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H-induced structural phase transitions on W(100) by surface infrared spectroscopy
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(Received 22 January 1986)

A vibrational study of the various H-induced phases on %(100)at room temperature has been car-
ried out using surface infrared spectroscopy. A large shift (& 35 cm ') in the frequency of the ~2H
symmetric stretch mode, vl, is observed at low coverages (e & 0.3), indicating a local structural rear-

rangement (=0.03 A) of the W atoms as the commensurate (V 2X V 2)R45' phase is established at
8=0.3. The incommensurate phase, I-(V 2X V 2), is made up of reconstructed domains (v~ = 1300
cm ') separated by domain walls of firn'te size and with unreconstructed W atoms as evidenced by a

new H vibration at =1100cm '. As the coverage is increased (8 &0.5), the reconstructed domains

decrease in size with a substantial expansion of the W dimer and finally disappear (8=1). The
disordered surface that ensues is brought back into registry with the bulk at saturation (8=2).

I. INTRODUCTION

There is now a large body of evidence which indicates
that the H-induced phases on the W(100) surface' involve
structural rearrangement of the substrate surface atoms.
It was erst the occurrence of displacive phase transition
on the clean W(100) surface which suggested that the
presence of H may stabilize some phases characterized by
a well-defined W reconstruction. These hypotheses
were later confirmed by high-energy ion scattering-
channeling experiments which clearly demonstrated that
the H-induced phases at low coverage are reconstruct-
ed. ' " Furthermore, large changes in vibrational fre-
quency of H on W(100) as a function of coverage could be
accounted for by large tungsten displacements at low H
coverage. '

The main phases are the "commensurate"
(V2X V 2)8 45 phase (8=0.3, always in units of mono-
layers in the present work), characterized by a sharp
( —,', —,

'
) spot, the "incommensurate, " I-( v 2 X v 2) phase

(0.3&8&0.5) characterized by a split ( —,', —,
'

) spot, the
"disordered" phase (0.6&6 &1.9), and the "ordered"
phase at saturation (8=2).' The transitions between
these phases are reversible' ' and the critical coverages
depend on temperature. ' ' %'hile it is now believed that
the clean surface reconstruction, involving displacements
of the top W atoms along the (11) direction is driven by
a strong coupling of the W motion to surface electronic
states, ' the H-induced reconstructions are not as well
understood. The short-range nature of electronic interac-
tions have motivated lattice-dynamical models which
have shown that purely short-range, nearest- and next-
nearest-neighbor, %-% interactions can produce the ob-
served phases. For the Hcovered surface, Ying
et al. and Inaoka et al. have been able to account
for most of the observed phases by focusing on the
structural aspects of the transitions.

If a short-range Jahn- Teller —like mechanism dom-
inates, then it is particularly important to probe the
short-range, local arrangement of the surface and to corre-

late such results to the long-range order determined by
low-energy electron diffraction (LEED) studies. While
direct electronic measurements, such as ultraviolet photo-
emission (UPS), have been instrumental in understanding
the clean surface phase transitions, ' ' ' they have so
far failed to provide the detailed local picture of the H-
1nduced phases.

Vibrational spectroscopy is one of the best candidates to
probe the local arrangement of the surface around the ad-
sorbed H atoms. Indeed, after first establishing the atom-
ic nature of hydrogen on W(100), electron energy-loss
spectroscopy (EELS) data were key in determining the
bridge adsorption site for all coverages. 'z Detailed anal-

yses ' have made it possible to derive atomic positions
in the vicinity of the hydrogen, in particular confirming a
"pinched" and "relaxed" % atom position at low and high
coverages, respectively. However, especially in view of
more recent EELS data, ' it is clear that higher resolution
is required to unravel the subtle changes (e.g., in peak po-
sitions or line shapes) occurring during the transitions. A
quantitative monitoring of these changes is critical for
further theoretical modeling.

This paper presents infrared absorption data obtained
for hydrogen coverages between 8=0.04 and 6=2 (sa-
turation) at room temperature. This range encompasses
the (v 2X V 2)R 45' phases before and after the symmetry
switching, the commensurate ( C) and incommensurate
(I)-(V2X V2)R 45' phases, the disordered phase and the
ordered saturated phase. The information which is partic-
ularly important for the understanding of the phase tran-
sitions and which was not available from previous EELS
studies is the H-vibrational spectrum at the lowest cover-
ages (8=0.04 to 6=0.3) and the spectrum variations in
the C~I (v 2X V 2) transition regi-on.

In Sec. II, the experimental apparatus is described with
emphasis on the simultaneous LEED and ir measurements
capabilities for the low-coverage data. In Sec. III, the
LEED results are summarized in order to calibrate our
data with the results of other laboratories and to define
the phases of interest. In Sec IV, the. ir data are presents
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as a function of coverage and details of the H coverage
calibration are given. In Sec. V, our results are discussed
in view of the various theoretical models proposed so far.
Section VI summarizes the main conclusions drawn from
the ir data.

II. EXPERIMENTAL

The experimental apparatus is comprised of a modified
Nicolet 6000 infrared interferometer and an ultrahigh-
vacuum chamber. Reflective optics, CsI windows, and a
broadband Hg-Cd-Te detector make it possible to study
the region from 600 to 4000 cm ' with reasonable
signal-to-noise ratio (S/5). In particular, changes in re-
flectivity, b,R/R & 10 " with a 4-cm ' resolution, can be
measured in a few minutes from 700 to 1500 cm ', i.e.,
over the range relevant for infrared active W2H and W2D
vibrations.

