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Electrochemical growth of iron and cobalt arborescences under a magnetic field: A TEM study
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TEM observations of iron and cobalt arborescences grown by electrodeposition were performed. In the
limited range of external parameters allowing the growth of such arborescences, the morphology at the nano-
metric scale is dendritic, and single crystalline dendrites are observed as longras Phe crystallographic
structure of the dendrites is examined in detail. A magnetic field was applied during the growth, either parallel
or normal to the plane of growth. Its effects on the morphology at the nanometric scale and on the crystallo-
graphic structure are analyzed.
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[. INTRODUCTION (SEM) was so far used only in the case of so-called “robust
deposits,” i.e., ramified aggregates grown on a substrate,

A wide range of physical, chemical and biological sys-in an agitated solutiof,*® or in a paper suppoft,*® when
tems give rise to arborescent patterns, often through a fdhe recovery of the aggregates after growth is possible.
from equilibrium growth process? One of the most chal- The first characterization at a nanometric scale of arbores-
|enging prob|ems is to understand the origin of these patcent aggregates obtained in a classical thin electrochemical
terns, to predict their formation from basic mechanisms, an@ell, floating in the solution, was made by Grieral by
to look for possible universalities. “Simple” systems, easiertransmission electron microscoyEM). They showed that
to investigate experimentally and theoretically, such as thé" the case of zinc, the dendritic morphologies were charac-
solidification from an undercooled mélf, the viscous terized by a crystalline order at a nanometric scale. Those
fingering® the electrochemical depositi§, or more re- dubbed DLA-like, because of the strong analogy with the
cently the formation of bacterial colonfebare therefore ac- Pattern generated by the numerical model of diffusion-
tively studied and a lot of efforts are made to find analogiedimited aggregatiorty showed no crystalline order at that
between them38-10 scale. This was confirmed in a following paffewhere a

The electrochemical deposition of metals in thin gap ge/nodel was proposed to explain the formation of crystalline
ometry is one of the experimental systems allowing the fordendrites very far from equilibrium. To our knowledge, since
mation of ramified patterns. Different macroscopic mor-this last study no other characterization by TEM of such
phologies, empirically named dendritic, dense-radial, stringy2dgregates was made. _
needlelike, open, eté';!? can be obtained as a function of ~ We report in this paper a TEM study of iron and cobalt
several external parameters: applied voltage, initial concergrborescences grown by electrochemical deposition in a thin
tration, etc. The rich variety of these morphologies resultsell. We present a characterization of the morphology and the
from the interplay of the different processes involved, whichcrystalline structure of the arborescences at the nanometric
can be chemical and associated with the process of met&fale and the magnetic field effects on the growth at that
reduction, or physical and concerned with the dynamics opcale to be related to the effects observed at a macroscopic
ions in a solution and under an electric field, i.e., diffusion,scale, presented elsewhété’
migration, or transport through fluid convections.

_Since thg first gxperiment of Matsushiaal.® who ob- Il. EXPERIMENTAL DETAILS
tained quasi-two-dimensional zinc fractal aggregates by elec-
trochemical deposition, the primary intent of many studies of The experimental setup was described in detail in a pre-
such metallic arborescences was to establish the dependendgpus papef! In short, the experiments are performed in a
of macroscopic morphologies on the experimental parameircular geometry and at constant applied voltage. We used
eters controlling the growth. Different “phase” diagrams as asimple aqueous Fe(SPand Co(SQ) solutions, without a
function of the initial concentration and the applied voltagesupporting electrolyte. The anode is a copper ring of diam-
were thus reporteth:-'2 To get further insights requires the eter 4 cm and thickness 0.5 mm and the cathode is a copper
investigation of the morphology and the structure of the arwire of thickness 0.05 mm. A thin film of the solution
borescences at a nanometric scale, in order to understand tfre 500 wm thick) is spread on a glass plate, edged by the
relationship between the mechanisms of the growth at thanode. Unlike previous similar experimentd? the cell is
scale and the resulting macroscopic morphology. Unfortuleft open to reduce the destructive effect on the deposit of the
nately, such a characterization is rather difficult since theH, bubbles generated during growth. A magnetic field up to
aggregates cannot be removed from the solution without bed.2 T, perpendicular or parallel to the cell plane, may be
ing destroyed and they have a short lifetime in the solutiorapplied during the growth, using a “magnetic mangle,” a
after growth, most often becoming oxidized. For this reasonsystem built with permanent magndétee Ref. 2L
even the usually commodious scanning electron microscopy For the TEM study we used a CM300 Philips microscope
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equipped with an x-ray microanalysis system by energy dis-
persion(EDX). The energy of the electrons is 300 KeV, lead-
ing to a wavelength of about 0.0196 A. Electron diffraction
patterns are obtained in selected area.

