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Lattice softening in nanometer-size iron particles
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The thermal properties of nanometer-size bcc iron particles imbedded in amorphous Al203 and Si02
matrices have been investigated by Mossbauer spectroscopy. Contributions from both core and surface
Fe atoms are observed in the Mossbauer spectrum. The Debye temperature in the core is seen to de-
crease dramatically: by more than 30% for particles smaller than 2 nm. This is good agreement with a
recent self-consistent Einstein-model calculation on the dynamics of small Fe particles. DifFerences in
results regarding the lattice spacing, however, suggest a possible role of the matrix in limiting lattice re-
laxation.

I. INTRODUCTION

An important area in the study of crystalline matter is
the transition region between atomic clusters (containing
a few tens of atoms) and bulk solids. In this intermediate
region, where crystal sizes are in the nanometer range,
the solid-state properties are dominated by surface, inter-
face, and finite-size effects. The crystalline lattice spacing
in small particles, for example, can be altered by surface
relaxation, stress, or strain. Similarly, the restricted
geometry of such systems can exclude long-wavelength
phonons and emphasize surface modes, leading to unusu-
al phonon spectra. These finite-size effects play
significant roles in determining the lattice dynamics,
melting behavior, and superconducting properties of
small particles. Despite strong efforts to understand and
document these and other effects, particularly for metal-
lic particles, the study of nanometer-size solids remains
an area where there is much to be explored.

In the case of the lattice dynamics, it has been shown
that an elastic-body model of small particles with surface
relaxation leads to a "softening" of the phonon spectrum
(a shift of the spectrum towards longer wavelengths). In
general, however, this kind of continuum model is ex-
pected to break down as the particle size becomes very
small and quantum size effects can no longer be ignored.
In that limit, successful models must take into account
the discrete nature of the particle structure.

Experimentally, the effects of finite size on the lattice
dynamics are difticult to observe. First of all, the fabrica-
tion of nanometer-size particles, their protection from re-
action with the atmosphere, and their dispersion into a
suitable matrix are challenging requirements. Addition-
ally, to accurately measure the signal from the particles
themselves, one must be able to extract the contribution
of interest from the often very large background due to
the matrix and other irrelevant phases in the specimen.
This is the main problem with using methods such as

heat-capacity measurements. The alternative is to use
methods that measure the atomic mean-square displace-
ment through a Debye-%aller factor, such as x-ray
diffraction ' or Mossbauer spectroscopy. In this respect,
Mossbauer spectroscopy is an ideal experimental too1,
since it only probes the local environment of the absorb-
ing nucleus, allowing a simple and direct comparison be-
tween atoms in bulk material and in small particles.
Changes in the Debye temperature of gold, tin, and
tungsten particles have been previously reported, ' al-
though the data is sparse and in some cases contradicto-
ry. In the case of Fe, Hayashi et al. , have used
Mossbauer spectroscopy to study the Debye temperature
of 6.6-nm particles bound in a matrix and found no
difference from that of bulk Fe. Thus much smaller par-
ticle sizes appeared to be a necessary requirement for the
possible observation of lattice softening effects in Fe.
%ith this in mind, we have examined by Mossbauer spec-
troscopy the thermal properties of ultrafine body-
centered-cubic (bcc) Fe particles in Fe-Si02 and Fe-A1203
granular materials. In this paper, we present experimen-
tal evidence for a dramatic decrease in the Debye temper-
ature (OD) for particles with sizes below 3 nm. This
effect is in good agreement with a recently published
self-consistent Einstein-model calculation of the mean-
square displacement of Fe atoms in nanometer-size bcc
particles, ' which we also briefly review.

II. THEORY

Since low-frequency phonons with half wavelengths
larger than the particle size are absent from free-standing
small particles, the Einstein model (where high-frequency
modes dominate) is used to evaluate the dynamical be-
havior of nanometer-size particles. The atoms within a
particle are assumed to interact via the Morse potential:"

v (x1 ) =D [ exp[ —2a(x 1
—ro)] —2 exp[ —a(x," ro)]]—
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D and a are material-specific parameters (obtained exper-
imentally from bulk measurements) that determine the
strength and range of the interaction, x," is the separation
between atoms i and j, and ro is the interatomic distance

l

that minimizes v(x,") for a two-atom system. The anhar-
monicity in v (x,. ) will result, at finite temperatures, in an
eQ'ective interatomic potential %';., which can be written
in the form

f ~«.v(IR; —R, +u; —u, I) exp —py-,'y. l~. l'
n n

f + d u„exp —p g —,
' p„u„~

(2)

where R,. represents the coordinates of the equilibrium
position for atom i, u; denotes the displacement from
that equilibrium position, P= 1/ks T, the angular brack-
ets represents thermal averaging, P„is the effective force
constant at site n, and the index n runs over all atomic
sites in the particle. Substituting (1) and (2), the effective
potential reduces to

4; =D; [exp[ .2a(R; ——r; )]—2exp[ a(R; —r; )]],— .

