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Abstract

Ag nanoparticles of 2.8–7 nm mean size were fabricated in soda-lime glass of varying iron oxide content by Naþ/Agþ

ion exchange and subsequent thermal treatment. Fe2þ ions have been identified as reducing agent for Ag ions by

analysis of the X-ray absorption near edge structure at the Fe K-edge and of the extended X-ray absorption fine

structure (EXAFS) at the Ag K-edge. EXAFS analysis accompanied by electron microscopy investigation has shown

that crystalline Ag particles in glass with high content of iron oxide (0.865% Fe2O3) exhibit a lattice dilatation. Fur-

thermore, the calculated data demonstrate that with decreasing particle size lattice disorder and anharmonic effects, and

hence also the thermal expansion coefficient, increase. This size effect is more distinctly pronounced for glass samples of

reduced thickness as well as upon gradual thermal treatment applied for particle preparation. The results indicate

substantial influence of the surrounding glass matrix on formation, structure and thermodynamic properties of Ag

particles.

� 2003 Elsevier B.V. All rights reserved.
PACS: 61.10.)I; 61.16.)d; 61.46.+w; 61.43.)j
1. Introduction

Silicate glass containing metal nanoparticles

was investigated in the previous century mainly

because of the specific optical absorption (see for

example [1–3]). Recently, the preparation and
characterization of such composites has been fur-

ther stimulated by peculiar non-linear optical
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properties, especially an increased third-order

susceptibility, making such glass a promising

candidate for application in integrated optics and

photonics [4–6]. Previous studies indicated that the

optical properties of nanoparticle/glass composites

strongly depend on the morphology, mean size,
size distribution and concentration of the embed-

ded nanoparticles as well as their interaction with

the host matrix [7–9]. Therefore, different prepa-

ration methods like ion implantation [10,11],

ion exchange [12,13], reducing atmosphere treat-

ment [14], ion irradiation [15,16], electron irradi-

ation [17], laser irradiation [18], co-sputtering of
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metal–glass targets [19] and sol–gel technique [20]
have been used to fabricate specific configurations

of nanoparticles in glasses. Formation and struc-

tural characteristics of nanoparticles were mainly

studied by transmission electron microscopy

(TEM) and high resolution electron microscopy

(HREM) [21], optical absorption spectroscopy

and time-resolved photoluminescence [22], Fou-

rier transform infrared spectroscopy [23], X-ray
photoelectron spectroscopy [24] and X-ray ab-

sorption spectroscopy [25–27].

Ion exchange and subsequent thermal treatment

near the glass transformation temperature is an

easy and efficient technique to achieve metal

nanoparticle formation in glass, but the long-

standing problem of the relatively broad particle

size distribution restricts the application in actual
devices [13]. In addition, the nature of the inter-

action between precipitate and glass matrix across

the common interface is not well understood [28].

This is a general problem for all composite mate-

rials. Our recent investigations by HREM and

extended X-ray absorption fine structure (EXAFS)

spectroscopy have shown that the mechanical state

of Ag nanoparticles in soda-lime glass is sensitively
reflected by their structure, which allows one to

draw conclusions on the process of particle for-

mation [26,29–31]. It was found that the content of

iron oxide strongly influences the concentration

of precipitated particles. In addition, it could be

demonstrated that the size distribution of particles

as well as the spatial distribution of mean particle

size in the glass are important for the interpreta-
tion of structural data determined by EXAFS

spectroscopy.

Therefore, the present work is aimed at ob-

taining Ag nanoparticles of narrow size distribu-

tion and reduced mean particle size in glass of

varying composition. That should allow a deeper

insight into the interaction between the nanopar-

ticles and glass matrix, and on the particle for-
mation process, i.e. Ag/Na ion exchange followed

by appropriate thermal processing. To this pur-

pose, glass samples of reduced thickness have been

used and a gradual thermal processing has been

applied. Investigation of Ag incorporation into the

glass network has been carried out by X-ray ab-

sorption spectroscopy analysis of both, XANES
and EXAFS spectra. From EXAFS spectra
structural information on the local environment

like coordination number and species surrounding

a detected atom, the interatomic distance r, the

mean-square relative displacement r2, being the

so-called Debye–Waller factor, and the mean-cu-

bic relative displacement C3 [26,32–34] have been

derived. Furthermore, Debye temperature and

thermal expansion coefficient (TEC) of Ag nano-
particles have been calculated from cumulant

parameters of temperature-dependent EXAFS

measurements [34–38]. XANES spectra have been

used to extract information about valence states

and coordination environment of existing Fe spe-

cies [39,40]. The effect of the Fe ion content on the

formation of Ag nanoparticles has been discussed

based on XANES and EXAFS analyses. The
Einstein temperature and TEC of Ag nanoparti-

