify anysur-
face states,while the Green’s functionsformalism is better
suited for incorporatingcertain aspectsof the ARUPS ex-
perimentinto the simulations.

The paperis organizedasfollows. In Sec.II we describe
the experimentalprocedure,while Sec. III deals with the
theoreticaldetails.The experimentaland theoreticalresults
are shown and analyzedin Sec. IV. A brief discussionon
theseresultsis presentedin Sec.V. Last,our conclusionsare
outlinedin Sec.VI.

II. EXPERIMENT AL DETAILS

The experimentswereperformedin an ultrahighvacuum
chamberwith a basepressureof 5310211 mbar.Thephoto-
emissionspectrawere recordedin a VG ESCALAB Mk II
spectrometerwith the samplemountedin a modified two-
axis samplegoniometer. Rotationis computercontrolledfor
motorized angle-scanneddata acquisition.19,20 SiKa was
usedfor x-ray photoelectronspectroscopyin order to check
thecleannessof thesample.MonochromatizedHeI andHeII

radiations~21.2 and40.8 eV, respectively! from a discharge
lamp were used for ultraviolet spectroscopy. The samples
werekept at room temperatureduring the experiments.The
ARUPSandthe Fermi surfacemapmeasurementswereper-
formedusingHeI.

Full hemisphericalFS maps ~acquired over 2p solid
angle! wereconstructedby sequentialdataacquisitionof the
total photoemissionintensityat the Fermi energy for a com-
pleterangeof polar andazimuthalangles.The angularreso-
lution was2° full coneandthe energy resolutionwassetto
50 meV. The emissionanglesweretransformedinto ki vec-
tors.

ARUPS spectraare presentedlike dispersionmapsas a
function of specific ki directions.The measurementswere
performedfollowing thehigh symmetrydirectionsof thesur-
face Brillouin zone~SBZ!, i.e., the Ḡ-M̄ -Ḡ and Ḡ-K̄-M̄ di-
rections.For the resultspresentedherethe energy resolution
wassetto 30 meV andthe polar angularresolutionwas1°.
The YSi2 and the GdSi2 2D silicides were preparedby
depositingaround1 ML of RE on the 737 reconstructed
substrate.The n-type Si~111! waferswerecleanedin situ by
heatingup to 1200°C followed by slow cooling.TheY and
Gd were depositedat RT and subsequentlyannealedat
400°C for 15 min. The pressureduring the evaporationwas
in the low 10210 mbar. The formation of the 2D silicides
wasconfirmedby the presenceof a sharp131 low energy
electrondiffraction patternwith tracesneitherthe 737 nor
A33A3 reconstructions~for moredetailsseeRef. 15!.

III. THEORETICAL DETAILS

The calculationof the structuralandelectronicproperties
of the Si(111)1p(131)-YSi2 was performed separately.
We first determinedtheequilibriumgeometryusingtheusual
supercellapproachwheresurfacesaremodelledasthin slabs
separatedby vacuum.

However, for the electronic structure,it is desirableto
avoid finite sizeeffectsassociatedwith the slabgeometryin
orderto unambiguouslydetermineany2D surfacebands.To
this end,we modelthe surfaceasa semi-infinitesystemand
calculate its Green’s function via standard matching
techniques.21,22As will beshownbelow, theHamiltonianfor
this system may still be calculatedself-consistentlywith
hardly any loss of accuracyas comparedto the supercell
approach.

Knowledgeof the system’s Green’s function allows us to
characterizethe bondsat the surface,thus gaining further
insight into the driving forcesresponsiblefor the B-T4 ad-
sorptiongeometry. The main tools for this characterization
are,apartfrom theusualchargedensity~CD! mapsobtained
from theslabcalculations,theatomicorbital ~AO! projected
densityof states~PDOS! andthecrystaloverlappopulations
~COOPs!. Taking explicitly into accountthe overlapmatrix
O, the DOS projectedat a givenAO i andat energy E, may
be written as:

PDOS~E! i5
2 i

p (
j

Oi j G~E! j i 5(
j

COOP~E! i j ,

where the summationover j includesall AOs that overlap
with i, and G(E) j i is the Green’s function matrix element
linking AO i to AO j. The crossterms,COOP(E) i j , consti-
tute a measureof the strengthof the bondbetweenthe two
AOs; the morepositive~negative! the valueof COOP(E) i j ,
the strongerthe bonding~antibonding! characterof the i 2 j
interaction.

The PDOSandCOOPenergy integratedcounterpartsare
the Mulliken populationsand the bond order ~BO!, respec-
tively. Whereasthe former gives the total charge associated
to an AO or atom ~ionic character!, the latter providesthe
amountof charge sharedbetweenany two AOs or atoms.

