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EXPLORATORY DEVELOPMENT OF THE LONGITUDINAL AND THICKNESS MODES
OF THE MAGNETOELECTRIC EFFECT IN A MAGNETOSTRICTIVE-PIEZOELECTRIC
TWO-LAYER STRUCTURE METGLAS/SILICON CARBIDE
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This article presents the results of a study of the longitudinal and thickness modes in the field of electromechanical resonance in
a magnetoelectric composite structure. Magnetoelectric structures of the composition Metglas/4H-SiC and Metglas/6H-SiC were
theoretically explored. When obtaining theoretical results, the material parameters of the constituent phases of the composite structures
were used. The calculated characteristics are compared for two different polytypes of silicon carbide 4H-SiC and 6H-SiC. It was found
that the value of the resonance magnetoelectric coefficient in the Metglas/6H-SiC structure is higher than in the Metglas/4H-SiC
structure for both the longitudinal and the thickness modes. The results obtained can be used in the future in the design of active
semiconductor devices based on the ME effect.
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MpencTaBneHbl pe3ynbTaTbl UCCNEfoBaHUS NPOAONbHON U TOMLIMHHOM Mof B 06nacTy anekTpoMexaHU4eckoro pe3oHaHca B
MarHMTO3MEKTPUYECKON KOMMO3UTHOM CTPYKTYype. Bbinu TeopeTuyveckn nccneqoBaHbl MarHUTOIMEKTPUYECKUE CTPYKTYpbl cocTasa
Metrnac / 4H-SiC n Metrnac / 6H-SiC. MNpu nonyyeHnn TeopeTndecknx pesynbTaroB Obinn Mcnonb3oBaHbl MaTepuanbHblie napameTpbl
COCTaBMALWNX a3 KOMMNO3UTHLIX CTPYKTYp. [poBedeHO cpaBHEHME pacyeTHbIX XapaKTepUCTUK ANs ABYX PasfuyHbIX MOMMTUNOB
kapbuaa kpemuusi 4H-SiC n 6H-SiC. BbiscHeHO, YTO BENMYMHA PE30HAHCHOIO MarHUTOANEKTPUYECKOro koadpdpuumeHTa B CTPyKType
MeTtrnac / 6H-SiC 6onblie, Yyem B cTpykType Metrnac / 4H-SiC kak gna npogosnbHOW, Tak M ANa TONWWHHOW Mofbl. MonyyeHHble
pesynbTaTbl MOXHO UCMOMb30BaTh B AanbHeNLWeM npu NPOEeKTUPOBAHUW aKTUBHbLIX MOMYNPOBOAHUKOBBLIX YCTPOWCTB, OCHOBaHHbLIX Ha
M3 adhdpekTe.

Knroyesnbie crosa: mazHUmMoanekmpu4eckul aghghekm, mazHUMoO31eKkmpuyecKasi cmpykmypa, kapbuo KpemHusi
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MOO Ma2HUMmMo3J/lIeKmpuyecko2o 3ghghekma 8 MacHUMOCMPUKYUOHHO-Mbe303JIeKmpu4eckoli 08yXcrioliHOU cmpykmype
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contrast to single-phase materials, the ME interaction
between the piezoelectric and magnetostrictive phases of
The magnetoelectric (ME) effect manifests itself  the composite material leads to large values of the ME
as the induction of electric polarization in a material ina  coefficients [1-3]. It was found that the values of the ME
magnetic field or magnetization in an electric field. In  susceptibility at room temperature are several orders of
magnetostrictive-piezoelectric layered structures, the ME ~ magnitude higher than in the known single-phase ME
effect is due to the mechanical interaction of the magnetic ~ materials.  This allows the use of magnetostrictive-
and electrical subsystems; therefore, in the region of  piezoelectric composite materials in multifunctional
electromechanical resonance (EMR), for example, devices such as ME transducers, sensors, microwave
longitudinal or thickness, a significant increase in the ME ~ devices, etc. [4.5]. The purpose of this article is a
coefficient is observed. detailed theoretical study of the longitudinal and
Quantitatively, the ME effect is characterized by  thickness modes of the magnetoelectric effect in the EMR
the ME voltage coefficient ag, which is equal to the ratio  region in the magnetostrictive-piezoelectric two-layer
of the intensity of the induced alternating electric field to  structures Metglas/4H-SiC and Metglas/6H-SiC.
the intensity of the applied magnetic alternating field
under conditions of an open electric circuit. The value of
the coefficient is determined by the dimensions of the
structure, magnetic, dielectric, piezoelectric and 4H-SiC and 6H-SiC belong to the C*,-P63mce
mechanical parameters of its constituent components. In ~ symmetry group (hexagonal system). Therefore, the
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required components of the compliance tensor are
expressed in terms of the known reference data on the
stiffness coefficients [6] as follows
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The necessary components of the piezoelectric
tensor at constant mechanical stress are expressed
through the known reference data on the piezoelectric

coefficients at constant strain [7] as follows
dy =dy = (p511+pS12)€31+pS13633a
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Magnetoelectric effect in the region
of the longitudinal mode

Let us consider longitudinal vibrations in a two-
layer magnetostrictive-piezoelectric structure
Metglas/silicon carbide. We will assume that the
sample has the shape of a thin bar, whose thickness
and width are much less than the length. In this case,
we can consider only one component of the stress and
strain tensor. The piezoelectric phase in the form of
silicon carbide is cut from a plate lying in the (0001)
plane, the long side is directed along the <2-1-10>
crystallographic direction.

