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Electrochemical growth of iron and cobalt arborescences under a magnetic field
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Pattern formation in the electrochemical deposition of the magnetic Fe and Co metals from thin layers of
Fe(SQ) or Co(SQ) aqueous solutions were investigated in circular geometry and under magnetic field.
Sparsearborescences with few thick branches aehsearborescences with many thin branches can be
generated when no magnetic field is applied. Unlike for nonmagnetic metals, no tendency towards growth
spiraling or asymmetric branching is found out in magnetic field normal to the plane of the growth. The
morphology of the deposits appears instead to become more sparse. Under in-plane magnetic field, the sparse
arborescences get intoreeedlemorphology, oriented along the field, while the dense arborescences show a
circular to rectangular morphology symmetry breaking, one edge of the rectangle being parallel to the field.
Unexpected in most instances, these magnetic field effects cannot be understood without invoking the magnetic
dipolar interaction inside the magnetized growing aggregate together with its interaction with the applied field.
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I. INTRODUCTION A magnetic field is an additional external parameter for

the ECD of metals that should modify the observed patterns

Arborescent patterns abound in nature. Almost ubiquitousr create new ones. In a wider context, its influence is ex-

in botany, they are very often observed in biology or geologytremely varied, as found out experimentally, and not fully

as well as in various physical or chemical systems, emergingnderstood 15,16. Among the different outcomes, changes
from growth phenomenil]. Understanding the mechanisms in the deposition rates and in the morphology and structure

of these branching morphogenesis and looking for possiblécrystallization or amorphizationof the growths are ob-

universal features in the associated nonequilibrium processeerved. A variety of other deposit qualities such as adhesion,
are among the most fascinating but challenging problemsmoothness, shininess, etc., can as well get modified, open-

[2,3]. ing inviting possibilities of “tailored” preparation of materi-
A growth phenomenon providing a wealth of insights into als for applications.
pattern formation is the electrochemical depositiBeD) of Within the context of morphogenesis phenomena, the ef-

metals. Growths in volume from a point, a line, or a planefects of magnetic field were first investigated in quasi-2D
cathode can be performéd], but the deposits are very frag- ECD of Zn, from Zn(SQ) aqueous solution, in circular ge-
ile and tend to collapse under their own weight. Quasi-two-ometry[17]. Under increasing magnetic field, applied normal
dimensional2D) growths are generally considered, either into the plane of the growth, drastic changes of the patterns
circular geometry with an outer ring anode and a centralvere observed, either from DLA-like to spiraling DLA, then
point cathodg5-7] or in parallel geometry with line elec- dense, and finally compact or from dendrites to asymmetric
trodes[8,9]. A number of patterns can be generated using thelendrites, then DBM-like, and again compact. Similar
same experimental setiif,7] on changing the growth con- growths of Ag, from Ag(NQ) aqueous solution, evidenced
ditions (e.g., the electric voltage, the electric current, and thehe more intriguing dendritic to spiraling DLA pattern tran-
concentration of generic or inert species of active impuritiessition, apparently associated with a concomitant change in
or else the thickness of the electrolyte lgye8ome of the the rate-determining step from the kinetic to the diffusion
patterns show th&actal features ofdiffusion limited aggre- processefl8]. Pattern spiraling and/or branching asymmetry
gation (DLA) [10] observed in tip-splitting growths. Some appear generic to weak normal field and were also observed
others have stable tips and, similar to snowflakes, shoun Cu growths, from Cu(S§) aqueous solutiof19]. An
needleor dendritesusually observed in crystal growthl]. in-plane magnetic field, i.e., applied parallel to the plane of
Still others, with unstable tips but a stable envelope growinghe growth, was applied in the later investigations. Unidirec-
steadily, dubbed thelense radial[12] or dense branching tional stringy patterns, oriented perpendicular to the field,
morphology (DBM) [13], appear neither fractal nor den- were induced. All these works considered growths of dia-
dritic. What explains this diversity, not limited to the three magnetic metaléZn, Ag, Cu from solutions of diamagnetic
instances alluded to, is that several processes are involved {@n**,Ag",NO; ,sof() or paramagnetic (Gi) ions un-
the growthq 14]. der static uniform magnetic field. Accordingly, the observed
magnetic field effects were essentially discussed in terms of
magnetohydrodynami¢MHD) convection induced by the

*Present address: Institut de Recherche sur léadthenes Hors  Lorentz force. A magnetic force exists, inherent to concen-
Equilibre, 49 rue Freeric Joliot Curie, BP 146, F-13384 Marseille tration gradients and discriminating between diamagnetic
cedex 13, France. Email address: simona.Bodea@irphe.univ-mrsénd paramagnetic ions, proposed to be of some relevance

"Email address: ballou@grenoble.cnrs.fr [20], but is usually ignored.
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the growth processes when the magnetic flux density experi
enced within the electrochemical cell is no more uniform,
either because a magnetic field gradient is externally im-
posed [21] or because magnetized electrodes are useq
[22,23, or else because ferromagnefior ferrimagneti¢
metals are grown under a magnetic fighd,25.

Quasi-2D ECD of a ferromagnetic metal Fe, from
Fe(SQ) aqueous solutions, was previously performed, in
parallel geometry and for initial salt concentration fixed at
0.5 mol/l(M), but without magnetic field. Alternating transi-
tions between dendritic and tip-splitting growths were re-
ported[26]. A meshlike pattern was discovered on adding
sulfuric acid to the electrolyte solutidr27].

