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The results of experimental and theoretical studies of ferromagnetic resonance (FMR) and
magnetoelastic excitations near the spin reorientation transition (SRT) in an uniaxial TbCo,/FeCo
layered nanostructure and a Laj;Sry3MnO; film are reported. Experimental dependences of the
amplitude of the reflected microwave signal versus the external magnetic field strength are presented
in comparison with the theoretical ones. An increase in FMR reflectivity in the vicinity of SRT is
clearly demonstrated. Low frequency magnetoelastic excitation of flexural vibrations of the samples
by means of modulated microwave electromagnetic field is observed experimentally using a laser
beam deflection technique. The increase in amplitude of vibrations at modulation frequency under
combined FMR and SRT conditions is observed in agreement with the theory. © 2010 American

Institute of Physics. [doi:10.1063/1.3382911]

I. INTRODUCTION

Uniaxial magnetostrictive films with an artificial spin re-
orientation transition (SRT) induced by external magnetic
field are of great practical interest."™ Rare earth intermetallic
compositions like TbCo,/FeCo which are usually under con-
sideration in this matter provide giant magnetostriction, large
values of the electromechanical coupling factor and other
favorable properties.s’6 The magnetoelastic sensitivity of mi-
cromagnetomechanical systems (MMMS) can increase about
two order of value near SRT in magnetostrictive multilayer
nanostructures.”>’ The area in the vicinity of SRT in mag-
nets has a number of dynamic and nonlinear features.* ! In
particular high efficiency of subharmonic excitation of elas-
tic vibrations was observed in MMMS near SRT.' Strong
magnetoelectric effect was also obtained near SRT in a com-
posite TbCo,/FeCo/PzT and TbCo,/FeCo/AIN
multilayers. 1315

Magnetoelastic demodulation of electromagnetic waves
can also become efficient in giant magnetostriction nano-
structures near SRT. This phenomenon is of interest for high
frequency control of MMMS. For microwave demodulation
one can expect the most preferable conditions when SRT is
combined with ferromagnetic resonance (FMR) in a magne-
tostrictive film.

In the present paper we study FMR and magnetoelastic
demodulation in the uniaxial TbCo,/FeCo nanostructure de-
posited on Si cantilever. The results are compared with the
ones obtained on Laj;Sryj3MnO, thin film grown on
NdGaO; substrate. The latter rare earth manganitestrontium
perovskite thin film was chosen for its low high frequency
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(HF) absorption and its significant magnetostriction coeffi-
cient at room temperature.m’17 In both cases the technology
provides uniaxial in plane magnetic anisotropy and clearly
expressed SRT."®! Creation of SRT in giant magnetostric-
tion TbCo,/FeCo exchange coupled nanostructures was
achieved technologically by means of rf deposition under a
steady state external magnetic field, while creation of SRT in
the Laj;SrpsMnO, perovskite films was achieved techno-
logically by means of lattice mismatch of the film and the
substrate.

The results of measurements of FMR lines and magnetic
field dependencies of amplitudes of low frequency (LF)
magnetoelastic vibrations in the samples under consideration
are compared with calculations.

Il. EXPERIMENTAL RESULTS

Experimentally observed excitation of LF elastic vibra-
tions of the cantilevers due to magnetoelastic demodulation
of microwave electromagnetic field at FMR frequency is pre-
sented in this part. The scheme of the experimental setup is
shown in Fig. 1. A high frequency sinusoidal signal modu-
lated by LF square signal was used to feed the sample by
means of the microstrip line (ML). The first sample was
made of 25 bilayers of (TbCo,/FeCo) composition, and
thickness 10 nm, deposited by rf sputtering on Si substrate of
20 mmX4 mmX60 wm  dimensions. The  second
Lay 7Sry3MnO; film, of thickness 200 nm, was deposited by
laser ablation on a (110) NdGaO; substrate of 10 mm
X5 mm X500 wm size. According to Ref. 19, at this crystal
orientation of substrate the perovskite film has an uniaxial
anisotropy with [001] hard axis. The hard axis was perpen-
dicular to the long side of the samples. Both samples were
successively installed in the static bias field H of an electro-

© 2010 American Institute of Physics
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FIG. 1. Description of the experimental setup: (a)—HF excitation and mea-
surement system: RF—radio frequency generator, C—circulator, EM—
electromagnet, ML—microstrip line, E. A.—easy axis, S—sample, D— de-
tector, A—amplifier, DAQ—data acquisition hardware ; (b)—optical system
for the measurement of mechanical deflections: L—Ilaser A=650 nm,
PSD—position sensitive detector).

magnet. Mechanical vibrations of the samples were observed
optically by measurement of the deflection of a laser beam
(A=650 nm) using a position sensitive photodetector (PSD).
Simultaneously, a part of the HF signal was split via the
circulator C to the detector D, amplified by the lock-in am-
plifier and registered by the data acquisition (DAQ) block.

