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Wrinkled labyrinths in critical demixing ferrofluid.

Natalia Wilkea,b, Jonas Bugaseb, Lisa-Marie Treffenstädtb and Thomas M. Fischerb

A thin film of a critical ferrofluid mixture undergoes a sequence of transitions in a magnetic field.
First the application of a field induces a critical demixing of the fluid into cylindrical droplets of the
minority phase immersed in an extended majority phase. At a second critical field the cylindrical
shape is destabilized and transforms into a labyrinth pattern. A third wrinkling transition occurs at
even higher field if the liquid has a liquid/air interface. The wrinkling is absent if the droplet has a
cover-slide on top. We explain the wrinkling by the wetting behavior of the liquid/air interface that
shifts the surface region away from a critical demixing point.

Wrinkles are a result of two coupled materials that grow with
different rates. The faster growing material must wrinkle since
this is the only way to remain coupled with the other material.
When we couple two solids with Hookian mechanical properties
and the growth stops, elastic stresses in both materials hold the
wrinkle in place1. The elastic theory of wrinkling has found useful
applications in thin layers of graphene 2, thin polymer films3, as
well as in human skin4.

Fluids in contrast to solids cannot support shear stress and one
therefore needs long range interactions active on the geometric
scale of the wrinkles to support their shape. Fluids with long
range dipolar interactions can form modulated phases 5 that un-
der proper conditions and in very different materials such as fer-
rofluids6–14, dielectric liquids15,16, Langmuir monolayers17–20 or
magnetic garnet films 21,22 can form undulated labyrinth patterns.
Like wrinkles in solids they can occur either on a single1 or on a
hierarchy of length scales23. Here we show the formation of wrin-
kles of two length scales in a critical 24,25 ferrofluid mixture26–31

that decomposes into two phases under the application of an ex-
ternal magnetic field. While the transition to a labyrinth pattern
at a larger length scales is well known from immiscible ferrofluid
mixtures6–13 a second wrinkling transition at a higher wrinkling
transition field is a new phenomenon occurring only in critical
demixing ferrofluids.

We performed experiments with a ternary mixture of liquids

a CIQUIBIC-CONICET,Facultad de Ciencias Químicas, Universidad Nacional de Cór-
doba, Argentina
b Institute of Physics, Universität Bayreuth, 95440 Bayreuth, Germany.

(ester based ferrofluid/2,6-lutidine/silicone, see32 for further de-
tails) and placed an approximately 40 micron thick droplet of
4µL on top of a silicon wafer exposing its free surface toward
the air on top. Figure 1 shows reflection microscopy images of
the texture of the liquid/air surface at different applied magnetic
field (see also the video clip in35). At vanishing field (figure 1
a) the liquid mixture exhibits a single one phase homogeneous
region of low reflectivity that shows no texture. At a critical field
Hdem

∼= 0.7 mT the liquid demixes into a darker minority phase
and a brighter majority phase (figure 1 b). The minority phase
appears as a collection of drops with circular cross section. In
a previous paper32 we have shown that the three dimensional
shape of the droplet is a cylinder that extends from the bottom of
the film to the top. These cylinders are immersed in the majority
phase. When we surmount a second critical field Hlab = 2.6 mT
(figure 1c) the circular cross section of the minority droplet de-
forms in to a dogbone shape 36 that for larger fields deforms into
a labyrinth pattern of droplets (figure 1 d-g), with each of the
droplets following intertwined two dimensional winding paths
with a typical radius of curvature of the order of 100µm. This
path significantly grows as a function of the external field as the
two ends of the droplet explore regions that are not yet occupied
by the minority phase. The increase of the external field is done
with an adiabatically slow rate of dH/dt = 0.04 mT/s to prevent
branching14,18–20 of the droplets. This transition from circles to
dog-bones and then to labyrinths have been largely described in
ferromagnetic fluids6–14 as well as in other systems15–22. At a third
field Hwr

