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Abstract

In this thesis, we investigate the non-equilibrium quantum transport phenomena of mag-
netization on the basis of the (so-called) Schwinger-Keldysh formalism.

Firstly, we reveal a microscopic origin of spin pumping which is well-established experi-
mentally and used as the standard method of generating spin currents. Beyond a classical
phenomenological argument, we microscopically clarify the relevant physical quantities to
the experimental detection of spin currents by using the inverse spin-Hall effects. Conse-
quently, we present two microscopic spin pumping theories based on the Schwinger-Keldysh
formalism, quantum spin pumping theory and thermal spin pumping theory; in the former,
spin currents are generated by quantum fluctuations induced by applied microwaves. On the
other hand, in the latter case, spin currents are produced owing to the inhomogeneous ther-
mal fluctuations (i.e. temperature difference). We also analyze microscopically the features
of each spin-pumping system.

Then, we seek for the possibility of Bose-Einstein condensation (BEC) of magnons in each
spin-pumping system. In quantum spin-pumping systems, we closely analyze the effects of
applied microwaves, which drive the systems dynamically out of equilibrium, on magnon BEC
Specifically, we investigate the time-evolution of the macroscopic condensate order param-
eter, which is associated with the recently attractive phenomenon called quasi-equilibrium
(dynamical) magnon condensation. On the other hand, in the case of the usual spin-pumping
system (i.e. the one without microwaves), we analyze the effects of the exchange interaction
at the interface between metals and magnetic insulators, which is the key to (i.e. the source
of) spin pumping. In doing so, we clarify, on the basis of a non-perturbative quantum field
theories, the condition for the standard magnon condensation associated with a spontaneous
symmetry breaking to occur. The magnon condensate is a macroscopic state with quantum
coherence and hence, it is robust against the loss of information. Therefore the active manip-
ulation of magnon condensates is expected to lead to the application to quantum spintronics
devices.

Lastly, as the synthesis of the above works, we utilize magnons in BEC and theoretically
propose a new kind of methods for the generation of the spin currents arising from the
macroscopic quantum effects; the Josephson effects in magnon BEC through the quantum-
mechanical phase called the Aharonov-Casher phase. In contrast to the usual spin pumping,
this is a qualitatively new method in the sense that transverse Josephson spin currents are
carried by magnons in BEC in the ferromagnetic insulators through the influence of via the
Aharonov-Casher phase. The Aharonov-Casher phase is characterized by the applied electric
field, which is under our control. Then, in addition to the microwave pumping method,
the required experimental techniques have already been established. Therefore, by using
the method we propose in this thesis, the Josephson effect in magnon BEC through the
Aharonov-Casher phase, the first observation of the Josephson effects in magnon BEC and
the resultant indirect detection of the A-C phase are now possible. Thus, we theoretically
open a new door to experimentally exploring the ferromagnetic insulators.
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Chapter 1

Introduction

1.1 Background

In this thesis, we discuss the non-equilibrium quantum transport phenomena of magneti-
zations and construct microscopic theories based on the Schwinger-Keldysh formalism. In
particular, we focus on the microscopic mechanism for the generation of spin currents and
clarify the features.

1.1.1 Spintronics

Recently a new branch of physics and nanotechnology called spintronics has emerged and
has been attracting special attention from viewpoints of both fundamental science and
application.[1, 2] The aim of spintronics is the control and active manipulation of the spin
as well as charge degrees of freedom of electrons, in particular spin currents[3] (Fig. 1.1);
spintronics avoids the dissipation from Joule heating by replacing charge currents with spin
currents. Therefore establishing methods for generation and observation of spin currents is
urgent and also significant from viewpoints of fundamental science and potential applications
to information and communication technologies.

Charge Current Spin Current
=Y J=Jt+] Je=YocJ°=J1-J¢

Figure 1.1: Schematic pictures of the charge current .J, and the spin current JZ.

It should be remembered that there has been the concept of spin currents[4, 5] simply
as the theoretical idea for a long time and it was qualified as the physical quantity owing
to the indirect measurement by using inverse spin-Hall effects (Fig. 1.2).[6] Although spin
currents have thus been recognized as a physical quantity, there remains an unsolved urgent

15



16 CHAPTER 1. INTRODUCTION

theoretical issue of what the proper definition of the spin current is, in particular in the
situation where the spin conservation law is broken.[7] In this thesis, we will give an answer
to this issue by taking the experimental results of spin pumping into account. We believe
firmly that we have presented the proper definition of the spin current generated by spin
pumping effects.!

