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Anglo—Resolved Photosmission Study

t of A‘lz asd Asla, Istermetallic Campouads

Joffrey G. Nelsoa, V.J. @Gignac, Sehun Kim,

Joffrey R, Lisce and R. Staaley Villiams

Department of Chamistry ond Biloehamistey
University of Califoraia, Los Aangeles
Los Aageles, Califoraias 90024

Abstract

The (001) surfeces of AwGa, gnd Aula, intermetsllic eempounds vere
studied ssing synchrotrons radiation eseited angle-resolved photoemission,
Spectza oollécted for photoslestron eminsion normal to the sample surfaces
were used to map the B versus X dispersion relation of both cempomads slong
the A symmetsy line of the bulk Brillouia Zose. The results shew that the
An 34 Sands of cach compouad are relstively flst, bat the splittiage of the
bands ot I are mearly the seme 83 for olemesntal As. A surface state is

8100 obsezved oa cnch surface ia 2 band gap region shent 6 oV delow the

Pesui leveles of the twe compomads.
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Au, “'3 and ‘Illz form an interesting series of metals for the study
of the Aw 34 orbditals in solide. I» clemeatal As, the atams reside o3 &
fece—ceatered oudic (fce) lattice with a sesrest-seighbor distamce of
2.88 l. Mtz and Aula, heve the flworite structure, ia which the As stams
form aa fcec sublattice where each As stom is at the center of a oude vwith

eight growp III (Ga or In) atoms situated at the cormers. Ia this

IR LR IR VRS TE TV TV RECER PN

azraagement, the Av-As nearest-neighdor distaseces are 4.29 l and 4.60 l for

it s v

AsGe, and Asln,, rzespectively. The streagth of the iateraction Detveen the

R,

34 orbitals on aeighboring As stoms in this grosp should decreass

dramatically with imeressiag atomic separation and should e evideat as »

[P

sarroving ia the é¢-band structure of these metals., [Rzamining the emergy
bands of these materisls at the [ point of the Brillosia Zoss (EZ), where
each band zeduces to s single type of atamie [ charsster, vwill provide

isteresting information abost the As d~4 iateraetions as & fusction of

A A e k1 o L

prinarily istesatemic distanes.

Au is on extremely well-studied saterial, but sost peevious
isvestigations of the electzonie strusture of the As(gronp l!l)z
intezmetallic compounds have beea linited te epticsl reflestivity
.unt.uu.‘ Pesmni serface utonhluou."’ and total valenes band ;
donsi ty—of-otate .on--nto."‘ The zesults of ven Attekmm, ot n..‘

. shew that the tets]l As $é-dand vwidth, as measused using z-ray pheteclectren
spestroscepy (IPS) of pelyerystalline samples, doereases ia the serxies A,
MaSe, , and Asla,. Iere recestly, the surfece met oad oloestrenie strestere

of the Aws, (001) single-erystel surfece Rave been studied using




lov-enszgy electroa diffraction (LEED), Asger elsctros spectroscopy (AES)

- and olectrom-ensrgy loss spectroscopy (ll.l).’ is prepazation for more

dotailed imvestigations of the electroaic band strecture.

Aagle-sesolved photoelectron spectroscopy (ARPES) has proved to be an

offective techaique for studyiag the electroaic structure of sismgle-erystal

materisls by providiag iaformation sdout the E versss X d1spersion relatios

slong specific dizections ia the u."'“ This tochanique is weil suited to

seasure the diading emexgies of the As Sd-lovels at varieuws poinmts ia the

EZ, which is necessary to study the As 54-54 isteractioms ia the As. Adsz,

Alllz series. This type of detailed electronic strusture messurement has

sot previonsly been applied to these intermetallie compowads.

Sviteadick and llontlu have ecaleunlated aon-relstiveitio AN band

strestuses for "“2' A‘nz. and Adnz. These ealculations show & marked

asrzowing in the é-bands of qu sompared to an. Both the splittiag of

the bends at [ ond the Vband dispersion as X varied ouvtvard to the BZ
boundacsies vore nuch mmaller for ux-,. Boweverx, the total width of the

sslenisted d-%ands wes nuch emaller than iadicated by the XPS valense bend

opnu‘ of both csmpomnds. Sinee the ssleulations meglected spimorbdit

splitting, which chouid bo lazge in Au 34 ezditals, this last edservation

is peshaps set surpeicing,

In ezdez to sssist in waderstandiag the é-band struestere of A‘t, and

ull,. e mizsed Sasic band strustuze interpelation scheme ineluding
spinm-oxbit splitting wes Molmd.” The iatezpelation schene was first
fit to the AP calenlations. sad thea the peremeters wore adjusted to
fmpzove the sgrement between the ARFRS and the caleulated bands ot [.
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this wvay, seni~empirical band structuzes for both Aﬂnz and A.x.2 were
constructed, which emadled the symmetries of valemce bands to Ve

determined, and helped with the interpretation of slf the ARPES gpectra.