∼= 4.5 mT the path not only grows at the ends but ex-
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Fig. 1 Reflection microscopy image of the surface of a ferrofluid/2,6-
lutidine/silicone (3:1:1) mixture at an external magnetic induction of a)
µ0H = 0mT, b) µ0H = 2.4mT c) µ0H = 3.6mT, d) µ0H = 4.8mT,
e) µ0H = 6.3mT , f) µ0H = 7.9mT, g) µ0H = 9.3mT normal to the
film having a silicone oxide support and a free liquid/air surface at the
top. a) exhibits a homogeneous image with no texture. The demixing of
the fluid into ferrofluid rich and ferrofluid poorer phases occurs between
a) and b). Cylindrical droplets get deformed into a labyrinth of droplets
as one increases the field. The onset of the large scale shape transition
is between b) and c). Between c) and d) the labyrinth starts to wrinkle.
Wrinkles and large scale bending of the droplets can be distinguished
very clearly as the droplets grow d)-g). Scale bar in figure b) is 100
µm. The two droplets in the center that are marked in blue and red
corresponds to the data shown in Fig. 5. A video clip of the sequence of
transitions can be viewed in 35.

hibits wrinkles of lower radius of curvature of the order of 20µm.
These wrinkles can be clearly distinguished from the large scale
undulation of the droplet in the labyrinth pattern. This wrinkling
transition has not been previously reported, and seems particular
to critical demixing ferrofluids.

Figure 2 shows a checkerboard of two microscope images of
the same region, one type of squares focused at the air/liquid
interface the other squares focused in the bulk. The wrinkles can
be observed only at the surface of the liquid. If we move the focal
plane of the microscope into the bulk33 the wrinkles disappear,
while the large scale undulations persist.

The nature of the top surface has a strong effect on the ob-
served pattern. Figure 3 shows reflection microscopy images of
the same liquid as the one in figure 1, but the liquid is covered
by a glass slip that replaces the liquid/air interface with a liq-
uid/glass interface. The texture of the liquid under these circum-
stances is the same, however, without the small scale wrinkles.
We can observe a demixing transition and a shape transition but
no wrinkling. The wrinkling transition is also absent (data not
shown) when using hydrophobic unbreakable plastic coverslips,
or silanized cover slips as the top surface.

In order to quantify the wrinkles we introduce two metrics (see

Fig. 2 Reflection microscopy image of a ferrofluid/2,6-lutidine/silicone
(3:1:1) mixture at an external magnetic induction of µ0H = 9.3mT.
We show checker-board sections of the surface (blue squares) and the
bulk (gray squares). Small scale wrinkling can only be observed at the
air/liquid interface. The scale bar is 100 µm.

figure 4), one measuring the path length s − s′ of a segment of
the droplet path, and a second by measuring the short cut length
|r(s) − r(s′)| between the segment ends. By collecting all possi-
ble segments of length s − s′ of the droplet we may average the
shortcut length over these segments. The logarithm of the ratio of
the segment versus average short cut length defines our wrinkle
number:

wr(s− s′) = ln
s− s′

< |r(s)− r(s′)| > (1)

The largerwr the more travel distance we save by taking the short
cut instead of the segment path. In figure 4 we plot the wrinkle
number as a function of the segment length for a fixed value of H
for the red droplet in fig. 1g (black data points) and for the cen-
tral droplet in fig. 3f. (gray data points)34. For both droplets the
wrinkle number increases with the segment length starting at the
noise level of the digitization of the image. The small scale wrin-
kles of the droplet of fig. 1g can be clearly seen in the black data
as a region of negative curvature in this plot. The increase in the
wrinkle number takes a rest when we have surmounted the typi-
cal path length (≈ 30µm) of a small scale wrinkle. It is therefore
possible to introduce an intermediate path lengths b that short
cuts the small scale wrinkles but not the long scale undulations
(blue line in figure 4). This allows to subdivide the wrinkle num-
ber of the full length droplet into a short scale wrinkle number
wr< and a large scale wrinkle number wr> for each value of the
magnetic field, where the short scale wrinkling is the logarithm
of the ratio of the total path length S of the droplet at the sur-
face versus the total intermediate path length B of the bulk of the
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Fig. 3 Reflection microscopy image of a ferrofluid/2,6-lutidine/silicone
(3:1:1) mixture at an external magnetic induction of a) µ0H = 0.1mT, b)
µ0H = 2.9mT c) µ0H = 3.6mT, d) µ0H = 4.8mT, e) µ0H = 6.3mT ,
f) µ0H = 9.3mT, normal to the film having a silicone oxide support and
a glass cover slip surface at the top. a) exhibits a homogeneous image
with no texture. Demixing of the fluid into ferrofluid enriched and ferrofluid
poorer phases occurs between a) and b). The cylindrical droplets get
deformed into a labyrinth droplet as one increases the field. The onset
of the shape transition is between b) and c). Between c) and d) start to
elongate. No wrinkling is observed at higher fields. Scale bar in figure a)
is 100 µm.