A. Slab calculations

The slab calculationswere performedwith the SIESTA

program.23 This codeusesthedensity-functionalmethodand
separable24 norm-conservingTroullier-Martins25 pseudopo-
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tentials. Valence wave functions are representedusing
pseudoatomicorbitals ~PAOs!,26 including multiple-zetaand
polarizationfunctions.27

In all calculationswe usedthe Ceperley-Alder28 scheme
for theLDA exchange-correlationfunctional.Thepseudopo-
tentialswereexpresslygeneratedafterrelativisticatomiccal-
culations,taking into accountpreviousworks.5,15 For Si, we
employedthe usual3s2 3p2 configurationwith a cutoff ra-
diusof r cl51.89a.u.for all l values~beyondr cl thepseudo-
wave-functionsmatchall the electronwave functions!. For
yttrium, we included the semicore4p shell and used as
atomic reference configuration 5s1 4p6 4d2, with r cs
52.96a.u., r cp51.99a.u., and r cd51.99a.u. The valence
basissetconsistedof double-zeta3s and3p andsingle-zeta
3d PAOs for Si, anddouble-zeta5s, 4p, and4d plussingle-
zeta5p PAOs for Y. The pseudopotentialsand the basisset
werebothcarefully testedby performingstructuralandband
calculationsfor bulk yttrium and bulk silicon. In particular,
we obtaineda latticeparameterfor bulk Si of 3.84Å andan
energy gapof 0.54eV.

The2D SBZ wassampledusingan838 supercell.Other
relevantparametersspecificof SIESTA weresetto thefollow-
ing values:a PAO energy shift of 50 meV anda meshcutoff
of 300 Ry. Whereasthe former determinesthe real space
extentof the PAOs, the latter setsthe size of the grid em-
ployed for evaluatingintegralsin real space.We testedthat
the abovevaluesalreadyyield convergedresults.

The completeslab geometryused in the calculation is
sketchedat the left of Fig. 2. The supercellcontainssix Si
bilayers,oneinterfacialY layer, and a H layer placedat the
bottomof the slabin orderto saturatethe Si danglingbonds
~monohydratedstructure!. We usedthe bulk Si lattice con-
stant ~3.84 Å! for the in-plane repeat vectors while the
vacuumregionwas10.6Å thick. Testcalculationsincluding
a further Si bilayer in the slabdid not introduceany signifi-
cant changes,signalling a good convergenceon the slab
thickness.

We usedconjugategradientdynamicsfor eachtrail struc-
ture, and let the systemrelax until the forceson all atoms
werelessthan0.04eV/Å. All ions in the slabwereallowed
to relax exceptfor the fourth andfifth bilayers,which were

FIG. 2. Theslabgeometryfor theatomiccalculationis sketched
at the left. Centered,schemeof the block tridigonal Hamiltonian
matrix definedfor theSi(111)1p(131)-YSi2 surfacesystem.The
matrix blocks for PLs 0 and1 areextractedfrom the slabcalcula-
tion. The rest of matrix blocks ~Principal layers2, 3, 4, etc.!, are
takenfrom the Si bulk calculationsketchedon the right.
kept fixed in their bulk positions.In the final relaxedgeom-
etries,theresidualforceson thefixedatomswerefoundto be
small, confirmingthe validity of our slabmodellization.

B. Surface calculations

In orderto apply theDFT formalismto non-periodicsys-
tems such as a semi-infinite surface,we follow the same
approachas the one usedby Corbel et al. in the contextof
scanningtunnelingmicroscopysimulations.29 Similar tech-
niquesarebecomingwidely usedfor infinite systemswhich
lack translationalsymmetry.30 We first split the surfacesys-
tem into the so called principal layers~PLs!. EachPL con-
tains severalatomic planes,and shouldbe thick enoughso
that interactionsbetweensecondnearestPL neighborsare
already zero or negligible ~i.e., only interactionsbetween
first nearestneighborPLsareconsidered!. Notice that this is
alwaysfeasibleandrepresentsno approximationif oneuses
a linear combinationsof atomicorbitals ~LCAO! basiswith
strictly localizedwavefunctions,suchas the PAOs usedby
SIESTA. As shownin Fig 2, the Hamiltonianfor sucha sys-
tem is a semi-infinite hermitian block tridigonal matrix,
whereeachmatrix block Hi j with u i 2 j u<1 holdsthe inter-
actionsbetweenPLs i and j. The self-consistentelementsin
eachmatrix block are then obtainedfrom separateSIESTA

calculations,and the semi-infinite surface system is con-
structedby a sequentialstackingof all thesePLs.21,22 The
stackingprocessis carriedout by solvingtheDysonequation
at eachmatchingstep.

In our case,thesurfacePL includedthetopmostrotatedSi
bilayer, theY planeplusanothertwo Si bilayers.The restof
PLscontainedtwo bulk-like Si bilayers.If PLsarenumbered
from 0 to n aswe movefrom the surfaceinto the bulk, then
the matrix blocks H00, H01 and H11 may be directly ex-
tractedfrom the slab calculationdescribedin the previous
subsection.The rest of matrix blocks, Hii and Hii 11, with
i .1, are then assumedto be bulklike ~i.e., independentof
i ), andcanbe readilyobtainedfrom anotherSIESTA calcula-
tion performedjust for bulk Si.

