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Metal electrodeposition reflects the pattern of the magnetic field at the cathode surface created by a

magnet array. For deposits from paramagnetic cations such as Co2þ or Cu2þ, the effect is explained in

terms of magnetic pressure which modifies the thickness of the diffusion layer, that governs their mass

transport. An inverse effect allows deposits to be structured in complementary patterns when a strongly

paramagnetic but nonelectroactive cation such as Dy3þ is present in the electrolyte, and is related to

inhibition of convection of water liberated at the cathode, in the inhomogeneous magnetic field. The

magnetic structuring depends on the susceptibility of the electroactive species relative to that of the

nonelectroactive background.
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Magnetic fields often have a surprising influence on
physical and chemical processes occurring in electrochem-
ical cells. The rate of electrodeposition of metals [1–3],
deposit morphology [4,5], hydrogen production [6,7], cor-
rosion [8,9], rest potential [10], alloy composition [11,12],
and magnetic properties [13], are all sensitive to applied
magnetic field. The physical explanation is frequently
magnetohydrodynamic, involving the Lorentz force [14]

F L ¼ j� B; (1)

where j is the current density in the cell and B is the
applied magnetic field.

Another force is operative when the field is nonuniform
and induces a magnetization, M ¼ �H, in the electrolyte.
Here � is the susceptibility, which is expressed as �mc
where �m is the molar susceptibility and c is the concen-
tration of ions in the electrolyte in mol m�3. Since � � 1
for the electrolytes used in electrochemistry, the difference
between B and �0H can be neglected. The Kelvin force
then takes the form FK ¼ �0MrH. Provided the cell
current is also negligible as a source ofH, the field gradient
force can be written as FrH ¼ �0�HrH or

F rB ¼ ð1=2�0Þ�mcrB2: (2)

This may exceed the Lorentz force when the electrolyte
is paramagnetic [15]. The ratio of the magnitudes of the
two forces is

R ¼ �rH=j: (3)

The magnetic field gradient does not drag ions in solu-
tion into the vicinity of a magnet, because the energy of
a single ion with spin S at temperature T in the field B,
g2�2

BSðSþ 1ÞB2=6 kT, is about 5 orders of magnitude less
than kT, the thermal energy driving diffusion. (�B=kT ¼
0:67 KT�1, where �B is the Bohr magneton and k is
Boltzmann’s constant). Taking the curl of FrB it is possible
to distinguish two regions where the influence of the field
gradient force is different [16],

r� FrB ¼ ð1=2�0Þ�mðrc�rB2Þ: (4)

In the bulk solution, where there is no concentration
gradient, the force is conservative, meaning it cannot in-
duce convection, but it can modify or bifurcate existing
convective flows. However, close to an electrode interface
where a concentration gradient exists, the force is able to
induce local convective flows. There is growing interest in
the influence of nonuniform magnetic fields on electro-
chemical reactions, ranging from confinement of organic
species at disc microelectrodes [17], remapping of MHD
flows [18], electrodeposit patterning by magnetized iron
wires [19], and spatially correlated suppression of corro-
sion of iron wires [20]. Here we show how electrodeposits
of both magnetic and nonmagnetic cations can be struc-
tured using nonuniform fields. The deposits of magnetic
ions are governed by the magnitude of the field at the
cathode surface, and on the difference �� between the
susceptibility of the electrolyte with and without electro-
active cations. The ratio R is � 1 in our experiments, so
the field gradient force dominates.
Electrodeposits were produced from acidified solutions

of the divalent cations Co2þ ð3d7Þ, Cu2þ ð3d9Þ and Zn2þ
ð3d10Þ. For cobalt, the divalent ion, monovalent ion and
metal atom all have an unfilled d shell and are paramag-
netic, whereas for zinc all three are diamagnetic. In the
case of copper, only the divalent ion is paramagnetic. In
this way, it is possible to distinguish magnetic effects
occurring at the electrode surface from those arising in
the diffusion layer, a region of thickness �� 100 �m
where a concentration gradient of M2þ drives the ions
towards the cathode, where they are reduced to metal.
The steady-state current density at overpotentials normally
used for electrodeposition is limited by mass transport in
the diffusion layer to a value

j 0 ¼ 2FDrc; (5)
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where rc ¼ c0=�c, c0 is the bulk molar concentration of
divalent cations in the electrolyte, D is the ion diffusion
constant and F ¼ 96 485 Cmol�1 is Faraday’s constant.

