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Abstract: Direct magneto electric coupling is observed vathmagnetoelectric coupling coefficient
(MECC) of 806 mV crit Oe! at 750 Hz in strontium titanate (STO) - Metglastrontium titanate
(STO-Metglas-STO) trilayer thin films with a totidlickness of 600 nm. The piezoelectricity in the
strained STO layer, which is otherwise a paradtectraterial, enabled the sandwiched magneto
electric structure to exhibit a fair sub resonaagnmeto electric coupling. Theoretical models pregos
by Bichurinet al. and Hanyasast al. are employed to calculate the values of MECQuatresonant
condition for the system, which is noted as 853 emv* O€™. The frequency dependence of MECC
coefficient is also calculated and the resonaneguiency is estimated as 706 Hz.

Keywords: nanostructured materials, thin films, posite materials, magnetostriction, piezoelectrjcit
electrostrition.

1. Introduction

Multiferroics are multifunctional materials witheltoexistence of two or more ferroic orders.
Ferroic orders can be ferroelectric, ferro/antdaragnetic, ferroelastic and ferrotorroidic. In
magnetoelectric multiferroics, both magnetic anddelectric states exist together and they
are coupled to each other. Generally, it can besiflad into single phase and composite
magnetoelectric multiferroics. Single phase maggletiiric materials have displayed many
interesting physical phenomena like magnetism driferroelectricity [1], observation of
skyrmions [2], magnetization switching using elecfreld at room temperature [3] etc. But
for device fabrication, magnetoelectric compositganals are preferred due to their superior
magnetoelectric coupling compared to their singlbase counterparts [4]. The
magnetoelectric characteristics of magnetoeleaiposites are product tensor property.
Because of the strong mechanical coupling betweemrhagnetic and ferroelectric layers,
strain induced via magnetostriction in the ferronet@ layer changes piezoelectric properties
of the ferroelectric/piezoelectric layer [5]. It isportant to study different magneoelectric
systems to understand the coupling mechanismg bette

Piezoelectrics are materials that can convert mrécakenergy into electrical energy and vice
versa. These materials are actively being resedrsinee it finds applications in the field of
energy harvesting, microsensors, actuators, raho#itc [6]. Realization of a piezoelectric
FET based on single ZnO nanowire has opened upvarena of research [7]. Such coupling
of material properties to strain can give an adddi control over the electronic transport.
The piezoelectric material used in this study i<OSTt is one of the widely investigated
materials due to the rich diversity of physical pbena displayed by it like incipient
ferroelectricity [8], enhancement of dielectric stant at cryogenic temperature [9], low
temperature phase transition [10], supercondugtipitl], etc. It's high dielectric constant,
high thermal stability and low microwave lossesdfiapplications in tunable microwave
devices [12][13]. The incipient ferroelectric stait pure STO can be easily disturbed by



outside factors like strain [14], electric field5]1 chemical substitution [16], oxygen isotope
exchange [17], etc. Haest al. have grown STO on DySgQubstrate with a tensile lattice
mismatch of + 1% and observed ferroelectricity o293 K [18]. Suret al. have computed
piezoelectric properties of STO as a function ofsfinistrain. They used a linear
thermodynamical model and predicted that the imglaisfit strain in STO can produce
piezoelectric coefficients that are comparable toe twell-established lead-based
piezoceramics [19]. Piezoelectricity due to non-bgemous strain is reported in STO, in
which the local strain gradients polarized the dionvealls of STO. Kholkinet al. reported
room temperature piezoelectricity due to surfacarsgradients [20].

In this work, we have adopted strained STO as ittmoplectric layer and cobalt rich Metglas
(Commercially available Metglas 2714A) as the maignkayer. It has high permeability

compared with the commonly used magnetic matersployed in the fabrication of

magnetoelectric composites. Dogtgal. used a highly permeable FeBSiC alloy to obtaity ve
high MECC value of 22 V/cm Oe [21].

