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Forward-electron-scattering study of the surface structure and phase transition on W(001)
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Forward-electron-scattering measurements are used to investigate the surface structure and
temperature-driven phase transition at the W(001) surface over the 100-770 K temperature range.
Structural parameters obtained for the ¢(2X2) low-temperature phase, T <280 K, are compatible with
the Debe-King zig-zag chain model, but the temperature dependence of local surface structure deduced
from forward-scattering measurements eliminates the possibility of a displacive transition to the (1X1)
high-temperature phase as suggested by the interpretation of recent helium-atom-scattering experiments.

Early low-energy electron-diffraction (LEED) stud-
ies! ™3 of W(001) established novel behavior of this sur-
face. Below a critical temperature 7T,~280 K, the
W(001) surface exhibits a low-temperature (LT) phase
characterized by a ¢(2X2) symmetry LEED pattern;
above T,, a high-temperature (HT) phase forms which is
characterized by a (1X1) LEED pattern. Numerous ex-
periments! ~!° have established that the LT c¢(2X2) to
HT (1X1) transition is an intrinsic property of the clean
surface, not the result of surface impurities. A corre-
sponding phenomena has been observed on the (001) sur-
face of Mo which like W is also a bcc metal.?

The structure of the LT phase has been studied by
several experimental techniques including LEED,%° x-ray
diffraction, 12 ion-scattering,13 and core-level shifts.!*
The basic (Debe-King) structure of the LT phase is
shown in Fig. 1. The ¢(2X2) structure results from al-
ternating lateral displacements of top layer atoms along
[110] directions characterized by the parameter A. This
top-layer lateral displacement is accompanied by a relax-
ation of the top layer, characterized by d,,, and by a
second-layer lateral displacement. The most recent
LEED (Ref. 9) structural analysis of . W(001) yields
A=0.2140.04 A and d,=1.485+0.025 A, which are in
good agreement with the x-ray-diffraction'l’ 12 results.

The structure of the (1X 1) HT phase and the nature of
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FIG. 1. Debe-King model for the LT c¢(2X2) W(001) surface recon-
struction. The c(2X2) LEED pattern results from two orthogonal
domains which exist in approximately equal population on real surfaces.
The orthogonal domain corresponding to Fig. 1 is obtained by rotating
the crystal 90°, yielding A along a [110] direction.
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the phase transition remain controversial issues.>%7 !>

Existing experimental studies of the reversible transition
from the ¢(2X2) LT phase to the (1X1) HT phase have
been interpreted as supporting either an order-
disorder*®!>!3 or displacive>!> type transition. Exten-
sive theoretical work'®~22 has focused on the possible un-
derlying driving forces leading to the LT structure and
the statistical mechanics of the phase transition. Mecha-
nisms considered include (short range) Jahn-Teller-like
driven reconstruction, (long range) charge-density wave
(CDW) and Fermi surface/surface-state models.?
Theoretical work!’ 22 generally favors an order-disorder
model for the phase transition.

Figure 2 presents a schematic representation'® of the
two basic phase-transition models being used to describe
the observed symmetry change of the W(001) surface. At
low temperature T < T,, thermal energies are less than
the barrier height in both cases, and a surface atom re-
sides at one of the two potential minima. The site occu-
pancy is correlated, leading to the Debe-King LT
structural phase illustrated in Fig. 1. At elevated temper-
ature, two possibilities arise depending on the local well
depth in relation to the thermal energy. In the displacive
transition, the surface-atom single-particle distribution
function evolves to a single-peaked structure which cor-

SURFACE PHASE TRANSITION MODELS
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FIG. 2. Schematic representation of two phase-transition models for
the LT to HT phase transition of W(001) (after Ref. 15). For T<T, in
both models, a surface atom resides in one of the local minima of the po-
tential well. For T'> T, in the order-disorder model, the atom remains
centered in one of the local minima, but the site-to-site correlation is lost
(long-range order vanishes). In the displacive model, the thermal energy
exceeds the well depth, and the atom resides in the center of the well.
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responds to an ordered phase because the most probable
location of the atom is the high-symmetry site. In the
order-disorder transition, the thermal energy remains
small compared to the local well depth and each atom
continues to reside at one of the potential minima (away
from the high-symmetry location). However, long-range
correlation can be destroyed. In the specific case of
W(001), this would result in the disappearance of the
fractional beams of the ¢ (2X2) LEED pattern resulting
in a (1X1) pattern.