The value of the bias field, which induced SRT, was
equal to 25 Oe for the TbCo,/FeCo nanostructure and 105
Oe for the Laj;Sry3MnOj5 perovskite film. Measured FMR
curves are presented in Fig. 2 (solid lines). One can see that
FMR amplitude is twice higher, when FMR conditions verge
toward SRT [compare Figs. 2(a) and 2(b); Figs. 2(d) and
2(e)] and decreases sharply when FMR is far from SRT
[Figs. 2(c) and 2(f)]. This phenomenon is caused by the in-
crease in the magnetic susceptibility imaginary part.

The results of the optical detection of the flexural vibra-
tions of the cantilever are presented in Fig. 3. One can see
that the amplitude of the vibrations increases when FMR is
excited near SRT. All results were observed at room tempera-
ture, when Lay ;Sr) sMnOj still has ferromagnetic order and a
significant magnetoelastic coupling factor.'®"’

In Figs. 2 and 3, only the frequency range over 800 MHz
is presented. In the lower frequency range the experiment
showed the dramatic decrease in FMR signal and vibration
amplitude down to ten times (for the feeding frequency value
290 MHz) and more.

The attenuation coefficients of the mechanical vibrations
of both samples were also measured. They were obtained by
measurement of the relaxation time for the fundamental flex-
ural mode assuming that the vibration amplitude was decay-
ing exponentially. The obtained attenuation coefficients were
5=0.1 s~ for the TbCo,/FeCo nanostructure, and &
=0.25 s7! for the perovskite film.

lll. THEORY AND DISCUSSION

The theory of LF elastic vibrations of the structure ex-
cited by LF electromagnetic field near SRT was already de-
veloped in Ref. 12. In the present paper, this approach is
extended for LF elastic vibrations excited by modulated HF
electromagnetic field. The mechanism of such a process is
explained by the combined contributions of two nonlineari-
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FIG. 2. Magnetic field dependence of the HF reflection coefficient R ex-
pressed in arbitrary units at different FMR frequencies for Lag;Sry3MnO;
film [(a)—814 MHz, (b)—1183 MHz, (c)—1760 MHz] and for
TbCo,/FeCo nanostructure [(d)—1172 MHz, (e)—2174 MHz, (f)—4918
MHz]: solid line-experiment, dashed line-theory.

ties: the nonlinearity of magnetostriction and the nonlinearity
of magnetization dependence on the value of the alternative
external magnetic field.

The system geometry is presented in Fig. 4. We suppose
that the thin film with magnetization M and thickness d, is
placed on a thick nonmagnetic substrate with thickness d.
The easy axis of the film is along the length of the sample
corresponding to the x-axis and perpendicular to the external
magnetic field H applied along the y-axis. The magnetization
M has the direction defined by the competition between the
external magnetic field and the anisotropy.

Following the classical approachzo’21 one can derive the
nonlinear equations of motion for magnetization and elastic
strains by retaining high-order terms in the free energy.
Overall energy of the sample consists of three parts: elastic
F,, magnetoelastic F,,, and magnetic F,, ones.

F=F,+F, +F,. (1)

We assume that the structure is elastically isotropic.
Thus the elastic part of energy volume density can be written
in the following form:*

—-Cll(u +u U )+C12(uxxu U+ U

+(Cpi - C12)(uxy + Uy 1), (2)

where u;; are components of the strain tensor; C;; and

ij
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FIG. 3. Magnetic field dependence of the amplitude of sample vibrations at
different FMR frequencies for Laj-Sry;MnO; film [(a)—814 MHz, (b)—
1183 MHz, (c)—1760 MHz)] and for TbCo,/FeCo nanostructure [(d)—
1172 MHz, (e)—2174 MHz, (f)—4918 MHz)]: solid line-experiment,
dashed line-theory.

C,—the elastic stiffness constants. In this expression, the
difference between elastic moduli of the substrate and the
film was neglected.

The magnetic part of energy volume density consists of
the Zeeman energy, the anisotropy energy and the energy of
demagnetization field.