The foous of this paper will be on mapping the band structure of Moz
sad Aula, alosg A ssing sormel-emission ARPES from (001) serfaces of simgle
crystals. PFrom the resuits of the experimesntal bulk daand stractures at [ .,
the ' erystal ﬂou“ (A) and the spimorbit (L) parameters for the Aum,
“‘2 and ‘Illz series were calenlated ia order to look at the Aw S4-354
isteractions ss & fumction of inmterstamic distance. A surface state wes
2180 observed on bVoth surfaces inside 2 bdand gap region of the d-bands
aloag the A symmetry axis of the BT. 8Sec. II will describe the
experinmental procedure followed im this work. while Sec. III ’tou-u. the
results of the ARFES oxzperimeats on Asfa, and Aula,. A discussion of the
findings of thies vork and their reletionship to previons studies appears in

See. IV.




11. Experimental Procedure

The experiments were performed on beam line I-2 (the 8° port) at the
Steaford Syachrotronx Radiatioa Laboratory (SSHL). All ARPES measurements
were made is o3 uitre-high vecswm emalysis chamber provided by SSHL with a
base pressure of 6210719 ¢ore. The chambder was oquipped with a single axis
sample manipuletor, LEED optics, and s Vacswm Gemerators. Ltd. (V@) ADES
400 sngle-sesolviag photoslectron spectrameter that had am scoeptance oone
half asgle of ~3°, Dotk samples were monated sush that the plame of
incidence of the photon besm contained the polarization vector of the
redistion (p-polarized) and the [110]) axis of the orystals. Both normal
and off-sormal emission spectra were collected with the photoa beam 45°
fram the [001) azis of the samples. A single spectrum required
apozrozimately seven miastes to collect ia oxder to imssre that there were a
siniswm of three thossand counts is the stromgest featuse of each spectrmm,
The storsge ring (SFEAR) was typically operating with s beem emergy of
3.0 GeV and a curreat of between 30 and 60 mA. Photons emsrgies ia the
range of 14 to 32 eV were used, and the total amslyser plus momochramator
ensrgy resolution was detter than 0.2 oV ia all cases. All of the ARPES

dats were collected with the ssmple 8t roam temperature.

The Baszgy Distribtutioa Curves (EDC) were collected as & fuaction of
photoelecstron Xinetic emergy. 1la order to determine s referesce binding
onergy for all the speetra, s Pormi Level (l') was assigned to spectra that
vege the swms of all ARPES spectra collected at each photom emergy, in
order to include iaitial states fzom & ressomsbdly laxge portioa of the KZ.

This ves scccmplished by estadlishing a beseline for esch swmmmed spectrwmm,




and then defining Eo to be the emergy vhere the EDC crossed s lime that was
half the distance from the daseline to & second lins that was fit to the

flat *=p platean of that EDC.

The procedure for the preparatioam of the Aﬁuz and Aﬂ.z orystal

13 used in this study has Deen descrided in detsil oluvion.”n

surfaces
Both crystal surfsces vere oriested to withia 1° of the (001) plame msing
Lawe x-ray diffractometry. The earlier study shovwed that im the case of
AsGa,, after altermating cycles of argoa iom bombardmesnt st ensrgies from
3 keV to 500 oV and smnsaling to S7S K, a sharp LEED pattern. which was
interpretted in terms of two perpendicular domainas with a 2 x(ﬁ)lls
reconstruction, ves seen. This same surface recoastractioa was also
observed for Asla, (001) is this stady. Although AES messurements were sot
avsilable during the ARPES experimesats, sharp LEFD spots with mo streskisg
or splittiang and the absence of photoemission features in the valesce band

cansed by oxygen or carboa isdicated that doth samples were fres of

contamination.




