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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 atpand the crystal binding strengthore-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 nuniber68.35.Bs, 33.60.Fy
INTRODUCTION sity of the low-energy component often increases with the

incident beam energy or with decreasing the angle between

Unlike the valence density of states that provides directhe incident beam and the surface normal in the measurement
information about charge transportation during reactidre  [Fig. 1(@)]. The intensity of the low-energy component also
energy shift of a core level of an isolated atom gives pro-increases with decreasing the surface atomic density under
found information about the crystal binding strength that isthe same beam conditiofenergy and incident angleFor
dominated by interatomic interaction. Spontaneous processesxample, under 390 eV beam energy, twa3 components
such as alteration of the bond nature and relaxation of that 334.35 and 334.92 eV have been identified froniLP@,
bond length will affect the crystal field and hence shift the100, 111 surfaces. The lower 334.35 eV peak intensity de-
core level to a certain extent towards higher binding energycreases with the variation of the surface geometry fthhd)
Being able to discriminate the crystal bindirfigore-level to (1112 or with the increases of atomic density
shift) from the atomic trappingcore-level position of an  (Ny19:N1gg:N117=1/y2:1:y3/2). The 306.42 eV component
isolated atomof a core electron under various physical andof the RH111) 3ds,-level measured under 380 eV beam en-
chemical environment is a great challenge, which is beyoneargy is relatively higher than the same peak of th¢1RBb)
the scope of direct measurement using currently availableneasured using 370 eV beam energy compared with the
probing technologies. Here we extend the recent bond-ordehigh-energy component at 307.18 &Vhe beam conditions
length-strength (BOLS) correlation mechanisf,to the and atomic density dependence of the low-energy-
Hamiltonian, and hence, the core-level shift of a nanosoliccomponent intensity implies that the surface relaxation in-
by including the effect of atomic coordination imperfection duces most likely positive shift in the XPS measurement due
that induces surface relaxation and nanosolid bond contrade the varied penetration depth of the incident beams.
tion. Practice has led to consistent insight into the origin for Upon reacting with electronegative elements such as oxy-
the surface and nanosolid induced core-level shift and progen, the core level also splits with a production of high-
vided an effective yet simple means to determine quantitativenergy satellite. This well-known chemical shift arises from
information about the crystal binding strength and the atomicore-hole production due to bond formation that weakens the
trapping energy of an isolated atom. screening of the crystal field that is acting on the specific

In addition to the well-known chemical shift caused by core electrons. Chemical reaction not only alters the nature
the core-hole screening due to charge transportation in a r@f the bond(such as from metallic to ionjdut also causes
action, relaxed atomic layers at a surface can split the coreelaxation of the bond length. Interestingly, the effects of
level of a specimen into a few components, as illustrated irsurface relaxation and chemical reaction on the core-level
Fig. 1(a). However, the assignment for the components in-shift can be distinguished easily. For instance, two distinct
duced by surface relaxation is quite confusing, as summaRu-3ds, core-level components were resolved from a clean
rized in Table |, due to the lack of guidelines for determiningRu(000) surface due to the relaxation. Both components
which peak arises from the surface and which one is from théhen shift up simultaneously further by up to 1.0 eV upon an
bulk. With the widely used sign convention, a positive shiftaddition of oxygen to the R0001) surface'® The Rh-3lg),
relates the high-energy component to the surface contribuzore level of RIi100) surface has a split of 0.65 eV relative
tion (S;,i=1,2,...B) while the low-energy component to the to the main peak of the bulk, while with oxygen addition
bulk origin (B). The resultant peak is often located in be- both of the components shift 0.40 eV further towards high
tween the components and the exact position of the resultabinding energy® These observations confirm that both sur-
peak varies with experimental conditions, which is perhapgace relaxation and catalytic reaction could shift the core-
why the documented values for the core-level energy of devel positively by different amount towards higher binding
specimen vary from source to source. X-ray photoelectromenergy. Any spontaneously physical or chemical processes
spectroscopyXPS) measurements’ reveal that the inten- should be accompanied with binding energy enhancement
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FIG. 1. (a) lllustration of the positive shift$,,S,,..., B) of the
core-band components with respect to the energy level of an is
lated atom, E, (1). AE.(S)=AE.(*)[1+A;]. Measurements

