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The mean-square vibrational amplitude and isomer shift of gold atoms in small particles of gold metal
embedded in gelatin were investigated by the Mossbauer effect. Nine samples with average particle diameters
of 30-170 A were examined, three of which (31, 52, and 168 A) as function of temperature. All samples
showed different, but positive, isomer shifts with respect to bulk gold without an apparent correlation with the
particle size. At 4.2°K the Mossbauer fraction shows no significant difference with bulk gold, whereas at
higher temperatures the M0Ossbauer fraction decreases more rapidly when the particle size becomes smaller.
This temperature dependence is analyzed within the framework of the Debye continuum theory of lattice
vibrations, which is a good approximation in case of bulk gold. It is shown that neither the application of a
low-frequency cutoff on the phonon spectrum, nor the contribution of surface and edge modes or an
independent treatment of bulk and surface atoms gives a satisfactory explanation of the observations, but, that
the vibration of the particle as a whole has to be taken into account, which overshadows possible size effects.

I. INTRODUCTION

Recently the properties of small particles have
attracted much interest. New phenomena can be
expected when the dimensions of the systems be-
come comparable with the characteristic wave-
lengths of particular physical properties. One
of the properties where changes can be expected
is the phonon spectrum, and one of the experi-
mental methods, which give information on the
phonon frequency distribution is the Mdssbauer
effect (ME). The intensity of M&ssbauer absorp-
tion is proportional to

fo(T) = exp(= 47%(x%) . /2%) 1)

where f,(7T) is the probability for recoilless ab-
sorption (the Mdssbauer fraction) at temperature
T, (x%), the mean-square vibrational amplitude
of the absorbing nucleus at temperature 7 and 2
the wavelength of the absorbed radiation.

A sizable number of papers has reported on a
study of the phonon spectrum of small particles
with the Mdssbauer effect, but until now no con-
sistent picture emerges. Marshall and Wilen-
zick! measured the ME of gold particles with an
average diameter of 60 and 200 A. For the 60-A
particles an increase in f,(7) was found compared
with bulk gold, which these authors attributed to
a low-frequency cutoff in the phonon spectrum.

It is noteworthy that at that time no accurate ex-
perimental measurement of £, (7) in bulk gold had
been made. Roth and Horl® measured the ME

in 30-A tungsten particles suspended in frozen
organic solvents and found at 78 °K a decrease in
f, compared with the bulk value. Susdalev, Gen,
Goldanskii, and Makarov® studied tin particles

in paraffin with diameters between 1550 and 250

A and found f, decreasing with decreasing particle
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size. Bogomolov and Klushin* measured the ME
of tin in porous glass with a pore diameter of 70 A.
At temperatures below 100 °K f, was found to be
larger than in bulk tin, but at higher temperatures
f, was smaller than the bulk values at correspond-
ing temperatures. However the values of f,(7T)
for bulk tin, given by Bogomolov and Klushin,
differ considerably from the very accurate mea-
surements by Hohenemser,® which makes the
reliability of their data questionable. Akselrod,
Pasternak, and Bukshpan® measured the tempera-
ture dependence of the ME of small (45 A) tin
particles embedded in amorphous SnO. The tem-
perature gradient of f,(7) was found to be slightly
larger than in bulk tin. These authors apparently
have not corrected for any saturation effect in the
measured absorption intensity presumably be-
cause the absorbers used were very thin. It is
important to note, however, that an absorber
thickness of 1 mg/cm? of natural tin at 77°K
already leads to a line shape, which when fitted
with a Lorentzian gives an absorption area 7%
smaller than without saturation. Neglect of such
effects can easily lead to apparent changes in
the Debye temperature of the same order of mag-
nitude as found by Akselrod ef al.® Thus the con-
flicting results of the ME experiments are partly
due to unreliable data, but sample preparation
may also have effects on the results.” Further-
more the role of the medium, supporting the
particles, has not been discussed, although con-
siderable differences in MG8ssbauer fraction were
recently found for thin films of tin on different
substrates.®

In this paper we report a ME study of micro-
crystals of gold embedded in gelatin. This matrix
is well suited to prepare high concentrations of
particles with a narrow size distribution. In
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Sec. II we give a survey of various models, which
can be used to describe the effect of particle size
on the phonon spectrum and present the results of
a number of calculations. Much effort has been
put in the preparation of well-defined samples.
These are described in Sec. III together with the
measurement techniques. The results are dis-
cussed in Sec. IV where we conclude that the ma-
trix supporting the particles has to be taken into
account.

