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Diffusion studies in a nonequilibrium system with repulsive interactions
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The diffusion behavior of silver islands on charged silicone oil surfaces has been studied. Compact Ag
islands with an average diameter of 1.2mm form after thermal deposition of silver on a charged silicone oil
surface. In contrast to the behavior of the uncharged oil surface, no aggregation of the Ag islands is observed.
Instead the average distance of the islands increases as the islands diffuse toward the edge of the oil substrate.
This process is driven by the repulsive Coulomb interaction. An exponential decay of the island densityn with
time t results everywhere on the oil surface, and the corresponding time constantOf ranges between 1.0
31024 and 2.031024 s21. In the central area of the substrate, the relative speedV between two islands
increases linearly with their distanceL according toVf it5HL, whereVf it is the linear fit speed ofV. The slope
H is of the order of 2.031024–3.031024 s21 after the deposition, and decreases with time. Our theoretical
analysis indicates thatOf'H, in agreement with the experimental finding. The experiment also shows that this
nonequilibrium expansive diffusion already starts at the early stage of deposition. During their motion, the
islands must carry a small fraction of the electron charge on the oil surface. After the islands reach the sample
edge, they form a band-shaped silver film along the border. This results in the accumulation of charge, which
slows down the speed of the remaining islands, which diffuse toward the edge.

DOI: 10.1103/PhysRevB.65.205409 PACS number~s!: 68.08.2p, 61.46.1w, 36.40.Sx, 68.55.Jk
s
at
it
te
or
, a
a
.
a
m
s
s
th

th
a
ti

he
th

ra
tiv
m

r-
e-

o
m
u

ar
re

io

tui-
ther

ior
ilib-
ul-
oil
ent

os-
ys-

to

o not
. In-
rth
se

to
f a

Ag

ow

gh-
as-

ch
I. INTRODUCTION

The study of the diffusion and aggregation of particle
including atoms and atomic clusters, on various substr
has been of great interest in the last two decades, since
crucial for the microstructure of various atomic aggrega
and thin films.1–4 During the growth period, the adatoms
clusters diffuse and aggregate on the substrate surface
then form different kinds of aggregates such as comp
clusters, atomic wires, cluster rings, branched islands, etc5–8

If more material is deposited on the substrate, the aggreg
grow and percolation proceeds. Finally, continuous fil
form. It is generally supposed that this evolution proces
mainly governed by the Brownian motion of the particle
the attractive interaction among the particles, as well as
interaction between the particles and the substrate.

Much of the recent interest in this field has focused on
nature of the particle-particle as well as particle-substr
interactions. Most computer simulations assume an attrac
interaction between adjacent neighboring particles. T
suppose that if two particles occupy neighboring sites,
attractive force will lead to an irreversible attachment.9–13

Recent experiments revealed that particle-particle inte
tions can be considerably more complex. In a quantita
study of long-range interaction between single Cu adato
on Cu~111!, Reppet al.14 showed that the long-range inte
action is oscillatory with a period of half the Fermi wav
length, and decays for larger distancesd as 1/d2. Such an
oscillatory interaction significantly changes the growth
Cu/Cu~111! at very low temperatures, and could be e
ployed to achieve self-organization of cluster arrays on s
faces.

On the other hand, many naturally occurring colloidal p
ticles in solution are charged. The resulting electrostatic
pulsions are strong enough to stabilize their suspens
0163-1829/2002/65~20!/205409~9!/$20.00 65 2054
,
es
is
s

nd
ct

tes
s
is
,
e

e
te
ve
y
e

c-
e
s

f
-
r-

-
-

ns

against flocculating. However, sometimes the counterin
tive observation is made that the particles attract each o
and form ramified aggregates.15

Here we follow a different approach to study the behav
of charged particles. We present results on the nonequ
rium diffusion of silver nanocrystal aggregates with rep
sive Coulomb interactions on silicone oil surfaces. The
substrate was charged by the emission current of a filam
before deposition. Then silver of 99.99% purity was dep
ited by thermal evaporation. Upon deposition, Ag nanocr
tals form at the interface which are mobile and aggregate
form nanocrystal aggregates of lateral dimension ofmm size
visible in the optical microscope.8 In contrast to experiments
on an uncharged surface, these nanocrystal aggregates d
aggregate further to large ramified aggregate structures
stead, themm-sized Ag nanocrystal aggregates—hencefo
named ‘‘islands’’—move away from each other and diffu
toward the sample edge without further aggregation due
their repulsive interaction. This leads to the formation o
band-shaped silver film along the edge of the substrate.