show that the intensities of the low-energy bulk component often
decreases with incident beam energy and with the increase of tH

angle between the incident beam and surface norfimal he effect
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S-2p and S-2 core band®?’ These components have been
ascribed as the contribution, from high to low binding en-
ergy, from the outmost capping lay€d.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 surface
positive shift. The energy peak value of each component
changes insignificantly with particle size but the resultant
peak varies considerably with the atomic portions of the cap-
ping, the surface and the core of the nanosolid. For example,
with the particle size reduction, the intensity of the core com-
ponent decreases while the capping component increases,
which follows the size dependence of the surface-to-volume
ratio of a nanosolid. This convention has enabled an effective
method of determining the particle size to be develofyéd,
which is competent with transition electron microscopy and
x-ray diffraction.

Generally, the core-level shift of a nanosolid of diameter
(or thickness for a plajeD follows a scaling lawAEc(D)
=A+B/D, where the constamA corresponds to the bulk
shift, AEc(0) with contributions from surface charging in
the experiment. The slop@ changes depending on surface
treatment, particle dimensionality and particle—substrate in-
teraction for supported particlé®. The size dependent
E-2ps, peak shift of the Cu nanosolid deposited on HOPG
(highly oriented polycrystalline graphijtend CYLC (poly-
men substrate$® and the size dependeBt4f peak shift of
Au nanosolids deposited on OctaneditiidITiO,,3 and
P(001)3 substrates follow exactly the scaling law. There-
fore, as physical origiriwithout charge transport being in-
volved), surface relaxation and nanosolid formation play the
equivalent yet unclear role in splitting and shifting the core

Yevels of a specimen.

The underlying mechanism for the surface- and size-
Qduced core-level shift is under debate with the following
possible mechanisms:

of atomic CN imperfection on the bond length and intra-atomic(1) The high-energy component of the core-level shift was

trapping potential of the lower-coordinated atoms near the edge of a

surface. The deepened intra-atomic trapping potentighf) con-

fines electrons to be localized in the relaxed region, which lowers

the conductivity of the nanosolid\,; is the perturbation to the
crystal potential ¥¢ysa) due to the CN-imperfection enhanced
bond strength.

(or lowering of the system energyThe amount of chemical

shift depends not only on the original core-level position but

also on the extent of reaction.

When a solid reduces its size down to nanometer scale

the entire core-level featurdboth the main peak and the
chemical satellites move simultaneously towards higher

attributed to the surface interlayer contracttohFor
Nb(001)-35, example, the first layer spacing contracts
by 12% associated with 0.50 eV core-level shif\
(10+3)% contraction of the first layer spacing has
caused the Ta(001)f4,(7 level to shift by 0.75 eV.

The positive core-level shift of Nb-8 and Ta-4 has
been explained as the enhancement of the interlayer
charge density and the enhancement of the resonant dif-
fraction of the incident irradiation light due to the sur-
face bond contractioh®>’

The size-induced Cu42 core-level shift of CuO nano-
solid was ascribed as the size-enhanigtlcity of cop-

2

binding energy and the amounts of shift depend on both the
original core-level position and the particle shape and size.
This has been confirmed with XPS on the size-dependence of
the main core-level peaks and the oxide satellites of3)
Cu-2p3p,, (—932.1,-940.1 eV},>* Sn-3d (—484.4,—486.7

eV), Sn-4d (—26, —31 eV), Ta-4f, (—23.4, —26.8 eV}

and Ta-4;, (—31.6, —36.5 e\}.>> Compared with the
monopeak of S-@ and S-2& core bands of a bulk solid, ZnS
and CdS nanosolids exhibit three components of each the
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per and oxygeR? This means that an oxygen atom
bonds more strongly to the Cu atoms in a nanosolid than
does the oxygen atom to the Cu atoms inside the bulk.
The size-enhanced Srd3Sn-4d, and Ta-4 core-level
shift of the O—Sn and O—Ta covered metallic clusters
was considered as the contribution from fheerfacial
dipole formation between the substrate and the
particles?® The number of dipoles or the momentum of
the dipole should increase with reducing particle size.
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TABLE |. Specifications and the possible origins of the surface-induced core-level splitting.

