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The electronicstructureandthe Fermi surfaceof two-dimensionatare-earttsilicides epitaxially grown on
Si(111), YSi, and GdSi, have beenstudiedby a combinationof angle-resolvediltraviolet photoemission
spectroscopyand densityfunctionaltheory calculations Both silicides presenta very similar electronicstruc-
ture, with two characteristielectronicbandsbelow the Fermi enegy. One crosseghe Fermi enegy nearthe
r point of the surfaceBrillouin zone(hole pocke} andthe otheronecloseto the M point (electronpockej.
Thesetwo bandsarisefrom surface(localized statesandareresponsibldor all the FermisurfacefeaturesThe
theoreticalcalculationsare in good qualitative agreementith the experimentalresults,and also allow to
examinethe natureof the bondingbetweenthe rare earthandthe neighboringsilicon atoms.We havefound a
combinationof sp metallictype bondtogetherwith covalentbondsinvolving the rare-earthd statesand Si 3p

states.

I. INTRODUCTION

During the lastyearsa greateffort hasbeenmadetowards
the understandingf the relationshipbetweenthe electronic
and atomic structureof two-dimensional2D) systemsThe
aim behindtheseideasis to control andtailor the electronic
properties derived from the reduceddimensionality of a
layer. Of a particularinterestarethe electronichandscloseto
the Fermilevel aswell asthe Fermi surface becausef the
large amountof processesn which they play a crucial role
(transportoptical propertiesmagnetism. . . ). Experimental
andtheoreticalsurfacesensitivetechniqueshaveto be used
to gatherinformationaboutthesepropertiesin thelastyears
angle-resolved ultraviolet photoemission spectroscopy
(ARUPS hasprovedto be a powerful tool to determinethe
Fermi surfaceand the occupiedband structureof very thin
films. Complementaryhighly optimized density functional
theory (DFT) basedcodesoffer the possibility of finding the
equilibrium geometryand examiningits electronicstructure.

Rare-earth(RE) silicides epitaxially grown on Si have
beenstudiedin detail becausef their interestingtechnologi-
cal applications, that could be derived from their low
Schottkybarrierheighton n-type Si(111).1™ The bulk struc-
ture of the heavyRE 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(y/3
X \3)R30° superstructure,and leading to a RESj -
stoichiometry’® Most of the RE silicides presenta p(1
x 1) 2D phaseat coverage®f aboutl ML.”~° In contrastto
the bulk, this phasedoesnot include Si vacanciesandthere-
fore the film presentsa RES}, stoichiometry The atomic
structureof the two-dimensionaphasewasfirst reportedfor
Si(111)+ p(1x 1)-ErSi,, > and recently the samemodel
was proposedfor other heavy RE silicides, suchasY, Dy,
and Ho silicides>~* and germanides’ The geometrycon-

sistsof aninterfacialRE layerpositionedat T, sitesandwith
a Si bilayeron top. This top Si bilayer is rotated180° about
the surface normal with respectto the rest of bulk like
Si(111) bilayersbelow the RE. The structure,typically de-
notedasB-T4, is sketchedn Fig. 1.

The surfaceelectronic band structurefor thesesystems
hasonly beenstudiedfor the Si(111)+ p(1X 1)-ErSi,. 18
ARUPS experimentsshow two bands crossingthe Fermi
level, originating2D hole andelectronpocketsaroundthe I"

andM points, respectively Thesebandsare responsiblefor
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all the featuresappearingn the Fermi surface(FS).

The aim of this paperis preciselyto provide a detailed
electronic characterization for other Si(111)+p(1
X 1)-RES), systemsjn orderto generalizethe previousre-
sultsfor Er to the restof RE silicidesthat presenta similar
atomic structure. For this purpose, the Si(111)+p(1
X 1)-YSi, and Si(111)+ p(1X1)-GdSi, surfaceswere ex-
perimentallystudiedwith ARUPSIn orderto determinetheir
bandstructureand Fermi surface.The measuredspectraare
then comparedagainstARUPS simulations obtained from
DFT basedcalculationswithin the local densityapproxima-
tion (LDA). Sincethe LDA fails to describecorrectly the
correlationeffects associatedo the highly localizedf elec-
trons, the theoreticalstudy has beenrestrictedto the YSi,
systemAlthoughY hasnof electronsit is still consideredch
RE due to its trivalent nature. Moreover and in order to
ensurea meaningfulexperiment-theor)comparisonwe re-
move any finite size effectsinducedby the DFT slabgeom-
etry by transferringthe DFT Hamiltonianto a semi-infinite
model systemwhich is solvedvia Greens functionsmatch-
ing techniquesOur approachallows oneto identify any sur
face states,while the Greens functionsformalismis better
suited for incorporatingcertain aspectsof the ARUPS ex-
perimentinto the simulations.

The paperis organizedasfollows. In Sec.ll we describe
the experimentalprocedure,while Sec. lll dealswith the
theoreticaldetails. The experimentaland theoreticalresults
are shown and analyzedin Sec.IV. A brief discussionon
theseresultsis presentedn Sec.V. Last, our conclusionsare
outlinedin Sec.VI.

