Lawrence Berkeley National Laboratory
LBL Publications

Title
SELF-CONSISTENT PSEUDOPOTENTIAL CALCULATION FOR THE GaAs (110) SURFACE

Permalink
https://escholarship.org/uc/item/7p84882w

Author
Chelikowsky, James R.

Publication Date
1975-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7p84882w
https://escholarship.org
http://www.cdlib.org/

 Submitted to“"PhyvsicaltRevi'ew Letters

LBL=3945
Preprint ©:

‘SELF- CONSISTENT PSEUDOPOTENTIAL CALCULA’I’ION
FOR THE GaAs (1'10) SURFACE

. June 1975

ALY ‘)'i iJ/b

. f. ":"’IV :‘”r/
DDCUL: NTS "’LCT]ON

Prepared for the U. S. Energy Research and -
Development Administration under Contract W-7405- ENG 48 ;

e

For Reference

K Not to be taken from this room

gvesffqu

\',J .



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



5 . 1pL-3945

Self-Consistent Pseudopotentiai Calculation

for the GaAs (110) Surfaceﬁ

James R. Chelikowsky and.Mafvin-L; Cohen
Departmeﬁt of Physics;’University of California
gnd
Iﬁorganic Matérials Reseafch.Division,

Lawrence Berkeley Laboratory; Berkeley, California 94720

-Abstréct
The electronic structure of the»GaAé (llO)v

surface is'caldulated uéing self¥conéiétent pséudo~
botenfials. Charge:density_plotsvére-preéentéd for
the total charge and the dangling bond sﬁrface.
states; A local'dehsity.of.étAtesvcalcﬁlation'for
.thiS‘sﬁrface is discussed and diSplayéd,,:Exéellent
agreement with expebimént.is obtained for theﬁenérg&

‘spectrum of thé’dangling bond surface_étates.

We have’calcglatgd;-qsing self—consistent pseuddpotentials,:
the electronic structure of the (110) GaAs_surface.  Tovbub
knowledge, this is the first self—conéistent surface,calcu—.
lation for a zincblende material. Although our Structﬁral
model is for an uﬁrelaxed’sufface,ia-comparisdn with recent
experimental data exhibits excellent agreement for the'energj
spectrum of the dangling bond surface states. In additidni
to dispiaying the valence chafge density for these states,

and the total charge density, we present a local density of
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states calculation..'This latter functiqn,Which‘displays the
vdensity of states layer by layer,illustrates the relative
decay.intq the bulkvof the surface.states. |

The (110) surface isﬁof'hatural interestvinVGaAs as tﬁis
is the surface formed upon cieaving. Low energy electroﬁ -
diffractioﬁ studies’ have indicated tﬁat thisIsﬁfface does
-not reconstruct, but retains its_primitive configuration.
- Uﬁfortunately, this does not rule out a‘noﬁ-idealvsurface
such as a rélaxed or 5uckled (1 x 1) surface<  Experimentally,.
photoemission,z’3 partial yield photéemission;LF energy l§sé

spectroscopy,5’6’7b

band bending,8'and ellips’ometry9 measure-
‘ments have verfied the existence of two surface stéies of -
an apparently dangling bond natufeﬁrlone.occﬁpied surface
state lying appfoximately 0.5 eV below the valehce'band
maximum, fhe other, an empty sgrface state, 0.8 to 170 QV
above the valence band maximumgv Althoﬁgh the‘phofdemiééion
measﬁremen‘c2 responsible for tﬁe ?ositioning of the océupied.
surface state has beén the.subjeCt of.contrbversyg’6 the
existénce‘of an océupied state in this generéi fegion”seems
to be well accepted. The empty surface state, on the other
hand, has been measured by several different methodsq’5’7’8
with agréement between the various tecﬁniqﬁes; :in féct, not
only is-the energy placement wellvestablished‘fOP this state,
but itsvlocalization | and angular momentum character have
also been‘investigated;5 Because energy loss experiments

involving excitations from the d-core levels of As show no

evidence of a loss peak corresponding to the empty surface
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state, it is felt that these states.are localized primarilyv
~on the Ga atoms.S- (the occupied eurfaee states then being
associated primarily with As). Further, such experiments
have yielded apparentvseleetion rule effects indicating-a
v.pfiﬁarily s-character for fhese»Ga_danglinngond_statesls
'The.separation in energy of the Ge and As dangling bond
states by an energy of the order oflthevbulk band gap has
also been ascertained by ellipsemetry measufements.9

fThe theorefical picture hes lagged, regretably, behind
these‘experimeﬁtal advances. wﬁile self—consistent ealcu--

