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The transition of chemisorbed hydrogen into subsurface sites on Pd (311)
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The activated transition of chemisorbed hydrogen atoms into subsurface site§3dd)Pdis been
investigated by means of He-atom scattering, high resolution electron energy loss spectroscopy
(HREELS), thermal desorption spectroscofyDS) and work function measurements. At 120 K,
hydrogen exposure leads to the formatiof@%1)H, (2xX1)2H, (2x1)3H andc(1Xx 1) 2H phases,

with coverages of 0.25, 0.50, 0.75, and 1 monolaykfis), respectively. The TDS data show three
desorption statesr at ~170 K, 8; at ~285 K andgB, at ~310 K. Chemisorbed H atoms forming

the ordered layers desorb in th# state, whereas thg; is originated by H atoms located at
subsurface sites. Thestate is originated by decomposition of layers of Pd hydride near the surface.

In all four phases, long-range order disappears B0 K. Heating to 220 K leads to the migration

of 0.25 ML H atoms into subsurface sitesly if the coverage of the disordered layer is greater than

0.5 ML. The HREELS data demonstrate that this behavior is caused by the occupation of different
adsorption sites as a function of coverage: only fourfold coordinated sites are occupied in the
(2X1)H and(2x1)2H phases, whereas threefold coordinated sites are also occup@d-fos ML.

A surprising result is that the HREELS peaks of the surface hydrogen vibrations still exhibit
significant changes once all surface sites are occupied, and saturate only after saturation of the
subsurface sites. This effect presumably results from strong repulsion between H atoms adsorbed on
threefold coordinated sites and subsurface H atoms located in octahedral sit8899GAmerican
Institute of Physicg.S0021-960809)70401-0

I. INTRODUCTION dride formation. In this work we provide experimental evi-
dence for the occurrence of a similar effect on3d), but
The absorption of hydrogen in solids is the origin of driven by a very different mechanism: no pairing-row recon-
many important technological applications. Bulk metals arestryction is involved, and the key role is instead played by
ideal media for safe hydrogen storageut it is also known  the coverage of the disordered H adlayers-220 K.
that hydrogen can reduce the mechanical stability of transi-  The fcq311) surfaceqFig. 1) are similar to the foc10)

Recently, a metal—semlcond'uctor transition was found to ocfows are separated by/%a, compared taa on the (110)
cur upon hydrogen absorption on a palladium-covered yt- ‘ is the latti tantH th tint
trium film, which is accompanied by dramatic changes in jtg>Ur1aces & is the lattice constantHowever, the most inter-

optical properties.In spite of the recognized importance of esting feature of the f¢811) surfa_ces has no equivalent on
these phenomena, very little is known about the first stepd® fcd110 ones: Due to the existence @f11) and (100
involved in the diffusion of adsorbed hydrogen into the bulk, MicrofacetdFig. 1(@)], there are threefold as well as fourfold
even for the very often investigated model material Pd. Thd1ollows which are distributed with equal density through the
influence of the different crystal surfaces on these complef’urface- This situation leads to an interesting competition in
phenomena has been revealed in several adsorption studié$ case of adsorbates like hydrogen or oxygen, which tend
performed on low—index Pd surfaces. Whereas for both th& adsorb in highly coordinated sites.
(100*® and the(111)°~8 surfaces the rate of hydrogen uptake ~ Another difference between t{811) and the(110) sur-
into the bulk was found to be very low for temperaturesfaces can be seen for the location of the possible subsurface
below 200 K, experiments performed on (R0 have re- sites (Fig. 2. For the (110 surface the octahedral site is
vealed that population of subsurface sites., sites between located below the twofold short-bridge site and the tetrahe-
the first and second topmost metal layezan be enhanced dral site lies below the pseudothreefold site on thé1)
by a pairing-row reconstruction of the substrait® a result  microfacets. For th€311) surface the tetrahedral site is lo-
which is also supported by receab initio calculations®  cated below the twofold bridge and the octahedral site lies
This subsurface species constitutes an intermediate betwebrtween the second and third layers below the pseudofour-
chemisorbed and bulk dissolved hydrogen, and as a resuild site on the(100) microfacets. The two different highly
provides a clue for a better understanding of the first stepsoordinated sites together with the different arrangement of
involved in the bulk diffusion of atomic hydrogen and hy- the subsurface sites should in principle affect the H-uptake
mechanism. Our current investigations of the HFd) sys-
dAlso at Paul-Drude—Institut Berlin, Hausvogteiplatz 5-7, D—10117 Ber-t€M provide evidence in favor of this statement.
lin, Germany. Hydrogen adsorption on P8il1) leads to the formation
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spectroscopy, and work function measurements. Our main

e X e X e Xxe® goal will be to better understand the physics involved in the
activated population of subsurface sites on3d). A sec-
(20) ond objective concerns the desorption temperature of subsur-

X
.
X
.
X
.
X

face H species and, more generally, the meaning of the dif-
ferent peaks in the TDS spectra, a still controversial point

s xeXxexe also in the literature on H/R#10). Finally, our attempts to
b1]l; detect subsurface H species with HREELS demonstrate the
% b, o« x o x occurrence of a new effect: the influence of subsurface H
(00) (02) atoms on the intensity of a peak recorded in the specular
direction.

e X ¢ X @ X o

IIl. EXPERIMENT

FIG. 1. (a) Side view and(b) top view of the sphere model of a {811 . . .
surface. In(c) a schematic drawing of the corresponding pattern in recipro- 1 he He-diffraction experiments reported here were per-

