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ABSTRACT 

The fractal scaling characteristics of the surface profile of electrolytically-

deposited palladium hydride dendritic structures have been obtained using 

convention and high-resolution transmission electron microscopy. The results 

are in remarkable agreement with the modified diffusion-limited aggregation 

model due to Vicsek (Phys. Rev. Letts. 5_4 (1985), 1828). 
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1. INTRODUCTION 

Fundamental interest of the interaction of hydrogen with metals was revived 

recently with the repot of meltdown of a Pd-D electrolytic cell 1 . The Pd-H system 

has been studied for over a century and it represents a model system from the 

structural, thermodynamic and kinetic points of view 2 . Both the solubility and 

mobility of hydrogen is exceptionally large in the face-centred cubic (fee) 

structure o r palladium. 

In this paprr we present the results of a conventional and high-resolution 

electron microscopic study of palladium foils which had been used as electrodes in 

an electrolytic cell designed to produce palladium hydride. The observations 

appear to provide much stimulating information concerning the surface 

morphology of palladium electrodes and the mechanism of electrolytic deposition. 

The experimental results are first described (§2,3). Then follows a section on 

fractal geometry (§4) which has been used to characterize the dendritic structures 

and surface morphology (§5). A theoretical overview of the scaling properties of 

aggregation phenomena (§6) is followed by a discussion (§7) of the experimental 

results. 

2. EXPERIMENTAL 

Three mm discs were cut from 25 urn thick Pd foil (99.9% purity) using an 

ultrasonic drill. The discs were thinned elcctrolytically using a commercial jet 

polishing apparatus. The electrolyte was a mixture of 50% CH^OH, 33% HMO? and 

17% H^PO^. The electrolyte temperature was 24°C. V/I was 2V/6mA for 15 minutes, 

or until fine pinholes appeared in the centre of the disc, wh-ch was then used for 

electron microscopic observations. These foils were first examined to characterize 

them, before being used for the hydriding process as follows. H was compressed 

galvanistically into the prclhinned discs using as electrolyte a m: ;ture of 5% 



C2H5OH and 50 m% H2SO4 for about 1 hour, the specimen being the cahode. at 

room temperature, with V/I = 1.5V/5mA. The anode was either palladium or 

platinum foil. 

The thin specimens were examined in the ultra-high resolution pole pieces 
of a JEOL-4000EX electron microscope, with spherical aberration coefficient C = 

1.0 mm. 

3. EXPERIMENTAL RESULTS 

Figs, la-d show a series of surface profile images of four palladium specimens 

prepared by electrolysis for increasing times. In the first stages isolated dendrites 

form an irregular decoration along the profile (Fig. la). The dendritic trees then 

increase in density and size (Fig. lb) until they impinge, when 'he dendrites 

coarsen (Fig. lc) and finally form a quasiperiodic cellular structure with 

characteristic wavelength -0.14 - 0.16 um (Fig. Id). The surface would then appear 

to be imperfectly compact, and advance at a constant rate. The surface deposit is 

black in colour and is usually referred to as palladium black, which may contain 

some oxygen, as well as palladium hydride3-4. 

Figs. 2a,b are enlargements of two trees from Fig. la.b, showing detail. Fig. 2c 

shows further enlargements of a branch from Fig. 2a. Finally Fig. 2d shows a 

high-resolution lattice image of part of Fig. 2c. Structural defects, including 

stacking faults and microtwin lamallac are now visible. 

The electron diffraction patterns showed essentially the facc-cen ed-cubic 

structure of palladium with [110] preferred orientation. The microcrystallites arc 

approximately 100-500A diameter. Further details of the high-resolution image 

analysis, as well as the results of a chemical analysis using parallel electron 

energy loss spectroscopy (PEELS), are being published separately-15. More profile 

images are included in the fractal analysis section below (§5). 
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Selected area diffnction patterns (Fig. 3a) from the circled area in Fig. 2a 

showed that the microcrystallites of palladium black have almost perfect parallel 

[110] alignment along an individual branch. Subdendrite branches are rotated 

with respect to each other so that overall the diffraction pattern of a tree shows a 

spotty-ring pattern (Fig. 3b) typical of f.c.c. palladium. Thus the microcrystallites 

are the basic structural units of the dendrites. The irn-rocrystallites are quite 

compact (Fig. 2c,d), with a relatively smooth surface on the atomic scale. 

