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Azimuthal dependence of classical over-barrier hopping diffusion of hydrogen
on a vicinal Ni(111) surface
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Using an unusual arrangement of optical techniques, we studied the full azimuthal dependence of hydrogen
diffusion on a 0.1°-miscut N111) surface vs temperature. From such a dependence, we arrived at the con-
clusion that the extra energy barrier for a hydrogen adatom to ci{dsOhstep edge must be less than 60 meV
or 1.5 kcal/mol.[S0163-182@08)51336-7

Diffusion of adsorbates on crystalline surfaces is one ofdence of the diffusion rates. Xiagt al. recently performed
the most important subjects in surface science and materiatgsich measurements of CO diffusion or(i0) by rotating a
research as it is involved in many fundamental material proNi(110 sample with respect to its surface normal while
cesses, such as epitaxy, catalysis, corrosion, and thermiateping the optics of laser-induced desorption and optical
annealing:~* Many experimental methods have been devisediiffraction unchanged’
in the past decades for studying such a process for various In this paper, we report an experimental study of the azi-
combinations of adsorbates and substr&tes® There has muthal dependence of hydrogen diffusion on a 0.1°-miscut
also been tremendous progress made in the theoretical undéti(111) using a different arrangement of laser-induced de-
standing of atomistic and collective aspects of surface diffusorption and linear optical diffraction techniques. Our
sion, both phenomenologically and in first-principles method is a variation of the one used by Xieal. Instead
analysis-1~® So far, most experimental and theoretical of rotating the substrate about the surface normal, we keep
studies have been focused upon adsorbate diffusion on fltéhe substrate unchanged and rotate the incidence plane that
terraces of crystalline substrates. Even for thiativelysim-  contains both the desorption laser beams and the probe laser
pler case, the task is already enormous both experimentallyeam. Such an arrangement has the following advantages.
and theoretically. (i) As the substrate remains unchanged, we easily cover a

In reality, however, topmost surfaces of crystalline sub-full 360° range of azimuthal angles under cryogenic cooling
strates consist of flat terraces that are separated by steps @ynditions. The latter often severely limit the range of sub-
step bunchesclusterg. The spacing between these steps orstrate azimuthal rotation under ultrahigh vacu(giV).
step bunches varies from a few lattice constants to microme- (ii) Since we rotate the entire desorption and probe laser
ters, depending upon substrates, the orientation of the tomssembly externally, we can easily and reproducibly vary the
most surfaces, and how they are prepared. There are nakimuthal angle with a precision optical stage. Such a preci-
many experimental techniques that are capable of measursion is not readily achievable with conventional UHV
ments that readily separate the kinetics over flat terraces arghmple holders that are usually poor optical mounts.
those at steps. One of these techniques is scanning tunneling In an earlier experiment, we established that the diffusion
microscopy (STM).?® By invoking the nucleation theory, of hydrogen adatoms on a (4il1) surface is dominated by a
Bromannet al. found it feasible to deduce the Schwoebel- classical over-barrier hopping at above 116 kK this re-
Ehrlich barrier or step-edge barrier by measuring the nuclegime, the energy barrier and the diffusivity for hydrogen
ation rate on two-dimensional islands as a function of islancbver (111) terraces were determined to b&gyace
size and temperaturé The laser-induced thermal desorption =200 MeV (4.5 kcal/mo) and Do terrace 2-8X 103 cns,
mass spectrometry used by George and co-workers is an erespectively. In the present study, we determine the kinetic
ample of macroscopic techniques that can be configured tparameters of hydrogen hopping over step edges by investi-
measure the anisotropy of the diffusion rates on a substraigating the azimuthal dependence of diffusion rates as a func-
and in turn to extract the step-edge barFier. tion of temperature.

Zhu and co-workers and Reidet al. demonstrated an- The experiment is performed in an ultra-high-vacuum
other macroscopic technique that is capable of resolving thehamber with an operating pressure below B2 torr. A
anisotropy of the diffusion rates on a substf®This tech-  1-cm-diameter Ni single-crystalline substrate disk exposes a
nique combines a laser-induced thermal desorpiging a  (111)-oriented face with a miscut angle of 0.1° as determined
pulsed optical interference pattgrto form a periodic distri- by x-ray diffraction. Before the dissociative adsorption of
bution of adsorbates with a subsequent optical diffractiorhydrogen, the Nil11) surface is cleaned with cycles of Ne
measurement from such a distribution to monitor the decayon sputtering at room temperature, followed by thermal an-
of the density modulation or grating. From the decay exponealing at 1000 K for a few minutes. The cleaned1Nil)
nent, one directly extracts the diffusion rate along the direcsurface shows no traces of sulfur or carbon from a retarding-
tion perpendicular to the density grating. By varying the ori-field Auger electron spectroscopy measurement. In a room-
entation of such a density grating with respect to a surfacéemperature scanning tunneling microscopy measurement,
crystalline axis, one can readily obtain the azimuthal depenMaurice et al. showed that a clean Ni11) surface with
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FIG. 2. Linear plots of the diffusion rates of hydrogen atoms vs
azimuthal angle on a 0.1°-miscut ({iL1) surface measured at 140
FIG. 1. Sketch of an optical assembly for preparation and moniand 110 K. The rates obtained at 110 K have been multiplied by a
toring of hydrogen adatom density gratings. The assembly is outfactor of 50 before being displayed.
side of the ultrahigh-vacuum chamber that hosts thélM)

