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OF RELAXATION IN TWO-SUBLATTICE FERRITE

The dissipative function of a two-sublattice ferrite was constructed. The relazation times for
the acoustic and optical branches of spin waves are calculated, as well as the relazation times
for the magnetization and antiferromagnetism vectors. The process of antiferromagnetism
vector relazation is shown to be the quickest one. The corresponding relazation time is gov-
erned by the exchange relazation constant and, due to the exchange interactions between atoms
in the sublattices, becomes shorter owing to the dynamics of the antiferromagnetism vector.
The process of ferrite magnetization relazation is the slowest one. In the exchange approz-
imation, the magnetization relazation time tends to infinity, as the length of magnetization
non-uniformities grows. The results obtained are compared with the experimental data on the
relazation phenomenon in GdFeCo alloy of rare-earth and transition metals.

Keywords: dissipative function of two-sublattice ferrite, relaxation times for the magneti-

zation, relaxation times for the antiferromagnetism vector.

1. Introduction

There are a lot of trends in modern electronics and
computer engineering concerning the application of
magnetic materials, with the creation of systems for
the data recording in computers remaining the most
challenging task among them. The tendency of the
further development involves the creation of devices
characterized by a higher record density and a per-
formance as fast as possible. In this domain, the
optical normal record technique actually has no al-
ternative, especially if modern femtosecond lasers are
used. However, the problems aimed at the increase
of the data record density can be solved by engaging
exclusively the optical methods (near-field radiation
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systems, the application of laser emission in the vi-
olet spectral range). At the same time, the problem
of information record and read-out rates in magnetic
memory systems and the problem of information pro-
cessing demand that fundamental problems in the dy-
namic physics of magnetism should be tackled.

In recent years, there emerged a new and promis-
ing direction in the physics of magnetism, which is
based on a capability to manipulate the magnetiza-
tion of magnets with the help of femtosecond laser
pulses (see review [1]). This direction was coined
as femtomagnetism [2], and many interesting results
were obtained in its framework. The first experi-
ments carried out using simple ferromagnetic metals
demonstrated that the heating of metallic ferromag-
nets with a laser pulse gave rise to a rapid (within
several picoseconds) change of the material magne-
tization [3]. Afterward, a possibility of non-thermal
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excitation of spin oscillations in transparent magnets
with the use of the inverse Faraday effect was marked
[4], which determined the basic direction of progress
in femtomagnetism for years [1]. So, if laser pulses
with a duration of an order of 100 fs are used, os-
cillations with frequencies of up to terahertz range
can be excited, which exceeds the magnetic resonance
frequency inherent to uniaxial and rhombic antiferro-
magnets [5, 6. This method allowed not only spin
oscillations in both magnets with weak magnetism
(like orthoferrites [7] or iron borate [8]) and pure an-
tiferromagnets of the nickel-oxide type [9, 10] to be
generated, but also nonlinear motion modes of the
spin-reorientation type to be realized [11].

However, it turned out soon that the capabilities
of thermal femtomagnetic effects were still not ex-
hausted. Recently, an ultrafast (within several pi-
coseconds) change in the directions of sublattice mag-
netizations was revealed for ferrimagnets (namely, al-
loy GdFeCo of rare-earth and transition metals) un-
der the action of a laser pulse shorter than 100 fs [12].
The result of work [12], being typical of ferrimagnets
only, turned out unexpected and rather unordinary.
It was found that the reorientation effect has no re-
lation to the light polarization. At the same time, it
is associated only with an extremely short-term but
strong specimen heating, when the maximum tem-
perature exceeds the Curie point T¢ [12] (see also a
new approach to this problem based on the analysis
of electronic processes running at the laser excitation
of the metal [13]). The effect was detected for con-
tinuous films and microparticles [14], nanoparticles
[15], and materials with and without the compensa-
tion point [14]. The microscopic origin of the reori-
entation effect is still not quite clear. It was only
found that a change of the absolute values of sublat-
tice magnetic moments S; = |S1| and Sy = |S;| plays
a substantial role in the effect formation [14, 16]. In
other words, the purely longitudinal evolution of mag-
netic moments in the sublattices is essential for the
effect description. The longitudinal dynamics of this
kind is absent, in principle, in the case of the classical
Landau-Lifshits equation [17], because, even if stan-
dard relaxation terms of the Landau—Lifshits—Gilbert
type [17, 18] are taken into account, those equations
preserve the absolute value of magnetization.

