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Influence of steps on the interaction between adsorbed hydrogen atoms
and a nickel surface
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We have studied the effect of an extended array of defects on the two-dimensional phase behavior
of adsorbed hydrogen on a Ni surface using helium atom scattering. Specifically, the interaction of
hydrogen with the stepped (9i77) surface was examined and compared with similar interactions
with the flat N(112) surface. The phase behavior of hydrogen of®RY) is qualitatively the same

as that of hydrogen on Kill); however, the temperature at which the order—disorder transition
occurs is elevated. On the stepped surface, the ordere@)2H phase exists at a temperature 40

K higher than on the flat surface. This reversible phase transition is second order and is best fit with
T.=310 K andB=0.12, indicative of two-dimensional Ising behavior. Stabilization of the ordered
phase is attributed to pinning from the step edges. The cross section for diffuse elastic He scattering
by adsorbed hydrogen and the temperature-dependent domain size of ordered hydrogen along the
step edges are also discussed. 1@99 American Institute of Physids$S0021-960609)01443-9

INTRODUCTION examples for which hydrogen’s influence has been explored
are Ni3112),” (410.2 (512° and(510;'*** Rh(31)** '’ and
The interaction of hydrogen with metal surfaces is of(332):18 py557)'%?° and (997):%*%? Cu(410);>% W(310);%
broad interest. On a fundamental level, because hydrogen jgq p¢510).1° The literature details step-induced behavior as
the most theoretically tractable adsorbate, the interaction of,astic as an entirely new phase diagram ofB2)*7 and as

hydrogen with a flat metal surface serves as a testbed for OWiementary as preferential adsorption at a step &lge.
understanding of adsorbate-surface interactions. Understand- | 4ic study we examine the interaction of hydrogen

_ . ; rmth Ni(977) using helium atom scattering. Helium atom
subsequently comes in contact with, a metal surface is cry- . )

. ; ) . eams are nonperturbing and nonpenetrating because they
cial to a more basic understanding of gas-surface interac-

tions. On a more applied level, uses for hydrogen-metal Syszlre scattered by the interface’s electron density approxi-

tems range from heterogeneous catalysis, where hydrogéﬂatey 3_,& from.the surface. Also, the interaction with thg
can be either a reactant or product molecule, to the synthesiiiface is weak; He-surface well depths are ca. 6 meV with
of hydrocarbons and ammonia. Additionally, understanding®"oP€ energies ranging from 15-60 m&WMost other meth-
hydrogen’s role in materials science and metallurgy is esserRdS interact strongly with the surface, penetrating many lay-
tial to studying practical phenomena such as hydrogen stors into the bulk and occasionally even creating surface de-
age, corrosion, and embrittlement. fects.

One of the goals of surface science is to describe and The stepped surface studied in these experiments con-
predict macroscopic material properties based on a carefgists of 8 atom widé€111) terraces separated by monatomic
examination of microscopic interactions. To that end, signifi-(100) steps(Fig. 1). Differences between the behavior of this
cant effort has been made to study the interaction of hydrosystem and the H/NL11) system can therefore be attributed
gen with flat metal surfaces. Particular emphasis has beed step effects. We have examined the adsorption behavior in
placed on the transition metal nickel because of its technoe |ow coverage limit, the cross section for diffuse scatter-
logical value. While understanding how hydrogen interact§ng of elastic He atoms by adsorbed hydrogen, step-induced
with a perfect crystal is an important first step, much of the, giations on the phase diagram, and the temperature-
physics and chemigf,;_rg that tgkes place on real materigls i(?ependent domain size of ordered hydrogen measured paral-
Phuecrlgm?otrzd ::1 giee%tiél Ee))((?en:]';'gr? ti)h%rirgglgz ?r]:edS;TDCtSeS\;e I%I to the step edges. Qualitatively, these properties are simi-
ideal an d, real systems. 8r to those for flat Nil11); however, significant quantitative

variations are observed.

