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High-resolution electron-energy-loss spectra are presented for 3;-H and 8;-D on W(001) for a
variety of scattering geometries and scattering parameters. In addition to previously observed vi-
brational modes of this system corresponding to the symmetric stretch (130 meV), asymmetric
stretch (160 meV), and wag (80 meV) modes, a new mode at 118 meV is observed and character-
ized. Angle-dependent studies of the vibrational peaks establish the dispersion of the hydrogen vi-
brational modes throughout the two-dimensional Brillouin zone. Lattice-dynamical calculations
establish the origin of the 118-meV loss peak: It is found to be the optic version of the symmetric
stretch mode, in which adjacent hydrogen atoms vibrate 180° out of phase.

I. INTRODUCTION

The chemisorption of hydrogen on tungsten surfaces is
one of the most extensively studied systems in surface
science. The tungsten surface is particularly interesting
because of the variety of novel properties it exhibits.!
Upon cooling below room temperature, surface atoms of
clean W(001) displace along ( 110) directions forming al-
ternating zigzag chains which yield a surface unit cell
having ¢ (2X2) symmetry, observed by low-energy elec-
tron diffraction (LEED).>> This reconstruction can be
viewed as the freezing in of the M5 phonon displace-
ment. A saturated chemisorbed layer of hydrogen (3,
phase) stabilizes the surface to (1X 1) symmetry.*> Ex-
tensive structural analysis based on LEED,!=% and MeV
ion scattering,® as well as electron-energy-loss measure-
ments,”® have established the structural model for Bi-H
on W(001), shown in Fig. 1; it is widely accepted and
known as the Estrup-Anderson model. In this model
there are two hydrogen atoms per surface unit cell,
bridge bonded to the surface tungsten atoms.

A second ordered phase of hydrogen on W(001) exists
at lower converges (3, phase). This phase is also charac-
terized by a c(2X2) symmetry but with a different
structure. The [3, phase is accompanied by splitting and
streaking of the LEED pattern as a function of addition-
al hydrogen exposure until the (1X1) B; phase is
formed.*>® Ion scattering experiments® have shown
that the surface tungsten atoms are displaced laterally
from their bulk positions and form surface dimers at low
hydrogen coverage (B, phase). The hydrogen atoms are
bridge bonded over surface dimer pairs. At saturation
hydrogen coverage (B; phase), the surface tungsten
atoms return to registry with the bulk lattice.

The vibrational properties of hydrogen on W(001)
have been extensively investigated wusing electron-
energy-loss spectroscopy (EELS).”%19=12 In the simplest
dynamical model, neighboring hydrogen atoms are as-
sumed to be noninteracting, and based on the symmetry
of both the 3, and (3, phases, three distinct vibrational
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modes of the adsorbed hydrogen atoms are expected to
be observed. In the specific case of the 3, phase, the
three modes are illustrated in Fig. 1. The symmetric
stretch (SS) mode corresponds to vibrational displace-
ment perpendicular to the surface, the asymmetric
stretch (AS) mode corresponds to displacement in the
bridge plane in a direction parallel to the surface, and
the wag mode corresponds to displacement perpendicu-
lar to the bridge plane. Based on symmetry, none of
these modes are expected to be degenerate. Extensive
EELS studies”? of 8;-H and B;-D on W(001) have estab-
lished vibrational excitations associated with hydrogen
at 80, 130, 160, and 260 meV. Original assignments of
these excitation energies to the various modes are indi-
cated in Fig. 1. The 260-meV excitation is double the
energy of the symmetric stretch mode, and is thus as-
signed to an overtone of the 130-meV mode. The early
experimental data on which the above assignments were
made were obtained using energy resolution of approxi-
mately 30 meV full width at half maximum (FWHM).

Aers et al.!! reported a full multiple-scattering calcu-
lation of the energy and angular dependence of the
impact-scattering contribution to EELS spectra for
B1H/W(001). These results stimulated a detailed experi-
mental examination of mechanisms responsible for elec-
tron energy losses from surface vibrations of
BiH/W(001) by Bare et al.'?> These experiments probed
vibrational losses at large angles, both in and out of the
incidence plane. In agreement with the earlier work,®°
these experiments revealed only a single electron loss at
130 meV in specular scattering geometry, while away
from the specular direction, both in an out of the
scattering plane, additional losses at 80 meV (wag mode)
and 160 meV (asymmetric stretch mode) were observed.
Large intensity variations of all three modes were ob-
served in the backscattering directions and out of the in-
cident plane, in general agreement with the theoretical
predictions.!!

More recently we have carried out additional investi-
gations'® of the vibrational properties of 8;H on W(001)

5848 ©1987 The American Physical Society



36 VIBRATIONAL PROPERTIES OF 8,-H AND 3,-DON.. ..

TOP
v(SS) I v(AS)—- v(wag) x
e =
7N S~ 7N
130 meV 160 meV 80 meV

FIG. 1. Schematic representation of S{H/W(001). The lat-
tice constant of tungsten (3.16 A) is taken as 2b for conveni-
ence, and the hydrogen atoms occupy bridge sites at a distance
¢ above the tungsten surface. The radius of the tungsten atoms
is scaled to its atomic radius of 1.37 A, and the hydrogen atom
radius is scaled to its Bohr radius of 0.53 A. The crosses
denote the center of the surface tungsten atoms, and the dia-
monds represent the center of the second layer tungsten atoms.
Lower figures display the vibrational mode assignments for
B1H on W(001).

in an attempt to test certain predictions for large-angle-
scattering selection rules.!>!* Our EELS data were ob-
tained at 7-10 meV energy resolution using a variety of
scattering parameters including conditions under which
LEED beams first emerge from the crystal surface.
These studies revealed a new loss feature at 118 meV for
BiH on W(001). A corresponding vibrational signal at
83 meV was observed for 8,D on W(001), showing the
loss feature to be an intrinsic hydrogen-adsorbate loss
signal.

The incident energy and angle dependence of the 118-
meV peak amplitude suggested that the mode associated
with it is a parallel vibration, and this led us to suggest a
new set of mode assignments for the 8;H vibrational
structure.'”® The 130- and 80-meV mode assignments
remained unchanged [namely, v(SS)=130 meV, 2v(SS)
=260 meV, and v(wag)=80 meV], but we reassigned
v(AS)=118 meV and 2v(wag)=160 meV. Mode assign-
ments for the 8, phase’ of H on W(001) are v(SS)=155
meV, v(AS)=120 meV, and v(wag)=55 meV; i.e.,
v(SS) > v(AS) > v(wag). In addition, previous investiga-
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tors suggested the possibility that the 160-meV mode
could be an overtone of the wag mode.

