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Surface states (SS) and surface resonances (SR) on the W(001) surface have been determined
from the first self-consistent energy-band study of this metal surface. The calculations were per-
formed for a seven-layer film using our thin-film linearized augmented-plane-wave method
which includes all relativistic corrections except the spin-orbit interaction. Self-consistency was
found to be essential for obtaining an accurate value of the work function—4.5 +0.2 eV, in ex-
cellent agreement with experiment. No evidence was found for surface core-level shifts as ob-
served in photoemission from the (110) surface, indicating the possible importance of final-state
effects. A complete description of all three experimentally observed resonance bands is given
for the first time: SS and SR states are found to exist in different portions of the two-dimen-
sional Brillouin zone; their location and symmetry are in very good agreement with structure
observed in photoemission at 0.3, 0.8, and 4.2 eV below the Fermi energy, E£r. Particularly in-
teresting is the close agreement of the never before obtained E, =0 true SS (at—0.3 eV) with

experiment.

I. INTRODUCTION

The last few years have witnessed a dramatic in-
crease in experimental and theoretical studies of
transition-metal surfaces. Electronic states which are
localized near the surface are among the most prom-
inent of the observed spectroscopic features. Experi-
mentally, however, there is often little difference
between surface states (SS), which decay exponen-
tially into the bulk, and surface resonances (SR),
which can be described as a hybrid of a true surface
state and a bulk state. If SS and SR are relatively
well understood on semiconductor and simple metal
surfaces,! it is only relatively recently that attempts
have been made to deal with the additional complexi-
ty arising from d electrons in noble and transition
metals. So far, self-consistent calculations have been
performed for only a few surfaces of 34 metals [Sc
(Ref. 2), Ti (Ref. 3), Fe (Ref. 4), Ni (Ref. 5), Cu
(Ref. 6)] and 4d metals [Nb (Ref. 7), Mo (Ref. 8),
Pd (Ref. 9), Ag (Ref. 10)], but not for any of the 5d
metal surfaces. However, the most extensively stu-
died metallic surface resonances occur on the W(001)
surface,''™'® and the origin and nature of these states
has been a long standing problem. The wealth of de-
tailed experimental information on W(001), reviewed
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below, thus presents a well charted area in which to
explore the theory of surface electronic structure.
An "anomalous" peak in the W(001) field-emission
energy distribution (FEED) was first discovered by
Swanson and Crouser,'2 and a similar feature was
subsequently observed on the (001) face of Mo."?
The W(001) peak was originally interpreted in terms
of the relativistic bulk band structure,'? but a later
FEED study by Plummer and Gadzuk'* identified it
as a surface state. The state on W(001) was also re-
ported as the first observation of a metallic surface
state using photoemission.'> Weng er al.'® have re-
cently presented a very complete review of the SS
and SR on the (001) surfaces of Mo and W, utilizing
both angle-resolved photoemission (ARP) and
FEED. They concluded that many-body effects (e.g.,
final-state relaxation, plasma interaction) and d-band
edge effects are not required to explain any aspect of
the photoemission results from these resonances.
Experimentally, then, three bands of surface reso-
nances are observed in the ARP experiments'® on
W(001): (i) A high-lying SR is located 0.3 eV below
the Fermi energy, £r. The intensity of this reso-
nance peaks at normal exit (E..=O) and decreases
rapidly as IE.l increases (off-normal emission). This
state has even parity with respect to mirror plane
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symmetry (e.g., d, or s-orbital character). (ii) For
emission angles greater than 2° an additional second
high-lying resonance appears as a shoulder about 0.8
eV below the first high-lying resonance. Its pho-
toemission intensity is strictly zero at normal exit
(f||=0), but increases gradually with increasing polar
angle reaching a maximum at around 10° (|k,| =0.2
to 0.3 A~'). Weng er al.'® suggest that this reso-
nance has odd parity with respect to a (110) mirror
plane although they note evidence that it may contain
a small component of even parity. (iii) The third
band is similar to the first but is located about 4.2 eV
below Er. Experimentally the dispersion is less than
0.3 eV for each band.