4. FRACTAL GEOMETRY 

Invariance to a change of length scales is a type of symmetry (self-

similarity) which can be used, in much the same way as the symmetries associated 

with Euclidian geometry, to develop an understanding of complex phenomena, 

unencumbered by all the details of the physical and chemical mechanisms 

contributing to its formation 6 . In particular we are concerned here with 

disorderly growth mechanisms 7"^. 

(a) Self-similar fractals. This refers to objects which are self-similar under 

homogeneous transformations of scale. Self-similar structures, spanning an 

infinite range of length scales, are easy to construct theoretically 6. The 

occurrence of scaling over a limited range of length scales within inner cut-off 

length ( ^ m ; „ ) and outer cut-off length ( ^ m a x ) >s characteristic of all real fractals 

generated by natural processes. ^ m a x

 i s c l c a r , v determined by the size of the 

object, but may be smaller than this; / m i n may be determined by the resolution of 

the eye (0.1 nm), optical instrument (1 um) or ultimately, as investigated here, by 

the spacing of the atoms. 

Most natural fractals exhibit self-similarity in a statistical, rather than ideal 

geometrical sense. For statistically self-similar, namely random, fractals, the 
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single parameter D, or fractal dimension, is defined, in its simplest rorm, as the 

exponent that relates the mass M of ZA object to its size R as 

M - R D (1) 

For normal Euclidian geometries, such as rods, discs or spheres D = 1, 2 or 3 

respectively, consistent with the common notion of dimensionality. For fractal 

objects D may not be integral. 

(b) Coastline analysis. In the present context it is interesting to determine how 

the length (L) of the surface profile (coastline) scales with the length (/) of the 

unit measure (ruler). For self-similar objects 

LO-!l'Dc (2) 

(Feder, 1988), where D denotes the fractel dimension of the coastline. 

(c) Height-difference correlation function. For structures such as rough 
surfaces that can be represented by a single-valued function h(x) of the position 

x in the lateral direction, it is convenient to use the height difference correlation 

function C.(x) defined by 

C n (x) - <h(x) - h ( x + x 0 ) > | x | = x (3) 

to characterize the surface roughness. For self similar objects we may expect this 

to scale as 

C h (x) - x H (4) 

where H is called the Hurst exponent. For Brownian diffusion processes we expect 

H = 0.5 9 . 
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2 (d) Surface roughness. The variance o defined by 

o 2 = W Z (hi - h)2 (5) ft) 
is often used to provid. a quantitative measure of the surface thickness or 

roughness, o . Here the mean height h is given by 

h = <h> = (—\L h- (6) 
l n sJ ' 

whe re the summation is restricted to the n sites cf the surface, and h- is the 

height of the i position on the surface One could also define the height of the 

surface by 

h - a <7) 

where N is the total number of lattice sites in a strip of width /. 

(c) Self-affine fractals and surface roughness. This more general description 

allows for anisotropic scaling behaviour. Thus, many additional disorderly 

growth phenomena, especially surface reactions, may be analyzed. Rough 

surfaces evolve typically from an initially smooth, essentially planar surface. If 

the resulting surface is fractal, i.e. self-affine because the direction 

perpendicular to the original surface will behave quite differently from that 

parallel to the original surface, it is reasonable to expect that the surface 

roughness a . will grow with some power of time 

o ± - t p (8) 

Here we arc assuming that the surface recedes or advances at an essentially 

constant rate. For a growing fractal surface there will also be a characteristic 

correlation length o , , describing a lateral distance over which fluctuations in the 



surface height persist. This length will be related to the correlation length in the 

perpendicular direction by 

o± ~ °n (9) 

where a is equivalent to the Hurst exponent. It follows from Eq's. (8,9) that 

o n - fi,a - t 1^ (10) 

where y = a/p*. 

5. FRACTAL ANALYSIS OF PROFILE IMAGES 

(a) Principles of method. Selected images were digitized using a video camera 

and a software toolbox. An image was stored initially in a (512 x 512) pixel buffer 

with 256 level grey scale. For coastline, height-difference correlation function 

and surface roughness analysis we chose to analyse the surface profile images, i.e. 

the interface between the object (black) and the vacuum (white). The digitized 

images were therefore binarized to two levels, i.e. black or white (1 or 0). 

