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Abstract In the present work, the alignment mechanism
of silver nanoparticles on the surface of a heated ion-
exchanged glass, in presence of an external uniform DC
electric field ( �E0) parallel to the surface of the sample, is
studied. At high temperature, the ionic silver clusters re-
duce to neutral ones and move toward the surface. Simul-
taneously, due to the external electric field the clusters in-
teract with other ones as induced electrical dipoles. This
leads to alignment of nanoparticles along �E0 and forma-
tion of a chain-like conductive structure, which makes the
sample dichroic. Taking into account the matrix surface vis-
cosity and using the method of image dipoles to model the
influence of the substrate on the dipole interactions, we give
an interpretation about the relative equilibrium positions
of generated nanoclusters and consequently the formation
mechanism of the chain-like structure on the surface of the
ion-exchanged glass.

1 Introduction

Ion-exchanged glass is one of the most investigated optical
materials, because of its interesting optical properties espe-
cially, waveguide applications [1–5] and simplicity of its
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preparation methods [6]. It is also a very convenient envi-
ronment for producing metallic nanoparticles and obtaining
determined optical properties. Profiling the index of refrac-
tion [7], functioning as a slab waveguide [4–6, 8, 9], changes
in the absorption [10, 11] and fluorescence spectra [12, 13]
are some of the important reported results.

On the other hand, ordering the produced metallic
nanoparticles could give new properties to the samples and
has many applications, such as making diffraction gratings
[14], optical information recording [15, 16], sensitivity to
light polarization and induced dichroism [17–20].

Silver ion-exchanged glass has been used as the matrix
and the produced nanoclusters were aligned on its surface
with two different methods: (i) by interaction with a linearly
polarized Ar+ laser beam [19]; and (ii) by interaction with
an external uniform DC electric field parallel to the sample’s
surface [20]. In both cases the produced silver nanoparticles
were aligned along the external electric field �E0. This order-
ing makes the samples dichroic, which means that the ab-
sorption spectra for a linearly polarized probe beam, �E, are
different for two orthogonal states of its polarization (that
is, for �E ‖ �E0 and �E⊥ �E0). Heating the ion-exchanged glass
results in reducing some of its ionic silver clusters to neutral
ones and increases their mobility [11, 21, 22]. The temper-
ature increase of the samples could be exerted by laser ir-
radiation or by heating in an oven. Previously, a motion of
produced neutral nanoclusters toward the surface of the sam-
ples, during the heating, was reported [9, 20, 23–25]. On the
other hand, the produced hot mobile clusters prefer to con-
tinue aggregation, since it is an exothermic process [11]. Si-
multaneously, on the surface of the samples the generated
neutral silver clusters interact with the external electric field
�E0 and become electric dipoles. The dipole–dipole interac-
tion leads to the alignment of the silver nanoparticles and
formation of a chain-like structure along �E0 [19, 20].
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In the present article, we have tried to address the follow-
ing question: what are the parameters playing essential roles
in the determination of the produced structure, and how are
the produced silver nanoparticles ordered along �E0?

2 Experiments and results

2.1 Sample preparation

Samples are prepared by the well-known ion-exchange
method. In this method a soda-lime glass substrate (0.8 mm
× 10 mm × 20 mm) is placed in a molten mixture of AgNO3

and NaNO3 salts, with determined portions of each one (in
our case: 4 wt % AgNO3 and 96 wt % NaNO3 (wt %: weight
percent), at high temperature T ′ = 400◦C). As a result, some
of the silver ions of the mixed molten salt would exchange
with some of the sodium ions of the soda-lime glass ma-
trix, via thermal diffusion [6]. The diffused silver ions could
form ionic silver clusters, Ag+

N [11], where N is the number
of the atoms forming the cluster.

On the basis of XRF (X-Ray Fluorescence) analysis, the
glass used in our experiments has the following composi-
tion: 73.72 wt % SiO2, 6.98 wt % CaO, 12.9 wt % Na2O,
4.08 wt % MgO, 0.353 wt % Al2O3, 0.10 wt % K2O,
0.135 wt % Cl, 0.07 wt % Fe2O3 and 1.653 wt % SO3. Du-
ration time, the temperature at which the ion-exchange pro-
cess is performed and amount of the AgNO3 in the mixed
molten salt are the most important parameters determining
the diffusion depth and the concentration of the ionic silver
clusters in the glass substrate.