10,11 exist in good accord with the prominent

12,13

lations on Si
experimental features, thus far only fight binding and
“abrupt-potentiel" matchingvschemelu calculations have been.
performed en this surface. ‘While the tight binding approach :
‘has proved qulte useful12 13, 15 it is deficient in several. :
vrespeqts; The method lS, of course, not self con81stent
"and thus the parameters whleh_characterlzeethe‘surface are
uéﬁally3obteined from bulk calculatibns via simplified

- éssumptions which.may nof accufately refleet the actualb.
:Sitﬁation at the surface. Also since the tight binding

. method- parameterlzes the surface problem by 1nteractlon
parameters, wave functlons are not obtained. With regard
.to the abrupt potential model; while sueh a potential is
quite'unthSical,-useful qualitative trends can be obtained
with.this approach.”. | “

In any event, while such calculationé have yielded

dangling bond surface states in approximate agreement with



experiment, they dc not agree among themselves Qith fespec%
to the dispersion at the eﬁrfacevbands,-or a precise placement
. for these bands. |

The mefhod‘which we have employed to calculate the-
surface electronic structure has been discuseed eXtensiVely
elsewhere.ll’16’17_ The basic idea is to repeat a slaﬁ, or
thin film; of GaAs with the (110) surface exposed to a
vacuum region on both sidee. If the slabsdafe separated by
‘a large dlstance (8 1nterlayer dlstances for the case at
hand), the wavefunctions are allowed to decay into this
vacuum region, thus‘av01d1ng any 1nteractlon between ad]oining;
slabs. | The artlflclally 1ntroduced periodicity then allows -
the use of the well established tools in pseudopotentlal
crystal calculations to be applied to an intrinsically non-¥
periodic problem. -

The slab thicknessrwae chosen“tc be.eleven layers.. It -
has been well documented fhrocgh-eimilar calculafions on
me'tals18 and tlght blndlng calculaflonsl2 13 that such'a
thickness allows the bulk properties of the_material_to:be
adequaiely'reprcduced, and also prohibite Surfaces.fbom
opposite sides of the same.slab from undergoing any appre—v
ciable interacticn.' | |

A crucial pcint in our calculation iS'tha% avpseudc—“
poteﬁfial for a surface atom will be quite differeht.than
that for a bulk.atom. This fact is accountedlfof'byithe

10,11

self- con51stency process The self—coﬁsistency,cycle

1is 1n1t1ated by an empirical "startlng” potential obtalned



of the charge den81ty
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from bulk calculations. The valence charge den51ty thus
obtained is then used to screen a i&EEQ ion core potentlal

by u31ng a Hartree screening potential derived from P01sson's
equatlon and an exchange potentlal 1nvolv1ng the cube root

10

. The ion potentlal used for thlS

calculation was modeled after the one used by Heine and

'Animalu.ls»'The bulk sPectrum derived from this ion core

potential is in agreement with the main optlcal gaps and
photoem1551on spectra. Our final potentlal was self—_

consistent to within 0.01 Ry. In order to assure accurately

converged wavefunctions to-determine the screening potential,

the basis set conSisted of approximately 450 plane waves;

an additional 500 waves were treated in an approximate fashion

' by'a'second order perturbaticn~technique; ‘Because of the -

7/

semiccnducting,nature of this surface we needed  to use only .

a few representative points to obtain a sufficiently accurate

‘charge dehsity.QO Twenty points in the two dimensional.

brillouinczcne‘were used fcr,this purpose. . . ,

In Fig. 1 the“totai valence‘charge deneity.for~the’C110)
surface is:displayed‘forthe two types cf'eurfacevatoms.-_We'
note in both figures, as was true for the3case of Si,lo’lz
the presence of a channel\wifh essentially zerc chaﬁge_