The theoretical interpretation of these spectroscopic
features [especially the first high-lying band (i)] in
terms of initial-state properties of surface states and
surface resonance states has been quite controversial.
Feder and Sturm!” found a SR in a "relative" or filled
spin-orbit gap at k =(0,0) near Er as well as a true
SS in a spin-orbit symmetry gap just below the "rela-
tive gap." Both of these states have A; symmetry,
however, and Hermanson'® showed that this was not
consistent with the ARP observations of Feuerbacher
and Fitton'® for the high-lying resonance band.
Kasowski?® found a SS of the correct symmetry in the
vicinity of Er at k=0, but only for a contracted sur-
face. [It has since been suggested,'® however, that
this state be identified with the low-lying (4.2 eV)
resonance at E||=0.] Noguera et al.?! also required a
surface contraction (for Mo) to obtain a SS at k=0
near £r. Modinos and Nicolaou,?? by contrast, inter-
preted the high-lying resonance (i) as being due to
SR states near Er which they found for finite l?.. #0
(i.e., near k;=0 but not strictly at ky=0). Similar
results have been obtained by other non-self-consis-
tent calculations,'®2>~28 but comparison with the most
recent experimental results leads to the conclusion'®
that while these calculations can be interpreted as
correctly predicting both the existence and symmetry
of the second high-lying resonance (ii) and the low-
lying resonance (iii), they fail to explain the first
high-lying resonance. (Inglesfield’s?® calculation
yields an unoccupied SS state near Ef at Kuy=0; this
result, however, is in contradiction with the experi-
mental observation that this state exists below Er.)
This somewhat unusual situation is explained by the
fact that the existence of the high-lying surface reso-
nance is very sensitive to the potential near the sur-
face, as discussed in Sec. III. Indeed, Kerker er al.®
demonstrated that self-consistency was required in
order to get an occupied high-lying resonance at
E.=0 for Mo(001) as well as the other resonances
(i) and (iii). However, Kerker er al.® show only the
second high-lying resonance along the T M direction,
in contradiction to the experimental observation of all
three bands. This may be due to their use of a film
with only five layers.

In this paper, we present the first self-consistent
band-structure calculation for the W(001) surface us-
ing a previously described*® thin-film energy-band
method based on the bulk linearized-augmented-
plane-wave (LAPW) method.?! The calculations
were performed for a seven-layer film and include all
relativistic corrections except the spin-orbit interac-
tion. These calculations provide, for the first time, a
complete description of all three experimentally ob-
served resonance bands. Self-consistency also was
found to be essential in obtaining accurate work func-
tion results: our value (4.5 +0.2) eV is in excellent
agreement with the experimental value of 4.63 eV.*
In addition, we do not find any core-level shift of the
surface atoms relative to bulk, in agreement with the
predictions of a very simple model for the origin of
such shifts.

The paper is organized as follows: Sec. II outlines
the self-consistent film LAPW method of calculation;
Sec. III presents our results, compares them with
available experimental data, and briefly discusses the
possible role of some of these resonance states on
the ¢ (2 x 2) reconstruction of W(001); and Sec. IV
summarizes our principle conclusions. Finally, tech-
nical aspects of solving Poisson’s equation are
presented in the Appendix.

II. METHOD OF CALCULATION

The film band-structure calculations are performed
using the previously described film LAPW method.*
The modifications for including self-consistency and
treating more general potentials are described below.

A slight redefinition of the basis function in the in-
terstitial region has also been implemented: as be-
fore®® the basis function in the interstitial region (re-
gion II in Fig. 1) is defined as a product of a two-
dimensional plane-wave and a one-dimensional sym-
metrized plane-wave appropriate for films with z-
reflection symmetry

Gma(k, T)=(2/0)expli(k +Ep) T

cos(knz); (+)

sin(k,2); (=) M

Here (+) and (—) denote states which are, respec-
tively, symmetric and antisymmetric with respect to z
reflection; K is a two-dimensional crystal momentum
vector, g, is a two-dimensional reciprocal-lattice vec-
tor, and () equals the volume of the unit cell
between z = * %D where D is the distance between

boundary planes touching the two outermost muffin-
tin (MT) spheres as in Fig. 1. Unlike Ref. 30, k, is
defined in terms of the distance D’ with D' > D

n2mw/D'; (+)

k=l n+ D200 (=), n=0123, ... . @
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FIG. 1. Schematic representation of the film muffin-tin
(FMT) potential. The unit cell, indicated by dashed lines,
extends to z =+ co. Region I denotes the muffin-tin
spheres, region Il denotes the interstitial, and region Il
(=] > %D) denotes the vacuum region. The representation
of the LAPW basis function in the interstitial region (II) in-
volves a one-dimensional Fourier expansion over the inter-
val —-%D’ <: s%D’.

Simply put, the fictitious periodic boundary condi-
tions used to make the basis set discrete are no
longer required to coincide with our partitioning of
space. There is no reason to do so since it actually
creates artificial problems by unduly restricting the
basis set.’® Now the first derivative, 8/9,, of the
basis function is no longer restricted to be identically
zero at the planar boundaries (z = + %D) [see the
discussion after Eq. (2) in Ref. 30]. The value of
D'=D +2Rpmt is used in the calculation, where Ryt
is the bulk muffin-tin (MT) radius. Since ‘the sev-
en-layer bcc W(001) slab has z-reflection symmetry,
the LAPW basis is otherwise constructed exactly as
before.’® We have not included a contraction of the
surface interlayer spacing,’® and all seven MT radii in
the unit cell were set equal to the maximum possible
bulk MT radius, Ryt = %a V3, where a is the bulk

lattice parameter (5.793 a.u.).

