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Anomaly in the anisotropy of the aluminum work function

C. J. Fall, N. Binggeli, and A. Baldereschi
Institut de Physique Applideeand Institut Romand de Recherche Ntimee en Physique des Mataux (IRRMA),
Ecole Polytechnique Firale de Lausanne, CH-1015 Lausanne, Switzerland
(Received 10 June 1998

Ab initio calculations combined with a recently developed macroscopic-averaging technique have been used
to examine the anisotropy of the aluminum work function. Our results indicate that ¢h&IAlvork function
is substantially lower than the AlI00) work function, and slightly below the AL10) work function. This is in
contrast to other fcc metals, for which a (130§100)— (111) increasing trend is observed experimentally and
predicted by Smoluchowski’s rule. We show that the aluminum work-function anomaly, which is in agreement
with experiment, is due to the increasgdtomic-like character of the density of states at the Fermi energy, as
compared to most other fcc meta]$0163-18208)50436-5

The work-function anisotropy of elemental metals hasuse Troullier-Martins pseudopotentitisin the Kleinman-
been the focus of many early theoretical studiéitrahigh  Bylander nonlocal fornt? A set of Monkhorst-Pack special
vacuum and epitaxial growth technigues, such as moleculapoints are used for the Brillouin-zone integrations, together
beam epitaxy, have recently allowed unprecedented contratith a Gaussian broadening schetfiayith a full width at
of the quality of crystal surfaces, so that it is now possible tchalf maximum of 0.01 Ry, to position the Fermi level. A
determine the dependence of the work function on the surPlane-wave basis is used to expand the electronic wave func-
face crystallographic orientation with a high degree of acculions.
racy. Renewed interest has also been stimulated by the pos- For each surface orientation the work functionW; may
sibility of obtaining images of the local work function at be written asW;=D;—Eg, whereEg is the Fermi energy
metal surfaces by scanning tunneling microscopy. measured with respect to the Al average electrostatic poten-

Most fcc metals in which the work function anisotropy tial, andD; is the electrostatic potential step at the surface,
has been measuréd,such as Ni, Cu, or Ag, show the same which contains all the orientation dependence. The quantity
(110)—(100)—(111) trend of increasing work function Eg is calculated in a bulk Al crystal to avoid quantum size
with varying crystallographic orientation. This ordering is effects}’ using a cutoff of 36 Ry and 570 reduckdpoints.
consistent with the Smoluchowski modelyhich attributes The surface dipoleB; are obtained from self-consistent cal-
the work function anisotropy to the smoothing of the electronculations of the charge density in supercells containing a
density at the surface. The resulting work functions increasenetallic slab surrounded by vacuum regions. A macroscopic
with the atomic packing of the surface, as found experimenaveraging technique, previously employed in the study of
tally for most metals. The work function of aluminum exhib- band offsets at semiconductor heterojunctithis used to
its a different trend, namely, it increases in going from thedetermine precisely the potential stBp between the crystal
(111) to the (110 and to the(100) surface® This trend vio- and the vacuum regions. Surface ionic relaxations have been
lates Smoluchowski’s rule, and can be explained neither bgtudied by allowing the top two or three layers of each slab
the linear theory of Lang and KoHnwhich includes to move to their equilibrium positions, thereby minimizing
discrete-lattice corrections to a jellium surface, nor by anthe Hellmann-Feynman forces. The central layers are kept
extension including higher-order effetdvioreover, while fixed at the bulk interplane distance in order to retain the
most atomic surfaces of elemental metals show inward relaxerystal periodicity over a small region and perform the mac-
ation, as predicted by Finnis and Heine’s electrostatic nfodelroscopic average. The calculations for {hé1) surface were
based on Smoluchowski smoothing, the top atomic layers gberformed using a @ 6 supercel(9 planes of Al, 6 equiva-
the AI(100 and AK111) surfaces relax outward:!! These lent planes of vacuumand 36k points in the irreducible
trends are surprising, since a simge metal such as Al Brillouin zone. The corresponding values used for th@0
would be expected to be more closely approximated by a&urface are an 86 supercell and 4% points, and for the
jellium than transition metals such as Ni, Cu, or Ag. (110 surface an 8 8 supercell and 48 points. These slabs