10 that

extending from Vacuum:to bulk. It has been sucgested
1mpur1t1es or 1nterst1t1als could mlgrate along such a

channel. With respect to the bonding charge we note the

.eurface-perturbation is essentially healed to its bulk

-

configuration by the third layer. An interesting, but not



.surprising,‘reeult is the localization of the dangling bond .
charge on the As rather than Ga atom. The stronger As
potential is dominant in determining the bond shape and
position,.therefore?‘the_removal of the Ga atom bynthe.ereation
vof'a_surface has relafiQely little effect on the bonding
eharge. ‘Although the charge is'locali;ed relatively.more 
'.on thefAs, es,a whole the surface appeare not'to be'more_
ionic than the bulk.';By examining»the benqing charge'as a
function of distance from the bulk to the?surfaeezfqne“n“e
observes an overall delocalization or weakening of the bqnd;v
‘however, the_relativebratio'of charge localized on the As with
respectrto.Ga'remains roughly the same. | |

- 'In Fig;,2 the charge densities are displayed for the
dangling bond surfaCe states{ The qccupied surface stat§fi$
ilocalized,on the As wifh tnerempty state localized en the :
Ga in agreement with experiment.5 ‘The As state is located
in. energy below the valence band maximum for the‘most pert;
7 but at the.ZOne center'it becomee quasi—degenerate-witn‘?he
valence band maximum. This type of energy disPefsion is}in
-.egreenent,wifhifhe'tight-bindinglealcuietion-ef Ref..12;i_f,
but not thaf of Ref. 13 where the;surfaCe_bandrminimum;wee 
_.fonnd tovoceur atvthe zone center. That‘this band dQee not
extend into the opfical gap  is_ofvéome:intereét?'because-
while the precise position of this state has been questioned,
it appearsvtd be well established3 that it does notchntri—.
bute eignificantly.to~the density of states in the bulk band

' gap region. The width, in energy, of this state is on the
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- order of 1/2 eV again, in.accord with expériment.2 The
chargé densify of the occupied state is of predominently
p-character as can be observed from the two lobe configura-
.tion dispiayed in Fig. 2. This is to be contrasted with the
Ga dangling bond states. Here the character is more s—liké,
but retains some p-character‘as indicated by the small lobé--
like feature oppos1te to the charge maximum. . In.faéf5 it
has been suggested, as mentioned prev1ously, that such a'
trend should be observed.5

| In Fié. 3 we presént the results.of.a local dénsity of
states (LDOS) calculatioh.ﬂ Previously onelof‘the ad&antages
.of.the tight binding methods relative to the pseudopotential
methods was the ease in which LDOS'Calculafions could be
performed. In the tight bindingcase12 we may define the',
locai density by |

Ni(E) = . L |'<q)k ,nl¢§,j I SLE-E (kll)] | -(l?
TR
.] - .

where Eli'isvthe,wavevgcto: parallel to the surfacg,_n,is
'thé band iﬁdex; wk 0 is the.wavefunction}bf the total'
Hamiltonian and ¢kl| 3 is the jth Bloch function drbital
centered on d&n ‘atom 1. PhySLCally thls can be lntarpreted
.as the probablllty an electron w1ll be at the ith 31te WLth
energy, E. Such a deflnltlonAcan ea51lyAb¢ modlfled u31ng
psedao wavefuhctions to | |

NG(E) = ] g Iwk (r)I 24%p atz E (kH)] (D
k||an Q Il , .

~



Thé integral extends over the volume of iﬁterest, Q; Thus
NQ(E) can be interpréted as the probability an electron with
energy, E, is in the region Q.