cles embedded in glass have been calculated and

compared to previous results.
2. Experimental

Slide samples of two types of soda-lime glass of
0.16 mm thickness were prepared by grinding and

polishing: glass 1, a conventional soda-lime glass

containing 0.13 wt% Fe2O3, and glass 2, so-called

green glass (Flachglas AG, Germany) containing

0.865 wt% Fe2O3. The respective glass composi-

tion is shown in Table 1. In all cases, the float glass

surface that contains tin ions owing to the glass

fabrication process has been removed by the
grinding procedure before Ag doping by ion ex-

change. The glass slides were immersed in a molten

mixture of NaNO3 and 0.05 wt% AgNO3 held at

330 �C for different durations. Under these con-

ditions the Agþ/Naþ exchange ratio is 6%. After

cooling down to room temperature (RT) the ion-

exchanged samples were subjected to thermal

processing in air at different temperatures for
varying duration as specified in Table 2. The long

duration of ion exchange and the small thickness

of the slides should enable a homogeneous distri-

bution of Ag species throughout the glass. While

Ag nanoparticle formation in samples 1a–1c and

2c was induced by a single annealing, a two-step

annealing procedure was applied to samples 2a



Table 1

Glass composition (in wt%)

Glass SiO2 Na2O CaO MgO Al2O3 K2O BaO TiO2 SO3 Fe2O3

1 72.6 14.37 6.18 4.06 1.54 0.64 – – 0.4 0.13

2 71.87 13.3 8.69 4.15 0.59 0.31 0.01 0.079 0.148 0.865

Table 2

Preparation conditions

Sample Ion exchange Annealing

Duration (h) Temperature

(�C)
Duration

(h)

1a 310 – –

1b 310 480 120

1c 310 600 168

2a 382 380 432

600 97

2b 429 380 810

480 384

2c 426 410 459
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and 2b to achieve a more narrow Ag particle size

distribution. Conventional TEM by means of a

JEM 1010 operating at 100 kV was used to de-

termine the particle size. More than 200 particles

were processed to establish the particle size dis-
tribution in each case. The electron optical mag-

nification used was 50 000 or 100 000. Application

of a cross-section preparation technique allowed

one to monitor the particle size variation through-

out the glass.

Ag K-edge (25.514 keV) EXAFS and Fe K-edge

(7.112 keV) XANES spectra were measured at

beamline X1 and E4 of HASYLAB (Hamburg,
Germany) in transmission mode, utilizing Si(3 1 1)

and Si(1 1 1) double-crystal monochromator, re-

spectively. The energy resolution of the experi-

ments was DE=E ffi 2:5� 10�4. Harmonic rejection

was achieved by detuning the monochromator

crystals between 40% and 50%. While the Fe K-

edge XANES spectra of the glass samples have

been measured at liquid nitrogen or RT, the Ag K-
edge EXAFS spectra of Ag foil and Ag-containing

glass were systematically measured in the temper-

ature range from 10 to 300 K using a liquid helium

vapour flow cryostat equipped with an electric

heater. The temperature was monitored by a

thermocouple mounted on the sample holder. In
addition to the spectra measured at the various
glass samples, X-ray absorption spectra of bulk

metal foils of Ag and Fe as well as of crystalline

iron(II) sulphate (Fe2SO4) and iron(III) oxide

(Fe2O3) were measured for reference purposes.
3. Data analysis

For analysing the Ag K-edge spectra, the pro-

gram package UWXAFS 3.0 [36] was used to

extract the EXAFS oscillation, vðkÞ, from the raw

X-ray absorption. This EXAFS function vðkÞ, is
given by

vðkÞ ¼ lðkÞ � l0ðkÞ
Dlð0Þ ; ð1Þ

where lðkÞ is the X-ray absorption coefficient,

l0ðkÞ is the background absorption and Dl(0) is

the jump at the edge step. The photoelectron wave

number k is defined by the relation

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meðE � E0Þ=�h2

q
; ð2Þ

where E is the incident photoelectron energy, E0 is

the absorption edge energy, 2P�h ¼ h is Planck�s
constant and me is the electron mass. The AU-
TOBK code was used to remove the background

from the data obtained by X-ray absorption

spectroscopy. The first derivative of the Ag foil

spectrum measured at 12 K was tentatively chosen

to calibrate the Ag K-edge energy. The vðkÞ
functions were weighted by k2 and subsequently

Fourier-transformed into the real space using a

Hanning window function. The k range used for
the Fourier transformation was 2.6–18.6 �AA�1 for

the Ag foil and 2.6–16 �AA�1 for the glass samples.

