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Low-Energy He+ Scattering from Deuterium Adsorbed on Pd(110)
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We show that low-energy, helium ion scattering in the forward direction provides a surface-specific
means for directly observing adsorbed deuterium. Energy spectra of 1-keV He+ scattered at angles less
than 30 from a surface with adsorbed D contain the two maxima predicted for classical single scatter-
ing. Angular studies indicate that D atoms adsorbed on the Pd(110) surface at room temperature reside
in the troughs between atom rows.

PACS numbers: 79.20.Rf, 07.80.+x, 61.16.Fk, 68.35.BS

The interaction of hydrogen with solid surfaces is of
wide scientific and technological interest, and many tech-
niques have been used to study hydrogen on surfaces.
For example, the surface structure of the Pd-H system
provides insight into the mechanism of hydrogen uptake
and has been studied extensively with low-energy elec-
tron diA'raction (LEED), ' helium diA'raction (HeD),
and impact-collision ion-scattering spectroscopy
(ICISS). These techniques provide detailed informa-
tion about the arrangement of substrate atoms, but the
location of adsorbed hydrogen can only be determined
indirectly. Two techniques, low-energy ion scattering
(LEIS) and low-energy recoil scattering (LERS), oA'er

the possibility of directly observing and locating surface
hydrogen isotopes. Of these, LEIS using He+ provides
the greater surface specificity due to the high neutraliza-
tion rate of He+, but scattering from hydrogen isotopes
is restricted to the far-forward direction. Previous LEIS
studies, which typically have been arranged to detect
ions scattered through large angles, have not explored
this region.

In this Letter, we report results from experiments
designed to detect hydrogen isotopes on solid surfaces by
energy analyzing forward-scattered He+. The ability
to detect surface H(D) by LEIS is demonstrated for D
adsorbed on a Pd(110) metal surface. Two kinematical-
ly allowed scattering energies of He+ from D are clearly
observed over a range of forward-scattering angles. The
higher-energy peak is the more intense and provides a
convenient means for directly studying surface D. As an
example, we have used angle-resolved LEIS measure-
ments to locate the binding site of D adsorbed at = 300
K on a Pd(110) surface.

The classical velocity-angle relation for a projectile
elastically scattered in a binary collision with an initially
stationary target is given by '

2coso= (1+p)v+ (1 —p)/v,

where 8 is the laboratory scattering angle, p is the target

to projectile mass ratio, and v is the relative velocity of
the scattered particle [v=(E/Eo) 't where E/Fo is the
relative energy of the scattered particle]. Equation (1) is
a circle in polar coordinates (v, o) with its center at
(x,0') and radius px where x =1/(1+p). When p. & 1

it is apparent that there is a cutoA' angle for scattering,
0 „. , =sin p, and that two scattered ion velocities exist
at each 0 ( 0 „. „. One must observe at an angle less than
0 „. , in order to detect scattering from a target atom less
massive than the projectile. For He scattering from D,
p =0.5, and 0 „. „=30 .

Angle-resolved, low-energy ion scattering measure-
ments were made using a gas-discharge ion source and a
scattering chamber (base pressure = 4 x 10 Pa)
equipped with a 50-mm-diam hemispherical electrostatic
energy analyzer. The source column produces mass-
analyzed, neutral-free He+ or Ar + beams in the energy
range 0.1-3 keV [AE (FWHM) & 3 eV at 1 keV]. The
angular position of the analyzer can be adjusted to
within 1 throughout the range of scattering angles from
0' to 90'. The detector is a channel electron multiplier
operated in a pulse counting mode.

An oriented Pd(110) single crystal was cleaned by
numerous cycles of 1-keV Ar+ bombardment at 800 K
followed by brief annealing to 1000 K. Carbon, oxygen,
and sulfur surface impurities were monitored by LEIS
( & 1% monolayer detection limit'') and were removed
from the surface by this process. A gas-dosing tube posi-
tioned about 2 cm from the sample was used to expose
the clean, annealed sample to Dq(g).

Figure 1 shows energy spectra of 1-keV He+ forward
scattered from the Pd(110) surface with and without ad-
sorbed D. The beam is incident at an angle, a, of 77.5
from the surface normal and 6 is 25 from the incident
beam direction. Two peaks are clearly visible when the
sample is exposed to 1 x 10 Pa D2 at = 300 K. The
observed peak energies are near the values given by Eq.
(1) for He scattering from D, indicated at positions D 1

and D2. The existence of two scattering peaks expected
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at a given angle 0 & 0 „. „when p & 1 has been reported
for scattering measurements in the gas phase, ' for Ne+
scattering from C impurities on gold, ' and for Kr+
scattering from a solid Cu target. ' The work reported
here appears to be the first observation of the
phenomenon involving an adsorbate on a solid.

