A A A A T

i -

Submitted to Physical Review Letters . LBL-3768
Preprint ¢, )

SELF-CONSISTENT PSEUDOPOTENTIAL CALCULATION
FOR THE (111) SURFACE OF ALUMINUM

James R. Chelikowsky, M. Schluter, Steven G. Louie,
and Marvin L. Cohen

March 4975

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

~ )
For Reference

Not to be taken from this room

L »

\"?

89L¢~"1d"s



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 nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



00 : 043031 21

Self-Consistent Pseudopotential Calculation

o

for the (111) Surface of Aluminum

- James R. Chelikowsky, M. Schlﬁter,f

Steven G. Louie# and Marvin L. Cohen
Department of Physics, University ef California
End | - -
Inorganic Materials'Research_Division;

Lawrence Berkeley Laboratory, Berkeleyg-California 94720

 Abstract
The electronic structure of the (111) surface
of ‘aluminum is calculated using self-consistent
_pseudopotentials. Surface Statee are identified
. the (111) ‘ .
and o work function calculated. The behavior of
the total charge density and‘pbtential near the

surface is displayed and discussed. 'Selfe

consistency is found to be of crucial importance.

We have calculated, using self-consistent pseupotentials,
the electronic structure for a (111) surface of aluminum.A
In agreement with calculations by Caruthers, Kleinman and
Alldredge,l but in contrast with Boudreaux,*2 we identify
surface states below fhe fermi ievel, Ef, at botth and K-
in the two dimensional Brillouin zone. . The charge density
profile is presented for the most'lecalizedvsurface state,
which occurs at K, and for the total charge density. :The

behavior of our resulting self-consistent potential is also



displayed as a function of distance into the bﬁik._ A
comparison of this potential with'fhe»results of‘other
techniques for obtaining a "realistic";surfaéévpofehtiél
for aluminum emphasizes the requirement of é»self—consiétenf
Calculation; - We also‘Calcﬁlate a work funcfion for'fhe
(111) surfaceAwhich.is in a satisfactory acéqu'with‘.
experiment. | |
Whileiself—consisfént Calculationé exist_for simple
models, e.g. jellium,3 and have recentiy beenvperformed for
_sodiumq and lithium? as yet,ino self;cbnéistenf calcu— 
lations have been performed on polyvéleﬁf metalé such as
aluminum. This is unfortunéte because in_the previous caseé
surface states are not foﬁnd below}EF | 77 | |
and, therefore, cannot cbntribute to the self-consistency
‘ proéeés. Surface states are not, of céurse, observed'iﬁ
jellium because they_afe specifically excluded by the free
electroﬁ nature of the.band structure, while‘in_mohovalent
- metals, which possess no band gaps below the fermi ie&el,s
the observed states lie above.EF. Tﬁeré,is  |
alsoA the open question of conflicting dalculatioﬁs
between.Boudreaux,and Caruthers, Kleinman and Alldredge.(CKA).
Boudreaux used a step function potential for the transition
between the bulk potential and the vacuum, while in the CKA
calculation an aluminum bulk potential WaS-mergéd smoothiy
into a jellium potenfial3 at some arbitrary point near the
surface. Néither calculétion was performed in a seif;

consistent fashion. Boudreaux found surface states for the
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(111) surface to exist only at F§ hqwevef, CKA found surfaée
states at I'y K and M. In order to acéount for.these varying
results CKA examined the effect of the two different.‘
- potentials dn.the’surface properties. They concluded thaf
the differing potentials could not reconcile their calcula-
that of : :

tion withyBoudreaux and‘suggested>an error had been made in
~ his éalculation. However, CKA hoted in the courée 6f
“their study that the behavior in the.transition region between'v
vacuum and bulk was crucial in'determinihg an accufate-ﬁictufe
;6fvfhé surfacé sfafés, thus casting some.doubt on the appfdé
priateness of thé matching schemé of jellium to bulk potentials;
A seif¥qonsisfent calculation, not suffering:from sdcﬁ.a
defécf' is éonsequently of prime'impoftanCe‘fofvan
understanding of the surface of Al.