The distinction between these two models becomes
less clear when fluctuations are taken into account at
temperatures near T,. One way of viewing this is to note
that the displacive transition will manifest order-disorder
behavior near T=T,. However, at temperatures
sufficiently far from T, suitable experiments should be
able to differentiate the two cases. The key issue is the
temperature range over which the displacive model ap-
plies. Recent helium-atom-scattering studies!> of the
structure and phonon dynamics of the W(001) surface
over the temperature range from 200 to 1900 K have
been interpreted as supporting the displacive phase-
transition model for 7'>450 K. Temperature dependent
shifts of half-order (LT phase) diffraction peaks are inter-
preted as being consistent with a ¢(2X2) periodic lattice
distortion based on the CDW mechanism. Correspond-
ing shifts have not been observed in LEED or x-ray-
diffraction experiments. Strong temperature dependence
(4502 T =220 K) of a soft phonon mode and the appear-
ance of new phonon modes (7 <220 K) associated with
the Brillouin-zone boundary of the c¢(2X2) phase are also
observed. These observations are used to argue that the
overall phase transition associated with W(001) is of the
displacive and not the order-disorder type.

Experimental evidence supporting the classification of
the ¢(2X2) LT to (1X1) HT transition as an order-
disorder type is based on LEED,* x-ray diffraction,'? ion-
scattering,13 and surface core-level shift studies.!* How-
ever, Ernst, Hulpke, and Toennies!? point out that all of
these experiments, with the exception of the ion-
scattering study, were performed below 7 =400 K,
which is within the range where interpretation of the
helium-atom-scattering experiments are also consistent
with a disordered surface. At these lower temperatures,
especially near T,, both models can exhibit cluster-
dominated short-range order with little or no static dis-
placement characteristic of an order-disorder transition.
In addition, Ernst, Hulpke, and Toennies reanalyzed the
ion-scattering data assuming an ordered (1X1) high-
temperature structure having an isotropic in-plane vibra-
tional amplitude 8=0.13 A for surface atoms, but no
static displacement from their bulk positions. They
found that in the relevant temperature range (400-600
K), the ordered (1X 1) HT model provides an equally sa-
tisfactory fit to ion-scattering data as was obtained using
a disordered phase model. The conclusion reached by
Ernst, Hulpke, and Toennies after considering all
relevant experimental results is that the ‘“overall
classification of the temperature-induced phase transition
as a displacive transition, which, in the vicinity of T, is
dominated by fluctuations and a dynamical disorder

13 825

behavior, gives a coherent picture, thereby unifying the
apparently contradicting experimental results.”

In this paper, we present experimental evidence which
would appear to rule out any significant static (nonvibra-
tional) displacement of surface atoms from their LT
phase positions as a function of temperature between 100
and 770 K. This result clearly covers the temperature
range above 450 K required to escape the short-range or-
der regime in which a different both types of transitions
will exhibit disorder, and directly supports an order-
disorder model for the LT c¢(2X2) to HT (1X1)
structural transition.

Our results are based on forward electron. scattering.
Unlike diffraction experiments which are based on
coherent scattering from a periodic lattice, forward
scattering is sensitive primarily to local structure.??
Fractional-order diffraction peaks associated with the
¢(2X2) LT structure can vanish for two reasons: (1) stat-
ic displacements occur above T,, in which a different
two-dimensional symmetry of the surface lattice is creat-
ed (displacive transition); or (2) thermally induced loss of
correlated static displacements occur over the coherence
distance of the probing electron beam (order-disorder
transition). Forward scattering is able to detect the pres-
ence or absence of surface-atom displacements even in
cases where long-range correlation is lost. This renders it
an ideal probe to investigate the surface phase transition
on W(001).