(3)

with

2

(p, '+p, ')

the atoms is then given by (u; &=1/PP;, which, when
averaged over all the atoms in the particle, yields
(u &=/, ' kT. The Einstein temperature Oz and the
Debye temperature OD are both related to the mean-
square displacement by

(ii2& oc cc
T T

O~ Qw

Thus, calculating [(u &„/(u &d]' using the Einstein
model yields Oz (d ) /OE ( 0D ), which is identical to
OD(d)/OD( oo ), the normalized Debye temperature as a
function of particle size. The results of these calculations
will be shown together with the experimental data.

R,, =/R, —R, /, III. EXPERIMKNTAI. METHOD

g V~ '0;J =0
J

and the definition

(4a)

4 =
—,
' XV~,.'p~j .

J
(4b)

Assuming a linear dependence of R; on the temperature
T, it can be shown that'

r; =ro+ (P,. '+P ') .
2

The two unknowns, P, (the effective force constant) and

R; (the equilibrium interatomic distance), are determined
self-consistently by the condition for minimum energy

In a Mossbauer experiment, one measures the recoilless
absorption of characteristic y rays by the nuclei of in-
terest within the sample (in this case Fe). At a given tem-
perature, the mean-square displacement (x & of the
Mossbauer atom in the y-ray beam direction determines
the fraction f of atoms that participate in the recoilless
absorption:

E', (x'&f=exp
(iiic )

where E& is the y-ray energy, A' is Planck's constant di-
vided by 2m, and c is the speed of light. In the harmonic
oscillator approximation, a Thirring expansion of (x
can be written, ' for high T, in terms of weighted mean
frequencies (or frequency moments) co( n ):

For a given lattice structure, R; ~z-=o can be found by
solving Eq. (4a). Substitution of Eq. (5) into Eq. (3) then
yields 4,"(P, , P ), enabling Eq. (4b) to be solved iterative-
ly by Newton's method. This results in a self-consistent
determination of [ P,. ], which in turn defines the dynami-
cal behavior of the atoms in the particle.

To study lattice softening in small Fe particles, we start
with the bcc structure of Fe and use the method de-
scribed above to obtain the effective force constants IP; J

as a function of particle size. For simplicity, the shape of
the particle is taken to be a cube whose volume equals the
volume of a sphere of diameter d. We used parameters
for the Morse potential that have previously been ob-
tained for bulk Fe." The mean-square displacement of

1 1

co2( —2) 12 kz T
L

4.

1 e (2)+.
72O k, r

where co(n)=[+,. b, co", ]'~", co,. are the no. rmal mode fre-
quencies, and I is the mass of the Mossbauer atom. In
the high-temperature limit

k~T
(x'& =

M ~~( —2)

Therefore, measuring f at high temperatures yields
co( —2), the ( —2) frequency moment of the phonon dis-
tribution. Assuming a Debye phonon distribution, this
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establishes a relation between f and the Debye tempera-
ture

—3Ey
1n(f)=

2 q
T+C

Mc k~OD
(T &O~/2), (10)

where C is a constant. On a typical plot of Mossbauer
data showing y-ray absorption versus shift velocity, f is
proportional to the area 2 under the absorption peaks,
thus d( lnf)/dT=d( in')/dT. For an Fe experiment,
this leads to

O~D- —11.6(d in'/dT) ~ (T&OD/2) .