Specification Samples

(|Epind - high— low)
Positive shift NK00D) (Refs. 3, 4, graphite(Ref. 5,
S.,S,,..., andB Th(000)) 4f (Ref. 6, Ta0010 4f (Ref. 7),

Ta(110 (Ref. 9, Mg(1010) (Ref. 10,
Ga0001) (Ref. 11)

Negative shift Be(000) (Ref. 12, Be(100) (Refs. 10, 13
B, S, S3, S, and$S, Ru(1010) (Ref. 14, Mo(110) (Ref. 15,
B, S,, S;, S, andS; A1(00]) (Ref. 16, W(110 (Ref. 17,
W(320 (Ref. 18, Pd110, 100, 111 (Ref. 8
Mixed shift:
Slv B, Sdimer-up-Sdimer-down Si(lll) (Ref- 19- Si(113) (Ref- 20
S,B S Ge(00)) (Ref. 21
S;,B' S, Ru(000)) (Ref. 22
(4) The thermochemical or the initialneutral, unionized THEORY

specimen witn electrons—final (radiation beam ionized
specimen withn—1 electron states’ modéi® defines
the core-level shift as arising from the difference in co-  The significance of a flat or a curved surface is the termi-
hesive energy that is needed to remove a core electropdtion of the lattice periodicity in the surface normal. Such a
either from a surface atom or from a bulk atom. The lattice termination not only creates a potential barrier at the
surface atom is assumed aZZa 1 impurity sitting on surfacg but a!so redgces the CN of the surface atoms. The
the substrate meal & atomic number. The final states potential barrier confines electrons or holes moving inside

of atoms at a flat surface or at the curved surface of éhe S.Ol.'d' The CN imperfection of an atom results in the
remaining bonds of the lower-coordinated atom to contract

_ne_u_msohd were expected FO increase/decrease Wh'le t.hs? ontaneousf associated with magnitude increase of the
initial states to decreases/increase when the particle sné)

nding energy. The bond strength enhancement contributes
is reduced. This model being elegantly accepted ofte g 9y g ou

deri h . ed hift in th . not only to the atomic cohesive energk,, single bond
elnwlest_t e negative or mixed surface shift in theoretica nergy multiplies the atomic ONof the specific atom but
calculations.

‘ ] o o ] also to the energy density in the relaxed surface region. The
(5) Experimental investigatioi$show that the initial—final atomic cohesive energy contributes to the Gibbs free energy
states effects cannot explain all the observations and thakat determines the thermodynamic behavior of the system
a metal-to-nonmetal transition mechanism was suggesteslich as critical temperatures for magnetic phase trandition
to occur with a progressive decrease in cluster ¥ize. and solid—liquid transitiof? of nanosolids as well as the ac-
The increase in the core-level binding energy in smalltivation energy for diffusion and chemical reaction. The
particles was also attributed to the poor screening of théinding energy density perturbs the Hamiltonian of an ex-
core-hole and hence a manifestation of the size-inducetkénded solid that determines the entire band structure such as
metal—nonmetal transition that happens at particle size ithe band gap, core-level shift and bandwititfthe increased
the range of 1-2 nm diameter consisting of 30M0  surface energy density determines the surface Young’s modu-
atoms® lus and the surface stress of the system as tWell.
The numerical expression of the BOLS correlation is
Briefly, results show that surface relaxation and nanosolidjiven as*®
formation share common yet unclear origin in splitting and

BOLS correlation

shifting the core level to higher binding energy. However, Ci(z)=di/do=2[1+exp(12—-z)/8z)],
definition of the components is quite confusing and the ori- (1)
gin for the surface and size-induced core-level shift is highly gi=c Meq.

disputed. Therefore, consistent understanding of the effect of

surface relaxation and nanosolid formation on the core-levelhe c¢i(z) formulates perfectly the atomic-Gbr

shift is therefore highly desirable. The objective of this work z;)—atomic-size correlation noted by Goldschmidt, Pauling,
is to show that the recent BOLS correlation mechadfsth and Feibelmar® d; and d, is the bond length of théth
enables us to identify the impact of atomic CN imperfectionatomic layer and the bulk value, respectivetyis an adjust-

and the associated rise of binding energy density in the reable parameter representing the nature of the bond. For met-
laxed surface region on the electronic properties of a surfacals,m~ 1,*? for compounds and alloysy~4.3 ¢; ands, are

and a nanosolid. the binding energy per coordinate at equilibrium atomic
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separation for an atom in théh atomic layer and in the bulk, V(A)=Vaon 1) +Ver(N[1+A], 2
respectively. The denotes the atomic layer that is counted

up to three from the outermost atomic layer to the center ofvhere
the solid. The BOLS premise involves only thevalue and

the atomic CN of the first three atomic layéfsNo other ( ey BiTf0_ m

assumptions or freely adjustable parameters are involved. Ais)= £ =¢ "1 (surface,

