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Equilibrium geometry and electronic structure of the low-temperature W(001) surface
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The multilayer reconstruction of the W(001) surface at low temperature and the multilayer relaxation
of the unreconstructed surface are investigated using first-principles total-energy and force calculations.
The fully relaxed ideal surface is determined to be unstable by 110 meV per surface atom, which agrees
qualitatively with results of previous studies where multilayer relaxation and reconstruction were not
taken into account and supports the conclusion that the high-temperature phase is disordered. The la-

teral displacement of the second-layer atoms is about 18% that of the first-layer atoms and the first inter-
layer distance is contracted by about 6% from the bulk value in the reconstructed surface. The lateral
displacements compare well with a recent x-ray-di6'raction experiment. The electronic structure and the
surface-state dispersions for the equilibrium reconstructed geometry are examined in detail.

A great many experimental and theoretical studies
have been devoted to the understanding of the structure
and phase transitions of the W(001) surface. Despite this
fact, there are still unresolved problems regarding the
structure and the nature of its high-temperature phase.
By contrast, the structure of the low-temperature phase,
as described by the Debe-King (DK) model, ' appears to
be well established. Nevertheless, the precise geometry,
i.e., the multilayer reconstruction and relaxation of the
surface at low temperature have only been addressed re-
cently. At temperatures below about 230 K, the low-

energy electron diffraction (LEED) pattern indicates a
phase transition to a c(2X2) structure. ' DK (Ref. 1)
proposed that the surface atoms displaced alternately
along the (110) directions, forming zigzag chains per-
pendicular to the atomic displacements (Fig. 1). This
structure corresponds to an M5-point phonon of the ideal
surface. Although there is no reason for the reconstruc-
tion to be confined to the surface layer only, experimental
and theoretical limitations restricted the analyses of ex-
perimental data in the following years to consideration
of only lateral shifts of the surface-layer atoms and the
contractions of the first-interlayer distance. It was only
recently that Altman et al. carried out measurements of
multilayer reconstruction and relaxation, using the tech-
nique of x-ray diffraction. They found that a lateral dis-
placement of the second-layer atoms of about 0.05 A, or
about 20% of that of the first-layer atoms, must be as-
sumed to provide a good fit to the x-ray intensity varia-
tion. On the theoretical side, the only existing first-
principles investigation of the multilayer reconstruction
was carried out by Fu and Freeman, using a five-layer
slab. In this study, the reconstruction in the surface and
subsurface layers and the relaxation of the first layer were
allowed for, leaving open the question whether the
deeper layers show any significant reconstruction. The
only other theoretical study is a model calculation

within tight-binding framework.
The nature of the high-temperature phase and of the

phase transition is a more complex and still unsettled is-
sue. The early LEED experiment appeared to indicate
that the high-temperature phase is unreconstructed. But
a high-energy ion-scattering experiment in 1979 by
Stensgaard et aI. indicated that the surface atoms are al-
ready displaced at room temperature. The idea of a
disordered high-temperature phase was, however, not im-
mediately accepted and results of various experiments
were still interpreted in favor of the ideal (unreconstruct-
ed) surface Rele.vant theoretical studies on this issue ap-
peared in 1985. Fu et al. calculated the energy
difference between the relaxed ideal surface and the
reconstructed surface. Based on the result (about 10
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FICx. 1. Top view of the reconstructed W(001) surface.
Atoms in the surface and subsurface layers are denoted by solid
and shaded circles, respectively. The open circles represent the
ideal positions of the atoms. The primitive cells of the recon-
structed and ideal surfaces are outlined by solid and dashed
lines, respectively.
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meV), the authors concluded that it was consistent with a
phase transition from the ideal surface to the DK recon-
struction at the observed temperature. Their result is,
however, very different from the subsequent studies by
Singh and co-workers. ' '" The latter found the energy
difference between the two structures to be about 90 meV
(1044 K in temperature units). Since the actual transition
occurs at about 250 K, Singh and co-workers' '" con-
cluded that the high-temperature phase is not likely the
ideal surface, in support of the experimental result of
Stensgaard et al. Because of the complexity of the prob-
lem, the subsurface and the deeper atoms were confined
to their bulk positions in these initial studies. However,
since the displacement of the atoms beneath the surface
layer may effect the energetics, it is important to include
consistently these effects.

