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Surface and nanosolid core-level shift: Impact of atomic coordination-number imperfection
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Identifying the origin for core-level binding-energy shift induced by surface relaxation or nanosolid forma-
tion, and quantifying the crystal binding energy in a bulk solid has been a challenge. Here we show that a
recent bond order-length-strength correlation mechanism allows us to unify the effects of surface relaxation
and nanosolid formation on the core-level binding-energy shift into the atomic-coordination number imperfec-
tion. A new and simple method has been developed that enables us to elucidate the intra-atomic trapping
energy~the core-level position of an isolated atom! and the crystal binding strength~core-level bulk shift! to
the core electrons at the energy levels of Si and a number of metals by matching the predictions to the
measurements.

DOI: 10.1103/PhysRevB.69.045105 PACS number~s!: 68.35.Bs, 33.60.Fy
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INTRODUCTION

Unlike the valence density of states that provides dir
information about charge transportation during reaction,1 the
energy shift of a core level of an isolated atom gives p
found information about the crystal binding strength that
dominated by interatomic interaction. Spontaneous proce
such as alteration of the bond nature and relaxation of
bond length will affect the crystal field and hence shift t
core level to a certain extent towards higher binding ene
Being able to discriminate the crystal binding~core-level
shift! from the atomic trapping~core-level position of an
isolated atom! of a core electron under various physical a
chemical environment is a great challenge, which is bey
the scope of direct measurement using currently availa
probing technologies. Here we extend the recent bond-or
length-strength ~BOLS! correlation mechanism,2 to the
Hamiltonian, and hence, the core-level shift of a nanoso
by including the effect of atomic coordination imperfectio
that induces surface relaxation and nanosolid bond cont
tion. Practice has led to consistent insight into the origin
the surface and nanosolid induced core-level shift and p
vided an effective yet simple means to determine quantita
information about the crystal binding strength and the ato
trapping energy of an isolated atom.

In addition to the well-known chemical shift caused
the core-hole screening due to charge transportation in a
action, relaxed atomic layers at a surface can split the c
level of a specimen into a few components, as illustrated
Fig. 1~a!. However, the assignment for the components
duced by surface relaxation is quite confusing, as sum
rized in Table I, due to the lack of guidelines for determini
which peak arises from the surface and which one is from
bulk. With the widely used sign convention, a positive sh
relates the high-energy component to the surface contr
tion (Si ,i 51,2,...,B) while the low-energy component to th
bulk origin ~B!. The resultant peak is often located in b
tween the components and the exact position of the resu
peak varies with experimental conditions, which is perha
why the documented values for the core-level energy o
specimen vary from source to source. X-ray photoelect
spectroscopy~XPS! measurements3–7 reveal that the inten-
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sity of the low-energy component often increases with
incident beam energy or with decreasing the angle betw
the incident beam and the surface normal in the measurem
@Fig. 1~a!#. The intensity of the low-energy component al
increases with decreasing the surface atomic density u
the same beam condition~energy and incident angle!. For
example, under 390 eV beam energy, two 3d5/2 components
at 334.35 and 334.92 eV have been identified from Pd~110,
100, 111! surfaces. The lower 334.35 eV peak intensity d
creases with the variation of the surface geometry from~110!
to ~111!,8 or with the increases of atomic densi
(n110:n100:n11151/A2:1:A3/2). The 306.42 eV componen
of the Rh~111! 3d5/2-level measured under 380 eV beam e
ergy is relatively higher than the same peak of the Rh~110!
measured using 370 eV beam energy compared with
high-energy component at 307.18 eV.8 The beam conditions
and atomic density dependence of the low-ener
component intensity implies that the surface relaxation
duces most likely positive shift in the XPS measurement d
to the varied penetration depth of the incident beams.

Upon reacting with electronegative elements such as o
gen, the core level also splits with a production of hig
energy satellite. This well-known chemical shift arises fro
core-hole production due to bond formation that weakens
screening of the crystal field that is acting on the spec
core electrons. Chemical reaction not only alters the na
of the bond~such as from metallic to ionic! but also causes
relaxation of the bond length. Interestingly, the effects
surface relaxation and chemical reaction on the core-le
shift can be distinguished easily. For instance, two disti
Ru-3d5/2 core-level components were resolved from a cle
Ru~0001! surface due to the relaxation. Both compone
then shift up simultaneously further by up to 1.0 eV upon
addition of oxygen to the Ru~0001! surface.19 The Rh-3d5/2
core level of Rh~100! surface has a split of 0.65 eV relativ
to the main peak of the bulk, while with oxygen additio
both of the components shift 0.40 eV further towards hi
binding energy.23 These observations confirm that both su
face relaxation and catalytic reaction could shift the co
level positively by different amount towards higher bindin
energy. Any spontaneously physical or chemical proces
should be accompanied with binding energy enhancem
©2004 The American Physical Society05-1
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~or lowering of the system energy!. The amount of chemica
shift depends not only on the original core-level position b
also on the extent of reaction.