The W{100) crystal (2.5 cmX0.75 cmX0. 13 cm) faces
the LEED screen during the ir reflection experiment (one
bounce, 85' incidence angle). It was grown, oriented
(+0.5'), spark cut, and polished by the Material Research
Center at Cornell University. Apart from some rounding
of about 1 mm at the edges, the rest of the surface is mir-
ror like.

Prior to any measurements, the W sample was cleaned
by repeated baking at 1475 K in 10 Torr of 02 ( ) 10 h)
and flashing in vacuum to 2150 K. After most of the car-
bon originating from the bulk had been removed, cleaning
was performed by high-temperature flashes only (pressure
rise less than 3X 10 ' Torr), prior to each individual run.
The Auger spectra obtained with a single-pass cylindrical
mirror analyzer (CMA) showed that less than 1% mono-
layer of carbon and oxygen were present following the ir-
LEED measurements () —,

'
h) at the working pressure of

3 g 10 " Torr. The LEED patterns, e.g. „
the low-

temperature (&2X U'2lR 45' showed no measurable varia-
tion as the sample was translated in front of the LEED
beam.

The sample temperature was measured with a %Re
5%-WRe 26% thermocouple spot welded to the bottom
edge of the sample. The H2, D2 leak values were located
close to the Bayard-Alpert gauge ( =5 cm) but far from
the sample (=30 cm) without a direct line of sight. In
addition, the leak valves faced the cold shroud of a Ti-
sublimator pump. As a result, the exposures quoted in
this paper {determined from the gauge reading, corrected
for Hq) are slightly higher (10—20%) than the actual ex-
posures on the sample surface. The mass spectrometer
was not located in direct line of sight of the sample so
that flash desorption could not be used as an accurate
means to determine the coverage.

The H-induced spectra were obtained by ratioing the re-
flection spectra of the H-covered surface to those of the
clean W(100) surface. From a practical point of view,
however, the order in which the respective spectra were
taken was important. The sample was first cleaned by a
high-temperature electron bombardment flash. After
about 15 min after the flash the sample had cooled down
to room temperature and the signal was stable, i.e., the ra-
tio of two consecutive ir runs ( =3 min) was flat over all

the frequency range accessible and the noise level was less
than 10 " of the total signal. Only then was H& intro-
duced to achieve a given coverage and two spectra were
taken. Further exposures could then be repeated to pro-
duce higher coverages and the new spectra ratioed to the
original clean sample spectrum. The base pressure was
such ( =2X 10 " Torr) that the sample remained clean
for about 1 h after the high-temperature flash, after which
no data were ever taken. The above procedure minimized
the noise arising from thermal drifts in the sample mani-

pulator.
The clean W(100) surface and the various H-covered

surfaces have different W rearrangement (reconstruction).
As a result, the conduction electron scattering from the
surface varies with H-coverage, i.e., W reconstruction.
These variations are reflected in broadband reflectivity
changes which can be distinguished from purely vibra-
tional absorption by detailed comparison of the H- and
D-induced spectra taken at identical coverages.

The LEED measurements were performed using a
rear-view LEED arrangement. For routine records, a
standard camera was used to take pictures. For studying
the subtle changes in spot intensity at very low coverages
(8=0.04 to 0.3), the standard camera was replaced by an
optical multichannel analyzer (OMA) (EGAG PAR,
Model III) equipped with a silicon intensified target (SIT)
camera. The two-dimensional data were digitized and the
area under each diffraction feature could be integrated nu-

merically.
No work-function probe was available at the time of the

experiments. As a result, an absolute coverage determina-
tion could not be performed. All the coverages quoted in

this paper are obtained assuming that, at saturation,
8=2 X 10" H atoms/cm, i.e., 2 H per W atom, and fol-
lowing the procedure detailed in Sec. IV E.

III. RESULTS: LEED

Figure 1 summarizes the main LEED patterns observed
as a function of H coverage. In agreement with previous
work' we find that the ( —,', —,

'
) LEED spot indicated

by an arrow for 6 &0.5 sharpens with H coverage up to
8=0.30. The sharpening has been interpreted as result-
ing from the development of large size domains with
(v 2X&2)R45' symmetry as shown in Fig. 2(b). From
6=0.33 to 6=0.42, as calibrated according to Sec. IV E,
the ( —, , —,

'
) spot splits into four spots, indicated a modula-

tion of the domains. The split phase is called incommens-
urate, I-(v2Xv 2), and is believed to involve (on flat
samples) the two possible orientations of regions with an-
tiphase domain structures within each region. '

The spots begin to streak (see 8=0.48) in a perpendic-
ular direction to the splitting axis after the splitting be-
comes —,

' of the (1 X 1) unit cell. This indicates a loss of
long-range order in a direction normal to that of the
modulation. Finally, faint —,

' order spots appear in the
range of 6=0.9 (see arrow for 6=0.88) before a 1X1
pattern is established for 8 g 1.