In this paper, we present results of first-principles cal-
culations on the multilayer reconstruction and relaxation
of the W(001) surface. First-principles total-energy and
force calculations are carred out using the all-electron
linearized augmented-plane-wave (LAPW) method'
within the local-density approximation (LDA). ' A
thicker slab (of seven atomic layers) in the supercell
geometry was used to simulate the surface and all atoms
were free to relax within the symmetry constraints. To
investigate the above-mentioned issues, we determined
the equilibrium geometries for the DK reconstructed sur-
face and the relaxed but unreconstructed surface. The
task of finding the equilibrium geometries is greatly facili-
tated by the recently achieved capability' to accurately
calculate atomic forces within the LAPW method. The
energy difference between the two structures was also ob-
tained and results are compared with experiment and
previous calculations. In the second part of the paper, we
will present and discuss the electronic band structure of
the equilibrium reconstructed surface.

As mentioned, the W(001) surface is modeled by a
seven-layer slab. The slab is repeated normal to the sur-
face with vacuum regions equivalent to five atomic layers
of W separating the slabs. The in-plane lattice constant is
taken to have the experimental value a=3. 16 A. The
Wigner interpolation formula' is used for the exchange-
correlation potential, which gives an excellent equilibri-
um lattice constant (to within 0.2% of the experimental
value) for bulk W. ' The muffin-tin radii are chosen to be
R =2.3 a.u. The kinetic-energy cutoff for the basis func-
tions is given by k,„=8.5/R, which leads to a set of
about 2200 LAPW's. To test the convergence of the ca1-
culation with respect to this kinetic-energy cutoff, we re-
peated the calculation using k,„=9/R. The resulting
atomic forces are found to be different by only 0.1

mRy/a~ for the same atomic geometry, indicating a high
level of convergence. The potentials of angular momen-
tum of up to 1=4 are included in the muffin-tin spheres.
Test calculations including potentials up to l=8 give
forces that differ by 1 mRy/az. The core states are treat-
ed fully relativistically and the valence states semirela-
tivistically (i.e., the spin-orbit interaction is neglected).
The 5p semicore states are treated variationally in a
second energy window. Considering the highly asym-
metric potential near the surface, this treatment of the

relatively extended 5p semicore state is better than treat-
ing it as a core state using the spherical-potential approx-
imation. The accuracy of the two-window approach was
confirmed by performing some parallel calculations using
a modified LAPW method' in which the orthogonality
of the valence states with the semicore states is
guaranteed. The Brillouin-zone (BZ) sampling consists of
one k point in the semicore window and four special k
points in the valence-state window. According to previ-
ous work, ' '" increasing the number of k points from 4
to 16 does not significantly change the energy difference
between two geometries. A temperature broadening of 1

mRy is used to reduce the finite-k-point effects.
The force calculation using the LAPW method has

been tested in frozen-phonon calculations on bulk sys-
tems and the calculated forces were shown to be within a
few percent of the total energy results. ' We have also
performed tests on a phonon frequency in bulk bcc W;
the results are similar to those reported earlier. ' The
present surface study, of course, provides a far more
stringent test, since the equilibrium positions are not
symmetry positions and the components of the force
must therefore cancel correctly to arrive at the correct
equilibrium geometry. We began our calculation with
the atoms near the reconstruction geometry (without re-
laxation) as determined by a recent x-ray-diffraction ex-
periment. The forces are calculated after charge-density
self-consistency was nearly attained. Initially, the forces
on the surface atoms were of the order of 20 mRy/a~ la-

