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P H Y S I C A L  S C I E N C E S

Electroferrofluids with nonequilibrium voltage-controlled 
magnetism, diffuse interfaces, and patterns
Tomy Cherian†, Fereshteh Sohrabi†, Carlo Rigoni†, Olli Ikkala, Jaakko V. I. Timonen*

It has been recognized that driving matter to nonequilibrium states can lead to emergent behaviors and functionalities. 
Here, we show that uniform colloidal dispersions can be driven into dissipative nonuniform states with emerging 
behaviors. We experimentally demonstrate this with electrically driven weakly charged superparamagnetic iron 
oxide nanoparticles in a nonpolar solvent. The driving leads to formation of nonequilibrium concentration gradients 
that further translate to nonequilibrium magnetism, including voltage-controlled magnetization and susceptibility. 
The concentration gradients also serve as diffuse interfaces that respond to external magnetic fields, leading to 
novel dissipative patterns. We identify the closest nondissipative analogs, discuss the differences, and highlight 
the ability to directly quantify the dissipation and link it to the pattern formation. Beyond voltage-controlled 
magnetism, we foresee that the concept can be generalized to other functional colloids to create, e.g., optical, 
electrical, catalytic, and mechanical responses that are not possible in thermodynamic equilibrium.

INTRODUCTION
Dissipative structures can exhibit functionalities unparalleled with 
equilibrium systems (1–5). While important macroscopic model 
systems have been developed (6, 7), realizations of microscopic ge-
neric platforms with nonequilibrium responses have been limited. 
Only very recently, synthetic molecular systems driven by chemical 
fuels (8, 9) and colloidal systems of nanoparticles (NPs) driven by 
ultraviolet light (10), oscillating pH (11), chemical fuels (12, 13), or 
electric fields (14) have illustrated useful nonequilibrium responses. 
However, systematic platforms to drive nonequilibrium steady states 
for emergent functionalities are still scarce. Here, we propose that 
driving homogeneous NP dispersions into concentration gradients 
(Fig. 1A) with sustained energy dissipation induces novel functional 
responses. This is shown here for the case of magnetic colloids leading 
to emergence of dissipative voltage–controlled magnetism and pat-
terns, with a foreseeable generalization to, e.g., optical, mechanical, 
and catalytic responses using other functional NPs.

RESULTS AND DISCUSSION
Demonstration of electrically driven dissipative 
NP gradients
Our system is based on electrical driving of weakly charged super-
paramagnetic iron oxide NPs stabilized with oleic acid in dodecane 
(Fig. 1, B and C, and see text S1 and fig. S1 for characterization). For 
electrical responsivity, we add bis(2-ethylhexyl) sulfosuccinate 
sodium salt [aerosol OT (AOT)] as a charge control agent that forms 
charge-carrying reverse micelles and charges the NPs (Fig. 1C) (15–17). 
We incubate the mixture in a humidity chamber to control the water 
content, which enhances conductivity in the AOT/dodecane system 
(18), resulting in a complex electrically active mixture (see text S2 
for characterization).

The electrically active mixture is driven out of the homogeneous 
thermodynamic equilibrium state by applying an electric field (E-field) 

using microelectrode cells with planar interdigitated indium tin oxide 
(ITO) electrodes (width w = 10 m, spacing d = 10 m, and cell height 
h = 4 m; see fig. S2). The E-field is approximately uniform and in-
plane between the microelectrodes with strength E = U/d (fig. S2). 
Application of the electric field results in a brief peak in the electric 
current followed by settling down to a steady-state value IF (Fig. 1D). 
This is accompanied by migration of the NPs to the vicinity of the 
positive electrodes to form concentration gradients, as seen in the 
optical micrographs, suggesting that the NPs are negatively charged 
(movie S1). Once the field is switched off, the current relaxes to zero, 
and the NPs redisperse back to the homogeneous equilibrium state. 
The nonequilibrium states can be sustained almost indefinitely.

