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The types of phase transitions (PTs) and the conditions for them
to occur in hexagonal ferromagnets (FMs) have been determined.
The fundamental frequencies of the magnetization vector have
been calculated for every ground state of a hexagonal FM. In order
to take the dissipation processes in the system into account, a new
form of the dissipation function proposed by Bar’yakhtar was used.
The dispersion equation for oscillations of the magnetization vector
in a hexagonal FM, taking the dissipation of the spin wave energy
into account in the exchange approximation, has been derived,
and the relevant fundamental frequencies have been calculated.
The results obtained are in full agreement with those of the PT
theory. The tensor of high-frequency magnetic susceptibility for
a hexagonal FM has been calculated as well, which enables the
crystal itself and the spin-orientation PTs in it to be described in
detail.

1. Introduction

The Landau theory of the PTs of the second kind is
a good approximation for the description of the spin-
orientation transformations. It is so, because the latter
are stimulated by the change of anisotropy, which, in its
turn, is a consequence of relativistic interactions which
are small in this case in comparison with the exchange
interaction which governs the magnetization of the FM.
Such PTs were considered in a lot of works (see, e.g.,
work [1]), so that the behavior of the spin wave spectrum
in the vicinity of those PTs is well known. Nevertheless,
the spin wave damping at spin-orientation PTs has
not been taken into account until now. At the same
time, it is obvious that the phenomenon of spin wave
damping must be included into the self-consistent theory
of PTs. If the damping turns out large, this circumstance
will provide one more restriction, in addition to the
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Ginzburg—Levanyuk criterion, on the theory.

The investigation carried out in this work has shown
that, in order to describe the spin wave damping, one
has to use the FM dissipation function constructed with
regard for both the symmetry of a crystal and the
conservation law for the component of the magnetization
vector directed along the symmetry axis of the crystal.

2. The Ground States of a Magnetic. Possible
Spin-orientation Phase Transitions

Consider a ferromagnet, whose density of the total
energy looks like

ix OM OM 1 , 1 .
W= N CKIM2 4+ KoM

2 O, Oz 2o Me T e
T (J\Z2 - M2>2 (2.1)
8| Mg °) '

where M is the vector of the FM magnetization, M,
is the saturation magnetization, a;; are the exchange
interaction constants, K; and K, are the constants
of anisotropy, and x| is the longitudinal magnetic
susceptibility of the FM. This expression for the energy
density corresponds to the main orders of the anisotropy
energy expansion in a power series of M for crystals with
hexagonal symmetry; such crystals can be considered as
uniaxial if the terms of the sixth order in the expaHQSion
78)(\\11\43 M? — Mg) is
responsible for the variation of the absolute value of the
magnetic moment of the crystal M; the constants that

are neglected [2]. The term
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Diagram of the magnetization state stability of a uniaxial FM
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enters into it obey the following conditions: X M2
0]

1 1
m > Kl, and W > KQ.

For the FM of such a type, the following ground
states are possible.

1) The “easy-axis” phase ®|. Here,

> 0,

L_M2-K
h—0, M2=20 T2
— Y - 1 +K 0-
2x| Mg 2

The condition of phase stability is

K1 < —MZK>; (2.2)
2) The “easy-plane” phase @ . Here,

f— g M? = M2,

The condition of phase stability is

Ky > 0; (2.3)
3) The “angular” phase ®,. Here,

cos? 0 = _M?;(Q’ M? = M;.

The condition of "angular"phase stability is

{ [—(12\4%32 <K, <0, (24)

It is convenient to analyze these data in the
framework of the graphic method, by considering the
common phase diagram for all the ground states of the

670

uniaxial FM. We adopt the temperature as a parameter
which governs the variation of the anisotropy constants
K, and K3 [3, 4]. From the diagram (see Figure), one can
see that, if M3 K> < 0, the stability regions of the phases
@ and ®, overlap. In the region 0 < K; < —Mng,
the energies of both phases are minimal, and the phases
are stable. As can be easily seen, the energies of these
phases become equal if Ky = 7%M02K2; but if we leave
this line towards either side, the energy of either of these
phases will be lower than that of the other. Therefore,
one of the phases will be more profitable by energy,
although the other still remains stable with respect to
small perturbations.