The deposits are floating in the solution and very fragile
and removing them from the solution after the growth de-
stroys the very small branches. Usually, to perform measure-
ments after the growth is completed, the deposit is left to dry
on a glass coverslip put into the solution under the cathode.
Unfortunately this leads to a degradation of the aggregates
that are oxidized and polluted by residual salt from the solu-
tion. Therefore for the TEM study the samples are prepared
following a different method. Instead of leaving the sample
to dry, we use a grid of gold, which is part of the sample
holder for the TEM observations, to recover parts of the
aggregate still floating in the solution. This grid, of diameter
3 mm and thickness 0.1 mm, is a 1@@nx 100 um square N ;
mesh, made of gold wire of thickness 20n, covered with ~/0SCOPIC View. (¢) Sparse arborescencéiron, C=0.5M, U
an amorphous carbon membrane with holes. To recover thé5 V): macroscopic view
sample, the grid is simply dipped into the solution, under the‘monitoring” the applied voltage by limiting the current, but
aggregate, then lifted. The macroscopic morphology of thés not considered here.
arborescence is lost, but the very small branches are pre- Iron and cobalt arborescences were examined by TEM.
served intact. Scanning the grid, we are able to find smalWe present here the results, first in the case of iron and then
dendrites in a good position to be analyzed, on the edge dfi the case of cobalt.
the holes of the grid. This method limits the oxidation and
the degradation of the arborescences that occurs during dry- A. Iron arborescences
ing in the solution. In the case of iron, samples from aggregates showing the

Due to the size of the analyzed domain and also to thewo different macroscopic morphologies were considered.
limitation of the thickness that can be examined by TEM,Two examples are shown in Fig. 2, one from a dense and one
one single observation may not be representative of thérom a sparse arborescence. In both cases the branches ap-
whole sample. Therefore acceptable statistics were realizegear dendritic at the TEM level. In fact the morphologies of
by examining different places on the same sample and alsthe two branches are very similar and they could have been
different samples coming from the same aggregate. both observed in a dense arborescence. Consequently, noth-

ing at the TEM scale allows one to distinguish between the
macroscopically sparse and dense morphology. One differ-
. GROWTH WITHOUT MAGNETIC FIELD ence, however, exists within the statistics of our observa-
) ) ) ) . tions: thin branches are more difficult to find in sparse than
The macroscopic morphologies are described in detail i, gense aggregates, which could mean that the branches of

Ref. 22 and, concerning iron arborescences, partly in Refyparse arborescences are thicker or that they contain less thin
21. In short, because of Hormation during growth, iron pranches.

and cobalt arborescences are obtained in a narrow range of o a second step for the characterization of the arbores-
external parameters: initial concentratiorbetween 0.0M  cences, selected area electron diffraction was performed on
and 0.5M , applied voltagé/ between 3 V and 7 V for iron,

C between 0.IM and 0.5M, U between 3 V and 8 V for
cobalt. Concerning iron, only two different morphologies are
found. A “dense morphology,” isotropic, with a very stable
circular envelope, similar to that dubbed “dense branching
morphology” (DBM) in the literature, is obtained for C be-
tween 0.03M and 0.1M. An example is displayed in Fig.
1(a). Optical microscopy performed during the growth gives
more details, showing that the growth appears dendfiig.
1(b)]. A well-defined angle is observed between the main and
the secondary branches, but this angle is only local and the
dendritic branches loose their orientation at larger scale. Fol
higher concentration a “sparse morphology” is obtained, 200nm
with only few branches, thicker and more ramifigig.