In the real space, the fit range is 1.6–4 �AA in each

case. The experimental EXAFS oscillation vðkÞ,
and the corresponding Fourier transform FT, were

fitted by means of theoretical phase and amplitude

functions based on FEFF7.1 [36]. A more detailed
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representation of the data evaluation can be found

elsewhere [26,41].

From the fit procedure of the Ag K-edge spec-

tra parameters were obtained that characterize the

local environment of Agþ ions inside the glass

network as well as the structure and thermal vi-

brations of Ag atoms in nanoparticles. These pa-

rameters include the interatomic distance r, the
Debye–Waller factor r2, the coordination number

N , and the third-order cumulant C3 in dependence

on the measuring temperature. The Debye–Waller

factor represents the mean-square relative dis-

placement of interatomic distances of neighbour-

ing atoms. The mean-cubic relative displacement

C3 is associated with an asymmetric distribution of

bond distances resulting from anharmonic vibra-
tions which can be correlated to thermal expan-

sion.With rðT Þ, r2ðT Þ and C3ðT Þ the linear TEC a
was calculated by using an anharmonic Einstein

model and thermodynamic perturbation theory

[35,37] according to

a ¼ C3

rTr2

3zð1þ zÞ lnð1=zÞ
ð1� zÞð1þ 10zþ z2Þ ð3Þ

with z ¼ expð�HE=T Þ. Here HE ¼ �hx=kB repre-

sents the Einstein temperature, with kB being the

Boltzmann constant. In the calculations C3 was set

to zero for the spectra of Ag foil measured at 12 K
and was fitted for all other spectra. This approxi-

mation can be used since the thermodynamic pa-

rameter of silver foil is about 0.2� 10�6 K�1 [42]

at this temperature and decreases strongly for

decreasing the temperature towards 0 K. That

means, anharmonic vibrations and thermal ex-

pansion show a similar behaviour. For the Ein-

stein model, the thermal expansion vanishes
exponentially with decreasing temperatures. That

gives not the correct temperature dependence near

the zero point [37], but the resulting discrepancies

can be neglected with respect to the uncertainty of

calculated parameters (see Section 4.2.2). It should

be noted here that the evaluation of the TEC by

means of the temperature-dependent Ag–Ag dis-

tances rðT Þ determined from the EXAFS data
currently does not yield precise results because of

two reasons [26,38]. At first, the precision is lim-

ited by the accuracy of the determination using the

linear term in the EXAFS phase [38]. The second
point is the influence of vibrational disorder per-

pendicular to the observed Ag-Ag pair in EXAFS

analysis as proposed by several authors [43–45].

That gives temperature-dependent corrections of

bond lengths which need to be calculated by the-

oretical models. For those reasons in the present

work the anharmonic Einstein model was used to

evaluate the thermal expansion of nanoparticles.
The application of further experimental techniques

like temperature-dependent diffraction experi-

ments requires the examination of the accuracy for

the specific case.

If there exists static structural disorder, i.e. a

deviation from crystalline order in the bulk of the

face centered cubic (fcc) Ag lattice, e.g., at the

interface of Ag nanoparticles to the glass matrix,
the experimental Debye–Waller factor of the first

Ag–Ag coordination sphere can be represented as

superposition of a static part r2
s and a dynamic one

r2
d according to

r2 ¼ r2
s þ r2

d: ð4Þ
To separate the temperature-independent contri-

bution r2
s characterizing the static disorder, and

temperature-dependent Debye–Waller factor r2
d

describing the harmonic lattice vibrations, the

modified Einstein model can be used to calculate

r2
d [46]:

r2
d ¼

�h2

2mrkBHE

ð1þ zÞ
ð1� zÞ ; ð5Þ

where mr is the reduced mass of the Ag–Ag pair.