Provided K; > —3MgKj, the uniaxial FM changes
from the phase ®| to the phase ®,; in this case, the
moment undergoes a stepwise reorientation from the
“easy axis” to the “easy plane” configuration. It means
that the transformation from the phase ®| to the phase
®, occurs as the PT of the first kind [1]. At K7 >
—MZKj,, the phase ®|| becomes unstable, and only the
phase @, remains stable. If one moves in the opposite
direction, the transition of the first kind will also occur,
but now from the phase ® to the phase .

On the contrary, if MZKy > 0, the regions of
stability of the phases ®| and ®, do not overlap. In the
range —M3Ky < K; < 0, there exists the third phase
®, we agreed to call “angular”. Therefore, provided
Ky < —M§K,, the value § = 0 and the phase ®| is
stable, while, at K; > —MgK>, the quantity 6 becomes
nonzero. The symmetry of the phase ®, is evidently
lower than that of the phase @, because, in the former,
the moment deviates from the selected axis. Hence, the
magnetization itself changes continuously in the course
of the & — &, transition, but the symmetry of the
system drops down (the symmetry axis z disappears).
Thus, the transition ®| = A®, is a typical PT of the
second kind. The role of the order parameter at this
transition is played by the angle 6. Analogously, one
can easily verify that the transition &, = A® is also
of the second kind.

Thus, if MZK, > 0, the transition from the phase
® to the phase ®, occurs by means of two PTs of
the second kind: & =2 A®, at K; = —M02K2, and
@Z:A(PJ_ at K1 =0 [5]

3. Dissipation of the Spin Wave Energy

For the theory of PTs to be consecutive in the
framework of the spin wave theory, the problem of spin
wave dissipation should be considered. The damping
of spin waves in the ground state has evidently to be
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considerably smaller than their activation frequency,
both becoming zero at the PT point [6].

As is known, the basic equation, which describes the
dynamic and relaxation properties of the FM, is the
Landau—Lifshits equation
%’: - —y[mH} + MLOR, (3.1)

— ow
where H = ——— is the effective magnetic field. As was

shown above, the modulus of the magnetization vector
M can be considered constant, (M2 ~ Mg), so that
the unit vector of magnetization m = M /My can be
introduced.

Let us write down the phenomenological relaxation
term in the Landau—Lifshits equation in the following

(3.2)

where (@Q,, is the dissipation function which was
constructed taking the FM symmetry into account [7]
and looks like

N\ 2
’}/MO OH
= )\e )

where )\, is a constant which characterizes the relaxation
processes caused by the exchange interaction. In this
formula, the summation over the dummy index is
implied.

In the case concerned, this dissipation function
characterizes the dissipation of the spin wave energy
only in the exchange approximation. In order to take
the relaxation processes that are stimulated by the
relativistic interaction into account, a corresponding
term is to be introduced into Eq. (3.3). This will be made
in the further works.

For carrying out the calculations, it is more
convenient to pass to new variables. Let us rotate the
Cartesian coordinate system in such a way that axis 3
should coincide with the direction of the magnetization
vector in the ground state. This can be made with the
help of the following transformation:

(3.3)

My cos) 0 sinf mi
my | = 0 1 0 my |, (3.4)
my —sinf® 0 cosf ms

where 6 is the polar angle; and mq, mo, and mg are
the components of the magnetization vector in the new
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coordinate system. Note that the angle 8 does not vary
but accepts quite definite values determined by the
direction of the magnetization vector M. If axis 3 is
taken for the axis of quantization, then |7i| ~ ms, while
my and mo are small fluctuation-induced deviations
from the equilibrium position.