When a solid reduces its size down to nanometer sc
the entire core-level features~both the main peak and th
chemical satellites! move simultaneously towards highe
binding energy and the amounts of shift depend on both
original core-level position and the particle shape and s
This has been confirmed with XPS on the size-dependenc
the main core-level peaks and the oxide satellites
Cu-2p3/2, ~2932.1,2940.1 eV!,24 Sn-3d ~2484.4,2486.7
eV!, Sn-4d ~226, 231 eV!, Ta-4f 5/2 ~223.4, 226.8 eV!
and Ta-4f 7/2 ~231.6, 236.5 eV!.25 Compared with the
monopeak of S-2p and S-2s core bands of a bulk solid, ZnS
and CdS nanosolids exhibit three components of each

FIG. 1. ~a! Illustration of the positive shift (S1 ,S2 ,...,B) of the
core-band components with respect to the energy level of an
lated atom, En(1). DEc(Si)5DEc(`)@11D i #. Measurements
show that the intensities of the low-energy bulk component of
decreases with incident beam energy and with the increase o
angle between the incident beam and surface normal.~b! The effect
of atomic CN imperfection on the bond length and intra-atom
trapping potential of the lower-coordinated atoms near the edge
surface. The deepened intra-atomic trapping potential (vatom) con-
fines electrons to be localized in the relaxed region, which low
the conductivity of the nanosolid.Dsurf is the perturbation to the
crystal potential (Vcrystal) due to the CN-imperfection enhance
bond strength.
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S-2p and S-2s core band.26,27 These components have bee
ascribed as the contribution, from high to low binding e
ergy, from the outmost capping layer~0.2–0.3 nm thick!,
surface layer~0.2–0.3 nm thick!, and the core of the nano
solid. This specification is in accordance with the surfa
positive shift. The energy peak value of each compon
changes insignificantly with particle size but the resulta
peak varies considerably with the atomic portions of the c
ping, the surface and the core of the nanosolid. For exam
with the particle size reduction, the intensity of the core co
ponent decreases while the capping component increa
which follows the size dependence of the surface-to-volu
ratio of a nanosolid. This convention has enabled an effec
method of determining the particle size to be developed,26,27

which is competent with transition electron microscopy a
x-ray diffraction.

Generally, the core-level shift of a nanosolid of diame
~or thickness for a plate! D follows a scaling law:DEC(D)
5A1B/D, where the constantA corresponds to the bulk
shift, DEC(`) with contributions from surface charging i
the experiment. The slopeB changes depending on surfac
treatment, particle dimensionality and particle–substrate
teraction for supported particles.28 The size dependen
E-2p3/2 peak shift of the Cu nanosolid deposited on HOP
~highly oriented polycrystalline graphite! and CYLC ~poly-
mer! substrates,29 and the size dependentE-4 f peak shift of
Au nanosolids deposited on Octanedithiol,30 TiO2 ,31 and
Pt~001!32 substrates follow exactly the scaling law. Ther
fore, as physical origin~without charge transport being in
volved!, surface relaxation and nanosolid formation play t
equivalent yet unclear role in splitting and shifting the co
levels of a specimen.

The underlying mechanism for the surface- and si
induced core-level shift is under debate with the followi
possible mechanisms:

~1! The high-energy component of the core-level shift w
attributed to the surface interlayer contraction.5,7 For
Nb(001)-3d3/2 example, the first layer spacing contrac
by 12% associated with 0.50 eV core-level shift.3 A
(1063)% contraction of the first layer spacing ha
caused the Ta(001)-4f 5/2(7/2) level to shift by 0.75 eV.7

The positive core-level shift of Nb-3d and Ta-4f has
been explained as the enhancement of the interla
charge density and the enhancement of the resonant
fraction of the incident irradiation light due to the su
face bond contraction.3,5,7

~2! The size-induced Cu-2p core-level shift of CuO nano-
solid was ascribed as the size-enhancedionicity of cop-
per and oxygen.24 This means that an oxygen ato
bonds more strongly to the Cu atoms in a nanosolid th
does the oxygen atom to the Cu atoms inside the bu

~3! The size-enhanced Sn-3d, Sn-4d, and Ta-4f core-level
shift of the O–Sn and O–Ta covered metallic cluste
was considered as the contribution from theinterfacial
dipole formation between the substrate and t
particles.25 The number of dipoles or the momentum
the dipole should increase with reducing particle size

o-

n
he

f a

s

5-2



SURFACE AND NANOSOLID CORE-LEVEL SHIFT: . . . PHYSICAL REVIEW B 69, 045105 ~2004!
TABLE I. Specifications and the possible origins of the surface-induced core-level splitting.

Specification Samples

(uEbindu:high→ low)

Positive shift Nb~001! ~Refs. 3, 4!, graphite~Ref. 5!,
S1 ,S2 ,..., andB Tb~0001! 4 f ~Ref. 6!, Ta~0010! 4 f ~Ref. 7!,

Ta~110! ~Ref. 9!, Mg(101̄0) ~Ref. 10!,
Ga~0001! ~Ref. 11!

Negative shift Be~000! ~Ref. 12, Be(101̄0) ~Refs. 10, 13!,
B, S4 , S3 , S2 , andS1 Ru(101̄0) ~Ref. 14!, Mo~110! ~Ref. 15!,
B, S2 , S3 , S4 , andS1 A1~001! ~Ref. 16!, W~110! ~Ref. 17!,

W~320! ~Ref. 18!, Pd~110, 100, 111! ~Ref. 8!

