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MAGNETOELASTIC WAVES
IN FERROMAGNETS IN THE VICINITY
OF LATTICE STRUCTURAL PHASE TRANSITIONS

1. Introduction

The dispersion laws for coupled magnetoelastic waves in ferromagnets with uniazial or cu-
bic symmetry have been calculated. The features of obtained dispersion laws in the vicinity
of spin-reorientation phase transitions are analyzed. The interaction between elastic and spin
waves is shown to depend on the direction of the ferromagnet magnetic moment. The influence
of the magnetoelastic interaction on the dispersion law of quasispin waves in the degenerate
ground state of a uniaxial “easy plane” ferromagnet is studied. The results of calculations show
that the magnetoelastic interaction eliminates the degeneration and leads to the appearance of
a magnetoacoustic gap in the ferromagnet spectrum. The behavior of the spectra of coupled
magnetoelastic waves in the vicinity of lattice phase transitions, namely, in the vicinity of
martensitic phase transformations in materials with the shape memory effect, is analyzed. The
obtained results are used to interpret experimental data obtained for the Ni-Mn-Ga alloy. The
phenomenon of a drastic decrease of the elastic moduli for this alloy, when approaching the
martensitic phase transition point is explained theoretically. It is shown that the inhomoge-
neous magnetostriction is the main factor affecting the elastic characteristics of the material
concerned. A model dissipative function describing the relaxation processes associated with a
damping of coupled magnetoelastic waves in ferromagnets with cubic or uniaxial symmetry is
developed. It takes the symmetry of a ferromagnet into account and describes both the exchange
and relativistic interactions in the crystal.
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is connected with numerous experiments [6-9] that

The magnetoelastic interaction leads to the “cou-
pling” of spin waves, which propagate in magnetically
ordered crystals, with acoustic (elastic) waves. Such
magnetoelastic oscillations have been studied for
many years [1,2], and their phenomenological model
has been developed rather well [3-5]. But nowadays,
the study of the interaction between the magnetic
and elastic subsystems becomes topical again. This
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are performed with magnetically ordered systems, in
which the interaction concerned can be rather large.

The magnetoelastic interaction manifests itself sub-
stantially, when the frequencies of spin and acoustic
waves approach each other. In the case of magnetoa-
coustic resonance, the “repulsion” of the quasispin and
quasiacoustic branches of the wave spectrum takes
place [3,4]. It is also well known that the magnetoe-
lastic interaction increases, as a magnetically ordered
system approaches the spin-reorientation phase tran-
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sitions [4, 10]. This occurs because the energy gap in
the spin wave spectrum decreases in this case. When
the energy gap becomes comparable by magnitude
with the “repulsion” between the quasispin and quasi-
acoustic branches of the spectrum, the magnetoelas-
tic interaction brings about a significant reduction
of the quasiacoustic wave velocity. Such a behav-
ior of magnetically ordered systems in the vicinity
of spin-reorientation phase transitions stimulated ac-
tive studies of coupled magnetoelastic waves at phase
transformations of other types.

Lately, structural phase transitions have been an
object of intensive researches, because of their deci-
sive role in such phenomena as superelasticity and
shape memory effect. Of special interest are the so-
called “martensitic transformations”, structural phase
transitions of the first kind from a high-symmetry
structure to a distorted low-symmetry one, which
take place at low temperatures [6-9]. A giant mag-
netostriction phenomenon was discovered in materi-
als, for which this phase transition is possible. The
phenomenon originates from a drastic decrease of the
elastic energy in the vicinity of martensitic transfor-
mations [11]. Such systems are called “ferromagnetic
alloys with the shape memory effect”. The marten-
sitic transformation in alloys with the shape mem-
ory effect is accompanied by a spontaneous defor-
mation of the crystalline lattice and a considerable
softening (reduction) of the shear elastic modulus
[7, 8,12, 13]. In particular, the Ni-Mn—Ga alloys, in
which a martensitic transformation from the cubic
phase to the tetragonal one takes place, are inten-
sively studied. The most interesting feature of those
materials is a giant (more than 5%) magnetically in-
duced deformation. This deformation is caused by the
transformation in the twin structure of a single crystal
of the alloy under the action of an external magnetic
field [14-16].

The phenomena of magnetostriction growth and
shear elastic modulus softening, which were experi-
mentally revealed in a single crystal of the Ni-Mn—
Ga alloy in the vicinity of the martensitic transfor-
mation temperature, bring us to an idea about the
strong influence of the magnetoelastic interaction on
the spectra of collective vibrations in such materi-
als. However, the specific features of the magnetoelas-
tic interaction in the vicinity of phase transitions of
this type, namely, the phase transitions in the lattice,
were not considered in the classical works [3-5, 10].
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In work [17], we have already calculated the influ-
ence of the interaction concerned on one of the elastic
moduli in the cubic ferromagnet with the shape mem-
ory effect. But the experimental data [6, 8] demon-
strate that the corresponding theoretical calculations
are extremely urgent for other elastic moduli as well,
because they also undergo appreciable variations at
martensitic phase transitions. Hence, the main aim
of this work is to estimate the influence of the mag-
netoelastic interaction for all possible acoustic modes
and for main magnetic phases in ferromagnets with
cubic and uniaxial symmetry.

It is also worth mentioning that a complete descrip-
tion of collective magnetoelastic oscillations cannot
be done making no allowance for their damping. The
theory describing the dissipation of elastic waves is
well developed. It is based on general principles ex-
pounded in the works by Landau [18,19] and Gilbert
[20]. However, our further researches showed that the
indicated classical models describing the damping
of magnetization fluctuations have very significant
shortcomings [21-23|. Therefore, in the present work,
we also focused attention on the development of a
model describing the dissipation of coupled magne-
toelastic waves. We will also present the mechanism
of construction of a general dissipative function for
such oscillations.

2. Coupled Magnetoelastic Waves
in the Ferromagnet with Cubic Symmetry

2.1. Spectra of coupled
magnetoelastic waves in a ferromagnet
with cubic symmetry

Let us consider a ferromagnet with the cubic symme-
try of its lattice in an external magnetic field. When
describing the interaction between spin and elastic
waves, the total energy density for the crystal with
cubic symmetry can be represented in the form

F=F,+F. +F,,.. (2.1)

The first term on the right-hand side of expression
(2.1) corresponds to the magnetic component of the
energy density. In the case of cubic symmetry, it looks
like [3]

a Ou Ou 2 2 2 2 2 2
=5+ K
+ Kopihpyp? — MH, (2.2)
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where « is the constant of the inhomogeneous ex-
change interaction; K; and K, are the magnetic
anisotropy constants of a cubic-symmetry ferromag-
net; M and H are the vectors of magnetization and
external magnetic fields, respectively; p = % is
the normalized magnetization vector, since the con-
stants in expression (2.2) are the energy-dimensional
quantities; and My is the saturation magnetization
value. The energy of demagnetizing fields in Eq. (2.2)
is neglected, because we do not consider a specific
form of the ferromagnetic specimen.

The term F, describing the density of the elastic

deformation energy looks like [24]

3 1
F, = Q(CH + 2012)@6% + EC/(U% + u%) +

+ 2044(1@21 + ug + ug) (2.3)

The quantities Cy1, Cia, Ca4, and C' = (Cy1—
—(C12)/2 are elastic moduli of the second order for
the crystal with cubic symmetry [18]. The variables
uyr = % (Eww + Eyy + Ezz)a Uz = \/§(sz - Ey’l})a
uz = (2E.. — Egp —Eyy), wa = % (Ey: + Ezy), us =
= % (Ezz + E.p), and ug = %(Ery +E,,) are linear
combinations of the strain tensor components. They
are transformed according to the one- (u1), two-
(uz and ug), and three-dimensional (u4, us, and ug)
irreducible representations of the crystal symmetry
group.

Finally, the third term on the right-hand side of ex-
pression (2.1) stands for the density of the interaction
energy between the magnetic and elastic subsystems
241,

Fne = =8ou (13 + py + 12) = 01{V3uz (3 — pry) +
Fug(2u2 — pd — )} -

— O (Uafiypls + Uspafls + Usfhafly), (2.4)

where the constants g, 1, and dy are parameters of
the magnetoelastic interaction.

By minimizing the magnetic component of the en-
ergy, it is easy to show that there are three basic
states for the magnetization vector in a cubic ferro-
magnet in the absence of an external magnetic field
(H=0):

e along the
(“phase 17),

¢ along the diagonal of one of the cube faces,
M || (101) (“phase 27),

e along the cube diagonal, M || (111) (“phase 3”).

838

fourth-order axis, M || (001)

All other possible directions of the magnetic mo-
ment are equivalent to one of the indicated above. In
the real experiments devoted to the study of the elas-
tic and magnetic properties of materials [6-9], the di-
rection of the external magnetic field coincides with
one of the indicated directions of the magnetic mo-
ment, and the magnitude of H is sufficiently large
(about 1000 Oe). Therefore, we may assume that the
equilibrium value of M is directed along one of those
directions.

Below, we consider small adiabatic oscillations of
the magnetic moment density p in a ferromagnet
[3]. Accordingly, this parameter can be written in the
form

p(r,t) = po +m(r, t), (2.5)

where m(r,¢) are small fluctuation-induced devia-
tions from the equilibrium value pg, and the magneti-
zation vector in the the equilibrium state has the com-

ponents py = (0,0,1) in “phase 17, pg = (%,(), %)

in “phase 27, and po = (%, %, %) in “phase 3”.
From the condition 0F/0E;; = 0, the equilibrium
values E?k of the strain tensor components can be ob-
tained for each ground state of a cubic ferromagnet
(they will be quoted below). Hence, each strain ten-
sor component can also be written as the sum of a
homogeneous part and a small deviation from it,
Eix = E), + k. (2.6)
The inhomogeneous part of the elastic strain tensor
can be expressed in terms of the particle displacement
vector U, by using the formula [4]

1 /0U; n Uy
Eik = = .
ik 2 6£Uk 8931

In order to find the dispersion laws for coupled
magnetoelastic waves in all ground states of a cubic
ferromagnet, let us use the dynamical equations [3, 4]

for the magnetization vector g (the Landau-Lifshitz
equation),

(2.7)

om
— = Heg, 2.8
5 Y X Hegt (2.8)
and the particle displacement vector U,
.. OF
U=-——, 2.9
p 50 (2.9)
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where Heg = *:s% is an effective magnetic field, v

the gyromagnetic ratio, and p the density.