The cathode in the cell shown in Fig. 1 is a downward-
facing foil, usually either 50 �m thick silver, or 17 �m
thick copper, backed by an array of Nd2Fe14B permanent
magnets. Many different arrangements of cylindrical or
bar-shaped magnets have been investigated, including
regular square and hexagonal arrays of cylindrical magnets
with diameter 2 mm, height 2 mm and spacing 3 mm. We
focus on square or hexagonal arrays where the adjacent
magnets is aligned parallel or antiparallel. The arrays each
included 80 magnets, but only 25–30 were within the area
of the cathode of diameter 19 mm which was exposed to
the electrolyte, in order to minimize magnetic edge effects.
Figure 2 shows the distribution of magnetic field 250 �m
above the electrode surface, as well as the calculated flow
patterns driven by the Lorentz force (1). The parallel arrays
lead to circumferential flow, whereas the antiparallel arrays
produce unfrustrated alternating flows around each magnet.

The solutions used were (a) 1 MZnCl2 þ 0:4 MH3BO3

(b) 2 MCoSO4 þ 0:6 MH3BO3, (c) 1 MCuSO4þ
1:2 MH2SO4 þ 0:25 mM KCl and (d) 0:1 MCuSO4þ
1 MNaSO4 þ 0:1 M acetic acid þ0:1 M sodium acetate.
Metals were deposited potentiostatically; bath (a) at
�2:0 V for 10 min, bath (b) at �1:2 V for 20 min, bath
(c) at �0:4 V for 20 min and bath (d) at �0:85 V
for 10 min. The bulk magnetic susceptibilities of the
four solutions are (a) �10� 10�6, (b) 250� 10�6,
(c) 7:3� 10�6, and (d) �0:7� 10�6, respectively. Little
evidence of magnetic structuring was observed for zinc
electrodeposits from bath (a), but cobalt and both copper
solutions produced dot arrays of cobalt or copper which
developed with time; an example is illustrated in Fig. 3. No
patterning was observed in the first 10–20 s. There was no
qualitative difference between the copper dot arrays pro-
duced from baths (c) and (d) with positive or negative bulk
susceptibility. The critical factor is therefore the paramag-
netic susceptibility of the electroactive ions in the solution,
not the bulk susceptibility of the electrolyte. Results for
the parallel and antiparallel arrays look quite similar. The
thickness profiles measured with a DEKTAK 6 M for
different arrays show copper thicknesses after 600 s which

vary by a factor of 3–10 from a point between the magnets
where Bz is close to zero to a point directly beneath the
magnets where Bz ¼ 300 mT. Reducing the field by in-
creasing the separation between the magnet array and the
cathode had little effect, for separations up to 350 �m.
Hydrogen generation was negligible for the copper

baths, but for the cobalt, bath (b) hydrogen bubbles grew
in the interstices of the magnet arrays, leaving bald patches
between the magnets.
Next we conducted a series of experiments where the

electroactive copper or zinc was mixed with a dysprosium
salt which has a high paramagnetic susceptibility �mol ¼
550� 10�9 m3 mol�1, but is not electroactive at acces-
sible deposition potentials. The two baths used were
(e) 0:1 MCuSO4 þ 0:3H3BO3 þ 1 MDyðNO3Þ3 and (f)
0:1 MZnCl2 þ 0:4 MH3BO3 þ 1 MDyCl3. Results for a
hexagonal array are shown in Fig. 4. We see the inverse of
the effect in Fig. 2. The copper or zinc now deposits
preferentially in regions far from the magnets where the
field is small, and where a diffusion layer thickness of
order 300 �m is established by a convective process which
leads to turnover in the electrolyte. The antidots below the
magnet arrays are thinly plated.
All our observations can be explained in terms of

the magnetic field acting in the diffusion layer of the
electrolyte. As mentioned earlier, we may safely ignore
any direct influence of the field gradient force on diffusion.