(a) Inverse spin-Hall effects (b) Spin-Hall effects

Figure 1.2: Schematic pictures of the inverse spin-Hall effect[6] (a) and the spin-Hall effect
(b). The origin of these phenomena is the quantum relativistic effect, namely the spin-
orbit interaction, p’- &, which is symmetric under the simultaneous transformation; p'+— —p
and ¢ — —ad. Therefore, each conduction electron which has different kinds of spins, up-
and down- spins, move in the opposite direction. The spin current is converted into the
charge current (a), and vice versa (b). Although the spin-orbit interaction creates a variety
of interesting phenomena, it is beyond the scope of this thesis; we treat the system in the
absent of the spin-orbit interaction in order to focus on the microscopic mechanism for the
generation of spin currents, which is produced by the spin pumping effects. The pumped
spin currents is converted into the charge currents due to the spin-orbit interaction and it is
experimentally measured by the inverse spin-Hall effect.

1.1.2 Spin Pumping

A standard way to generate a (pure) spin current is the spin pumping[9, 10, 6, 11, 12, 13])? at
the interface between a ferromagnetic material and a non-magnetic metal (Fig. 1.3). There
the precession of the magnetization induces a spin current pumped into a non-magnetic metal,
which is proportional to the rate of precession of the magnetic moments. The precessing
moments in the ferromagnet act as a source of spin angular momentum; a spin battery.[14]
This method was theoretically proposed first by Silsbee et al.[15] and later has been developed

!Lastly, let us remark that regarding this issue, an ambitious attempt from the viewpoint of holography
has been recently made in Ref.[8], where the authors have defined the (so-called) spin currents by using the
Nother’s theorem and have investigated the spin transport on the basis of the gauge-gravity correspondence.
On the other hand, from the viewpoint of condensed matter physics, it should be remembered that as fas as
one respects the symmetry on which Néther’s theorem is based, the total angular momentum introduced in
Ref.[8] cannot be split into two parts; the contribution arising from orbital and the one from intrinsic spin (,
with which we are familiar). This might imply that we should enjoy more and more exchange between two
research areas.

2This is the experimentally established method.
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by Tserkovnyak et al,[9] (see also [10]*) which is now briefly explained as follows. *

Is m
< .
(N.M.) (F.I)

@ VVX

B y

Figure 1.3: Schematic pictures of spin pumping. Localized spins in ferromagnetic insulators
works as the spin battery in the sense that they supply spin angular momentum to the
conduction electrons.

According to the classical[9, 10, 13] (phenomenological) spin pumping theory by Tserkovnyak
et al.,” the pumped spin current I pump reads, in terms of their notations,[19, 9] as

I pump = GPm x 1 + GV, (1.1)

where the dot denotes the time derivative. We have taken the electron charge e = 1, and
m(x,t) denotes a unit vector along the magnetization direction; they have treated m(x,t) as
classical variables. The variable G, = G(LR) —1—in) is the complex-valued mixing conductance
that depends on the materials in question.[20, 21] Then they have assumed that the magneti-
zation dynamics of the ferromagnets can be described by the Landau-Lifshitz-Gilbert (LLG)

equation;[22, 23, 24|
m = yHe X m + am X m, (1.2)

where v is the gyro-magnetic ratio and « is the Gilbert damping constant that determines
the magnetization dissipation rate.[25, 9] The Gilbert damping constant,% «, was originally
introduced phenomenologically .[26]

3Regarding the detail of the spin pumping theory proposed by Tserkovnyak et al.,[9] it will be very useful
to read the extremely sophisticated master thesis (2007) by T. Taniguchi submitted to Tohoku University.[10]

4Tt was confirmed experimentally by Mizukami et al.[16] Let us remark on a point; in a spin Hall system,
i.e., in a nonmagnetic semiconductor, Kato et al.[17] reported an observation of a spin current by measuring
optically the spin accumulation which appears as a result of spin currents at the edge of samples (GaAs and
InGaAs). A critical issue in the observation of a spin current, however, is that a spin current is not generally
conserved and therefore measuring spin accumulation does not necessarily indicate the detection of a spin
current, in sharp contrast to the case of charge. Non-conservation of spins is represented by a spin relaxation
torque which appears in the spin continuity equation. For a clear interpretation of experimental results on
a spin current, to understand the relaxation torque[18] is essential. We clarify and stress this point in this
thesis.