A. Full potential in the interstitial and vacuum regions

The film muffin-tin (FMT) potential is used to
construct the film LAPW basis functions. In the vac-
uum (|z]| > %D in Fig. 1), this potential depends
only on the z coordinate, i.e., Vgm1(2) is the planar
average of the full potential in vacuum V *(T). In-
side the planar boundaries of the film (|z]| < izD in
Fig. 1), this potential is spherically symmetric in the
MT spheres centered on the nuclear sites and Veut
= V!= const in the interstitial region, i.e., Vemur(|T|)

is the spherical average of the full potential, V(T) in
the MT spheres and V/= const is the volume average
of the full potential in the interstitial region [the zero
of energy is usually adjusted so that ¥/=0]. Once
defined, however, this basis can be used to treat the
full potential ¥ (T) without any shape approxima-
tion, since the film LAPW secular equations are ob-
tained through application of the Rayleigh-Ritz varia-
tional principle. The full Hamiltonian matrix is then
given by Eq. (7) of Ref. 30

H=HFMT+AHI,V+AHNS f (3)

where Hgmt is due to the FMT potential, AH, y is
due to the non-FMT correction potential in the inter-
stitial region, and in the vacuum region, and AH s is
due to the nonspherical correction potential in the
MT spheres. In the present calculation, we have in-
cluded AH,, but have neglected AHys. (In bulk cal-
culations, the use of spherically averaged potentials
inside the MT spheres and the full potential in the
interstitial regions is known as the warped muffin-tin
approximation and appears to be an excellent approx-
imation for metals.) Thus, in the present calculation
the full potential is treated everywhere except inside
the MT spheres.

In order to obtain the correction term in the inter-
stitial region, AH, (where AH,y,=AH;+AH,) we
define the potential V/(T)

_ (F). =¢: .
pi(7) =1V (T): T € interstitial

0, elsewhere @
V!(T) can be expanded in a plane-wave star repre-
sentation,>*
PUT) =3, Vnycos(kp2) 6, (T) (Sa)
ns

where the two-dimensional (2D) star function ¢,(T)
has the full 2D symmetry of the film and is given by
¢,(T) = 1 Se

R

iRG (T =T p) (5b)
No
Here G,Ais a 2D star representative reciprocal-lattice
vector, R is the point group part of 2D space-group
operation, R, Trisa nonprimitive 2D translation
vector, and g is the number of 2D space-group
operations. For the unreconstructed W(001) film
considered here, there are eight 2D space-group
operations, and all the TR can be set to zero since
the space group is symmorphic. Inspection of the
form of the film LAPW basis function in the intersti-
tial region [Eq. (1) of Ref. 30] shows that the matrix
elements of AH,, (n'm’| V'(T)|nm ), are trivially re-
lated to the Fourier components, 17,:,:. in Eq. (5a).
The correction term in vacuum, AH, is obtained
similarly from the vacuum 2D star expansion

V() =3 V< (2) ds(T) . (6)
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Note that the FMT potential in the vacuum region,
Vemr(2), is simply equal to V3 (z). Inspection of
Eq. (4a) in Ref. 30 then shows that the matrix ele-
ments of AHy, (n'm'|[V¥*(T) — Vemr(2) 1| nm ), are
simply determined by one-dimensional z integrals in-
volving the functions V,*(z) [Eq. (6)] and the z-
dependent functions uy ,(E,,z) and uy ,(E,.2) [Eq.
(4a) in Ref. 30], where u(E,,z) is a solution of the
one-dimensional Schrodinger equation in the vacuum
region [Eq. (4b) in Ref. 30] and 4 (E,,z) is its energy
derivative.

As we are performing a local density function
theory*’ calculation, the potential is expressed as a
sum of the Coulomb and exchange-correlation poten-
tials

V(?) = VCouI(?) + ch(?) . (7)

The Fourier star-representations [Eqs. (5a) and (6)]
for Vcou(T) are obtained from the charge density
p(T) by solving Poisson’s equation, as described in
the Appendix. Given the form of the LAPW basis
functions in the interstitial and vacuum regions, it is
completely straightforward to obtain expressions for
p( T ) similar to Eqgs. (5a) and (6), and, solving
Poisson’s equation, one obtains ¥V ¢y, (T) in the
desired representations. V,.(T) (see below) is a
nonlinear function of p(T), however, so we have fol-
lowed Koelling et al.>* in obtaining the star represen-
tation of V.. (T) by performing a least-squares
Fourier fit in the interstitial region. Using a sampling
of about 1000 T points in the interstitial, we obtain
fits such that the rms error is about 0.1% of the aver-
age value of V**(T) in the interstitial. We find

Ve (z) [Eq. (6)] in a similar manner by performing
least-squares two-dimensional Fourier fits in each of
the i planes for which V*°(z;) is tabulated. (V2§ is
tabulated on a linear mesh out to 20 a.u. from the
planar boundaries, but V¥4 is tabulated on the same
linear mesh only out to 10 a.u. from the planar boun-
daries, because the latter coefficients fall off to zero
much more rapidly than does V,%3§.)

