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The first-principles all-electron linearized augmented plane wave film method in the local density functional
approximation is employed to investigate the total energy and the electronic structure of (O&)E@
X 2)-Pd ordered surface alloy. Our energy calculations show that the slight buckling of the Pd atoms is less
than 0.1 A, which is in accord with low-energy electron diffraction and scanning tunneling microscopy obser-
vations. This slight buckling can be well understood by considering the metallic bonding between the deposited
Pd and the interface Cu atoms. In addition, according to the calculated densities of states and the energy bands
of Cu(001c(2x% 2)-Pd, three features due to the incorporation of Pd are found at -3.8, —=1.0, and 0.1 eV
relative to the Fermi level, in agreement with the observations of the angle-resolved photoemission spectra,
allowing an overall energy shift of about 0.7—1.0 eV.

DOI: 10.1103/PhysRevB.71.075406 PACS nun®er73.20.At, 68.35-p, 71.15.Nc

[. INTRODUCTION about thep4g or p2gg structure of Pd/C{001), agreement
. has been established on two point$) the clock-rotation
T e seraapa U alby ayer has been obseved adihe fermos
o . PMERo interlayer spacings are found to be expanded by about
of applications in recent years. In some cases, such as iy, compared with that of bulk Cu. Both phenomena are due
Pd/Cu001), the admetal may combine with the top few lay- ¢4 the size mismatch between Pd and Cu atoms. This implies
ers of the substrate to form surface alldysDue to its cata-  that we should consider the validity of the hard-sphere model
lytic activity® and novel structural character, the Pd(@)  when we study the buckling of Pd in the @@1)c(2x 2)-
surface system has been extensively studied by botkd surface alloy.
experimerft?! and theory*~?" since a C(001)c(2x 2)-Pd In the simplest cases, both types of atoms on the surface
phase was reported by Fujinaffan early studies, attention of a surface alloy may maintain the planar position of the
had been focused primarily on the growth of 0.5 monolayetbulk with only different relaxation perpendicular to the
(ML) Pd on Ci001) at 300 K. By means of quantitative surface’* The difference of the perpendicular relaxation
low-energy electron diffractiofLEED) intensity analysis, leads to buckling. For most surface alloys, including
Lu et al® and Wuet al? proposed a surface alloy model of Cu(001)c(2x2)-Pd, it is well established that the buckling
the CY{001)c(2X 2)-Pd phase. In the model, analogous toOf the outermost layer is smaller than what is expected on the
Cu(00)c(2 % 2)-Au,2® the Pd and Cu atoms in the top layer Pasis of the sum of the incorporated atorfriwetallic) radii 32
arranged in an alternating checkerboard pattern, while the Pgor example, the expected buckling of ©@QD)c(2x2)-Pd
atoms in the alloyed surface buckled outwards slightly byShould be about 0.713 A according to the atomic metallic
0.02+0.03 A and the spacing between the mixed top Iayefad" of Cu atom and Pd atom. Even_ if the radius of Pd atom
and the second pure Cu layer was almost the same as t gi%e%t?h be the fadmbe aksl that |rt1_”the3|IQ11h bulk gg%% A
interlayer spacing of bulk G001) (1.807 A. More surface =240 A, the expectea buckiing IS still as jarge as o. )
sensiive  techniques including reemitted-positronDeSp'tPT the.well estaphsh(_ad experimental observations, the
L . . 14 theoretical interpretation is not clear yet. Browat al.
spectroscop_% medmm-energy lon scgtteranMEIS, . thought that the reduction of the adsorbate-substrate nearest-
low-energy ion scatteringLEIS),'” scanning tunneling mi-

15 . oY neighbor(NN) distance in the outermost layer was related to
croscopy(STM),* and positron-annihilation-induced Auger ihe charge(mainly s-, p-like) spill-out into the vacuum on

electron spectroscopy(PAES have been used to study the the surface3 which had also been used to interpret the re-
atomic structure of Pd/QQ01). For the CU00)c(2X2)-  |axation and buckling in NiAl and NAI alloy surfacesi*35