The influence of a magnetic field on the pattern formation
in quasi-2D ECD of ferromagnetic metals is approached in
the present paper, which reports investigations of growths, g, 1. Experimental setup. On the right the electrochemical
under fields of different amplitudes and orientations, of Fecell within its Plexiglas box. On the left the magnetic mangles
and Co, from Fe(S§) and Co(SQ) aqueous solutions, in generating the uniform magnetic field.
circular geometry, performed after the discovery of a spec-
tacular morphology symmetry breaking in Fe growths undep the deposits of the Hbubbles generated during the
in-plane magnetic fieli24]. growth. All the growths were made without supporting elec-
trolyte and from aqueous solutions prepared by dissolving in
deionized water the appropriate amounts of commercial fer-
rous [Fe(SQ)-7H,0] or cobalt[Co(SQ)-xH,0] sulfate

An advantage of quasi-2D ECD in circular geometry andsalts[29]. A solution is freshly prepared for each new growth
local gravity field normal to the electrochemical célle., to avoid aging effects. The entire setup can be temperature
with horizontal cell is that no directional features should be regulated and is placed in a transparent Plexiglas box isolat-
expected in the growth when no magnetic field is applied. Ang the growth from external perturbatioriBig. 1). Each
drawback of the circular geometry is that the growth cangrowth is done at 20 °C and takes few minutes.
never be stationary28], but working at constant voltage and  Two different devices are used to generate the magnetic
fixed anion concentration in this instance leads to a growttiield: a “magnetic mangle” and an electromagnet. The mag-
speed profile that is rather flat with respect to the radius ohetic mangle consists of four cylindrical magn¢isg. 1),
the growing deposit, except near the electrodes of the cettach one magnetized perpendicular to its axis, disposed in
where the speed is larger. Accordingly, at intermediate stageguch a way that a uniform magnetic field is obtained in a
of the growths, it can be approximated during short time asolume of about X 2x 2 cn? [30]. By appropriately rotat-
being constant as in stationary growths. A requirement tdng the magnets, the amplitude of the magnetic field can be
meet as well is that all the pieces of the electrochemical celVaried from —0.2 to 0.2 T[31]. The electromagnet has a
must be nonmagnetic, in order to consider solely the effectdistance of 4 cm between the pole pieces and can generate
of the magnetism of the deposits on their growths and tanagnetic fields up to 1.6 T. The electrochemical cell used in
avoid spurious nonuniformity of the magnetic flux density this case is smaller, with an anode of diameter 2.8 cm. The
from one experiment to another, e.g., associated with somelectromagnet allows higher and more uniform fields, while
undesired magnetic remanence. Using diamagnetic elethe magnetic mangle, a compact system easy to handle, al-
trodes, different from the grown metals, can of course lead téows in situ microscopic observations. Both devices show the
changes in the electrolyte composition through anodic dissssame effects of the magnetic field on the growth, in the com-
lution, but the corresponding influence on the growths shouladnon range of amplitude. Changing the field direction with
take place only when the deposits are already large, of abouéspect to the plane of growth on the electromagnet can only
half of the anode diameter. be made by orienting the electrochemical cell from horizon-

The experiments were performed at constant voltagetal to vertical, which will not be possible for open cells. This
applied between a Cu ring anode, of diameter 4 cm andrawback does not exist with the magnetic mangle which can
thickness 0.5 mm, and a central Cu “point” cathode, in facteasily be rotated as a whole to change the magnetic field
the end of a Cu wire, of diameter 0.05 mm. A thin film direction.

(=500 um thick) of an electrolyte solution is spread on a  An optical microscope, a charge-coupled device camera, a
glass plate, edged by the anode. A clean microscope covevideo recorder, and an image processing system are used to
slip, of thickness 0.14 mm, is put under the cathode in ordeperformin situ observations during the growth and at differ-

to reduce locally the thickness of the liquid film and to allow ent scales. Postdeposited analyses are more delicaténthan
one to remove the deposit out of the solution after thesitu ones: the deposits, floating in the aqueous solution, are
growth. Unlike in earlier similar experimenf§,7], no glass very fragile so that removing them out of the solution can
plate is positioned above the solutions: the upper surface déad to a destruction of the very small branches as well as an
the electrolyte film is left free to reduce the destroying effectoxidization.

#

e

Il. EXPERIMENTAL DETAILS
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FIG. 2. Iron electrodeposits generated without magnetic t@ld
for C=6x10"2 M and /=5 V (densemorphology, (b) for C=5
X101 M and /=5 V (sparsemorphology. The metallic rod in
both images is above the plane of the growth and is a guiding tube

for the cathode. . . . .
FIG. 3. Microscope view of the iron electrodeposits generated

IIl. GROWTHS WITHOUT MAGNETIC FIELD without magnetic field foc=6x10"2 M and&/=5 V (dense mor-
phology (a) at the beginning of the growtlih) and(c) at the end of
Growths at different initial concentratiorts of salts, ei-  the growth.

ther Fe(SQ) or Co(SQ), and at different values of the con-
stant electric voltagé/ applied between the electrodes were Observations at different scales using the microscope
attempted. A major limiting factor was the hydrogen evolu-showed that the morphology of the deposits evolves during
tion reaction leading to the formation of,Houbbles that the growth, even in the case of the dense arborescences: the
alters the deposit, by isolating branches from the electrolytegrowth starts with a dense, radial, and isotropic deposit, un-

and even destroys it. This was fortunately not the case for affortunately so dense that the fine structure of the branches is
the values of” andi/. hard to resolve experimentallyFig. 3a]. As the growth

No chemical additive was considered, at least in the firsproceeds, the deposit becomes less dense and more dendritic

step of the investigations and to limit the number of controllFig. 3(b)], owing to the gradual change during the growth of
parameters that can be modified. The inifiéd of the solu-  the salt concentration profile and of the electric current, lead-
tion was thus measured but not changed by addition of aid in turn to an evolving growth speed of the branches
acid or a base to have it constant with respect.té growth ~ [28,32. A well defined angle exists between the main and
parameter that was not fixed with accuracy, because no upp#te side branches of the dendrif#sg. 3(c)]. Nevertheless
glass plate is positioned above the solutions, is the electrdhe orientation of the branches is only local and not pre-
lyte thickness. Nevertheless its value, from one growth tcserved over large distances, contrary to that in usual dendritic
another, is controlled by always spreading the same volum@rowths[6,7]. An outcome of the underlying distribution of

of electrolyte on the lower glass plate of the electrochemicaprientations over the different possible directions is that the
cell. pattern at the macroscopic scale appears radial isotropic with