droplet:
wr< = ln(S/B) (2)

and
wr> = ln(B/|r(S)− r(0)|). (3)

No such separation of length scale is observed in the gray data
of the non-wrinkled labyrinth droplet of figure 3f.

In figure 5 we plot both wrinkle numbers, wr< and wr>, of
the red droplet of fig. 1 versus the external magnetic induction.
It can be clearly seen that the onset of the small scale wrinkling
is at a different field than the critical field Hlab for the shape
transition toward the labyrinth, measured by either the onset of
the large scale wrinkle number wr> or the surface path length S.
The shape transition from circular toward dogbone and labyrinth
patterns of non critical mixtures has been well studied and one
can write the path length S or B of a droplet as

S,B = As,b/ξs,b exp

(
− 1

2Ns,b
Bo

)
(4)

where Ns,b
Bo = (∆χeff )2ts,bµ0H

2/2σs,b is the magnetic bond
number with ts,b the thickness in the direction normal to the sil-
icon oxide surface and As,b the lateral area of the droplet, ξs,b
and σs,b, the width and the interfacial tension of the interface
between the two phases, and ∆χeff the effective susceptibility

Fig. 4 Plot of the wrinkle number versus the segment length at a mag-
netic field of 9.3mT (black c.f. fig 1g) for the free surface and (gray c.f
fig. 3f) for the glass covered surface. The free surface data exhibits a
knee such that the total wrinkle number can be divided into the sum of
the small scale wrinkle number wr< and the large scale wrinkle number
wr> by introducing the intermediate bulk path length (blue line). No such
knee is observed in the data from the glass covered surface of fig 3f.

contrast between the two phases37. The index s corresponds to
the droplet properties at the surface, while the index b indicates
the same properties in the bulk of the liquid. The shape transi-
tion is a result of the competition of repulsive dipolar interactions
within the droplet trying to elongate the droplet and the interfa-
cial tension between the two phases trying to render the droplet
shape circular.

Here we study a system that is close to a critical demixing point.
It is clear that the wetting behavior of the liquid with any surface
will alter the demixing behavior, either by moving the interfacial
liquid closer or further from the critical demixing point. If the
surface happens to move the interfacial liquid further from the
critical demixing point, then the contrast between the two liquids
will increase (σs/ts > σb/tb or Ns

Bo < Nb
Bo) and the domain wall

width between the two phases will decrease close to the surface
(ξs < ξb).

The total free energy can be divided into a surface and a bulk
part, and both are (almost) extensive in the thicknesses ts < tb

of each region. It is therefore reasonable to assume the surface to
be enslaved by the bulk. The bulk droplet will therefore assume
its equilibrium path length independent of the surface. When the
bulk droplet shape becomes unstable the length of the droplets
grows relatively slow with the magnetic field compared to the
surface because of its smaller Bond number.

The area of the surface is smaller than that of the bulk at the
onset of the shape instability. Therefore the initial length of the
surface path is shorter than that of the bulk. However, the sur-
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Fig. 5 Plot of the surface path length S, the small scale wrinkle number
wr<, and the large scale wrinkle number wr> versus the external mag-
netic field for the structures marked with red and blue in fig. 1. Small
scale wrinkles only occur after the circle versus dogbone/labyrinth transi-
tion. The black lines are fits according to equation 5 and a similar equa-
tion forwr>. Scale bar in the images is 100µm. A movie of the sequence
of transitions can be viewed in 35.

face path length soon catches up with the bulk due to its smaller
Bond number. When the surface length becomes larger than the
bulk this is the situation when the surface path has to start wrin-
kling. This explains why the wrinkling transition happens after
the circle-to-dog-bone (labyrinth) transition.

