Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 15 Journal of Materials Chemistry C

Coordination-resolved local bond relaxation and electron

binding-energy shift of Pb solid skins and atomic clusters

Maolin Bo, * Yan Wang,” " Yongli Huang, * Wei Zhou,* Can Li,
Chang Q Sun -
“Key Laboratory of Low-Dimensional Materials and Application Technologies, Ministry of
Education, Xiangtan University, Hunan 411105, China
bSchool of Information and Electronic Engineering, Hunan University of Science and
Technology, Hunan 411201, China
“Center for Coordination Bond and Electronic Engineering, School of Materials Science and
Engineering, China Jiliang University, Hangzhou 330018, China
School of Electrical and Electronic Engineering, Nanyang Technological University,
Singapore 639798, Singapore

E-mail: YWang8@hnust.edu.cn; ecqsun@ntu.edu.sg

(CQ is associated with honorary appointments at rest affiliations)

Abstract

Lead (Pb) demonstrates an pronounced energy states pertaining to undercoordinated skin and
edge atoms with the physical origin of these excessive states remains unclear. Here we show
that consistency between Density Functional Theory calculations and photoelectron
spectroscopy measurements confirmed our theoretical predications on the 5d core-level shift
of Pb skins and clusters. It is clarified that the shorter and stronger bonds between
undercoordinated atoms cause local densification and entrapment of the core electrons, which
in turn polarize the otherwise conducting electrons in the skins and edges, resulting in the
respective electron binding-energy shift. Numerical analysis turns out that the 5ds, level
shifts from the value of 18.283 eV for an isolated Pb atom by 3.478 eV upon bulk formation.
Meanwhile, this strategy has enabled determination of the local bond length, bond energy,

binding energy density, and atomic cohesive energy at the undercoordinated atomic sites.
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1. Introduction

Solid skins and atomic clusters of a substance are of great importance because of their
size dependence of known properties and size emergence of new features due to the unusual
interaction between undercoordinated atoms'. The known bulk properties such as elastic
modulus®, dielectric constant’, melting point®, band gap’, etc., keep no longer constant but
change with solid size, or the fraction of undercoordinated atoms involved. As the size
shrinks, a nanostructure also demonstrates properties that its bulk parent does not exhibit such
as the dilute magnetism®’, catalytic ability®°, and creation of Dirac-Fermions for topological

10,11

insulators ™ . Such size dependency and size emergency laid the foundation of nanoscience

1213 The physical mechanism behind the size dependency and size

and nanotechnology
emergency and the correlation among all detectable properties remain high challenge.

X-ray photoelectron spectroscopy (XPS) provides a powerful means for studying

12, 14-19 b20—24

electronic binding energy of both solid skins and size-selected clusters of P that
forms an important component in the topological insulators, for instance. The energy shift of
the core level fingerprints the interaction between atoms that drives the unusual behavior of
the skin and atomic clusters. Generally, XPS collects information in the form of broad peaks
representing the mixture of the bulk and the sublayers in the skin®?®. A free-electron laser
ultraviolet (UPS) and XPS investigation of the size-selected clusters revealed a linear
dependence of the energy shifts of the core band on the inverse of particle size?”!. Therefore,
correlation between the XPS/UPS binding energy and the unusual properties demonstrated by
skins and clusters is necessary.

In this paper, we report findings in the local bond relaxation and the associated
electronic binding energy shift of Pb surfaces and atomic clusters gained from
density-functional theory (DFT) calculations and XPS spectral analysis. Quantitative
reproduction of the Pb 5ds/, energy shifts revealed the essentiality of the undercoordination
induced local bond contraction, quantum entrapment, and valence charge polarization, which

verifies our predictions based on the BOLS (bond order-length-strength) correlation

notation™”.