Earlier, one of the authors of this work showed that
the longitudinal evolution of spins naturally arises
while constructing the general scenario of the magne-
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tization dynamics in ferro- [19] and antiferromagnets
[20]. In this case, the direct influence of the exchange
interaction on the spin evolution plays a specific role.
Bearing in mind the symmetry of the exchange in-
teraction, it cannot give rise to the variation of the
total system spin. As a result, the contribution of this
interaction to the standard transverse spin dynamics
dominates only in the case where the standard rela-
tivistic relaxation is weak [21]. The phenomenologi-
cal concept of exchange relaxation proposed in works
[19,20] turned out the most adequate tool for the de-
scription of the ultrafast spin dynamics, and it was
used in works [16] to qualitatively describe experi-
mental data. However, the absence of any progress
in this approach with respect to ferrimagnets con-
strains the development of the quantitative descrip-
tion of longitudinal remagnetization effects.

This work is devoted to the derivation of the ef-
fective motion equations and the dissipative function
for a two-sublattice ferrite, as well as to the anal-
ysis of various relaxation processes in this magnet
on the basis of the obtained function. For ferrimag-
nets, various relaxation processes are of interest: the
longitudinal relaxation (the relaxation of the mag-
netization, M = S; + S,, and antiferromagnetism,
L = S; — S,, vector lengths) and the transverse
one (it determines the damping of magnons in two
branches). We demonstrate that, in contrast to the
ferromagnet case, purely exchange processes of uni-
form relaxation described by a single universal con-
stant A are possible. The fastest of them is the pro-
cess of length relaxation for the antiferromagnetism
vector. We show that this relaxation stems from the
exchange interaction between the ferrite sublattices,
and it is strengthened by the exchange interactions in
the sublattices. The total magnetization of a ferrite
relaxes much more slowly and, similarly to the case of
a simple ferromagnet, is described by non-uniform ex-
change interactions and relativistic interactions. We
also calculated the damping times for the optical and
acoustic branches of spin waves in the ferrite. The
damping decrement for the optical mode is deter-
mined by the same exchange constant A as the relax-
ation time of the antiferromagnetism vector length.

2. Quasiequilibrium

Thermodynamic Potential of a Ferrite

Let us proceed from the following expressions for the
quasiequilibrium thermodynamic potential of a two-
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sublattice ferrite:
W =Wey+ Wea + W,.

It includes the energy of the uniform exchange inter-
action

(2.1)

J; 2 J 2
Weu =" (81— 881)"+ 77 (83— 53,)" + /128182,
the energy of the non-uniform exchange interaction
e e
Wer = = (V81)" + =7 (v82)*,

and the energy of the uniaxial anisotropy
_ 1 2 2
W, = 5 (K11S17z + K22S2’z).

The coefficients J1; and Ja; determine the exchange
interaction intensities in the first and second sublat-
tices, respectively, and the parameter J;» describes
the interaction between the sublattices. The uniaxial
anisotropy with the constants of magnetic anisotropy
Ki; > 0 and Ks> > 0 is assumed to take place
in the sublattices, the easy axis is chosen to be di-
rected along the z-axis, and «;; are the constants of
the non-uniform exchange interaction. In effect, the
contribution to the thermodynamic potential associ-
ated with the exchange interaction in a sublattice is
written down in the form of the Landau expansion,
and the quantities Sp; and Sp2 determine the equi-
librium spin values at the given temperature, when
the interaction between the sublattices is not taken
into consideration. The relations between the con-
stants that enter the energy expression are given by
the inequalities (Jlla J22, J12) > K11 ~ K22.

