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The electronic structure of silver-palladium heterostructures is investigated, both experimentally and through
ab initio calculations. Synchrotron-radiation induced photoelectron spectroscopy characterizations of the work
function and the valence band structure are compared to and explained by calculations of slab and bulk
heterostructures. Work functions and equilibrium geometries are shown to be in agreement with synchrotron-
radiation induced photoelectron spectroscopy, x-ray diffraction and scanning tunneling microscopy measure-
ments. Further insight into the differing behavior of the two terminating metal surfaces is extracted from the

calculations.
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I. INTRODUCTION have been observed to grow on the other with their own

i N i 22 .
The characterization of silver/palladium systems has bee|’i“ttlce parameter as well as pseu_do morphicelily.*?In su
erlattices, root-mean-squared interface roughness can be

ongoing since the 1970s, on experimental and theoretic owered to about 1 atomic lay@rbut interdiffusion occurs
fronts. Both metals are used as catalysts, and their surfac Pove 200 °(i3.16,18-21

present many interesting technological characteristics. Re-
cently, interest in Ag/Pd alloys has greatly increased, Withab

applications in domains that range from dentisfrio liquid a0t their interdiffusion and alloy formation. The Ag/Pd
crystal display screefgin particular with Ag/Pd nanopar- system looks like the ideal superlattice: perfectly layered

ticles) to hydrogen separation and stordgeAg/Pd-alloy  \hen grown at room temperature and without any interdif-
multilayers are also deposited on substrates and made infgsjon. Nevertheless, until now, few theoretical iar situ
thin films for catalytic purposes and hydrogen applicationsstudies have been carried out on the growth mechanisms and
Theoretical work on the numerous possible alloys iselectronic structure of Ag/Pd superlattices.
sustained1° In this article, we present first-principles density func-
Heterostructures built from alternating layers of depositedional theory(DFT) calculations of a series of Ag/Pd hetero-
Ag and Pd have been studied experimentally in the past fewtructures with(111) orientation, and the experimental char-
years using x-ray diffractiofXRD), synchrotron-radiation acterization of these systems by STM and SR-PES. We will
induced photoelectron spectroscoi@R-PES, atomic force  focus mainly on the calculation of the electronic structure
microscopy, scanning tunneling microscog$TM) and and the characterization of the superlattice; specifics of the
many other techniquéd 21 At room temperature Ag and Pd experimental aspects of its growth will be presented in a
have been described as growing layer by layer on each othduture publicatior?® The terms heterostructure and superlat-
Standard properties are still controversial, as both metalSce will be used interchangeably to denote the crystalline

Much is known about thick multilayers of Ag and Pd,
out the epitaxial growth of the metals on each other, and
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superposition of atomic monolayers of Ag and Pd. Experi-dicted interlayer distances and lattice parameters in hetero-
mentally, the term “monolayerML ) will denote the amount  structures with experimental values.

of Ag or Pd atoms needed to build 1 ML of these elements

on their own bulk lattice parameter. On(HL1) surface, this 3. Densities of states

gives one uniform layer of a triangular lattice, if one dis- : . . .
counts changes in in-plane lattice parameters. In the calcula- 1h€ density of state€DOS) is obtained by sampling the

tions, only one unit cell, and hence one lattice parameter, iS'illouin zone with a large number &fpoints. The(discretg

used at a time, and therefore monolayers are always idesfiates we obtain are broadened in energy with a Gaussian of
and uniform. width 0.015(Ha), or integrated using the tetrahedron

In the following Sec. Il we describe the theoretical andMethod.
experimental methods used to characterize Ag/Pd superlat-
tices. Sec. Il describes the geometrical crystalline properties 4. Surface energies

of the _superlattices, and compares calculated and experim.en— The energy needed to create a surface can be calculated
tal lattice constants. Section IV follows where the eIectromcby subtracting the energy of a slab systewith two sur-

structure of the metallic surfaces is analyzed. Section Vconfaces) from the energy of the equivalent number of bulk
tains our conclusions. atoms, and dividing by two. An analogous procedure can be

Il. METHOD employed for interface energies.