Figure 1b) illustrates the effect of CN imperfection on the

bond length and intra-atomic trapping potential of the lower- A= Ai(Dj)ZE Vi (nanosolid, 3)
coordinated atoms near the edge of a surface. The deepened i<3

intra-atomic trapping potential wellv(;,,,) confines elec- D”.—D”. 7o

trons to be localized in the relaxed surface region, which —yij:OUt’I—Tln'loc—l, K;j=D;/(2dp).
lowers the conductivity of the nanosolid, is the pertur- \ Dj K;

bation to the crystal potentialVeysa) due to the CN- In conjunction with the corresponding Block wave functions,

imperfection enhanced bond strength. the intra-atomic t ) tential/ defi th
There exists profound evidence for the CN-imperfection € intra-atomic trapping potentia aon 1), de ines the
core-level position of an isolated ator, (1), while the

induced bond contraction and its enormous effects on various~ ~* _ ’
physical properties of a nanosoligee Refs. 1, 2, 36, 37, 40, Periodic crystal potential of an extended sold,(r), de-
and references thergirA 4%—12% contraction of the O—Cu fines not only the band gajs, but also the shift of the
bond has been found to form one of the four essential stage&¥re-level energy away from the original positiahE ()

of Cu;0, bonding kinetics on the O—Q0I01) surface using =E,(©)—E,(1). A, being independent of the particular
very-low-energy electron diffractiof A 12%—14% contrac- form of the interatomic potential, is the contribution from
tion of N—Ti/Cr bond was confirmed to be responsible forinterlayer bond contractiony;) or the contribution from the
enhancing the TiCrN surface stress and Young's modulus bgutmost two or three atomic layerg;; is the atomic portion
up to 100%:" A 10%—12% contraction of the Fe—Fe and of theith atomic layer over the entire nanosol@,,; and
Ni—Ni interlayer spacings enhances the atomic magnetic mop,; correspond to the outer and inner diameter of itthe
mentum by 15%-29% at the Fe and Ni surfaC€S.The  atomic layer ofd, thick (di=Doyj—Dini)- 7=1, 2, and 3

Al (001) surface relaxation has an effect on the total band'correspond to the dimensiona”ty of a thin p|ate, a rod, and a

width for the relaxed monolayer, which is about 1.5 eV gpnerical dot. TheS;—gy; drops in aD; * fashion from

Iarger_than the vglu_e for the bulk truncated monolayer. Theﬁnity to infinitely small when the solid dimension grows
cohesive energy Is increased by about 0.3 eV per atom upGgym atomic level to macroscopic scale. At the lower end of
relaxation.” Most strikingly, without triggering electron— ¢ sjze limit, the perturbation to the Hamiltonian of a nano-

phonon interaction or electron—hole production, scanning|iq relates directly to the behavior of a single bond, being
tunneling spec?roscopy/mlc_:roscopy lately profethat the the cases of a surface and a monatomic chain.
band gap of Si nanorods increases from 1.1 eV to 3.5 eV

with decreasing the rod diameter from 7.0 to 1.3 nm and that AE,(%) and E(1)
the surface Si—Si bond contracts byl2% from the bulk v v

value(0.263 nm to ~0.23 nm. These findings concur excit-  According to the band theory and the BOLS correlation,
ingly with the BOLS anticipation. Predictions based on thethe size dependence of both the band Baj~)-expansion
BOLS premise also match well to a number of other obserand core-leveE, (1)-shift follows the relations (%i,j):
vations on the size-and-shape dependence of nanosolids. For

instance, the band-gap expansion of a nanometric semicon- Ec(A)=Eg(*)(1+4)),
ductor has led to the reduction of dielectric constant and 4
hence the blueshift of the photoabsorption edges of a nano- E,(A)—E,(1)=[E,(0)—E,(1)](1+A4)),

