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Multilayer reconstruction of the W(001) surface
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X-ray diffraction measurements of the half-order rod intensity profiles arising from the recon-
struction of the clean W(001) surface at low temperature show an unexpected modulation with a
period corresponding to the layer spacing. We argue that this can only indicate that the reconstruc-
tion involves displacements in at least two layers. The atomic displacements in the second layer are
found to be 20%%uo of those in the top layer.

Relaxation and reconstruction are spontaneous
modifications of bulk crystal structure that take place at
the surface to lower the free energy. The distinction be-
tween them concerns the point-group symmetry of the
surface. The imposition of a boundary on a crystal limits
the possible symmetry elements to those with axes or
planes perpendicular to it. Relaxation denotes atomic
displacements that conserve all these symmetry elements;
it has been observed to involve up to four layers. '

Reconstruction, on the other hand, implies spontaneous
loss of symmetry from the ideal surface. Once recon-
struction is favored in the top layer of a crystal, the
atoms of the layers underneath find themselves in envi-
ronments of lower symmetry and so are no longer con-
strained to retain high-symmetry sites. Reconstruction is
therefore generally expected to propagate into the bulk in
much the same way as relaxation. We report here that
the W(001) surface has deeper reconstructed layers with
displacements at least down to the second layer.

At temperatures below about 250 K, the stable W(001)
surface has a (&2X/2)R45' structure rather than the
(1 X 1) periodicity observed at room temperature.
Extinctions of extra spots in the low-energy electron
diffraction (LEED) pattern, ' observable when surface
distortions with one of two equivalent orientations hap-
pen to predominate, suggested a structural model with la-
teral displacements of surface W atoms in the [110]direc
tion. This model (Fig. 1) was supported by LEED inten-
sity analyses ' which gave values for the displacement
and interlayer spacing but was disputed by results of
high-energy ion scattering measurements. Theoretical
studies have sought to determine the stabilization energy
of the reconstructed phase as well as the driving mecha-
nism of the phase transition from (1X 1) to (&2X&2). It
has been proposed that the reconstruction involves the
softening of surface phonons and recent helium-atom
diffraction measurements appear to support this mecha-
nism. ' Here we report new results for the reconstructed
W(001) surface obtained by x-ray diffraction which
answer some of the structural questions unambiguously.

The great advantage of x-ray diffraction over LEED
for structural determinations is that the intensity of scat-
tered radiation can be analyzed with straightforward

kinematical theory: the diffraction pattern is the Fourier
transform of the electron density. Previously, surface
structural x-ray experiments have concentrated on the
projection of the structure onto the surface plane and
therefore measured the diffraction at perpendicular
momentum transfer l close to zero. "' Although this
has some advantages for signal-to-background ratio, l =0
is not a fundamental restriction, and attempts have been
made to use a limited range of out-of-plane ( l )0)
data. ' ' In this paper, we examine the variation of the
intensity along the half-order rods for W(001). By opting
for an unrestricted symmetric four-circle diffraction
geometry' we can cover a much wider range of perpen-
dicular momentum transfer (up to 1=1.6 which is 3.2
A ') than previously attained' ' and reach regions of
reciprocal space previously inaccessible in surface experi-
ments. This advance, combined with the extra care in the
data correction described below, were essential to record
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FIG. 1. Top view of the atomic positions in the W(001) sur-
face. Displacements in the first and second layers from ideal
bcc bulk sites are denoted 5& and 62. This allows the third- and
fourth-layer atoms to be seen. Deeper layers are more heavily
shaded. Relative displacements are exaggerated three times.
Prior to this work only the top-layer displacements were known
to exist.
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the intensity modulations reliably. Since measurements
were always far from bulk Bragg peaks and the thermal
diffuse scatter (TDS) surrounding them, background was
not found to be a problem, even at these large incidence
angles.