B. Self-consistent procedure

In local density functional theory, the exchange
and correlation potential is given by

en(F) =Llnecn] | (8)
dn

where n (T) is the electronic density and €,.(n) is the
exchange and correlation energy per particle of the
uniform electron gas. We have taken €, to be that
given by the Wigner interpolation formula®®

€.(n)=-100916/r,+0.88/(r,+7.8)]1 Ry , (9a)
with a spatially dependent r; defined by
T (F)=[n (P17, (9b)

where n (T) is the total electron density.

The starting potential was constructed from over-
lapping atomic charge densities with the atomic con-
figuration for W taken to be (Xe) 4/'454%6s'. As de-
tailed in Ref. 30, the radial functions in the MT
spheres are obtained by solving the Dirac equation
using a method developed by Koelling and Harmon®’
which includes all relativistic kinematic effects, but
drops the spin-orbit interaction. In each iteration the
core charge density [(Xe)4 /'] is recomputed using
the film muffin-tin potential in a fully relativistic
(i.e., including spin-orbit) Dirac-Slater-type atomic
structure program (using the Wigner interpolation
formula for V,.). In the initial iterations, eigen-
values and eigenvectors are calculated at three special
points®® in the irreducible ’; of the two-dimensional

square BZ pictured in Fig. 2. In the final iterations a
ten-point set of special points®® is used, and in the
last iteration a uniform 15 k-point set is used. The
symmetrized basis size was about 210 LAPW’s which
corresponds to about 60 LAPW’s per atom. The
resulting eigenvalues are converged to better than
about 3 mRy. From the total charge density, pioa

= Pyatence T Peore» @ NEW film potential is generated.
The new potential is mixed with the current input po-
tential to obtain the input potential for the next itera-
tion (10% of the new potential is the largest mixing).
We consider self-consistency achieved when the max-
imum difference between the input potential and the
output potential is less than about 0.2 eV. The
eigenvalues are converged to better than 3 mRy well
before the potential is converged for the next itera-
tion.

M (N)
3 Y
rm a i(g)

FIG. 2. Irreducible % of the two-dimensional square Bril-

louin zone for the bee (001) surface. If the two-dimensional
square Brillouin zone is oriented to pass through the center
of the three-dimensional bce Brillouin zone, the M point
coincides with the bulk symmetry point N. and the Ypoint
is located on the bulk A symmetry line half-way to H along
a [010] or [100] direction.
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Omitting the spin-orbit coupling®’ requires approxi-
mating the j =/ + 3 and j =/ — 5 radial function by
an average radial function. (For W this is a more
severe approximation than assuming the energy
dependence of the radial basis function to be linear.)
To assess the importance of this j-averaging approxi-
mation, we have compared results of self-consistent
calculations on bulk W using the spin-orbit omitted
LAPW approach with those obtained from the fully
relativistic APW (RAPW) method. We find that the
core charge density is unaffected to five significant
figures. (This is not surprising as in both calculations
it was determined with the full Dirac radial equation
and the indirect effects of the conduction electrons
due to spin orbit only should be minimal.) The den-
sity at the muffin-tin sphere boundary —where con-
duction-electron effects dominate —agreed to 0.05%
with a very slight (0.02 electron) movement of
charge out of the muffin-tin spheres.

III. RESULTS

The self-consistent solution of the film LAPW
equations yields eigenvalues and eigenfunctions
which may be used to derive a variety of theoretical
results. Our major objective is to obtain information
about the effect of the surface by comparison with
experiment and, in particular, with those experimen-
tal results described earlier.

A. Charge density and work function

Since the charge density is of fundamental impor-
tance in local density functional theory, we examine
first the total self-consistent charge density and the
resulting work function as this is a sensitive test of
the quality of the results obtained. Figure 3 shows
the total valence charge density, p(T) (i.e., the core
charge density has been subtracted) in a (110) plane
for positive z values. Nonspherical components of
p(T) inside the muffin-tin spheres were constructed
using the angular momentum representation of the
LAPW wave functions [Eq. (3) in Ref. 30] retaining
all contributions up to /.« =6 in the wave functions
(in the SC iterations /y,x =8). The resulting non-
spherical charge-density components are truncated at
a maximum value of / =8. The unretouched p(T)
pictured in Fig. 3 exhibits minimal discontinuities
across the sphere boundaries, which shows that satis-
factory / convergence in p(T) has been obtained.
The charge density is seen to fall off smoothly as one
progresses normal to the surface into the vacuum and
to very rapidly "heal” to bulklike character on going
away from the surface into the solid. Each layer of
the film is approximately charge neutral (including
the vacuum charge as part of the surface layer).

FIG. 3. Contour plot of the total valence charge density.
Successive contours are separated by 0.8 in units of elec-
trons per bulk unit cell.