cal space is shown. Since the indices refer to a centered rectangular unit ceformed with the apparatus described in detail in Ref. 17, with
qnly IaFtice points 'of thg form(nm) with n+m= even are present inthe He pressures of 60—70 bar behind the nozzle and a base
g|ff:razct7|(;nAp:;t§ar‘r(2II9e(iZC|£cles. For Pd311), the lattice vectors lengths are pressure in the scattering chamber of 50 11 mpar. The
v Zoe energy of the incident He beam can be varied by heating or
cooling the nozzle between 115 and 800 K, corresponding to
of (2Xx1)H, (2X1)2H, (2x1)3H andc(1x1) phases?  wavelengths between 0.91 and 0.35 A, respectively. All data
with coverages of 0.25, 0.50, 0.75, and 1 monolaybts),  discussed here refer to a scattering geometry in which the
respectively[the notation refers to the centered rectangulafeam impinges against tii¢11) facets, perpendicular to the
unit cell of the substrate, Fig.()]. The (2x1)2H phase close-packed rows of the RB11) substratgFig. 1(b)]. Hy-
exhibits a mirror glide plane alori@33]. As a consequence, drogen and deuterium exposures are given in langmuir
the two hydrogen atoms in the unit cell must occupy identi-(1 L =1x10"®Torrs) and are corrected with the proper
cal sites, and form zigzag chains in the direction perpendicugauge sensitivity factors.
lar to the close-packed row8.More recently, we have The HREELS chamber is equipped with an ELS22 spec-
showrt® that heating to 220 K leads to the migration of 0.25trometer, low-energy electron diffractiq EED) optic and
ML H atoms into subsurface sitaanly if the coverage is ion gun. The sample can be cooled down to 95 K and heated
greater than 0.5 MIX> Since no evidence for any substrate by a resistant heater. The base pressure of the apparatus was
reconstruction was found, it was suggested that this behavi@x 10~ ** mbar and the residual gas contairgkk in the He
may well be caused by the occupation of different adsorptiorliffraction chamber mostly hydrogen with traces of CO,
sites at 100 K. Preliminary high resolution electron energyCO,, and HO. HREELS spectra were taken in specular
loss spectroscopfHREELS experiments performed in our geometry at a primary energy of 4 eV and an energy resolu-
group support this picture, since hydrogen was found to adtion of 6-8 meV with count rates of the specular reflected
sorb on the fourfold hollows a®<0.5 ML, whereas both e€lastic beam of 10-5-10 cps. The sagital plane was ar-
threefold and fourfold coordinated sites are occupied atanged parallel to the rows of the Bd2) surface[Fig 1(b)].
®>0.5 ML.1® The recording time of the spectra was about 6 min. The
In this work we present a detailed study on the migrationcleanliness of the surface was checked by LEED and
of chemisorbed hydrogen into subsurface sites a3Ptiby =~ HREELS. We checked regularly for adsorption of CO from
means of He-atom scatterinHAS), thermal desorption the residual gas, since it is well known that hydrogen and CO
spectroscopy(TDS), high resolution electron energy loss strongly interact on many surfacts.

The Pd311) sample was cut from a single-crystal boule
after alignment by x-ray diffraction tat0.3° and subse-
quently mechanically polished. The clean surface was pre-

Side View pared in the ultrahigflUHV) chamber by extended cycles of
Ne™ sputtering(1.0 keV, 700 K,Py.=5x10"°>mbar) and
high-temperature treatments in oxygen and hydrogen. The
presence of surface carbon on Pd cannot be ruled out by

Top View means of Auger spectroscopy, due to the overlap of the car-
bon peak at 272 eV with the Pd, 5N, 3N, 5 Auger transi-
) tion, and therefore some alternative ways are necessary, as
(311) #_, discussed by Het al.for Pd110).1° A more careful analysis
O Tetrahedral site (110) " revealed that the segregation rate of carbon from the bulk
< Octahedral site becomes important at temperatures abexdb0 K. Accord-

- the subsurt for@D and fe 110 surf ingly, a carbon-free surface could be prepared only for tem-
FIG. 2. Location of the subsurface sites for(f@tl) and fc¢110) surfaces. f f :
The octahedral site lies in the center of the cubic unit cell. The tetrahedraperatures in the range 100-600 K, which was considered

site is located in the center of a tetraeder built up of four nearest neighbosufficient in order to inYEStigate Jadsorption at_ low tem-
atoms. peratures. Further details on the surface cleaning procedure
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can be found elsewhef&!® The work function measure- 6 - . . - - -

ments reported ip Sec. III.B were performed by using a pi- | @xpH  @xieH @uapH C(m)H

ezoelectrically driven Kelvin probe. > | | I }
L x04
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Ill. RESULTS

w

A. The chemisorbed H phases

(S}

Peak Intensity [arb. units]

Figure Xb) shows a top view of the F811) surface with
the centered unit cell we use for describing our results; the2 ; s o
lattice vectors lengths ar@,=2.75A anda,=9.12A. The = b g et i
corresponding lattice in reciprocal space is shown in Fig. [ =, . . . .
1(c). Note the systematic absence of reciprocal lattice points oo 0.10 020 030 040 0.50 0.60
(nm) with n+m=odd in the diffraction pattern of the clean H, Exposure [Langmuir]
surface, due to our choice of the centered unit cell in direcl:IG 3. Compari . . - . .

. . 3. parison of intensity variation of two diffraction beaffeft

space. Hydrogen exposure at 120 K leads to the formation %fcale with that of the elastic reflected specular electron bégght scale
four ordered layers:(2x1)H, (2x1)2H, (2X1)3H and as a function of H exposure af,=120 K. The He wavelength is 0.57 A
c(1x 1).14 The first ordered structure appears after exposurend the electron beam energy 5 eV. The inset shows the reciprocal lattice
to ~0.09+0.02 L H,, where the error bars result from our Pattern of the2x1)H and(2x1)3H phases.
error of +20% in the gauge readings. Since a coverage of
0.25 ML would be reached after exposure to 0.07 L withAfter additional K, exposure, thé01) beam gets through a
sticking coefficient unity, we conclude that the coverage ofminimum while the specular beam reaches a maximum, in-
this phase is exactly 0.25 ML and that the initial sticking dicating the formation of thé€2x1)2H phase. The new maxi-
coefficient lies between 0.7 and[fiote that 0.25 ML is ac- Mmum of the (01) beam points to the completion of the
tually the lowest coverage consistent with the observed2X1)3H phase, while the specular intensity increases
(2x1) periodicity]. This conclusion is also based on a com-steadily until it reaches the saturation value-#.55 L, cor-
parison with results obtained in a separate experiment for Hesponding to the(1x 1) phase. The existence of a glide
adsorption on NiL10. On this surface, a coverage of 0.33 Symmetry plane in thé2x1)2H phase is demonstrated by
ML [corresponding to the first(2x6) phase, Ref. 20 the absence of beams of order@) with n odd, a behavior
should be reached after exposure to 0.13 L, very close to th&hich was observed for different scattering conditions. This
0.15 L required in the experiment on (IL0). Taking into ~Means that the two hydrogen atoms in the unit cell occupy
account the error in the gauge readings, this means that th@entical sites, and form zigzag chains in the direction per-
initial sticking coefficient lies between 0.7 and 1, in agree-pendicular to the close-packed rows.
ment with most experimental studies on H/Ni0).?* This Also shown in Fig. 3 is the exposure dependence of the
supports our coverage assignment or(32d), and means elastic scattered specular beam in the HREELS experiments
that there is just one hydrogen atom per unit cell in theata primary energy of 5 eV. Two important observations can
(2x1)H phase. be made on this curve. First, a change in the slope is clearly