The low-coverage range was investigated more quanti-
tatively by measuring the integrated intensity of the
( —,, —, ) spot by means of the OMA camera. The results
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e= o.o44 e= 0.31

e= 0.48 e= 0.88 e= 1.
FIG. 1. Summary of the main stages of reconstruction as a function of coverage as monitored by LEED. For 6=0.04, 0.31, 0.40,

and 0.48, the ( ~, z ) LEED spot is indicated by an arrow. The coverage is determined by ir absorbance and exposure (see Sec. IV E).
For 6=0.88, the weak —,-order spot is marked. The coverages for the last two frames are estimated using ir absorbance and interpo-

lation between 6=0.6 and 6=2.

are shown in Fig. 3. The intensity features an approxi-
mately linear rise with coverage below e=0.3 except for
a small dip around 8=0.16. Such a dip has been previ-
ously reported by Griffiths et ol. and found to correlate
with the long-range symmetry switching of the W atoms
from a (11) reconstruction [Fig. 2(a}] to a (10) recon-
struction [Fig. 2(b)]. Note, however, that because of dif-
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FIG. 2. Reconstructions of the %'(100) surface. The open
circles represent the displaced W atoms and the solid dots the
position of the % atoms if no reconstructions occurred. (a)
Reconstruction associated with the clean W(100) surface at or
below room temperature. The light dashed lines (with arrow)
indicate the direction, (11),of the displacements. (b) Recon-
struction associated with the low-coverage phase, e.g., 6=0.3.
The hydrogen atoms H have now polarized the %' lattice in the
& 10) direction.

FIG. 3. Plot of the ( ~, ~ ) LEED spot intensity integrated

over reciprocal space as a function of coverage determined ac-
cording to Sec. IV E. The data were obtained with an OMA III
(see text}. The maximum integrated intensity occurs at 6=0.27
which is well within the commensurate (+2XW2)R45' phase.
The intensity drops before the splitting becomes observable
(6=0.33). The vertical line marks the point at which the W
displacements are observed to switch from a (11)direction to a
(10) direction by LEED (long-range probe).
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ferent coverage calibration, Griffiths et al. observed the

dip around 8=0.1. However, as discussed in Sec. IV E if
the coverages are normalized at the point where the

l 1

( —,, —, ) order spots split, then the two observations are well

within the error bar.
The saturation coverage phase, characterized by a sharp

(l && l) LEED pattern, has been well studied. The absolute
coverage of (2+0.2) X 10' H atoms/cm, i.e., 2 H per W
surface atom, has been measured by microanaiysis' " and
no measurable lateral reconstruction ( &0.05 A) found by
MeV ion channeling. Therefore, in agreement with
LEED, ' ' ' EELS, and ir, ' the surface is believed
to be unreconstructed with all the hydrogen at the bridge

site.
At lower coverages (8 & 0.5), EELS has shown that hy-

drogen remains adsorbed at a bridge site because the nor-
mal modes (symmetric and asymmetric stretching modes
and the wagging mode) associated with such a site could
be observed. '~

IV. RESULTS: INFRARED ABSORPTION

A. Overview

Figure 4 shows a summary of the infrared absorption
data from 8=0.04 to 8=0.88, i.e., up to the —,

' order

8= . 1

.31

=- 8 = 0.~0

8 =0.6Z

8 = 0.88

=5 K10

900
l

1100
I

1300
I

1500

FREQUENCY (cm ")

FIG. 4G. . ir spectra associated with H vibrations as a function of coverage and normalized as described in the text. The reference
spectrum is that of the clean %{100)surface at room temperature. The { 2, 2 ) LEED spot is shown for a few key coverages. The

sharp feature at 1250—1300 cm ' is associated with the vl mode of H on pinched W Ilabeled vi in the text). The vertical arrow
shows the position of the v& mode of H on unreconstructed %' measured at saturation coverage {labeled v& in the text). The resolution
is 8 cm-'.
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reconstruction, and correlates such absorption to th=

LEED patterns. The region from 6=0.88 to 8=2 has
been discussed in previous publications and involves

mainly the unreconstructed phase, with different degrees
of order.

The data shown in Fig. 4 are obtained, in principle, by
ratioing H-induced spectra with D-induced spectra, in or-
der to remove any broadband absorption which is nonvi-
brational in nature. In practice, the broadband absorption
is found to be linear in frequency over the range of in-

terest (W H and WzD vibrations) so that a simple2
50linear background subtraction can be performed.

The resulting vibrational spectra show two major con-
tributions, a relatively sharp absorption about 1300 cm
and a broader feature around 1100 cm ' which we label
v'i and v~, respectively, for the sake of brevity. As the
coverage is increased, v

&
grows relative to v'&.

At very low coverages (8 (0.31) only v', is present and

is seen to shift up in frequency. At 8=0.31, vi begins to
appear and grows with coverage, while v'~ broadens and
shifts down in frequency. In Secs. IV B and IV C we con-
sider these changes in detail.
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FIG. 5. Peak position (wave number) of the v& mode (v l) as a
function of coverage. For 8& 1.0, the vl mode associated with
H on p1nchcd % (v l ) 1s not observablc and the vl mode associat-
ed with H on unreconstructed % dominates the spectrum. The
points at which the LEED data indicate a symmetry switch
(0=0.16) and the beginning of the incommensurate phase
(8=0.33) are indicated by dashed and solid lines, respectively.