terally and 50 mRy/az vertically. The values indicate
that the equilibrium positions are a few percent of the lat-
tice constant away from this configuration. The atoms
were then moved according to the forces and iterations to
self-consistency were again performed. The total energy
were found to decrease with the magnitude expected
from the forces. This process was repeated several times
until the forces were reduced to less than 3 mRy/a~ in all
directions. The change in the total energy between the
last two configurations is approximately 0.1 mRy per sur-
face atom. As the forces and the changes in the energy
were sufficiently small, we took our last geometry as our
equilibrium geometry.

The reconstruction and relaxation parameters of the
equilibrium geometry are given in Table I, together with
the results of the previous theoretical ' and experimental
work. Uncertainties associated with our values are es-
timated from the residual forces and are also given in
Table I. There is an appreciable scatter in the values for
the lateral shift of the surface atoms. Our value of

05(S)=0.268 A is near the upper limit of the x-ray-
diffraction experimental value, while that of Fu and Free-

0
man (0.22 A) is at the lower end of the experimental er-
ror range. This discrepancy already was present in ear-
lier work ' " that considered the reconstruction of the
surface layer only. (The origin of the discrepancy is still
unresolved and is discussed further below. ) The result of
Legrand et al. appears to be in better agreement with ex-
periment. One must note, however, that the error bar of
the experimental result is large enough to allow all of the
theoretical results. Results of previous LEED experi-
ments, which favor the smaller lateral shift, are under-
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TABLE I. Comparison of the theoretical and experimental lateral displacements of the surface and
subsurface layer atoms and percentage change in the first- and second-interlayer spacings of the low-

temperature W(001) from the bulk-truncated geometry.

5(S)(A)
5(S —1) (A)
5(S —2) (A)
5(S —3) (A)
~)2 (%)
+23 (%)

'Reference 6.
Reference 7.

'Reference 5.

Present work

0.268+0.005
0.048+0.002
0.015+0.002
0.006+0.002

—6+0.5
0.5+0.5

Fu and Freeman'

0.22
0.05

Legrand et al.

0.25,0. 18
0.05

—2.1,—1.5
—0.9,—0.6, —0.3

Experiment'

0.24+0.025
0.046+0.016

—4+10

mined by the inherent assumption that the reconstruction
is confined to the first layer and thus the comparison may
not be very meaningful. The theoretical values for the la-
teral shift of subsurface atoms are in surprisingly good
agreement with each other and with experiment. We fur-
ther find the lateral shift of the third and fourth (the
center layer in our calculation) to be 0.015 and 0.006 A,
respectively, with an uncertainty of 0.002 A. The dis-
placement of the center-layer atoms may be larger than
what it should be as a result of the slab geometry. On the
other hand, its small value suggests that finite-size effects
do not affect the surface and subsurface layers
significantly. We note that the results show an exponen-
tial decay of the lateral displacement with the distance
from the surface, with the decay length being on the or-
der of the interlayer distance.

A contraction in the spacing between the surface and
subsurface atomic layers, d &2, is predicted by all theoreti-
cal work. The results range from a change of 2% of
Legrand et al. to our 6%. The recent x-ray-difraction
experiment cannot resolve these differences because the
x-ray intensity variation is insensitive to the vertical dis-
placements of surface atoms. An early detailed analysis
of the low-temperature LEED spectra' favors a larger
value (6%). However, the shift of the subsurface atoms
was not considered in the analyses. We also predict an ex-
pansion in the second interlayer spacing (dz3). The mag-
nitude of the expansion is, however, much smaller than
that of the first interlayer contraction. By contrast,
Legrand et al. predicted a contracted rather than ex-
panded second interlayer spacing. The contraction-
expansion (contraction in the first- and expansion in the
second-interlayer spacing) relaxation behavior of metal
surfaces has been found for other metallic surfaces. '

First-principles calculation of the multilayer relaxation of
unreconstructed W(001) also predicts an expansion of the
second-interlayer spacing (see below). It is then not
surprising that the expansion persists after the recon-
struction. The change in the spacing between the third
and fourth layers is found to be minimal (0.1%). These
values are reduced significantly from the corresponding
values for the unreconstructed W(001) surface (see
below).