A. Computational methods 5. The systems

First-principles DFT calculations are performed using the We consider three types of systems in our calculations.

ABINIT 2 26_p|ane-we_1ve(PV\/) code. Norm-conserving, sepa- Pure slabs of Ag or P@L11) are used to verify the accuracy
rable, Trouiller-Martins pseudopotentials are used to describe : : S
nof the method for calculating work functions. Then, infinitely

rse'peated heterostructures are used to modigiPd;)y crys-
pt_alline structuregwe will denote by AgPd, a heterostruc-
ture consisting ofn monolayers of silver anan of palla-
dium). Finally, the surfaces of these heterostructures are
rmodeled using slabs of AfPdAg, and PdAg;Pd, with

=1,2,3 ML andseven layers of vacuum, and their work
unctions are calculated. For slab systems ax10X1
k-point grid was used throughout.

Calculations are performed in the generalized-gradient a
proximation (GGA) of Perdew, Burke, and Ernzerh®fA
PW kinetic energy cutoff of 50 Ha and lapoint grid of 4

X 4X 4 k points with a smearing width of 0.02—0.03 Ha are
needed to converge the cubic lattice parameter to withi
0.01%. Our slab calculations are done in a hexagonal cell t
accomodate th¢l1l) surface we wish to calculate. In this
case thek-point grid converges more slowly, and tkgoint
grids are less symmetrical. For palladium in particular, the

ideal c/a ratio of\6 is badly reproduced if the fcc grid is B. Experimental methods
simply transferred to the hexagonal cell. We find that tight , )
convergence necessitates axi00x 10 grid of k points in Ag and Pd are evaporated on a Muscovite mica substrate.

the hexagonal cell. All calculations have been performed he freshly cleaved Muscovite mica is first annealed to

with the tight grid in hexagonal cells. The in-plane hexagonaf?00 °C under ultrahigh vacuuttyHV) before a Ag layer of -
lattice parameter iy V2. at least 3000 A is deposited at rates of 30 A/s from a resis-

The pseudopotentials are tested on bulk silver and pa”al_ively heateq tungsten bgat. The films are annealed for more
dium. The GGA cubic lattice constants obtained are 4.17 anf!@n 1 h to improve their short-range order. The Ag buffer
3.93 A, i.e., 2.2% and 1.2% above the 4.09 and 3.89 A ex!ayers being prepared in a separate chamber are exposed to
perimental values, respectively. The in-plane hexagonal la'" before analysis. To remove the adsorbed contamination,

tice parameters are then 2.95 and 2.78 A, resp. Atomic posf€ Samples are annealed again to 200 °C after introduction
tions and lattice parameters are relaxed using a Broydel] the UHV analysis systems. Auger electron spectroscopy
algorithm?82° Several physical quantities are calculate shows that this procedure gives clean Ag surfaces. The Ag

initio and can be compared to experiment. and Pd layers were evaporated from 99.99% pure materials.
_ During deposition the substrate was left at room temperature.
1. Work functions Ag and Pd were evaporated at 0.01 and 0.002 A/s, respec-

A by-product of the DFT electronic calculation is the total tively. We check the thickness of the layers with a quartz
external potential for the electrons. The difference betweegrystal thickness monitor. This method has the advantage of
the value of the external potential in vacuum and the Fermpeing very accurate and therefore allows a high reproducibil-
level (inside the slap gives the DFT work functiong ity in the thickness of the layer deposited. The method can
=vyacuuni- Erermi It Nas been shown that the calculation of theSometimes fail to give precise absolute values of these thick-
work function can be facilitated with a correction term. We ness. A careful analysis of the STM images at the earliest

test this metho® in our metallic systems in Sec. Ill. stages of the deposition steps showed however that our
_ quartz microbalance was properly calibrated. The pressure is
2. Ground state geometries about 2.5< 1071° Torr before the evaporations, and about 2

Specific systems of interest are allowed to relax to their< 1078 Torr (resp. 2<10°° Torr) during the growth of the
equilibrium geometries. This allows us to compare the prethick Ag layer(resp. the superlatti¢e
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FIG. 1. (a) STM image of the Ag/mica buffer layer. Large-200 nm atomically flat terraces are visibléh) STM image of 3 ML of Pd
deposited on the buffer Ag. Pd growth is columnar but fcc stacking an¢liti¢ orientation are preserved: the dashed lines are a guide for
the eye, following step edges on the substrateSTM image of 3 ML of Ag deposited on the previous 3 ML of Pd.