®Regarding the detail of the spin pumping theory proposed by Tserkovnyak et al.,[9] it will be very useful
to read the extremely sophisticated master thesis (2007) by T. Taniguchi submitted to Tohoku University.[10]

6They have introduced the isotropic damping constant « (i.e. the value of a does not depend on the spin
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1.1.3 Motivations for the Reformulation

The above theory proposed by Tserkovnyak et al. has now been widely used for interpret-
ing vast experimental results despite its phenomenological treatment of spin-flip scattering
processes.[9]” Now, let us remark on the issue by which we were originally motivated to
reformulate their spin pumping theory. In their formalism, the pumped spin currents car-
ried by the conduction electrons (i.e. fermions) is represented only by using the degrees of
freedoms of localized spins (i.e. classical magnetization vectors m(t)) with the help of the
mixing conductance, and the relaxation torque term or Gilbert-damping term (i.e. a-term)
phenomenologically introduced plays the key role in their classical theory. That is, the spin
currents carried by fermionic quantum particles are represented by bosonic ones. At first
glance, this looks extremely strange to us. A possible excuse for this treatment might be that
localized spins in ferromagnetic insulators precess coherently and respond macroscopically
to the applied microwaves. Hence, in the classical limit, their theory (i.e their expression of
the pumped spin current) is justified. Nevertheless, we would like to point out that the spin
conservation laws of each the conduction electrons and the localized spins (i.e. magnons) do
not hold separately due to the exchange interaction, which is expressed by the spin relax-
ation torque emerging in spin continuity equations. Therefore in order to obtain the exact
expression of the pumped spin currents, we need to microscopically analyze the torque term
which includes both degrees of freedoms, the conduction electrons and localized spins (i.e.
magnons). In addition, the spin-flip phenomenon, which is the most important process of
spin pumping, arises essentially (i.e. originally) quantum effects. Therefore we recognize that
to construct a quantum spin pumping theory beyond the classical phenomenological one is
an urgent issue.

On top of this, it should be noted that the Gilbert-damping term (i.e. a-term) was
originally phenomenologically introduced in order to take the dissipation effects (i.e. spin
frictions) into account and we here would like to stress that dissipation arises from the
interaction with the conduction electrons as well as phonons. Therefore, we suspect that the
spin angular momentum, that localized spins have lost, will be transformed to phonons as
well as the conduction electrons. That is, even when one employs the a-term to represent
the exchange of spin-angular momenta, one should not assume that all of the spin angular
momentum the localized spins have lost has been given only to the conduction electrons; the
amount of the spin angular momentum localized spins have lost is not equal to the one which
the conduction electrons have obtained because phonons also have gained a part of the spin
angular momentum. Lastly, let us emphasize that the crucial flaw of their theory[9] is that
the contributions of microwaves, which are essential to the experimental realization of spin
pumping, are not directly included at all.

Points of Our Theory Based on Schwinger-Keldysh Formalism

Therefore, in order to overcome these theoretical issues, we microscopically analyze spin-

component S*, SY, and S¥) in order to guarantee that spin length is conserved. One can easily shown the
relation, dS?/(dt) = 0, by using the LLG equation shown by eq. (2.44). Otherwise (i.e. in anisotropic cases),
the spin length cannot be conserved in general.

"This point has been explicitly explained in their preceding review article[9] (see VII. SUMMARY AND
OUTLOOK, pp. 43-44) Let us cite from their review article. [pp.43] “Fzcept for the phenomenological
treatment of spin-flip scattering processes, the theory is derived from first principle. The main subject in this
context is the concept of spin pumping due to moving magnetization vectors. The magnetization dynamics
is affected by the spin-transfer torque.”  [pp.44] “Theoretical challenges for the future include a proper
treatment of spin-orbit interactions, the coupling of magnetization degrees of freedoms to the lattice, and
effects beyond semi-classical regime.”
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flip processes® originating fully from quantum effects? at the interface, where spin angu-