a stable circular envelope.
Examinations of the smallest branches of the arbores-
cences could be performed by transmission electron micros-
Growths of Fe arborescences unaltered by the formatiosopy (TEM) combined with selected area electron diffraction
of H, bubbles could be performed fo€ between 3 (ED). Detailed elsewherg33], these investigations allowed
X102 M and 5x10 * M and/ between 3 V and 7 V. The us to extend the observations of the morphology down to the
measured initialpH of the solutions waspH=3.60(5) nanometric scale and to determine the atomic structure of the
for C=6x10"2M, pH=3.40(5) for C=10"' M, and deposits. Single crystalline dendrites of pure Fe with the
pH=2.95(5) for C=5x10"*M, varying roughly as body centered cubitbco structure were systematically ob-
—3 10g,¢(C) for intermediateC, as expected. served in all the instances, independent of the growth condi-
Within the C range from 31072 M to 10 1 M the mac-  tions (Fig. 4). Nucleations of ordered microdomains of the
roscopic morphology of the deposits is always dense anfhce centered cubidcc) phase of Fe into the main bcc phase
isotropic, similar to those reported earlier as DBM,13: a  were also detected but at very weak density, as well as im-
stable circular envelope increasing uniformly in size is ob-purities of Fe oxide (F€,) and anhydrous Fe sulfate
served, with branches which, although hard to distinguish afFeSQ) but at practically evanescent quantities and most
this scale, appear to grow radially, outward from the centraprobably on the surface. The first main conclusion of these
cathodgFig. 2(a)]. investigations is that, although showing similar macroscopic
When( is between 10 M and 510! M, the macro- morphology features, the dense arborescences can rigorously
scopic morphology of the deposits, still dense at the beginnot be fully assimilated to those mentioned as having the
ning of the growth, soon become sparse with fewer anddBM morphology in the literature. Generally these are asso-
thicker branche$Fig. 2(b)]. The largerC is the sooner is the ciated with tip-splitting processes at the microscopic scale,
change, being practically immediate f6=5x 10" M. which should lead to a noncrystalline deposit. The second

A. Iron arborescences

021605-3



BODEA, BALLOU, AND MOLHO PHYSICAL REVIEW E 69, 021605 (2004
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FIG. 4. (a) TEM image and(b) ED pattern of a portion of an
iron electrodeposit generated without magnetic field &6
X102 M and/=5V. Similar TEM images and ED patterns are
obtained for other growth conditions: dense arborescences cannc
be distinguished from sparse arborescences at the scales of the TE
observations.

FIG. 5. Cobalt electrodeposits generated without magnetic field
main conclusion is that at scales up to aboutrt, the de- (g at constant voltage faf=5x10"1 M and/=>5 V (sparse mor-
posits are always single crystalline, more precisely dendriteghology), (b) at limited current forCc=5x10"* M, &/=5V, and
with a branching angle of 60°, which can be interpreted inz<7,~3 mA (dense morphology (c) Microscope view of the co-
terms of branches growing along the twofold axes perpenbalt electrodeposits generated at constant voltagarse morphol-
dicular to the same threefold axis among the four of the bcogy).
structure. The loss of the branch orientation and subse-
quently of the crystalline coherence should occur at largeend of the growths. A spatial resolution is also lacking for
scales. both the Fe and Co sparse arborescences, the branches of

which appear coargé-ig. 5(c)] but could as well consist in
B. Cobalt arborescences much thinner branches grouped as in a cypress tree. A pre-

Growths of Co arborescences unaltered by the formatiofjMiN&ry X-ray u-imaging experiment, using synchrotron ra-
of H, bubbles could be performed for @range only be- diation and combining absorption and phase contrast, con-

tween 101 M and 5<10°1 M, i.e., even smaller than that firmed that this is most probably the case: the x-ray image

for the Fe arborescences. and#sbetween 3 V and 8 V. The clearly reveals a fibrous texture not visible by optical micros-

initial pH of the solutions could not be measured, but is®°PY (Fig. 6. .
estimated topH~4.3 for C=10"* M and pH~3.9 for C Co arborescences could also be examined by TEM com-

—5%10" 1 M, from that given in the Merck chemical data- bined with se!ected area HB3]. Single crystalline dendrites
baseg34] and assuming that it varies withas — 3 10g;(C). of pure C.O with the hexagonal _com_pe(bt:p)_ structure were

A single macroscopic morphology of the deposits is al_systematlcally observed. Again, impurities of Co oxide
ways generated, very similar to that obtained with Fe in th Cog0,) and anhydrous Co sulfate (CogQwere detected
same, 101 M—5x10 ! M, C range, i.e., dense at the begin- ut at very small amounts, most probably on the surfape. A
ning of the growth but soon becoming sparse with fewer an rowth of the branches along the twofold axes perpendicular

thicker branchegFig. 5a)] as the growth proceeds. Again o the sixfold axis of the hcp structure was evidenced.
the largerC is, the sooner is the change.

Growths at limited currents were tried. These are made ai'
constant voltagé/ as far as the current remains lower than a
limiting valueZ, but at constant current equalZmtherwise.
Dense deposits, similar to that observed with Fe at constan -
voltage, could be obtained in this way but in tlerange , o
from 3x10°2 M to 10 ! M and forZ lower than a critical | ¢
valueZ, (~3 mA for Y=5V) [Fig. 5b)]. A sparse morphol- s
ogy emerges invariably whete=7,. —

Observations at different scales using the microscope G, 6. (a) X-ray image of a portion of a cobalt electrodeposit
were performed as with the Fe arborescences and led to sinjenerated without magnetic field at constant voltage der5
lar conclusions. A slight difference however exists, con-x10"! M and /=5 V (sparse morphology as obtained by syn-
cerned with the dense arborescences, which with Co aghrotron radiations imaging with combined absorption and phase
peared still more dense, with a fine structure that oftercontrast.(b) Optical image of the same portion of the electrode-
cannot be distinguished by optical microscopy, even at theosit.
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FIG. 7. Zinc electrodeposits generated =10 2 M and U
=5V (a) without magnetic field(b) under a normal magnetic field

Hl of 0.2 T pointing towards the observer.