1(c)]. Concerning cobalt, only the sparse morphology could FIG. 2. TEM observations of iron arborescences grown without
be obtained in the mentioned concentration range and comnagnetic field:(a) dense morphologyd=0.0M, U=5 V), (b)
stant applied voltage. The dense morphology was obtainesparse morphologyC=0.5M, U=5 V).

FIG. 1. Dense arborescencgron, initial concentrationC
=0.06M, applied voltagé/=5 V): (a) macroscopic view(b) mi-
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FIG. 4. (a) TEM image of a dendritic branch from a cobalt
arborescence grown without magnetic field=0.5M, /=5 V);
(b) corresponding diffraction patter(zone axis[001] of the hcp
structure.

FIG. 3. Diffraction patterns of iron arborescences grown without
magnetic field, corresponding to bcc pha@:the most commonly

observed, zone axj{g11]; (b) zone axi§ 110].

the observed dendritic branches. The resulting diffractionyygss being in thé110) direction of fcc Fe or in thé100)
patterns show that the branches of the arborescences ajfection of bce Fe. This is in good agreement with the geo-
single crystalline at this level. Although consistent with the metrical relations between the two types of structure. The
fact that the branches appear dendritic at this scale, this findsatellites around the fcc peaks are defining a larger periodic-
ing is rather surprising with regard to the observed macrojty than the fcc lattice. These ordered microdomains of the
scopic morphology. Indeed the DBM morphology is gener-fcc phase induce distortions in the bec phase, resulting in
ally associated with tip-splitting processes, leading to noryeformations of the spots of the bcc main phase. Similar
crystalline structuré® Accordingly the dense morphology is syperstructure reflections are found in the case of micro-
not rigorously what is actually considered as DBM. domains with antiphase boundarfés.

We found no difference between the crystallization of the |, many diagrams two diffraction rings are also observed.
branches from dense or from sparse aggregates. The MQgker a careful analysis of the diffraction pattern and some
typical diffraction pattern found in our study is shown in Fig. complementary x-ray microanalysis we attributed the first
3(a). The diffracted spots are related to the bcc structure ofne to the iron oxide R©, and the second one to the anhy-
iron, with [111]_as the zone axis. A less frequent diffraction yrqus iron sulfate Fe(SQ. These two compounds are finely
pattern, with[110] as the zone axis, is shown in FiglbB  divided at the surface of the arborescences and present only
The main spots show asymmetric shapes indicating thah a very small quantity, as deduced from the small intensity
strong local crystal distortions exist in the bcc phase. In botlof the diffraction rings.
diffraction patterns additional reflections can be observed. In All the diffraction patterns show that the observed den-
the first diagraniFig. 3(@)], where the main spots are over- dritic branches are single crystalline. Therefore their growth
saturated, some diffuse intensity, not related to the bcc phasdirection has to coincide with a crystallographic axis. To de-
can be observed. In the second dféy. 3(b)] less intense termine this direction, the angle between the main and the
diffraction peaks are present, arranged in a periodic waysecondary branches was measured and found to be close to
indicating a superstructure. These supplementary diffractiod0°. Assuming that the dendrites lay horizontally on the grid,
peaks do not belong to the bcc phase of iron. Their positior 60° angle suggests that they are growing along 1)
and their orientation with respect to the bcc main phase leadirections with thg111) direction perpendicular to the plane
us to interpret the diffraction patterns in terms of orderedof growth. Indeed, we found some diffraction patterns with
microdomains of some other phase, nucleated into the bccl10) in the plane of growth an¢il11) perpendicular to this
iron phase. plane. However, other growth directions could not be ex-