In an earlier paper" in which calculations were per-

formed using the same computer code, but in which the
extended Sp semicore states were treated as core states,
the relaxation of the surface layer was examined but was
found to be very small, in contrast with the present pre-
diction of a 6% contraction. Part of the difFerence arises
from the lateral shift of the subsurface atoms in the
present work, which tend to reduce the first-interlayer
spacing. To understand the remaining differences, we
have repeated the calculations by treating the Sp states as
core states for two geometries: the equilibrium surface
geometry as reported above and the unrelaxed surface
with exactly the same lateral shifts. It is found that the
total-energy difFerence between the two geometries is
small (1 mRy/cell) but favors the unrelaxed geometry.
We believe that this result arises from the treatment of Sp
state as a core state, wherein the spherical-potential ap-
proximation is made, and this may not be adequate be-
cause the potential is highly asymmetric normal to the
surface. This is supported by the fact that the lateral
components of the calculated forces agree quite well
whereas the normal components are significantly
different. In the unrelaxed geometry, the vertical com-
ponent of the force on the surface atoms is smaller when
the Sp state is treated as a core state than when it is treat-
ed variationally in a second energy window. This is con-
sistent, of course, with the previous finding that the sur-
face would undergo small relaxation.

The accuracy of the two-window approach cannot be
ascertained a priori because the valence states are not ex-
actly orthogonal to the Sp semicore states. Thus, a fur-
ther test was carried out using a modified LAP W
method. ' In this test, the Ss and Sp semicore states and
the valence states were placed in a single energy window
thereby ensuring the orthogonality between the valence
and the semicore states. Besides the usual LAPW basis
functions, additional basis functions that are localized in-
side the muffin-tin spheres were included. These local
basis functions consist of linear combinations of the
valence and semicore muffin-tin orbitals for l ~2 such
that the functions and their first radial derivatives vanish
on the muffin-tin spheres. The l=2 local orbitals were
used to reduce any residual errors which may arise due to
the linearization of the Sd bands. The above determined
equilibrium surface and the unrelaxed surface with exact-
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ly the same lateral shifts were again studied. The total-
energy difference between the two geometries decreased
by only 12%%uo from the two-window calculations. To put
this into perspective, this will change, for example, the
first-interlayer spacing by less than 0.5%. The closeness
of the results certainly suggests that the nonorthogonality
in the two-window calculations is not significant in the
calculated total-energy differences or the atomic forces
for W.

The nature of the phase transition (i.e., order-order,
order-disordered, etc. ) is still somewhat controversial.
Originally, the surface was thought to be relaxed but un-
reconstructed at room temperature (order-order phase
transition). The high-energy ion-scattering experiment of
Stensgaard et al. and other recent experiments have
cast doubt on this view. Instead, the surface may be
disordered at room temperature. Theoretically, a quanti-
ty relevant to this question is the energy difference (b,E)
between the ideal (relaxed) surface and the reconstructed
surface. This quantity has now been calculated a number
of times. ' " The results, as given in Table II, are scat-
tered over a wide range. The first calculation carried out
by Fu et al. gave a value of only 10 meV per surface
atom, which they conclude is consistent with an order-
order transition (i.e., ideal high-temperature surface).
The subsequent calculation by Singh et al. ,

' on the other
hand, yielded a large value of 106 meV per surface atom
(1230 K in temperature units). The authors concluded
that the high-temperature phase was not the ideal struc-
ture because the transition in consideration takes place at
about 250 K. The discrepancy between the calculations
of Fu and Freeman and the present work is still large
(see below). (Different approaches were used in the calcu-
lations carried out by the two groups. The exact origin of
the discrepancy is unknown, however. )

