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Our calculated vibrational properties of Ag nanocrystals show three novel, size dependent features
which have broad implications for their thermodynamic properties and stability. There is an
enhancement in the vibrational density of states at low frequencies and an overall shift of the high
frequency band beyond the top of the bulk phonons. Additionally, the vibrational projected density
of states of the surface atoms scales linearly with frequency, at low frequencies. The generality of
these results for systems with bond-order—bond-length correlation, low average coordination, and large
ratio of surface to bulk atoms helps explain qualitatively several recent experimental observations.
[S0031-9007(98)06877-X]

PACS numbers: 63.20.Dj, 61.46.+w, 68.35.Ja, 79.60.Jv

For the last few decades, studies of surface structurghow that this enhancement is due to the contribution of
and dynamics have yielded a wealth of information fromthe surface atoms for which the DOS at low frequencies
which a detailed understanding of phenomena at and neacales linearly with frequency instead of quadratically, as
the surface have been derived. An important aspect as typical for the bulk of a solid. As the surface-to-volume
this body of knowledge is information about structural andratio decreases with increasing size of the nanocrystals,
dynamical changes at surfaces. As a result of reduceithe total DOS converges to that for the bulk material.
coordination, most surfaces relax inward. The inward To calculate interatomic distances and dynamics of
relaxation can be explained by the smoothing of thenanocrystals, we use interaction potentials based on the
charge density at the surface known as the Smoluchowskimbedded atom method (EAM) [5], which despite being
[1] effect, as first presented by Finnis and Heine [2]empirical, have had success in predicting several surface
for Al surfaces and put on a more comprehensive basiproperties like relaxations, reconstructions, and the disper-
by Feibelman [3] based on the ideas of bond-order-sion of the surface phonons for Ag, Cu, and Ni [5-7]. We
bond-length correlation advanced by Pauling [4]. For arhave used here the parametrization by Voter and Chen [8]
extended system with a surface, these structural changeswhich experimental values of the bond length and bind-
will be localized at and near the surface, as the surfacang energy of the diatomic molecule are also included in
to-volume ratio is vanishingly small. The presence of thethe fitting of the potential functions, in addition to several
surface thus does not affect the thermodynamic propertidsulk properties. Nanocrystals with diameters 2.0, 2.5, and
of the extended system in a noticeable way. But what will3.5 nm containing 225, 459, and 1289 atoms, respectively,
happen to the structure and dynamics of a system with are first relaxed to their minimum energy configuration us-
finite surface-to-volume ratio? How would the propertiesing a conjugate gradient algorithm, and their structure is
of these mesoscopic systems scale with the surface-t@xamined. Next, with the atoms in the equilibrium con-
volume ratio? These and related questions about novéiguration, the force constant matrix necessary to calcu-
characteristics resulting from the large surface-to-voluméate the vibrational dynamics of the system is obtained
ratio surround the intense investigations pursued thesiom the partial second derivatives of the EAM potential.
days on the subject of nanostructures. Since nanocrystalline materials have no long range order