However there were difficulties with our initial assign-
ment of the 118-meV feature to the asymmetric stretch
mode. The height of adsorbed hydrogen atoms above
the tungsten surface can be accurately estimated based
on the vibrational properties of the adsorbed atoms. As-
suming central-force interactions which yield simple har-
monic motion, it can be shown that tan(la)=v(AS)/
v(SS), where a is the angle subtended by the W-H-W
bridge."”” Using the bulk tungsten lattice constant (3.165
A) and our new mode assignment v(AS)=118 meV, the
hydrogen-tungsten interlayer spacing (c) is estimated to
be c¢=174 A. The original mode assignment
v(AS)=160 meV yields c =1.28 A. LEED I-V measure-
ments'® for B;H on W(001) predict ¢ =1.17 A, and re-
cent total-energy calculations of Weinert et al. 17 yield a
value of ¢ =1.12 A. Similar calculations by Biswas and
Hamann'® yield ¢ =1.07 A. These results cast doubt on
our initial assignment of the 118-meV loss peak to the
asymmetric stretch mode. Also, several properties of the
scattering behavior associated with this new mode (dis-
cussed later) suggest a re-evaluation of its origin.

Agrawal et al.'® have carried out a lattice-dynamical
calculation of the B;H/W(001) system. Their model in-
corporates two-body as well as three-body interactions.
The two-body interactions are considered up to the third
hydrogen-tungsten neighbors, and nearest-neighbor hy-
drogen atoms. However, only the radial two-body forces
are included. This model yields three distinct frequen-
cies (instead of the four that we have observed) at the
center of the two-dimensional surface Brillouin zone,
and the symmetric stretch mode does not exhibit a k
dependence (dispersion) across the two-dimensional Bril-
louin zone, as we have also observed.

In view of the above discussion, it now appears that
the 160, 130, and 80 meV loss features of B;H/W(001)
are due to the asymmetric stretch, symmetric stretch,
and wag modes, respectively, as originally assigned by
Ho et al.® However, the 118-meV feature remains to be
understood. In order to more fully understand the vi-
brational properties of B, H/W(001), in particular the
origin of the 118-meV mode, we have carried out addi-
tional experiments, and have investigated the lattice
dynamical properties of this system in considerable de-
tail.

The two-dimensional unit cell of 3;H/W(001) illustrat-
ed in Fig. 2 contains two hydrogen atoms, and therefore,
in principle, there could be as many as six normal modes
of hydrogen vibrations at each point in the two-
dimensional Brillouin zone. In the noninteracting model
which has been assumed to this point, three doubly de-
generate modes are predicted, but the observation of
four modes clearly suggests that hydrogen-hydrogen in-
teractions are important. Using an exhaustive (16-
parameter) model which incorporates two-body as well
as three-body interactions, we are able to show that at
most four distinct modes exist at the center of the two-
dimensional Brillouin zone. These four modes are the
three modes already described (symmetric stretch, asym-
metric stretch, wag modes) and an “optic”’ mode involv-
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FIG. 2. Two-dimensional Brillouin zone (BZ) for

BiH/W(001) (solid lines), and that for the hydrogen sublattice
(dotted lines). The reciprocal lattice of the hydrogen sublattice
is denoted by filled circles. These points, together with the
open circles constitute the reciprocal lattice of B;H/W(001).
The symmetry points of the BZ for S;H/W(001) are also la-
beled. Note that the corners of the BZ of the hydrogen sublat-
tice fold back onto the center (T°) of the BZ of 8;H/W(001).

ing antiparallel symmetric stretch motion of the two hy-
drogen atoms within a unit cell. The optic mode is a
phonon at the corner of the Brillouin zone of the hydro-
gen sublattice, but occurs at the center (I') of the Bril-
louin zone of BH/W(001), due to zone folding (see Fig.
2). Such coupled motion of hydrogen atoms also implies
dispersion of the modes in the two-dimensional Brillouin
zone, and the loss data and calculations presented here
are consistent with a significant hydrogen-hydrogen in-
teraction.

The symmetric stretch and optic modes are degenerate
and dispersionless (i.e., are Einstein modes) in the ab-
sence of H-H interaction. We find that this degeneracy
is lifted only in the presence of a nearest-neighbor H-H
attraction or repulsion, or in the presence of a three-
body H-H-W interaction. But the magnitude of the H-
H-W interaction required to obtain the optic mode at
118 meV yields a very large dispersion in the wag mode,
which is not observed in our experiments. This disper-
sion can be reduced only by an unphysical choice of pa-
rameters for the H-H-W interactions. On the other
hand, a nearest-neighbor H-H repulsion correctly yields
the optic mode below the symmetric-stretch-mode ener-
gy, and does not conflict with experimental data. The
repulsion required to obtain the optic mode at 118 meV
is an order of magnitude smaller than the first-neighbor
H-W interaction. Thus our analysis leads in a natural
way to a unique explanation of the nature of the 118
meV mode, and to the interaction responsible for it. It
should be noted that our ordering of the symmetric
stretch and optic modes disagrees with that calculated
by Biswas and Hamann,'® who find these modes to be at
141 and 150 meV, respectively; i.e., the optic mode lies
above the symmetric stretch mode according to their cal-
culation.

In Sec. IT we discuss the experimental apparatus and
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procedures. In Sec. IIT we present EELS data at several
incident energies and for several scattering geometries.
In Sec. IV we present an extensive lattice-dynamical
model of B;H/W(001), and our interpretation of the ori-
gin of the 118-meV mode. A general discussion of our
experimental results, model calculations, and our con-
clusions are presented in Sec. V.

II. EXPERIMENTAL DETAILS

Our experiments were performed using a modified
Leybold-Heraeus ELS-22 spectrometer. Modifications of
the lens system, described previously,?’ permit operation
of the spectrometer at incident energies up to 300 eV.
Additional modifications to the electronics permit?' rou-
tine measurements of the elastic?? and inelastic cross sec-
tions by simultaneously sweeping the monochromator
exit-slit and analyzer entrance-slit voltages. This pro-
cedure results in a significant variation in spectrometer
transmission function because the voltage on accelera-
tion and deceleration optical elements are not varied.
Therefore several sweeps at a sequence of initial kinetic
energies are required to obtain intensity versus incident
electron energy curves corresponding to elastic or inelas-
tic scattering cross sections. The optics are tuned for
maximum transmission at the center of each sweep in-
crement.