II. MOSSBAUER SPECTROSCOPY AND THE PHONON
SPECTRUM

In the harmonic approximation the probability
for recoilless absorption is given by Eq. (1). For
a monoatomic lattice with a distribution g(w) for
the phonon frequencies one gets®

mh 1
fa(T)_e}(p[— mhz EN

<[ )], @

where m is the atomic mass, & the Boltzmann
constant, % Planck’s constant, and N is the num-
ber of atoms in the lattice.

In the Debye continuum theory g(w) of a cube
with edge L is given by*°

3L® , 9L* 3L
g(w)—?c-?w +Ww+§?. 3)

Here c is an average sound velocity. The first
term in the right-hand side of Eq. (3) represents
the contribution of the bulk phonons, the second
term the surface modes, and the last term the
edge modes. In bulk the first term on the right-
hand side of Eq. (3) dominates and is the only one
retained. In this approximation there is an upper
limit w,, for the phonon frequency given by

w3 =3Nmc3/L?, 4)

because of the normalization condition
[ swav=3n, 5)
0

where N is the number of atoms in the cube. The
maximum phonon frequency is usually expressed

in an equivalent temperature, the Debye tempera-
ture ©,:

O,=fw,/k. (6)

Expressing L in ©, with help of Eqgs. (4) and (6),
g(w) is given by

g(w)=(INZ3/R*03)w? (0<Aw<kO,). 7
Using this expression for g(w) in Eq. (2) one ob-

tains
o3
11)=e% |- 55
472 9%/ T xax
(e F) @

It is customary in M&ssbauer spectroscopy to use
this expression to calculate an effective Debye
temperature ©% from f,(7)."* If g(w) deviates
from the Debye spectrum, as is generally the
case, ©% is temperature dependent. In that case
©% also differs from ©§ determined from specific-
heat measurements, because both methods mea-
sure different moments of g(w). For bulk gold,
however, the temperature dependence of ©% as
well as the difference between ©% and 0§ is
small.’? In fact, the temperature dependence of
the M0Ossbauer fraction is very well reproduced
by Eq. (8) with ©,=168°K (see Fig. 7).

In case of small particles an obvious change in
the phonon spectrum g(w) compared with bulk ma-
terial will be a low-frequency cutoff w,. The
longest possible wavelength is of the order of the
particle dimension L. If the boundaries of the
particle are assumed to be at rest, w, is given by

wy=mc/L. (9)

The normalization condition Eq. (5) now becomes
f g(w)dw=3N, (10)
“r

resulting in a high-frequency cutoff w, given by
wh=wd+wl, (11)

where w,, is given by Eq. (4). Expressing w, and
w; in the equivalent temperatures @, and ©, the
phonon frequency distribution is given by

oNEe [ 1
(w)=—< >w2 kO, <Ttw <kO),
o 7 \eg-ey ) *Or "

(12)

with g(w) given by Eq. (12) the M&ssbauer frac-
tion is given by

R 3(0%-62)
fi(T)=e [_ s
a P =2z k(0% - 09

y (1 4712 feH/T xdx>]
+ .
Oy - 0% e,/r ¢~-1

(13)

In general, ©, <0, and f,(7) is, without loss of
accuracy, given by Eq. (8) if we replace the lower
limit in the integral by ©,/7. Using Eq. (13)
f.(T) was calculated for a number of values of ©;.
The results are given in Fig. 1. The most con-
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spicuous changes are an increase of f,(7) with in-
creasing ©; and a smaller temperature gradient
at low temperatures with increasing ©;. How-
ever, when L is small it is no longer allowed to
neglect the contribution of surface and edge modes
to g(w), as we have done until now, and we show
that this has important consequences for f,(T).
Substituting Eq. (3) into Eq. (2) one obtains