Pd phase, using STM the corrugation heights are measureecently, Quinn observed that within the surface alloy layer
to be approximately 0.12 ARef. 30 or 0.15 A5 This sup-  of Ni(111)(v3x y3)R30°-Pb the Pb atoms are 0.73+0.05 A
ports the LEED results and indicates that the origin of thehigher above the Ni atoms subplatffeCompared to the
corrugation is due to the electronic structure rather than theuckling of 1.67 A expected from a simple hard-sphere
geometric structure of the surface. In addition, when 1 MLmodel based on bulk metallic radii, they thought that there
of Pd was deposited on the @01) substrate, the was a strong reduction of the atomic radii in this surface
experiment¥+1517.19.21.2gree on the formation of a bilayer alloy. However, it is difficult to understand how the charge
surface alloy. Although there might still be some debatespill-out can result in so strong reduction of the atoms radii
about the actual atomic arrangement in the first layer aniéh surface alloy.
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In the present paper, the first-principles calculation is em .
ployed to investigate the Pd buckling’s effect on the total buckling
energy and the core-level eigenenergy of the Pd and Cu a ¢
oms, and then to discuss the mechanism of the slight buct
ling of the CY001)c(2X% 2)-Pd ordered surface alloy. Both ?
our energy calculation and our phenomenological explana
tion indicate that the energy of the system is lowest when th dis
buckling of the Pd atoms is less than 0.1 A, in good agree
ment with the LEED(Refs. 7, 13, 14, and 20and STM - d
(Refs. 15 and 3Dobservations. Our result suggests that in S T—— Ve
addition to four NN surface Cu atom{€ug), the deposited @

Pd atoms also interact significantly with four NN interface

Cu atoms(Cuy). The slight buckling of the CuPd surface
alloy can be well understood by considering the metallic ®
bonding between Pd and Cun this work we also study the
core-level eigenenergy shifts of the Pd and Cu atoms as tr ®
Pd buckling is varied from 0.713 to —0.2 A, which can be 2
well explained by the charge transfer between the Pd and C

atoms and the theory of surface core-level shift given by

Citrin et al®’

In addition to the atomic structure of the @@1)c(2
X 2)-Pd system, the electronic structure has been probed k Q Pd
angle-resolved ultraviolet photoemission spectroscop
(ARUPS.*" The result reveals that the incorporation of Pd @ Cuy(a) © Cupi(b) @ Cuc
in the CYU001) surface gives rise to three photoemission
peaks at —0.7, -1.7, and —4.8 eV below the Fermi |&v&l. FIG. 1. Schematic structure model of the (G01)c(2 X 2)-Pd
The latter two peaks have also been observed for the Cu-ricbrdered surface alloy.
bulk Cu;Pd alloy®® In this paper, we report three features
due to the incorporation of Pd, which are all consistent withwithout relaxation, respectively, which is in agreement with
experimental observations though there is an energy shift dhe experimental observatioh$.So, we will deal with only
about 0.7—1.0 eV® the case withd;,=1.807 A in following discussion.The first-

The paper is organized as follows. In Sec. Il we presenprinCipleS all-electron linearized augmented plane wave
the total energy and the core-level eigenenergy shifts of théLAPW) film method® is used in our calculation with the
Pd and Cu atoms as the Pd buckling decreases fronfon Barth—Hedin exchange-correlation term. The basis size
0.713 to —0.2 A, and then discuss the origin of the slight Pcised in solving the eigenvalue problem is more than 60
buckling using a phenomenological model. In Sec. Il theLAPWs per atom; and 10K points in the 2D Brillouin zone
electronic structure for that buckling with the lowest totalare used to generate the charge density in the self-

energy are presented and discussed. Fina”y, a summary q@nSiStence process. Since this calculation uses a film code
given in Sec. IV. which gives full consideration of the vacuum region, there is

