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Adsorbate-Induced Reconstruction in the Ni(110) -H System
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The adsorbate-induced reconstruction of the room-temperature Ni(110)-H surface has been resolved
by scanning tunneling microscopy. The structure, known as a "streaky" (1&&2) from LEED observa-
tions, is found to be primarily a (5x2) Ni reconstruction with small domain size along the (001). Top-
layer Ni atoms are paired along the (001& by a 0.5-A lateral displacement to form tetramers and every
fifth (001) row is missing. The barrier height, measured simultaneously with a constant-current topo-
graph, is found to be higher along the (001) missing rows.

PACS numbers: 68.35.Ja, 61.16.Di, 68.45.Da, 73.40.Gk

Many surfaces undergo reconstruction in the presence
of adsorbates' in order to lower their surface energy.
The chemisorption of hydrogen on transition-metal sur-
faces is of particular interest for its role in catalysis and
as a simple case of the general chemisorption phenome-
non. Extensive studies ' of hydrogen adsorption on
Ni(110) have produced conflicting results on the struc-
ture of the surface. In this Letter, we show the first
direct image produced by scanning tunneling microscope
(STM) of a substrate reconstruction induced by hydro-
gen. Individual nearest-neighbor atoms with a lateral
separation of 2.5 A were resolved. The structure ob-
served by STM can explain some of the puzzling results
obtained by other experimental techniques.

Six difieren reconstructions of the Ni(110)-H system
have been observed by LEED (low energy electron dif-
fraction) and He diÃraction: (2 x I ), (2 && 6), c (2 x 4),
c(2x6), (1 x2), all below 220 K, and "streaky" (1&&2)
at room temperature. The first four low-temperature
structures, produced by H coverages ( 1 monolayer,
were interpreted as unreconstructed substrates with the
adsorbate exhibiting long-range order, i.e., lattice-gas
systems. The weakness of the fractional-order LEED
spots seems to confirm this model, with support from
thermal desorption and electron-energy-loss spectros-
copy ' measurements. The low-temperature (1 x 2)
structure, studied by LEED, ' He diff'raction, and
high-energy ion scattering with nuclear-reaction analy-
sis, ' has been variously ascribed to missing (110) rows'
or to a "row pairing" distortion of the topmost layer of
Ni atoms4'" ' with lateral displacement of 0. 1 A. At
220 K, the structure undergoes an irreversible transition
to a streaky (1 x 2) phase, which can also be produced by
hydrogen exposure of the clean Ni(110) at room temper-
ature. There have been conflicting reports about the
similarity of the low-temperature (I x 2) and the streaky
(I x 2) structures. An electron-energy-loss spectroscopy
study' proposed a model in which the streaky (1 x2)
phase is a mixture of disordered areas and low-temper-
ature (I x2) and (2x I) phases. A LEED study' has
suggested that there is a range of displacements of the

paired Ni atoms at room temperature, while the lateral
displacement is 0. 1 4 for all pairs at low temperature.
The surface peak measurement by ion channeling' at
low temperature has shown that the displacement of all
the paired Ni atoms is 0. 1 A, while only 20% of the top-
most Ni atoms are displaced by that amount at room
temperature. However, a recent room-temperature ion-
channeling study' proposed a model in which the paired
Ni atoms are displaced by 0.5 A, and the H atoms are
located 0.09 A away from the short bridge site. In this
study, we have found the structure to be quite difIerent
from this proposed model, although the displacement of
the paired Ni atoms is in agreement. '

A detailed description of the STM ' used in the
present study can be found elsewhere. ' Briefly, an
ultrahigh-vacuum chamber is equipped with STM,
LEED, and Auger-electron spectroscopy to study the
sample surface and a field ion microscope to characterize
the STM tip. A clean Ni(110)-(1 x I ) surface was
prepared by ion sputtering and annealing until no trace
of impurities was detected by Auger-electron spectrosco-
py. The streaky (I x 2) phase was then formed by expo-
sure of H2 for (2 L [I L (langmuir) =10 Torr sec]
at room temperature. H2 is known to chemisorb dissoci-
atively on Ni surfaces, forming atomic hydrogen bonds,
so that excitation by a hot filament is unnecessary. Since
H2 also readily adsorbs onto W, the STM tip was
cleaned by field evaporation after the exposure.

STM topographs were taken with a tip bias of +2 to
—2 V and a constant tunneling current of less than 100
pA. Figure 1 is a 240&&190-A STM topograph of the
Ni(110)-H surface. The crystallographic directions
were determined by the LEED pattern, and the 4 and Y
piezo-tip-driver displacements have been previously cali-
brated from the topographs of Si(111)-(7&7) recon-
struction. Two steps are visible in the figure; of the three
terraces, only the one in the center is well ordered. More
than 80% of surface was usually found to be disordered,
despite the appearance of the typical streaky (1 & 2)
LEED pattern. Patches of (2x I) or (1 x2) structure
were sometimes observed in the disordered areas. In the
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(a)

FIG. 1. 240 x 190-A2 gray-scale topograph of Ni(110)-
H(5x2). A unit cell of the reconstruction is shown. Anti-
phase boundaries are indicated by arrows. Dark area at lower
right is a disordered lower terrace.
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ordered area, a (5x2) structure, as indicated in Figs. I

and 2, was most frequently found. The average size of a
(5x2)-ordered domain was 1000 A along the (110) and
100 A along the (001) directions. For a typical coher-
ence length in LEED of a few hundred angstroms, the
streaks along the (001) in the LEED pattern can thus be
readily understood. Several types of defects were ob-
served, including missing first-layer atoms, dislocations
along the (001), and antiphase boundaries. Introducing
impurity gases (CO or CH4) increased the defect densi-

ty, effectively destroying the ordered structure after ex-
posure of =100 L.