II. EXPERIMENT AL DETAILS

The experimentsvere performedin an ultrahighvacuum
chambemwith a basepressureof 5x 10™ ! mbar. The photo-
emissionspectrawere recordedin a VG ESCALAB Mk I
spectrometewith the samplemountedin a modified two-
axis samplegoniometer Rotationis computercontrolledfor
motorized angle-scanneddata acquisition'®?° SiK, was
usedfor x-ray photoelectrorspectroscopyn orderto check
the cleannessf the sample MonochromatizedHel andHell
radiations(21.2 and 40.8 eV, respectively from a dischage
lamp were used for ultraviolet spectroscopyThe samples
were kept at room temperaturaduring the experimentsThe
ARUPS andthe Fermi surfacemapmeasurementaere per
formedusingHel.

Full hemisphericalFS maps (acquired over 27 solid
angle wereconstructedy sequentiabataacquisitionof the
total photoemissiorintensity at the Fermienepgy for a com-
pleterangeof polarandazimuthalangles.The angularreso-
lution was2° full coneandthe enegy resolutionwassetto
50 meV. The emissionangleswere transformednto k| vec-
tors.

ARUPS spectraare presentedike dispersionmapsas a
function of specifick; directions.The measurementsvere
performedfollowing the high symmetrydirectionsof the sur
face Brillouin zone(SB2), i.e., theI'-M-I" andI'-K-M di-
rections.For the resultspresentederethe enegy resolution
wassetto 30 meV andthe polar angularresolutionwas 1°.

The YSi, andthe GdSi, 2D silicides were preparedby
depositingaround1 ML of RE on the 7X7 reconstructed
substrateThe n-type Si(111) waferswere cleanedin situ by
heatingup to 1200°C followed by slow cooling. TheY and
Gd were depositedat RT and subsequentlyannealedat
400°C for 15 min. The pressureaduring the evaporationvas
in the low 10~ mbar. The formation of the 2D silicides
was confirmedby the presenceof a sharp1X1 low enegy
electrondiffraction patternwith tracesneitherthe 7 X7 nor
3% /3 reconstructiongfor more detailsseeRef. 15).

Ill. THEORETICAL DETAILS

The calculationof the structuralandelectronicproperties
of the Si(111)+p(1X1)-YSi, was performed separately
We first determinedhe equilibrium geometryusingthe usual
supercellapproachwheresurfacesare modelledasthin slabs
separatedby vacuum.

However for the electronic structure,it is desirableto
avoid finite size effectsassociatedvith the slabgeometryin
orderto unambiguouslhydetermineany 2D surfacebands.To
this end,we modelthe surfaceasa semi-infinitesystemand
calculate its Greens function via standard matching
technique€??As will be shownbelow the Hamiltonianfor
this systemmay still be calculated self-consistentlywith
hardly any loss of accuracyas comparedto the supercell
approach.

Knowledgeof the system$ Greens function allows usto
characterizethe bondsat the surface,thus gaining further
insight into the driving forcesresponsiblefor the B-T4 ad-
sorption geometry The main tools for this characterization
are,apartfrom the usualchage density(CD) mapsobtained
from the slabcalculationsthe atomicorbital (AO) projected
densityof states(PDOS andthe crystaloverlappopulations
(COOPs. Taking explicitly into accountthe overlap matrix
O, the DOS projectedat a givenAO i andat enegy E, may
be written as:

PDOSE)iz%I 2 oijG(E)jizg COORE);; ,

where the summationover j includesall AOs that overlap
with i, and G(E);; is the Greens function matrix element
linking AO i to AO j. The crossterms,COOPE);; , consti-
tute a measureof the strengthof the bond betweenthe two
AOs; the more positive (negative the value of COOPE);; ,
the strongerthe bonding (antibonding characterof the i — |
interaction.

The PDOSand COOPenegy integratedcounterpartsare
the Mulliken populationsand the bond order (BO), respec-
tively. Whereashe former givesthe total chage associated
to an AO or atom (ionic charactey, the latter providesthe
amountof chage sharedbetweenany two AOs or atoms.

A. Slab calculations

The slab calculationswere performedwith the SIESTA
program? This codeusesthe density-functionamethodand
separabl® norm-conservingTroullier-Martins® pseudopo-
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FIG. 2. Theslabgeometryfor the atomiccalculationis sketched
at the left. Centered,schemeof the block tridigonal Hamiltonian
matrix definedfor the Si(111)+ p(1x1)-YSi, surfacesystem.The
matrix blocksfor PLs 0 and 1 are extractedfrom the slab calcula-
tion. The rest of matrix blocks (Principal layers2, 3, 4, etc), are
takenfrom the Si bulk calculationsketchedon the right.

tentials. Valence wave functions are representedusing
pseudoatomiorbitals (PAOs),?® including multiple-zetaand
polarizationfunctions?’

In all calculationswe usedthe Ceperley-Alde?® scheme
for the LDA exchange-correlatiofunctional. The pseudopo-
tentialswereexpresslygeneratedfterrelativisticatomiccal-
culations,taking into accountpreviousworks>° For Si, we
employedthe usual3s? 3p? configurationwith a cutof ra-
diusof r,;=1.89a.u.for all | values(beyondr ., the pseudo-
wave-functionsmatchall the electronwave functions. For
yttrium, we included the semicore4p shell and used as
atomic reference configuration 5s* 4p® 4d?, with r
=2.96a.u.,r,,=1.99a.u., andr4=1.99a.u. The valence
basissetconsistedf double-zeta8s and3p andsingle-zeta
3d PAOsfor Si, anddouble-zetds, 4p, and4d plussingle-
zeta5p PAOs for Y. The pseudopotentialand the basisset
wereboth carefully testedby performingstructuralandband
calculationsfor bulk yttrium and bulk silicon. In particular
we obtaineda lattice parametefor bulk Si of 3.84A andan
enegy gapof 0.54¢eV.

