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D.V. Slobodianiuk®, O.V. Prokopenko

Taras Shevchenko National University of Kyiv, 64/13, Volodymyrska Str., 01601 Kyiv, Ukraine

(Received 21 March 2017; revised manuscript received 26 April 2017; published online 30 June 2017)

Kinetic equations describing nonequilibrium magnon gas under the action of parametric pumping are
considered with an account of kinetic instability processes. These processes strongly influence condition of
magnon Bose-Einstein condensate formation. It is shown that the number of condensed magnons increases
and the threshold of condensate formation decreases when kinetic instability processes are present in a
system. Obtained results are important for further development of Bose-Einstein condensation theory for

nonequilibrium magnons in magnetics.
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1. INTRODUCTION

Magnons are quasiparticles associated with elemen-
tary excitations of magnetic subsystem of the crystal [1].
Magnons are bosons, thus they are described by Bose-
Einstein quantum statistics. It is well known that Bose
particles can exhibit so-called condensation, when at some
system parameters number of particles in lowest energy
state of the system rapidly increases [2]. For Bose gases of
atoms Bose-Einstein condensation (BEC) is observed at
rather low temperatures. However, for magnons this ap-
proach is not valid — number of magnons decreases with
temperature [1]. Thus another approach to observe BEC
in magnon gases was developed — strong increase in mag-
non density due to external parametric pumping [1, 3].

To describe magnon system with magnon BEC one
need to take into account the whole spin-wave spectrum of
weakly interacting magnons. Moreover, kinetics of con-
densation processes can not be described by classic ther-
modynamics laws — the system is far from the equilibrium
and large group of parametrically pumped magnons is
present at some point of the spectrum [1]. Thermalization
of these magnons via magnon-magnon scattering process-
es results in BEC of bottom magnons [4 — 6].

Another group of processes one need to take into ac-
count is so-called kinetic instability processes [7]. These
processes lead to a direct scattering of parametrically
pumped magnons into bottom of the spectrum,

2a)p = Dpottom +wtop ’ (1)

where ap is the pumping magnon frequency, abottom 1s the
lowest spin-wave spectrum frequency and @ 1s some
spin-wave frequency of “up” magnons formed due to the
scattering processes. These processes can effectively
mediate BEC and also should be accounted.

PACS numbers: 75.30.Ds, 75.45. +j

The goal of this work is to investigate kinetics of
strongly nonequilibrium magnon gas leading to BEC and
analyze influence of kinetic instability processes on the
formation of magnon condensate.

2. THEORETICAL MODEL

To describe evolution of magnon gas under the para-
metric pumping we will further develop approach de-
scribed in [8]. In this work magnon gas is described as a
sum of interacting different magnon groups that corre-
spond to the different frequency and wave-vector regions
of magnon spectrum (see Egs. (2)).

First group of magnons is parametric magnons with
population N, created by an external electromagnetic
pumping. It should be noted, that we will consider system
dynamics after pumping is switched off leaving the system
in a strongly nonequilibrium state with N, >>1 at ¢=0.
Exact details of pumping magnon group time evolution,
while pumping is switched on, leading to the formation of
given number of parametric magnons will not be consid-
ered in our model.

Next group of magnons is BEC magnons, having popu-
lation N.. Main feature of this magnon group is the
threshold excitation of BEC in a system [2], that will be
discussed later.

To take into account kinetic instability processes one
need to consider two separate magnon groups N, and N.
The first group corresponds to the magnons close to the
“bottom” of the spin-wave spectrum having the frequency
close to wmin and the second group is connected with “bot-
tom” via kinetic instability processes having frequency
about 2wp — wmin, Where wp is the pumping frequency. Also
magnon group N plays important role in Brillouin light
scattering (BLS) signal formation from the bottom of
magnon spectrum.

dN
dtl’ =-I',N,-A,;,,N*(N,+N,),

dNb 2 3 3 3 3

b= TN+ A NN, + A NG = A4, N - 4, (N; -N3)O(N,-N,,), 2)
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Finally, all other magnons in a system can be described by
magnon group Ng. Total number of magnons in a system
is given as N=N,+N,+N,+N,+N,. This value is

conserved in conservative case, thus it can be used to
verify numerical solution.
Magnon flux from i to j subsystem is proportional to

Nf with coefficient A; arising from 4-magnon scattering

process in a system [1]. Described magnon flux between
magnon groups is “natural” phenomena in interacting
Bose magnon gas leading to energy redistribution through
the spin-wave spectrum and thermalization. Mentioned
earlier kinetic instability processes are specific processes
arising from parametrically pumped magnons interacting
with two exact points of spin-wave spectrum, having fre-
quencies Wmin and 2wp — wmin. To account these processes
in our kinetic equations for group amplitudes N; we in-
clude additional terms in equations for N, N; and N, that
are proportional to the phenomenological constant Ain.