2

fa(T)=exp< . 3N[A+B(T)+C(T)+D(T)]>
(14a)

where

9 /o
2 2 H
A= 4k® 7T On - O+ ez 4ke2 (©4-0)+ gz 1In <®L>

(14b)
37 Ou/T xdx
B(T)=— T2 -, (14c)
() o3 e, /7 €-1
97 Oy/T dx
C(T)—%%Tf%m S (14d)
9 Ou/T (1/x)dx
D) =56, Jo,/r -1 (4e)
and the normalization condition gives
O)
3N= g(w)dw
“r
3 2 9
263 (o3~ QL)+802 ©3% L)+4G) (04-0;).
(141)

In Fig. 2 we give f,(T) calculated with Eq. (14a)
for various values of ©;. It is seen that the in-
clusion of surface and edge modes in the calcula-
tion of f,(T) leads to a decrease of the M&ssbauer
fraction at low temperatures with increasing 9,,
contrary to the results given in Fig. 1.

In the foregoing we have used an average sound
velocity ¢ and therefore through Eqgs. (4) and (9)
average cutoff frequencies. However different
modes may have different velocities. For instance
Love'® has calculated the maximum wavelength x,,
in a free elastic sphere of diameter d for rotary
and radial vibrations and found d/x,,=1.8346 and
0.8160, respectively. For Rayleigh surface modes
one finds C;=0.9149C,, where C, is the velocity
of bulk transverse waves.!* Maradudin ef al.®
calculated for edge modes C;=0.9013C,. Further
reductions in the velocities of sound waves can be
expected as a result of a weakening of binding
forces for the surface atoms. Consequently the
low-frequency cutoff should be different for bulk,
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FIG. 1. Temperature dependence of the Mossbauer
fraction f, according to the Debye theory [Eq. (13)]
with application of different low-frequency cutoffs on
the phonon spectrum, expressed in equivalent tem-
peratures ©;. Oy was taken to be 170 °K.

surface and edge modes. In comparing calculated
and measured values of f,(7T) a further limitation
lies in the assumed cubic shape of the particles.

A more serious objection against using the for-
mulas derived above is the fact that we have cal-
culated an average vibrational amplitude which is
taken the same for all atoms. In fact we have as-
sumed that every vibrational mode contributes to
the amplitude of every atom. Suzdalev ef al.® and
later Akselrod ef al.® have circumvented this
problem by assigning different MGssbauer frac-
tions f 2 and f; to bulk and surface atoms, re-
spectively. In that case

PNT)=af B(T) + (1- a)f §(T), (15)

where « is the fraction of bulk atoms. For gold
this approach is supported by low-energy-electron
diffraction measurements of Kostelitz and
Domange.*® These authors find for the surface
atoms an effective Debye temperature of ©5
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FIG. 2. Temperature dependence of the Mossbauer
fraction f, according to the Debye theory including sur-
face and edge modes [Eq. (14)] for different values of
the low-frequency cutoff temperature © ;. © ; deter-
mines also the relative contribution of the surface and
edge modes. Oy was taken to be 170 °K.

=83 °K, which means that at 7<«< ©, the mean-
squared vibrational amplitude of these surface
atoms is two times that of bulk atoms.

III. EXPERIMENTAL DETAILS AND RESULTS

A. Sample preparation

The chemistry of hydrosols (colloidal disper-
sions of solid in water) has been studied exten-
sively.!” A hydrosol of gold can be prepared by
striking an electric arc between gold wires under
water or alternatively by reduction of an aquaous
solution of auric chloride AuCl,". The second
method allows a better control of particle size.
For this method the competing processes of nu-
cleation and epitaxial growth have been investi-
gated by Turkevich et al.'®* These authors found
that depending on the nature of the reducing agent
and the relative abundance of auric chloride either

nucleation or growth is favored.