sample. It consists of optics for laser-induced thermal desorptioRrihytion of hydrogen adatom density as a function of the
and for optical diffraction measurement all mounted on a precisioryzimuthal direction at the same spot on the sample.
rotation stage. In Fig. 2, we display the linear plots of the diffusion rates
vs azimuthal angle measured at 14Qdotted ling and 110
nominally 1° miscut was terminated with almost straightK (solid line). The mean coverage of hydrogen adatoms is
monatomic steps that ran perpendicular to the miscut direcd,=0.3.P=0° corresponds to the diffusion along one of the
tion with a density essentially determined by the miscu{110] axes in the surface plane. It is also the direction along
angle!® The meanderingness along step edges is on the awhich we earlier performed an extensive temperature-
erage less thanc2 nm, which was a few percent of the dependence measurement. Starting frdm+0°, we mea-
averaged terrace width. We expect our 0.1°-miscytl N sured the diffusion rate at every 10° increment over the en-
also to be terminated with straight monatomic steps withtire 360° range. The rates on the average decrease by a factor
negligible meanderingness at or below room temperatureof 50 as the temperature drops from 140 to 110 K. To com-
We also expect the step density to be roughly determined bgare the azimuthal dependence at the two temperatures equi-
the miscut angle of 0.1°. tably, we have multiplied the rates obtained at 110 K by a
We here elaborate in some detail on our optical arrangefactor of 50 before they are displayed in Fig. 2. The diffusion
ment for laser-induced desorption and optical diffraction.rates did not vary by more than a factor of four in the entire
Other details of the experimental procedure have been deange of azimuthal angles. The maximum uncertainty in the
scribed elsewher®! In Fig. 1 we show the sketch of our measured diffusion rates are within 35% of the displayed
experimental setup. The beam splitting optics that producegalues and these errors are random.
the pulse pair to create an adsorbate density grating and the The most striking feature in Fig. 2 is that the azimuthal
probe beam optics to monitor the first-order optical diffrac-dependence shows a very weak anisotropy at 110 K and
tion from such a density grating are mounted on a Newportemains almost unchanged from 140 to 110 K even though
precision rotation stage. For desorption, we use a single oghe absolute rate has decreased by two orders of magnitude.
tical pulse from a Nd:YAG laser with a duration of 10 ns and It is noteworthy that while the decrease in the absolute dif-
a wavelength ofA.,=1.064um. In this study, hydrogen fusion rate measures the diffusion energy barrier over flat
density gratings formed by laser-induced desorption have terrace$, the anisotropy in the azimuthal dependence mea-
spatial periodicity of 4.5um.” For optical diffraction mea- sures the difference between the energy barrier for crossing a
surement, we s a 2 mW He-Ne laser at\,q, Step edge and the barrier for hopping over flat terr&cdat
=0.6328um. The incident He-Ne laser beam traces the patlil10 K, the minimum of the diffusion rate appears at either
of one of the desorption laser beams. The first-order diffracd=—37° or 30° and it is no less than a factor of 3 smaller
tion of the He-Ne laser beam is directed into one end of dhan the maximum rate. This means that the additional en-
flexible optical fiber. The other end of the fiber goes to aergy barrier for a hydrogen adatom to ascend or descend a
photomultiplier detector. We are able to freely and reproducstep edge is small compared to the activation barrier over flat
ibly rotate the optical assembly over the entire 360° rangeterraces(4.5 kcal/mo). This observation is significant con-
By overlapping the axis of the rotation stage with the samplesidering that a 0.1°-miscut KNi1l) surface has roughly one
surface normal and with the two desorption beams on thstep edge for every 400 terrace sites in the miscut direction
sample, we are able to prepare and monitor the periodic dissr roughly 50 step edges over a distance of dib. In the
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following, we offer a more detailed analysis of the step-edge
effect and determine quantitatively the upper limit of the
step-edge barrier.

Let a be the fractional density of monatomic steps along
the miscut direction, ang be the angle between the direc-
tions of the diffusion and the miscut. LEL,be the largest
of the ascending and descending energy barriers across a step
edge. We define an effective diffusion constant over steps as
Dste™ Do step©XP(—Esep/ kg T) . The diffusion rate over a flat
terrace of N‘illl) Dierrace DO,terraceeXp(_ Eterract.JkB T) was
determined previously WithD g jo;race= 2.8X 10~ cn/s and
Eierrace 200 meV. It can be easily shown that

D( )= DierraceSiP ¢+ €0S ¢/[ a/D gt (1~ @)/ Dierracd FIG. 3. Sketch of a vicnial NL11) surface with step edges
running along close-packed rows. The large arrow points along the
(Refs. 6 and 1P or after a rearrangement, direction corresponding t&=0 in Fig. 2. The connected arrows
D D 1 form a possible diffusion path for a hydrogen adatégB, C, D, E,
D =D 1— cog @(Deerracd step ) F, andG are adsorption sites with three-fold coordinati®, S,,
(d’) terrac co ¢ _ . . . .
1+ a(Drerracd Dstep— 1) S:, S4, S5, andSg are saddle points along the diffusion path.
(o