The velocity-angle dependence of the scattered He+
intensity is shown in Fig. 2. The experimentally mea-
sured He+ intensity contours follow closely the scatter-
ing circle given by Eq. (1) with p =0.5. It is clear that
the observed signals are from scattered He+ rather
than recoil D+, which has a much diferent angular
dependence. The scattered ion intensity increases
strongly in going to smaller center-of-mass scattering an-

gles, consistent with the angular dependence of the
scattering cross section. '

We find that adsorbed deuterium can readily be ob-
served from scattering He+ energy measurements at
scattering angles less than 30 . Near 30 the peak is

broad, since small variations in the scattering angle
cause large changes in the scattered particle energy. Go-
ing to lower scattering angles sharpens the scattering
peaks and the intensity of the higher-energy peak in-

creases, but interference from scattering by the substrate
or from recoil emission can occur. For He projectiles,
the scattered-ion energy is the same as the energy of
recoil D at O,q

=17.9' icos O,q=(1 —p )/[4(Jp —p)ll.
Consequently, the optimum scattering angle for D detec-
tion appears to be between 20 -25 .

With the ability to detect surface deuterium by ion
scattering, it is possible to obtain structural information
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FIG. l. Energy spectra of He+ scattered from Pd with

(open circles) and without (plus marks) adsorbed D at 300 K.
The incident He+ energy, Eo, is l keV, the incident polar an-

gle, a, is 77.5 from the sample normal, the scattering angle, 0,
is 25, and the azimuthal angle, p, is 90 . Positions Dl and
D2 are the energies calculated from Eq. (I) for He+ scatter-
ing from D. The weak peak labeled a is due to recoil H or O.
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FIG. 2. Contour plot of the experimentally measured
velocity-angle dependence of He+ scattered from D adsorbed
on Pd for 20 -60 scattering angles. ED= 1 keV, a=77.5,
III=90, and T=300 K. The contour interval is 50 counts/pC.
Contour lines greater than 500 counts/pC are not shown. The
scattering circle for He+ D from Eq. (1) is shown as the
dashed curve a and the dotted curve b is the recoil circle for D.
The signals seen at F/Eo & 0.01 are from secondary ions.

about the position of adsorbed deuterium on a solid sub-
strate. One such experiment is shown in Fig. 3, in which
the scattering signal is plotted as a function of crystal az-
imuth for D adsorbed on Pd(110) at =300 K. The 1-
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FIG. 3. Intensity variation with Pd(110) azimuthal orienta-
tion of He+ scattering from D. Eo = 1 keV, a =80, and
0=20'. The incident beam is aligned with the Pd rows when
p=0'. Inset: Model of Pd(110) surface showing five high-
symmetry adsorption sites. A: quasithreefold, 8: hollow, C:
top, O: short bridge, E: long bridge.
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keV He+ beam is incident at a =80 and scattering is
measured at 0=20 . Thermal desorption data indicate
that at this temperature only the most tightly bound
states (denoted P2) are appreciably occupied. ' When
the scattering plane is aligned parallel to the [110]direc-
tion (p =0'), a strong signal is observed. As the crystal
azimuth is rotated the signal diminishes, goes through a
second, smaller maximum near &=60', and becomes
weakest at p =90'. The main result is that strong
scattering from deuterium is observed when the incident
He+ beam is aligned with the Pd atom rows, but is at-
tenuated by nearly a factor of 3 when the beam is
aligned perpendicular to the atom rows.

The variation in the D scattering signal intensity with
crystal alignment provides direct information about the
D location on the Pd(110) surface. The signal variation
results from shadowing or blocking of the D by Pd sub-
strate atoms and cannot be attributed only to changes in
He+ neutralization along different azimuthal trajec-
tories. Taglauer and co-workers ' have shown that He+
scattered from a Ni(110) surface does not significantly
change intensity with azimuth. We also observe only a
small increase in scattered He+ intensity from Pd(110)
substrate atoms (in contrast to the large decrease seen in

the scattering intensity from D), in going from p =0 to
90 . This azimuthal insensitivity in the scattering signal
from the substrate results from the high probability for
He+ neutralization, which permits only ions undergoing
single binary collisions in the first Pd layer to survive.
Thus, second-layer Pd atoms are not seen and there is no
increase in signal for alignment along [110]. The slight-

ly larger signal intensity along the [001] direction can be
attributed to the more open Pd spacing along this direc-
tion, which reduces neutralization. Adsorbed D, espe-
cially if in a trough site location, cannot cause apprecia-
ble shadowing of Pd or affect He+ neutralization rates
as strongly as other adsorbates. '

Five possible high-symmetry adsorption sites for D on
the (110) surface are depicted in the inset of Fig. 3. The
chemisorbed D responsible for the azimuthal dependence
observed in the signal intensity clearly does not reside on
top of the Pd atom rows (top-site or short-bridge posi-
tions). Instead, it must reside in the troughs between the
atom rows, since only this location is consistent with the
signal maximum at &=O'. Deuterium is visible when
the scattering plane is aligned parallel to the troughs, but
at other angles the Pd atoms shadow the D.

