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Abstract

By means of the Boltzmann equation we study the time evolution of the magnon distri-
bution function for a magnetic insulator in contact with a normal metal. We consider
a quasi-equilibrium realized by dc pumping of magnons, including Gilbert damping and
magnon-magnon scattering processes. We show that the magnon distribution is well
described using a Bose-Einstein distribution ansatz with time dependent magnon tem-
perature and chemical potential. Furthermore we show that this model breaks down for
low energies, and we calculate the crossover energy to be €* ~ 2.5K. In order to study
low-energy behavior, we derive the scattering rate due to magnon-magnon collisions.
Starting from a Heisenberg exchange Hamiltonian, we exploit the Holstein-Primakoff
transformation to find the magnon scattering amplitude. Using Fermi’s golden rule, the
scattering rate is derived.
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Chapter 1

Introduction

Magnetic properties of materials ultimately arise due to specific orientations of electron
spin [1]. In ferromagnetic materials, the magnetic ground state is occupied when all
spins are aligned. For this state to be reached, the temperature of the system must be at
absolute zero. At temperatures above 0K, excitations will emerge due to the availability
of thermal energy. Such excitations are called spin waves, which can propagate through
the material.

Within the language of quantum mechanics, a spin wave can be described as a quasi-
particle called a magnon. Magnons carry energy as well as linear and angular momentum.
They obey the Bose-Einstein statistics, as a consequence of their bosonic nature. Similar
to other bosons, magnons can undergo Bose-Einstein condensation, in which a macro-
scopic occupation of the ground state is reached.

In order to realize such a phase of matter, a certain critical magnon density must
be reached. There are different methods with which this can be achieved. Microwave
pumping has been expected [2] and observed [3] to create magnon Bose-Einstein conden-
sates. Another proposed method is the so called ’dc electronic pumping’ [4]. Consider a
conducting metal attached to a magnetic insulator. By applying a current to the con-
ductor, electrons will scatter at the interface of the materials, transferring momentum
to the insulator. This will cause a slight disturbance of the insulator spin density, by
conservation of angular momentum. Therefore, magnons are effectively injected into the
magnetic insulator.

Ref. [5] predicts the existence of dc pumped magnon Bose-Einstein condensates. The
steady-state behavior of a thin film insulating magnet is studied, with a magnon dis-
tribution driven by the combination of a thermal gradient and electric potential. The
thermal magnons undergo quasi-equilibration, as magnons are created and annihilated
continuously.

In this thesis we go beyond the work of Ref. [5], which considers the system in quasi-
equilibrium, and study the full time evolution of the magnon distribution function by
means of the Boltzmann equation. We include Gilbert damping, which decreases the
magnon density due to interactions with phonons, as well as elastic magnon-magnon
scattering, which plays an important role in the equilibration of the magnon cloud. As
in Ref. [5], we limit ourselves to a thin film magnet system, enabling us to use a spatially
uniform magnon temperature.

In chapter 2, the theoretical framework for magnon dynamics is drawn and explored,
deriving regimes in which different interactions dominate the Boltzmann equation. In
chapter 3, we solve the Boltzmann equation with a Bose-Einstein distribution as an
ansatz, and find equations for a time dependent magnon chemical potential and temper-
ature. We find regions wherein the chemical potential converges to a non-zero value, thus
showing a quasi-equilibrium state. In chapter 4 we derive the explicit form of magnon-
magnon scattering processes, starting from a Heisenberg model Hamiltonian. Chapter 5
summarizes our results and offers an outlook for future research.



Chapter 2

Theoretical framework

Spin waves are a quantum mechanical phenomenon. They are excitations of the magnetic
ground state of a system (see Fig. 2.1). So as to describe them properly, we look at these
excitations as quasiparticles called magnons. Using the Holstein-Primakoff transforma-
tion (see chapter 4), the spin operators can be expressed in terms of magnon creation
and annihilation operators, since magnons are bosonic particles.
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Figure 2.1 — In the ferromagnetic ground state, all spins are aligned. When excited,
the individual spins precess around this ground state, creating spin waves. Copyright:
Addison-Wesley 2000.