no need of multiplek, points as usually used in usual super-
cell calculation. All the muffin-tin circumferences are taken
to be adjacent. The convergence measured by the rms differ-
Self-consistent calculations of the @01)c(2X2)-Pd  ence between input and output is better than 0.03 mé/a.u.
system are performed for a slab consisting of five substratéor charge density. The total energy converges to better than
layers of Cu atoms with two Cu atoms per layer in the plana.4 mRy per unit cell.
unit cell representing the €D01)c(2 X 2) substrate as shown In order to investigate the effect of the buckling of the Pd
in Fig. 1. On top of each Cu surface of this slab, Pd and Ci@toms on the total energy and the surface core-level eigenen-
atoms are arranged in a checkerboard structure simulatirgfgy, we let the buckling vary from 0.713 to -0.2 A. The
the CU001)c(2 % 2)-Pd surface alloy. The system we calcu- positive (negative value means the Pd atoms are buckled

late contains 14 atoms in one unit cell. The first-to-secon@utwards(inward) from Cus, and zero means that the Pd and
interlayer spacing of Cu atomd,, in Fig. 1, is set equal to Cusatoms are located in the same plane. The values of 0.713

1.707 A (-0.1 A relaxation, 1.807 A (without relaxation, and 0.569 A correspond to two cases where the Pd radii are
and 1.907 A(+0.1 A relaxation in turn to look for the en- taken as those in Pd bulld.375 A and in the CyPd bulk
ergy minimum with respect to possible buckling. For eachalloy (1.340 A), respectively. In Table | we give the total
first-to-second interlayer spacindy,, the height of the Pd valence electron number of all types of atoms within their
atoms subplane relative to the Cu atoms subplane in the sumuffin-tin spheres for various buckling cases. Whatever the
face alloy layer varies from —-0.2—-0.713 A. The buckling case, the incorporation of Pd hardly affects the cef@ex)
optimized total energy minimum is 0.136 and 0.381 eV/celland the subinterface Cu atoni€u,_;). However, the total
larger for —0.1 A relaxation and +0.1 A relaxation than thatnumber of valence electrons of the Pd,sCand Cy atoms

O CUS CUI

Il. EFFECT OF THE PD BUCKLING
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TABLE I. The total valence electron number inside the muffin-tin spheres of the Pd and Cu atoms in the
Cu(00Dc(2x 2)-Pd surface alloy for different bucklings. Subscri@sl, 1-1, andC denote the mixed,
interface, subinterface and center layer, respectively. Two column values undec@uespond to the atoms
under surface Pd and Cu atoms, respectively.

Buckling Rpq

A) Cuc Cu_; Cu Cug Pd R)
0.713 10.372 10.372 10.375 10.285 10.200 8.902 1.3753
0.569 10.372 10.370 10.375 10.294 10.228 8.800 1.3403
0.500 10.372 10.369 10.374 10.300 10.239 8.753 1.3262
0.400 10.372 10.368 10.375 10.312 10.253 8.698 1.3089
0.300 10.371 10.366 10.373 10.328 10.267 8.665 1.2953
0.200 10.370 10.365 10.372 10.353 10.274 8.652 1.2856
0.100 10.370 10.364 10.372 10.376 10.279 8.661 1.2797
0.000 10.369 10.363 10.370 10.408 10.282 8.694 1.2777
-0.100 10.368 10.361 10.367 10.445 10.281 8.361 1.2080
-0.200 10.366 10.359 10.363 10.488 10.275 8.006 1.1405

