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Abstract:

Multiferroic materials are characterized by their magnetoelectric coupling coefficient, which can be
obtained using a lock-in amplifier by measuring the voltage developed across a multiferroic capacitor
in a time-variable magnetic field, H..cos(wt), where H,c and w are the amplitude and frequency of the
applied magnetic field. The measurement method, despite its simplicity, is subject to various parasitic
effects, such as magnetic induction, which leads to significant over-estimation of the actual
magnetoelectric response. This manuscript outlines the measurement theory for a multiferroic
capacitor using the lock-in technique. It is demonstrated that the inductive contribution has linear
proportionality with H,, w, and Hyw. It is shown that the true magnetoelectric coupling response is
retrieved from the real component of the lock-in signal. Using a polymer-nanoparticle multiferroic
composite, the internal consistency of the proposed measurement method is experimentally
demonstrated, and it is shown that the actual multiferroic signal can be retrieved using the lock-in
technique by removing the magnetic induction contribution from the signal. It is observed that the
magnetoelectric voltage shows only a linear dependence with H,, and a saturating behavior with w,
and H,.w. Furthermore, a measurement protocol for reliable reporting of magnetoelectric coupling
coefficient has been provided.



Introduction

Multiferroic materials have emerged as promising multifunctional materials suitable for various
applications, from information storage and neuromorphic computing to magnetic field sensors.
Multiferroics, being a single-phase, bimorph laminate or (nano)composite, have ignited an immense
research interest due to the existence of the magnetoelectric coupling between the magnetic and
ferroelectric properties of the material.'” The magnetoelectric coupling coefficient, aypg,
characterizes the strength of magnetoelectric interaction, and is evaluated through two methods; I)
direct a,z, where a magnetic field is applied, and the induced changes in the electric field are
measured, or Il) converse ayr Where an electric field is applied across the sample, and the induced
magnetization (or changes in the magnetic field) is measured.®*°

Measurement of the direct ay,g, i.e., magnetically induced electric field in a multiferroic capacitor
has emerged as a relatively straightforward method for the evaluation of the a, coupling coefficient.
The direct a g can be expressed as:

E _ Vyg

— ; Ll
Hae — toHg (inmV Oe“*cm™) (1)

Ay =

where t is the thickness of the multiferroic film and Vg is the voltage induced by a time-varying (AC)
magnetic field, H,., across a capacitor. The lock-in technique is a widely used method that
quantitatively measures Vj,r from which a,,g is easily calculated.’* A schematic of the measurement
setup is presented in Figure 1.
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Figure 1. a) A schematic of a typical lock-in measurement setup. b) Schematic of the magnetic
nanoparticle/ferroelectric polymer composite multiferroic capacitor employed for the experimental
verification of the proposed method (top), the corresponding equivalent LC circuit of the multiferroic
capacitor (middle), and the schematic representation of Coo.7Fe;304 nanoparticles and P(VDF-TrFE)
piezoelectric polymer (bottom).



In the lock-in measurement technique, a small alternating magnetic field H,. (usually
superimposed on a dc magneticfield, H,.) is applied to the sample. The sample is typically a capacitor,
where the multiferroic material is sandwiched between two metallic electrodes. The a5 coefficient
for the multiferroic is obtained by monitoring the voltage (in the open-circuit condition) across the
capacitor using a lock-in amplifier whose frequency is locked with the frequency of the applied H,.
The lock-in synchronization eliminates all possible parasitic voltages at frequencies other than the
locked frequency. Under ideal conditions, when there is no leakage current through the samples, lock-
in records V5. However, additional voltages resulting from electromagnetic induction must be
considered when measuring the ay g coefficient. Due to the magnetic induction, the multiferroic
capacitor subjected to a variable magnetic flux is the source of an electromotive force (emf). The emf
voltage usually can be comparable to, or even larger than the V¢ for small samples or samples with
weak a g coefficients. Thus, removing the emf contribution due to magneticinduction from the signal
recorded by the lock-in amplifier is crucial. Otherwise, calculating the ayy coefficient from the
recorded lock-in voltage amplitude can significantly over-estimate the actual coupling coefficient.
Currently, there is no method to remove the emf contribution.

Here we present the analysis of the lock-in measurement theory and present an experimentally
verified method to record the magnetoelectric signal, Vyg, and accurately evaluate a,, for
multiferroic capacitors. The modified protocol enables identifying and removal of the parasitic signals
due to emf, and is very beneficial for evaluation of samples with a weak magnetoelectric signal, Vy;g.