The system studied in this paper consists of a conducting metal attached to a thin film
ferromagnetic insulator. See Fig. 2.2. Magnons are created by dc electronic pumping
through the conductor. As magnons are bosons, they are described by Bose-Einstein
statistics, with a proper magnon distribution function. This approach of describing
magnons will not capture all quantum mechanical effects, such as interference between
magnons, however it will give more insight into the nonequilibrium macroscopic behavior
within the magnetic film. Due to the fact that we are studying a thin film, we approximate
the magnon temperature to be spatially uniform. As a result, our magnon distribution
function depends on time and energy only.

We define the magnon distribution g(e,t) with the following formula:

/deD(e)g(e,t) = Ny, (2.1)

with D(e) the density of states and n,, the density of magnons. Assuming a gapless
quadratic magnon dispersion in terms of the spin stiffness Js, the magnon density of
states is D(e) = \ﬁ/47r2J§/2 [6].

In order to study the dynamics of the magnon distribution, we must consider the
different interactions involved. Pumping of electrons causes magnetic excitations in the
insulator, therefore increasing the magnon density. There is a decrease in density due to
Gilbert damping. Furthermore, we include particle number preserving magnon-magnon
scattering, which is important for the thermalization of the magnons. This results in a
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Figure 2.2 — A schematic representation of the setup studied. A non-magnetic conductor,
with respective electronic temperature and spin accumulation 77, ur, is placed on top
of a ferromagnetic insulating film of thickness d. Within the magnetic film, a non-zero
magnon chemical potential ., arises, which relaxes to the phonon temperature T,.

Boltzmann equation of the following form:

dg(e, )
ot

with I'¢ representing the electron-magnon interaction, I'¢ the Gilbert damping and I';,,;,
the magnon-magnon scattering. The explicit forms of the interactions are given below
(see Refs. [5] and [7]).
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Here gy, is the real part of the spin mixing conductance, s the spin density and d
the thickness of the magnetic film. The interactions are described by Bose-Einstein
distributions np(z) = (e — 1)~1, with electronic temperature and spin accumulation in
the conductor respectively, 17, pt1,, and phonon temperature 7,.

Steady states for each interaction are reached for Boltzmann distributions with the
appropriate chemical potential and temperature. Before trying to solve the equation, it
is insightful to calculate the different energy regimes of the processes. For the magnon-
magnon scattering a relaxation-time approximation is used:

1 €—
Fom(68) = = [g(e,t) ~np < kﬁ‘:)} . (2.4)
Furthermore we use 1/7(e) = ge* with g ~ 1097J~*s~1. For the derivation of this energy
dependence, see chapter 4.

The electron interaction term and the Gilbert damping term have the same energy
dependence when neglecting py,. This is valid for high energies. Equating these terms
then yields a crossover thickness:

dF = I £ 107%m. (2.5)

The values for the constants are taken from Ref. [7], and are appropriate for a Pt-
YIG setup. When the thickness d of the ferromagnet is small enough (d < d*), the
Gilbert damping term will be dominated by the electron pumping, maintaining a non-
zero magnon density. Physically, this is due to the fact that lattice interactions are



volume effects, while the electron interaction is a surface effect. The ratio of the volume
and the surface determines the ratio of the strengths of these interactions.

Neglecting the effect of Gilbert damping, we can equate the resulting terms to find a
Crossover energy

1
* g1L \° —23
=22 ) ~107%) 2.6
‘ (fmsdg) ’ (26)

which corresponds to a temperature of approximately 2.5K. For energies higher than €*,
magnon-magnon scattering dominates over electron-magnon interactions at the interface.
This will cause the magnons to thermalize and reach a quasi-equilibrium state. We thus
expect that for energies larger than €* the distribution function will be well described by
a Bose distribution function with nonzero chemical potential.



Chapter 3

Time dependent Bose-Einstein
distribution

In this chapter we solve the Boltzmann equation assuming a Bose-Einstein distribution
for g(e, t). We will work with the following ansatz:

1
9(5775) T T (3-1)

ekTm(®) — 1

assuming that yu,, and T, are time dependent. For convenience, we will write (k BTm)*1 =
Bm. Furthermore, we introduce an energy gap A in the density of states and magnon
dispersion. This model offers a good description of the high-energy regime, in which
magnon-magnon interaction dominates. The magnon-magnon term will not contribute
to the equation since our ansatz is a steady state solution of this interaction, i.e. T'yyp,
in Eq. (2.3) is zero for the above distribution function. In order to solve the Boltz-
mann equation, it is convenient to split it into two separate differential equations for the
magnon number density and magnon energy. The equations are derived in the sections
below. We will limit ourselves to linear response.