The 2D SBZ wassampledusingan 8 X 8 supercell Other
relevantparameterspecificof SIESTA weresetto the follow-
ing values:a PAO enepy shift of 50 meV anda meshcutoff
of 300 Ry. Whereasthe former determinesthe real space
extentof the PAOSs, the latter setsthe size of the grid em-
ployedfor evaluatingintegralsin real space We testedthat
the abovevaluesalreadyyield convegedresults.

The completeslab geometryusedin the calculationis
sketchedat the left of Fig. 2. The supercellcontainssix Si
bilayers,oneinterfacial Y layer, and a H layer placedat the
bottomof the slabin orderto saturatehe Si danglingbonds
(monohydratedstructurg. We usedthe bulk Si lattice con-
stant (3.84 A) for the in-plane repeat vectors while the
vacuumregionwas10.6 A thick. Testcalculationsncluding
a further Si bilayer in the slabdid not introduceany signifi-
cant changes,signalling a good convegence on the slab
thickness.

We usedconjugategradientdynamicsfor eachtrail struc-
ture, and let the systemrelax until the forceson all atoms
werelessthan0.04eV/A. All ionsin the slabwere allowed
to relax exceptfor the fourth andfifth bilayers,which were

keptfixed in their bulk positions.In the final relaxedgeom-
etries,theresidualforceson thefixed atomswerefoundto be
small, confirmingthe validity of our slabmodellization.

B. Surface calculations

In orderto apply the DFT formalismto non-periodicsys-
tems such as a semi-infinite surface,we follow the same
approachas the one usedby Corbeletal. in the contextof
scanningtunneling microscopysimulations?® Similar tech-
niquesare becomingwidely usedfor infinite systemswhich
lack translationalsymmetry®® We first split the surfacesys-
tem into the so called principal layers (PLs). EachPL con-
tains severalatomic planes,and should be thick enoughso
that interactionsbetweensecondnearestPL neighborsare
already zero or negligible (i.e., only interactionsbetween
first nearesheighborPLs areconsideredl Notice thatthis is
alwaysfeasibleandrepresentsio approximationif oneuses
a linear combinationsof atomic orbitals (LCAQO) basiswith
strictly localizedwave functions,suchas the PAOs usedby
SIESTA. As shownin Fig 2, the Hamiltonianfor sucha sys-
tem is a semi-infinite hermitian block tridigonal matrix,
whereeachmatrix block H;; with |i —j|<1 holdsthe inter
actionsbetweenPLsi andj. The self-consistenelementsn
eachmatrix block are then obtainedfrom separatesiEST
calculations,and the semi-infinite surface systemis con-
structedby a sequentialstackingof all thesePLs??? The
stackingprocesss carriedout by solvingthe Dysonequation
at eachmatchingstep.

In our casethe surfacePL includedthetopmostrotatedSi
bilayer, theY planeplus anothertwo Si bilayers.The restof
PLscontainedwo bulk-like Si bilayers.If PLsarenumbered
from 0 to n aswe movefrom the surfaceinto the bulk, then
the matrix blocks Hqg, Hg, and Hy; may be directly ex-
tractedfrom the slab calculationdescribedin the previous
subsectionThe rest of matrix blocks, H;; and H;; .1, with
i>1, arethenassumedo be bulklike (i.e., independenbf
i), andcanbereadily obtainedfrom anothersiesm calcula-
tion performedjust for bulk Si.

This approachwould be exactif the surfaceeffectswere
alreadyfully screenedat PL 1, in which caseHq; would
coincidewith thediagonalbulk matrix block H2 . Otherwise,
the main approximationin the above procedureis the as-
sumptionthatthe Hamiltonianmatrix elementsn H,, do not
changeafter replacingthe adjacentH ;, matrix block by the
bulk one,H? , ; . Caremustbetaken,however to ensurethat
the matrix elementsobtainedfrom differentSIEST™ calcula-
tions areall referredwith respectto the sameenegy origin.
To this end,we havealignedthe PDOSresultingsolely from
the H; matrix block with the PDOS correspondingo the
isolatedbulk Hﬁ block (i.e., we considerin this testa 2D
slab containingtwo Si bilayers. In Fig. 3(a) we show both
PDOS curves; after the appropriateenegy shift, they be-
come indistinguishablein the graph, supportingthe above
ansatz of a bulklike behaviorat PL 1. We have further
checkedthe accuracyof our approachby computing the
PDOSfor aninfinite stackof identical Si bulk PLs, but re-
placing only at a single PL the Hﬁ interactionby the slab-
derivedmatrix block H44, leavingtherestof PL interactions
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FIG. 3. PDOSprojectedontoa Si PL for (a) anisolated2D slab
and (b) bulk Si. Solid lines refer to a calculationwhereall Hamil-
tonianblocksare extractedfrom a Si bulk calculation,whereasfor
dashedinesthe Hamiltoniandiagonalmatrix block at the projected
PL is takenfrom the Si9 and Si10 atomsin the slab calculation.

to thebulk values.The comparisoris shownin Fig. 3(b), and
we againfind an excellentagreemenbetweenthe two.

