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Nonlinear magnetoelectric effect in atomic vapor and its application to precision
radio-frequency magnetometry
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We demonstrate the nonlinear magnetoelectric (ME) effect in atomic vapor achieved through the parametric
interaction of optical electric and radio-frequency (rf) magnetic fields leading to the generation of new optical
electric fields. Density matrix calculations are performed to validate the experimental results. Moreover, the
predicted dependence of the generated optical electric field amplitudes on the rf magnetic field strength is
experimentally verified to confirm the ME effect. The system provides a technique for precision rf magnetometry
based on this phenomenon. We could experimentally achieve an rf magnetic field sensitivity of 70 fT/+/Hz at
1 kHz to 7.5 pT/+/Hz at 3 MHz for zero bias field in an unshielded environment. The appealing features of
the proposed rf magnetometer using our system include a high dynamic range up to 10'2, 6 dB bandwidth of
450 kHz, and arbitrary frequency resolution, which are intrinsic to the nonlinear ME effect in the medium.
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I. INTRODUCTION

The magnetoelectric (ME) effect refers to the coupling
between electric and magnetic fields in a medium resulting in
electric polarization induced by magnetic fields and magne-
tization induced by electric fields. The electrical polarization
due to the ME effect [1,2] induced in a medium in response to
the applied electric field £ and magnetic field B, is defined by
the general expression

P(E,B) = x{{Ej + x{/"Bj + X{i{ EjEx + x{}{"B;Bx
+ xijk EjBr + xijui EiBiBi +
+ X EJEKEL - . . (1

where the indices ijk refer to the polarization components
of the fields, whereas the indices e and m denote the elec-
tric and magnetic fields, respectively. 7 signifies the linear
electric susceptibility, x;/" describes the linear ME effect,
while the leading higher-order ME contributions are described
by the tensors X" X and X" T he terms Xk and
ije,ff signify the higher-order electric susceptibilities due to
the coupling of multiple electric fields. The linear as well
as nonlinear ME effects in certain heterostructures such as
multiferroics have drawn great interest due to their relevance
in the fabrication of spintronics devices, memories, and mag-
netic sensors [3—11]. We explore the nonlinear ME effects
manifested as the wave mixing of electric and magnetic fields
in a simple system using atomic vapor. We specifically study
the effect described by the polarization terms given by Pi(z) =

X{"E;Bi and P = x{<"" E;B,B,. The polarization P{”’ is a
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result of the mixing of three fields, i.e., two input fields (one
electric and one magnetic field) and one generated electric
field, whereas Pl.(3) results from the mixing of four fields, i.e.,
three input fields (one electric and two magnetic fields) and
one generated electric field.

In the traditional nonlinear optics involving optical electric
fields, the even-order electrical susceptibilities vanish (i.e.,
PP X EjEx = 0) for a centrosymmetric medium such as
atomic vapor. However, here we demonstrate nonvanishing
even-order susceptibilities involving the coupling of electric
and magnetic fields (x5;"E;Bi) in atomic vapor. Thus, un-
derstanding this phenomenon would pave the way toward the
investigation of fundamentally different nonlinear magneto-
optical effects. An atomic system coupled to an optical electric
field and an rf magnetic field which undergoes a wave-mixing
process producing light at optical frequencies as satisfied by
the energy conservation is studied here. The mixing between
microwave and optical fields in atomic systems is an example
of such mixing processes [12—14]. Moreover, we investigate
the characteristic features of the generated optical electric
fields such as the polarization, resonance width, and the vari-
ation of generated field amplitudes with input optical power.