II. EXPERIMENT

In order to observe and investigate the behavior of
nanocrystal aggregates on an oil surfacein situ, a special
high vacuum system with a dedicated observation wind
was designed and built~shown in Fig. 1!. Commercial sili-
cone oil~DOW CORNING 705 Diffusion Pump Fluid! with
a vapor pressure below 10210 mbar was carefully painted
onto a polycarbonate slide surface which was slightly rou
ened to prevent the oil layer from dewetting the smooth pl
tic surface. The resulting oil substrate with a radiusR0 be-
tween 1.5 and 3.0 mm had a uniform thickness of'0.2 mm.
The plastic slide was glued to an aluminum alloy disk, whi
was fixed on the vacuum chamber~see Fig. 1!.
©2002 The American Physical Society09-1
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The insulating oil substrate was charged before deposi
by a thermal emission current in a vacuum of
31026 mbar. The emission filament was made of a tungs
wire with a diameter of 0.2 mm. The distance between
emission filament and the substrate was 100 mm~see Fig. 1!.
During the charging period, the filament was kept at a ne
tive potential of2100 V with respect to ground and th
heating current in the filament was about 4.75 A, resulting
a total emission current of 1 mA. The charging period w
480 s. We did not find any change in the experiment if
charging time was further increased. Therefore, we beli
that the electrical potential on the oil surface should be
proximately2100 V after the charging period of 480 s, an
no further electrons could reach the oil surface afterward

Silver of 99.99% purity was deposited 1800 s after t
charging period by thermal evaporation at room temperat
The deposition rate was determined tof 52.531023 nm/s
by a quartz-crystal balance. The deposition time for all
samples is 480 s unless noted otherwise. All images for
surface morphologies of the samples were takenin situ
through the observation window with an optical microsco
equipped with a CCD camera which was interfaced to a co
puter for data storage and data processing~see Fig. 1!. The
whole equipment is mounted on a vibration isolation tabl

III. RESULTS

In order to compare the processes prevalent for char
and uncharged substrates, silver deposition on an uncha
oil substrate was performed first. Figure 2 shows the ti
dependence of the Ag island densityn on an uncharged oi
surface. The experiment shows that compact islands bec
clearly visible after a deposition period of 300 s, i.e.,t8
'300 s. They grow and aggregate on the oil surface du
deposition~see the insets in Fig. 2!. As the timet8 proceeds,
the surface coverage increases and the Ag islands m
quickly. After about 1200 s percolation proceeds via the f
mation of interconnections between branched islands.

FIG. 1. Schematic setup of the experiment.
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If the deposition was stopped aftert85480 s, the com-
pact islands, as shown in Fig. 3~a!, diffuse and aggregate o
the oil surface with timet available for the diffusion. About
7200 s after deposition, i.e.,t'7200 s, branched aggregate
could be observed@see Fig. 3~b!#, in agreement with previ-
ous studies.16,17

For the silver atoms deposited on a charged oil surfa
however, the diffusion and aggregation behaviors are q

FIG. 2. Island densityn vs deposition timet8 on an uncharged
oil surface. The three insets (22311 mm2) give examples of the
three images from which the island densities are determined. S
lines between data points are a guide to the eye.