To the best of our knowledge, this is the firstdistrained STO is used as the piezoelectric
layer in a magnetoelectric system. In this work, neport the fabrication of STO-Metglas-
STO trilayer thin film structure. The ferromagnetiterroelectric and magnetoelectric
properties of the trilayer structure are investgat

2. Materialsand Methods

Sol-gel spin coating method was used for the pegjmar of STO film on Si/SiQ Ti/Pt
substrate. STO sol was prepared using precurgorgtisim nitrate, titanium isopropoxide and
2-methoxy ethanol. The prepared sol was homogermi#ted thorough stirring for 6 hours and
ultrasonicated and aged for 72 hours. A programenapln coater was used to deposit the
homogenized sol on ultrasonically and chemicalganked Pt coated Si substrates at a speed
of 6000 rpm. As prepared STO film was pyrolyzedemakygen atmosphere at 250°C for 30
minutes and later annealed at 700°C for 1 hourrmikevaporation technique (at room
temperature) was used to deposit commercially aviglMetglas 2714A alloy ribbon (cobalt
rich) onto the already deposited STO layer at aguee of 10Torr. Sol-gel spin coating was
again employed to deposit a STO layer on top oMb#glas layer. The multilayer films were
etched out at the corner with 5% HCI+HF solutionasato open the Pt electrode. Gold was
sputtered on top of the surface STO layer as {hel@ctrode, and lead contacts were soldered
for the magnetoelectric coupling studies. The rHaylér on Si/Pt substrate was grinded to
~120 um (along the thickness direction) using a disk dgmnfollowed by polishing with
polishing papers. Cantilevers of the size 3 mm xnhb were cut using a dicer.

The crystallographic phases of the multilayer wanalyzed using Rigaku D Max X Ray
diffractometer (copper &= 1.5404 A). Lattice strain was calculated aftesleating the full
width at half maxima (FWHM) of the (200) latticeapke. The morphological characterization
was done using scanning electron microscope (HR-SEXMEDS: SEM marca Hitachi,
model SU-70 e EDS marcaBruker, modelo QUANTAX 40)e morphology of the film
(SEM), its composition (EDS) and cross section &3M) was recorded. The films were
analyzed for probing into the particle size andidat strain through high resolution
transmission electron microscopy (HR-TEM200-SE/EBHR-(EF) TEM marca JEOL,
model 2200FS and EDS marca Oxford, model INCA EnergM 250). The magnetic
properties of the thin films were probed using Quan Design MPMS 5XL SQUID
Magnetometer. Ferroelectric hysteresis loops waieet! using Radiant RT 66B ferroelectric
tester. The magneto electric coupling studies wareged out using a setup that consisted of
an electromagnet and a pair of Helmholtz coils theterate the dc bias field and the ac
driving fields respectively, extended with a lock-amplifier (Model: DSP 7270). The
frequency dependence was studied at 28 Oe dc madiedd, ~10 Oe ac modulating field
(from 500 Hz to 1.5 kHz). LabVIEW automated systesns used for data acquisition. The
off-resonant MECC value was determined at room tgatpre as a function of the biasing dc
magnetic field by measuring the ME voltage develbpénen a low frequency (500 Hz)



magnetic field with an amplitude of ~ 10 Oe (thediwill slightly change with the change in
applied frequency) was applied to the thin filmtdaxers. The low modulation frequency of
500 Hz was chosen as the starting frequency talaesionance effects. Frequencies less than
500 Hz were not applied in order to avoid the iiatgrl polarization effects and high losses
usually present at very low frequencies. Frequatependence was studied from 500 Hz to
1.5 kHz range [22].

3. Results and Discussion

Figure 1 (a) represents the XRD pattern of STO-Mst$TO trilayer thin film. Peaks
corresponding to cubic STO are indexed in Fig. {J&PDS card no. 35-0734). Structural
analysis showed that the STO is in perovskite sirecwith a lattice constant of 0.3896 nm.
The XRD peak observed ab 2 40° is a doublet and hence the peaks were detded
using Lorentzian fitting as shown in Figure 1 (Bigure 2 (a) shows the cross sectional SEM
image of the trilayer film. The thickness of indivial layers is found to be 180 nm, 240 nm
and 180 nm for the top STO, middle Metglas anddmetSTO layers respectively. HRTEM
image of the Metglas layer (recorded before theoditipn of the top layer) is shown in
Figure 2 (b), in which (110) plane afFe and (111) plane ¢-Co is indexed which shows
nanocrystallisation upon annealing whose signatwere not observed in XRD, due to small
and discontinuous grains.
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Figure 1.(a) XRD of STO-Metglas-STO trilayer and énjarged

Figure 2. (a) Cross sectional SEM of STO-Metgla®Siilayer and (b) HRTEM image of Metglas
middle layer

In the present investigation Si/SiOri/Pt substrate was used. A (111) textured Rtvi@is

used to deposit the Pt layer and was further aedeal make it more crystalline. The lattice
constant of fcc platinum (0.3920 nm) is close te fthttice constant of the strain free
strontium titanate (0.3904 nm). The growth of (11d3tured STO film, as observed from



XRD indicates that the nucleation and crystal ghoaft STO layer started on the surface of Pt
layer, which can result in a compressive strainSGi© film. Compared to polycrystalline
STO, both (110) and (111) peaks of STO film ardtatiito lower ® values, which can be
attributed to compressive strain. Many studiestogireed STO used DySgQubstrate with a
lattice mismatch of 1% [18][23]. The possibility sfrain relaxation is even less in this case
since the biaxial strain is only 0.2%. This biax&lain is mainly responsible for its
piezoelectric nature [19].