The experiments used Cu Ka x rays (A, =1.542 A}
from a 60-kW rotating-anode source. The entire
ultrahigh-vacuum system (Fig. 2) was mounted on a large
four-circle diffractometer operating in the symmetric
co =0 mode. ' ' Perpendicular momentum transfer set-
tings were achieved by use of the diffractometer 7 angle
varying between 0' and 60'. Changes in total momentum
transfer (up to a factor of 3) were compensated by corre-
sponding changes in 8 and 28. Figure 2 shows the Be
window in the chamber wall that permitted entry and
exit of the x-ray beams. The sample was a single-crystal
tungsten ribbon of dimensions 0.25X9X30 mm, orient-
ed and mechanically polished to within 0.5' of the (001}
plane. Sample temperatures between 150 and 2500 K
could be achieved by combining liquid-nitrogen cooling
and resistive heating and were measured with a
W —5 wt. % Re/W —26 wt. % Re thermocouple. Thermal
conduction and expansion of the sample over this wide
temperature range was allowed for by a molybdenum
sample holder which applied a weak spring tension. The
sample was cleaned of bulk and surface carbon impurities
initially by flashing to 2300 K and annealing at 1400 K in
1X10 Torr of oxygen. Diffraction at the half-order
positions was attributed to clean surface reconstruction
because the intensity was reversibly dependent upon tem-
perature, becoming undetectable above room tempera-
ture, ' unlike diffraction from most impurity-induced
structures. The incommensurate structures characteris-
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tic of hydrogen adsorption' were never observed, indi-
cating negligible Hz in the background gas. The half-
order reflections were quenched quickly when the sample
was exposed to oxygen, which is known to poison the
clean reconstruction. ' Following a flash, the extra
reflections persisted for an hour with slight intensity de-
cay in a pressure of 10 ' Torr.

The currently accepted model of the reconstructed,
clean W(001) surface involves displacements of W atoms
exclusively in the top layer (Fig. 1). This makes a simple,
testable prediction for x-ray diffraction: the scattered in-
tensity along a reciprocal-lattice rod for a perfect two-
dimensional system should be constant, except for a gra-
dual decline with l due to the atomic scattering factor
and the Debye-Wailer factor accounting for thermal
motion.

The integrated intensity, I&k(I), was measured at 175 K
along four half-order rods, ( —,

'
—,'I), ( —,

'
—',I), ( —', —',I), and ( —', —,'I).
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FIG. 2. Experimental apparatus consisting of a portable

stainless-steel vacuum chamber mounted on a four-circle x-ray
diffractometer. The sample sits at the intersection of the 0, g,
and P axes. Its normal is aligned with the P axis by means of a
goniometer head, coupled by bellows. X rays enter and leave
via a large Be window.

FIG. 3. Measurement of integrated intensity, after correc-
tion, along the ( ~, ~ ), ( —', , ~ ), and ( ~, ~ ) rods. The solid curve is

0 0

the best fit to Eq. (1) with 6,=0.24 A, 5~=0.046 A, and
d &p

= 1.52 A. The dashed curve corresponds to the one-layer
model (6& ——0.24 A, 5~=0). The perpendicular momentum
transfer I is in reciprocal lattice units (1 r.l.u. =2m. /ao A ).
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A striking result, ' which contradicts the predictions of
the one-layer model, is the pronounced modulation of the
intensity along each rod, seen in Fig. 3. Intensities were
integrated over azimuthal angle' co, background sub-
tracted, then corrected for the Lorentz factor [(sin28) '],
for polarization (1+cos 28}, and for active area
[(cosXsin28) ']. Furthermore, to correct for resolution
effects, the observed intensities were also multiplied by
the factor'

I3&z 3&z(0) are minima while I,&z 3&z(0) and I3&z 5&z(0) are
maxima determines the relative phases of displacements
in the two layers: an atom in the top layer and its neigh-
bors in the second layer along the [110]are displaced in
the same direction. In the model shown in Fig. 1, 5& and

4z are the lateral displacements of atoms in the first and
second layer, respectively, and d&2 is their layer separa-
tion. The single domain structure factor then has the
form

w„=[wo+b'qll+ ~q~ ~qll )sin P]

where mo is the intrinsic half-order rod width, hq~ is the
width of the (Gaussian) resolution function perpendicular

to the scattering plane, and 4q~~ is the radial width of the
resolution function in the scattering plane. The resolu-
tion correction has not been used in previous surface
structural work confined to in-plane analysis. It accounts
for a progressive loss of integrated intensity (up to 50%}
at larger values of I, beyond that required by the W atom-
ic scattering factor and too large to be realistically de-
scribed by thermal motion perpendicular to the plane.
The radial linewidths were observed to become larger by
the same factor and so the effect could be attributed to
tilting of the diffraction rods with respect to the instru-
mental resolution function. In the present case,
b,ql ——0.024cos(28/2) A ' was known from the resolu-
tion limited radial widths of the bulk peaks, and from a
fit of w, to the half-order radial linewidths, wo ——0.030
A ' and hq& ——O.OS6 A ' were then obtained. The sharp
maxima at small values of perpendicular momentum
transfer are the characteristic peaks due to refraction of
the incident and exit beams at the critical angle of total
external reAection. '

Three descriptions that might explain the oscillatory I
dependence of Izk are a buckled surface layer, surface
steps, or a multilayer reconstruction. However, we rule
out a one-layer buckled model because an unacceptably
large buckling amplitude of ao/4 is needed to give the ob-

served period and because it contradicts the observed
phases of intensity modulation. Line-shape analysis
shows that steps are not the cause of the modulation of
the diffracted intensity. If a sufficient density of monoa-
tomic steps were present on the surface that regions of
different heights were within the coherence length of the
beam, then interference between the regions could pro-
duce a modulation. Such effects would also modulate the
widths of the diffraction rods in such a way as to con-
serve the integrated intensity. We observe no such modu-
lation of the widths either in the radial or the transverse
directions. The radial widths were resolvable and gave a
domain size of 185 A (full width at half maximum) after
decon volution.

