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Computer Simulation Study of Patterns of Copper and Silver Dendrites
Grown from Aqueous Solution in High Magnetic Field
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The magnetic field effects (MFEs) on the patterns and yields of silver and copper dendrites generated from Cu**/Zn
and Ag*/Cu liquid-solid redox reactions are simulated with the aid of a biased random walk model. In the present
model, multi-particles are generated to represent metal ions, and their trajectories walk randomly with superimposed drifts.
Comparing the simulation patterns and yields with the experimental ones, it is confirmed that the convection of solution
induced by the magnetic force is responsible for the observed MFEs on the dendrites in a high magnetic field gradient (ca.

400 T>m™).

Studies of effects of high magnetic field (> 2 T) on chem-
ical, physical, and biological processes are now important.'
This is partly because high magnetic fields have potential
for producing materials with improved quality. We have
researched the effects of high magnetic field (£ 13 T) on
chemical,>* physical* and biological systems.® In the course
of these studies, it has been found that a high magnetic field
gradient drastically affects patterns of silver and copper den-
drites generated by the liquid-solid redox reactions.™*** It is
proposed that the magnetic force induced by a high magnetic
field gradient influences the dendritic patterns.

Diffusion-limited aggregation (DLA) has stimulated in-
tensive interest over the last two decades. Many experi-
ments and computer simulation studies have been focused
on this subject.*~!! Witten and Sander™ introduced the DLA
model to produce the random fractal pattern in irreversible
aggregation, and simulated the irregular and self-similar pat-
terns. Meakin® studied the influence of unidirectional par-
ticle drifts of the DLA pattern with a Monte Carlo method
and found that the resulting clusters have uniform structure
on all but the shortest length scales if particle drift effects are
dominant. Nagatani and Sagues'™ studied the morpholog-
ical evolution of DLA deposited on a line by changing the
direction of the hydrodynamic flow. In their model, the mor-
phology was greatly influenced by the direction and strength
of flow.

In order to verify the mechanism of magnetic field effects
(MFEs) on the silver dendrite grown from aqueous solution,
we have simulated its patterns by an one-particle random
walk model and have suggested that convection of solution
induced by a magnetic field gradient is responsible for the
observed effects.’ We attempted to simulate patterns of cop-
per dendrite grown from aqueous solution using the same
model, as it is urgent to elucidate the mechanism of MFEs
on copper dendrite. The patterns of copper dendrite are very
different from those of silver dendrite and it was found that

the model used was not suitable for the simulation of the
copper dendrite, since it could not reproduce the patterns at
zero field. This is partly because it is too simple to simulate
dendritic patterns of different morphology.

In this paper, a biased multi-particle random walk model
with improved flexibility is applied to simulate patterns of
both copper and silver dendrites in order to clarify the mech-
anism of the MFEs. Patterns of dendrites in the absence
and presence of a magnetic field gradient are well simulated
with the aid of this new and simple model. It is confirmed
that the convection of solution induced by the magnetic force
contributes chiefly to the dendritic patterns and yields in a
magnetic field gradient.

Model for Computer Simulation

Experimental Results. For the sake of consideration of a
model for computer simulation, experimental results for the
present liquid-solid redox reactions are given briefly.*>*
The copper and silver dendrites are formed by the simple
liquid-solid redox reactions,

Zn+Cu* — Zn*" +Cu | 4))

Cu+2Agh — Cu™ +2Ag | )

under the experimental condition shown in Fig. 1. In reac-
tion (1), a zinc wire is placed on a strip of chromatography
paper wet with 0.5 mol dm~2 CuCl, aqueous solution in the
absence and presence of a magnetic field gradient shown
in Fig. 1, whereas in reaction (2) a copper wire is placed
on a strip of chromatography paper wet with 0.5 mol dm~—>
AgNOj; aqueous solution.