3.1 Magnon density equation

Taking a time derivative of Eq. (2.1), we get

ag: - gt/deD() (e,t) = /deD( )gt (e,1). (3.2)

Since we assume only u,, and T, to be time dependent, we expect the derivative of the
magnon density to have the following form:

an alum 8Tm
ot =A ot +B ot

Assuming T,, to be constant, we can write:

(3.3)

onm 1o} Ol 0 aﬂm 0
%= 5 [ aeputen) = 2 [ a5 g(e) = = [ den(e) g @(t) |
3.4

Using partial integration, shifting the integral and using substitution of variables we can

simplify this integral. We repeat this procedure taking pu,, constant instead of T},. The
final result is:

472 Oy, . T “1/27 .
PR o 3V i

+Trnkp [%ﬁﬁ;l/QLi%(e(”m_A)Bm) + SVTBYALi_

% (e(an_A)/Bm,)

(3.5)
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3.2. MAGNON ENERGY EQUATION

with Li, (z) the polylogarithmic function.

Now we will work out the right hand side of Eq. (3.2) by substituting our ansatz.

g3

E—

/deD( )gt (e, 1)
X [(325) (e — ur) [g(e ,t) —np ((e—pr)Br)] —

With the same methods as before, we find

(%) elgle,t) —np (e6,)]] -

(3.6)

1 on
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+ (%) :%ﬁﬁf’/QLz%(e Aoy 1+ 1\/TABy 3/2L“_( 7A5p)]

(3.7)

In order to solve the equations analytically, we need to linearize them. We assume the
magnon temperature 7, relaxes to the phonon temperature T,,. We also linearize with

respect to the electron temperature and the chemical potentials. We get:

T (t) =Ty, + 6T (1)
T, =T, + 0Ty,

fim (1) = 0+ pim (t)
pr =0+ pr

After linearization, we find as our final equation for the magnon density:

fim [V, 2Ty (o2
ki [$VTB, 2Ly (e 5%) + §VRBY LIy ()] =
~(um = pr) (555) |3V, 2 Lig (e72) & S/mBy 2 Liy (e78%)
~(nm) (32) |38, Lig(e7%%) + §V/mB, /2 Liy (72
(T — Tr)kp (724) [15\/E5;3/2L %(e—Aﬁp) 43 B2 L (e A0)
VB Liy ()]
_(Tm )kB (Ta) |:15\/>5 3/2L %(6 Aﬁp)+%ﬁ6 1/2Ll3(6 Aﬁp)
+41 VB2 Liy (%))

where & denotes the temporal derivative of variable z.

3.2 Magnon energy equation

In our system, the mean energy per volume is defined as

un = [ deD(Oegle.1).

(3.8)

(3.10)



3.3. RESULTS

Using the same methods as for the magnon density equation, we can derive a differential

equation for Tp,(t) and u,,(t), and linearize it to enable us to solve it analytically. We
find

fm [%ﬁﬁf”Li%(e‘MP )+ %\/%ﬁ,;l/zu,%(e-ﬁﬂp)}
+ Tk [%’\/Eﬂfﬂu% (e4%) + 32 /mB, /2 Liy (e A7)

+45 VB Li_y ()| =

1
2

(i — 1) (25) [ VA8, /2 Lig (e 2%) + 32 7B, 3/ Liy (7 2%)
VRS, P Liy ()
() (3) [ VRB, 2 Lig(e™80) + 30 /m8, 2 iy (7 2%)
87 VB V2 Liy (e
—(Tyn — To)kp (24) [%ﬁﬁp—mu%(e—mp) + %Aﬁﬁp_gmh’g (e=28r)
— 385 V/mB, P Lig (em8) — & /mB)/? Liy (e74P7)
(T = Tyks (3) |8 VA8, 7/ Lig (7% + P AVTS; /2 Lig (=)

2 _ L 3 .
— 38 nB, 1/2Lz%(e Abpy %\/EB;/QLZ%(e Abp) 1.