IV. GROWTHS UNDER NORMAL MAGNETIC FIELD FIG. 8. Iron electrodeposit generated to+6x 10 2 M and &/

. ] =5V under a normal magnetic fielc?lL of 0.2 T pointing towards
Growths under magnetic field, applied normal to the the observer.

plane of the growth were performed at the different condi-

tions which without magnetic field led to the dense andihe deposits obtained in the Fe growths remain always dense,
sparse arborescences for both Fe and Co. Growths of Zgotropic, with a stable circular envelope increasing uni-
arborescences from Zn(gaqueous solutions were addi- formly in size, but the branches appear to become less rami-
tionally made on the same experimental setup for comparicaq when the amplitude d'ﬁj_ is increasedFig. 8. In situ

son. With open electrochemical cells, the electromagnel,qoryations at different scales performed during the growth

could not be us_ed since a horizontal magnetic f'eld Was Progpawed features similar to those observed in growths without
duced. Accordingly, except for a few experiments with

S . magnetic field. Some slight differences were however found

CIOSEid cells positioned vertically, all the growths were madeout, which are best revealed in the less dense portions of the
for H, between—0.2T and 0.2 T, using the magnetic yo,qgits at the end of the growths: on increasihg the
mangle. . local morphology of the arborescences gets more sparse,

An example of a Zn deposit grown unddr is shownin  with less branches more separated from each other. Small
Fig. 7 and compared to that obtained under the same condiranches were from time to time pulled out of the deposit
tions but without magnetic field. A tendency of the morphol-and rejected close to the anode, owing to an underlying
ogy to spiral is found out, with branches gyrating counter-strong stirring of the electrolyte, but apparently not as fre-
clockwise, when going over them from the point they startedyuently as to be the sole cause of the increased sparseness of
growing to the point they stopped growing, fdr, pointing  the deposits. As for Zn the presence of MHD convection was
towards the observer. Although not systematically, the mairagain evidenced using emulsified oil.
branches show some asymmetry as well, i.e., have more When the initial salt concentratiof is between 10 M
elongated secondary branches on one side of the centrahd 5<10 ! M, sparse arborescences are generally obtained

nerve than on the other. On invertifly the branches gyrate in both the Fe and Co growths, for all the available ampli-
clockwise and the weak asymmetry of the main branchesudes ofH, . Slight changes in the macroscopic morphology
appear to change to the opposite. A small amount of enginare again found out, with, in particular, branches that appear

oil can be added to the electrolyte and, by simple shakingi become more ramified on increasing the amplitudei of
emulsified within it, without inducing any apparent change(rig. 9). The mechanical effects on the growing deposits of
of the morphology, while leading to the formation in the he fluid motions undeH, are more destroying, since now
solution of optically opaque microdroplets, the trajectories ofaven macroscopic branclhes are from time to ti,me pulled out

which, Y|sua||z|ng the fluid n.10t|on; can .be. followed. A glo- of the deposit and rejected close to the anode. Very few
bal motion was detected which, fét, pointing towards the  pranches remain in some growths, in which case they show a

obgerver,_ corresponded to a counterclockwise fluid rotatiorgyration tendency recalling a spiral pattern. Another more
This confirmed the occurrence of the expected MHD Convecfnicroscopic feature of the growths undér  revealed by

tion induced by the Lorentz force ontg, is applied. the in situ observations at different scales, is that the small
The effect ofH, on the morphology of the deposits ob- branches tend often to either collapse over each other, to
tained in both the Fe and Co growths differs completely fromform progressively thicker branches, or move aside from
that in the Zn growths. Neither clear-cut spiral feature noreach other, so as to be distinguished at larger scales, leading
branch asymmetry appears to emerge. Subtle changes se#ms to an apparently more ramified macroscopic morphol-

nevertheless to be induced. ogy. Once more the presence of MHD convection could be
Whatever the amplitude dfi, , within the experimental Proven using emulsified oil.
available range, and for initial salt concentratidetween Arborescences grown undét, were also examined by

3x10°2 M and 10! M, the macroscopic morphology of TEM combined with selected area EB3]. Single crystal-
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2 mm

FIG. 9. Cobalt electrodeposit generated fs+5x 10 M and

U=5 YV under a normal magnetic fiek?lL of 0.2 T pointing towards
the observer. . .
FIG. 10. Iron electrodeposit generated t=6x10 2 M and
line dendrites with the same structures, bce for Fe and hegf=5 V under an in-plane magnetic field; of 0.2 T. The arrow
for Co, as those of deposits grown without magnetic field ardndicates the orientation of the applied magnetic field within the

s . lane of the growth.
observed, but withH | -induced specific features that dependp g

on whether Fe or Co arborescences are under concern. Curi- . . . .
ously, the Fe dendrites were bent, reminding the spiral Obz_iscendmg or descending motions of the ions, near the elec-

served at the macroscopic scales in the Zn growths Corf_rodes, and similar small regions in the bulk of the electro-
comitantly the ED pattern show arched spots that are wellyteé Tr\:\llfhcou]!dzmdfuce I;ca!SMHD convect|o|n.f h
interpreted in terms of a gradual rotation of the twofold axis rowths of Zn from Zn(S¢) aqueous solutions on the

along which the dendrite grows or, equivalently, a progres_same experimental setup were again considered for compari-

sive torsion of the crystal, around a threefold zone axis par§°n' No specific change_ of the morpholqu was found out
- ) ) between the growths without magnetic field and the same
allel to H, . This further confirmed the tendency towards a

spiral morphology, which thus appears to exist at scales up {growths undeH,, using the magnetic mangle. No MHD con-

at least Zum but to be inhibited for some reason at large Vection could clearly be identified undek up to 0.2 T.