The bonding characteristics are also evident in Fig.
3. In the interior atoms, the bonding xv.xz.vz (15,)
d orbitals form fairly localized lobes pointing along
the body diagonals to the nearest-neighbor atoms. In
addition, there is a rather uniform metallic bonding
charge density in the interstitial regions. These
features persist up to the second layer from the sur-
face. In the surface layer, there are marked changes
in the bonding character. Compared to an interior
atom, substantial weight has been removed from the
lobes pointing towards the missing nearest neighbor
above the film, although the maximum value of the
d-band charge density is still about the same in these
directions. By contrast, the maximum value in the
downward pointing lobes is somewhat reduced as a
consequence of an increased charge transfer into this
bond from the surface atom. Finally, there is a large
and rapid variation in p(r) in the interstitial region of
the surface layer, demonstrating the importance of
the "warping" contributions to the potential.

There is a sizeable redistribution of charge near the
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surface associated with the formation of the dipole
layer, which sensitively determines the work func-
tion. As expected, self-consistency is found to be
crucial for obtaining an accurate value of the work
function, ¢. We find ¢ =4.5 +0.2 eV (the uncertain-
ty reflecting the degree of self-consistency obtained
in the potential), in excellent agreement with experi-
ment.3?

B. Layer density of states

Since most of the eigenvalue information plotted as
band structure is complex and not easily assimilated
(in such plots the 3D bulk band structure is essential-
ly projected onto the 2D Brillouin zone which tends
to obscure details about surface states as well as the
underlying bulk bands), we focus first on the infor-
mation contained in the theoretical layer by layer
density of states (DOS). The local density of states
(LDOS) for each layer, shown in Fig. 4, was obtained
using the two-dimensional analog® of the bulk linear
analytic tetrahedron method.** [The LDOS shown

SURFACE

0.0

S-1

0.5

0.0

DENSITY OF STATES

5-2

0.5
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0.5

FIENAN =S

00 1 ! !
8 -6 -4 -2
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o
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FIG. 4. Layer projected density of states for the seven-
layer film. S-1 is the first layer in from the surface and S -2
is the second layer in from the surface.
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FIG. 5. Layer projected density of states for the surface
layer. The shaded region represents the (positive) excess
density of states in the surface layer over the central layer.

were obtained using 15k points in the irreducible %

of the two-dimensional BZ and then smoothed with a
Gaussian (FWHM =0.3 eV).] The general trend
seen is that of an approach to bulk behavior in going
from the surface to the central layer, since the latter,
indeed, displays the characteristic structure of the
tungsten bulk DOS. The bandwidth is already
achieved by the second layer. There are two prom-
inent peaks in the surface LDOS (Fig. 5) indicated by
arrows at —0.5 and —4.4 eV. To better understand
their origin we show, as shaded regions, the excess
surface DOS (surface minus central layer; positive
values only). This way of plotting the results indi-
cates the possible SS or SR origin of these peaks. As
we will show shortly, the one located at about 0.5 eV
below the Fermi energy is related partly to a short SS
line of states around T'(kK =0) and partly to a double
SR line of states for k > 0; the second, located at
—4.4 eV, corresponds to a low-lying SR band. These
resonances are found in both angle-integrated and
angle-resolved photoemission.'®

C. Surface states and surface resonances

In order to obtain information about SS and SR we
display in Fig. 6, along the high-symmetry directions,
those SS and SR which have a localization greater
than 70% in the two outermost layers. For ease of
reference, the bottom of the conduction band is
shown along the lower portion of the figure. An
analysis of these results shows that they provide for
the first time good agreement with detailed ARP
measurements'® of all three surface resonance bands
described in the Introduction.

(i) There is an extremely localized state just below
Er near T which has a small upwards dispersion along
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ENERGY (eV)
N

B

-10

T 2 X Y W 3 T
FIG. 6. Surface states and resonances with a localization
greater than 70% in the two outermost layers of the film.
The bottom of the conduction band is outlined along the
lower portion of the figure.

X and TM with A, and I, symmetry in agreement
with experiment. It disappears about one-third of the
way between I'X and TM. This is the state which is
seen as a sharp peak in photoemission spectra at nor-
mal exit. Itis a true SS only at T where it exists in a
bulk A, symmetry gap.

Figure 7 shows the origin of the surface state at T.
We have displayed all of the film energy eigenvalues
at T as though they were derived from the projection
of the three-dimensional cyrstal band structure along
I'H in the bulk bee Brillouin zone (open circles are
even and solid circles are odd with respect to z reflec-
tion). The general shape of the bulk bands along 'H
is recognized, and we note the near degeneracy of the
film Az’ and As bands at I', reflecting the exact de-

generacy of the bulk bands at the I',,, point. (The

lower symmetry due to the presence of the surface
does not require this degeneracy.) Similarly, the film
A, and A, bands are nearly degenerate at H, reflect-
ing the exact degeneracy of the bulk bands at the H,,
point. This is a further indication that the seven-
layer film quite adequately reproduces the bulk as
well as the surface band structure. This figure shows
that two states from the upper A, branch are shifted
downwards into a A} symmetry gap, giving rise to the
pair of SS odd and even with respect to z reflection.
As mentioned, this SS is very sensitive to the actual
potential. Our starting potential, for example, does
not yield this SS. These results confirm early predic-