are significantly changed. As the buckling decreases, the Table IV lists core-level eigenenergy of different atoms in
number of valence electrons of the Pd atom markedly dethe CY001)c(2 X 2)-Pd surface alloy for different bucklings
creases, and on the contrary, those of @ud Cy increase. with the 23/, eigenenergy of central Cu as reference. From
We note that when the buckling is less than 0.1 A, the numTable 1V it can be seen that the core-level eigenenergies of
ber of valence electrons remains almost unchanged fgr CUCu_; are almost the same as that of (or buckling range
as the buckling is reduced, but even further increased fofrom 0.713 to —0.2 A. This suggests that the subinterface
Cu,. layer is already bulklike. Since thet electrons are more lo-
We list in Table Il the total energgrelative to the case of calized, any change id electrons has stronger influence on
0.1 A buckling as the buckling of the Pd atoms is varied the core-level eigenenergy than the change in te
from 0.713 to —0.2 A. Since the charges in,Guand Cy¢  electrons*! Thus it is easy to understand an eigenenergy de-
are hardly affected with the change of buckling, the changereasg1.15 e\j of the Pd 35, core level with the buckling
in total energy should reflect mainly the change in the bondédecreasing from 0.713 to —-0.2 A. Both €and Cy have
ing energies of Pd-Guand Pd-Cy The total energy of the higher core-level eigenenergy than Cwand the core-level
system decreases first with a decrease of the buckling fromigenenergiegrelative to that of Cy) of Cug and Cuy de-
0.713t0 0.1 A, and continues to decrease, but very slowlyrease from 1.02 and 0.31 eV to 0.89 and 0.13 eV, respec-
as the buckling decreases from 0.1 to 0.0 A, then it begins ttively, with the buckling decreasing from 0.713 to —0.2 A.
increase after the Pd atoms are buckled inwards due to theonsidering 8 electrons of Cpand Cy increasing with the
strong repulsive interaction between the Pd and Cu atomseduction of buckling, it is not so evident to understand the
Since involving only a small range of buckling, in Fig. 2 we increases of Cu [, core-level eigenenergies. This result
fit the five data points near the total energy minimum simplywill be discussed later.
by quadratic curve to determine the position of minimum Brown et al. have compared the NN distance between
energy. The buckling corresponding to the lowest total enadsorbate and substrate atoms of some surface alloys with
ergy is calculated as 0.10+0.03 A, as compared to the valuthe sum of atomic radii in bulk metal and noted that for a
of 0.02+0.03 A obtained from the LEED dat&®?° range of surface alloys the NN adsorbate-substrate distances
0.04-0.08 A obtained from the MEIS ddthand 0.12(Ref.  are noticeably smaller than the sum of their metallic radii
30) and 0.15 A(Ref. 15 observed by STM. and are closer to the sum of covalent r&diit is well estab-
Table 11l lists the orbital decomposition of the valence lished that the valence charge density at unreconstructed el-
electrons inside the muffin-tin spheres of PdgCand Cy.  ementary metal surface is lower than that in bulk due to the
We can see that the decrease in total electrons of the Pd atogpill over of the valence charge into the vacuum, which will
is mainly due to itsd-like component, and the increases in result in a tensile stress in the surface or will make the ef-
total electrons of Cyand Cy are mainly due to theip- and  fective radii of the atoms at the surface redutedf. some
d-like components. fraction of the atoms in such a surface is substituted by an-

TABLE I1. Total energy(relative to that of 0.1 A bucklingof the CU001)c(2 X 2)-Pd ordered surface alloy for different bucklings of the
Pd atoms.

Buckling (A) 0.713 0.569 0.500 0.400 0.300 0.200 0.100 0.000 -0.100 -0.200
Total energy(ev/cel) 1.77 1.03 1.00 0.65 0.42 0.11 0.00 0.01 0.45 1.22
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0.78 —— T T - - its NN Cu atoms on both surface and subsurface plane have
- the same force constant, the change of energy per Pd atom
28 can be written as
o3 050F -
25 _k 2 2
g < oB=7 [4(Reg_cis = Rpa-cd” + 4(Rpa_cy = Rea-cd”] (2)
=32 oasf g . .
g in which Reg_cy = Vh?+22/2 andRpg_c,=h?+ah+a?/2 are
52 the distances from the Pd atom to the NNs@nd Cy atoms
g § 0.00 | ] . . when the buckling of the Pd atoms lis Rpy_c, is the equi-
ks librium length of the Pd—Cu bond; aralis the lattice con-
o 00 o o2 03 stant of copper. Assuming thdf) the interlayer distance
buckling(A) between the Cyand Cy layers is equal to the 001 bulk

interlayer spacing supported by LEED studies é)dRpy_cy

FIG. 2. The total energyrelative to that of 0.1 A bucklingof  is equal to the lengtt2.618 A) of the Pd—Cu bond in G@d
the CL001)c(2 X 2)-Pd ordered surface alloy when the buckling of bulk alloy, equilibrium condition reaches when the buckling

the Pd atoms varies from -0.1 to 0.3 A. The total energy curve igs 0.0916 A. In this case, the Pd—gulistance Rpd-cy,
obtained by fitting five calculated resultsolid squaresbetween =2 557 A is less thaRp4_c, SO a repulsive force exists be-