.. Hy. - 1one
F, =—(MH) + —2%|(M X #)|* + ~MNM (3)
2M, 2

with: 77—the unit vector that is collinear to the easy axis of
the sample (Fig. 4); H,,—the effective value of anisotropy

field; M—the magnetic moment. N is the demagnetizating
tensor, which is assumed to be the same as for an infinite
plate. Thus it has just only one nonzero element N_ =41

The magnetoelastic energy volume density is defined by
the magnetostrictive term in isotropic model

r4
1
Ay o|éy>’xl{.a.n
 Neutralline . .. IBd .
(1-B)d

FIG. 4. Geometry of the system: e.a.—easy axis, M—magnetization of the
magnetic film, d,, and d—thicknesses of the magnetic film and substrate,
respectively, [ parameter defining the position of the neutral line,
H—external magnetic field.
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Fro=b"X[(M /Mg)* = 1/3Ju, + [(M /M)* = 1/3]u
+[(M/M)* = 1/31u, + 2IM[ M M u,,
+M M u,, +MMu,]l}. 4)

yy

Here b is the magnetoelastic constant.
The magnetization can be subdivided into three parts
such as: static, HF, and LF:

M (1) = MY+ my(t) + pi(1). (5)

Elastic deformations contain static and LF dynamic
parts.

(1) = g+ 8(1). (6)

HF part of elastic strains is assumed to be negligibly
small because of relatively thick substrate and the high value
of HF mechanical absorption in the sample.

To obtain the energy of the flexural vibrations we can
introduce the vertical displacement U=u,. In this case the
dynamic part of the deformations is defined by the second
derivatives of the displacement:e;;=—(z—z0)3*U/ dx;dx;,
where i,/ are equal to 1 or 2, and &,,=—(C1,/Cy)(e, +&y,).
Here z; is the position of the neutral section.

It can be shown®” that Lagrangian of the system after
integration by z may be expressed via kinetic and potential
components of the surface energy density

L= f dS{1/2p5U%(x,y,1) = F3LU(x,y,1)]
S

—FS [M,U(x,y,0)]} (7)

Taking into account presentation (5) one can obtain the
following expressions for elastic and magnetoelastic poten-
tial energy parts related to the LF excitations:

;
F§=1/260%(x.y.1) = %(3/82— 38+ 1)(Cy - C,Z)B<1
Ci\ a2 ( > U )2_@&2_11}
+C,1)(AU) Noxay) "o a2 |’ (8)

2
F (1) = Bdd, b [(?ZU

— A =2MOu (¢
M(z) ) ( xlu‘x( )

. {[mx(t)]z . [mim]g—f}f)

FU

U 0
- > (‘ 2M (1)

Cp\" PU
- (<my<r>>2 - (’”5(’)>c_f> ) - M(M,?Myu)

+ Myp0) + mx(t)my(t)f)] : )

The averaging in Eq. (9) is made over the time period 7,
which is much higher than the period of HF oscillations of
magnetization but much smaller than the period of LF vibra-
tions.
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One can expand overall elastic deformation into normal
vibration modes

Ux,y,10) = 2, Up(x,9)A, (7). (10)

Substituting this expansion in Egs. (7)—(9) one can write
the Lagrangian of a mode n:

L,=1/2M,A2 - 1/2k,A> + F,(1)A,, (11)

where the following notations are used:

y
M, = f dspsU,,
S

g kn:deéfJﬁ, (12)
N

F,(1) = J dSFS (M. U,).
L S

Equation of motion for A, (¢) can be derived from Lagrange’s
differential equation:

d dL, JL,
ot aAn 0A, z?An

+£= (13)

Here we used Rayleigh dissipation function in the form:>

D=68,M,A2.

Hence we can obtain the equation of motion for ampli-
tude A, (1) of a mode “n” in the form of an oscillator equa-
tion:

M,(A,+28,A,+ WA, = F,(1). (14)

Here (), is the resonance frequency of the mode (),
=(k,/M,)".

Following Egs. (12) and (14), one can obtain the Fourier
amplitude of elastic vibrations that is proportional to the LF
magnetization and to the averaged value of the square of the
HF magnetization components.

d, db"? 1 (M .
A(Q) = ——2B L e
Mn\”(Qz - Qn)2 + (25nQ)2 T

=172

Ci
Cn

Here 7,=[dU,/dx*dS, T=2m/(,, and Q) is a frequency di-
visible by ),

Positions of the neutral lines defined by g are different
for the static and dynamic resonance cases.”” In the static
case, the neutral line defined by the parameter B has the
position minimizing the sum of elastic and magnetoelastic
energies: B=2/3. For the dynamic case, the vibration modes
have an antisymmetrical distribution of deformations rela-
tively to the mean section of the cantilever and, therefore:
B=1/2. The explicit form of the function U,(x) is given in
the Appendix A.