Mechanisms behind the gradient formation
Control experiments performed in polar media (water) with highly 
charged citrate-stabilized iron oxide NPs show no gradient formation 
in the microelectrode cells under similar electrical driving. Instead, 
electrodeposition of the highly charged NPs on the ITO electrodes 
is observed in the aqueous environment (fig. S3 and text S3). This 
suggests the importance of using weakly charged NPs, enabled by the 
nonpolar environment together with the AOT as the charge control 
agent. The AOT concentration was observed to be critical for both 
the electrical conductivity (Fig. 2A) and the NP behavior (Fig. 2B). 
At small AOT concentrations, the colloidal dispersion neither con-
ducts electricity nor dissipates energy (Fig. 2A). Furthermore, the 
NPs were observed to aggregate irreversibly when the electric field 
was applied (Fig. 2B and movie S2). The poor conductivity is in 
agreement with the lack of charge carriers (lack of both charged 
reverse micelles and charged NPs), and the NP aggregation is at-
tributed to the generation of oppositely charged NPs near the 
positive and negative electrodes and their Coulombic attraction 
(Fig. 2C). The Coulombic interaction energy Ec = e2/(4r0d) is 
especially large in the nonpolar environment due to the low relative 
permittivity r ≈ 2, surpassing the thermal energy even at distances 
larger than the NP diameter (Ec ~ -3kBT at d = 10 nm), driving the 
aggregation. In contrast, for AOT concentrations at and above 
50 mM, the NP aggregation was suppressed, and the gradients 
appeared (Fig. 2B). The gradients intensified when the AOT con-
centration was increased (fig. S4).
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The higher conductivity of the electroferrofluid containing 
150 mM of AOT compared to the plain 150 mM AOT solution in 
dodecane indicates strong interaction between the AOT and the 
NPs, leading to notable charging of the NPs that act as additional 
charge carriers. The nonlinearity of the IV curves of both the 150 mM 
AOT in dodecane and the electroferrofluid and, especially, the poorly 
conductive regime below 1 V (Fig. 2A) are likely indications of an 
electron tunneling process from the electrode into the colloidal dis-
persion. The initial nonlinearity is followed by ohmic regime at higher 
voltages that has been observed earlier in AOT solutions (16).

Voltage-controlled magnetism
The NP concentration gradients translate via the superparamagnetism 
of the NPs to electrically controlled nonequilibrium magnetic re-
sponses. The magnetic susceptibility  and the saturation magneti-
zation MS of an NP dispersion are, in the first approximation, linearly 
proportional to the NP concentration c. Using the Beer-Lambert law 
(text S4), the unprocessed transmitted light images of the steady-
state gradients (Fig. 2D, with spatially varying intensity I) can be 

converted to maps of –ln(I/I0) that is a proxy for the normalized 
change in the NP concentration and, hence, for the change in the 
magnetic responsiveness (Fig. 2E and fig. S5).

The magnetic responsiveness increases near the positive electrode 
and decreases near the negative electrode with increasing voltage 
(Fig. 2E). The responsiveness varies spatially smoothly, approximately 
sinusoidally, at small driving voltages (U = 1 V and U = 2 V; Fig. 2F). 
At higher fields, the smooth perturbations are not observed because 
of the complete depletion of the NPs from the vicinity of the nega-
tive electrodes, leading to flattening of the responsiveness func-
tion –ln(I/I0) (U = 3 V; Fig. 2F). The magnetic responsiveness contrast 
increases nonlinearly with the applied voltage (Fig. 2G). The initial 
nonlinearity can be understood to be linked to the similar behavior 
in the driving current (Fig. 2A), suggesting the importance of the 
current and, hence, energy dissipation. The saturation at higher fields 
is associated to the nearly complete depletion and saturation of the 
areas near the negative and positive electrodes, respectively (Fig. 2G). 
The maximum achievable magnetic contrast increases with the in-
creasing NP concentration, as expected (fig. S6).

Fig. 1. Nonequilibrium steady states in electrically driven colloidal NP dispersions. (A) A conceptual scheme of driving a homogeneous colloidal dispersion into a 
nonhomogeneous dissipative state. (B) A scheme of a proposed realization of the concept in (A) by driving charged NPs into gradients with an electric field (E) and in 
presence of an electric current (J). (C) A scheme showing the experimental realization using oleic acid–coated iron oxide NPs charged using AOT reverse micelles in a non-
polar solvent (electroferrofluid) and the expected charge transfer processes. (D) Electric current as a function of time across the electroferrofluid (6% iron oxide NPs and 
150 mM AOT in dodecane) in a microelectrode cell (U = 3 V, E = 0.3 V/m). Insets show transmitted light microscopy images of the cell at different times (movie S1).
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Instability of the NP gradients in magnetic field 
and formation of dissipative patterns
Ferrofluids enable several functionalities and patterns in magnetic 
fields (19) that, in the electroferrofluids, become also voltage con-
trolled. Here, we consider the response of the electroferrofluid in the 
nonequilibrium gradient state to a uniform magnetic field B applied 
either perpendicular to the microelectrode cell (Fig. 3 and fig. S7B) 
or parallel to it along the x direction (Fig. 4 and fig. S7A). In the 
perpendicular case (Fig. 3A), the steady-state NP gradients become 
unstable above a threshold Bc of few mT (Fig. 3B). The instability is 
seen as deformations in the NP gradient that, after a few seconds, 
develop to a well-defined quasi–one-dimensional steady-state pattern 
(Fig. 3B and movie S3). The wavelength of the pattern  is close to 
the spacing between electrodes and decreases with the increasing 
magnetic field (B-field) (Fig. 3, C and D, and movie S4). Similarly, 
increasing E-field (and thus susceptibility and magnetization contrast; 
Fig. 2) leads to decrease in  (Fig. 3D and fig. S8). While  is almost 

