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Covalent interaction of H with the d electrons at the(111) surface of Ag
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The interaction of H with the A@11) surface has been investigated using angle-resolved-photoemission
spectroscopy with synchrotron radiation. The bonding and antibonding states of a covalent interaction of Ag
4d bands with the H & level are clearly observed. The occupation of the antibonding state accounts for the
low chemisorption energy of H on the ALl surface.

Chemisorption of hydrogen on metal surfaces used as @&s-metal d antibonding state is responsible for the weak
simple prototype system for the study of the interaction of arH-metal bond on noble metals compared to those on transi-
atom or a small molecule with a surfat@hese many stud- tion metals.
ies have established that for transition metals, a strong The ARPES measurements were conducted using syn-
chemical bond is formed between the H atom and the metathrotron radiation on the National Synchrotron Light Source
surface, and that both and d electrons participate in the (NSLS) VUV beamline U-12 at Brookhaven National Labo-
interaction?~ The relative contribution of thel ands sub-  ratory (Upton, New York. The energy analyzer has an an-
strate electrons in the H-metal bond has been debated untilglar resolution of~2° and the overall energy resolution of
unifying picture emergefl.According to this picture, this the system(electrons plus photonsvas 0.12 eV ahv=30
interaction can be considered in two steps. First, thesH 1€V and 0.17 eV ahv=45 eV. A clean Ag111) surface was
orbital interacts with metas electrons formig a H 1s bond- ~ Prepared by repeated cycles of sputtering with Ne ions and
ing state(or resonance The bond formed between the H 1 annealing to~720 K. Samp"? cleanness was checked by the
and the metak electrons accounts for most or all of the @PPearance and the intensity of the surface state-peak near
H-metal bond energy. For transition and noble metdls, Er in normal-emission spectra of a clean (4g1) surface.

electrons also participate in bonding through a covalent cou-1oMic H was dosed on the surface by predissociating hy-
ling with the H 1s bonding state or resonance. This resultsdrogen using a hot tungsten wire locate@ cm in front of
piing 9 ' the sample held at 100 K. The H adsorption on th¢14g)

in the bonding and the antibonding states, as schematicalgurface has been reported to induce &2 Iow-ener%/

illustrated in Fig. 1. The antibonding orbital, which is split electron-diffraction(LEED) pattern at 0.5 ML coveragé:
off from the top of thed bands, is emptytransition metals || the spectra reported here were taken with exposures

or filled (noble metals depending on the position of the \yhich produced good 22 LEED patterns(near ©® ~0.5
Fermi level relative to thel bands. Therefore, the Hsimetal

d interaction further strengthens the H-metal bond for tran- H-d band
sition metals but weakens it for noble metals. antibonding state
Experimentally, the H-metal bond has been extensively 1 ' noble metals

investigated. A large body of experimental data has been § ,>\

accumulated for transition metdisnd the trends within the N I \\ Fermi level for

3d and 4 series has been reproduced by theoretical ~— dbads| - | transition metals

calculation€® For noble metals, where dissociation is acti- N\ N )

vated, the chemisorption energies have also been determined

indirectly by the combination of adsorption and desorption ¥ . "

studies'®~** Compared to transition metals, the H-metal

bond on C¢111) and Ag111) is much weaket?® In particu- Metal " -

lar, the weak H-Ag bond leads to a chemisorption state of eta -

atomic H that is metastable relative to the recombinative T-d band

desorption into molecular hydrogéf. bonding state
This paper reports on angle-resolved photoemission spec-

troscopy(ARPES measurement on the H-adsorbed(ADl)

Fermi level for

H 1s bonding
resonance

surface. The H §—Ag 4d bonding and antibonding states density of states
located below and above the Agldands, respectively, are
observed. In particular, the observation of theupiedanti- FIG. 1. Schematic illustration of the covalent interaction of H

bonding state provides direct spectroscopic evidence for thgtom with transition metal and noble metal surfagesdified from
theoretical picture presented above. The occupation of the IRig. 2 of Ref. 6.
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FIG. 2. Photoemission spectra for the clean and the H-covered
(near 0.5 ML Ag(111) surfaces at 100 K. AB and B denote

H-induced featurebelowandabovethe d bands, respectively. The k(A1)