This approachwould be exactif the surfaceeffectswere
already fully screenedat PL 1, in which caseH11 would
coincidewith thediagonalbulk matrix blockHii

b . Otherwise,
the main approximationin the aboveprocedureis the as-
sumptionthat theHamiltonianmatrix elementsin H11 do not
changeafter replacingthe adjacentH12 matrix block by the
bulk one,Hii 11

b . Caremustbetaken,however, to ensurethat
the matrix elementsobtainedfrom different SIESTA calcula-
tions areall referredwith respectto the sameenergy origin.
To this end,we havealignedthePDOSresultingsolely from
the H11 matrix block with the PDOS correspondingto the
isolatedbulk Hii

b block ~i.e., we considerin this test a 2D
slabcontainingtwo Si bilayers!. In Fig. 3~a! we showboth
PDOS curves; after the appropriateenergy shift, they be-
come indistinguishablein the graph, supportingthe above
ansatz of a bulklike behavior at PL 1. We have further
checkedthe accuracyof our approachby computing the
PDOSfor an infinite stackof identicalSi bulk PLs, but re-
placing only at a single PL the Hii

b interactionby the slab-
derivedmatrix block H11, leavingtherestof PL interactions
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to thebulk values.Thecomparisonis shownin Fig. 3~b!, and
we againfind an excellentagreementbetweenthe two.

For the PDOSandCOOPcalculationsto be presentedin
Sec. IV, we employeda 21321 supercellfor the 2D Bril-
louin zoneintegration,while theimaginarypartof theenergy
in the Green’s function wassetto 100 meV—recallthat this
value determinesthe width of the peaksin the PDOS~E!
curves.

C. ARUPS Simulations

Despitethe existenceof elaboratedtheoriesfor ARUPS
simulations,31–35 we employa simplifiedapproachwhich fo-
cuseson the initial electronicstate,but that alreadyallows
one to rationalize most of the experimentalARUPS data
measuredfor the YSi2 system.A brief discussionon the va-
lidity of the approximationsinvolved is given at the endof
this subsection.

We considera photonwith energy \v exciting an elec-
tron in a statewith a well definedenergy E andkW i , while its
perpendiculark-vector, k' , before the excitation process,
must satisfy the usualenergy and momentumconservation
relation:

k'
\v~E,kW i!5A2m

\2
~E1\v1V0!2ukW iu2,

with V0 giving the surface-vacuumpotentialstep~typically
between5 and10 eV!.

The ARUPS arisesboth from surface~localized! states
plus the statesat PL 0 which couple to thosebulk Bloch
eigenvectors,vW B(k'), with a perpendiculark vectork' close
to k'

\v . An appropriatebasisat the surfacePL which allows
one to discriminate both types of contributions may be

FIG. 3. PDOSprojectedontoa Si PL for ~a! anisolated2D slab
and ~b! bulk Si. Solid lines refer to a calculationwhereall Hamil-
tonianblocksareextractedfrom a Si bulk calculation,whereasfor
dashedlinestheHamiltoniandiagonalmatrix block at theprojected
PL is takenfrom the Si9 andSi10 atomsin the slabcalculation.
readily obtained by performing a singular value
decomposition36 for the propagatorT0B(E,kW i) linking the
Bloch eigenvectorsto theAOs at thesurface.DroppingtheE

andkW i for all matriceshereafter, T0B may be obtainedfrom

T0B5G02@G22#
21V2B ,

whereGji is theGreen’s functionmatrix linking PL i to PL j
and, V2B is the basisof the Bloch statesprojectedat the
bulklike PL 2. The SVD for this propagatorthenreads:

T0B UB5U0 S0B ,

whereU0 and UB are orthonormalbasisfor the surfacePL
andthe Bloch eigenstates,respectively, andS0B is a rectan-
gulardiagonalmatrix holdingthesingularvalues.U0 maybe
split into two orthogonalsubspaces:U05U0

ss
^ U0B . U0

ss

consistsof thosevectorsin U0 which havea null singular
valueand,hence,do not coupleto the bulk ~surfacestates!.
On the contrary, U0B containsthe vectorswith nonzeroS0B
elements,andspansthe subspaceat the surfacePL which is
linked to the bulk eigenvectors.

Next, thek' filtering maybeaccomplishedby transform-
ing the U0B basisinto a k'

\v dependentone:

U0B
\v5F\v U0B ,

wherewe haveintroducedthe real diagonalF\v matrix that
weightseachelementin U0B associatedto a Bloch eigenstate

vW B(k') by thefactorAf (uk'
\v2k'u)•w\v). Here,f is a delta

typefunctioncenteredat k'
\v , andwith a w\v inversewidth.

CombiningtheU0B
\v andU0

ss basis,we obtaintheARUPS
transformationmatrix: U0

\v5U0
ss

^ U0B
\v , which may be ap-

plied to the surfaceprojectedDOS matrix, r0:

r0
\v5@U0

\v#†r0 U0
\v .

Here, r05( i /p)(G002G00
† ) is obtained from the Green’s

functionsof thesurfacesystemfollowing theprocedureout-
lined in the previoussubsection.