FIG. 3. Morphologies of the Ag islands on an uncharged
surface. Ag islands aggregate on the uncharged oil surface. Im
size 84364 mm2. ~a! t5300 s.~b! t57200 s.
9-2
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different. The most interesting result is shown in Fig. 4.
contrast to the behavior observed on the uncharged oil
face, no island aggregation is observed on the charged
surface~here we assume that the formation mechanism
the crystal structure of the compact Ag aggregates on
charged oil surfaces are similar to those of the compact
islands on uncharged oil surfaces,8 see the explanation in
Sec. IV C below!. Rather we observe that the size of t
islands is almost independent of deposition time once
islands are visible after a deposition period of 240 s~see the
black dots in the insets in Fig. 4!. With increasing deposition
time the island density first increases and then decre
steadily. Hence the total amount of Ag on the oil surfa
decreases with increasing deposition time. This puzzling
servation immediately raises a question where the additio
amount of Ag disappears. Two possibilities have been c
sidered: Ag could either diffuse into the oil substrate or d
fuse toward the edge of the oil substrate. To clarify this s
ation, the deposition process was stopped aftert85480 s,
and the subsequent diffusion of the Ag islands was stud
This experiment shows that the island densityn decreases
with the diffusion timet, even though no aggregation even
among the compact islands are observed during this ev
tion process, as shown in Fig. 5. Furthermore, all meas
ments show that, to a good approximation,n decays expo-
nentially with t everywhere on the oil surface~see Fig. 6!,
which can be expressed as

n5n0e2Of t, ~1!

wheren0 is the island density att50. The measured time
constantOf , i.e., the slopes of the fit lines in Fig. 6, rang
between 1.031024 and 2.031024 s21.

To unravel the puzzle described above, two images for
sample edge were taken and are shown in Fig. 7. We find
the compact Ag islands formed on the charged oil surf
move toward the sample edge@Fig. 7~a!#. About 7200 s after
the deposition, most of the islands have reached the edge
contribute to the formation of a band-shaped silver fi
along the border of the oil substrate@Fig. 7~b!#. This motion

FIG. 4. Island densityn vs deposition timet8 on a charged oil
surface. No aggregation phenomenon is observed. The two in
(22311 mm2) give examples of the two images from which th
island densities are measured. Solid lines between data points
guide to the eye.
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toward the sample boundary already qualitatively expla
the phenomena shown in Figs. 4–6.

In order to describe the expansive diffusion behav
quantitatively, we measured the relative speedV between
two islands with their relative distanceL at different diffu-
sion times t for the islands in the central area of the o
substrate. The corresponding results are shown in Fig. 8.

ets

e a

FIG. 5. Morphologies of the Ag islands on a charged oil surfa
The island density decays exponentially with time. The image s
30330 mm2 ~middle area of the oil substrate!. ~a! t5600 s.~b!
t52400 s.~c! t54200 s.~d! t56000 s.

FIG. 6. Time dependence of the island density. The island d
sity decays exponentially with time everywhere.~a! In the central
area.~b! Near the edge of the oil substrate.
9-3
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speedV is defined asDL/Dt, whereDL is the increment of
the distance between two islands during the time intervalDt.
During the measurement, our optical microscope focused
and followed a group of the islands in the central area of
substrate and took two images at timet and t1Dt, respec-
tively. Then we measured the increment of the distance
tween two islands from the images and calculated the sp
V. At least 34 pairs of the islands were measured from e
of the images, as shown in Figs. 8~a!, 8~b! and 8~c!. It can be
seen in Fig. 8 that the linear fit speedVf it increases linearly
with L, i.e.,

Vf it5HL. ~2!

The linear fit slopeH is 2.93102460.531024 s21 after
deposition and decreases with timet. About 7200 s after the
deposition,H reaches nearly zero@see Fig. 8~c!#. The linear
fits in Fig. 8, in a good approximation, go through the orig
of the coordinates. These results indicate that, besides
Brownian motion, the islands perform a drift motion towa
the edge and move away from each other.

In our experiments, the measurement for the expan
motion could only be performed after visible islands app
on our computer screen. However, it can be shown that
expansive diffusion starts already at the early stage of de
sition. Figure 9 displays that the band-shaped Ag film sta
to grow before the visible islands appear. This indicates t

FIG. 7. Morphologies of the sample edge at different times.
islands on a charged oil surface diffuse toward the edge. The im
size is 84364 mm2. ~a! t5300 s.~b! t57200 s.
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as soon as the Ag nanocrystals and nanocrystal aggregat
different sizes form on the oil surface, they immediately st
to move toward the sample edge. As a consequence the
band at the border of the oil substrate already grows be
we can see discernible Ag islands on the oil surface. T
leads to the conclusion that Ag islands which are below
diffraction limit of the optical microscope already diffus
toward the edge. Subsequently the band-shaped Ag
grows gradually along the border of the oil substrate dur
and after the deposition. In Fig. 9, fromt85180 to 210 s, i.e.,
from Fig. 9~d! to Fig. 9~e!, there is a sudden shrinkage of th
white band~i.e., the silver film! width, which we believe is
an agglomeration or coalescence process of the silver isla
and eventually would lead to a continuous silver film. Aft
the shrinkage, the width of the band-shaped film decrea
slowly but continuously. This relaxation process can be s
from Fig. 9~e! to Fig. 9~g!.