The literature contains a plethora of studies done on vici- h bl iation invol h in th
nal surfaces. Attention has been given to clean and adsorbate The most notable variation involves a change in the sta-

covered surfaces ranging from open, highly corrug&ad) bility of the ordered(2x2)-2H superstructure at a coverage

surfaces to lower step density miscut surfaces. lllustrativ@f 0-5 monolayergl ML=1 hydrogen per NiL11) surface
unit cell].?® As the substrate is heated, this phase undergoes

aCormesponding author: s-sibener@uchicago.edu an order—disorder transition. While the transition tempera-
Ppresent address: Eltron Research, Inc., 5660 Airport Blvd., BouldetUr® occ_urs at 270 K“fOI’ Ni11), we have four_]d that the
CO 80301. order—disorder transition does not occur until a substrate
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i FIG. 2. Helium specular reflectivity as a function of hydrogen exposure.
FIG. 1. A schematic of the N877) surface as viewed for the side) and The surface temperature is 150 K, and the beam energy is 24.1 meV. The

from above(b). The surface consists 6£11) terraces which are eight atoms 40S€ condition and phase of the beewith respect to adjacent terragese

wide and separated by single atom high steps. The scattering plane af@dicated for each data set. In-phase scattering corresponds=4.55°
several high symmetry directions are indicated. while for out-of-phase scattering,=37.26°. The straight bold line indi-

cates the slope of the initial signal suppression used to calculate a scattering
cross section for the helium beam and the hydrogen overlayer. Higher doses

o . result in a partial recovery of the specular sigfinkey.
temperature of 310 K on KB77), indicating that steps stabi-

lize this ordered structure.

(%
EXPERIMENT -0 0.036X ExposuréL) D

These —experiments were carried out in a hlghis obtained for our system; this is based on the observation

momentum- and energy-resolution helium atom scatterin )
apparatus. This instrument has been described in detgrﬂat maximum order of the (22) hydrogen superstructure,

elsewheré’?and will only be summarized here. It consists Which corresponds to a coverage of 0.5 W‘QCCWS ata
of a supersonic helium beam source, an UHV scatterin dose of 27.4 L. Calibration based on these data yields a stick-

chamber equipped with appropriate surface characterizati(?rﬁ1g coefficient of 0.04, comparable to the value of 0.05 re-

; i 1) 33
tools, and a rotating, long flight patlerystal to ionizer dis- ported for hydrogen adsorbing to clean(NiL).

The specular intensity of our He atom beam, normalized
tance of 1.005 mquadrupole mass spectrometer based de: : .
T . . - to the signal level scattered from the clean surface, is plotted
tector. The angular collimation yielded a resolution of 0.22

The Ni(977) crystal used in these studies was cleaned bfs functipn of hyd_rogen exposure in Fig. 2._1;hese data were
repeated cycles of sputtering with 1 keV Nisns followed aken with a dosing pressurey,,=1.83<10 _ tor.r, ,TX‘a'

by annealing above 1000 K until C and S levels were below~ 120 K. Theari=112 K (or 19.1 meV, and with incident

our Auger detection limit. A sharp LEED pattern with split- 2191es 0f¢;=37.26° andf; =24.55° corresponding to out-
ting of the(111) spots(characteristic of the stepped surface of-phase and |n-p'hase Bragg klngmatlcs, respectively. The
confirmed surface crystallinity. For these experiments, thélata are reproducible and agree with datat shown taken
scattering plane was oriented parallel to the step e at a variety o_f dlffer_ent sub_st_rate temperatures, d(_)smg pres-
Fig. 1). Note that because the sample is a stepped crystal, trR'€s, and kinematic conditions. Initial suppression of the
scattering kinematics can be chosen such that the incidefPecular signalis caused by the large elastic cross section for
wave vector is either in-phag@ragg scatteringor out-of- H/He diffuse scattering. There is moderate recovery of the

phase(anti-Bragg scatteringwith respect to the terracds. ~ SPecular signal as the coverage increagféig. 2 inse},
which occurs due to the formation of the ordef@x 2)-2H

overlayer structure. A similar recovery of signal has been

seen in other systems including H/Pt1)** and
Helium scattering is a powerful technique for probing H/Rh(111).%

the initial uptake of hydrogen because it is very sensitive to ~ The observed suppression of the specularly reflected he-

the presence and concentration of adsorbates on methiim signal is related to the cross section for diffuse scatter-

surface€? Poelsemaet al. have shown that by monitoring ing, o. From classical arguments, there is a linear relation for

adsorption isotherms, it is possible to measure the cross seelastic scattering of waves from a surface with random

tion for diffuse scattering® First, a calibration for the cov- impurities®

erage must be established. For many hydrogen on metal sys- | P

tems, including H/Ni111), a linear relationship between —=1—-0oX—. (2

exposure and the quantity/(1— 6),where 6 is hydrogen o A

coverage, has been found to be Valitf because hydrogen Here, ! is the specular signaly is the signal with no hydro-

adsorbs with second order kinetics. The relation gen presentA is the surface unit cell arg®.365 &), and

