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Direct Evidence of Flexomagnetoelectric Effect Revealed by Single-Molecule Spectroscopy
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We report direct evidence of the electric field induced by a magnetization inhomogeneity in an iron
garnet film. This inhomogeneity was created by the nonuniform magnetic fields generated at domain
boundaries of a type-I superconductor in the intermediate state. At liquid helium temperatures, Stark shifts
of sharp single-molecule zero-phonon lines were used to probe the local electric fields generated by this
flexomagnetoelectric effect. The measured electric fields are in accordance with theoretical estimations.
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The interplay between magnetism and electricity in
multiferroic materials attracts growing theoretical and
experimental interests [1,2]. These materials offer the
possibility of controlling the magnetization without apply-
ing electric currents, opening the way for the development
of new nanoscale memory elements with low power
consumption [2,3]. An electric field applied to such
materials can produce substantial changes in the magnetic
moment distribution. This magnetoelectric effect, which is
due to the Dzyaloshinskii-Moriya interaction [4], has been
revealed by Faraday rotation of light polarization in a
ferrite garnet crystal under an external electric field [5,6].
Conversely, an inhomogeneous magnetization can induce
an electric polarization in systems with broken inversion
symmetry. This so-called flexomagnetoelectric effect [7]
was recently predicted for spiral multiferroics where the
geometrical magnetic frustration results in periodically
modulated magnetization [8,9]. Even in centrosymmetric
magnetic materials, a local violation of the inversion sym-
metry in cycloid magnetic defects (such as Néel domain
walls) can give rise to the “flexomagnetoelectric” effect
[10]. Moreover, the spatial configuration of the induced
electric field in these materials can easily be controlled by
the manipulation of the domain walls [11].

The electric polarization P(r) induced by the nonuni-
form magnetization M(r) has the form [12-15]

P =y [M-V)M-M(V-M)]. (1)
where y is the magnetoelectric coupling constant and y,
is electric susceptibility. According to this formula, Néel
walls with in-plane rotation of the magnetization vector
can be the source of a spontaneous nonuniform electric
polarization, while Bloch walls are electrically uncharged
[1,4]. Although the flexomagnetoelectric effect for the
Néel-type domain walls was theoretically predicted more
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than 20 years ago [10], its unambiguous experimental
evidence is still lacking. The manipulation of Néel domain
walls by external electric fields has been considered as an
indirect proof of the flexomagnetoelectric nature of the
induced electric polarization in rare-earth iron garnets
[13,14]. However, the interpretation of these experimental
results remains controversial. The manipulation can indeed
result from other mechanisms such as the strong electric
field gradients generated in the vicinity of a needlelike
electrode, which may induce changes in the magnetization
distribution [16]. In this Letter, we provide direct exper-
imental evidence of the electric polarization induced by
the magnetization inhomogeneity in Bismuth substituted
lutetium iron garnet (Bi:LulG) films, using single-
molecule spectroscopy. The strong inhomogeneous magne-
tization is produced by stray magnetic fields in the vicinity
of a type-I superconductor in the intermediate state.
Single aromatic molecules trapped in well-chosen matri-
ces at liquid helium temperatures display a sharp zero-
phonon optical resonance with a quality factor up to ~108
(resonances in the visible spectrum with a linewidth of a
few tens of megahertz) [17,18]. Centrosymmetric aromatic
molecules embedded in disordered solid matrices usually
gain permanent dipole moments due to distortions by the
surrounding matrix. As a result, their lowest singlet-singlet
electronic transition undergoes a linear Stark shift up to
~1 GHz/(MV/m) [19,20]. This transition is almost insen-
sitive to magnetic fields since their diamagnetic redshift
is lower than 10 MHz/T? [21]. Single molecules are thus
appropriate ultrasensitive probes of local electric fields
induced by an inhomogeneous magnetization in Bi:LulG.
The sample was composed of a superconducting
indium layer (thickness D = 1.6 ym) grown by thermal
evaporation on a silicon substrate, a molecular film of
hexadecane (thickness d ~ 0.1 um) doped with fluorescent
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FIG. 1 (color online). Scheme of the sample under an external
magnetic field. A hexadecane layer doped with dibenzanthan-
threne molecules is squeezed between an indium film and a
Bi:LulG layer grown on a GGG substrate. (Inset) Scheme of
magnetization distribution in the Bi:LulG layer close to a
normal-phase domain of indium. Electric polarization vectors
near the neighboring domain walls have opposite directions.
(b) Scheme of the optical setup for single-molecule microspec-
troscopy and simultaneous MO imaging of the regions where
the vertical component of the magnetic field penetrates the
Bi:LulG layer.