Figure 2 shows the patterns of copper dendrite in the ab-
sence (a) and presence (b) of a magnetic field of By, =8 T.
Bmax 1s the maximum magnetic field at the center of a bore
tube and is used as a representative of the magnetic field gra-
dient depicted in Fig. 1. Figure 3 shows the patterns of silver
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Fig. 1. (a) Thedistribution of the magnetic field B(X) and the

product of the magnetic field and the magnetic field gradient
B(X)0B(X)/9(X), X being the distance from the center of the
magnetic field. (b) Experimental setup for deposition of
metal dendrites. (i) a metal wire (6¢ x250 mm), (ii) a strip
of chromatography paper (300x 37 mm), and (iii) a plastic
vessel (40 mm x 380 mm x 10 mm).
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Fig. 2. Patterns of copper dendrite generated from the
Cu?*/Zn redox reaction obtained experimentally. (a) Bmax =
OT. (b) Bnax=8T. (c) Enlarged pattern at Byx =0 T.

dendrite in the absence (a) and presence (b) of the magnetic
field. The patterns of copper dendrite are very different from
those of silver metal at zero field, as shown in Figs. 2(c) and
3(c). The copper dendrite grows almost perpendicularly to
the wire, whereas that of silver grows almost randomly into
four directions. Although we do not know the reason for this
difference, a plausible explanation may be that the crystal
habits are different in two metals. The dendritic patterns of
copper and silver change very significantly by the applica-
tion of the magnetic field. In the case of copper dendrite
in a magnetic field (Fig. 2(b)), it grows heavily in the cen-
ter part of the paper, whereas it is rather sparse at the two
ends of the wire. In good contrast with reaction (1), silver
dendrite grows mainly at the two ends of the wire. The dras-
tic changes in dendritic patterns are mainly attributed to the
magnetic field-induced convection of the solution which is
held in the thin layer between the chromatography paper and
the bottom of the vessel.>

Simulation of Dendrites in Magnetic Field

Fig. 3. Patterns of silver dendrite generated from the Ag*/Cu
redox reaction obtained experimentally. (a) Bmax =0 T.
(b) Bmax =8 T. (c) Enlarged pattern at Bp.x =0 T.

Simulation Model. In order to simulate the experimental
results shown in Figs. 2 and 3, the following random walk
model] is applied. Simple rectangle lattices (601x75) are
used to represent a strip of chromatography paper, as shown
in Fig. 4. The origin of the x and y coordinates in the lattice
is taken to be at the center of the two-dimensional lattices.
Five rows, i.e., [(—245, y) to (245, y), y=0, £1, £2], are
used as the occupied lattices that represent the metal wire. A
total number of Nt particles which represent metal ions are
randomly generated on the lattices. Every particle has equal
“move probability, Py”, to move in four directions. A random
number, r, in the range of 0—1 is generated to decide in which
direction a particle should move. If ris in a range of the move
probability of any direction, then it moves by one lattice unit
in that direction. For example, if Py =0.25, a particle moves
tox (0Sr<0.25), —x (0.255r < 0.5), y (0.55r <0.75),
and —y direction (0.75 < r £ 1.0) depending on r. If there
is another particle already occupying that site, the particle
does not move but remains at its old site. When a new site of
a particle is out of the rectangle lattice, it remains at its old
site.

When a particle reaches a site that is the most adjacent
to the metal wire or the growing dendrite, whether it sticks
to the dendrite or not as a metal particle is decided using
“stick probability, S”. Stick probabilities, Sy, S, and Sy,
for example, are the ones in different directions as shown in
Fig. 4. The site occupied by the particle is surrounded by 8
neighboring sites with eight stick probabilities, the origin of
their directions being taken at the site occupied by the par-
ticle. If any of these neighboring sites are occupied by the
dendrite, the site of the highest stick probability is selected
from the unoccupied sites. Then, a random number, r, is
generated. When r is smaller than or equal to the stick prob-
ability of that site, the particle sticks to that site; otherwise
it remains at that site. In the following, Sx =S_4, §y =5_,,
and Sxy = S_xy = Sx—y = S_x—y are assumed.