Diffraction experiments give information on both the di- s€en at~0.1 L; second, the intensity changes much more
mensions of the unit cell via the angular location of the dif-Slowly with increasing exposure from 0.6 L on. This behav-
fraction peaks and the distribution of the scattering center#r was also observed for other electron enerdfe3he
within the unit cell via the intensity distributions in the spec- change in the slope at 0.1 L may well be due to completion
tra. Because of the low energies usd®—200 meV, He  of an ordered H phase and is in accord with the observation
atoms probe the topmost layer of surfaces in an absolutel9f the (2X1)H phase with HAS. The much slower change in
nondestructive manner, and are equally applicable to insuldntensity observed above 0.6 L suggests that the surface is
tors, semiconductors, and metals. This makes HAS a powepaturated, which is again in agreement with the HAS data,
ful tool for investigating the adsorption of hydrogen andwhere from 0.5 L on the saturatex{1Xx1) structure was
weakly bonded adsorbates such as water and pombserved.“ This fair agreement with the HAS curves is of
molecules’? A more exact characterization of the hydrogenthe most practical importance: it confirms that, although ob-
overlayers can be obtained by recording the intensity of diffained in different UHV chambers, HAS and HREELS re-
ferent diffraction beams as a function of ixposure. Such a sults for a given hydrogen exposure can be directly com-
plot is shown in Fig. 3 for two in-plane beams: the speculaPared with each other.
and the(01). Diffraction beams characteristic of @x1)
structure and in particular the ones of the forrm)Owith
n=o0dd are expected to increase with the numbe(20f1) As can be seen in Fig. 4, three desorption states are
unit cells on the surface. Due to conservation of the scatteregresent in the TDS data. The three lowest curves correspond
flux, diffraction beams arising from the substrate must ex+oughly to the formation of the thre@x1) phases. At low
hibit extrema when ordered adlayers are formed. In the casexposure$<0.5 L) only the 3, state is populated. The peak
of the (2X1)H phase, the narrow range in which it exhibits maximum shifts from 340 to 310 K with increasing cover-
optimum order is characterized by the occurrence of the firshge, pointing to a second-order desorption process. This state
maximum of the(01) and a minimum of the specular beam. originates from the chemisorbed hydrogen atoms forming the

HREELS Elastic Intensity [arb. units]

B. TDS and work function measurements
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- to a zeroth-order desorption kinetics. Note that the isotope
o H/PIGID 250 X effect observed in the experiment is a kinetic effect, since the
7 a state does not saturate under the given experimental con-
) ditions. This effect can be explained by considering the
x higher diffusivity of deuterium atoms as compared to hydro-
x P gen atoms at low temperatures: Whereas H atoms remain in
" Coverage [ML] the near-surface region, D atoms can diffuse deeper into the
bulk even at 110 K.Only by exposure aT>300K can the
H atoms diffuse into deeper bulk regions. We have also mea-
sured TDS curves after H exposure at room temperature; the
results(not shown confirmed the presence of a broad peak
e around 700 K, which we interpreted as caused by bulk hy-
150 200 230 300 330 400 drogen. Similar results were reported by Conetdal?® in
Temperature [K] their room-temperature study of H adsorption on(1Ad).
FIG. 4. Thermal desorption spectra for different, lexposures afTg The assignment of the feature at 700 K to desorption of bulk
=130K on Pd311). The dotted curve corresponds to desorption from the hydrogen through a diffusion-limited process is also sup-
(2xX1)3H phase. The heating rate is 5 K/s. Inset: Work function change aported by recent theoretical calculatidis.
120 K as a fur_]ction of hydrogen coverageosses The dotted line is a Our TDS data are qualitatively similar to the ones re-
least-squares fit to the crosses. ported for H/P@110),%'2 except for the absence of the,
desorption peak at-220 K, which is associated with the

four H phases. At exposures greater than 0.5 L,2h@eak removal of the pairing-row reconstruction in tgx2)H
broadens asymmetrically on the low-temperature side indiPhase. A similar behavior was also observed ofilN),
cating the appearance of a new desorption state, which wahere a sharpr, peak at~220 K occurs when the pairing-
label B;. This state arises from the desorption of hydrogenoW reconstruction is lifted. Moreover, the pairing-row re-
atoms located at subsurface sites, as discussed in more deg@@nstructions on Ni10) and Pd110) are only observed af-

in Sec. |1l C. Bothp states saturate at an exposure-dfo L. ter saturation of the surface, both of them having a coverage
For exposures greater than 10 L, the low-temperature atate ©f 1.5 ML. This observation suggests that no pairing-row
emerges at-170 K. It shifts to higher temperatures with reconstruction is induced by hydrogen on(®L), at least
increasing exposure and could not be saturated even aftépt at coverages:1 ML. Further support for this conclusion
exposures as high as 2000 L. The common leading edgé provided by the absence of intense diffraction spots in the
exhibited by the high-exposure curves strongly suggests REED patterns of th¢2x1) phases as well as by work func-
zeroth-order desorption process, which is also supported bjon (A®) measurementgthe inset of Fig. 4 The linear
thermal desorptiodTD) spectra recorded with higher reso- variation of A® with coverage in the range 0-1 ML indi-
lution by Frie et al?® That this peak is entirely due to H cates that the dipole moment remains constant until the final
absorption and not to the adsorption of residual water vapoydrogen structure is completed, which strongly suggests
was checked out using HREELS. The three desorption statdbat the substrate remains unreconstructed while hydrogen
showed complete isotope exchange in sequential dosing erdsorbs on the surfacdd reaches a saturation value of
periments, confirming that they all originate from dissocia-280=10 mV after~0.6 L, which is close to the 300 ni¥/
tively adsorbed hydrogefdeuterium, as expected for hy- and 325 me¥’ reported for the H/PA10 system. The av-
drogen adsorption on a transition metal surface. Howeverage dipole momenk, for the adsorbate complex can be
the « state populates more slowly with deuterium than withestimated by applying the Helmholtz equation. We obtain
hydrogen, whereas thg states are filled at the same rate up=9.3X 102 D, which is similar top,=7.1X 1072 D re-
after correction for the different masses of D and H. A simi-ported for H/P@110).28 We also observed that the maximum
lar behavior has been observed or(Bd),>*?*Pd100,°>and  of A® coincides with the saturation of the, state in the
Pd111).2* As it is known that the activation energy for bulk TDS spectra. This means that no work function change is
diffusion is ~0.5 kcal/mol lower for deuterium than for associated with filling of thg, state, suggesting that it origi-
hydrogert the filling rate of states originated by bulk speciesnates from H atoms located at subsurface sites. Conclusive
should be smaller for hydrogen, contrary to the experimentatvidence in favor of this statement is given in Sec. Il E.
observation. Therefore, the state should be caused by H The activation energi 4.sfor desorption of H from the
atoms located in the first few layers below the surface. TheB, state can be evaluated by plotting Ih(zﬁlﬁ) versus
fact already mentioned that thepeak could not be saturated 1/T,, whereg=5 K/s is the heating ratd,, the temperature
after exposures as high as 200Qhose area is equivalent at which the TDS curve shows a maximum axgthe cov-