For the PDOSand COOPcalculationsto be presentedn
Sec. 1V, we employeda 21X 21 supercellfor the 2D Bril-
louin zoneintegration while theimaginarypartof theenegy
in the Greens function wassetto 100 meV—recallthatthis
value determinesthe width of the peaksin the PDOSE)
curves.

C. ARUPS Simulations

Despitethe existenceof elaboratedtheoriesfor ARUPS
simulations®~® we employa simplified approachwhich fo-
cuseson the initial electronicstate,but that alreadyallows
one to rationalize most of the experimentalARUPS data
measuredor the YSi, systemA brief discussioron the va-
lidity of the approximationsnvolved is given at the end of
this subsection.

We considera photonwith enegy % exciting an elec-
tron in a statewith a well definedenegy E and IZ” , while its
perpendiculark-vector k, , before the excitation process,
must satisfy the usual enegy and momentumconservation
relation:

hw " 2m 12
KI*(B.kp)=\/—7 (E+hio+Vo) —[K*,

with Vg giving the surface-vacuunpotential step (typically
betweens and 10 eV).

The ARUPS arisesboth from surface (localized states
plus the statesat PL 0 which couple to those bulk Bloch
eigenvectorsJB(kL), with a perpendiculak vectork, close
to kf“’. An appropriatebasisat the surfacePL which allows
one to discriminate both types of contributions may be

readily obtained by performing a singular value

decompositioff for the propagatorTOB(E,lZH) linking the
Bloch eigenvectorso the AOs at the surface Droppingthe E

and IZH for all matriceshereafter Tog may be obtainedfrom

Tos=God Gaal 'Vag,

whereG;; is the Greens function matrix linking PL i to PL j
and, V,g is the basisof the Bloch statesprojectedat the
bulklike PL 2. The SVD for this propagatoithenreads:

Tog Ug=Ug 2OB,

whereU, and Uy are orthonormalbasisfor the surfacePL
andthe Bloch eigenstatesiespectivelyand oz is a rectan-
gulardiagonalmatrix holdingthe singularvalues.U, maybe
split into two orthogonal subspacesU,=Ug*®Ugg. Ug°
consistsof thosevectorsin Uy which havea null singular
value and, hence,do not coupleto the bulk (surfacestates.
On the contrary Uyg containsthe vectorswith nonzeroX o5
elementsand spansthe subspacet the surfacePL which is
linked to the bulk eigenvectors.

Next, thek, filtering may be accomplishedy transform-
ing the Uyg basisinto a kf“’ dependenbne:

Ugéu:':ﬁw Uos,

wherewe haveintroducedthe real diagonalF"® matrix that
weightseachelementn Uz associatedo a Bloch eigenstate
ve(k,) by thefactor V([ —k, |)-w"®). Here,fis adelta
typefunctioncenterecatk”® , andwith aw”® inversewidth.

Combiningthe U%¢ and U3 basiswe obtainthe ARUPS
transformationmatrix: U4“=U$% UAe | which may be ap-
plied to the surfaceprojectedDOS matrix, p:

# i i
Péw:[Uow]TPo Uow-

Here, po=(i/7)(Ggpo— G(T)O) is obtainedfrom the Greens
functionsof the surfacesystemfollowing the procedureout-
lined in the previoussubsection.

The ARUPSYield, I’““(E,IZ”), is thentakenproportional
to a weightedtraceof p{;w, via

1"(E Ko Tr[A pg°(E k)],

where A is a real diagonal matrix giving the attenuation
factor for each AO i containedin the surface PL: A,
=e " %/\ z beingthe normaldistancebetweerAO i andthe
surfacemosatomandA the attenuationconstantaccounting
for the reductionin the photo-electrorflux dueto inelastic
processesi.e., the deeperthe AO into the bulk, the stronger
the attenuatioin

For our simulations,we setA=6 A, andV=7 eV, and
for the broadeningunction f"“(k, ) we employeda Lorent-
zian function with aninversewidth w"“=2 A. We checked
that varying the abovevalueswithin reasonabldimits had
hardly any effect on the simulations.

Fermi surfaces are then obtained after plotting the

I’“"(E,IZH) guantitiesintegratedovera = 100 meV enegy in-
terval aroundthe Fermi level and weightedby the Fermi-



Dirac distribution(kT= 20 meV). The surfacebandsdisper
sions are also plotted in an analogous way to the

experimentaldata; | ﬁ“’(E,EH) is represente@s a gray scale

2D mapfor IZ” along high symmetryreciprocalspacedirec-

tions. The imaginarypart of the enegy enteringthe Greens

functionswassetto 20 meV for the surfacebanddispersion
plots,andto 50 meV for the FS maps.Finally, thetheoretical
Fermilevel wasfixed to that obtainedfrom the slabcalcula-
tion. Our approachomits severalimportantprocesseselated
to the ARUPS experimentand which we briefly discussbe-

low.

(i) The photoelectronintensity is modulated by the
photon-electrormatrix elementswhich may affect the rela-
tive weightsof eachatomic PDOS or, more precisely each
Im component’ Although for non-polarizedphotons asit is
the currentexperimentalkcase,this effect is reduced,t may
still be quite relevant.Furthermore jnterferenceeffects be-
tweenthe photoelectroramplitudesarisingfrom differentat-
omsin the unit cell may alsomodify the aspeciof the FS3®

(ii) Photoelectronsre excitedwith kinetic enegies of a
few tensof eV. In this regime,the multiple scatteringevents
that the electron suffers before exiting the systemare not
negligible, introducing a further dependenceof the total
ARUPSyield ontheenegy of theemittedelectronsandtheir

directionuponexit, thatis, IZH . In generalmultiple scattering
effects should not introduce important changesin the
ARUPSdispersiomplots,whereador FSs,it mayturn lighter
or darkerspecificfeatures.