The W(001) crystals were aligned with x-ray Laue
techniques and spark cut or diamond-saw cut to within
1° of the (001) plane. The surface was polished with
abrasive paper and 12-um powder to a mirror finish.
The (100) symmetry plane was identified with x-ray
diffraction and was marked by spark cutting a shallow
line on the back surface of the crystal. The crystals were
cleaned by annealing at 1500—2100°C in 10~ torr oxy-
gen for approximately 100 h and subsequent flashing to
~2800°C in ultrahigh vacuum in the 10~ !! torr range.
The tungsten crystals were mounted on two separate
crystal manipulators for the several types of experiments
reported in this paper. One manipulator provides access
to the EELS optics along an axis perpendicular to the
scattering plane. Samples mounted on this manipulator
also had access to Auger analysis and Varian 4-grid
LEED optics. A second manipulator enters the EELS
scattering chamber in the scattering plane. Samples
mounted on this manipulator can be rotated around the
crystal normal direction. The combination of crystal az-
imuth rotation and angle-of-incidence changes permitted
by the EELS optics provide access to a broad range of
scattering configurations. The second manipulator pro-
vides access only to the EELS optics, however, the abili-
ty to operate the EELS optics at higher energies permits
precise angular calibrations based on the observation of
LEED beams.

III. EXPERIMENTAL RESULTS

Figure 3 displays EEL spectra for 8{H/W(001) for
several incident energies ranging from 3.4 to 5.3 eV.
These spectra were obtained using specular scattering
geometry (8; =6, =60°) with the crystal oriented to align
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FIG. 3. Specular scattering EELS data for 3, on W(001) at
various incident energies around E;=4.3 eV. The scattering
plane is along the (100) mirror plane. The baseline for each
spectrum is shifted 75 Hz, and the loss spectra are magnified as
indicated to the right of each spectrum.

the (100) crystal mirror plane along the scattering plane.
The base line of each loss spectrum is shifted by 75 Hz.
The numbers to the right of each loss spectrum indicate
the scale factor used to plot data in the figure. The elas-
tic peak indicates an energy resolution of 9 meV
FWHM, and has been scaled to fit in the figure.

All spectra displayed in Fig. 3 clearly exhibit the
symmetric-stretch-mode loss feature at 130 meV. The
80 meV wag mode is also apparent in all spectra with an
intensity of approximately 5 of the symmetric stretch
mode. This observation is different from previous stud-
ies”®12 of BH/W(001) in which the 80-meV mode was
observed only in off-scattering geometry. At incident en-
ergies around E; =4.3 eV, an additional loss feature is
clearly resolved at 118 meV. The scale factors show that
at 4.3 eV, the 130-meV symmetric-stretch loss feature
(cross section) is significantly decreased relative to the
cross section probed at higher (5.3 eV) and lower (3.4
eV) incident energies.

The variation in elastic scattering cross section of the
130 meV loss peak can be understood on the basis of the
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scattering mechanism responsible for the loss signal.
Symmetric stretch vibrations of the hydrogen atom pro-
duce dynamic dipole moments perpendicular to the sur-
face (cf. Fig. 1). It is well established that long-range
“dipole scattering” from dipole moments perpendicular
to the surface dominate the inelastic loss signals mea-
sured by EELS' in specular-scattering geometry. The
energy dependence of dipole-scattering cross sections is
given by the product of a model-dependent factor (E; !
or E; %) multiplied by the reflectance of the metal sur-
face. Figure 4 displays the elastic reflectance of a clean
W(001) surface and that of a ;H/W(001) surface. Note
that there is a minimum in reflectance at 4.3 eV for
BiH/W(001) when electrons are scattered at 6;=60°
along the (100) plane. This minimum accounts for the
suppression of the 130 meV loss peak evident in Fig. 3.
Figure 5 displays corresponding loss spectra for
B1D/W(001). In this series of spectra, the incident ener-
gy is held fixed at E;=4.2 eV, and the exit angle at
which the loss feature was measured is held fixed at
6,=60°. As in Fig. 4, the scattering plane is along the
{100) crystal direction. The incident angle 6; is varied
in this case, and the spectra are plotted as a function of
k, the momentum transfer parallel to the (100) direc-

tion. At k;=0, corresponding to 6;=6,=60°, three
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FIG. 4. Very low energy electron reflectance intensity vs ac-
celeration voltage I(V) curves for clean W(001), and for S;H on
‘W(001). The scattering plane is aligned with the (100) mirror
plane of the surface. The baseline of the 8;H on W(001) curve
is shifted 25 kHz.
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FIG. 5. Specular (k;=0) and off-specular EELS data for
1D on W(001) at an electron kinetic energy of 4.2 eV. The
scattering plane is along the (100) mirror plane of the surface.
Off-specular geometry is obtained by rotating the monochro-
mator toward the crystal normal with the scattered angle fixed
at 6, =60°. The monochromator is rotated 5° between succes-
sive loss spectra, and the distance across the surface Brillouin
zone is indicated in the figure. Baselines are shifted 20 Hz and
magnifications are indicated to the right of each spectrum.

modes at 92, 83, and 55 meV are apparent in the spec-
tra. These peaks are the 130, 118, and 80 meV hydrogen
loss peaks shifted down by V'2, the mass ratio. The rela-
tive peak intensities of the 92 and 83 meV peaks at
k=0 are similar to the corresponding 130 and 118 meV
loss peaks for hydrogen at the same incident energy (cf.
spectra in Figs. 3 and 5). The relative cross sections of
the 92 and 83 meV modes change as a function of 6, [or
ky=(2m /#)VE;sinf] as illustrated by the spectra in
Fig. 5. The 92-meV mode cross section decreases
significantly for nonspecular angles. (Scale factors are
again shown to the right of the spectra.) This behavior
is expected on the basis of the predominantly dipole na-
ture of the scattering from the symmetric stretch mode.
The observed angle dependence of loss peaks corre-
sponding to the 92 and 83 meV modes suggest that the
83 meV (deuterium) and 118 meV (hydrogen) peaks are
produced predominantly by a scattering mechanism
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which is not dipole in nature.