Knowing the quasiequilibrium thermodynamic po-
tential, we can find the ground state of the ferrite
and its corresponding magnetization. These quanti-
ties are determined by the formulas

K181 + J1151 X + SaJi2 = 0,

- - - (2.2)
K352 + S1J12 + S2Y Ja2 = 0,
where the following notation is introduced:
X=8,-58,Yy=8,-53, (2.3)

and the quantities S; and —S; (S; > 0 and Sy > 0)
stand for the magnitudes of sublattice magnetic mo-
ments in the ground state (since Ji2 > 0, the sublat-
tice spins are antiparallel, and their averaged values
S: and S, are directed “upward” and “downward?”, re-
spectively). For the sake of definiteness, let us put
Sl > 52.
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3. Spin Dynamics
and Dissipative Function of a Ferrite
In order to calculate the processes of spin-wave relax-

ation and damping, let us proceed from the Landau—
Lifshits equations for spins in the sublattices,

oS o8
a—tl = [SlaHl] —+ R]_, B—t2 = [527H2] + R27 (31)
where
ow ow
H, = _B—Sl’H2 =78,

are effective fields in the sublattices, and R; and Ry
are dissipative terms. In the spirit of works [19, 20],
the dissipative terms can be written down in terms
of the dissipative function variations with respect to
the corresponding effective field,

_ Oq _ Oq
T oH, ? T oH,

R, (3.2)
Following the idea proposed by one of the authors
(see work [19]), the dissipative function is constructed
as a quadratic function of the effective magnetic fields
and taking into account that it should be invariant
with respect to the symmetry transformations of the
ferrite. Those requirements allow us to determine the
structure of every term associated with that or an-
other interaction. It is easy to see that this structure
looks like
9=+ 0+ 3+ G (3.3)
Here, the first term describes the contribution of the
uniform exchange interaction,
2qz = R1H1 + R2H2 = A(Hl — H2)2, (34)
which basically does not exist for ferromagnets. The
meaning of other terms is the same as for ferromag-
nets, the terms ¢ , and g, are determined by the
specific purely uniaxial or rhombic anisotropy,

ZQZ,Z = AZ (H12,z + H22,z);

i = NUT, + ) + MU, + 1),
and the term ¢;, ,,,
24, = M1 (VH1)® + A5, (VHy)?,

1151



V.G. Bar’yakhtar, B.A. Ivanov, O.N. Golujbeva et al.

describes the contribution of the non-uniform ex-
change. For a linear spin wave with the wave vector
k, we have

2q5, , = K (A Hj + X\ H3).

Here, we confined the consideration to the simplest
formulas for the dissipative function. For instance, we
did not write down invariants of the types H; ,H> g,
H, ,H> ., and so on. Their account does not change
final results, but makes the formulas for relativistic
contributions to the damping much more cumber-
some, whereas our main task is to analyze the uni-
form exchange contribution, which is unique for the
ferrimagnet.

4. Conservation Law
for Total Ferrite Magnetization

The exchange symmetry of the spin dynamics means
that the quasiequilibrium potential of a ferrite does
not change at uniform rotations of its magnetization
and antiferromagnetism vectors. This type of sym-
metry brings about the conservation law for the total
magnetization of the magnet. Using the equations
of motion (3.1) under the condition W, = 0, it is
easy to get convinced that the differential form of the
conservation law for the ferrite in the pure exchange
approximation looks like

0(S1 + S2)

dyn i
| AT )
ot aftk

=0,

(4.1)

where the vectors in the spin and coordinate spaces
are transformed independently. The dynamic and dis-
sipative parts of the magnetization flux are