independent of the NP concentration (fig. S9A), the threshold mag-
netic field for the onset of the pattern formation decreases from 
ca. 22 mT at 0.3% iron oxide content to 8 mT at and above 2.6% (fig. 
S9B). This is qualitatively expected since the magnetic forces driving 
the instability increase with the increasing NP concentration.

Kymographic analysis shows that the patterns exhibit fluctuations 
(Fig. 3E). In particular, near the threshold, i.e., the transition from 
the steady gradient state (3.2 mT; Fig. 3E) to the steady pattern (4.8 mT; 
Fig. 3E), there exists an intermediate fluctuating state wherein the 
pattern appears and disappears randomly in different locations 
(4.4 mT; Fig. 3E). Thus, the behavior under the perpendicular 
B-field and in-plane electric field forms a phase diagram with one 
homogeneous equilibrium state and three nonequilibrium states 
(NE1 to NE3): stable gradient, steady pattern, and a narrow segment 
corresponding to the fluctuating pattern (Fig. 3F).

The behavior of the electroferrofluid in a B-field applied parallel 
to the microelectrode cell and perpendicular to the microelectrodes 

Fig. 2. Charge-carrying superparamagnetic NPs enable electrically controlled magnetism in electroferrofluids. (A) I-V curves of iron oxide NPs in dodecane, AOT 
in dodecane, and the NPs + AOT in dodecane. All percentages indicate volume fractions (6% of AOT corresponds approximately to 150 mM). (B) Optical microscopy images 
showing the steady state of the NPs at different AOT concentrations at U = 3 V. (C) A scheme of the NP charging states and interactions at low (left) and high (right) AOT 
concentrations. (D) Unprocessed optical microscopy images showing the steady-state NP gradients at different voltages in dodecane with 150 mM AOT. (E) Colormaps 
showing –ln(I/I0) calculated from the images shown in (D). (F) Averaged one-dimensional plots of –ln(I/I0) as a function of x coordinate obtained from the colormaps in (E). 
(G) –ln(I/I0) as a function of applied voltage on top of the negative and positive electrodes.
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(Fig. 4A) resembles qualitatively the behavior in the perpendicular 
case (Fig. 3). The gradient state still becomes unstable above a 
threshold field Bc, but the appearance of the patterns is different, 
and the pattern formation time scales are longer (Fig. 4B and movie 
S5). The pattern periodicity  depends on B (Fig. 4C and movie S6) 
but is nonmonotonic (Fig. 4D and fig. S10). We attribute the non-
monotonic behavior to the larger amplitude of the pattern, leading 
to strong interactions of the patterns between the neighboring posi-
tive electrodes (Fig. 4C) that are weak in the perpendicular case 
(Fig. 3C). Similar to the perpendicular case, there is one equilibrium 
state and three nonequilibrium states, including the state of the 
fluctuating pattern (Fig. 4, E and F).

Comparison to the classic equilibrium ferrofluid patterns
It is interesting to compare the magnetic response and the patterns 
of the dissipative electroferrofluid (Figs. 3 and 4) to the classic equi-
librium ferrofluid patterns. The latter exhibit two main patterns (20): 
the Rosensweig pattern (21, 22) and the labyrinthine pattern (23–25) 
(Fig. 5A). These are caused by a combination of magnetostatic, 

interfacial, and gravitational forces and are driven by energy mini-
mization. Analogously, the dissipative electroferrofluid patterns can 
be classified as labyrinthine-like (Fig. 3) and Rosensweig-like patterns 
(Fig. 4) based on the orientation of the B-field with respect to the 
diffuse interface. However, there are several major differences that 
are pointed out below.