To find out the nature of these microdomains we firstcluded and in this case, the angle close to 60° may be ex-
considered the possibility that they belong to the iron oxideplained by the fact that the dendrites are not horizontal on the
Fe;0,4, the nucleation of micro domains of this oxide into a grid.
bcce iron phase having already been obseRfddowever, in
our case, it is not possible to interpret all the observed dif-
fraction patterns on the basis of this hypothesis.

We considered then the possibility that the observed dif- In the case of cobalt we considered only samples from
fraction patterns result from the nucleation of microdomainsaggregates showing a sparse macroscopic morphology. The
of fcc iron into the bec iron phase. The weak diffuse intensityend of a branch is shown in Fig(a}, and the corresponding
observed in Fig. @ can be associated with such a nucle-diffraction pattern in Fig. é). Similar to iron, the branches
ation. The superstructure diffraction peaks in Fign)Zan be are dendritic and single crystalline at the TEM level. The
interpreted as satellites around the fcc peaks. These satellitdgfraction peaks observed in Fig(l) correspond to the hex-
are arranged in a crosslike shape, the two branches of ttegonal compacthcp phase of cobalt. The diffraction plane

B. Cobalt arborescences
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FIG. 5. TEM images of iron dendrites grown under an in-plane
magnetic field:(a) dense morphologyd=0.06M, U=5 V), (b)
sparse morphologyC= 0.5M, U/=5 V).

contains thg100] and[010] axis and thg001] axis is per-
pendicular to the plane. As for iron, two continuous rings are
observed on the diffraction patterns, one corresponding tc
Co;0, and the other to Co(Sfp. Again, these two com-

pounds are present in very small quantities and finely divided
at the surface of the arborescences. FIG. 6. (a, b TEM images of dendritic branches from a cobalt

arborescence grown under an in-plane magnetic fi€kdQ.5M,
U=5 V); (c) corresponding diffraction pattern, showing distortions
of the diffraction plangzone axig001] of the hcp structune

IV. GROWTH UNDER AN IN-PLANE MAGNETIC FIELD

The effects at the macroscopic scale of a magnetic field
applied in the plane of growth are detailed in Ref. 21 for ironwas observed. We found the same diffraction patterns for
arborescences and in Ref. 22 for both iron and cobalt aranches coming from sparse or dense arborescences, ob-
borescences. In short when an in-plane field of 0.2 T is aptained with or without in-plane magnetic field. One should
plied during the growth of iron and cobalt arborescences, th@oint out, however, that the local character of the TEM ob-
macroscopic morpho|ogy Changes' “Sparse” morpho|ogyservati0ns does not allow information about the absolute ori-
becomes elongated in the direction of the field, with twoentation of the branches with respect to the applied magnetic
thick branches parallel to the field. “Dense” morphology is field.
also affected, in a spectacular way: the isotropic circular
shape of the arborescence becomes rectangular. Optical mi- B. Cobalt arborescences
croscopy revealed that this shape results from a selection of .
the orientation of the growing branches with respect to the In the case of cobalt, we performed observations only on,
applied magnetic field. s_amples from sparse arborescences, as when no magnetic
We performed TEM observations to study these effects aft'eld was applied. T_WO _examples of bra_mches, at different
a nanometric scale. Samples from iron and cobalt arboreSCal€s, are shown in Fig. 6. Here again the branches are

cences grown under in-plane magnetic field were considere(ﬁi.endrltlc and no spemﬁq magnetic field effect_ appears at this
scale. The same plane is observed on the diffraction pattern