metric semiconductd¥ The cohesive energy determines the o

critical temperatures for nanosolid liquidization and phaseVhere E,(«)—E,(1)=AE,(«) is independent of crystal
transition3®“° The bond-contraction enhanced surface stresSiZe, surface relaxation, or chemical reaction, thus we have
influences the Gibbs free energy that determines the transiP® refation

tion behavior of the ferroelectfi@ and pyroelectrit® proper-

ties of nanometric PbZrTi oxides. The BOLS correlation has E,(AD—E,(1) _ 1+4,
also enabled us to determine the dimension, strength, chemi- E(A)—E(1) 1+Ap
cal and thermal stability of a single C—C bond in carbon

nanotubes! as well as the stretching limit of the Au—Au  Given an XPS profile with clearly identifieB,(A;) and
bond in the gold monatomic chambased on the measure- E,(*) components of a surfacé£i=1,2,...), or a set XPS

(1"#1). (5

ment carried out at 4 ¥ and room temperaturé. data collected from a certain type of nanosolids of different
sizes (=j=1,2,...), one can calculate easily the atomic
Hamiltonian perturbation E,(1) and the bulkAEc () with the relations given by Eq.

The BOLS correlation provides perturbation to the Hamil—(s):
tonian of an extended solid, which gives rise to the electron
energy potential of a surface, label8d or a nanosolid with E(1)= (1+4,)E,(A)— (1+ADE(Ar)
dimensionD , Ap—A4

(=1,

©6)
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TABLE II. Calculated atomicE,(1), bulk shift AE, () and the standard deviatian for different surfaces based on available XPS
database. For elemental surfaoes 1. z,=4, z,=6, andz;=8 are used in calculation. Refinement of tagS,) within XPS resolution
reduces ther to <0.1%, indicating the importance of accuracy in XPS calibration.

XPS components Calculated Calculated based on refiés,)
E(S) EUS) EJ(*) EJ() AE/(») o E.(S) E.(D)  AE/(») o
Surface refined (%)
Poly C 1s(Ref. 5 284.42 284.30 283.46 0.84
Ru(000)) 280.21 280.10 279.73 276.35 3.38 1@7% 279.955 276.344 3.3856 0.003

3d,, (Ref. 22

W(110 4f,, (Ref. 17 3150  31.36  31.19  29.00 218  0.p09% 31335  29.006  2.1835  0.003
Nb(100 3ds, (Ref. 3 ~ 202.80 202.44 202.31 19885  3.45  0@8% 20254 198.856  3.4544  0.002
Be(10D) 1s (Ref. 13 ~ 111.85 1113 1111 10581 529  1@5% 111475 105817  5.2835  0.002

Be(000)) 1s (Ref. 12 111.9 111.35 111.1  105.46 5.64 1.089%) 111.48 105.465 5.6350 0.007

AE, (®)=E,(*)—E,(1). terestingly, a slight refinement of the midcomponEn(S,)
within the XPS resolution reduces tlwevalues to less than
If 1(>2) components are given, thE, (1) and the (0.1%, indicating the criticality of XPS precision and the sen-
AEc() should take the mean value of tf@&=11/[(I  sitivity and reliability of the developed method. The crystal
—2)12!] possible combinations with a standard ereoes  binding strength is stronger to the electrons in the outer
both of theE,(1) and theAE,(«) are independent of par- shells than the binding intensity to the electrons in the inner

ticle dimension or surface relaxation. Chemical reactionshe|is. For example, the binding to the Gf2p?)-1s elec-
changes neither these two quantities. Accuracy of the detefrons is weaker (~0.8 eV) than the binding to the

mination is subject strictly to the XPS data calibration a”dBe(ZSZ)-ls (~5.6 e\) electrons due to the screening effect.
the bond length that may not always follow exactly E.