Thus, besides the usual temperature dependence,
the experimental Debye–Waller factor depends on

r2
s and HE only which can be calculated by means

of the above equations.
4. Results

4.1. XANES at Fe K-edge

The Fe K-edge spectra of Fe foil, FeSO4 and

Fe2O3 were measured as reference for Fe0, Fe2þ

and Fe3þ, respectively, to estimate the valence state

of Fe ions in glass. The normalized XANES

spectra at the Fe K-edge of FeSO4, Fe2O3 and the

glass samples 1 and 2 are shown in Fig. 1(a) and
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Fig. 1. Normalized Fe K-edge XANES spectra of (a) glass

samples 1 and (b) glass sample 2c in the untreated, ion ex-

changed and annealed state, respectively, always together with

the spectra of FeSO4 and Fe2O3.
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(b). Table 3 lists the Fe K-edge positions in these

samples as taken at the half height of the edge.
This way of recording the XANES parameter to

characterize the valence state of Fe ions involved

has been chosen since the reference and the glass

samples exhibit rather different spectral features in
Table 3

Fe–K edge position

Sample FeSO4 Fe2O3 Glass 1

(base

glass)

Glass 1a (after

ion exchange,

310 h)

Fe K-edge

position (eV)

7109.5 7112.6 7111.0 7113.6
both, the pre-edge and the edge region. Before
being subjected to ion exchange, both glass sam-

ples, 1 and 2, exhibit a Fe K-edge position com-

parable to that of the reference compounds.

Already after Ag doping by ion exchange they

exhibit a certain shift of the Fe K-edge. Annealing

near the glass transformation temperature TG
(480–600 �C) causes for both glass samples a fur-

ther, but smaller shift as can be seen from Table 3.

4.2. EXAFS at Ag K-edge in glasses

4.2.1. Glass 1– conventional glass

Fig. 2 shows the Fourier-transformed EXAFS

oscillations measured at the Ag K-edge of glass

samples 1a–1c containing only 0.13% Fe2O3, upon

Agþ/Naþ ion exchange at an exchange ratio of 6%,
where 1a is the one without thermal treatment

while 1b and 1c have been annealed at 480 and 600

�C, respectively. The Fourier-transformed curve

represents a modified radial distribution of neigh-

bours around an absorbing atom, i.e. the peaks

reflect various coordination spheres of Ag–O, Ag–

Ag and Ag–Si pair correlations. Hence, it is pos-

sible to retrieve the coordination spheres of Ag
species from the spectra. Fitting, as shown for

example for sample 1a, has been done by using the

program FEFF 7.01. The first two peaks, marked

Ag–OI and Ag–OII correspond to the first and

second Ag–O coordination sphere, while the third

peak marked Ag–AgI corresponds to the first Ag

coordination sphere. The first Ag–O pair correla-

tion dominates the spectra irrespective of the ion
exchange ratio which has only minor effect on the

peak structure. For a detailed discussion of the

glass structure and the correlations of the various

constituents see [47]. From Fig. 2 it becomes clear

that even in the glass samples annealed at 480 and

600 �C only a slight increase of the Ag–Ag pair
Glass 1c (after

annealing)

Glass 2

(base

glass)

Glass 2 (after

ion exchange,

426 h)

Glass 2c (after

annealing)

7114.2 7111.8 7113.4 7113.8
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Fig. 2. Fourier transforms of Ag K-edge spectra of glass

samples 1a–1c with 6% ion exchange ratio. The dotted line

shows a fitted spectrum (sample 1a) calculated by FEFF 7.01.
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correlation due to Ag nanoparticle formation is

observed.

4.2.2. Glass 2 – green glass

The EXAFS oscillations of the Ag foil as well as

glass samples 2a–2c exhibit distinct changes with

temperature as it is shown in Fig. 3(a)–(d). It is

quite obvious that with increasing temperature the

spectra exhibit amplitude reduction and phase

delay being due to the enhancement of the mean-

square and cubic relative displacements. The
Fourier-transformed spectra of glass samples 2a–

2c for 12 K measuring temperature are shown in

Fig. 4 together with curve fitting (dashed lines) by

the UWXAF 3.0 program assuming Ag nanopar-

ticle sizes of 7.0, 4.0 and 2.8 nm for glass samples

2a, 2b and 2c, respectively. These are the mean

particle size values as determined by TEM. By

comparing Figs. 2 and 4 it may be recognized that,
in contrast to the situation of sample 1 with low Fe

content, the Fourier-transformed spectra of sam-

ples 2 are clearly dominated by the Ag–Ag pair

correlations owing to the distinctly larger concen-

tration of Ag nanoparticles. The peak positions
marked are quite according to those seen in Fig. 2,
i.e. the first one is attributed to the first Ag–O

coordination sphere, while the following 4 peaks

correspond to the first up to the fourth Ag–Ag

coordination spheres. This allows one to study

structural and thermodynamic parameters of Ag

nanoparticles by employing the fitting and model

calculations as outlined above.

Structural parameters as the Ag–Ag distance r,
the mean-square relative displacement r2, and the

mean-cubic relative displacement C3, calculated in

dependence on the measuring temperature for the

first Ag–Ag coordination sphere of the Ag foil and

glass samples 2a–2c are shown in Fig. 5(a)–(c). The

nearest neighbour distance Ag–Ag increases with

increasing temperature due to thermal expansion

of both, the Ag foil as well as Ag nanoparticles,
but the starting point and degree of increase differ.