SBZs of the (X 1) (solid line) and (2x 2) (broken ling structures

are drawn in the insefl, K, and I\W(F’,E’,I\W’) are the high- FIG. 3. Dispersion of thg H-induced “AB” peak i.n the region
symmetry points in the (£1)[ (2% 2)] SBZ. abovethe d bands: photoemission spectra as a function of the elec-

tron emission angles in thé M direction (a), in theI' K M direc-
ML). The details of the coverage dependence will be pretion (b), and a plot of energy vs momenturk) parallel to the
sented elsewher€. surface(c). The shaded area is a calculated projection of the part of
Figure 2 displays three sets of angle-resolved photoemighe bulk Ag bands onto thel11) surface(Ref. 19.
sion spectra for clearidotted line$ and H-covered(solid

lines) Ag(111) surfaces at 100 K. The coverage in each cas@hese peaks are quite narrgfull width at half maximum
is ~0.5 ML H coverage producing a>22 LEED pattern. (FWHM) ~0.5 eV] and disperse forming a two-dimensional
Like other noble metals, the normal-emiss{dn in the sur- band. The measured dispersion of this H-induced band is

face Brillouin zone(SB2)] spectrum of the clean Agll) shown in Fig. &) for thel' M andI’ K M directions on the
surface[Fig. 2(a)] shows an intense surface state neéar®  (111) surface. The shaded area is the projection of the bulk
Adsorption of H on the surface completely quenches thisbands® onto the SBZ of the clean (41) structure. The
peak. No new H-induced features are observable in thél-induced extrinsic surface state exists within thd gaps

normal-emission spectrufisee blowup ofs-band region in  at M andK in the SBZ of the clean surface. The measured
Fig. 2@)], except for slight changes in relative intensity dispersion is quite sma(~0.6 eV) given the limited range
within the d-band region(4—7.5 eV belowEg). In the off-  of the SBZ where the H-induced state exists. This band is
normal emission spectrgFigs. 2b) and 2c)], new  attributed b a H 1s—Ag 4d antibonding state, split off from
H-induced peaks appear both above and belowdthends.  the top of the bulkd bands.
There are also quite pronOUnCEd Changes withirdtbands. Figure 4a) presents the Spectra Showing the electron dis-
The H-induced peak above tlibands at—2.5 eV initial-  tripution curves from the bonding bari) belowthe Agd
state energylabeled as AB appears in both thEKM and  pands as a function of the emission angle in il direc-
the I'M directions. Below thal bands, a broad featuga-  tion. The presence of a H-induced peak below the bottom of
beled as B is visible at—8.5 eV initial state energy in the the d bands is evident for the emission angles between 20°
T'M direction. This feature is not visible in tH&KM direc- ~ and 30°, which correspond to the wave vectors about half-
tion. way between thé& andM point in the SBZ. This is the zone
Figure 3 focuses on the energy regiovethed bands,  poundary M') of the new (2<2) H-induced surface struc-
displaying the changes as a function of collection angle ofyre. The dispersion of the H-bonding band is shown in Fig.
momentum in thd" M [Fig. 3(@] and thel' K M [Fig. 3b)]  4(b). This band is the H 4—derivedbondingstate, split off
directions. In both directions, the spectra are dominated bjrom the bottom of bulk bands due to the covalent coupling
broad and highly dispersing bulkp bands of Ag(peaks to Ag bands. Its position in enerdy-8.5 eV binding energy
marked by open circl@¢sThe H-induced peakic mark) ap-  and the peak widtiFWHM ~1 eV) are consistent with the
pears between the peaks from the bsjfkandd bands of Ag.  characteristics of the H-metal bonding states; characterized
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(@ L[ l l H/Ag(l'lll) ] H-induced state in normal emissipRig. 2(c)]. The (1x1)
—= b periodicity of the H ® bonding state has been commonly
(a) along T-M _ observed for many other H-adsorbed metals, including
hv=30eV 40°M Ni(111), Pd111), Pt(111),%° and Cu111).2* They all exhib-
320 ited a simple (X 1) periodicity, independent of the surface
26° structure indicated by LEE[e.g., H/N{111)-2x 2].? There
. is no adequate explanation of this observation. Obviously,
E 22° the H-induced bonding and antibonding states have more
E 18° | bulk (1X 1) character than surface X2) character.
E 120 The identification of the H-induced peak above ttle
= bands in the photoemission spectra as the antibonding state
», 6° relies on the theoretical picture of the interaction of H with
] metal surfaces shown in Fig. 1. At present, there is no cal-
_______ 4 clean (249 culation of an electronic structure of H/&DL1) with which
_1'2 _1'0 8 '6 this work can be directly compared. However, the assign-

ment of the H 5—Ag 4d antibonding state can be justified
by the comparison with the calculations existing for other
noble metals, Cu and Au, and transition metals, Ni an8l Pt.
For all these metals, the Hstd antibonding states appear
above thed bands in the calculated density of one-electron
stategDOS) for chemisorbed H on thel11) surface. For Cu
and Au, they are located below the Fermi level while they
are above the Fermi level for Ni and Pt.