I11. Results

Fig. 1 shows 8 set of normal emission ARFES spectra that vere
collected from the AwGa, (001) (Y2 xV18)R4S reconstructed surfece. Various
sets of features have boen commected with limes and labeled A-G. Of these
features, only two (A and B) show substential dispersios as the photon
onergy is imcreased. The peaks 1abeled A correspond to photoemission from
as sp dand that rises steeply between [' and X, crossimg the Fermi lovel
before resching ' . Festure B is only sees st low photon emsrgies
(16-20 V). These two sets of features are Broader thea the others through
the eatire range of photon esergies used ism this experiment. The other
five features show relatively little dispersios, which is iadicative of

d-bands (ia this case, mostly As 34 ias character).

ARPES spectrs were also collected after the Adhz sample was exposed

to ~180 L of O The feature 1adbeled F vas much more seasitive to this

g -
contamination tham any of the other features, ia that a2 mmall smomat of
sdsorded oxygen vwas sufficient to reduce the imtemsity of feature F to
below s detectadle 1imit. Off-sormal ARPES spectrs of the clean surface
wvere collected ia order to observe the dispersion of amy features with the

parsllel ocomposent of momesntmm (l" ). Foature F was the oaly peak in the

d4-band regions to exhibit soticeable dispersion of this type.

Fig. 2 eonsists of o set of morms]l emission spectrs from the (001)
(V2 sV10)M4$5 surfeace of Mlz. Features aze onee sgain comnmseted and
' 1sbeled A-8, These spectrs are less complicated than thooe of Aduz, since
the fostures eorresponding to B end E ia Fig. 1 arze missing. Bowever, the

Aula, spectrs shov even more clearly the dispersios of the sp bdand




(feature A). The other four festures (labeled B-E) appareatly correspond
to Au Sd-1ike bands, Feature D is the A1112 spectra dispersed iz enerzgy
vith varying k;; iz s mamwer very similar to that of featsre F in the

AwGs, spectra.

Fig. 3 coatains a set of two spectra for esch composnd, which clesrly
show the sharp spim-orbit split 4 levels of Ga (3d4) end Ia (44). Tadble I
1ists the binding eonergies and the spimorbit splittinmgs for Ga 34 and In
44 for the Au intermetallic compouads compared with other materials. The
binding energies for the Gs 34 or 1s 44 levels in eech series of materials
agree with oms amother to withim 0.1 eV, which demonmstrates that chemical
shifts is those systems are mall. The core levels shown in Fig. 3 aleeo

indicate the total ensrgy resolstiosn of the ARPES spectra.



IV. Discussion

The data were analyzed wsing the direct-transition model. The
momentum component parallel to the surface (k| ) is conserved durisg the
exit of the photoelectrom through the surface. The normal momentum (k_L )
is changed during the exit since the photoelectron has to cross an energy
barrier. Since peither the conduction bamd structure mor the wvavevector of
the photoemitted electron are known im advance, k of the photoemitted
electron insjde the s0lid must be estimated. Assmming a free-electroa
conduction band structure (i.e. planevave final states). the mormsl
component of the photoemitted electron momentum inside the crystal is given

by:

kz - Z- [!.

L .is 2 e (Ek + Vo) - Ekninzel . (1)

vh;re F‘l is the kinetic energy of the photoelectron in the vacuum, © is the
polar angle of emission with respect to the sample normsl, Vo is the inmer
potentisl. which is sssmmed to be independent of kinetic emergy, and n’ is
the effective mass of the photoelectron. The values of the immer potential
used for AuGs, and Aula, vere ostimated to be 11.16 oV and 11.41 eV

respectively, which were takem to be the difference between the muffinmtin

11 snd the vacamm level as determined

zero of energy in the APW calculations
from the vork functions of the tvo compounds. The experimentsl banmd
strocture along the A line wes thea fomad by plottiag the biadiang emergy of
the photoelectron (relative to the Fermi level) versus k;, determined

using Eq. 1, for various valwes of l‘. These plots vere thea compared to

the noo-relativistic band structures of Switendick and Nnuth.“ bst the




agreement was poor for sll valwes of -.. especially with respect to t!

d-bands.

Vienover the direct tramsition model is used to imterpret ARPES |
the 1imitations of the mode]l must be eonsidered ia order to assess th
level of agreament betveea theory and experimest. MNore specifically.
situations that lead to the breakdova of momentwm selection rules and
result is wcertainty ia X must be ezsmined. The effest of the imher
anguler and emezgy resolstion of the slectroa amalyszer, the crystal
somestun broadeaning of the photoelsotron fisal states that results I

14

finite mean free path lengths, end anmy broadening attributable to t

Debyo-Waller factors of the system must be carefslly cul-ud."