Mixed shift:
S1 , B, Sdimer-up,Sdimer-down Si~111! ~Ref. 19!, Si~113! ~Ref. 20!
S2 , B, S1 Ge~001! ~Ref. 21!
S1 , B, S2 Ru~0001! ~Ref. 22!
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~4! The thermochemical or the initial~neutral, unionized
specimen withn electrons!–final ~radiation beam ionized
specimen withn21 electrons! states’ model4,6 defines
the core-level shift as arising from the difference in c
hesive energy that is needed to remove a core elec
either from a surface atom or from a bulk atom. T
surface atom is assumed as aZ11 impurity sitting on
the substrate meal ofZ atomic number. The final state
of atoms at a flat surface or at the curved surface o
nanosolid were expected to increase/decrease while
initial states to decreases/increase when the particle
is reduced. This model being elegantly accepted of
derives the negative or mixed surface shift in theoreti
calculations.

~5! Experimental investigations33 show that the initial–final
states effects cannot explain all the observations and
a metal-to-nonmetal transition mechanism was sugge
to occur with a progressive decrease in cluster siz34

The increase in the core-level binding energy in sm
particles was also attributed to the poor screening of
core-hole and hence a manifestation of the size-indu
metal–nonmetal transition that happens at particle siz
the range of 1–2 nm diameter consisting of 3006100
atoms.35

Briefly, results show that surface relaxation and nanos
formation share common yet unclear origin in splitting a
shifting the core level to higher binding energy. Howev
definition of the components is quite confusing and the o
gin for the surface and size-induced core-level shift is hig
disputed. Therefore, consistent understanding of the effec
surface relaxation and nanosolid formation on the core-le
shift is therefore highly desirable. The objective of this wo
is to show that the recent BOLS correlation mechanism36,37

enables us to identify the impact of atomic CN imperfecti
and the associated rise of binding energy density in the
laxed surface region on the electronic properties of a sur
and a nanosolid.
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THEORY

BOLS correlation

The significance of a flat or a curved surface is the ter
nation of the lattice periodicity in the surface normal. Such
lattice termination not only creates a potential barrier at
surface but also reduces the CN of the surface atoms.
potential barrier confines electrons or holes moving ins
the solid. The CN imperfection of an atom results in t
remaining bonds of the lower-coordinated atom to contr
spontaneously38 associated with magnitude increase of t
binding energy.2 The bond strength enhancement contribu
not only to the atomic cohesive energy (Ecoh, single bond
energy multiplies the atomic CN! of the specific atom but
also to the energy density in the relaxed surface region.
atomic cohesive energy contributes to the Gibbs free ene
that determines the thermodynamic behavior of the sys
such as critical temperatures for magnetic phase transiti39

and solid–liquid transition40 of nanosolids as well as the ac
tivation energy for diffusion and chemical reaction. Th
binding energy density perturbs the Hamiltonian of an e
tended solid that determines the entire band structure suc
the band gap, core-level shift and bandwidth.37 The increased
surface energy density determines the surface Young’s mo
lus and the surface stress of the system as well.41

The numerical expression of the BOLS correlation
given as:36

ci~zi !5di /d052/@11exp~~122zi !/8zi !#,
~1!

« i5ci
2m«0 .

The ci(zi) formulates perfectly the atomic-CN~or
zi)—atomic-size correlation noted by Goldschmidt, Paulin
and Feibelman.38 di and d0 is the bond length of thei th
atomic layer and the bulk value, respectively.m is an adjust-
able parameter representing the nature of the bond. For
als,m;1,42 for compounds and alloys,m;4.36 « i and«0 are
the binding energy per coordinate at equilibrium atom
5-3



,
ed
r o

ve
e
er
e

ic

ion
io
,

u
g

fo
b

d
m

nd
V
h
p

in

e
th

it-
he
e
.
co
n
n

he
s
es
n

a
em
on
u
-

il
ro

s,

r
m

d a

s
of
o-
ing

n,

l
ave

nt
ic

.

CHANG Q. SUN PHYSICAL REVIEW B69, 045105 ~2004!
separation for an atom in thei th atomic layer and in the bulk
respectively. Thei denotes the atomic layer that is count
up to three from the outermost atomic layer to the cente
the solid. The BOLS premise involves only them value and
the atomic CN of the first three atomic layers.43 No other
assumptions or freely adjustable parameters are invol
Figure 1~b! illustrates the effect of CN imperfection on th
bond length and intra-atomic trapping potential of the low
coordinated atoms near the edge of a surface. The deep
intra-atomic trapping potential well (vatom) confines elec-
trons to be localized in the relaxed surface region, wh
lowers the conductivity of the nanosolid.Dsurf is the pertur-
bation to the crystal potential (Vcrystal) due to the CN-
imperfection enhanced bond strength.