The SR-PES experiments give us access to the work fun®r intermixing Fig. 1c). Further growth of Pd on this layer is
tions of the different surfaces, and to the valence-band denwo dimensional and so is the growth of the whole superlat-
sity of states. They were carried out on the Flippe(HL) tice.
beamline in HASYLAB. The photon energy chosen for our
experiments was 20 eV. The typical resolution of the spec- B. Ab initio results
trometer, described in detail in the literatdtas 0.1 eV with

a 50 um entrance slit and the basic vacuum of the system is The sfuperlattices studieq experimentally contain one or
on the order of X 10-1 Torr more units oflAgsPd;) deposited on the Ag buffer layer, and

Another UHV system(base pressure X107° Torr) is are terminated by Agor Pd. Since the addition of large
used for STM(a VP2 from Park Scientific Instrumentg\u- numbers of such units to our calculations would have been
ger electron spectroscopy and low-energy electron diffracpmh'b't“’e in computational terms, we exploit the inherently
tion. All STM images are recorded in constant current moddPeriodic nature of PW calculations and calculate an infinite
with electrochemically etched and vacuum-annealed W tips/A9sPd)- system, using a 1810x4 k-point grid. The
All images are raw data except for the removal of a linear2{omic positions and lattice parameters A§;Pdy)... are first
background in order to take into account the piezoelectri@‘"owgd to relax completely, until the forces are below 9
drift perpendicular to the surface. After growth and STM < 10° fV/A and the pressure on the system is lower than
analysis, two samples were analyzexdsituby XRD to de- 1< 107" (GPa. The resulting lattice parameter in the close-
termine their crystalline structure. The x-ray diffraction mea-Packed plane is 2.85 A, an intermediate value between those
surements were carried out on a Rigaku diffractometer. Alfor Pd(2.78 A) and Ag(2.95 A). This result is coherent
experiments were performed in the Bragg-Brentage2¢)  With experimental observations of both pseudo-morphic
geometry using CKa radiation [wavelength 0.154nm)]  growths of Ag on Pd and vice versa. The interplane distances
and a postsample crystal monochromator. The diffractio€Ween Ag-Ag, Ag—Pd, and Pd-Pd, are, respectively

patterns were collected with a step size of 0.01°. 2.48,2.34, and 2.24 A , o
Finally, we calculate an interface energy which is less

than 10 meV/unit cell, i.e., 0 within our calculational preci-

IIl. GEOMETRICAL PROPERTIES sion. Such a low interface energy, in the ambient temperature

OF THE SUPERLATTICES range considered, makes the growth of the heterostructures
energetically plausible. To determine which of the pseudo-
morphic growths is more favorable, we perform simulations

A silver (112) buffer layer grown on a mica substrate is of the same infinite heterostructure, imposing the in-plane
shown in Fig. 1a). The surface is atomically flat over ter- lattice parameter to be that of Ag and then Pd, and relaxing
races larger than 0.am (see figurg. The threefold symme- the atomic positions and the third dimension of the unit cell.
try of the step edges arises from t{lel1) orientation of the With the Ag lattice parameter, the interface energy is
system. The terraces are separated by monoatomic steps hdws5 meV/unit cell, whereas with the Pd lattice parameter the
ing a height of 2.4+.1 A. The tabulated distance betweervalue is 91 meV/unit cell. The pseudo-morphic growth of
Ag(111) planes is 2.36 A, so this value confirms the properAg on Pd thus appears favored, but still less so than the
calibration of our scanner in the direction normal to the surintermediate relaxed lattice parameter. The-Agd inter-
face. As seen in Fig.(b), the growth of 3 ML of Pd on this layer distance is 2.28 and 2.38 A for the Ag or Pd in-plane
substrate proceeds in columns separated by grooves abdattice parameter, respectively.
3 ML deep. Fortunately, due to the lower surface energy of
silver, 3 ML of Ag grown on this columnar structure appear
to reconstruct the whole system giving rise to atomically flat The XRD diagram ofAgsPd;) 3 and(AgsPds),, superlat-
layers that can be alternated in a superlattice without alloyingices grown in different UHV chambers is shown in Fig. 2.