Furthermore, metal particles must form a cluster in order
to be recognized as a part of metal dendrite. For this purpose,
“clustering number, N,”, is introduced. When it is occupied
by N, particles, a lattice is incorporated into a part of the
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Fig. 4. The model used for computer simulation of dendritic patterns in a magnetic field gradient.
dendrite.

If the solution that contains particles flows in one direction,
“drift probability, Py,” is added to the move probabilities
of particles in that direction, and the particles have more
probability to move in that direction. Move probabilities of
particles are varied to adjust the direction and the strength of
the drift. The trajectories of particles are random walks on
short length scales, whereas on long length scales they will
show some effects of the drift. Detailed treatment of Py, is
given below.

The simulation was carried out for Nt particles. The
simulation is ended when a certain number of particles, Np,
are deposited or when steps of random walk become a certain
number of steps, N,, which represents the reaction time. The
calculation was carried out using a personal computer (NEC,
PC98-21).

Result and Discussion

There are many reports on the DLA models. A variety
of effects are introduced in them by taking account of par-
ticle drift,** finite density of aggregation particles,*''* or
stick probability.''* In the present model, the following are
introduced in the calculation: (1) In order to simulate the
dendritic patterns realistically, a random walk of multi-par-
ticles model is applied as, in the experimental conditions,
about 10?? particles of ions and water molecules move in
the thin layer of 37 mmx300 mm and about 25% of metal
ions are reduced into metals in the reaction. (2) Dendrites
are generated starting from the multiple seeds forming rows,
though they are usually grown starting from a single seed.
(3) In order to simulate patterns with different morphology
at zero field, stick probabilities are introduced. (4) In order
to change density of dendrites, the clustering number is in-
troduced. Motions of Cu* or Ag* ions are only treated in a
representative way, though in actual experimental conditions
a solution composed of cations, anions, and water molecules
moves by convection.

After simulating the patterns at zero field, we simulate
patterns in the magnetic field by introducing drift probability
which is related to the magnetic field-induced convection.
The simulation is carried out for Ny = 20,000. This means
that about 44% of lattices are occupied initially by particles.

1. Simulation Patterns at Zero Field.  Influence of
Clustering Number and Stick Probability.  Before sim-
ulating observed patterns of dendrites, let’s examine the in-

fluence of clustering number, N, and stick probability, S, on
the patterns of dendrites. Figure 5 shows the influence of
N.. When N, = 1, the density of dendrite is very high. When
N, =3, the dendrite grows sparsely. By introducing N, the
density of dendrite deposited is controlled. In the following
simulation, NV, is fixed at 2.

In order to reproduce different patterns of dendrites, “stick
probability, S” is introduced in the present model. Fig-
ure 6 shows the influence of S on the patterns of dendrite.
When stick probabilities are the same in all directions, i.e.,
Sx =S8y = 84y =1, the dendrite grows with the same ratio
in all directions and its branches spread widely (Fig. 6(a)).
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Fig. 5. Influence of clustering number, N, on the simulated
pattern. Nt =20,000, Np =8,000, Po=0.25, 5x =Sy =Sy =
l.(a) Ne=1. (b) Ne=2. (c) Ne=3.
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Fig. 6. Influence of stick probability, S, on the simulated
pattern. Nt =20,000, Np = 8,000, N. =2, Pg=0.25. (a) Sx =
LSy=1,8y=1 (b) $x=0.578,=1,585y=05. (c) =
02,8,=18y;=02 (d) 5=0,5=1,S8y=0.
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When the values of Sy and Syy are decreased, the dendrite
grows more slowly in x and xy directions than in y direction
(Fig. 6(b,c)). When Sy =S,y =0, and S, = 1, the dendrite can
only grow in y direction, and the branches become almost
perpendicular to the wire (Fig. 6(d)). The patterns shown
in Figs. 6(a) and 6(b) are similar to the dendritic patterns of
silver at zero field (Fig. 3(c)), whereas those shown in (c)
and (d) are similar to those of copper at zero field (Fig. 2(c)).
By introducing anisotropic stick probabilities in simulation,
we can generate dendrites with different morphology at zero
field.