B. Low coverage (8&0.3)

Figure 5 shows the peak position of v'i as a function of
coverage. Note that the v~ contribution which appears at
8=0.31 is not considered in this plot, The error bars
give the range of values measured for different runs, typi-
cally 4 or 5; thus they include the error associated with
coverage determination. The vertical dashed line at
8=0.16 marks the point at which an inflection is seen in

the ( —,, —, ) LEED intensity, i.e., where the long-range or-
der switches from a (11) to a (10) reconstruction (Fig.
2). As can be seen in Fig. 4, a definite shift in frequency
occurs between 8=0.13 and e=0.18. The data in Fig. 5

suggest that an inflection may also be present in the
wave-number curve at 8=0.16 although the amplitude of
such inflection is within the uncertainty of the data.

The unambiguous part of the data is that the frequency
of v& increases ) 35 cm ' from the isolated H limit
(v&

——1260 cm ') to 8=0.31 (v& ——1300 cm '). This ob-
servation does not support the EELS data of %illis,
which suggested that the symmetric stretch remained at a
fixed frequency for 6 & 0.4.

The other observation is that, for the commensurate
(v 2Xv 2)R45' phase at 8=0.3, the frequency of v&

reaches a maximum (1300 cm ') and the linewidth a
minimum (15 cm '). The observation of a lower frequen-
cy by EELS (155 meV=1250 cm ') for this commensu-
rate phase' ' is probably due to the superposition of both
the vi (1070 cm ') and the v'i (1300 cm ') as can be seen
in Fig. 4 (6=0.31). Note that higher resolution EELS
data gave a peak at 159 meV (=1282 cm ') (Ref. 37) at
that coverage.

C. The incommensurate phase (0.3 & e & 0.5)

In the range 6=0.33 to 0.42 the ( —, , —,
' )-order LEED

beam is split without any streaking. The splitting is first
visible at 6=0.33 (see bottom left inset of Fig. 6) and in-
creases continuously with coverage. ' Figure 6 shows that
dramatic shifts in vibrational frequency can be correlated
to the splitting of the ( —,', —,')-order LEED spot. Note
that, in order to improve S/E, the ratios of H-spectra to
the 6=0.33 spectrum are plotted. A shift in frequency
therefore appears as a derivative-looking feature. Beside
the shift of v

&
towards lower frequencies with coverage,

an increase of v~ ( =1100 cm ') is also apparent (vertical
arrow, Fig. 6). However, as may be more clear in Fig. 4
(8=0.31 to 0.44), the absorption increases by broadening
v& toward the high-frequency side. That is, except for the
lowest detectable coverage (8=0.31), vi is quite broad,
indicative of a broad distribution of W positions around
the unreconstructed position.

The width of the v& mode also increases as is shown
more explicitly in Fig. 7. From a minimum of 15 cm
at 6=0.31 (commensurate phase) it increases to =22
cm ' at 8=0.41 (incommensurate phase before streaking
occurs). Although the half width at half maximum,

Dizen
——11 cm ', is of the same order as the shift (=10

cm '), the high-frequency edge of the absorption clearly
shifts down with coverage. This indicates that the mode
broadens on the low-frequency side of the band. Finally,
as the split spot begins to streak, v'i continues shifting
down in frequency without further broadening [Fig. 7(e)].

D. The high-coverage phase (8& 0.5)

Above 6=0.5, the v
&

absorption decreases with cover-
age and is completely gone by 6=1.0. The v& contribu-
tion grows in strength and is very broad by 6=1.0 [full
width at half maximum (FWHM) =200 cm ']. In addi-
tion, as has been previously described, the overtone of
the wagging mode begins to contribute to the spectrum
( =1270 cm ') at 6=0.6. As a result, the infrared spec-
trum is complex and little spectral discrimination can be
performed. However, the total integrated area of the
spectrum contains useful information.

In Fig. 8 the integrated absorbance is plotted as a func-
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FIG. 6. Plot of the relative changes occurring in the spectra in the I (&2&(/2) p-hase, i.e., between 8=0.33 and 9=0.42, with

associated LEED pictures of the ( —,, —, ) spot. All the spectra, from 6=0.35 to 8=0.42, are ratioed to that at 8=0.33 for which the

( —,, —, ) LEED pattern is shown at the bottom left of the figure. (This reference is thus the surface for which the splitting begins to be

observable. ) A derivative looking feature indicates a shift in the absorption band. The resolution is 8 cm

tion of exposure. For 8~0.6, the integrated absorbance
is linear with exposure. In this range the spectrum in-

cludes the symmetric stretch absorption only and is dom-

inated by v'&. At saturation, the overtone absorption is
sharp and its contribution can be taken out. The
remaining area associated with the v& mode only is shown

by an open triangle.

E. Coverage calibration and effective charge

For reasons given in Sec. II, we cannot determine the
absolute coverage accurately in this experiment. In this
section, we explain how the absolute coverage was estab-
lished at 8=0.33 from the literature and how small rela-
tive changes could be measured for 8 & 0.6.