This exploration of the nonlinear ME effect is of practical
significance due to its potential application in precision rf
magnetometry. The rf magnetic field-dependent optical signal
in our system offers a conventionally different technique for rf
magnetic field measurement. Previous works on rf magnetom-
etry are based on atomic magnetometers or superconducting
quantum interference devices (SQUIDs). The rf SQUIDs are
less sensitive to their DC counterparts and give sensitivities of
the order of 30 fT/ /Hz at 77 X [15]. Atomic magnetometers
measure the polarization rotation of an input linearly polar-
ized beam in the presence of an rf magnetic field coupling
the Zeeman sublevels of the ground state [16-24]. So far,

©2022 American Physical Society
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FIG. 1. Depiction of the (a) three-wave and (b) four-wave mixing
processes in the schematic energy diagram for D, line, ¥Rb F =
1 — F =0 transition. Here, the input fields are the pump optical
electric field (w,) and the rf magnetic field (w, ;) leading to the optical
electric field generation at frequencies w, — w,; via three-wave mix-
ing and w, — 2w, via four-wave mixing processes. A, (A,y) is the
detuning of the input optical (rf) field from the corresponding atomic
transition. (c¢) Schematic of the experimental setup for the observa-
tion of the mixing process. PBS: polarizing beam splitter; M: mirror;
AOM: acousto-optic modulator; WP: wave plate; P: polarizer; PD:
photodetector; SA: spectrum analyzer.

the sensitivity reached with an atomic rf magnetometer is
0.3 fT/+/Hz at 0.5 MHz in thermal vapor [21] and 330
pT/ /Hz in the cold atomic ensemble [22]. To achieve the
sensitivity below fT/+/Hz as reported in Ref. [22], a shielding
factor of 10° was used to maintain the uniform DC magnetic
field in the vapor cell. In this work, we demonstrate an rf mag-
netic field sensitivity of 70 fT/ JHz at 1 kHz to 7.5 pT/ +/Hz
at 3 MHz using the ME effect under ambient conditions and an
unshielded environment. The system also inherently exhibits
other attractive features such as a high dynamic range, a large
bandwidth, as well as arbitrary frequency resolution.

II. THEORETICAL MODEL

The schematic of the atomic energy levels coupled by the
input optical electric field and rf magnetic field is shown
in Figs. 1(a) and 1(b). The pump optical electric field with
frequency w, of right-handed circular (o) polarization, cou-

pling the ground state with mp = —1 to the excited state
with mj, = 0, drives the population from mr = —1 to mp =
0 and mp =1 ground states via optical pumping. There

are two possible parametric cycles in the system. An atom
present in the mp = 0 ground state emits one ot rf photon
to come to the mr = —1 state, then absorbs the ot pump
photon to be excited to the m} = O state, and finally emits
a linearly polarized () optical photon to come back to the
myp = 0 state. This parametric process is a three-wave mixing

process, which can be described by Pfrz)(: KXot +Eq+BY.)as
discussed before. Similarly, in the four-wave mixing process,
the atom starting with the mr = 1 ground state emits two o™
rf photons to come to the mp = —1 state and absorbs one
ot pump photon to be excited to the m}. = 0 state, and then
comes back to the mp = 1 state by emitting a left-handed
circularly polarized (o ) optical photon. This four-wave mix-
ing process is described by PU(S_)( XX ot U+B:;2+). The
energy conservation leads to optical electric field generation
at frequencies wqi(= w, — w,f) and wp(= w, — 2w,f) via
three-wave mixing and four-wave mixing processes, respec-
tively. The polarization states of the generated optical electric
fields are decided by the angular momentum conservation in
both of the processes, i.e., for an input o™ polarized pump
beam, the three-wave mixing process leads to a generated
beam with linear (;7) polarization, whereas the four-wave mix-
ing process leads to a generated beam with o~ polarization.
Furthermore, as the wave vector of the rf magnetic field is
negligible compared to that of the optical electric field, the
phase-matching conditions ensure that the direction of the
generated beams is the same as that of the input pump beam.