From Eq. (2.9), it is easy to obtain the dispersion
laws for free acoustic waves, if only the elastic en-
ergy is taken into account [18]|. As follows from the
obtained formulas, the following elastic waves can
propagate in a crystal with cubic symmetry: the first
(s3, = C11/p), second (s, = (C11 + C12 +2Cu4)/2p),
and third (s% = (C11 + 2C12 + 4C44)/3p) longitudi-
nal sound waves, and the first (s, = Cus/p), second
(s2, = C'/p), and third (s2; = (C11 — C12 + Cu4)/3p)
transverse sound waves [18]. In the case of magnetoe-
lastic interaction, these elastic waves cannot be con-
sidered separately. Each of them, under certain con-
ditions, interacts with the fluctuations of the crystal
magnetic moment.

For further calculations, let us expand the total
energy density (2.1) in a power series in small de-
viations m; and g;;. Substituting them into the dy-
namical equations (2.8) and (2.9), we linearize the
latter. If we change in the obtained equations to the
Fourier components of the small deviations m =
= mgexp {i(kr — wt)} and U = Ug exp {i(kr — wt)},
where w is the frequency and k the wave vector of col-
lective waves, with respect to the time ¢ and the co-
ordinates r, Egs. (2.8) and (2.9) bring us to a system
of six equations for the components of the vectors
my and Ujg. The resulting systems of equations for
each ground state of a cubic ferromagnet are given
in Appendix A. By equating the determinant of the
system of dynamical equations to zero, we obtain the
dispersion laws for coupled magnetoelastic waves in
the ground states of a cubic ferromagnet.

Let us consider three directions of the wave vector
of elastic waves. This procedure will allow us to de-
scribe all possible elastic waves that can propagate in
a ferromagnet with cubic symmetry.

Phase 1: H || m || (001)

The equilibrium values of the strain tensor compo-
nents in this ground state look like

1) 20
E), =E), = . — —,
e Yo 3(Ci1 +2C2)  Cii—Chg
do 461
Egz = =+ )
3(Ci1 +2C12)  Ci1—Cha2

0 _ 10 _ 150 _ 0 _ 0 _ g0 __
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The dispersion laws are as follows. If k || (100),

@ — AR — B [w AW -

— 2MEWR ) — 62 {WH =0. (2.10)
If k || (110),

(2 - ) = i) | (@2 = s 2 -

— 2 MEW2 ) — 62 {“’ikzﬂ =0. (2.11)

If k || (111),

(?—s2H?) [(ﬁ—sfgk%<w2—s?3k2><w2—v2M3w;1> -
m 2]€2

- 55{“13";(& — (% + 25%)k? /3)}] =0. (212)

In expressions (2.10)—(2.12), the following notation
was introduced:

- ak?® H
Mg M,

2K, 7262

+ .
MO2 Mg((]ll — 012)

Wm1

(2.13)

Phase 2: H || m || (101)

The equilibrium values of the strain tensor compo-
nents in this ground state look like

do 01
Egr = Egz = + )
3(Ci1 +2C12)  Chi1 —Cha

o 5o o,

Yoo 3(Cii +2C12)  Cii—Cho’

)

0 _ o _ 02 0 _ 0 _ 10 _ 10 _

Emz - Ezz - 8044, Eyz - Ezy - Ezy - Eyr = 0.

The dispersion laws are as follows. If k || (100),
(@ )| (7 R = k)

2/€2
X (w2 — ’72Mgwm2w’m3) — 5%{360%127 X

s 2k2
x (w? — sfle)} — 62 {ws&WO (w? — s%le)H =0.

(2.14)
If k || (110),
(W? = s k*) (WP = s75k%) (W — s7ok7) x
X (w2 — 'yQMgwmgwmg) —
839
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1 21.2 2 2
- 2 ey - i)

p 2
3wmay?k? 5%, + 2s?
—6%{ 12,; (w2—5t22/<;2)(w2—( 2 3 tl)kz) —0.
(2.15)
If k || (111),

(W — 82,H?) [(«ﬂ 2 (WP — k)
24w, 2)2
x (w2 MGwmawm3s)—01 {M

(w2—5523k2)} -
2 Wm?)’YQk?2 2 2 2 3\1.2

In expressions (2.14)—(2.16), the following notations
were introduced:

ak? H K, Ky

Wz = —= + — + —= + +
™ ME T My M2 2M2
3607 52 a.17)
Mg(cll - 012) 8M3644’
b 0K 2Ky
mTMZ T My M2, 4MZCyy

Phase 3: H || m || (111)

The equilibrium values of the strain tensor compo-
nents in this ground state look like

5
E), =E0 =F), = ——— 20—
Tx yy zz 3(Cll+2012)
s
E0, =E%, =E, =E% =E% —E0 = 2.
Tz 2T Yz 2y Ty Yy 12044

The dispersion laws are as follows. If k || (100},
(@2 - ) (02 - SR = )

32wm4’}/2k2
X (w? =y Mgwp,) — 0f {(w2 —shk?)p -

p
21.2
— 52 {W (w? — s%le)H =0. (2.18)
9p
Tf k || (110),

(w? = s5y k%) (w? — si5k?) x

32wy, 2L
xw%wmm&—fM@@»wﬂ‘“”x
0

352, + 535)
2 _ 2.2 2_( 12 i2) .2\0 _
X (w s k) |w —

840

21.2
Wm4"Y k
_6%{ 4 (t"’Q S?QkQ) (("‘2 3

(Sl22 + 23?1) k,2 _
12p

dwmay?k?
- 515Q{W(w2 — s k) (w? — sfgk2)} =0.

3p
(2.19)
If k || (111),
(@ — ) — ) [(aﬂ ) x
2,42 k2
(w2 = M) - {2
2]€2 8w ’}/2k2
_p2]@maT B L 5 5, d2maT B 2.20
2{ 13 192073, (2:20)

In expressions (2.18)—(2.20), the following notation
was introduced:
ok  H
=

4K, 4K, 82
My  3MZ  9MZ ' 4M2Cy,

. (2.21)

Wm4

Thus, expressions (2.10)—(2.20) are the dispersion
laws written in the general form for coupled mag-
netoelastic waves in a ferromagnet with cubic sym-
metry. These dispersion equations have the standard
structure [3, 4]. If the magnetoelastic interaction is
neglected (§; — 0), they become split into classical
dispersion laws for spin waves [3| and elastic waves in
cubic crystals [18].

The dispersion laws (2.10)—(2.20) calculated for
coupled magnetoelastic waves in a ferromagnet with
cubic symmetry allow the influence of the magnetic
subsystem on the elastic properties of a crystal, more
specifically, on the corresponding elastic moduli, to
be estimated. For example, from the dispersion laws
obtained for a cubic ferromagnet, it is easy to see
that the magnetoelastic interaction with the first and
third transverse sounds takes place for all equilibrium
directions of the magnetic moment in the cubic fer-
romagnet, unlike other sound modes. For the illus-
trative purpose, the possibility of the magnetoelastic
interaction depending on the magnetic moment di-
rection in a ferromagnet is indicated in Table 2.1 for
each acoustic mode. It is important to note that the
application of the magnetoelastic energy in the form
(2.4) makes it possible to distinctly identify the part
of this energy (i.e. the constant §;) that is responsi-
ble for the interaction with a definite acoustic mode,
in contrast to the classical expression that was used,
e.g., in work [4]. This circumstance is also convenient
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to be displayed in Table 2.1. Thus, if the magnetoelas-
tic interaction is possible in a certain acoustic mode,
Table 2.1 demonstrates the magnetoelastic constant
characterizing this interaction.

The analysis of the dispersion laws (2.10)—(2.20)
reveals that they do not contain the constant dg. As
a result, the influence of the equilibrium part of
the magnetoelastic energy is not taken into ac-
count. Really, if dynamical phenomena (e.g., the
magnetoelastic resonance) are considered, the influ-
ence of this term cannot be taken into account. A
theoretical model making allowance for the influence
of the equilibrium part of the magnetoelastic energy
was proposed in work [25].

The constant §; characterizes the influence of the
magnetic subsystem on the second transverse sound
and, accordingly, on the elastic modulus C’. From
the obtained dispersion laws, one can easily see that,
as was shown earlier [17], the interaction with this
acoustic mode cannot be described in phase 1. The
constant Jo, in its turn, characterizes the influence of
the magnetic subsystem on the first transverse sound
and the modulus Cyy.

2.2. Magnetoelastic interaction
with the first transverse sound in an alloy
with the shape memory effect

As shown in Table 2.1, the first transverse sound
can be described for two directions of the wave
vector of elastic vibrations: along the fourth-order
axis and along the diagonal of the cube face. So
let us consider below the directions k || (100) and
k || (110). The influence of the magnetic subsystem
on the first transverse sound and, accordingly, on
the elastic modulus Cyy can be described, by analyz-
ing the magnetoacoustic resonance at the frequency
wph = (Cya/p)'/?k. In this case, the dispersion laws
given above transform into the following dispersion
equation, which has a single general form for all di-
rections of the crystal magnetic moment:

(w?

- Wgh)(WQ - ws2w) - 5%5 =0, (222)
where wgy is the frequency of uncoupled spin waves,
and £ the coeflicient of the magnetoelastic interac-
tion. The values of those parameters depend on the
direction of the magnetic moment in a ferromagnet
and the direction of the wave vector of collective

waves. They are quoted in Table 2.2.
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The solution of Eq. (2.22) looks like

1
W= {wgh w2, £ 4602 + (W, — w2,)AY 2}-
(2.23)

The corresponding dispersion curve consists of two
branches: a quasimagnon and quasiphonon ones (see
Fig. 2.1). From Eq. (2.23), one can easily see that,
when the system approaches the magnetoacoustic res-
onance, Wsy — Wph, these are the quantities { and d
that govern the “repulsion” between the quasimagnon
and quasiphonon branches.

Let us evaluate the obtained dispersion law (2.23)
in various cases and use a material with the shape
memory effect as an example (Fig. 2.1). The values of
the constants that enter Eq. (2.23) are taken those for
the Ni-Mn—Ga alloy, because nowadays this alloy is
one of the most interesting representatives of the ma-
terials with the shape memory effect. This alloy un-
dergoes a martensitic phase transformation, namely,
a transition from the cubic phase into the tetragonal
one, in the vicinity of room temperature [26].

