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Electronic structure of Pd thin films on Re(0001) studied by high-resolution core-level
and valence-band photoemission
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The electronic structures of Pd thin films grown epitaxially on #0R61) single-crystal surface are inves-
tigated with high-resolution photoelectron spectroscopy. A clear splitting of thelfgc®re level is observed
as the coverage of Pd increases from submonolayer to multilayer. The peak at higher binding energy is
assigned to emission from the Pd layer at the interface with the Re substrate, while the other is from “bulk” Pd.
The observed valence-band spectrum of the pseudomorphic Pd monolayer on Re clearly revealed a reduction
in the density of states near the Fermi level and shifting ofditiand center to higher binding energy. It is
possible to reconcile the seemingly contradictory core level and valence-band shifts based on the charge-
density maps from the earlier full-potential linearized augmented-plane-wave band-structure calculation by Wu
and Freeman. Filling of the Pd band by electron donation from the substrate does not occur. Rather, the
correct physical picture for the electronic modification is substrate-induced charge polarization in the Pd layer
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INTRODUCTION similar to that of A111) and Ag111), with ad band center
shifted 0.72 eV below that for the bulk Pd, with a corre-
It is now well known that ultrathin metal films deposited sponding reduction in chemisorption bond energy of 0.4 eV.
on foreign metal substrates often display unique structural’ | this paper, we reexamine the electronic structure of Pd
and electronic properties, consequently resulting in signifiyhin films on R€0001) substrates with synchrotron-based
cantly modified chemical properties of the surfac®in par-  high-resolution core-leveXPS) and valence-band ultravio-
ticular, when a pseudomorphic monolayer of Pd film is pre-et photoemission spectroscopy photoemission. With the
pared on various transition-metal substrates, the e|eCtr0nﬁigher-resqution XPS measurement, the RH c®re-level
and chemical properties of the surface exhibit significantlyspectra reveal a unique interfacial binding energy, not ob-
different characteristics from the surface of bulk phasé-Pd. served in the previous XPS measurements, as the thickness
For example, the temperature for desorption of CO from a P@¢ pq |ayers is increased. In addition, in the surface valence
monolayer on R@00) is dramatically reduced(by pand, the Pd monolayer at the interface exhibits a modified
~200 K) from that for desorption from bulk Pd, i.e., the CO gjectronic structure which is significantly different from that
chemisorption bond to the Pd surface atoms is considerablyf the multilayer, i.e., bulk PdL11), with a clear reduction of
weakenedby the Pd—Re interaction. Previously, Rodriguez pos near Fermi level and shift of thtband center away
and Goodman found a close correlation between the redugrom the Fermi level. It is shown that the experimental DOS
tion in CO desorption temperature and the core-level shift§s j3 complete accord with the gradient-corrected DFT peri-

[determined by x-ray photoemission spectroscof§S)] of  gic slab calculation of Pallassaeaal®
the surface metal atonislnitially, charge transfer between

the Pd overlayer and the Re substrate was proposed to inter-
pret the adlayer core-level shifACLS) and the attendant
modified chemical bonding. Later, other theoretical models The photoemission measurements were carried out in the
were proposed to explain the physical and chemical propeadvance Materials ChambgAMC), located on beamline
ties of the Pd/R@001) and related bimetallic systerfis. (BL) 9.3.2. of the Advanced Light Sourc@LS) at the
More recently, using first-principles density-functional- Lawrence Berkeley National Laboratory. BL 9.3.2 is a bend-
theory (DFT) calculations, Hammer and Ngrskoshowed ing magnet beamline with a water-cooled spherical grating
that the changes in CO chemisorption energy for a number ahonochromator. Specifications of photon flux and energy
both monometallic and bimetallic systems correlate withresolution for this beamline are reported in Ref. 7. The AMC
shifts in the surfacel-band center, i.e., the first moment of chamber was equipped with a SES1@gienta hemispheri-

the surface metatl-band density of statetDOS). Subse- cal electron energy analyzer, conventional rear-view low-
quently, Pallassan@t al® presented a detailed gradient- energy electron deffractiofLEED) optics, and a small low-
corrected DFT periodic slab calculation of the electronicrate electron beam evaporaté®xford Applied Research
structure specifically for the Pd/R#01) bimetallic system, Model EGC04. A clean surface of R8001) single crystal

and correlated the electronic structure to the chemisorptiowas prepared with repeated cycles of argon-ion sputtering,
bond of atomic hydrogen on this surface. It was shown thalight annealing at an ©pressure of-1x 107° torr, followed

the d band of the surface Pd atoms on the Re substrate isy a short annealing at 1500 K. Surface cleanness was moni-
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FIG. 1. The Pd @ core-level spectra are shown as a function of .
Pd coverage on the K001 surface. The photon enerdiy) is FIG. 2. The valence spectrum of a clean(Ba91) surface is