Results and discussions

The lock-in amplifier reports two parameters: 1) A voltage amplitude, V, and 2) a phase angle,
defined as 6.2 In the literature, V is commonly reported as the ME coupling response. In contrast, the
phase angle of the lock-in signal is surprisingly usually overlooked. To understand the role of each lock-
in parameter, let us first establish the principles of the lock-in measurement technique and decipher
the meaning of each parameter.

The simplest equivalent circuit of a multiferroic capacitor which includes the distributed capacitors
and inductors in the signal path, is an LC circuit, thus a voltage divider, as shown in Figure 1b. The lock-
in amplifier measures V;,¢, which is:

Viee =V + V1 (2)

where V.. and V; are the voltages across the capacitor and inductor, respectively. Now, a time-varying
magnetic field (H(t) = H,.cos(wt) is applied to the multiferroic capacitor via the Helmholtz coil. We
will use the Euler representation of the H(t) to simplify the derivations:

H(t) = 72 (el 4 emiot) (3)

The applied magnetic field induces voltage via magnetic induction in the inductor:*3
__4d __ _dB4A __ ,dwH) __ ,dH __  Hac . iwt _ ,—iwt
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where A is the area of the capacitor plates, u is the permeability of the multiferroic material. Note

that V/;, has a negative sign and oscillates with the same frequency as the applied ac-magnetic field but

with a 90° phase difference.

The application H, induces a voltage across the capacitor due to the magnetoelectric coupling in the
multiferroic material:**



VC — VIZVI_E(eith + e—iwct) (5)

where Vg is the magnetically induced magnetoelectric voltage, as defined earlier. Note that in an
ideal case, I, oscillates with the same frequency w as the applied H(t), and is in phase with it (or 180°
out of phase depending on the sign of the piezoelectric d;3 constant). Here, for the sake of generality,
itis assumed that V. oscillated at a different frequency w.. Hence V;,; is:

Vit = Ve +Vy, = THE (ei0ct 4 gitvet) — uA T gy (ef0t — e~i0) (6)

The lock-in amplifier processes the incoming V;,; signal via the dual-phase down-mixing, which is
mathematically expressed as a multiplication of the incoming signal with the complex reference signal,
fed via the function generator, which is of the form:

v (t) = Vicos (wyt)= el@rt + e~iort o

where for simplicity of the calculations is assumed that |V}.| = 2 so that the Euler representation gives
v,-(t) = cos (w,t), which has the conventional form used in a lock-in amplifier.”> The complex voltage
signal that enters the lock-in amplifier is V;,; (t) X v,.(t) with signal components at the sum and the
difference between the signal and reference frequencies, which can be written as:

Z(t) = Vtot(t) X vr(t) = VIZ—E (ei(wr"'wc)t + el(@r—wo)t + e~ Uwr—we)t + e_i(wr"'wc)t) —

uA% iwc(ei(wr+w)t + ell@r—w)t  p-i(wr+w)t +e—i(wr—w)t) (8)

The demodulation of the signal by the lock-in implies that signals with (w. + w,.) are filtered.
By definition, the lock-In technique dictates w, = w,. Hence Z can be stated as
Z=X+1iY =Vyg —iwH, 1A (9)

with X = Vg is the pure magnetoelectric contribution and Y = —iwH,.uA is purely due to magnetic
induction. Equation 9 is the demodulated signal produced by the lock-in amplifier. The lock-in
amplifier, however, usually produces an amplitude V and a phase 8 of the signal in the form:**

Z =Ve'? where V = VX2 4+YZ and 6 = arctan (ﬁ) (10)

with the absolute value |Z| = V given as the amplitude of the signals and @ given by the phase of the
input signal relative to the reference signal. The value for 6 requires close attention; values close to
190° indicate the dominance of the imaginary component or the inductive contribution to the lock-in
signal. In contrast, a value approaching zero indicates the dominance of the magnetoelectric
contribution. Any values for 8 between these two limits indicate that the signal is a mixture of
magnetoelectric and inductive responses. Note that the magnetic inductive y-component of the signal
is always 90 degrees out of phase with the reference signal. According to Lenz’s law, the inductive
phase cannot change the frequency and thus will have the same frequency as the AC magnetic field.