While making calculations for the Ni-Mn—Ga al-
loy, the known experimental values of its anisotropy
constants in the cubic phase (austenite) [27], which

Table 2.1. Interaction of acoustic
modes with spin waves in a ferromagnet
with cubic symmetry

Azoustic mode Phase 1: Phase 2: Phase 3:
and wave vector | g vl 001) | H| M| (101) | H M (1)
irection
Si1
k || (100) No interaction 01 01
St1
k || (100) 82 d2 62
St1
k|| (110) ) 32 b2
Si12
k|| (110) No interaction 01,02 01,02
St2
k || (110) No interaction o1 01
S13
k|| (111) P P No interaction
St3
k|| (111) 52 51, 62 01,62
841
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Fig. 2.1. Dispersion laws for magnetoelastic waves in the ground state H || M || (001) for two values of the modulus
(a) and in the ground states H || M || (001) and H || M || (111) for C44 = 40 GPa (b)

Table 2.2. Coefficient of magnetoelastic interaction

with the first transverse sound for various ground states of a cubic ferromagnet

Wi Phase 1: Phase 2: Phase 3:
e vector H | M | {001) H | M| {101) H | M| (111)
Wsw = ’YMOW'ml Wsw = 'YMO (wm2wm3)1 2 Wsw — ’YMOUJmA
2,2 2,2 2,2
k || (100) ¢= wmaz k ¢= wmyé’; k ¢= W'In.éé’; k
12 k2 sy 2k? a2 k2
k| (110) ¢ = wmi®® ¢ = tmpr ks ¢ = emgr

correspond to phase 1, K1 = 2.7 x 10* erg/cm® and
Ky = —6.1 x 10* erg/cm®, as well as the satura-
tion magnetization My = 600 Gs and the density
p =8 g/cmB, were used. The value of the inhomo-
geneous exchange interaction constant can be esti-
mated from the expression o = (kgTcA?My)/us
[3], where Tc = 360 K is the Curie temperature
[27], A = 0.41 x 1078 cm is the distance between
the magnetic atoms [27], up is the Bohr magneton,
and kp the Boltzmann constant. The external mag-
netic field must be sufficiently large to satisfy the
conditions for the ground states to exist (wm; = 0,
where ¢ = 1,2,3,4) and to correspond to the condi-
tions of experimental researches that are usually per-
formed with such materials. Therefore, we selected
H = 1000 Oe. The elastic moduli were also taken in
the austenite case: Cys = 40 GPa and C’ = 14 GPa
[28]. The magnetoelastic interaction constant d, has
not been evaluated till now. Proceeding from the fact
that it must be not less than §; and §; ~ 107 erg/cm3

842

[24], we took dy ~ 10° erg/cm® for the results to be
more illustrative.

The coefficient £ of magnetoelastic interaction be-
tween the spin waves and the first transverse sound
depends on the magnetic moment direction in the
ferromagnet (see Table 2.2 and Fig. 2.1, b). This in-
teraction reveals itself most strongly in the ground
state at H || M || (001). It turns out that the coef-
ficient of magnetoelastic interaction in the ground
states at H || M || (101) and H || M || (111) also de-
pends on the direction of the wave vector of collective
oscillations (Table 2.2).

The collective oscillations of spin waves and the
first transverse sound are described by the dispersion
equation (2.23), which has the same behavior for each
direction of the ferromagnet magnetic moment. From
Eq. (2.23), it follows that if the elastic modulus Cyy
drastically decreases, the magnetoelastic interaction
considerably increases. In Fig. 2.1, a, using the Ni-
Mn—Ga alloy as an example, it is shown that the re-
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duction of the elastic modulus Cy4 by a factor of only
two gives rise to a significant “repulsion” between the
quasimagnon and quasiphonon branches of the dis-
persion curve. Such a behavior of the quasiphonon
mode results in that resonance measurement meth-
ods can give even more underestimated values of the
elastic modulus Cyy.

2.3. Magnetoelastic interaction
with the second transverse sound
in an alloy with the shape memory effect

As was marked above, an inherent property of fer-
romagnetic alloys with the shape memory effect be-
longing to the Ni-Mn—Ga family is the martensitic
transformation accompanied by a spontaneous defor-
mation of the crystal lattice and a pronounced soft-
ening (reduction) of the shear elastic modulus C’
[7, 8, 12, 13|. That is why the acoustic mode char-
acterized by this elastic modulus, s%, = C’/p, is also
called the “soft” mode.

The second transverse sound can be described, if
the wave vector of elastic vibrations is directed along
the diagonal of the cube face. Therefore, let us con-
sider the case k| (110) below. The influence of the
magnetic subsystem on the second transverse sound
and, accordingly, on the elastic modulus C’ can be de-
scribed, by analyzing the magnetoacoustic resonance
at the frequency wpy, = (C'/p)*/?k. In this case, dis-
persion laws (2.20) and (2.23) transform into a disper-
sion equation, which has the following general form
for two directions of the crystal magnetic moment:

(w? — wpn) (@ —wly) — 67 =0, (2.24)
where wgy is the frequency of uncoupled spin waves,
and £ is the coefficient of magnetoelastic interac-
tion. The values of those parameters depend on the
magnetic moment direction in a ferromagnet and are
quoted in Table 2.3.

The solution of Eq. (2.24) is analogous to expres-
sion (2.23) and looks like [17]

1
W = 3l wd ok (4607 + (B — W)Y (2:25)

Proceeding from the available experimental data for
the magnetic anisotropy constants of the Ni-Mn-—
Ga alloy [27], which were quoted above, the equilib-
rium direction of the magnetization vector in a Ni—
Mn—Ga single crystal in the vicinity of the marten-
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sitic transformation temperature is parallel to di-
rection [100]. But, in this case, there is no interac-
tion between the soft mode and magnetic oscilla-
tions. Modern experimental facilities can generate ex-
ternal magnetic fields that are strong enough for the
magnetization vector to be reoriented in their direc-
tion. Therefore, let us consider the case where the
magnetic field is parallel to the crystallographic di-
rection [101]. According to the magnetic energy mini-
mization condition (2.2), the magnetic field stabilizes
the magnetic moment in the direction M ||[101], if
the inequality H > Hy; = 2K;/M, is satisfied. For
the experimental values given above, the value of the
characteristic field H; is about 90 Oe.

Solution (2.25) describes the dispersion of quasi-
acoustic (w_) and quasispin (w_) waves in a crys-
tal [17]. The quasiacoustic mode is gapless, whereas
the quasispin wave spectrum has a gap wg = y(H —
— H))Y2(H+Hy)'/2, where Hy = (K1 +K3/2) /My ~
~ 100 Oe. The both spectra are depicted in Fig. 2.2.
Due to a large discrepancy of the values for the shear
elastic modulus in various Ni-Mn-Ga alloys (the C} ;,
values within an interval of 1-60 GPa were measured
at the temperature of the martensitic transformation
for quasistoichiometric alloys [7, 8,12, 13]), the spec-
tra shown in Fig. 2.2, a were calculated for three dif-
ferent values of the shear elastic modulus. The field
value H = 3300 Oe corresponds to the frequency
(JJ()/27T =9.1 GHz.

Let us consider the case of strong external mag-
netic field (Fig. 2.2, a). Then the magnetoelastic in-
teraction in a crystal with the 60-GPa shear modu-
lus manifests itself in a narrow interval of the wave
vector values, which includes the resonance value
ko ~ 2.4 x 10° cm~!. The magnetoelastic interaction
does not change significantly the dispersion curves of
the acoustic and spin waves far from the resonance. In
a crystal with the 35-GPa shear modulus, the inter-
action between the acoustic and spin waves results in

Table 2.3. Coefficient of magnetoelastic
interaction with the second transverse sound
for various ground states of a cubic ferromagnet

Wi ¢ Phase 2: Phase 3:
ave vector
fave vects M (101 | E M ()
Wsw = 'YMO (W7n2wm3)1/2 Wsw = 'YMOUJm4
2,2 2.2
k ” <110> ¢ = megp'y k ¢ = 24wm;;’y k
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Fig. 2.2. Dispersion laws for coupled magnetoelastic waves calculated for various values of the elastic shear
modulus and an external magnetic field (H ||[101]) (a, b, ¢), and in the cases H ||[001] (thin curves) and H ||[101]
(thick curves) (d). The slope of the thin solid line corresponds to the sound velocity that decreases due to the

magnetoelastic interaction [17]

a strong “repulsion” ! between the quasiacoustic and
quasispin spectral branches. Therefore, it can mani-
fest itself in a wider interval of wave vector values,
Ak ~ 10° em™!. In this Ak-interval, an appreciable
nonlinearity of the quasiacoustic branch of the dis-
persion curve is observed. In a crystal with the 25-
GPa shear modulus, the magnetoelastic interaction
does not change the dispersion law of collective oscil-
lations significantly, because the quasiacoustic branch
passes far from the quasispin one [17]. The shear mod-
uli for the family of Ni-Mn-Ga alloys diminish from
a few tens of gigapascals to about one gigapascal,

w (ko) —
satisfies the equation wsw(ko) =

1 The “repulsion” is formally defined as Aw =
—w_(ko), where ko
= wpn (ko).
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when the alloy temperature approaches the marten-
sitic transformation temperature. Thus, the influence
of the magnetoelastic interaction on the wave spectra
is the most pronounced within a certain temperature
interval located above the martensitic transformation
temperature. In this interval, the value of the shear
elastic modulus is rather close to 35 GPa.

Standard experimental methods allow magnetoe-
lastic resonance oscillations to be observed in vari-
ous frequency intervals and, hence, at various exter-
nal magnetic fields. The reduction of the resonance
field to the value H = 500 Oe results in a displace-
ment of the resonance interval Ak to lower wave
vector values (see Fig. 2.2, b). In this case, a large
“repulsion” between the quasiacoustic and quasispin
branches of the spectrum is appreciable even at very
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low values of the shear modulus (C’ = 5 GPa). Thus,
the lower section of the temperature interval, where
the magnetoelastic interaction of oscillations is sub-
stantial, can reach the martensitic transformation
temperature.

Another manifestation of the magnetoelastic inter-
action is shown in Fig. 2.2, ¢, which illustrates a
strong nonlinearity in the initial section of the quasi-
acoustic dispersion curve. This feature is well observ-
able for crystals with C’ < 5 GPa, if the frequency
gap wo is comparable with the repulsion magnitude
Aw. As was already mentioned above, the change of
the dispersion law for the quasiacoustic mode was re-
vealed long ago in the closest vicinity of spin-orien-
tation phase transitions [29, 30]. As far as we know,
a possibility to observe this effect when approaching
martensitic phase transformations has not been dis-
cussed yet.

