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Soft and hard shells in metallic nanocrystals
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The inhomogeneous elastic properties of metallic nanocrystals are studied using semiempirical potentials for
Au, Pb, Ag, and Cu. The enhanced low- and high-frequency modes are found to be spatially localized in two
shells, a soft surface shell and a hard transition shell. Our analysis shows that the linear frequency dependence
of the vibrational density of states is attributed to the two-dimensional nature of the surface shell that is
independent of the system size, while the high-frequency tail mainly comes from the transition shell.
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Unusual physical and chemical properties of nanocrys
are associated with the finite-size effect, quantum-size eff
and finite surface-to-volume ratio. As a detailed understa
ing of the vibrational properties is the key to explain unus
thermal properties~such as the enhanced specific heat a
low Debye temperature! for nanocrystals, studies on the v
brational properties of nanocrystals have spurred great sc
tific interest. Recent experimental and theoretical work
shown remarkable differences between the vibrational d
sity of states~DOS! of nanocrystal and bulk materials.1–12

The distinct features of nanocrystals entail to the enhan
ment of the low- and high-energy modes; the DOS of surf
atoms of metallic nanocrystals at low-frequency reg
changes its dependency on frequency from quadratic
linear.2,3

For the enhanced low-frequency modes, Fultz a
co-workers6 suggested that the enhancement of the vib
tional DOS at low frequency involves movements of t
nanocrystals with respect to one another; while others1,8–10

suggested that the low-frequency modes could involve vib
tions of atoms within the grain boundaries or interfac
More recent work extracts these low-frequency modes fr
the surface of nanocrystals.2,3,11 For the enhancement o
high-frequency modes, both short vibrational lifetime
nanocrystals due to the finite size5–7,10,11and the shortening
of the nearest-neighbor distances1,2 are considered. Howeve
it remains open questions as to what is the real origin of
linear frequency dependence of surface DOS, and if the h
frequency modes are only due to the shortening of
nearest-neighbor distances.

In this paper, we report results on the local elastic a
vibrational properties of metallic nanocrystals. We find th
the elastic properties of metallic nanocrystals are highly
homogeneous. The enhanced high- and low-freque
modes are localized in two thin shells. The spatial
localized nature of the modes is useful in interpreting
linear frequency dependence of the vibrational density
states~DOS! at low frequencies, predicting the size depe
dence of the enhanced high- and low-energy vibratio
modes.

We have carried out calculations on Au, Pb, Ag, and
nanocrystals with different sizes. The interatomic inter
tions are described by well-tested many-body potenti
namely, glue potentials for Au~Ref. 13! and Pb~Ref. 14!,
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Sutton-Chen potential for Cu~Ref. 15!, and the tight-binding
model for Ag.16 All these models give a reasonably goo
description of phonon spectra for the corresponding b
systems. Nanocrystals containing 459, 675, 887, and 959
oms are studied. After the structural optimization,17 the vi-
brational DOS is calculated through diagonalizing the d
namical matrices.

In order to pursue the spatial distribution of the elastic a
vibrational properties, we divide the nanocrystal into geo
etry shells from the center of the mass to the surface,
each shell has the equal thickness of 1 Å. With the use
the calculated eigenmodes, we can calculate the average
quency^ f I& of the shellI by

^ f I&5 (
i

3N26

v i^AI
2& i , ~1!

whereN andv i are the total atoms in the nanocrystals a
the i th eigenfrequency, respectively.^AI

2& i , the square am-
plitude of thei th eigenvector in shellI, is given by

^AI
2& i5(

n

NI

~Ai
n!2/NI ,n,NI , ~2!

whereNI andAi
n are the number of atoms in the shellI and

the projected component of thei th renormalized eigenvecto
Ai on thenth atom, respectively.

A spatially localized mode decays exponentially outs
the region. To quantify the spatial localization of modes,
calculate the projected vibrational DOSr I* (v) of the shellI:

r I* ~v!5(
i

3NI

d~v2v i !u~^AI
2& i !/3NI , ~3!

where

u~^AI
2& i !5H 1, ^AI

2& i>C0~12^AI
2& i !