First, the interfacial tension plays a critical role in the classic pat-
terns and their periodicities. For example, in the classic Rosensweig 
instability, the pattern wavelength  is solely determined by the in-
terfacial tension and the gravitational force. However, in electro-
ferrofluids, it is challenging even to define the interfacial tension for 
the diffuse interfaces (Fig. 5B). Moreover, the gravitational force is 
negligible at the microelectrode length scales. These major differ-
ences suggest that the application of the models developed to de-
scribe the classical patterns is not straightforward in the dissipative 
electroferrofluids. This shows particularly well, for example, in the 
nonmonotonic dependency of  with B and E in the Rosensweig-like 
configuration (Fig. 4D) with no equivalent behavior seen in the 
classic systems.

Fig. 3. Response of the electroferrofluid (6% iron oxide NPs and 150 mM AOT) to a uniform perpendicular magnetic field B​​ → z ​​. (A) A scheme of the microelectrode cell with field 
directions indicated. (B) Time series of microscopy images showing the response of an NP gradient (E = 0.3 V/m) to a magnetic field (B = 6 mT; movie S3). (C) Steady-state 
microscopy images in a constant electric field (E = 0.3 V/m) and varying magnetic field (B = 0 to 8.8 mT; movie S4). (D) Average pattern periodicity () as a function of E 
and B. (E) Kymographs obtained at three different magnetic field strengths near the threshold at a fixed E = 0.3 V/m. (F) Phase diagram showing the four states of the 
electroferrofluid as a function of in-plane E-field and perpendicular B-field based on steady-state snapshots taken 1 min after turning B-field on.
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Second, the appearance of the patterns is different compared to 
the equilibrium patterns (Fig. 5A). This is caused by the diffuse na-
ture of the interface and the confinement in the periodic microelec-
trode cells. The effect of the confinement can be seen, for example, 
in the labyrinthine-like patterns, where the spatial size of the pattern 
on the positive electrode is restricted by the adjacent negative elec-
trodes, leading to the comb-like patterns that are not typically seen 
in the classic labyrinthine instability (Figs. 3C and 5A). The effect of 
the confinement can be seen also in the Rosensweig-like patterns 
where the coupling and alignment of the patterns between the 
neighboring positive electrodes is evident but which has no equiva-
lent in the classic equilibrium Rosensweig pattern with one layer of 
magnetic fluid only (Figs. 4C and 5A).

Third, only the electroferrofluids exhibit fluctuating patterns near 
the threshold (Fig. 3E and Fig. 4E). The origin of the fluctuating pattern 
is likely in the large NP concentration fluctuations that are present 
already in the steady-state gradients (see, e.g., movie S1). Because of 
the large NP concentration fluctuations, and thus fluctuations in the 
magnetization, the threshold magnetic field for the pattern formation 

can be locally and temporarily exceeded (see fig. S9B). This leads to 
the onset of the instability and the pattern formation locally, which 
disappear once the NP concentration drops again because of the 
concentration fluctuations. Last, the electroferrofluid patterns exist 
only with continuous energy feed and dissipation. This can be fur-
ther directly quantified and linked to the pattern formation, as dis-
cussed in the following.

Quantification of the dissipation and linking it 
to pattern formation
Direct and simple quantification of the dissipation is possible in the 
microelectrode cells, given in the steady state by P = UIF. Typically, 
for example, at U = 3 V and IF ≈ 400 nA, the dissipated power is 
very modest P ~1.2 W for a microelectrode cell with a surface area 
of ca. 1 cm2. The pattern formation upon application of the magnet-
ic field (Figs. 3 and 4) leads to a measurable change in the Faradaic 
current IF (Fig. 5C) and thus a change in the dissipated power P = 
UIF (Fig. 5D and fig. S11). The dissipated power increases upon pat-
tern formation for both the labyrinthine-like and Rosensweig-like 

Fig. 4. Response of the electroferrofluid (6% iron oxide NPs and 150 mM AOT) to a uniform parallel magnetic field B​​ → x ​​. (A) A scheme of the microelectrode cell with 
field directions indicated. (B) Time series of microscopy images showing the response of an NP gradient (E = 0.3 V/m) to a magnetic field (B = 8 mT; movie S5). (C) Steady-
state microscopy images in a constant electric field (E = 0.3 V/m) and varying magnetic field (B = 0 mT to 8.8 mT; movie S6). (D) Average pattern periodicity () as a 
function of E and B. (E) Kymographs obtained at three different magnetic field strengths near the threshold at a fixed E = 0.3 V/m. (F) Phase diagram showing the 
four states of the electroferrofluid as a function of in-plane E-field and parallel B-field based on steady-state snapshots taken 1 min after turning B-field on.
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cases (Fig. 5D). This increase is caused by the redistribution of the 
charge-carrying NPs within the microelectrode cell and can be intu-
itively considered to be due to the formation of pathways with en-
hanced electrical conductivity between the positive and negative 
electrodes in the locations where the NP concentration increases. 
The nonlinearly increasing dissipation with the increasing B-field 
(Fig. 5D) can be understood to be linked to the nonlinear nature of 
the pattern formation (Figs. 3 and 4): Below the threshold B-field, 
there is no pattern formation (no change in the distribution of the 
charge-carrying NPs) and no change in the dissipation. In contrast, 
above the threshold B-field, the patterns appear, altering the dis-
tribution of the NPs and, hence, the electric current and dissipa-
tion change.