ge

FIG. 8. Dependence between the relative speedV and distanceL
between the Ag compact islands in the central area of the subst
The slopeH decreases with timet. ~a! t5120 s, Dt5150 s.~b!
t51800 s,Dt5500 s.~c! t57200 s,Dt51000 s .
9-4
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FIG. 9. Morphologies of the band-shaped silver film along
sample edge. The islands come from the top right corner and dif
towards the sample edge at the bottom left side. The image
84333 mm2. ~a! t8590 s. ~b! t85120 s. ~c! t85150 s. ~d! t8
5180 s.~e! t85210 s.~f! t85240 s.~g! t85270 s.
20540
IV. DISCUSSION

A. Exponential decay law and the speed of expansive motion

As described above, the exponential decay of the isl
number densityn with time t results from the expansive mo
tion of the islands toward the sample edge. Therefore, a
relation between the exponential decay slope and the in
mogeneous diffusion speed distribution is expected. In
experiment, we found that all the islands diffuse radially a
toward the round edge of the substrate. Therefore, let us
focus on an islandC located in the central area of the o
substrate and assume approximately that the drift motion
the other islands with respect to the islandC is radial sym-
metry, as shown in Fig. 10. The increment of the island nu
ber in the shadowed area is given by

rdudrdn5n@v~r !2v~r 1dr !#rdudt, ~3!

where the first and second terms on the right side are
island numbers moving in and out of the shadowed ar
respectively, andv is the island speed with respect to the o
It should be noted that in Eq.~3! only the diffusion in radial
direction is taken into account since we assume radial s
metry. Equation~3! can be simplified as18

dn

dt
52n

dv
dr

. ~4!

From Fig. 8 and Eq.~2! we have determined the dependen
of Vf it upon distanceL, which is Vf it5HL. Hencedv/dr
5H. Therefore, Eq.~4! can be written as

dn

dt
52Hn. ~5!

To the first order of approximation, we can assume thaH
is time independent. Then integrating Eq.~5! yields

n5n0e2Ht, ~6!

wheren0 is the island density att50. Comparing Eqs.~1!
and ~6!, we have

H5Of . ~7!

From Figs. 6 and 8, we can see that the measurements fH
and Of agree well. This indicates that Eq.~5! is a good
approximation for describing the phenomenon at the ea
diffusion stage in Figs. 5–9. Therefore, we conclude that i
the radial drift motion of the islands that results in the exp
nential decay law.

B. Interaction between the islands and the oil substrate

In a previous study,16,17we reported on the Brownian mo
tion of Ag islands on silicone oil surfaces due to statistic
fluctuations in their momentum by the collisions with the o
molecules. This random interaction still exists in the pres
system. However, since these random collisions average
and do not affect the radial drift motion, it can be omitted
the following discussion.
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Based on the experimental observations, we propose
the expansive drift motion of the Ag islands described
Figs. 5–9 results from the charged oil substrate. The cha
on the oil surface also gives raise to a repulsive Coulo
force between the islands, which drives the islands aw
from each other.

Suppose that the charge densitys on the oil surface, in-
cluding the charges on both the oil molecules and the
islands, is homogeneous. Let us consider the electric fi
componentE(r ) parallel to the oil surface, as shown in Fi
11. According to electromagnetic theory,19 the electric field
E(r ) at the location of islandC is given by

E~r !5
s

4p««0
E E

S

@r 2R cos~u!#RdRdu

@R21r 222rR cos~u!#3/2
, ~8!

where «0 is the dielectric constant in free space,« is the
dielectric constant on the oil surface andr is the distance
between the islandC and the centerO of the oil substrate.
The integration in Eq.~8! extends over the whole oil surfac
S5S11S21S3. For the sake of simplicity, here the contr
bution from the charges on the polycarbonate slide surfac
not taken into account. From symmetry analysis, we kn
that the total contribution to the electric field from th
charges in areaS2 andS3 is zero~see Fig. 11!. Therefore, the
integration in Eq.~8! extends overS1 only. Sinces,0, the
vectorE(r ) points to the center of the oil substrate.