450 eV and the electron detection angle is normal to the surface. measured while varying the photon energibs) at fixed normal
emission. Two peaks &81(BE=0.8 eV} and S2(BE=1.8 eV} are

. surface states while the peaR&(Re) and B2(Re) are bulk bands
tored with C s and O 5 XPS. The clean annealed surface gm Re 5 and & hybridization, which show a dispersion I

structure was checked with LEED, resulting in the expectedpace.
sharp (1 1) hexagonal pattern. Pd was deposited on the

clean surface by-beam evaporation. During the deposition Ac) g of pd/R¢0001) is defined as the difference in ioniza-
of f||n|1, ihe chaTber preg(s)gri Vﬁﬁj 10 .t.torr a?d tfhgd tion energy of a Pd atom on the surface of ®1) and on
sample temperature was - 'he deposttion rate o the surface of bulk Rd11). With this definition, the screen-

was set to one monolay€ML) per 7 min, which was cali- i ot the core hole will be similar in both Pd/Fe801 and
brated using a quartz crystal microbalance monitor anqbcilll) since the emitting atom has the same redu(ex-

checkedin situ using the r_elatlve intensities of Pd and Re face dimension. The ACLS then can be taken as a direct
core-level spectra. To avoid formation of a surface alloy, no f the ch in el ; f the Pd

ost-annealing after deposition was applied, and did not a measure of the change In electronic state of the atoms at
P ’ e interface due to the interaction with the Re substrate.

pear to be necessary to achieve epitaxial growth. The LEE The Pd @l core-level spectra are shown in Fig. 1 as a

pattern retained the same shapx 1) pattern as for the function of Pd coverage on the R801) surface. The photon
clean surface up to the highest coverages used here, noné!hergy(hv) was 450 eV(kinetic energy for Pd &, is thus

gsgzt;(yésoihztibt';?;;zsg;l Iﬁaggleui%lrjlu?r?clﬁgicﬁg etrrgss;%rj ~110 e\) and the electron detection angle was normal to the
' ) ’ surface. From Fig. 1, it is clear that there are two different
ton energy resolution, was less that®).1 eV. All PES data , :
were taken at a chamber pressure of 2071 torr or less states of Pd on the surface of 80D, with population
' varying with coverage. Only the higher binding energy state
is occupied at coverages up to 1 ML, i.e., a single Eg,3
peak position remains at BE=335.7 eV, which can reason-
RESULTS AND DISCUSSION ably be assigned to the BE of Pd atoms at the P0&&)
Before starting the presentation of core-level spectra, it isnterface. As the coverage of Pd films increases from 1.5 ML
important to specify how we determine the adlayer coreto 2.5 ML, a new state evolves at lower binding energy,
level shift (ACLS), which is different from the surface core- BE=335.0 eV, which by inference is reasonably assigned to
level shift(SCLS. By definition, the ACLS is the difference emission from Pd atoms in the multilayer, i.e., fraiid)
in the core-level ionization energy between two surface atoriented 3D islands of P4When the Pd coverage reaches 5
oms of two different elements, while the SCLS is the differ- ML, the emission from 3D islands of Pd dominates the in-
ence in ionization energies between the surface and bulk atensity of Pd 8ls;, spectra. The &, emission from P¢l11)
oms of the same elemehtn the system studied here, the is known to have an SCLS of about 0.3 &¥nd fitting (not
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shown of the spectrum at 5 ML indicated a third “surface  The manner in which the relative intensities of the two Pd
peak” is present at BE=334.7 eV, in close agreement witl8ds,, peaks change with Pd coverage in the Fig. 1 can also be
the value in Ref. 9. Thus, the ACLS for the Pd monolayer onused to infer the growth mode of the Pd multilayer film on
Re(000)) is close to +1.0 eV. This is slightly higher than the Reg(000J). If the Pd film grew pseudomorphically and layer-
value for the ACLS of a Pd thin film on Re used by Rod- by-layer up to a few layers, photoemission from the interfa-
riguez and Goodmarin their correlation of CO chemisorp- cial layer would be more dramatically attenuated than in Fig.
tion energy with the adlayer core-level shi@.7 eV), prob-  1(a) due to the short inelastic mean free patNFP) of
ably due to the higher resolution in the measurements her@d 3 photoelectrons at the kinetic energy of 110 eV
During the acquisition of Pd®spectra, Re #spectra were [~0.35 nm(Ref. 10]. Yet, even at 5 ML or three times the
also acquired simultaneously. However, the position of thdMFP, the signal is attenuated by only a factor of 2 or so,
Re 4f,, peak remained constatwithin 0.1 eV), and this is  versus the expected order of magnitude. This result implies
consistent with the previous observation by Rodriguez an@n island growth modéStranski-Krastanov modé), i.e.,
Goodmar? 3D islands of Pd on top of the first pseudomorphic mono-
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layer growth. Of course, this is only indirect evidence of the R Y-T .
growth mode, and a more definitive picture can be obtained hv=10eV /’\ B1(Pd)
with the use of scanning probe techniques. But the evidence L |

here suggests considerable caution must be exercised in the /\\J

study of the chemical properties of these metallic overlayer
systems, as the electronic interactions may be highly local-
ized to the interfacial layer, but unless film thickness is very
well controlled, there may be many other surface atoms
present in anothelunmodified electronic state.

