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Features of acoustic resonance in iron borate
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Acoustic resonance in a weak-ferromagnetic iron borate monocrystal was investigated.
It was shown that observed field dependence of positions and magnitudes of the resonance
peaks can be explained within framework of the developed theory of magnetic birefrin-
gence of sound in the inhomogeneous magnetized sample.

Hccnemopan axycTuueCcKHMII pe30HAHC B caabodeppOMArHUTHOM MOHOKpHCTAaJIe OGoparta
:keaesa. IlokasaHo, uro HabampgaloNIascd II0JIeBAs 3aBHUCUMOCTH IIOJOMKEHUNA U BeJIUYUH
PE30HAHCHBIX ITMKOB MOMKET ObITh O0'BbACHEHA B PAMKAX PASBUTON TEOPUH MATHUTHOI'O ABY-
IPeJIOMJIEHUS 3ByKa B HEOJHOPOJHO HaMarHnueHHOM obpasiie.

Ocobaueocmi axycmuinozo pesonancy 6 6opami 3aniza. K.M Cxibincoruii, M.B.Cmpyeauyvruil,
C.B.Azynos, A.l.€ecmaq’es, B.JI.IIpeobpancencvruii, B.H.Bepxicancoruil.

HocmimKeHo aKyCTUUHMH pe3oHaHC B ciaabkodepoMarHiTHOMy MOHOKpHCTANi GopaTa 3aJi-
3a. ITokasaHo, 110 CIIOCTepesKeHa TOJLOBA 3aJEKHICTHL TMOJOMKEHb 1 BEJIUUMH Pe30HAHCHUX
mikiB MoKe OyTU TosicHeHa Yy PAMKaX PO3BMHEHOI Teopii MarHiTHOTO ABO3AJIOMJEHHS 3BYKY

B HEOJHOPiTHO HAMATHIUeHOMY 3pasKy.

1. Introduction

Acoustic resonance in free suspended
thin basal plate (LC3) of antiferromagnet
FeBO3 crystal was investigated in the work
[1]. Sound was exited by magnetic field of
radio frequency acting in the plane of the sam-
ple. Dependence of sound resonance frequency
®,,; on static magnetic field applied in the
basal plane was found. In this case it was
exited the first-order resonance, corresponding
to the first harmonic of standing acoustic
waves. Multimoding observed in the weak
magnetic fields was associated with possible
nonuniform strains in the sample and/or the
presence of domains [1]. This multimoding ap-
pears in the initial part of the curve w,(H).

In the work [2] several branches w,,,(H)
corresponding to the acoustic Fabry-Perot
resonances of different orders were ob-
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served in synthesized by us thin (~140 um)
highly perfected basal plate of iron borate
at temperature 77 K (Fig. 1, circles). In
this case the sound was exited and regis-
tered by piezoelectric transducers attached
to natural basal faces of the crystal. Trans-
verse acoustic waves propagating along
three-fold axis were produced in the crystal.
Many-fold rereflections from the crystal-
piezotransducer boundaries under size reso-
nance conditions led to a sharp increase of
the wave amplitude registered by the pie-
zoreceiver. All observed acoustic resonances
conventionally could be divided into two
groups: in the first group the shift of reso-
nances under magnetic field change (mainly
in the weak fields region) was much
stronger (Fig. 1, open circles) than in the
second one (Fig. 1, filled circles). We named
the acoustic wave modes producing strongly
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Fig. 1. Field dependence of resonance fre-
quencies: circles — the experiment [2] (open
circles — strongly-magnetic modes; filled cir-
cles — weakly-magnetic modes); lines — the
theory [5] (dotted lines — pure magnetic and
nonmagnetic modes; solid lines — basal-an-
isotropic nonuniform model).

shifted resonances as the strongly-magnetic
modes. When the shift is weak we speak
about the weakly-magnetic modes.

The present work is devoted to experimen-
tal and theoretical investigations of the fea-
tures of acoustic resonance in iron borate.
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2. Electromagnetic excitation of
the acoustic resonances in iron
borate

