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We report the results of ah initio local-density-functional total-energy calculations of W(001) slabs
of varying thickness as a function of the in-plane or surface lattice parameter. The results are used
to isolate the surface strain energy of the ideal surface. We find that the ideal W(001) surface is
softer than the bulk and has a small tensile strain of about l%%uo with a strain energy of less than 1

mRy/(surface atom). A comparison of the strain energy with the energy associated with the recon-
struction leads to the conclusions that the interaction between the ideal surface atoms is weakly at-
tractiue and the instability of the ideal W(001) surface is not the result of a large surface strain.

Despite the fact that the clean W(001) surface has been
extensively studied using a variety of experimental and
theoretical techniques, a detailed understanding of its
low-temperature reconstruction' and associated phase
transition has yet to be achieved. At room temperature
and above this surface displays a (1X 1) low-energy elec-
tron diffraction (LEED) pattern, characteristic of an ideal
surface, though there are now strong indications that this
phase is disordered. ' In any case, at low temperatures
a c(2X2) LEED pattern is observed indicating the pres-
ence of a reconstruction. Several of the unanswered ques-
tions about the phase transition hinge on an understand-
ing of the interactions between the surface atoms. In par-
ticular, in order to achieve a detailed picture of the phase
transition, it is necessary to determine to what extent
long-range interactions are important and to determine
the nature of the short-range interactions. Fasolino, San-
toro, and Tosatti" have used short-range potential mod-
els to calculate the W(001) photon spectrum; based on
their calculations and the known reconstruction of
W(001) surface, they concluded that the interactions be-
tween surface atoms are repulsive. Joubert' has carried
out a detailed tight-binding analysis of the interactions of
surface atoms of W(001) which indicate that the
dangling-bond peak in its density of states leads to an at-
tractive interaction between the surface atoms which
drives the W(001) reconstruction. Our previous total-
energy calculations ' have indicated that the instability
of the ideal surface is due primarily to short-range in-
teractions involving bond formation, though the detailed
form of the interactions could not be determined. Here

we report total energy calculations performed in order to
isolate the surface strain energy of the ideal W(001) sur-
face and thus determine what role if any surface strain
plays in its instability.

The total energies were calculated within the local-
density-functional approximation (LDA) using the gen-
eral potential linearized augmented-plane-wave (LAPW)
method' '" with the Wigner' exchange correlation po-
tential. This method has been described in detail previ-
ously. ' Since our aim is to investigate the possibility
that the surface strain energy of the ideal W(001) surface
contributes to the reconstruction, we use unreconstructed
p(1X1) slabs to model the surface. The interlayer sepa-
ration of these slabs is kept at the bulk equilibrium lattice
parameter value of 5.973 a.u. , except for a fixed surface
interlayer relaxation of 6%%uo (the calculated relaxation
value for the ideal surface). A muffin-tin radius RMT, of
1.25 A and a basis set cut off at AMTEm, „=8.0 were
used. It was determined that adequate Brillouin zone
sampling was achieved using a set of 10 special k points
in the irreducible wedge. ' The calculated changes in to-
tal energy between two basis sets cut oA' at
RMTK, „=8.0 and 8.6 for a five-layer slab were small,
about 0.1%, in equilibrium lattice constant. Differences
in the calculated total energy are covered to better than
0.1 mRy per atom.

In order to isolate the surface strain energy we express
the total energy E, of a slab consisting of n layers and
with surface lattice parameter a„

bE, (a, , n ) =(n —2)bEb(a, )+2bE, (a„n ),
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where

b,E(a, ):E—(a, )
—E(a,o)

and a,o is the surface lattice parameter corresponding to
the equilibrium bulk lattice parameter. Eb is the energy
of a bulk layer, and E, is the eA'ective energy of a surface
layer (note that it includes modifications to inner layers
due to the presence of the surface). By definition Eb is in-
dependent of n and may be obtained from a total energy
calculation for bulk tungsten. On the other hand, E, may
depend on both n and a, . We note, however, that the
component depending on n arises from interactions be-
tween opposite faces of the slab and should become negli-
gible for large enough n. In this case we may write
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bE, (a, )=—,'[b,E,(a, ) —(n 2)bE—I, (a, )] . (3)