For noncompact structures, there are two ways to determine the fractal 

dimension D: (i) measuring the scaling characteristics of the area or (ii) the 

scaling of the length of the coastline in terms of the unit length (ruler). The first 
method should give a value D. <. 2 whereas the second should give D2 >. 1. For ideal 

self-similar fractals these two values of D will be identical. Both methods were 

applied to individual PdH trees, when identical results were obtained. In general 

however it was more practical io use the former method for extended profiles. 

Thus with main frame buffer size 512 x 512 the area (M in Eq. (1)) was defined to 

be the sum of all pixels having intensity level 1 within a square of edge N pixels 

N may range for 1 to 512. The plots of log M versus log N were then examined to 

locate regions of constant gradient, i.e. the fractal dimension O. (This is known 

as the box-counting method.) 



For profile analysis it was convenient to allow the vertical coordinates to 

represent the height h- whereas horizontal coordinates represent the length L. 

For a total of N sites on the surface contour, the length scale n can be selected 

from 1 to N. Each n may have different starting points j ranging over 1 < J < . (N-

n +1). Thus for starting point j and length n the average height is found to be 

n s+J 
^ (11) he ; = — s j n s 
2, h; 
j 

The variance in this range is 

j + n s 
2 

°s,j s 1 = J 

< h i " > ' , / (12) 

The statistical thickness a . with respect to scale n is given by the average over 

all starting points j . 

N-n s +l 

«l = X « s , j / (N - n s+ 1) (13) 
j=l 

Thus o , is only related to the length n , 1 <. n < N. The thickness o g is then plotted 

as a function of n The horizontal component a of the surface roughness may 

then be obtained using Eq. (9), 

as Oj_ - n s (14) 

A log o ± 

or a =~7~\ (15) 
A log n s 

In order to obta :n the parallel component p (Eq. (8)) one requires a series of 

images showing the time evolution of the surface topology, over a sufficiently 

wide range of surface height that a meaningful value may be obtained from a log-

log plot based on Eq. (10). 
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(b) Fractal dimension analysis. The tree-like dendritic structures were first 

analyzed for their fractal dimension. Log A versus log N (plots (Fig. 4} showed 

typically a constant slope over a wide range of t, e.g. 0.1 u. to 8 u for Fig. 4, yielding 

coastline dimensions of 1.80 ± 0.09. / „ : „ was typical!) r . lOOA, which is the 

m m JY t — 

primarv particle size (see Fig. 2b). The profile is a well-behaved (self-similar) 

fractal for larger scales. Values for various dendrites are listed in Table 1, 

obtained using the box-counting method. A typical value is therefore D = 1.80. 

It is not practical to give the fractal dimension of individual trees plus the 

tree density to specific a dendritic surface. At this point it was necessary to switch 

to the coastline method. Values for all the surface profiles analyzed are given in 

Table 2. They range from 1.06 <. D <. 1.28. The corresponding figure numbers are 

also given in Table 2. 

(c) Height-difference correlation function. CL(X) was evaluated for Figs. 1 and 

5. Typical log-log plots are shown in Fig. 6. Values of the gradient for straight 

line regions are given in Table 2, together with the corresponding ranges ^ m : n <. 

/ < . / The values of H were predominantly in the range 0.75 <. H <. 1.00. None of 

the values are consistent with purely Brownian diffusion processes, where H = 0.5. 

Higher values presumably reflect departures from Brownian diffusion processes, 

e.g. due to electrical or chemical concentration gradients close to the surface (see 

discussion §5 below) which lead to a quasiperiodic cellular structure. Bimodel 

behaviour (Fig. 6) was typical. Values in the range 0 <. H <. 0.25 simply imply that 

there is a limit 'o the roughening, approximately equal to the granularity 

dimension of the particles forming along the surface profile. 

(d) Surface roughness. The analysis procedure was tested against the published 

results for an Eden Cluster (see Fig. 3 of ref. 8). Thus plots of log o (/,<») versus log 

/ yielded slope a = 0.5, which is identical to the computer-simulated values. 
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The results of the analysis of Figs. 1 <»nd 5 for a, based on Eq. (15) are listed in 

Table 2 together with the range of / for which the gradient of log a versus log I 

were constant. Typical plots of log o (/,°° ) versus log / , together with the 

corresponding profiles, are given in Figs. 7-10. In the most cases the values of o 

were not significantly different from the corresponding values of H. 