FIG. 1 (color online). Electrochemical cell used for producing
magnetically structured deposits. The cathode is an Ag or Cu
foil, backed by an array of magnets which are outside the cell.

FIG. 2 (color online). Magnet arrays used for the magneto-
electrodeposition showing (a) contours of Bz (T) for hexagonal
parallel and antiparallel, and square parallel and antiparallel
arrangements; (b) Flow patterns induced by the Lorentz force
for a single magnet, a square parallel and square antiparallel
arrays.
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However, the force (2) when B ¼ 300 mT, � ¼
10� 10�6 and rB ¼ 200 Tm�1 is of order 500 Nm�3,
which is comparable to the force density driving convec-
tion, ��g, where �� is the density difference between the
ionic solution and pure water. The downward-facing
cathode is intended to mitigate natural convection due to
density differences in the electrolyte, but convective pro-
cesses involving a backflow of water from the cathode are
unavoidable and they stabilize the diffusion layer thickness
after about 200 s in our cell. The hydration number of Cu2þ
or Zn2þ is �18 [21] so the volume of water shed is about
160 times the volume of metal deposited. It should also be
noted that R in Eq. (3) � 50 in these conditions.

The question is how can the deposition current be modi-
fied by the local magnetic field? The copper thicknesses in
Fig. 3(c) indicate that rc varies by a factor 4 across the
hexagonal magnet magnet array, as indicated schemati-
cally in Fig. 3(d). It follows from Eq. (5) that when j ¼
31 Am�2 in a 0.1 M Cu2þ solution, for which the diffusion

constant D is 0:5� 10�9 m2 s�1, the average diffusion
layer thickness is � ¼ 311 �m.
To understand how the magnetic forces exerted on the

electrolyte modulate the diffusion layer thickness, we con-
sider the induced magnetization M of the electrolyte M.
Forces are conveniently calculated using the magnetic
charge model, which is a favorite approach for problems
in magnetostatics. Wherever the magnetization is nonuni-
form, there is a distribution of bulk magnetic charge of
density �m ¼ �r �M Am�2, in addition to a surface
charge density at any sharp interface, �m ¼ M?Am�1,
where M? ¼ �H? is the component of magnetization
perpendicular to the interface. The susceptibility � is iso-
tropic and very small, so demagnetizing effects can be
neglected, and M ¼ c�molH is everywhere parallel to the
field produced by the magnet. In the region beyond the
diffusion layer, the electrolyte concentration is uniform,
and the corresponding distribution of magnetic charge is
�m ¼ �c0�molr �H. However, B ¼ �0H, since the con-
tribution from M is neglected. But r � B ¼ 0, so �m ¼ 0.
In other words, there is no magnetic force on any part of the
electrolyte where the concentration is uniform. Further-
more, the cell is assumed to be deep enough to neglect
the magnetization of the electrolyte at the lower cell wall.
Since there is therefore no surface charge at the lower wall
there is no force there either.
The force exerted by the magnet on the electrolyte can

be therefore be calculated by considering only the diffusion
layer, where c < c0. The force on an induced magnetic
charge qm is ð1=2Þ�0Hqm. The volume charge density is
�dMz=dz, so the force per unit area is

Pm ¼
Z �c

0
�0HzðdMz=dzÞdz � 1

2
�0�molc0H

2
z : (6)

When the variation of the magnetic field over the diffusion
layer can be neglected, the magnetic pressure is equivalent
to that on a sheet of surface charge �m ¼ M? at z ¼ �
where �mol and M refer to the susceptibility and magneti-
zation associated with paramagnetic ions. There is no
magnetic pressure on the diamagnetic water that fills the
cell, because it has no free surface [22]. When Hz ¼
240 kAm�2, Eq. (6) gives the upward magnetic pressure
on the free layer for 0.1 M CuSO4, c0 ¼ 100 molm�3,

FIG. 3 (color online). (a) A silver cathode after electrodepo-
sition from a 0.1 M copper solution with an antiparallel hexago-
nal array (cf. Fig. 2); (b) SEM images of the copper surface
above and between magnets, scale bars are 1 �m; (c) DEKTAK
thickness profile of a copper dot; (d) scheme of the diffusion
layer thickness.