Due to the dispersion of the iaitial state bands, changes ia the
momestum space region sampled in ARPES can canse very large chamges
observed photoelectron energy distribetion curves (EDC). The sctusl
width of features observed ia ARPES spectra depends upon both the
resolution with which fisa] momentum states are sampled and the emerg
dispersion of the imitial state bands. This effeet is quite ovideat
Fig. 2, where the o p band at lovw binding enezrgy is msch bdroader than
d-level bands st higher binding energy. In gemeral, op bands disper
such more rapidly thas the almost flat 4 bands, thus sccommting for t

rolstive width of the features soon ia the ARPES speotra.

The volwme of the crystal momeatum space sampled ia ea ARFES ope
dopends primarily spon the asgular resolstion of the eleetron amalyse
the crysta]l momeatum droadeniag is the photoemission fimal state. M

sagular and emergy resolution diseussed ia Sec. 1I result ia an

10




isstrwmental brosdeaing of k, of 0.23 X'l, or 11% of the BZ édimensions.
The brosdening dus to the fimal state width is imversely proportioml to
the photoelectron means free path (X) and the angle (6) detwees the
somentum vector and the ssrface nnll.“ Using the inelastic mean free
path (1MFP) formula of 8eeh and Do-ch." end ssswmming asm average
photoslectron kinetic energy of 20 oV, the electron mean free path of Aﬁtz
and Alhz is calculated to be 6.8 X Thus. the expected k; -broedening is
0.30 1! 1a both AWGa, and Aula,. vhich agrees well with the observed
uncertaisty is the momentwm (0.31 ! sstimated from the full-width at

bal f-maxzinwm (FVEM) of the o-p photoemission pesk A of Ad-z is Fig. 2 and
the E versus & dispersion of the calculated A, valence bend.}!  Tais velwe
corresponds to s fimal state MINN momentum broasdeming which fs 198 of the
BZ dimensions. The total volmme of k-ssace sampled ia each spectrum of the
present ARFES measuremoents caused by the anmgular resolutioa of the amalyser
asd the wmacertaiaty i ‘,L mey be ostimated as & cylisder with a volwme of
0.015 373, which corresponds to 0.3% of the volwme of the BZ. Al though
this may appear to be & rather ammal] sampl isg volwme of momentwmm spece, it

is responsible for the broed photoemission poaks fram o9 1ike bands.

The lost imposrtent broadening mechsnim to be censidered is thermal
broadening due to isdirect or phosom-sssisted tramsitiens. Sech
contridutions to the smeestainty ias momeatmm canm best e sstimated by
looking st the Debye-Valler fastaors for each system. The bulk Debye

$

temperatures of Moz ond Anh: are 196 K and 187 K, nmounly.l
gough ostimate of the the mean-squared vidbrational amplitude of cack stem
is the compownds was obtained using average atamie masses of 112.1 (A‘oz)

esd 142.2 (Aula,) and the bulk Debve tempsratures. The resultiag valwes of

11




the Debye-Valler factor for AsBe, and Aula, are 0.84 ond 0.88,
respectively. These awmmbers represeant s modest eontribution (1MW) of
isdizect transitions to the spectrs asd show that the direct tranmsitios
model {s still justified is these syetems. To redues the offect of lattice
vibrations on the spectza, the samples eould Ve eoeled to 1iquid nitregen
temperatures, at which the Dobye-Valler factors vounld be approzimetely
0.96 (AsGa,) and 0.97 (Auln,)). To apprecisdly impreve the speetrs, the
sampl ing volwme of momeatum space vesld slso have te be decreased
substastially by using an ARPES esslyser with much better asmgulaer
resolution and higher photon energies to increase the mess free paths of

the photoelectross.

Although 20t megligible., the mcmeatum broasdening effeets disoussed
above are sot serious enough to imvalidate the direet tramsitien medel o
eppl ied to the photosmission spectzs of A‘o, and A\hz. Thes, the
disagroement bPotwoon the theocotical AN hn‘cn end the oxperimestally
dotormined bands is lazgely the result of the imascuracioes ia the
sslenlation., Oune major amiseion in the AN cslenlation vas seglest of
spim-orbhit oouuu,“ vhieh should be relatively lazge for As 54 eshitale.
Also, the binding emsrgy pecsitions with szespeet to l' of the econtreids of
the é-dends vere over-ostinmated by adest 1 oV, and the é-dand vidths (even
discomntiag the neglecst of spim-ocbit offects) were severely

