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The parametric interaction between electromagnetic pumping field and magnetoelastic
oscillations in the Terfenol-D based composite has been studied. An original high-sensitiv-
ity experimental technique to study the the pulse pumping influence on the decay of
magnetoelastic oscillations in the sub-threshold parametric mode is described. The results
obtained for the Terfenol-D based composite are compared with data for the polycrystalline
nickel ferrite.

HUccnemoBano mapamerpuyecKoe B3amMOeliCTBME MArHUTOYIPYIrUX KoJiebaHHII ¢ moJiem
9JIEKTPOMATHMTHONM HAKAuKM B KoMmiiosuTe Ha ocHoBe Tepdenona-D. OmnuceiBaeTcs opuru-
HAJIbHAA HMIIYJbCHAS SKCIEPUMEHTAJbHAS METONNKA, IIO3BOJIAIOIIAS C BBICOKON 4YyBCTBU-
TeJbHOCTBIO PErMCTPHPOBATL BIWSHNE HAKAUKM HA JEKPEMEHT 3aTYXaHUS MArHUTOYIIPYTHUX
KoJie0aHuIl B IIOAIIOPOIOBOM IIapaMeTpPUUYECKOM pekuMe. Pes3ysbTaTbl IIPUBOLATCS B CPABHE-

HHUHW C JAHHBIMH, IIOJYYEHHBIMHX Ha IMOJHUKPHCTAJIJIHNYECKOM HHKEJIE€BOM cpeppI/ITe.

Last years, the acoustic time reversal
systems based on parametric wave phase
conjugation (WPC) of ultrasound in mag-
netically ordered media are developed ex-
tensively for acoustic imaging and nonde-
structive quality control (see review [1] and
references therein). The functionality of
WPC systems is defined essentially by the
properties of parametrically active medium
of a phase conjugator. In medical and
hydro-acoustic applications, the acoustic im-
pedance matching between the active me-
dium and water or biological tissues is re-
quired in addition to the requirements of
effective sound speed control by AC mag-
netic field. To satisfy these requirements,
the composite materials with variable elas-
tic and magneto-elastic properties are of in-
terest as prospective ones. The rare-earth
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intermetallic compound Tbg 3Dyg7Fe, (Ter-
fenol-D) can be considered as a basic compo-
nent of such kind of composites due to its
giant magnetostriction as well as the com-
pensated magnetic anisotropy in the room-
temperature range [2]. The magnetoelastic
coupling coefficient for this compound
reaches 80 % [3] and is accompanied by
strong dependence of linear [4] and non-lin-
ear [5] elastic moduli on the applied mag-
netic field. On the other hand, the metallic
conductivity of the Terfenol-D limits its ap-
plication area by quasi-static and low-fre-
quency range due to the skin-effect which
hinders penetration of AC magnetic field
into the sample bulk. Preparation of com-
posite which contains magnetostrictive ma-
terial as small (from ten to hundred mi-
crometers in size) particles placed into an
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Fig. 1. Dependences of fundamental mode frequency (1) and Q-factor (2) on the DC magnetic field

for the composite (a) and ferrite (b) samples.

insulating matrix was already proposed as
an approach to extend the applicability area
into the high-frequency range [6—8]. Such
composites demonstrate workable magne-
tostriction at frequencies up to 1 MHz. The
last experiments [9] have revealed the influ-
ence of external magnetic field on the ultra-
sound speed in the composites, that is a
reason to investigate parametric phenomena
in the discussed material.

In this paper, described are the results of
first experimental study of parametric in-
teractions between magnetoelastic oscilla-
tions and external AC magnetic field in the
Terfenol-D based composites.

The studied samples of composite materi-
als have been made as Terfenol-D powder
homogenously distributed in a solidified
epoxy resin matrix. The powder particles
are of 60 to 90 um size and the active ma-
terial takes about 45 % of sample volume.
The samples were shaped as parallelepipeds
of 50.5x10.1+4.5 mm3 size. The measure-
ments give the magnetostriction about 5.1074
in the external DC fields up to 4 kOe. The
reference measurements have been made
using the sample of polycrystalline nickel
ferrite Fe, gogNig 95C0g 02404 prepared as a
42x18.5%x18.5 mm? parallelepiped. The satu-
ration magnetostriction of ferrite sample
has been determined to be 4.2-1075,