The mathematics that outlines the measurement principles indicates that under no circumstances
the value of VV alone should be taken as the amplitude of the magnetoelectric signal. The correct value
that should be assigned to the magnetoelectric response of the device is Vcos8, which is the X
component of the signal amplitude measured by the lock-in amplifier. The imaginary part of the signal
due to the inductive contribution has linear dependencies with w, H,. and wH,, as indicated in
Equation 9. Depending on the applied w and H,. the inductive contribution can become very large,
which, if extra caution is not taken, will lead to reporting unrealistically large values for the
magnetoelectric coupling coefficient ayr. The dependencies of Vg to both w and H,. cannot be
determined a priori and are determined experimentally. For magnetoelectric bimorph composites or
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nanocomposites, it is expected that V5 shows frequency dependence because it originates from the
strain transfer from the magnetic to the piezoelectric phase, whose piezoelectric coefficient and
dielectric constant nonlinearly depend on the mechanical excitation frequency.

Having established the basics of the lock-in measurement, let us now experimentally examine
these findings. To do so, multiferroic capacitors were fabricated from nanocomposites of Cog7Fe;304
nanoparticles and piezoelectric polymer poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-TrFE).
The nanoparticles were synthesized using thermal decomposition methods.!® The reaction conditions
were controlled to produce particles with spherical geometry and uniform size distribution of 13+2
nm (determined using tunneling electron microscope, TEM). Details of nanoparticle synthesis have
been reported previously.? The resulting nanoparticles were mixed with P(VDF-TrFE) and processed
into a film using a bar coater from the solution phase. Details of the capacitor fabrication have been
reported previously.'” The capacitors were fabricated using Au bottom and top electrodes that were
evaporated through shadow masks using thermal evaporation. Schematics of the multiferroic
capacitor and the chemical structure of the compounds are given in Figure 1b. All magnetoelectric
measurements were performed at room temperature under He gas atmosphere. Before commencing
the lock-in measurement, the nanoparticles were magnetized by applying a large dc magnetic field,
Hy., of 1 T to the capacitors, and the P(VDF-TrFE) piezoelectric matrix was poled by applying a dc
electric field of 80 MV/m.

Figure 2a displays a typical example of the measurement for X, Y and V' for a fixed H;, = 05T
and H,. values of 0.6 mT. The imaginary component, Y, is negative and has a perfectly linear
relationship with the applied frequency (as predicted by Equation 9). The magnetoelectric voltage, X,
component of the signal shows starkly different behavior with a much weaker frequency dependence
that tends to saturate at higher frequencies, in sharp contrast to the Y component that linearly
increases with frequency. The frequency response of Vy,z stems from the frequency dependence of
the piezoelectric properties of the polymer matrix. It is interesting to note that at low frequencies
Vme > [Vems|, whereas at higher frequencies Vyg < [Vepr|. As shown in Figure 2a, reporting the
amplitude of the lock-in amplifier signal V instead of its real component X, leads to a substantially
over-estimated voltage (consequently artificially inflated ayr coupling coefficients) due to the
significant contribution of magnetic induction. For example, the ar obtained from the IV value at 10
kHz in Figure 2a reaches as high as 2300 mV/Oe.cm, which is substantially larger than what is obtained
from actual magnetoelectric contribution, which is 750 mV/Oe.cm. Note that Y should also exhibit a
linear dependency to H,. according to Equation 9. Interestingly, Vj,r also, linearly depends on H,,
within the experimental boundary conditions. Consequently, the linear dependence on H,. is also
reflected in the amplitude of the lock-in amplifier signal, V. Hence, linear H,. dependence of the lock-
in amplifier signals cannot be distinctively considered as a signature of a magnetoelectric signal.

To check the validity and internal consistency of the mathematical analysis presented above, we
have plotted both X and Y measured at various frequencies and H,. values as a function of wH, in
Figure 3. All the measured Y values at different H,. and w show a linear dependence with wH,. and
collapse onto a universal curve, Figure 3a, as expected from Equation 9. The linear fit through data
produces a line with R?=99.6%, with a gradient of 4 pV.s/T. In sharp contrast, the X (or Vi)
component of the lock-in signal does not yield any scaling, Figure 3b, as the values preserve their
saturating trend with increasing wH,.. The perfect consistency between measured Y and what is
predicted by Equation 9 indicates that the analysis of the measurement protocol provided here is
entirely consistent. Therefore, it is a correct practice to record the X component of the lock-in
amplifier amplitude as the “true” multiferroic coupling coefficient. The X and Y components of the
demodulated signal from the lock-in amplifier can be unambiguously assigned to Vyy and the
magnetic induction, respectively.