There exists profound evidence for the CN-imperfect
induced bond contraction and its enormous effects on var
physical properties of a nanosolid~see Refs. 1, 2, 36, 37, 40
and references therein!. A 4%–12% contraction of the O–C
bond has been found to form one of the four essential sta
of Cu3O2 bonding kinetics on the O–Cu~001! surface using
very-low-energy electron diffraction.44 A 12%–14% contrac-
tion of N–Ti/Cr bond was confirmed to be responsible
enhancing the TiCrN surface stress and Young’s modulus
up to 100%.41 A 10%–12% contraction of the Fe–Fe an
Ni–Ni interlayer spacings enhances the atomic magnetic
mentum by 15%–29% at the Fe and Ni surfaces.45,46 The
Al ~001! surface relaxation has an effect on the total ba
width for the relaxed monolayer, which is about 1.5 e
larger than the value for the bulk truncated monolayer. T
cohesive energy is increased by about 0.3 eV per atom u
relaxation.47 Most strikingly, without triggering electron–
phonon interaction or electron–hole production, scann
tunneling spectroscopy/microscopy lately probed48 that the
band gap of Si nanorods increases from 1.1 eV to 3.5
with decreasing the rod diameter from 7.0 to 1.3 nm and
the surface Si–Si bond contracts by;12% from the bulk
value~0.263 nm! to ;0.23 nm. These findings concur exc
ingly with the BOLS anticipation. Predictions based on t
BOLS premise also match well to a number of other obs
vations on the size-and-shape dependence of nanosolids
instance, the band-gap expansion of a nanometric semi
ductor has led to the reduction of dielectric constant a
hence the blueshift of the photoabsorption edges of a na
metric semiconductor.42 The cohesive energy determines t
critical temperatures for nanosolid liquidization and pha
transition.39,40 The bond-contraction enhanced surface str
influences the Gibbs free energy that determines the tra
tion behavior of the ferroelectric49 and pyroelectric50 proper-
ties of nanometric PbZrTi oxides. The BOLS correlation h
also enabled us to determine the dimension, strength, ch
cal and thermal stability of a single C–C bond in carb
nanotubes,51 as well as the stretching limit of the Au–A
bond in the gold monatomic chain52 based on the measure
ment carried out at 4 K53 and room temperature.54

Hamiltonian perturbation

The BOLS correlation provides perturbation to the Ham
tonian of an extended solid, which gives rise to the elect
energy potential of a surface, labeledSi , or a nanosolid with
dimensionD j ,
04510
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V~D l !5Vatom~r !1Vcry~r !@11D l #, ~2!

where

D l55
D i~Si !5

« i2«0

«0
5ci

2m21 ~surface!,

D j~D j !5(
i<3

g i j D i ~nanosolid!,

g i j 5
Dout,i

t 2D in,i
t

D j
t }

tci

K j
, K j5D j /~2d0!.

~3!

In conjunction with the corresponding Block wave function
the intra-atomic trapping potential,Vatom(r ), defines the
core-level position of an isolated atom,En(1), while the
periodic crystal potential of an extended solid,Vcry(r ), de-
fines not only the band gap,EG , but also the shift of the
core-level energy away from the original position,DEn(`)
5En(`)2En(1). D l , being independent of the particula
form of the interatomic potential, is the contribution fro
interlayer bond contraction (D i) or the contribution from the
outmost two or three atomic layers.g i j is the atomic portion
of the i th atomic layer over the entire nanosolid.Dout,i and
D in,i correspond to the outer and inner diameter of thei th
atomic layer ofdi thick (di5Dout,i2D in,i). t51, 2, and 3
correspond to the dimensionality of a thin plate, a rod, an
spherical dot. The( i<3g i j drops in aD j

21 fashion from
unity to infinitely small when the solid dimension grow
from atomic level to macroscopic scale. At the lower end
the size limit, the perturbation to the Hamiltonian of a nan
solid relates directly to the behavior of a single bond, be
the cases of a surface and a monatomic chain.

DEn„`… and En„1…

According to the band theory and the BOLS correlatio
the size dependence of both the band gapEG(`)-expansion
and core-levelEn(1)-shift follows the relations (15 i , j ):

EG~D l !5EG~`!~11D l !,
~4!

En~D l !2En~1!5@En~`!2En~1!#~11D l !,

where En(`)2En(1)5DEn(`) is independent of crysta
size, surface relaxation, or chemical reaction, thus we h
the relation

En~D l !2En~1!

En~D l 8!2En~1!
5

11D l

11D l 8
~ l 8Þ l !. ~5!

Given an XPS profile with clearly identifiedEn(D i) and
En(`) components of a surface (l 5 i 51,2,...), or a set XPS
data collected from a certain type of nanosolids of differe
sizes (l 5 j 51,2,...), one can calculate easily the atom
En(1) and the bulkDEC(`) with the relations given by Eq
~5!:

En~1!5
~11D l 8!En~D l !2~11D l !En~D l 8!

D l 82D l
~ lÞ l 8!,
~6!
5-4
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TABLE II. Calculated atomicEn(1), bulk shift DEn(`) and the standard deviations for different surfaces based on available XP
database. For elemental surface,m51. z154, z256, andz358 are used in calculation. Refinement of theEn(S2) within XPS resolution
reduces thes to ,0.1%, indicating the importance of accuracy in XPS calibration.