Page 2 of 15



Page 3 of 15

Journal of Materials Chemistry C

2. Principles and calculation methods
2.1 BOLS-TB notation
According to the band theory, the vth energy level of an isolated atom, E,(0), is

determined by the integral of the intra-atomic potential, Vyom(7), and the eigenwave function

for electrons of an atom at the specific ith atomic site,

v, i). Upon the involvement of the

inter-atomic potential V. (r), the binding energy (BE) will shift from the origin E\(z = 0) to
E,(z = 12) by an amount of E,(z = 12) —E,(0) that is proportional to the cohesive energy per
bond between atom with 12 neighbors of standard,

E,(0) = (v, [V (F)| Vi)

E (12)-E (0) —<v,l V., (r) v,z>+z<v,l|Vm(r) v,]>—a(l+ . )=axE,

(1)

The coordination number (CN) z = 0 and 12 represents an isolated atom and an atom in the

bulk, respectively. The sum is over all z neighbors of the specific ith atom. Because

<v,i v, j> =5,.jwith o0;7being the Koronig function (if i = j, J; = 1, otherwise, J; = 0), the term
zf/a<<1. Any perturbation to the bond energy E}, will shift the core level accordingly.
According to BOLS notation, atomic undercoordination shortens and strengthens the
bond between undercoordinated atoms, which follow the
relations, d, = C.d, =2d, /{1+exp|:(12—z‘)/821 ]} and E,=C."E

,» where C.is the coefficient of

bond contraction with z;being the effective coordination number of an atom in the ith atomic
layer. The i counts from the outermost atomic layer inward up to the third layer. The bond
nature indicator m represents how the bond energy changes with bond length. For most
metals, m = 1. Incorporating the TB approximation and BOLS correlation with inclusion of

the polarization turns out,

V. (AH)=VC,y(r)[1+AH]

cry
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C" -1 (Entrapment(Suiface))

A, = TK’IZ<3 C.(C."-1 (Entmpment(Clusters))
(EV (p)-E, (0)) / ((EV 12)- E‘,(O))) -1 (Porlarization)

)
The P and T represent the polarization and entrapment as illustrated in Fig 1. The shape
factor 7 =1, 2, and 3 corresponds to a thin plate, a cylindrical rod, and a sphere dot,
respectively. K = R/d, being the dimensionless form of size is the number of atoms lined

along the radius of a spherical nanoparticle.

Nonbonding [

T depression

Figure 1 Schematic illustration of the atomic under-coordination induced local bond contraction (d.<d),
the associated quantum entrapment (T) and the polarization of the nonbonding states (P) by the densely
entrapped bonding and core charges. This sequence of processes modulates the Hamiltonian by crystal

potential splitting and charge distribution in all bands.

With respect to the bulk shift AE,(12), the under-coordination induced core level shifts

(CLSs), AE\(z), follows:

AE(2) _E(@)-EO) _E _ _y, 4
AE(12) E(12)-E(0) E, ° ’

3)
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With the given energies of the surface XPS spectral components related to z and

Z' coordination numbers and their correlation, we can determine the referential £,(0), the bulk

shift, AE\(12), and the z dependent shift:

EQ-EO _C 0o GEE)-CEE

E(Z)-E0) C. C.-C.

(' #2)

E(2)-E(0)=[E,(12)-E (0)]xC
4)

Using the sum rule of the core—shell structure and taking the surface-to-volume ratio
into account, we can deduce the K dependence of vth energy level E,(0) and its bulk shift
AE (12):

E(K)=E (12)+[E,(12)-E,(0)]xA,
6)

Generally, the size-induced BE shifts for nanoparticles depends inversely on the size in
the form of, E,(K) =A + BK', where A and B are constants that can be determined by finding
the intercept and the gradient of the E\(K) line. Comparing the experimental scaling

relationship with the theoretical expression in Eq(5) yields,
A=E (12)
B=[E,(12)~E,(0)]xr Y C.(C"~1)

(6)

With the derived E\(12), E\(0), and the given z values for the outermost three atomic
layers, we are able to decompose the measured XPS spectra into the corresponding surface
and bulk components.

