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Our calculated vibrational properties of Ag nanocrystals show three novel, size dependent fea
which have broad implications for their thermodynamic properties and stability. There is
enhancement in the vibrational density of states at low frequencies and an overall shift of the
frequency band beyond the top of the bulk phonons. Additionally, the vibrational projected den
of states of the surface atoms scales linearly with frequency, at low frequencies. The generali
these results for systems with bond-order–bond-length correlation, low average coordination, and
ratio of surface to bulk atoms helps explain qualitatively several recent experimental observat
[S0031-9007(98)06877-X]
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For the last few decades, studies of surface structu
and dynamics have yielded a wealth of information from
which a detailed understanding of phenomena at and n
the surface have been derived. An important aspect
this body of knowledge is information about structural an
dynamical changes at surfaces. As a result of reduc
coordination, most surfaces relax inward. The inwar
relaxation can be explained by the smoothing of th
charge density at the surface known as the Smoluchow
[1] effect, as first presented by Finnis and Heine [2
for Al surfaces and put on a more comprehensive bas
by Feibelman [3] based on the ideas of bond-order
bond-length correlation advanced by Pauling [4]. For a
extended system with a surface, these structural chan
will be localized at and near the surface, as the surfac
to-volume ratio is vanishingly small. The presence of th
surface thus does not affect the thermodynamic propert
of the extended system in a noticeable way. But what w
happen to the structure and dynamics of a system with
finite surface-to-volume ratio? How would the propertie
of these mesoscopic systems scale with the surface-
volume ratio? These and related questions about no
characteristics resulting from the large surface-to-volum
ratio surround the intense investigations pursued the
days on the subject of nanostructures.

In this Letter we present results for the structure
dynamics, and thermodynamics of metallic nanocrysta
with different sizes and show how the characteristic
of the vibrational dynamics scale with size. For thi
purpose, we have investigated the structural properti
of Ag, Cu, and Ni nanocrystals with diameters rangin
between 2.0 and 5.0 nm. We find that in all cases there
a global shrinkage of the nearest neighbor distance whi
eventually leads to an overall shift of the high frequenc
band in the vibrational density of states (DOS) to beyon
the top of the bulk phonons. We show that this shrinkag
is a characteristic of metals which have a bond-orde
bond-length correlation. Our calculated vibrational DO
for the nanocrystals also exhibits a higher population
low frequencies, as compared to that in the bulk. W
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show that this enhancement is due to the contribution
the surface atoms for which the DOS at low frequenci
scales linearly with frequency instead of quadratically,
is typical for the bulk of a solid. As the surface-to-volum
ratio decreases with increasing size of the nanocrysta
the total DOS converges to that for the bulk material.

To calculate interatomic distances and dynamics
nanocrystals, we use interaction potentials based on
embedded atom method (EAM) [5], which despite bein
empirical, have had success in predicting several surfa
properties like relaxations, reconstructions, and the disp
sion of the surface phonons for Ag, Cu, and Ni [5–7]. W
have used here the parametrization by Voter and Chen
in which experimental values of the bond length and bin
ing energy of the diatomic molecule are also included
the fitting of the potential functions, in addition to severa
bulk properties. Nanocrystals with diameters 2.0, 2.5, a
3.5 nm containing 225, 459, and 1289 atoms, respective
are first relaxed to their minimum energy configuration u
ing a conjugate gradient algorithm, and their structure
examined. Next, with the atoms in the equilibrium con
figuration, the force constant matrix necessary to calc
late the vibrational dynamics of the system is obtaine
from the partial second derivatives of the EAM potentia
Since nanocrystalline materials have no long range ord
in any direction, a real space Green’s function approa
is employed to calculate the vibrational density of state
In previous work we have found this method to be ve
suitable for the calculation of vibrational dynamics an
thermodynamics of systems with low symmetry [9,10
and also for those with no long range order [11]. Ver
briefly, from the trace of the Green’s function, the vibra
tional density of statesNn(v) is calculated using

rnsv2d  2
1

3np
lim
e!0

sImhTrfGnsv2 1 iedgjd

and

Nnswd  2wrnsv2d ,
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whereGn is the Green’s function matrix associated with
the system containingn atoms.