Hence OD can be directly obtained from the slope of a
in'-vs-T curve, without the need to determine the abso-
lute value of f. The high-temperature requirement
( T & Si, /2) amounts to T & 200 K, since 0~ =400 K for
Fe. We must here mention that Debye temperatures ob-
tained from Mossbauer spectroscopy measurements (or
any given experimental method) are often slightly
different from those measured by other methods because
the measured quantity in each case results from a
different weight of the phonon distribution. In our case
OD may be thought of as a "characteristic Mossbauer
Debye temperature, "whose absolute value may be strict-
ly compared only to values also measured by Mossbauer
spectroscopy. If one does not want to assume a particu-
lar phonon distribution, then the experiment still mea-
sures changes in the fundamental quantities (x ) and
co( —2).

The samples used in this study are Fe-SiOz and Fe-
A1203 granular materials, containing weil-isolated Fe
particles with average sizes below 3 nm, smaller than any
other Fe particles used for lattice dynamics studies to
date. They were prepared by rf sputtering of composite
Fe-Si02 and Fe-AlzO3 targets onto Kapton and glass sub-
strates at ambient temperature, with 4 mTorr of argon as
the sputtering gas. Such materials have been used exten-
sively in recent years to study magnetism in small parti-
cles, ' and present several distinct advantages for use in
this study. First, the rigid amorphous Si02 or A1203 ma-
trix prevents any motion of the particles as a whole,
which can completely obscure the Mossbauer effect (see
discussion below). Second, they are structurally stable
well above room temperature, a necessity for obtaining
Mossbauer data in the high-temperature range discussed
above [in contrast with other small particle fabrication
techniques such as inert gas matrix isolation, where the
solidi6ed gas that forms the matrix must be kept at cryo-
genic temperatures; in such cases, structural determina-
tion by x-ray or transmission electron microscopy (TEM)
is also exceedingly difficult]. Third, and most important-
ly, each sample exhibits a narrow distribution of grain
sizes. The average size is dependent on the metal volume
fraction„ the substrate temperature, the sputtering gas
pressure, and the nature of the amorphous matrix. The
matrix also protects the particles from uncontrolled oxi-
dation once the samples are exposed to the atmosphere.

For our samples, TEM micrographs (Fig. 1) revealed
average diameters of 1.5 and 2.5 nm for Fe-Si02 with 15
and 30 vol% Fe, respectively, and 1.4 and 1.7 nm for Fe-

FIG. 1. Transmission electron micrograph of a Fe-Si02
granular material. The dark areas are crystalline Fe particles,
while the light areas are amorphous Si02. For this sample the
Fe volume fraction is 30%, with an average particle size of 2.5
nm.

A1203 with 18 and 35 vol% Fe, respectively. Although
TEM micrographs are very useful for determining the
average particle size, it is dificult to estimate from them
the separation between the particles. Not all the particles
on the picture are in sharp focus; consequently particle
images from slightly difFerent depths (with slightly
different focus) will seem to overlap when looking
through the samples. Instead, we also rely on the results
of numerous studies of percolation-related phenomena
(such as electrical conductivity and magnetic coercivity),
which show that the percolation volume fraction p, in

these granular systems is close to 60% (Ref. 15). The
present samples, whose volume fractions are between 15
and 35%, are thus well below this threshold and consist
of physically isolated particles. This microstructure is
fundamentally different than that of materials often re-
ferred to as "nanocrystalline materials. " Such materials
are usually single-element or alloy materials containing
high densities of defects, whose distinct properties come
from the fact that a majority of the atoms reside at grain
boundaries. ' These nanocrystalline materials have also
been the subject of Mossbauer spectroscopy studies. ' In
our granular Fe samples, the Fe nanocrystals are physi-
cally separated by the amorphous insulating matrix of
SiO2 or A12O3.

The bcc (a-Fe) structure of the Fe particles was
confirmed by 0-20 x-ray-diffraction analysis, which re-
vealed an unambiguous bcc pattern with considerable
finite-size broadening (Fig. 2). Thus, despite the very
small particle size, no structural transformation (to, for
example the face-centered-cubic y-Fe structure) is seen
in our samples. Rather, the bulk crystalline structure is
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FIG. 2. X-ray-diffraction pattern of a Fe35 i%-A1203 sample.
The pattern for bcc a-Fe is shown below for comparison.

retained. Of course, for atoms at the surface of particles,
a cubic metallic structure cannot be strictly maintained.
Thus we expect some interfacial Fe atoms to be in a high-
ly perturbed electronic environment (without cubic sym-
metry), or to be oxidized. Fortunately, those atoms have
distinct signatures in the Mossbauer spectra and can
therefore be excluded from the analysis.