INITIAL HYDROGEN UPTAKE
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FIG. 3. Coverage-temperature phase diagram. The solid line is for B=0.12+0.005
H/Ni(111) as reported by Christmanet al. (Ref. 26. The three arrows
represent the cuts through phase space studied in this experiment and reve:

a qualitative similarity in shape for H/K877) depicted as a dashed curve.

is the coverage in ML. By using the dose-coverage relation-
ship calibrated in Eq(1), we fit our data to Eq(2) (the dark
solid line shown in Fig. 2and obtain a cross section for
diffuse scattering ob-=2.38 A2+0.03 A2. While this value

is noticeably smaller than the gas phase value 50 A2 %¢ it

is still large enough to induce significant diffuse scattering at 0 ‘ . .
low coverage and Bragg scattering at ordered, higher cover- 150 200 250 300 350
age. Poelsemat al3® measured a similar value of 5.32A Temperature (K)

for helium scattered from H/F897). While not directly com- (b)

parable to H/Ni977), the qualitative similarity indicates

analogous perturbation of the surface electronic corrugatiorriG. 4. (a) Representative data set showing the dependence on crystal tem-
perature of the half-order diffraction peak area (ddse=27.4 ). The ini-
tial scattering conditions wer@,=26.34° andE;=65.7 meV.(b) Order
parameter, normalized for Debye—Waller effects, as a function of substrate
PHASE DIAGRAM temperature. The solid dots are the data and the line represents a second-
order phase transition fit witli,=310 K and3=0.12.
Phase diagrams are central to experiments involving ad-

sorbates, and although the hydrogen oifllili) phase dia-

gram is well understoodFig. J), it cannot be assumed that ML coverage. As adsorbate coverage or surface temperature

the phase behavior will be identical on (8f7). For ex- is increased further, the hydrogen superstructure adopts the

ample, the H/R{811) phase diagram contains a wealth of symmetry of the substrate.

phases that do not exist on the respective flat surface. To monitor the change in order across the phase dia-
In order to verify the qualitative phase similarity be- gram, we measured the evolution of the half or@x2)-2H

tween H/N{111) and H/N(977) and to elucidate the effect of superstructure peak that occurs at 2.52' & the [011] di-

steps on the nature of this transition, three cuts through theection. For all three cuts, an incident angle of

coverage-temperature parameter space were stisliedvn  6,=26.34°and an incident energy &;=65.7 meV were

as arrows in Fig. B two are a function of dose and the third used. At each scattering condition the specular peak was also

is a function of sample temperature. The HMNI1) system measured for normalization purposes including Debye—

consists of three distinct phas@sAt the lowest coverages, Waller corrections. The results bear qualitative resemblance

hydrogen behaves as a lattice gas, i.e., the hydrogen atorts the H/N(111) phase diagraniFig. 3.

are distributed randomly on the surface. As coverage is in- The top panel of Fig. 4 shows the helium diffraction

creased g2x2) symmetry emerges. In this ordered phasespectra of the half order peak as a function of substrate tem-

hydrogen atoms occupy both fcc and hcp sites in a graphitiperature. The lower panel of this figure has the correspond-

structure with two hydrogen atoms per surface unit cell at 0.5ng peak area vs dose corrected for Debye—Waller effects.
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As the temperature is increased, the superstructure peak dis- Having evidence that hydrogen prefers to stick to Ni
appears, indicating either a phase transition to a disorderesteps, the question of step effects on the stabilization of the
phase or desorption of the hydrogen. If the sample is reerdered(2x2)-2H remains. In the literature, there is corrobo-
cooled, the peak returns in full indicating that this is indeed aation that the steps are responsible for the increase in the
reversible order—disorder phase transition. order—disorder transition temperature. Rfrat al. showed
The solid line through the data is a fit assuming a seconthat increasing the number of defects affects the order—
order phase transition, as occurs on the Ki{ii) systerrﬁ7 disorder transition temperatu%. During studies of the
From this fit we derive a transition temperatureTgf=310  H/Ni(111) system, they discovered that defects such as oxy-
+2 K and critical exponent o8=0.12+0.005. The critical gen or deuterium atoms increased the transition temperature
exponent is comparable to the values3£0.11-0.15Ref. by as much as 10 K. Additionally, van de Walk al>®
37) found for hydrogen on the i11) surface, however this imaged the H/Nil1ll) system with an STM and observed
transition temperature is 40 K higher than that found on thesmall domains of th€2x2)-2H structure at step edges per-
flat surfac€® This increase in the order—disorder transitionsisting at room temperature. They attributed the existence of
is indicative of an energetic shift in the adatom potentialthe ordered phase at 300 K to a high partial pressure of
wells. Step effects are the most likely source for these enehydrogen. However, given our observations, it is likely that
getic changes. We conjecture that the increased coordinatidhey were able to image the superstructure at this tempera-
available at the step edge pins hydrogen atoms. These pinnaéare because of the altered phase behavior near the step edge.
atoms, in turn, affect the registry of atoms further from theThe results of these studies, coupled with our observations,
step. In this way, the effect is propagated out onto the terindicate that the steps play a significant role in stabilizing the
race. If pinning occurs at both top and bottom step edges2x2)-2H overlayer.
confinement effects may also play a role.
. If one tregts the H/NB77) system within the Mo- DOMAIN SIZE
dimensional Ising model, as suggested by our experimental