The ARUPS yield, I \v(E,kW i), is then takenproportional
to a weightedtraceof r0

\v , via

I \v~E,kW i!}Tr@L r0
\v~E,kW i!#,

where L is a real diagonal matrix giving the attenuation
factor for each AO i contained in the surface PL: L i
5e2zi /l, zi beingthenormaldistancebetweenAO i andthe
surfacemostatomandl the attenuationconstantaccounting
for the reductionin the photo-electronflux due to inelastic
processes~i.e., the deepertheAO into the bulk, the stronger
the attenuation!.

For our simulations,we set l56 Å, and V57 eV, and
for the broadeningfunction f \v(k') we employeda Lorent-
zian function with an inversewidth w\v52 Å. We checked
that varying the abovevalueswithin reasonablelimits had
hardly any effect on the simulations.

Fermi surfaces are then obtained after plotting the
I \v(E,kW i) quantitiesintegratedovera 6100 meV energy in-
terval aroundthe Fermi level and weightedby the Fermi-
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Dirac distribution(kT520 meV). Thesurfacebandsdisper-
sions are also plotted in an analogous way to the
experimentaldata; I \v(E,kW i) is representedas a gray scale
2D mapfor kW i alonghigh symmetryreciprocalspacedirec-
tions.The imaginarypart of the energy enteringthe Green’s
functionswassetto 20 meV for the surfacebanddispersion
plots,andto 50 meVfor theFSmaps.Finally, thetheoretical
Fermi level wasfixed to thatobtainedfrom theslabcalcula-
tion. Our approachomitsseveralimportantprocessesrelated
to theARUPSexperimentandwhich we briefly discussbe-
low.

~i! The photoelectron intensity is modulated by the
photon-electronmatrix elements,which may affect the rela-
tive weightsof eachatomic PDOSor, more precisely, each
lm component.37 Althoughfor non-polarizedphotons,asit is
the currentexperimentalcase,this effect is reduced,it may
still be quite relevant.Furthermore,interferenceeffects be-
tweenthephotoelectronamplitudesarisingfrom differentat-
omsin the unit cell may alsomodify the aspectof the FS.38

~ii ! Photoelectronsare excitedwith kinetic energies of a
few tensof eV. In this regime,themultiple scatteringevents
that the electronsuffers before exiting the systemare not
negligible, introducing a further dependenceof the total
ARUPSyield on theenergy of theemittedelectronsandtheir
directionuponexit, that is, kW i . In general,multiple scattering
effects should not introduce important changes in the
ARUPSdispersionplots,whereasfor FSs,it mayturn lighter
or darkerspecificfeatures.

~iii ! DFT-LDA is well known to introducesensibleerrors
in the energy positionsof the electronicbands.This limita-
tion doesnot only apply to the excited states,since GW-
correctedspectrafor differentsystemshavealsoshownlarge
self-energy correctionsfor valence~occupied! states,particu-
larly when they presenta strong localization.39,40 Further-
more,after thephotoelectronexcitationprocess,theelectron
has to surpassthe attractive interactionwith the hole just
createdbeforeexiting, leadingto a furtherrenormalizationof
the energy bands.Although for metallic systemsthe magni-
tudeof the LDA errorstendsto be small, in semiconductors
andinsulatorsit mayvary from a few hundredthsof eV up to
more than 1 eV. In any case,the theory-experimentsurface
bandscomparisonspresentedin thenextsectionwill actually
determinewhat is the DFT-LDA error in this sense.

IV. RESULTS

A. Atomic structur e

Aside from the B-T4 structurealreadydescribedin the
introductionandsketchedin Fig 1, we alsotesteda T4 struc-
ture, similar to the B-T4, but without the rotationof the top
Si bilayer with respectto the Si bulklike bilayers.After the
energy minimizationsexplainedin the previoussection,we
havefoundtheB-T4 geometryto bemorestablethantheT4
by 238 meV, in agreementwith the experimentalfindings.15

In the final geometry, thereare no relevantinplaneatomic
displacements,so that the slab preservesthe p3m (c3vm)
symmetry proper of the B-T4 model. The relaxed atomic
positionsare quite similar to thosederived from a LEED
analysisfor thesamesurface.Thecorrespondingcomparison
is shownin Table I, togetherwith other theoreticalresults.
The largestdiscrepancycorrespondsto the Y-Si3 interlayer
spacing,for which the SIESTA value is 0.09 Å smaller than
theLEED value.Thegeneralizedgradientapproximationde-
rived structuredoesnot presenta betteroverall agreement,
since althoughthe Y-Si3 distanceis better reproduced,the
Si2-Y interlayer spacingbecomes0.08 Å smaller than the
LEED result.