0, ^AI
2& i,C0~12^AI

2& i !.
~4!

C0 is a constant larger than one. We choose 1.5 in our
culations.

In comparison, we also calculate the local vibration
DOS of the shellI, r I , by:
©2001 The American Physical Society12-1
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r I~v!5 (
i

3N26

^AI
2& id~v2v i !. ~5!

Different from the projected vibrational DOS, here the loc
vibrational DOS has the contribution of all the vibration
modes of a whole nanocrystal.

Shown in Fig. 1 are the average elastic constants,
average coordinates, average bond length, and average
vibrational frequency for each shell of Au887 nanocrystal.
The local elastic constants are calculated by using the sim
formula given by Egami, Maeda and Vitek.18,19As seen from
Fig. 1, the nanocrystal can be classified into three regi
according to the elastic and vibrational frequency disco
nuities, as the surface shell, the transition shell, and the b
like core region. It is readily observable that the surface s
is characterized by a much smaller local shear moduli,
plying the softness of the shell. In contrast, the transit
shell is characterized by high stiffness. This prototype
ample demonstrates that the nanocrystal has a well-defi
physical surface separated by a hard transition shell from
core region. In all studied metallic nanocrystals in this rep
we have found similar behavior.

FIG. 1. The calculated local elastic constants~in units of GPa!,
Young’s moduli ~Y! and and shear moduli (G), the average loca
frequency (f , in units of THz!, the average coordinates (N), and the
average bond length (Rb , in units of Å! of each shell Au887. The
classification of the three regions is marked with horizontal, ve
cal, and net lines for the surface shell, transition shell, and c
region, respectively. The lower-average local frequency in surf
shell and higher-average local frequency in transition shell are
simply due to the changes of the bond length, but involving
many-body effect in contrary with previous suggestions.
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The enhancement of the high-frequency modes is not s
ply due to the changes of the bond length as previou
suggested.1,2 From this figure, we can see that the main co
tribution to the high-frequency modes is from the transiti
region, however, the shortest average bond is not at the t
sition region; the surface shell has the shortest average b
length, and it has the lowest average local vibrational f
quency. So, the shortening of the nearest bonding can
fully account for the enhancement of the high-frequen
modes. The physical reason for the enhancement of the
frequency and high-frequency modes could be the soften
and hardening of the elastic field. The hard elastic field
transition region may be from the over coordinations.

The enhanced high- and low-frequency modes are p
dominantly localized in the transition and surface shells,
spectively. In Fig. 2~left panel!, we present the projecte
vibrational DOS for the above-mentioned three regions. T
projected vibrational DOS of the surface shell dominant
low frequency and peaks at lower frequencies than the t
sitive peak of bulk gold. This indicates that most low
frequency modes are spatially localized in the thin surfa
shell. Owing to the fact that the physical surface is very th
~for Au nanocrystal it is about 2 Å), it behaves like a qua
two-dimensional system. This has an important conseque
for the interpretation of the experimentally observed line
frequency dependence of the vibrational DOS spectra.
origin of the low-frequency modes can be understood fr
the small elastic constants in the surface shell.

The projected vibrational DOS in the transition shell pr
vide additional localized high-frequency modes outside
the highest-frequency of bulk gold. The origin of the e
hanced high-frequency modes can be attributed to the ela
stiffening in the transition shell, consistent with the sugg
tions by Wolf and co-workers.1 Since both surface and tran
sition shells are thin, the fraction number of the atoms

-
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e
ot
e

FIG. 2. Left: The projected vibrational DOS for surface~solid
line!, transition~dash line!, and core~dot line! regions. Right: Local
vibrational DOS for surface shell~thick solid line!, transition shell
~dash line!, core region~dot line!, and the total DOS~thin solid! for
Au887 and Au959 nanocrystals.
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these regions reduces inversely with the size of the nanoc
tal. As a result, the enhanced low- and high-frequency mo
scale with the inverse of the nanocrystal size. However, s
the atoms in the surface shell reduce slower than that in
transition shell, the reduction of low-frequency modes w
the increasing of the nanocrystal size will be slower than t
of the high-frequency modes.