In the following, the simulation pattern in Fig. 6(c) is
taken as the representative of copper dendrite at zero field,
whereas that in Fig. 6(a) is taken as that of silver dendrite.
The parameters used there are fixed and a new parameter,
Pp, is added in simulation of patterns of respective dendrites
in a magnetic field gradient.

2. Dendritic Patterns in a Magnetic Field Gradient.
When a magnetic field is applied, the deposition patterns
change drastically. The magnetic field gradient induces a
magnetic force, which is given by

Frag(X) = (x/ 0)B(X)OB(X) /90X 3)

where y is the magnetic susceptibility, y& is the magnetic per-
meability, B(X) is the magnetic field intensity at the position
X, X being the distance from the position of the maximum
magnetic field. Ag* ion, Zn?** ion, their counter ions and
water are all diamagnetic. The effect of the magnetic force
on diamagnetic ions can be negligible because of their small
x values. It is considered that paramagnetic Cu* ion is af-
fected by the magnetic force. This is because the absolute
value || of Cu** ion is about two orders of magnitude larger
than those of diamagnetic species. It is also known that the
redox reactions in which paramagnetic ions are involved are
only affected by the external magnetic field.*

In order to simulate patterns of dendrites in a magnetic
field gradient, the drift of particles by the magnetic force is
introduced in the calculations.

Copper Dendrite.  The copper dendrite is formed by
reaction (1). At zero field the copper dendrite grows almost
perpendicularly to the wire. This pattern can be reproduced
by the parameters applied for the simulation of the one shown
in Fig. 6(c). Then patterns of copper dendrite in a magnetic
field gradient are simulated for two cases, Case A and Case
B, by introducing a drift probability Py,.

In Case A, only Cu?* ions are considered to move to the
higher field by the magnetic attractive force as depicted in
Fig. 7(a). Then the drift probability Py (x), which represents
the drift probability in x direction at a column [x] of lattices,
is added in the directions to the higher field (x or —x) so
that the particles have a higher probability to move in that
direction. It is assumed that Py, (x) is proportional to the
magnetic force Fag(X) (Eq. 3) and that the maximum value
of Ppx(x) is Py, as depicted in Fig. 8. The sum of Py (x) and
4P, is normalized to 1. For example, the values of Ppy(x)
at the column A [0] which corresponds to the center of the

Simulation of Dendrites in Magnetic Field
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Fig. 7. Directions of flow of particles assumed in simulation
of copper and silver dendrite patterns. (a) Copper dendrite
(Case A). (b) Copper dendrite (Case B). (c) Silver
dendrite. A, B, and C in the figure indicate locations of
columns of [0], [130], and [245], respectively.
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Fig. 8. Pmx(x) and Pry(x) used in simulation.

wire, the column B [130] where the Fp,g is the maximum
value and the column C [245] which corresponds to the end
of the wire in the first quadrant in Fig. 7(a) are: Py (0)=0;
Pmx(130) = Py, 5 Py (245) = 0.218Py,. The drift probability
Py (%) increases from O at the column A to the maximum
value (Pp) at the column B, and then decreases to 0.218Py,
at the column C.

Figure 9 shows the simulation patterns of copper dendrite
in a magnetic field. Figure 9(a) is the pattern at zero field and
(b) is that in Case A with P, = 0.2. This simulation pattern
is similar to the one shown in Fig. 9(a) and is very different
from the observed one shown in Fig. 2(b). It is obvious that
this model, where only the drift of Cu?* ion to the center part
of the paper is considered, can not reproduce the observed
pattern at all.