In order to prepare a one-side ion-exchanged sample, the
precisely cleaned surface of the glass substrate was cov-
ered uniformly by a very fine homogeneous powder of the
mixed salt. Afterwards, the sample was placed in an elec-
trical oven (T ′

max = 1200◦C) at temperature T ′ = 400◦C for
2 h. Therefore, the powder of the mixed salts melts and the
ion-exchange process begins. About 30 min is enough to ob-
tain an ion-exchanged glass. Longer process results in ther-
mal reduction of ionic silver clusters to neutral ones. In [21]
it was shown that there is no simple linear relation between
the ion-exchange duration time, size and distribution of the
produced clusters. Non-binding oxygen in the glass matrix
[26], Fe2O3 impurity in the glass [27] and the surround-
ing atmosphere are the sources of electrons for reducing the
heated ionic Ag+

N clusters to the neutral ones.

2.2 Inducing dichroism by ordering the silver nanoparticles

In the first part of this study [20], we placed the ion-
exchanged glass between two plates of a capacitor (Fig. 1 of
[20]) and simultaneously heated the sample in the presence
of a uniform high voltage DC electric field �E0 (produced

Fig. 1 The SEM image of ordered silver nanoparticles on the surface
of the ion-exchanged glass, after the thermo-electric treatment

by the capacitor), parallel to its surface. Repeating the re-
ported experiment in [20], we observed that the growing sil-
ver nanoparticles are aligned along �E0 on the surface of the
sample (Fig. 1). That is, the forming neutral silver clusters
interact with �E0 and become dipoles [19, 20]. Aggregation
of such dipoles, under the action of �E0, results in their ar-
rangement along �E0 and formation of a chain-like structure.
As Fig. 1 shows, the range of the size of the larger nanopar-
ticles is mainly between 40 nm and 60 nm and the average
distance between them is mostly about 500 nm.

Such induced ordering of metallic nanoparticles makes
the sample dichroic. In other words, the optical density, D

(D = − logT , where T is the transmittance of the sample),
is different for two cases: the optical density D‖ when the
polarization of the probe beam is parallel to �E0 is more than
the optical density D⊥ when the polarization is perpendicu-
lar to �E0. Our ion-exchanged samples were placed for 2 h at
temperature T ′ = 400◦C in the electric field �E0 = 1 kV/cm.
We have measured dichroism �D = D‖ − D⊥ for our sam-
ples (Fig. 2). It was previously found [21] that increasing
of the ion-exchange duration time is accompanied by vari-
ation of amount and size of the neutral silver nanoparticles.
In [21], it was shown that after 1.5 h of ion exchanging the
size of the produced cluster is about its maximum value.
Our measurements show that at 1.5 h of ion exchanging the
amount of dichroism �D reaches its maximum value for our
samples (Fig. 2b). On the other hand, the amount of �D de-
pends on the concentration of the silver clusters in the glass
matrix [19]. Thus, the above-mentioned results in both stud-
ies are consistent.

3 Discussion

In this part we try to address the questions related to the
forming mechanism of the produced structure.

3.1 Formation of the chain-like structure

With increasing temperature of ion-exchanged glass, the
mobility of the ionic silver clusters increases and reduction
to the neutral ones begins. At the same time, the neutral
clusters start to move toward the surface of the glass matrix
[9, 20, 23–25]. As the viscosity of the glass matrix is high,
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Fig. 2 (a) Absorption spectra
of 1.5 h ion-exchanged sample
after thermo-electric treatment
for two orthogonal polarization
states; (b) variation of induced
dichroism vs. ion-exchange
duration time

moving clusters need time to reach the surface and prefer to
aggregate on the surface rather than the interior of the ma-
trix. On the other hand, the static dielectric constant of glass,
kglass = εg

ε0
∼ 42 [28], has a large value (where εg and ε0 are

absolute permittivities of glass and air, respectively). Thus,
the electric field �Einside = �E0/kglass is too weak inside the
glass matrix. Therefore, �Einside is not able to convert effi-
ciently a formed cluster, moving toward to the surface, to
a dipole. That is, due to high dielectric constant and high
viscosity of the matrix, aggregation of the produced neutral
clusters and converting them to the dipoles and their simulta-
neous arrangement under the action of �E0 via dipole–dipole
interaction could happen chiefly on the surface of the sam-
ple.