Figure 2.2, d is a good illustration of the differ-
ence between the dispersion laws for quasiacoustic
waves associated with the reorientation of an ex-
ternal magnetic field applied to a single-crystalline
specimen of the Ni-Mn—Ga alloy. The bold disper-
sion curves correspond to the field direction H ||[101]
(see also Fig. 2.2, ¢), and the thin curves to the
case H ||[001]. As was shown above, the change of
the magnetic field direction from [101] to [001] (or
[100]) “switches off” the influence of the magnetoe-
lastic interaction on the soft elastic modulus. Conse-
quently, the thin dotted and dot-dashed lines demon-
strate linear dispersion laws calculated in the cases
where “free” sound waves propagate in the crystals
with the shear elastic moduli C’ = 5 and 1.5 GPa, res-
pectively. The latter case is the most interesting one,
because it reveals a possibility of a drastic change
of the dispersion dependence induced by the reori-
entation of an external magnetic field. If the field is
directed along the direction [001], the dispersion law
looks like wpp, = (C/p)'/?k. However, if the field is
parallel to the direction [101], the dispersion law for
the quasiacoustic mode can be expressed as wpn =
= 1k + c3k? + .... The coefficient ¢; is the tan-
gent of the slope angle of the solid line shown in
Fig. 2.2, d. The “effective” shear modulus, which can
be determined from ultrasonic or Dynamic Mechan-
ical Analysis (DMA) experiments, can be expressed
in terms of this coefficient as follows: C°f = pc?. A
careful consideration of the initial section of the dis-
persion curve testifies that the dispersion of a quasi-
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acoustic wave with a wavelength of about 1 cm is
practically linear and is characterized by the effec-
tive modulus C*f ~ 70 MPa. Such a value calculated
for the effective modulus is evidently too small to
be measured experimentally. Moreover, under real ex-
perimental conditions, the mixing of waves of various
types cannot be avoided completely. Nevertheless, the
obtained calculation results can explain abnormally
low experimental values of the elastic moduli reported
for the Ni-Mn-Ga alloys in works [7,8,12].

If the magnetic field vector is parallel to the direc-
tion [101], a strong influence of the magnetoelastic
interaction on the soft elastic mode can be observed
even at the magnetic field H = 500 Oe. To illustrate
this statement, let us consider the interesting case of
an abnormally soft shear modulus that varies from
5 to 0.5 GPa when the temperature approaches the
martensitic transition region.

If the shear modulus exceeds 4 GPa, the disper-
sion curves of the free acoustic and spin waves twice
intersect each other (see Fig. 2.3, a). In this case,
the repulsion between the dispersion curves of quasi-
acoustic and quasispin waves is well pronounced in a
wide wave vector interval Ak ~ 3 x 10° cm~!. If the
shear modulus equals 4 GPa, the dispersion curves
of the free acoustic and spin waves touch each other
at a certain point, but the dispersion curves still re-
pulse each other (see Fig. 2.3, b). The reduction of the
shear modulus to 1.5 GPa gives rise to a significant
approaching of the quasispin and purely spin disper-
sion curves. The dispersion law for the quasiacoustic
wave is practically linear, but the speed of quasiacous-
tic wave is lower than that of the free acoustic wave
(see Fig. 2.3, ¢). The shear elastic modulus is propor-
tional to the square of the sound speed. Therefore,
even a minor reduction in the sound speed brings
about a significant difference between the real and
effective shear moduli: C*/C’ ~ 0.75. Furthermore,
the softening of the shear elastic modulus leads to
a further reduction of the quasiacoustic wave veloc-
ity (see Fig. 2.3, d) and the restoration of the shear
elastic modulus nonlinearity.

The theoretical analysis of the spectra of coupled
waves in ferromagnetic alloys with the shape memory
effect testifies that there can be an abnormally strong
coupling of spin waves with the soft elastic vibration
mode, when approaching the martensitic transforma-
tion temperature. The main effect obtained owing to
this analysis consists in a substantial reduction of the

845



V.G. Bar’yakhtar, A.G. Danilevich

0 T T T T
0 1 2 3 4 5
k (10° cm™)
a
2.5
2.0
N )
I 1.54
e
& 1.0-
S
0.5 H = 500 Oe
C'=1.5GPa
0.0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5
k (10° cm™)
c

C'=4GPa
0 T T T T
0 1 2 3 4 5
k (10° cm™)
b
2.5
H = 500 Oe
2.0 C'=0.5GPa
N
T 1.5
e
& 1.0-
3 e
0.5 e
0.0 === ; ; .
0.0 0.5 1.0 15 2.0 25
k (10°cm™)
d

Fig. 2.3. Comparison of the dispersion curves for coupled magnetoelastic waves (solid curves) with the dis-
persion curves obtained for free spin and acoustic waves (dashed curves). The solid curves correspond to the
magnetic field direction H |[[101], and the dashed curves to H ||[001]
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Fig. 2.4. Relative orientation of the prism-like specimen and
the wave and polarization vectors of the acoustic wave that is
suitable for the experimental observation of the magnetoelastic
interaction effects in the external magnetic fields H ||[101] and
H | 001]
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second transverse sound speed s;2 and the shear elas-
tic modulus in the single-crystalline Ni-Mn—-Ga. The
reduction can be observed experimentally, by chang-
ing the direction of the external magnetic field from
[001] to [101].

The orientation of a single crystal that is suit-
able for the observation of this effect is shown in
Fig. 2.4. The directions of the wave vector, the mag-
netic field, and the polarization vector are also shown
in the figure for illustration. The specimen has to be a
strongly elongated prism, with its long side being ori-
ented along the crystallographic direction [110]. If the
magnetic field is directed along the crystallographic
direction [101], the quasiacoustic wave frequency is
determined by the values of the effective modulus C*ff
and the specimen length. The value of the effective
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modulus is close to that of the shear elastic modu-
lus, if the latter equals 5 GPa (see Fig. 2.2, d). If the
shear modulus values areclose to 1.5 GPa or lower, the
effective modulus can reach values of 100 MPa (see
Figs. 2.2, d and 2.3, d). A typical length of experimen-
tal specimens is about 1 cm. Therefore, the resonance
frequency is about 10° Hz, if C°f ~ C’ = 5 GPa, and
close to 10* Hz, if C° ~ 100 MPa.

It is worth noting that if the magnetic field is ap-
plied in the direction [101] and the magnitude of the
resonance field does not exceed 500 Oe, the phonon-
magnon coupling manifests itself in a wide interval
of wave vector magnitudes. In this case, the magne-
toelastic interaction can considerably affect the ther-
modynamic properties of ferromagnetic alloys of the
Ni-Mn—-Ga family.

3. Coupled Magnetoelastic Waves
in a Ferromagnet with Uniaxial Symmetry

3.1. Magnetoelastic gap
in a uniazrial ferromagnet
as a manifestation of the Higgs effect

In various physical domains, there are examples of
systems that demonstrate the spontaneous violation
of their symmetry. These are systems, whose energy
is characterized by a certain symmetry, whereas the
real physical state of the system, which corresponds
to a partial solution of the equation of motion, is
not characterized by this symmetry. Such a situation
takes place, when the energy minimum of the system
corresponds to a number of states with a continuous
degeneracy parameter. The symmetry can be violated
owing to an arbitrarily small perturbation of a special
type [31,32].

Currently, it is well known that there is a magne-
toelastic gap in the spin-wave spectra of magnetically
ordered materials owing to the interaction between
the spin and acoustic waves. In work [10], a hypothe-
sis was put forward that the appearance of the mag-
netoelastic gap is associated with the violation of the
magnetic Hamiltonian symmetry, if the magnetoelas-
tic interaction is made allowance for. However, spe-
cific calculations of this phenomenon were not carried
out. Earlier, such an effect was discovered by Higgs
in the quantum field theory [31].

Using the uniaxial ferromagnet as an example, let
us consider comprehensively the appearance of a mag-
netoelastic gap in the spectrum of spin waves, which
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occurs owing to the spontaneous symmetry violation
in the spin system. We recall how the mass of Higgs
bosons arises. In the framework of a simplified model
[31], the spontaneous violation of system’s symme-
try is achieved due to the transition from the poten-
tial energy written in the form m2¢?/2 to a potential
energy that is an even function with two symmet-
ric minima. Here are speculations concerning a mul-
ticomponent field that is described by the field func-
tion ¢ (1, P2, ..., prn) and has the following important
property: its potential energy contains only terms
with even power exponents of ¢. The corresponding
system has a continuous rotational symmetry, which
does not change the value of 2.

In order to obtain a spontaneous symmetry viola-
tion, the potential energy has to be taken in the form

2 2
Vie) = 1 (60) + 2 (69

where ¢ = 3" ¢2. The potential energy minimum
is attained at

12

¢b =06 = 15

This is an equation with n variables. Without los-
ing the generality, let us choose the solution of this
equation in the form

¢0 = ((po,O,...,O), (33)
where oo = p/h. Now we should shift the field func-
tion ¢ by the constant vector ¢ that satisfies condi-
tion (3.3):

¢(x) = ¢o + u(z).

Then we obtain the following expression for the po-
tential energy:

(3.1)

(3.2)

(3.4)

2
V(o + u(@)) = Vo + 2 + phus (uw) + = (ww)?.

4
(3.5)

In this expression, the quadratic term of only the
component u; is contained. Hence, owing to the
symmetry violation, which is expressed by displace-
ment (3.4), the component u; acquires the free mass
my = pyv/2, whereas the other components are mass-
less. It is obvious that the symmetry of this solu-
tion cannot be classified as the rotational symme-
try in the n-dimensional space of the field function

d)(SOl? P25 +ens @n)
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If the consideration is carried out in the quantum-
mechanical framework, a displacement by a constant
value breaks the commutation relation for Fermi par-
ticles and does not break it for Bose particles. In
other words, the mechanism of mass appearance at
the spontaneous symmetry violation takes place only
for bosons. The Higgs effect consists in that only one
kind of Bose particles acquires a mass [31]. The mass-
less particles are called Goldstone particles.

This situation is realized in magnets with uniaxial
symmetry, where the ground states with the magnetic
moment directed not along the easy axis are degener-
ate (3,32, 33]. Magnetoelastic interactions in a uniax-
ial ferromagnet were taken into consideration rather
long ago and under various conditions [3, 34]. Howe-
ver, only the “easy-axis” ground state was considered,
which is not degenerate.

