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Collective vibrations of the clean and hydrogen-saturated W (110) surface have been investigated with
high-resolution inelastic helium-atom scattering. In contrast to the clean W(110) surface which exhibits
“normal” surface phonon dispersion, the hydrogen-saturated surface shows a pronounced surface phonon
anomaly in terms of a sharply defined dip in the surface phonon dispersion at 9 =09 A ~' along the TH
(lo01]) direction. The anomalous behavior extends into the neighborhood of this high-symmetry direc-

tion.
PACS numbers: 79.20.Rf, 63.20.—¢, 68.35.—p

Hydrogen adsorption on metal surfaces leads to a great
variety of surface structures and adsorbate-induced
reconstructions [1], and powerful theoretical techniques
have been developed to study the dynamics of these hy-
drogen phases [2]. As a common rule, chemisorbed hy-
drogen renders densely packed metal surfaces chemically
inert and dynamically stable at saturation coverage.
Such a behavior indicates that all broken bonds become
saturated upon hydrogen adsorption. In this Letter we
report on a spectacular exception to this rule: For the
first time a strong surface phonon anomaly has been
detected which is brought about by saturating a metal
surface with chemisorbed hydrogen. The anomaly con-
sists of a sharply defined soft elementary excitation at an
incommensurate wave vector.

Extensive studies of clean and hydrogen-covered
W (110) surfaces have previously been undertaken [3-6].
In particular, the phase diagram with respect to H ad-
sorption is well known [7]. From electron-energy-loss
spectroscopy measurements [8] it was concluded that the
hydrogen atom is bonded in the long bridge site above the
hourglass-shaped hole between the tungsten atoms in the
surface layer. In recent LEED studies [9] a loss of sym-
metry in the diffraction pattern was observed for hydro-
gen coverages exceeding half a monolayer. This asym-
metry has been interpreted by Chung, Ying, and Estrup
[9] as being due to an adsorbate-induced shift of all
tungsten atoms in the topmost layer along the (001)
direction. Even though such a reconstruction leads to a
(1x1) superstructure it changes the environment of the
tungsten atoms in the surface and should bear on the sur-
face lattice dynamics.

The present measurements were performed in a helium
scattering apparatus [10] suited for elastic and inelastic
(time-of-flight) measurements. The 5x10x1-mm’
tungsten crystal specimen was prepared using standard
techniques [11], kept in ultrahigh vacuum, and character-
ized with LEED and Auger electron spectroscopy (AES).
After cleaning, the carbon AES signal was below the
detection limit of the analyzer.

Elastic helium scattering from the clean W(110) sur-
face along the [001], the [170], and the [111] directions
in the surface yields sharp reflections with weak dif-
fracted intensities typical for weakly corrugated and
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well-ordered, closely packed metal surfaces [12]. An
analysis of the inelastic He scattering data reveals the ex-
istence of two phonon branches in each one of the high-
symmetry directions, [001], [1T0], and [111], as shown in
Fig. 1. Comparing the slopes of measured surface pho-
non dispersion curves with those of the appropriate bulk
phonon dispersion curves [13] close to T allows the deter-
mination of the basic polarizations of these surface
modes. Thus we can identify the mode at lower energies
as the transversally polarized Rayleigh mode and the oth-
er mode as a longitudinally polarized surface resonance.
Because of the small surface corrugation along T'H the
phonon inelastic signal decreases dramatically towards
the surface Brillouin-zone boundary [14]. Therefore the
dispersion curves in the [110] direction could only be
detected in the first # of the surface Brillouin zone.

The dispersion curves (Fig. 1) show an almost regular
behavior of the surface lattice dynamics, similar to that
observed on many clean metal surfaces [15]. Aside from
small kinks in the high-energy branch, in need of experi-
mental verification, no anomalies or pronounced tempera-
ture dependence in the range between 200 and 1000 K
could be detected. Photoemission data for the clean
W(110) surface reveal that the two-dimensional Fermi
surface exhibits parallel sections separated by Q.=0.3
A ~"in the [110] direction [16]. This *“nesting” can give
rise to an enhanced electron-phonon coupling. The re-
sulting Kohn anomaly manifests itself in a lowering of the
phonon frequency at the wave vector Q.. Even though
such an effect appears to be favored by the kinematics,
the measured phonon dispersion curves for the clean
W (110) surface do not show any related signatures.