A. STM results

C. XRD measurements
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FIG. 3. Silver(3 ML) on 16 ML of palladium. The Pd atoms
substituted in the surface are visible and appear 0.9 A higher, in
agreement with the Ag/Pd alloy results in Ref. 83,,ne=12 NA,
«1V).

FIG. 2. X-ray diffraction diagrams for the completed Ag/Pd
superlattice, as a function o#2The characteristic peaks of Ag and
mica can be seen, along with additional peaks for the superlattic
around 2.30 A. The two diagrams correspond to different deposi- 2™

tion chambers, and confirm the reproducible and controlled struc- ) )
ture of the superlattices. 2.48 A and is therefore very close to the mica peak around

36°. The Ag—Ag peak could be responsible for the shoulder
X-ray diffraction gives us access to interlayer distances impt 36.2°, but to be certain new measurements would have to
the heterostructure but also to the periodicity in the superlathe carried out with a different substrate. The calculations of
tice. Unfortunately in our case the information relative to theLu’ Wei, and Zungé? for a 50% Ag-Pd alloy give #111)
superlattice is superimposed on those from the mica sulixierjayer distance of 2.26 A, significantly smaller than our
strate and from the Ag buffer layer. The important peaks are 31 A[despite the usual local density approximation under-
located around 36°, 38°, 39°, and 41°. A reference mica sheglstimation of equilibrium distances in their case
shows doubled peaks at 36°, 36.5° and 41°. Although ab initio calculations and XRD results comfort
~ The peaks around 39° are related to an average superlake jdea that the interfaces between Ag and Pd layers are
tice spacing of 2.31 A which is between the &d1) lattice  aprypt, imperfections appear after several periods. Figure 3
spacing of 2.25 A and Ag11]) lattice spacing of 2.36 A gnows bright atomic protrusions attributed to Pd atoms sub-
(shown by the peak of the Ag buffer layer at 3§.1This  gtityted in the Ag surface ofAgsPdy)s/Ag/mica. Such
means that we have either a Ag/Pd solid solution or that thepamical discrimination by STM was already observed on

superlattice has intermediate lattice spacings due to thg,q (111) and (100) surfaces of Ag/Pd alloys by Woudkt
growth of the superlattice. The fact that the peak at 39° is;| 33 \yho found Pd atoms to be enhanced by 0.25 A com-
split into two features on the lower curve supports the Seco”?ared to Ag atoms.

hypothesis: in a random solid solution the Ag-Pd distances 14 gym up, several indices confirm the construction of a

would be averaged out and would give a single wide peakag_py heterostructure with abrupt interfaces, but we cannot
As stated in the introduction, other studies found interdiffu-o, |ude the possibility of some intermixing between the two

i e 0 §8,16,18-21 i . ’ . ,
sion to be negligible below 200 °&: However, this  ghacies. We will proceed to examine the rest of the properties
also implies that the heterostructures are not uniform acrosgs the system with the hypothesis of a regular crystalline

the whole surface and/or across the whole depth. In order Qe erostructure, adopting an intermediate in-plane lattice pa-
observe several peaks, part of the heterostructure must have 8,ater simliar to the relaxeab initio one.

slightly different sequence of layers, but still be uniform and
crystalline enough to give a diffraction peak. Our claim that
the system stays a heterostructure, and that intermixing of Ag
and Pd is minor, is further confirmed by the work function in
Sec. IV. A. Work function
As mentioned above, the calculated heterostructures con-
firm that the pseudo-morphic growth of Ag on Pd is favored,
but that an in-plane lattice parameter between that of Pd and Simulations of slabs with only one atomic species are
that of Ag would be even better. The x-ray peaks aroundised to validate our procedure for the determination of the
2.31 A correspond to the distance between Ag and Pd layetgork function and especially to examine the effect of two
(to within 1.599 in the fully relaxed structure with an inter- parameters, namely the in-plane lattice parameter and the
mediate in-plane lattice constant. The Pd-Pd distance ithickness of the vacuum around the slab. The number of
1.3% shorter than the bulk value, and can account for th&#acuum layers needed to isolate the slab from its images in
shoulder around 40°. The Ag-Ag distance is 3% longer aneighboring cells is found to be about seven for both metals.