This conclusion may seem to contradict our interpre-
tation of the 118-meV mode as the “optic”” mode (de-
scribed in the Introduction). In the optic mode, hydro-
gen atoms vibrate perpendicular to the tungsten surface,
and therefore one might expect dipole scattering to be
the dominant scattering mechanism. However, in this
mode the displacements of nearest-neighbor hydrogen
atoms are 180° out of phase. Hence the dynamical di-
pole moments of the hydrogen atoms cancel each other
in the far-field region where dipole scattering occurs, and
therefore an incoming electron does not experience any
dipole field, until it comes very close to a hydrogen
atom. Then it can be scattered only by the impact-
scattering mechanism.

Close inspection of the loss peaks reveals that the vi-
brational energies disperse with k; throughout the two-
dimensional Brillouin zone. This variation of vibrational
energies as a function of k| is a clear indication of cou-
pling between adjacent hydrogen atoms. Figure 6
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FIG. 6. Specular (k;=0) and off-specular EELS data for
BiH on W(001) at electron kinetic energy of 15.5 eV. The
scattering plane is along the (100) mirror plane of the surface.
Distances across the surface Brillouin zone are indicated for
each spectrum. Baselines are shifted 5 Hz and the
magnification of each spectrum is shown at the right of each
spectrum.
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displays the k; dependence of EELS spectra for
Bi{H/W(001), obtained for scattering along the (100)
crystal plane. A relatively high incident energy was
chosen (E;=15.5 eV) to suppress contributions of the
130 meV loss resulting from the symmetric stretch
mode. Note that under these scattering conditions at
k, =0 (specular-scattering geometry), the 118 meV loss
peak is significantly stronger than the 130 meV loss
peak. As the incident angle is varied away from 6; =60,
the small dipole contribution at 130 meV from the sym-
metric stretch mode rapidly disappears, and it is possible
to determine the dispersion (k; dependence) of the 118-
meV mode. The energy resolution is 10 meV, and due to
the separation between the 118 and 130 meV loss
features and the relative amplitudes of these peaks, it is
clear that the peak shift is real and not a consequence of
a relative amplitude change in the two adjacent loss
peaks.

The dispersion of the 118 meV loss peak versus k,
shown in Fig. 6, is determined to be 713 meV along the
T X line of the two-dimensional Brillouin zone. This
dispersion was determined by the displacement of the
peak of Gaussian fits to the experimental data as k; was
varied. At an incident energy E;=15.5 eV, Ak;=0.20
A ! corresponds approximately to A@=10°. Since the
dipole-scattering angular profile varies approximately as
#iw)oss/Eine, 1t is not surprising that the dipole contribu-
tion from the 130 meV 10§s is not observed for 6540.
The spectra for k| =0.74 A ~! also clearly exhibit the
two parallel vibrational losses at 80 and 160 meV which
result from the wag and asymmetric stretch modes. The
signal-to-noise ratio of data in Fig. 6 is not sufficiently
good to obtain the dispersion of these modes.

As described in the previous section, one of our ma-
nipulators permits accurate and continuous rotation of
the crystal about the crystal normal while in the EELS
scattering position. Figure 7 displays EELS data for
BiH/W(001), obtained  using  specular-scattering
geometry at E;=14.7 eV as a function of azimuthal-
angle setting of the manipulator. A value of ¢,,,=337°
corresponds to scattering in the (100) mirror plane of the
crystal. This figure illustrates the sensitivity of the 118
meV mode cross section to scattering-plane orientation.
The strongest scattering occurs for scattering along the
(100) mirror planes. There are apparent nulls in the
cross section of the 118 meV mode along the (110) mir-
ror planes. This observation is discussed in more detail
later.

Figure 8 displays selected loss spectra for B{H and
B;D on W(001) obtained for specular scattering along
the (110) direction. Spectra for three incident energies
are displayed for the hydrogen-covered surface; one
spectrum is shown for deuterium coverage. Reflectance
curves (not shown) similar to those displayed in Fig. 4
reveal a deep minimum in the electron elastic reflectance
at E;=4.7 eV at 6,=60° with the plane of incidence
along the (110) azimuth. Under these scattering condi-
tions, all three of the principal vibrational modes (at 80,
130, and 160 meV) are clearly resolved in specular
scattering geometry (upper three curves). The corre-
sponding modes, shifted down in energy by V2, are
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FIG. 7. Specular EELS data for 8;H on W(001) for various
orientations of the scattering plane along the crystal surface.
Electron incident energy is 14.7 eV. The ¢ values indicated in
the plot are the values from the crystal manipulator. The
value ¢=2337 was established as the (100) mirror plane by a
groove on the crystal to an accuracy of +2°. All spectra are
X 1, and the baselines are shifted by 10 Hz.

shown for B,D (lower spectrum). The main point of Fig.
8 is that the 118 meV is not observed in spectra taken
along the (110) azimuth.

Figure 9 displays specular and off-specular EELS data
for the scattering plane along the (110) mirror plane at a
higher impact energy. The resolution has been reduced
because of low counting rates. The 80- and 160-meV
modes are observed in off-specular geometry, and it is
clear that the 160 meV cross section does not increase at
the same rate as the 80 meV cross section. The 160 meV
cross section is larger at k;=0.43 and 0.73 A ~! than it
is at 1.01 A ~!, while the 80 meV cross section increases
steadily as the parallel momentum is increased. The
160-meV mode does not appear to be an overtone or a
double loss of the 80 meV mode because of the observed
intensity ratio. There is a slight dispersion in the wag
mode (at 80 meV), but higher resolution experiments will
be needed to accurately measure it. The features near
130 meV do not show the dominance of the 118-meV
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FIG. 8. Specular EELS data for 8,H and ;D on W(001) at
various kinetic energies with the scattering plane aligned with
the (110) mirror plane. Baselines are shifted by 30 Hz, and the
number to the right of each spectrum is the magnification used
in displaying the EELS.

mode as was observed in Fig. 6.