IV. RESULTS

In Fig. 3 we show the Mossbauer spectrum of the
Fe30„,I%-SiOz sample (2.5-nm particles) at 4.2 K. A

broad, magnetically split six-line pattern is seen for this
and all other samples, with no evidence of a central
paramagnetic contribution. The width and slight asym-
metry of the lines attests to multiple contributions to the
spectrum. A good fit to this data (solid line in Fig. 3) is
obtained if one assumes two main contributions. One is
characterized by a magnetic hyperfine field (Hhr) close to
the bulk Fe value (330—350 kOe). The other has a higher
H„f(380—400 kOe), which can be interpreted as an oxide
and/or surface contribution. One must note that these
surface fields are still much smaller than the hyperfine
fields of either Fe203 (=530 kOe) or Fe304 (=475 kOe). '

Therefore extensive oxidation of the particle surface can
certainly be ruled out. The higher Hhf may also originate
from the reduced coordination number for surface Fe
atoms, which results in higher magnetic moments. This
phenomenon has already been observed in Fe thin films. '

The occurrence of superparamagnetic relaxation in
small particle systems is well documented. The parti-
cles in our samples are small enough that they contain a
single magnetic domain, and all display superparamag-
netic behavior above a blocking temperature Tz =150 K
(as measured by Mossbauer spectroscopy). Thus at room
temperature and above, magnetic hyperfine interactions
do not appear in the Mossbauer spectra of these samples.
In the absence of hyperfine splitting, metallic Fe atoms
(in a symmetric, cubic environment) yield a single unsplit
absorption peak. In contrast, any oxidized Fe, or highly
perturbed Fe near the surface, is also subjected to an elec-
tric quadrupole interaction and will give rise to a split
"doublet" peak. This fact enables us to distinguish be-
tween core and surface Fe atoms in our particles. As an
example, the Mossbauer spectrum of the Fe35 vo/%-A1203
(1.7-nm particles) sample at 300 K is shown in Fig. 4.
Similar spectra were obtained for all samples between 300
and 500 K, a region where the high-temperature approxi-
mation is clearly valid. The asymmetrical spectrum,
again, is indicative of multiple contributions. The line
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FIG. 3. Mossbauer spectrum of Fe30 ]%-Si02 (2.5-nm parti-
cles) at T=4.2 K. The fit (solid lines) assumes two contribu-
tions to the spectrum.

FIG. 4. Mossbauer spectrum of Fe35 ]% A1203 (1.7-nm par-
ticles) at T =300 K. Individual contributions to the fitted spec-
trum are shown above the data.



11 693METER-SIZE IRON PARTICLESLATTICE SOFTENING IN NANOM

due tocit side is sharp and is due

1 1 db 'd'positive velocity si

in of Lorentzian line s apes,
f 1 ttht

b
var free y,

trical. erestricted o
m cannot,p

py
s ectrum. a e,

fi d for variousresu lt in consistency of the te
in ad-. Itwas ed termined that,les and temperatures.

ru ole doublet contri-i io
'

le line, two quadrupo ed o o g e
necessary and su ciebutions were ne

at all temperatures.p

h h 'b

hxce11ent fit obtained The pan i
in consists o a cog' e', with an outer she o a

the relative) I i 1 fosymmetry (twoo doublets .
ortion of t e

Th
11the fact that for such sma gra

Th t hft (C,p

'bt d d 1

1S

Table I,doub1ets are shown ins (b, ) for the two ou
btained from sam-

splittings
onsistent fits are o ai

r shift
w ereh we see that consis

re is a srna ne11 egative center s i
metal-b 1kF)fo thth respect to

shift ise p
'

sam les. Although this shi
ex he center shift is sen-

11c e p
slgn1 can,
sitive to oc

th 1 ddensity at e
bo h of h

Ref. 3 for
C dA ' lofa

3+ h li "'d '"'f
Th h b

rFe;t us i
utionp nt in this form. ' e u

y g

+). I d d
as

11 higher than thoose of Fe
h t surface Fe atomms ex-

ica y
s has shown t at su

s close to
u ltrathin Fe films

qnd uadrupo e
what we find for C2 and 42. ow

0.6

0.4

0.2

0.0

o 02

i I

C3

Ct

I I II

—0.4
II 1

0.8
O
Q

~ 0.6—6
2

0.4
x

I0.2
300

I i i sI

I I
j

400
TEMPERATURE (K)

500

(b

tions to theC h three contnbutio)

p
llic Fe) site: e' gture.