Surface

XPS components Calculated Calculated based on refinedEn(S2)

En(S1) En(S2) En(`) En~1! DEn(`) s En(S2)
refined

En~1! DEn(`) s
~%!

Poly C 1s ~Ref. 5! 284.42 284.30 283.46 0.84
Ru~0001!
3d1/2 ~Ref. 22!

280.21 280.10 279.73 276.35 3.38 1.27~37%! 279.955 276.344 3.3856 0.003

W~110! 4 f 7/2 ~Ref. 17! 31.50 31.36 31.19 29.00 2.18 0.22~10%! 31.335 29.006 2.1835 0.003
Nb~100! 3d5/2 ~Ref. 3! 202.80 202.44 202.31 198.85 3.45 0.86~25%! 202.54 198.856 3.4544 0.002

Be(101̄0) 1s ~Ref. 13! 111.85 111.3 111.1 105.81 5.29 1.32~25%! 111.475 105.817 5.2835 0.002

Be~0001! 1s ~Ref. 12! 111.9 111.35 111.1 105.46 5.64 1.08~20%! 111.48 105.465 5.6350 0.007
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DEn~`!5En~`!2En~1!.

If l (.2) components are given, theEn(1) and the
DEC(`) should take the mean value of theCl

25 l !/ @( l
22)!2!# possible combinations with a standard errors as
both of theEn(1) and theDEn(`) are independent of par
ticle dimension or surface relaxation. Chemical react
changes neither these two quantities. Accuracy of the de
mination is subject strictly to the XPS data calibration a
the bond length that may not always follow exactly Eq.~1!.
Nevertheless, furnished with this approach, we would
able to elucidate the core-level positions of an isolated a
and the strength of bulk crystal binding using the conv
tional XPS measurement.

Combining the scaling law for any measurable quantityQ
with the BLOS prediction, we have a simpler form for el
cidating theDEn(`),2

Q~D j !2Q~`!5H BDj
21 ~measurement!,

Q~`!3D j ~ theory!
~7!

with slopeB[Q(`)3D j3D j>constant. TheD j}D j
21 var-

ies simply with the parameterm provided known dimension
ality ~t! and size (D j ) of the solid. There are only two inde
pendent variables,m and Q(`), in the calculations. If a
certain known quantityQ(`) for the bulk such as the melt
ing temperatureTm(`) or the band gapEG(`) and the mea-
sured size dependentQ(D) of the considered system ar
given, them can be readily obtained by solving Eq.~6!. With
the determinedm, any other unknown quantitiesQ(`) such
as the crystal binding strength,DEn(`), of the same system
and hence the energy level of an isolated atom,En(1), can
be determined uniquely with the above relations.

RESULTS AND DISCUSSION

Surfaces

We have calculated theEn(1) andDEn(`) values of sev-
eral surfaces based on the XPS database and Eq.~6!. As
listed in Table II, the smalls values evidence that the BOL
correlation describes adequately the real situations and
the parameters ofm andzi represent the true situations. In
04510
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terestingly, a slight refinement of the midcomponentEn(S2)
within the XPS resolution reduces thes values to less than
0.1%, indicating the criticality of XPS precision and the se
sitivity and reliability of the developed method. The cryst
binding strength is stronger to the electrons in the ou
shells than the binding intensity to the electrons in the in
shells. For example, the binding to the C(2s22p2)-1s elec-
trons is weaker ~;0.8 eV! than the binding to the
Be(2s2)-1s ~;5.6 eV! electrons due to the screening effec

Nanosolids

The DEn(`) and En(1) for Cu-2p, Au-4f , and Si-2p
were calculated by using Eq.~6!. Figures 2 and 3 compar
the predicted~solid! curves with the measured size depe
dence of the core-level shifts of these samples~scattered
data!. In order to find the intercepts and slopes in the scal
law, all the experimental data were linearized with the lea
root-mean-square optimization method. The intercepts p
vide calibration of the measurement as the intercepts m
contain the effect of space charging or the system erro
measurement. The slopes are the major concern in the
rent decoding exercises. TheEn(1) andDEn(`) of Cu-2p
can be obtained by calculating the Cu/HOPG system w
m51 using Eq.~6!. The reason to takem51 is that Cu
atoms react hardly with the carbon surface at ro
temperature,55 and thatm51 always hold for elemental me
tallic solid.2 Decoding gives rise to the atomic trapping e
ergy E2p(1)52931.0 eV for an isolated Cu atom and th
bulk crystal binding energyDE2p(`)521.70 eV for an ex-
tended Cu solid. Taking the obtainedDE2p(`) value to the
simulation iteration of the measured size dependentE2p(D)
for Cu on CYCL givesm51.82, which adds the contributio
from the interfacial reaction between Cu and CYCL polym
substrate to them51. For Au nanosolid,m51 has been
confirmed in decoding the size dependent melting temp
ture of An on C and on W substrates.40 Fitting the measured
E4 f(D) of Au on Octan with m51 gives the E4 f(1)
5281.50 eV for an isolated Au atom andDE4 f(`)
522.86 eV for the Au bulk bonding strength. Simulation
5-5
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with the derivedDE4 f(`)522.86 eV suggested that A
growth on TiO2 and on Pt~001! substrates proceeds more in
layer-by-layer mode, agreeing with the trend reported by
original works,30–32though different Au/TiO2 growing mode
has been observed.56 However, one needs to note that th
growing mode depends on the experimental conditions s
as the substrate temperature and source beam energy
deviation between prediction and measurement may be
dicative of the growing mode that is in between the layer a
the island growth. Simulating the XPS data of both
surfaces8 and Pd nanosolids35 led to the same value o
DEPd-3d(`)524.0060.02 eV and EPd-3d(1)52330.34