From Fig. 8 it appears that the ir absorbance for
e&0.6 is linear with exposure which in turn has been
shown to be linear with coverage. ' ' ' We can therefore
use both the absorbance and exposure to measure small
coverage changes (b,8=0.01) in this range. In order to
get an absolute coverage marker in this region, we use the
point at which the ( —,, —, ) LEED spot begins to split. Ac-
cording to King and Thomas, ' this occurs at 8=0.28,
while Barker and Estrup' found that 8=0.37 correspond
to the coverage at which the splitting begins at room tem-

perature. The latter also show that temperature affects
this critical coverage. We therefore tentatively take this
critical coverage to be 8=0.33, the average of these two
values. Very recently, Riffe et al. have determined us-

ing thermal desorption that the coverage for which the ir
broadband absorptivity is smallest at room temperature is
8=0.42+0.04. At that coverage they observe the largest
splitting of the ( —,', —,

'
) LEED spot without any streaking

From our measurements at room temperature we find
that the broadband absorptivity is smallest for the spec-
trum in Fig. 6(c). If 8=0.4 for Fig. 6(c), then 8=0.33
for the reference spectrum, the LEED pattern of which is
shown in the bottom left inset of Fig. 6.

Thus, in this paper we have assigned the coverage at
which the ( —,', —, ) LEED spots begin to split to be
8=0.33, corresponding to a 0.375 L (1 L=10 Torr sec)
(under the experimental conditions described in Sec. II).
For this coverage, the integrated ir absorbance is
1.3X10 cm ' as shown in Fig. 8.

Keeping in mind that, while the relative coverage can
be measured within 1%, the uncertainty in the absolute
coverage is large, b,8=+0.4 (8„,=2), the strength of the
measured absorption can now be determined as a function
of coverage. This absorption is not linear with coverage
since, based on the value obtained at 8=0.33, a linear
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t l I ( l ) i I ) I l I

dependent on coverage and arises mostly from different
bonding configurations. The latter only depends on cov-
erage and will always be present independent of structural
rearrangement. Both effects are expected to be im-
portant in the case of H on W(100) because (a) the
tungsten undergoes a large structural change in going
from a pinched to an unreconstructed geometry and (b)
the H density at saturation is high which will maximize
the effects of screening.

Limiting values can be obtained for the sake of argu-
ment. For a dominant force constant mechanism, a de-
crease by approximately v 2 in force constant for the un-
reconstructed structure can account for the data. On the
other hand, if only screening were important as was as-
sumed for the case of H on Pd(100) by Nyberg and
Tengstal, then an electronic polarizability, a, =0.7 A,
is required.

V. DISCUSSION

dependence would give an integrated absorbance of
7.9)&10 cm ' at saturation (8=2) instead of the mea-
sured 4. 1g 10 ~ cm ' (open triangle, Fig. 8).

A departure from linearity may arise because of a
change in force constant or because of the electronic
screening of the vibrator. The former is only weakly
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FIG. 8. Plot of integrated absorbance,:——log&o(1 —hR/R) as a function of exposure (1 L=10
Torr sec). Calibration of the coverage is made by noting that the
I-(v 2X v 2) phase starts at 8=0.33 as indicated. The straight
line from 0 to 0.7 L results from a least-squares fit (linear re-
gression) of all data points up to 0.7 L exposure (slope
3.5/10 cm '/L, correlation =0.88). The open triangle is the
area associated with the v& mode alone at saturation.
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FIG. 7. ir spectra of the v~ mode associated with pinched W
(v ~) as a function of coverage, referenced to the clean %(100}
surface at room temperature. The coverages, determined ac-
cording to Sec. IVE, are (a) top: 0.30, bottom: 0.31; (b) 0.35; (c)

top: 0.39, bottom: 0.40; (d) 0.41; (e) 0.48. The ( —,, —, ) LEED
spot is split and streaked at 8=0.48. (Saturation coverage is
8=2. )

A. Mode assignment

Before a reliable mode assignment is performed, one
must argue that a local picture, with simple central force
constant is appropriate. Indeed, for H on some close
packed surfaces, e.g. , Ni(100) and Ni(111), it has been sug-
gested that the vibrational spectrum could be dominated
by quantum effects. However, the fact that the W(100)
surface is an o en lattice which gets polarized by the H at
low coverage, ' and displays vibrational modes which can
be assigned to a well-defined adsorption site (point-group
symmetry), supports the nonquantum localized picture.
Furthermore, at saturation coverage, the modes keep their
respective assignment and the symmetric stretch broadens,
instead of the expected sharpening if delocalization were
important.

Since H is adsorbed at a bridge site at all coverages,
there are three nondegenerate vibrational modes charac-
terizing the W2H complex: the symmetric stretch (v~),
the asymmetric stretch (v3), and the out of plane bend or
wag (v2). For a symmetric dimer (not tilted), symmetry
considerations dictate that, of the fundamental modes,
only the symmetric stretch is infrared active. However,
the overtones of the totally symmetric wag and asym-
metric stretch are also allowed and may be detected under
favorable conditions. The general consensus in the litera-
ture is that the frequency of the v& mode increases as the
%-%' dimer distance decreases. There is, however, some
controversy as to the behavior of the asymmetric stretch
which we first discuss.