Coagulation of the gold particles is prevented by
a layer of chloride ions on the surface of the parti-
cles.’® The particles then behave like large nega-
tive ions and can only exist in very dilute solution.
Stabilizers, like gelatin, replace the charged
layer on the surface. After such protection of the
sol the water can be removed resulting in a high
concentration of gold particles. The samples
studied in this work have been prepared using as
reducing agent either a saturated solution of phos-
phorus in ether or a sodium citrate solution. To
prevent the presence of trace impurities, which
cause uncontrolled nucleation, a 1-1 glass vessel
was cleaned first with aqua regia, then with a
detergent, and finally rinsed with distilled water.
An 800-ml solution of auric chloride acid con-
taining about 30 mg gold was made neutral with
potassium carbonate and under vigorous stirring
the reducing agent was added. Dropwise addition
of 5 ml of the phosphorus solution over half an
hour at room temperature yields an average parti-
cle diameter of about 60 A. Rapid addition favors
nucleation above growth and the resulting particles
have a diameter of about 30 A. To remove the ex-
cess phosphorus the solution is boiled for 3 h after
addition of 0.5-g gelatin. Particles with an aver-
age diameter of 150 A were prepared with 100 ml
of a 1% sodium citrate solution as reducing agent.
The nuclei formed at room temperature grow to
their final size of approximately 150 A when heated
for 2 h at 80°C. After this the gelatin is added.

In order to remove impurities, especially chlo-
ride ions, which may still be bound to the surface
of the particles, two techniques were used: (i)
dialysis with 3-in. cellulose tubes, and (ii) ion
exchange with a mixed bed ion exchange resin.
The latter method results in a complete removal
of all ionic substances. Both techniques were
carried out after the gelatin was added and did not
affect the particle size distribution as measured
with an electron microscope.

The solutions were dehydrated in a rotating film
evaporator and put in Lucite pill boxes. The sam-
ples contained approximately 8-at. wt% of gold.
After all measurements were carried out the gold
content of the samples was determined by atomic
absorption. In Table I the preparation and purifi-
cation treatments and the gold content of the sam-
ples are given.

B. Particle-size determination

A probe of each sample was examined with a
Philips EM201 electron microscope. Fig. 3 shows
an electron micrograph of sample 4 deposited on
carbon coated formvar. The size distribution of
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each sample was determined by measuring the
diameter of some 500 particles on similar micro-
graphs. For samples 1, 2, and 3 histograms of
the particle size distributions are given in Fig. 4.

The measured MOssbauer absorption is essentially

a sum of the contributions of all individual atoms,
therefore an effective average particle size
should be used, obtained by weighting the number
of particles of given diameter with the corre-
sponding particle volume. Actual and volume
weighted average diameters are given in Table I.
For samples 1 and 2 we have determined the
coherence length for Bragg diffraction of Cu (K@)
xX-rays by measuring the width of the Bragg
peaks.?® This method is used often to determine
average particle sizes.” The results, given in
Table I, differ considerably from the particle
size measured with the electron microscope.
There are two possible explanations for this: a
gradient in the lattice constant, as found from
molecular dynamic calculations carried out by
Burton,?! or a multiply twinned structure, which

has been observed for gold, evaporated on cleaved
rocksalt® and mica.?®* Multiple twinned structures

in gold particles, prepared as described above,
were recently observed in our institute by
Perenboom.?*

C. Mossbauer measurements

The parent nucleus for the 77-keV Mdssbauer
transition of !°"Au is !*Pt, which has a half-life
of 18 h. For our experiments °“Pt sources were
made by neutron irradiation of !*°Pt during 24 h
in a flux of 2 X 10'* neutrons cm™?sec™. Two sam-
ples of platinum enriched in '°*Pt were used:
38-mg Pt, enriched to 55% in '°°Pt and 43-mg Pt
enriched to 46% in '°°Bt. Besides 7Pt other
radioactive isotopes are formed in the reactor.
The most important of these is !°°Au with a half-