to many monolayejsdemonstrates that it cannot originate erage at the maximum rafe.In this way a linear plot is
from H atoms located in specific subsurface sites. We believebtained, as expected for a second-order desorption process.
instead that it results from the decomposition of layers ofWe obtainE .—=0.86 eV, whereby the frequency factor is
palladium hydride near the surface, as already proposed far=3.8x 10’s. This value corresponds to an adsorption en-
H/Pd110*? and H/Pd100.° These Pd hydride layers form ergy E,;=2.78 eV. For comparison, we mention that in the
the hydrogen reservoir which supplies H atoms rapidly to thecase of P@L10) the activation energy for desorption from the
surface(where recombination and desorption ogclgading 3, state was found to be very simildEg=0.87 eV’ As-

1,

(=)
T

M,

-~
T

PHz [arb. units]
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FIG. 5. The effect of temperature on diffraction beam intensities of the 120 160 200 240 280 320 360 400
(2X1)H phase(@) and the(2x1)3H phasegb). The He wavelength is 0.57 A Temperature [K]

and the angle of incidence 40°. Cooling down to 120 K after heating to 230

K leads to the reappearance of ##<1)H phase, as demonstrated by the FIG. 6. The effect of temperature on th@2) beam of the(2x1)3H phase

development of the(01) beam shown in(@). In contrast, heating the after performing one, two, and three thermal cydlesating rate= 2 K/s).

(2x1)3H phase to 220 K causes the migration of 0.25 ML chemisorbed HAfter completing the first two cycles, the surface was exposed to 0.15 L H

atoms into subsurface sites; spectra corresponding t@th&)2H phase are  in order to restore th€2x1)3H phase. The TDS curve obtained after

observed after cooling down to 120 K. The heating rate is 2 KI/s. completion of the third cycle is compared to the one corresponding to the
(2X1)2H phase; the ratio of both areas is 5.2.

suming a first-order desorption process and a frequency fac-

tor of »=10%s, a value ofE4.—0.79 eV results for thgd;  [which corresponds to formation of ti@x1)3H phase, the
state. The desorption energy associated withdatlpeak was ~ dotted curve in Fig. fand subsequent heating to 230 K. This
estimated in 0.23 eV from an analysis of the low-temperaturelemonstrates that 0.25 ML H atorftse difference between
edge in the TD spectra, following the method proposed irthe (2X1)3H and(2X1)2H coverageghave moved into sub-
Ref. 30. surface sites.

The effect of reproducing the cycling procedure two
more times is illustrated in Fig. 6. Here, the curve labeled
“first cycle” describes the development of tH€2) beam

The effect of temperature on the thrg<1) phases has intensity after preparing the2x1)3H phase at 120 K, heat-
been investigated by monitoring the development of the ining to 230 K so that th€2x1)3H to (2Xx1)2H transition is
plane He-diffraction spectra as a function of temperaturecomplete and cooling under vacuum to 120 K. The surface
These experiments have shown that, in all three phases, longras then exposed te-0.15 L H, in order to regenerate the
range order disappears atl70 K!° These order—disorder (2x1)3H phase; this was actually made by monitoring the
transitions were found to be completely reversible for theintensity of the(01) beam as a function of exposure, as it is
(2X1)H and (2xX1)2H phases upon heating to 220 K and known that completion of th¢2x1)3H phase is character-
subsequent cooling to 120 K. This is illustrated in Fige5 ized by a local maximum of this beaifsee Fig. 3 The
which shows the temperature dependence of a diffractiobehavior of the/02) beam after heating to 230 K and subse-
peak intensity from th€2xX1)H phase. The fact that exactly quent cooling to 120 K is depicted by the curve labeled
the same curve is recorded in a heating—cooling cycle dem‘second cycle” in Fig. 6. As becomes evident from a com-
onstrates the reversibility of the process. Similar results werparison of both curves, th@x1)3H to (2X1)2H transition
obtained for the(2xX1)2H phase. For th€2x1)3H phase, has been completed for a second time, which means that now
however, a very different behavior was observed: This struc6.5 ML H atoms occupy subsurface sites while the same
ture transforms back into th@x1)2H upon being heated to coverage is still present on the surface. Further exposure to
220 K and cooling down to 120 K. More detailed informa- hydrogen at 120 K leads again to the reappearance of the
tion about this transition has been achieved by monitoring2x1)3H phase, i.e., to an increase in the surface coverage to
the changes in intensity of characteristic diffraction beams a8.75 ML. However, a different result is obtained by perform-
a function of temperature. The results for #d) and(02)  ing the cycling procedure a third time, as illustrated by the
beams are shown in Fig(y. The (01) intensity decreases curve labeled “third cycle”: no phase transition is induced,
according to Debye—Waller effects up tel65 K, where a and after cooling down to 120 K typical spectra of the
change in the slope indicates that long-range order has prat2x1)3H phase are observed. Also shown in Fig. 6 is the
tically disappeared. Further heating leads to a sharp rise ithermal desorption spectrum recorded after having com-
the (02) intensity at~210 K, which coincides with the re- pleted the third cycle. Note that only til3 and 3, states are
duction of the(01) intensity to the background level, as in- present, which demonstrates that the subsurface H atoms de-
dicated by the presence of a small descendent stef2@6  sorb in theB; state. The area of this curve is a factor of 5.2
K. When the sample is cooling down to 120 K, typical in- larger than the area corresponding to (A& 1)H phase(also
plane and out-of-plane spectra of tk&x1)2H phase are showr), whose coverage was assumed to be 0.25 ML. It is
observed. Note that, according to the TDS data of Fig. 4, h@onsistent with the general picture outlined above, in which
hydrogen desorbs from the surface after exposure to 0.33 the surface coverage amounts to 0.75 ML whereas 0.5 ML H

C. Activated population of subsurface sites
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L4LD, + themaleycle+1 LH, | | 14LDy+ 1L H, (n0 thermalcycle) The clean surface was first exposured to 1.4,lab130 K in

Ty =130K b T, = 130K o T order to saturate all surface adsorption sites, and subse-
2

quently b 1 L H,. Thermal desorption spectra of,and H,

from this surface are shown on the right-hand side of Fig. 7.
As expected from the very low sticking probability after ex-
posure to 1.4 L D, practically no H desorption is observed
(the curves are the result of two different run& very dif-
ferent result is obtained if the deuterium-covered surface is
heated to 250 K and cooled to 130 K prior to exposure to 1
L H,. The migration of D atoms into subsurface sites leaves
surface adsorption sites free, which enhances the probability
of adsorption of H at 130 K. Hence, a significant,Hlesorp-

tion peak is observed in the TDS data. Note that thermal
cycling has no influence on the desorption of,Dwhich
causes in both cases the appearancg;abeaks(originated

FIG. 7. Desorption spectra of Othe solid ling and H, (the dashed line by D atoms located in subsurface sjtasd 3, peaks(caused

after exposured 1 L H, on a surface preexposed to 1.4 L, B 130 K = 1y, chemisorbed D atorisA similar behavior has been ob-
(right). The effect of heating the surface to 230 K prior to exposure tatH . . . .
130 K is shown on the left. served when the opposite dosing sequeineg, first H, and
then D,) was applied.