-‘nutlum.u

1a ezdes to obtain s Vetter thoesotical ostimate of the d-dands ia

AsBe, end Auln, ) 8 mised basis interpeletisa scheme ineleding spin-erbit
splitting vas doveloped for fluwsrzite strestuse n.’o-lo.u The

12




sow-relativistic APW dands of “‘2 and Aula, were fit using this
procedure. Thea, using en estimate of the binding ensrgios of the d-bands
et ' odtained from the ‘itOO.Q tzansition model with ..- 1.0 and the most
ictonse photoemission features, the parametess of the lptomht“n sshame
were adjnsted to preduce the threeo d-bands st [' thet agreed with those from
the ARPES messsrements. Next, the emergy bands ecalenlated frem the ARFES
spectra for various I. valess vere compared with the interpolated bands.
end reasombdle sgreement vas fownd for a's 1.25. Ia prissiple. ea
iterstive procedure could have boon used ia which a sow set of biading
onergies for the d-bands at [' vould Ve determined for the aew a’ vales.
Bovever. for AwBs, and Aula,, the é-bands were oo flat that this was aot

sscessary.

Figuze 4(a) shows the omergy bands of Au caleulated by the
interpolation sechame, using parmmetoers from Ref. 112, as well as the
interpolated and experimentally determined bands of A‘o’ and A-h,, By
comparing Figs. 4(a), 4(b), and 4(c), ons can ses that the splittiag of the
As Sd~1evels i slmost jdontical ia cach esse, though the abeolste biading
snszgies are semevhat differeat. The spacing of the Au 54 Sands ot [’ ean
be seed to dotermise the srystel f£1016" (A) and the spimeedit ()
pszameters, is the menser of Vekser, ot .l.“ These pazanoters, whieh are
only mesningful ot ', vhere the erysta]l sementwm is sere, ean beo used to
compaze the relative stromgths of d-erbital imtersetions and the spimerbit
soupl ing. Using the onergy cigesvalwes calenlated by ldlnuu.” L and
A cas bo oxtracted frem the ARFES dota and compared teo the same perametoers
for clmentel An. Table 11 eonsists of eaperimental end theeretiesl

doterminations of A and { feor the sories Ae, Mo, and A-n,.

13
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Is the case of Aw, previous omﬂu-t-’o'u dotormined a A velwe of
1.22 oV and o spiz-ordbit parameter of 0.71 oV, vhieh sre in good sgrement
with the same parametors extracted from theoretical band ottmru.”
Sowever, the experimental valws of A for Aﬂoz and A-hz are mueh larzger
thes the the somrelativistic d-band splitting calculated by Bwitendick and
mnu,“ and are o‘uonuuy identieel to one anmother, wheress the AN
csleulations predioted o substantial deerease in A for lulqz with respect
to “02. This ebservation is very surprising, esinee the Asw 64 overlap
iategrals vhich give rise to the splittings at ' (in the LCAO gense of
Siater and Koster??) should decresse dramatically i the series Av, Awla,
end Asla, (as the AW results ’tdlnu). The lazge erystal field offeet
ia the istemmetallie compownds may arise frem iateractiens of the As $4
orbitale with the d-ozbitals of the growp 11X metais (Ga 34 or In 44). The

As S54-bands of nn, should Yo mapped is detail te teat this hypethesis.
Since Al has 2¢ cecupied éd-ozhitals, eme might expect the 'ctnul uou"

splitting to Yo mueh mmaller for Mz thea for Asda, or Asla,. Is faet,

the totsl width of the AsAl, d-basds is maller thas for Awla,, as shows ia
the valense band XFS mnu.‘ The spimerbit parmmeter, which should
essontially be o preperty enly of the As 54 orbditals, is very similar fer

all three systemes.

The vidth of the d-bands of As is Vrendoned considerably by mixiag

vith the levest enezgy plase—weve band, as sheva ia Fig. 4(a). BSines the

lsttiee conmstants of “0, end Aula, are se mush larger thea for As, the X

dimensions aze auch malles. In the caee of the twe intermetallie

osmpeuads, the plans—veve band rescdes the BX boundary at X befece it ean

ezess the &-bands, as chous ia Figs. 4(0) end (o). Thus. the ¢-Dends of

"
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Mlz and Aula, essentially reside within o bandgap ia the plase-vwave

bands, and 4o mot miz with the highly dispereing state. This sllows the

é~band vidth of the Au density of states to be much larger thea for Maz
_and ""z- even though the d-band splitting st [ is nearly the same for all