Samples 2a and 2b exhibit larger values of r at all
temperatures; however, sample 2c does not deviate

much from the bulk behaviour. Thus, there is ap-

parently an increase of the interatomic distance in

samples of increasing particle size, but because of

their different thermal history a direct relation

cannot be concluded. Fig. 5(b) shows that the low-
temperature value of the mean-square relative

displacement r2 increases with decreasing particle

size. This behaviour indicates an increasing degree

of static disorder for smaller particles owing to

their enhanced proportion of surface atoms which

also is demonstrated by the calculated values of

the static part of the Debye–Waller factor r2
s

shown in Table 4. While the static part of the Ag
foil is zero, the static part derived for the glass

samples increases considerably with decreasing

mean particle size. The temperature dependence of

r2 as described by the Einstein temperature rep-

resents the degree of dynamic disorder owing to

thermal lattice vibrations. Fig. 5(c) finally shows

the mean-cubic relative displacement C3, reflecting

the anharmonic vibrations of the samples in de-
pendence on the measuring temperature. Here an

increase with decreasing mean particle size may be

recognized that becomes the more pronounced the

higher the temperature. The parameter uncertainty

of the displayed values amounts to Dr ¼ 0:0003
nm, Dr2 ¼ 0:00001 nm2 and DC3 ¼ 2� 10�8 nm3,

respectively.
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Besides r2, Table 4 comprises also further pa-
rameters derived from the analysis of EXAFS

spectra: the mean particle size and corresponding

geometric standard deviation from TEM mea-

surements, the Ag–Ag coordination number, the

Einstein temperature, the Ag–O distance and Ag–

O coordination number. The accuracy of the cal-

culated Ag–Ag and Ag–O coordination numbers

amounts to about 10%. The Ag–O distance has
been calculated to 0.215 nm in agreement with the

values obtained for glass samples containing

preferentially ionic species of Ag, but the coordi-

nation numbers are distinctly smaller (1–1.5) than

the reference values (2–2.5) [41,47], the larger the

Ag nanoparticles in the annealed glass samples are.

The coordination numbers derived from EXAFS
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Table 4

Particle sizes from TEM experiments and parameters from EXAFS analysis

Sample Mean particle

size d (nm)

Geometric

standard de-

viation of d
(nm)

Ag–Ag co-

ordination

number

Einstein

temperature

(K)

r2
s (10�2 nm2) Ag–O dis-

tance (nm)

Ag–O coor-

dination

number

Ag foil – – Set to 12 165 0 – –

2a 7.0 1.35 3.8 163 0.0003 0.2150 1.0

2b 4.0 1.38 2.5 162 0.001 0.2148 1.5

2c 2.8 1.51 2.0 155 0.0025 0.2154 1.4
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data must be considered as average values, which

are sensitively influenced by the occurence of an

oxygen-free environment of Ag species, i.e. the

formation of nanoparticles. The Ag–Ag coordi-
nation number, as compared to the value of 12 for

the Ag foil, has been found distinctly smaller in the

glass samples because of the missing Ag–Ag co-

ordination of ionic Ag species, which only have
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oxygen environment, and because of the reduced
Ag coordination of atoms situated in the particle

surface. Since the proportion of surface atoms in-

creases with decreasing size, this effect is more

pronounced for smaller particles.

The temperature dependence of TEC as calcu-

lated by an anharmonic Einstein model is shown in

Fig. 6 for Ag foil and the glass samples. For

samples 2b and 2c with 4.0 and 2.8 nm mean
particle size a considerable enhancement of TEC
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values by about 20–50%, in particular near RT,
has been obtained. However, for the TEC values

of sample 2a with 7.0 nm mean particle size nearly

no change has been found within the experimental

accuracy as compared to the Ag bulk value. As an

example, Fig. 7 shows the size distribution with

log–normal curve fit of Ag nanoparticles in sample

2c as determined by TEM. For the samples with

larger particle size, i.e. 2a and 2b, the corre-
sponding size distribution becomes narrower as a

result of the two-step thermal treatment.
5. Discussion

5.1. Ag ion reduction and particle formation

The first step of Ag nanoparticle formation in

glass being Ag doped by ion exchange is the re-

duction of Agþ ions, what may be achieved by a

number of processes [48]. In our glass samples

polyvalent Fe ions are considered to act as re-

ducing agent. To confirm this process, valence

state changes of Fe ions during reduction must be

detected. The measured absorption spectra of Ag
doped glass samples do not show detectable effects