L

- -
,»;f" 1

/

ENERGY (eV)

FIG. 7. Film-derived "bulk" energy bands along I'H.
showing the origin of the very localized surface state 0.3 eV
below Ef at T'(k,=0).

tions by Caruthers and Kleinman® for SS at T on
transition-metal bee (001) surfaces. In calculations
for Fe(001), they found that both the existence and
symmetry of SS at T depend crucially on details of
the potential and are very dependent on small
changes in the potential. On the W(001) surface stu-
died here, the T; SS just below Er is extremely local-
ized in the surface layer (~93%) and projects quite
far out into the vacuum region (see Fig. 8). Thus, it
is perhaps not surprising that the conditions for the
formation of this state are sensitive to the behavior
of the potential near the surface. The surface poten-
tial in turn depends on the delicate rearrangement of
electronic charge at the surface which leads to the
formation of the surface dipole barrier and the
correct work function. The treatment of this elec-
tronic screening is, of course, beyond the scope of
non-self-consistent calculations, and it explains the
general failure of such calculations to predict correctly
the high-lying T, SS.

(i) We also find a pair of SR (for k; #0) about
0.5 eV below the SS described above. Along the
symmetry lines T X and T'M, one of the pair of SR is
symmetric (K, and fl, respectively) and the other is
antisymmetric (Kz and fg, respectively) with respect
to the corresponding mirror planes [a (100) plane
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VACUUM

A

FIG. 8. Charge-density contour p_l‘ol for the very localized
surface state 0.3 eV below £ at I'(k;=0). Successive con-
tours are separated by 0.4 in units of electrons per bulk unit
cell.

along T X and a (110) plane along TM]. Along the

T M direction these states have a small upward disper-
sion (in agreement with experiment) cutting Er about
half-way between I and M. Along the T X direction,
however, these states have a small downward disper-
sion (similar dispersion was found along T'Xina
self-consistent calculation® for Mo), whereas the ex-
perimentally determined dispersion'® is slightly up-
ward toward £r. We do not believe that this is a size
effect due to the use of a five-layer film in Ref. 8 or
our use of a seven-layer film, since Grise er al.?®
found a slight upward dispersion along T'X of their A,
SR state for both five- and seven-layer films as well
as for a 39-layer film.

It is important to note that the =, SR is about
20—25% more localized in the two outermost layers
than is the 3; SR (below Ef, the localization in the
topmost two layers is typically greater than 90% for
the 3, SR). Contour plots for the 3, and 3, SR are
shown in Figs. 9 and 10, respectively. Taken togeth-
er with the fact that the 3, and 2, SR have nearly the
same energy and dispersion, this could explain the
weak shoulder found in Fig. 9 of Weng er al.'® when
the vector potential A is parallel to k along TM. The
presence of this shoulder led Weng et al. to suggest
that this SR might possibly contain a small com-

VACUUM

o4

A

FIG. 9. Charge density for the X, surface resonance near
Er at ky=1(0.5.0.5)7/a. Successive contours are separated
by 0.4 in units of electrons per bulk unit cell.

VACUUM

FIG. 10. Charge density for the X, surface resonance
near Ef at ky=1(0.5.0.5)7/a. Successive contours are
separated by 0.4 in units of electrons per bulk unit cell.
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ponent of even (Z,) parity, although the predom-
inant component seemed to be of odd (fz) parity.
The results of our calculation show that the 3, SR is
less localized than the £, SR and would thus be ex-
pected to give a smaller contribution to the photo-
emission intensity. Grise er al.?® invoked spin-orbit
coupling to explain this observation. Whereas they
find only a single SR with odd parity (3;) when
spin-orbit coupling is neglected, the inclusion of
spin-orbit coupling shows that this state acquires a
small component of even-parity. By contrast, we find
two SR, one of each parity, without resorting to the
spin-orbit interaction.

(iii) Finally, there is a low-lying SR with very flat
dispersion along TX and part of the way along XM at
about —4.5 eV. This state is also found part of the
way along TM, but is much less localized and shows a
greater dispersion. The symmetries are, respectively,
A, Y, and 3, in agreement with the experimentally
determined (A,3,;) low-lying resonance. This SR
band corresponds to the low-lying peak in the surface
LDOS seen in Fig. 5.

In addition to these three bands of SR which have
been experimentally observed, we find additional SR,
which are pictured in Fig. 6. The low-lying A; SR at
about —4.5 eV continues as a ¥, SR fading away
about half-way between XM. To our knnwledge, this
¥, SR has not yet been observed. Just above this
state, there is a ¥; SR. Near E, there is another
pair of SR, one of which is symmetric ( ¥,) and one
of which is antisymmetric ( ¥,) with respect to the
(010) mirror plane. Along "M there is an unoccu-
pied SR with 3, symmetry which comes down to
within about 1 eV of Ef.