With hydrogen exposure at low surface temperatures
(200 K) the hydrogen superstructures, known from ear-
lier LEED investigations [7], are reproduced in the heli-
um diffraction patterns. Prolonged hydrogen exposure
leads to a decrease of the superstructure peak intensities
and at an exposure of 10 L H, [1 L (langmuir)=10"°
Torrs] the (1x1) periodicity of the clean surface is re-
stored. At this stage saturation coverage is reached and,
according to Ref. [9], the surface is reconstructed. The
influence of H saturation on the surface phonon disper-
sion curves is shown in Fig. 2. For the sake of compar-
ison the clean-surface data are included and sketched as

© 1992 The American Physical Society



VOLUME 68, NUMBER 18 PHYSICAL REVIEW LETTERS 4 MAY 1992
i N r N
20 [ T T T T T ] 20 [ T T T T 1 T ]
Fr1901 /L /T ] - [110] et
15 E_ . “/.’ . _E 15 [_—_ .:-/'///. . .——- _:
C W/ . ] C :;/ 0}-" ]
10 ':/. . 0r )R B
E e ] e ]
Eln j) ] 5 E //-7: ]
- /; ] 4 L
:,'é [110] 1 L —={110]4
0 T 0 TS T N N B
0 02 04 06 08 10 12 14 0 02 04 06 08 10 12 14
S . - S -
o i H ® _f H
E 20r T T E T T T T 1]
3 : [001] . ] 3 [001] ) ]
= 5| " . AC 15F - .
> ; ] >~ r T
o - . o ot RO P «
o 10 / k n o 10¢ /' v ]
N 5 T /A A
sk /s . Ely ,/fv" - ]
] i & ]
< A ] s X ¢ ]
g 0 T S S L1 1] g 0 N R N N N B B
< 0 02 04 06 08 10 12 14 c 002040608 10 12 1.4
o a
r
T 0T T T T 7T
b r(111] -
- F -
] 15+ 7]
] : o ““% 1
] - s, ~
- 0r : ks
. ] : 3 ]
. o ..c A
: 1 [ A ]
L L1 E 0 :5‘. PP S —— 1
Y 02 020808 10 12 0 02040608 10 12
Wavevector Q@ ( A7) Wavevector Q ( A)
FIG. 1. Surface phonon dispersion curves of the clean FIG. 2. Surface phonon dispersion of the hydrogen-saturated

W (110) surface along the three high-symmetry directions indi-
cated in each panel. The solid lines represent the slope of the
lower edges of the surface-projected longitudinal (L) and trans-
verse (T) bulk phonon bands at T".

dashed lines. Along the [110] direction, in which the
shift of the top-layer tungsten atoms is supposed to occur,
merely a “hardening” of both surface phonon modes is
observed. Such an increase in phonon frequencies on H
adsorption is well known from other metal surfaces, e.g.,
W (001) [17]. In the latter case it is due to the fact that
on the time scale of the surface vibrations the bridge-
bonded hydrogen atoms, because of their comparatively
small mass, follow the motion of the substrate atoms adi-
abatically and merely contribute additional interatomic
forces in the first layer. The result is a “stiffening” of the
force constants within the surface layer.

W(110)(1 x1)H surface along the three high-symmetry direc-
tions indicated in each panel. The top panel also contains a
sketch of the H adsorption site after the hydrogen-induced
reconstruction, as suggested by Chung, Ying, and Estrup [9].
Dashed lines indicate phonon dispersion curves of the clean sur-
face.

A dramatic change in the surface phonon dispersion
curves takes place in the [001] direction which is perpen-
dicular to the proposed top-layer shift. In contrast to
W (100) where the phonon hardening is isotropic on the
surface, the frequencies of both phonon branches for
0=0.6 A7! seem to be unchanged by the presence of
adatoms along [001]. However, for larger wave vectors
dramatic deviations from the clean-surface results are ob-
served and the phonon frequency of the low-energy
branch is drastically lowered at a wave vector Q =0.9
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A 7' as shown in Fig. 2. At surface temperatures below
250 K the phonon energy is reduced to less than 1 meV.
The sharp dip in the phonon dispersion curve remains
when the crystal is rotated about its surface normal and is
observed for azimuthal orientations between [001] and
[1T1] as shown in Fig. 3. The phonon energy at the
center of this dip increases continuously with increasing
deviation from the TH direction. The half-width of the
dip in the (Q) surface perpendicular to the [001] direc-
tion amounts to about 0.5 A !, which is twice the width
found along [001]. An interesting feature of the anomaly
is that on rotating the sample out of the [001] azimuth,
the wave vector at which the anomaly occurs shifts to-
wards higher values, but the component of the anomalous
phonon wave vector parallel to [001] remains constant
(cf. Fig. 3).