bucklings of —-0.1-0.3 A with the quadratic curve. tween the Pd atoms and §but for the Cy atomSvRPd—Cq

other kind of atoms with a larger radius, it is clear that the=2-621 A is slightly larger tharReqc, and an attractive
buckling at outermost mixed layer will be less than what{Orce exists between the Pd atoms and. @uthis buckling, -
expected from the sum of metallic radii of adsorbate andh€ repulsive force reaches equilibrium with the attractive
substrate atom® force and the total energy is minimized.
It seems to us that the intrinsic tensile stress can reduce Turning to the expressions &pq_c, andRpy_c,, We can
the effective radii of atoms in a metal surface and can parsee that their changes depend on the second-order and first-
tially interpret the slight buckling of surface alloys. How- order of the bucklingh, respectively. Therefore, the second
ever, it is difficult to accept that the atomic radii in surfaceterm in the formula of total energy—i.e., the interaction be-
alloys are close to covalent radii. Here, by means of a simpleveen the Pd and the interface Cu atoms—dominates the
phenomenological model, we will show that the smallerchange in total energy when the buckling is small. Based on
buckling in surface alloys is easy to understand if we take thehis simple model, the occurrence of small buckling, ob-
metallic bonding between the absordate atoms and their Nhhined by experiments and theoretical calculations, can be
atoms on the subsurface layer into account. ~well understood. In previous studies a larger buckling was
When the atoms deviate from their equilibrium pos't'ons’expected because only the bonding between the Pd atoms
the energy change of the system depends on the change gy their NN surface Cu atoms are considered, but the bond-
bond length, and can be expressed as ing between the Pd atoms and their NN interlayer Cu atoms
Kk . are omitted?
oE = 52 (dl)* + higher order terms, ) This simple phenomenological model should be general.
! It can also be applied to other surface alloy systems such as
wherek andl; are the force constant and the bond length ofCu(001)c(2 X 2)-Au. With the equilibrium bonding length of
theith bond. Here we suppose that the bonds between Pd aiti658 A in  CuAu, we estimate the buckling of

TABLE lll. Orbital decomposition of the total valence electron number inside the muffintin spheres of Pd,
Cus, and Cy for the CY001)c(2 X 2)-Pd surface alloy, for different bucklings of the Pd atoms.

Pd Cy Cy

Buckling
A) s p d s P d s p d

0.713 0.315 0.155 8.411 0.520 0.319 9.331 0.512 0.414 9.326
0.569 0.307 0.158 8.314 0.531 0.330 9.336 0.512 0.422 9.326
0.500 0.304 0.159 8.268 0.535 0.335 9.337 0.512 0.427 9.326
0.400 0.303 0.165 8.209 0.541 0.343 9.334 0.514 0.436 9.326
0.300 0.304 0.172 8.166 0.546 0.347 9.338 0.517 0.446 9.328
0.200 0.311 0.182 8.135 0.547 0.350 9.339 0.523 0.460 9.331
0.100 0.320 0.192 8.122 0.549 0.350 9.342 0.529 0.471 9.334
0.000 0.333 0.206 8.125 0.546 0.348 9.348 0.537 0.486 9.338
-0.100 0.281 0.168 7.889 0.540 0.343 9.359 0.546 0.503 9.334
-0.200 0.234 0.137 7.616 0.537 0.337 9.362 0.557 0.520 9.352
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TABLE IV. The core-level eigenenergy of different atoms in the(@i)c(2 X 2)-Pd surface alloy for
different bucklings. The energy reference is taken as g 2igenenergy of the central Cu. Two column
values under Gu, correspond to the atoms under surface Pd and Cu atoms, respectively.

