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tending from about 3v,to 6 or Tv,. If 10'®* W/cm?®
is conducted by the electrons and @/nmv,*~0.2

as indicated in Ref. 4, then the temperature is
about 6 keV. Thus the nonthermal tail would ex-
tend from about 60 keV to about 300 keV. The
layered-target experiments and others® show very
few hard x rays above 100 keV. Thus, there ap-
pears to be no indication of a strong superthermal
tail to the electron distribution function.

In summary then, there are good theoretical
and experimental indications that light absorption
by enhanced ion-density fluctuations is a very im-
portant process for laser fusion.

*This work was sponsored by the Office of Naval Re-
search.
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Phase Transition on Mo(100) and W(100) Surfaces
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Low-energy-electron-diffraction studies of carefully cleaned and annealed surfaces of
molybdenum (100) and tungsten (100) show that a phase transition can be induced by lower-
ing the temperature below 300 K. The periodicity of the “reconstructed” surface is be-
lieved to be due to the formation of a displacement wave with a wavelength which is 2a
(a is the lattice parameter) for W(100) and ~ 2.2a for Mo(100). The phase transition is
reversible and seemingly second order. It appears possible that displacements of this
type also occur in chemisorption on these surfaces.

In recent low-energy-electron-diffraction (LEED)

studies we have observed a temperature-depen-
dent structural transformation occurring on the
molybdenum (100) surface. The transformation
is completely reversible and appears to be char-
acteristic of the clean surface. This discovery
has led us to re-examine the behavior of the tung-
sten (100) surface which is one of the most widely
studied substrates and which in many respects is
similar to Mo(100). As discussed below, the re-
sults indicate that a “reconstruction” of the clean
surface takes place also in the case of W(100) as
the temperature is lowered.

The relevant LEED patterns are shown in Fig.
1. Above room temperature the pattern from
either Mo(100) or W(100) shows only the “normal”
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spots [Fig. 1(a)], but as the crystal is cooled in
vacuum the pattern changes. On Mo(100) the
change consists of the appearance of a quartet of
spots around the (33) positions [Fig. 1(b)]; on
W(100) single (33) spots appear [Fig. 1(c)]. The
variation of the intensity of the extra diffraction
spots with temperature is shown in Fig. 2. As
seen, the intensity changes gradually, suggesting
a second-order transition. No hysteresis was
seen for either sample as the temperature was
raised or lowered. For both surfaces, as the in-
tensity decreases with increasing temperature,
the extra diffraction spots become larger, more
diffuse, and streaky, presumably because of cri-
tical scattering. On the basis of these observa-
tions and data obtained by other techniques we



VoLUME 38, NUMBER 20

PHYSICAL REVIEW LETTERS

16 May 1977
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FIG. 1. (a) LEED pattern from clean W(100) above
room temperature. Beam voltage 42 V. The pattern
contains only the expected ‘“normal” diffraction spots.
Mo(100) gives an identical spot pattern. (b) LEED pat-
tern from clean Mo(100) cooled to ~160 K. “Extra”
beams are present, consisting of a quartet of spots sur-
rounding the (1) positions. The separation between the
spots does not vary with temperature and is %-«é- of the
separation between the normal spots. (¢) LEED pat-
tern from clean W(100) cooled to ~160 K. The extra
beams appear in the (1) positions.

conclude that the nature of the transition is the
same for the two surfaces.

While the Mo(100) transformation has not been
reported previously, the changes described here
for W(100) were observed a few years ago by
Yonehara and Schmidt,! who speculated that the
low-temperature structure was due to either a
rearrangement of the tungsten atoms or to the
migration of hydrogen to the surface. The c(2
X 2) structure inferred from the LEED pattern in
Fig. 1(c) might be produced by half a monolayer
of adatoms; however, by means of Auger elec-
tron spectroscopy (AES) the presence of foreign
atoms in such amounts has been ruled out. The
exception is hydrogenr—which is known to produce
a ¢(2x2) structure®—and it was therefore pro-
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FIG. 2. Temperature dependence of the intensity of
the “extra” diffraction spots shown in Figs. 1(b) and
1(c). In the case of W(100) the intensity has been nor-
malized to the value at 160 K. Accurate data were not
obtained below this temperature but the dependence in-
dicated by the broken line agrees qualitatively with the
data of Yonehara and Schmidt (Ref. 1).

posed that some hydrogen segregates to the sur-
face at low temperature but dissolves in the bulk
at higher temperatures so that it is not observed
in flash desorption experiments.! However, it
seems possible to exclude this mechanism for
both Mo(100) and W(100), considering the evi-
dence now available from LEED, AES, and work-
function measurements.?