All Si-Si nearestneighbordistancesattainvaluescloseto
the bulk, dSi2Si52.35Å, except for the secondbilayer,
wherea significantexpansionof the bilayer thicknessfrom
0.78 Å to 0.92 Å, leadsto a slightly elongatedSi-Si bond
lengthof dSi32Si452.40Å. On theotherhand,following the
notation of Fig. 1, the Y bonding configurationpresentsa
markedasymmetry, as it makesthree short bonds(dY2Si2
52.9 Å) andthreelong bonds(dY2Si153.5 Å) with the Si
atomsat the top bilayer, while for thebilayerbelow, thereis
one short bond (dY2Si452.9 Å) and anotherthreeslightly
longer(dY2Si353.0 Å) .

B. Bond analysis

In Fig. 4 we first presenttheCD mapsfor a planeperpen-
dicularto the@ 1̄01# direction.This planecontainsboththeY
and Si atomsand it correspondsto the side view of Fig 1.
The plot at the top of the figure showsthe total valenceCD,
with darkerregionscorrespondingto larger CD values.No-
tice that the contributionfrom the Y 4p semicoreshell has
beensubstractedout. The covalentnatureof the Si-Si bonds
is immediatelyapparentfrom thehighly localizedregionsof
charge pile up linking the Si atoms.On the other hand,the
CD aroundtheyttrium ion is spherical,suggestinga metallic
characterfor this ion.

A betterinsight to thenatureof theY-Si bondis obtained
after inspectingthe CD difference~CDD! betweenthe total
valenceCD and a superpositionof the individual atomic
CDs,displayedat the bottomof the figure.Positive~darker!
CDD elongatedregionslink the Y to the danglingbondsof
the upper and lower Si ions in the bilayer on top of and
below the Y, Si2, and Si3, respectively, indicating certain
amountof covalentbonding.The remainingclosedregions
of positive CDD arisefrom out of planeSi atoms.Surpris-
ingly, there is no apparentbondingbetweenthe Y and the

TABLE I. Interplanardistancesbetweenatomic planes~in Å!
alongthe~111! direction,obtainedfrom our SIESTA slabcalculations
for the YSi2/Si(111)-(131) system.They are comparedagainst
theLEED derivedstructureandtheab initio calculationsof Ref.15

Atoms LEED DFT-LDA ~SIESTA! DFT-GGA ~VASP!

Si1-Si2 0.79 0.84 0.79
Si2-Y 1.85 1.83 1.77
Y-Si3 2.08 1.99 2.05
Si3-Si4 0.90 0.92 0.90
Si4-Si5 2.35 2.35 -
Si5-Si6 0.78 0.77 -
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lower Si at the bilayer below, Si4, despitetheir small inter-
atomicdistance,dY2Si452.9 Å.

The DOS projectedon the first nine atomsof the slab is
displayedin Fig. 5. In eachSi curve,theDOSprojectedat a
bulk Si atomis alsopresentedfor comparison~dashedlines!.
Significantchangesin theelectronicstructurewith respectto
thebulk areonly seenfor thefirst four Si atoms.Thesurface
hasa 2D metallic character, sincethePDOSfor thesurface-
most atomsexperiencesa considerableincreasearoundthe
energy gapbut becomesalreadybulk-like at the Si5. In the
top bilayer both Si atoms~Si1 andSi2! presentvery similar
PDOS.This is actuallynot surprisingafter noting the simi-
laritiesbetweentheCD aroundbothionsin Fig. 4. Theband-
width of their lowestenergy states~s bands! areslightly con-
tracted,while thep bandscenteredat around22.7 eV ~label
A in thefigure! becomemoreprominent.Thesefeaturesarea
consequenceof the fact that both ions losea covalentbond
each,leadingto morelocalizedstates~lessdispersivebands!.
Also, new occupiedstatesappearclose to the Fermi level,
labeledin thegraphasC. In this energy region,thepeaksare
clearly more pronouncedfor Si1, and havemainly pz char-
acterwhile, for Si2, thepz contributiondrasticallydropsand
becomescomparableto the d contributions.

Theelectronicstructureof theSi3 resemblesmorethatof
the Si bulk atomsthanthoseat the top bilayer. Apart from a
new peak locatedat 28.2 eV, the most relevantfeatureis

FIG. 4. Chargedensity~CD! andCD difference~CDD! plotsfor
the YSi2 slab along a planeperpendicularto @ 1̄01# direction and
containingboth Y (3) and Si ~1! atoms.In the CDD plot, the
contourlinesseparatepositive~darker! CDD regionsfrom negative
~lighter! regions.For the CD plot, darker regions correspondto
larger CD values.
the large peakat 22.0 eV (B in the figure! with a major pz
contribution.This stateextendsinto the bulk down to the
next bilayer, as the peak can still be resolvedin the Si5
spectra.

The Mulliken population analysisgiven in Fig. 5 only
showscertainchargetransfer(;0.2) from theSi2 to theSi1.
Most of thechargedifferencebetweenthetwo is localizedin
energy closetheFermilevel (C states!. Therestof theatoms
remainessentiallyneutral, indicating that the Y-Si bonding
hashardly any ionic character.