The second term in the square brackets gives rise to thgirection (e.g., S;—D—S,—E—Ss), they found that the
anisotropy. The aspect ratio of the anisotropy canenergy barriers for hopping from the upper terrace it
be defined as y=D(¢=90°)/D(¢=0°) or y=1  the lower terrace corndd over S; and fromD to another
~ @(Drerracd Dstep~ 1)/[ 1+ @(Dierracd Dstep=1)]. W€ now |ower terrace sitéE over S, are also 100 meV or 2.3 kcal/
apply this analy5|s to our experimental result. From the STMyo1. In addition, the binding energy at the corner ditds
study by Mauriceet al, we can assume that the averagedine same as that at threefold hollow sites (afl) terraces

step dgnsﬂy on our 0.1°-miscut ®LLY is predPSmlna_ntly and thus the corner site does not act as a trap. Although the

determmed_gy the miscut angle_ SO that 2.5x 10", U_smg energy barrier predicted by the effective medium theory is a

aw27.5>< 10 and _ assuming Dostes~Doserracé= 28 factor of two smaller than the experimental valueEgf; e

X102 cnffs, we arrive at eXfEges Eterracd/kaT1<(1 ce

— )/(ya)~1G. With T=110 K, we obtain an upper limit =200 meV, the theqry correctly reprpduces the qualitative
VY ' feature of our experimental observation. Such a small step-

of the Schwoebel-Ehrlich barrieEges— Eeraces 1.5 keal/ . )
. ) edge barrier on NL11) may be understood if we assume that
mol (or 60 meV/atom This means that the extra barrier for the binding energy of hydrogen along its diffusion path is

a hydrogen atom to descend or ascend a step edge on . 2 o _
. . ostly determined by the binding coordination number with
Ni(112) is no more than 1.5 kcal/mol or less than 1/3 of thethe N?/substrate ator?fé.Since thgcorner SitB has a coor-

ngé%on enézrgy _fbarner (;\r/]er I!at fti;;fa%estE“("aceth dination number of 3, it should not be surprising that the
o me\/é..ff vVen | V\t’e usz the ratio o d'f(fa ween te binding energy is almost the same as that at a threefold hol-
minimum diftusion rate an € maximum daiftusion raté |, e on(11)) terraces. By the same token, as a hydrogen

over the entire azimuthal range as the extreme measure of ﬂé%atom traverses from the upper terrace €t the lower
aspect ratio, we would arrive at the upper limit of the

. ) terrace corneb, the saddle poing; has the same coordina-
SchwoebeI-Eh'rhch barrieE siey— Eremaces 1:56 kcal/mol. tion numben=2) as the saddle points on opétill) terraces
Our experimental results qualitatively support an

) . . (e.0..S1, S, S5, and Sg). Therefore we also expect the
effective-medium theory calculation of hydrogen energy sur-, g
faces by Nordlandeet al}?> On a Ni{111) surface miscut saddle-point energy &; to be the same as &, S, S,

along eitherd=—37° or 30°, the resultant step edges consistandSG' It is noteworthy that a hydrogen atom at the corner
o . site D does not have to hop ov&y, in order to move onto the
of long segments of close-packed rows jointed by kinks as

SE e ; open lower terrace. It may hop to a neighboring threefold
shown in '.:'g' 3. Near a step edge, .'t resembles @19 coordinated corner site over a twofold short-bridge site and
surface. Since hydrogen atoms reside at threefold hollo

sites on both NiL11) and N(110), crossing a step edge on avf'hen onto the open terrace. This makes a vicinalliNl)
o ; ) : ; surface appear very smooth for a hydrogen adatom.
vicinal Ni(111) is equivalent to crossing a close-packed row

; 7 . In conclusion, we have devised a convenient experimental
on Ni(110). It is between a threefold hollow site on an upper . :
. method to study the azimuthal dependence of adsorbate dif-
terrace and a threefold corner site on the lower terrace over

fision on a substrate. Our investigati iffu-
i . 20-22 . gation of hydrogen diffu
twofold short-bridge s!té. Nordlanderet al. calculated sion on a 0.1°-miscut N111) surface using this technique
the hydrogen adsorption energy surfaces oifilNi) and .
. 12 reveals that the extra energy barrier to descend or ascend a
Ni(110.™° On (111) terraces these authors found that the . e )
e . ~step edge is less than 1/3 of the diffusion energy barrier on
diffusion of a hydrogen adatom took place between a pair Oin open(111) terrace
fcc and hcp threefold hollow sitée.g.,A, B, C, E, F, andG) P '
over a twofold bridge sitée.g.,S;, S,, S5, andSg) with a This work was supported by the National Science Foun-
barrier of 100 meV or 2.3 kcal/mol. On Ni10 along[001] dation under Grant No. DMR-94-03441.
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