Recent reviews?® describe the forward-scattering tech-
nique for probing surface structure. The angular distri-
bution of core-level photoelectrons are measured along
selected crystallographic planes. Depending on the elec-
tron kinetic energy and other factors, the emitted intensi-
ty from second- and deeper- layer atoms in the crystal is
either reduced or enhanced by forward scattering®® or
shadowing®* by surface atoms. At relatively high kinetic
energies (800—1000 eV), the effect is predominately an
enhancement. A detailed description of our experimental
methods which are used to probe surface structure based
on forward scattering, including full multiple-scattering
analysis of the scattering intensity to obtain structural
parameters, is presented elsewhere.”>2° In this paper, we
present sufficient discussion to establish the sensitivity of
forward scattering to surface-atom displacements of
W(001), and to document the compatibility of our W(001)
surface structural parameters (which in the present dis-
cussion are obtained from simple geometrical models)
with existing experiments, specifically the recent LEED
(Ref. 9) and x-ray-diffraction!! results. This provides the
basis for interpretation of our temperature-dependent
forward-scattering data in terms of an order-disorder
model.

Figure 3 displays three pairs of forward-scattering an-
gular distributions for W(001) in the [001]-[110] plane
corresponding to the direction of maximum surface-atom
displacement. Each pair of spectra represent a different
kinetic energy. Using Mg K « radiation, the kinetic ener-
gies are: (W4ds,,) 1006 eV, (W4d,;,) 992 eV, and
(W4p; ;) 825 eV. The primary peaks ( A —D) which are
observed at specific angles for the two higher electron
kinetic energies have a structural origin. Peaks which ex-
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FIG. 3. Temperature and electron kinetic-energy dependence of
forward-scattering angular distributions from W(001) in the [001]-[110]
plane. The inset illustrates the scattering plane crystal structure and the

origin of peaks 4, B, C, and D. Displaced surface atoms are shown
shaded.

hibit sensitivity to electron energies, as is apparent in the
lower energy (W4p; ,,) spectra, generally contain contri-
butions from multiple scattering. The peaks labeled B,
C., and D are identified as resulting from the scattering
process labeled correspondingly in the crystal model
displayed as an inset.

Figure 4 displays corresponding temperature-
dependent forward-scattering angular distributions for
W(001) in the [001]-[100] plane. These spectra do not ex-
hibit the splitting apparent in Fig. 3. In this case, the
surface-atom displacements are at +45° with respect to
the scattering plane, and the scattering is much less sensi-
tive to the lateral displacements.”® Thus forward-
scattering spectra displayed in Figs. 3 and 4 manifest
direct experimental evidence of the Debe-King model.

An estimate of the structural parameters A and d,, can
be obtained from the forward-scattering angular distribu-
tions of Figs. 3 and 4. It is a straightforward exercise to
show, using the Debe-King model (based on a simple
geometrical interpretation of the forward-scattering
peaks in which maximum scattering occurs along inter-
nuclear axes and neglecting second-layer reconstruc-
tion> 1), that, for peak Cin Fig. 4,

d,;=a,(cotd,—0.5) A , (1)

where a,=3.16 ;&, the W lattice constant; and that, for
the pair of peaks D in Fig. 3,

tanf, - =(2.434—A)/d,, , (2)

tanf . =(2.434+A)/d,, . (3)
By curve fitting the peak at 6=0 (for accurate reference
to the crystallographic [001] axis), the single peak C in
Fig. 4 and the multiple-component peak D of the W,
angular distributions in Fig. 3, we obtain accurate values
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FIG. 4. Forward-scattering angular dependence from W(001) in the
[001]-[100] plane in which surface-atom displacements are predominate-
ly perpendicular to the scattering plane. The inset illustrates the
scattering plane crystal structure and the origin of peaks 4, B, C, and D.