Total composite thickness:

t="t+"t. (3)

Volume  fractions of piezoelectric  and

magnetostrictive phases:

(4)

Effective composite density:
p=LvP p+"™"p. Q)
The axis X is drawn along the interface between
the magnetostrictive and piezoelectric phases:
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Figure 1. Direction of the applied magnetic fields to the ME
composite in the case of the longitudinal ME effect

A detailed derivation of the formula for the ME
voltage coefficient is given in [6]. Therefore, here we
give only the final expression

o - 2"vPthyq,,B3; tan(n) . (6)
F kiB3y(en)+ 2k ttan(n)

Figure 2 shows the calculated theoretical
dependences of the ME voltage coefficient on the
frequency of the alternating magnetic field. For the
calculation, the following geometric dimensions were
used ’t=05mm, "t=29mkm, / = 1 cm, resonance
quality factor Q = 130; material parameters 4H-SiC

rsE=208102 m?/N,  dy=—39610"3 m/V; 6H-SiC
PsE=20910"2 m*/N, dy=—4,0610"" m/V.
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Figure 2. Frequency dependence of the ME voltage coefficient for
the longitudinal mode. The dash-dotted line is 4H-SiC, the long-
dashed line is 6H-SiC

As can be seen from Fig. 2, the resonance
frequency for the 6H-SiC polytype is slightly lower than
for 4H-SiC, and the magnitude of the resonant ME
voltage coefficient, on the contrary, is somewhat higher.

Magnetoelectric effect in the region
of the thickness mode

To excite the thickness mode, the dc and ac
magnetic fields must be directed along the thickness of
the ME structure:
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Figure 3. Direction of the applied magnetic fields to the ME
composite in the case of the thickness ME effect.
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Third components of strain tensors for
magnetostrictive and piezoelectric phases:
mS3 - a;:3 )
o ™
re, 9 U3
S3 pt

The third components of the stress tensor and the
electric voltage vector of the piezoelectric:
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The third component of the stress tensor of the
magnetostrictive phase:

"T="Y"S5 - qs3h, (11)
where g33=""Ygs.
Equations  of  thickness  vibrations  for
magnetostrictive and piezoelectric phases:
m a2mu3 3 amTé
2 7 oz
o (12)
P _ o'y

Let us also substitute (8) and (11) in the equations
of thickness vibrations (12):

2
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m
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/ P
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General solutions of equations of motion (13):
Puy = Acos(pkz)+ B sin(”kz), (15)
My =C cos(mkz)+ D sin(’"kz).
Open circuit condition:
D, =0. (16)

Boundary conditions for free fixing of the upper
and lower edges of the magnetoelectric composite
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From (17) we obtain a linear system of four
inhomogeneous algebraic equations with respect to four
unknowns A4, B, C, D. Solving this system, we find
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where
K= cos( kmt),
P = sm(mk t),
= cos(” k”t),
= s1n(p kpt)
find the electric voltage across

(19)

Let's
piezoelectric:

the
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Substituting (18) in (20) we find the ME voltage
coefficient:

_ gyhy(1-r)1-r) @1
HCB Pknry+"Y ")

Below in Fig. 4 shows the dependence of the ME
voltage coefficient on the frequency of the alternating
magnetic field. For the calculation, the same
geometrical dimensions and figure of merit were used as
for the longitudinal mode; material parameters 4H-SiC

Psk =175-102 m*N, dy; =7,06-107° m/V; 6H-SiC
PsE =179-10"2 m*/N, dy; =8,08-107"° m/V.
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Figure 4. Frequency dependence of the ME voltage coefficient for
the thickness mode. The solid line is 4H-SiC, the dashed line is
6H-SiC

Fig. 4 shows that the resonant frequency for the
6H-SiC polytype is somewhat lower than for 4H-SiC, and
the magnitude of the resonant ME voltage coefficient, on
the contrary, is somewhat higher.
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Conclusion

The article discusses a theoretical model of the
magnetoelectric effect for longitudinal and thickness
modes in the EMR region. Two-layer samples consisting
of a magnetostrictive Metglas material and piezoelectric
semiconductor materials 4H-SiC and 6H-SiC were
studied as structures under study.

In the theoretical calculation of the composite
structures under study, the resonance value of the ME
coefficient for the 6H-SiC polytype turned out to be
somewhat higher than for the 4H-SiC polytype, both for
the longitudinal mode and for the thickness mode.

Semiconductors 4H-SiC and 6H-SiC are
promising for use as piezoelectrics in ME composites.
Although they have slightly lower piezoelectric moduli
than traditional piezoelectric materials, they have a lower
relative permittivity, which contributes to an increase in
the ME coefficients. It is also promising to use the active
semiconductor properties of the considered materials in
devices based on the ME effect.

The study was carried out with the financial
support of the RFBR grant No. 19-07-00391 A.
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