0S1 05>
oo = Si,— So, — 4.2
A a1 1’8xk]+a22[ 2,6%2] (4.2)
and
: 0H,; 0H,
Hdls —)e 21 P\ Futininic) 4.3
k 1161%7L 22 5, (4.3)
respectively. It is important to emphasize that

only the non-uniform exchange makes contribution to
T8, and this contribution is in fact the same as that
for a ferromagnet. The uniform exchange dissipation
characterized by the constant A and inherent only to
a ferrimagnet does not change the form of IT{is. In the
case of uniaxial anisotropy, only the symmetry with
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respect to uniform rotations around the anisotropy
axis takes place, and only the z-projection of the total
moment, S; , + S5 ;, is preserved. The corresponding
differential form of the conservation law for the ferrite
looks like

0(S1,: + S2,2) N
ot 8$k

O™ + 1) _

(4.4)

where the dynamic and dissipative parts of the mag-
netization flux are equal to Y™ = (e, I{") and
%S = (e,, II{is), respectively, and e, is the unit vec-
tor along the z-axis.

5. Linearized Equations of Motion

In order to calculate the spectra and the damping
constants, let us proceed from the linearized Landau—
Lifshits equations of motion making allowance for the
dissipative terms (3.1)—(3.3). We write down the
vectors S; and S, as follows: S; = Sie, + s; and
S, = —8se, + s5. Let us first analyze the equations
obtained by linearizing the equation of motion with
respect to s; » and by neglecting the dissipation. It is
convenient to consider the sum and the difference of
the equations for the additives s; 2 in the form of their
components along the axes. The sums of linearized
equations for the components s; and s, obtained tak-
ing into account that the time dependence of small de-
viations is exponential and has the form of a simple
wave with the wave vector k, i.e. s1 2 o exp(kx—iwt),
look like

(0) iwsy e — Si1(Ku + kzall)sl,y +iws2 5
+82(K2a + k?a2) 82,5 = 0,

(I) Si(K1 + kzall)sl,w + iwsy y—
—S5(Kaa + k*a2)s2 5 + iwsz y = 0,

(III)  4w(s1,. + S2,2) = 0.

Three more equations are obtained from difference
of the equations for s; and ss,

(IV) iwsi,z — Sy (K1 + kzan)sl,y — WSz, —
—S5(Kaz + k*aa2)s2, = 0,

(V) S1(Ki1 + k?a11)s1,0 + iwsy y+ (5.2)
+82(K2o + k*a2s)s2 4 — twsay = 0,

(VI) dw(s1,; — $2,.) = 0.
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We now pay attention to that the exposed system of
six equations can be split into three independent pairs
of equations for the quantities (s1,, — is1,y) = sgf),
(s2,0 — 182,y) = sgf), (1,0 +i81,4) = sgﬂ, (s2,0 +
+is2,y) = sgﬂ, 81,2, and s .. The first two pairs
are obtained as linear combinations of Egs. (5.1) and

(5.2), namely,
IV +:iV > s(_)(—w + glKll + k25’1a11)+

+s(_)(w + Sy Koy + k?Sa02) = 0, (5.3a)
I—ill — is{7) (w — 51 K11 — k*S1a01)+

+587) (w + 82 Ko + k2 Sha05)) = 0, (5.3b)
and

IV — iV = {7 (w + S1 K11 + k281001)+

+57) (—w + S2Kos + k2S5020) = 0, (5.4a)
I+l = is{" (w + S1 K1 + k2S1001)+

+5 (w = §3 Koy — k285025) = 0. (5.4b)

Equations IIT and VI for the pair s; , and sz, re-
main the same. This circumstance is not incidental
but results from the crystal symmetry. If a uniax-
ial crystal is rotated by an angle ¢ around its sym-

(+) (+)

metry axis, the quantities s;'’ and s,'’ are trans-

formed according to the law (s£+),sg+)) x exp(ip),

and the quantities s and sgf) according to the law

(s(f),s(f)) x exp(—iy), whereas the quantities s ,
and s , remain invariant. The same reasons are valid
for the relaxation terms as well, because they were
also constructed in accordance with the crystal sym-
metry.