v s g8 @ g8 Y @ ¥ .. ® s ~
e 2¢u. %000 0,00 0 0, ..
e 0%, o [ @y . e
o g * .. * [ .‘l ) ® o ‘e
100 0 8 g 10 R et sel
9 ea o008% -t s % ® o
te. 0 0%, "0 00, o, &
] o e ® Va0 04 0
L4 cgt o . L ] ® L}
. 9, .. Y 0o, o *"0g o [ ]
) L] ees® "o -O. s 0@ e g & o
. \ ] Py L L] e @ L ] ‘e .
. *08.% 0 4 "0 ® o 0® ", s 0
] ‘. Ry e ® @ o \J *eo ‘...
L] o 0%0,% @' s 8 0, "0, .05
se _©® ® . ™ .Q. o Oy [ ] [ ]
.. LX J . '...’ e [ ] ° .9,
i ° * 9 ‘.. ® N Y s® g . ‘e L XY
L *, e ™ e @ )
* . PEIEY SO BT X se @ °
O g8 1, e 0 sgetee %e.0
% ........‘.. L T N ;
- .
0 %% o e, 0% o g0 e,
» . 0® % 0,%, 56 0a e -t
0.1 Fm

FIG. 3. Electron micrograph of the gold particles in
sample 4.
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FIG. 4. Size distribution histograms of sample 3
(31 4), sample 1 (52 &), and sample 2 (168 A).

life of 3.15 days. For the 38-mg source for in-
stance, the activities of °"Pt and °°Au at the end
of the irradiation are ~190 and ~15 mCi, respec-
tively.

For the M0Ossbauer experiments the source is
mounted together with the absorber in an insert
for a liquid-helium cryostat. The source is fixed
to a stainless-steel tube connected to an electro-
mechanical drive on top of the cryostat. A mirror
on the other side of the drive forms part of a
Michelson interferometer used to measure the
velocity. The source is moved periodically in a
constant acceleration mode: the velocity changes
in a triangular way. The absorber is thermally
isolated from the helium bath and can be heated
to ~100°K. The temperature is measured with a
germanium sensor and the stability was better
than 0.05°K. Velocity and intensity of radiation,
transmitted through the absorber, are measured
simultaneously and stored in the memory of a
multichannel analyzer, running in the time mode.
For the detection of the y rays we used the inte-
grating counting technique described earlier.?®
This method results in short measuring times and
enabled us to measure at eight different tempera-
tures with one source.

With the integrating counting technique no ener-
gy discrimination is made except for the energy
dependent efficiency of the thin (2 mm) NaI(Tl)
crystal, used as detector. Because of the differ-
ent half-lives of Pt and '°*Au the fraction of
197Au 77-keV y rays in the measured intensity
decreases with time. This time dependence was
determined by measuring at regular intervals the
spectrum of a gold foil, or, in case of tempera-
ture dependent measurements, by measurements
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FIG. 5. Mossbauer spec-
tra of a 99-mg/cm? gold
sample 3 42°K foil at 4.2°K and micro-
( L2 ) crystal sample 3 at 4.2
99.5 and 40°K. The drawn line
is a least-squares-fitted
Lorentzian.
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at 4.2 °K, alternating with the measurements at
higher temperatures.

The intensity variation (0.5%) due to the changing
distance between source and absorber (solid angle
effect) is of the same order of magnitude as the
intensity of the M8ssbauer absorption. Although

VELOCITY (mm/sec)

this can be taken into account when fitting the
spectra, better results are obtained when this
baseline curvature is removed by normalizing
with a “spectrum” taken without absorber. As
explained in Ref. 25 the relative M&ssbauer ab-
sorption intensity is determined by comparison
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with the baseline curvature.

After normalization the spectra are fitted with
a Lorentzian. To illustrate the quality of the data
we give in Fig. 5 the spectra of sample 3 mea-
sured at 4.2 and 40 °K and of a annealed gold foil
(99 mg/cm?) measured at 4.2 °K with the same
source. The line position of the small particle
samples with respect to this gold foil is given in
Table I. In the spectra there is no indication of
broadening other than caused by saturation ef-
fects, except for sample 1 where an asymmetric
line shape was observed, see Fig. 6.