To theoretically model the system, we consider the atomic
system as shown in Figs. 1(a) and 1(b). The Hamiltonian of
the system in the rotating frame under electric and magnetic
dipole approximation is given by the expression

H = — A (I1) (1] = 13)(3D) + (A + Arp)l4) (4]
+ Q1121+ 12)3D) + Qp4) (1] + Hed.  (2)

Here, Q,(= ”%E”) and Q, ¢ (= %) are the Rabi frequencies
of the input pump optical electric field and the rf magnetic
field, respectively. w4 and w,, = o) = w3y are the electric
and magnetic transition dipole moment of the corresponding
atomic levels. The time evolution of the system is described by
the optical Bloch equation ‘:j—f = —%[H , o1+ Lp. Here, Lp
describes the decay and dephasing mechanisms present in the
system, which includes the population decay rate (I') from
the excited state to the ground states and the dipole-dephasing
rate (y) associated with the ground states. The equations are
solved for the steady-state condition to evaluate the analytical
expressions for psy and p43, which give information about
the generated optical electric field amplitudes via three- and
four-wave mixing processes, respectively. Here, we have ne-
glected the population in the excited state, i.e., psga = 0 as
Ap,>Q, Ty, Ay If Q, > Q,f, then the optical pumping
process results in p;; = 0 and py; = p33 = 0.5. Using these
approximations, the susceptibilities corresponding to w,; and
wg with the respective Rabi frequencies €2, and g are
given by

Xeem — N/L42/1'41,Uvm CZAZ + COQZ (3)
(gh) 2€0h2A1A2 cicy — COQ2 ’
eemm Nuaspa i, [ c1 4 cola @
(&) 2€0Fl3A1A2 C(%sz — C1C2 ’
o

Here, A, ZQZArf +iy, A —;Arf +iy, co =1+ 5525 2A1A2
cr=A,— A_l’ andc, = A, — A—Z. N is the number density of
the atoms, whereas (4, and p43 are the electric dipole moment

of the corresponding atomic transitions. Equations (3) and
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FIG. 2. Experimental data of the generated beat amplitudes when the input pump beam is (a) o polarized, (b) o~ polarized, (c) linearly
polarized with equal components of o+ and o~ polarization (%(la*) + |o7)), and (d) linearly polarized with equal components of all o,
o~, and 7 polarizations. The larger peak at 40 MHz refers to the beat note corresponding to the interference of the LO and the input pump
light. The other peaks correspond to the generated optical electric fields which appear exactly at w, £ w, s and w, &= 2w, and are indicated by
the inset showing the respective wave-mixing processes in the energy-level diagrams. Here, the input pump power at the entrance of the cell is

10 uW (€2, = 1.8 MHz) while the pump beam waist is 1.5 mm.

(4) provide information about the generated optical electric
field amplitudes due to the three-wave mixing and four-wave
mixing processes, respectively.

III. EXPERIMENTAL METHODS

The schematic of the experimental setup is depicted in
Fig 1(c). The pump beam, derived from an external cavity
diode laser (tuned to 780 nm), is split into two parts, where
one beam is directed to a rubidium vapor cell of length 5 cm
and the other part is shifted using AOMs by 40 MHz to be
used as a local oscillator (LO). We use a A/4 (1/2) plate
to make the input pump beam circularly (linearly) polarized
before the cell and another A/4 (1/2) plate to convert it back
to a linear (orthogonal linear) polarization after the cell. As the
optical electric fields are generated along the same direction
as the input pump beam, all the output beams are combined
with the LO reference beam using a polarizing beam splitter
for heterodyne detection. This combined output light is then
passed through a polarizer and collected in a photodetector
(APD120A, Thorlabs) to be analyzed in a spectrum analyzer
(N9000A CXA Signal Analyser, Agilent). The wave-mixing
processes are found to be efficient for larger population differ-
ences between the ground-state Zeeman sublevels. Also, in a
Doppler broadened atomic vapor, there is a trade-off between
the efficiency of the nonlinear mixing process and absorption
in the medium. The generation of light due to mixing is
optimized when the laser beam is red detuned by 300 MHz to
the 35S, F =1 — °Py;, F = 0 transition of ¥Rb to create
a larger population difference between the Zeeman sublevels
through optical pumping with reduced absorption. The vapor

cell is enclosed with three layers of p-metal sheets to shield
the effect of stray magnetic fields. Furthermore, the cell is
heated up to 80 °C, which corresponds to an atomic vapor den-
sity of 1.8 x 10'? cm™3. We use three pairs of Helmholtz coils
to apply the magnetic field along the x, y, and z directions.