Summarizing the experimental results presented in
this section: Four vibrational modes have been observed
for 8yH and ;D on W(001). All modes exhibit the ex-
pected V'2 decrease in frequency when deuterium is sub-
stituted for hydrogen; otherwise the loss data are identi-
cal or very similar. The 118-meV hydrogen (83-meV
deuterium) mode is observed in specular scattering
geometry along the (100) crystal plane at specific ener-
gies where the symmetric stretch dipole cross section is
suppressed by reflectance effects. The 118-meV mode
can be observed in off-specular scattering geometry when
the other parallel modes at 80 and 160 meV are also ob-
served. The 118-meV mode does not appear to be ob-
served in spectra obtained for k| along the (110) crystal
plane. High energy resolution angle-dependent spectra
exhibit dispersion of the hydrogen-induced loss peak en-
ergies as a function of k; in the two-dimensional Bril-
louin zone, suggesting coupled motion of the hydrogen
atoms. These observations are now examined in view of
a lattice dynamical model for B;H/W(001).

BH on W(001)
BS = 600
20F =147 eV

NE k(AT
. o 1.01 x20

{(110)

175

150
N
3'\:‘ Ty
<~ 125 .
>
=
2] -

N x20

& 100 :
—
= .

75 "_.' x18

50

25

0 ! ! ! ! | | ! !
—25 0 25 50 75 100 125 150 175 200 225

ENERGY LOSS (meV)

FIG. 9. Specular (k;=0) and off-specular EELS data for
BiH on W(001) at incident electron kinetic energy of 14.7 eV,
and with the scattering plane aligned with the (110) mirror
plane. Baselines are shifted 25 Hz and the magnification used
to display the loss spectra are indicated to the right of the
spectra. The distance across the surface Brillouin zone is indi-
cated for each spectrum.

IV. DYNAMICS OF 8,H/W(001)

A. Description of the model

The configuration of B{H/W(001) is described in the
Introduction and is shown in Fig. 1. For later conveni-
ence, we denote the lattice constant of the tungsten lat-
tice by 2b, and the perpendicular distance between the
hydrogen atoms and the top tungsten layer by c. We use
the following terminology to avoid awkward construc-
tions: By “nth-neighbor H-H,” we mean an nth-
neighbor hydrogen atom of a given H, and by “nth-
neighbor H-W,” we mean an nth-neighbor tungsten
atom of a given H.

In our model of B{H/W(001), we include all H-H
two-body interactions up to the second neighbor H-H’s,
and all H-W two-body interactions up to the third-
neighbor H-W’s, as shown in Fig. 10. W1 in Fig. 10
denotes the first-neighbor H-W interaction; similarly for
W2, W3, and H1. As the second-neighbor H-H’s occur
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2-BODY INTERACTIONS

FIG. 10. The two-body interactions considered in the lattice
dynamical model. There are two types of second-neighbor
H-H pairs, and they are denoted differently as H2 and H3.

in two distinct configurations, we denote the correspond-
ing interactions differently, by H2 and H3. The H-W in-
teractions are included up to the third-neighbors, since
the third-neighbor H-W bond-length is comparable to
the second-neighbor H-H bond-length, due to the large
radius (1.37 A) of the tungsten atoms, and due to the
geometry of the bridge-bond over the bcc lattice. We
also include H-H-W and H-W-W three-body interac-
tions, where H-H and H-W are first neighbors (Fig. 11).

We assume that the two-body interactions can be de-
scribed by central potentials ¢(r), where r is the separa-
tion of the two particles. In the lattice dynamical prob-
lem, we need only the first two derivatives of ¢, which
we denote by

a=¢"(R) and B=R ~'¢'(R), (1

where R is the equilibrium separation. Then the first-
neighbor H-W interactions are given by the param-
eters aw; and PBw,. Similarly, W2,... ,H3 yield
aws - - - Bus.

We model the three-body interactions in terms of
angle-bending forces as follows: Given three particles
A,B,C, they constitute a triangle with an angle, say 6, at
A. We associated a “‘stiffness constant” k 4z~ with this
angle, which gives rise to the potential

1k 4pc(0—6p)* , )

where 6, is the equilibrium value of 6. Similarly, there
are stiffness constants kpc, and kc,p associated with
the angles at B and C. In the 8;H/W(001) problem, due
to symmetry, this model gives rise to stiffness constants
ky, kw, and Xy, Xy, for the triplets H-H-W and H-W-
W discussed above (see Fig. 11). In this way, the total
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3-BODY INTERACTIONS

TOP

FIG. 11. The three-body interactions considered in the lat-
tice dynamical model. The H-W-W and H-H-W triangles and
the corresponding interaction parameters are shown.

number of parameters in our model becomes 16.

In Sec. IV B we present the eigenvalue problem for hy-
drogen vibrations in the frozen-substrate approximation
and obtain analytical expressions for the eigenvalues.
Having analytical expressions greatly facilitates our
study of the modes of hydrogen—especially their depen-
dence on the interaction parameters. We have also car-
ried out these calculations numerically by the slab
method.”> We find that the error in the frequencies
given by the analytical expressions, due to the frozen
substrate approximation is less than 0.3%.

B. Vibrational modes of hydrogen

The two-dimensional primitive cell of B;H/W(001) has
translation vectors (2b,0) and (0,2b) (see Fig. 1), and in
the frozen substrate approximation, has a basis of two
hydrogen atoms, which we denote by u and v. u is at
(b,0,c) and v is at (0,b,c). When these atoms are dis-
placed from their equilibrium positions by u, v, and
those associated with the lattice points (256,0)/,
+(0,2b)l, (Il,,l, integers) are displaced by
(u,v)expi2b(q,l,+q,l,), we find the restoring forces F,,
F, on u,v to be given by
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where

Fy: Z +z,
F, h*
F,, 0
F |7 | p*
Fyy 0
F, o
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h 0 p 0 t u,
Z +z, r 0 s 0 v,
r* X +x, e 0 f u,
0 e* Y 4y, g 0 Uy
s* 0 g* Y +y, e uy,
0 f* 0 e* X +x,||Y