Now, for those clusters which are on the surface and are
aggregating, the electric field �E0 is strong enough to make
them dipoles. As shown in [19, 20], dipole–dipole inter-
action of the clusters results in their arrangement, mainly,
along the direction of the uniform �E0 (Fig. 1). In other
words, the generated dipoles prefer to attract each other
along �E0 and repulse each other along the direction per-
pendicular to �E0. This leads to formation of larger clus-
ters which are a little prolated along �E0. In such a way,
the chain-like structure of silver nanoparticles could be pro-
duced along �E0.

3.2 The role of image of dipoles

We model a cluster as an ellipsoid with dimensions a, b

and c. Due to the electric field �E0, the cluster acts as a
dipole. For each generated dipole on the surface of the sam-
ple we can write [29]

�P = 4πε0abc

(
εAg − ε0

3LxεAg + (3 − 3Lx)ε0

)
�E0, (1)

where εAg is the dielectric constant of silver and Lx is a
geometrical coefficient, which is related to the ellipticity of
the cluster. As a first-order approximation, we model our
particles as oblate ellipsoids. Thus, we write a = b = R and
c = ξR, where ξ is a coefficient which determines how our
particle differs from a sphere.

Dipoles on the dielectric substrate (the ion-exchanged
glass matrix) are accompanied by their image dipoles [29]

Fig. 3 Schematic image of three aligned clusters on the surface of
sample. �P ∗

j is the image of dipole �Pj

(Fig. 3). The image dipole �P ∗ of a dipole �P , parallel to the
surface of the glass, is

�P ∗ = −
(

εg − ε0

εg + ε0

)
�P , (2)

where εg is the dielectric constant of the glass matrix. Since
εAg
ε0

	 1 [30], we have

�P 
 4πε0ξR3

3Lx

�E0. (3)

Focusing on the sth particle of a chain (Fig. 1), we take
into account the dipole–dipole interaction of all neighboring
silver nanoparticles. First we find the total potential energy
of the chain and then using the relation between the force
and potential energy: �F = −�∇U , we calculate the force ex-
erted on the sth particle. The total electric potential for the
sth particle consists of three terms:

(i) Interaction between the sth particle and the j th particle
of the chain [29]:

Usj = 1

4πε0

[ �Ps · �Pj

|rs − rj |3
− 3

|rs − rj |5
[ �Ps · ( �rs − �rj

)]

× [ �Pj · (�rs − �rj
)]]

. (4)

(ii) Interaction between the sth particle and the image of the
j th particle of the chain:

Usj∗ = 1

4πε0

[ �Ps · �Pj∗

|rs − rj∗ |3 − 3

|rs − rj∗ |5
[ �Ps · (�rs − �r∗

j

)]
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× [ �Pj∗ · (�rs − �rj∗
)]]

. (5)

Note that the image �Pj∗ of a dipole �Pj at �rj = (xj , yj , zj )

resides at �rj∗ = (xj , yj ,−zj ).

(iii) Interaction between the sth particle and its image:

Uss∗ = 1

4πε0

[ �Ps · �Ps∗

|rs − rs∗ |3 − 3

|rs − rs∗ |5
[ �Ps · (�rs − �rs∗

)]

× [ �Ps∗ · (�rs − �rs∗
)]]

. (6)

Thus, the total potential energy which the sth particle of the
chain feels is equal to

Us = Us
total =

∑
j

Usj +
∑
j∗

Usj∗ + Uss∗ . (7)

To draw properly the variation of potential energy, we intro-
duce the normalization energy as

U0 = 1

4πε0

P 2
0

�3
with P0 = 4πε0ξR3

0

3Lx

E0, (8)

where P0 is a typical dipole moment and � is a typical
length. We choose R0 = 50 nm, Lx = 0.04, � = 5 nm,
ξ = 0.1 and �E0 = 1 kV/cm, on the basis of experimental
data (Fig. 1). Hence, we obtain U0 = 9.65 × 10−20 J. We
also introduce scaled parameters as

�̂P j = �Pj

P0
; �̂rj = �rj

�
; x̂j = xj

�
. (9)