An approximately constant slope plot was obtained for an early stage of 

dendritic growth (Fig. 7a) on palladium for the global log o , plot yielding a , = 

0.833 (Fig. 7b). We attempted to distinguish local slope regions in order to identify 

possible harmonics of the evolving microfractures. Local slope measurements 
were made for strips lj and (-, (see Fig. 7a), yielding a^ = 0.8065 and a3 = 0.8333 

respectively (Fig. 7c,d). It is doubtful if there is a significant departure of t* form 

the global result in this case. 

Fig. 8a shows a stage of dendritic growth after a quasiperiodic dendritic 

pattern had developed. The three log-log plots given in Figs. 8 b-d refer to the 

profiles labelled t,, ^ a r > d I? '" Fig. 8a. Multifractal behaviour (more than one 

region of constant shape) became apparent for l*, and even more clearly for tj 

and £, . Details of the a values, and the corresponding t m i n <.£ ^ - ^ m a x ranges a r e 

given in Table 2. Note that a decreases for increasing I, but o.y — " 3 — 0-73 is 

characteristic of 1.16 <_l<_ 2.113, which appears to represent a se!f-affine fractal 

range of behaviour. Globally, a -» 0 for a -» °° , which follows by inspection of the 

micrograph Fig. 8a, where we see essentially a disorderly growth of palladium 

black crystallites, on an essentially smooth substrate. The growing surface is not 

compact at this stage, many holes and gaps are apparent. 

Fig. 9a shows a further stage of evolution of palladium black on palladium. 

The corresponding log-log plot for this profile, ate given in Fig. 9b. Multifractal 

behaviour is again indicated with a regime having a -> 0, consistent with a smooth 

surface, for large t; a linear region with a = 0.6944 for 1.1 n m <_t<_ 2.5 u.m; and a 
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portion having increasing a for/<. 1.1 |im. Crystallites, having diameters ^.750A, 

again appear to be limiting self-affine behaviour. Individual crystallites 

themselves exhibit fine sca!<* surface roughening, shown enlarged in Fig. 9d, 

when the corresponding log-log plot (Fig. 9c) indicates an approximately constant 

gradient portion o = 0.676, for one cluster of crystallites. Fig. 10 shows a further 

example of a profile (Fig. 10a) which is globally multifracta! but which shows 

apparently self-affine fractal behaviour (a = 0.64) for an individual cluster of 

crystallites (segment ly)- Finally, Fig. 11 shows an analysis of a compact surface 

profile, when both the global (segment / . ) and local (segment lj) behaviour is 

multifractal (F'gs. llb.c). 

Attempts to determine the scaling parameter p, using Eq. (8), were 

unsuccessful, due to the small number of data points available, for example four 

for Fig. 5a-d. 

6. THEORETICAL OVERVIEW 

In attempting to assess the analytical results of th's study wc have made a 

review of experimental and computer-simulated results published by i umcrous 

authors (see e.g. Mandelbrot6, Feder ,̂ Jullien and Botet8, Stanley and Ostrowsky7, 

and Meakin1*^1'). A number of processes which may be appropriate to our results 

are summarized in the present section. These include Brownian processes1 1 and 

random deposition with surface diffusion12 which should describe surface 

roughening; the diffusion limited aggregation model of Wittcn and Sander 1 3; 

ballistic aggregation (Mcakin 1 1, Jullien and Botet8); reaction limited aggregation 

(Mcakin 1 1 * Stanley and Ostrowsky7) and field-induced aggregation (Jullien and 

Botet 8). In the following section (§7) wc discuss their relevance to understanding 

the electrode mechanisms underlying the present observations. 
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(a) Random deposition with surface diffusion. Family 1 2 has given a recent 

review of computer simulation studies of the dynamic scaling of evolving 

surfaces. Three different types of random deposition growth processes were 

discussed; random deposition, random deposition with surface diffusion and 

ballistic deposition. Surface diffusion has a distinct smoothing effect (see Fig. 1 of 

Family (1988)). In order to model this effect he allowed a deposited particle to 

diffuse on the surface within a finite distance from the column in which it was 

dropped, until it finds the column with minimum height. At this point the particle 

sticks to the top of that column and becomes part of the aggregate. Simulations 

indicated that surface fluctuations are independent of the length of the distance 

over which the particles are allowed to diffuse, as long as it is finite. 

A more dramatic effect of the surface diffusion is the introduction of non-

trivial correlations between different columns. Thus the surface width grows as 

o ~ t a ; a - 1/6 (17) 

1/2 in contrast to the t behaviour found in random deposition. In addition, at long 

times, the surface roughness saturates and reaches an /-dependent steady state 

value o(°°), which scales with the length of the system as 

O ( - ) ~ L P ; P~£ (18) 

These two results are a consequence of the introduction of surface diffusion. 