Outlook toward detailed mechanistic understanding
In conclusion, we have demonstrated how to drive superpara-
magnetic NPs out of the thermodynamic equilibrium into nonequi-
librium concentration gradient states using an electric field. The 
driving relies on proper charge control of the iron oxide NPs in the 
nonpolar solvent using AOT as the charge control agent. While 
charging of larger colloidal particles has been investigated earlier 

(26, 27), the exact nature of the charge transfer pathways are com-
plicated and remain to be identified for the small, ca. 10 nm diameter, 
iron oxide NPs used here.

Regarding the gradient formation, our experimental evidence 
suggests that two ingredients are critical. First, the NPs should carry 
charge of the same sign. Otherwise, both the theory (large Bjerrum 
length) and experimental evidence (Fig. 2B and fig. S4) suggest that 
the Coulombic aggregation of the oppositely charged NPs takes 
place. Second, when the charged NPs meet the electrode (with an 
opposite sign of electric charge), the interaction between the NP and 
the electrode has to be such that there is no irreversible binding of 
the NP on the electrode as this would lead to electrodeposition (as 
shown, e.g., by our control experiment in the aqueous environment; 
fig. S3). The small charge combined to the sterically protective oleic 
acid coating in the nonpolar environment are likely critical elements 
for preventing the electrodeposition.

It has been recently shown that silver NPs coated with dodecan-
ethiol exhibit charging in nonpolar environment and can be driven 
with electric field into crystalline superlattices (14)—in contrast to 
the gradients observed in our experiments with iron oxide NPs. The 
experiments with silver NPs were carried out without large amounts 

Fig. 5. Comparison to classic equilibrium patterns and quantification of dissipation. (A) Images of the classic equilibrium Rosensweig and labyrinthine patterns and 
their dissipative analogs in electroferrofluids. (B) A schematic plot of the magnetic susceptibility near an equilibrium thermodynamic interface and a dissipative diffuse 
interface. (C) Electric current passing through the electroferrofluid as a function of time during the formation of the Rosensweig-like and labyrinthine-like patterns at 
B = 6 mT and E = 0.3 V/m. (D) Change in dissipated power as a function of magnetic field strength during the formation of the steady-state labyrinthine-like and Rosensweig-like 
patterns at E = 0.3 V/m.
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of charge control agents, such as AOT here, suggesting the possibility 
that the numerous bulky AOT reverse micelles in our system con-
tribute toward preventing formation of crystalline NP superlattices 
or other irregularly shaped solid structures. Full understanding of 
the gradient formation will likely require identification of the dom-
inant electrochemical charge transfer processes and pathways and 
combining them to a continuum description of the statistical me-
chanics of the charge carriers and the electric field in the system.

Outlook toward applications and other voltage-controlled 
nonequilibrium functionalities
The gradient states allow voltage-controlled magnetism. As classic 
ferrofluids are technically relevant (19), the present electroferrofluids 
suggest novel opportunities for functional materials and surfaces 
that can be controlled with both magnetic and electric fields. Voltage-
controlled magnetism using charged magnetic NPs migrating in 
electric field also provide an interesting liquid-state analog to the 
ionic solid state devices using electric field–driven migration of ions 
in solid state materials to control the magnetic properties (28, 29).

Other NPs with different functionalities than superparamagnetism 
can be envisioned to be similarly driven out of the homogeneous 
equilibrium state into concentration gradients to take advantage of 
their concentration-dependent properties and responses. This opens 
a generic platform for, e.g., voltage-controlled nonequilibrium 
plasmonics, photonics, and rheology based on the concentration-
dependent optical response of plasmonic NPs (30), concentration-
dependent photonic response of high-refractive index particles (31), 
and concentration-dependent jamming of load-bearing particles (32), 
paving way toward a new generation of functional colloidal materials 
and devices that can be tuned with an application of a small voltage. 
We also foresee that our approach can be generalized from a carrier 
liquid to an organogel matrix with suitable gel chemistry and porosity 
to allow migration of the NPs to create semisolid voltage-controlled 
gels for soft robotics, for example. Last, the extremely small power 
dissipation suggests feasible technological applications as, e.g., tun-
able optical devices or voltage-controlled inductors in mobile devices: 
A cm2-scale microelectrode cell drawing 400 nA current out of two 
standard 1.5 V AA batteries could, theoretically, reside in the dissi-
pative steady-state continuously for over 500 years.