Detailed studies*'® have been made of hydrogen
overlayers on Mo(100), as a function of the tem-
perature T and coverage 6. Hydrogen produces
a number of different surface structures but none
corresponding to the pattern in Fig. 1(b). We
have also observed* that hydrogen adsorption
leads to appreciable work-function changes, Ag
(~0.5 eV at 6~0.5 and ~ 1.2 eV at saturation) but
no detectable change accompanies the phase tran-
sition shown in Fig. 1. Furthermore, the magni-
tude of two of the NNN peaks in the molybdenum
Auger spectrum has been found to be sensitive to
hydrogen adsorption®* but is unaffected by the
phase transformation. In the case of W(100) a
work function change of ~0.2 eV is characteristic
of the c(2X2)H structure® but, again, cooling of
the clean surface gives A¢ = 0. In addition, for
each surface, the I(V) curve (the diffracted inten-
sity versus electron energy) for the (00) beam
shows distinct—if relatively small—changes upon
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hydrogen adsorption, also at low temperature,
and these changes were absent for the phase tran-
sition described here. For both Mo(100) and
W(100) the transformation at low temperature
tends to disappear if adsorbates (including hydro-
gen) are present’; on the other hand, careful an-
nealing and cleaning makes the transformation
more pronounced.

In earlier experiments’ it has been demonstrat-
ed that a LEED system may be adapted to studies
of electron-stimulated desorption (ESD) and at-
tempts were made to use this method to obtain ad-
ditional evidence for the absence of hydrogen on
the W(100) surface. However, the sensitivity re-
quired in this case® could not be achieved. Other
techniques, such as secondary-ion mass spectros-
copy (SIMS),® which would be well suited for fur-
ther tests, were not available.

The possibility that the observations are due to
a bulk phase transition was investigated by means
of x-ray diffraction from single crystals of W and
Mo at a temperature of ~100 K. Special attention
was given to those regions of reciprocal space
where, according to the LEED patterns, the ex-
tra reflections should occur but no indications of
changes in the bulk structure were seen. We
therefore believe that the transition is specific
to the surface. So far there is no experimental
evidence that it occurs on any face other than the
(100).

Although the details of the low-temperature
structure cannot be determined at this time,
there appears to be only one type of arrangement
of the surface atoms which is consistent with the
observations. Because of the rapid kinetics of the
transformation we exclude models which require
the migration of metal atoms, and since the LEED
pattern persists at high electron energy it is im-
probable that a magnetic superstructure is the
origin of the extra spots.'’® We propose instead
that the reconstruction consists of a periodic dis-
placement of the atoms. The closely spaced
“split” spots in Fig. 1(b)—and the absence of
any other extra spots—suggest that the effective
scattering power of the surface atoms varies ap-
proximately sinusoidally across the surface, an
effect which may be produced by a displacement
wave. As a specific illustration we consider a
surface in which the x andy coordinates of the
atoms in the top layer are unchanged—i.e., (x,y)
=(ma,na) where a is the lattice parameter, and
m and n are integers—but the z coordinate is
changed by a displacement perpendicular to the
surface. The sign of the displacement alternates
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along a row of atoms and its magnitude is modu-
lated to give a scattering amplitude of the form

Fm,n)=f{1 +(= )™ "a cosl2mA(n +n) ]}
=f{1 +a coslr(m + n)(1 - 2a)1},

. where f is the atomic scattering factor and a is

proportional to the amplitude of the displacement.
The wavelength of the displacement wave is thus
A =2a/(1-2A). The LEED pattern from this
structure will contain a pair of extra spots in the
positions (3t A,3¥A). An equivalent domain, ro-
tated 90°, will produce the other pair of spots in
the quartet [Fig. 1(b)], in the positions (3 ¥ A,

¥ A). Alternatively, by superimposing two dis-
placement waves a model can be constructed to
give all four spots from a single domain.