IV. ELECTRONIC PROPERTIES OF THE
SUPERLATTICES

1. Pure metals
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FIG. 4. Variation of the DFT work function with respect to the ) )
imposed lattice parameter, for a three layer slab of silver. FIG. 5. Work function(V) as a function of the number of slab
layers, with and without the correction described in the &@is

This corresponds to a distance between surfaces of abo[!l’fed to its value for the calculated bulk material.

16 A.

The work function of a surface arises from the spill out of theé corresponding potential in the bulk material, and using
electrons into the vacuum. Therefore, it strongly depends ohe position of the Fermi energy from the bulk to calculate
the lateral confinement of the electronic density and thus o#he work function. The correction is the following:
the lattice parameter used for the slab calculation. Figure 4 _ _ _
shows the variation of the work function with the in-plane %= Vvacuum™ (Ustan™* Ererm( DUIK) = vpuid), @
lattice parameten, for fixed fictitious interlayer distances whereuv,,umis the potential in the vacuunwg, and vy,
and three layers of silvga sparser 44X 1 kpoint mesh is  are the electronic potentials in the slab and in the bulk which
used for this qualitative exampleThe work function de- we want to align, andEg.,,(bulk) is the Fermi level calcu-
creases with the lattice parameter. Relaxing the three-laydated in the bulk. This should correct the position of the
slab gives a lattice parameter of 2.71 A, much smaller thafrermi energy for the absence of bulk states in the slab. Pro-
the bulk value of 2.97 A and giving a difference of more vided the potential at the surface and in vacuum is already
than 0.4 eV in the work function due to lattice parameter. well described, the work function should be correct with

If the lattice parameter is set to the bulk value, and thefewer layers of metal. The results, with and without the cor-
distance between the central and surface layers is increaseégction are shown in Fig. 5. The convergencedois not
the work function increases, as electrons on the surface aimproved by the correction: five layers of metal are still
pulled in by the sublayer. For surface-layer distances beneeded to converge the work function to within 0.1 eV.
tween +5%, which are observed when the slabs are relaxetjowever, the converged values obtained with the correction
the work function varies linearly by £0.2 eV. Surface relax- are between 0.05 and 0.1 eV higher, and thus closer to the
ation effects are thus also important for the calculation ofexperimental datéhick lines. Either the proposed explana-
work functions, but the effect is smaller than that of thetion for the correction is incorrect, or the convergence of the
in-plane lattice parameter, and for small surface relaxations #lab potential to the true bulk potential is excruciatingly
is close to the inherent error of both the calculations andslow.
experiment, which is around 0.1 eV. Using photoelectron spectroscopy, the work function of a

Relaxing the lattice parameter for too thin a slab is meanmaterial can easily be obtained frogg,=hv—-W whereW is
ingless, because it is too small to represent two independedefined as the energy difference between the Fermi level and
silver surfaces properly. Therefore, and for the reasons exhe cutoff energy of the spectrum. Our SR-PES measure-
posed above, we must make a consistent choice of a valuaents give work functions of 4.6 eV for the Ag buffer layer,
for a. This is needed in order to be able to compare theand 5.6 eV for a three-layer deposit of Pd on the Ag surface.
calculations with each other and with experiment. For theThe experimental values for the work functions found in the
work function calculations in this section, we fix the in-plane literature are between 4.3 and 4.8 eV for Ag and between 5.2
lattice parameter for the slab to that fouald initio for bulk ~ and 5.6 eV for Pdcf. references cited in Ref. 34The dif-
metals, i.e., 2.95 and 2.78 A for Ag and Pd, respectively. ferences in the literature are mainly due to the crystallinity of