On the basis of the scaling results (17) and (18) Family and Vicsek 1 4 proposed 

that the width o , j scales as 

o, ,(t,L) = L.P f(t/LY) (19) 

and 
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f(x) - x a , x « 1 (20) 

f(x) - constant , x » 1 

Scaling plots of o(t,L)L*P against il\J for various L have been studied for ballistic 

deposition, random deposition with surface diffusion and the Eden model. For a 

given model the data are found to collapse onto a single curve indicating excellent 

agreement with the scaling form (19, 20). 

According to Family ^ the essential physics of the random deposition model 

with surface diffusion is contained in a Langevin-type equation 1 5 . 

^ = DV2h + $(r,t) (71) 

where D is the diffusion coefficient and £(r,t) is a zero mean, random noise term in 

the flux. The first term Eq. (21) represents the surface relaxation due to the finite 

diffusion coefficient D. In the absence of the surface diffusion, the process 

described by the Langevin equation is simply one of random filling of bins which 
1II leads to growth of w - t ' . Since Eq. (21) in linear, it it quite easy to solve it by 

Fourier transformations 1 5 . By calculating the variance directly it was found that 

a = (3-d) 4 . p = (3-d)/2 and y = 2 

in d dimensions, in d = 2 the results a = T, p = rand y = 2 are in excellent agreement 

with trie simulations of the random deposition model with surface diffusion, 

implying that the Langevin equation captures the essential physics of this 

random deposition process with surface diffusion. However our results (a > 0.5) 

are not in good agreement with this model. 

(b) Scaling of Brownian process for surface roughening. The Brownian process 

B(t) describes the distance moved by a Brownian particle in a time t. It can be 

rescaled onto itself by the transformation 
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B(t) -> b " , / z B(bt) (22} 

Here the distance along the y axis is increased by +1 or -1 (randomly selected) 

each time the time is increased by 1 (see Fig. 5 of Meakin 1 1). For the Brownian 

process B(t) the height difference correlation function has the form 

C h(x) - x 1 / 2 (23) 

An important generalization of the Brownian process is the fractal Brownian 

process that can be reseated by the transformation 

B(t) = b " H B(bt) (24) 

The parameter H is called the Hurst exponent and the height-difference 

correlation function has the form 

C h ( x ) ~ x H (25) 

The determination of H from this work (see Table 2 below) yielded values 

lying typically in the range 0.75 < H < 1; implying that the processes observed do 

not correspond simply to Brownian surface diffusion. 

(c) Diffusion and field limited aggregation. The DLA model 13 can be used to 

represent any random growth process in which the growth probabilities are 

controlled by a field <t> which obeys the Laplace equation 

V2<}> = 0 (26 ) 

In the case of electrodeposition experiments the field $ is the concentration field 

of the ions being deposited. This gives rise to field-induced aggregation, in which 

interparticle electrostatic interactions arc not the unique cause of aggregation 

but there exists some external field which forces particles to aggregate. A simple 

diffusion-limited model in which particles arc added one at a time to a growing 
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cluster via random walk (Brownian) trajectories leads to computer simulated 

aggregates closely-ressembling the dendritic tree patterns, with fractal 

dimension of about 1.80 (Jullien and Botet8- Meakin 1 0 ). The DLA model is 

successful in describing dendritic crystal growth. A generalized DLA model was 

proposed by Vicsek 1 6 to take into account the surface effects which play an 

essential role during most growth processes. With increasing surface curvature 

for example the geometry of the clusters generated in Monte Carlo simulations 

gradually changes from randomly-branched diffusion-limited aggregation 

clusters into compact, nearly regular patterns. Vicsek's model is in excellent 

agreement with our results (see discussion §7 below). 

(d) Ballistic aggregation. (Ramuilal and Sander 1 7). In this approach particles 

are added, one at a time, to an aggregate according to randomly selected straight-

line trajectories. This may apply for sedimentation, vapour deposition onto cold 

surface, etc. The added particles stick to the aggregate at the point of impact. 

Computer simulations lead to clusters having fractal dimension about 1.95^, which 

is not compatible with the above results. 