dibenzanthanthrene molecules [22] at a concentration
~107% M, and a Bi:LulG layer (thickness d; = 2.5 um)
with in-plane uniform saturation magnetization M =50 G,
grown on a 500 ym thick gadolinium gallium garnet
(GGQG) substrate by liquid phase epitaxy [See Fig. 1(a)].
It was mounted on a piezo scanner and inserted together
with a microscope objective (numerical aperture 0.5) in a
helium cryostat. The sample was cooled below the critical
temperature of indium (7, = 3.4 K) and then submitted to
an external magnetic field H., = H.Z in order to set the
indium film in the superconducting intermediate state. The
optical microscopy setup is depicted in Fig. 1(b) [23]. It
allows magneto-optical (MO) imaging of the regions where
the vertical component of the magnetic field penetrates the
Bi:LulG layer, i.e., the regions close to the normal-phase
domains of the indium film. MO imaging is indeed based
on the Faraday rotation of light polarization in the Bi: LulG
indicator [33-36], in a crossed-polarizer beam path con-
figuration, and CCD camera imaging [37,38]. This setup
is also used to perform single-molecule spectroscopy. The
fluorescent molecules are excited on their zero-phonon
singlet-singlet transition with a tunable single frequency
dye laser (589 nm, spectral width 1 MHz). Their redshifted
fluorescence on vibrational transitions was focused either
on the CCD camera for wide-field imaging or onto an
avalanche photodiode for confocal microscopy.

Figure 2(a) shows a MO image of normal-phase domains
in the intermediate state of indium in an external magnetic
field H. = 30 Oe at temperature 7 = 2.6 K. The bright
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FIG. 2 (color online). (a) MO imaging of normal-state domains
in the intermediate state of indium. H,; = 30 Oeand T = 2.6 K.
(b) Theoretical profiles of the magnetic field and the electric field
due to the flexomagnetoelectric effect, calculated in the molecular
layer in a simplified geometry where N and S domain walls are
flat and form a periodic structure aligned along the x axis.

disordered lamella-shaped structures correspond to normal-
state regions (/NV), while superconducting areas (S) appear
dark, with an average period of the domain structures of the
order of 10 um. To theoretically estimate the electric field
generated by the Bi:LulG film in the organic molecular
layer, we assume that N and S domains in the super-
conductor are along the x direction and form a periodic
structure with period w in the y direction [see Fig. 2(b)].
The screening supercurrents at the N/S boundaries induce
a magnetic field H = H,(y,z)§ + H,(y,z)2. As a conse-
quence, the magnetization in the garnet film becomes a
superposition of a large uniform in-plane magnetic moment
M, = M (cos 6% + sinfy) and a small nonuniform mag-
netization M = y,,H, where y,, is the magnetic suscep-
tibility of the garnet. According to Eq. (1) the induced
electric polarization has the form

. 0
P(y.2) = vxexmM; smé’a—yH(y,Z)- (2)

The strength of the flexomagnetoelectric effect in the garnet
film strongly depends on the orientation of M, and is
maximal when M is perpendicular to N/S domain walls.
In the following we consider only the case where 6 = /2.
For simplicity, we also assume that the N/S domain walls
are flat and that the magnetization M induced by the
superconducting currents in the indium film has only one
spatial component along the z axis. Thus, in the super-
conducting regions 4zM_, = —H,,, while in the normal
regions 4zM_ = H.(ds/dy), where dy = w(H/H.)
and dg = w — dy are the widths of the N and S domains,
respectively, with H,. being the critical field. Solving the
Maxwell equations for the magnetic field induced by the
superconductor in the Bi:LulG and choosing the origin of
the coordinate system at the surface of the superconductor
in the center of a S domain, one finds

H = Hoy + 0 H,(2)lsin (g, +cos (g.0)2), (3
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H,(z) = T andy
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(1 — e79P)e=0%sin (%) .4
where g, = 2zn/w. The Fourier harmonics of the electric
polarization in the garnet film have the amplitudes
P,(2) = y¥exmM,q,H,(z). Finally, taking the finite width
d; of the garnet film into account, we obtain for the electric

field induced by the polarization P(y, z) in the molecular
layer (0 < z < d) [23]:

E = Z E,(z)[cos (¢,y)¥ + sin (g,y)Z], (5)
n=1
with
4 . n’lMYHL‘ _ _ .
E,(z) = %(1 — e~0D)(1 — e™2nh)
x 20 sin (4,5 2). )

The profiles of the magnetic and electric fields in the
molecular layer along the y axis are shown in Fig. 2(b).
The vertical component of the electric field is maximal close
to each N/S boundary due to the rotation of the in-plane
magnetization [see Fig. 1(a)]. Taking the parameters relevant
to our experimental conditions, w = 10 ym, dg = 1.6 um,
Ye = 4/4x [16], y,, = 0.11, y = 1078 erg!/?cm™/2 G2,
electric fields of the order of 10* V/m are expected.
These field amplitudes can induce Stark shifts of the
molecular resonances comparable to their linewidths.