Desorption rate [arb. units]

200 300 400
Temperature [K]

atoms are still present in subsurface sites. It should be mem. HREELS results
tioned that the fact that just 0.5 ML of H atoms can be
accommodated between the first and second metal layers fs Subsurface hydrogen
in accordance with the results reported for H/P) by He Now the question arises whether HREELS can judge
et all? how the incorporation of hydrogen below the surface takes
We also observed that, if a thermal cycle is performedplace and if it may be possible to observe vibrations of sub-
on a phase which is intermediate between ({®&1)2H and  surface hydrogen atoms. Low energy electrons — as used for
the (2X1)3H phaseqi.e., whose coverage lies between 0.5HREELS — penetrate some ten of angstroms in the surface
and 0.75 ML, the (2x1)2H phase is obtained after cooling when scattered from a metal surface. Therefore, they are able
down to 120 K. This represents actually the most effectiveo excite vibrations of atoms situated below but near the
procedure for preparing th@x1)2H phase, which due to the surface. Due to the screening of the valence band electrons in
influence of residual gases is not very easy to obtain at 12fetals, the vibrations of hydrogen atoms below the surface
K. The picture is more complicated when starting with ancannot be dipole active. The selection rules that apply for
intermediate between thé€2x1)3H and the c(1X1)H  subsurface atoms are the impact scattering ¢okéspecular
phases: the spectra recorded after performing a thermal cycteattering geometyyand only apply to vibrations which are
reveal the existence qRx1)2H and(2xX1)3H domains on antisymmetric with respect to mirror planes of the surface.
the surface. This indicates that the final coverage lies befhe fcd311) surface only shows one mirror plane perpen-
tween 0.5 and 0.75 ML, suggesting that the population oflicular to the closed packed rows. The dipole scattering
subsurface sites is not as effective when the initial coverageross section for hydrogen above the surface is usually very
is greater than 0.75 ML as for coverages between 0.5 anbw and comparable to the differential cross section in the
0.75 ML. impact scattering regime. Therefore subsurface hydrogen vi-
These results clearly demonstrate that a phase transitidirations which lie within the mirror plane may be observed
occurs when thé2x 1)3H phase prepared at 120 K is heatedalso in the specular scattering geometry. Nevertheless, the
above 220 K, which is characterized by a change in the sutow intensity in the impact scattering regime and the obscu-
face coverage from 0.75 to 0.5 ML. Although these resultgation of the subsurface peaks by surface vibrations make the
resemble in some aspects the ones reported fapbservation of subsurface hydrogen with HREELS a difficult
H/Pd(110),°~*?a more detailed analysis reveals that decisivetask. The only direct evidence of a hydrogen vibration below
differences exist between both systems, as discussed in Se¢he surface observed with HREELS was found for the system
IV. All the results presented above were also investigatedd/Ni(111).3! The assignment of a loss peak to subsurface
using deuterium instead of hydrogen. The only isotope effechydrogen was based on the dependence of the peak intensity
observed concerns a shift of the subsurface-transition tenen the energy of the impinging electrons. For hydrogen in Pd
perature t0~240 K. The fact that such an effect was not no evidence for subsurface vibrations in the HREELS spec-
observed on RA10) again proves the different nature of the tra was reported so far. For H/@d0), Ellis and Morir'?
phase transitions on the two systefsse the discussion in have searched for subsurface hydrogen with HREELS. They
Sec. IV). We have also tried to distinguish surface from sub-have found no evidence of subsurface hydrogen in their
surface species by analyzing TDS data of surfaces exposexpectra after exposures to 10 L, Hnor after following the
to H, and D, in different sequences. The results from one ofrecipe of Heet al? Also in the specular direction they found
these experiments are shown in Fig. 7, which illustrates th@o change of the peaks with or without subsurface hydrogen
effect of thermal cycling on a deuterium-covered surfacepresent.
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TABLE |. HREELS vibration energiesin meV) previously reported for T
hydrogen adsorption on low-index Pd surfaces compared with the ones ob- I
served on P@11). Vibrations associated with symmetric and asymmetric :
modes are indicated big) and (a), respectively. |

Surface Fourfold site Threefold site Ref. 150

Tntensity [eps]
3
=

Pd100 63(s) 83(a) 34-36 NV
Pd111) - 96(a) 124(s) 37
Pd(110 98 120 32 |
Pd210 55 90 33 :
Pd311) |
01...04L 56 85 94 120 16 |
>0.4 L 50~85 ~90 126 16 100 : —
|

Intensity [cps]

2. Hydrogen adsorption on Pd(311)

Concerning the H/R811 system, we want to first
briefly discuss the HREELS results for chemisorbed hydro- 50 -
gen. A full discussion of the site assignment for hydrogen on
the surface can be found in Ref. 16. Although a simple com-
parison of vibration energies between different surfaces to
determine adsorption sites can be erroneous, in the present
case the comparison with the low index surfadd€0),
(111, (110 and the recent investigations of Muschiol
et al33 for Pd210) leads to a conclusive assignment of the
peaks'® In Table | the vibration energies for hydrogen on
Pd(311) from our previous investigatidhare compared with  FIG. 8. Comparison of HREELS spectra from 2 1)2H phasethe 0.2 L

the energies found on other Pd surfaces. In Fig. 8 spectra {f{V® and the(2x1)3H phase(the 0.3 L curvé. The specular spectra are
normalized to an elastic intensity of XA0® cps, which was the elastic