(3.11)

3.3 Results

The differential equations can be expressed in the following form:

A(Ounfim + 6TnTm) =Gpm — pr) + S(Tm — Tr) + Gp(pm) + Sp(Tr — Tp);

. . (3.12)
h(aﬂuﬂm + Oruly) = W(pm — pr) + 6(Ton — T1) + Hp(ﬂm) + “p(Tm - Tp)7

with G the interface spin conductance, S the Seebeck coefficient, II the interface spin
Peltier coefficient, s the interface heat coefficient, and G, S,, 11, k,, similar transport
coefficients describing the magnon-phonon interactions. We note that the phonon pro-
cesses are not interfacial, but take place inside the magnetic insulator. Therefore they are
not really transport coefficients. We find that up to linear order Il = T'S, in accordance
with Onsagers reciprocity relations.

It is insightful to rewrite the equations into a dimensionless form prior to solving
them. This will make the physical properties more transparent. We find

4

Ozjim + ?713sz = N2 (fim — 1) + 773(Tm - TL) + Nafim + %(Tm - p)§

] N i B i R (3.13)
a{:um + Vla{Tm = VZ(Mm - 1) + VS(Tm - TL) + Valbm + 1/5(Tm - Tp)7



3.3. RESULTS

where we made use of the following substitutions:

- %, =t
758,//7, 7!‘,07
m - kpTw . ksT - kpT,
Nm:Lv Ty = B ’ Tp:ﬂv T, = BoL
195 “r 15 120
_10m -1 _ 5 _ =Gy _ =5
"“kBaun’ n2=-5 ng_GkB’ N = ) n5_GkB
1 Jru _ —0un _ —1lomk _ —0Ounll, _ —10unky
NThkpow T 0w G P T kouG T 9w G T kpou G

(3.14)

The dimensionless magnon chemical potential is shown as a function of time in
Fig. 3.1. At ¢t = 0, magnon pumping starts. We see that the chemical potential rises to
a non-zero value. This is evidence for a quasi-equilibrium distribution of magnons.

The behavior of the characteristic time #y is shown at the bottom of Fig. 3.1. In
the limit where A — 0, ¢y diverges. As a consequence, t/ty will vanish and the magnon
chemical potential will remain constant. This is an nonphysical situation resulting from
the fact that our ansatz in Eq. (3.1) does not hold for energies below e¢*. Below this
energy magnon-magnon interaction is dominated by electron pumping, preventing the
magnons from internally equilibrating. The magnon distribution is then poorly described

by a Bose-Einstein distribution.



3.3. RESULTS

0.5

0.4

0.3

Hm/pL

0.2

0.1

0.0

o
N
I
»
(o)
5

t/to

30

25

20

10

tox10’
=
(6]
—

o
N
IN
o]
o)
<)

Akg

Figure 3.1 — Time evolution of the magnon chemical potential p., (top) and the charac-
teristic time to as a function of the energy gap A (bottom). We used d = 10~ °m, T, =
Tr, = 300K. For the calculation of p,, we used A = 1K X kg.
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Chapter 4

Magnon-magnon interactions

In this chapter we derive the general form of the magnon-magnon interaction, which
enables us to study the behavior of the Boltzmann equation for lower energies. We
are interested in interactions that conserve the number of magnons. These processes
redistribute the energy of the magnons, thus causing thermalization of the system. This
makes Bose-Einstein condensation of magnons possible.

The derivations in this chapter are built on previous research. In Ref. [§] the fourth
order term of the Hamiltonian is derived. For Fermi’s golden rule, Ref. [9] was used.
Furthermore, Ref. [10] and Ref. [11] were used for the derivation of the collision integral.

We consider a Heisenberg model with exchange interactions, with spins of magnitude
S on a cubic lattice with constant a. The Hamiltonian has the following form:

’H:—hZan—%ZJmnSm-Sn, (4.1)

where h is the coupling to an external magnetic field in the z-direction, while the second
term embodies the nearest neighbor interaction between two spins at lattice positions
rm = am and r, = an. It is convenient to express this Hamiltonian in terms of the
magnon creation and annihilation operators, b’ and b respectively. We use the Holstein-
Primakoff transformation to rewrite the spin operators

=28 1—2Sb~¢?(b—llgl’+0(b5)>

/ btb binth (4.2)
T T_ 27" 5

=/25b ~ 5 ~ V28 <b 5 +O(b )>7

5% =8 —b'b,

with St = 5% +48Y and S~ = S* —iSY. After substitution of this transformation, we
split the terms of different orders to find