FIG. 4 (color online). (a) Zinc antidot array on a copper cathode deposited from a solution of 1 M DyCl3 plus 0.1 M ZnCl2 using an
hexagonal (a) parallel array, (b) antiparallel array, and (c) the SEM images showing the deposited morphology above a magnet, and
away from a magnet, scale bars are 2 �m.
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�mol ¼ 16� 10�9 as 57.6 mPa. The magnetic pressure
balances the excess pressure due to the paramagnetic elec-
trolyte, Pm ¼ ð�ð0Þ � �ðHÞÞ��g. For 0.1 M CuSO4,
�� ¼ 15 kgm�3 so the decrease in diffusion layer thick-
ness below a magnet is 392 �m.

The ratio of 4 in the thickness in the copper profile
across the dots in Fig. 3(c) (� 0:45 �m to �1:80 �m) is
accounted for if the diffusion layer thickness is modulated
by the magnetic field from 155 to 618 �m. (The dots
occupy 1=3 of the area of the deposit). The decrease in
diffusion layer thickness below the magnet is 463 �m
compared to the estimate of 392 �m from the magnetic
pressure. While the agreement is well within experimental
error in the thickness determinations, the analysis has
neglected lateral diffusion as well as the horizontal com-
ponents of magnetic field, which will deform the diffusion
layer profile, leading to more angular dot shapes.

A somewhat different explanation is needed for the
reverse patterning of Fig. 4. The magnetic pressure on Zn
is small, because of its weak diamagnetic susceptibility.
Moreover, the dysprosium-rich solution should be initially
impervious to magnetic pressure for the same reason as
water was; it is not depleted because the dysprosium is
not reduced at the overpotentials used in the experiment
(<�2 V) and there is no free surface, at least at the start of
the experiment. However, the early stage of Zn deposition
sheds water at the cathode surface, which creates a Dy
interface which is subject to magnetic pressure. As the Zn
diffusion layer is established, water and electroactive zinc
solution are squeezed into the interstitial spaces between
the magnets where the field is low. The difference for
parallel and antiparallel arrays (Fig. 4) reflects the magni-
tude of the field at the cathode’s surface.. Diffusive demix-
ing of zinc and dysprosium ions cannot be driven by the
magnetic field gradient, because the force (2), is too weak
to influence diffusion, but a free surface can be stabilized in
an inhomogeneous field. Once the electrolyte below the
magnets is depleted of zinc after the initial stage of depo-
sition, the convective process in the electrolyte column
which would normally establish dynamic equilibrium is
inhibited by the field gradient force, which establishes the
segregation of zinc-rich regions between the magnets and
zinc poor regions below them. The process resembles the
stabilization of segregated water antitubes in a paramag-
netic solution by a strong magnetic field gradient rB2 that
we demonstrated earlier [23].

Although we have provided an account of the results in
terms of mass-transport limited electrodeposition, there are
significant magnetic field effects on the nucleation process,
which are most important at low overpotential in the
kinetically-controlled region. We will discuss nucleation
and other short-time effects elsewhere.

In conclusion, we have shown how magnetic fields can
be used to structure electrodeposits of both paramagnetic
and diamagnetic ions. For arrays deposited from paramag-
netic ions, the critical factor is the magnitude of the normal
component of the magnetic field at the cathode surface Bz.

Structured deposition of diamagnetic ions such as Zn2þ is
achieved by enhancing the field gradient force with mag-
netic contrast, and it depends on the magnitude of the total
field jBj. While we have focused here on dot arrays, other
shapes of electrodeposits can be produced which mirror the
distribution of the component of magnetic field normal to
the cathode surface.
The scale of the deposits available will be limited by the

diffusion layer thickness, which varies inversely with the
current density. We have been able to deposit structured
arrays of dots 80 �m is size, but it is unlikely that this
method could be extended below 10 �m.
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