The extra spots in Fig. 1(b) appear slightly
elongated even at the lowest temperatures; this
property, as well as the experimental resolution,
limit the precision with which A can be deter-
mined. For the Mo(100) surface A is between &
and &, and for W(100) A= 0. The corresponding
wavelength of the displacement wave is A(Mo)
=~ 2.2a and A(W)=2.0a. In the analysis it has
been assumed that A is a rational number, i.e.,
that the displacement wave is commensurate with
the lattice parameter but it is evident that a dis-
tinction between commensurate and incommen-
surate structures cannot be made here by meas-
uring the splitting.

The discussion given above relies on a kine-
matical treatment of the diffraction; to verify the
model and to determine the magnitude of the dis-
placements a dynamical calculation of the LEED
intensity will be necessary. Such calculations
may be feasible before long, since considerable
success has been achieved recently in the analy-
sis of the normal (high-temperature) phase of
Mo(100) *2 and W(100),' for which a contraction
of the interlayer spacing by ~10% at the surface
is indicated.

Reconstruction to produce a new surface peri-
odicity has been observed on many semiconduc-
tors and on a few metals (Au, Pt, and Ir).!* The
semiconductor (111) surfaces have been of partic-
ular interest in theoretical studies and for these
the reconstruction appears to be associated with
a Fermi surface instability, the formation of a
charge density wave, and surface phonon soften-
ing.’ It is possible that the reconstruction on
Mo(100) and W(100) has the same origin; the sim-
ilarity of the transition to that of a layer com-
pound, such as TaSe,,'® argues in favor of this
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hypothesis. In any case, the Mo(100) and W(100)
should prove useful in studying the nature of the
phenomenon. Unlike the other surfaces on which
reconstruction has been seen, the transition on
Mo(100) and W(100) can be controlled completely
and reversibly by varying only the temperature.
Furthermore, practically all the available sur-
face spectroscopic techniques are applicable to
these substrates; it should therefore be possible
to explore the relationship of the phase transition
to the surface electronic structure (and to sur-
face states) by means of techniques such as ion-
neutralization spectroscopy,!” field-emission
spectroscopy*® and photoemission,'® and electron
reflectance.'®

Besides being of interest in itself, the recon-
struction of W(100) and Mo(100) is likely to have
consequences for the interpretation of chemisorp-
tion data. For example, we have found that the
I(V) curve for the (3z) beam from the reconstruct-
ed W(100) is almost identical to the corresponding
curve from the c¢(2X2)H structure. The reason
may be that a displacement of metal atoms also
occurs in hydrogen adsorption and that the H
atoms contribute little to the LEED intensity, as
was assumed in the early LEED literature. Us-
ing this interpretation it may be possible to under-
stand some of the surface structures®™ in terms
of displacement waves; the wavelength depends
on the electron density which in turn is altered
by the presence of an adsorbate. Thus, an ex-
planation may be found for the peak in the (33) in-
tensity from the W(100) ¢(2X2)H at a coverage
significantly below 6 =0.5, and for the subsequent
splitting of the (33) spots. Preliminary results
suggest that the inconsistencies which exist in
the extensive literature on hydrogen adsorption
on W(100) 18:2° may be removed in this way. Fin-
ally it should be noted that metal atom displace-
ments might be a general phenomenon in adsorp-
tion on these surfaces and this possibility should
be considered in the construction of overlayer
models.

We are indebted to Dr. G. Carpenter for his
help with the x~ray diffraction experiments. The
support of the Brown University Materials Re-
search Program, funded by the National Science
Foundation, is gratefully acknowledged.
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FIG. 1. (a) LEED pattern from clean W(100) above
room temperature. Beam voltage 42 V. The pattern
contains only the expected “normal” diffraction spots.
Mo(100) gives an identical spot pattern. (b) LEED pat-
tern from clean Mo(100) cooled to ~160 K, “Extra”
beams are present, consisting of a quartet of spots sur-
rounding the (}}) positions. The separation between the
spots does not vary with temperature and is §—§ of the
separation between the normal spots. (¢c) LEED pat-
tern from clean W(100) cooled to ~160 K. The extra
beams appear in the (}}) positions.