Due to the complexity of the problem, the results just
mentioned were obtained by considering the surface-layer
reconstruction only. The effect of the underlayers have
only partially been addressed recently. Fu and Freeman
calculated hE by including the atomic shift of the subsur-
face atoms and obtained a much larger AE =60 meV per
surface atom. The result underscores the importance of
the contribution of the underlayers. We have therefore
recalculated hE with the atomic shift in deeper layers
consistently taken into account. To this end, the multi-
layer relaxation of the ideal surface was investigated us-

ing the same supercell and the same parameters. We
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found that d&2 (the first-interlayer distance) is reduced by
10%, d23 is increased by 5%, and d34 is increased by
about 1%. The relaxation energy, i.e., the energy de-
crease as a result of the relaxation is 114 meV per surface
atom. These values are much larger than those found
earlier by Fu et al. , where the 5p states were treated as
core states. The energy difference between the fully re-
laxed ideal surface and the DK reconstructed surface is
8.0 mRy ( —110 meV) per surface atom, which is compa-
rable to the value obtained by Singh and co-workers. ' "
Our calculation affirms the previous conclusion' '" that
the high-temperature phase is not the unreconstructed
surface.

We now turn to the electronic structure of the equilib-
rium low-temperature W(001) surface. So far, the
theoretical band structure from first-principles study has
only been published for the unrelaxed ideal surface.
One notable feature of the band structure of the unrecon-
structed surface is the presence of surface states (SS)
crossing the Fermi level not far from the midpoint be-
tween I and M. The SS thus nest with their inversion
images, with the nesting vector being close to the ob-
served wave vector associated with the reconstruction.
This nesting of the SS was previously used to support
the charge-density-wave (CDW) mechanism for the
phase transition. While the CDW mechanism may not
explain the reconstruction, the presence of the Xz SS is
important for this reconstruction (see below). The
theoretical band structures have been compared with the
room-temperature experimental result ' and found to

TABLE II. Total-energy difference (in meV per surface
atom) between the relaxed unreconstructed surface and the
reconstructed surface as obtained by various calculations.

Fu and Singh and Present
Fu et al.' Freeman Singh et al. ' Krakauer work

v

V

d
d

V
v r v

d

4

4

10 30,60' 106 90 110 -10
'Reference 9.
Reference 6.

'Reference 10.
Reference 11.

'The shift of second-layer atoms is included.

X

FIG. 2. Electronic band dispersions for the equilibrium
reconstructed W(001) surface along the high-symmetry direc-
tions.
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be in reasonable agreement. However, there remain
discrepancies. For example, the experiments of Holmes
and Gustafsson ' and of Smith et ai. all show that the
surface states along X cross the Fermi level closer to M
than the theories predict. But according to yet another
experiment, the X2 SS does not cross the Fermi level at
all. The confusion among experiments and the discrepan-
cy between theory and experiments are no doubt in part a
result of the disorder in the room-temperature surface. If
the DK model for the low-temperature phase is correct, a
better comparison can be made between the theoretical
and experimental band structure for the low-temperature
phase. In the following, we report the band structure for
our theoretically determined low-temperature equilibri-
um surface.