at the Ag K-edge upon thermal treatment aimed at

Ag nanoparticle formation. For Fe ions, however,

it is well known that the K-edge excitation energy

shifts linearly with the valence state due to a

changing number of screening electrons [49]. It

should be mentioned here that structural changes

like modifications of bond length, coordination
geometry or electronegativity of neighbours may

cause an additional energy shift. The Fe K-edge

position of the as-received glass is comparable to

that of the reference compounds in accordance

with the valence state ratio Fe2þ/Fe3þ determined

by optical spectroscopy of 50/50 and 26/74 for

samples 1 and 2, respectively [41]. The shift of the

Fe K-edge position, as observed upon Ag doping
by ion exchange at 330 �C and furthermore upon

Ag nanoparticle formation by annealing at tem-

peratures between 380 �C and 600 �C, indicates
that Agþ ion reduction by changing the Fe2þ ion

valence state may occur during both proce-

dures. The formation of Ag particles, that can be

monitored by optical spectroscopy and electron
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microscopy, is usually expected in a temperature
range well above 400 �C. However, fluorescence

measurements revealed thermally induced reduc-

tion of Agþ ions already at temperatures as low as

350 � C for samples of glass 1 [50] and recently the

formation of rather small Ag particles in samples

of glass 2 has been observed just after ion ex-

change without annealing at higher temperatures

[51]. These results and the shift of the Fe K-edge
after the ion exchange demonstrate that already in

this low-temperature range most of the silver ions

are reduced to neutral atoms and small aggregates

of silver are formed, i.e. silver clusters or nuclei of

crystalline particles. Of course, these species are

not visible in TEM experiments. Depending on the

Ag concentration and the exchange conditions, the

formation of a few detectable particles is possible
as shown in [51]. Thus, we may distinguish two

temperature ranges, namely, a low-temperature

range of about 300–400 �C in which Ag atoms

form and aggregate so as to nucleate nanoparti-

cles, and a high-temperature range above 400 �C
and around TG in which particle growth predom-

inates.

As can be seen from Fig. 1, the Fe K-edge po-
sition of both glass samples after ion exchange and

annealing is found at higher energies than that of

the Fe2O3 reference, although all Fe ions of the

latter are in the valence state 3+. This behaviour is

caused by differences in the structure of the first

coordination sphere of Fe ions in both materials.

The glass samples exhibit a shorter Fe–O distance

and a more regular oxygen environment of Fe
species than the reference [41]. Higher valence

states than 3+ are not to be expected. The total

shift of the Fe K-edge induced by ion exchange

and Ag precipitation amounts to 3.2 eV for glass 1

and 2.0 eV for sample 2c. Considering the above

mentioned valence state ratio of Fe species in both

glasses and the corresponding edge positions of the

reference materials one may calculate a total shift
of the absorption edge due to the oxidation of

Fe2þ to Fe3þ being 6.4 eV for glass 1 and 8 eV for

sample 2c. These values were calculated under the

assumption that after the final thermal treatment

of each sample approximately all Fe ions are oxi-

dized to the 3+ state. The data are comparable to

the results of previous studies on Fe containing
pyroxene (NaFeSi2O6) minerals and glass materi-
als [39]. Hence, the reduction of Ag ions by means

of Fe2þ may be assumed to proceed in both glass

samples according to

Fe2þ þAgþ ! Fe3þ þAg0: ð6Þ
Because of the small amount of iron oxide in glass

1, even at an Agþ/Naþ exchange ratio of 6% the

concentration of Fe2þ is much less than that of

Agþ. Thus, only a relatively small number of Ag
particles can be formed and the Ag–O pair corre-

lations of ionic Ag incorporated in the glass net-

work predominate the Fourier transform of

EXAFS spectra. On the other hand, the samples of

glass 2 contain such a high amount of the reducing

agent Fe2þ that a strong enhancement of the Ag

particle concentration results and thus the Ag–Ag

pair correlations predominate the Ag K-edge
EXAFS spectra. Therefore, these samples are well

suited to study the behaviour of Ag nanoparticles

in glass over a broad range of temperatures by

X-ray absorption spectroscopy.

