
distortion therefore explains the magnetoelectric coupling. Appli-
cation of the electric field transfers the sample into a single-domain
state with maximum field D for which transition into the P63cm
phase leads to the largest possible energy gain from HME ¼ âDB:
According to ref. 13 and Fig. 4a up to 40% (Ho3þ: 3–4mB) of the
rare-earth spins are ordered. The increase defining THo in Figs 2a
and 4 is due to Ho3þ–Ho3þ exchange in the x–y plane which
complements the Ho3þ–Mn3þ interaction.

Transition into the magnetoelectric P63cm phase corresponds to
modification of the inter-planar Mn3þ–Mn3þ exchange paths
stabilizing the three-dimensional magnetic order. With the Mn3þ

ions at x¼ 1
3a; the inter-planar Mn3þ–Mn3þ exchange is nearly

perfectly frustrated. Frustration is overcome by the,2% movement
of the Mn3þ ions revealed in Figs 1 and 4b. Depending on the shift
being positive or negative, either the exchange path favouring
formation of the 63 axis (above THo at E ¼ 0) or the exchange
path favouring formation of the 63 axis (below THo at E ¼ 0 and
below TN at E ¼ ^E0) is strengthened. Figure 4c shows that the
electric dipole moment is modified along with the magnetic
transition which is another manifestation of magnetoelectric inter-
action on the microscopic scale.

Thus we have observed how multifold magnetic ordering in
HoMnO3 is controlled by a static electric field. Ferromagnetic
Ho3þ ordering is deliberately activated or deactivated, and
the ferromagnetic component is controlled by the sign of the
electric field. The driving mechanism for phase control are micro-
scopic magnetoelectric interactions originating in the interplay of
Ho3þ–Mn3þ interaction and ferroelectric distortion. With their
potential for giant magnetoelectric effects, magnetic ferroelectrics
are most favourable for technological applications of magneto-
electric switching, which is reflected by the current push for novel
compounds and concepts to understand this class of materials27,28.
On the basis of the work presented here, promising candidates for
controlled magnetoelectric switching10 are compounds with elec-
tronic states close to the ground state which are energetically
lowered by magnetoelectric contributions in an applied electric or
magnetic field. Therefore frustrated systems or systems in the
vicinity of phase boundaries or quantum critical points29 are
prime candidates for magnetic phase control by an electric field
or vice versa. A
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23. Ascher, E., Riedel, H., Schmid, H. & Stössel, H. Some properties of ferromagnetic nickel-iodine

boracite Ni3B7O13I. J. Appl. Phys. 37, 1404–1405 (1966).

24. Fiebig, M., Degenhardt, C. & Pisarev, R. V. Interaction of frustrated magnetic sublattices in ErMnO3.

Phys. Rev. Lett. 88, 027203 (2002).

25. Kritayakirana, K., Berger, P. & Jones, R. V. Optical spectra of ferroelectric-antiferromagnetic rare earth

manganates. Opt. Commun. 1, 95–98 (1969).

26. Dzyaloshinskii, I. E. Thermodynamic theory of ‘weak’ ferromagnetism in antiferromagnetic

substances. Sov. Phys. JETP 5, 1259–1272 (1957).

27. Fiebig, M., Eremenko, V. & Chupis, I. (eds) Magnetoelectric Interaction Phenomena in Crystals

(Kluwer, Dordrecht, 2004).

28. Zheng, H. et al. Multiferroic BaTiO3-CoFe2O4 nanostructures. Science 303, 661–663 (2004).

29. Saxena, S. S. et al. Superconductivity on the border of itinerant-electron ferromagnetism in UGe2.

Nature 406, 587–591 (2000).

Acknowledgements We thank K. Kohn and K. Hagdorn for samples, and the DFG and the BMBF

for financial support. M. F. thanks T. Elsässer for continuous support.
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Phase separation in liquid mixtures is mainly controlled by
temperature and pressure, but can also be influenced by gravita-
tional, magnetic or electric fields. However, the weak coupling
between such fields and concentration fluctuations limits this
effect to extreme conditions1–3. For example, mixing induced by
uniform electric fields is detectable only at temperatures that are
within a few hundredths of degree or less of the phase transition
temperature of the system being studied4–7. Here we predict and
demonstrate that electric fields can control the phase separation
behaviour of mixtures of simple liquids under more practical
conditions, provided that the fields are non-uniform. By applying
a voltage of 100 V across unevenly spaced electrodes about 50 mm
apart, we can reversibly induce the demixing of paraffin and
silicone oil at 1 K above the phase transition temperature of the
mixture; when the field gradients are turned off, the mixture
becomes homogeneous again. This direct control over phase
separation behaviour depends on field intensity, with the elec-
trode geometry determining the length-scale of the effect.
We expect that this phenomenon will find a number of nano-
technological applications, particularly as it benefits from field
gradients near small conducting objects.

The driving force for separation in liquid mixtures is the
preference of constituent molecules to be in contact with their
own species8. At high temperatures, however, thermal agitation
dominates over enthalpic interactions, and mixing occurs. Figure 1a
shows the classic phase diagram of a binary mixture of two liquids,
A and B, with phase transition temperature, T t (blue curve), as a
function of the concentration of A (f; where 0 , f , 1). Above T t
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