Let us decompose Eq. (3.1 ) into its components,
taking transformation (3.4) into account and using
expression (2.1 for the energy density in the FM without
the last summand which is responsible for the variation
of the absolute value of the magnetic moment (since
M? ~ M3):

m1 = —ngg + )\ev291m1,

My = Qmy 4+ A VZQama. (3.5)
Here, the notations

Q1 = [K:(sin? 0 — cos? 0)+
+MZ K, cos? 0(3sin? 0 — cos? )] — aV?,

Oy = —[K; cos? 0 + M02K2 cos* 0] — aVv?

are used; and 1y and 7y stand for the derivatives with
respect to 7 = yMyt.

Assuming that m ~ exp (—iwT + iR7), the temporal
and spatial Fourier transforms of Egs. (3.5) look like

(—iw + )\Elizﬂl) my + Qamo =0,

—Qimq + (—iw + )\eK/QQQ) mo = 0. (36)

Equations (3.6) bring easily about the law of spin wave
dispersion

w= —%/\EHQ (1 + Q) £

:I:%\/*)\gli‘1 (D1 + Q2) + 421 Qo (A2 + 1), (3.7)

Consider the frequencies of spin waves in the ground
states of the FM. If the FM is in the ®| state, we obtain

w = —iXck” (ar® — (K1 + MiK>)) +
+ (ar® = (K1 + M{K>)) . (3.8)
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One can easily see that the condition

Plm Aew?—0 < 1, (3.9)

WRe #—0
for the spin waves to exist in the ground state @ is
satisfied. Here, wp, and wre are the imaginary and
real parts of the spin wave oscillation frequency (3.8),
respectively; the former characterizes the spin wave
damping, and the latter determines the frequency of the
spin wave activation. This state possesses a “gap”, i.e.
wre(k — 0) # 0.

In the cases where the FM is in the ®; or &, ground
state, the spin wave frequency looks like

w = —%AEKQ (K1 + 204/12) +

:i:\/—)\E/#KlQ + dar?(K;1 + ak?) (3.10)
for the phase &, and
i 2K, (K + M2K>)
w= —5)\6&2 (— M(?Kg +2aK? | +
2
2K, (K1 + MEK»)

+ _)\2 4 0

( o ( Mg K> ’

2K (K + M2K>) 2

dar? - T002 2 3.11

+dak ( e + ak (3.11)

for the phase ®,. It is evident from expressions (3.10)
and (3.11) that, in the ground states ®; and ®, which
are gapless, the condition for the spin waves to exist,
namely,

WIm Aek
= ——0K1
WRe /{HOF(Kl, KQ)HA)O < ’

(3.12)

where F(K1, K3) is a certain constant composed of the
anisotropy ones, is also satisfied. The gap absence in
the phases @, and ®, is a consequence of the fact that
the ground states of these phases are degenerate, being
characterized by a continuous parameter of degeneration
o, the angle between the vector My and the z-axis in
the base plane [8].

It should be noted that, if the relaxation term in the
equation of the magnetic moment motion (3.1 ) is used

in the LandauLifshits (Rp, = AyMo|H — rﬁ(ﬁlﬁ)})
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or Gilbert (Rg = NLIO{M, %}) form, the spin wave

damping wry, turns out independent of x and, in the
gapless ground states ®; and @, of the FM, larger than
the activation frequency wge [7]:

Wim A
= — —0Q.

WRe k—0KF(Ky, K3) r—0

(3.13)

This means that, formally, the spin waves with k — 0
do not exist in the &, and ®, phases. Therefore, the
relaxation term in the Landau—Lifshits or Gilbert form
does not describe the processes of the spin wave energy
dissipation correctly. The reason is that these relaxation
terms do not take a crystal symmetry into account.

While using the dissipation function in form (3.3),
the condition for the spin waves to exist is satisfied in all
the ground states of the uniaxial FM and at every value
of k. Therefore, form (3.3) for the relaxation function
completely corresponds to the PT theory.