three materials,

In addition to the eonservation of momentwm conditions, there exist
mmiquely solid state selection rules in ARPES that deal with fisal states
observed along symmetry dhocuon.“ Since am ARFES experisent chooses &
partisular fimal state (whieh has particular symmetry properties), the
iaitial states that mey bo ssapled are determined by the redistion
pelarizsation with sespect to the erystallise azes of the sample. 1Ia the
sase of sermal pheteenission frem s (001) surface of & erystal with ‘l"
sysmetry sad igsoring relativistic offects, the fisal state symmetry mmst
be ‘1 is order for the photoemitted electren to reach the detester. This
requizes the initial state to heve either A, or A, q-tq.“ both of
which aze aliocved by the esperiments]l geametry chosen for this expeximent.
These symmetry seleetion rules are enly rigorons for detestioa systems with
iaf initely good angulaz reselstion., but they provide & basis for amiysis

of ARFES with goed angsler reselstion.

These colection sules vill be used ia amalysing photesmiseion fram the
o-p velenss Sands that roside te the lewer Vinding omergy side of the
, 6~bands, sines spiz-echit offects veze net included ia the iantezpelation
schame fee the o-p bande, Peature A ia the Huz spoetee (Pig. 1) ie
caseed by transitions frem aa o~p band betveen I snd X, Unfectumately, its
sosition vith sespect te the salculnted bands (Fig. 4(0)) is sueh thet it
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io mot pessible to determine if the tramsition erigimates frem aa ‘1 or A,
isitial state, sinee the experimental peints essentislly fel]l between tve
ssleulated bands. Photoemission frem the flat A, band is set allewed by
the selection rule, and ia fact 20 peak corresponding to this band is
obsezved in amy of the ARPES spectra. This obserxvation is setwslly
somevhat surprising, since the selection rules are mot expected teo b
completely rigerous, and the flat band should yield aan eoxtremely high
donsity of iaitial states to bo samploed.

The A‘Cz features 1adeled B, whieh only appears st photen emergies
botween 16 and 20 oV, are the result of s surface Unkiapp precess fzam &
zogion of the BI with the ferm: k=(1/5,1/3.X). There oxists o swface
resipress] latties vester g=(-1/3.-1/3,0) arising frem the (V3 18)MsS
rooonstrusted suxface vhich has the ecorreet magaitude and direcsties te
diffzeet photeslostrons smitted frem imitial states ia this regien of the
BZ to the direction (0,0,I), vhich can resch the olostren onsrgy amiyzer
ia the sormal emission gemetry. Peaks 1abeled K are aleo s result of this
ssme Dmklapp proesss, These assigaments Asve Yeen confimmed by gemsseting
the valence bands aleng R=~(1/3,1/3,X) in the BZ seing the isterpelatien
scheme and obeerviag that valense bande exist with the correet bdiading
enorgios oad valws of k. Pestures C, D, ead § ia the Awha, spectre heve
boen sesigned to the threo é-lovels that have spymmeteics (using
relativistieo netation) of l':. l'; aad l':- sospostively. The é-bends are
feizly flat, diepeseing oaly ¢ mall sneuat Sotween [ and X, espeeiatlly
whes eompazed to the corresponding 4-Sends of As. The sgroment deotuweea
the dispession of the isterpelated snd three eaperimental &-bande that vere
sepped ot assming 2 plane wvave fissl state with ..- 1.35 is qmilitatively

|
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correct, but differences of ¢ fow tenths of an oV exist as the bands

approsch X.

The fina]l feature in the ARPES spectra is i3 a d-dand gap along 4 in

AsGe,. Festare F, vhich Bas & binding energy of ~6.2 oV, 1lies botwees the
lower l‘: end I‘; d-lovels. These pesks show 20 édispersion as the photon

onsrgy is increased from 16 to 30 eV. Ia additon, thess festures are more
sensitive to surfece contamimation thas photoemission peaks sssigned to
bulk bands. Lastly, some dispersion was seen in this feature as the
parallel component of the wevevector vas increased fram sero by moviag the
dotector off-normel. As the polar angle of emission (0) was imercased. the
éizection of rotation was in the plase ceataising the [001) end ([110) azes.
This is equivalent to simaltsneonaly rotating frea f t0o J ond F to 3 fa
the rectasgular surface BZ, shows in the ineet of Fig. 5§, sines the surface
geconstrection is assumed to eontais tve perpendiculer domeaine in amalogy
vld the Ge (001) 2x1 reconmstruction. The squasze oysbels is Pig. §
illustrate the dispersion of feature F with k) . Ian view of these

observations, feature F was sssigned as ¢ surface state.