IV. RESULTS AND DISCUSSION

In the first experiment, we apply a static magnetic field
along the z direction to define the quantization axis and to
split the Zeeman sublevels of the ground state. In this way, the
pump polarization is always perpendicular to the dc magnetic
field and hence can be made ot or o~ polarized using the
input 1 /4 plate. In this experiment, we apply the rf magnetic
field in the y coil with its frequency matching the Zeeman
splitting. The experimental data for the input circularly po-
larized light are presented in Figs. 2(a) and 2(b). As expected,
when we use the pump with o™ (0 ™7) circular polarization, the
optical electric fields due to the mixing process are generated
with lower (higher) optical frequencies than the pump optical
field and hence the interference peak with LO appears at the
left (right) side of the main peak. It is interesting to note
that this frequency up or down conversion process is a direct
method to determine the handedness of circular polarization
of light interacting with the medium.

In a further experiment, the static and rf magnetic fields
are applied along the y and z directions, respectively. It leads
to the realization of any arbitrary linear polarization for the
pump beam of the form c¢;|7) + c2|o™) + c3|o ™), where ¢,
¢, and c3 are controlled using the input A/2 plate. When the
polarization of the input pump optical electric field is a linear
combination of o* and o~ polarizations, i.e., of the form
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FIG. 3. (a) Resonance curves corresponding to the generated beat signals as a variation of the input 1f frequency (w,f). Here, blue
open circles (black open squares) depict the experimental data, and the magenta solid line (dashed red line) depicts the theoretical fitting
corresponding to the generated optical electric field @, (wg). The input parameters for the model are 2, = 0.5MHz, Q,; = 80kHz,
A, =150MHz, I' = 6 MHz, and A, = 425kHz, whereas the fitting parameter is y = 65kHz. Here, the amplitude of the rf magnetic field
used is 57 mG, while the static magnetic field strength along the z direction is 0.6 G. The input pump power at the entrance of the cell is 10 uW
(2, = 1.8 MHz). (b) Variation of the generated beat amplitudes at resonance of the data shown in (a) as a variation of the input pump Rabi
frequency (£2,). The black open circles (blue open squares) depict the experimental data and the green solid line (dashed red line) shows the
theoretical fitting corresponding to w,; (w,). Here, the fitting function is of the form a;$2,, + b,-Qf, + c,—QZ, with the fitting parameters given as
ay(a;) =31.74+1.9(52.4 £3.5) mV/MHz, by (b,) = 17.5 £ 0.6 (20.9 & 1.1) mV/MHZ’, and ¢, (¢c;) = —1.0 £ 0.1 (—=1.4 £ 0.1) mV/MHZ’
for the wg (wy) signal. (c) Variation of beat amplitudes of the generated optical electric fields with the amplitude of the rf magnetic field (B, )
showing linear (black open squares) and quadratic (blue open circles) behavior for the w,; and w,, signals, respectively. Fittings of both of the
data correspond to a common offset of 10 uV at zero input rf field strength, which is mostly due to the presence of rf magnetic field noise and
the photodetector noise in the system. The frequency of the rf magnetic field in this case is 300 kHz, while the strength of the static magnetic

field along the z direction is 0.43 G.

%(la*) + |o 7)), both of the generated optical electric fields
in this case are 7 polarized with optical frequencies w, + w, s
and w, — w,r. The respective experimental data for the beat
amplitudes are presented in Fig. 2(c). On the other hand,
when the input pump is 7 polarized, the generated beams are
observed to be 0" (wp + w,f) and 0~ (w, — w,s) polarized.
Furthermore, when the input linear polarization is such that
it has equal components of o*, o~, and 7 polarizations,
all the ground states become equally populated, leading to
no generation due to mixing. In this case, the ground-state
coherence, which is responsible for the efficient mixing pro-
cess, is no longer induced in the system as it requires a
nonzero population difference between the Zeeman sublevels.
It leads to the vanishing beat amplitudes for the generated
optical electric fields, as depicted in Fig. 2(d).