Z =K, +4Bu1+vw+vu >

X =K, +2(ay +Buy) + (c*yw+b yu)be) 2,

Y =K, +2(ay +Bu) +rw(b>+c?)(be) "%,

z|= 4f3y5sin’(bg ) + 4BH25in2( bq,) ,

2, =4By,sin’(bg )+ 4Byssin’(bg,) ,

x 1 =4ay;sin®(bq, )+ 4Bu,sin’(bg,) ,

X, =4Byysin?(bq ) +dayssin’(bg,)

v, =4ay,sin?(bg ) +4Byssin’(bg,) ,

v, =4Byssin®(bg )+ 4ay,sin®(bg,) ,

h=(—4Bmi+ryw—7ule
e = —[2(au;+Bu)) +rwlbi+c?
f =[2lam —Bu) +(c*yw—b*y™)be) %]

iblg,—q;)
N7 00s(bg

g =[2(au;—Bu)+yw(b>+c?)i(bc)?le

)b _2]eib(q] —q,

)cos(bg,) ,

ib(qy—
e

—ib(g,—

p= —iyw(b2+c2)(bc)‘1eib(q‘*qﬁsin(bql yeos(bq,) ,

r=—ilc?yw+b*yy)be) e

s=—iywlbi+c2)bc) e

—iblg, —

—ib(qy —

In these expressions we have used

_2e%b242c?)
VRS gy
2b2%c?
- 2kw+ky),
[ A TE NI TENPEI A
2b2 b2
K, = (awi—Bwi)+——
b2+C2 W1 BWI 5b2+C
2b? 1652
= (ayy—Bwsr) + ———
YT p24p (b e P Bw: 5b24c
2c? 2(b +c)?
K,= —(aw—Bw))+——""—
b24ct ! Bwi b24(b +c)
4ph? 2b?

(b2+c?)?

H

Y -
(b24c22 ™V

(awz—Bw:2)

t=—ilcyw+blyp)be)le” 1T cos(bg, Jsin(bg,)
72 )sin(bql )cos(bg,) ,

92)00s(bg  )sin(bg,) -

4c?

)cos(bq‘ )cos(bq,) ,
“2)in(bq, )sin(bgq;) ,

%2 )sin(bq , )sin(bq,) ,

5 (aws—Bw3s)+2(Bwi +Bwa+Bwi)+

(b%*+c

2¢?
2)2

5 (aws—Bws) +2(Bwi +Bw2+2Bws)

XW)

+—5 5 (@aws—Bwsz)+2(Bwi+Bw2+2Bw3)
5b°+4c

(5)

(6)

(8)
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Note that in K,,K,,K,, we have grouped together all
H-W interaction terms which do not give any dispersion
to the hydrogen modes.

The dynamical matrix D in this problem is just the
6< 6 matrix in Eq. (3), and its eigenvalues mw? (m is the
mass of the hydrogen atom) yield the normal modes of
the hydrogen sublattice. At the zone center, i.e., at
(g1,9,)=(0,0), all terms in D except X, Y, Z, h, and e
vanish. Then D becomes block diagonal, and has eigen-
values

}\‘Z=Zih s
Aoy =HX +VEH(X —Y)P+4]e |*]'2,

where A, , are doubly degenerate. Also, here & and e
are understood to be evaluated at (g;,q,)=(0,0). Thus
in this model, there are at most four distinct modes at
the zone center.

As the H-W interactions are expected to be much
stronger than the H-H interactions, from A, , we find
that the asymmetric stretch (AS) and the wag modes
have eigenvalues

_lel?

AMAS)=X + 0 ,
+ (X —Y)?
©)
2
Mwag)=Y +0 |—eL__ |
wag =t Oy

where the assignments of these modes are obtained from
their eigenvectors. Similarly from A,, the eigenvalues of
the symmetric stretch (SS) and optic modes are found to
be

J
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MSS)=Z +h=Z —4By1+Yw—7Hu
(10)
AMoptic)=Z —h=Z +4By1—Yw+7YH -

Since it is established®'® that the 160-, 130-, and 80-
meV modes are the asymmetric stretch, symmetric
stretch, and wag modes, respectively, we conclude that
the 118-meV mode is the optic mode. This assignment
is also supported by the dispersion data and the exhibit-
ed symmetries of scattering cross section, as we will
show below.

From Egs. (10) it is clear that only the nearest neigh-
bor H-H interaction By;, and the H-H-W three-body in-
teractions make the optic mode different in frequency
from the symmetric stretch mode. In order to determine
which of these interactions is significant, we examine the
dispersion of all modes within our model.

In order to determine the eigenvalues at arbitrary
(g1,9,), we first note that only X,Y,Z in the dynamical
matrix contain X,,K,,K,, in which all H-W interactions
are grouped together. Since the H-W interactions are
expected to be much stronger than the H-H interactions,
X,Y,Z are much larger than the other entries in D
(which are written in the lower case for that reason).
We therefore calculate the eigenvalues at arbitrary
(g1,9,) by treating the lower case entries as perturba-
tions to the diagonal matrix with diagonal elements
(Z,Z,X,Y,Y,X).

The perturbational approach, in addition to being
simpler, also makes the dependence of the eigenvalues
on the interaction parameters more transparent. We
shall see the eigenvalues accurate up to the first order
will be adequate for our purpose. To calculate the first-
order corrections, we expand det(D —AI) up to the
second order in the lower case quantities

det(D —AL)=(Z +z, —ANZ +2z; —ANX +x| —ANX +x, =AY +y; =AY +y, —A)
— A UX —MHY —A)—(Z =D | f | HY =LA+ g |UX —A)P=2]e | HX —ANY —A)]
—(Z —=AMUX =AY =) |2+ s |DAX =) +(|r |24+ |t |2NY =N)] . (1

The first term on the right-hand side of (11) is not ex-
panded to keep the expression simple. The third- and
fourth-order terms in this expression are to be ignored.
Now note that the eigenvalues of the unperturbed
dynamical matrix are X,Y,Z. The first-order correction
to these eigenvalues can be obtained as follows: Set
A=Z +6A, in (11). Then to the second order,

det[D —(Z +8A, ) 1=[(z; —8A, Nz, —8A,)— | h | ?]
X(X -Z2)XY—-Z),
from which the first-order corrections to A=Z are seen
to be
A, =z +z))t1[(z) 42,2 +4 | h | 2]V2. (12)

A similar procedure yields the following first-order
corrections to A=X and A=Y:

[
A, =L(xy+x)E [(x)+x,)%+4 | f 212,  (13)

Ay =1(p1+y2) Lo +2) 7 +4 (g 712, (4

Thus the eigenvalues at arbitrary (q,,q,) accurate up
to the first order are X +6A,, Y +6A,, Z +06A,, where
8A,, 8A,, 8A,, are as given above. Some of the parame-
ters in these expressions are constrained by the require-
ments that at T =(0,0), the asymmetric stretch, sym-
metric stretch, optic, and wag modes be at 160, 130, 118,
and 80 meV, respectively. That is, from Egs. (9) and (10)
we find

AAS)=X =(160 meV)?,
AMwag)=Y =(80 meV)?,
AMSS)=Z +h =(130 meV)?,
Moptic)=Z —h =(118 mev)? ,

(15)



5858 WOODS, KULKARNI, ERSKINE, AND de WETTE 36
which implies
Z =(124 meV)?, 160 } A2 60
and 1504 50
h=—4By+Yw—yu=(38.6 meV)? . (16) 140
We now use these values to calculate the dispersion of [ 5° } 30

the normal modes along the T X and T M directions
(Fig. 2). To facilitate a comparison of these dispersions
with experiments, we first plot in Fig. 12, the dispersion
data for hydrogen modes, obtained from Figs. 6 and 9.