In this paper we explain the anomalous behavior of theare thick enough to minimize quantum size effects on surface
surfaces of aluminum based on ab initio approach. In dipoles and atomic relaxatidi!® A cutoff of 16 Ry was
particular, we have identified a mechanism specific to opemsed for the plane-wave expansion of the electronic wave
p-shell metals that induces work-function anisotropies thafunctions in the supercells. With these parameters, the nu-
can reverse the trend expected from Smoluchowski’s rulemerical uncertainty on the values of the work functions is
This mechanism also explains the anomalous outward relaestimated to be-0.03 eV.
ation of the A(111) and Al(100) surfaces. In Table I, our results for the work functions of the re-

Our ab initio calculations are performed within density- laxed and unrelaxed surfaces are compared with
functional theory in the local-density approximation usingexperiment$. The theoretical values agree to within 0.04 eV
the Ceperley-Alder exchange-correlation functiolfalWe  with experiment and successfully reproduce the anomalous

0163-1829/98/58.2)/75444)/$15.00 PRB 58 R7544 © 1998 The American Physical Society



RAPID COMMUNICATIONS

PRB 58 ANOMALY IN THE ANISOTROPY OF THE ALUMINUM . .. R7545

TABLE |. Theoretical values of the aluminum work function, in

eV, for the three principal surface orientations, as obtained with 3.0 Al(100)

(Wealey and without (W2!°) surface relaxation. The theoretical 25

values are compared with the experimental dat&’(JVof Ref. 6. g o )

Below, the top three interplane surface relaxatiohd ©'°), in per- 8 'g‘ 2.0+

cent, are compared with the experimental datd{*") of Refs. 10, g >

11, and 21 for the111), (100, and (110 surfaces, respectively. S g T

Where no data is given, the interplane variations were found to be E § 1.0

negligible. K3,

(111 (100 (110 0.0 ]
e -1 -0.5 0 0.5 1

Wrelax 4.25 4.38 4.30 Lattice Units

weale, 4.23 4.42 4.29

WeEXP 4.24+0.03 4.410.02 4.280.02 FIG. 1. Planar average of the electronic charge density for the
Al (100 surface, as a function of the distance to the surface. Solid

Adi;‘IC +0.8 +0.9 -85 line: self-consistent charge density; dashed line: surface formed by

AdSa'e +0.5 +0.4 +4.8 repeating the charge density of bulk Wigner-Seitz unit cells; dotted

Adgzlc -20 line: superposition of atomic charge densities. The rectangle gives

AdEXP +1.7-03 +1.8 ~8.6-0.8 the macroscopic ionic charge density. The black disks indicate the

Ad2P +0.5+0.7 +5.0+1.1 atomic planes.

AdSXP -1.6+1.2

consistent result \W,=4.42 eV, whereas the Wigner-Seitz
model strongly underestimates it with a value of, W
) =0.33eV. The self-consistent charge is seen to follow
(111)—(110)—(100) surface ordering. The effect of the ¢jpsely the Wigner-Seitz density inside the crystal, but to
surface multilayer relaxations on the work functions iS approach the atomic distribution in the vacuum region.
shown to be negligible for all orientations, when comparedaround the surface ions, the contracted wave functions of the
with the numerl_cal accuracy. This indicates th_at the effective, |k crystal tend to relax back to their atomic dimension in
charges of the ions in the surface layers vanish, an observgse girection perpendicular to the surface, and the related
tion consistent with the sum rule recently derived for eﬁec'charge transfer increases the surface dipole.
tive charges at crystal surfacés. o , In the case of an opep-shell metal such as Al, this sug-
For the relaxed surfaces, the variations of the top interyests the existence of an important asymmetry between the
plane distances are displayed in Table | and are compare|rectional atomiclikep orbitals of the surface ions. The,

with 10 li»é;l)erimental low-energy electron  diffraction giates; parallel to the surface, can be expected to be occupied
data:>*"“*The small outward relaxations of the(AlL1) and differently from thep, states, perpendicular to it. The,

Al(100 surfaces are well reproduced, as well as the dampeg;ies are energetically favorable, when compared t@the

oscillatory behavior of the AL10 multilayer relaxations. o pjta| that extends into the vacuum and regions of higher
Finnis and Heine's electrostatic model based on Smoluz