It is instructive to analyze and discuss the nature of
these SS and SR in more detail. To do this, we dis-
play in Figs. 8—10 charge-density contour plots of
some SS and SR in a (110) vertical plane. Figure 8
shows the charge density of the SS at T. just below
the Fermi energy. It projects quite far into the vacu-
um region and is directed to the missing second-
nearest neighbor. The state has dhz_’; character, and

as mentioned earlier, it is precisely this state which is
probed by photoemission experiments at normal exit.
This feature is believed'® to be similar to one occur-
ring for Mo(001). The similarity of our Fig. 8 and
Fig. 2 of Ref. 8, confirms this interpretation. The
theoretical explanation of the origin and nature of
this feature (the so-called Swanson'? !> hump) can,
therefore, now be considered to be finally settled.
Figures 9 and 10 show the two resonances X, and X,,
respectively, computed at k = (%,%)‘n/a (actually the

sum over the star of this k vector). The I, state
(Fig. 9) has largely xy and (xz +yz) orbital character,
while the 3, state has (x2—y?) and (xz —yz) orbital
character. We note that the principal orbital content
of these states is the same as that found by Smith

and Mattheiss® along T'M. By contrast, Grise er al.”
find only the X, state near I

D. Generalized susceptibility and surface
phase transition

The SC band-structure results have been used*' to
compute the electronic generalized susceptibility
function including matrix elements and local-field
corrections for the W(001) surface. This function,
which represents the response of the system to a
periodic perturbation with wave vector @, displays a
sharp peak at M (due to 2D Fermi-surface nesting of
the 3, and 3, states) which is compatible with the
observed ¢ (2 x 2) reconstruction*? of this surface.
These results suggest the possibility that electronic
surface-resonance states near the Fermi energy drive
the phase transition through a surface phonon soften-
ing and gapping of the 2D Fermi surface, in agree-
ment with a model proposed by Tosatti.*}

E. Core-level shifts

Recently, the 4/ levels at the surface of W(110)
were reported to shift by about 0.3 eV to lower bind-
ing energies.** As mentioned above, in our work the
core levels are recalculated in each iteration using the
fully relativistic solution of the Dirac-Slater equation.
We did not find any core-level shift for the surface
atom in our calculation, in agreement with the pre-
diction of a simple model* for core-level shifts. Ac-
cording to this model if the Fermi energy falls above
the center of the d band, one would expect a shift to
lower binding energies, as has been found experi-
mentally for Au (0.4 eV).* On the other hand, for a
less than half-filled 4 band, the model predicts a shift
to greater binding energies. Thus shifts to greater
binding energies of 0.22 and 0.48 eV for Ti’ and Sc?
were predicted by recent self-consistent film calcula-
tions. For W with five 5d electrons, the model thus
predicts no shift relative to bulk atoms. As a check,
we also calculated the 4 f levels as band eigenvalues.
There is no significant dispersion of these bands, and
the eigenvalues are equal to the j-averaged value of
the fully relativistic eigenvalues. Again we find no
core-level shift. Our result is not dependent, there-
fore, on details of the method of calculation for the
core states. Final-state many-body relaxation effects
may, of course, contribute to measured core-level
shifts. These can be roughly divided into intraatomic
and interatomic contributions. Because of the high
density of partially occupied surface resonances on
W (001) (Figs. 4—6), the interatomic contributions at
the surface may not be the same as those for a bulk
atom and this effect may contribute to measured sur-
face core-level shifts. Any such contributions could
be in addition to those due to differences of local en-
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vironment and coordination numbers between bulk
and surface atom.

IV. CONCLUSION

In summary, we have presented the first self-
consistent semirelativistic calculation of the tungsten
(001) surface. We have found that SS and SR states
exist in different portions of the two-dimensional BZ.
Their location and symmetry are in good agreement
with the structure observed in various photoemission
experiments at 0.3, 0.8, and 4.2 eV below Er. In
particular, the k;=0 true SS at — 0.3 eV, which is in
agreement with photoemission results, has not been
obtained in any previous calculation.

Our calculations, as well as those performed ear-
lier, were for the unreconstructed W(001) surface.
Experimentally*? it has been found that as the tem-
perature is lowered below about 300 K a sharp low-
energy-electron diffraction (LEED) pattern of (%.%)

spots emerges which is characteristic of this phase.
This transformation seems to be of second order and
is reversible on varying only the temperature. There
is evidence, however, that the clean W(001) surface
is already in the ¢ (2 x 2) reconstructed phase even at
room temperature, where very diffuse (—;—,%) LEED

spots are observed.*® Recent ion-scattering results®’
also indicate that the surface W atoms are displaced
from their (1 x 1) positions. The precise nature of
the transformation and the atomic displacements is
not known and to date no detailed models have been
proposed which explain both the LEED and ion-
scattering data.*’ Calculations for the unreconstruct-
ed surface can be used, however, to investigate possi-
ble electronic contributions to the phase transition.
Indeed, the calculated resonance states cutting the
Fermi energy at midpoint between T and M have
been used*! to support a charge-density wave in-
terpretation of the observed reconstruction of the

W (001) surface. Further, since the photoemission
experiments were performed at room temperature,
the good agreement between our calculation and ex-
periment suggests that the SS and SR states are not
very sensitive to the displacements of the atoms at
room temperature, where the (-;—,-;—) LEED spots are

diffuse. Thus, it would be interesting to study the
behavior of the surface resonances as the tempera-
ture is lowered to where the ¢(2 x2) LEED pattern
is sharp.