MATERIALS AND METHODS
Materials
Iron (III) chloride hexahydrate (FeCl3 · 6H2O, ≥99%; Sigma-Aldrich), 
iron (II) sulfate heptahydrate (FeSO4 · 7H2O, ≥99%, ACS reagent; 
Sigma-Aldrich), ammonium hydroxide (NH4OH, 28 to 30%, ACS 
reagent; Sigma-Aldrich), oleic acid (90% technical grade; Sigma-
Aldrich), acetone (≥99.8%; Thermo Fisher Scientific), toluene 
(≥99.7%, ACS reagent; Sigma-Aldrich), n-dodecane (99%, anhydrous; 
Acros Organics), docusate sodium salt (AOT, ≥99%, anhydrous; 
Sigma-Aldrich), magnesium nitrate hexahydrate, [Mg(NO3)2 · 6H2O, 
99%, ACS reagent; Sigma-Aldrich], and microelectrode cells with 
interdigitated ITO electrodes (Instec IPS10X10A040uNOPI) were 
used as received.

Synthesis of stock dispersion of iron oxide NPs dispersed 
in toluene
Iron oxide NPs were synthesized by coprecipitation method (33) and 
stabilized with oleic acid in toluene. Briefly, 21.6 g of FeCl3 · 6H2O 

and 11.2 g of FeSO4 · 7H2O were mixed with 720 ml of ion-exchanged 
water (Milli-Q) in a plastic bottle (21040001, Thermo Fisher Scien-
tific) under ambient conditions. Coprecipitation was initialized by 
adding 80 ml of NH4OH, followed by vigorous mechanical stirring 
for 5 min. The cap was opened occasionally to release the excess 
NH3. Thereafter, 25 g of oleic acid was added to the bottle, the cap 
was closed, and the container was continuously shaken in vigorous 
vertical movements for 10 min, with occasional opening of the cap 
in between. The container was left open in a fume hood overnight 
to complete the reactions and to release the NH3. The NPs were 
purified the next day. First, the NPs were sedimented by placing the 
container on top of a cube-shaped neodymium iron boron (NdFeB) 
magnet (5 cm by 5 cm by 5 cm) for 10 min. The supernatant was 
removed, and 400 ml of acetone was added to the mixture, followed 
by sonication at 37 kHz for 2 min to redisperse the sediment as 
aggregates. The NP aggregates were magnetically sedimented again 
within 2 to 3 min, resulting in a clear supernatant that was removed. 
Thereafter, 150 ml of toluene was added to redisperse the NPs and 
sonicated for 2 min. The NPs were precipitated by adding 200 ml of 
acetone, leading the color of dispersion to change from brown to 
dark grayish. The NPs were again magnetically sedimented within 
2 min, and the supernatant was removed. Last, 50 ml of toluene was 
added, leading to spontaneous redispersion of the NPs by gently 
shaking the container. The NPs were then sonicated for 5 min with 
37-kHz frequency to further assist the dispersion of NPs. The dis-
persion was left overnight in the fume hood to allow any remaining 
acetone to evaporate. The volume fraction of NPs in this stock dis-
persion was determined to be approximately 6.2% (text S1). The 
ferrofluid was also characterized with different techniques to deter-
mine the NPs size and composition (text S1).