The dispersion of the Kohn-Sham eigenvalues of the
above-determined W(001} equilibrium reconstructed sur-
face is shown in Fig. 2. The symmetry lines 5 and 5',
which correspond to the X line of the surface Brillouin
zone (SBZ) for the ideal surface, are parallel and normal
to the zigzag chains, respectively. Since the seven-layer
film possess reflection symmetry in the xy plane, the
states are either even or odd under z reflection. The even
and odd symmetry states are represented by triangles and
inverted triangles (point downward}, respectively. We in-
dicate the states that have 65% or more of their charge
density in the two surface layers by the solid (dashed}
lines for even (odd} symmetry states under z reflection.
These states are well localized on the surface layers and
are thus surface states or resonances (we will call them
SR except where an explicit identification is made). We
first look at the SR around the zone center right below
the Fermi energy. At the I point, the odd-symmetry
state (with respect to z reflection) has =90% of the
charge in the surface layers while the even-symmetry
state has =75%. Away from the zone center, the state
assumes the b, , and b, ', symmetry (i.e., even with respect
to the reflection in mirror planes along (11)). The states
disperse slowly downward (the odd-symmetry state of the
pair appears to have little dispersion} and become delo-
calized rapidly. The charge density of the odd-symmetry
state of the pair is shown in Fig. 3. The density distribu-
tion is very similar to that of the so-called Swanson-hump

state on the bulk-truncated surface (compare Fig. 8 of
Ref. 25), except for the distortion arising from the recon-
struction of the surface. It is interesting that this state
survives the reconstruction given its sensitivity to the
self-consistency in the surface potential. The average
binding energy of the state is about 0.3 eV, which is close
to the room-temperature experimental value and the
theoretical result for the bulk-truncated surface.

Another occupied SS appears toward the zone bound-
ary X' (this is the direction of the atomic displacement
and the wave vector of the frozen-in phonon, for
definiteness in the following discussion, we shall refer to
it as [110]}. The even- and odd-symmetry states with
respect to the z reflection are almost degenerate. The
state is of the Az symmetry, i.e., odd with respect to the
(110) reflection. This is a true SS near X' since it is locat-
ed in the large energy gap of states of this symmetry.
About halfway between I and X' it disappears into the
region occupied by bulk bands. The state has a binding
energy of 1.0 eV and is highly localized on the surface
layer at X'. As it moves toward I along 6' it disperses
upward and slowly delocalizes. Figure 4 shows the
charge density of the state at X'. The state consists pri-
marily of d 2 & and d~„~,orbitals. The former formsx —y
strong bonds between neighboring atoms within the zig-
zag chains [Fig. 4(a)].

The above bonding SS at X' is clearly evolved from the
X2 SR on the ideal surface. The reconstruction in the
[110] direction creates a perturbation which splits the
state in two at X', producing bonding and antibonding
states. The antibonding state is located at 0.7 eV above
the Fermi energy (second unoccupied SR). Like the
bonding state, the antibonding state is a true SS at X' and
is very strongly localized on the surface layer. The locali-
zation diminishes as one moves away from X'. Between
0.3krx. and 0.5krx one still finds the odd component
(under z reflection) of the b, z symmetry. The connectivity
with the state extends from X' is somewhat obscure. The
antibonding nature is apparent in the charge-density plot
of the state at X' in Fig. 5. Notice that the d~„~,orbit-
al here has a larger weight than the d» orbital com-

X —y
pared with the bonding state (Fig. 4). (The contrast be-
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FIG. 3. Contour plot of the charge density of the Swanson-
hump state at I in two vertical planes both going through a sur-
face atom. Charge density is normalized to one electron per su-
percell. Contour lines are separated by 0.0015 electrons per su-

percell.

FIG. 4. Charge density (normalized to one electron per su-
percell} one of the bonding X2 state in {a}the plane of the sur-
face atoms and (b) a vertical (110) plane going through a surface
atom. Contour lines are separated by 0.0015 electrons per su-

per cell.



RICI YU, H. KRAKAUER, AND D. SINGH

Vacuum

Q@Qe
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[110[ [110)

FIG. 5. Charge density of the antibonding X2 state. Charge
normalization and contour step are as in Fig. 4.

Vacuum

tween the bonding and antibonding states appears to be
sharper here than Fig. 3 of Fu and Freeman. ) In con-
trast with the 6& SS, we do not find any b, ', -symmetry SR
near the X' point in the occupied bands. A SR of this
symmetry exists at about 0.4 eV above the Fermi level. It
is, however, not as localized as the b,2 states (only about
70% of charge is on the surface atoms).