The method which we have employed in this éalculétionv
has been discussed elsewhere7’8 and.thué will only briefly
~be outlined below. The crucial point is that we périodiéally
repeat a slab of aluminum with a (111) surface exposed to
vacudm on both sides. In this sense, we retain a periodicw
system and, hence, the usual techniques of the pseudopotential
method may be'applied. Specifically, we have taken a twelve
layer Ai slab With a vacuum region‘of three interlayer
distances for each surface over which the:wavefunctions of
the'slab are allowed td decay.' Thus, the methbd is}sqmewhat
similar to the technique of Alldredge and Kleimﬁang with
the principle difference being that theyrhave the additioﬁai

requirement that each plane wave component of the wavefunction



must vanish at the midpoint of the vacuum}région between,'
neighboring élabs. Thus our method aliOws the potential in
the surface region to determine the decay 6f %he Qavefunétioné
into vacuum without this additional, ana physicallytunhecessary
constraint. | | | |
Although we do not ha&é a semi-infinite crystal, the
exﬁerience of Alldredge.and Kleinmans‘sﬁggests very éccufété'
results may be obtained from thin films with feference to |
the semi-infinite casé. The main probléms which may érise |
from thé'ﬁég'of thin films are a) an‘interactioﬁvof éurfaée
states on opposite sides.of the fiim may liftjé-degeneraéy.
‘which would o§cur if the film were infinifely‘thiék, gnd-.
b) the surface state»wavefunctions decay so sidwly into the
slab that the film's'thickness does not permit such states w'
:to‘be distinguishable from bﬁlk states. ‘HOWevér, foﬁ’a
dozen or more layers these are not insurmountéble ﬁroblemso
As in our previoﬁs work7’8.we ﬁse a Heine—Aniﬁalu éore
_potentiallc which is then screened in a seif—consiétent.

11

manner using the pseudocharge density. A Hartree potential

is derived from this charge density via Poisson's equation,
and an exchange potenfial 6f the Slater type added.7’8
Because the bare Al3+ ion potential divergesvas l/q2 for»_
small wavevector q, the usual iteration procedure td bbtain
self-éonsisténcy is not practical.5 Hoﬁever, the screening
potential may be altered in a systematic fashion until the

"input" screening potential and the "output" screening

potential are in essential



agreement. In this manner we were able to achiéve.agreement
to within one percent for the input and output pdtentials.
For this accuracy the eigenvalues are stable to better thaﬁ
0.02 Ry. | |

To determine the required screening potehtial.an accurate
fermi level must be calculated. This was accomplished by
caicﬁlating the eigenvalues aﬁd eigenQectors over a grid.of
294 points in the two dimensional brillouin‘zone.g,The calcu-
was 0.85 Ry above the éonduction band

F
" minimum in good accord with the bulk value of 0.86 Ry.-

lated value for E

We.emphasize again fhe importance of self—consisténcy.
If the total pseudopotential is taken és a Superpositibn of
linear1y screened atomic pseudopotentials a negative work
 function will result;l This can be.remedied by a super-
position of atomic pseudopotentials which_are constructed
by extrapolafing a smooth curve through points determined
empiricaliy from the bulk so that a proper work function
résults. However, this practice is deficient in two fespect85
First, the rise of the resulting ﬁoténtial from bulk to
vacuum is unphysically abrupt and second, this procedube_
does not incorporate any response td the Friedel ésciilations
which are known to occur in the scréeﬁing potential.3 In
Fig. 1 we indicate our resulting self-consistent potentiai
averagéd'parallel to the surface and plotted as a funcfion
of distance into the slab. We note that over fhe last few
layers this potenfial actually drops below the bulk potential

by approximately 0.1 Ry. This is a result of the self-
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consisténcy process éﬁd does not oécufvforé'éﬁpér§6sition
of atomic pséudopdtentials.. It has alsévﬁeen observed in
the case of Li,” and it casts doubt on the CKAvpropédure ;
of matching»jellium to bulk botentials.: | |
Once the fermi level has been determined the work
function, ¢, can be evaluated from L
b= (=) - E‘F.,’*
as indicated in Fig,_i. The value for>V(@)vis‘aSSumed in
our calcﬁlafion to be.negligibly different from the value
of the thentialrat-the midpoint of fhe vacuum region»béfﬁeen'
adjoining slabs. The calculated value is 0.38 Ry;‘which
unfortunately cannot be compared difectiy,to‘the experimental’
value of 0.31 Ry avAaiJ‘.ableﬂfor‘vP.olycr*ystalliné'All.vl2 R
In any event such a comparison is not of great value,in
judging the accuracy of a surface calculatibn as avﬁniform
shift in the potential at large distances-would aitep ¢, but
not the resulting surface states.. Considering the anertainty
involved with the polycrystalline Value.,13 wé'cohsider the
agreement as adequate. |
. In Fig. 1 we display our total charge density in the
(110)'plane, élong,with the averaged cﬁargé density again '
plotted as a function of distance into the bulk; The o
calculated charge densify is significantly pertufbed ffom
the bulk charge only outside the secondbsurface'léyép of
the aiuminum ions. The charge deeper into the bulk»is in