We experimentally observed a charac-
teristic "overflow” of the resonances from
one to another (Fig. 2) at electromagnetic
excitation of the acoustic resonances in a
disk with the diameter 3 mm and thickness
0.1 mm, made from monocrystal basal plate
FeBOj grown by us. Note, that such behav-
ior does not correspond to the resonances
that could be generated by pure magnetic
and nonmagnetic modes: "magnetic” reso-
nance should shift over the entire range of
the fields while "nonmagnetic” one is not
shifted. The sample was placed in an or-
ganic glass frame with two perpendicular
coils wound around it. Geometry of the ex-
periment is presented in Fig. 3, where H is
the external bias magnetic field, hp is the
pumping coil field, CA is the detection coil
axis which is perpendicular to the A, . The
sample could freely oscillate inside the
frame. As coils were aligned at 90 degrees,
their mutual induction was close to zero. In
this case if a harmonic signal was applied to
the pumping coil, it was not visible at the
receiving coil. However if the pumping fre-
quency was close to the frequency of magne-
toelastic mode of the resonator in selected
bias magnetic field, the sample oscillated
and thus generated signal in the detection
coil by projection of vibrating magnetic mo-
ment. The power of input signal was
30 dBm and the temperature was 223 K.
External bias magnetic field H was applied
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Fig. 2. Frequencies dependence of amplitude: the experiment.

60

Functional materials, 21, 1, 2014



K.M.Skibinsky et al. / Features of acoustic resonance...

in the basal crystalline plane of the sample
at an angle of about 80 degrees with respect
to the alternating magnetic field of the
pumping coil. Small declining from perpen-
dicular geometry was used to provide induc-
tion in the detecting coil from ferromag-
netic moment oscillations.

Fig. 2 demonstrates a series of curves
registered at the detection coil that show
crystal oscillation amplitude dependence on
pumping frequency in the different bias
magnetic fields H = 80+200 Oe.

3. Calculation of the resonance
curves

It proved possible to analyze the experi-
mental dependences o,,,(H) [2] on the basis
of our models [3 — 5] that describe the fea-
tures of magnetic birefringence of sound in
this crystal — acoustic analog of the well
known Cotton-Mouton optical effect. Theory
of magnetic linear birefringence of trans-
verse sound in trigonal easy-plane antiferro-
magnet with the weak ferromagnetism was
developed in the work [6]. According to [6],
a linearly polarized acoustic wave, entering
the crystal, is transformed into two modes
in the crystal: nonmagnetic and magnetic
ones, polarized in mutually orthogonal
planes. The phase velocity of the magnetic
mode depends on magnetic field applied in
the basal plane. We are talking about the
lower quasiphonon branch of magnetoelastic
excitations. The upper quasimagnon branch,
which corresponds to the frequencies of the
ferromagnetic resonance, is not excited. In
this case magnetic oscillations follow the
elastic ones quasistaticaly. So, each reso-
nance would have to correspond only to non-
magnetic or magnetic mode of the acoustic
wave in the crystal. But purely nonmagnetic
resonances are not observed in the experi-
ments [2] at all. To interpret the weakly-
magnetic resonances [2] we had to take into
account the effect of experimental boundary
conditions [5] caused by mechanical contact
between the piezotransducers and the basal
faces of the crystal. Because of strong mag-
netoelastic coupling in iron borate [3], such
boundary conditions should affect signifi-
cantly the magnetic state of the crystal,
thus changing the parameters of the sound
wave in the sample. We could describe the
strongly-magnetic and weakly-magnetic
modes [2] in the frame of the following
model [5]. Deformations in the ecrystal,
caused by mechanical boundary conditions,
induce through magnetoelastic coupling the
uniaxial magnetic anisotropy in the basal
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Fig. 3. Geometry of the experiment. H is the
bias magnetic field, 2 is the pumping coil
field, Cg is the threefold axis of the crystal,
CA is the detection coil axis which is perpen-
dicular to hp.

plane. Lately an existence of induced
uniaxial anisotropy was confirmed in the
magneto-acoustic experiments on hematite
crystals [8], isostructural to iron borate.
Magnetoelastic coupling is determined by
magnetoelastic contribution AC to effective
elastic module of the crystal. Generalizing
results [6, 7], we obtained the expression
AC(H) for basal-anisotropic case [3]:

AC = (1)
_ C44HEHme2
2HEHme1 + H - [Hsin(o - 0)+H )] - sin(o - 0) + 4a(HE/M0)cos26’

where C4y is the elastic module; Hy is the
exchange field; Hp is the Dzyaloshinsky
field; H,,,; and H, 5 are the first and the
second magnetoelastic fields [6]; o is the
angle between the easy axis (EA) and the
magnetic field; 6 is the angle between the
EA and the antiferromagnetic vector [3];
My is the sublattice magnetization; a is the
constant of the induced in the basal plane
uniaxial magnetic anisotropy.