en squares. u
of temper-15 o1%the two ou

least-squares fits toature. e. Th solidlines are eas-

a er to unambiguous ysl assign thescope 0
ecific surface an ortwo p

The smooth varia
'' tionoft e

re of any accurate fitting
5fo h F

p an e

ine the temperature
tures

t cularly instr

er
'

(SOD) contribu-
P o

d„Do 1 hf), the second-or er
hift has the formtion to the center s i

5E /E = (
—3k~ T ) /( 2Mc

de endence with slopear temperature depen e
F F h

d'nce '"d thu' th
7 0

m erature depen en
tof

tri ue
1 fiSOD co tribut o

our C data yields a slope, for t e s

s
' 6) for the three sitesnd uadrupole sp
'

s littings
article sizes.

LE I. Mossbauer parameters cen
h deof Fe granular mate

'
terials wit i

erature.
fitte od to the room-temper

are with respect to a- e a-F at room tempera uThe values of C are w1t re

Sample
(vol %)

Fe»(Sio2)»
Fe3Q(Si02) 7Q

Fe18(A12O3) 82

Fe35(A12O3)65

ave

{nm)

1.5
2.5
1.4
1.7

C1
(mm/sec)

—0.25
—0.26
—0.28
—0.28

C2
(mm/sec)

+0.15
+0.12
+0.12
+0.07

(mm/sec)

0.32
0.36
0.38
0.33

C3
(mm/sec)

+0.44
+0.43
+0.38
+0.32

(mm/sec)

0.77
0.77
0.66
0.66



11 694 CHILDRESS, CHIEN, ZHOU, AND SHENG

we and others have obtained for the center shift of a
six-line bulk Fe spectrum in the temperature range
300—500 K. This temperature range is actually on the
low side of the "high-temperature limit" (in this case
T ~ SD =400 K), resulting in a value slightly lower than
the theoretical asymptote. For the two doublet peaks,
the fitted slopes are ( —8.74+0.27) X 10 and
( —8.80+0.46) X 10 mm/sec K, also close to the
theoretical SOD contribution. Similar results are ob-
tained for all samples. This consistency of the fit parame-
ters over the whole temperature range provides addition-
al evidence that one singlet and two doublets give a very
good account of the data.

Once the fitting of all three contributions is complete,
we focus on the single line resulting from metallic cubic
Fe, which is the only contribution of interest, since only
such atoms can be compared to bulk metallic Fe. This
unique "finger printing" of the difFerent Fe contributions
in Mossbauer spectra allows the study of the lattice dy-
namics of metallic Fe only, by separately computing the
area under the fitted singlet line at each temperature
(shaded area in Fig. 4). Figure 6 shows a plot of the loga-
rithm of the spectrum areas for metallic Fe (each normal-
ized to the background count) versus temperature. For
comparison, we also show the result of similar area mea-
surements made on the six-line spectrum of a bulk a-Fe
film. As expected from Eq. (10), the data can be fitted to
straight lines, and the slope obtained by a least-squares
method is then used to compute the Debye temperature

1.00
I I 1

)
I I i I

[
I I I I

)
I I i i

)
I

( —6.34+0. 17)X 10 mm/sec K,
very close to the theoretical value above. In fact, it is
nearly identical to the value of

(
—6.5+0. 1)X 10 min/sec K

OD, as explained previously. We find that OD for bulk
a-Fe is 388+20 K, in good accord with previously pub-
lished results. However, for nanometer-size Fe, O~
sharply decreases with decreasing particle size to 344+16
and 259+18 K for 2.5- and 1.5-nm particles in Si02, re-
spectively, and to 264+16 and 251+6 K for 1.7- and 1.4-
nm particles in A1203, respectively.