Inserting equation 4 into equation 2 we obtain a theoretical
prediction for the small scale wrinkles:

wr< = ln

(
Asξb
Abξs

)
+

1

2

(
1

Nb
Bo

− 1

Ns
Bo

)
(5)

The black lines in figure 5 are fits (Asξb/Abξs = 30 ,
H2/2(1/Nb

Bo − 1/Ns
Bo) = 13 (mT)2) to the measured wrinkle

numbers using equation 5 for wr<, a similar equation for wr>,
and the assumption that the air/liquid interface moves the inter-
facial liquid away from the critical demixing point. In the case

Fig. 6 Relaxation of an unwrinkled extended droplet back to its wrin-
kled equilibrium shape after switching of an oscillating in plane field for a
normal field of 6.3mT. The scale bar is 50µm. We extract a plot of the
small scale wrinkle number wr<(t) as a function of time (red) from the
images of such movie for a normal field of 6.9mT. The relaxation time
τ extracted from such graph is plotted versus the normal external field
in the inset (cyan). It follows a τ ∝ 1/Hext(Hext − Hwr) behavior that
is expected theoretically when assuming magnetic forces to be balanced
by viscous forces. A movie of the relaxation can be viewed in 35.

that the interface moves the liquid closer to the critical demixing
point the interfacial path length will not grow longer than the
bulk path length and because we assume that the bulk enslaves
the surface, the bulk will not be wrinkled by the surface. This is
what we believe happens in our experimental mixture in figure 3
when covering the liquid with a glass cover slip.

The wrinkles are a thermodynamic equilibrium structure that
does not depend on transport coefficients such as the viscosity.
We can erase the wrinkles using an in plane oscillating magnetic
field of strength 1.6 mT and frequency 10 Hz superposed to the
static normal field. An in-plane field in the y-direction induces
smooth stripe patterns that relax back to a wrinkled labyrinth
when we switch off the in-plane field. In Fig. 6 we depict the
pattern for various times after switching off the in-plane field.
One can clearly see the relaxation into a wrinkled structure (see
the movie Relaxation.avi in the supporting information35). In Fig.
6 we plot the time dependence of the small scale wrinkle number
wr<(t) versus the time (red). The experimental relaxation can be
described by a sigmoidal relaxation process:

wr<(t) = wr∞< tanh((t− t0)/τ) (6)

with a relaxation time τ(Hext) ∝ 1/Hext(Hext − Hwr) (blue).
Such relaxation time dependence is expected from the balance of
magnetic (that depend on the product of the magnetic field and
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the magnetization, and must vanish for Hext −Hwr) and viscous
forces (that do not depend on the magnetic field).

In conclusion, a ferrofluid mixture close to a critical demixing
point is sensitive enough to have substantially different properties
near a surface as compared to the bulk. The differences in proper-
ties result in different equilibrium lengths of the surface and bulk
path lengths of droplets having undergone a dipolar shape tran-
sition. Since both parts of the droplets are coupled, the longer
surface path has to wrinkle. The experimental geometry of the
wrinkles agrees well with predictions taken of both path lengths
from well known theories about modulated phases.
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shape transitions of lipid monolayer domains J. Phys. Chem.
97, 13419-13424 (1993).

37 D. Andelman and R. E. Rosensweig; "The Phenomenology of
Modulated Phases: From Magnetic Solids and Fluids to Or-
ganic Films and Polymers" in "Polymers, Liquids and Colloids
in Electric Fields: Interfacial Instabilities, Orientation, and
Phase-Transitions", Ed. by Y. Tsori and U. Steiner, Vol. 2 in
"Series in Soft Condensed Matter", (World Scientific, Singa-
pore, 2009), chapter 1, pp. 1-56.
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