A copper wire coil of 130 turns was
placed along the longest side of the sample.
This coil was used to excite and to detect
magnetoelastic oscillations using inductive
technique. We have used a HP4195A ana-
lyzer to observe and to analyze the reso-
nance line at the fundamental mode fre-
quency of longitudinal oscillations along the
sample longest side. The dependences of the
resonance frequency and Q-factor for this
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Fig. 3. Time diagram of the experiment: I,
exciting pulse at resonance frequency; 2,
parametric pumping pulse at double fre-
quency; h, pulse amplitude; y, oscillation am-
plitude; A, oscillation amplitude after the
first pulse; A, free decay amplitude at time
moment t; By, B,, decay amplitudes at time
moment T under parametric pumping; t, para-
metric pumping pulse duration.

mode on the external DC magnetic field for
both studied samples are presented in Fig. 1.
The measured resonance frequencies corre-
spond to the maximal speed of the longitu-
dinal elastic wave V. = 5999.6 m/s for
the ferrite and V,,,, = 1626.6 m/s for com-
posite samples.

Fig. 2 presents the experimental scheme
for the study of parametric interaction effi-
ciency between magnetoelastic oscillations
and longitudinal AC external magnetic
field. In Fig. 3, the details of experiment
are shown. A sequence of two radio-fre-
quency (RF) pulses is applied to a coil. Dur-
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Fig. 4. Experimental (a) and calculated (b) oscillation amplitudes in the composite sample. Pumping
duration 7 = 1.3 ms. Pumping field amplitude, Oe: 2 =0 (I), h = 253 (2). The inset presents the

data in polar diagram.
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Fig. 5. Experimental (a) and calculated (b) oscillation amplitudes in the ferrite sample. Pumping
duration 1 = 4.7 ms. Pumping field amplitude, Oe: h = 0 (1), h = 0.5k (2), h = hy (3), h = 4h, (4).
ho is the threshold pumping field amplitude. The inset presents the data in polar diagram.

ing the first pulse, the RF oscillation fre-
quency corresponds to the resonance fre-
quency of the mode being studied. The sec-
ond RF pulse at double frequency is applied
just after the first pulse and provides para-
metric pumping. If the second pulse is ab-
sent, the free decay of oscillations induces a
signal presented schematically by A A
curve in Fig. 3. The parametric amplifica-
tion (curve AyB; in Fig. 8) and parametric
damping (curve AyB, in Fig. 8) of oscilla-
tions caused by second pulse depends on the
phase shift between oscillations in the ex-
cited pulses. The oscillation amplitude
measurement after the second pulse makes
it possible to determine the deviations in
the damping parameter caused by amplitude
and phase of parametric pumping and to
estimate the longitudinal sound speed
modulation depth by AC magnetic field.
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The dependences of the magnetoelastic
oscillation normalized amplitude on the
phase and amplitude of pumping pulse are
shown in Fig. 4 and Fig. 5 for composite
and ferrite samples, respectively. The
pumping pulses of 4.7 ms and 1.3 ms dura-
tion were used for composite and ferrite
samples, respectively. The amplitude of AC
pumping field was varied from zero to
15 Oe for the ferrite and from zero to
258 Oe for the composite samples. The
specified parameters are sufficient to detect
the changes in the damping parameter for
the sub-threshold pumping in composite and
to detect sub-threshold as well as over-
threshold phenomena in ferrite sample.

The parametric interaction in an acoustic
resonator is described under the quasi-lin-
ear approximation by the system of equa-
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tions for the amplitude and phase of elastic
displacement

%—? + (8 - %mmsin(Z(p)jB =0 @
Z—(i - %mmcos(Zq)) =0,

here ® and & are frequency and damping
parameters of the magnetoelastic mode; B,
the elastic displacement amplitude; ¢, phase
shift of displacement with respect to the
pumping at the frequency 20; m, modula-
tion depth of the resonance frequency.

The solution of system (1), which gives
displacement amplitude after pumping pulse
of duration t can be written as:

B = (2)

T
= Agexp—d1 + FICos[2arctg(tg‘1’0e(‘2rt))Jdt ,
0

where yo = @9 — n/4; Ay and @y are initial
amplitude and phase shift for displacement;
I' =mwn/2 is the parametric amplification in-
crement.

The relationship (2) together with experi-
mental data shown in Fig. 4a and 5a allow
to calculate the relation between oscillation
amplitudes B(t)/A(t), where B(t) corre-
sponds to the pumping case and A(r) =
Agexp(—061) is the amplitude in the pumping-
free case. The modulation depth can be de-
termined, too.