In Fig. 2, the valence-bandVB) spectra of clean
Re(000)) is shown with varying photon energiésy). This
photon energy dependence helps not only to identify the
“surface-state” (nondispersive contribution from the VB
DOS, but also to determine the optimum photon energy for
avoiding the second-order contribution from the monochro-
mator grating. As shown in Fig. 2, the two peaks den@g&d
(BE=0.8 eV andS2 (BE=1.8 eV} are surface states, which
did not show anyk-space dispersiofin this case with varia-
tion of photon energy while the peaks denotegil(Re) and
B2(Re), which show dispersion with varying photon energy,
are from the bulk bands from Red®nd & hybridization'?

The VB photoemission spectra from Pd thin films on
Re(0001) are shown in Fig. 3 as a function of Pd coverage
(a) and(b) and photon energfc). First, as manifested in Fig.
3(a) and 3b), with given photon energy at 70 eV and 90 eV,
the surface peaks characteristic of the Re V@ ,S2) are
strongly attenuated by the initial deposition of Pd films.
When the Pd coverage reaches 0.5 ML, it becomes difficult
to distinguish any of the Re substrate VB features in the total
emission from Pd/R@®001). As the Pd coverage nears 1.0
ML, a significant reduction in the DOS near the Fermi level
and new features aA (BE=0.2 eV}, B (BE=1.2 eV}, and
C (BE=2.5eV are clear. There is also enhancement of
broader featuregsD and E) at higher binding energy that
appears to be maximized at 1 ML coverage. As Pd coverage
increased further to 2—3 ML, the features dendd@dandB2
start to emerge and the total DOS starts to resemble that for
Pd111).2% In Fig. 3(c), which shows the VB spectra of 1.0
ML Pd at varying the incoming photon energies, all peaks
identified in Fig. 3a) and 3b) (A—E) show little dispersion
across thek space, and thus can be assigned as unique sur-
face states of the 2D Pd layer on(R@01) substrate. These
unique state$A—E) appear to be maximized for photon en-
ergies between 70 and 90 eV and, for clarity and simplicity,
we will present subsequent results using only the spectra for
70 eV and 90 eV photon energy.

To identify more clearly the partial DOS of the 2D Pd
layer at the interface with R@001), a scaled VB spectrum of
the clean R&O00)) substrate was subtracted from each spec-
trum and replotted adifferencespectra in Fig. 4. It is clear
that the five distinct featurd®\—E) can be clearly seen in the
1.0-1.5 ML difference spectra, indicated with bars. The
states closest to the Fermi levél;-C, appear immediately
upon Pd deposition and are characteristic of isolated Pd a
oms, dimers, or trimers on R&D0). The features at 1.5 ML and higher show strong features of new states de-
D (BE=3.8 eV} andE (BE=4.5 eV start to show near 0.8 noted B1(Pd (BE=0.5e\} and enhanced stat82(Pd
ML coverage and are most resolved at 1.0-1.2 ML coveraggBE=1.2 eV}, which are both characteristic of bulk @d1).
Experimentally, it appears that statesE are the most char- As mentioned in the Introduction, Hammer and Ngrskov
acteristic of the 2D Pd layer at the interface. The spectra atecently developed a powerful model, employing first-
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FIG. 4. Valence-bandifferencespectra obtained from the spec-
tra in Fig. 3a) by subtraction of a scaled spectrum from the clean
{?_e(OOO]) substrate at 70 eV and 90 eV photon energy.
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TABLE |. Computedd-band center relative to Fermi level of T T T T T T T T
[Pd,, /Re(000)—Re(0003)]. Difference Spectrum
Experiment Band-structure calculation /f\-\
at hy=90 eV (from Ref.[11]) \ \
hv=90eV \
1.0 ML Pd/R&0001) 2.80 eV 2.70 eV _ 3.0ML Pd
3.0 ML Pd/R&0001) 2.46 eV 2.39 e¥ ‘é
d-band shift(A) -0.34 eV -0.31 eV D hv=706V N——
aThe calculatedd-band center of the second la: f Pd £ 3.0ML Pq
yer o on < \
Re(0001). \
2 | hv=90ev S—
principles density-functional-theory(DFT) calculations, 2 \1
which can predict the chemisorption energy of Gd H,) 2 \ 1.0ML Pd
on a large number of transition metals and bimetallic systems £ | av=r0ev Yrnd
of transition metals.Hammer and Ngrskov calculated from |
first-principles the interaction of adsorbate molecular orbitals | 1.0ML Pd
with surface metasp and d bands, and they found that the /l\ | —
chemisorption energy can be simply correlated to the posi- | .
tion of the metad-band center from the Fermi level, i.e., the Ca,cu,aﬁo/n‘/\ |"\/|\
farther away thed-band center is from the Fermi edge, the LN
weaker is the bonding. While Hammer and Norskov have . ; . é . ; . ; . ; . ; — .