Let us analyze how the magnetoelastic interaction
affects the spectrum of spin waves in the case of the
“easy-plane” degenerate state. The energy of a uniax-
ial ferromagnet in the absence of an external magnetic
field can be written as follows [3]:
adp op 1

=

T 20x; 01, 2 (3.6)

K1N3 - %KQM;L?
where « is the inhomogeneous exchange interaction
constant, K7 and K> are the uniaxial anisotropy con-
stants, u = M/M, is the normalized magnetization
vector, and My is the saturation magnetization. Here,
the constants have the energy dimensionality.

In order to obtain the dispersion law for spin
waves in a ferromagnet, the equation of motion for
a magnetic moment, the Landau—Lifshitz equation
(2.8) [19], has to be used. By applying the standard
method [3, 33] to Eq. (2.8), the spin wave frequen-
cies for the ground states of a uniaxial ferromagnet
can be obtained. We are interested in the “easy-plane”
ground state, when the magnetization lies in the basis
plane (e.g., M || (100)), and the stability condition for
this state looks like K7 < 0. This state is degenerate
with a continuous degeneracy parameter correspond-
ing to rotations in the basis plane. The dispersion law
in this case has the form
ak? K 1> ak?

2 2 2
e ()
Mg

T b (3.7)

where w and k are the frequency and the wave vector
of a spin wave, respectively. This spin wave is a Gold-
stone boson, because the magnon energy vanishes at
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k = 0. The symmetry of this ground state for a def-
inite value of the magnetization in the basis plane
is evidently lower than the symmetry of the initial
Hamiltonian.

The degeneration is eliminated, if the external mag-
netic field oriented in the basis plane (e.g., H ||(100))
is taken into consideration [32]:

9 o o (ak? K H\ (ak* H
=M |— — -+ == +—]. B
w® =~y"M; (Mg Mz + YANYE + M (3.8)

The inclusion of the magnetic field violates the sym-
metry of the Hamiltonian. The latter is no more in-
variant with respect to rotations around the symme-
try axis [energy (3.6) should be summed up with the
term —H, M,|. More interesting is the consideration
of the case where the perturbation does not change
the Hamiltonian symmetry. The magnetoelastic in-
teraction in the crystal is just a perturbation of this
kind [32].

When taking the magnetoelastic interaction into
account, it is convenient again to write the total en-
ergy of a ferromagnet in the form (2.1), where the first
term is the magnetic energy of the crystal, which is
determined by expression (3.6), and the second term
is the elastic energy that looks like [18]

1 1
F, = 5011(Em +Eyy)? + 50331«332 +
+ 013<Ea:w + Eyy)Ezz +
1
+2044(Epz +Ey,)2 + 5066(Efm +E2, +2E2), (3.9)

where E;; are the strain tensor components, and Cjj
the elastic moduli of the second order for the uniax-
ial crystal. The third component describes the inter-
action between the magnetic and elastic subsystems
[34, 35]:

1
Fine = §B11(N§ + MZ)(E.L.L + Eyy) +

1 1
+ §B13N§ (Ezo + Eyy) + 5331@3 + N;)Ezz +

1 1
+ §B33N§Ezz + 5344(/LxﬂzEacz + NyﬂzEyz) +

1
+ §B66(ﬂ,v2ﬁEzm + Ngz;Eyy + 2o piyEay), (3.10)

where Bj;; are the magnetoelastic interaction con-
stants in the uniaxial symmetry case.
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We emphasize that, in this case, the total en-
ergy (2.1) remains invariant with respect to rota-
tions around the symmetry axis. When calculating
the spectra of coupled oscillations, two equations of
motion have to be taken into consideration. These are
the Landau-Lifshitz equation (2.8) and the dynami-
cal equation for the displacement vector (2.9) [3,18].
In effect, we change from mere spin and mere elastic
waves to coupled magnetoelastic oscillations [32]. Let
us consider the degenerate “easy-plane” ground state
and elucidate how the frequency of spin waves varies,
if the magnetoelastic interaction is taken into ac-
count. In the indicated ground state, there are non-
zero equilibrium values of the strain tensor compo-
nents. These values can be easily obtained from the
condition 0F/0E;; = 0. As a result, we have

_ Bes  2B31C13 — C33(2B11 + Bes)

4C¢6 4(20123 — C33(2C11 + Ces)) ’
B _ Bess  2B31C13 — C33(2B11 + Bes)

W= 1Cs 4207 — Cs(2C11 + Ceg))
B _ Bs1(2C11 + Cgs) — C13(2B11 + Bes)

h 2(20123 — 033(2011 + 066))

0o _
sz_

(3.11)

Similarly to what was done when considering the
spectrum of mere spin waves (3.7) — i.e. small oscil-
lations of the magnetic moment (2.5) are considered,
where M(r,t) are small deviations from the equilib-
rium value po = (0,0,1) — the strain tensor com-
ponents can also be written as the sums of equilib-
rium values and small deviations from them (2.6),
where EY are defined by expressions (3.11), and &,
are small deviations, which can be expressed in terms
of the displacement vector U by formula (2.7) [18].

Let us expand the energy density of a uniaxial fer-
romagnet in a power series in small deviations m; and
€ir and take into account that, in this ground state,
the component m, ~ —(m2 +m2)/2 is of the second
order of smallness. Then, considering the terms up to
the second order of smallness with respect to small
deviations, we obtain

1
Fre2 = B66emymy + §B44ezzmza (312)
Bes o 1 2
Fra = 4066my - i(Kme + Kl)mz7 (313)

where the notation K,,. = (B11 — B3 + Bes)ES, +
+(Bll — BlS)Egy + (Bgl — ng)Egz was introdu-
ced. We also omitted the equilibrium energy of the
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zeroth order of smallness, because it does not con-
tribute to the dynamical equations. Expression (3.9)
for the elastic energy remains the same with an accu-
racy of substituting E;x by ;.

From expression (3.13), one can see that a magne-
toelastic gap must appear, because the coeflicient be-
fore m,, is not zero. It is important to mark that this
gap arises exclusively owing to the magnetoelastic
interaction. The coefficient before m, demonstrates
that the anisotropy constant is also renormalized.

By substituting the expansion of the total energy
into the dynamical equations (2.8) and (2.9) and by
changing to the Fourier components of the small de-
viations M = Myexp {i(kr —wt)} and U = Uy x
x exp {i(kr — wt)} with respect to the time ¢ and the
coordinates r, we can obtain the dispersion laws for
coupled magnetoelastic oscillations [3, 33]. However,
we are interested now in modifications of the spec-
trum of quasispin waves.

Omitting standard intermediate calculations, we
present the following results for the frequencies of
quasispin waves in the examined ground state (they
can be obtained from the dispersion law for coupled
magnetoelastic oscillations [32]):

K K [ak?
2 2pp2 (S8 2L Bme) (QF
were\ar T T )\

B
2M02066 ’
(3.14)

From expression (3.14), it is easy to see that, at k = 0,
the spin wave frequency is different from zero [32]:

2 _ 2 Kl Kme Bg(j
CET\TMEZ T M2 ) 2Ces
0 0 66

(3.15)

This is the very magnetoelastic gap that appears in
the “easy-plane” ground state of a uniaxial ferromag-
net, if the magnetoelastic interaction is taken into
account.

From the obtained results, it follows that if the
magnetoelastic interaction is taken into account, the
degeneration of the initially degenerate “easy-plane”
ground state of a uniaxial ferromagnet becomes elimi-
nated, and massless magnons (Goldstone bosons) dis-
appear. In other words, the magnetoelastic interac-
tion “transforms” the Goldstone mode into the Higgs
boson. It is also important to mark that the appear-
ance of a magnetoelastic gap does not depend on the
direction of the wave vector of an elastic wave.
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Expression (3.14) testifies that the magnetoelastic
interaction eliminates the ground state degeneration
even in the isotropic magnet (K; = 0), which is in full
agreement with general principles expounded in work
[10]. Thus, the magnetoelastic interaction results in
the appearance of a ground state, whose symmetry is
lower than the symmetry of Hamiltonian [32].

3.2. Spectra of coupled magnetoelastic
waves in a uniaxial ferromagnet

From the minimization condition (3.6) for the mag-
netic component of the energy, it is easy to show that,
in a uniaxial ferromagnet in the absence of an exter-
nal magnetic field (H = 0), there are three ground
states for the magnetization vector [33]:

¢ along the easy magnetization axis: M || (001);
this is the “easy axis” phase; its existence condition is
K1+ Ky > 0;

¢ in the basis plane: e.g., M || (100); this is the
“easy-plane” phase; its existence condition is K; < 0;

e at the angle # with respect to the easy magne-
tization axis, which is determined by the expression
cos?f = —%; this is the “angular” phase; its exis-
tence conditions are Ko < 0 and 0 < Ky < —Ko.

In real experiments dealing with the elastic and
magnetic properties of materials, the external mag-
netic field H is usually directed along the direction
(001) or (100). Therefore, we will consider the corre-
sponding “easy-axis” and “easy-plane” ground states.

In order to determine the dispersion laws for cou-
pled magnetoelastic waves, let us use the dynamical
equations for the magnetization vector p [Eq. (2.8)]
and the particle displacement vector U [Eq. (2.9)].
For further calculations, we expand the total energy
density (2.1) in a series in small deviations m; and
€ik, substitute them into the dynamical equations
(2.8) and (2.9), and linearize the latter. In the ob-
tained equations, we change to the Fourier compo-
nents of small deviations M = My exp {i(kr — wt)}
and U = Upexp {i(kr —wt)}, where w is the fre-
quency, and k the wave vector of collective waves,
with respect to the time ¢ and the coordinates r. Then
Egs. (2.8) and (2.9), bring us to a system of six
equations for the components of the vectors Mg and
Ujy. The obtained systems of equations are given
in Appendix B for each ground state of a uniaxial
ferromagnet.

From the condition that the determinant of the
system of dynamical equations equals zero, we ob-
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tain the dispersion laws for coupled magnetoelastic
waves in the ground states of a cubic ferromagnet. Let
us consider a few directions for the wave vector of
elastic waves, which are used in experimental stud-
ies of acoustic waves in ferromagnets with uniaxial
Symmetry.