In this Letter we present results for the structure,in any direction, a real space Green'’s function approach
dynamics, and thermodynamics of metallic nanocrystalés employed to calculate the vibrational density of states.
with different sizes and show how the characteristicdn previous work we have found this method to be very
of the vibrational dynamics scale with size. For thissuitable for the calculation of vibrational dynamics and
purpose, we have investigated the structural propertiethermodynamics of systems with low symmetry [9,10],
of Ag, Cu, and Ni nanocrystals with diameters rangingand also for those with no long range order [11]. Very
between 2.0 and 5.0 nm. We find that in all cases there ibriefly, from the trace of the Green’s function, the vibra-
a global shrinkage of the nearest neighbor distance whictional density of stated,(w) is calculated using
eventually leads to an overall shift of the high frequency
band in the vibrational density of states (DOS) to beyond | . )
the top of the bulk phonons. We show that this shrinkage pnl0?) = “3na Ism)(lm{Tr[Gn(wz +ie)l)
is a characteristic of metals which have a bond-order—
bond-length correlation. Our calculated vibrational DOSand
for the nanocrystals also exhibits a higher population at
low frequencies, as compared to that in the bulk. We N,(w) = 2wp,(w?),
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where G, is the Green’s function matrix associated with In our calculation, Ag nanocrystals are made of one
the system containing atoms. single grain, i.e., no grain boundaries are present. Yet, we
The calculated vibrational density of states for Agobserve an enhancement of the DOS at low frequencies.
nanocrystals together with those of atoms in the bulk ar&®esults of our calculations for Ag nanocrystal with a
shown in Fig. 1a. Note that there are two features whictldiameter of 2.5 nm, plotted in Fig. 1b, show that these low
distinguish the DOS of the nanocrystals from those for thdrequency modes come from the contribution of the surface
bulk atoms: a higher population of low frequency modesatoms, i.e., those at the interface between the nanocrystals
and a high frequency tail that extends beyond the tomand the vacuum. These are labeled “outer” atoms and have
of the bulk band. These two characteristics have beea coordination number lower than 12, while the “inner”
reported recently for the measured DOS of Fe angFBli  atoms have a coordination number 12. Note that the local
nanocrystals [12—14], but their origin has remained, bydensity of states (LDOS) of the inner atoms is very close
and large, unexplained. The observed enhancement ¢ the bulk DOS, at low frequencies. In previous studies
the DOS at low frequencies was initially attributed to of the vibrational dynamics of vicinal surfaces [9,10], we
the contribution from atoms in the grain boundaries. Ithave found atoms with low coordination to present an
was argued that these atoms had lower coordination [15nhancement of the DOS at low frequencies, as compared
and hence softer force fields as compared to the atoms to that for an atom in the bulk. A loss of neighbors
the bulk. From the measured DOS of;Ré nanocrystals results in changes in the force field, which is partially
using inelastic neutron scattering [12] it was concludedeflected as softening of some force constants. For Ag
that the force constants associated with atoms at the gramanocrystals, for example, we find softening of as much
boundaries would have to soften by an order of magnitudes 40% in several force constants for the outer atoms. It
from the values in the bulk to produce the observed effects this softening of force constants that strongly affects the
The argument that low frequency modes arise from graih.DOS of the surface atoms at low frequencies changing its
boundary atoms becomes even more tenuous after x-ralependency on frequency from quadratic to linear, in the
absorption fine structure measurements by Stdrral.  case of nanocrystals. This linear dependence is in perfect
[16] showed that the grain boundaries in the Cu nanophasaccord with a recent experimental study of the vibrational
are similar in structure to Cu polycrystallines with a properties of Pd nanocrystals, at low frequencies [17].
coordination number close to 12. There was thus nd-igure 1b also points to a differential in the contribution of
rationale for the drastic softening of the force constantshe inner and outer atoms at the other end of the spectrum.
for the grain boundary atoms. There is a major contribution to the high frequency modes
from the inner atoms, while the outer atoms actually show
a depletion in the number of such modes.
Closer examination of the low frequency modes for

nanocrystals shows that the enhancement of the DOS
12 -—29nmm scales with the diameter of the nanocrystals. Since the
) R /) | density of states is an extensive quantity (it is the trace
508 ,,/,;’/’—/7'3;”\ 7\, High Frequency of a matrix), we expect the enhancement at low frequen-
g y A \ Tail ), cies to be also related to the surface-to-volume ratio. Fig-
8 ) N d ure 2a shows the surface-to-volume ratio as a function of
Low For';‘quency A b size for nanocrystalline, fcc and bcc, structures. Note that
Modes | -~ /7 a) i both structures display similar variations in the surface-
T & A . . . -
0.0l S to-volume ratio, as function of the size. On fitting the
--- Outer atoms curves in Fig. 2a by the functionD ¢, with D the di-
121 - jnner atoms ameter of the nanocrystals amdand @ as parameters,
.?g A “.‘ we find « = 0.83 and 0.81 for the fcc and bcc struc-
Zos8 L7 N tures, respectively. This result indicates that, in general,
3 } s RVANE the enhancement of the low frequency modes would scale
é N approximately inversely with the size of the nanocrys-
Soa4 ¥ tal, in excellent agreement with the recent inelastic neu-
b) tron scattering measurements of the;® nanocrystal
ooke”" DOS [14].
L Now we turn to the high frequency tail in Fig. 1b,

o o which is mostly the contribution from the inner atoms. In
FIG. 1. Vibrational DOS for (a) Ag bulk (solid line) and Ag general, shifts of the phonon frequencies towards higher

nanocrystals of diameter 2.0 nm (long-dashed line), 2.5 n - . .
(dashed line), and 3.5 nm (dot-dashed line): (b) for Ag bulkvalues are due to stiffening of the force constants resulting