The anomaly discussed here is a feature specific to the
hydrogen-saturated phase: Surface phonons on the
tungsten substrate for the p(2x1) and the p(2x2) hy-
drogen phases display smooth dispersion curves and back-
folding due to the reduced sizes of the superstructure
Brillouin zones [12]. The unexpected discovery of this
pronounced phonon anomaly on (1x1)H/W(110) ren-
ders a number of puzzling problems.

Anomalies of such a sharpness have been observed in
the bulk phonon dispersion of certain quasi-one-
dimensional conductors (e.g., KCP [18]) which are prone
to a strong coupling between the quasi-one-dimensional
electron gas and the vibrational lattice excitations giving
rise to so-called giant Kohn anomalies. The observation
of soft phonon wave vectors Q. in the surface plane which
are characterized by a constant component in one direc-
tion gives a clue to the presence of quasi-one-dimensional
effects. One could thus conclude that the observed anom-
aly on H/W(110) is of the above type.

Not perfectly in agreement with this interpretation is
the fact that the anomaly seems to affect the Rayleigh
wave which is a predominantly transverse mode, polar-

T [001]

A4
N '/mn

FIG. 3. Upper half of the surface Brillouin zone for W(110)
which is symmetrical with respect to the line connecting the N
points. The crosses mark the position of the anomaly-related
energy minimum in phonon dispersion curves which have been
measured along directions indicated by arrows and the dotted
lines.
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ized perpendicular to the surface. Usually the above
electron-phonon interaction has its strongest influence on
the longitudinal modes, as observed in the systems
W(001) and Mo(001) [19,20]. This difficulty would be
solved if a second mode, at higher energies, and display-
ing the symmetry of the Rayleigh wave, were softened
and would hybridize with the latter one. Such an as-
sumption is compatible with the experimental observation
of a weak second mode in the Q range of the anomaly
(cf. Fig. 2).

An even more interesting interpretation of our phonon
data is based on the fact that electron-phonon coupling
leads to a situation in which, for Q within the interaction
region, electron-hole pair excitations and phonons become
mixed in character. The observed inelastic features in the
He scattering can therefore be partly due to electron-hole
pair excitations in addition to the phonon inelastic in-
teraction. Note that the weak upper “phonon” branch
can be only measured in the Q range of the anomaly
which is consistent with this interpretation.

A very interesting topic is the question of whether such
a pronounced phonon anomaly leads to an instability of
the lattice. At temperatures of about 120 K we have ob-
served weak and broad additional elastic peaks in the
helium-atom diffraction pattern along the [100] direction
that appear for parallel momentum transfers of about
0.88 A ™' (Fig. 4). This value is in good agreement with
the Q value at the minimum in the phonon dispersion
curve along this azimuth. The appearance of the broad
spots can therefore be interpreted as the onset of critical
scattering. In the range of surface temperatures obtain-
able in the present experimental setup, i.e., for 7= 120
K, no sharp superstructure diffraction spots have been
detected that would indicate the condensation of a soft
phonon. If the phonon frequency at Q. would vanish at
all it must therefore occur at temperatures below 120 K.

Intensity (103counts/s)

AK (AM)

FIG. 4. Helium-atom diffraction pattern of the H-saturated
W (110) surface along [001] at temperatures below 200 K. The
peaks at 0.88 A ™', marked by the arrows, indicate the onset of
critical scattering due to the soft phonon. The features at
*+4.0 and +2.0 A~ represent integer-order diffraction spots;
those at —1.5 A ™! contain inelastic intensity enhanced by kine-
matic focusing.
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The most serious difficulty with labeling the observed
behavior a giant Kohn anomaly arises from recent photo-
emission data for the hydrogen-saturated W (110) surface
[16]. The measured two-dimensional Fermi surface pro-
vides a number of parallel sections but none that can be
connected by the appropriate Q.. The photoemission ex-
periments have been performed at room temperature and
it is very possible that saturation coverage had not been
achieved. For the time being this discrepancy is not yet
resolved and might even imply the existence of a novel
type of phonon anomaly [21]. Hence theoretical work is
highly desirable in order to explain the connection be-
tween the symmetry loss of the surface on hydrogen ad-
sorption observed in the LEED pattern and the appear-
ance of the pronounced phonon anomaly discovered in
this work.
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