Note that the dissipation is considered inherently
small in all the relaxation terms indicated above (A, <
vMy, N <€ My, and a < yMy), but it is the very
form of the relaxation term, the Landau—Lifshits or
the Gilbert one (in essence, proceeding from the general
physical concepts, it is simply the moment of the friction
forces), that brings us to contradictions in some cases.

It is worth noting that the indicated essence of this
contradiction (the nonzero damping for spin waves at
k — 0) and its absence in the case where the dissipation
term is taken in form (3.3) require to be discussed in
more detail. If form (3.3) is used, the zero damping arises
in the cases of both gap and gapless spectra. To a great
extent, this is a result of theoretical speculations in the
framework of the selected model, where the dissipation
term is written down in the exchange approximation
only, form (2.1) is used for the density of the FM
total energy, and no anisotropy in the base plane is
taken into account. From the viewpoint of experimental
manifestations in real magnetics, on the contrary, the
zero damping at x — 0 in the nonzero-gap phase
@ (formula (3.8)) has no physical meaning. Making
allowance for the relativistic contributions to the spin
wave energy dissipation (3.3) results in a finite value of
the damping for the spin waves with k — 0. In the cases
of degenerate states of the phases ®; and ®,, both the
existence of the gapless spin waves and the vanishing of
their decay decrements at x — 0 are a consequence of the
availability of a continuous parameter of degeneration
@o in these cases [8]. These requirements are satisfied
by the choice of the dissipation term in form (3.3),
unlike the results, which would be obtained if this term
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were selected in the Landau—Lifshits or Gilbert form.
It is this circumstance that determines the advantage of
representation (3.3).

4. Tensor of High-frequency Magnetic
Susceptibility

In order to calculate the high-frequency susceptibility
tensor, consider a uniaxial FM in an external magnetic
field ﬁext. In this case, the expression for the energy
density includes the term Wy = -M ﬁcxt, so that
Egs. (3.6) look like

(—iw + LQl) my + Qomo = Lhy + ho,

L(LQQ 7iw)+92

—iw

(T i) (L2 — i)+ Q1% (L —iw) (LQ2—iw) 121 2a

Xij = L(LQy —iw)+Q

w
(LQlfiw)(Lﬂzf’L‘w)JrQle

0 0

(LQlfiw)(Lﬂzfiw)+Qlﬂz

—Qimq + (—iw + LQ2) meo = Lhy — hq, (41)

where L = A\.x2, and hjand hy are the components of
the external magnetic field in the new coordinate system
(E .y /Mo).

The components of the magnetization vector and
those of the external magnetic field are coupled to
each other: m;(K,w) = x;;(R,w)h;(R,w). Making
use of Egs. (4.1), we can calculate the tensor of

magnetic susceptibility in the coordinate system (1, 2,
3):

0
0

Note that, in the absence of dissipation (L = 0), the tensor of magnetic susceptibility has the well-known value [8].
In the (x,y, z) coordinate system, the tensor of magnetic susceptibility looks like

(L(LQs—iw)+Q2) cos? 0 iw cos O

(L(LQ2—iw)+2) cos O sin 0

(LQl—iw)(LQg—iw)-‘y-Qle

iw cos @ L(LQ;—iw)+Qy

- (LQl—iw)(Lﬂz—iw)-l-Qng

(LQl—iw)(Lﬂz—iw)-‘rQle

iw sin O

Xij = (L —iw) (L2 —iw) T <01 50n

(L(LQ2—iw)+2) cos O sin O iw sin O

(Lﬂlf’iw)(l/927iw)+9192

(LQl 7’L‘W)(Lﬂgfiw)+ﬂlﬂz
(L(LQ2—iw)+Qs) sin? 6

T =) (L2 —iw) 101 2

From this expression, one can always determine the form
of the tensor of high-frequency magnetic susceptibility
for each ground state of the FM. Knowing the tensor of
magnetic susceptibility and following a standard routine
[9], one can easily find the spectra of spin waves taking
into account the dipole interaction for all the three
ground states.