SpeCU|ar Scattering geometry for differer_]t exposures arﬁltensity of the 10 L spectrum. The energy of the primary electrons is 4 eV
shown. In the 0.2 and 0.3 L spectra of Fig. 8 the peak atnd the angle of incidencé,=60°. The effect of heating thé2x1)3H
80—85 meV can be attributédee Table | and Ref. 6o the phase to 220 Kdepopulation of threefold sitgss illustrated by the dashed

vibration paraIIeI to the fourfold microfacet. and the peaks aurve. Spectra recorded after exposure to 1 and 10 L are also shown. The
’ spectra shown in the inset were recorded at 12° off spe¢witr respect to

94 "fmd ]_-20_126 me\_/ to the parallel and_ p_erpendiCUIar Vi'the surface normal The scattering plane was orientated perpendicular to the
brations in threefold site¥. The surface exhibit€, symme-  closed packed rows. Note the strong increase of the peak at 120 meV, which

try so that for each adsorption site two dipole allowed vibra-is only seen in the specular spectrum.

tions are expected. The second dipole active vibration of

hydrogen in the fourfold site is visible as a shoulder at 56

meV and is better resolved in the scattering geometry withntensity of the 120 meV peak up to 10 L exposure. This is a
the scattering plane arranged perpendicular to the closeekry interesting effect and will be discussed in more detail
packed rowgnot shown, see Ref. 16r in off-specular spec- below.

tra(the insert in Fig. 8 The intensity of this peak in specular Above 0.3 L the peaks at 80 and 96 meV move closer
and off-specular geometry is similar. It is therefore (@t  together so that they are not well resolved. It should be re-
not strongly dipole active. The very good agreement be-marked that the observed peak width results in part from the
tween the observed vibration energies with the correspondntrinsic width of the vibrations, which is on the order of
ing ones on the low index surfaces makes it very unlikely5-10 meV2® The peak at 56 meV can be seen in all off-
that the assignment of the adsorption sites given in Ref. 18pecular spectra for high exposures. It shifts for exposures
should be wrong. Up to about 0.2 L the intensity of the peaks>0.2 L to 50 meV. The vibration energies of bulk palladium
associated with the threefold sites is small. This means thahydride are 96 and 56 meV for the phasesand g,
although occupation of threefold sites is also expected atespectively’® Nicol*! has observed a mode at 58 meV with
finite temperatures, mainly the fourfold sites are occupied imeutron scattering measurements, which was assigned to
the first two phases — th@x1)H and (2x1)2H. Domina-  subsurface hydrogen. These energies are nearly identical to
tion of an adsorption site at low coverages has also beethe energies for the surface hydrogen, so that large changes
reported for H adsorption on K811)'8 and RK311).3 From  in the spectra or new peaks are not expected when subsurface
0.2 to 1 L the threefold sites are filled until a coverage of 1hydrogen is present. Although we have performed an exten-
ML is reached. In th€2x1)3H phase two fourfold and one sive search for new peaks in the impact scattering region, we
threefold site are occupied. The work functifiig. 4 and  did not find any evidence for structures which may be caused
the elastic intensities of the HAS and HREEIMg. 3) are by subsurface hydrogen. The only hint of possible subsurface
not altered markedly at exposure€.55 L, indicating satu- hydrogen is the appearance of additional shoulders at 56 and
ration of the surface. The only change observable in th&5 meV, which were not well reproducible and are therefore
HREELS spectra for exposuresl L is an increase of the not shown here.

Energy Loss [meV]
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In this context an apparent contradiction between the 150 T
HAS and HREELS results should be mentioned. In HAS a |
clear c(1Xx 1) structure was observed for high exposures ;
(>0.5 L). The saturation coverage of the surface was deter- |
mined by HAS and TDS to be 1 ML. Therefore only a single E jggfmmou
adsorption site should be occupied. This is in contrast to the ] 037220 K /0.1 L/ 220 K
findings of HREELS for high exposures, which showed two T ‘ ' '
adsorption sites for the saturated phase. We think that two i
explanations are possible to solve this contradiction. First, i
there are two different domains giving rise to tbglx 1) :
structure, which differ in the occupation of threefold or four- :
fold sites, respectively. Since the two domains are expected :
to be energetically similar, the observation of one or the !
other structure may critically depend on the temperature. A :
similar effect has been recently proposed to explain the ex-

1

'
'
'
' '

Forera ok bat =]

100

Intensity [cps]

istence of two different adsorption sites on thgx4)4H 50 -
phase on Co(101), on which the H atoms form zigzag

chains along the metal rows. Two different domains result

depending on whether fcc- or hcp-like adsorption sites are

occupied®? A second explanation is based on the observation

that the peak at 85 meV disappears at high exposures. The

peak at 50 meV should therefore not result from hydrogen in

a fourfold site. As mentioned above a subsurface vibration 0
could also be observable in a specular scattering geometry if

it is symmetric under the mirror plane. Now one can specu-

late if this peak results from subsurface hydrogen. The peakIG. 9. The effect of reproducing the thermal cycle one more time on the
is not dipole active and it lies in the correct energy region.HREELS spectra. The population of subsurface sites after heating to 220 K
On the other hand the peak has the same or even a high'@rclearly connected V\_/i_th a depopqlation of threefold sites on the surface.
intensity as the other hydrogen peaks. This is in contrast t§2M® Scattering conditions as in Fig. 8.

the expectation that peaks from subsurface vibrations should

have low intensity. From our present data we cannot judg@y refilling the surface nicely resembles the behavior seen
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which explanation is the correct one. with HAS, which is summarized in Sec. Ill C. Experiments
] ) with a further hydrogen exposure and a following flash to
3. Population of subsurface sites on Pd(311) 220 K were not possible because we were not able to check