The effective energy of a surface layer of W(001) can be
derived according to Eq. (3) from the calculated total en-

ergy for a slab and that for the bulk. The total energy for
the bulk is calculated as a function of in-plane lattice pa-
rameter in a two-atom tetragonal cell. [A special k-point
set consisting of 40 points, commensurate with the slab of
two-dimensional 10 k-point set, is used. This yields well-
converged results not only for the equilibrium in-plane
lattice parameter a,o=5.9957 a.u. , which is within 0.4%%ug

of the bulk equilibrium lattice parameter, but also for the
elastic constant (C»+C&z)=701 GPa, in good agree-
ment with the experimental value of 738 GPa. Other
convergence parameters were kept the same as in the slab
calculation to facilitate accurate subtraction. ] The calcu-

12 16

FIG. 2. The solid and open circles are calculated total ener-
gies for a function of slab thickness N and surface lattice param-
eter of 6.10 and 6.25 a.u. , respectively. The values are given rel-
ative to the same reference as in Fig. 1.
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FIG. 1. The solid and open circles, the solid and open trian-
gles, the solid and open squares, and the stars are calculated to-
tal energies for a function of slab thickness N and surface lattice
parameter of 5.5, 5.65, 5.70, 5.75, 5.80, 5.85, and 5.90 a.u. , re-
spectively. The values are given relative to the energies at the
bulk equilibrium lattice parameter which is 7708.40097 Ry.

FIG. 3. Total energy as a function of surface lattice parame-
ter. The solid circles denote the total energy of a bulk layer,
while the dots with error bars denote the total energy of the sur-
face layer. The values are given relative to the energy at the
bulk equilibrium lattice parameter.
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lated total energies are shown in Figs. 1 and 2 as a func-
tion of slab thickness n, for various surface lattice param-
eters a, . Results for slabs with smaller lattice parameters
than the equilibrium lattice parameter of bulk W (which
is 5.973 a.u. ) are shown in Fig. 1 while those with larger
parameter are shown in Fig. 2. Note the approximate
linear dependence on the number of layers n especially
for the thicker slabs. The energies of a surface layer so
derived for the three thickest slabs among those shown in
Figs. 1 and 2 are averaged and shown in Fig. 3 as a func-
tion of surface lattice parameter. The error for the aver-
aged energy of a surface layer ranges from 3 to 0.3 mRy.
Also shown in Fig. 3 is the energy of bulk W (derived
from the two-atom tetragonal cell) for comparison.

Least-squares fits to E, yield the equilibrium surface
lattice parameter of 5.90 a.u. corresponding to a tensile
surface strain of about l%%uo and a strain energy of about
0.9 mRy which is almost an order of magnitude smaller
than the calculated reconstruction energy. This implies
that surface strain cannot account for the W(001) recon-
struction. However, examination of the results presented
in Fig. 3 reveals that the surface layer is considerably
softer than the bulk. This is in accord with theoretical

work suggesting that the ideal W(001) surface is relatively
soft against a variety of distortions. ' ' It is also con-
sistent with the observation of a disordered high-
temperature phase.

In summary, total energies for W(001) slabs were cal-
culated as a function of slab thickness and surface lattice
parameter. The surface strain energy of the ideal surface
is isolated from the slab energies and bulk energies and is
found to be less than 1 mRy. Results show that the equi-
librium lattice parameter of the ideal surface is smaller
than that of the bulk with the surface strain of about 1%,
and that the surface is much softer than the bulk. Corn-
paring the strain energy with the energy associated with
the reconstruction, it is concluded that the interaction be-
tween ideal surface atoms is weakly attractive and the in-
stability of the ideal W(001) surface is not the result of a
large surface strain.
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