5.2. Thermal expansion and lattice vibrations

Depending on the different annealing condi-
tions the ion-exchanged samples of glass 2 contain

particles of 2.8, 4.0 and 7.0 nm mean size corre-

sponding to a ratio of the numbers of surface at-

oms to total atoms of 0.45, 0.33 and 0.21,

respectively. As can be seen from Fig. 6 the anal-

ysis of Ag K-edge EXAFS spectra yields TEC

values which distinctly deviate from the bulk value

(Ag foil), in particular at temperatures above 50 K,
if the mean particle size is smaller than 7 nm, or

the proportion of surface atoms larger than about

20%. The calculated TEC bulk value for RT of

1.70� 10�5 K�1 is consistent with reference data

evaluated by thermodynamic methods [42]. The

TEC of sample 2c with 2.8 nm mean particle size

amounts to 2.76� 10�5 K�1 at RT. This is almost

the same as the one reported for a glass sample
with Ag nanoparticles of 3.2 nm mean size [31],

but somewhat larger than that of 2.5 nm sized

particles in glass [26], both results being derived

from similar EXAFS analyses. To understand this

discrepancy, one must consider the width of size

distribution which, besides the mean particle size,
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influences sensitively the result of the analysis
being of average character only. The size distri-

bution of sample 2c exhibits a log–normal shape as

shown in Fig. 7. The distribution of the 2.5 nm

mean size particles [26] is distinctly broader since

glass slides of 0.30 mm, instead of 0.16 mm as in

the present study, have been used. The distribution

of the 2.5 nm mean size particles [26] is distinctly

broader since glass slides of 0.30 mm, instead of
0.16 mm as in the present study, have been used

where under the conditons applied silver ions do

not reach the centre of the sample. Hence, nano-

particles of quite different concentration and size

are formed near the glass surface and the centre,

respectively. Differences in the distribution width

of particle sizes also result from variations of the

thermal processing. By gradual annealing in two
steps (one at 380–410 �C and a second at 480–600

�C) a more narrow size distribution of approxi-

mately Gaussian shape has been achieved for the

previously studied 3.2 nm mean size particles [31]

as well as for the present samples 2a and 2b as can

be seen from Table 4 (cf. standard deviations).

Thus, it cannot be excluded that a comparable

proportion of surface atoms is present in the
samples of 2.8 and 3.2 nm mean particle size what

may cause a comparable deviation from the bulk

value of TEC. However, this size effect appears less

pronounced for wider size distributions as that of

the 2.5 nm mean size particles [26].

EXAFS studies on isolated Ag nanoparticles of

only 1.3 nm mean size have been reported to yield

a TEC value of 10.4� 10�5 K�1 [52]. This ex-
traordinary high value most probably is caused by

the even higher proportion of surface atoms of

about 0.75, but also by the minor interaction to

the silica substrate. Likewise, a strong influence of

the particle environment has been observed for the

Debye–Waller factor. The increase of r2 with de-

creasing particle size, as shown in Fig. 5(b), is

mainly caused by the enhanced portion of surface
atoms which is reflected by the static part r2

s of the

mean square relative displacement. By fitting the

temperature dependence of the experimental

Debye–Waller factor for the first Ag–Ag coordi-

nation sphere using a modified Einstein model, the

static contribution and Einstein temperature can

be separated. This static part, being zero for the
Ag foil, increases with decreasing particle size (see
Table 4). The temperature-dependent dynamic

part r2
d, represented by the Einstein temperature

HE, characterizes the vibrational state of Ag at-

oms. It decreases only slightly with size for the Ag

nanoparticles in samples of glass 2 from 163 K for

sample 2a with 7 nm mean size to 155 K for

sample 2c with 2.8 nm mean size which is 10 K

below the bulk value. The asymmetric vibrations
of surface atoms obviously weaken by interaction

with the surrounding glass matrix. For isolated Ag

nanoparticles of 1.3 nm size, however, a Debye–

Waller factor increasing distinctly more with

temperature and a HE of only 114 K have been

reported [52].

5.3. Variation of interatomic distances

The interatomic distance of samples 2a and 2b

with 7.0 and 4.0 nm mean size of Ag nanoparticles,

as determined by EXAFS analysis of Ag–Ag pair

correlations of the first coordination sphere in

dependence on the temperature, are situated dis-

tinctly above the bulk value (i.e. that of the Ag

foil). Only sample 2c always exhibits values near to
that of the bulk (see Fig. 5(a)). This behaviour

cannot be explained by a simple relationship be-

tween particle size and interatomic distance. De-

viations from the nearest-neighbour distance of

the bulk fcc lattice of Ag may occur because of

several reasons: (i) particle formation at elevated

temperatures gives rise to stress developing during

cooling down to RT because of thermal expansion
mismatch of Ag and the glass matrix, (ii) small

particles usually are in a size-dependent state of

stress owing to their surface curvature and (iii) a

modified distance is assumed on average for atoms

situated at the very surface of particles since they

have an incomplete or even no lattice environment.

