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We investigated the magnetoelectric properties of a new laminate composite material based
on y+140°-cut congruent lithium niobate piezoelectric plates with an antiparallel polarized “head-
to-head” bidomain structure and metglas used as a magnetostrictive layer. A series of bidomain
lithium niobate crystals were prepared by annealing under conditions of Li,O outdiffusion from
LiNbO; with a resultant growth of an inversion domain. The measured quasi-static magnetoelectric
coupling coefficient achieved |ogsy|=1.9 V-(cm-Oe)"'. At a bending resonance frequency of
6862 Hz, we found a giant |ags| value up to 1704 V-(cm-Oe) . Furthermore, the equivalent
magnetic noise spectral density of the investigated composite material was only 92 fT/Hz'?, a
record value for such a low operation frequency. The magnetic-field detection limit of the laminated
composite was found to be as low as 200 fT in direct measurements without any additional
shielding from external noises.

Composite magnetoelectric (ME) materials have gained great interest in recent years
because of their possible applications in ultra-sensitive magnetic sensors, energy harvesters, low
power consumption memory devices, microwave phase shifters, gyrators, etc. [1-6]. In our research
we are focused on low-frequency, ultra-sensitive magnetic field sensors with the aim of using them
in biomedicine, e.g., in magnetoencephalography and magnetocardiography [2,7,8]. The absence of
the need to cool such sensors is a significant technical advantage over the currently used
superconducting quantum interferometers (SQUIDs). Obviously, magnetic field sensors based on
composite multiferroics cannot fully replace SQUIDs capable of detecting single magnetic flux
quanta. At the moment, the best equivalent magnetic noise spectral density (EMND) value for ME
sensors based on simple ME 2-2 laminate composites containing mechanically coupled
magnetostrictive (MS) and piezoelectric (PE) layers [9] reported in the literature are of the order of
1 pT/Hz'? for an operation frequency of 10 Hz[10-12]. In comparison, SQUID, fluxgate and
magneto-impedance sensors have equivalent noise levels of the order of 1fT/Hz"?[13],
5 pT/Hz"? [14], and 10 pT/Hz"? [15] at 10 Hz, respectively.

The majority of scientific groups engaged in the manufacture of composite multiferroics and
studies of their properties are using materials based on PE ceramics such as PZT or PMN-PT
ferroelectric relaxors. Despite their outstanding PE characteristics, these materials have a number of
drawbacks, such as a low Curie temperature, considerable mechanoelectric hysteresis, creep (time
delay and saturation between mechanical deformation and electric signal), nonlinear behavior,
strong dependence of the properties on the temperature, as well as large dielectric losses. One
possible approach to improve these parameters is to use lead-free PE single crystals such as lithium
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niobate with high voltage piezoelectric coefficients (g), low permittivity and very low mechanical
and dielectric losses [16-21]. Furthermore, asymmetric bi-layered systems with bimorph PEs,
containing two oppositely poled layers along the thickness direction, are able to generate large
voltages under a low-frequency bending deformation and partially cancel both extrinsic vibrational
and thermal noises [8,22].

Recently we have shown the possibility to produce large ME effects in composites
containing lead-free congruent LiNbO; (LNC) single crystals [16,17,20]. Furthermore, some new
promising techniques have been developed to directly engineer two ferroelectric domains with
antiparallel spontaneous polarization vectors in a single crystal plate (bidomain) [23,24]. In a
previous studies we proposed the use of square or long bar metglas / PE bi-layered composites with
y+128°-cut LNC single-crystal “head-to-head” (H-H) and “tail-to-tail” (T-T) bidomains in
sensitive magnetic field sensors [18,19].