The local densityof statescorrespondingto theA, B, and
C energy regionsis displayedin Fig 6. The plots revealthat
eachset of peaksis associatedwith the Si2, Si3, and Si1
danglingbonds,respectively. In all cases,certainchargepile

FIG. 5. DOS~E! projectedon the first nine atomsof the YSi2
surface~semi-infinite! system.TheatomicMulliken charges,Q, are
alsogiven.In all Si projections,thedashedcurvescorrespondto the
bulk Si PDOS.Theenergy origin is at theFermi level.TheSi band
gapis indicatedby thegrayverticalstripe,while thedashedvertical
linesroughlydelimit theenergy regionsfor thes, s2p, andp bands
in bulk Si.

FIG. 6. CD plots for thesameplaneasin Fig. 4, corresponding
to the local densityof states~LDOS! centeredat peaksA, B, andC
and integratedover the energy rangesindicatedat the bottom of
eachplot. Darkerregionscorrespondto larger CD values.
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up with d symmetrycanbeobservedat theY atoms,always
pointing awayfrom theY-Si danglingbonddirection.

By noticing that the A, B, and C relatedpeaksare also
presentin theY PDOS,it seemsclearthat they involve Y-Si
bonds.This is confirmedafter inspectingtheenergy resolved
COOPsrelevantto theY, which aregiven in Fig. 7. A com-
mon featureto all theY interactionsis that the lower energy
part in the graphspresentpositive COOPsarising from the
metallic bonding betweenthe Si s and p stateswith the
highly dispersiveY s andp bands.The Y d statesappearat
around25 eV, and they dominatethe COOPsabovethis
energy. Curiously, they form bondingstateswith theSi2 and
Si3 p bands,but showantibondingregionswith the Si1 and
Si4. An inspectionto the BO valuesquoted in the figure
showsthat the Y-Si3 constitutesthe strongestRESi bond.
TheBOs for theSi1 andSi2 arebothsmaller, althoughtheir
sumis roughly equalto the BO~Y-Si3! value.

The prominentB peakat 22.0 eV is clearly identifiedin
the COOPs,confirming the covalenttype bondbetweenthe
Si3 pz AO andtheY d statesalreadyapparentin Fig. 6B. In
theY-Si2 COOPs,on theotherhand,boththeA andC peaks
are presentwith similar heights,despitethe fact they are
mainly localizedat the Si2 andSi1, respectively.

In summary, the RE forms an sp metallic type bondwith
its first four neighborSi atoms~Si1-Si4!, togetherwith more
covalenttypebondsbetweentheRE d statesandtheSi1,Si2
andSi3 danglingbonds.

C. Surface bands

Figure 8 showsvalenceband photoemissionspectrare-
corded in normal emission for the 2D Si(111)1p(1
31)-YSi2 and Si(111)1p(131)-GdSi2 surfacesand for
the cleanSi(111)1p(737) surface.The spectrumfrom the
reconstructedsubstrateshowsthe well known surfacefea-

FIG. 7. COOP~E! plots betweenthe Y atom and the first five
atoms of the YSi2 surface~semi-infinite! system.All Si-Y plots
havebeenrescaledby a factor of 5. The gray horizontal lines in
eachplot give the COOP50 level. The BO valuefor eachinterac-
tion is alsogiven.
tures,Sad and Srest , which havebeenascribedto the ada-
toms and restatomsdangling bonds, respectively.41,42 The
stateSad appearsat 20.2 eV of binding energy, and its in-
herentwidth is responsiblefor theemissionat energiesclose
to the Fermi energy. The stateSrest appearsat 20.8 eV, in
goodagreementwith previousworks.41,42

It is clear from the figure that the formation of the 2D
silicide originatesan increaseof thenumberof countsat the
Fermi edge,indicatingthe metallic characterof the layer, in
accordancewith thetheoreticalfindings.TheYSi2 andGdSi2
spectraare both very similar, showing two well resolved
peaksspecificof the silicide ~labeledS andZ in the figure!,
at binding energiesof 20.1 and21.9 eV, respectively. The
upperspectra~dottedline! hasbeenmeasuredwith a photon
energy of 40.8 eV. Sincethe Z and S peaksdo not shift in
bindingenergy whenthephotonenergy is varied,theydo not
dispersewith k' and,therefore,they canbe ascribedto sur-
facestates.

The left part of Fig. 9 showsbidimensionalrepresenta-
tionsof theexperimentalARUPSyield dispersionasa func-
tion of kW i for the 2D Si(111)1p(131)-YSi2 along the
Ḡ-M̄ -Ḡ and Ḡ-K̄-M̄ directions. In the images, darkest
~brightest! featurescorrespondto more ~less! intensephoto-
emissionpeaks.Sametype of surfacebandswere recorded
for GdSi2 ~right partof Fig. 9! Along Ḡ-M̄ -Ḡ ~bottomleft in
thefigure!, a parabolicsurfacebandcanbeclearlyobserved.
Experimentally, the bottom of this band appearsat the M̄
point of the SBZ, with a binding energy of 21.6 eV. This
band crossesthe Fermi edge close to the Ḡ point, at kF
50.1 Å21, leadingto theformationof a holepocket,similar
to the one reportedfor ErSi2.18 Around the M̄ point, and
closeto the Fermi energy, an increaseof the photoemission
intensity can be seen.Again, in analogyto the ErSi2 case,
one may a priori assignthis featureto an electronpocket
with a kF50.7 Å21. Similar featuresare observedin the
ARUPSdispersioncurvesfor the Ḡ-K̄-M̄ direction ~top left
of Fig. 9!. The hole and electronpocketsat Ḡ and M̄ are
again clearly visible, with kF50.1 Å21 and kF51.4 Å21,
respectively.