(iii) DFT-LDA is well knownto introducesensibleerrors
in the enegy positionsof the electronicbands.This limita-
tion doesnot only apply to the excited states,since GW-
correctedspectraor differentsystemshavealsoshownlarge
self-enegy correctiongfor valence(occupied statesparticu-
larly when they presenta strong localization®®%° Further
more, after the photoelectrorexcitationprocessthe electron
hasto surpassthe attractive interactionwith the hole just
createdbeforeexiting, leadingto a furtherrenormalizatiorof
the enegy bands Although for metallic systemsthe magni-
tudeof the LDA errorstendsto be small,in semiconductors
andinsulatorsit mayvary from afew hundredth®f eV upto
morethanl eV. In any case,the theory-experimensurface
bandscomparisonpresentedn the nextsectionwill actually
determinewhatis the DFT-LDA errorin this sense.

IV. RESULTS
A. Atomic structure

Aside from the B-T4 structurealreadydescribedin the
introductionandsketchedn Fig 1, we alsotesteda T4 struc-
ture, similar to the B-T4, but without the rotation of the top
Si bilayer with respectto the Si bulklike bilayers.After the
enegy minimizationsexplainedin the previoussection,we
havefoundthe B-T4 geometryto be morestablethanthe T4
by 238 meV, in agreementvith the experimentafindings?®
In the final geometry there are no relevantinplane atomic
displacementsso that the slab preserveghe p3m (c3vm)
symmetry proper of the B-T4 model. The relaxed atomic
positions are quite similar to those derived from a LEED

TABLE I. Interplanardistancesbetweenatomic planes(in A)
alongthe (111) direction,obtainedfrom our SiesT slabcalculations
for the YSi2/Si(111)-(1X 1) system.They are comparedagainst
the LEED derivedstructureandthe ab initio calculationsof Ref. 15

Atoms LEED DFT-LDA (SlEs®) 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 -

analysisfor the samesurface The correspondingomparison
is shownin Tablel, togetherwith othertheoreticalresults.
The largestdiscrepancycorrespondgo the Y-Si3 interlayer

spacing,for which the siesm valueis 0.09 A smallerthan

the LEED value.The generalizedyradientapproximatiorde-

rived structuredoesnot presenta betteroverall agreement,
since althoughthe Y-Si3 distanceis betterreproducedthe

Si2-Y interlayer spacingbecomes0.08 A smaller than the

LEED result.

All' Si-Si nearesneighbordistancesttainvaluescloseto
the bulk, ds;_s;=2.35A, except for the secondbilayer,
wherea significantexpansionof the bilayer thicknessfrom
0.78 A to 0.92 A, leadsto a slightly elongatedSi-Si bond
lengthof dgj3_sis=2.40 A. Ontheotherhand,following the
notation of Fig. 1, the Y bonding configurationpresentsa
markedasymmetry as it makesthree short bonds(dy_gjp
=2.9A) andthreelong bonds(dy_s;=3.5A) with the Si
atomsat the top bilayer, while for the bilayer below thereis
one shortbond (dy_si,=2.9 A) and anotherthree slightly
|Onger(dy,Si3= 30 A) .

B. Bond analysis

In Fig. 4 we first presenthe CD mapsfor a planeperpen-

dicularto the[ 101] direction.This planecontainshoththeY

and Si atomsandit correspondgo the side view of Fig 1.

The plot at the top of the figure showsthe total valenceCD,

with darkerregionscorrespondingo larger CD values.No-

tice that the contributionfrom the Y 4p semicoreshell has
beensubstracteaut. The covalentnatureof the Si-Si bonds
is immediatelyapparenfrom the highly localizedregionsof

chage pile up linking the Si atoms.On the other hand,the
CD aroundtheyttrium ion is spherical suggestinga metallic
characteffor this ion.

A betterinsightto the natureof the Y-Si bondis obtained
after inspectingthe CD difference(CDD) betweenthe total
valence CD and a superpositionof the individual atomic
CDs, displayedat the bottomof the figure. Positive (darke)
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 plane Si atoms.Surpris-
ingly, thereis no apparentbonding betweenthe Y and the



FIG. 4. Chagedensity(CD) andCD difference(CDD) plotsfor
the YSi, slabalonga plane perpendiculato [101] directionand
containingboth Y (X) and Si (+) atoms.In the CDD plot, the
contourlines separatgositive (darkej CDD regionsfrom negative
(lighter) regions. For the CD plot, darker regions correspondto
larger CD values.

lower Si at the bilayer below Si4, despitetheir small inter-
atomicdistancedy_gi,=2.9 A.