V. DISCUSSION

In Fig. 7, we plot OD(d)/OD( ao ) vs particle size d for
theory and experiment. Both display the sharp decrease
of OD with particle size, in very good agreement. A de-
crease in excess of 30% for particle sizes near 1.5 nm has
been observed. To our knowledge, this is the largest de-
crease in Debye temperature observed in nanometer-size
particles by Mossbauer spectroscopy. It is also apparent
that, in our samples, it is the Fe particle size (and not the
matrix) that determines the observed reduction in OD.
One could argue, for example, that if the particle is tight-
ly bound to the surrounding matrix then the thermal
properties of the matrix may strongly influence the
thermal properties of the Fe grains. Both Si02 and A1203
have complicated thermal properties, but the Debye tem-
perature of the latter is significantly higher than that of
Si02, as indicated by specific heat measurements. In
that case, the Debye temperature of the Fe35 ]% A1203
sample would be expected to be higher than that of the
Fe30„,&%-SiOz sample. On the contrary, we find that the
reverse is true, with the larger particle sizes in the latter
sample resulting in a higher Debye temperature. Thus
the reduction in Oz is intrinsic to the small particles, and
not simply a reAection of the medium in which the parti-
cles are imbedded.

As the particle size is increased, 8~ rises rapidly. A
reasonable extrapolation of the experimental data would
result in the bulk value being reached for particle sizes
above 4 nm, which agrees with the earlier null result on

I I I I
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FIG. 6. Logarithm of Mossbauer absorption peak area, nor-
malized to its value at 275 K, vs temperature for bulk Fe and
for metallic Fe in granular Fe-Si02 and Fe-Alz03 materials with
di6'erent average particle sizes. The Debye temperatures OD are
computed from the slopes of the fitted lines. The uncertainty in
ln A /ln A(275 K) at each data point is approximately +0.01.

1 2 3 4

AVERAGE GRAIN SIZE d (nm)

FIG. 7. OD(d)/OD( ~ ) vs particle size d for our calculation
(open squares) and Mossbauer measurements (filled circles).
The uncertainty in the measurement on bulk a-Fe is indicated
on the dashed line.
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FIG. 8. Calculated (open squares) and measured (filled cir-
cles) change in the lattice constant ha/ao of bcc Fe plotted as a
function of inverse particle size 1/d. The solid line connects
calculated points.

from the calculation are shown in Fig. 8, along with the
lattice constants measured in our samples. The latter
were obtained from 8-28 x-ray diffraction, by measuring
the position of the bcc [110] peak. Experimentally, we
find a smaller expansion, on the, order of 1.4%%uo for the
1.4-nm particle, compared to the calculated result of
about 2.5%%uo. Thus it appears that the presence of the ma-
trix limits the relaxation process expected in free-
standing small particles. The matrix, on the other hand,
does play a positive and necessary role: "Freely
dispersed" Fe particles, not bound in a rigid matrix, do
show a large decrease in the apparent Debye tempera-
ture. This effect, however, is attributed to vibration or
rotation of the particles as a whole, which obscures any
reduction of OD truly due to finite-size effects. Conse-
quently, the use of Mossbauer spectroscopy to study phe-
nomena intrinsic to the finite size must in most cases be
restricted to bound particle systems. Therefore a calcula-
tion similar to ours, but including boundary conditions
that simulate the effect of the matrix, although not yet
available, would be of great interest.

VI. CONCLUSIONS

6.6-nm particles. ' Unfortunately, it is not possible in
our case to fabricate samples covering this whole range of
particle sizes, without either significantly widening the
size distribution or obtaining a split spectrum due to the
increased superparamagnetic blocking temperature. We
also note that the sharp dependence of OL, on the particle
size observed experimentally is somewhat less pro-
nounced in our calculated results. As has been discussed
in earlier studies, the rigid matrix (not taken into ac-
count in our theoretical treatment} is capable of
significantly altering the lattice dynamics of ultrafine par-
ticles. It may, in this case, play a role in determining the
exact behavior of OD as a function of particle size.

Further evidence for the important role played by the
matrix is found in results obtained on the crystalline lat-
tice spacing. The lattice spacing ao as a function of parti-
cle size d is calculated by determining the atomic separa-
tion, which minimizes the total energy [Eq. (4a)]. Results

In conclusion, careful Mossbauer-spectroscopy mea-
surements on Fe-Si02 and Fe-A1203 granular materials
indicate a dramatic decrease in the Debye temperature of
metallic Fe at the core of nanometer-size bcc particles.
The magnitude of the decrease, in excess of 30%%uo for par-
ticles around 1.5 nm in diameter, agrees very well with
results from a self-consistent Einstein-model calculation
using the Morse interaction potential. Results on the
corresponding lattice spacings, however, suggest an im-
portant role for the binding matrix in limiting lattice re-
laxation in the particles.
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