Our observation of the H<-Ag 4d bonding and anti-
bonding states provides strong experimental evidence sup-
porting the theoretical picture of the interaction of H with
transition and noble metal surfaceshich claims that thel
FIG. 4. Dispersion of the H-induced “B” peak in the region bands_ part_icipate in H'”.‘e“’“ bonding through _a covalent

coupling with a H 1s—derived resonance. In particular, the

belowthe d bands: photoemission spectra as a function of the elec- 4 . . . . .
. L= occupation of the antibonding state is consistent with the low
tron emission angles in thé M direction(a), and a plot of energy

. . _14 el
vs momentumK;) parallel to the surface along with the calculated chemisorption energy of H on the Ag surface:The exis

projection of the part of the bulk Ag bands onto ttid1) surface ter_lce of the H $—met_a|d antlk_)ondln_g S_tate has be.en the
(shaded aréa object of many experimental investigations, especially for

transition metals. For example, Reimetal?® reported a

weak feature at 1.3 eV abové&g in the inverse-
by a broad peak in the energy range of 6—9 eV belowphotoemission spectra of H/{I00), attributing it to the H
Er.2921 In the T KM direction, the bonding state is not 1s—Ni 3d antibonding staté* Another example is
observed, presumably because of very small intensity in thisl/Ti(0001).2°> An occupied H-induced state was observed
direction. Previously, an angle-integrated photoemissiomwithin the d-d band gap, as wellsaa H 1s—derived state
study reported that the H-bonding state of H(Af) was  below the Ti 3l bands, in the photoemission spectra. Theo-
located—7.3 eV below the Fermi levéf The disparity in  retical analysis of its orbital revealed an antibonding charac-
energy (~1 eV) is rather too large, considering the small ter of H 1s—Ti 3d interaction. The occupation of this state,
dispersion of this state. We believe that the previous resuliowever, does not lead to the weakening of the H-Ti bond
based on the difference analysis of the angle-integrated phdecause of its position in energy. H/Qd1) was also previ-
toemission spectra was erroneous. ously examined using ARPES While a H 1s bonding state

The measured dispersion of both the bondiR. 4b)]  was observed, no extra H-induced spectral features were

and antibonding bandgFig. 3(c)] presents an enormous found above thel band. In contrast to Cu, our ARPES study
puzzle. The dispersion is characteristic of the bulk 1l  of H/Ag(111) clearly demonstrates the existence and the oc-
structure, not the surface §2) structure. The measured cupation of the H $—Ag 4d antibonding state above thke
dispersion of the H §—derived bonding state in Fig.(d)  bands.
does not exhibit the (2) symmetry observed with The difference between the photoemission spectra of
LEED.* The M point in the SBZ of the (X 1) (see insetin H/Cu(111) and H/A111) can be explained from the theory.
Fig. 2 is the T’ point in the (2<2) zone. Therefore, the According to the theoretical picture, the coupling strength
dispersion shown in Fig.(8) should be symmetric. Interest- 2€tween H % and the metatl electrons depends on the or-

in%y, it appears to follow the band edge of @) in the bital overlap, i.e., the size of thé orbitals of the metaf.

T'M direction (the dashed lie The lack of the correct dis- Since thed orbital of Cu is more localized than that of Ag, H

U X ; . .1s—Cu 3d coupling is smaller than Hs-Ag 4d coupling.
persion is less obvious for the antibonding states, but what iShis results inpthe? antibonding state of I—?/Cu bein% pgoorly

totally missing is the H-induced state Btin the SBZ. The  gplit off from the bulk Cud bands, making the observation in
M point in the (1X1) SBZ is equivalent to th&’ pointin  PES more difficult than that of H/Ag. Another possibility is
the (2xX2) zone. There is absolutely no sign of this that even if the H-Cu antibonding state is well separated
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from the bulkd bands, its observation is limited to a nar- has been investigated using the angle-resolved PES. In the
rower range ofkj in the SBZ. While both C(111) and  spectra, both a bonding and an antibonding states of the H
Ag(111) have gaps between tlicbands and the Fermi level 1s—Ag 4d covalent interaction were found below and above

at zone boundaries, €101 has a smaller gap than AtlL1). the bulk bands, respectively. The observation of the occupied

The difference in the chemisorption energy between H/c@ntibonding state split off from the top of the Agl4ands

and H/Ag is also qualitatively explained with the same reg-Supports the picture of the covalent interaction betweersH 1

soning. Because of either the smaller orbital overlap or th

lower degree of filling of the antibonding steffethe repul-

sive contribution of H $—Cu 3d coupling in the H-metal

interaction is smaller than that of Hs:Ag 4d. This is also

consistent with the experimental fact that the H chemisorp- The authors are grateful to Dr. B. S. Itchkawitz for help in

tion energy on C(1L1)) is larger than on A@l11). the initial stage of the work at the synchrotron beam line.
In summary, the surface electronic structure of H/&gl)  This work was funded by NSF Grant No. DMR-9801830.

nd metald electrons of the transition and the noble metals.

he weak H-metal bond on the noble-metal surfaces, as com-
pared to on the transition-metal surfaces, can be explained by
the occupation of this antibonding state.
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