The MUssbauer absorption measured is the sum
of contributions of individual atoms and the effec-
tive M8ssbauer absorber thickness T, is given by®

(18)

where o is the resonance cross section and 7, the
number atoms per unit area. The transmission
of the absorber is an exponential function of T,.
For a discussion of the relation between T, and
the measured absorption area we refer to the ex-
tensive literature on saturation effects.?®
taken saturation into account by calculating the
theoretical line shape®” for different values of T,
and fitting these line shapes with a Lorentzian.
Thus the relative (Lorentzian) absorption area
was obtained as function of T,. This curve was
calibrated with the gold foil of known density. In
this procedure we assumed, that the fraction of
T77-keV MOssbauer radiation, contributing to the
detector current, is independent of the absorber.
This means that the differences in nonresonant
absorption are neglected. This is justified be-
cause the largest contribution to the detector

T,=nyf,0,

We have

current comes from the 77-keV M&ssbauer transi-
tion and from Pt and Au x rays in the same ener-
gy range. To check this, samples 3 and 4 as well
as the gold foil were measured together with a
quadrupole split Au(IlIl) compound. The absorption
lines of this compound are sufficiently separated
from the single gold line to allow direct compari-
son of the absorption areas. The effective thick-
ness T, determined in this way agrees within ac-
curacy (+2%) with that obtained by the first method.
From the values of T, at 4.2°K, f, was derived
using the known value'? of o and the measured n,,.
The results are listed in Table I. Errors given
are based on the statistical accuracy of the data
involved. Systematic errors in f, may result
from slight dehydration of the gelatin, which re-
sults in a shrinking of the sample, and from in-
homogeneous packing. The latter may be caused
by the thready nature of the gelatin.
Temperature-dependent measurements were
carried out on samples 1, 2, and 3. For each
temperature the absorption area was converted
to an effective thickness T, in the way described
above. The temperature dependence of f, nor-
malized to unity at 4.2 °K is given in Fig. 7. Sys-
tematic errors due to inhomogeneous packing and
shrinking are thus eliminated. Also given in Fig.
7is f,(T)/f,(4.2°K) for bulk gold as measured by
Erickson ef al.'?

IV. DISCUSSION
A. Phonon spectrum

It appears from the results listed in Table I,
that there is no clear correlation between the

r
2 100.0F
o
z
5
é FIG. 6. Asymmetric ab-
o . .
o sorption line shape of
SOmPle 1 42°K sample 1. The spectrum
(62 A) was fitted with two Lorent-
zians, from which the ab-
sorption area was deter-
mined.
99.0
1 1 1 1 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 [} 3 8 10

VELOCITY (mm/sec)
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FIG. 7. Observed temperature dependence of the
Mossbauer fraction f, relative tof, at 4.2°K. -+, bulk
gold Ref. 12; ®, sample 2 (176 A); A, sample 1 (62 A);
B, sample 3 (42 fk). The solid curves are least-squares
fits to the experimental points using Eq. (22) (model D).
In this model the particles are vibrating as a whole with
an Einstein frequency © gz, which is the only free para-
meter in the fit. The vibrations within the particle are
described by a Debye spectrum [Eq. (7)], with ©p
=168 °K, the value of bulk gold.

Mé&ssbauer fraction at 4.2 °K and the average parti-
cle diameter. In fact if we average all measured
values of f, we find f,(4.2 °K) =18.8%, very close
to the value of 18.90% found for bulk gold at
4.2°K.'? Thus it can be concluded that at 4.2 °K
the MOssbauer fraction of small gold particles in
gelatin is not much different from bulk gold. The
temperature dependence of f, on the other hand is
clearly correlated with particle size. Any valid
explanation of the temperature dependence should
result in a value of f,(4.2 °K) close to the bulk
value.

We have tried to fit the measured values of
£.(T)/f,(4.2 °K) with the three models treated in
Sec. II. These are the following:

(a) A Debye frequency distribution, Eq. (8). The
only free parameter in the fit was ©,. The best
fits are plotted in Fig. 8 together with the mea-
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FIG. 8. Least-squares fits to the experimental points.
®, sample 2 (176 ,&); A, sample 1 (62 f&); ®, sample 3
42 A). (A) using the Debye theory [Eq. (8)] with ©p as
free parameter. (B) using the Debye theory including
surface and edge modes [Eq. (14a)] with © and Oy as
free parameters. (C) summing the independent contri-
butions of the surface and bulk atoms [Eq. (15)] with
O™ o™, and a as free parameters.

sured points. The corresponding values of ©, are
listed in Table II together with the MGssbauer
fraction at 4.2 °K calculated with the parameters
of the best fit. It is clear from Fig. 8 that the
single Debye model cannot reproduce the observed
temperature dependence. Moreover the calculated
Md&ssbauer fraction at 4.2 °K is too low.