FIG. 2. Comparison of the BOLS prediction with the measu
size dependence of the energy level shift.~a! Au on Octan and on
Octanedithiol~Ref. 30! shows three-dimensional features while A
on TiO2 ~Ref. 31! and on Pt~Ref. 32! show more one-dimensiona
trend. The differentm values in~b! of Cu on HOPG and CYCL
~Ref. 29! indicate the contribution from the reaction between
nanosolid and polymer CYCL substrate.~c! Pd on HOPG substrate
04510
e

ch
The
n-
d

eV. For Si nanosolid, the band gap was determined first
averaging the energies of photoemission and photoabsorp
to remove the electron–phonon coupling effect~or Stokes
shift!; simulation of the size dependent band gap expans
with the known EG(`)51.12 eV givesm54.88.57 Excit-
ingly, the m54.88 curve forEG(D) expansion in Fig. 3~a!
agrees well with theEG(D) of Si nanorods measured usin
STS.48 Incorporating the derivedm54.88 value into the
measured size dependence of the Si-2p level shift@Fig. 3~b!#
gives theE2p(1)5296.74 eV for a Si atom andDE2p(`)
522.46 eV for Si bulk binding strength. The modeling pr
dictions agree also with the trends of core-level shift for t
O–Cu, O–Sn and O–Ta, CdS, and ZnS compound nano
ids, of which both the satellites and the main peaks in
XPS profiles shift towards higher binding energy with redu
ing particle size.~See Table III.!

In the current modeling approach, we have found that
interfacial bond nature~characterm! changes with, for in-
stance, the Cu nanosolid-polymer substrate interfacial re
tion, as shown in Fig. 2~b!. For a freestanding metallic nano
solid, the metallic bond suffers from relaxation due to C
imperfection but no nature alteration if no chemical proce
is being involved. Metal–nonmetal transition may happen
a certain critical size, 1–2 nm. Such transition w
suggested34 to originate from the Kubo-gap~sublevel in the
conduction band! expansion:d54EF/3N, whereEF is the

d

FIG. 3. Comparison of the BOLS prediction with the measur
size dependence of~a! Si-EG expansion and~b! Si-2p level shift.
Data 1 and data 2 were obtained using optical measurement~Ref.
57! and the STS data was obtained using STM and STS from
nanorod~Ref. 48!.
5-6
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TABLE III. The En(1) of an isolated Au, Cu, and Si atom and the crystal binding energy ofDEn(`)
obtained from decoding theEn(D j ) of the corresponding nanosolids.

Au/Octan Au/TiO2 Au/Pt Cu/HOPG Cu/CYCL Si Pd

m 1 1.82 4.88 1
t 3 1 1 3 3 3 3
d0 /nm 0.288 0.256 0.263 0.273
En(`)/eV 284.37(4f ) 29.32.7(2p) 299.20(2p) 2334.35(3d)
En(1)/eV 281.504 281.506 281.504 2931.0 296.74 2330.34
DEn(`)/eV 22.866 22.864 22.866 21.70 22.46 23.98
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Fermi level of the bulk solid.N is the total number of atom
or conduction electrons, of the metallic nanosolid. No bo
character is involved in the Kubo relation. However, fro
the bond relaxation perspective, the bonds near the sur
region become shorter and stronger as the atomic CN and
surface curvature are reduced. The BOLS correlation@Fig.
1~b!# suggests that the effect of CN imperfection deepens
intra-atomic potential well that confines the moving electro
to be more localized, and hence, the conductivity of the m
tallic nanosolid becomes lower. As a complementary to
Kubo-gap expansion mechanism, the BOLS correlation m
provide a scenario in real space for the conductivity red
tion of a nanosolid.

CONCLUSION

The BOLS correlation premise has enabled us for the
time to unify the core-level physical shift induced by surfa
relaxation and nanosolid formation into the same origin
atomic CN imperfection, which should not be overlooked
dealing with the low-dimensional system. The positive sh
convention assignment of the core-level components, and
specification of the capping and surface layers in CdS
ZnS nanosolid are highly favored according to the pres
practice. The mechanism of surface interlayer relaxatio5,7

*Email address: ecqsun@ntu.edu.sg; http://www.ntu.edu.sg/ho
ecqsun/

1C. Q. Sun, Prog. Mater. Sci.48, 521 ~2003!.
2C. Q. Sun, B. K. Tay, X. T. Zeng, S. Li, T. P. Chen, J. Zhou, H.

Bai, and E. Y. Jiang, J. Phys.: Condens. Matter14, 7781~2002!.
3B. S. Fang, W. S. Lo, T. S. Chien, T. C. Leung, C. Y. Lue, C.