FIG. 8. Normal emission UPS spectraof the Si(111)1p(7
37) ~at thebottom!, YSi2 andGdSi2 measuredusingHeI andHeII

radiation.



8

Next to eachexperimentalplot for theYSi2, we alsorep-
resent the associated theoretical ARUPS simulations,
I \v(E,kW i), obtainedas explainedin Sec.III C. The surface
statesarealsoindicatedin this plot by small circlesoverim-
posedto theARUPSyields.The theoreticalplots arein nice
qualitativeagreementwith the experimentaldatadespiteall
the approximationsinvolved. The bottom of the hole ~elec-
tron! pocketbandis locatedat 21.4 eV (20.1 eV).

The hole pocketbandremainsa surface~localized! band
throughoutits entireenergy dispersionrangefor both direc-
tions.An AO decompositionfor this bandrevealsthat,at the
bottom(M̄ point!, themaincontributionsarisefrom theY-d
and -s states,togetherwith the Si1-pz , althoughcontribu-
tions from theSi2 andSi3 px andpy AOs arenot negligible.
The Si1-pz componentincreasesat K̄ becomingpredomi-
nant,while at the top of the band(Ḡ), the statesareessen-
tially a mixture of Y-dz2 and Si3-pz . Obviously, the lower
part of this bandis responsiblefor the C peaksdiscussedin
the previoussubsection.

As for the electron pocket band, we only find surface
~localized! statesin theflat regionat thebottomof theband,
(M̄ point!, which is preciselywhereno bulk statesareavail-
able. The Si2-p AOs ~mainly the pz component! together
with theY-s and-dz2 AOs yield the largestcontributions.

There also exist two bands containing surface states
aroundK̄ at ;22 eV. They both have large Y-d compo-

FIG. 9. Surfacebanddispersionsalong the Ḡ-K̄-M̄ ~top plots!

and Ḡ-M̄ -Ḡ ~bottomplots!. Plotsat the left ~center! correspondto
the experimental~theoretical! ARUPSdatafor YSi2. Resultsfrom
GdSi2 are shownat the right. Darker regionscorrespondto larger
ARUPSyields. In the theoreticalplots, surfacestatesare indicated
by small white circles.Seetext for further details.
nents,togetherwith Si2-pz ~Si3-pz) componentsfor the up-
per ~lower! energy bands.Theformer is responsiblefor peak
B, whereasthe latter givesthe off-set for the setof peaksA.

Figures10~A! and10~B! showthe experimentalandthe-
oreticalFSmapsobtainedfor Si(111)1p(131)-YSi2, with
the SBZ drawnoverimposedin the theoreticalplot ~B!. At a
photonenergy \v521.2eV, we haveonly accessto thefirst
SBZ and a small part of the next ones.In this case,lighter
regions in the patterncorrespondto higher photoemission
intensitiesand,therefore,to thepresenceof electronicstates.
All the experimentalfeaturesare reproducedby the theory,
althoughthereexistqualitativedifferencesin their shapethat
will be discussedin the next section.In Fig. 10~C! we also
presentthe FS for the GdSi2 system,which is again very
similar to theYSi2 map.Theybothpresenta ring centeredat
Ḡ and ellipsesat M̄ with their long axis alignedalong the
Ḡ-M̄ direction. Their origin is easily understoodafter the
above surface band dispersionanalysis.The hole pocket
bandcrossesthe Fermi level closeto Ḡ both alongthe Ḡ-M̄
andḠ-K̄ directions~seeFig. 9!, leadingto thering structure.
The electronpocketband,on the other hand,has its mini-
mumat M̄ , andpresentsa largerdispersionalongM̄ -K̄ than
alongM̄ -Ḡ, thusgeneratingthe elliptical features.

It is importantto recall that the statescontributingto the
FS shapeare essentiallysurfacestates~seeFig. 9!. There-
fore, the featuresshownin the FS shouldnot dependon the
experimentalphoton energy, as it has been reported for
ErSi2.43

V. DISCUSSION

Let us first discuss on the overall experiment-theory
agreementfor theARUPSspectrashownin Fig. 9. Although
all experimentalfeaturesarewell reproducedby the theory,
there are sensibledeviationsin the energy location of the
bands.Thebottom~top! of theholepocketbandat M̄ (Ḡ) is
located at 21.40eV ~0.26 eV! in the theoretical plots,
whereasthe correspondingexperimentalvalue is 21.6 eV
(;0.1 eV). As for the electronpocket band, both spectra
show the bandminimum just below the Fermi level, at ;
20.1 eV. The identificationof the predictedsurfacestates
around K̄ at ;22 eV is not so clear in the experimental
plots,althoughsimilar featuresto thetheoreticalonescanbe
seenat about 22.3 eV. We may concludethat DFT-LDA
introduceserrorsof the orderof 200–500 meV for localized