It is experimentally known that, after the reaction, Zn*
ions remain mainly in the neighborhood of the two ends of a
zinc wire, whereas copper dendrite grows mainly in the cen-
ter part of the paper. This observation can be explained only
by the convection of solution which is induced by the mag-
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Fig. 9. Influence of drift probability, Py, on simulated pat-
terns of copper dendrite. Ny = 20,000, N, = 3,000,000,
Ne=2,8=02 85=1,8y=02. (@ Pn=0. (b) Case
A (flow directions of particles depicted in Fig. 7(a) are as-
sumed). Pn =0.2. (c) Case B (flow directions of particles
depicted in Fig. 7(b) are assumed). P, =0.1. (d) Case B.

Pn=0.2. (e) Case B. P, =0.3.

netic force. Convection means the displacement of solution
as a whole and does not mean the displacement of solutes
in it. Since, in Case A, only motion of Cu®* ions is consid-
ered, this model corresponds to the magnetic field-induced
diffusion of Cu?* ions and is concluded to be inadequate to
represent the pattern of copper dendrite in a magnetic field.

In a previous paper,™ it is suggested that not a solution
adsorbed by the chromatography paper but a mobile solution
(0.6 ml) in the thin layer between a chromatography paper
and the bottom of a plastic vessel undergoes convection.
In convection of solution, if a part of solution in the layer
moves to a certain direction, there must exist a counter flow
at another part of the solution. A mobile solution must flow
continuously within the area covered by the paper.

In Case B, it is assumed that the Cu?* ions move, as a
result of convection of solution, in the directions depicted in
Fig. 7(b). Under the experimental condition shown in Fig. 1,
the solution apart from the zinc wire is rich in paramagnetic
Cu?* ions, whereas that in the neighborhood of the wire is
poor in Cu?* ions because the redox reaction takes place in
the vicinity of the wire. The solution apart from the wire
which is rich in Cu®* ions moves to the higher field by the
magnetic force. However, at the center of the magnetic field,
the magnetic forces from the two sides are compensating
each other and the solution can not move further to the same
direction. Since the magnetic force on the solution near the
wire is weaker than that on the solution apart from the wire,
the solution at the center of the magnetic field may turn its
direction as shown in Fig. 7(b). As a result, the solution near
the wire may be pushed out to the lower field. Since the flow
of solution should be continuous, the solution near the two
edges may also turn its direction as depicted in the figure. It
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is said that, in the case of copper dendrite, a magnetic field
induces convection by affecting the paramagnetic reactant
in reaction (1).

Based on the argument briefly mentioned above, the di-
rections of convection depicted in Fig. 7(b) are assumed
in Case B. In the calculation, it is assumed that the drift
probability is a function of x, though it would be a function
of x and y in the 2-dimensional lattices. This assumption is
adopted to simplify the calculation procedure. The drift prob-
ability is divided into two components, Pry(x) and Py (x),
which represent the drift probabilities in x and y directions
at a column [x] of lattices, where P2, = Py (x)? +Ppy(x)?
and the sum of P, and 4P, is normalized to 1. P, (x)
is assumed to be proportional to F,.(X) and, therefore,
is identical with the value in Case A. Ppy(x) is obtained
from the equation, Ppy(x)? = P2 — Prx(x)?, for a given value
of Py. The values of Pn,(x) and Py(x) are depicted in
Fig. 8. For example, the values of Py, (x) and Ppy(x) at the
columns A [0], B [130] and C [245] in the first quadrant in
Fig.7(b) are: P, (0)=0and Pry(0) = Pry; Prox(130) = Py, and
Piy(130) = 0; Pnx(245) = 0.218Py, and Py, (245) = 0.976P,.
The move probability P, (x) increases from 0 at the column
A to the maximum value (P,,) at the column B, and then
decreases to 0.218P,, at the column C. On the other hand,
the probability Ppy(x) decreases gradually from Pp, at the
column A to 0 at the column B and then increases gradually
up to 0.976P,, at the column C. Particles move to the wire
(i.e., y or —y direction) in addition to the movement to the
higher field (i.e., x or —x direction). Here convection of so-
lution in the lattices where dendrites are already deposited is
not taken into account by the calculation.