5. Conclusions

The use of the relaxation term in the Landau-
Lifshits or Gilbert form for the description of the
spin wave damping turns out incorrect in some cases.
This is because those representations were constructed
irrespectively of the crystal symmetry.

In this work, the dissipation function, which makes
allowance for both the conservation law for the
magnetization vector component along the axis of crystal
symmetry and the specific symmetry of the crystal, was
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(L —iw) (L2 —iw) 101 Q0n

(L —iw) (LQ2—iw) 101 2a

considered. The selected dissipation function has been
shown to describe relaxation processes in the exchange
approximation in total agreement with the PT theory (at
an arbitrary value of the vector k, the dissipation part
of the spin wave oscillation frequency is much smaller
than its activation part).

The dissipation function presented in the form,
which was proposed by Bar’yakhtar taking into account
Landau’s speculations concerning the importance of the
symmetry factor, produced correct results and brought
us to the conclusion that the spin wave damping does
not impose any restrictions on the Landau theory, when
the latter is applied to the description of spin-orientation
PTs. However, it is of importance that the results
were obtained in the exchange approximation. For the
relaxation processes in FMs to be described in more
details, the term which is responsible for the relaxation
caused by relativistic interaction is to be introduced into
the dissipation function.
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The tensor of high-frequency magnetic susceptibility
of a hexagonal FM, which was calculated in this work
taking into account the dissipation of the spin wave
energy, enables one to describe more accurately and
comprehensively both the crystal itself and the PTs that
occur in it.

To summarize, the author tenders his sincere thanks
to V.G. Bar’yakhtar for the formulation of the problem,
valuable discussions, and his help in the work. The
author is also grateful to Yu.l. Dzhedzherya for
numerous important discussions.
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BATYXAHHS CIITHOBUX XBUJIb

BHACJIIJIOK OBMIHHOI B3AEMO/IIT

IIPU CIIIH-OPIEHTAIIINHUX ®A30BUX IIEPEXOJIAX
YV ®EPOMATHETUKAX 'EKCATOHAJIbHOI CUMETPII

O.I. Jlanunresum
Pezmowme

Busnaueno ymosu Ta Tunm daszosux nepexozis (PII) y rexcaro-
nanbHOMy depomarueruky (PM). Pospaxosano BiacHi dacroru
KOJINBAaHb BEKTOpPA HAMArHIYE€HOCTi [JIsi KOXKHOI'O OCHOBHOI'O CTa-
Hy @M rekcaronaypHOl cuMmeTpii. s BpaxyBaHHS JUCUIIATHB-
HUX IIPOLECIB B CHCTeMi, BUKOPUCTAHO HOBY (DOPMY JUCHIIATHBHOI
dyuxnil, mo 6yaa 3anpononosana B.I. Bap’saxrapom. Orpumarno
AucIepciline piBHSIHHSI Ta BJIACHI JaCTOTU KOJIMBAaHb BEKTOPA Ha-
maruidenocti B rekcaronanasnomy @M 3 ypaxysamHsM gucumaril
eHepril CiHOBUX XBWJIb B OOMiHHOMY HaOsuxkeHHi. OuepxKkaHi pe-
3yJbTaTH MOBHICTIO BifgnosinaoTb Teopil PII. Takoxk po3paxoBaHO
TEH30P BHUCOKOYACTOTHOI MAarHiTHOI CHPUUHATINBOCTI JJIsl TeKca-
ronajpHOro @M, 1110 J1a€ MOXKJIMBICTDH IIOBHIIIIE ONUCYBAaTU SK CaM
KpucraJ, Tax i cnin-opienramiitai @II, mo BinbyBaroTbest B HbOMY.
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