The mixing process and hence the light generation is the
most efficient when the frequency of the rf magnetic field
(w,r) matches the Zeeman splitting (Ay). In the experiment,
the rf magnetic field (w,r) is scanned around the Zeeman
splitting to observe the resonance curves for both w,; and
wg for the case of the circularly polarized input pump beam.
Figure 3(a) shows the experimental data for the resonance
curves peaked at 425 kHz. We use the expression of X
and X" from the theoretical model [Egs. (3) and (4)]
to fit the experimental data. From the fitting, we find the
value of y to be 65 kHz, which is the dephasing rate and is
mostly dominated by the transit time of the atoms through the
laser beams and the magnetic inhomogeneity present in the
medium.

We also study the beat amplitude of the generated beams by
varying the input pump Rabi frequency (£2,), and the experi-
mental data for both w,; and w,, are presented in Fig. 3(b). To
model this experimental observation, we consider the prop-
agation equation for the generated optical electric field with

Rabi frequency Q,(i = 1, 2), which can be written as
d Q2
dz

= _agngi + Kgi, (5)
where oy = %Im( Xeff) corresponds to the gain or absorption
in the medium, whereas kg = i%kgle;ﬁﬂpﬂrf and kg =
. K2 2 .

zEkgz X(egez”)’meQrf, where k,; and kp are the magnitude of
the wave vectors corresponding to the generated optical elec-

tric fields €2,; and Q, respectively. This equation can be

solved using the initial condition 4 = 0 at z = 0 to get
Kgi —
Q= —E(1 — ™),
Ugj

(6)

where [ is the length of the vapor cell. By using the linear
dependence of kg with €, expanding e~ to second or-
der under the assumption of o,/ < 1, and using oy = ap +
o 1Q§ + oy Q‘; with &g, o1, and o, being the absorption coef-
ficients corresponding to the linear and nonlinear processes,
the expression for 2, can be simplified to a polynomial of
odd orders of €2,. The photodetector signal of the generated
beat amplitudes is proportional to £2,; and can be expressed as

)

Here, g; takes care of the overall gain of the heterodyne
detection of the generated field. The coefficients are given as

ih eem aol
ap = QIM_kgIX(gl) rfl<1 - 7>,

m

SD,' = thgi = a,‘QP + le; + C,‘QZ.

in oy l?

b = —g1 —k eem -,
1 6]1Mm gl X(gl)nerf )

ih 06212

1= —g1—k eemQr S
1 q]le g1 X(gl)erf B
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FIG. 4. (a) The magnetic field sensitivity of the system is shown by the black open circles. Inset: Variation of the beat signal amplitude of
the generated beams for different rf frequencies (blue squares), which shows the beat amplitude of 380 mV corresponding to 100 nT of the rf
field at 1 kHz. The solid lines are guides to the eye. (b) Theoretical plot of p4, as a function of the rf magnetic field (red dashed line) showing

the dynamic range of the system to be ~10'2.
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We use the functional form as shown in Eq. (7) to fit the
experimental data as shown in Fig. 3(b), which shows a good
matching between the model and the experiment.

Furthermore, using «g o¢ Q,¢ and kg o 7, in Eq. (6)
results in the linear (quadratic) dependence of the generated
field, €2,1(€2g), on the input rf magnetic field amplitude
(B,r). To verify this dependence, we experimentally mea-
sured the generated beat amplitudes as a function of B,;. The
corresponding experimental data with linear and quadratic
fittings are presented in Fig. 3(c). This experimental ob-
servation is a further confirmation of the nonlinear mixing
between the optical electric field and the rf magnetic field
occurring in the system. Moreover, this rf magnetic field-
dependent signal can directly lead to applications in rf
magnetometry.

V. rf-MAGNETOMETRY WITH ME EFFECT

To have an estimate of the rf magnetic field sensitivity in
our system, we consider the case of an input linearly polarized
light with frequency w,, such that we generate optical electric
fields at frequencies w, + w,y and w, — w,r due to the ME
effect [refer to Fig. 2(c)]. We measure the beat amplitude as
a result of the interference of the generated fields with the
pump beam rather than with the reference beam as used in
previous measurements. This leads to a two-times increase in
the signal amplitude at frequency w, s due to the contribution
from both of the beat signals. Moreover, the inherent spatial
mode matching between the pump and the generated fields
due to the wave-mixing processes leads to a larger amplitude
of the beat signal. This measurement is performed without
any static magnetic field in the transverse coil as it leads to
a multifold enhancement in the optical generation. In this
case, the optical generation is efficient for the lower frequency

of the rf field, whereas the amplitude of the generated field
reduces with increasing frequency of the rf field, as shown by
the blue squares in the inset of Fig. 4(a).