133

The BOLS notation agrees with the latest model™™ of surface potential trap which

indicates that the charge in the skin is higher and the potential trap is deeper than in the bulk.
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2.2 Computational details

In order to verify our BOLS-TB predictions, we conducted first-principles DFT

calculations on the optimal Pby clusters™*°

, as shown in Fig 2. Calculations were focused on
the change of bond and electronic characteristics of under-coordinated atoms, geometric
structures and size dependence, the charge transfer using Mulliken population analysis, and
the energetic distribution of the core band and valence states. The relativistic DFT
calculations were conducted using the DMol3 code with a double numeric plus polarization
basis set’’. The treatment of core electrons considered by the DFT semi-core
pseudopotential3 ¥ The DFT exchange-correlation potential utilized the local-density
approximation (LDA), with the PWC function for geometry and electronic structures®.
During calculations, the self-consistency threshold of the total energy was set at 10°au. The
tolerance limit for the energy, forces and displacement in geometry optimizations were set,

respectively, at 10 Hartree, 0.002 Hartree/A and 0.005 A, respectively. The calculations

presented in this paper have been performed with spin-polarized code for Pb edge states™.

C.37 Csa4

Figure 2 Pby geometric structures optimized based on the initial configurations of J.P.K Doye and S.C
Hendy using Gupta and Glue potentials.35’ 36

3. Results and Discussion
3.1 Atomic coordination - resolved quantum entrapment
Each XPS spectrum is decomposed into components corresponding to the bulk (B) and

surface skins (S;) from higher (smaller value) to lower BE upon background correction®'. The
6
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number of components is taken with respect to the originally reported count. The peak
energies are subject to refinement by fitting the overall convoluted peak intensity. On the
framework of the BOLS-TB approaches, we decomposed the XPS 5ds;, spectra collected

14,15

from clean Pb surfaces and atomic clusters % (see Fig 3 and Table 1).

Table 1 Effective atomic CN (z), lattice strain (g = C,-1 (%)), relative BE shift

(O, =AE(z)/ AE(IZ)—I:(CZ'1 —1)(%)),relative atomic cohesive energy (E.= E (z)/Ec(12)-1=
(2,,C:' =1)%)), and the relative BE density (Ep = Ep@)/Ep(12)= (C:* —1(%)) in various

registries of Pb skins. £ = 0 is taken as the reference.

iz 5dsn(eV) -&, (%) OE (%) JE, (%) -6E.(%)
Ey(0) -0 18. 283 - - - -
Ey(12) B 12 21.761 0 0 0 0
AE, (12) - - 3.478 - - - -

S 6.28 18.065(EF) 5.63 5.97 26. 09 44. 54
Pb(111)

S 4.26 18.304(EF)  11.31 12.75 61.63 59.97

. S 5.73  18.020(EF) 6. 83 7.33 32.71 48.75

Pb/Si (100)

S 4 18.254(Er)  12.44 14. 21 70. 13 61.93

S 3.69  22.325 13.97 16. 24 82. 56 64. 26
Pb (n = 3000)

S1 2.45  22.855 23.93 31.46 198.64  73.16

Sy 3.47  22.387 15.27 18. 02 94. 02 65. 87
Pb (n = 1000)

Si 2.37  22.910 24. 84 33.05 213.37  73.72

The spectra were decomposed into the B, the first, and the second (S;, S;) atomic layers

of the surface. Including the common B component (z = 12), there are a total of /=5

components for these two surfaces. There will be a combination of N=C =/Y [(l -2) !2!] 10
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values of E,(0). Using the least-root-mean-square approach, we can find the average of

( Ev(0)>: Z( Ew(()» /N and the standard deviation. A fine tuning of the CN values of the

N

components will minimize the ¢ and improve the accuracy of the effective CN for each
sublayer, and hence to determine the local strain, the BE density, and the cohesive energy per
discrete atom in differently oriented surface layers. With the derived z value and the 5ds, BE
for each XPS component, one is able to predict the z-resolved local lattice strain, BE shift,
atomic cohesive energy Ec and binding energy density Ep in the Pb surface skins, as shown in

Fig 4 and Table 1, where z;, =z /12 is the reduced CN, z = 12 is the bulk value.

