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The first high-resolution observation of the v; vibrational mode of H chemisorbed on
W(100) at saturation coverage has been obtained by surface electromagnetic wave spec-

troscopy.

PACS numbers: 68.30.+z, 78.30.Er

Vibrational modes of H on W(100) have recently
been detected by high-resolution electron energy-
loss spectroscopy (ELS).'”* In both the low-cover-
age 3, phase and the high-coverage 8, phase hy-
drogen atoms are situated on bridge positions.®
At low coverage, 6 <0.5, the W atoms are recon-
structed along the (11) direction and the H atoms
are located above the two closest W atoms. The
normal mode perpendicular to the surface has a
vibrational frequency centered near 155 meV
(1250 cm™!). As the coverage increases towards
saturation, 6 =2, the hydrogen induces the sur-
face W atoms back into registry with the bulk lat-
tice, the bridge angle increases, and the center
frequency of the normal mode decreases to about
130 meV (1050 ecm™!). Two high-resolution ELS
experiments'’ 2 have resolved the vibrational line
widths at both coverages. More precisely, Adnot
and Carette® find a vibrational width of 7.5 meV
(60 cm™!) for the 155-meV mode and a width of
14.7 meV (118 em™!) for the 130-meV mode.

In this Letter we describe the first high-reso-
lution IR measurement of the v, mode of hydrogen
on W(100) at saturation coverage. A surface elec-
tromagnetic wave (SEW) spectroscopic technique
incorporating a CO, tunable laser has been devel-
oped to obtain the required surface sensitivity.
At room. temperature the vibrational mode occurs
at 1046 cm™! with a full width at one-half maxi-
mum absorption of 14 ecm™!, a width which is al-
most an order of magnitude smaller than that re-
ported in the ELS measurements. The apparent
contradiction between the two experiments may
be resolved if strong coupling between the v, vi-
brational mode and surface phonons is involved.

The optical arrangement in our SEW experi-
ment is shown in Fig. 1(a) and described in the
caption. The coupling of the SEW to the crystal
is shown in more detail in Fig. 1(b). This UHV-
compatible geometry combines features from
both a recently developed edge-coupling geome-
try® and the traditional two-prism geometry.®
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The coupling depends on the gap, d, between the
W (100) and the gold film. After probing 1.3 cm
of the W(100) surface, the SEW is decoupled and
focused by a short focal length lens (L,) onto a
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FIG. 1. (a) Schematic drawing of the infrared optics.
The CO, beam is chopped at f; and is polarized. WP
is a zero-order wave plate allowing the polarization
to be rotated. L, and L, are lenses. BS is a beam
splitter. P is a polarizer rotating at a frequency f,.
(b) Schematic drawing of the window assembly and
sample holder. F is a thoriated W filament for elec-
tron bombardment of the sample. M is one of the four
micrometers, allowing fine positioning of the window
with respect to the W(100).
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pyroelectric detector, as shown in Fig. 1(a). The
measurements consist of determining both the
change in SEW transmission, AI, and the trans-
mission, I. In order to eliminate both the laser
intensity and spatial drifts (affecting the coupling),
and to enhance the Al measurement, we use an
optical-bridge technique. When the W crystal is
close to the gold film, we rotate the incoming
polarization from a purely TM polarized beam to
a mixture of TM and TE so that TE waveguide
modes are also launched between the gold and
tungsten, in addition to the TM-SEW mode. Some
of this TE radiation is scattered at the gold-film
output edge through the polarizer (P) to the de-
tector. By adjusting the polarization angle, the
TE signal, which does not interact with the chemi-
sorbed hydrogen, can be made the same size as
the TM-SEW signal which does interact. The out-
put of lock-in No. 2, tuned at 2f,, is thus nulled
and the sensitivity to small AJ is increased. Lock-
in No. 1, tuned atf,, records Ity +Itg =21y

since the two intensities are balanced.

The W(100) crystal was spark cut and electro-
polished and then mounted on a Huntington linear-
motion feedthrough which had a resolution of 25
um. The precise adjusting of the window-sample
spacing was done with four micrometers as shown
in Fig. 2(b). By monitoring the reflection of a He-
Ne laser beam both from the sample and from the
window, the gold film could be adjusted parallel
to the sample to within an infrared wavelength.
The gap spacing for optimum signal to noise was
found to be 75 um.

The UHV chamber is pumped by both a 220-liter
triode ion pump and a titanium sublimator with a
liquid N, shield. The working base pressure is
typically 1.5X10"'° Torr with H,, He, and CH,
as principal contaminants. The CO partial pres-
sure was kept below 2x10™'° Torr during H, expo-
sure.

The sample cleaning procedure consisted of 30-
min periods of electron bombardment of the sam-
ple at 1200 °C in about 8x10™8 Torr O,, separated
by flashes at 2000 °K at 3x107'° Torr. The typi-
cal integrated baking time in O, was 6 to 10 h.
Although our chamber was not equipped with an
Auger system we used a crystal cut from the
same boule as used by Wojcik et al.,” who estab-
lished with Auger spectroscopy that the above de-
scribed cleaning procedure was more than ade-
quate.

Our Apollo CO, laser covers four different fre-
quency regions®: 925-955, 970-985, 1037-1054,
and 1070-1082 cm™!, with a line approximately at

every 2 cm™'. No hydrogen-induced absorption

was observed for either of the two lower-frequen-
cy branches. In Fig. 2 we show the induced ab-
sorption associated with a saturation coverage of
hydrogen. The absorption occurs almost entirely
in the third laser branch. (Note the discontinuous
horizontal axis.) These data can be fitted equally
well by a Lorentzian peak at 1046 cm™! with a

full width at half maximum (FWHM) of 14 cm™! or
by a Gaussian with 20 =11 cm™! as shown in Fig. 2.