The work functions of Ag and Pd surfaces are calculatedhe surface: thg¢111) face of fcc metals being the closest
using progressively thicker slabs: as described above, in opacked, it has the highest work function, and any defect or
der to simulate a true surface, the outermasirface layers  disorder in the layer systematically lowers the work function.
must be separated by a bulk-like region. We find that a totaDur experimental values are in good agreement with the lit-
of five layers is sufficient for this purpose. The convergenceerature and confirm the quality of the orientation of the sur-
is shown in Fig. 5Pd: circles and Ag: diamonglsFrom this  faces already proven with STM. The calculations model per-
calculation, the work functions we find for Ag and Pd are 4.4fect (111) surfaces; hence, we can compare th@btained
and 5.2 V, respectively. with our photoemission values. We find differences of 4% for

We also compare the standard method for calculating thég and 7% for Pd. Given the precision 6f0.1 eV in the
work function with a correction used, e.g., in Ref. 30. Thephotoemission data, this confirms that our technique can pro-
correction consists in aligning the potential in the slab withvide quantitative information.
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2. Heterostructures

Figure 6 shows the work function obtained between
growth steps of a A¢Pd; superlattice after each deposition
of three full layers of one metal. The resultiggior 0, 1, and
2 depositions of AgsPd;) vary only slightly from their bulk
values as the superlattice is Puilt up, and the fluctuations are 1. 7. Top: experimentalSR-PES valence bandscircles.
probably due to th_e sample’s surface topology on the_ MiBottom: calculated valence band D@Bes) for Ag and Pd termi-
crometer scale, which changes the observed work function. Hateq superiattices.
the growth allowed for significant amounts of intermixing,
the work functions would be closer to the averagegf and
¢pq Which is not the case. Since this is true at each step, th
fact that the work functions are saturated further comfortst
our hypothesis of a well defined superlattice with little mix-
ing of Ag and Pd.

In order to model the heterostructure surfaces, we first
consider slabs with central layers of one metal, sandwiched
between by monolayers of the other metal, i.e.;PadjAg, ] ] . )
Ag,PdAg,, and AgPAgs. The value of the lattice param- Finally, the density of stateDOS) is measured experi-
eter is kept fixed to that of the infinité\g;Pd).. heterostruc- Mentally and calculatedb initio. SR-PES measurements
ture described above. Similarly, the Ag-Ag, Pd-Pd, and Ag9iVe the valence band, ie., the DOS o_f the occupied elt_actron
-Pd interlayer spacings are taken fraigsPds)..: in these states, for the .superlatt|ces descrlt_)ed a_bove: units of
slabs, the relaxation of the surface interlayer spacing is intAgsPd) terminating with Ag or Pds. Simulations of bulk

fluenced mainly by the nature of the sublayer. Also, the slab&'€t@ls and slab heterostructures give the total DOS, with

are too thin to be able to relax the surface-layer Spacméooo wave vectors in the bulk Brlllpum zone and 100 wave

reliably (and as mentioned above the effect of surface relaxVectors for the slabs. As SR-PES is a surface measurement,

ation is weaker than that of the in-plane lattice paramgser sgrface states, which are not present in our_bulk calculations,

we keep the atomic positions fixed. The work functions ofWill @ppear in the SR-PES DOS. In these circumstances, the

these slabs are given in Table I. calculation of a slab instead of a bulk system is necessary.
For both terminating metals, 2 ML give a slightly lower Figure 7 top inset shows the valence bands obtained with

work function than 1 or 3 ML, by about 0.1 eV. This could SR-PES forfrom bottom to top the Ag buffer layer, AgPd;

be due to a charge transfer effect between the surface atorfl§P0osited on Ag, and BeAgsPd;),/Ag. Figure 7 bottom in-

and the “bulk” as observed for the case of Ni deposited orf€t shows calculated DOS fdrom bottom to top Ag bulk

copper in Ref. 35. After only 1 or 2 MLg has already Metal, a AgPdAgs slab, and a PAgsPd; slab.
The shapes of the spectra agree qualitatively on a number

of points. The three low-energy Ag peaks are present in all
spectra[dashed lines ina@)], and the DOS remains much
smaller in the Ag-terminated casgsflecting the Ags band.