For an input rf magnetic field (Bs), we experimentally
measured the signal-to-noise ratio (SNR) of the system with
the noise expressed per unit bandwidth, and calculated the rf
magnetic field sensitivity (§B) using

B,s
B = SNR' 9

We present the experimental data for 6B with a variation
of the rf frequencies in Fig. 4(a). We use a higher optical
power of the input pump field, i.e., in the saturation region
of Fig. 3(b), to get the sensitivity. We could achieve the best
sensitivity at the zero bias field given as 70 fT/+/Hz for 1 kHz,
whereas the sensitivity obtained at 3 MHz is found to be
7.5 pT/~/Hz. On the other hand, in the presence of a finite
static magnetic field, the resonance curve in the signal implies
a better sensitivity at the Zeeman resonance frequency. The
normalized beat signal amplitude, as presented in the inset
of Fig. 4(a), shows the 3 dB bandwidth of our system to be
20 kHz, whereas the 6 dB bandwidth is given as 450 kHz.
Here, the shape of the signal at a lower frequency, i.e., be-
low 30 kHz, could be due to the contribution from multiple
phenomena and its investigation is one of our future research
interests [25]. The sensitivity and bandwidth measurements
are done for an unshielded environment, and another set of
Helmholtz coil pairs along the x, y, and z directions are used
for compensation of stray magnetic fields.

We have also estimated the dynamic range of the system
using our theoretical model since, in the current experimental
setup, we could provide the maximum input rf magnetic field
(B,f) of ~30 uT and did not observe any turning point in
the beat signal. This is restricted by the current source and
the coils we are presently using in our setup. The theoretical
plot of the variation in ps with rf magnetic field strength
is presented in Fig. 4(b). The turning point in the plot is a
consequence of the higher-order nonlinear processes in the
system, which are significant at a higher amplitude of the rf
magnetic field leading to a decrease in the amplitude of the
generated fields. As our theoretical model provides an exact
solution for the arbitrary magnitude of the rf magnetic field,
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it takes account of these higher-order nonlinear processes.
Figure 4(b) shows a turning point at ~80 mT, which along
with the current sensitivity of 70 fT/+/Hz, corresponds to
the dynamic range of ~10'2. This is better than the recent
demonstration of an ultrahigh dynamic range of quantum
sensors [26]. Another interesting feature of the proposed rf
magnetometer using our system is its arbitrary resolution in
frequency. Due to the parametric nature of the processes,
the relative frequency noise between the input pump and the
generated fields is limited by the frequency noise of the rf
magnetic field. Now, in the context of rf magnetometry, the
frequency of an unknown rf magnetic field can be measured
from the interference beat signal of the input pump and the
generated fields with a frequency resolution, which would be
limited by the measurement devices. Therefore, the system
has the potential to surpass the state-of-the-art frequency res-
olution of millihertz in a magnetometer [27].

VI. CONCLUSION

The significance of this work is twofold: first, it would
open up the possibility of an area of nonlinear magneto-optical

phenomena involving the coupling between electric and mag-
netic fields using an atomic system. Second, it can be used
for precision rf magnetometry owing to the coexistence of
many interesting features such as the simplicity of the setup,
higher dynamic range, large bandwidth, and arbitrary fre-
quency resolution, which make this system ideal for numerous
applications such as sensing biological magnetic fields
[28-30], detection of signals in magnetic resonance imaging
(MRI) and nuclear magnetic resonance (NMR) [16,31-34],
investigation of geomagnetic fields [35,36], measurement of
the magnetic fields in space as well as for the search of dark
matter [37-39], and, in general, for the application of sensitive
magnetometry in different challenging environments [40].
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