The ARFES spectrs (Fig. 2) of All;‘ azre simpler thaa fer Mta. Powr
features, which arise frem Dulk velenece band trassitiens. are seen ia the
m-, sass, The features 1abeled A sozrespend te trassitions frem as o)
bend which esesses the Ferni Llevel sbont halfuny betveen [ sad X. The
agroement botveen this experimenta]l bend and the A; %and eslculated by the
isterpolation scheme (Wig. 4(c)) io poed, oo the A feature is sssigned teo
the vaienees band with ‘l symmetry., Vithia the wmesrtaiaty ia the sementwm,
the operimnsnt end the theery agree quite well as to the bVisdiag emergy of

17
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the band at the X point, but the dispersion of the band is not i as good

sgreement.

Foatures B, C, and B ia the Adlz spectra result from trassitionms from
d-bands with the same symmetry as those observed for A‘az. These bands
show even less dispersion betveon [ and X thes A‘oz, presmably bdecause
the Au—As soparation is laxger ia Auln, and the orbitsl iateractioms of the
asfighdoring atoms is smallex. The sgreement of the three oxperimental
é-bands with the interpolstion scheme calesliation is exsellent over the
entire region betveen [ and X. Auln, ozhibits the seme (V2 xVI8)MS
reconstrustion as Awla,, g0 it should ot be surprising to find & similar
suzface state oam the (001) surface of Asln,. Festure D is the Asla,
epoctza (Fig. 2) shows the same bohavier as feature F (Fig. 1) ia the case
of “‘2' It is more sensitive to surface sontemination thes say of the
bulk features. It shows 20 dispersion for sormel photesmissios ia the
zange of photon emergies used ia this experiment. HNewever, feature P doeos
disperse with t" o 80 showa by the eireles in Fig. 5. Therefore, this

featuze has slse boon assigned as s swrface state.

It weuld Yo possiblie to wmmanbiguensliy map out Soth the valenes and
conduction bands of theoe twe csmpounds using the trianguistien teedaique
of oollecting ARFES spectra frem tve different surfeces. 2327 1¢ e
features are soon ot the same binding emergy from two different swrfaces,
then the valee of & cas Vo dotermined abeclutoly. This venld provide the
aseessary infermation for plotting the B versss X gispeszsien relations of
Soth iaitial sad fisal states withest isvekiang s plams-vave fima] state

sppeozimation, The resultiag oapezimental essrgy bands conid thes o weed




ia esnjunstion vwith the isterpelation schene teo determise s truly
esperimental bend structuse.




V. Cosclusions

The ARPES spectra of Aﬂaz and Alhz sre ressonsbly simple, and all
features im both sets of spectrs cam be sssigned to either dulk or swrfsace
trzansitions. Using s plame-vave final state approximation. the d-bands of
both compounds are in good sgreement with ea interpolation scheme
calcelation, which was fit to s first priaciples APV calculation and
adjusted to sgres vith the experimental results oaly at the ' poiat of the
BZ. The experimental s-p bands d0o not agree with the interpolation scheme
as vell as the 4 levels, Bowever, the spectral features of the s—p bands
are mncher brosder, cansing & larger wmncertaiaty ia the corystal somentum.
The Awla, spestrs are somevhat more ccmplicsted thes in Auls,, ia that they
oontais features due to surface Dukispp prosesses. Eeseantially identical
ssrface states that reside iz a band gap detveen l‘; and the lewer r: oemezgy

positions in the valense bands heve been fowmd os the (001) surfaves of

A‘uz ond AI!I:

Sarprisingly. the splittings of the As 34 basds at [ for Aws, and
Adl, sre ssarly idestiecs]l with cach other aad with elementsl As, despite
the larpge difference in the Auv—As distasces iz the three systems.” A
satisfectory explanatien of this ebservation requires further oxperiments
end/ezr dotailed b initio esleulsations. The diffeszence observed ia the
total d~band vwidth of the tvo ecompounds srises bSecsuse the é-Vands of Adlz
dispesse loss thas those of Auwla,, vheress the é-dandwidth of Au is eleo
hrosdoned by mizing of the d-bands vith s plase-vave state.
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Table 1. Bisding Energies® of Ga 34 and In 44 levels.