The anisotropy of single-crystalline LNC can be used to achieve a high direction-dependent
sensitivity to magnetic fields at low frequencies. Choosing a crystal with an appropriate cut is a
very important step in the development of the ME sensors. Figure 1 shows the representation
surface of the maximum absolute in-plane piezoelectric coefficient |d3j| as a function of the crystal
cut orientation calculated using the material constants found in the literature [25]. We observe a
very large variation of the transversal PE coefficients with the orientation of the PE crystal, whose
symmetry coincides with the symmetry of the corresponding crystal’s point group [26]. There are
six directions with a transversal d3; constant of 15.38 pm/V for a crystal with the y+140°-cut and
two equivalent cuts conditioned by 3m symmetry. The in-plane piezoelectric g3; coefficient equals
e37'd3;, which is proportional to the bending open-circuit voltage ME coefficient in the bidomain
composite, follows an equivalent trend being as large as 19.11 m-mV/N for this same cut, thus
being comparable to the maximum values found, e.g., in PZT and PMN-PT [27]. Moreover, the
y+140°-cut is very close to the y+137°-cut that yields a maximum transverse electromechanical
coupling factor of 0.51 [28]. Other crystal cuts possibly interesting for direction-sensitive
applications are e.g. the y-cut corresponding to the unipolar regime (d3; = — 20.8 pm/V and d3, = 0),
the y+26.5°-cut corresponding to the in-plane isotropic regime (d3; = d3» = — 18.9 pm/V), and the
y+162°-cut corresponding to the anisotropic bipolar regime (d3; = —d3; = 19.6 pm/V).
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FIG. 1. (color online) Representation surface of the maximum absolute in-plane PE coefficient |d’;)|
as a function of the crystal orientation of the LNC single crystal (x, y, z are the crystal axes chosen
in the same manner as in Refs. [29-31]).

As the PE phase in the ME composites we used single-domain LNC crystal plates with a
y+140°-cut sliced from a boule with a congruent composition (JSC “Fomos-Materials”, Russia).
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The surfaces of the plates were grinded using a diamond disc in order to obtain a thickness of
410 um; the surface roughness was of the order of 5 um. Finally, we cut several long-bar samples
from the plates with a length of 20 mm and a width of 5 mm.

We used the so-called diffusion annealing (DA) technique [32-34] in order to form a
ferroelectric “head-to-head” bidomain structure in the LNC plates. For this purpose, we annealed
the crystals in an air ambient at a temperature of 1100°C for 5 hours in order to achieve an out-
diffusion of Li,O accompanied by a polarization inversion. All the samples were heat treated during
one and the same annealing process. An angle lap of one of the samples was prepared and etched in
a HF : HNO;= 2:1 (vol.) mixture for the visualization of the domain structure according to
Ref. [35]. As it is clearly seen in Figure 2(a), 5 hours are sufficient for a polarization reversal in a
half of the sample. A certain inclination of the domain interface near the left and right edges of the
angle lap is a result of the diffusion anisotropy in LNC.

(a)

(b)

FIG. 2. (color online) (a) Photograph of an etched angle lap of a y+140°-cut bidomain LNC crystal.
(b) Scheme of the ME bi-layered long-bar composite formed by a top MS layer and a bottom PE
bidomain single crystal, where the white arrows represent the vectors of spontaneous polarization
(P_s)) in the “head-to-head” (H-H) domain structure. The black arrows indicate the x, y, z crystal axes
and the cut angle.

The method of domain structure control by etched angle lap is destructive for the sample. To
avoid this, we next used another technique in order to select the best bidomain sample. It is known
that bidomain LNC crystals bend according to the bimorph principle [36—38], when an external
electric field is applied. The equation describing the deflection of the end of the cantilevered
bimorph predicts its linear dependence on the piezoelectric coefficient and the applied voltage, as

2
well as a quadratic dependence on the L/t factor [39]: § = k- U (%) , where L and ¢ are the length

and thickness of the bimorph, respectively, U is the applied voltage, and k = 1.5-d3; in the case of an
ideal bimorph. For the y+140°-cut we should have ky 140- = 23.17 pm/V. However, due to the non-
ideality of the domain interface in the center of the bidomain crystal [23,24], the real & will be
smaller, thus reducing the deflection of the cantilevered bimorph end (d). As we can measure L and
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t directly, and 0 = f(U) is a linear function with a fixed slope, it is easy to calculate £ and compare it
to the theoretical prediction.

