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molecule resonance frequency and the laser frequency
δðtÞ ¼ δ0 þ AL cos ðωmodtþ φÞ − AM cos ðωmodtÞ, where
AL is the amplitude of the laser scan and AM is the
amplitude of the molecular Stark shift. When φ ¼ π, a
large modulation of the laser-molecule detuning (with an
amplitude AM þ AL) and, therefore, of the fluorescence
signal is obtained. In the case of φ ¼ 0, a weak modu-
lation of the laser-molecule detuning (with an amplitude
jAM − ALj) leads to small variations in the fluorescence
signal. This behavior is clearly observed in Fig. 4(b), where
we compare the temporal evolution of the fluorescence
signal of a single molecule located close to an oscillating
domain in the two phase configurations. This method also
allows a determination of the Stark shift amplitude AM by
adjusting the laser scan amplitude AL to the value corre-
sponding to the zero fluorescence signal for φ ¼ 0 (in this
situation, AM ¼ AL). For this molecule, the linear Stark
coefficient is 1 GHz=ðMV=mÞ and fluorescence modula-
tions vanish for AL ¼ 40 MHz, yielding an estimation of
the local electric field variations of ∼40 kV=m.
In conclusion, we used single-molecule fluorescence

spectroscopy to probe local electric fields generated by
the flexomagnetoelectric effect in a Bi∶LuIG film. This
effect was produced with the nonuniform magnetic fields

at the N=S domain boundaries of an indium layer. It was
evidenced by the Stark effect of eight single molecules
which revealed local electric field variations up to
60 kV=m, in accordance with the theoretical estimations.
The disparity in the measured electric fields can be
attributed to the various orientations of N=S domain walls
with respect to the in-plane magnetization in the Bi∶LuIG
film, and to the random orientations of the probe molecules
in the organic layer. This observation paves the way for
the use of ultrasensitive nanometric probes such as single
fluorescent molecules to directly investigate local electric
fields in the condensed matter and to probe nanomechanical
motions of charged oscillators [40].

We gratefully acknowledge our stimulating and fruitful
discussions with A. P. Pyatakov, L. S. Uspenskaya,
V. Vlasko-Vlasov, and D. Roditchev. This work was
supported by the ANR (Project ElectroVORTEX), the
Institut Universitaire de France, the French ministry of
Education and Research, and the European NanoSC COST
Action MP1201.

[1] S. W. Cheong and M. Mostovoy, Nat. Mater. 6, 13 (2007).
[2] W. Eerenstein, N. D. Mathur, and J. F. Scott, Nature

(London) 442, 759 (2006).
[3] S. Zhang, Electric Field Control of Magnetization and

Electronic Transport in Ferromagnetic/Ferroelectric
Heterostructures, Springer Theses Vol. XVI (Springer,
New York, 2014).

[4] D. Khomskii, Physics 2, 20 (2009).
[5] V. E. Koronovskyy, S. M. Ryabchenko, and V. F. Kovalenko,

Phys. Rev. B 71, 172402 (2005).
[6] B. B. Krichevtsov, V. V. Pavlov, and R. V. Pisarev, JETP

Lett. 49, 535 (1989); B. B. Krichevtsov, V. V. Pavlov, R. V.
Pisarev, and A. G. Selitsky, Ferroelectrics 161, 65 (1994).

[7] A. P. Pyatakov and A. K. Zvezdin, Phys. Usp. 55, 557
(2012).

[8] H. Katsura, N. Nagaosa, and A. V. Balatsky, Phys. Rev. Lett.
95, 057205 (2005).

[9] M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).
[10] V. G. Bar’yakhtar, V. A. L’vov, and D. A. Yablonskii, JETP

Lett. 37, 673 (1983).
[11] I. Dzyaloshinskii, Europhys. Lett. 83, 67001 (2008).
[12] A. S. Logginov, G. A. Meshkov, A. V. Nikolaev, and A. P.

Pyatakov, JETP Lett. 86, 115 (2007).
[13] A. S. Logginov, G. A. Meshkov, A. V. Nikolaev, E. P.

Nikolaeva, A. P. Pyatakov, and A. K. Zvezdin, Appl. Phys.
Lett. 93, 182510 (2008).

[14] A. P. Pyatakov, D. E. Sechin, and A. S. Sergeev, Europhys.
Lett. 93, 17001 (2011).

[15] A. P. Pyatakov, G. A. Meshkov, and A. K. Zvezdin, J. Magn.
Magn. Mater. 324, 3551 (2012).

[16] A. F. Kabychenkov, F. V. Lisovskii, and E. G. Mansvetova,
JETP Lett. 97, 265 (2013).

[17] W. E. Moerner and L. Kador, Phys. Rev. Lett. 62, 2535
(1989); M. Orrit and J. Bernard, Phys. Rev. Lett. 65, 2716
(1990).

Time (s)

F
lu

or
es

ce
nc

e

(a)

(b)

In phaseOpposite 
phase

Δ

Time

0 v

Laser
Molecule

FIG. 4 (color online). Temporal evolution of the fluorescence
signal of a molecule probing the flexomagnetoelectric effect,
under synchronized modulations of the magnetic field and the
laser wavelength. (a) Schematic drawing of the modulated laser
molecule frequency detuning, in the cases of opposite phase
(φ ¼ π, red curve) and in phase (φ ¼ 0, blue curve) modulations.
(b) Temporal evolution of the fluorescence signal of a single
molecule located close to an oscillating domain, in the two phase
configurations. (Left) Opposite phase. (Right) In phase.
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