for 8., 6+ and 6, _ which are used to solve Egs. (1)-(3)
for d,, and A. We obtain d,,=1.43 A and A=0.39 A.
Peaks C.. in the W4d angular distributions are insensitive
to d, because of the smaller polar angle, but can be used
to obtain an independent value for A=0.40 A. While the
magnitude of A estimated from forward scattering is
significantly larger than that established from LEED and
x-ray diffraction, it is significantly smaller than the prac-
tical limit imposed by steric considerations (A ,,~0.6 A)
when zig-zag surface atoms are in contact with » approxi-
mately equal to half the bulk atom nearest-neighbor sepa-
ration. )

Two points regarding the asymmetric double-peak
character of peaks B, C, and D in Fig. 3 must be ad-
dressed later in relation to curve fitting and temperature-
dependent broadening of temperature-dependent data.
There are three components to these peaks; two result
from scattering by displaced surface atoms (inset), and
the third results from scattering of electrons emitted from
third-layer atoms by undisplaced second-layer atoms. It
is clear that an accurate structure determination based on
this method will require careful attention to layer depen-
dencies and multiple-scattering effects.?® However, for
our present purpose, the above discussion, including the
estimated structural parameters stated above, represents
adequate demonstration of the structural sensitivity of
the method when applied to the LT reconstruction of
W(001). It is interesting to note that for forward scatter-
ing Ak =0, and Debye-Waller effects vanish. However,
peak broadening resulting from increased vibrational am-
plitudes is apparent in the angular distributions obtained
at higher temperatures.

Figure S5 displays typical results of curve-fitting
temperature-dependent forward-scattering angular distri-
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butions in the [001]-[110] plane for 4d5,, W core-level
emission. Similar curve fitting was carried out for
numerous temperature-dependent spectra including those
shown in Fig. 3; the results are compiled as plots of
temperature-dependent values of A and d,, in Fig. 5.
Two constraints were imposed: (1) the weights of peaks a
and b were assumed to be equal, and (2) the location of
peak ¢ was fixed at 55° based on the bulk W lattice pa-
rameter. The result of curve fitting over a dozen spectra
to obtain 65, and 65 _ and solving for d, and A is that
essentially no variation of these parameters can be detect-
ed as a function of temperature from 100 to 770 K. Cor-
responding analysis of temperature-dependent forward
scattering angular distributions in the [001]-[100] plane
(Fig. 4) yielded the same conclusion. The absolute accu-
racy of our determination of d, and A is not stated here
because a realistic assessment must be based on a
thorough analysis of multiple-scattering effects which will
be reported separately.”® We can state the precision of
our determination of d;, and A, which can be judged
from the repeatability of the experimental determinations
of d, and A. This is more relevant to our present discus-
sion, which focuses primarily on a search for
temperature-dependent changes in the thermally aver-
aged surface-atomic displacements which could be inter-
preted as an indication of a displacive transition. The
precision of our angle determination including curve
fitting and mechanical precision of the rotation platform
used in our experiments is estimated to be £0.3° which
translates into a precision of the order of £0.03 A for the
parameters d;, and A. Within this precision, we inter-
pret our results as indicating that no measurable static
displacements of the Debe-King reconstruction occurs
over the temperature range 100-770 K, suggesting that
the W(001) LT ¢(2X2) to HT (1X1) transition is best
characterized as an order-disorder transition over this
temperature range.

In summary, forward-scattering angular distributions
directly confirm the LT Debe-King reconstruction of
W(001), but appear to yield a surface displacement pa-
rameter A significantly larger than the value established
by LEED and x-ray diffraction. Multiple-scattering cal-
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FIG. 5. Typical curve-fitting result for peak D, which determines
6, and 6, _. Lower panels, plot of A and d |, vs temperature obtained
from forward scattering. Note that for the ¢=0° configuration [100]
plane, only d, can be determined.

culations leading to an accurate error analysis of the
forward-scattering result or an independent direct
structural measurement of A by scanning tunneling mi-
croscopy (STM) may resolve this discrepancy.
Temperature-dependent studies of the surface structure
reveal essentially no departure of local structure from the
Debe-King model up to 770° K, confirming the order-
disorder character of the LT —HT transition.
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