shown that the model predicts both absolute values of chemi- 8 10 1 2
sorption energies for specific metal surfaces and trends in Binding Energy(eV)
energies with the position of the metband center in the
Periodic Table that are in excellent agreement with experi- FIG. 5. Thedifferencespectra for Pd 1 ML and 3 ML are plotted
ment, we are not aware of any experimental verification ofiogether vs the theoretical band structure calculated DOS for the 2D
the d-band center “metric” in these models. To test this as-Pd layer on Re€00D (Ref. [6]).
pect of the model with our experimental result, we calculated
the experimental values of tieband centers fromdifference  Re3 But the shift in the valence-band DOS away from the
spectra of 1.0 ML Pd/R@001) and 3.0 ML Pd/Re&00) Fermi level would usually be interpreted as a “band-filling”
surfaces using the mathematical definition used by Hammegharge transfer, i.e., donation dfelectron charge by Re to
and Norsko¥* and compared them to the values from thePd. While the electronic-structure calculations of both Pal-
gradient-corrected DFT periodic slab calculation of Pallaslassanat al® and Wu and Freemdiindicate that rehybriza-
sanaet al® The comparison is shown in Table |, and thetion of thed bands of both metals is responsible for these
agreement is excellent, particularly in the shift of theand ~ chemical shifts, the calculated valence charge-density maps
center from the Fermi level for the 2D layer at the interfaceof Wu and Freeman present a clearer physical picture of the
relative to the multilayer. charge redistribution accompanying this rehybridization. The

In Fig. 5, the Pd 1 ML and 3 Mldifferencespectra are interaction between Pd and Re atoms at the interface results
plotted together with the DOS of the Pd interfacial layerin (i) charge accumulation in the interfacial region on top of
(slab in the periodic slab calculatidhFirst, in a qualitative  the Re atoms andi) charge depletion from both Pd and Re
comparison of peak positions, it is clear that there is excelatoms(thus causing the Pd core-level shift to higher binding
lent agreement with all the major peak positions in the DOSenergy. On average, the center of negative charge of the Pd
that can be clearly identified in the difference spectra of 1.dayer shifts downward to the substrate, and forms a potential
ML Pd/Reg0001), except for the state at BE=2.0 eV. In the barrier in the interfacial region that lowers the energy of the
case of 3.0 ML Pd/R@©001), the evolution of the peaks at d valence electrongthus shifting thed-band center away
BE=0.5-1.0 eV and the movement of thdand center to- from the Fermi level Pallassanat al® pointed out that the
ward the Fermi level from addition of Pd overlayers can bed electron count in the Pd interfacial layer was the same as
clearly seen. Also, the comparison with the slab calculatioihat in a Pd111) surface layer, i.e., there is no “band filling”
reiterates the point made earlier that the experimental fed2y electron donation from the substrate. Rather, the correct
tures on the high binding side of the valence ba@eE, _phyS|caI picture for the e_lect.ronlc modification is substrate-
represent the electronic states that are the most unique to tHtduced charge polarization in the Pd layer.
2D Pd interfacial layer.

In summary, we find that there is a shift to higher binding CONCLUSION
energy for both the Pdd,, core level and the Pd valence
band for a Pd monolayer at the ®801) interface versus a  The electronic structure of the Pd/@®601) bimetallic
Pd111 surface layer. Usually, such a core-level chemicalsurface was investigated as a function of Pd coverage using
shift is interpreted as arising from charge transfer betweehigh-resolution photoemission spectroscopy with a synchro-
the adlayer and the substrate atoms, in this case from Pd teon radiation source. As the Pd coverage increased, both Pd
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3d core-level spectra andd4valence-band spectra show core-level shift to higher binding energyOn average, the
unique features attributed to interaction with the substratecenter of negative charge of the Pd layer shifts downward to
i.e., a positive ACLS and shift of thd-band center away the substrate, and forms a potential barrier in the interfacial
from the Fermi level. The magnitude of the shift of the region that lowers the energy of thlevalence electron&hus
d-band center for 1 ML Pd/R800) is in quantitative  shifting thed-band center away from the Fermi leyel
agreement with the recent DFT periodic slab calculations of

Norskov and co-workers. It is possible to reconcile the seem-
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