To probe the electric field generated by the Bi:LulG ata
single molecule located in the organic layer, we modulate
the amplitude of the external magnetic field in such a
way that normal-phase domains undergo a reversible
oscillatory in-plane motion. The molecule will therefore
experience a temporally modulated local electric field due
to the flexomagnetoelectric effect. Because of the large
distribution in the pinning strengths of normal-phase
domains in the indium layer, the amplitude of the magnetic
field modulation depends on the probed area of the sample
and was chosen to produce noticeable displacements of the
domains [39]. As exemplified in Fig. 3(a), domain boun-
daries created at H.,; = 30 Oe displayed micrometric
displacements for a modulation amplitude of 20e. As
shown in this figure, simultaneous MO and single-molecule
fluorescence imaging on the same camera allows the
selection of a single molecule (the circled bright spot)
close to an oscillating domain (delimited by the dashed
lines). The periodic variations of the molecule fluorescence
intensity at the modulation frequency 1 Hz are displayed in
Fig. 3(b). Here, the excitation laser frequency was tuned to
the flank of the Lorentzian-shaped molecular line in order
to maximize the sensitivity of the fluorescence signal to
molecular spectral shifts. We checked to ensure that the
modulation of the fluorescence signal disappears above the
critical temperature of indium, i.e., when the magnetic field
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FIG. 3 (color online). Single-molecule imaging with simulta-
neous MO imaging of normal-phase domains in the indium film.
H., is modulated at 1 Hz with a modulation amplitude of 2 Oe
around 30 Oe. T = 2.6 K. The laser frequency is fixed to the
flank of the Lorentzian-shaped molecular line. (a) H.,, = 29 Oe.
A single molecule (the circled bright spot) is chosen above a
normal-phase domain (delimited by the dashed lines). (b) Image
of the same area at H.,, = 31 Oe illustrating the motion of the
domain boundaries. (c¢) Temporal evolution of the fluorescence
intensity of that molecule probing the flexomagnetoelectric
effect.

uniformly penetrates the indium layer. From the amplitude
of the signal variations, we deduce that the molecule
expresses a modulated Stark shift of the order of its
linewidth (50 MHz). Using the measurement of the linear
Stark coefficient 0.8 GHz/(MV/m) for this molecule [23],
we estimate a local electric field variation of ~60 kV/m.
This value is compatible with the above theoretical esti-
mations of the fields created by the flexomagnetoelectric
effect. Evidence of this effect was found at various
positions in the sample for more than 20 molecules which
displayed fluorescence intensity variations upon moving
N/S boundaries. Estimation of the local electric field
probed by eight of those molecules is presented in the
Supplemental Material [23].

In order to rule out any origin of the signal variations
other than molecular spectral shifts, we recorded the fluo-
rescence signal under simultaneous modulation of the
magnetic field and a periodic scan of the laser wavelength
at the same frequency w,,,q. As illustrated in Fig. 4(a), if
the signal variations are due to a spectral modulation of the
molecular transition due to the flexomagnetoelectric effect,
their amplitude should strongly depend on the relative
phase ¢ between the magnetic field modulation and the
laser scan. Indeed, the fluorescence intensity of the mol-
ecule depends on the frequency detuning between the

027601-3



PRL 115, 027601 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 JULY 2015

(a) 0 Av
Opposite Mol‘cule Laser |InPphase : _V_)
hase ‘ ‘
I I
— — -
I I
| | | |
T T T T
I I
1 1
€« — €« €«
| : | :
1 1 1 I
Time
(b)
[0)
[$]
c
@
[$]
[}
o
o
=
o
| | | |
0 5 10 0 5 10 15
Time (s)

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
(¢ = =, red curve) and in-phase (¢ = 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.

molecule resonance frequency and the laser frequency
5(1) = 8y + Ap cos (@poqt + @) — Ay cOS (Wmoqt),  Where
A; is the amplitude of the laser scan and A, is the
amplitude of the molecular Stark shift. When ¢ =z, a
large modulation of the laser-molecule detuning (with an
amplitude Ay + A;) and, therefore, of the fluorescence
signal is obtained. In the case of ¢ =0, a weak modu-
lation of the laser-molecule detuning (with an amplitude
|Ay —Ap]) 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 A,; by
adjusting the laser scan amplitude A; to the value corre-
sponding to the zero fluorescence signal for ¢ = O (in this
situation, Ay; = A;). For this molecule, the linear Stark
coefficient is 1 GHz/(MV/m) and fluorescence modula-
tions vanish for A; = 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:LulG 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:LulG
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].
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