Conclusion

Lock-in techniques can unambiguously measure the voltage due to magnetoelectric coupling in
multiferroic capacitors in a magnetic field. The real and imaginary components of the lock-in signal
can be assigned to the voltage due to multiferroic coupling and magnetic induction, respectively. In
the analysis presented, it is assumed that the capacitor is loss-free and no leakage current passes
through the device. The presence of the leakage current reduces the contribution due to
magnetoelectric coupling and enhances the contribution of the inductive component in the lock-in
amplitude signal. Based on the analysis presented:

I) The inductive contribution due to emf has a £90° phase difference with the applied H,... If the phase
difference between the lock-in amplifier amplitude with H,. is neither 0o (or 180) nor +900, the
measured signal is a mixture of the voltages due to magnetoelectric coupling and magnetic induction,
emf.

I1) Both magnetoelectricand emf signals show a linear dependence on H,.. For self-biased composites,
the signals do not show (or exhibit just a weak) dependence on H;.. Otherwise, the magnetoelectric
coupling coefficient should depend on the dc magnetic field. It has been experimentally demonstrated
that Vg changes with H;. and maximize at a certain value.’? The component due to emf does not
depend on H,..

llI) The voltage due to magnetic induction, Ve, varies linearly with wH,. of the applied field. The
gradient of the linear fit is equivalent to the device area multiplied by the permeability of the
multiferroic. Hence the inductive component can be used to indirectly evaluate the effective
permeability of the multiferroic material, particularly in the case of (nano)composites.

IV) The wH,. dependence of Vy is different from Ve, s and should generally exhibit a nonlinear
behavior with the applied frequency. It is expected that Vy (concomitantly the a,,z) follows the
frequency dependence of the dielectric constant and d35 of the piezoelectric phase for bimorph and
particulate multiferroic composites.

V) The contribution of Vs can be minimized by positioning the sample such that the applied H(t) is
parallel to the sample plane, hence minimizing B. A contribution in equation 4, and thereby reducing
the emf signal.

V1) Another issue that deserves attention is the eddy current induced in metal electrodes. The eddy
current is mainly responsible for the parasitic voltage induced across any multiferroic device,
particularly at low frequencies and can become a point of concern, particularly for thin-film devices,
small area devices, or multiferroic materials with low a,z coefficients. It has been experimentally
demonstrated that for Hy. || H,. configuration eddy current is zero, whereas for the case H;. 1 Hy,
the current is maximum and increases linearly with the applied H,..*® Hence to avoid any contribution
from eddy current, the measurement setup should adopt a parallel configuration of H;. Il H, or a
parallel configuration of internal magnetization of the sample with the applied H,.. We note that
other noise sources include thermal noise and vibration or acoustic noises, which cause parasitic
currents due to the pyroelectric and piezoelectric effects, respectively.

VIl) The measurement theory developed here is generic and material independent thereby applicable
to all types of multiferroic capacitors including single phase multiferroic materials or layered
heterostructure multiferroics materials such as those fabricated by sandwiching of
ferroelectric/ferromagnetic layers. However, for multiferroic capacitors with a very strong
magnetoelectric coupling coefficient, such as sandwiched bimorph structures, the voltage due to



magnetoelectric coupling is much larger than the emf contribution. Hence, the reported voltages for
these systems, although very close to the actual magnetoelectric response of the system, still contains
a fraction of the inductive contribution. It is suggested that future works should report both real and
imaginary (or amplitude and phase) components of the lock-in signal, and the real (or Vcos8)
component should be reported as the actual multiferroic response.
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Figure 2. a) Frequency and amplitude response of the measured voltage by the lock-in amplifier at two
different H,.. The Y component shows perfect linearity with frequency, as expected from theory. The
X component shows a saturating trend with increasing frequency. The correct value for ME voltage is
the X component. Applied H, is 0.6 T. Note that the amplitudes are different for different H,. values.
b) Dependence of the real part, imaginary part and magnitude of the voltage signal on the applied Hqc
at a fixed frequency.
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Figure 3. Internal consistency check of the measurement protocol. a) Collapse of the Y components of
the demodulated signals with wH,. indicating its inductive nature. The solid line is a linear fit to the
data. b) The same plot obtained for the X component of the demodulated signal, which is the
magnetoelectric coupling voltage, Vy,g. The lines are provided as a guide to the eye.
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