The DOS projectedon the first nine atomsof the slabis
displayedin Fig. 5. In eachSi curve,the DOS projectedat a
bulk Si atomis alsopresentedor comparisor{dashedines).
Significantchangesn the electronicstructurewith respecto
the bulk areonly seenfor thefirst four Si atoms.The surface
hasa 2D metallic charactersincethe PDOSfor the surface-
most atomsexperiences considerabldncreasearoundthe
enegy gap but becomesalreadybulk-like at the Si5. In the
top bilayer both Si atoms(Sil and Si2) presentvery similar
PDOS.This is actually not surprisingafter noting the simi-
laritiesbetweerthe CD aroundbothionsin Fig. 4. Theband-
width of their lowestenepy stateqs bands areslightly con-
tracted,while the p bandscenteredat around— 2.7 eV (label
Ain thefigure) becomemoreprominent.Thesefeaturesarea
consequencef the fact that both ions lose a covalentbond
each Jeadingto morelocalizedstateqlessdispersivebands.
Also, new occupiedstatesappearcloseto the Fermi level,
labeledin thegraphasC. In this enegy region,the peaksare
clearly more pronouncedor Sil, and havemainly p, char
acterwhile, for Si2, the p, contributiondrasticallydropsand
becomesomparabldo the d contributions.

The electronicstructureof the Si3 resemblesnorethat of
the Si bulk atomsthanthoseat the top bilayer. Apart from a
new peaklocatedat — 8.2 eV, the mostrelevantfeatureis
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FIG. 5. DOSE) projectedon the first nine atomsof the YSi,
surface(semi-infinite system.The atomicMulliken chages,Q, are
alsogiven.In all Si projectionsthe dashedcturvescorrespondo the
bulk Si PDOS.The enegy origin is atthe Fermilevel. The Si band
gapis indicatedby the gray vertical stripe,while the dashedvertical
linesroughlydelimit theenegy regionsfor the s, s—p, andp bands
in bulk Si.

the large peakat —2.0 eV (B in the figure) with a major p,
contribution. This state extendsinto the bulk down to the
next bilayer, as the peak can still be resolvedin the Si5
spectra.

The Mulliken populationanalysisgiven in Fig. 5 only
showscertainchagetransfer(~ 0.2) from the Si2 to the Sil.
Most of the chage differencebetweerthe two is localizedin
enegy closethe Fermilevel (C state$. Therestof theatoms
remain essentiallyneutral,indicating that the Y-Si bonding
hashardly any ionic character

The local densityof statescorrespondingdo the A, B, and
C eneqy regionsis displayedin Fig 6. The plots revealthat
eachset of peaksis associatedvith the Si2, Si3, and Sil
danglingbonds,respectivelyIn all casescertainchage pile

&

?f PAf ' ’
A;[-3.0,23]eV B;[2.2-1.8]eV C;[1.6,-0.2]eV

FIG. 6. CD plotsfor the sameplaneasin Fig. 4, corresponding
to the local densityof states(LDOS) centeredat peaksA, B, andC
and integratedover the enegy rangesindicatedat the bottom of
eachplot. Darkerregionscorrespondo larger CD values.
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FIG. 7. COORE) plots betweenthe Y atom and the first five
atomsof the YSi, surface(semi-infinite system.All Si-Y plots
have beenrescaledby a factor of 5. The gray horizontallines in
eachplot give the COOP=0 level. The BO valuefor eachinterac-
tion is alsogiven.

up with d symmetrycanbe observedat theY atoms,always
pointing away from the Y-Si danglingbond direction.

By noticing that the A, B, and C relatedpeaksare also
presentn theY PDOS,it seem<learthattheyinvolve Y-Si
bonds.This is confirmedafterinspectingthe enegy resolved
COOPsrelevantto the Y, which aregivenin Fig. 7. A com-
mon featureto all the Y interactionds thatthe lower enegy
partin the graphspresentpositive COOPsarising from the
metallic bonding betweenthe Si s and p stateswith the
highly dispersiveY s andp bands.TheY d statesappearat
around —5 eV, and they dominatethe COOPsabovethis
enegy. Curiously theyform bondingstateswith the Si2 and
Si3 p bands,but showantibondingregionswith the Sil and
Si4. An inspectionto the BO valuesquotedin the figure
showsthat the Y-Si3 constitutesthe strongestRESi bond.
The BOs for the Sil and Si2 areboth smaller althoughtheir
sumis roughly equalto the BO(Y-Si3) value.

The prominentB peakat —2.0 eV is clearly identifiedin
the COOPs,confirming the covalenttype bond betweenthe
Si3p, AO andtheY d statesalreadyapparentn Fig. 6 B. In
theY-Si2 COOPsonthe otherhand,boththe A andC peaks
are presentwith similar heights, despitethe fact they are
mainly localizedat the Si2 and Si1, respectively

In summarythe RE forms an sp metallic type bond with
its first four neighborSi atoms(Sil-Si4), togethemwith more
covalenttype bondsbetweerthe RE d statesandthe Sil, Si2
and Si3 danglingbonds.