(b) No appreciable improvement is obtained
when we use Eq. (14) even though we have now two
free parameters ©, and ©,. See curve B in Fig.
8. In fact the calculated temperature dependence
is practically equal to that found with Eq. (8). The
parameters corresponding with the curves B in
Fig. 8 are given in Table II.

(c) Allowing different vibration amplitudes for
bulk and surface atoms by using Eq. (15) with a
F3(T) and f5(T) given by Eq. (8) with different
©,, excellent fits to the measured f,(T) are ob-
tained. See Fig. 8, curve C. In the fit three free
parameters were used: @, O3 and ©%'¥, The
results are given in Table II. Apart from the fact
that o is rather small the calculated value of
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TABLE II. Results of least-squares fits to measured
temperature dependence of the Mossbauer fraction of
samples 1, 2, and 3.

Model A ©p £y 4.2°K) e
Eq. (8) (°K) %)
Sample 3 (42 A) 123 9.8
Sample 1 (62 &) 128 10.7
Sample 2 (176 &) 148 14.5
Model B @L ®H fa (4.2 OK)Calc
Eq. (14a) (°K) (°K) (%)
Sample 3 (42 1§) 2.6 129 10.5
sample 1 (62 4) 2.6 133 11.4
Sample 2 (176 A) 2.8 154 15.2
Model C oyt Oft £ (4.2°K) .
Eq. (15) a (°K)  (°K) (%)
Sample 3 42 A)  0.28 148 78 5.8
Sample 1 (624)  0.37 150 87 7.8
Sample 2 176 &)  0.22 153 51 3.7
Model D 6z fa (4.2 °K)eare
Eq. (22) (°K) (%)
sample 3 (42 &) 3.1 16.1
Sample 1 (62 A) 1.9 16.4
Sample 2 (176 A) 0.65 17.0

£, at 4.2°K is much too low. If ©3"* and O3 are
fixed at 168 and 83 °K, respectively, good fits can
still be found, but no appreciable increase in f,
is obtained.

We conclude therefore that none of the models
used gives a satisfactory explanation of the mea-
sured f,(T).

In the foregoing discussion we assumed, in line
with general practice, that only vibrations within
the particle contribute to the vibrational amplitude
of the gold atoms. Vibrations of the particle as a
whole are assumed to be negligibly small because
of the large mass of the particle. On the other
hand the opposite approach has been used for
molecular crystals.?® In these crystals molecules
are bound by van der Waals forces, that are weak
compared with intramolecular forces and the
Mossbauer fraction is dominated by the vibrations
of the molecular units as a whole in spite of their
larger mass. It is illustrative to consider a
harmonic oscillator with frequency

w=(q/m)'?, (17

where ¢ is the binding force constant and m is the
mass of the vibrating particle. The mean-square
vibrational amplitude is given by®

7 2
<x2 :m—w (W + 1> . (18)
For T=0
(¥ =1 /2mw=%1(1/qm)"'?, (19)

and it is clear that in molecular crystals the effect
of the large molecular mass can be compensated
by a weaker binding force. For the small particles
investigated by us the mass is two orders of mag-
nitude larger than the mass of molecular unit and
one may assume that (x®),_; is indeed very small.
But at the same time w [Eq. (17)] is reduced and
consequently the exponential in Eq. (18) becomes
more important at lower temperatures.