Using the scaled parameters for three particles in which the
sth particle is placed at the middle between two other similar
ones, we can rewrite Us as

US

U0
=

∣∣∣ �̂P s

∣∣∣∣∣∣ �̂P 1

∣∣∣
{[

1

|�̂rs − �̂r1|3
− 3(x̂s − x̂1)

2

|�̂rs − �̂r1|5

+ 1

|�̂rs − �̂r2|3
− 3(x̂s − x̂2)

2

|�̂rs − �̂r2|5
]

−
(

εg − ε0

εg + ε0

)[
1

|�̂rs − �̂r1∗ |3 − 3(x̂s − x̂1)
2

|�̂rs − �̂r1∗ |5

+ 1

|�̂rs − �̂r2∗ |3 − 3(x̂s − x̂2)
2

|�̂rs − �̂r2∗ |5
]

−
(

εg − ε0

εg + ε0

)[
1

|�̂rs − �̂rs∗ |3 − 3(x̂s − x̂s∗)2

|�̂rs − �̂rs∗ |5
]}

. (10)

Now, we plot the variation of Us/U0 vs. xs/� (normalized
position along the connecting line of two neighboring par-
ticles, where xs is the coordinate of the sth particle). The
results of our calculation for two cases: (i) when the image
dipoles are excluded; and (ii) when image dipoles are in-
cluded in the calculation are shown in Fig. 4, curves a and b,
respectively. Figure 4 shows that, for the case (ii) the abso-
lute value of potential energy is higher. Later, we will show
that force calculations for the two above-mentioned cases

Fig. 4 Normalized total interaction energy Us/U0 between two neigh-
boring particles vs. normalized distance xs/�: (a) without image
dipoles; (b) with image dipoles

Fig. 5 Normalized total potential energy including image dipoles,
(a) taking into account three particles of the chain; (b) taking into ac-
count 21 particles of the chain, in the space between two neighboring
ones

indicate that a wider range with a slowly varying function of
the force acting on the sth particle would be obtained for the
case when the image dipoles are included in the calculation.

Our numerical calculations for potential energy of the
sth particle are shown in Fig. 5, for cases when we take
into account just two closest neighbors (curve a) and when
we take into account the next 20 particles (curve b), which
make the chain-like structure in Fig. 1. Note that curve a

of Fig. 5 is the enlarged part of curve b of Fig. 4, where
Us/U0 is a slowly varying function of xs/�. From Fig. 5 it
is clear that the two closest neighboring particles and their
images have a dominant influence on shaping the potential
in the space between closest neighbors, and farther neigh-
boring particles of the chain have no essential influence on
the shape of the potential. On the basis of the scanning elec-
tron microscope (SEM) image (Fig. 1), in both calculations
the average distance between neighboring clusters is taken
as 500 nm. Figure 5 shows that the equilibrium of the sth
particle between its two neighboring particles is unstable,
but there is a wide range space along the x axis between
the two particles, where the sth particle could stay there al-
most stably and participate in forming the chain-like struc-
ture.

Taking into account the image dipoles, a plot of the po-
tential energy for two closest neighbors of the sth particle is
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Fig. 6 Potential energy
diagram: (a) its variation along
y axis; (b) its variation along
x axis; (c) both variations shown
in one diagram

Fig. 7 Normalized electrical force acting on the sth particle for: (a) the
case where image dipoles are excluded; (b) the case where image
dipoles are included in the calculation

shown in Fig. 6. Also, cross sections of potential energy in
directions of x and y axes are shown. Quite interestingly, in-
set (a) in Fig. 6 shows that, along the y axis, also we have a
minimum in the potential energy which assists the particles
to remain along the chain-like structure. It is clear that the
shape of the potential energy along the y axis leads to exis-
tence of a restoring force, which pushes back the sth particle
toward the connecting line of the chain. Along the x axis the
potential energy has an unstable equilibrium, which causes
that even with a small perturbation the sth particle would be
absorbed by the closest neighbor.