If the silver islandC does not carry charges, then th
electrical response of the island can be considered as a
duced dipole. The interaction between the dipole and
field E(r ) results in an attractive force,19 which would pull
the island to diffuse toward the oil center. This conclusio
however, is contrary to our experimental observation.

In order to explain the experimental results consisten
we have to assume that the Ag islands must carry some n
tive charge~electrons! during their diffusion and the interac
tion between the electric fieldE(r ) and the charge is the
main force which results in the expansive diffusion. Supp
each island carries a chargeq. The interaction between islan
C and the electric fieldE(r ) is then given by

F5qE~r !. ~9!

FIG. 10. Sketch of the expansive diffusion of the islands on
charged oil surface.
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Since bothq and s are negative,F is a repulsive force,
resulting in the expansive diffusion of the islands toward
sample edge. Also, the negative chargeq that each island
carries will keep the islands diffusing away from each oth
Therefore, they will not aggregate during their diffusion t
wards the sample edge.

As described above, the electric fieldE is a function ofr.
In the extreme case ofr 50, i.e., in the center of the oi
substrate,F must be zero due to the symmetry constrain
The electric field acting on the islands is clearly locati
dependent@see Eq.~8!#. This is the main reason that leads
the inhomogeneous speed distribution of the islands in F
8. In another extreme case, i.e.,r 5R0, Eqs.~8! and~9! show
that F reaches its maximum value if the charge densitys is
constant everywhere on the oil surface.

If the description above is correct and the islands do ca
charge during their diffusion, then, after the islands reach
sample edge, a charge accumulation near the edge is
pected. Figure 12 shows that the speedv of the islands,
located at distancel from the edge, is slowed down and th
accumulated charges at the edge impede the attachme
islands near the edge. It appears from Fig. 12 that ther
approximately a region of 50mm width close to the edge
where the speedv is considerably reduced. This is indicativ
for an interaction between the islands and the edge~see Fig.
12!, and, therefore, the charge densitys should be location
dependent at the sample edge.

Now let us focus on the diffusion behavior of the islan
near the sample edge and located betweenl 540 and
60 mm, where the average drift speed of the islands w
respect to the edge~or to the oil!, i.e., v, does not change
with l sensitively~see Fig. 12!. Figure 13 shows that, afte
the deposition, the speedv is reduced by the charge accum
lated on the sample edge. This indicates that the charg
the sample edge increases during the first 1800 s becau
the fast accumulation of charged islands in this period@see
Fig. 7~a!#. About 1800 s later,v approaches a stable valu
and becomes nearly time independent~see Fig. 13!. This
suggests that the speed of the charge accumulation nea
edge is very slow for the timet.1800 s, i.e. the chargeq
that each island carries should be a small quantity sinc
that time the island density near the edge is still not v

e

FIG. 11. Sketch of the interaction between a Ag island and
charged oil surface.
9-6
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small~see Fig. 6!. We can conclude from Fig. 13 that most
the charges on the sample edge are accumulated at the
stage of the diffusion period.

C. Charge on the Ag islands

Figure 14 shows the time dependence of the island de

FIG. 12. Location dependence of the speedv. The speed of the
Ag islands is slowed down near the edge. Different signs repre
the data for different islands measured. Dashed lines between
data points for two islands are a guide to the eye.~a! t51800 s,
Dt575 s.~b! t59000 s,Dt540 s.