scales. Completely different, the effectiéi on the Co den-

drites is to tip up the sixfold axis of the hcp structure from A. Iron arborescences

the d|rect|on nprmal to thelplane of .the growth to an |n-'plane A spectacular morphology symmetry breaking is induced

direction, leading to dendrites growing now along the sixfold, 2 7

axis and with a branching angle of 90°. The origin of this!" the_gzrowths offe undet, for C within the range from

A -induced change of the growth axes is so far unclear 3X10 “ Mto 10 * M that leads to the dense arborescences
+ " when no magnetic field is applied. As already repofi@d4,

for growths withC=6x10"2 M the macroscopic morphol-

V. GROWTHS UNDER IN-PLANE MAGNETIC FIELD ogy of the deposits is still dense, but less than in the growths

without magnetic field and, above all, no more isotropic: the

I'GdrOWthﬁ ?f b%th Fle andfCho underhmagnetllc fielg ?p- OIcircular envelope increasing uniformly in size under zero
plied parallel to the plane of the growth were also performedgq s transformed into a rectangular envelope centered on

systematically for the different values 6fandi{. The elec- Jhe initial point cathode with clean edges, two of which are

tromagnet could be used in this instance. It mostly allowe | | - d the t h | the directi
us to check whether the morphology changes of the Fe angV&Ys allong-|‘| an ) e. Wo others are along ? rection
perpendicular toH|; within the plane of growth(Fig. 10.

Co deposits induced undeiH are reproduced with more hile with ic field the b h
uniform magnetic fields and are not ascribable to the residué{v lle without magnetic field the branches appear to grow
magnetic field gradients existing in the magnetic mangldadially outward from the central cathode, undej they
[30]. grow according to a more complex texture, apparently
Owing to the geometry itself of the quasi-2D ECD stra!ght along_ the dia_gonals of the rectangle and bpilding a
growths, it should qualitatively be expected that the averagétraight front in the directions parallel and perpendicular to
Ve|ocity of the moving Charges in the solution will essen_the field. An absence of grOWth frorI] the initial pOint cathode
tially be parallel to the plane of the growth, i.e., will have ain the direction perpendicular td) is often observed.

negligible component perpendicular}fq, implying that no  Around anHN amplitude of 0.2 T, the rectangular shape is
MHD convection induced by the Lorentz force should occur.stabilized from almost the beginning of the growths and in-
According to Ref.[35] however, a gravitoconvection may creases homothetically in size, as the growth proceeds, with
occur even within thin horizontal electrolyte layers that leadsstraight fronts propagation. It does not depend on initial con-
to the formation of spatial structures in the fluid flows with ditions as demonstrated by starting the growth without mag-
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FIG. 12. Microscope view of the growing iron electrodeposit
generated foC=6x10"2 M and =5 V under an in-plane mag-
netic fieIdI:||| of 0.2 T(a) at a front perpendicular to itb) at a front
parallel to it.

dicular to each of the fixed directions are generated by mere
geometry. An isosceles triangle pattern is associated with
each straight growth front, with the initial point cathode as
its summit, the angle ¢ or 2X ¢ as its angle at the sum-
mit, and the growing front as its base. Associated with the
two perpendicular fixed directions under concern, we get
four triangles inscribed in a square envelopéif s and the
growth speed of the branches is the same along any direc-
tion. A rectangular envelope is instead observed, indicating
that the previous constraints are not met. A difference in
morphology between those in Figs.(&Rand 12b) is in fact
apparent. Also the angle ¢ is less sharply defined than the
- L . . angle = ¢. Geometrically there are voids between the tri-
netic field and applyindt a little later: the circle to rect- ;5165 These are experimentally filled with more stringy
angle transition takes place during the growth, ohtieis  pranches and are the regions where ¢her ¢ angles differ
switched on. the most from 30°. The observed absence of growth from the

_ On performing the growths at different amplituqlescqr, initial point cathode in the direction perpendicularty is

itis fofunr? Ogt that thef chandge of thequcrolscoplc mOfF;h?:junexplained, but is a further indication that the growth along
ogy of the deposits, from dense and circular in zero fie ; 3 ;
[Fig. 11(a)] to less dense and fully rectangular in large field and perpendicular téf; should differ somehow.

[Fig. 11(d)], is gradual. An increased sparseness is observed A tendency to form a straight growth front und still

. - 1 .
in already rather low field amplitude with a texture of branch€XiSts forC a little larger than 10 M, more precisely foC

less radial and showing a tendency to form straight grothn the rather fuzzy range within which without magnetic field

fronts [Fig. 11(b)]. An absence of growth from the initial the morphology transition from the dense to the sparse ar-

point cathode in the direction perpendiculag is already borescences takes place. Unégy, the deposits at the end
manifested. On further increasing the field amplitude, no furCf the growths are usually clearly sparse at the macroscopical

ther sparseness is qualitatively induced while the rectangulaha"el'hb]tJt often show dense regions w|r|1ere the hstraight
shape is progressively stabilized with more clean edges b@°Wth fronts are observeFig. 13. Actually, as without

still rounded corner§Fig. 11(c)]. A fully perfect rectangle is magnetic field, the growths evolve in time, starting as dense

practically achieved around the maximum amplitudd:qf
provided by the magnetic mangle. Growths were performed =
H

FIG. 11. Iron electrodeposit generated o+ 6x10 2 M and
U=5V under an in-plane magnetic fiel&iH of (@ 0T, (b)0.04T,

(c)0.14T,andd) 0.2 T. I—TH is always along the guiding tube for the
cathode.

under Iarger13|||, up to 1.6 T using the electromagnet. No
basic change was found out: a deposit with practically the
same rectangular shape and the same branch texture is gen-
erated. The aspect ratio of the rectangle is not field depen-
dent but can show slight changes from one growth to the
other.

Observations at different scales using the microscope
showed that the main effect d;fH is to induce a growth of
the branches at a definite angle from a fixed direction, either
+ ¢~30° from theﬁH direction[Fig. 12a)] or = ¢~ 30°
from the perpendicular to it in the plane of the groWkg.
12(b)]. Assuming then that these branches grow at the same FIG. 13. Iron electrodeposit generated fo+2x10~* M and
speed, two pairs of parallel straight growth fronts perpenZ/=5V under an in-plane magnetic fiel&lH of 0.2 T.