The prediction that the enhancement of low-frequen
modes scales approximately inversely with the size of
nanocrystal is in excellent agreement with the recent ine
tic neutron-scattering measurements of the Ni3Fe nanocrystal
DOS.11 In contrast, the enhancement of high-frequen
modes mainly arises from vibrational modes in the transit
region, leading to a size dependence rather than linea
observed experimentally. As expected, the core region
the similar DOS as the bulk one. We also show the cal
lated local vibrational DOS and total DOS for Au nanocry
tals in Fig. 2~right panel!. Comparing the local DOS with
the projected DOS in Fig. 2~left panel!, we find that the

FIG. 3. Left: Local vibrational DOS for surface shell~thick solid
line!, transition shell~dash line!, core region~dot line! for unrelaxed
Au887 and relaxed LJ887 nanocrystals. Right: The calculated loc
Young’s moduli~Y! ~in units of GPa!, as a function of the distanc
from surface to center. It can be seen there is not any transition
in these two nanocrystals; correspondingly, no linear behavior
be observed for the surface shell.
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local DOS of the surface shell almost has the similar lin
behavior as the projected DOS of the surface shell. Usua
the local DOS is not only due to the contribution of th
localized modes, but also the contribution of all the oth
modes. This implies that one cannot simply explain the l
ear behavior of the local DOS for surface shell in term of t
two-dimensional character of the surface, unless the lo
DOS mainly comes from the contribution of the localize
modes. This is the case in the nanocrystal. This is why
obtained local surface DOS for nanocrystals in bo
experimental3 and theoretical2 work shows evident linear be
havior. It is also observable that, at low-frequency regio
the total DOS almost have similar linear behavior as
local DOS of the surface shell. These results prove additio
evidence for the previous statement that the low-freque
modes predominantly come from the surface shell, while
enhancement of high-frequency modes are mainly due to
vibration modes in the transition shell.

The presence of the transition shell is the key of the pr
ence of the linearity and high-frequency tails. We have c
culated some unrelaxed Au and LJ clusters~see Fig. 3!,
where there is not any transition shell, none of them sho
the linear behavior and the additional high-frequency tails
the density of states. Thus, it is the transition shell that ma
the surface shell show a two-dimensional behavior.

The linear dependence of the projected vibrational D
on frequency for the surface shell remains intact for differ
metals and different sizes. Figure 4 shows the projected
brational DOS of the surface shell for different metals~Ag,
Au, Cu, and Pb with 459 atoms!, as well as for different size
of Au nanocrystals (N5459, 675, 887, 959!. In view that the
studied metal has different elastic properties, the associ
projected vibrational DOS has different slope at low fr
quency. In contrast, the projected vibrational DOS is ind
pendent of the size of the nanocrystal as they have the s
slope. The similar behavior has also been observed for o
metallic nanocrystals.19

The linear behavior of the projected DOS of the surfa
should be presented not only in the surfaces of nanocrys
but also in the surfaces of bulk materials. However, the p
vious experimental and theoretical work mainly concentra
in the local DOS of the surface, which includes much mo
of the contribution of the nonsurface modes. Additional

ell
n

ojected
FIG. 4. Left: the projected vibrational DOS of surface shell for various metallic nanocrystals with 459 atoms. Right: the pr
vibrational DOS of surface shell for Au nanocrystals of different sizes.
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the linear behavior of bulk surface is generally much wea
than that in nanocrystals. This comes from two aspects. F
bulk surfaces have much higher shear moduli than tha
nanocrystals, which makes the slope of the linear m
smaller in bulk surface. Second, the transition shell in b
material is not as hard as that in nanocrystals.

In summary, we have studied the unusual vibratio
properties of metallic nanocrystals. Our results show t
there exist three regions for metallic nanocrystals: a soft
face shell, a hard transition shell, and a bulklike core regi
The enhanced low- and high-frequency modes are spat
localized in two shells. The enhanced low-frequency mo
tt
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tt

r,

S
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.
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are mainly attributed to the atoms in the soft surface sh
while the enhanced high-frequency modes are predomina
attributed to the atoms in the stiff transition shell. The line
behavior of surface atoms results from the quasi-tw
dimension character.
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