FIG. 13. Island speedv vs timet. The speed of the islands nea
the edge, i.e., in the area betweenl 540 to 60 mm, decreases firs
and then reaches a stable value. Each data point represents a
erage value of over 17 islands.Dt510 s.
20540
arly

si-

ties after two subsequent depositions. The open squares
resent the data measured after the first deposition, wh
show the expected exponential drop of the island densitn
with time t. Three hours later, almost all the islands arrive
the edge andn reaches approximately zero~see Figs. 5–7!.
Subsequently, a second deposition on the original oil s
strate with similar deposition conditions was performed. T
dots in Fig. 14 denote the data measured after the sec
deposition. Again an exponential decay of island dens
with time is observed. This implies that even after the seco
deposition, there is still enough charge on the oil surface
the second expansive diffusion. This result suggests t
during their diffusion, the silver islands carry only a sma
part of the charges on the oil surface, which is in agreem
with the conclusion from Fig. 13~see the discussion above!.
On the other hand, it is also possible that the charge dis
bution on the oil surface may rearrange after enough isla
reach the sample edge because of the repulsive intera
among the electrons accumulated at the edge.

As we have shown in this paper, on a charged oil surf
Ag islands do not aggregate due to Coulomb repulsion.
the charge on the Ag islands stops their aggregation, one

nt
the

av-

FIG. 14. Time dependence of the island density after two s
sequent depositions. Three hours after the first deposition, almo
the islands arrive at the edge andn reaches almost zero. Then th
second deposition on the original oil substrate starts. Open squ
data measured after the first deposition; Solid dots: data meas
after the second deposition.

FIG. 15. Island densityn vs time t. The decay behavior of the
two samples is similar. Solid squares:R051.5 mm; Open circles:
R053.0 mm.
9-7
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GAO-XIANG YE, THOMAS MICHELY, AND MATTHIAS WUTTIG PHYSICAL REVIEW B 65 205409
ask why the charge did not stop the formation of Ag islan
themselves by Coulomb repulsion. Indeed, a rough estim
shows that already two singly charged Ag atoms are unlik
to form a dimer due to a repulsive Coulomb barrier, whi
amounts to several eV, and exceeds their thermal energ
far. One speculation that would allow to understand isla
formation in the presence of charge relies on the size de
dence of the electron affinity for Ag clusters. While for an A
atom an energy gain of 1.3 eV results by adding an ex
electron, for a large Ag cluster the energy gain will be t
average work function of about 4.6 eV.20 If the oil molecule
electron affinity would be somewhere between these
numbers Ag atoms and small cluster of Ag atoms would s
uncharged, as their electron affinity is below the one of
oil molecules, but larger Ag clusters or Ag nanocryst
would charge up gradually as their electron affinity increa
beyond the one of the oil molecules. The nucleat
and growth of the Ag nanocrystals would then hardly
influenced by the presence of the charge on the oil surf
but the charging of the Ag nanocrystals would eventua
limit their aggregation, thus limiting the size of the obser
able islands and their aggregation. To clarify the situat
and to confirm or reject the speculations above furt
experiments related to the initial growth and nucleat
stage are necessary with a higher resolution microsc
technique.

D. Substrate size effect

In our experiment, the thickness of the oil layer may va
from 0.1 to 0.3 mm and the radius of the oil substrates m
change fromR051.5 to 3.0 mm. No obvious difference o
the island densityn(t) can be observed within these siz
ranges. Figure 15 shows the decay behaviors of two diffe
samples withR051.5 and 3.0 mm, respectively. One find
that the behaviors are quite similar. According to Eq.~8!,
however, the electric force acting on the islands located
the central area of the oil substrate approaches zero ifR0
→`. Therefore, we believe that, for very large substr
s
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sizes, the islands near the edge would be accelerated
and diffuse toward the substrate edge immediately a
they form and the expansive diffusion of the islands
the central area of the substrate would be delayed
weakened. The nonuniform speed distributions describe
Fig. 8 support this assumption. However, to see the subs
size effect quantitatively, more precise experiments
needed.

V. CONCLUSION

In summary, we have described the drift behavior of A
islands on charged oil surfaces. Compact Ag islands fo
during the thermal deposition of silver on the charged liqu
substrate. They move away from each other and drift tow
the sample edge with an inhomogeneous speed distribu
driven by the repulsive Coulomb force. No aggregation p
nomenon among the islands is observed during the wh
diffusion period. We show that the Ag islands must carry
small part of the charge but not all the charge on the
surface. When an island reaches the sample edge, both
silver atoms and electrons accumulate on the edge, w
will slow down the speed of the following islands diffusin
toward the edge. Finally, a band-shaped Ag film forms alo
the edge of the liquid substrate.
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