At saturation coverage, recent high-resolution EELS
(Ref. 41) and ir (Ref. 47) data have suggested that the
mode at —1280 cm ' (160 meV), originally assigned to
the asymmetric stretch (Refs. 38 and 39), is in fact the
overtone of the wagging mode (Ref. 48), located at -645
cm ' (80 meV). The asymmetric mode appears to be
resolved at -950 cm ' (118 meV). ' For the low-
coverage phase, however, the early assignment of Barnes
and Willis' for the asymmetric stretch at —1010 cm
(125 meV) seems unambiguous. The intensity of this
mode is stronger than that of the v2 mode at -480 cm
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(60 meV) and does not occur at twice the frequency. It
cannot therefore be the overtone of the wagging mode.
Furthermore, the 1010 cm ' (125 meV) loss is sufficiently
removed from the v& loss at saturation (132 meV) and
displays enough nondipole, impact character that it can-
not be assigned to the v& mode on relaxed % domains at
that coverage.

If the asymmetric stretch indeed varies from —1010
cm ' for the low coverage to -950 cm ' for the high-
saturation phases then the accepted picture of a signifi-
cant change in the %2H bond angle between the two
phases does not account for this new data. This picture is
based on the assumption that simple W-H force constants
(central forces only) can account for all three normal
modes. Such an assumption may be inappropriate for an
H at a bridge site for which the symmetric stretch is cou-
pled to first order with bond-bending forces, while the
asymmetric stretch is not. As a result, a stronger restor-
ing force could be expected for the symmetric stretch than
for the asymmetric stretch. However, very recent self-
consistent slab calculations, ' which reproduce well the vi-
brational frequency of the vi and vi mode at saturation
coverage, find that the asymmetric stretch v3 is located
around 1300 cm '. These calculations therefore support
the simple central force picture for H on W(100).

For the purpose of interpreting the present ir data of
the low-coverage mixed phases, it is sufficient to note that
the asymmetric stretch mode cannot be detected at low
coverage, i.e., there is no detectable absorption in the
range 900 to 1030 cm ' for 8 &0.6. Furthermore, since
the surface is unreconstructed at saturation coverage the
asymmetric stretch is ir forbidden by symmetry. In the
region of intermediate coverage, however, it is not possible
to rule out a possible v3 absorption in the 1100 to 1200
cm range arising from the presence of tilted di-
mers. However, up to 6=0.6 the linearity of absor-
bance versus exposure (Fig. 8) suggests that any v& absorp-
tion is negligible.

The weak absorption around 1100 cm ' at low cover-
age (8 &0.6) is assigned to the symmetric stretch associ-
ated with %2H in relaxed domains since it cannot be the
overtone of the wagging mode or the asymmetric
stretch. ' %e note, in particular that, since the v3 mode is
not detectable in this range, it is unlikely that a large tilt-
ing of the W2H complex occurs until the surface is well

into the two-dimensional disordered phase characterized
by a streaked ( —,, —, ) LEED spot. The infrared measure-

ments can therefore be used, for 8 & 0.6, to obtain
structural information on the W local reconstruction. In
the 1100-cm ' region, the absorption is associated with
the symmetric stretch of H adsorbed on unreconstructed
(relaxed) W. In the 1250- to 1300-cm ' region, the ab-
sorption is associated with the symmetric stretch of H on
pinched %.

B. Lour coverage (8(0.3)

The only vibrational spectroscopic data available so
far have indicated that there was no frequency variation
of the v& mode from 6=0.15 to 8=0.35. And yet,
several theoretical modelings of the low-coverage region

includin the symmetry switching and the commensurate
(v 2)& 2)R45' phase have predicted an increase in fre-
quency with coverage. ' The ir data presented in Fig. 5
are therefore particularly important in understanding the
nature of the low-coverage phase.

Roelofs and Ying have treated the H covered sur-
face by combining a lattice-dynamic calculation for the
clean W surface and a H lattice gas, performed within the
mean-field approximation. This approach is particularly
accurate for the low-coverage limit since it is based on an
expansion in e. The model can reproduce the phase dia-
gram determined by LEED studies, ' thus making it pos-
sible to determine some of the interaction constants by us-

ing the experimentally determined dependence on tem-
perature of the transition temperatures. In particular,
they find that the energy difference between distortions
along the (ll) and (10) directions is 3 meV/atom in
favor of the former for the clean surface. Furthermore,
they find that the force representing the H-W interaction
with respect to a motion parallel to the surface is 0.2
eV/A. As a result, they can account for the switch in
symmetry of the long-range distortion at a low coverage.

Using a purely phenomenological approach based on
the computation of the Ginzburg-Landau free energy for
the clean surface and the introduction of a dominant H-W
interaction through perturbation theory, Inaoka and
Yoshimori have determined the interaction parameters
by fitting the thermal desorption data. Using the same
parameters they then calculated the frequency dependence
on coverage of the vt mode. Defining v„ the v, fre-
quency at 8=0.3, v;„i„,d the vi frequency at very low
coverage (8=0.04), and v„„„„,„„

the vi frequency at
6=2, they find that

( + comm + isolated ) /( + comm + unreconst )

which is a factor of 2 larger than what the present mea-
surements give.

A local microscopic picture, as pointed out by Heine,
would require that an isolated H atom, upon adsorption at
a bridge site, pinch a pair of W atoms in the (10) direc-
tion. Since a displacement along the (10) direction
characterizes the very stable pinched phase
(V 2)& V 2)R 45' at 8=0.3, it is expected that the same lo-
cal displacement will exist at very low coverages (isolated
H limit). While the clean surface features a (11) dis-
placement mostly due to the position of the second layer
% atoms, the lowering in energy associated with H pinch-
ing the W atoms along the (10) direction must be larger
than =3 meV.