Preparation of electroferrofluids
A stock solution containing 300 mM of AOT in dodecane was pre-
pared by mixing 4.01258 g of AOT and 19.7865 g of dodecane in a 
glass vial. The vial was sealed with parafilm to reduce moisture up-
take from the ambient air. The vial was kept still for 2 days to ensure 
complete dissolution of AOT. Solutions with lower AOT concentra-
tion (e.g., 150 mM) were prepared from the 300 mM stock solution 
by diluting with pure dodecane. First, the stock dispersion of iron 
oxide NPs in toluene was sonicated (FB11207, Fisherbrand) for 
10 min at 37 kHz and filtered through a polytetrafluoroethylene 
membrane with 0.45-mm pores (Titan3, Thermo Fisher Scientific). 
One milliliter of the sonicated and filtered dispersion was mixed 
with 1 ml of a solution of AOT in dodecane with desired AOT con-
centration (e.g., 150 mM) in a glass vial. The vial was left open in a 
fume hood for ca. 36 hours until toluene was evaporated, which was 
confirmed with Fourier transform infrared analysis (Nicolet 380, 
Thermo Fisher Scientific) by following the disappearance of the 
C-C vibration mode of the aromatic ring of toluene (reference peak 
at 1496 cm−1; fig. S1E). Last, the moisture content was adjusted 
by placing the vial for ca. 15 to 30 hours in a desiccator cabinet 
(467-0130, VWR) at room temperature with 55% relative humidity 
(created with a saturated aqueous solution of magnesium nitrate 
hexahydrate), resulting in the final electroferrofluid. The final 
electroferrofluid composition, i.e., volume fraction of NPs and 
AOT molarity, were estimated to be only slightly lower than in the 
stock NP dispersion and stock AOT solution (text S2). Throughout 
the text, we refer to nominal AOT concentrations used in preparation 
of the electroferrofluid, which are close to the true values (text S2). 
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The electroferrofluid magnetic properties were also characterized 
(text S2).

Filling microelectrode cells and making  
electrical connections
Electrical connections to the microelectrode cells were done using 
thin insulated copper wires by attaching them to the cells with silver 
paste (OK-SPI, SPI Supplies). The paste was dried at room tempera-
ture for at least 2 hours. The microelectrode cells were filled with the 
electroferrofluid using capillary action. The electroferrofluid was 
sonicated and filtered (similarly as during electroferrofluid prepara-
tion) just before filling the microelectrode cell for experiments on 
microscopic pattern formation (Figs. 2D, 3, 4, and 5 and figs. S5, S7, 
S8, and S9). In other experiments (Figs. 1E and 2B and fig. S4), the 
electroferrofluid was used without further sonication or filtering, 
and small amounts of NP aggregates can thus be seen in the micros-
copy images.

Construction of the experimental setup for microscopic 
observation of the electroferrofluid under controlled  
electric and magnetic fields
Electric field
A high-resistance meter/electrometer (B2987A, Keysight) was used 
to apply electric field across the sample and simultaneously measure 
the current, typically at 0.1 s intervals. Before each measurement, the 
electroferrofluid sample was ensured to be in the thermodynamic 
ground state by applying 0 V for 40 s, during which the electric 
current decayed close to 0 A, and a homogeneous NP concentration 
was established. For experiments with constant electric field (Figs. 1D; 
2 B, D to F; 3, B, C, and E; 4, B, C, and E; and 5A and figs. S4, S5, S6, S8, 
S10, and S12), a constant voltage step was applied to the sample for 
150 s. Electric potential and electric field inside the microelectrode 
cells (fig. S2, D and E) were simulated using finite element method 
(COMSOL Multiphysics 5.4). Electric Currents interface was used 
together with manufacturer-specified cell geometry (fig. S2C) that 
were confirmed (fig. S2B) using optical microscopy (50×/0.55, Zeiss 
Z1 Imager and Zeiss Epiplan-Neofluar). The following conduc-
tivity and relative permittivity values were used in the simulation, 
respectively: glass: 1 × 10−20 S/m, 7.3; sample space (dodecane): 
1 × 10−8 S/m, 2.0; ITO electrodes: 5 × 10−6 S/m, 3.6.
Magnetic field
A pair of small electromagnet coils (11801523 and 11801524, GMW) 
connected to a DC power supply (9205, BK Precision) was used to 
generate uniform magnetic fields (fig. S7, A and B). The magnetic 
field between the coils was measured using a three-axis Teslameter 
(3MTS, Senis; fig. S7, C to E). For experiments with constant mag-
netic fields (Figs. 3 B, C, and E; 4 B, C, and E; and 5A and figs. S8, 
S10, S11, and S12), the magnetic field was applied 30 s after the elec-
tric field for a duration of ca. 90 s. Represented images (Figs. 3C, 4C, 
and 5A and figs. S8, A to C, S10, A to C, and S12) demonstrate an 
image acquired 60 s after applying the magnetic field. For experi-
ments with different NP volume fractions (fig. S9), the electric field 
was stabilized for 20 s, after which the magnetic field was applied as 
a staircase from 0 mT to Bc with 1-mT intervals, and each B-field 
was kept for 20 s. The representative images (fig. S9) were taken 15 s 
after each update in the B-field.
Microscopy
The microelectode cell was illuminated in transmitted light config-
uration using an light-emitting diode light source (MCWHLP1, 