Next we calculate the eigenvalues at X =(w/2b)(1,0).
They are given by

Moptic)=Z =(124 meV)?,
MSS)=Z +z,+2z,,
AMAS)=X and X +x;+x,,
AMwag)=Y and Y +y;+y,,

where z; +z,, x; +x,, and y; +y, are understood to be
evaluated at X. Thus we see that the asymmetric stretch
and wag modes become nondegenerate at X and have
small dispersions of x;+x, and y;+y,, respectively.
[The dispersions are small since x;, y;, z; (i =1,2) are
much smaller than X, Y, Z.] This result is consistent
with our experiments (see Fig. 6), where there is no no-
ticeable dispersion in the asymmetric stretch and wag
modes.

According to the above equations, along T X, the op-
tic mode increases from 118 to 124 meV, and the sym-
metric stretch mode decreases from 130 meV to
124 + (z;+2,)/248 meV. That is, at X, the symmetric
stretch and optic modes are separated by a small gap of
(zy+42,)/248 meV. An upward shift in the energy of
the 118-meV mode is indeed observed in our experi-
ments (see Figs. 6 and 12), confirming its assignment as
the optic mode. But we do not have any dispersion data
along T X for the symmetric stretch mode, since in the
off-specular geometry, its cross section becomes very
small compared to that of the optic mode. We have
plotted the theoretical dispersions obtained above in Fig.
12 and they appear to be consistent with the experimen-
tal data. In calculating these dispersions we have set
Xx;,:,2;=0 (i =1,2), since we do not have enough data
to estimate these parameters. Hence in Fig. 12 the sym-
metric stretch and optic modes at X are seen to be de-
generate (=124 meV).

It was pointed out in the Introduction, that the sym-
metric stretch and optic modes lie at the center and
corner, respectively, of the Brillouin zone of the hydro-
gen sublattice (dashed square in Fig. 2). Since both
modes involve vibrations perpendicular to the W(001)
surface, they lie on the same dispersion curve in the Bril-
louin zone of the hydrogen sublattice. Thus in the Bril-
louin zone of B;H/W(001), the dispersion of symmetric
stretch and optic modes along T X arises from the fold-
ing of a single dispersion curve. This explains our
finding that along T X, the symmetric stretch and optic
modes disperse towards each other (Fig. 12).

130 I !
l I
120 ﬁ I 120
opt

110 r 1ne

ENERGY (meV)

100 160

sot T 50

1 wag L’L,,_i—"——

8o ¢ | | 80

x,|o 0s ? ) 05 1.0 I
X k¢ 2 r fi

FIG. 12. Calculated and measured dispersion of the hydro-
gen vibrational modes of 3H on W(001) across high symmetry

directions of the W(001) surface Brillouin zone.

_ Next we calculate the normal mode dispersions along
I' M. Setting x;,y;,z;=0 (i =1,2) we find that the eigen-
values at M = /2b(1,1) are given by

Moptic)=A(SS)=Z =(124 meV)?,

MAS)=X% | f |
=X=E[2(an; —Bu)
+(c4yw—b41{ﬂ)(bc)_2] , (17)

AMwag)=Y=* |g |
=Y=£[2(ay; —Bu1)
+yw(bi4+c?)Hbe)?] .

The theoretical dispersion of the optic and symmetric
stretch modes along T M is similar to that along T X
(Fig. 12). The dispersion curve of the symmetric-stretch
mode is seen to be consistent with the experimental data.
We do not observe the optic mode in this direction,
whereas the wag mode can be observed and has a small
dispersion (Fig. 9). We use the latter fact to decide as to
which interaction in A (H-H or H-H-W) is significant in
the occurrence of the optic mode.

Note from (17) that the dispersion of the asymmetric
stretch and wag modes depends on ay;, Byi, ¥w, and
Y u, Wwhich must satisfy the relation

=—4By +Yw—Yu=(38.6 meV)>=1488 meV?,
(18)

obtained earlier. Suppose the H-H-W interaction is
significant. Then we set ay;=Byx;=0 in (18) and (17),
and obtain

Mwag)=Y+(yw—ru+rvu)l(b*+c?)/(be)]? .
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Taking 2b =3.165 A and ¢ =1.11 A, we find
Alwag)=640014.525(1488+vy)
=6400+(6733+4.5257 ) meV?

which is a very large dispersion, unless yy= — 1488
meV2 In order to estimate yy, we assume that the
dispersion in the wag mode is =10 meV (which is a very
conservative estimate in view of Figs. 9 and 12). For
this dispersion, we find yyg=—1112 meV? and
yw=2375.7 meV2 Substituting these value in Egs. (4)
and (5) we obtain kyw = —1.16ky; i.e., the stiffness of the
angle at W is comparable in magnitude with the stiffness
of the angles at H, which is unphysical. Hence the H-
H-W interaction cannot be a mechanism for the oc-
currence and dispersion of the optic mode.

Now let us examine the other possibility. With yy
=yw=0, from Eq. (18) we get By;=—2372 meV2 The
negative value of By, means that the nearest-neighbor
hydrogen atoms repel each other. However, compared
to the H-W interactions, which typically are ~1(130
meV)>=8450 meV?, this repulsion is exceedingly weak
With By, = —372 meV2 the wag mode becomes

AMwag)=6400-+(744 +2ay,) meV? . (19)

For a realistic dispersion of £6 meV in the wag mode
(see Fig. 12), we obtain ay; =110 meV2. With these pa-
rameters, the dispersion in the asymmetric stretch mode
becomes +3 meV.