[Fig. 6(c)], with the [001] zone axis of the hcp structure
always perpendicular to the plane. However, one can see
In the case of iron, a large number of observations werdalistortions of the diffraction plane and that the intensities of
performed on samples with a dense macroscopic morphologgquivalent peaks are not equal. These kinds of distortions are
and only a few observations on one single sample showing aften observed in the case of cobalt, generally related to
sparse macroscopic morphology. Two examples of branchestacking faults.
one coming from a dense aggregate and the other from the
sparse one, are shown in Fig. 5. No specific magnetic field
effect on the morphology is observed at this scale on the
dense arborescences. Concerning sparse arborescences, iThe effects at the macroscopic scale of a magnetic field
seems that some magnetic field effects on the growth existipplied perpendicular to the plane of growth are detailed in
the branches are more needlelike than in the case of growtRef. 22 for both iron and cobalt arborescences. When a nor-
without applied magnetic field. However, only a few obser-mal magnetic field is applied during the growth, a spiraling
vations were performed and more detailed experiments angmacroscopic morphology is observed in the case of nonmag-
needed to be conclusive. Concerning the structure of thaeetic arborescences. The spiraling morphology is understood
branches, no signature of the magnetic field at the TEM leveas resulting from a convective motion of the solution induced

A. Iron arborescences

V. GROWTH UNDER A NORMAL MAGNETIC FIELD
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FIG. 7. (a) TEM image of a dendritic branch from an iron ar-
borescence grown under a magnetic field perpendicular to the plane FIG. 8. (&) TEM image of a dendritic branch from a cobalt
of growth (C=0.08M, U/=5 V); (b) corresponding diffraction pat- arborescence grown under a magnetic field perpendicular to the
tern. The observed ring can be attributed to finely dividegCzeat ~ plane of growth €=0.5M, ¢/=5 V); (b) corresponding diffraction
the arborescence surfatsee texk pattern.

by the Lorentz force acting on every charged particle moving, few branches were thin enough to be examined by TEM.
in the magnetic field. This effect is known in the literature asgne of the observed branches is presented in Fig. &

H 26
the magnetohydrodynamic effe¢¥HD). comes from a cobalt aggregate grown under a normal mag-

In tf;g ;:_alsde of ‘IFOQ gnq cotl:r)]alt araz{]esc;nces, a no.rmlq'letic field of about 0.2 T. This branch is different from the
mgg,zec;\%r:ge ir??r?elemorgﬁgl%gy?sgorgservlen d'uscpeafrsneoasr,ggfe_sqther dendritic branches that we observed previously and no

' o . . | curvature of the main branch appears. The corresponding
cences become more ramified with thicker branches, dens . . g .o
arborescences become thinner and less ramified. The conve [ffraction pattern is shown in Fig.(B). The branch is single

tive motion of the solution still exists, which means that thecrystalhne in this case again and the most intense diffraction

inhibition of the spiraling morphology has to be related to peaks correspond to the hcp cobalt phase. However, in con-

the magnetic character of the aggregates, probably througtﬁaSt with the growth performed in zero or in-plane magnetic

the dipolar interactions between magnetized branches. TENi€!d, here th¢001] axis i.e., thec axis of the hcp structure
observations were performed on samples from dense aggrts- Within the plane of growth. The other axis within this

gates for iron and from sparse aggregates for cobalt. plane is[100], perpendicular to the axis. It is not possible
to identify the growth axis in the TEM imagiFig. 8@)]
A. Iron arborescences since the dendrite is too thick, but the square shape observed