The Pd terminated DOS has a platgéue Pdd band be-

Ag Ibulk ]

0 2 4 6

10

& Simulated DOS (arb. units)

—

dopted its bulk value confirming the experimental results.
his behavior arises from the strong screening in metals over
he Thomas-Fermi screening lengibn the order of a frac-
tion of a monolayex.

B. DOS and valence bands

TABLE |. Work functions for successive layers of Ag on a slab
of Pd; . and Pd on a slab of Agy, -

Syst Syst .
ystem ¢ V) ystem ¢ (V) tween the Agd band and the Fermi energy.
AgP&Ag, 451 PdAgsPd; 5.30 However, one cannot simply superpose the calculated
Ag,P&Ag, 4.42 PJAgsPd, 5.16 DOS: theab initio Ag d-band edge is around 3 eV, whereas
AgsPdAgs 4.46 PdAgsPd, 5.14 the SR-PES spectra place it closer to 3.9 eV. Furthermore,

the Ag bands extend down to 7 eV below the Fermi energy
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in SR-PES, and only to 6 e¥b initio. V. CONCLUSIONS

Lu, Wei, and Zunger also finddband edge around 3 eV We have presented a combined experimental and numeri-

for pure Ag and in Ag/Pd alloys, in their linear augmentedcal investigation of the electronic and crystalline structure of
plane wave calculationdRef. 32, which confirms our DOS 9 ! y -
Ag/Pd superlattices. The two approaches agree qualitatively

calculations. Experimentally, Coulthard and Sham find a Agand guantitatively, and characterize the controlled growth of

d-band edge between 4 and 3.5 eV experimentally by x-ray . : .
. eterostructures with 3 ML of Ag alternating with 3 ML of
absorption near edge structure spectrosoGRef. 3. The Pd. The superlattice appears to adopt an in-plane lattice pa-

error in the calculated values is probably caused by the error, T ;
in the geometry. As shown in Ref. 32 for the case of Ag an ameter which is intermediate between those of Ag and Pd,

Pd, both alone and in alloys, the lattice parameter can botﬁnd preserves its crystallinifgetermined by XRD or STH
change the bandwidth and shift the band structure: a qo8Ven after several dozen ML. The calculated density of states

decrease in the lattice parameter for Ag gives a shift of th or the valence band and the work functions agree with SR-

lower band edge 0.8 eV deeper, whereas the upper band edggs measurements to within 0.2 eV. The work function

is almost unchanged. Since our DFT lattice constants ar Ztuor?ittee S('j tr?]éttsalbglrf dvtilg?/;}gﬁiybaoﬂse risosr,]i%itlrcl)r cz:hzlr;(g];r-
only precise to within 3%, this can explain the bandwidth. P ’ y

difference. The shape of the calculated DOS for the hetergStC Of the last few ML. For Ag-terminated surfaces, the

: A . . 'DOS around the Fermi level is small, corresponding toshe
structures is very similar to the partial DOS of Ag and Pd in . .
Ag-Pd alloys, shown in Ref. 32 Lu, Wei, and Zunger explainband of Ag, whereas for Pd-terminated surfaces the DOS is

this through the large charge transfer from Ag to Pd, WhichmUCh h|_gher(due to the Pal panc}. A correction tc.).the DFT
should carrv over to the transfer between lavers in our hetc@culation of the work function is tested and criticized. Fur-
erostructureys y ther investigation is needed into the growth mechanism of
: : ) . ) the superlattices, both experimentally and theoretically. This
Finally, the low-energy regions of the SR-PES spectrg vork is ongoing, to explain and exploit the STM images

contain core states, which are not present in our pseudop . . )
tential calculation. This adds to the uncertainty on the low. aken in the course of the different growth phases: Pd depos-

edge of the SR-PES band, since the core states extendited on the Aghgubstrate, then Ag on Pd, and finally Pd on the
slightly beyond thed-band minimum. pseudo-morphic Ag.

Once again, the observation supports the hypothesis that
the experimental sample is a Ag-Pd supperlattice, as op- ACKNOWLEDGMENTS
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