Chan, and K. M. Ho, Phys. Rev. B50, 11093~1994!.
4M. Aldén, H. L. Skriver, and B. Johansson, Phys. Rev. Lett.71,

2449 ~1993!.
5T. Balasubramanian, J. N. Andersen, and L. Wallden, Phys. R

B 64, 205420~2001!.
6E. Navas, K. Starke, C. Laubschat, E. Weschke, and D. Kai

Phys. Rev. B48, 14753~1993!.
7R. A. Bartynski, D. Heskett, K. Garrison, G. Watson, D. M. Z

hner, W. N. Mei, S. Y. Tong, and X. Pan, J. Vac. Sci. Technol
7, 1931~1989!.

8J. N. Andersen, D. Hennig, E. Lundgren, M. Methfessel, R. N
holm, and M. Scheffler, Phys. Rev. B50, 17525~1994!.

9D. M. Riffe and G. K. Wertheim, Phys. Rev. B47, 6672~1993!.
10J. H. Cho, K. S. Kim, S. H. Lee, M. H. Kang, and Z. Zhang, Ph
04510
d

ce
he

e
s
-
e
y
-

st

f

t
he
d

nt

for the surface core-level shift is also favored. The CN i
perfection also enhances the iconicity of the constitue
such as oxygen and metals.24 The photovoltaic effect and the
excited final states may add artifacts to the XPS spect
that could be removed by proper calibration in measurem
The CN imperfection enhanced binding strength acts on
core electrons at the energy levels of an atom disregard
the atomic states whether it is in the neutral initial or t
ionized final state. Therefore, adding the effect of CN imp
fection into the initial–final states model may enhance
power of this model. Nevertheless, the developed appro
has enabled us to elucidate quantitative information of
core-level position of an isolated atom and its shift due
bulk formation, which is beyond the scope of convention
approach using an XPS. Consistent understanding and
quantified information of the size dependent core-level s
of the analyzed systems gained herewith are in accorda
with findings on other properties of nanosolids documen
insofar by this practitioner and co-workers. Progress e
dences not only the impact of atomic CN imperfection on
performance of a surface and a nanosolid but also the va
ity and essentiality of the BOLS correlation in describing t
effect of atomic CN imperfection on the performance of
low-dimensional system.

e/

.

v.

l,

-

.

Rev. B61, 9975~2000!.
11A. V. Fedorov, E. Arenholz, K. Starke, E. Navas, L. Baumgarte

C. Laubschat, and G. Kaindl, Phys. Rev. Lett.73, 601 ~1994!.
12L. I. Johansson, H. I. Johansson, J. N. Andersen, E. Lundg

and R. Nyholm, Phys. Rev. Lett.71, 2453~1993!.
13S. Lizzit, K. Pohl, A. Baraldi, G. Comelli, V. Fritzsche, E. W

Plummer, R. Stumpf, and Ph. Hofmann, Phys. Rev. Lett.81,
3271 ~1998!.

14A. Baraldi, S. Lizzit, G. Comelli, A. Goldoni, P. Hofmann, and G
Paolucci, Phys. Rev. B61, 4534~2000!.

15E. Lunsgren, U. Johansson, R. Nyholm, and J. N. Anderson, P
Rev. B48, 5525~1993!.

16R. Nyholm, J. N. Andersen, J. F. van Acker, and M. Qvarfo
Phys. Rev. B44, 10987~1991!.

17D. M. Riffe, B. Kim, J. L. Erskine, and N. D. Shinn, Phys. Rev.
50, 14481~1994!.

18J. H. Cho, D. H. Oh, and L. Kleinman, Phys. Rev. B64, 115404
~2001!.

19C. K. Karlsson, E. Landemark, Y. C. Chao, and R. I. G. Uhrbe
Phys. Rev. B50, 5767~1994!.
5-7



-
.

li,
.

S

.

g,

V.

v.

R.

rd

R.

L.

.

J.

.

Li,

t or

e,

s.

Y.

.

ı

s.

CHANG Q. SUN PHYSICAL REVIEW B69, 045105 ~2004!
20S. M. Scholz and K. Jacobi, Phys. Rev. B52, 5795~1995!.
21T. W. Pi, J. F. Wen, C. P. Ouyang, and R. T. Wu, Phys. Rev. B63,

153310~2001!.
22S. Lizzit, A. Baraldi, A. Groso, K. Reuter, M. V. Ganduglia

Pirovano, C. Stampfl, M. Scheffler, M. Stichler, C. Keller, W
Wurth, and D. Menzel, Phys. Rev. B63, 205419~2001!.

23M. Zacchigna, C. Astaldi, K. C. Prince, M. Sastry, C. Comicio
R. Rosei, C. Quaresima, C. Ottaviani, C. Crotti, A. Antonini, M
Matteucci, and P. Perfetti, Surf. Sci.347, 53 ~1996!.

24K. Borgohain, J. B. Singh, M. V. R. Rao, T. Shripathi, and
Mahamuni, Phys. Rev. B61, 11093~2000!.

25D. Schmeißer, O. Bo¨hme, A. Yfantis, T. Heller, D. R. Batchelor, I
Lundstrom, and A. L. Spetz, Phys. Rev. Lett.83, 380 ~1999!.