Fig. 5b presents calculated results for os-
cillation amplitude and modulation depth
obtained for ferrite sample with the pumping
pulse of duration v = 4.7 ms. Taking into ac-
count the resonator parameters measured in
the DC field of H = 300 Oe (Fig. 1b), one can
calculate the threshold increment value
I'c =6 =0/2Q. The calculated value I'c =
0.1810% s1 corresponds to the critical
modulation depth my = 0.86-1073. Experi-
mental and calculated dependences of nor-
malized oscillation amplitude on phase shift
obtained at threshold pumping level are
shown in Fig. 5 (curves 3). The calculated
dependences agree with experimental data
at both threshold and sub-threshold modula-
tion levels. The non-linear mechanisms of
limitations define the oscillation amplitude in
the over-threshold mode. The critical modula-
tion depth obtained for Ay = 3 Oe agrees well
with the experimental dependences of reso-
nance frequency on the external DC mag-
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netic field (Fig. 1b): meo = Ao(0™! d0/0H) =
0.84-1073. The corresponding sensitivity of
sound speed to the magnetic field variations
is about 0.28 Oe 1.

Fig. 5 presents a comparison between ex-
perimental dependence from Fig. 4a and cal-
culations according to Eq.(2) for composite
sample at pumping amplitude 250 Oe and
duration 1.8 ms. This comparison results in
amplification increment I = 0.32.103 s71
that corresponds to the modulation depth of
m = 6.6.103 at resonance frequency. The
obtained modulation depth defines the
sound speed sensitivity to the AC magnetic
field as 2.6 % /kOe for the studied com-po-
site. It is to note that the calculations based
on the results of measurements with static
magnetic fields yields a lower value of m
= 3.8.1073 at the same pumping amplitude.
The difference between the results is caused
by the difference in influence of high-fre-
quency and static magnetic fields on the
magnetic state of a sample.

In particular, unlike the case of magneti-
zation in a static field, at high-frequency
modulation of a constant field, the magne-
tostrictive stresses have no enough time to
relax to equilibrium and may noticeably be
manifested in a composite with giant mag-
netostriction. The difference between static
and dynamic results may alsc be caused by
the difference between the static and dy-
namic demagnetization fields. The latter is
due to the difference of the static and high
frequency longitudinal magnetic suscepti-
bilities. While for ferrite in the bias field
range above 200 Oe the reversible magneti-
zation rotation processes take place that
equalize static and dynamic magnetic sus-
ceptibilities, the dynamic magnetization of
composite occurs by particular hysteretic
cycles in all ranges of bias fields used in
our experiments.

To conclude, using the pulse technique
proposed in this work, we have measured
the rate of sound speed modulation caused
by parametric AC magnetic field pumping
in the composite magnetostrictive material.
The obtained experimental results confirm
the influence of AC magnetic field on rela-
tive sound speed of the order of 0.026 kOe™
1 in Terfenol-D based composite material. It
follows from the measurements of the gain
factor that the increasing of the acoustic
Q-factor up to @ = 150 may be sufficient to
reach the parametric instability level in real
experiments. It is technologically available
to reach the required Q-factor value. Taking
into account close values of sound speed in
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composites and in water, one can consider
the Terfenol-D based composites as perspec-
tive materials for medical and hydro-acous-
tic applications.
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ITapameTpuyHa B3a€EMOAiA Y MArHiTOCTPUKI[iHHUX
KoMno3uTax Ha ocHOBi Tepdenoay-D Ta ¢depuri HikedIO

B.B.Pyodenxo, B.H.Bepxacancoxuii, C.H.Ilorynax,
Il.Ilepno, B.JI.Ilpeobpaxencorxuil

ExcriepuMeHTaIbHO JOCHiKEHO ITapaMeTPUYHy B3a€EMOJiI0 MArHITONPYKHUX KOJUBAHb 3
OJIEM €JIEKTPOMAarHiTHOI HaKayKM y KoMmosuTi Ha ocHOBi Tepdenony-D. Onucyersca opuri-
HaJbHA IMIIyJbCHA eKCIIEpUMEHTAJIbHA METOAUKAa, fKa [JTO3BOJIAE 3 BUCOKOI UYTJIUBICTIO
peecTpyBaTU BILIUB HAKAUKU Ha JeKPEeMeHT 3TacaHHs MarHiTOIPY’KHUX KOJWBAHbL y ITifIO-
poroBoMy mnapaMeTpUdyHOMY pexkumi. PesaysbTaTy npuBegeHo y NOPiBHAHHI 3 AaHUMU, AKi
OTpUMAaHi Ha MoOJiKpuUcTaliuHOMY HiKeJgeBoMmy (epuTi.
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