Ho = —hSN — 35 JyN,
HQZhZ(smnb b _SZJmn - mn)Tbna

=3 Z Jon (Dmblbhbn + bl bl babn — 265 bbb, -

For a full derivation of the Hamiltonian, see appendix A. Note that there are no first
and third order terms in the Hamiltonian. The magnon interaction processes we are
interested in are described by the fourth order terms. Fourier transforming H, using
b = Zk b etk rm /N where k is the magnon wave vector and N is the number of lattice
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sites, and normal ordering afterwards, reads

1
Ha =oNa Z bI{lbLQkabkzlfskl+k27k37k4rk1,k2,k3,k403
k1,k2,k3,k4 (4.4)
1 Tptf / / .
+ o D Dbk > (cos(aa - k') — cos(aa - (k — k'))).
K,k o
We find the magnon-magnon scattering amplitude to be
I'k1,k2,k3,ka =Jo Z (cos(aa - k1) + cos(aa - ky) — 2cos(aa - (kg — k2))), (4.5)

o

with @ = {&, ¢, 2}. Considering the case in which k; is small, we can approximate the
amplitude

J0a2

D'k k2 k3,4 & (—ki — k3 +2(ks — ko)?) . (4.6)

Before we continue, we will rewrite this expression into a more convenient form. By using
the following identities

12 — L - (ks 4+ ks — ko) = —ki - ko + ki - kg + kg - Ky,
K2 —ko- (ks + ki — ki) = —k; ko + ko - ks + ko - ki, (4.7)
ki=ks (ki +ko—ks) = —ks ks +ki ky+ko ky,

we can rewrite the amplitude

J0a2

I'k1,k2,x3,k4 ~ (ki - ko — ks - ks + ko - (ks —ky) — ks - (k1 —k2)). (4.8)

The last two terms in this expressions will cancel, since we sum over all values for k; in
the Hamiltonian. Therefore, we may leave them out, resulting in the following expression:

J 2
O (—ky -k — k3 - ky). (4.9)

I'k1k2,k3,k4 =

Using Fermi’s golden rule, we calculate the rate of the scattering of magnons.

e
T f] = h /// dkodkzdks |y k2,k3,k40 |

X 0 k1 + ko — k3 — k4)5(€1 + €2 — €3 — 64) (410)
< [f(ks, 1) f(ka, t) (L+ f(ka, ) (1 + f(ka, )

with €; the energy of magnon i. The second line is a statistical factor which ensures
that in equilibrium a Bose-Einstein distribution is reached. The bosonic nature of the
magnons is reflected in the (1 + f(k,t)) terms, which would have been (1 — f(k,t)) if we
were dealing with fermions.

Next, we derive the the energy dependence of I',,,,, using the relaxation-time approx-
imation. This approximation amounts to

I~ b [g(e,t) —ng (;B:ﬁ:)] , (4.11)
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with g(e,t) the magnon distribution as before. The relaxation time has the following

form
- /// dkodksdka| it k2,k3,k4]
4.12
X5k1+k27k37k4)5(€1+62763764) ( )
x [np(e2)(1 + np(es))(1 + np(es))].
By substituting k; = x; /A, with A = ——— the De Broglie wavelength, we can make

V2mrmkpT
the integrals dimensionless. We find

1 12m7r al

e G i dx2dx3dx4 |1 x2,x8,x4]”

4.1
X 8(x1 +xQ—X3—X4)5(X1 +x§—x§ —xi) (4.13)

x [np(e2)(1+np(e3))(1 +np(ea))]-

Now we define Jy = kgT,. Using h%/2m = Jpa?, we can rewrite the expression for the
scattering time

1 1 1 T 1
7:77kT477 dxadx3d Fxxxx2
Tk h(kBTc)g( 5T) (2m)13 64 // x2dx3dx,| 1,x2,x3, 4l

2 2)

X 8(x1 + Xg — X3 — X4)0(X% + X3 — X3 — X3

4.14
x [ns(e2)(1+ np(e))(1+ np(e)] ()
=g (ksT)*,
with
g= 11 X (some numerical factor) ~ 10977 *s~! (4.15)
h(kpT.)? ’ '

approximating the numerical factor to be of order 1. We conclude that the magnon-

magnon scattering process depends on the energy as €*. This justifies our use of this

approximation in chapter 1.