Finally, phenomenological damping in a system 1is
introduced with terms IiV;.

Equations describing evolution of given magnon sys-
tem (2) also take into account the fact that BEC for-
mation is a threshold process, observed at N. > N, [2].
Thus, Heaviside function ® (IN: — N¢) is included in the
corresponding equations. For simplicity we assumed
that all relaxation rates of Ny ,N¢, N; and Ny are equal.
This simplification allow us to use only one parameter I”
that can be estimated experimentally while measuring
the threshold of spin-wave parametric excitation [1].
Generally speaking those Gilbert damping coefficients
can be different for different spin-wave spectrum re-
gions and are proportional to the spin-wave frequency
[1]. Damping of parametrically pumped magnon group
is I'pand is usually larger then I'[1, 8].

3. RESULTS AND DISCUSSION

To analyze the magnon dynamics the system of equa-
tions (2) was solved numerically. We used the following
numerical parameters for constants in the equations: dis-
sipation of pumping magnons I, =26,3 s-1, dissipation of
other magnon groups I" = 6.1s~1. Magnon flux coefficients
Aj: Apg =Abc =Aig =14250s-1, Ag =Ag =43 s-1. These
parameters are similar to ones used in work [8]. Finally,
kinetic constant Axin was varied in our calculation. We
need to stress here, that in typical experiment kinetic
instability processes and their efficiency strongly depend
on external magnetic field applied to a sample [7]. By
choosing an appropriate magnetic field value one can to-
tally suppress kinetic instability processes or maximize its
influence on a system [7].

We used the following initial conditions for magnon
groups’ amplitudes:

N,(0) =135; N,,(0) =1000;

N,(0) = 80; N.(0) = 0; 3)
N, =135.

=7FNC+Abc (NgiNfr)G)(NbiNcr)'

Initial number of pumped magnons N, was varied
to simulate different pumping powers in a system.

Fig. 1 shows time evolution of magnon groups for
two separate cases: when kinetic instability processes
are absent in a system (a), and when they are included
(b). As one can see in the first case magnon flux from
the pumped magnon group N, is much less prominent,
then in the second one. Kinetic instability processes, as
it can be seen from equations (2), stimulate additional
dissipation for pumping magnons leading to a more
rapid decay of this group with time. This leads to an-
other redistribution of magnons through the whole
magnon spectrum: in the case of kinetic instability pro-
cesses (see Fig. 1b) number of condensed magnons also
is tens times higher than in the case (a).

To further investigate this effect, Fig. 2 shows depend-
ence of the N/N, ratio on pumping magnons number

10° 3 —N
E ©
- _Nb

-—-- N

a

104 " TN,

Fig. 1 — Time evolution of magnon groups for N, = 20000,
Arin=0 (), Akin =10Ag (b)
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for different values of kinetic instability constant. This
ratio can be threatened as an order parameter of a sys-
tem [9], and shows a degree of magnon condensation.
Here we need to stress, that most magnon BEC experi-
ments are carried using BLS technique [10, 11]. Due to a
finite wave-vector and frequency resolution of this meth-
od information of magnon condensate is received not
from a single point of a spectrum, that corresponds to
the minimum spin-wave frequency (@min, Emin), but from
some finite frequency and wave-vector region [10, 11].
This leads to the fact, that resulting BLS signal contains
information not only about condensed magnons N. but
also from magnons in the vicinity of @min — Nb. Separat-
ing these two contributions in the resulting BLS signal
is a challenging task, yet to be solved.

To investigate system behavior under the action of
varying external parametric pumping, and thus varying
pumping group starting condition N, we need to modify
initial conditions (3) of our kinetic equations. They are
written for the case of given number of pumping mag-
nons N, = 20000. In the case of no pumping N, =0, all
other magnon groups are in thermodynamic equilibri-
um, thus N;(0) = 0. Obviously in a case of intermediate
pumping levels starting numbers of magnons groups
will differ from (3).

To take this fact into account we can modify our
starting conditions in a following way:

N,(0)=q,N,,

N, (0)=q,N,,

N,(0)=g,N,, 4
N (0)=0,

N, =135.

Here we proposed a simple linear relation between the
starting magnon numbers and the pumping magnon
number. Coefficients g are chosen to satisfy conditions (3)
when N, = 20000 and, obviously, all N;(0) = 0 when N, = 0.

As one can see from Fig. 2 kinetic instability pro-
cess leads to the decrease of condensate formation
threshold. It is clear from the solution of equations (2),
these processes effectively mediate transfer from
pumping magnon group to bottom magnons, leading to
the condensate formation.
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Fig. 2 — Dependence of N./ Ny ratio on pumping magnons number

Second prominent feature of the system with al-
lowed kinetic instability processes is the significant
increase of N./N, ratio. As one can see for given pump-
ing power this ratio is about 10 times larger in the case
of kinetic instability processes taken into account.