value of the critical exponent(theoretical 6;p sing In an attempt to further elucidate the role of steps in
=0.125), then a hydrogen—hydrogen interaction enasgy,  stabilizing the(2x2)-2H structure, we analyzed the ordered
can be approximated by the analytical expressfon: domain size as a function of substrate temperature. To first
approximation, the helium beam is scattered coherently
wy=1.76 kgTc (3)  within domains of lengtH.. Coherence length, i.e., island

. _ . size, of the(2x2)-2H structure, can be extracted from the
giving a value of 0.047 eV fof =310 K. A more figorous  yees ion peak widths. Following Lapujoulads al,>* after

Renormalization group theory_ ca_lculat%nresults nwz deconvoluting the instrument broadening, the observed half-
=0.076 eV. Again, the repulsion is probably stronger adja- ! . .

o : . order peak widthsA 6;, provide a measure of the domain
cent to steps due to pinning effects and weaker in the middle.

of terraces, so these values represenefeactiveadatom— siz€:
adatom interaction averaged over the entire overlayer. Using 5.564
the critical temperature of 270 K, as is observed ofiLIM), A o (4)

these values are 0.040 eV and 0.066 eV, respectively. Be- | [k|cosé,

cause the substrate mediated H—H repulsion is strengthengghere|k| is the magnitude of the incident wavevector. From
by the steps on the order 7 to 10 meV, additional thermathis analysis comes the trend of a smooth decrease in island
energy is required to disorder the graphit&<2)-2H. size with surface temperatu(Eig. 5). As the overlayer order

It is common for adsorbates to stick preferentially to collapses near the critical temperature, the domain size is
steps or defects due to either an increase in coordination @omparable to the mean terrace widtt6.5 A). This size
an altered electronic structure. For instance, it has been olsimilarity may be coincidental, or it might suggest that the
served that Xe attaches to isolated step edges(@LBt****  terrace size is a key parameter in determining the transition
preliminary reports show that oxygen nucleates at the stefemperature. STM experiments with this system are under
edges of Ni(Ref. 42 and it has been well documented that development to further study this effect.
hydrogen prefers step sités?22343-470n Ni(977), it has
been found that the phonon modes localized at the €teps
disappear in the presence of hydrod@ihis indicates either
a modification of the bonding at the step, a screening of the We have probed the nature of the interaction between
step phonons by the adsorbed hydrogen, or an increase hydrogen and a stepped (877 surface in order to isolate
kink mobility leading to disordered steps. From thermal de-the effect of a known type of defect. Our results demonstrate
sorption spectroscopy DS), we also have an indication that that the qualitative behavior is the same as with a flat
hydrogen preferentially bonds to the steps of@ONMV). Upon  Ni(111) surface: the cross section for diffuse scattering of
desorbing hydrogen from our surface, we observe two broadlastic He is roughly the same as seen on other systems; the
but distinct desorption peaks. The physical geometry of ouphase diagram has the same regimes with an ordered
experimental apparatus precludes any quantitative analysi@x2)-2H occurring at intermediate coverages and tempera-
of the TDS data, but the existence of two peaks means mutures; and the domain size of the ordered patches decreases
tiple desorption sites, most likely representing step and tersmoothly with substrate temperature. Quantitatively, how-
race population. ever, the order—disorder transition occurs 40 K higher than

SUMMARY
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FIG. 5. A plot of the ordered2x2)-2H island size at#=0.5 ML (H,

dose=27.4 L) as a function of substrate temperature. Island size was dete|
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on the flat Ni surface, representing affective7—10 meV
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