Thorlabs), a collimator (COP4-A, Thorlabs), and a diffuser. Imaging 
was done with a 10× finite-conjugate objective lens (Nikon 10×/0.25 
160/−WD5.6) or a 4× finite-conjugate objective lens (Nikon 4×/0.25 
160/−WD25) connected to a five-megapixel gray scale camera 
(MC050MG-SY, Ximea). Image length scale was calibrated using a 
calibration target (R1L3S2P, Thorlabs). Images were acquired using 
software provided by the camera manufacturer (xiCamTool 4.28, 
Ximea). In most experiments, images were acquired at 100 frames per 
second (fps) with averaging of five consecutive frames to reduce noise, 
resulting in final acquisition rate of 20 fps. The Rosensweig-like in-
stabilities (Fig. 4, B and C) were imaged at 5 fps with averaging 
five consecutive images, leading to 1 fps, and the control experi-
ments in polar solvent (fig. S3) at 30 fps with no image averaging. 
Images used for the voltage-controlled magnetism analysis (Fig. 2G) 
were acquired after 20 s stabilization at each voltage without averaging.

I-V measurements
I-V measurements (Fig. 2A) were carried out using the same setup 
used for the main experiments. A voltage staircase of 0 → +3 → −3 → 
0V at 0.1 V intervals was applied, and electric current was mea-
sured at each voltage after 30 s stabilization time. The measurement 
was performed three times in different microelectrode cells for 
150 mM AOT in dodecane and the electroferrofluid and once for 
the iron oxide NPs in dodecane (0 mM AOT). Similarly, the images 
used for the analysis of the voltage-controlled magnetism (Fig. 2G) 
were collected by applying a voltage staircase from 0 to 4 V, with 
0.1 V intervals, and the sample was allowed to stabilize for 20 s be-
fore taking each image.

Image acquisition, processing, and analysis
Image acquisition, bit-depth conversion, and contrast adjustment
Microscopy images were acquired with 12-bit analog-to-digital 
conversion and saved as 12/16-bit gray scale tagged image file for-
mat (TIFF) files. These high-bit images (raw data) were converted 
to 8-bit gray scale images with simultaneous histogram adjustment 
with ImageJ2/Fiji (34, 35) to improve contrast of the NP gradients 
and patterns (see fig. S12 for typical examples of raw and processed 
images). All shown microscopy images have been adjusted unless 
otherwise stated in the text.
Analysis of voltage-controlled magnetism
The raw 12/16-bit images of the steady state (U > 0 V; fig. S5A and 
Fig. 2D) were divided pixel-by-pixel with the image of the thermo-
dynamic ground state (U = 0 V) with ImageJ/Fiji. This results in 
images consisting of real numbers close to 1.0 for each pixel (fig. 
S5B), which were saved as TIFF files with real (32-bit) values. These 
images were opened in MATLAB to calculate the natural logarithm 
(fig. S5C and Fig. 2E). From these images, the profiles (Fig. 2F) were 
obtained by averaging along the direction of the electrodes.
Kymographic analysis
Kymographs (Figs. 3E and 4E) were extracted using ImageJ2/Fiji by 
opening the image time series as an image stack, defining a one-
pixel-wide region of interest (a line) along the electrodes and be-
tween a pair of a positive and a negative electrode, at a distance of 
d/4 away from the edge of the positive electrode. Kymographs were 
then generated using the reslice command of ImageJ2/Fiji.
Fourier analysis
Fourier analysis of the transition from a steady-state gradient to a 
steady-state pattern (figs. S8E and S10E) was carried out using a 
custom MATLAB code calculating the fast Fourier transform (FFT) 
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of each row of pixels along the electrodes separately, followed by 
averaging the absolute values of the FFT over all pixel lanes of the 
image. The periodicity of patterns (Figs. 3D and 4D) was obtained 
from the location of the peak in the Fourier transformation by ap-
plying a Gaussian fit.

Analysis of dissipation
The change in power dissipation upon pattern formation (Fig. 5D) 
was obtained as follows. First, the change in electric current upon 
application of magnetic field (resulting in pattern formation) was 
extracted from I(t) by performing a baseline fitting and subtraction 
(fig. S11, A to D). The steady-state change in the current (I) was 
then obtained after the change in current had stabilized (fig. S11E). 
Multiplication with the applied voltage led to the change in dissipa-
tion (Fig. 5D). This analysis also yields other useful information, 
such as the characteristic time scales of the growth and relaxation of 
the increase in dissipation (fig. S11F) (36–39).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8990
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