The piezoelectric properties of the trilayer thilmfwere investigated using Piezoresponse
Force Microscope (PFM). Figure 3 (a) and 3 (b) espnts the piezoresponse of the amplitude
and phase images of the bottom STO layer befordepesition of the middle and top layers.
The dark and bright contrast in Figure 3 (b) shaiws anti-parallel orientation of the
piezodomains. Figure 3 (c) and 3 (d) represent lias field dependence of the PFM
amplitude and the corresponding phase respecti®iM amplitude shows a well-shaped
butterfly loop and the corresponding phase indgat@olarization switching. The horizontal
shift observed in these loops can be attributedthéo strain in the STO lattice [24]. The
piezoelectric coefficient of bottom STO was calteda from the piezoresponse and an
average value of 22 pm/V was obtained for a biasoitage of +1 V. This value is less than
the ferroelectric KNN (45 pm/V) [25] but greaterath Ba(Ti, Zr)Q (9 pm/V) [26] and
SrBi;Ta,0y (17 pm/V) [27] thin films made by sol-gel/spin-tim® method. The top STO
layer is only slightly piezoelectric with agvalue of 1.5 pm/V. This is mainly due to the
presence of middle Metglas layer, which confines dtrain to the bottom STO layer. From
HRTEM images, it is observed that the middle Medglayer is partially crystallized. G.
Buttino et al. have observed nanocrystalline phase of Metglag &%vhen it is heated above
its crystallization temperature of 550°C [28][2%his partial crystallization of the Metglas
layer at the interface could possibly create stomadients, which may further increase the
piezoelectricity [20].
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Figure 3. (a) Piezoresponse of the amplitude apthécorresponding phase of the bottom STO layer
before the deposition of the middle and top layBias field dependence of the PFM amplitude (c) and
the corresponding phase (d).



Magnetic hysteresis loop for the STO-Metglas-Stil@yter is shown in figure 4 from
which the coercivity is found to be 69 Oe and s#tan magnetization as 832 emu/cc. High
saturation magnetization and low coercivity of Masgis maintained in the trilayer with a
high squareness ratio (0.82).

800 ("—
600

400

)

o]

=3

= @
I

M (emu/ce

-200 1
-400+

600 —‘—J
-800+
5 4 2 0 z 4 6
H (kOe)
Figure 4.M-H loop of the STO-Metglas-STO trilayer.

Dc magnetic field dependence of MECC is studiedhim trilayer thin film. A maximum
MECC of 806 mV crit O€e' is recorded for a dc biasing field of 28 Oe, whistshown in
figure 5 (a). The frequency dependence of the ntaglectric coupling at a dc magnetic field
of 28 Oe showed a sharp resonance peak at 753tHawiMECC of 20 V cih Oe* which is
depicted in figure 5 (b). When the driving frequgrequals the acoustic resonance of the
cantilever, a sudden increase in the MECC value neésd, which is depicted in the figure.
The MECC value at resonant frequency is aboutr@Bdilarger compared to its sub-resonant
MECC value of 806 mV cthOge. At higher fields, the MECC values approaches zemto
saturation of the magnetostriction, which in tusduces the piezomagnetic coupling term
(gi}) to zero and also due to the weakening of ac ntagrechanical coupling. We calculated

the magnetoelectric coupling coefficient using tiedel proposed by Bichurgt al. [30].

AE 31
_ —kv(v — 1)d%, (g1t + q5%)
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Where Kk is the interface coupling parameter, whéchssumed to be ideal (k = 1), v is the
volume fraction for the piezoelectric material usedid?, is the piezoelectric constant for the
strained STOgq;} is the longitudinal piezomagnetic coefficient foe magnetic layes;; and

p . . . . ’P.
s;; are the components of compliance tensors for thgnetic and piezoelectric Iaye|s§S is