The first contribution, uniform stress arising

upon cooling to RT, is proportional to the differ-
ence in thermal expansion of glass and embedded

particles [53]. With the TEC of the investigated

glass being 8� 10�6 K�1 at RT [54] and of the Ag

nanoparticles as determined by EXAFS analysis

(see Fig. 6) to 2.7� 10�5 K�1 (sample 2c),

2.0� 10�5 K�1 (sample 2b) and 1.72� 10�5 K�1

(sample 2a), respectively, the resulting stress
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clearly is tensile. Consequently, a lattice dilatation
is to be expected as it has previously been found in

similar green glass samples by EXAFS analysis

[26,29–31]. Besides the thermal expansion mis-

match, this dilatation depends on the cooling

range, i.e. the difference between annealing tem-

perature and RT. The second contribution may be

described by a Laplace-type equation [55]

f ¼ 3RDa=2aj; ð7Þ

where f is the surface stress or interface stress (for

particles embedded in a matrix), a is the bulk lat-
tice parameter, j is the compressibility, a is the

deviation from the bulk lattice parameter and R is

the particle radius. Depending on the strength of

interaction across the interface, the stress state

of nanoparticles may be compressive or tensile,

leading to size-dependent lattice contraction or

dilatation [21,28–30]. Our recent HREM lattice

analysis revealed a dilatation for Ag nanoparticles
in green glass [29,30] which should be caused by

several effects. The third contribution is due to

edges, corners, surface steps, kinks and vacancies

leading to a changed packing of surface atoms as

compared to the particle interieur. This behaviour

is the more pronounced the larger the proportion

of surface atoms is. Very small Ag particles or

clusters that contain about 100 atoms or less fre-
quently exhibit non-crystallographic packing of

atoms [56]. This characteristic can be considered as

static structural disorder. However, a measurable

effect should result only for extremely small par-

ticles of very small size distribution.

While the second contribution to the variation

of interatomic distances clearly results in an in-

crease or a decrease with decreasing particle size,
the first one indirectly is size-dependent, since not

only the cooling range is involved, but also the

thermal expansion of the particles, whose size de-

pendence has been discussed above. The inter-

atomic distances derived from the spectra analysis,

as shown in Fig. 5(a), exhibit the largest increase

for sample 2a, a lesser increase for sample 2b and

no distinctly pronounced increase for sample 2c.
The tensile stress resulting from thermal expansion

mismatch should be larger in sample 2b and even

more in sample 2c than in sample 2a since the in-

crease in thermal expansion with decreasing par-
ticle size overrides the simultaneous decrease in
cooling range. This discrepancy may be attributed

to size-dependent changes of the elastic behaviour

of small metal particles which have not been con-

sidered here since there are no data available up to

now. Furthermore, a size-dependent strength of

adhesion between particles and matrix may be

assumed, such that the interfacial attraction de-

creases with decreasing particle size. This will re-
sult in a reduced mediation of the tensile stress to

smaller particles and hence lesser changes of the

interatomic distance occur. Both issues need to be

treated in the frame of thermoelastic modeling of

the processes of stress build-up and stress relief

during particle formation.
6. Conclusions

The formation of Ag nanoparticles in soda-lime

glass of varying content of iron oxide, Ag doped

by ion exchange at 330 �C, upon thermal pro-

cessing in the range of 380–600 �C has been thor-

oughly studied by a combined analysis of XANES

and EXAFS spectra accompanied by electron
microscopy examination. From changes in the Fe

K-edge position valence state changes of Fe2þ

ions, being due to a redox reaction that enables

Agþ ion reduction, have been deduced. The dif-

ference in the first Fe–O coordination sphere ob-

served for the green glass and the iron oxide

reference require further simulation of X-ray ab-

sorption spectra according to appropriate models
of the oxygen environment of Fe in glass.

The relatively high concentration of Ag nano-

particles in glass samples of high Fe content

resulted in EXAFS spectra being dominated by

Ag–Ag correlations. From the temperature depen-

dence of these spectra structural and thermody-

namic parameters have been derived for samples

of different mean size of Ag nanoparticles. Distinct
size effects have been clearly confirmed for thermal

expansion and lattice vibrations of the particles as

well as their interatomic distances. A narrow size

distribution achieved by reduced sample thickness

and gradual thermal processing has been shown to

make these effects more evident. Such configura-

tions are well suited to explore thermoelastic
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models which may predict the influence of the
glass matrix on the material characteristics studied

here. These results demonstrate that the EXAFS

data of interatomic distances represent a sensitive

tool for investigations of size and interface effects

in nanocrystalline materials.
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