After the bidomain structure formation, nickel electrodes with a thickness of ca. 100 nm
were deposited on the polar surfaces of the crystals by magnetron sputtering in order to create a
bimorph actuator. For the purpose of the measurement of J as a function of the applied voltage U, a
homemade clamping tool was used. The deflection of the free cantilever end was controlled by an
optical microscope ZEISS Axio Imager M1 as described in Ref. [26] The voltage across the
bimorph was changing step by step from — 500V to + 500V, and measurements of J were
performed every 50 V. The resulting points were fitted by a straight line with a slope = 6/U. Finally,
we calculated the k coefficients of the bimorphs.

The best of our samples had k= 20.2 pm/V which is only 13% lower than the theoretically
predicted value. Other samples had a lower quality (k< 18 pm/V), possibly due to domain structure
artifacts or a decrease of the PE coefficients as a result of the lithium oxide depletion of the
crystals [40]. Only the best bidomain crystal was used in the magnetoelectric and impedance
measurements.

Here we report a 2-2 connectivity L-T ME thin composite consisting of a bidomain
LNC y+140°-cut single crystal and a commercial 2826MB type (Feg.4-0.5Nig.4-0.5M00.05-0.1B0.01-0.05)
metglas foil (Hitachi Metals Europe GmbH) which were bonded together using an aerospace epoxy
adhesive (3M™ Scotch—Weld™ Epoxy Adhesive EC-2216 B/A). The composite was subsequently
cured at 66°C for 2 hours under a vertical pressure of 100 kPa uniformly applied over the entire area
of the sample by a piston cylinder. The dimensions of the sample were as follows: length = 20 mm,
width = 5 mm, thickness of the PE phase = 410 um, thickness of the MS phase = 29 pym. The
scheme of the composite ME sample is shown in Figure 2(b).

Measurements of the impedance, voltage noise density and dynamic direct ME effect were
performed in the range from f= 1 Hz to f= 10 kHz at room temperature in the free vibrating
regime, where the sample placed in the measurement setup was supported in its center by thin
flexible nonmagnetic wires. The measurements were carried out using a high input impedance and
low input noise lock-in differential amplifier (Zurich Instruments®, MFLI). A homemade setup was
used in the ME measurements consisting of six collinear Helmholtz coils, four of which produce a
small amplitude modulation AC field (§H) and two outer ones create a highly homogeneous DC
bias magnetic field (H) across the whole volume of the sample. The quasi-static ME measurements
were executed at a frequency of /= 110 Hz, far from resonance, while applying a modulation AC
magnetic field of §H = 0.1 Oe in a range of bias fields Hp;,s from — 25 Oe to + 25 Oe. The resonant
ME measurements were performed as a function of the frequency with a constant field of 6H =
0.01 Oe and a bias corresponding to the maximum of the quasi-static effect. The ME coefficient
was calculated as ag3; = 6Vye/(t,0H).

For the characterisation of its noise density, the sample was placed inside a grounded
aluminum box shielded from environmental vibrations and other extrinsic electromagnetic noise
sources. The noise from the composite was measured by the lock-in operating in its lowest 1 mV
input range, with a bandwidth of the input filter of 1 Hz and without any applied AC magnetic field,
using the noise-measuring mode of the device. The obtained results were expressed in terms of the
voltage noise spectral density in units of V/Hz"2, which corresponds to the root mean square value
of the measured voltage amplitude normalized by the square root of the bandwidth of the input
filter. The equivalent magnetic noise spectral density and limit of detection of the ME sensor were
measured using a bandwidth of the input filter of Af= 1 Hz. The practical sensitivity of the sample
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was measured as a function of the AC magnetic field in resonance conditions with applying DC bias
magnetic field which corresponds to the maximum of the ME effect in quasi-static conditions. The
measurements were performed without any additional shielding from external noise sources.