C. Surface bands

Figure 8 showsvalenceband photoemissiorspectrare-
corded in normal emission for the 2D Si(111)+p(1
X 1)-YSi, and Si(111)+p(1Xx1)-GdSh surfacesand for
the cleanSi(111)+ p(7X7) surface.The spectrumfrom the
reconstructedsubstrateshowsthe well known surfacefea-
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FIG. 8. Normal emission UPS spectraof the Si(111)+p(7
X 7) (atthebottom), YSi, andGdSi, measuredisingHe1 andHe!
radiation.

tures, S,q and S;.5;, Which have beenascribedto the ada-
toms and restatomsdangling bonds, respectively'*> The
stateS,4 appearsat —0.2 eV of binding enegy, andits in-
herentwidth is responsibldor the emissionat enegiesclose
to the Fermi enegy. The stateS,.; appearsat —0.8eV, in
good agreementvith previousworks 142

It is clear from the figure that the formation of the 2D
silicide originatesanincreaseof the numberof countsat the
Fermiedge,indicatingthe metallic characterof the layer, in
accordancavith thetheoreticafindings.The YSi, andGdSk
spectraare both very similar, showing two well resolved
peaksspecificof the silicide (labeledS and Z in the figure),
at binding enegiesof —0.1and —1.9 eV, respectivelyThe
upperspectra(dottedline) hasheenmeasuredvith a photon
enegy of 40.8 eV. Sincethe Z and S peaksdo not shift in
bindingenegy whenthe photonenenpy is varied,theydo not
dispersewith k, and,therefore they canbe ascribedto sur
face states.

The left part of Fig. 9 showsbidimensionalrepresenta-
tions of the experimentaARUPSyield dispersionasa func-

tion of IZH for the 2D Si(111)+p(1X1)-YSi, along the
I'-M-I' and I'-K-M directions. In the images, darkest
(brightesj featurescorrespondo more (les9 intensephoto-
emissionpeaks.Sametype of surfacibind_swere recorded
for GdSy, (right partof Fig. 9) Along I'-M-I" (bottomleft in
thefigure), a parabolicsurfacebandcanbe clearly observed.
Experimentally the bottom of this band appearsat the M
point of the SBZ, with a binding enegy of —1.6eV. This
band crossesthe Fermi edge close to the I' point, at kg
=0.1A"1, leadingto the formationof a hole pocket,similar
to the one reportedfor ErSp.'8 Around the M point, and
closeto the Fermi enegy, an increaseof the photoemission
intensity can be seen.Again, in analogyto the ErSi, case,
one may a priori assignthis featureto an electronpocket
with a ke=0.7 A~*. Similar featuresare observedin the
ARUPS dispersioncurvesfor the I'-K-M direction (top left
of Fig. 9). The hole and electronpocketsat I' and M are
again clearly visible, with ke=0.1A"! andke=1.4A1,
respectively
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FIG. 9. Surfacebanddispersionsalongthe I'-K-M (top plots)
andI'-M-I" (bottom plots). Plotsat the left (centej correspondo
the experimentaltheoretical ARUPS datafor YSi,. Resultsfrom
GdSi, are shownat the right. Darker regionscorrespondo larger
ARUPSyields. In the theoreticalplots, surfacestatesare indicated
by small white circles. Seetext for further details.

Next to eachexperimentaplot for the YSi,, we alsorep-
resent the associated theoretical ARUPS simulations,
Iﬁ‘”(E,IZ”), obtainedas explainedin Sec.lll C. The surface
statesare alsoindicatedin this plot by small circlesoverim-
posedto the ARUPSyields. The theoreticalplots arein nice
gualitativeagreementvith the experimentaldatadespiteall
the approximationsnvolved. The bottom of the hole (elec-
tron) pocketbandis locatedat —1.4 eV (—0.1eV).

The hole pocketbandremainsa surface(localized band
throughoutits entire enegy dispersionrangefor both direc-
tions.An AO decompositiorfor this bandrevealsthat, at the

bottom ( M point), the main contributionsarisefrom the Y-d
and -s states,togetherwith the Sil{p,, althoughcontribu-
tions from the Si2 andSi3 p, andp, AOs arenot negligible.

The Silp, componentincreasesat K becomingpredomi-

nant,while at the top of the band(I"), the statesare essen-
tially a mixture of Y-d,. and Si3-p,. Obviously the lower
part of this bandis responsibldor the C peaksdiscussedn
the previoussubsection.

As for the electron pocket band, we only find surface
(localized statesin theflat regionat the bottomof the band,
(M point), which is preciselywhereno bulk statesareavail-
able. The Si2{p AOs (mainly the p, component together
with the Y-s and-d,2 AOs yield the largestcontributions.

There also exist two bands containing surface states

aroundK at ~—2 eV. They both have large Y-d compo-

YSi, GdSi,

FIG. 10. (A) Experimentaland (B) theoretical Fermi surface
mapsfor Si(111)+p(1X1)-YSi, system.(C) ExperimentalFermi
surfacemapfor the Si(111)+ p(1X 1)-GdSi,.

nents,togetherwith Si2p, (Si3-p,) componentdor the up-
per (lower) enegy bands.Theformeris responsibldor peak
B, whereaghe latter givesthe off-set for the setof peaksA.
Figures10(A) and 10(B) showthe experimentakndthe-
oretical FS mapsobtainedfor Si(111)+ p(1X 1)-YSi,, with
the SBZ drawnoverimposedn the theoreticalplot (B). At a
photonenegy zw=21.2eV, we haveonly accesdo thefirst
SBZ and a small part of the next ones.In this case lighter
regionsin the patterncorrespondto higher photoemission
intensitiesand, therefore to the presencef electronicstates.
All the experimentafeaturesare reproducedby the theory
althoughthereexistqualitativedifferencesn their shapethat
will be discussedn the next section.In Fig. 10(C) we also
presentthe FS for the GdSi system,which is againvery
similar to the YSi, map.Theyboth presentaring centerecht