An example of a dendritic branch from an iron denseln this image isﬁconsistent with the growth axis of the den-
aggregate is shown in Fig(&). The applied magnetic field drite being thec axis of the hcp structure. An additional
was about 0.2 T. One can observe that the branch is berfliffuse intensity is also observed in the diffraction pattern,
reminiscent of the spiraling observed at the macroscopiorganized in lines parallel to the* direction. This is usually
scale in the case of nonmagnetic aggregates. A typical difebserved in the case of hcp structures and indicates the pres-
fraction pattern of such a curved branch is shown in Figence of stacking faults in the crystal. These faults correspond
7(b). The branch is single crystalline and the diffraction to the fcc cobalt phase and such a diffraction pattern can be
peaks correspond to the 110 reflections of the bcc iron. Thanderstood as resulting from fcc domains of different sizes
zone axis i§111]. The diffraction peaks are arched, indicat- present into the hcp main phase. This effect of the magnetic
ing that strong distortions exist in thg crystali. The presenceield, which is to flip thec axis of the hexagonal structure
of these arched spots can be_assouated with a progressiygm perpendicular to a direction in the plane of growth, is
rotation of the dendrite axif110] or, equivalently, with a  similar to what is observed in nanowires of cobalt grown by
progressive rotation of the crystal around the zone #xis. electrodeposition in a nanoporous membr&hén such
The observation of curved dendritic branches, related to theanowires, depending on the value of the overpotential ap-

presence of arched spots in the diffraction patterns, showsjied to initiate the growth, the axis may be perpendicular

that the spiraling morphology seems to be present at thgy a1ong the geometrical axis of the wire. In the latter case,
TEM level. This leads to the conclusion that the inhibition of gisortions of the hep structure appear clearly as stackings of
the spiraling morphology is taking place at an intermediatéycp and fcc phases. The diffraction patterns observed in both

level, between the macroscopic level where no spiraling igases are very similar to those observed in cobalt arbores-
observed and the TEM level where the spiraling morphologyences.

seems to be present.

B. Cobalt arborescences VI. CONCLUSION

The experiments were more difficult to perform in the To summarize, this TEM study shows a strong analogy
case of cobalt. It seems that the branches are thicker and onlgtween iron and cobalt arborescences. In both cases, the

224104-5



BODEA et al. PHYSICAL REVIEW B 66, 224104 (2002

branches of aggregates grown in zero magnetic field areffects are still open: to what extent are the two different
single crystalline dendrites on the nanometric scale. In theffects, the distortion of the cubic cdiron) and the flip of
case of iron, growth takes place probably in the plane perthe axis of the hexagonal structuembaly related, since they
pendicular to thg111] axis of the bce structure and, in the are a crystallographic response to the same constraint, the
case of cobalt, in the plane perpendicular to draxis of the normal magnetic field? How are these effects related to the

hcp structure. Nucleation of microdomains into the mamLorentz force acting on the ions moving in the solution*

phase is also observed in both cases: domains of the fC'EEM observations of nonmagnetic arborescences of different

. . . crystalline structures, grown under normal magnetic field,
phase into the bcc phase for iron and domains of the fC%houId be of interest to answer these questions
phase into the hcp phase for cobalt. y

c ina th h under in-ol ic field Magnetic field effects on the growth of magnetic arbores-
_ Concerning the growth under in-plane magnetic field, N0yances observed at a macroscopic scale, are interpreted as
signature of the applied field is observed at the TEM Ievelresulting from dipolar interactions between the growing

for both iron and cobalt, while on a macroscopic scale thg,ranches, magnetized in the applied field. Since those effects
magnetic field induces strong effects via the dipolar interacxzre not seen at the TEM scdleo effect of in-plane field and
tions between magnetized branches. no inhibition of the effects of the rotating fluid induced by

Concerning growth under a normal magnetic field, thel orentz forces in normal magnetic fi¢Jahe conclusion is
effect at the TEM scale is, for iron, a distortion of the cubic that dipolar effects are taking place at an intermediate scale,
cell and, for cobalt, a flip of the axis of the hexagonal celllarger than the one observed by TEM. Experiments at that
from perpendicular to parallel to the plane of growth. At aintermediate scale, for instance, microdiffraction with syn-
macroscopic scale, on the other hand, the typical spiralinghrotron radiation, are necessary to understand precisely
morphology obtained for nonmagnetic arborescences is nahrough which mechanism dipolar interactions lead to the
observed. Some questions about these normal magnetic fietthserved macroscopic effects.
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