; . & X potential. In Fig. 2, we have plotted the difference between
chowski smoothing predictsnward relaxations of the 10p he electronic density in the surface plane of Al and the den-

layers, which increase when the atomic packing of the sur-
face decreases. Although we find outward relaxations for the * ———9
Al(100 and Al(111) surfaces, the strong contraction of the Al(110)
(110 surface layer is in qualitative agreement with this ¥
model[which predicts a contraction of 16% for the(110 Al(111)
top interlayer distancé T
Having shown that surface relaxations produce negligible Z

modifications of the work functions, our discussion and in-
terpretations of the work-function trends will be focused on
unrelaxed surfaces. In order to model the surface electronic

)

AI(100)

charge density, the crystal surface may be approximated, as a o)
first step, by a superposition of atomic charge densities or of
bulk Wigner-Seitz unit cells. Neither of these possibilities

induces any orientation dependence in the work-function.
They may therefore be taken as convenient reference elec- )
tron surface distributions to understand the mechanism be- g

hind the Al work function anisotropy. In Fig. 1, we have £ 2. contour plots of the electronic charge density difference
plotted the electronic charge density of the self-consistenfetween the exact self-consistent charge in the aluminum surface
Al(100 surface and compared it with the superposition ofpjane and the corresponding plane in a bulk Al crystal. The con-
atomic charges as well as the surface built from bulkiours are equally spacdly 0.02, 0.05, and 0.2¢( /unit cell) for
Wigner-Seitz unit cells. As for most metals, the atomicthe (111), (100, and (110) orientations, respectivelyThe dashed
charges model heavily overestimates the work functfon, lines correspond to negative values and the black disks to the posi-
yielding W,;=7.59 eV, to be compared with the self- tions of the ions.




RAPID COMMUNICATIONS

R7546 C. J. FALL, N. BINGGELI, AND A. BALDERESCHI PRB 58

As shown in Fig. 3, the Smoluchowski rule correctly de-
scribes the work-function anisotropy when the only occupied
levels around each ion asestates. The inset in Fig. 3 shows
the bulk band structures of Al and A along the three di-
rections of interest. We observe that below the Fermi level of
Al the band structure depends weakly on the value of the
electronic density. As\ changes, only the position of the
Fermi level is modified significantly to accommodate the dif-
ferent number of electrons in the crystal. For low values of
20 the electronic density, in the Smoluchowski regime of the
work function, the Fermi level is positioned on the nearly
parabolic isotropics band. The first sign of a change in the
trend of the work function occurs for the @AK1) face when
the states at the bottom of tipeband begin to be filled, near
the edge of the Brillouin zone in thel1l) direction. The
electronic wave functions of the surface are indeed expected
to derive from bulk states with similar energies in the semi-
infinite system. As the electronic density increases, the an-

FIG. 3. Work functions of the virtual Al crystals for the three  iSOtropic p bands are increasingly filled and the work func-
principal surface orientations, as a function of the valence charge tion becomes highly anisotropic.
(lower axi9 and the Al pseudopotential scaling facter(upper We thus suggest that it is the face-dependent filling of the
axig), as detailed in the text111): triangles;(110): squares(100): atomiclike p states at the surface that is responsible for the
circles. The solid vertical line shows the position corresponding towork-function anisotropy in Al. The occupation of thm
the real Al crystal. Vertical dashed lines delimit the filling of dif- states is affected by the position of the ionic neighbors, and
ferent orbital states. The inset shows the band structure ¢¢ax- hence by the surface orientation. A modification of the num-
tinuous lineg and Al 5 (dashed lineg along selected directions in  per of valence electrons i, states induces a change in the
the Brillouin zone. The energy zero is set at the band minimum infjjling of the p, states and therefore of the surface dipole.
both cases. The Ferml Ieyel is s@uated at 11.43 and 7.47 eV in Afhe (111) surface has the highest number of nearest neigh-
and Al s respectivelyhorizontal lines. bors in the surface plane and thestates are highly favored.