Figure 2(a) shows a 120&&95-A STM topograph of
the Ni(110)-H(5 x 2) structure. Schematic diagrams of
the Ni(110)-(1 x I) and Ni(110)-H(5x2) structures ob-
served by STM are shown in Figs. 3(a) and 3(b), respec-
tively. In the (5x2) structure, all the first-layer Ni
atoms are laterally displaced by 0.5 A along the dimeriz-
ing direction, as indicated by arrows in Fig. 3(b), form-
ing tetramers. The lateral displacement agrees with the
0.5-A first-layer average displacement determined re-
cently by ion channeling. ' When the STM tip was
su%ciently sharp, the tetramer, seen as a single blob in

the scan of Fig. 1, could be resolved into four distinct
atoms arranged in a square, 2.5 A on a side, as in Fig.
2(a). The tetramers are separated by 2dN;loo along the
(001) and 5dN; 1lo along the (110), with every fifth (001)
row missing, making the reconstruction a combination of
row pairing and missing rows. Note that the missing row
is not along the (110), as proposed earlier. ' The small
domain size along the (001) may be related to the fact
that the missing (001) row requires mass transfer and is
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FIG. 2. (a) 120x90-A' topograph of Ni(110)-H(5&&2)
reconstruction. A unit cell of the reconstruction is shown. An-
tiphase boundaries are indicated by arrows. (b) Cross-sec-
tional contours along the lines UU', WW', SS', and TT' in (a).
The upper length scale is for the UU' and WW' contours, and
the lower scale for the SS' and TT'.

therefore kinetics limited. ' ' The missing row very
frequently forms an antiphase boundary, as can be seen
in Figs. I and 2(a). In the presence of two or three con-
secutive antiphase boundaries, the local structure be-
comes (10&&2) or (15x 2). In addition, the presence of
dislocations with a (110) slip direction also changes the
local ordered structures. The resultant high defect den-
sity substantially destroys the long-range order so that
distinct, unstreaked fractional-order LEED spots along
the (110)direction are rarely visible.

Since the 2.5-A separation of tetram r atoms is exact-
ly the Ni nearest-neighbor distance, it seems certain that
the STM scans were indeed measuring Ni atomic posi-
tions. The other possibility, that the STM is actually
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2 d~oo FIG. 4. (a) 64 X 124-A constant-current topograph taken

simultaneously with (b) a work-function image.

FIG. 3. Schematic of surface structure for (a) unrecon-
structed Ni(110)-(1 x 1) and (b) Ni(110)-H(5 X2), where
open circles represent the first-layer Ni atoms, shaded circles
the second layer, and dotted circles the third layer.

sensing H atoms, can be ruled out since a H tetramer is

so unlikely. ' [It is interesting to compare this with the
Ni(110)-0 case, in which the substrate does not recon-
struct while the O forms a (2X 1) lattice gas; for this sys-
tem, the STM scan was a map of the adsorbate. ] It is

possible, however, to get some information about the po-
sition of H on the surface by examination of the mea-
sured contours for unusual features.

The contours shown in Fig. 2(b) were measured along
the corresponding lines of Fig. 2(a). The vertical scale is

calibrated from the height of the step along line SS'.
The TT' contour includes positions corresponding to
ACEFG in Fig. 3(b) and therefore shows high points
over the tetramer, a drop down (at K and K') to the
second layer between tetramers, and another drop down
(at P and P') when the tip is still over the second layer
but at the missing-row position (G). The apparent
diAerence in height between points K and P could be due
to barrier-height changes (shown in Fig. 4) or to buck-
ling of the second layer at K, ' since a constant-current
STM scan is always a convolution of electronic and
geometric information. The double bumps produced as
the tip passed over pairs of Ni atoms, clearly seen in con-
tours UU' and WR ', often showed an asymmetry in

height ~ Hamann has shown that the local charge density
can be changed by the presence of hydrogen in the low-
temperature Ni(110)-(2X 1) system, ' so that this asym-
metry may be an indication of the presence of H atoms

in some of the low-symmetry bridge sites designated 8 in

Fig. 3(b). (The heights would be symmetric if 8 sites on
both sides of the tetramer were occupied. ) Although oth-
er sites (A, C, E, F, and G) have been suggested for H
chemisorption, no localized features that could be identi-
fied as hydrogen in those sites were present in the STM
scans.

An earlier measurement found that the work func-
tion increased by 0.5 eV after H exposure. The change
of the local barrier height can be measured simultane-
ously with topography by STM by our modulating the
tip-sample separation faster than the position feedback
can respond and measuring the resultant change in

current. Figure 4 shows (a) a topographic image and
(b) the corresponding barrier-height image. The barrier
height is higher along the missing (001) row by about
0.3-0.4 eV. It is possible that additional adsorption po-
sitions along the missing row, such as the bridge sites in

the second layer suggested by electron-energy-loss spec-
troscopy, ' result in a higher barrier height.

In summary, we have presented a direct image of
chemisorption-induced reconstruction of Ni(110). The
structure at room temperature is (5 X 2), formed by a
combination of row pairing and missing (001) rows. The
small domain size along the (001) and frequent anti-
phase boundaries and dislocation explain the observed
streaky (1 X2) LEED pattern. The position of hydrogen
is not determimed, but the asymmetric measured heights
of the Ni atoms suggest that H atoms may occupy some
of the low-symmetry bridge sites.
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