Phase “easy-axis™ H || M || (001)
The equilibrium values of the strain tensor compo-
nents in this ground state look like
Bi13C33 — B33C13
2(20123 - 033(2011 -+ 066))7

0 _ 0 __

(3.16)
—B13C13 — B33(2C11 + Cg)

2(20123 — 033(2011 + CGG)) '

0 _
Ezz*

The dispersion laws are as follows. If k|| (100) or
k|| (010,

(s ot o) (o G (o Con)
p 2p p
21.2
WYk
X (w? =~*Miuwr, ) — Biy {1'6/)}] =0. (3.17)

If k|| (001),

(w2 B C;iiik2> [wz (wz _ 20p44 kz) (wz_szoz%zn”) _

21.2
Win||Vk Cus
_B? {' <w2 _ kQ)H —0.
14 8p P

If k|| (110)

(s g )= S (- 252)
p 2p p

21.2
W |7k
X (@* = 2 M3w?,) — B3, {1'6[)}] =0. (3.19)

(3.18)

If k|| (110)

MQ,M]CQ w2 — %]3 %
p 2p

m 2k.2
X [wz(wz - 72M02W72n|\) - B3, {w 1”67/) }] =0
(3.20)
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In expressions (3.17)—(3.20), the following notation

was introduced:

H o Kpe K K
Mg Mg Mg

ak? n
M My

(3.21)

Wm| =

where

Kpe = (Bi1 — Bz + Bes)EY, +
+ B11 — 313)E2y + (Bs1 — Ba3)EY,.

Phase “easy-plane”: H || M || (100)

The equilibrium values of the strain tensor compo-
nents in this ground state are determined by expres-
sions (3.11).

The dispersion laws are as follows. If k || (100) or
K || (010),

(WQ B (C11 + Css) k2> <w2 B O44/€2> o
p p

2p
21.2
Wm1lY k
—Bgﬁ{ " H =0 (3.22)
If k || (001),
(o.)2 — ngk'2) [w2 (w2 — —2044 k2> X
P P
X (W2 - 72M§wmuwmu) —
22 C
_ B2 Wm2 LR 2 4442 —0. 3.93
44 { 16p w P ( )
If: k|| (110),

(oﬂ C66k2)<w2 C44k2>[(w2 Mk2> %
2p P P

21.2
Wm117°k
« (WQ _ szgwmlemQL) - Bgﬁ {14[;)/}] N 0

(3.24)
If k || (110),

W2 (w2 _ 0661412)[<w2 ~(Cu+ 066)k2) %
2p p

W12 k>
X (w2 — 72M02wmu_wmu) — Bgﬁ {j‘:}] =0.

(3.25)
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In expressions (3.22)—(3.25), the following notations
were introduced:

Wmil = e +
0

ak? n H
MZ My 2MZCes’

(3.26)

Wm2l =

Expressions (3.17)—(3.25) are the dispersion laws
for coupled magnetoelastic waves in a uniaxial fer-
romagnet written in the general form. According to
their structure, these dispersion equations have the
standard form [3,4]. If the magnetoelastic interaction
is neglected (B;rz — 0), they are split into classical
dispersion laws for spin waves [3] and elastic waves in
cubic crystals [18].

The dispersion laws (3.17)—(3.25) calculated for
coupled magnetoelastic waves in a ferromagnet with
uniaxial symmetry make it possible to estimate the
influence of the magnetic subsystem on the elas-
tic properties of the crystal, namely, on the corre-
sponding elastic moduli. From the dispersion laws
(3.17)—(3.25), it follows that the following acoustic
modes interact with spin waves in a uniaxial ferro-
magnet: s = Cy4/p, 53 = 2C44/p, 53 = Cos/2p, and
52 = (C11+Ceg)/p- For illustration, Table 3.1 demon-
strates the possibility of the magnetoelastic interac-

Table 3.1. Interaction of acoustic
modes with spin waves in a ferromagnet
with uniaxial symmetry

Acoustic mode Phase Phase
and wave vector “easy axis”: “easy plane”:
direction H || M| (001) H || M| (100)
51
k || (100) and k || (010) Buyy No interaction
52
k ” <001> B44 B44
52
k || (110) By No interaction
53
k || (100) and k || (010) | No interaction Bgs
S4
k || (110) No interaction Begs
sS4
k || (110) No interaction Bes
851
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tion for each acoustic mode depending on the mag-
netic moment direction in a uniaxial ferromagnet.

From Table 3.1, it becomes evident that the acous-
tic modes s3 and s4 do not interact with spin waves in
the “easy-axis” ground state, and the acoustic mode
s1 in the “easy-plane” ground state. The magnetoe-
lastic interaction between acoustic and spin waves is
characterized exclusively by the constants Byy (the
acoustic modes s; and s3) and Bgg (the acoustic
modes s3 and s4). The other magnetoelastic con-
stants are responsible only for the formation of a mag-
netoelastic gap in the spectrum of coupled oscillations
[see expressions (3.21) and (3.26)].

4. Damping of Magnetoelastic
Waves in Ferromagnets

A general equation describing both the dynamic and
static properties of magnetically ordered media was
first proposed by Landau and Lifshits in work [19].
This paper became one of the most popular works of
those authors. It does not lose its relevance till now,
and the equation proposed in this work is deservedly
referred to in the literature as the Landau-Lifshits
equation.

A fundamental result of work [19] consists in the
derivation of the quasiequilibrium thermodynamic
potential for a ferromagnet at low temperatures. This
procedure is based on the consideration of a crys-
tal symmetry and the classification of interactions in
ferromagnets into two classes: weak relativistic and
strong exchange interactions. Another, not less fun-
damental, result consists in the introduction of the
effective magnetic field as a variational derivative of
the ferromagnet thermodynamic potential with re-
spect to the magnetization. At that time, the models
that were widely used for the description of a spin
wave dissipation did not correspond to those basic
phenomenological principles. A term that is respon-
sible for the magnetization relaxation in the Landau—
Lifshits equation was proposed by Landau proceed-
ing from general physical ideas concerning dissipative
processes [19]. Later Gilbert constructed a dissipative
function for the ferromagnet that corresponds to the
Landau—Lifshits relaxation and proposed a formula
for the relaxation term written in terms of the mag-
netization derivative with respect to time [20].

Landau and Lifshits in their work and Gilbert in his
one used the model of a ferromagnet with a constant,
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by absolute value, magnetization. In other words, the
longitudinal susceptibility of a ferromagnet was con-
sidered to equal zero (i.e. it was not taken into ac-
count). Irrespective of the vector equation of motion,
the Landau-Lifshits—Gilbert relaxation term is char-
acterized by a single relaxation constant, which cor-
responds to an isotropic medium. A consideration of
the expression for the relaxation term in the frame-
work of models [19,20] demonstrates that it does not
make allowance for the symmetry of a magnetic ma-
terial, which results in plenty of physical contradic-
tions. It is also important that the relaxation term
in the Landau-Lifshits or Gilbert form is associated
with the spin-spin and spin-orbit interactions. This
circumstance, in turn, does not allow dissipative pro-
cesses that are connected with the exchange inter-
action in crystals and are important in many cases
[21-23] to be taken into account.

In the next decades, the theory of magnetism by
Landau has been widely developed further. However,
in many cases [36-38], the application of classical
models proposed in the works by Landau and Lif-
shits turned out insufficient for the description of a
number of phenomena. The corresponding researches
showed that the Landau theory had to be improved,
especially if dissipative processes in magnetically or-
dered structures are dealt with.

When constructing a dissipative function that de-
scribes the damping of collective magnetoacoustic
waves, let us proceed from the expression for the to-
tal energy of a ferromagnet. In the case concerned,
the latter should consist of the magnetic, elastic, and
magnetoelastic components:
F=F,+F.+ Fpe- (4.1)
In the case of uniaxial symmetry, the magnetic com-
ponent of the ferromagnet energy has the form

po_aopop  (w-1)
™2 gy Oy 8x

— %Klui - %Kzﬂi — MH. (4.2)
This expression differs from expression (3.6) by the
presence of a term that makes allowance for the
homogeneous exchange interaction. The latter can
insert a significant contribution, when considering
the dissipative processes with exchange interaction.
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Accordingly, for a ferromagnet with cubic symmetry,
we have

po_aomop (w1
™9 Oy Oy, 8x

+

+ Ky (3 + pip? + pop?) + KopZps 2 — MH.
(4.3)

The elastic energy of a uniaxial crystal can be written
in the form [18]

1 1
Fe= icll(Emz + Eyy)2+§CBSE§z+ 013(Ezz+ Eyy) x

1
X Ezz + 2044(sz + E’qz)2+§c66(Ei$ + Eiy + QEiu),
(4.4)
where E;, are the strain tensor components, and Cjj
the elastic moduli of the second order for a uniax-

ial crystal. In the case of cubic symmetry, the elastic
energy reads

1
F. = iOll(Eix +E}, + E2,) + Cra(ExoEyy +
+Ewazz + EnyZZ) + 2044(E§y + Eiz + EZz)7 (45)

It can also be written in form (2.3), as was proposed
in works [23, 24].

The last term on the right-hand side of expression
(4.1) describes the interaction between the magnetic
and elastic subsystems. In the case of uniaxial sym-
metry, it looks like [34, 35]

1
Fine = 5311(/13; + :U'i)(Emm + Eyy) +

1 1
+ 5313#3 (Erz + Eyy) + 5331 (Ngzc + /’LZ)EZZ +

1 1
+ 5833,U§Ezz + §B44(Nac,qu:cz + Ny,quyz) +

1
+ 5366(NiEwm + M_?,Eyy + 2MwﬂyEwy)a (4-6)

where B;, are the corresponding constants of the
magnetoelastic interaction. For a cubic crystal, the
magnetoelastic energy can be written in the form [4]
Fre = B (,U/iEmz + MiEyy + M?Ezz) +

or expression (2.4), which is more convenient in some
cases, can be used.
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In works [21, 22], a method was proposed that al-
lows one to obtain a dissipative function for a fer-
romagnet proceeding from the crystal symmetry and
the conservation laws for the magnetization of a crys-
tal. It should be noted that the construction of a dis-
sipative function for a ferromagnet is based on the
phenomenological principles that were expounded in
the works by Landau and Lifshits. According to those
principles, the dissipative function is constructed, fol-
lowing the same rules as when constructing a qua-
siequilibrium thermodynamic potential, and it must
include terms of the same origin as the total crystal
energy does [18, 35]. Therefore, it is quite reasonable
to represent the dissipative function density similarly
to expression (4.1), i.e. as a sum of three terms,

q = Gm t+ Ge + Gme, (48)

which describe the relaxation processes of the magne-
tic, elastic, and magnetoelastic origins, respectively.