The theoretical work function, ¢ =4.5 +0.2 eV was
found to be in excellent agreement with experi-
ment.>? No evidence was found for surface core-
level shifts as observed in photoemission for the
W (110) surface, suggesting the possible importance
of final-state effects omitted from this ground-state

calculation. We note, finallly, that the good agree-
ment for both the SS and SR was obtained without
invoking an interlayer contraction of the surface
plane, indicating that the results obtained are also not
sensitive to this contraction. Calculations for the
contracted W(001) surface are in progress.
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APPENDIX: SOLUTION OF POISSON’S EQUATION

The total charge density in this calculation has the
following representation:
pammlFaI =pa[?a| _2Za8(?a)v
ITal <R .
p'(T) =3 pnscos(k,z) s (T).
ms (A1)

T € interstitial

0" (T) = 3 py*(2) 6, (T).

|z| B%D(vacuum)

where To=T — 7T, and T, is the position of the ath
MT sphere. In Eq. (A1), p(|T,|) is the spherically
averaged total electronic charge density, Z, is the nu-
clear charge, R, is the radius of the ath MT sphere,
and ¢,(T) is a 2D plane-wave star function [Eq.
(3a)]. It is convenient to express p(T) still in a dual
representation but not space restricted within the film
Ge., |Z| =< %D). Besides the restriction in the

present calculation for having a spherical charge den-
sity inside the MT spheres, this dual representation is
obtained following the procedure outlined by Elya-
shar and Koelling.*® First, the plane-wave represen-
tation in the interstitial, p/(T), is continued into the
MT spheres, and the spherical average of p/(T)
[denoted by p/(|T|)] is subtracted from p*°™(T) in-
side the spheres. Second, a neutralizing Gaussian
density, g.(|Tol) = (/7)) 0, exp( —€ir2). is ad-
ded to each MT sphere, and its Fourier transform is
subtracted from the plane-wave representation of
p(T). Here Q. is chosen to yield a neutral charge
density inside the MT spheres, and € is chosen such
that g,(T,) can be approximated as lying entirely in-
side the MT sphere. In this form, the dual represen-
tation for the total charge density inside the film is
given by the sum of an atomiclike term and a
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nearly-free-electron (NFE)-like term

p(T) =p""(T) +p"E(T); |z|<3D . (A2a)
where
pT(T) = Sl pal|Tal) —2Z,8(T,)
—p'(ITD +ga.(ITD] (A2b)

and

PNFE(T) =p!(T) = 32T = Tal). |zl<3D
=3 (pns—&ns) cos(knz) ps(T), |z|$%D
ns

(A2¢)

In Eq. (A2¢), g, is the Fourier expansion coefficient
for 3, 84(|Tal). Since the integral of p*°™(T) is
zero by construction, p*°™(T) does not contribute to
the Coulomb potential anywhere outside of the MT
spheres. Thus, the total Coulomb potential outside
the MT spheres depends only on p"FE(T) and
p"*(T). Inside the MT spheres, the total (spherically
averaged) Coulomb potential is given by standard ex-
pressions involving radial integrals of 5*°™(T) plus
the spherical average of the potential due to
[pNFE(T) +p¥*(T) .

The potential due to p'(T) = [pNFE(T) + p**(T) ]
is determined as follows. Write

p'(F)=3p; ()¢ (T) , (A3a)

where

3. (pas—8ns) cos(k,z), |z|$%D '
pil2) =1 7 (A3b)

!

p*(2), |z|=3D

The Coulomb potential due to p'(T) can then also be
expressed as

VI(F) = SV (2D y(T) . (A%)

Following Appelbaum and Hamann,*® we substitute
Egs. (A3a) and (A4) into Poisson’s equation to yield:

dz 1’ ’
[g,z——d;{ VS(Z)=41Tps(Z) . (AS)

We solve Eq. (AS5) in a manner similar to that
described in Ref. 49 and thus obtain V' (z). Because
pNFE(F) has a simple plane-wave representation in-
side the film, contributions to the potential due to
pNFE(T) can be determined analytically, while contri-
butions due to py*(z) can be obtained numerically as
in Ref. 49.

*Now at the EPFL, Laboratoire de Physique Appliquée,
CH-1003 Lausanne, Switzerland.
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FIG. 3. Contour plot of the total valence charge density.
Successive contours are separated by 0.8 in units of elec-
trons per bulk unit cell.