I and ellipsesat M with their long axis aligned along the

['-M direction. Their origin is easily understoodafter the
above surface band dispersionanalysis. The hole pocket

bandcrosseghe Fermilevel closeto T both alongthe T'-M

andT-K directions(seeFig. 9), leadingto thering structure.
The electronpocketband, on the other hand, hasits mini-

mumat M, andpresents larger dispersioralongM-K than

alongM-I", thusgeneratinghe 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 enegy, as it has been reported for
ErSi.43

V. DISCUSSION

Let us first discusson the overall experiment-theory
agreementor the ARUPS spectrashownin Fig. 9. Although
all experimentafeaturesare well reproducecby the theory
there are sensibledeviationsin the enegy location of the

bandsThe bottom(top) of the hole pocketbandatM (I') is
located at —1.40eV (0.26 eV) in the theoretical plots,
whereasthe correspondingexperimentalvalue is — 1.6 eV
(~0.1eV). As for the electronpocket band, both spectra
show the band minimum just below the Fermi level, at ~
—0.1eV. The identification of the predictedsurfacestates
aroundK at ~—2 eV is not so clear in the experimental
plots, althoughsimilar featurego the theoreticalonescanbe
seenat about —2.3 eV. We may concludethat DFT-LDA
introduceserrorsof the orderof 200-500 meV for localized



(occupied states.As pointed out earlier such deviations
could be correctedby improving the LDA with self-enegy
terms394

Qualitativetheory-experimentlifferencesare alsovisible

in the FS mapsof Fig. 10. The star shapearoundI" is not
resolvedexperimentallywhile the sizeof boththering struc-
ture and the ellipses are slightly larger in the theoretical
maps.Theseshapediscrepanciesrisefrom deviationsin the
theoreticalFermi wave vector values, kg, which are them-
selvesinducedby the enegy errorsjust mentionedabove.
However the most striking property of the experimental
FS mapsis the threefoldsymmetrythey exhibit, which is at
contrastwith the 6-fold symmetryof the theoreticalFS. This

is evidentbothfor the ellipsescenteredat M andfor thering
structurejthereis a systematiattenuatiorof the experimen-
tal ARUPSyield alongthe[121] directioncomparedo the
[121] direction. Anisotropy in the photoemittedintensity
has beenalso reportedfor the FSsof other surface$? In
explainingthis effect, we mayrule outthe possibility thatthe
electronicstructurehasa threefoldsymmetrysince,asshown
above all the FSfeaturesarisefrom 2D statestime reversal
symmetry adds inversion symmetry to the 2D reciprocal
space[ E(kj) =E(—k;)], so thatthe corresponding=S will
show up assixfold, asis indeedthe casefor the theoretical
map.The othertwo, non exclusive explanationgor the bro-
ken symmetryin the experimentaFS are mostprobablyre-
lated either to interferenceeffects in the photoexcitation
probability®® or the actual diffraction processas the photo-
electronsemege from the crystal.

It is also worth mentioningthe connectionbetweenthe
electronicstructureand the scanningtunneling microscopy
(STM) images acquired for the Si(111)+ p(1X1)-RESh
systems.It has beensuggestedn previousworks that the
atomicscalebright featuresappearingn the STM imagesof
the RES}, surfacecorrespondo Sil atoms’#*#®Within the
Tersof-Hamannspirit,*” we have computedthe LDOS for
the occupiedandempty states—integratedvera 0.5-eVen-
ergy interval—alonga planeparallelto the surfaceat a nor-
mal distanceof 2 A from the Sil. The correspondingplots,
shownin Fig. 11, clearly corroboratethe assignmenbf the
bright featuresto the Sil atoms.However one should be
cautiousaboutthis conclusiongiven the strongapproxima-
tionsinvolvedin this kind of STM simulation.

The atomicstructureof all the heavyRE silicidesstudied
until now is analogousThey all stabilizein the B-T4 model
depictedin Fig. 1 and only small differencesin the atomic
layerdistancedavebeenreportecbetweerthem?= In this
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FIG. 11. LDOS plotsintegratecbverthe enegy rangesndicated
at the bottom of eachfigure, for a planeparallelto the surfaceand
2 A abovethe Sil atom. The circles (square} give the location of
the Sil (Si2) atoms.

work we showthatthe electronicstructuresof YSi,, GdSk,
andErSi, arecoincidenttoo. Their respectiveARUPS spec-
tra and FSs can be overimposedwithout noticeablediffer-
ence.Therefore,althoughthe theoreticalcalculationshave
beenexclusivelyperformedfor the YSi, dueto the absence
of f electronswe believethat the conclusionsderivedfrom
our theoreticalanalysiscanbe safelygeneralizedor the rest
of the heavyRES), presentinghe sameatomicstructure.

VI. CONCLUSIONS

The electronicstructureandthe Fermi surfaceof the two-
dimensionalRE silicides epitaxially grown on Si(111) have
beenstudiedby a combinationof ARUPSandDFT calcula-
tions. Thetwo Si atomsat the outermostotatedbilayerbond
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 upperand lower Si
planes.The natureof the electronicstatesthat shapethe FS
are found to be surfacelocalized bands,consistingof elec-
tron andhole pocketscrossingthe Fermienegy closeto the

I' and M points of the SBZ, respectively The coincidence
betweerthe electronicstructureof the Er, Gd, andY silicides
suggestghat thesebandsare inherentto the B-T4 model

found moremanyRE silicides,regardles®f the presencer

not of f electrons.
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