It could be derived from Egs. (15) and (B.1) that the
amplitude of elastic vibrations of the fundamental flexural
mode at resonance frequency is equal to

X [mﬁ(z) - m2(7) i ZMOXMX(t)]/M%. (15)

J. Appl. Phys. 107, 093916 (2010)

1 T/2 ) C T
A,(Q,)=02316"T= f d1e™ | m2(t) — m2(n) ==
T -7/2 Cll

+ 2M g e (1) } IM3. (16)

Here I' is a parameter, which is composed of the geo-
metric and acoustic properties of the sample: I'=d,,/ psc,5,,
where cg is the longitudinal sound velocity in the sample and
ps is the surface density of the structure. The Eq. (16) to-
gether with the results of calculations of m,(¢) and u,(¢) are
used to obtain the magnetic field dependence of the vibration
amplitudes presented in Fig. 3.

Calculations of the components of magnetization are car-
ried out using the Landau-Lifshitz equation:

oM i XA ]+ L (17)
—_— = e + — -
It M, ot

where « is the coefficient of magnetic relaxation and ﬁeff is
the effective magnetic field.

H oF (18)
eff 191\2 .

According to presentation (5) of the magnetic moment,
the effective magnetic field is divided in static, LF and HF
components:

Ijlcff: F]S T ng(t) + Es_}_f(f), (19)

where superscripts () and w correspond to LF and HF parts,
respectively. The equilibrium ground state of the magnetic
system is given by the static equation:

[M, x H]=0. (20)

According to Egs. (3), (4), and (18), one can obtain the
components of the static effective field

0
H
R -H+ M
Heyp= M : (21)
H
#M? +47M°

0

In the definition of the value H, that corresponds to the SRT
bias field we took into account the contribution of the static
magnetostrictive strains. Generally the static strain contains
two parts. One of them is created during the preparation of
the films and corresponds to the direction of magnetization
parallel to the easy axis in the nonstressed structure. This
part contributes to the anisotropy field in Eq. (3) with value
H,,=2(b"*)?/M(C;;—C),). It is included in definition of
H, in Eq. (21): Hy=H+H,,,. The second component of the
static strain follows variations in the equilibrium direction of
1\710. These deformations are proportional to the ratio of the
film and the substrate thicknesses (d,,/d) ~ 10C3*% and in-
troduce a negligibly small contribution in H(e)ff.

The HF component of the effective magnetic field can be
deduced from Eq. (17) as



093916-5 Klimov et al.

or(1) = h(2) + SVm(1), (22)

where: SV= &(Hoff) IM.,.
Using Eq. (5), one can describe HF magnetization dy-
namics in a linear approximation of the Landau-Lifshitz Eq.

(17)
Hyy it
e
ar {MO <M0 (D) = o)~ M, a)} (23)

The solution of Eq. (23) is expressed via the magnetic sus-
ceptibility tensor: 7i(r) = ¥(w)h(7). The explicit form of ()
is presented in the Appendix B.

LF dynamics of magnetization is described by the
second-order nonlinear part of the Landau-Lifshitz equation

ag é’,u
yM, ot

— i X 1% (24)

>

>

9 Heyr
ﬁ_ﬁ;:— Y{Mo {ﬁ?#(t)—h( At) =

where « is LF magnetic relaxation coefficient. The LF part
of the effective field (19) is equal to:

hg-f(t) = Sij[.b + Siljmlm~7, (25)

where S"=*(H,,);/ MM,

As it was mentioned above the nonlinear alternative
terms are averaged for the time period = 1/Q)>7>1/w. In
the expression (25) we neglected by elastomagnetic feedback
effect caused by the LF deformations and proportional to the
ratio d,,/d.

Following Egs. (24) and (25) one can obtain the LF part
of the magnetization:

(1) = kg ()R (1) (26)

where:
Kk =— 4®ij(8jmk)(;;11 + SjquVU(X;sz;l
+ XoeXop)/ (7 det 0). (27)

Here: & is the Levi-Civita symbol; x;, and x;, are real and
imaginary components of the HF magnetic susceptibility, re-
spectively; @):A(Q) is the operator of the linear Landau-
Lifshitz equation for LF vibrations, which differs from the
high frequency operator by the LF () instead of HF w (see
Appendix B).