The increase of frequency of the vt mode observed in
Fig. 5 was therefore predicted qualitatively by the above
theories. The picture which emerges is that the H polar-
izes locally the W along the (10) direction. The vibra-
tional frequency depends on the amplitude of displace-
ment, which itself is a function of the coverage. There-
fore, in order to use the ir results of Fig. 4 to gain quan. ti-
tati Ue information about interaction parameters, a
knowledge of the % displacements is required.

As discussed in Sec. VA, interpretation of the EELS
data based on comparison of the ratio v„z /vs& m (within
a simple central force constant framework) with that for
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bridge metal hydrides' ' ' may not be relied on to ob-

tain accurate quantitative geometrical information. The
most direct experiment to date which gives quantitative
information on the lateral displacement is high-energy ion
backscattering-channeling. ' " Although an energy

dependence of the data for the ( &2 X v'2 )R 45' H-

stabilized surface was not performed, the value of the
surface peak intensity for that phase combined with the

energy dependence analysis of the clean W(100) surface
indicates that half of the surface W atom is displaced by
=0.2 A.

Early LEED I-V data analysis suggested that the la-

teral motion of the W atoms could be between 0.15 and

0.3 A, both for the clean surface and the H-covered
c(2X2) surface. We note that an upper limit on the W
displacement can be set by requiring that the % atoms
along the (10) direction be no closer than the nearest-

neighbor bulk distance, d =2.74 A. For a symmetrical W
motion, the displacement should therefore be less or equal
to 0.21 A.

The ir data presented here suggest that a determination
of the lateral displacement using Rutherford backscatter-
ing (RBS) may be quite difficult because the surface is not
homogeneous: at very low coverages, the local % distor-
tion in the immediate vicinity of the H atom is along the
(10) direction while large portions of the surface retain
the (11) displacement arrangement. Then as early as
8=0.31, a small portion of the surface is in a "relaxed"
unreconstructed configuration, evidenced by the vi contri-
bution at 1070 cm in Fig. 4 (8=0.31). If indeed the
clean surface reconstruction does not involve displacement
of a full monolayer then no noticeable changes in the
value of surface peak intensity would be expected as H is
adsorbed, even if locally bath W atoms are pinched symme
trically about H by as much as 0.21 A. Thus, at no cover-
age can ion scattering detect a full monolayer of W atoms
displayed by the same amount. Therefore, since a lower
limit on the displacement was set at 0.2 A (600-keV ions
data), it is reasonable to assume that the local rearrange-
ment of each pinched W at low coverage (8=0.3) is
=0.2 A.

Assuming that the frequency of the vi mode is propor-
tional to the W-% dimer distance, we can use the
present data to estimate the lateral % motion occurring in
going from the isolated H limit to the commensurate
(i/2X v 2)R 45' domain. From the frequency correspond-
ing to the unreconstructed saturation phase (1070 cm ')
and the fully reconstructed phase (1300 cm '), we deduce
that, in the isolated case (v=1260 cm '), the W dimer
length is 0.07 A larger than at 8=0.3. That is, an isolat-
ed H will polarize each neighboring % atom by =0.16 A
from their unreconstructed position instead of 0.2 A at
8=0.3.

Combining the estimates of the change in dimer length
given above and that of the polarizing force associated
with a parallel motion derived by Roelofs and Ying, an
estimate of the energy associated with the change in the
local distortion around an isolated H (8 &0.1) can be ob-
tained. That energy is: 0.2 eV/AX0. 035 A=7 meV.

Thus, within the above stated assumptions, the energy
associated with the strain field around an isolated pinched

WiH moiety on the W(100) surface can be estimated from
the measured frequency shift. The associated energy can
be used directly to determine the change in the coverage
dependent activation energy in the low-coverage region
and to check it against the absolute estimates obtained
from the fitting of thermal-desorption experiments. We
also note that 7 rneV corresponds to an energy close to
that associated with the change in ir transition ( = 5 meV).
Such information will be useful when the details of the
potential well for the reconstructed surface are uncovered

by self-consistent slab calculations.

C. The incommensurate phase (0.3 &8 g 0.5)

As first worked out by Fujiwara and later generalized
by Houston and Parks, continuous LEED beam splitting
arises when the mean in the distribution of domain size
changes continuously as a function of some parameters,
e.g., coverage, and the domains are in registry with the
underlying lattice. The resulting phase is called incorn-
mensurate because the modulation wavelength of the
domain size in general incommensurate with the lattice.

The modulation wavelength and the width of the distri-
bution can be obtained from LEED. However, LEED
does not give any information on the nature of the boun-

dary region (wall) between the reconstructed domains.
Such information is critical to decipher between various
mechanisms proposed to explain the transition to an in-
commensurate phase.

Fasolino et al. ' have proposed that the incommensu-
rate phase arises from the coupling of two vibrational
modes, one perpendicular to and the other in the plane of
the surface. Such a coupling would be maximum at the
boundary between domains and represents a special case
of the general mechanism proposed by Heine and McDon-
nel for the incommensurate phase in ferroelectrics. The
incommensurate state is represented by a sinusoidal state
with a single incommensurate wave vector, leading to a
mode distribution of local arrangements and no sharp
boundaries between the domains.