Buckling Cu-1 Cy, Cug Pd

A) 2ps2 (eV) 2p3p, (8V) 2p3/2 (8V) 3ds/, (8V)
0.713 0.00 0.02 0.31 1.02 585.85
0.569 -0.01 0.04 0.30 0.95 585.67
0.500 -0.02 0.04 0.29 0.92 585.59
0.400 -0.01 0.06 0.29 0.87 585.48
0.300 -0.01 0.07 0.27 0.83 585.36
0.200 -0.02 0.08 0.24 0.80 585.27
0.100 -0.02 0.08 0.22 0.79 585.18
0.000 -0.02 0.08 0.19 0.82 585.12

-0.100 -0.02 0.08 0.16 0.89 584.98

-0.200 -0.02 0.08 0.13 0.89 584.70

Cu(00Dc(2x 2)-Au to be 0.153 A, which is very close to energy in the DOS curve of the Gand Cy layers, but it is

the value of 0.1 A given by experimerfts. almost absent from Gu and Cuy. Therefore, the peak at
According to the decrease of the Pd dlectrons, we can -1.0 eV is derived mainly from Pd.
well understand the eigenenergy decrease of the &g 3 In Fig. 4(a) we present the calculated band structure of the

core level when the buckling of the Pd atoms decreases frorardered C(001)c(2 X 2)-Pd surface alloy. It is shown along
0.713to —0.2 A. In principle the increase in 8lectrons of  the high symmetrical directions of th&2 x 2) surface Bril-

Cus and Cy should lead to an increase in thps2 eigenen-  louin zone, which, with respect to the Brillouin zone of
ergy. However, we still obtain a decrease of 0.13 andCu(001), is half as large in area and rotates 45°. In Figdp) 4
0.18 eV for Cy and Cuy, respectively. In Ref. 37, Citriet  the open and solid circles and the crosses indicate the surface
al. obtained that the density of states of surface Cu atomstates having weight larger than 55 %, 40-55 %, and 25—
becomes narrower and shifts to the Fermi level in compari40 %, respectively, within the Pd muffin-tin spheres. The
son with the bulk Cu atoms. This means that the eiengenergstates marked by solid circles center around —1.0 eV, which
of the bulk Cu atoms is lower than that of the interface ands consistent with the pronounced peak at =1.0 eV found in
surface Cu atoms. In the QU01)c(2X 2)-Pd system the hy- the total DOS. With more detailed symmetry analysis, we
bridization of Cy and Cy with Pd gradually increases with

a decrease in the Pd buckling, thussGind Cy gradually 2] (@)
possess the characteristics of the bulk Cu atoms, and the ]
eigenenergy of Cyand Cy 2p5,, core-level should decrease. 2]

This boost to the g5/, eigenenergy overcompensates the in-
crease caused by the additional valence electrons ga@d
Cy and results in a net decrease ipg2 eigenenergy.

DOS(total)

Ill. ELECTRONIC STRUCTURES OF Cu (001)c(2X 2)-Pd

In this section we investigate the electronic structures of
the CU001)c(2x 2)-Pd system taking the Pd buckling as 251
0.1 A, which corresponds to the minimal total energy of the
system. The calculated total and layered projected density of
states(DOS) of the surface alloy G@W01)c(2X 2)-Pd are
presented in Fig. 3, with the results for the clean seven-layer §
Cu(00)) film also shown for comparison. The zero of the
energy scale corresponds to the Fermi level. The total DOS
of the CY{001)c(2 X 2)-Pd is similar to that of clean Cu film, s 7 8
except the former has one extra peak at about —1.0 eV. This

notable peak is clearly due to the presence of Pd in the £ 3. Total(a) and layered projecteb) density of states
Cu(001)c(2 X 2)-Pd surface alloy, since it is absent in clean (DOS) in unit states/eV of the G001)c(2 X 2)-Pd ordered surface
Cu(001). Examining the layered projected DOS of alloy. The total DOS of the clean seven-layer(@ad) is also shown
Cu(00Dc(2x 2)-Pd, we notice a strong peak at —1.0 eV in in (a) for comparison. The zero of the energy scale corresponds to
the DOS of the Pd layer. A weaker peak appears at the samke Fermi level.