(e) Reaction-limited aggregation. In this model a small short-range potential 

barrier must be overcome before two clusters can join irreversibly. Many 

collisions may occur between pairs of clusters before an irreversible bonding 

event takes place. Thus many configurations may be sampled before aggregation 

results, simulating to some extent thermally-driven fluctuations. This mechanism 

presumably makes a small contribution to room temperature electrolytic 

deposition processes. 

7. DISCUSSION 

The results of the fractal analysis show clearly that individual dendrites 

show self-similar behaviour, with D c ZL 180. These arc reasonably well understood 

using field-induced aggregation models on the basis of DLA computer simulations. 
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On a chemical level the growth mechanism may be described as disorderly growth, 

involving a mixture of random electro-chemical dissolution (micro-corrosion cell; 

Bockris and Reddy 1 8 ) plus field-induced crystallization superimposed on random-

walk diffusive clectrodeposition. Perhaps the apparent agreement between 

computer-simulated and experimentally-observed dentritic structures is to some 

extent an oversimplification. 

The microcrystallites (100-500A diameter) which act as basic units to form 

the dendrites are quite compact, with relatively smooth surfaces on the atomic 

scale (Figs. 2c,d). At this scale the structure may lose its self-similar character. 

The internal structure (Fig. 2d) is however quite defective with multiple-twinning 

and intergrowth defects, which may imply internal chemical changes induced by 

hydrogen and/or possibly oxygen diffusion into the palladium. 

Both the dendritic structures and the latter stage quasiperiodic cellular 

patterns seem to be well understood using the theoretical approach of Vicsek 1^. 

This model is designed to account for nonequilibrium electrodeposition resulting 

from a competition between a nonlocal diffusion field, due to the concentration 

gradient of the electrolytic cell, which may become amplified locally due to high 

current densities existing at relatively sharp points (small radius of curvature), 

versus the surface tension of growing aggregates, which should favour flat or 

smooth surfaces and interfaces. Vicsek's model is a generalization of the DLA 

model in which randomly walking particles launched from distant points stick to 

the s' rfacc of the growing cluster on arrival at a site adjacent to the aggregate. 

This process corresponds to the nonlocal diffusion field. In addition two further 

rules are introduced to account for surface effects, (i) The sticking probability of 

the particles arriving at the surface of the aggregate is assumed to depend on the 

local curvature of the surface. If the particle does not slick to the surface it 

continues diffusing; thus the growth rate is reduced at places with large radius of 

curvature. (ii) After a particle has landed, its position is relaxed to one of the 
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nearest or next-nearest sites with the lowest potential energy, i.e. with the largest 

number of occupied nearest neighbouis. Without surface relaxation ((ii) above), 

randomly ramified structures are generated, with many holes and an 

approximately constant density. Microdiffusion to nearest, next-nearest, etc., 

neighbours results in a smoother interface and disappearance of holes, giving 

more compact clusters. Fig. 12, redrawn from Fig. 2 of Vicsek 1 2 , shows the role of 

surface curvature in determining the surface profile for increasing values of the 

surface curvature parameter A. Fig. 12a corresponds to zero surface tension, 

which yields a dendritic tree pattern closely-ressembling our Figs. la,b. As the 

curvature strength is increased the randomness of the interface is reduced and a 

nearly-regular pattern develops with characteristic wavelength increasing with 

A. Figs. 12b,c resemble our Figs, led and parts of Fig. 5a-d. At the latter stages of 

Figs. 1 and 5 the particles tend to be squarish or facetted rather than smooth or 

rounded (cf. Fig. 12d). This change of shape could probably be simulated by 

introducing arisotropic surface tension, related to development of relatively-low 

energy close-packed planes of atoms in real crystallites. Further discussion of the 

stoichiometry and crystallography of the microcrystallites may be found in Peng 

and Bursi!' 5. 

Fig. 13 shows log o versus log I plots for three of the profiles obtained by 

Vicsek (sec Fig. 12b-d). These yield approximately constant slope portions detailed 

in Table 3. Note that the values of a so obtained are rather similar to the values 

obtained by our analysis of Figs, la-d. Figs. 5a-d, etc. (cf. Table 2). The numerical 

values reported in Tables 1 and 2 may have limited significance outside the 

present study, due to the specific experimental conditions used. However, they are 

internally consistent and show a remarkable resemblance to the values obtained 

from the computer-simulation results of Vicsek. 