Ying and Hu have shown that such a sinusoidal varia-
tion overestimates the energy of the incommensurate state
and leads to a first-order C~I transition. ' Using a mi-
croscopic lattice-dynamic Hamiltonian approach, they de-
rived a "soliton" Hamiltonian which described the incom-
mensurate phase, not by a sinusoidal displacement of a
single incommensurate wave vector, but rather by a
periodic structure of antiphase domain walls (solitons)
separating commensurate regions. Such soliton models
account well for the transitions in physisorption systems
and transition-metal dichalcogenides, and had been sug-
gested by Willis for the H/W(100) system.

More recently, Heine has suggested that a "split soli-
ton*' picture, in which the reconstructed domains are
separated by a finite and well-defined unreconstructed re-
gion (plateau) need to be invoked to account for the in-
frared data. In both the Willis and Heine model, the H
atoms are thought to adsorb preferentially on the recon-
structed domains (higher binding energy) and only fill the
less reconstructed (more relaxed) wall regions after the
domains are full.

The data shown in Fig. 4 for 8=0.31 and a quantita-
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tive analysis of the area under v'i for the data of Fig. 6
show that H on unreconstructed, relaxed W (v, =1100
cm ') can be detected before the integrated intensity
under v'& starts to decrease (8=0.41). Although careful
thermal-desorption studies' have shown that the binding
energy of H on unreconstructed W sites ( E= 17
KCal/mole) is smaller than that of H on reconstructed W
sites (E=40 KCal/mole), the situation in the incommens-
urate phase appears more complex. The wall regions,
which are believed to be mostly unreconstructed, can ac-
commodate H atoms before the c (2 X 2) domains are sa-
turated at room temperature.

A direct result of the data, irrespective of the local
binding energy of H at domain walls, is the fact that these
domain-wall areas have a finite width. Antiphase
domains with zero-width domain walls, schematically il-
lustrated by Barker and Estrup, ' can be ruled out. Al-
though the width of the domain walls is expected to in-
crease with coverage, the data cannot give a quantitative
estimate of a width change. However, the total area occu-
pied by the reconstructed domains decreases as the number
of domains and domain walls increases, as expected in
ihe soliton picture.

As the domain size decreases, v'i and v~ shift and
broaden toward high and low frequency, respectively
(Figs. 6 and 7), indicating that the modulation of the W
displacement is increased. By the time the split spots
streak [Fig. 7(e)], v i continues to shift down in frequency
without further broadening. Hence, if the broadening is
associated with %-% dimer length modulation, then the
formation of smaller domains along the perpendicular
direction (i.e., domain walls are parallel to the W-W dimer
direction) as evidenced by the direction of the streaking
does not affect the ir linewidths. This observation is con-
sistent with a model where the domain walls are first per-
pendicular to the substrate atom displacements. In con-
trast, the streaking which is induced by steps occurs along
the same direction as that induced by higher coverages of
hydrogen, which indicates that the step edges are parallel
to the substrate atom displacements as suggested by Estr-
up ' and %'endelken.

VI. CONCLUSIONS

This high-resolution vibrational study of the symmetric
stretch mode (vi) of H on W(100) at sub-saturation cover-
ages (0.04 & 8 & 2) has shown that (a) v, undergoes a con-

tinuous frequency shift with coverage as the commensu-
rate (&2X v 2)R 45' phase is formed (8=0.3) and (b) the
incommensurate phase is characterized by a domain struc-
ture with (v 2&&v 2)845' symmetry separated by finite
size domain wall areas. This information, which was not
available from previous EELS studies, makes it possible
to eliminate some of the proposed models and to support
some of the predictions for this system.

The continuous shift at low coverages (8 &0.3) quanti-
tatively support the calculations of Roelofs and Ying, and
are qualitatively consistent with the calculation of Inaoka
and Yoshimori and of Heine. The evidence for distinct
domains with finite-size domain walls clearly rule out a
sinusoidal modulation of the top-layer W displacements.
It also rules out the formation of antiphase domains with

sharp boundaries. Rather, it indicates that an intermedi-
ate picture, such as that described by the soliton or split
sohton model, best accounts for the data.

Furthermore, the signal-to-noise ratio of these infrared
experiments has made it possible to show that the adsorp-
tion energy for H on "unreconstructed" W at the domain
walls is comparable with that of H on "pinched" W in the
low-coverage regime. This knowledge, combined with the
accurate measurements of frequency shifts at low cover-
ages is complementary information to thermal-desorption
studies and is critical to test the various phenomenological
models.

Similar high-resolution studies over a wide range of
temperatures are clearly needed to understand the phase
transitions, particularly the C~I (~2X v 2) transition.
At present, such studies are difficult because the reflec-
tivity variations with temperature cannot be well ratioed
out, due to thermal drifts in the sample manipulator.
However, the signal-to-noise ratio (S/E & 10 ) obtained
within short times ( =3 min) over a wide frequency range
(650 to 5000 cm ') clearly shows the versatility of surface
infrared spectroscopy for the high resolution -vibrational
studies of adsorbates on metal surfaces. ~6
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