The calculated vibrational density of states for A
nanocrystals together with those of atoms in the bulk a
shown in Fig. 1a. Note that there are two features whic
distinguish the DOS of the nanocrystals from those for th
bulk atoms: a higher population of low frequency mode
and a high frequency tail that extends beyond the to
of the bulk band. These two characteristics have be
reported recently for the measured DOS of Fe and Ni3Fe
nanocrystals [12–14], but their origin has remained, b
and large, unexplained. The observed enhancement
the DOS at low frequencies was initially attributed to
the contribution from atoms in the grain boundaries.
was argued that these atoms had lower coordination [1
and hence softer force fields as compared to the atoms
the bulk. From the measured DOS of Ni3Fe nanocrystals
using inelastic neutron scattering [12] it was conclude
that the force constants associated with atoms at the gr
boundaries would have to soften by an order of magnitu
from the values in the bulk to produce the observed effe
The argument that low frequency modes arise from gra
boundary atoms becomes even more tenuous after x-
absorption fine structure measurements by Sternet al.
[16] showed that the grain boundaries in the Cu nanopha
are similar in structure to Cu polycrystallines with a
coordination number close to 12. There was thus n
rationale for the drastic softening of the force constan
for the grain boundary atoms.
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FIG. 1. Vibrational DOS for (a) Ag bulk (solid line) and Ag
nanocrystals of diameter 2.0 nm (long-dashed line), 2.5 n
(dashed line), and 3.5 nm (dot-dashed line); (b) for Ag bu
(solid line) and for Ag nanocrystal of 2.5 nm diameter for th
inner atoms (dashed line) and outer atoms (long-dashed line
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In our calculation, Ag nanocrystals are made of on
single grain, i.e., no grain boundaries are present. Yet,
observe an enhancement of the DOS at low frequenc
Results of our calculations for Ag nanocrystal with
diameter of 2.5 nm, plotted in Fig. 1b, show that these lo
frequency modes come from the contribution of the surfa
atoms, i.e., those at the interface between the nanocrys
and the vacuum. These are labeled “outer” atoms and h
a coordination number lower than 12, while the “inner
atoms have a coordination number 12. Note that the lo
density of states (LDOS) of the inner atoms is very clo
to the bulk DOS, at low frequencies. In previous studie
of the vibrational dynamics of vicinal surfaces [9,10], w
have found atoms with low coordination to present a
enhancement of the DOS at low frequencies, as compa
to that for an atom in the bulk. A loss of neighbor
results in changes in the force field, which is partial
reflected as softening of some force constants. For
nanocrystals, for example, we find softening of as mu
as 40% in several force constants for the outer atoms.
is this softening of force constants that strongly affects t
LDOS of the surface atoms at low frequencies changing
dependency on frequency from quadratic to linear, in t
case of nanocrystals. This linear dependence is in perf
accord with a recent experimental study of the vibration
properties of Pd nanocrystals, at low frequencies [17
Figure 1b also points to a differential in the contribution o
the inner and outer atoms at the other end of the spectru
There is a major contribution to the high frequency mod
from the inner atoms, while the outer atoms actually sho
a depletion in the number of such modes.

Closer examination of the low frequency modes fo
nanocrystals shows that the enhancement of the D
scales with the diameter of the nanocrystals. Since
density of states is an extensive quantity (it is the tra
of a matrix), we expect the enhancement at low freque
cies to be also related to the surface-to-volume ratio. F
ure 2a shows the surface-to-volume ratio as a function
size for nanocrystalline, fcc and bcc, structures. Note th
both structures display similar variations in the surfac
to-volume ratio, as function of the size. On fitting th
curves in Fig. 2a by the functionaD2a , with D the di-
ameter of the nanocrystals anda and a as parameters,
we find a  0.83 and 0.81 for the fcc and bcc struc
tures, respectively. This result indicates that, in gener
the enhancement of the low frequency modes would sc
approximately inversely with the size of the nanocry
tal, in excellent agreement with the recent inelastic ne
tron scattering measurements of the Ni3Fe nanocrystal
DOS [14].

Now we turn to the high frequency tail in Fig. 1b
which is mostly the contribution from the inner atoms. I
general, shifts of the phonon frequencies towards high
values are due to stiffening of the force constants resulti
from a shortening of the nearest neighbor (NN) distanc
These “impurity” modes at frequencies higher than th
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FIG. 2. (a) Surface-to-volume ratio for fcc and bcc nanocry
tals as a function of the diameter, in units of the lattice consta
As a reference, the arrows show the number of atoms in sm
and large, fcc and bcc, nanocrystals; (b) distribution of neare
neighbor distance in relaxed Ag nanocrystals with diameters 2
(dashed line), 3.5 (long-dashed line), and 5.0 nm (dot-dash
line); the bold vertical line represents the NN distance in th
bulk; (c) relative average NN distance as a function of th
nanocrystalline diameter for Ag (solid line), Cu (dot-dashe
line), and Ni (long-dashed line).