Following works [21, 22, 33|, the magnetic compo-
nent of the dissipative function can be expressed in
the form

1 1., (OHCTY
o = — T Heﬁ 2 Heff 2 Z )\
q 211((m)+(y))+2 6551' ’
(4.9)
for a uniaxial ferromagnet, and
1
G = 5 (ST 4 (HGT)? o+ (HE)?) +
1., (OHCTY
iy ( i ) , (4.10)
K3

for a cubic crystal.

The elastic component of the dissipative function
has to depend on the strain tensor derivatives with
respect to the time and to be quadratic [18]. Thus,
the most general form of this component looks like

_L,.. 0E;0E,
o= 3% o ot

The fourth-rank tensor Aj; ., is called the viscosity
tensor, and its components are determined by the
crystal symmetry, similarly to the elastic constant
tensor that enters the elastic energy [18]. For a fer-

romagnet with uniaxial symmetry, we have

(4.11)

1., (0B,  0E,\ 1. (0E..\
q6_2/\“<at * 6t>+2)\33 o )t
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. (0E,. OB, 0E..
+)\13<8t * 8t> ot

. (0E,. 0E,.\
+2>\44<6t + 8§’>+

OB\ ~ (OE,,\ OB\
(at)+<at)”<at) ‘

For a ferromagnet with cubic symmetry,

_ Ly ((0Eu 2+ OE,, 2+ OE..\ N
fe =351 {\ 7o ot ot

o (0Ey; O0E,, OE.,0E., OE,, 0F.,
+/\12<at T TR TN T

. ((0E.,\ (0E,.\" (0E,.\
+2)5, (( ot ) +< 5t ) +< 5 > . (413)

The magnetoelastic component of the dissipative
function is constructed by analogy with the corre-
sponding component of the total energy of a fer-
romagnet. Again, proceeding from expressions (4.9),
(4.10), and (4.11), this component has to include the
strain tensor derivatives with respect to the time and
the effective magnetic field components. It is known
that the dissipative function must be invariant with
respect to the transformations of the crystal symme-
try group. Hence, the magnetoelastic component of
the dissipative function should be constructed as a
quadratic form composed from the invariants consist-
ing of the strain tensor derivatives with respect to the
time and the gradients of the effective magnetic field,

| OH;"
Oxs |

For a ferromagnet with uniaxial symmetry, it looks
like

e (PBen 0B\ (0HST 0T
me =51 | Ty at )\ o By

1
+ 5 (4.12)

(4.14)

1 OE;; (oH"
271sP Ot

me
Gme = )
Lp

+1 \me OE;s +3Eyy OHST "
2713\ ot ot 9z

+ Lyme OF- oHS™ OHY"\ 1., 0E..0H"
2731 ot ox G} 273 ot 0z

N 1 yme OE,, OHSY  OFE., 0H! N
27\ ot 92 ot 0z
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L 9By OH L OBz OH:® N
at 0z ot 0z

+ 1)\me OBy, OH" OBy 3HZH
2766\ ot Oz at Oy

L OBy OHeT L OBy aH;ff)

ot 0Oy ot Ox (4.15)

Accordingly, for a cubic crystal,

me [ 0Ezz OHST OB, 0HT  OFE., 0HT
Gme = )\1 + — +
ot Oz oty ot 0z

e eff e
Lo (aEw OHS" | OE,, OHT  OE,. 0HS"

ot Ox ot Oz ot 0z
eff aHEff eff
| OB, 0HS" 0B, OH;T | 0B., 0HS ) (416)

ot 0z ot 0z ot Ox

While calculating the damping of coupled mag-
netoacoustic waves, the dynamical equations (2.8)
and (2.9) appended with the corresponding relaxation
terms have to be used:

aa—l\t/l = —vyu X Heg + R, (4.17)
pU = —% + R, (4.18)
where the relaxation terms read [18,21, 22|

R,, = %, (4.19)
R, = (5253:[{)' (4.20)

Changing in Egs. (4.17) and (4.18) to the Fourier
components of the small deviations M = Mj X
x exp{i(kr —wt)} and U = Ugexp {i(kr —wt)},
where w and k are the frequency and wave vector,
respectively, of collective waves, with respect to the
time ¢ and the coordinates r, we arrive at a system of
six equations for the components of the vectors My
and Ug. From the condition for this system of equa-
tions to have a non-trivial solution (the determinant
of the system is equal to zero), we obtain a disper-
sion law for coupled magnetoacoustic oscillations, in
which their damping is taken into account. It should
be noted that if the relaxation processes in the mag-
net are neglected, the obtained result must coincide
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with the dispersion laws (2.16)—(2.20) for a cubic fer-
romagnet and the dispersion laws (3.17)—(3.25) for a
uniaxial one. However, if the magnetoelastic interac-
tion is neglected, we separately obtain the spectra of
spin and acoustic waves.

It should be noted that a more detailed consid-
eration of the problem concerning the relaxation of
coupled magnetoelastic oscillations and the calcula-
tion of corresponding spectra making allowance for
their damping deserves a separate publication, which
is planned by the authors.

5. Conclusions

In this work, the thorough analysis of the main types
of models used to describe the interaction between
the spin and acoustic waves in magnetically ordered
materials has been carried out. The dispersion laws
for coupled magnetoacoustic waves in ferromagnets
with cubic symmetry are calculated. The behavior
of the spectra of coupled magnetoacoustic waves in
the vicinity of lattice phase transitions, namely, in
the vicinity of the martensitic phase transformations
in materials with the shape memory effect, is ana-
lyzed. The elastic moduli decrease in the vicinity of
those phase transitions, which results in a growth of
the magnetoelastic interaction.

It is shown that the interaction (the magnetoelas-
tic interaction coefficient) between acoustic and spin
waves depends on the directions of the oscillation
wave vector and the magnetic moment in a ferromag-
net. The magnetoelastic interaction coefficient can be
strongly changed (it even can vanish), by depending
on the specific parameters. This fact explains the de-
pendence of the elastic moduli of a ferromagnet on
the direction of the external magnetic field, which
was revealed in many experiments.

The results are used to interpret experimental data
obtained for the Ni-Mn—Ga alloy. They allow the
phenomenon of a drastic reduction of the elastic mod-
uli of this alloy when approaching its martensitic
phase transition point to be explained theoretically. It
is demonstrated that the main influence on the elas-
tic characteristics of this material is exerted by the
inhomogeneous magnetostriction.

Similar calculations of the dispersion laws for cou-
pled magnetoacoustic waves are also performed in the
case of ferromagnets with uniaxial symmetry. The in-
fluence of the magnetoacoustic interaction on the dis-
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persion laws for quasispin waves in the degenerate
ground state of an “easy-plane” uniaxial ferromagnet
is analyzed. The results of calculations show that the
magnetoelastic interaction eliminates the degenera-
tion and gives rise to the appearance of a magne-
toacoustic gap in the ferromagnet spectrum. In other
words, the magnetoelastic interaction “transforms”
the Goldstone mode into a Higgs boson. In this case,
the appearance of a magnetoelastic gap does not de-
pend on the direction of the oscillation wave vector.

In the case of uniaxial ferromagnet, it is shown that
the magnetoelastic interaction can strongly increase
in the vicinity of lattice phase transitions, which is
accompanied by a drastic modification of the ferro-
magnet elastic moduli.

The dependence of the magnetoelastic interaction
on the wave-vector and magnetic-moment directions
in a uniaxial ferromagnet also takes place and, in
some cases, is even more pronounced. The fact that
some acoustic modes interact with spin waves in a
ground state of a ferromagnet and do not interact in
the other one enables an experimenter to accurately
determine some magnetoelastic constants for a uni-
axial ferromagnet.

We have also constructed a model dissipative func-
tion that describes the relaxation processes associ-
ated with the damping of coupled magnetoacous-
tic waves in ferromagnets with various symmetry
properties. The obtained model dissipative function
makes allowance for the ferromagnet symmetry and
describes both the exchange and relativistic interac-
tions in the crystal.

This work contains the results of researches
sponsored in  the framework of the project
No. 01170000433 of the National Academy of Scien-
ces of Ukraine and the project No. 01170004340 of
the Ministry of Education and Science of Ukraine.

APPENDIX A:
Systems of equations for the ground
states of a cubic ferromagnet

Phase 1: H || M || (001)

The system of dynamical equations looks like
(pw? — C11K2 — 044(k5 + k2))Uoy —

— (C12 + Caa)kakyUoy — (Cr2 + Caa)kek-Uo. —

1 2
— i§52kzm01 — 15(60 - 661)ka:m0z =05 (Al)
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—(C12 + Caa)kakyUos + (pw? —

- Cllki — Cua(k2 4+ k2))Uoy — (C12 + Caa)kyk-Uo, —
1 2

- i§62kzm0y - ig((so — 661)kymo. = 0; (A2)

— (C12 + Caa)kak-Uos

+Cu4)kyk:Uoy + (pw? — C11k2

—(Cr2+
— Caa(K2 + k2))Uo=—

1 1 2
— i3 2kamos — iz dakymoy — i2(d0 + 1261)kamo. = 05 (A3)

——62k.Uoy + z 752kyUOZ +

2M

+ iwmog — ’YMowm1m0y = 0; (A4)

1 1
Gk Uy — i——

“ong 20T T o0
+ v Mowm1moz + twmoy = 0;

752 kz UOz +

(A3)
iwmgz = 0. (A6)
In expressions (A4) and (A5), the notation

7267
M 5(C11 = C12)

ak? i H + 2K1
M2 My

Wm1l =
was introduced.