Figure 9(a,c—¢) shows the influence of P, on the patterns
of dendrite in Case B. When P, is increased from O to 0.3,
most particles move to the center part of the paper and the
dendrite grows thickly there. Only very few particles deposit
at the two ends of the zinc wire. The simulation patterns (d)
and (e) are similar to the experimental one in the magnetic
field (Fig. 2(b)), indicating that the experimentally observed
patterns of copper dendrite are formed by the influence of
convection of solution shown in Fig. 7(b).

The assumption that Py, and Py, are dependent only on
x does not represent the counter flow near the wire, as the
solution near the wire is expected to move to the lower mag-
netic field. This does not influence significantly the patterns
of dendrite as shown in Fig. 8(d, e). At a short time after the
reaction starts, this might affect the patterns of dendrite. As
the reaction proceeds, however, the Cu?* ions in the neigh-
borhood of the wire disappear rapidly and, therefore, motion
of the ions in the neighborhood of the wire may not affect
patterns of dendrite deposited apart from the wire, since the
counter flow takes place where Cu®* ions are already re-
acted. Similarly, neglect of convection of solution in the
lattices where dendrites are already deposited does not influ-
ence significantly the patterns of dendrite.

Silver Dendrite.  The silver dendrite grows by reaction
(2). At zero field, silver ions move toward the copper wire
by diffusion and deposit around it as shown in Fig. 3(a). This
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pattern can be reproduced by the parameters applied for the
stmulation at zero field shown in Fig. 6(a). In this reaction,
it is considered that a magnetic force affects paramagnetic
products, Cu?* ions, generated by the reaction. The effect of
amagnetic field gradient is explained as described below. As
the redox reaction proceeds, Cu?* ions are formed near the
copper wire. Since Cu?* ions are paramagnetic, the solution
near the wire which is rich in Cu®* ions is attracted to the
higher field. This induces convection of solution in the thin
layer between the chromatography paper and the bottom of
the plastic vessel, as depicted in Fig. 7(c). As a result, a
counter flow occurs to the lower field in the area apart from
the wire, where Ag* ion is rich, and silver dendrite grows
mainly at the two ends of the copper wire.

Patterns of silver dendrite are simulated analogously by
assuming the counter flow of Ag* ions shown in Fig. 7(c).
The values of Py (x) and P,y (x) are the same as those used
for copper dendrite deposition in Case B, shown in Fig. 8,
except that their directions are opposite.

Figure 10 shows the influence of Py, on the patterns of
silver dendrite. Silver dendrite grows preferentially at the
two ends of the wire and branches of silver dendrite between
the edge and center of the wire bend to the higher field. When
P, is increased from 0 to 0.3 to enhance the effect of the
convection, the branches of silver dendrite tilt to the higher
magnetic field. The inclined angle is related to Py, or to the
strength of the convection induced by the magnetic force.
The area where silver dendrite sparsely deposits increases.
The patterns (c) and (d) shown in Fig. 10 resemble well the
experimentally obtained one shown in Fig. 3(b). Therefore,
the MFE on the patterns of silver dendrite can be explained
by the convection of solution depicted in Fig. 10(c).

3. Chemical Yields of Dendrites. It is expected that the
magnetic field-induced convection may affect chemical yield
of dendrite as well. If the convection assumed in simulating
dendritic patterns mentioned above is correct, the MFE on
the chemical yield of dendrites should be also reproduced by
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Fig. 10. Influence of drift probability, Py, on the simu-

lated pattern of silver dendrite. Flow directions of par-
ticles depicted in Fig. 7(c) are assumed. Nt = 20,000,
N; =2,000,000, No=2,8x=1,8,=1,8y =1 (a) Pn=0.
®) Pn=0.1. (¢) Pn=02. (d) Pn=0.3.

Simulation of Dendrites in Magnetic Field

Table 1. Influence of Py, on the Number of Deposited Par-
ticles and the Deposition Ratio for Copper Dendrite.

Pn Number of Deposited Deposition Ratio
Particles

0 7304 1

0.1 8713 1.19

0.2 11048 1.51

0.3 11922 1.63

Parameters used are given in Fig. 9.

using the same model.