[
(=3

20 o S)épfsriment Pb 5d_, 20 o Ig(girsiment Pb 5d_,
16f ¢ Pb(111) 16t g Pb/Si(100)
- hv=46.5eV - s hv=48eV
= = 2 s
=12 5 1.2f o]
5 s
£ 08} £ o8}
0.4} 0.4f
B, DD
_ C0o0g
0.0 =nos — 0.0
17 18 19 17
BE(eV) BE(eV)
c d
2.0t . 2.0r E .
o Experiment Pb 5d;, o B)g)l-eélment Pb 5d,
16f go"s N~3000 16 g N=~1000
- s hv=60eV - s hv=60eV
2 12} 2 22l 2 [{ }
s \
€ 038} Z 038 /
| |
0.4} ol & 0.4} ]
0.0 == i N 0.0 . .\ -LTL\N\ =
21 22 23 24 21 22 23 24
BE(eV) BE(eV)

Figure 3 Decomposition of (a) the Pb 5ds,, spectra for the (111) skin'® (b) Pb film on Si substratel4, and (c,
d) atomic clusters® with three Gaussian components representing the bulk B, S,, and S; states from higher

to lower BE. Table 1 features the derived information.
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Figure 4 Coordination number (z) resolved (a) local bond strain and BE shift (entrapment); and, (b) atomic

cohesive energy Ec and binding energy density Ep.

The E, (0) and E, (12) are intrinsic constants, disregarding the coordination and
chemical environment of a given material. Using the least-root-mean-square approach, we

obtained the z-resolved 5ds,, core-level shift for Pb skins and atomic clusters:

Eqy, (C)=(E}y (0) 0 +AE,, (B)C." =14334£0.005+3475C." (Fermi level )
Ey, (C)=(E,, (0)to+AE,, (B)C."=18.283+0.002+3478C.'  (Vacuumlevel )

The binding energies can be referred either to the vacuum level or the Fermi level. of the

difference between these reference points is the work function E, (0)—E%, (0) = 3.951

eV, which is sufficiently accurate compared with direct measurements®'.

3.2 Bond contraction and nonbonding electron polarization(NEP)

Consistency in the BOLS-TB analysis of the XPS spectra and DFT calculations
confirms the BOLS-TB predictions of the spontaneous bond contraction in the Pb solid skins
and atomic clusters disregarding the sizes and structures used in the calculations. In fact, the
highly coordinated atoms prefer larger first-neighbor distances than the undercoordinated
ones. Therefore, atoms in the cluster interior exhibits the ideal distance of the bulk fcc crystal,
while skin atoms show bond contraction. Results obtained here agree with the reported bond

4243 Wwith clarification of the

contraction occurring in Ag, Au, Cu, Ni, Pd, Pt, Fe atomic chains
quantum entrapment and polarization in this contribution.

The spontaneous process of bond contraction and strengthening will cause local
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densification and quantum entrapment of bonding charge and binding energy. Table 2
features the charge flow with the clusters estimated using the Mulliken population analysis.
Results indicate that electrons flow from the inner to the outermost layer of the clusters. Fig
5a shows the d-orbit local DOS for Pb I;13 and 1,55 structures. Globally positive CLS
happens as the Pb cluster sizes are reduced because of the undercoordination induced
quantum entrapment, and hence the positive core level shift results.

According to the BOLS-NEP notation,the originally conductive p-electrons of Pb are
expected to be polarized and locally-pinned by the densely- and tightly-trapped core charges.
These polarized and unpaired electrons neither follow the regular dispersion relation nor
occupy the allowed energy states in the valence band and below as defined by the
Hamiltonian.Finally, the polarized and unpaired electrons with non-zero spin will in turn
screen and split the crystal potential and consequently generate extra component in the upper
edge of the core band. Fig 5b shows that the LDOS moves to the upper edge near the E¢(=0),
and the smallest cluster moves most. The valence electrons also move up towards E; as the

sizes of Pb clusters decrease.

Table 2 Bond length (d;), bond strain (C.-7), and charge transfer with Pby clusters. Charge flows from the
inner to the outermost atomic shells due to the BOLS-NEP effect. Negative sign means charge gain

otherwise charge loss.