The measured impedance spectra of the thin-bar ME metglas / bidomain y+140°-cut LNC
composite and of the PE bidomain y+140°-cut LNC crystal alone operating in a free vibrating
regime are shown in Figure 3(a). Superimposed are the calculated results obtained using a simple
unidimensional ME model [18,19]. The resonance and antiresonance peaks are associated with low-
frequency bending electromechanical modes (EMR). The main electromechanical parameters of the
PE crystal / ME composite such as the low-frequency capacitance C, dielectric loss tangent tan(d)
(measured at 1 kHz), resonance frequencies f,. and f, and mechanical quality factor Q of the
fundamental resonance mode have been obtained from these spectra. They are summarized in
Table I. The dielectric loss tangents are shown to be quite low, tan(d) ~1.3%. The mechanical
quality factors, calculated as the ratio between the resonance frequency and the full width at half
maximum of the real admittance Y’ peaks, take large values of Q ~ 1100 in the ME composite,
whereas in the PE crystal alone we have Q ~ 1200. This difference can be explained by taking into
account additional damping losses introduced by the intermediate layer of viscous epoxy and the
MS phase. The Nyquist plots of the active (Z') and reactive (Z") parts of the impedance near the
antiresonance frequency of the fundamental bending mode measured in the ME composite and PE
crystal are presented in Figure 3(b). In the calculations a simple analytical unidimensional dynamic
model based on the linear theory of piezoelectricity and magnetostriction applied to ME composite
thin bar was employed assuming typical values of tan(d) = 1% and Q = 1100.
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FIG. 3. (color online) (a) Impedance spectra of the measured bidomain y+140-cut LNC crystal, ME
composite of metglas / y+140-cut LNC, as well as theoretically calculated spectra. The inset shows
the spatial deformation of the PE crystal under its fundamental bending mode which corresponds to
the antiresonance frequency, where the impedance and averaged strain (i.e. overall deformation)
under open-circuit conditions are maximized. (b) Nyquist plots of the active (Z') and reactive (Z")
parts of the impedance for the PE crystal and ME composite, together with the calculated curve.

Measurements of the direct ME effect were carried out at room temperature and at a
frequency of 110 Hz in the quasi-static regime with an applied modulation magnetic field of 0H =
0.1 Oe. Figure 4(a) shows the result of the quasi-static measurement of the transversal ME
coefficient as a function of the applied in-plane bias field. Using a low-frequency model [18,19], the
maximum expected quasi-static ME coefficient of |azs;| = 5.4 V-(cm-Oe) ' was calculated. The
maximum measured quasi-static ME coefficient was as large as |azz;| = 1.9 V-(cm-Oe) . The big
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difference between the calculated and experimental values can be explained by an imperfect
mechanical coupling between the MS and PE phases due to the viscous intermediate epoxy layer
and interdomain region in the bidomain crystal, which negatively influences the quality of the latter.

The ME sample is also shown to exhibit a nonhysteretic behaviour which is characteristic of the
used PE and MS phases.
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FIG. 4. (color online) (a) Quasi-static in-plane direct ME coefficient (|og;;i|) measured as a function
of the magnetic bias field H at f= 110 Hz and with an AC modulation magnetic field of 0H =
0.1 Oe. (b) Dynamic ME effect frequency response of the investigated sample measured with the
optimal DC bias field H = 5 Oe and modulation field 6H = 0.01 Oe, as well as a calculated curve.

The dynamic ME coefficient was measured as a function of the modulation frequency with
an applied optimum bias field of 5 Oe corresponding to the maximum ME effect, as measured in the
quasi-static regime. As we see in figure 4(b), a giant bending resonance ME coefficient of up to