FIG. 10. ~A! Experimentaland ~B! theoreticalFermi surface
mapsfor Si(111)1p(131)-YSi2 system.~C! ExperimentalFermi
surfacemapfor the Si(111)1p(131)-GdSi2.
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~occupied! states.As pointed out earlier, such deviations
could be correctedby improving the LDA with self-energy
terms.39,40

Qualitativetheory-experimentdifferencesarealsovisible

in the FS mapsof Fig. 10. The star shapearoundḠ is not
resolvedexperimentally, while thesizeof boththering struc-
ture and the ellipses are slightly larger in the theoretical
maps.Theseshapediscrepanciesarisefrom deviationsin the
theoreticalFermi wave vector values,kF , which are them-
selvesinducedby the energy errorsjust mentionedabove.

However, the most striking propertyof the experimental
FS mapsis the threefoldsymmetrythey exhibit, which is at
contrastwith the6-fold symmetryof the theoreticalFS.This

is evidentbothfor theellipsescenteredat M̄ andfor thering
structure;thereis a systematicattenuationof theexperimen-
tal ARUPSyield alongthe @12̄1# directioncomparedto the
@12̄1# direction. Anisotropy in the photoemittedintensity
has beenalso reportedfor the FSs of other surfaces.44 In
explainingthis effect,we mayrule out thepossibilitythatthe
electronicstructurehasa threefoldsymmetrysince,asshown
above,all theFSfeaturesarisefrom 2D states;time reversal
symmetry adds inversion symmetry to the 2D reciprocal
space@E(ki)5E(2ki)#, so that the correspondingFS will
showup assixfold, as is indeedthe casefor the theoretical
map.Theothertwo, nonexclusive,explanationsfor thebro-
ken symmetryin the experimentalFS aremostprobablyre-
lated either to interferenceeffects in the photoexcitation
probability38 or the actualdiffraction processas the photo-
electronsemerge from the crystal.

It is also worth mentioningthe connectionbetweenthe
electronicstructureand the scanningtunnelingmicroscopy
~STM! images acquired for the Si(111)1p(131)-RESi2
systems.It has beensuggestedin previousworks that the
atomicscalebright featuresappearingin theSTM imagesof
the RESi2 surfacecorrespondto Si1 atoms.7,45,46Within the
Tersoff-Hamannspirit,47 we have computedthe LDOS for
theoccupiedandemptystates—integratedovera 0.5-eVen-
ergy interval—alonga planeparallel to the surfaceat a nor-
mal distanceof 2 Å from the Si1. The correspondingplots,
shownin Fig. 11, clearly corroboratethe assignmentof the
bright featuresto the Si1 atoms.However, one should be
cautiousabout this conclusiongiven the strongapproxima-
tions involved in this kind of STM simulation.

Theatomicstructureof all theheavyRE silicidesstudied
until now is analogous.They all stabilizein the B-T4 model
depictedin Fig. 1 and only small differencesin the atomic
layerdistanceshavebeenreportedbetweenthem.12–16 In this
work we showthat theelectronicstructuresof YSi2 , GdSi2,
andErSi2 arecoincidenttoo. Their respectiveARUPSspec-
tra and FSs can be overimposedwithout noticeablediffer-
ence.Therefore,althoughthe theoreticalcalculationshave
beenexclusivelyperformedfor the YSi2 dueto the absence
of f electrons,we believethat the conclusionsderivedfrom
our theoreticalanalysiscanbesafelygeneralizedfor the rest
of the heavyRESi2 presentingthe sameatomicstructure.

VI. CONCLUSIONS

TheelectronicstructureandtheFermisurfaceof the two-
dimensionalRE silicides epitaxially grown on Si~111! have
beenstudiedby a combinationof ARUPSandDFT calcula-
tions.Thetwo Si atomsat theoutermostrotatedbilayerbond
to eachothervia a covalentbonding,whereasthe RE atom
forms an sp metallic-typebondingwith the neighboringSi
atomstogetherwith covalent-typebondshybridizing the RE
d stateswith the Si 3p statesof the upper and lower Si
planes.The natureof the electronicstatesthat shapethe FS
are found to be surfacelocalizedbands,consistingof elec-
tron andholepocketscrossingtheFermi energy closeto the
Ḡ and M̄ points of the SBZ, respectively. The coincidence
betweentheelectronicstructureof theEr, Gd,andY silicides
suggeststhat thesebandsare inherent to the B-T4 model
foundmoremanyRE silicides,regardlessof thepresenceor
not of f electrons.
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FIG. 11. LDOS plotsintegratedovertheenergy rangesindicated
at the bottomof eachfigure, for a planeparallel to the surfaceand
2 Å abovethe Si1 atom.The circles ~squares! give the locationof
the Si1 ~Si2! atoms.
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