The values obtained for the Hurst exponent (0.75 <. H <. 1.0) are typically murh 

higher than H = 0.5, which would be expected for random-walk (Brownian) 



18 

processes). As the above discussion demonstrated it is necessary to include the 

effects of surface curvature and surface relaxation, to a close-packed structure, to 

account for the experimental profiles. The lattice-string animal approach, which 

is designed to account for surface migration with geometrical restriction 

(Suzuk i 1 9 ) , may also be useful in future computer-simulations designed to account 

for the tendency for surface facetting to occur in the later stages of deposition 

(see Figs. Id, 5d). 

The major limitation of the present exploratory study is lack of further data 

on the time evolution of the various surface profiles recorded. It is not possible to 

carry out in-situ studies by electron microscopy. From the analytical point of 

view we have made only a rather crude decomposition of the multifractal 

behaviour observed in many cases. More sophisticated analytical methods may be 

developed here which, along with computer-modelling, will be required to explain 

the transitions among different geometries and surface mechanisms. 

8. CONCLUSION 

In balance we conclude that use of the surface profile imaging technique to 

record surface morphology, and characterization of the latter by analysis of its 

scaling properties offers a significant approach to the study of electrodeposition 

processes. The theoretical approach due to Vicsek shows quite remarkable 

agreement with the experimental results and analysis of the present work. 
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FIGURE CAPTIONS 

Figure 1 a-d: Four stages in electrolysis of palladium thin foil, showing how 

the surface profile develops for increasing electrolysis time. 

Figure 2: Enlargement of dentritic trees from Fig. lb (a,b). Successive 

enlargement of (a) show detail of an individual branch (c) and 

finally leaves (d). Note microcrystallites (100-500A diameter) 

and their defective internal structure. 

Figure 3: (a) Selected area pattern of the circled area of Fig. 2a, showing 

[110] f.c.c. structure. (b) shows the spotty-ring pattern obtained 

from a whole tree, e.g. Fig. 2a. 

Figure 4: Coastline analysis of Fig. 2a; showing log A - log N plot. Note 

constant slope characteristic of self-similar fractal behaviour. 

Figure 5 a-d: Set of four surface profiles for increasing electrolysis periods. 

Figure 6: Log C^ (x) versus log x plots for Figs. 5a-d. 

Figure 7: (a) Profile for early stage dendritic growth, (b) (c) (d) Show log 

o versus log I plots for surface roughness analysis of segments 

labelled ^ i . ^ i a n ^ ^3 ' n ^ a^ 

Figure 8: Surface profile showing development of quasipcriodic dendritic 

structures. (b-d) show log a versus log ( plots for segments 

labelled t^, tj, t^ in (a). 

Figure 9: (a) Further stage of electrolysis, showing coarsened dendritic 

structures, (b) Shows log o versus log I plots for segment (a), 

(d) Shows enlargement of part of (a) and (c) is the 

corresponding log-log plot. 
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(a) Coarsened dendritic surface profile ( / . ) yielding 

multifractal behaviour (b). (c) shows self-affinc behaviour for 

an individual dendrite cluster (tj)-

(a) Compact surface profile which gives multifractal behaviour 

for both segments / , and lj (b,c). 

Computer-simulated surface profiles for increasing strength of 

surface curvature parameter A in the modified diffusion-

limited-aggregation model of Vicsek (following ref. 6; Fig. 2). 

(a) A = 0, (b) A = 3, (c) A = 6 and (d) A = 12. 

log o versus log I plots obtained for three profiles (b-d) of Fig. 

12. 
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TABLE 1 

Coastline Analysis of Dendritic Trees on Palladium for Fractal Dimension D^ 

Approximate Size of Tree Fractal Dimension 

6.5 n 1.80 

2.4n 1.803 

3.7 n 1.84 

7.2 n 1.73 



TABLE2 

Results for Fractal Dimension (D). Hurst Exponent (H) and Surface Roughness (o) 

Figure Coastline Dimension Correlation Function Surface Roughness 

No. D c Hurst Exponent 

H < ' m i n ^ ' m a x > 

0 ( C ; „ < * < '«,„,,) 
v min — — max' 

la 1.3 C^<4.96u) 

«max = 1 5 *> 

0.83 (/ < 0.29 u) 0.8 (*< 1.57 u) 

lb 1.22 (*<0.01 ») 

1.41 (0.01 <*<0.8u) 

('max = 6 2 5 & 

0.87 (^< 0.13 n) 0.88 (I < 0.33 n) 

lc 1.1 (*< 0.015 u) 