the dielectric constant of the piezoelectric layie calculated value, 853 mV ¢nDe?, is
close to the observed magnetoelectric coupling ficieit of 806 mV crit O€". The
piezomagnetic coefficientg[}) will increase due to the high permeability of tmagnetic
layer. From previous reports, a highly permeablegmeéic layer plays the key role for
enhancing the MECC value instead of a highly maagtdttive magnetic layer. The  low
piezoelectric coefficient of STO is compensatedthoy high piezomagnetic constant of the
magnetic layer, which resulted in the observed MEG®&lue. According to the
magnetoelectric equivalent model proposed by Zhai., the high magnetostriction of the
middle magnetic layer results in a large strairtha upper and lower piezoelectric layers
which could enhance the magnetoelectric coupliig. [Bhe magnetostriction value in the as-
received Metglas 2714A is nearly zero. It is obsdrthat annealing near the crystallization
temperature enhances the magnestostriction valldetglas layer [28]. It is evident from
HRTM image that bcc phase of Fe and fcc phase osGormed. This coexistence of both
the bcc and fcc phase may have contributed torthareed magnetostriction as in the case of
the Co rich magnetic alloy system Gbe, [32]. At the interface between STO and Metglas,



surface charges may increase due to the high tlielaonstant of STO. The inter layer
magnetoelectric coupling, which is proportionaltb® surface charges is increased at the
interface which may also have contributed to theeoked MECC value [33].
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Figure 5. (a) MECC variation with magnetic fielddafp) MECC vs. frequency graph for
STO-Metglas-STO trilayer

Based on the model proposed by Hanyassah [34], we have calculated the resonance
frequency for the magnetoelectric laminate striectiCompared to previous models which
consider interactions only along the longitudinatction, this model include the interactions
along the thickness of the multilayers. Based anmfiodel, the MECC with respect to

frequency can be written as,
q11d11_hp  Ag

a w)=——"—"-"(2

me (@) Sp11€11 hp+hm Aonr (2)

_ Yo tan(Atl) 3 vy
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Where L is the length of the thin film cantilevél; and N, are the number of piezoelectric
and magnetic layers,and hy are the are the thickness of the piezoelectricramgnetic K
layers. D is the sum of dielectric displacemenewéry layer, including that of substrate. Z
values corresponds to the thickness of the resmetdiyers, which are oZ= 0, Z = hg;
(thickness of the Si layer in the substratg)=Z;+ hg;o, (hsio, is the thickness of the SjO
layer in the substrate)sZ Z, + h; (hy is the thickness of the titanium layer in the stdis),



Z,=Z3+ W2, Zs = Z, + hy, Zs = Zs + he/2. For calculations, we have taken the same nadteri
parametersdf;, q{}l s[}l si’;- and s;,rép) as in the previous section. Total thickness @& th

magnetoelectric structure includes that of Si, ,SiPt and Ti, which is considered in this

calculation. Figure 5 (b) shows the MECC vs. fragpyefor both the experimental and

calculated values. The observed resonance peakE@@QMis at 750 Hz and the calculated
value is 706 Hz. The model that is used to cateulae MECC value assumed that between
layers, the strains are small and the layers arfegily bonded. But as discussed previously,
there may be strain in the layers and the layersnat perfectly bonded, which may be the
reason for the difference in observed and calcdlaésonant frequencies. The calculated
resonant frequencies had peaks at 1036 Hz and H43Which were not observed. This is

due to low intensity (1: 34) of these peaks companahe peak at resonance.

4. Conclusion

The STO-Metglas-STO trilayer cantilevers were fedied on an Si/Si) Ti/Pt substrate
which exhibited a sub resonant MECC of 806 mV'd@&* at 750 HzFrom the XRD studies,
a change in the preferred orientation of STO layet a shift in the @values of major peaks
of STO layer were observed, which may be due trstn the STO layer. Strained STO layer
became piezoelectric, which is confirmed from PRMd&s. From the HRTEM image, it is
observed that the Metglas layer is partially ciigted. Magnetostriction may increase due to
this partial crystallization. So the enhanced mégglectric coupling between the
piezoelectric STO layer and magnetostrictive Metglayer may be the reason for the
observed MECC value. Based on the model proposddialnyasaret al., the MECC at sub-
resonant frequency and the resonant frequencies eagculated as 853 mV €nDe* and 706
Hz respectively. The experimental results showetisarepancy of 5.7% error for MECC
coefficient and 6% error for resonant frequency,clwhmay be due to the strains and
imperfect bonding between the layers.
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Highlights

Piezoel ectricity in strained strontium titanate (STO) with a ds; value of 22 pm/V.

First time employment of strained STO in magnetoel ectric heterostructures.

ME coupling coefficient of 806 mV cm™ O™, Metglas being its magnetic component.
Theoretical fitting is provided for the ME coupling effects for STO-Metglas-STO.