2 mm
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il T A

FIG. 14. Iron electrodeposit generated t=5x10 * M and
U=5V under an in-plane magnetic fielﬁ:lH of 0.2 T.

before becoming sparse. Apparently, unETIqqrthe dense re-
gime would either be better stabilized during the growth for
some reason or be better put into evidence owing to the
straight growth fronts associated with it. A slight difference
with the growths without magnetic field is found out: the
branches of the deposits grown undén appear always FIG. 15. Cobalt electrodeposit obtaiped or2x10 * M and
more dendritic at the macroscopic level. U=5V under an in-plane magnetic field, of 0.2 T.

On increasingC the tendency to form a straight growth
front dwindles out while the deposits become more and mor@ubbles. Accordingly, unlike with the Fe arborescences un-

sparse. WherC is close to 5¢10"* M, the macroscopic derHj|, no circle to rectangle morphology symmetry break-
morphology of the deposit grown undét; is completely ing could effectively be observed. Attempts were made to
different. It is now stringy and shows systematically two induce the expected morphology transition in growths at lim-
main branches growing, in opposite directions from the cathiting current but were not successful, owing most probably to
ode, along:'\l (Fig. 14). Any growth of branches along other the strong time dependent features oj such growths and tran-
directions appear to be blocked up. A stringy deposit as angitory effects. Growths of Co undé| for C close to 2
magnetic needle shape material will always align itself alongx 10°* M lead however to deposits, the morphology of
an applied magnetic field to minimize the magnetostatic Zeewhich bear strong analogy with that of Fe in the same con-
man interaction. So its orientation along thig direction ditions (Fig. 15. Although perhaps not as clear as in the Fe
was somehow expected. At tideunder concern, sparse ar- growths, a tendency to form straight growth fronts unidgr
borescences are also obtained when no magnetic field is ajg manifested. This would indicate that the circle to rectangle
plied, but not limited to two branches. Accordingly either morphology transition could be observed in Co growths if
some additional mechanism is at work to inhibit the growthnot thwarted by hydrogen evolution.

of branches in directions different frohf or these branches ~ Another additional similarity, between Fe and Co, in the
mechanically twist alongH;; while growing to bind with morphology response to an applied magnetic field is that
each other and form a single thick branch. A similarity in theobserved in the growths undef; for C close to 5
change of the patterns on applyif), with those formed X 10 " M. A stringy macroscopic morphology is induced in
under magnetic field by aggregation of magnetic micro-the Co growths_ as yveII, Wlth_ again systematlcally two main
spheres interacting via magnetic dipolar interacti¢ge] branchaes growing, in opposite directions from the cathode,
should be emphasized. alongH| (Fig. 16. All the other branches are much smaller

Arborescences of Fe grown under; were examined by and show a tendency to align themselves aléfjgduring
TEM combined with selected area HB3]. Curiously, no
specific features were observed that would reveal t-Th‘@t
was applied during the growth, whatever the possible values
of C, except for a slight tendency to the formation of more
needlelike branches on increasing the amplitudﬁpf Ac-
cordingly the mechanism of the drasﬁkﬂ—induced morphol-
ogy changes, observed macroscopically and with the optical
microscope, should operate at scales larger than (that
um) accessed by TEM.

B. Cobalt arborescences

No dense arborescences of Co could be generated at con-
stant voltage, without being strongly altered by the hydrogen FIG. 16. Cobalt electrodeposit obtained for5x 10~ M and
evolution reaction and the subsequent formation of H /=5 V under an in-plane magnetic fiekd of 0.2 T.
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the growth. Owing to the thickness of the branches,ithe individual linear susceptibility; and concentratio€; in the

situ observations at different scales, using the microscopesolution and\ is the Avogadro numbef43]. A magnetic
could not be conclusive and did not reveal the underlyingZeeman force that always exists then, owing to the concen-
fine features, if any, of the morpholggy of the deposits.  tration gradients, igfﬁczj\/(gy(_ngv*cj)_ Fsc attract

Arborescences of Co grown under were examined by paramagnetic species towards and repel diamagnetic species

TEM combined with selected area HB3]. As with Fe, ex-  from the regions of larger concentration. This force is large
cept for some stacking faults in the crystal structure detectednly within the diffusion layer where the concentration gra-
by ED, no specific features were observed that would revealients exist. It is also clear that if an effect is induced by

thatH; was applied during the growth. Fsc, then this must not depend on the directionBof We
have no indication of this in our experiments. It has been
VI. DISCUSSION argued, by comparison to the driving force by diffusion in

Dthe diffusion layer, thatfv"c would actually be of negligible
O|pfluence[44]. The other magnetic Zeeman force that arises
Yvhen the magnetic induction is not uniforf@1] or when

A number of processes are at work in the quasi-2D EC
of metals that are generally grouped in two main sets: that
kinetic transfer, including the chemical mechanisms as wel ) L
as the surface phenomena at the growing front, and that ¢ectrodes are magnetizé@2,23 is Fyg=2M—2x;C))
mass transport, by diffusion and migration, or through theX(B-VB). Fyg attract paramagnetic species towards and
electrolyte fluid motiongelectroconvection, gravitoconvec- repel diamagnetic species from the regions of larger induc-
tion, etc). All these, qualitatively overviewed in Ref37],  tion. The field gradient of the magnetic mangle in our experi-
are still under active studies. ments gives rise to such a force but the growths in the elec-

The influence of magnetic fields on the ECD processegromagnet showed that this is not at all relevant. A more
have also been and continue to be considered by differemsfficient contribution toF ¢ is that associated with the fer-
investigators. Most of the experiments were not performed ifomagnetic nature of Fe and Co. Quite difficult to estimate, it
the quasi-2D setup but should help to correctly interpret oueould strongly influence the growths if the force is extended
observations. beyond the diffusion layer, i.e., if the growing branches are