The SR along 5 are changed significantly by the recon-
struction as well. Despite the fact that this direction is
perpendicular to the [110],no well-defined SR crosses the
Fermi level here as in the case of the ideal surface. In
general, the SR in this direction are less localized on the
surface. A SS of the bz symmetry [note the (110)
reflection is associated with a nonprimitive translation], is
visible from 0.5 to 0.8kzz at the binding energy of less
than 1 eV. For this state only about 75% of the charge is
localized on the surface atoms at its maximum (near
0.7k&x). Near the zone boundary X, the state becomes
more delocalized (more charge moves to the S—2 layer).
This is reflected in the large splitting between the even
and odd (under z reflection) states. In Fig. 6, we plot the
charge density of this state at 0.7k'. It is readily seen

that the bonding between the surface atoms is different
from the SS at X' and is weaker in the surface layer. A
SR of the 6& symmetry lies not far below the 52 state.
Only the z-reflection odd state is visibly localized, with
nearly 70% of the charge in the surface layer. Finally,
two unoccupied SR, one of each symmetry [even and odd
under (110) reflection] exist near the X point at about
0.55 eV. These two states are degenerate at X by symme-
try.

Very limited experimental results regarding the elec-

tronic structure in the low-temperature phase are avail-
able at the present. As far as we know, there has been
only one photoemission experiment ' performed at low
temperature and the photoemission spectra were record-
ed at only a few k points. According to the results, the
SS that crosses the Fermi level at the midpoint of I M
disappears on cooling the surface from room tempera-
ture. On the other hand, at a neighboring k point along
X, these states were found to be almost intact. The disap-
pearance of the SS at the midpoint of I M was interpreted
as due to the splitting of the SS near the Fermi level in
the ideal surface and resulting in the reduction in the
density of states. However, this does not agree with our
calculated band structure which shows a strong bonding
state at X' at about —1.0 eV below EF which should be
observable. The features at about 4.5 and 2.5 eV below
EF that exist in the high-temperature phase and also pre-
dicted theoretically for the ideal surface ' were also ob-
served in the low-temperature phase. These states are
not found in the present calculations. This is probably
because of the limited thickness of the slab used (the—2. 5-eV state was only identified in the 19 layer slab in
the work of Mattheiss and Hamann ). More detailed ex-
perimental study of the low-temperature electronic struc-
ture of the surface will be useful.

We have already discussed the energy difference be-
tween the reconstructed and the unreconstructed surface.
We now comment on the mechanism of the reconstruc-
tion. Early explanations of the reconstruction were often
formulated in terms of the CDW mechanism. ' One
criticism of this simple model is well known: Since the SS
in the clean surface does not cross EF at exactly —,'k&M

(Fig. 7, see also Refs. 26 and 31), the CDW mechanism
should predict a maximum instability at a different wave
vector than the one actually realized. The subsequent
model tight-binding calculations by Terakura et al. sug-

0

Q)

LLj

X

[110] [110]

FIG. 6. Charge density of the surface resonance 6& at 0.7k~~.
Charge normalization and contour step are as in Fig. 4.

FIG. 7. Comparison of the odd-symmetry surface-state
dispersion of the relaxed ideal surface (dashed lines) and of the
reconstructed surface (solid lines).