1.35 (0.015 <t < 0.15 u) 

('max = U * 

0.88 (t < 0.036 n) 0.81 {£ <0.6n) 

Id 1.13 (£< 12.5 n) 0.54 (£ <_0.28 n) 0.46 (£ < 0.62 u) 

('max = 1 5 *> 0.88 (0.28 <£< 3.94 M) 0.84 (0.62 < i < 14 u) 

5a 1.071 0.92 (/ < 0.092 u) 0.92 (*< 0 . 14 M) 

( ' m a x = 7 ^ 0.25 (0.092 <£< 1.46 M) 0.286 (0.14 <£< 3.84M) 

5b ' 13 0.92 (* < 0.23 ji) 0.90 (£ < 0.28 M) 

('max = 7 ^ 0.06 (0.23 < £ < 2.9 M) 

5c 1.2 0.96 (/< 0 .13 M) 0.72 (£< 0 .37 M) 

( ' m a x = 7 ^ 0.18 (0.13 <£< 2.9) 0.205 (0.37 < ^ < 7 M) 

5d 1.118 

('max = 7 ^ 

0.78 (0 < £ < 0.29 u) 0.85 (£<03 M) 
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TABLE 2 (cont'd) 

Figure Coastline Dimension Correlation Function Surface Roughness 

No. D c Hurst Exponent 

x min — — max' 

^ m i n ^ ^ ' m a x ) 

7 1.06 0.92 (*< 2.708 n) 0.88 (I < 0.591 \i) 

«m.x = 7 0 8 & 0.36 (0.59 < / < 1.95 n) 

0.6(1.95 <l<7\x) 

1.075 0.92 {I < 0.063 M) 0.89 (t < 0.08 u) 

«max = 4 6 ^> 0.28(0.063 <*< 0.605 ^) 0.36 (0.08 <l< 1.45 >i) 

0.94(0.605 <l< 4.0 u) 0.84 (i.45 < / < 4.6 u) 

1.09 

('max = 1 3 2 & 

0.82 (/ < 0.056 n) 0.85 (*<0.17u) 

8 1.25 0.9 (*< 0.133 u) 0.86 (* < 0.073 M) 

('max - « & 0.23 (0.133 <*< 2.2 M) 0.15 (0.073 < I < 2.77 n) 

1.24 0.8 (t < 0.03 \i) 0.74 (I < 0.07 u) 

^ m a x = 2 1 4 ^ 0.15(0 0 7 < * < 1.12 n) 

1.06 

(/ < 0.23 u.) 

1.23 

(0.23 <^<0.15n) 

^ m a x * 1 ' 1 6 ^ 

0.89 (£ < 0.046 n) 0.86 (t < 0.073 n) 
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TABLE 2 (cont'd) 

Figure Coastline Dimension Correlation Function Surface Roughness 
No. D c Hurst Exponent 

H ( / • < / < / Q V ) v min - max7 

° < ' m i n ^ ' m a x ' 

9 1.16 

<*max = 1 6 7 ** 

0.78 (/ < 0.65 n) 0.85 (/ < 0.65 n) 

1.28 0.93 (t < 0.16 n) 0.93 (I < 0.26 n) 

10 1.18 0.89 (I < 0.69 n) 0.87 (/ < 0.87 n) 

1.12 

«max = 1 0 3 ^ 

0.96 (*< 0.17 n) 0.84 (* < 0.22 n) 

i ; 1.15 

('max = 2 7 ) 

0.78 (*<0.18n) 0.80 (*< 0.71 n) 

1.17 

«max = 1 2 3 H> 

0.57 tf < 0.06 n) 0.86 (l< 0.16 v) 
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TABLE3 

Results for Fractal Dimensions (D). Hurst Exponent (H) and Surface Roughness (a) 

for the Profiles Shown in Fig. 12 

Figure Coastline Dimension Hurst Exponent Surface Roughness 
No. D c H (°) 

( '-,;- <i< £ m „„) v min — — max7 ( ' m i n ^ ' m a x ' 

12a 1.18 

(t<it) 

1.60 

12b 1.024 

(*<* t ) 

1.42 

1.16 0.94 (*<* t) 

12c 1.044 

(/ < tt) 

1.42 

a>£t) 

0.96 0.92 (*<* t) 

12d 1.03 

u < tj 

1.27 

0.99 0.96 (/<* t) 
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