4. CONCLUSION

In present work kinetics of strongly nonequilibrium
magnon gas under the action of parametric pumping
was analyzed. System dynamics was described using
phenomenological kinetic equations describing change
of magnon populations in different magnon groups. Ad-
ditional terms, taking into account kinetic instability
processes in magnon gas, were introduced. It was
shown, that mentioned processes play important role in
magnon BEC formation. The obtained results are im-
portant for understanding of quantum effects in Bose
gases and nonequilibruim magnon dynamics.

ACKNOWLEDGEMENTS

Authors are grateful to Dr. D. Bozhko for helpful
discussions. Publication is based on the research pro-
vided by the grant support of the State Fund For Fun-
damental Research of Ukraine, Taras Shevchenko Na-
tional University of Kyiv (Grant 16BF052-01) and Na-
tional Academy of Sciences of Ukraine.

Kineruka cuiibHO HEPIBHOBAKHOIO MATHOHHOIO ra3dy 3a ymos boae-EiiHmreiiHiBCbKOL
KOHOeHcaIil

J.B. Ciaobogsriok, O.B. IIpokomenko

Kuiscoruli nayionanvruil yuisepcumem imeni Tapaca Illesuenka,
8yJi. Bonooumupcovra, 64/13, 01601 Kuis, Yikpaina

B pobori mpoanasrizoBadi KiHeTUYHI PIBHSHHS, 1[0 OIKCYIOTHh HEPIBHOBAKHUN MATHOHHUM ras miJ T1€0
HmapaMeTpUYHOl HAKAYKN 3 ypaxyBaHHSM IIPOIECiB KIHETHYHOI HEeCTIMKocTl. BecTaHoBIIEHO, IO 11l IIpOIlecH
CyTTEBO BILIMBAKTH HA YMOBU (hopMmyBanHs Bose-EiHIITeiHIBCHKOTO KOHIeHcaTy MarHoHiB. [lokasawo, 1o
KIJTBKICTH CKOHJIEHCOBAHUX MATHOHIB 3POCTAE, a IMOPIT YTBOPEHHS KOHIEHCATY 3MEHIILYEThCS 34 HASIBHOCTI B
crcTeMi IIpoLeciB KiHeTuuHOI HecTikoeTi. Omepaxadi pe3yIbTaTh BAsKJIUBI A IIOJAJIBIIOI0 PO3BUTKY TEO-
pii Bose-EiHIIITeiHIBCHKOT KOH/IEHCAIlI] HEPIBHOBAKHUX MATHOHIB B MArHeTUKAX.

Knrouogri cirosa: Kinetrune piBastHEs, Bose- EitHinreitaHiBebka kougeHcarriss, Marsos, Kineruuna HeCTIAKICTD.
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Kunernka cruiibHO HEPABHOBECTHOIO MATHOHHOIO ra3a B ycjaoBuax boae-
ONHIITENHOBCKOM KOHIEeHCAIIUN

J1.B. Ciaobogsaniox, O.B. IIpoxonenko

Kuescruii nayuonanvrvili ynusepcumem umernu Tapaca Ilesuerka,
ya. Bnaoumupcras, 64/13, 01601 Kues, Ykpauna

B p060Te IIPOAHAJIM3UPOBAHBI KUHETUYECKHUEe YPaBHEHUs, KOTOPbIE€ OIIMCBIBAIT CHUJIBHO HepaBHOBeCHHfI
MAaTrHOHHBIN a3 101 HeﬁCTBHeM napaMeTqueCIcoﬁ HAKa4YKH C y4€TOM IIPOIIeCCOB KUHETUIECKOMN HeyCTOI‘/JI‘II/I-
BOCTH. YCTaHOBJIeHO, YTO OTHU IIPOITECChl CYIIEeCTBEHHO BJIUAKIT HaA YCJIIOBUA d)OpMHpOBaHI/IH Boae-
OUHINTEAHOBCKOTO KOHJIIeHcaTa MarHoHOB. HOKaSaHO, YTO YHCJI0O CKOHIOEHCHUPOBAHHBIX MAarHOHOB YBEJIMYU-
BaeTcd, a Immopor d)OpMI/IpoBaHI/IH KOHJeHCaTa yMEHbIIaeTCd IIpU HaJIU4YUU IIPOILeCCOB KUHETUYECKON He-
yCTOfI‘{I/IBOCTI/I B cuUcrTreme. HOJIY‘IeHHbIe pe3yJjIbTaThl BAKHBI JJIA IIOCJIEOYIOIIero pasBUTHUS TEOPHUH Boae-
OUHINTEeAHOBCKOM KOHIeHCallu HepaBHOBECHBIX MATHOHOB B MarHeTuKax.

Knouersie ciora: Kuneruueckoe ypasuenue, Bose-Oiinmreiinosckas kougencamnus, Maraon, Kuneruae-

CKasl HEYCTOMYNBOCTb.
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