Structure d; Z(A) C.-1(%) Charge Transfer(e) CLS
(position1-2) (Shell layer1-2) (EW(N)-Ey(0))

I, 13 3.195 -8.714 -0. 817 2.98
Cov25 3. 111 -11. 114 -1. 564 2.71
Cs26 3.102 -11. 371 -1.532 2.67
Cav31 3. 104 -11.314 -1. 453 2. 66
Ci33 3. 120 -10. 857 -1. 547 2.63
Csv37 3.127 -10. 657 -1. 764 2.57
Cs44 3.102 -11. 371 -2. 241 2.54
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C47 3.114 -11. 029 -2. 063 2.53
Ci51 3.110 -11. 143 -2. 068 2.52
I, 55 3. 155 -9. 857 -2. 454 2.49
a 5 b 40
_|h13 —Ih13
4r —1.55 —1,55
o 3t 0
3 o
9 | 9 0.5
1 X N
0 T 0.0 L L
-16.0 -16.5 -17.0 -17.5 -18.0 -4 -3 -2 -1 0 1
BE(eV) E-E¢

Figure 5 Undercoordination induced (a) core band quantum entrapment and (b) valence band

polarization of Pb I;,13 and 1,55 clusters.

Calculations confirmed the BOLS-NEP expected lattice strain, charge transfer in real
space from the inner to the outermost atomic shell, and valence charge polarization from the
lower to the higher binding energies of the well defined Pb clusters. Bonds between the lower
coordinated atoms at corners or at edges contract more significantly than those in the cluster

interior.

3.3 Size-resolved quantum entrapment
If a cluster is approximately spherical, the number of atoms N is related to its radius K
by,
N=4zK’/3
K'=(BN/4r)"” =129N"
(7)
Eq (6) yields the N-dependence of the core level BE:

E,(N)=E, (12)+AE,(12) |:1.29TN_1/32CZ (cm- 1)}

i<3
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(®)
As in the BOLS convention, choosing Pb (n = 1000) cluster for the standard reference,

thus z; = 2.37 and z, = 3.47.From the relation of C(z;) ind, =C.d, = 2d, /{1+exp[(12—z,)/82,.]} ,
C1,Cy,were calculated to be 0.7514 and 0.8476, respectively, from which A; , = 0.1868 and
0.1292. The sum of Ay = A;+A;~0.3160. With the value of AE545,(12) derived from surface

analysis, we can calculate the BE change without needing any other assumptions:

E (N)=E (12)+1.418zN""(eV) (Experimental )
E(N)=E,(12)+®+1.418cN " (eV) (Calculation)

and hence,
®=E (12)-E,(12)(eV)

D= (D1+(EV(N)—EV(12)' (eV)

)

Fig 6 shows that BE increases linearly with N° 3 we can then determine the shape factor
t=2.52 and ® = 1.94 eV. The principle of Eq(9), @ is the Bulk value difference between

DFT calculation and experimental. Derived from the DFT calculation data AE(N) =

E\(N)- E (12)"is mainly attributed to size contribution, and ®; is BE difference between DFT

calculation and experimental from Fermi level.

17.5
—BOLS (1=2.52)

17.0F A DFT

Z 165

>

Ll

16.0

15.5 . . . .
00 01 02 03 04 05

N—113

Figure 6 The 5d core band core level shift of size-selected free Pby clusters, are plotted versus N5,
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The DFT calculation size trend of the energy shift is in consistence with the surface
positive shift. Therefore, both the size- and the surface-induced energy shifts of Pb surfaces
and atomic clusters are dominated by the shorter and stronger bonds between
undercoordinated atoms result in positive core level shift and the skin-depth quantum

entrapment.

4. Conclusion

Incorporating the BOLS-TB-NEP premise with the DFT calculations and XPS
measurements has led to a consistent insight into the physical origin of the localized edge
states of Pb skins and atomic clusters. Analyzing the XPS spectra for the Pb atomic clusters
has resulted in the BE for an isolated atom as 18.283 eV and its bulk shift of 3.478 eV. It is
clarified that the skin- and size-induced BE shift arise from the undercoordination-induced
local strain and quantum entrapment. DFT calculations confirmed the BOLS-NEP expected
the local bond contraction, nonbonding electrons polarization by the deeply and densely
entrapped core and bonding electrons at edge boundary because of the shorter and stronger

bonds between undercoordinated atoms.
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