45 EQUILIBRIUM GEOMETRY AND ELECTRONIC STRUCTURE OF. . . 8677

gested that the energy gain in the DK reconstruction
was, in large part, due to the bonding of the d orbitals in
the SS near EF. Without including the electron-phonon
matrix elements (i.e., bonding effects), the calculated
response function did not exhibit a peak for the phonon
associated with the reconstruction. Similar results were
obtained later by Wang and Weber who calculated the
phonon spectrum for the unreconstructed surface, but
these authors concluded that it was very much the Peierls
(i.e., CDW) mechanism that is responsible for the DK
reconstruction. From the results of first-principles calcu-
lations for different distortions, Singh and co-workers' "
argued for the bonding mechanism. The contribution of
the bonding to the instability of the surface is perhaps ac-
knowledged by most authors and is evident in the charge
density (see below) and the band structure. In the classi-
cal CDW picture, the change in the band structure due to
reconstruction is expected to be confined to a small re-
gion near X', at least for small distortions. On the other
hand, it is characteristic of bonding that the band struc-
ture is affected over a large portion of the BZ. This type
of change is seen in Fig. 7 where we compare the band
dispersion of the odd-symmetry SS in the reconstructed
surface and that in the fully relaxed unreconstructed sur-
face. The same can be observed in the band structure for
small atomic displacements (see Fig. 3 of Ref. 36). The
essence of the bonding versus CDW argument lies in
whether the bonding mechanism is dominant. As men-
tioned above, many experimental results ' have sug-
gested that the high-temperature phase of the W(001)
surface is disordered, which is supported by the calcula-
tions by Singh et al. ' '" and the present work. In this
disordered phase, the atoms are presumably displaced
from their ideal positions as in the low-temperature phase
and are ordered locally. Such a disordered high-
temperature phase certainly favors the bonding over the
CDW interpretation.

The changes in the electronic structure due to the
reconstruction are also reflected in the real-space charge
density. " Similar to unreconstructed semiconductor sur-
faces, one may use the concept of dangling bonds to de-
scribe the "bonding" of the ideal W(001) surface. " In
this dangling bond picture, it is these unsatisfied bonds
that cause the reconstruction of the ideal surface. In the
reconstructed structure, the dangling bond features are
replaced by new ones that may be identified with bonding
between the surface atoms. " From the charge density of
the SS, we know that the predominant orbitals are of the
d 2 2 and d( y) types. By comparing the bonding
state at X' (Fig. 5) with the corresponding state of the un-
reconstructed (relaxed} surface (shown in Fig. 8}, it is
clear that the bonding state has a greater d 2 2 com-

X

ponent and a smaller d~„„~,component than the corre-
sponding state of the unreconstructed surface. This shift
in orbital character takes place, of course, because the
former has a much greater capacity for bonding neigh-
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FIG. 8. Charge density of the X& surface state of the relaxed
ideal surface at

2 k&~. Charge normalization and contour step
are as in Fig. 4.
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boring surface atoms. We may thus further qualify the
dangling bond picture by associating these two types of
orbitals with the bonding between neighboring surface
atoms in the reconstructed surface and the dangling
bonds on the unreconstructed surface, respectively.

In summary, we have determined the equilibrium
geometry of the low-temperature DK structure of the
W(001) utilizing the recently developed capability of
force calculations within the full-potential LAP W
method. The lateral displacements of the surface and
subsurface layers are found to be in good agreement with
the recent x-ray experiment of Altman et a/. The values
for the surface atom displacement and the first-interlayer
relaxation are greater than the earlier results of Fu and
Freeman. The differences are not resolved by experi-
ment. The reconstruction and relaxation beyond the sub-
surface layers are found to be small. We also calculated
the energy difFerence between the fully relaxed ideal sur-
face and the equilibrium reconstructed surface and ob-
tained a value of 110 meV per surface atom, which is
close to the previous results of Singh and co-workers. ' '"
This result af6rms the conclusion that the room-
temperature phase is not the ideal surface. We have fur-
ther examined the electronic band structure of our
theoretically determined equilibrium surface. No well-
defined surface state or resonance crosses the Fermi level.
The [110]-reflection odd-symmetry state (X2) of the ideal
surface is split by the reconstruction, forming well-
defined bonding and antibonding states in the direction of
the reconstruction. The so-called Swanson-hump state is
also found on the reconstructed surface.
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