It may seem that this model is also not quite satisfac-
tory since the parameters a,B in force constant models
are normally related by |a|=10|B]|. In contrast to
this we have |ay;| < |By;|. However, it should be
noted that the relation |a|=10]|B| is established by
considering the dominant forces in these models,
whereas the configuration of the hydrogen sublattice is
mainly governed by the H-W interactions, and the H-H
forces are of secondary important. Consequently, the
violation of this relation is not necessarily a drawback of
the model. Thus we conclude that this model is valid
and that the optic mode arises due to a repulsive interac-
tion between the nearest-neighbor hydrogen atoms.

V. DISCUSSION

In this paper we have studied, experimentally as well
as theoretically, the vibrational modes of hydrogen ad-
sorbed on the (001) surface of tungsten, with saturated
hydrogen coverage [i.e., the B;H/W(001) phase]. The
experimental investigation was carried out using electron
energy loss spectroscopy. We measured loss spectra us-
ing several tungsten crystals, with an energy resolution
of ~10 meV. In addition to the loss features of 160,
130, and 80 meV reported earlier,”® ?we consistently ob-
served a fourth loss feature at 118 meV.

We have also studied the dispersion of several loss
features of B;H/W(001) along the T X and T M direc-
tions of the two-dimensional Brillouin zone. Along T X,
the 118 meV mode disperses upward, and the 160 and 80
meV modes do not have any noticeable dispersion (Figs.
6 and 12). The dispersion of the 130 meV mode cannot
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be observed in this direction, as its cross section dimin-
ishes considerably in off-specular geometry, and thereby
it is masked by the 118 meV mode. Along T M, corre-
sponding to the (110) crystal direction, due to smaller
cross sections, our data were obtained at lower resolu-
tion than along T'X. (The spectra in Fig. 9 are
magnified by a factor of 20 relative to those in other
figures.) We do not observe the 118-meV mode in this
direction. The 80- and 160-meV modes (parallel vibra-
tions) are observed in off-specular scattering geometry
along the (110) direction. The 80-meV mode has a
small dispersion, but higher resolution experiments are
required to measure it accurately.

In previous EELS studies of 8;H/W(001), loss features
at 160, 130, and 80 meV have been identified as being
due to the asymmetric stretch, symmetric stretch, and
wag modes, respectively.”® Our additional experiments
and the lattice dynamical model presented here offer a
reasonable explanation of the new 118-meV mode that
we have observed. Our strategy was to view the
substrate-adsorbate unit cell as a coupled dynamical sys-
tem and to set up an extensive interaction model to de-
scribe the dynamical properties of this system.

We find that even with the inclusion of all 16 parame-
ters in our model, there are at most four distinct modes
at the zone center, namely the asymmetric stretch, sym-
metric stretch, wag, and the “optic”” modes. Thus we as-
sociate the 118 meV loss feature with the optic mode, in
which nearest-neighbor hydrogen atoms vibrate 180° out
of phase, with displacements perpendicular to the sur-
face. This mode occurs at the corner of the Brillouin
zone of the hydrogen sublattice, but is observed at the
center (T') of the Brillouin zone of BH/W(001), due to
zone folding (Fig. 2). The relative cross sections along
T X, of the 92 and 83 meV loss peaks for deuterium (Fig.
5) suggest that the 83 meV (deuterium) and 118 meV
(hydrogen) peaks arise due to the impact scattering
mechanism. This conclusion is consistent with our inter-
pretation of the 118-meV mode as the optic mode. To
see this, note that although hydrogen atoms vibrate per-
pendicular to the tungsten surface in the optic mode, the
displacements of nearest-neighbor hydrogen atoms are
180° out of phase. Consequently, the far-field dynamical
dipole moments of adjacent hydrogen atoms cancel each
other, and an incoming electron does not see a long-
range dipole field. Therefore the optic mode can scatter
only by the impact scattering mechanism.

The frequency of the optic mode is predicted to shift
from 118 to 124 meV for wave vectors along I' X and
[ M directions. This shift is observed along the T X
direction in our experiments. We do not detect the 118-
meV mode along the T M direction (see Figs. 8 and 9),
which in fact supports our assignment of this mode as
the optic mode. Since the scattering plane along (110)
is a mirror plane in the symmetry group C,, of
BiH/W(001), and that the optic mode is odd with respect
to this mirror plane, it follows that the impact scattering
cross section must vanish in this scattering geometry.'
It is interesting to note that the impact scattering selec-
tion rules are not required to explain the absence of
scattering intensity along the {110) direction. The two
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out-of-phase dipoles within the unit cell constitute an
effective quadrupole, the field of which has a nodal plane
along the (110) scattering plane. For completeness, we
also mention that our ordering of the symmetric stretch
and optic modes disagrees with that obtained by Biswas
and Hamann'® from total energy calculations. These au-
thors find that the optic mode lies above the symmetric
stretch mode.

According to our model, the symmetric stretch mode
should disperse from 130 to 124 meV along the T X and
T M directions (Fig. 12). In the experiments, along T X,
the symmetric stretch mode is dominated by the optic
mode, and thus cannot be observed. However, along the
I' M direction, the optic mode is not seen, and we do ob-
serve dispersion in the symmetric stretch mode as pre-
dicted by our model. The model predicts no dispersion
for the asymmetric stretch and the wag modes along
I' X, and the experimental data are consistent with this
prediction. Along I' M, the asymmetric stretch and wag
modes are predicted to become nondegenerate (see Fig.
12), and are expected to have dispersions of ~3 and ~6
meV, respectively. The noise in our data makes it

difficult to accurately determine the dispersion of the
asymmetric stretch mode. However the predicted
dispersion of the wag mode appears to be in agreement
with the experimental data. The nondegeneracy of this
mode cannot be verified due to the poor resolution in
our data along the T M direction.

The optic and symmetric stretch modes have different
frequencies either as a result of the nearest-neighbor
H-H interaction, or as a result of the H-H-W three-body
interaction. The latter interaction is ruled out since it
requires an unphysical choice of interaction parameters.
On the other hand, a weak nearest-neighbor repulsion
correctly yields the optic mode at 118 meV. Thus our
analysis leads to the conclusion that the 118-meV mode
is the optic mode, and that the mode arises due to a
weak repulsion of nearest-neighbor hydrogen atoms.
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