Phase 2: H || M || (101)

The system of dynamical equations looks like
(pw?® — C11kZ — Caa (K + k2))Uoe —

— (C12 + Caa)kakyUoy
—iV2 ((%50 +451) ke + 3521%) mog —

1 1
— l\/§ ((550 - 261) ke + 252]?2) moz = 0;

-+ (pw2 — Cllkz —
(012 + C44)kysz0z -

- (C12+ C44)k‘a:szoZ -

52 kymoy —

(A7)

— (Cl2 + C44)kzkyU0x

— Caa(k3 + k2))Uoy —
2

— i%(éo — 6(51)k‘ym0z —

2 2
—i%ég(km + k)moy — z%(éo — 661)kymos = 0;

— (C12 + Caa)kzk:Ugy — (Cr2 + Caa)kyk-Uoy +
+ (pw2 — C'uk’z - 044(]%20 + k’i))UOZ -

1 1
_ 7,\/5 ((5507251) k1+152kz) mogz — f(igkymoy
. 1 1
—iV2 ((550 + 461) kz + Zégkz) moz = 0;

(A8)

(A9)

1 1
——62kyUosz + 4 02 (kz + k2)U
g Y0k Voe i e da (ke + ke)Uoy +

1 . V2
+i——~02kyUp. + iwmos — —vMowmamoy = 0; (A10)
4 My 2

.6 .6 V2
- 1%751161U0x + ZVO’YKSIICZUOZ + T'YMO"JmBmOx +
(A11)

. V2
+ iwmoy — T’YMOUJm?)mOz =0
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1 1
—i——~02ky Uz — i———~82 (ke + k2 )Uoy —
Mo

4 Mo
1 S2kyUgy + 2 M + i 0 (A12)
— 2+ — W2 iwmo, = 0.
4M0’Y2y0 2"(0 2MOoy 0
In expressions (A10)—(A12), the notations
ak? n H n K, " Ko n
Wm2 = —5 + — + —
M2 My | M2 2M2
3662 52
Mg(CH — Ch2) 8M§C44 ’
ak? N H 2K N 52
wm = — —_
ST MZ T Mo M2, 4MECu
were introduced.
Phase 3: H|| M | (111)
The system of dynamical equations looks like
(pw? = Ciiky — Caa(ky + k2))Uoz —
— (C12 + Caa)kakyUoy — (Cr2 + Caa)kekUo. —
3 2 1
—ii ((*50 + 851) ke + =02(ky + kz)) mog —
3 3 2
V3 [[2 1
—Z? ((gdo — 451) k. + 552]@) moy —
V3 (2 1
—i~— (260 — 461 ) kg + = O2k» ., =0; Al13
23<(30 1) +22)m0 (A13)
— (C12 + Caa)kgkyUoz + (pw?* — Cuk?f
— Cua (K2 + k2)Uoy — (Cr2 + Cua)kyk U, —
V3 [((2 1
—i— ((=d0 — 401 k —02ky z —
23<(30 1) y+22)m0
3 2 1
*ii (<*50 + 851) ky + =d2(kz + kz)) moy —
3 3 2
V3 (/2 1
—i Y2 ((Z60 — 461) ky + =62ks ) mos = 0; Al4
23(<30 1) y+22)m0 (A14)
— (C12 + Caa)kzk.Upy — (C12 + Caa)kyk:Uoy +
+ (pw? — Cr1k2 — Caa (k2 + kg))UOz -
2 1
6 — 46 k‘z *5 ka: x =
((3 0 1) + 3 2 ) mo,
2 1
(<3 6o — 451) k. + 552ky) moy —
1
727 (( o + 851) k. + 562(kz + ky)) mo, = 0; (A15)
1
(ky — k2)Uog + @ 2461k 2k )Ugy —
6M0 y Yo —HGMOW( 1ky + 02Kz )Uoy
—1 7(24611‘72 + §2kx)U0z +
. 3 3
+wwmog — ?’YMOszl'm'Oy + ?'YMOWmélm()z =0; (A16)
1 1
—1 2461k + d2ky)Ugy — it ——v02 (ks —
zﬁMO'y( 1kz + 02ky)Uosx — i ) 2(
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1
— k2 )Uoy +i——(2461k. + d2ky)Uo- +
6Mg

3 . V3
+ ?’YMowmzlmOz + iwmoy — ?'yMowmzlmOZ =0; (Al7)

1 1
) 2461k 0ok ) Upe —1—— X
Z6M07( 1ke + 02k2)Uo zGMo

1
X 7(2461]{@ + 62k2z)U0y + ii’yéz(kz — k‘y)UOZ —
6Mo
V3

- ?’YMOWm4mOI + ?“fMownmmoy + iwmo, = 0.
In expressions (A16)—(A18), the notation
ak?  H 4Ky 4K 52
[ R T T AT AT e

was introduced.

(A18)

Wm4 =

APPENDIX B:
Systems of equations for the ground
states of a uniaxial ferromagnet

Phase “easy axis” H || M || (001)
The system of dynamical equations looks like

1
(pw® = (Ch1 + Coo)ki — 5 Caokyy — Caak2)Uoa

1
- ((Cll + 5066) kxky + 044k'§) UOy -
— ((C13 + Caa)kzkz + Caakyk.)Uo, +

1
+zzB44kzmog; + iB13kamo. = 0; (B1)

1
- ((Cll + 5066) kzky + 044k§> Uoz +

1
+ (pw2 - 5066]%25 —(C11 + 066)k§ - C’44k§) Uoy —
— ((C13 + Caa)kyk: + Caakzkz)Uoz +
1
+iZB44kzmoy + iBigkymoz = 0;

— ((C13 + Caa)kak: + Caakyk.)Upy —
— ((C13 + Caa)kyk: + Caakz k=) Uy +
+ (pw? — Cua(ksz + ky)? — Ca3k2)Uo. +

1 1
+’L'ZB44kszw + iZB44kymOy + 1B3szkymo. = 0;

(B2)

. o1 .
—1 vYByakyUgy — i ———vBaskyUo. + iwmoz —
1M,

4 Mo
— YMow,y, | moy = 0;

1 1
i4M YBaak:Uos + i4M YB44kzUo, +

0 0

+ v Mow,| Mo + iwmoy = 0;

iwmoz = 0.

In expressions (B4) and (B5), the notation
ak? H  Kme K1 K»

| =~ + o+ —+ =,

e Mg My ME O MR MR

where

Kme = (B11 — Bis + Bes)EY, +

+ (B11 — B13)E}), + (Bs1 — Bs3)EY,,

was introduced.

w
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Phase “easy plane”: H || M || (100)

The system of dynamical equations looks like

1
(pw? — (C11 + Co6)k2 — 5066165 — Caak2)Upy —

1
— <(C11 + 5066) kzky + C'44k§) Uoy —
— ((C13 + Caa)kzkz + Caakyk.)Uo, + i(B11 + Bes) X

1 1
X kyamoz + Z§Baskym0y + 1134419277102 =0, (B7)

1
- <(C'11 + 5066) keky + C’44k§) Uos +

1
+ (pw2 — 50667%% —(C11 + CGG)k'Z — C44k§) Uoy —
— ((C13 + Caa)kyk, + Caska k- )Uo, +
1
+iBllkymog; + i5366kzm0y =0,

- ((Cl3 + C’44)1611452 + 044kykz)UOz -
— ((013 + C44)kykz + C44kzkz)U0y +
+ (pw? = Cua(ke + ky)? — C33k2)Uo. +

(B8)

1
+iB31k.moe + iiB44kxm02 =0, (B9)

twmog = 0, (B10)

1 o1 .
- Z4M0 YBaak,Uoy — ZM’YB44kZUOZ + iwmoy —

—yMowm11moz = 0,

(B11)

1 1
i —— v Begekqy Ul i ——vBeeka U
24M0’Y 66Ky 01+24M0’Y 66kcUoy +

+ vYMowma1 Moy + iwmg, = 0.
In expressions (B11) and (B12), the notations

(B12)

ak2 + H Kl Kme
Wmll = —5 T 77 — 7,5 — 5
" MZ My M MZ
ak? H B2
Wmal = + 25

MZ T Mo T 2M2Cas

were introduced.
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B.I'. Bap’azmap, O.I. Janusresun

MATHITOIIPY2KHI XBIJII
B ®PEPOMATHETUKAX B OKO/JII
CTPYKTYPHUX ®A30BUX ITEPEXO/IIB V I'PATIII

Pesmowme

PospaxoBani 3akonum aucmepcil 3B’s3aHHX MarHITOIPYKHUX
XBUJIb 1151 (DepPOMArHEeTHKIB KybOidHOI Ta OmHOBICHOI cuMeTpil.
ITpoBeieno anaJsi3 ocobuBOCTE OTPUMaHUX 3aKOHIB JUCIEPCIT
B OKOJIi criH-TIepeopieHTaninnx ¢azosux mepexonis. ITokaza-
HO, II[0 B3AEMO/Iisl Mi>K 3BYKOBUMHU Ta CIIIHOBUMH XBUJISIMU 3a-
JIEXKWUTH BiJf HAIIPSMKY MarHITHOIO MOMEHTY (pepOoMarHeTHKa.
JocmiizkeHo BIIMB MarHiTOnpy»KHOI B3a€MO/Iil Ha 3aKOH JUC-
nepcil KBa3iCHiHOBUX XBUJIb Y BUPOJI?KEHOMY OCHOBHOMY CTa-
Hi 0fHOBICHOTO bepomMarueruka ‘yrerka miomuaa’. Pospaxyuku
[IOKa3yI0Th, 1[0 MarHiTONPY>KHa B3AE€MO/Iisl 3HIMA€ BUPOJIXKEH-
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HsI Ta IPUBOIAUTDH JO IHOSABUA MArHITOAKYCTHYHOI IIIJIMHU Y CIIe-
KkTpi. [IpoaHasiizoBaHO OBEJIIHKY CIIEKTPIB 3B’I3aHUX MarHiTO-
NPY?KHUAX XBUJIb B OKOJII (ba30BHUX IEPEXOMAIB B IPATIi, a came
B OKOJIi MapTEHCUTHHUX (HPa30BUX IIE€PETBOPEHb B MaTepiajax 3
edexroMm mam’sTi popmu. OTpumani pe3yabTaTH BUKOPHCTA-
Hi Aj1s iHTepupeTallil eKCIIepUMEHTAJIBHUX JAHUX IS CILJIaBY
Ni-Mn—Ga. TeopeTndHo NOsICHEHE SIBUIIE PI3KOIO 3MEHIIIECHHS
NPY?KHUAX MO/YJIIB JAHOTO CILJIABY IPHU HAOJIMXKEHH] 7O MapTeH-
cuTHHX (dazoBux nepexonis. ITokazaHo, mo Npu HbOMY OCHOB-
HUil BIUIMB Ha IIPY>KHI XapaKTePUCTHKHU MaTepiajy Bimirpae
HeofHODiHa MarHiTocTpukiis. [TobygoBana mMonmess aucuna-
THUBHOI yHKIII, 10 OMKCy€e pestakcaliiini mpomecu 06yMOBIIEH]
3aTyXaHHSM 3B’ S3aHUX MarHITONPYKHUX XBWIb y depoMarte-
TUKaxX Kyb6igHol Ta ofgHoBicHOI cuMeTpil. OTpuMaHa MOJENb Iu-
cunaTuBHOI PyHKIIT 6a3y€eThCs Ha BpaxyBaHHI cuMeTpil Marme-
THKa Ta OIHCYE siIK OOMIHHY, TaK i PeJIATUBICTCHKY B3a€MO/IiIO0
B KPHUCTAJI.
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