A few works have concerned the kinetic transfer. Somethick enough.
field effects were earlier reportd88,39 but recent experi-
ments[40,41] indicate that these are more of exceptions than A. Normal fields
the rule or perhaps arising from indirect mass transport, i.e.,

no significant field effects should in general be expected on Ar_1 outcome of the MHD convection in quasi-2D setup is
kinetic transfer. that it almost always leads to a spiraling morphology and/or

Much more works have concerned the mass transport. ranch asymmetry of the deposits. As a surprise this is not

magnetic field effect known for a long tinjé&5] is the MHD the case at thf macroscopic level in .aII of _our Fe and Co
convection, produced within the electrolyte, by the Lorentzdrowths undeH, . Of course the deposits of similar growths
body force F g=.7%B, locally orthogonal to the current ©f ZN: in the present work and previous orjé] or of Cu

L= . L= = . [19] using exactly the same solvent and anion, show, under
density 7 and to the inductiorB [31]. F g originates from

the additive contributions of the Lorentz forces on the anioné"’eak Hy am?htuie, clealrly i!waytsh trt\ef.s;ilralmg antd oftgn d
and cations and the efficient momentum transfers of thesg‘e asymmelry. An_expianation that first comes to min

ions to the surrounding solvent. This convection in quasi—ZIjNOUId be that th_e Fe and Co grovv_ths are_klnetlc transfer
setup should arise only under normal magnetic field. Usin ontrolled, but this would be contradictory with the growths

engine oil emulsified within the electrolyte, we concretely f dendr|tes[45]. Other causes of |nh|b|t_|on. cc_)uld be the
checked this in our experiments. A different magnetic ﬁelolmaterlal hardness, but this for Cu and Zn is similar to that for

induced convection involving charges was recently sug—Fe and Co, or the morphology, but both dense and sparse

gested[42]. Named electrokinetidEK) MHD effect and arborescences show neither the spiraling nor the asymmetry,

confined on the nanometer scale region of the diffuse Iayegxc‘f’ptt1 when the deposits consist of only two or three main
before the growth front, it would emerge from the EK field Prancnes.

- . . Our growths show in fact different features at different
Eex generated on applying the magnetic field normal to %cales. At the level of the TEM observations, we always

current, as in Hall effecEg is normal to both the magnetic observe single crystalline dendritéBig. 4) [33]. This indi-

field and the current. It is tangential to the diffuse layercates that the growths are both kinetic transfer and mass
where, owing to the excess charges, it gives rise to an Eransport controlled. Under normal magnetic field, the Fe

body forceFgx producing the convection. This should occur dendrites are bent while the Co crystal anisotropy is

under normal magnetic field and under in-plane magnetichanged. The MHD convection would explain the first effect

field perpendicular to the local directions of growth. but not the second.

Other existing body forces are those emerging from the A specific feature of Fe and Co is in fact that they get
gradient of the magnetic Zeeman energy. At room temperamagnetized undet, , but for the considered fields are mag-
ture this energy, for a unit volume of the eIeCtrolyte in the netica”y not fu||y saturated a|ong EQS] We thus get a com-
induction B, is approximated aA/’(—EXJ-CJ-)(§~ B), where  plex distribution of magnetic moments with both normal and
the summation is extended over all the different specias  in-plane components leading to as complex magnetic dipolar
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interactions inside the deposit. A detailed analysis of thesencreased tendency to the formation of more needlelike
interactions would be challenging for involving the unsatur-branches for Fe and crystal defects for Co. What would be
ated magnetization distribution of a growing deposit, thethe cause of that is unclear. With the induction at contact of
morphology of which is not only very irregular but also abranch locally dominated by the field contribution from the
evolving in time. Some growth rigidity should be expected,branch magnetization, the EK MHD convection should not
increasing with the size of the deposit as expected from dibe relevant. An influence oFg, which would slightly
polar interactions and inhibiting the spiraling above somemodify the diffusion layer, is thus not excluded, at least for
scale. Another possibility, also complex to evaluate, wouldfavoring more needlelike branches in connection with its di-
be that theF ¢g force arising from the growing deposit mag- rectional feature. A local MHD convection could also exist if

netization is sufficiently extended to thwart the MHD con- & gravitoconvection were to occur, but this was not detected.
vection beyond the diffusion layer Clearly, the field effects at this scale are of no help to inter-

At the scale of the observations with the microscope, a”oret those effects at the macroscopic Ifavel, i.e. the circle to
- ) rectangle morphology symmetry breaking for the dense ar-

the growths undeH, show a common feature, besides theporescences and the isotropic to stringy pattern symmetry

mechanical branch breakings due to the fluid stirring: there igequction for the sparse arborescences.

an increase in the branch separations of the deposits. On the Qualitatively, the easiest instance to understand is that of

analogy of interbranch electrocgnvection in the growths fromy, o I:|||—induced formation of stringy pattern parallel to the
acidified solutiong27], specificH, -induced local fluid mo- field. It is clear that the orientation of the deposit minimizes
tions at the growing fronts, which would favor the branchthe magnetostatic interactions similarly as a compass needle
separations, cannat priori be fully ruled out. Nevertheless, would along a magnetic field. Magnetization measurements
the growths from solutions with emulsified engine oil did noton growths without magnetic field showed that saturation is
detect any additional fluid motion that would not be ascrib-gtij|| not achieved for a’ﬁ\l amplitude of 0.2 T[25,46), im-

able to the MHD convection. A more plausible cause of the,|ying that the moments are not fully aligned along the field
increase in the branch separations appear to be the magneljag some branches have their magnetization, and therefore
dipolar interactions between the branches, which uttler  the induction at the growth front, more along their direction
get magnetized. Assimilating the branches to thin cylindersyf growths than alongfIH. The outcome of this is thdgg

the morphology features observed unéfer can be qualita-  can hardly be the cause of the stringy pattern. As already
tively understood: nearby branches magnetized in the samstated it appears actually that to minimize the Zeeman energy

direction will tend to repel each other while magnetized in s e magnetized deposit undléﬂ, all the branches grow-

opposite directions will tend to attract each other. Magnetijng at a direction different from the field mechanically twist
zation measurements were performed that confirmed that tr}e - . .
0 get parallel toH|; and bind with the others.