For adequate description of the experi-
mental dependences [2] we assumed also
that the deformations are nonuniform along
C3 axis of the crystal: they decrease from
the surface to the sample’s center [5].
Under these conditions the induced uniaxial
magnetic anisotropy will be nonuniform in
magnitude as well: maximal on the basal
surface and minimal in the center of the
crystal. For simplicity we took a linear law
of its decrease [3]. In this case the magnetic
field applied in the basal plane and not par-
allel to the easy magnetization axis will re-
sult in spatially nonuniform distribution of
magnetization along Cg. Directions of po-
larization of the normal acoustic modes will
change smoothly along Cs axis that should
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lead to admixture of the modes to one an-
other. So, in the basal-anisotropic nonuni-
form case it is necessary to consider the
hybrid modes instead of pure nonmagnetic
and magnetic ones. These modes may be ap-
parently identified as the above-mentioned
weakly- and strongly-magnetic modes. Reso-
nances corresponding to them should shift
differently when magnetic field changes.
For calculation of the dependences w,,,(H)
in the nonuniform case we determined fre-
quency and field dependence of the wave
amplitude A(w,H). For this purpose we used
the Jones matrix method [3, 4] known from
optics. One may imagine the crystal plate
divided into n layers parallel to the basal
plane with the uniform anisotropy in each
layer. Such layers are assumed to be uni-
formly magnetized. In this case association
between the incident and traversed waves is
given by

N 2
oy @
uin !

where r and q are the polarization vectors
of the magnetic and nonmagnetic modes on
the crystal surface; N is the multiplicity of
the wave transmissions through the crystal
before emerging from it; 1y = (1 — p)?pN~1
is the effective transmission factor; p is the
reflection factor for the boundary crystal-
piezotransducer. In (2) the Jones matrix T,
for the m-th layer is determined by the ex-
pression [3]

U?ut n
pout = ZT H Tm

7 JN=1,3,5 | m=1

T, = (3)
_( exp(-ik,,d/n) 0 [ coshv, —sinAy,
= 0 exp(—ikqd/ n) —sinAy,, cosAy,, :

Here %k, is the wave vector of the nonmag-
netic mode; k,, is the wave vector of the
magnetic mode in m-th layer; Ay, is the r
and ¢ axes rotation at transition from m-th
to (m + 1)-th layer. This angle changes the
sign at transition from one to another half
of the crystal.

Determining the amplitude A(w,H) of the
wave (4) we could find dependences w,.,,(H)
by use of equation 0dA/dw = 0. Theoretical
fit of the experimental dependences w,,,(H)
led to resonance curves represented in Fig.
1 (solid lines) [56]. We obtained the theoreti-
cal curves of two types that differ radically
from the curves for pure nonmagnetic or
magnetic modes corresponding to the case
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Fig. 4. Frequency dependence of amplitudes:
the theory.

of uniform basal anisotropy (Fig. 1, dotted
lines). This is a surprising result, which,
however, correlates with the experiment [2].
Let us pay attention to several circum-
stances, demonstrated in Fig. 1. In the dis-
tance from the cross point of resonance
curves for pure modes our curves are al-
most in coincidence with the corresponding
curves for the pure modes. However not far
from the cross point the principal differ-
ences appear. Values dw/0H ("velocities” of
resonances’ shift) become nonzero for the
both curves. One can see "interaction” of
the curves, which appears in their mutual
"repulsion” instead of crossing, as in the
case of pure modes. Passing the cross point,
the curve having described quasimagnetic
resonances becomes corresponding to the
quasinonmagnetic ones and vice versa.

To study behavior of the observed reso-
nances (Fig. 2) we considered theoretical
curves A(w) at different fixed magnetic
fields. Fig. 4 demonstrates the series of
such curves, representing the frequency de-
pendence of the traversed wave component
e,%¥t (2) amplitude. One can see the "over-
flow” between the resonances like in the
experiment (Fig. 2). This "overflow” ap-
pears in the following way. Amplitude of
the left resonance decreases, while the am-
plitude of the right resonance increases. Si-
multaneously the "velocity” of the left reso-
nance decreases, while the right one starts
shifting ("passing the baton™).

4. Conclusion

Qualitative agreement between the ex-
perimental (Fig. 2) and calculated (Fig. 4)
resonance curves may be indicative of the
validity of our basal-anisotropic nonuniform
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model and the nonuniform distribution of
magnetization in the sample. It is important
to note, that under electromagnetic excita-
tion, in uniformly magnetized crystal mag-
netic modes should only be excited. Nonuni-
formity leads to appearance of the hybrid
modes, as in the case of mechanical excita-
tion [2].
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