Now we will calculate the collision term explicitly. Due to the fact that we are dealing
with a thin film, our magnon distribution is assumed to be spatially uniform. Therefore,
we may use f(k,t) = g(e(k),t)). Starting from Eq. (4.10), we make a phase space
projection of the collision integral

Ty (6,8) = / (;i{)gé(e—E(k))me[f]. (4.16)

We want to express the collision integral in terms of the energy. In order to accomplish

this, we use the following relation
1
k = D(e) = k(e — E(k)) | . 4.1
(QW)S/d /de (©) /de<(2 3/d6(e ())) (4.17)
The collision integral then reads
0
Trm(€1,t) E iz /// deadesdes0(€1 + €3 — €3 — €4)
[9(637t)g(64a ) (1 + 9(61, )) (1 + 9(627t))
—g(ex, t)g(ea, t) (1 + g(es, 1)) (1 + g(ea, 1))] (4.18)

X /// dkydkodkzdka| Tkt 12 13 x40 (k1 + ko — k3 — ky)
(5(61 — El(k)>(5(62 — Eg(k))6(63 — Eg(k))6(64 — E4(k))
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Now we focus on working out the momentum integrals. We transform to total momenta
K = k; + ko, K’ = k3 + k4 and relative momenta q = (k; —k2)/2,q" = (ks —ky4)/2. The
momentum conserving delta function now yields K = K’. We rewrite the delta functions
and transform to spherical coordinates.

22 2m 2
5( El)—5(61 hk):ﬁ§(2mq_%_q2_K.q)
2m 1 1 /2mey K2 2 / (419)
:ﬁ[?q (fq( et — o —q) —cos(8)).

The other delta functions are transformed in a similar fashion. Furthermore we rewrite
the scattering amplitude

Iy 2_ 2_J§a4 24 2 122 (4.20)
k1,k2,k3,k4| —\ K,q,q’| Ty \q +q 3 | :

The momentum integrals now take the following form

2 ( )/dK /dqdq |FK,q,q/|2//dudu'

X0 (2 — B2 — ?) — )
S (28— - ) ) “a
By (i = 5 =" —w)
O3t (Bt = 50 = 4*) + ).

where u(u’) is the cosine of the angle between K and q(q’). Performing the integrals over
u and v results in a product of Heaviside Step functions, setting integration boundaries
for ¢ and ¢’. Subsequently, we can perform the integration over the orientation of K.

This gives
m
(n) /%/ o [

2m€1 _E+2m€1 5_277162 _5+2m62
= max no 2 no ) n 2 ) :

wy = 2 i (e V),

’ ( ( 2me3 K 2m63> (K 2m64 K 2m64)>
Up = max ,—— +——— | ,max | — — ,—— *+ ,

2 h 2 h
K 2
uéz;—l—imm(«/ 3,V/€4) -

(4.22)

From this point, the Boltzmann equation can be solved numerically. We leave this as
a starting point for future work.



14

Chapter 5

Conclusions and outlook

We studied the behavior of the magnon distribution for a de-pumped thin film magnetic
insulator. First of all we found different regimes that characterize our setup. For a film
of thickness d ~ 10~ %m, Gilbert damping and spin pumping are equal in strength. In
insulators of this dimension or smaller, a quasi-equilibrium magnon distribution can be
realized. For large energies, the Boltzmann equation was solved analytically. The re-
sults confirm the existence of a nonzero magnon chemical potential, converging to an
equilibrium value. Finally, the magnon-magnon interaction was studied. We provided a
derivation of its contribution to the Boltzmann equation. In time-relaxation approxima-
tion, the interaction was found to behave as €*, dominating other processes in the high
energy regime.

The analysis provided in this thesis focuses on higher energies only. This is due to
the fact that the derivation of the explicit form of the magnon-magnon interaction is still
incomplete. When complete, this result would learn us more about the nature of the
magnon equilibration. Future work could focus on continuing with the derivation where
we left off. Using the result, low energy behavior could be studied, giving us more insight
in Bose-Einstein condensation of magnons. This is crucial for a broader understanding
of magnon dynamics.

We have limited ourselves to linear response. This enables us to approach the prob-
lem analytically, but keeps us from capturing the whole physical picture. Numerical
evaluation could deal with the full Boltzmann equation, and could be used to check the
validity of our approximation.