6. Spin-Wave
Spectra and Damping Constants

The linearized system of equations describes four
types of characteristic motions in the spin system
of the ferrimagnet. Two of them are purely dissipa-
tive; they govern the relaxation of the z-projections
of the total spin and the antiferromagnetism vector.
The two others have finite frequencies; they describe
the frequencies of characteristic spin waves. We omit
the stage of simple but cumbersome calculations and
present only the results obtained for the spin-wave
spectra and damping constants, and the relaxation
times.
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6.1. Acoustic spin waves

The frequency {2; and the damping constant I'; of an
acoustic spin wave are determined by the formula
Wacous = {41 — iy, (61)

where

(S’%Kll + 5'ng2 + k2(.5_'12a11 + S’%Oé22))

0 = — — ,
e Si=S5 (6.2)
I — Q1 (k2SoMn + k2816 + S2AT + S2A%))
Lo 2055, 5, ’
6.2. Optical waves
For the optical waves, we obtain
Wopt = 92 — 7:]._‘2, (63)
where
1 G G 2
Q, = 9(5—,1 —5) [S1S2(Ki1 + k a1+

+Kos + k2a22) + (5’1 — 5'2)2J12] ~ (5'1 — 5’2)J12,

(Sl - §2)Q2
515,

(81— S2)?

I'sa=A = 6.4
2 S152 ) ( )

~ AJ12

6.3. Longitudinal relaxation

The damping of the components M, = S; . + Sa,.
and L, = S;, — S»,, is determined by the purely
imaginary characteristic frequencies of the equations.
It takes place according to the laws

L, =5 + 8, +86L(0) exp(~T1t),

_ _ (6.5)
Mz = Sl - Sz + 6M(0) exp(—l"Mt),
where 0L(0) and 0M(0) are the initial deviations of
the lengths of the antiferromagnetism and total spin
vectors from their equilibrium values, which are as-
sumed small. The damping constants are determined
from the formulas

] ] 3, - 5,)?
't = 2A(Sfj11 + S%Jp) + AJ12M,
&2 & 5152 (6.6)
[ — 45282k2 J11 Jos A )
M S2J11 + S2Jan
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7. Discussion of the Results Obtained

From formulas (6.2), it follows that, in the isotropic
approximation where K33 = Kj; = 0 and A] =
= A} = 0, the frequencies and the damping constants
acquire their well-known values, namely, Q; ~ ak?
and I'; ~ k%, obtained by Bloch [22] and Dyson
[23] (see also work [24]) for a simple ferromagnet in
the framework of microscopic theory; they also fol-
low from the consistent phenomenological theory of
exchange relaxation developed for ferromagnets [19].
The conclusion about an abnormally slow relaxation
of acoustic waves is associated with the application of
the isotropic approximation and the manifestation of
the degenerate ground state in ferrites. One should
recall that, in the isotropic state, the energies of all
uniform states of a ferromagnet with an arbitrary
orientation of the magnetization vector are identi-
cal. Just this circumstance manifests itself in the
temporal behavior of the acoustic-spin-wave damp-
ing at k — 0, i.e. 7 < (1/k*) — oo. For the to-
tal spin relaxation, the result is also identical to that
for a ferromagnet (see the microscopic analysis in [24]
and the phenomenological consideration in [19]). The
magnetization vector relaxation is stronger due to the
exchange interaction (see Eq. (6.6)), but it is deter-
mined now by the constant of the non-uniform ex-
change interaction. Generally speaking, those two re-
sults are expectable; the current opinion consists in
that the low-frequency dynamics for a ferrite far from
the compensation point is not sensitive to the sublat-
tice structure, being the same as that for the ferro-
magnet (a vicinity of the compensation point, where
S1 — S, requires a special consideration [25], which
goes beyond the scope of this work). Therefore, we
do not discuss those quantities below.