spimorbit
Ga “SIZ Ge “3/1 splittiag
GaAs® 18.60 19.04 0.44
GaSH® 18.70 19.13 0.43
A-e-,‘ 18.60 19.19 0.59
spim-orbit
) €' 445/2 In 4",2 splitting
Ia meta1?  136.74 17.64 0.90
IaSH° 16.711 17.63 0.84
m-; 16.83 17.74 0.90

(a) A1l values in oV. Bstimated umcertaimty e 0.1 oV,

(%) D.B. Rastmea, T.C, Qhaing, P. Beilmana ond PF.J. Rimpsel.
Phys. Rov, Lott. 435, 656 (1900). (Binding ensrgy relative to

(e) this vozrk (Biading esergy relative to Fermi level)

(6) R.A. Pollack. 8.P. Towalesvk, L. Loy asd D.A. Rhirley,
Phys. Rov, Latt. 29, 274 (1972). (Bindiag energy relative
to Fermi level)

(o) L. Loy, R.A. Pollsek, F.R. NeFeoly. 85.P, Kovaleayk and

D.A. Shirley, Phys. Rov. 9, 600 (1974). (Diading eneczgy
relative to Fermi level)
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Teble 11. Binding Emergies® of As 54 levels st [

lsttice

constant (X)

4.08

6.0¢

6.50

oxp.

theo.®
exp.

theo.®
oxp.

theo.®

z(r:)

-3.58
-3.38
-4.92
.88
-4.72

-6.47

E(T,)

-4.45
-4.33
-5.68
-7.60
-5.48

.94

B3

-3.90
~3.78
-7.31
-7.60
-7.08
~-6.94

A1l valwes ia oV. Estimated sacertaisty is the

esperimental binding emergies is 0.1 oV,

rof. 20
ref. 22
this work

rof. 11

)

1.28
1.28
1.07
0.72
1.06

o .‘1

0.71
0.70

0.78

0.75




Figere Captions
(Fig. 1) ARPFES speetra of elean Aﬂcz (001) (G Jﬁms taken at mermal
emission with the sample at roam temperature. The 1ise 1abeled A shows the
posks that have beon assigned to trassitions from the second s~ band of
A‘I,. Poatures B and E have beon aseigned to s surface Unkiapp prosess.
Lines C, D and @ isdicate Vulk trassitions from the Aw 54 spim-erbit sslit
levels. PFisally. the pseks ladbeled F, which 1ie in a bend gap in A‘tz

along A, have been ansigned to s surface state,

(Fig. 2) ARPMES spectza of eleas Anllz (o01) (V; aV18)M45 taken at sermal
amission with the maaple ot room temperature. The lime labeled A shows
poaks that have beon assigned to transitions fram the sesond e-p bend of
A-llz. Foatuzes B, C. and E correspond to the 5S4 bands. and D arise from

surface state emission,

(Pig. 3) ARPES spootra of clean “'2 end ‘Illz that oxtend to higher

binding enargies to reveal the Gs 34 and In 44 levels.

(Fig. 4(a)) The band strueture of olemental As sloeng A of the fee-lattiee
Brillouis Zose. The bands were calculated using aa interpolatien schame
that will be deseribded ia detail olmhoﬂ.u The parametors ueed ia thie
eajcuiation were deteormined from of the position of the Au 54 bands st ' as
estinsted from the normel emission ARFES deta of Refe. 20 sad 21.

(Pig. 4(b)) BDaad struetare of A‘lz aleng A. The detted limes were
ealeulated by the seme interpelation schame that vas wied for clmentel Aa.
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The initial state sssigmments of the phetosmisnion transitions aze chows os
squares or ciresles ocorrespending te streag or weak festures in the spectra
of Fig. 1, resssctively. Por symbels where there aze se vertical 1ises
iadiceting the ensrgy wncostainty ia losating s peak ia the ARPRS spectrwm,
the height of the symbel eeorrespends te or oxseeds the mmesrtainty is the

messurement.

(Fig. 4(s)) Same as Fig. 4B, ezsept fec hll,. The squares and e¢ireles

sepressnt peaks ia the ssectre of Fig. 2.

(Fig. S) The dispersion of the features assigned as surfaee states in

Aii!z (squares) end Aula, (eireles) with k(). BDesance the surface
reconstrustion soasists of twe perpesdicular demaiss, k,, varies
sisultanconsly fram | toJ and [ to J° (ia the swrfeee BI) as the
photoslectron enission sagle is varied ia the {110] azimuth. The two

perpendicular surface BZ are showa in the ineet.
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