Both the intensity modulation and the relative intensi-
ties of the different orders of diffraction can be explained
well by including reconstruction of the second-layer
atoms in the same zigzag fashion as the top-layer atoms.
The phase of the modulation, which is seen to change be-
tween (h+k) even rods and (h+k) odd rods, is con-
sistent with the bcc relationship between the two layers.
Furthermore, the observation that I,&z, zz(0) and

F (1)=A ( —1)+ Ae

where

A =sinI2m(h +k)[(&2/2)h~/ao]J, j=1,2 .

The one-layer model is obtained by 62 ——0.
The intensity data, Ihk(l), were fit by the following cal-

culated profile:

where S is an overall scale factor, f is the atomic scatter-
ing factor of W, T; is the transmission coefficient for the
incident beam ' describing refraction effects, and the ex-
ponential is the Debye-Wailer factor. Equal amounts of
the two domains, which are related by a rotation of 90'
about the normal, were assumed. From a least-squares
analysis, the structural parameters were determined
to be 6

&

——0.24+0.025 A, A2 ——0.046+0.016 A, and

d, z
——1.52+0.16 A. The interlayer distance is within er-

ror of the bulk value. The best-fit value of the Debye-
Waller factor yielded B =0.2+0.3 A, corresponding to a
vibration amplitude of 0.05 A. This value is comparable
with bulk amplitudes (isotropic) in the range 0.025 —0.057
A. Figure 3 shows best-fit curves as well as the predic-
tion from the one-layer model (hz ——0). The discrepancy
may indicate reconstruction deeper than the second lay-
er.

Previous determinations of the clean W(001)
(&2Xv'2} structure by dynamical LEED analyses '

have not considered reconstruction beyond the first layer.
The results, b, , =0.16 A and d, z

—1.49 A, are in fair
agreement with those found by x-ray diffraction but it
will clearly be of interest to extend the LEED analysis to
models with multilayer reconstruction. The interpreta-
tion of high-energy ion scattering data for the disordered
(1 X 1) phase at room temperature may also require re-
vision; the values obtained for the number of displaced
atoms and for the magnitude of the displacements will
change if it is assumed that distortions in the second lay-
er accompany those in the top layer also above the transi-
tion temperature.

%'bile the most detailed total energy calculations for
W(001) have obtained values of the displacement,
b

&

——0.18 A (Ref. 23) and 0.28 A, which agree well with
our experimental value of 0.24 A, both calculations failed
to test for or see second-layer effects. On the other hand,
an analysis using a lattice-vibration approach predicted
that distortions penetrate to the second layer and gave a
ratio 62/5, =0.26, in good agreement with the present
data, although the values for the distortions themselves
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were considerably higher than those found here. Recent
molecular-dynamics simulations of W(001) also predict-
ed second-layer displacetnents with hz/b, , =0.2 and

0

62 ——0.05 A. We can say much less about the layer spac-
ing d, z because of the large uncertainty in our measure-
ment of a 4+10% contraction; however, the existence of
the second-layer displacement is bound to affect the value
of d&z obtained by total energy calculations and may
resolve some of the discrepancy between this and the
LEED value. Lastly, the total energy values themselves
will be modified when second-layer effects are included,
which in turn increases the stabihty of the reconstruc-
tion. This raises the estimates of the transition tempera-
ture T, from the reconstructed (&2X&2) to (1X1)
phase.

In summary, we have extended previous surface x-ray
diffraction techniques to obtain a new multilayer picture
of the reconstructed W(001) surface. We find that the
model based on LEED must be revised to include distor-
tions in the second layer, a result which has significant
implications for the interpretation of previous experimen-
tal and theoretical studies of this surface.

Note added in proof C.. L. Fu and A. J. Freeman,
Phys. Rev. B 37, 2685 (1988), have recalculated the
W(001) energy taking multilayer reconstruction into ac-
count. The agreement between the calculated and experi-
mentally determined structure is good.
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