- In order to ascertain the LDOS defined by (2) as a
function of distance from vacuum to bulk, we have chosen Q
to bg bound‘by plapesvparallel to'the surface and.passing
: fhrough thevmid;point between léyers. Thusvaayer”l" of -
Fig.-Q corresponds to integrafing all éharge within one—hélf
an interlayer disténce Qﬁ both sides of_the.Surface atoms.
Five points in the irreducible_zoné went into ‘the makéauP'
bf the histograms. Accordingly 220 eigenvélues went into 
thg valence band portion bf the figure. |

The positions Qf four prominent surface stateé»ape»_

indicated by the shaded areas in Fig. 3. TheSe:surface
features ha&e been observed ﬁfeyiously in.tight binding LDOSv,
calculations®? with the energy positioﬁs for these feétures  7
in approximate‘agreémént with our results._,The.étates are
centered at —9}0,'—5.75,=e0.5 ahd fl.bveV with respect‘to
the valence béhd'maximum.‘ Alfhough our diééuésioﬁ thué faf; 
”-has'beeﬁ 6oncerned.wifh'the danglihg bon§:Surfacéfstafe$'1Yiﬁg'“ 
near the optical gap,the low lying stétés at -9.0 and -5.75 eV
_ére.nétVWitﬁout'interest._ Thesé'étaées are‘s;iike_and aré':
lééaliZed‘oﬁmthe As and Ga respeétively;' Unfortunately,
both of-tﬁese features lie in the general vicinity of stfoﬁg
bulk peaks in the density of statesbcurves, thus it will
- probably be quite difficult from an experiﬁental standpoint
to Separaté,»in an unequivocal faéhion, the various contributions

from surfaée and bulk'in this'region.



With regards to Fig. 3 we ﬁote‘the finite width of the
histogram means both bulk and surface contributions can be
included .in the same energy_interval.._Nevertheless, the
major features are quite clear; and thé decay of the surface
feafures can be_easily discerned. In no case has the surface
pertﬁrbétion not decayed to less than a'quarter”of its value
-from.the'first to third layer in the LDOS plot. We note by
the fifth layer the genéral features ofvthe LDOS curvé are
in good agreement with the known.bulk_spéctrum.z; This
confirms our use of only eleven layers in the repéated slab.

‘We would like to acknowledge.helpful diséussions_with
Dr. M. Schliiter and S. G. Louie. Paft of:this wbrk waé
done under thé‘ausbices-of thé U.S. Energy. Research and

Development'Administration.
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| :Figure Capfiéns
Figure 1. Tofal.vélenée chafge density plotted in the‘(1TQ)
 plane terminated on the (a)’Ga atom and (b) Asvafom;
. The charge density has been normalized to one‘eiectron
per unit cell vo;ume, Qcéll = 812 23. vThe‘confodr
'_spacing‘is in units of 0.35. ‘ | o
Figure 2. Charge density for the‘(a) Ga dangling boﬁd‘ahd
(B> As dangling bond surféce Stétes in the same plane
and normalization as in Fig. 1. Thevcontour spacing
~is in units of 2.0.
'vFigure 3. _LocalvdenSity of’states'in arbitraryiunifs_as

defined by Eq. (2). The total density of states was

‘obtained by summing over all layers.



| SURFACE /=

GaAs (110)




" GaAs (110)
 SURFACE

U430 sary

,,,,,,

Figure 2



- ~la-

GoAs (110) SURFACE

Local density of states

] T ] -
TOTAL | =

\
N N N
LAYER 5

LAYER 3 -

10—

LAYER 2

P77

i 7

Energy (eV)

- Figure 3

LAYER | S
15 L -
10 | NER
A 7 Yy R
\ : ¥ N
05 Y \ NN
' ' A N N Y
N N N
: N N ‘ N
0 A N : i
12 10 -8 -6 -4 =2 0




Va0 dI30s5 77 2

LEGAL NOTICE

' ’Th1s report was prepared as ‘an account of work sponsored by the ‘

'Umted States Government Ne1ther the United States nor the Umted‘_" %

o States Energy Research and’ Development Adm1n1strat1on nor any of o

‘their - employees .nor any “of . thezr contractors, subcontractors or" ,;‘
-thelr employees; makes any warranty, express or 1mp11ed or assumes . N
any legal 11ab111ty or responsibility for the accuracy, comp]etenessg g

. -or usefulness of -any. information, apparatus product’ or’ process’!l :
,d1sclosed or represents that 1ts use would not 1nfr1nge pr1vately, :
,owned r1ghts ‘ : R




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