This results in fewer electrons in thpg orbitals and leads to

sity in a corresponding bulk plane. Despite the supplemena lower surface dipole compared to other orientations. The
tary freedom allowed by the possible spreading of the vaAl(111) work function therefore dips below the other two
lence electrons into the vacuum, the surface plane in therientations at an early stage when the electronic density is
Al(111) direction shows an all-over increase in density withartificially raised. The second most dense surfacél0)
respect to the bulk situation. In the (ADO) and Al110 and, as seen in Fig. 3, it is the second direction to dip below
directions, the density is similarly increased along the bondghe (110 direction when thep states are filled. Thé110
between nearest neighbors. Compared with the bulk situadirection then exhibits the largest work function. At this
tion, the extra density in thp, states, which increases with point Smoluchowski’s ordering has been reversed. When the
the surface atomic packing, results in a lower occupation of states are nearly completely occupied, the work functions
the p, orbitals, and yields a surface dipole thdgcreases show further crossings, in reverse order to which they first
with increasing surface packing. appeared. For eight electrons per ion, fhetates are fully

This view is supported by the following numerical experi- occupied and the contribution of the orbital filling to the
ment, in which we have sought to modify the number ofanisotropy disappears. The work functions are then seen to
valence electrons associated with each Al ion. We have dése ordered similarly to the low-density situation.
fined a series of virtual atoms Al with varying valenceZ, The anomalous outward relaxation of the(#1) and
by using pseudopotentials linearly scaled from that of alumi-Al (100 top layers can be similarly understood in terms of
num. Since Al has three valence electrons, to retain chargéne weakening/strengthening of the atomiclike/p, surface
neutrality Al is associated witld =3\ electrons, whera is  orbitals resulting from their different occupation with respect
the pseudopotential scaling factor. We then computed selfto the bulk situation. We have examined the surface relax-
consistently the work functions of the corresponding, Al ation of an Al 5 crystal, which contains no fillegp bands,
crystals, i.e., a series of crystals composed of pdeudoa- and the anomalous outward relaxations are found to disap-
toms on an Al fcc latticé® The results for the three principal pear in this case. Moreover, for Alin which thep bands are
directions are plotted in Fig. 3 as a function of the number ofcompletely filled, th&100) and(111) surfaces show standard
electrons per iorfand of\). It is seen that for low values of inward relaxatior??
the density, the ordering of the work functions follows the In this light, the ordering of the work functions in Al is
Smoluchowski prediction and increases fréti0 to (100 seen to arise from the interplay of two trends. At low elec-
and to(111). However, as the number of valence electronstron densities, Smoluchowski smoothing is seen to describe
per ion is increased above two, the trend of ¢th&l) surface  correctly the trend of the surface-dependent dipoles. When
changes and it crosses below the other directions. As thkands are filled, the trend changes and depends on the exact
density rises further, a number of other crossings are obAumber of valence electrons per ion. The exceptional nature
served. of Al among fcc metals results from its Fermi level posi-
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tioned among bands. In other fcc metals such as Cu, Ag, oranisotropy trend of the work function in Al can be explained
Ni, the electronic orbitals controlling the surface propertiesby a charge transfer from the atomiclike orbitals of the
have a dominarg character; the very localizetiorbitals are  surface ions perpendicular to the surface plane to those par-
not expected to contribute strongly to the anisotropy. Thesellel to the surface, when compared to the bulk charge den-
elements all show the same standard work-functiorsity. The anomalous outward relaxation of thg1&l0) and
anisotropy>* We have also examined the anisotropy of a bccAl(111) top layers can similarly be understood in terms of a
metal, Na, which has an isotropic band structure with sne charge transfer among surfapeorbitals. The exceptional
electron. In this case, the most densg N4#) surface has a nature of the Al work function and surface atomic relaxation,
higher work function(3.00 eV} than N4100) and N4111)  when compared to other fcc metals, results from a dominant
(2.80 and 2.79 eV, respectivelyconsistent with Smolu- p-atomic-like character of the density of states near the
chowski’s rule. Finally, other elemental metals with a largerFermi energy.
valenceZ than Al tend to lose their cubic structure, and the
work function is then influenced by the macroscopic anisot- One of us(C.J.F) acknowledges support from the Swiss
ropy of the crystal structure. National Science Foundation under Grant No. 20-49486.96.
In conclusion, we have explained the Al work-function The calculations were performed at EPF-Lausanne and at the
anomaly by means of a microscomb initio approach. The CSCS in Manno, Switzerland.
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