(solid line) and for Ag nanocrystal of 2.5 nm diameter for the from a shortening of the nearest neighbor (NN) distances.
inner atoms (dashed line) and outer atoms (long-dashed line). These “impurity” modes at frequencies higher than the
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0.8 : : : of the NN distance. This global shrinking has been
2 259 observed in Cu clusters by extended x-ray-absorption fine
o6 / aoms *Egg structure measurements [19,20] and also in Ni clusters
g | / o ] [20]. Figure 2b shows the distribution of NN distances
8 s for relaxed Ag nanocrystals. We note that for the 2.0, 2.5,
@0.4| atoms 8394 and 3.5 nm size crystals, most of the atoms present a NN
ks . atoms distance shorter than the bulk one. For the 5.0 nm, 60%
S N of the atoms have the bulk value but 40% have a shorter
§0'2 a) /-\ ] NN distance. Figure 2c shows the average NN distance
- 10684 for the relaxed Ag, Cu, and Ni nanocrystals. One can
0.0§ . iy i 55 - see that the average NN distance for the three elements,
Diameter (in units of lattice constant) Ag, Cu, and Ni, is shortened by as much as 1.6%—-2.0%
for small nanocrystals and about 0.6% for relatively large
ones, as compared to the bulk value [21]. The outer atoms
1.0 — Bulk ] experience both a shift towards low frequencies due to
2 sl T5emm 7 the softening and a shift towards high frequencies due to
g ' - 50nm the global shrinking resulting in a net small contribution
5 0.6 ] to the high frequency tail. For Ag nanocrystals, we find
2 / that some force constants experience a stiffening of up to
204y A ] 120% when compared to that for bulk Ag. We now turn
02l b) /"\,( \ | to the question: what causes this global shortening and
' . ,,:'// i do Fe nanocrystals (with a bcc structure) behave like the
0.0 Y &k R above mentioned fcc metals?
= 2.6 2.7 NN Dis%é?]ce (A) 2.9 By examining the bond length (NN distance) between
% : : neighboring atoms in Ag, Cu, Ni, and Fe in different
2 0.0 structures with different coordination, we note that they
= — Ag ™~ belong to the class of elements showing a strong bond-
%-04 o (N:}J Bulk 1 order—bond-length correlation. Because of this correla-
g g tion, the bond length between an atom and its neighbors
5708 would decrease with decreasing coordination. Thus the
-é’_l ) bond lengths of the dimer (2.53, 2.22, 2.15, and 2.02 A
Z : for Ag, Cu, Ni, and Fe, respectively [3]), are shorter than
© 16 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.
<°>(’-2_0 Note that Fe shows the strongest bond-order—bond-length

6 8 10 12 14
Diameter (in units of lattice constant)

N

correlation, as far as the dimer bond length is concerned.
_ The pattern is similar for the surface relaxations of the
FIG. 2. (a) Surface-to-volume ratio for fcc and bcc nanOnyS-[op |ayer atoms for these elementsl for Several Crystal_

tals as a function of the diameter, in units of the lattice constant : : : Lo
As a reference, the arrows show the number of atoms in sma Pgraphlc orientations. Because of the low coordination

and large, fcc and bee, nanocrystals; (b) distribution of nearesgt the surface, we expect these elements to show a con-
neighbor distance in relaxed Ag nanocrystals with diameters 2.traction of the interlayer separation at the surface. Ex-
(dashed line), 3.5 (long-dashed line), and 5.0 nm (dot-dashegeriments and first principle calculations agree that the
gﬂlelz t(fclge Pe?g:i\y;fg\clglgi”: &eﬁfgfggfcéhis'\lg gjﬁtgﬂ)%e (')? H:ginterlayer separation between the first and second layers
nanécrystalline diametegr for Ag (solid line), Cu (dot-dashedcontraCt.S f°f these four elements. For Ag, Cu, and N, this
line), and Ni (long-dashed line). contraction is in the range of 1%—-2% for (111), 2%—-3%
for (100), and 6%—-9% for the more open surface (110)
[7,22]. For Fe(310), the surface is contracted by 16% and
top of the bulk band have been predicted for Cu vicinalfor Fe(210), the surface contraction is 22% [23]. From
surfaces [10] and recently observed experimentally [18]the above discussion, it is clear that Fe presents evidence
Again, from previous work on the dynamics of low for a strong bond-order—bond-length correlation, the same
coordinated atoms at the surface [9-11], we expect thevay as Ag, Cu, and Ni. Hence we expect Fe nanocrystals
high frequency tail to be the result of the contributionto experience the same global shrinking in the NN dis-
from atoms with low coordination and shortened NNtance as we found for Ag, Cu, and Ni nanocrystals which
distance. For atoms in the nanocrystals of Ag, Cu, and Niwould lead to modes above the bulk phonon band. Note
in their relaxed configuration, with diameter ranging fromthat the vibrational DOS in the present calculations is for
5 to 12 lattice constants, we find a persistent shortening harmonic system. Anharmonic effects may still lead to
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lifetime broadening as suggested by Fraseal.[12,14] by the Convex Exemplar system funded partially under a
and Fultzet al.[13]. The DOS presented here may thenNSF grant. This research has been supported in part by
be used to obtain more realistic parameters for input in théhe Basic Energy Sciences Division of the U.S. Depart-
damped oscillator model. ment of Energy.
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