Fe and Co arborescences are both ferromagnetic at 20 °C but Py ” .
The “circle to rectangle” morphology symmetry breaking

that the magnetization saturates fdr amplitudes larger coy|d be interpreted, from the observations using the micro-

than 0.2 T[25]. Around this value, the magnetization of the gcope, as arising from growths of branches at a definite angle
thinner and/or longer branches still lie close to either of thefrom a fixed direction fromb. or its perpendicular. With
directions, in the plane of tt\e growth, along which they ranches growing at the sar|r|1e speed this leads t.o pairs of
elongated, rather than alortd), . Accordingly a probability

exists that nearby such branches are dominantly magnetizr?dp71 rallel straight fronts perpendicular and parallekp, giv-

in opposite directions. As observed in the sparse arbores'J "'S€ to a deposit of rectangular global shape if the

cences, this would explain that thin branches tend to collaps@™0Wths along and perpendicularky differ. Such an asym-
over each other to form thick branches while these tendnetry is found out up to the highebt; amplitude as pro-
rather to separate from each other. The collapse should disiuced by the electromagnét.6 T). The formation of pairs

appear at largéi, . It is not observed in the dense arbores-Of parallel straight fronts is expected to be a rather trivial
cence, which is consistent with the fact that magnetic satuPattern feature of dendritic growths in low noise environ-

L . . = ments, as in dendritic ice crystal grown in undercooled pure
ration in these arborescences is achieved at ldwer25] A ! o
: ater[11]. A 260 angle of 60° and three fixed directions at
but also partly because the thinnest branches are probably . . N s
from each other are involved in this ice growth, giving

close to collapse over each other. Of course the magnetiz rise to an arborescence entirely single crystalline with a hex
tion of a branch under an unfavorable magnetic dipolar en- y sing Y

: . . agonal external envelope. An angle of 60° is consistent with
vironmen I well simply reverse itself. We have n . RN
onment could as well simply reverse itse € have Otthe fcc structure of Fe, provided that thel1) direction is

taken into account such local flips of moments but this is erpendicular to the plane of arowth. What is rather unusual
basically not going to change the above reasoning except pendicu P growth. ! unusy

making it more complex. in the growths of the dense Fe arborescences uﬁgds that
only two pairs of parallel growth fronts are involved that are
perpendicular to each other while formed from same angles
as that in ice and anyway not complementary to each other,
Completely different features are observed when the inje., 24+ 2y+180°. Accordingly the deposit is necessarily
plane magnetic fieldH | is applied. Almost no influence is not a single crystal and consists most probably in a textured
found out at the level of the TEM observations except for ampolycrystal reflecting the symmetry of two single crystals

B. In-plane fields
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oriented perpendicular to each other. A well defined brancheomplex, but numerical estimates of energy can be made for
ing angle is actually also observed in growths without mag-different morphologies at constant mass by assimilating the
netic field but the orientation of the branches is only localbranches with thin cylinders or lines of magnetic dipoles. It
and not preserved over large distances. According to the prés then found out that the overall magnetic energy can be
vious investigations without magnetic field of quasi-2D ECD minimized for needles at 60°, growing symmetrically with
of Fe from Fe(SQ) aqueous solutions, an oscillatory accu- respect, not only, as intuitively expected, to the perpendicular

. . e . . § .
_mulatlon and depletion Of.w ions in front of the growing - girection toH||, but also with respect to the| direction. A
interface could occur, which would cause alternating transi-

tions between dendritic and tip-splitting growtfs]. Sub- dendrite that would grow with its c_entr_al ngrve_aldﬁg and
sequent experiments with acidified electrolyi2 47 dem- ~ Secondary branches at 60° of this direction is then not fa-
onstrated that these ions can indeed be strongly influential oyPred, in agreement with the experiment. Could the mor-
the growth through changes in the interfacial free energyhology observed undeﬁln emerge solely from the minimi-
and/or initiation of interbranch electroconvection. Although zation of the magnetic dipolar energy between the branches
the growth conditions attached to these gxperiments are difyng of the Zeeman energy of the branches wqm under
ferent from ours(parallel geometry vs circular geometry, o congiraints of the crystalline anisotropy, or should a si-

constant_ cu_rrent vs constant voltage, wtan _mtermlttent multaneous noise reduction be necessary as well, is not clear.
change in time of the concentration of;®" ions at the

growing front of our deposits cannot be ruled out, and the
chaotic blocking/initialization of a dendritic growth by a lo-
cal increase/decrease of this concentration is not unlikely. systematic quasi-2D ECD of Fe and Co arborescences

This could be a plausible noise leading to the loss of corre; performed under normél, and in-plane; magnetic
lations at large scale in the branch orientation of the dens

arborescences. Additionally, the growth, occurring in a quidﬁeIds mostly up t0 0.2 T. On the same growth, the morphol-

medium, can be perturbed by convections of different ori-°%Y and structure of the deposits as examined by TEM fully

. - . differed from those observed macroscopically or using a mi-
gins. UnderH| these noises could be reduced for some reag,,qcqne A scale above which additional effects of the field
son allowing for large scale crystal coherence, but this,ome oyt is thus evidenced. Our analysis of the different
should rather lead to a single crystal with a hexagonal extef,siances showed that these additional effects arise from the
nal envelope, such as for dendritic ice, since the branching,,gnetic dipolar interactions inside the magnetized deposit
angle is 60°. To explain why thil direction and the direc- and of the magnetic Zeeman interactions of this with the
tion perpendicular to it in the plane of the growth are espeapplied field. Applied to isolated spins or disordered ones
cially selected, magnetostatic interactions between théhese interactions would be weak, but owing to the ferromag-
branches and of the branches wiih) should necessarily be netism of the deposits they become dominant over a certain

taken into account. A detailed analysis would again be toscale.

VII. CONCLUSION
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