Copper dendrite. It is reported that the yield of copper
dendrite after one hour reaction is 36+2 mg at zero field,
whereas it is 56+12 mg in the presence of a magnetic field
gradient (Bpax = 8 T).*® The deposition ratio, i.e., the ratio
of the yields in the presence and absence of a magnetic field
(Bmax =8 T) is about 1.55.

In our simulation the number of particles deposited within
a fixed number of steps, which is equivalent to a fixed reaction
time, is counted at several P, values, other parameters being
the same to those used for simulating the pattern at zero
field shown in Fig. 9(a). The chemical yields of dendrite in
Case B which correspond to the simulation patterns shown in
Fig. 9(a,c—e) are listed in Table 1. At zero field, i.e., P, =0,
7304 particles deposit, and with increasing Py, values from
0 to 0.3 the number of particles increases significantly. The
deposition ratio at Py, =0.3 and Py, =0is 1.63.

The increase in the deposition ratio is in good agreement
with the increase in the ratio of copper dendrite in a magnetic
field (1.55). It can be said that the convection of the solu-
tion induced by the magnetic force contributes chiefly to an
increase in the yield of copper dendrite in a high magnetic
field gradient.

For the purpose of comparison, the deposition ratio for
Case A is calculated. The ratiois 1.11 when P, =0.2, which
corresponds to the pattern shown in Fig. 9(b). It is much
smaller than the corresponding value (1.51) calculated for
Case B. This small MFE obtained for case A is due to the
absence of the probability Ppy(x). Although a larger MFE
on the yield would be achieved by using a larger Py, value,
the magnetic force-induced diffusion of copper ions does
not seem important. This is because the dendritic pattern
shown in Fig. 9(b) is very different from the observed one
as discussed above. Furthermore, MFEs on silver deposition
can not be explained in terms of the above mechanism. It
can be said that the spatial movement of particles is reflected
more sensitively in the dendritic pattern than in the chemical
yield.

Silver Dendrite. It is reported that the deposition ratio
of silver dendrite is 1.45.% This increase in the ratio can also
be interpreted by the enhancement of mass transfer of Ag*
ions, which is induced by the convection of the solution in the
magnetic field. Table 2 shows the yields of dendrite which
correspond to the deposition patterns shown in Fig. 10(a—
d). When P, increases from 0 to 0.3, the number of the
deposited particles increases from 7294 to 11257. The de-



W. Duan et al.

Table 2. Influence of P, on the Number of Deposited Par-
ticles and the Deposition Ratio for Silver Dendrite.

Pn Number of Deposited Deposition Ratio
Particles

0 7294 1

0.1 7817 1.07

0.2 9747 1.34

0.3 11257 1.54

Parameters used are given in the Fig. 10.

position ratio at Py, =0.2 and P, =0 is about 1.34. Itis in
agreement with the increase in the yield of silver dendrite in
a magnetic field (1.45). It can be said that the convection
of the solution induced by the magnetic force contributes
chiefly to the increase in the yield of silver dendrite in a high
magnetic field gradient.

Therefore, from computer simulation, the MFE on the
yields of both copper and silver dendrite can be also ex-
plained by the magnetic field-induced convection of solution,
though the magnetic force affects a paramagnetic reactant in
the former, whereas it affects a paramagnetic product in the
latter. The most striking feature of the present results is that
magnetic field-induced convection of solution takes a key
role in the observed MFEs.

Conclusions

Using a biased random walk simulation, the DLA patterns
of copper and silver dendrites in a magnetic field gradient
are evaluated. The effect of a high magnetic field gradient
can be simulated by simply varying the drift probabilities of
the particles which is induced by a magnetic force. Not only
the patterns but also the chemical yields of copper and silver
dendrites are reproduced by the simulation. It is confirmed,
from computer simulation, that a magnetic force produced by
ahigh magnetic field gradient induces convection of solution.
This affects the deposition patterns and yields of copper and
silver dendrites.
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