(layer solved)

D

-5 -4 3 -2 -1
Energy relative to E_(eV)
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I RS SEEEEE PR N SEERDEEE indicate that it is derived from the local density of state of
L 1¢++¢ R i IRERE: + ] Cu, which has been distorted by hybridization with Pd.
(P FUE MMLAE S22 4121 11 i 11 S Using ARUPS>7 another peak at about —0.7 eV has been
S L 3iisifiice i 1115t t1:i] observed. This peak is quite small and difficult to identify,
ﬁ o4 % 3 and it can be observed only with special photon energy at a
2 4] § i special emission anglee.g., near théM point). If we con-
2 ] 3 sider that there is a 1.0 eV difference between the experi-
% 3 %% § 3 %%; % ; ; ' % i ment and our calculation, we can expect one peak at about
- A R JREEE iiiiﬁ Te T, T 0.3 eV above the Fermi energy. However, in our calcula-
2 % w7t L et v, T tions, a surface state appears, marked with open circles, at
g 77 +++++++ ¥ b T +1 about 0.1 eV above Fermi level at thepoint in Fig. 4b).
-8+ +++++++ (@) Yot + This state is also derived from the incorporation of Pd, to
P e ] which the Pd atoms contribute 52% and the @winly Cuy)
r X M r atoms contribute 48%. Even though we display it at khe
1 point in thec(2 X 2) surface Brillouin zone in Fig. @), it is
equivalent to the state M in the Brillouin zone of C(002)
090 M - before alloying, which is used in the experimental work,
S . Zo ee oty * . 5 because folding of Brillouin zone will bring them in coinci-
A 198008 é codo iggo 1.+ ++%cged dence. According to the above analys,ls_, we suggest that the
C I ¢ 892 ;28" ++5' $eo ° E + ¢ surface state at 0.1 eV above the Fermi level corresponds to
ﬁ 2. + + the peak at —0.7 eV observed in EDC%,and it is contrib-
2 .+$o ST et uted by both Pd and Gu
° * o
> 31
= + o, IV. SUMMARY
[
0 41 i . The first-principles all-electron LAPW film method in the
] (b) ++1+ local density functional approximation has been applied to
-5 L - investigate the effect of the Pd buckling on the total energy
T X M r of the CY001)c(2 X 2)-Pd ordered surface alloy. Our energy

calculation and the phenomenological model indicate that the
FIG. 4. Valence band{a and surface statesb) of the buckling should be smaller than 0.1 A for the (©Q1)c(2

Cu(00D)c(2x2)-Pd ordered surface alloy. The open and solid . .
circles and the crosses indicate the surface states, which, respe>é-2)'Pd ordered surface alloy, which agrees well with the

tively, are occupied by more than 55%, 40-55%, and 25-40% of-EED observations. Such slight buckling can be well under-
the Pd atoms. stood if we consider the metallic bonding between the depos-
ited Pd atom and the interface Cu atoms. In addition, the

find that those states are contributed mostly bydheorbit- change of core-level eigenergies of the PdgCand Cy

- atoms is well explained by the charge transfer and the theory
als of Pd at thd” and X points, and by thel,._y> as well as of surface core-level shif?

the d,, orbitals of Pd at theV points. We also study the electronic structure of the system with
In Fig. 3(@) we can see that the incorporation of Pd in thethe buckling of the Pd atoms taken as 0.1 A, which corre-
Cu(00) surface gives rise to another peak at about —3.7 eVsponds to the lowest overall energy. The calculations indicate
Assuming an energy shift of about 1.0 eV which usually ex-that the incorporation of Pd in the @01) substrate gives
ists in single particle calculatiot?,two peaks at =3.7 and rise to three features at -3.7, —1.0, and 0.1 (@Wove the
—1.0 eV appear consistent with the two peaks at —4.8 an¢termi leve). If we consider the 0.7-1.0 eV difference be-
-1.7 eV observed in EDC's from @001)c(2x 2)-Pd®’We  tween experiment and single particle calculation, our calcu-
notice that these peaks are similar to those observed for thated peaks correspond to those photoemission peaks at —4.8,
Cu-rich CuPd alloy® As far as the origins of the two peaks -1.7, and -0.7 eV observed by ARUPS.
are connected, both experimémtsind our calculation agree
that the peak at —1.7 eV is due to the incorporation of Pd in
the CU001) surface and is derived mainly from Pdl 4lec-
trons. For the other peak at —3.7 eV, although it is due to the This work was supported by National Natural Science
incorporation of Pd in the G001) surface, our calculations Foundation of China under Grant No. 10274002.
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