Now we turn to the investigations of the activated popu-whether thg2x1)2H or (2x1)3H phases were prepared suf-
lation of subsurface sites. In Fig. 8 the dashed curve showsficiently well. Additional experiments with deuterium
spectrum recorded after an exposure of 0.3 Latl 100 K showed no conclusive results because the deuterium peaks
and a subsequent flash to 220 K. The spectrum looks vergverlap with peaks of hydrogen from the residual gas.
similar to the spectrum recorded after exposure to 0.2 L. The A remarkable effect can be seen for hydrogen exposures
peaks at 96 and 120 meV in the dashed curve — whiclabove 1 L(Fig. 8. The peak at 120-126 meV associated
indicate occupation of the threefold sites — have nearly diswith the perpendicular vibration in the threefold site in-
appeared. In fact, traces of H atoms occupying threefold sitesreases in intensity until it is saturated at about 10 L. The
were observed in all spectra recorded for exposures up to 0@her peaks — especially the peak at 96 meV — do not
L. This is in accordance with the HAS results, which showedchange between 1 and 10 L. For exposures higher than 10 L
that the(2x1)2H phase is best prepared after exposure to 0.8he whole spectrum does not change any more. In off-
L H, and subsequent heating to 220"KFigure 9 shows a specular spectra the intensity of the 120 meV peak does not
complete cycle leading to successive filling of the subsurfacehange appreciably for exposures between 1 and 10 L, apart
sites: exposure to 0.3 L Hat 100 K[which correspond to from shifting from 120 to 126 me\(the insert in Fig. &
formation of the(2x1)3H phasé¢, heating to 220 K, expo- According to the interpretation of the HAS, TDS, and work
sure to 0.1 L H at 100 K, heating to 220 K. In the first step function data the surface is saturatéd 4 and from 1 to 10
the threefold hydrogen peak at 96 meV disappétrs low- L the subsurface sites are filled. Thus, a higher occupation of
est curve. It is refilled in the second step with 0.1 LHthe  surface sites can be ruled out. This is in accordance with the
dashed ling The resulting spectrum is very similar to the fact that the peak associated with the parallel mode in the
first spectrum after exposure to 0.3 L. In the last spectrunthreefold site and the off-specular intensities do not change.
(the dotted ling¢ the occupation of the threefold site is again If occupation of threefold sites would increase for exposures
strongly depleted. The residual occupation of the threefold>0.7 L both peaks should increase in intensity. Therefore we
site presumably originates from hydrogen adsorption fromassign the intensity increase of the 120 meV peak to the
the residual gas, which consisted mainly of hydrogen. Thdormation of subsurface hydrogen. In principle, such an in-
observation of nearly identical spectra after heating to 220 Kerpretation seems unlikely because the screening of the con-
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TABLE II. Distances between the adsorption sites and the subsurface octayrface together with the adsorption height of the hydrogen
hedral and tetrahedral sites on(BH0) and Pd311). should add to owea 1 A increase of the H—H distandeee
Subsurface site  Distahge Table Il). The distance of an octahedral hydrogen tp the
threefold surface hydrogen is too small by0.2 A. This

Surface Adsorption site  Coordination

(31 (100 Fourfold Octahedral 2.75 could be easily achieved by a small increase of the adsorp-
(311 (100 Fourfold Tetrahedral 1.59 . . . .

(311) (110 Threefold Octahedral 195 tion height and by an increase of the distances between the
(311) (111 Threefold Tetrahedral 0.98 first layers of a few percent. The increase of the adsorption
(110 (111 Threefold Octahedral 1.12 height would then be reflected by a change of the dynamic

dipole moment of the hydrogen vibration perpendicular to

the threefold sites. For hydrogen adsorbed on a fourfold hol-
) ~_low site the distance to the next octahedral site is with 2.75 A
duction ba_nd e_IeCtro_ns should p_reve_:nt an_observatlon in th%rge enough so that no influence of subsurface hydrogen on
specular direction with such a high intensity and the energy,rtace hydrogen in fourfold sites is expected. These consid-

does not fit the energies of bulk hydrogen in Pd. Howeverg aiions give a simple explanation of the observed increase
linear muffin-tin orbital(LMTO)-calculations performed by f the dynamic dipole moment but only in the vibration per-

H 43 .
Henninget al.™* have shown that for hydrogen located in the hengicular to the threefold adsorption site. For the H atoms
fourfold hollow sites of P{L00), the adsorption height of gpifted below the surface after heating to 220 K we do not

hydrogen is increased from 0.11 to 0.18 A when at the samgerye a large increase of the intensity of the threefold per-
time subsurface octahedral sites just beneath the surface g5gngicular vibration. As already mentioned, heating leads to
occupied. Such an increase of the binding height can easilyjenopylation of the threefold sites. After refilling of the

lead to an increase of the dynamic dipole moment respony,reefold sites with hydrogen, the surface coverage is with
sible for the intensity of the vibration peak near the speculag 75 ML low enough that subsurface H atoms can avoid the

beam. The conclusion is that the subsurface hydrogen addefles pelow a surface hydrogen. Therefore it seems natural
for exposures up to 10 L changes the binding of hydrogen ifnat we did not observe any intensity increase in this case.

the threefold site and leads to an increase of the dynamic o, the (110 surface the behavior should be different
dipole moment. From the fact that no appreciable change iye to the different geometry of the surface layers. The oc-
the surface work function was observed for exposesL  (ahedral site between the first and second layers lies only

(Sec. 11l B) we conclude that the change of the work function 15 A pelow the pseudothreefold site. Therefore a simulta-

induced by the increase of the H-Pd bond length is less thage s occupation of the threefold sites and the octahedral
10 meV (the confidence of ouAd measurementsin this g pgrface sites seems unlikely and a different uptake
context it is interesting to no_te that Ny_berg a_nd Westftind mechanism for hydrogen results.

have observed that for a CO induced dissolution of hydrogen

in Pd100 the intensity of the perpendicular vibration of

hydrogen seems to increase upon filling the subsurface sitgs gypsurface hydrogen and the B, state

and to shift to lower energies. For exposures above 10 L the ] ] )
HREELS spectra do not change any more. This proves to- Although there is general agreement in the literature
gether with the arguments given above that for high expo@bout the physics involved in the interaction of Mith
sures neither the surface hydrogen occupation nor the occfd110, discrepancies appear when some questions related
pation of sites between the first and third layers change anip the pcz);:).uIann of subsurface states are considered. Catta-
more. For higher exposurés-10 L) we have also checked Niaetal”"interpreted they, state in the TDS data as arising
for possible contaminations of the surface withQHor OH, ~ from H atoms located in subsurface or surface-near bulk re-
which have O—H stretch vibrations in the region around 45@ions of the crystal whereas the, state was ascribed to

meV, but we have found no traces of such a contaminatiorthemisorbed H atoms. Tfl1(§ellH/Eld0) system was also in-
vestigated by Riedeet al,”*~ who suggested that the,

state is connected with H atoms located in the first few layers
below the surface whereas the subsurface H atoms desorb in
Now one can ask where the subsurface hydrogen is sitithe a, state. In a more recent work, H# al'? have claimed
ated. The location of the subsurface sites for (B&1l) and that H atoms located at subsurface sites actually desorb in the
the (110 surfaces is different as mentioned in Se(Fig. 2). 1 state while thew; state is linked to the decomposition of
It is interesting to take a look at the distances between th&ayers of Pd hydride near the surface. The experimental evi-
adsorption sites and the subsurface octahedral and tetrahedd&nce presented below gives support to the last of these ar-
sites(Table Il). According to the “Switendick criterion” hy- guments.
drogen atoms in the bulk never come closer than 2.12 A. We have recently demonstrated that the clea(B3PH
Furthermore, local density calculations performed in thesurface can be prepared in(AX2) missing-row metastable
group of Nerskof® have shown that a strong short rangestructure*’ This structure consists of missing-row domains
repulsion between H atoms exists in Pd, which prevents tha addition to unreconstructez{1x 1) patches and is meta-
occupation of one unit cell with two hydrogen atoms. There-stable, i.e.. it reverts to the cledhx1) surface at~370 K.
fore, for the P@311) surface a tetrahedral site for the subsur-More detailed information about this phase transition was
face hydrogen with saturated threefold sites on the surfacachieved by monitoring the intensity changes of some char-
seems unlikely since a possible outward relaxation of thecteristic diffraction beams as a function of temperature. The

4. Location of subsurface hydrogen
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: : : T : : : on Pd311) at 120 K with a high initial sticking coefficient.