As was mentioned, the image dipoles influence the resul-
tant relative equilibrium position of the sth particle between
two neighboring nanoparticles. In this connection, we have
calculated the force acting on the sth particle:

Fxs = − ∂Us

∂(xs)
. (11)

We introduce the typical force

f0 = 1

4πε0

P 2
0

�4
= 1.93 × 10−11 N. (12)

Therefore, we draw the variation of normalized Fxs

f0
vs. xs

�
in

the absence (Fig. 7, curve a) and in the presence of the im-
age dipoles (Fig. 7, curve b). From Fig. 7 it is apparent that,
taking into account the image dipoles, Fxs is a more slowly
varying function of xs

�
in comparison to the case when the

image dipoles are excluded. Accordingly, by taking into ac-
count the image dipoles, a larger space for the relative equi-
librium position, in which the sth particle could participate
in formation of the chain-like structure, is available.

3.3 The role of surface viscosity of the ion-exchanged glass

The electrostatic forces acting on the sth silver nanoparti-
cle (the probe particle) due to dipole–dipole interaction with
neighboring ones are not sufficient to explain the physics
of the system. If we assume that a silver nanoparticle mov-
ing on the surface of the matrix is slightly floating, a resis-
tance force also acts on it. This force is related to the surface
viscosity of the ion-exchanged glass matrix. Thus, the total
force acting on each induced dipole equals∑ �F = �Felectrical + �Fsurface viscosity = m�a, (13)

where m is the mass of the dipole and �a is its acceleration.
Generally, the dragging force is related to the velocity �v

of the moving silver nanoparticles as follows [31]:

�Fsurface viscosity = −cd�v, (14)

where cd is the drag constant and characterizes the surface
viscosity of the glass matrix.
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Fig. 8 Variation of position of the sth cluster vs. time, for differ-
ent assumed surface viscosities of the sample: a = 0.5 × 10−8 N s/m,
b = 1 × 10−8 N s/m, c = 1.5 × 10−8 N s/m, d = 2 × 10−8 N s/m

On the basis of experimental results (Fig. 1), we take
the shape of produced clusters as oblate ellipsoids with
R1 = R2 = R = 50 nm, ξ = 0.1, so R3 = ξR = 5 nm,
Lx = 0.04 and average distance between neighbors d =
500 nm. We assume εg = 42ε0 [28], m = 4

3πξR3ρAg with
ρAg = 10.49 × 103 kg/m3 [32]. Thus, solving (13) for xs(t)

gives us an estimate about the order of magnitude of the sur-
face viscosity of the heated ion-exchanged glass for moving
silver nanoparticles.

We plot changes of xs vs. time t (the duration time of the
thermo-electric treatment) for different assumed surface vis-
cosities (Fig. 8). In this way, we could argue about the time
after which destruction of the generated chain-like structure
initiates. Any perturbation in position of the clusters from
the relative equilibrium range leads to agglomeration of the
clusters and destruction of the induced structure. From Fig. 8
we can conclude that for the sample with t = 1.5 h, the sur-
face viscosity of the glass matrix is about 1.5 × 10−8 N s/m.
Hence, our model predicts that further increasing the dura-
tion time of the thermo-electric treatment results in parti-
cle aggregation and consequently disappearance of induced
dichroism. This is in agreement with experimental observa-
tions [20].

These results indicate that in the high-viscosity regime
ordering of silver nanoparticles does not happen. On the
other hand, very low surface viscosity also results in ag-
glomeration of the produced clusters in first minutes of the
process and no stable chain-like structure could be pro-
duced. An intermediate viscosity range gives time for clus-
ters to be ordered along �E0 to form the chain-like structure
and induce the dichroism property.

4 Conclusion

By using a high voltage uniform DC electric field �E0 paral-
lel to the surface of heated ion-exchanged glasses dichroism

is induced, due to ordering of produced silver nanoparticles
along �E0. The mechanism of this experiment is investigated.
It is found that heating the ion-exchanged glass results in
formation of neutral silver clusters on its surface. The pres-
ence of �E0 converts clusters to dipoles. The dipole–dipole
interaction of nearest particles aligns them along �E0 and
a chain-like structure forms on the surface of the samples.
Since absorption along the chain is higher than in the direc-
tion perpendicular to the chain, dichroism is thus induced.

Results of our studies indicate that the image dipole of
each cluster (dipole) should be taken into account for deter-
mination of relative equilibrium positions of particles par-
ticipating in formation of the chain. On the other hand, we
found that an intermediate surface viscosity range (order of
10−8 N s/m) sets up the condition for stable generation of
the structure and, consequently, induction of dichroism.
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