Nevertheless, furnished with this approach, we would be
able to elucidate the core-level positions of an isolated atom
and the strength of bulk crystal binding using the conven-

tional XPS measurement. _ The AE,() andE,(1) for Cu-2p, Au-4f, and Si-D
_Combining the scaling law for any measurable quar@ty \yere calculated by using EG6). Figures 2 and 3 compare
W'th f[he BLOS pred;ctlon, we have a simpler form for elu- the predicted(solid) curves with the measured size depen-
cidating theAE, (=), dence of the core-level shifts of these samplssattered
data. In order to find the intercepts and slopes in the scaling
(7) law, all the experimental data were linearized with the least-
Q(=) XA (theory root-mean-square optimization method. The intercepts pro-
with slopeB=Q(x) X A; X D,=constant. ThesjocDj’l var- Vide calibration of the measurement as the intercepts may

ies simply with the parameten provided known dimension- Ccontain the effect of space charging or the system error in
ality () and size D;) of the solid. There are only two inde- measurement. The glopes are the major concern in the cur-
pendent variablesm and Q(), in the calculations. If a rent decoding exercises. Tlig,(1) andAE, () of Cu-2p
certain known quantityQ(=) for the bulk such as the melt- can be obtained by calculating the Cu/HOPG system with
ing temperaturd () or the band gafEg() and the mea- m=1 using Eq.(6). The reason to taken=1 is that Cu
sured size dependei@®(D) of the considered system are atoms react hardly with the carbon surface at room
given, them can be readily obtained by solving E6). With  temperaturé® and thatm=1 always hold for elemental me-
the determinedn, any other unknown quantitie®() such tallic solid? Decoding gives rise to the atomic trapping en-
as the crystal binding strengthE, (), of the same system, ergy E,,(1)=—931.0 eV for an isolated Cu atom and the
and hence the energy level of an isolated atén(1), can  bulk crystal binding energ\E,,() = —1.70 eV for an ex-

Nanosolids

it (measuremeit

Q(Dj)—Q(»)=

be determined uniquely with the above relations. tended Cu solid. Taking the obtainédE () value to the
simulation iteration of the measured size dependen(D)
RESULTS AND DISCUSSION for Cu on CYCL givean=1.82, which adds the contribution
Surfaces from the interfacial reaction between Cu and CYCL polymer

substrate to then=1. For Au nanosolidm=1 has been
We have calculated the, (1) andAE, (=) values of sev- confirmed in decoding the size dependent melting tempera-

eral surfaces based on the XPS database and@gAs ture of An on C and on W substrat&sFitting the measured

listed in Table I, the smalt values evidence that the BOLS E4¢(D) of Au on Octan with m=1 gives the E4 (1)

correlation describes adequately the real situations and that —81.50 eV for an isolated Au atom andE,¢(«)

the parameters ah andz represent the true situations. In- = —2.86 eV for the Au bulk bonding strength. Simulations
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507 | (o) K(R/d)
= Dot, m=1 . - .
S 40 Bulk shift = -3.98 eV FIG. 3. Comparison of the BOLS prediction with the measured
& size dependence @) Si-Eg expansion andb) Si-2p level shift.
@ 304 Data 1 and data 2 were obtained using optical measure(Rerfit
§ 57) and the STS data was obtained using STM and STS from Si
QN 204 nanorod(Ref. 48.
ot 10- eV. For Si nanosolid, the band gap was determined first by
o averaging the energies of photoemission and photoabsorption
o .
0 . . . . . , to remove the electron—phonon coupling efféot Stokes
0 2 4 6 8 10 12 shift); simulation of the size dependent band gap expansion
K(R/d) with the knownEg()=1.12 eV givesm=4.88>" Excit-

) o . ingly, the m=4.88 curve forEg(D) expansion in Fig. &)
_ FIG. 2. Comparison of the BOLS pre_dlctlon with the measuredagrees well with theg(D) of Si nanorods measured using
size dependence of the energy level sh#j.Au on Octan and on STS%8 Incorporating the derivedn=4.88 value into the

OCt_?ned(ig'i?l(sgf' 33 sh%v;;tr;r%ez-di:]nensional feattges while Alu measured size dependence of the Sit&vel shift[Fig. 3(b)]
on TiO; (Ref. 31 and on et 29 SNOW more one-dimensionat yives theE,p(1)=—96.74 eV for a Si atom and E,y(«)

trend. The differenim values in(b) of Cu on HOPG and CYCL < "~ . e :
(Ref. 29 indicate the contribution from the reaction between Cu . 2.46 eV for Si bulk binding strength. The modeling pre-