H,/Pd(311) By | Hydrogen exposure leads to the formation @<1)H,

L T =120K | (2X1)2H, (2X1)3H andc(1 X 1) H phases with coverages of

| 0.25, 0.50, 0.75, and 1 ML, respectively. The TDS data re-

corded after exposure to,Hat 120 K show three desorption

statesa at ~170 K, 8, at ~285 K, andB, at ~310 K. In all

four hydrogen phases, the chemisorbed H atoms desorb in

the B, state. This state exhibits a second-order desorption
I \ ] kinetics with an activation energy for HdesorptionE e

| 4 =0.86eV. Completion of the(1X1)H phase coincides
LT Mg i with saturation of this state. The state populates slower

Y e S T T with D, than with H, and is believed to originate from the

»

o

P, [arb. units]
Intensity [arb. units]

150 200 250 300 30 400 450 decomposition of layers of palladium hydride in the first few
Temperature [K] layers below the surface. With respect to tBe state, the

FIG. 10. Thermal desorption spectra from the clean surfteesolid ling TDS results presented. in Sec. IIIE pr_ove that it originates

and the(1x2)MR structure(the dotted ling after exposure to 50 L Hat ~ from H atoms located in subsurface sites, as also proposed

120 K. Also shown is the evolution of the ) beam of the(1x2MR  for the system H/PA.10) by He et al1?

structure as a function of temperature. The heating rate is 5 K/s. In all four phases, long-range order disappears 470

K. Heating to 220 K leads to the migration of 0.25 ML H

, . o atoms into subsurface sitesly if the coverage of the disor-

curve obtained for the () beam is shown in Fig. 10he  yooq layer is greater than 0.5 ML. Although this behavior

data have been corrected for Debye—Waller effecthie resembles in some aspects the ones reported for the

measurements were performed with the same heating rate AP 110 system®2 the results presented in our current

f&he TD spectrdS K/s), with aﬁe—boeam wavelength of 0.82 o1 demonstrate that important differences exist between
and an angle of |nC|dencq—'40 . The |nt.enS|ty remains e two systems. On P#10), two ordered structures can be

constaqt up t0v340 K where it increases sll.ghtly due to the formed after hydrogen adsorption at 100 K(2x1) phase

desorption of residual hydroge(restlmated in~0.09 ML, _ (with ® ;=1 ML) and a(1x2) phase(with ®,=1.5 ML)

Ref. 47).' That the_se _re5|dua| H atoms cannot be reSponSIbIﬁ/hich exhibits a substrate reconstruction of the pairing-row

for the induced missing-row structure has been demonstrat 9pe.9'10 This reconstruction allows the adsorption of 0.5 ML

Ey rt1_1easur|n|g dlffralctlon sp:jr—_:ctra af;er comple(;mtg_ls_evga atoms on the second Pd layer gngon heating to 220 K
4$a_||_r;]g—_c?o 'n.tg ijc €s, as blscuss((jaf n rg%eKea! :jn te e subsequent migration to subsurface sites when the
- |he Intensily decrease observed from on indicate airing-row reconstruction is lifted. On R&iL1), on the con-

the onset of the transition, which is completed at 450 K. Th rary, no pairing-row reconstruction is induced in any of the

fact that the density of close-packed rows in the top layer i?2><1) phases. Therefore, a different mechanism must be re-

Iowe.r for this strgcture t.h an for th? clean surface aCtue.mysponsible for the activated population of subsurface sites on
provides a very interesting scenario to study the p053|bl%d31b Although a detailed understanding of this mecha-
locations of the subsurface H atoms as well as the way in. ' . .
which they desorb from RE11). In effect, if we assume that nism cannot be achieved solely on the basis of our current

. . results, they show clearly that at220 K the more stable
H atoms occupy sites between the topmost and the thlr(cj:‘?)nfiguration is the one with 0.5 ML H atoms on the surface

layer, it is reasonable to expect that a diminution of the num- : )
i . nd the rest on subsurface sites. The fact already mentioned

ber of close-packed rows present in the first layer woul . ) )
. : hat disorder of the H adlayers precedes the activated migra-
affect the population of such sites. In order to learn more

about this point, we have investigated the thermal desorptio'HOn Into subsurface sites also suggests that an important role

of hydrogen from thd1x2)MR structure. Figure 10 shows may be played by a partial occupation of different adsorption

the curve obtained after exposure to 50 ;&1 120 K, which sites, from which migration into subsurface sites appears

is compared to the curve corresponding to the clean surfacg.as:e(rj' t-thtSI—lf (;onﬂrmgd bg ourt#IQfEEl;SldresultZ Wrt"%h r_te-
The lower population of thgg; state in the case of the re- vealed that H atoms adsorb on the fourlold coordinated sites

constructed surface is evident, as expected from the argL]](-)r coverages<0.5 ML. This hypothesis is also supported by

ments discussed above. Note also that no noticeable changt%? observat|_o n that th@x 1)3H to (2x1)2H tran3|t|.on IS
are evidenced in ther and B8, states. Such behavior was S 'fte(.j to a higher temperatufe-240 K) when deuterium is
observed systematically for severa) exposures. Therefore, used instead of hydrogen. Such an effect was not observed

we conclude that the subsurface H atoms desorb i e ON Pc{llO), which underlines the different H-uptake mecha-
state i nism involved on the two surfaces. Whereas of1R6) the

transition is driven by lifting of the substrate reconstruction
(which occurs at the same temperature independently of
IV. CONCLUSIONS whether H or D atoms are adsorbed on the sujfaoe

The adsorption as well as the first steps involved in thePd311) actual diffusion processes are involved and therefore
absorption of hydrogen on R2L]) have been investigated the activation energy required for subsurface migration is
by HAS, HREELS, TDS, and work function measurements.slightly different depending on whether the adsorption of
The HAS results prove that hydrogen adsorbs dissociativelftydrogen or deuterium is considered.
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