14

good accord with the bulk density. Although we use this



pseudocharge density to screen the ions, the actual chargé.
density should yield similar results except within the core
regions and, thus, should provide an accurate screening
potential. The aQeraged charge density, as in the jellium
.case,g exhibits the usual Friedel oscillations in the total
~charge near thé surféce. The maximum oscillation indicates
a fluctﬁation of about 5% above the bulk; this is larger than
in jellium for the equivalent density,3 and in accord with
. the tfend observed in Li.s

To détermine'the existence of surface statés‘wé have
examined the charge density for all eigenvalues below EF
at high symmetry points.in the two dimensional zone; In
this éontextgwe make use of the projectedvbulk band structure
provided by-the CKA calculation. It is, of course, within~-
" the "projecfed gapé" that bona fide surface states may

1,6

exist. In particular, we are interested in those states

below E_ which could be experimentally detected. Preliminary .

F
attempts to detect such states have, in fact, been carried
out through photoemission experiments on polycrystalline

15 The results indicate that the bulk denéity of states

films.
' of Al is indeed altered by the presence of surface states.
In the bulk, the denéity of states exhibits peaké at 0.29,
0.18 and 0.05 Ry below the fermi level; the.photoemission
results suggest a "filling—in" between the.peaks'due to the
occurrence of surface states.

Our results indicate the existence of surface states

16

below EF at T and at K; as mentioned, in agreement with the



results of the CKA calculation, but not with-that’of Boudreaux.

At T the surface state occurs at 0.33 Ry below E_. and af“K :,

F
we have twq surface states.at 0.15 Ry and 0.07 Ry.bélow‘Ef;
These latter states do.indeed occur between the bulkvdensity 
‘_.of states peaks, and could account, in part, for.the:photo—
emission results. The most localized surface staté is_fﬁe
at 0.07 Ry - I - -

‘upper state at K. .1In Fig. 2 we display ‘the averaged charge
(as in Fig. 1) and a contour plot for the charge in the_(ilﬂ).
- plane. This stafe occurs in a rather largé energy gap in: 
‘the projécted band structure and its decay ié more.rapid thaﬁ

at 0.15 Ry :
the other state at K,or the surface state at ' From the
contour plot we see that the charge density of this state is
localized in a "cavity" near the surfacelforﬁedrby_fhe_first_
“and second atémic layers. Since.this state occurs quite . -
near EF and is localized very strongly near the suﬁgace,
_it is expected to be chemically active.l The 0.15, surface
state at K is not as localized, and is qﬁite sensitive to
fhe sﬁrfa¢e potential. As with the 0-07A?state at XK it
has charge localiied in the_ca?ity regions, but.peaks further.”
from the surface. Finally, the surface state at P,:whichf
occurs in.the bulk band gap at L in the fhrée dimensional
_zoﬁe, decays quifé-slowly falling only‘by lQ% from fhé péak. 
value at the surface to the mid-point.of'the'slab. | .

One of us (JRC) would like to acknowledge helpful

conversations with Dr. N. Garcia. Part of fhis work was doné"

under the auspices of the U.S. Energy Research and Development

Administration.
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Figure Captions -

Figure 1. The top figure indicates the self-consistent

potential averaged parallel té the surface_and plotted
as a fﬁnction of distance into the bulk: The middle
figure shows a similarly averaged total charge density
(normalized to one electron per unit éell, Q cell =
'3OOVZ3).. The bottom figure shows the total charge
dénsity in the (110) plane, with the same normaliza-

tion; the contour spacing is in units 0.15. Only the.

minima = of the charge density are labelled. The ionic
positions are indicated by the black dots. :

Figure 2. The top figure shows the averaged charge as in

- Fig. 1 for the surface state at K. The bottom figure
'shows the charge density for this state in the (110)

plane. The contours are spaced by units of 0.75.



Al (111) Surface
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