The analyze of the matrix y(w) [see Eq. (B.1)] shows
that the FMR line for uniaxial magnetic film has two maxima
near SRT: one for saturation (H> H,) and another for angu-
lar phases (H<H,) that are caused by " and «;; maximas.
In the case of the TbCo,/FeCo nanostructure only one reso-
nance peak was observed in all the involved frequency range.
That is explained by the strong attenuation of HF spin exci-
tations in rare earth compounds. On contrary, the curves for
the perovskite film have two resonant peaks in most part of
frequency range except the area near SRT where the HF
relaxation increases. The best fitting of calculations with the
experimental data in the case of the perovskite film was ob-
tained for relative HF magnetic attenuation factors equal to
ax=0.605 for 1172 MHz, ag =0.355 for 1172 MHz and for
2174 MHz, which are almost twice lower than for the

J. Appl. Phys. 107, 093916 (2010)

TbCo,/FeCo nanostructure: a,=0.925 for 1172 MHz, ap
=0.575 for 2174 MHz, and a-=0.275 for 4918 MHz. In the
area which is sufficiently far from SRT the relative HF mag-
netic attenuation factors decrease slowly. This fact seems to
be caused by the domain structure that appears in the vicinity
of SRT."

According to the calculations using Egs. (16), (26), and
(B.1), the increase in amplitude of the LF vibrations excited
by the HF electromagnetic field in FMR conditions near SRT
is clear. The behavior of the curves for the vibration ampli-
tude presented in Fig. 3 is similar to the behavior of FMR
curves presented in Fig. 2. One can see that the mechanical
response for the TbCo,/FeCo nanostructure is greater in or-
der of magnitude than for the perovskite film. The compari-
son of the multipliers I" in Eq. (19) gives the ratio:
I smo/ FTbCO FeCo= 1.126. This data, together with the mag-
netostriction _coefficient ratio bLSMO/bTbCo Feco = 0.1, ex-
plain the favorable mechanical response of the TbCo,/FeCo
structure in spite of the higher HF attenuation relative to the
one in the Lag;Sry;MnO, sample.

IV. CONCLUSION

The experimental and theoretical data on FMR and mag-
netoelastic demodulation in the TbCo,/FeCo nanostructure
and La, ;Sr)3sMnO, thin film, deposited on Si and NdGaO;
cantilevers, respectively, show that LF vibrations of the can-
tilever can be amplified when FMR is excited by HF elec-
tromagnetic field near SRT. The experiments have been car-
ried out at high frequencies from below 1 to above 4 GHz.
Rare earth manganitestrontium perovskites demonstrated
clear resonance properties in the majority of the high fre-
quency range. At the same time, it is shown that the
TbCo,/FeCo nanostructure has a much higher mechanical
response in spite of the higher HF attenuation. This is caused
by the fact that the TbCo,/FeCo nanostructure has a high
value of magnetoelastic coupling factor. The results of the
calculations are in good agreement with the experimental
data of measurements of the FMR line and with the data of
the optical detection of elastic vibrations of the magnetostric-
tive cantilever under HF electromagnetic field. The phenom-
enon under consideration can find various applications in the
field of MMMS controlled by a HF electromagnetic field.
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APPENDIX A
According to the elasticity theory22 one dimensional dis-
placement U, (x) in flexural modes is:



093916-6 Klimov et al.

Un(x) = [COS(T]nl) + Ch( ﬂnl)][COS( nnx) - Ch(nnx)]

+[sin(7,1) — sh(m,])|[sin(7,x) - sh(zm,x)].
(A.1)

Here 77,1=\4/Q,3(P/ cgly), I—the length of sample, P—the
sample cross-section, cg= \/(l/p)(C“—Clz)(l+(C12/C11)) is
the longitudinal sound velocity, p is the material density,
I,—moment of inertia along Oy axis.

APPENDIX B

AM) —AyM) - A M)+ Ay M
ApM) —ApM) —ApM) +ApM)
ApM) —ApM) —ApM) +ApM)

o) _

detA

(B.1)

Here A;—an algebraical complement to ij-element of
matrix A:

i(nQ + w)
- as
Y
N i(nQ+ w)
A(nQ + w) = 0 E— a
Y
i(nQ + w)
as) 32
Y
(B.2)
The elements of matrix A are:
(
al3=H+47TM;),,
H
6131=—H+M2—A,
My
. H ) B.3
a23=—M§() _A+4’7T . ( )
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