The secondary maximum at tt =60 gives additional
information that helps locate the trough sites for ad-
sorbed D. There is another surface channel, along the
[112] direction, which is 55' from the [110] direction.
The signal maximum near this angle indicates that D ad-
sorption sites lie along this channel. Of the three possi-
ble high-symmetry binding sites in the trough, denoted
quasithreefold, long-bridge, and hollow sites, only the
quasithreefold and long-bridge sites lie near the [112]

surface channel.
The trough sites indicated by the present work are the

most tightly bound chemisorption sites predicted by
embedded-atom ' and effective-medium calculations.
An embedded-atom calculation shows the long-bridge
position to be nearly as stable as the quasithreefold posi-
tion (0.08-eV diff'erence), so it is reasonable that both
sites are populated at 300 K. Further, Muscat has
shown that the H-H pair interaction across top row Pd
atoms is strongly attractive. The axis of this interac-
tion is along the line connecting the quasithreefold and
long-bridge sites. At 300 K, some delocalization along
this axis probably occurs.

We note that the quasithreefold site is the D chem-
isorption site identified by LEED studies at 130 K. In
the LEED work, a 2 x 1 periodicity due to an ordered ar-
ray of H without substrate reconstruction was found at
doses up to 0.3 L. At higher coverages, the surface
reconstructs to a 1x2 paired row structure. Under our
conditions of dosing at 300 K, no well-ordered super-
periodicity exists and a LEED determination of the H lo-
cation becomes problematic. A strength of forward
LEIS, then, is that site determination can be made even
in the absence of long-range order.

We have shown that forward LEIS can be used to
detect surface D and that it provides a direct probe for
locating the positions of adsorbed D on surfaces. We ex-
pect that this method, with its surface specificity and
ability to resolve isotopes, will complement previously ex-
isting methods for observing the behavior of hydrogen on
solid surfaces.

We would like to thank J. A. Whaley and B. H. Hess
for their technical assistance. This work was supported
by the U.S. Department of Energy under Contract No.
DE-AC04-76DP00789.

'M. -G. Cattania, V. Penka, R. J. Behm, K. Christrnann, and
G. Ertl, Surf. Sci. 126, 382 (1983).

2M. Skottke, R. J. Behm, G. Ertl, V. Penka, and W. Moritz,
J. Chem. Phys. 87, 6191 (1987).

J.-W. He, D. A. Harrington, K. Gri%ths, and P. R. Norton,
Surf. Sci. 198, 413 (1988).

4K. H. Rieder, M. Baumberger, and W. Stocker, Phys. Rev.
Lett. 51, 1799 (1983).

~M. Baumberger, W. Stocker, and K. H. Rieder, Appl. Phys.
A 41, 151 (1986).

H. Niehus, C. Hiller, and G. Comsa, Surf. Sci. 173, L599
(1986).

7H. Niehus, J. Vac. Sci. Technol. A 5, 751 (1987).
"W. P. Ellis and R. R. Rye, Surf. Sci. 161, 278 (1985).
9B. J. J. Koelernan, S. T. de Zwart, A. L. Boers, B. Poelse-

ma, and L. K. Verheij, Phys. Rev. Lett. 56, 1152 (1986).
' W. Eckstein and R. Bastasz, Nucl. Instrum. Methods Phys.

Res. , Sect. B 29, 603 (1988).
''C. R. Brundle, ACS Syrnp. Ser. 199, 13 (1982).

560



VOLUME 63, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JULY 1989

' A. R. Blythe, A. E. Grosser, and R. B. Bernstein, 3. Chem.
Phys. 41, 1917 (1964).

W. Eckstein and F. E. P. Matschke, Phys. Rev. B 14, 3231
(1976).

' A. 3. Algra, P. P. Maaskant, S. B. Luitjens, E. P. Th. M.
Suurmeyer, and A. L. Boers, J. Phys. D 13, 2363 (1980).

'5M. T. Robinson, Oak Ridge National Laboratory Report
No. ORNL-4556, 1970 (unpublished).

' R. 3. Behm, V. Penka, M.-G. Cattania, K. Christmann, and
CJ. Ertl, J. Chem. Phys. 78, 7486 (1983).

' E. Taglauer, W. Englert, W. Heiland, and D. P. Jackson,
Phys. Rev. Lett. 45, 740 (1980).

'"D. P. Woodruff', Nucl. Instrum. Methods Phys. Res. 194,
639 (1982).

'9M. S. Daw and M. I. Baskes, Phys. Rev. B 29, 6443 (1984).
2oJ. P. Muscat, Phys. Rev. B 34, 8863 (1986).

561