. dictions agree also with the trends of core-level shift for the
nanosolid and polymer CYCL substrate) Pd on HOPG substrate.
poy e O-Cu, O-Sn and O-Ta, CdS, and ZnS compound nanosol-

ids, of which both the satellites and the main peaks in the
with the derivedAE ()= —2.86 eV suggested that Au XPS profiles shift towards higher binding energy with reduc-
growth on TiG and on Pt001) substrates proceeds more in aing particle size(See Table IlI)
layer-by-layer mode, agreeing with the trend reported by the In the current modeling approach, we have found that the
original works3°~3?though different Au/TiQ growing mode interfacial bond naturécharacterm) changes with, for in-
has been observél.However, one needs to note that the stance, the Cu nanosolid-polymer substrate interfacial reac-
growing mode depends on the experimental conditions suction, as shown in Fig. ®). For a freestanding metallic nano-
as the substrate temperature and source beam energy. Téw@lid, the metallic bond suffers from relaxation due to CN
deviation between prediction and measurement may be inmperfection but no nature alteration if no chemical process
dicative of the growing mode that is in between the layer ands being involved. Metal-nonmetal transition may happen at
the island growth. Simulating the XPS data of both Pda certain critical size, 1-2 nm. Such transition was
surface§ and Pd nanosolids led to the same value of suggestelf to originate from the Kubo-gafsublevel in the
AEpy.3(®)=—4.00=0.02eV and Epy.49(1)=—330.34 conduction bandexpansion:5=4Eg/3N, whereEg is the
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TABLE lll. The E,(1) of an isolated Au, Cu, and Si atom and the crystal binding energyEf(«)
obtained from decoding thi,(D;) of the corresponding nanosolids.

Au/Octan  AU/TIG Au/Pt  Cu/HOPG Cu/CYCL Si Pd
m 1 1.82 4.88 1
T 3 1 1 3 3 3 3
do/nm 0.288 0.256 0.263 0.273
E, (®)/eV —84.37(4) —9.32.7(d) —99.20(%) —334.35(3)
E,(1)/eV —81.504 —81.506 —81.504 —931.0 —96.74 —330.34
AE, ()/leV ~ —2.866 —2.864 —2.866 -1.70 —2.46 —3.98

Fermi level of the bulk solidN is the total number of atoms for the surface core-level shift is also favored. The CN im-
or conduction electrons, of the metallic nanosolid. No bondperfection also enhances the iconicity of the constituents
character is involved in the Kubo relation. However, from such as oxygen and metafsThe photovoltaic effect and the
the bond relaxation perspective, the bonds near the surfagcited final states may add artifacts to the XPS spectrum
region become shorter and stronger as the atomic CN and thRat could be removed by proper calibration in measurement.
surface curvature are reduced. The BOLS correlaffég.  The CN imperfection enhanced binding strength acts on the
1(b)] suggests that the effect of CN imperfection deepens thegre electrons at the energy levels of an atom disregarding
intra-atomic potential well that confines the moving electronshe atomic states whether it is in the neutral initial or the
to be more localized, and hence, the conductivity of the meji; e final state. Therefore, adding the effect of CN imper-

tallic nanosolid becomes lower. As a complementary 10 thgq (i into the initial—final states model may enhance the

Kubo-gap expansion mechanism, the BOLS correlation ma}‘)ower of this model. Nevertheless, the developed approach

prowde a scenario in real space for the conductivity rEduc'has enabled us to elucidate quantitative information of the
tion of a nanosolid. o : : .
core-level position of an isolated atom and its shift due to
bulk formation, which is beyond the scope of conventional
approach using an XPS. Consistent understanding and the

The BOLS correlation premise has enabled us for the firsguantified information of the size dependent core-level shift
time to unify the core-level physical shift induced by surfaceof the analyzed systems gained herewith are in accordance
relaxation and nanosolid formation into the same origin ofwith findings on other properties of nanosolids documented
atomic CN imperfection, which should not be overlooked ininsofar by this practitioner and co-workers. Progress evi-
dealing with the low-dimensional system. The positive shiftdences not only the impact of atomic CN imperfection on the
convention assignment of the core-level components, and theerformance of a surface and a nanosolid but also the valid-
specification of the capping and surface layers in CdS andy and essentiality of the BOLS correlation in describing the
ZnS nanosolid are highly favored according to the presengffect of atomic CN imperfection on the performance of a
practice. The mechanism of surface interlayer relaxation low-dimensional system.

CONCLUSION
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