In molecular crystals intermolecular vibrations
are of the order of 100 °K whereas the mass is
typically 3-10 times the mass of the Mdssbauer
nucleus. Assuming similar binding forces one
estimates the vibration frequency of a particle
with 10°-10* atoms to be in the order of (1-10) °K.
For kT>3rw, {x*) is given by

®)=kT/q, (20)

and independent of the mass. Thus at very low
temperatures the large mass causes such a small
vibrational amplitude of the particle that f,(7)
atthese temperaturesis mainly determined by the
vibrations within the particle, but at only slightly
higher temperatures the vibration of the particle
as a whole results in a considerable decrease

of the MOssbauer fraction.

The gold particles investigated by us are bound by
van der Waals forces to the gelatin matrix. Be-
cause the average distance between the particles
is large compared to their diameter, vibrational
coupling between the particles can be neglected.
The vibration is then best described by a localized
mode, so that the Einstein model is applicable.
Furthermore we assume that there is no coupling
between this Einstein mode and the phonons in the
particle. Then

<x2>10[ = <x2>part + <x2>|att ’ (21)

where (¥2),,;; is the mean-squared vibrational amp-
litude of the particle as a whole and consequently

fatot =fapartfalan . (22)
fPtis given by
’ n? 1 2 ) ]
part _
Ja (T)“e"p[zmxz %6, <exp(®E/T)— i)+!

(23)

as follows by substituting Eq. (18) into Eq. (1),
with ©, = 7iw/k the Einstein temperature.
We applied Eq. (22) to analyze the measured tem-
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perature dependence of f,. For f' Eq. (8) was
used with ©,, held at 168 °K, the value found for
bulk gold.** The only free parameter in the fit is
Oy of Eq. (23). For m the mass corresponding
with the effective average diameter was used.

The values of Oy, that gave the best fit are listed
in Table II, model D, and the calculated tempera-
ture dependence is plotted in Fig. 7. In view of the
fact, that only one free parameter is used, the fits
are excellent. Moreover the values of ©; are of
the order of magnitude, derived above, and the
absolute Mdssbauer fraction calculated with these
values agrees reasonably with the measured
values (Table I). If @, is also taken as a free
parameter, the fits are not significantly improved.
Similarly, if for f** Eq. (14a) is used with ©, and
©, as free parameters, no significant improve-
ment is found, in agreement with the results of
fits A and B.

B. Isomer shift

The isomer shift is proportional to the electron
density at the nucleus. According to Thomson
et al.”® addition of one 6s electron results in a
shift of + 8 mm/sec. From Table I no simple
correlation between isomer shift and particle size
can be derived, except that all samples have a
shift, positive with respect to bulk gold. As no
line broadening is observed, the electron den-
sity at the nuclei is the same for surface and inner
atoms.

Schroeer” has correlated the isomer shift with
lattice contraction using two samples of same
average size, but giving different isomer shifts.
The lattice contraction was determined from the
displacement of x-ray Bragg diffraction peaks.
This procedure has recently been questioned by
Briant and Burton.?® The shifts observed by us
are of the same order of magnitude as those of
Schroeer.”

V. CONCLUSION

We conclude that to explain the temperature de-
pendence of the M3ssbauer fraction of gold micro-
crystals as well as its value at 4.2 °K it is neces-
sary to take into account the vibration of the
particle as a whole. This has implications for the
study of the phonon spectrum of small particles
by means of the MGssbauer effect, because the
vibration of the particle as a whole overshadows
possible size effects and if the particles are bound
more tightly the nature of the surface will be
affected. Motion of the particles does not affect
the Debye-Waller factor for neutron or x-ray
diffraction, so that these methods are more
suitable for the study of the phonon spectrum of
small particles. Such methods applied to 107-A
lead particles in porous glass® and 234-A gold
particles in an Argon matrix® indicate an in-
crease in vibrational amplitude of the atoms.

The importance of the binding of small particles
for the M&ssbauer effect was earlier pointed out
by van Wieringen.®® In fact van der Giessen,
Rensen, and van Wieringen®* found a large dif-
ference in temperature dependence of the MOss-
bauer fraction of *"Fe in small particles of FeOOH
in a gel and dried. Thus it appears that the Moss-
bauer effect of small particles can be used to
study binding to the medium containing the particles
rather than the particles themselves.
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FIG. 3. Electron micrograph of the gold particles in

sample 4.