top of the bulk band have been predicted for Cu vicin
surfaces [10] and recently observed experimentally [18
Again, from previous work on the dynamics of low
coordinated atoms at the surface [9–11], we expect t
high frequency tail to be the result of the contributio
from atoms with low coordination and shortened NN
distance. For atoms in the nanocrystals of Ag, Cu, and N
in their relaxed configuration, with diameter ranging from
5 to 12 lattice constants, we find a persistent shorteni
s-
nt.
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of the NN distance. This global shrinking has bee
observed in Cu clusters by extended x-ray-absorption fi
structure measurements [19,20] and also in Ni clust
[20]. Figure 2b shows the distribution of NN distance
for relaxed Ag nanocrystals. We note that for the 2.0, 2
and 3.5 nm size crystals, most of the atoms present a
distance shorter than the bulk one. For the 5.0 nm, 60
of the atoms have the bulk value but 40% have a shor
NN distance. Figure 2c shows the average NN distan
for the relaxed Ag, Cu, and Ni nanocrystals. One c
see that the average NN distance for the three eleme
Ag, Cu, and Ni, is shortened by as much as 1.6%–2.0
for small nanocrystals and about 0.6% for relatively larg
ones, as compared to the bulk value [21]. The outer ato
experience both a shift towards low frequencies due
the softening and a shift towards high frequencies due
the global shrinking resulting in a net small contributio
to the high frequency tail. For Ag nanocrystals, we fin
that some force constants experience a stiffening of up
120% when compared to that for bulk Ag. We now tur
to the question: what causes this global shortening a
do Fe nanocrystals (with a bcc structure) behave like
above mentioned fcc metals?

By examining the bond length (NN distance) betwee
neighboring atoms in Ag, Cu, Ni, and Fe in differen
structures with different coordination, we note that the
belong to the class of elements showing a strong bo
order–bond-length correlation. Because of this corre
tion, the bond length between an atom and its neighb
would decrease with decreasing coordination. Thus
bond lengths of the dimer (2.53, 2.22, 2.15, and 2.02
for Ag, Cu, Ni, and Fe, respectively [3]), are shorter tha
the NN distance in their respective bulk values by 12.5
for Ag, 13.2% for Cu, 13.6% for Ni, and 18.6% for Fe
Note that Fe shows the strongest bond-order–bond-len
correlation, as far as the dimer bond length is concern
The pattern is similar for the surface relaxations of th
top layer atoms for these elements, for several cryst
lographic orientations. Because of the low coordinatio
at the surface, we expect these elements to show a c
traction of the interlayer separation at the surface. E
periments and first principle calculations agree that t
interlayer separation between the first and second lay
contracts for these four elements. For Ag, Cu, and Ni, th
contraction is in the range of 1%–2% for (111), 2%–3
for (100), and 6%–9% for the more open surface (11
[7,22]. For Fe(310), the surface is contracted by 16% a
for Fe(210), the surface contraction is 22% [23]. Fro
the above discussion, it is clear that Fe presents evide
for a strong bond-order–bond-length correlation, the sa
way as Ag, Cu, and Ni. Hence we expect Fe nanocryst
to experience the same global shrinking in the NN d
tance as we found for Ag, Cu, and Ni nanocrystals whi
would lead to modes above the bulk phonon band. No
that the vibrational DOS in the present calculations is f
a harmonic system. Anharmonic effects may still lead
1455
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lifetime broadening as suggested by Fraseet al. [12,14]
and Fultzet al. [13]. The DOS presented here may the
be used to obtain more realistic parameters for input in t
damped oscillator model.

Since the vibrational DOS of the nanocrystals diffe
from the bulk one, at low and high frequencies, it is o
interest to explore the deviation of the thermodynam
properties of these clusters from the bulk values. In th
Letter we examine how the vibrational entropy of A
nanocrystals with various sizes compares with the bu
one. The excess vibrational entropy (i.e., excess from
bulk entropy) is

DSvib  3kBT
Z `

0

"
h̄w

2kBT
coth

√
h̄w

2kBT

!

2 ln

√
2 sinh

h̄w
2kBT

!#
DNswd dw .

At temperatures higher than 100 K, we find tha
the excess vibrational entropy converges to 0.08, 0
and 0.07kByatom for nanocrystals of diameter 2.0, 2.5
and 3.5 nm, respectively, which are comparable to t
reported value of0.18kByatom for Ni3Fe nanocrystals
[12] but larger than0.01kByatom value reported for
Fe nanocrystals [13]. The calculated heat capacities
the nanocrystals also do not exhibit the bulklike T3

dependence at low temperatures. The exact power
depends on the surface-to-volume ratio for the atoms
the nanocrystal. These results call for a reexaminati
of the interpretation of the low temperature heat capac
data on Pd nanocrystals [24].

In summary, we have shown that the vibrational pro
erties of metallic nanocrystals are affected strongly b
their high surface-to-volume ratio. At high frequencie
the DOS is shifted beyond the top of the bulk band cr
ating a high frequency tail which we trace to a globa
shrinking of the nanocrystal. We suggest that this glob
shrinking is a general characteristic of elements obeyi
bond-order–bond-length correlation. In agreement w
recent experimental data, at low frequencies, the atoms
the surface of these nanocrystals present a linear dep
dency on frequency and a significant enhancement of
vibrational DOS. Since the enhancement is solely due
the contribution of the surface atoms, it scales with th
inverse of the nanocrystal size. The contributions, to t
excess vibrational entropy, of the low frequency enhanc
ment and the high frequency tail almost cancel each oth
and result in a small value which is also in agreement w
observations.
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