26J. Nanda, A. Kuruvilla, and D. D. Sarma, Phys. Rev. B59, 7473
~1999!.

27J. Nanda and D. D. Sarma, J. Appl. Phys.90, 2504~2001!.
28C. Q. Sun, L. K. Pan, H. L. Bai, Z. Q. Li, P. Wu, and E. Y. Jian

Acta Mater.51, 4631~2003!.
29D. Q. Yang and E. Sacher, Appl. Surf. Sci.195, 187 ~2002!.
30T. Ohgi and D. Fujita, Phys. Rev. B66, 115410~2002!.
31A. Howard, D. N. S. Clark, C. E. J. Mitchell, R. G. Egdell, and

R. Dhanak, Surf. Sci.518, 210 ~2002!.
32M. Salmon, S. Ferrer, M. Jazzar, and G. A. Somojai, Phys. Re

28, 1158~1983!.
33V. A. Vijayakrishnan, A. Chainani, D. D. Sarma, and C. N.

Rao, J. Phys. Chem.96, 8679~1992!; M. G. Mason, inCluster
Models for Surface and Bulk Phenomena, edited by G. Pac-
chioni ~Plenum, New York, 1992!.

34C. N. R. Rao, G. U. Kulkarni, P. J. Thomas, and P. P. Edwa
Chem.-Eur. J.8, 29 ~2002!.

35H. N. Aiyer, V. Vijayakrishnan, G. N. Subbanna, and C. N.
Rao, Surf. Sci.313, 392 ~1994!.

36C. Q. Sun, S. Li, and B. K. Tay, Appl. Phys. Lett.82, 3568
~2003!.

37C. Q. Sun, T. P. Chen, B. K. Tay, S. Li, H. Huang, Y. B. Zhang,
K. Pan, S. P. Lau, and X. W. Sun, J. Phys. D34, 3470~2001!.

38V. M. Goldschmidt, Ber. Deut. Chem. Ges.60, 1270 ~1927!; L.
Pauling, J. Am. Chem. Soc.69, 542 ~1947!; P. J. Feibelman,
Phys. Rev. B53, 13740~1996!.
04510
.

B

s,

39W. H. Zhong, C. Q. Sun, B. K. Tay, S. Li, H. L. Bai, and E. Y
Jiang, J. Phys.: Condens. Matter14, L399 ~2002!.

40C. Q. Sun, Y. Wang, B. K. Tay, S. Li, H. Huang, and Y. Zhang,
Phys. Chem. B106, 10701~2002!.

41C. Q. Sun, B. K. Tay, S. P. Lau, X. W. Sun, X. T. Zeng, H. Bai, H
Liu, Z. H. Liu, and E. Y. Jiang, J. Appl. Phys.90, 2615~2001!.

42C. Q. Sun, X. W. Sun, B. K. Tay, S. P. Lau, H. Huang, and S.
J. Phys. D34, 2359~2001!.

43For a flat or slightly curved surface,z154, z256, andz358; for
a spherical nanosolid,z154(1 – 0.75/K) with K5D/2d, being
the number of atoms lined along the radius of a spherical do
the thickness of a plate.

44C. Q. Sun, Surf. Rev. Lett.8, 367 ~2001!; 8, 703 ~2001!.
45X. Qian and W. Hu¨bner, Phys. Rev. B60, 16192~1999!.
46W. T. Geng, A. J. Freeman, and R. Q. Wu, Phys. Rev. B63,

064427~2001!.
47I. P. Batra, J. Vac. Sci. Technol. A33, 1603~1985!.
48D. D. D. Ma, C. S. Lee, F. C. K. Au, S. Y. Tong, and S. T. Le

Science299, 1874~2003!.
49H. Huang, C. Q. Sun, T. S. Zhang, and P. Hing, Phys. Rev. B63,

184112~2001!.
50H. Huang, C. Q. Sun, and P. Hing, J. Phys.: Condens. Matter12,

L127 ~2000!.
51C. Q. Sun, H. L. Bai, B. K. Tay, S. Li, and E. Y. Jiang, J. Phy

Chem. B107, 7544~2003!.
52C. Q. Sun, H. L. Bai, S. Li, B. K. Tay, C. Li, T. P. Chen, and E.

Jiang, J. Phys. Chem. B~in press!.
53C. Untiedt, A. I. Yanson, R. Grande, G. Rubio-Bollinger, N

Agraı̈t, S. Vieira, and J. M. van Ruitenbeek, Phys. Rev. B66,
085418~2002!.

54A. I. Yanson, G. Rubio-Bollinger, H. E. van den Brom, N. Agra¨t,
and J. M. van Ruitenbeek, Nature~London! 395, 783 ~1998!.

55W. F. Egelhoff, Jr., and G. G. Tibbetts, Phys. Rev. B19, 5028
~1979!.

56M. Valden, X. Lai, and D. W. Goodman, Science281, 1674
~1998!.

57C. Q. Sun, L. K. Pan, Y. Q. Fu, B. K. Tay, and S. Li, J. Phy
Chem. B107, 5113~2003!.
5-8