To obtain the effective charge, e*, of this v,
mode we use the optical sum rule® and find e *
=0.038+ 0.01 (SEW). This value is in reasonable
agreement with the effective charge as calculated
from ELS measurements,'® namely, e*=~0.04
(ELS). Both experimental techniques give the
same effective charge for the vibrational mode,
although the linewidths are very different. This
result is to be contrasted with the measurements
of CO on Pt(111) where both IR and ELS give the
same linewidth.! The difference for hydrogen on
tungsten is illustrated in Fig. 3. The solid curve
labeled IR is a Gaussian fit to our data and the
solid points represent the measured spectrum
from the ELS measurement.?

We now show that the apparent linewidth dis-
crepancy can be resolved by invoking dynamical
coupling between the hydrogen and the surface
tungsten atoms. Since a saturation coverage of
hydrogen does indeed produce a static rearrange-
ment of the surface atoms, such a coupling is
reasonable. Linear coupling between the hydro-
gen vibration and surface phonons would produce
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FIG. 2. The hydrogen-induced SEW absorptivity
AI/I on W(100) at saturation coverage vs frequency.
Note the discontinuous frequency scale. The solid
line is the Lorentzian fit and the dashed line the Gaus-
sian fit described in the text.
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a characteristic spectrum made up of a sharp zero-surface-phonon transition at v,, with an additional
broad surface-phonon sideband at higher frequencies corresponding to one—surface-phonon absorption
(An =+1) and another band at lower frequencies corresponding to one—surface-phonon emission (An
=—1). The absorption coefficient of this band can be written as'?

Ailn(w) +1] B
(C 2M*Qw

a(w)~wdw-2,) +§)I(X,l)|2 3

B

)26(w—91—w,)

)71 2
Do (- B s -0, ), <1>

where the first term represents the zero-phonon
v, mode, the second term the Az =+1 phonon side-
band, and the third term the An =—1 sideband. In
Eq. (1), w is the radiation frequency; €, is the lo-
calized vibrational mode with effective mass M *;
| (x,1)|? is a coefficient describing the projection
of the configurational coordinate onto the surface
phonon coordinate ¢g; with frequencies w;; C is the
coefficient for second-order dipole coupling; and
B is the coefficient for anharmonic coupling.
Unfortunately, the absorption coefficient of the
sideband as reflected in the ELS measurement
(Fig. 3) is too small to be detected with our cur-
rent SEW sensitivity, and so we have combined
the two sets of data in Fig. 3 to extract the side-
band information. Firstly, the resolved (SEW)
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FIG. 3. The v vibrational band as observed by SEW
and ELS. Curve IR is the measured SEW absorption
line and curve C the same line convoluted with the
ELS resolution function. The lines D, and D. are ob-
tained by subtracting the convoluted IR line (C) from
ELS raw data. Line A is the difference sideband ob-
tained from D, for the case of a dominant anharmonic
coupling, i.e., with Eq. (2), while B is calculated for
the case of a dominant second-order dipole moment
coupling, i.e., with Eq. (3).
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lzero-phonon line is convolved with the ELS instru-
mental resolution to get the dotted curve C in Fig.
3; next, curve C is subtracted from the ELS spec-
trum to obtain the sum band spectrum D,. The
spectral information is contained in the solid
curve (IR) and the constructed sideband curves

(D, and D.). We propose that both ELS and SEW
would show the same spectrum if (a) ELS were
better resolved and (b) SEW had a better signal-
to-noise ratio, and that this spectrum would then
look like D. plus IR plus D,. It is important to
realize that D, and D. will not narrow when the
resolution is increased.

To check for consistency we next examine the
difference-band spectrum (D.). If the anharmonic
coupling dominates, B/2M*Q ,w > C, then for each
w; the ratio of the intensity in the An =+1 sideband
to that in the An =—1 sideband is

a(An =+1) nw)+1 /9, —w;\?
a@n==1|, 0wy <91+wf>’ @

while if the second-order dipole moment domi-
nates then the ratio becomes

a(An =+1)
a(An=-1)

_nlw;) +1
o n((’ul) . ®3)

The calculated difference-band spectrum as repre-
sented by each of these expressions is given in
Fig. 3. Satisfactory agreement with the experi-
mental difference band is obtained with the anhar-
monic coupling.

This dynamical coupling model also provides a
natural explanation of the sharper transition ob-
served in ELS at low H coverage. The experimen-
tal evidence is that the reconstructed surface of
tungsten has a W-H-W bond angle of 89° while the
high-coverage 8, phase has a bond angle of 108°.®
A simple geometric argument would suggest that
the coupling between the surface motion and the
perpendicular vibration will decrease as the bond
angle decreases. Weak static coupling implies
weak dynamic coupling, and most of the intensity
would remain in the zero-phonon transition.
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With improved sensitivity future high-resolu-
tion spectroscopic studies of both the zero-phonon
line and its sidebands for a saturation coverage
of H on W should provide additional information
on the coupling between the two systems.”® Tem-
perature~-dependent studies of the zero-phonon
line will probe both the linear and quadratic coup-
ling to the surface phonons; whereas for coupling
of the hydrogen to two-dimensional modes, the
linewidth should still vary as T2 at high tempera-
tures, below the Debye temperature it should
vary as TS. Additional information on the density
of surface states should be contained in a detailed
study of the sideband spectrum.'?
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