In this research, magnon-phonon scattering was not accounted for. Future research
could improve on our work by deriving the contribution of this process to the Boltzmann
equation in the same manner as magnon-magnon scattering was treated in this thesis. By
adding this interaction, a more complete picture of magnon kinematics could be acquired.
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Appendix A

Derivation of H4

We consider a Heisenberg model with exchange interactions, with spins of magnitude S
on a cubic lattice with constant a. The Hamiltonian has the following form:

Hz—hZS;—%ZJmnSm-Sn. (A1)

We use the Holstein-Primakoff transformation to rewrite the spin operators:

ST =128 1—bb~¢?(b—bm’+0(b5))

25 49
[ blb bTbh (A.2)
- _ + _ 27 T 5
V2Shiy 1 - 2 S V28s (b 5 to0 )) :
S* =5 —b'b,

with ST = 8% +4S% and S~ = S% — 4SY. Filling this in, we get:

1
H=—h (S blbm)— = Z Jmn|SZ,S% + SY.8Y 4 SZ 57

= —h 3 (S — blybum ——ZJmn () (55,
T, (55), s 0]

:—hz S —bib —%ZJmn[(s++S—)m(s++s—)n

— (87 =S )m(ST — 87 )a
+4(S% = S(blybm + blby) + bl bmbl by)]

=—h> (S = blubm) - é > Jmn (29550 + 25,58

m,n

(A.3)

+4(S% = S(blybm + blby) + bl bimbl by)]

noyg8 48
~ bfbhbabn  bfblibmba
m 48 48 '

bmblibhibn bInbmbmbI,)
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Splitting the terms of different orders, we obtain:

2
Ho=—hS> —% > Jmn = —hSN — $S*JN,

Ho=h> blybm — g > Jean [bmbl, + blbn — blbm — blibn)] (A.4)

m,n

S
=h Smnblyba — 5 > Jean [2b5bn + Smin — 26mnblnba) |

m,n

which is equal to the following expression if we drop the 0" order term:
Mo =1 Omnblabn — S Jmn(l = Omn)blubn,
m,n m,n

1
Hy = -3 Z Jean [—bmblblbn — bl bmbmb], — bl bl bnby — bl bl bimbr + 46l b bl b
m,n

1
=z > Jran (2bmblblibn + 261, b bnbe — 46, b blibn + [bL0]ba, bn] + [Blbabn, b))
m,n

1
= > Jran (bmblibhbn + bl babn — 2b%,bumbfib ) |
m,n
(A.5)

where the last two 27 cancel. There are no first order or third order contributions to
the Hamiltonian.

Next, we will Fourier transform the expressions for Ho and H,4 using
bm = ﬁ Zk be™® T with k the magnon wavevector and N the number of lattice sites.
We transform the different terms one by one:

> Smnblabn = > blybm
_ % Z Z b;[(bk/efikmaeik’-ma

m kk’

_ % S b 3 il kma (A.6)

k. k’ m

= bbb x

k.k’

=) bl
k

> Jean(1 = Smn)blabn = Jo > D bl (bmia + bm-a)

_ % Z Z Z b byl ma (oK -(mta)a | ik (m—c)ay
m o kk’

Jo T (k' —k)-m ik’ —ik’-
— N bkbk’ ;ez( ) aZ(ez aa te i aa) (A?)

kK’ o

=Jy Z bltbk/ Sk K/ Z 2 cos(aa - k')

kK a

=2Jy Z blbk Z cos(aa - k).
k a
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> Tonbmblblibn = Jo Y Y bm(blay bl abmia + by 0Pl abm-a)

= % D0 D babloblghiae™ ™

m o kl1,k2k3k4
~ (efik2-(m+o¢)aefik3~(m+a)aeik4~(m+a)a

+ e—ik2~(m—a)ae—ik?r(m—a)aeik4~(m—a)a)

270
= Z bklbltgb;rcgbk46k1+k27k37k4,0
K1,k2,k3,k4

X Zcos(aa - (k4 — k2 — k3)).
: (A.8)

We find the following expressions:

Ha=)_ (h — 25y ) _ cos(aa - k)) blbw, o = {,9, 2},
k a
1
Ha=-= > bliblobisbiad(ks + ks — ki — ko)
k1,k2,k3,k4 (A.9)
X Z (cos(ac - ky) + cos(aa - ky) — 2 cos(ac - (kg — k2)))

[e3

1 Tt / /
+ N l;bkka%: (cos(aa - k') — cos(ac - (k — k'))),

in which the second line of H4 represents corrections to the second order term of the
hamiltonian, which arise due to normal ordering of the annihilition and creation opera-
tors.
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