The optical frequency is determined by the integral
of the exchange interaction between the ferrite sublat-
tices, J12. We attract attention to that the damping
of optical spin waves is large and determined by the
uniform exchange relaxation constant A. This result
corresponds to that obtained at microscopic calcu-
lations, in which the multiplier (S; — S3)? and the
temperature dependence I' oc T* are always obtained
in the framework of various models [26,27]. It is im-
portant to emphasize that the indicated features are
inherent to considerably different systems, namely, to
iron-yttrium ferrite garnet, in which two sublattices
are formed by iron atoms and demonstrate a substan-
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tial exchange interaction [26], and to gadolinium fer-
rite garnet, where the exchange interaction between
gadolinium atoms is negligibly low [27]. Therefore,
we may expect that A oc T, which is of interest to
verify experimentally.

Hence, the analysis of formulas (6.2)—(6.6) for the
relaxation constants testifies that the relaxation of
the antiferromagnetism vector is the fastest process,
the relaxation of optical spin waves is slower, the pro-
cess of magnetization vector relaxation is even slower,
and the relaxation of acoustic spin waves is the slow-
est process. The most interesting are the results of
calculation for the relaxation of the antiferromag-
netism vector L. From formulas (6.5) and (6.6), one
can see that the relaxation of the vector L length is
accelerated by the intra-sublattice exchange integrals
J11 and J2z. On the other hand, it depends on the
exchange relaxation constant A. Just this circum-
stance gives rise to a variation of the magnetization
sign and the corresponding effects, which were ob-
served in works [12,14]. The system rapidly develops
along the curve S; + S = const and finds itself in
a strongly equilibrium state (see the corresponding
qualitative analysis in work [16]). Of specific impor-
tance is the fact that both the damping of optical spin
waves and the relaxation of the antiferromagnetism
vector length L are governed by the same constant
A. This allows one, firstly, to determine this constant
from independent measurements and, secondly, to use
the known methods of microscopic calculations for the
magnon damping in order to estimate the relaxation
time for the antiferromagnetism vector length I.

The work was partially sponsored by the joint grant
of the Presidium of the National Academy of Sciences
of Ukraine and the Russian Foundation for Basic Re-
search. Some results of this work were reported at the
international conference “Functional materials” [28].
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B.TI'. Bap’arzmap,

B.A. Isanos, O.H. I'oaybesa,

®EHOMEHOJIOI'TYHA TEOPIA
PEJIAKCAILII ¥V JIBOIIATI PATKOBOMY ®EPUTI

PezmowMme

ITobymoBano mucumaTuBHy (OYHKIIFO ABOIIAIPATKOBOro (epu-
ry. Obuncieni yacu pesakcaril aKyCTHIHOI Ta OITHYHOI rijIoK
criHOBUX XBuIb. OOYMCIEHO YacH peJlaKcallili HaMarHi9YeHOCTi
i BekTOpa aHTH(depoMarHerusMy depury. [lokazaHo, mo Haii-
OibIn MIBUOKHM € MPOLIEC pesiakcalii BeKTOpa aHTudEepoMa-
rHeTH3My. Jac penakcarii 1i€l BeJITUYNHN BH3HAYAETHCA OOMiH-
HOIO PEeJIAKCALiMHOI0 CTAjI0 i OOMIHHO IIOCHJIEHO 33 PAXyHOK
OUHAMIKHA BEKTOpa aHTU(dEpOMarHeTu3My OOMIHHUME B3a€MO-
OigMu MiXK aroMaMu moarparok. Haibisbmn moBiIbHHM mpO-
1ecoM € mporec pesakcanii Hamarsnigernocri ¢epury. B o6min-
HOMY HaOJHKEeHHI 4Jac pesaKkcallil HaMarHi4eHOCTi IparsEe Io
HECKIHYeHHOCTI IIpK 3POCTAHHI JOBKHHHU HEOLHODiZHOCTEH Ha-
mar"igeHocTi. IIpoBemeHo 3icTaBIeHHS 3 €KCIIEPUMEHTAJIHLHIUMU
JAHUMU 040 sIBUINA PesIakcanii B CILIaBi PiKiCHO3eMeJbHUX
i mepexinaux meraaiB GdFeCo.
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