1704 V-(cm-Oe) ' was obtained at 6862 Hz. This strong peak corresponds to the antiresonance
frequency of the bending mode.
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FIG. 5. (color online) (a) Voltage noise spectral density (e,) measured in the ME metglas / bidomain
y+140°-cut LNC composite as a function of the frequency. Demonstrated are also the results of the
measured input voltage noise of the lock-in amplifier connected to a reference 100 pF capacitor, as
well as the noise spectra calculated using a unidimensional model. (b) Equivalent magnetic noise
spectral density (EMND) measured as a function of the frequency in the metglas / y+140°-cut LNC
composite, as well as a calculated curve.
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To show the best low-frequency magnetic-field detectivity of the ME metglas / bidomain
y+140°-cut LNC composite, measurements of the equivalent voltage noise density (e,) of the
sample and detection circuit were performed (Figure 5(a)). These were made using the same setup
as in the ME measurements, while shielding the system from external magnetic, acoustic and
vibrating noises. Furthermore, a reference 100 pF capacitor was measured in order to show the
voltage noise density floor of the detection circuit. The calculated curve was obtained taking into
account the impedance thermal Jonhson-Nyquist noise (4-ky'7-Z")"* of the sensor while operating at
room temperature [18,19]. The calculated e, values are shown to be as low as 63 nV/Hz'"* at the
resonance frequency of 6862 Hz. The measured resonance peak of the voltage noise density in the

sample equaled 64 nV/Hz"?. In order to quantify the detection capabilities of the sensor we

calculated its resultant equivalent magnetic noise spectral density EMND = e, /(ag3; " tp), as

shown in Figure 5(b). The ME composite thus exhibits a giant conversion factor of 69.9 V/Oe at
resonance, and the correspondent magnetic noise density is quite low — only 92 fT/Hz'"* at a
frequency of 6862 Hz.
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FIG. 6. (color online) Magnetic-field detection limit and linear output voltage response of the sensor
to an AC magnetic field 0H varying from 0.015 pT to 2000 pT at the resonance frequency of
6862 Hz with the applied Hyj,s = 5 Oe.

Table I. Summary of the experimental and calculated electromechanical parameters of the ME and
PE samples. Here, C and tan(§) are the low-frequency (1 kHz) parallel capacitance and loss
tangent, f, and f, are the resonance and antiresonance frequencies of the fundamental
electromechanical bending mode, Q is the mechanical quality factor, |ag;;| are the ME coefficients
measured under quasi-static (at 110 Hz) and resonant (at f,) conditions, as well as the EMND.

ME sample (exp.) ~ ME sample (calc.)  PE sample (exp.)

C,pF 99 100 88
tan(é), % 1.3 1 0.6

f-, Hz 6810 6806 6512

f., Hz 6862 6862 6617

Q 1105 1100 1208
|ags,(110 Hz)|, V-(cm-Oe)’ 1.9 5.4 _
lags1 (f)l, V-(cmOe)! 1704 1707 -
EMND(f,), fT/Hz"? 92 90 -
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Finally, we tested the magnetic-field sensitivity of the ME composite at its resonant
frequency by measuring the output voltage from the detection circuit as a function of the amplitude
of an applied AC magnetic field. These results are presented in Figure 6 and were obtained under
real-life conditions. It can be seen that the ME sample exhibits a considerable sensitivity to very
weak AC magnetic fields. The smallest detectable ME signal corresponds to 6H = 200 fT at a
resonance frequency of 6862 Hz. Subsequently, the voltage is shown to increase very linearly with
the field amplitude at a ratio of 69.9 V/QOe.

In summary, experimental results of the ME effect and AC magnetic-field sensitivity
measurements in a laminate composite comprising a bidomain y+140°-cut LNC single crystal and
metglas are reported. The experimentally obtained ME coefficient was as large as 1704 V-(cm-Oe)”
'. A very small AC magnetic field of 200 fT could be detected under resonance conditions in direct
measurements without any additional shielding from external noises. Furthermore, the EMND of
the investigated composite is only of 92 fT/Hz"?, which is a record value for an operation frequency
as low as 6.86 kHz [41-43]. This result is quite competitive with the best recently developed ME
sensors with a minimum magnetic noise of ca. 135 fT/Hz"? at a higher resonance frequency of
23.23 kHz [41]. Besides, we have observed a good correspondence between the experimental
results and those calculated with the help of a unidimensional model. Thus, such a ME composite
material might find use in lead-free sensitive room-temperature low-frequency magnetic sensors,
e.g. for biomedical applications.
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