lar momenta are exchanged between the conduction electrons and the magnons. Then we
reformulate[27, 28, 29, 30] the spin pumping theory on the basis of the Schwinger-Keldysh
formalism,[31, 32, 33, 22, 34, 35] which can explicitly analyze non-equilibrium situations be-
yond classical phenomenological treatments. More in detail, we reconstruct the spin pumping
theory on the basis of the spin continuity equation; in sharp contrast to the case of charges,
the spin conservation laws of each the conduction electrons and the localized spins (i.e.
magnons) do not hold separately due to the exchange interaction, which is expressed by the
spin relaxation torque term[18] emerging in spin continuity equations. Then, by analyzing
microscopically the torque term characterized by the degrees of freedoms of both the con-
duction electrons and the localized spins (i.e. magnons), we obtain the exact expression of
the pumped spin currents carried by the conduction electrons. This is the main outcome
of our reformulation. In particular, we show that the time-average of the net pumped spin
current is expressed only in terms of the torque term. Note that the time-derivative of the
spin density has nothing to do with the net pumped spin current even when the total spin
angular momentum is conserved. That is, the spin density for the conduction electrons is
not relevant to quantum spin pumping mediated by magnon. This is one of the main results
from our formalism.

Virtues of Using Schwinger-Keldysh Formalism
Here, it will be useful to remark on the strong points of the Schwinger-Keldysh formalism. |31,

32, 33, 22, 34, 35, 36, 37] Thanks to the Schwinger-Keldysh closed time path, the Schwinger-
Keldysh formalism (i.e. closed time path formalism or the real-time formalism) is free from
the assumption of adiabaticity and the corresponding theorem of Gell-Mann and Low.[38, 39|
Therefore, within the perturbative theory via the Schwinger-Keldysh (or contour-ordered)
Green’s functions, the formalism can deal with an arbitrary time-dependent Hamiltonian[40,
41] and treat the system mechanically out of the equilibrium.!’® On top of this, this for-
malism is applicable to systems at finite temperature; the well-known Matsubara formalism
(i.e. the imaginary-time formalism), which also can deal with thermodynamic average values,
can be regarded as a simple corollary[35] of the Schwinger-Keldysh formalism. That is, the
Schwinger-Keldysh formalism includes the Matsubara formalism and information about finite
temperature is contained in the greater and the lesser Green’s functions. Consequently, we
can treat non-equilibrium phenomena at finite temperature thanks to the Schwinger-Keldysh
formalism. These are the strong points of the formalism.!!

1.1.4 Magnon BEC

After that, we construct magnon Bose-Einstein condensation (BEC) theories[45] where magnon
BEC is generated by two principles; one is the standard mechanism based on the sponta-
neous symmetry breaking.[39] The other is the dynamical way called microwave pumping

8We have regarded that non-equilibrium spin-flip processes resulting from quantum effects at the interface
due to the exchange interaction is the most important effects on spin pumping.

9They should seriously take the fact into account that spins themselves are the production of quantum
effects.

10T have employed the terminology mechanically so as to mean that the non-equilibrium situations are
induced by a time-dependent Hamiltonian. An attempt to generalize the Schwinger-Keldysh formalism so as
to treat systems thermally out of equilibrium has been very recently reported by Dr. A. Shitade,[42] whose
guiding principle is the gauge covariance.

HRegarding the Floquet’s theorem, which is another powerful tool to analyze (periodic) non-equilibrium
dynamics, please see pp. 29 in the review article by Aoki et al.[43]
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Figure 1.4: (Color online) (Rough) Schematic pictures[44] of magnon Bose-Einstein conden-
sation, which corresponds to the coherent precession in the language of spins.

method,[46, 47, 48, 49, 50, 51, 52, 53] which is often called quasi-equilibrium magnon BEC.
On the basis of these two principles, we investigate the possibility for the emergence of
magnon BEC in spin-pumping systems.

As you know, the experimental realizations of magnon BEC in variety kinds of mate-
rials have been recently reported; T1CuCls,[54] CsoCuCly,[55] YIG,[46, 47, 48, 50, 49, 56]
and BaCuSisOg[57] et al. This fact implies the universal aspects of this phenomenon and
magnon BEC is presently one of the most attractive phenomena of condensed matter physics.
Magnon BEC, which corresponds to the coherent precession[44] in the language of localized
spins (Fig. 1.4), is characterized[45] by the non-zero value of the expectation value of the
magnon annihilation operator (a) # 0 under an U(1)-symmetric Hamiltonian.'? That is, (a)
deserves the macroscopic condensate order parameter[54, 61| for the occurrence of magnon
BEC and (a) # 0 under an U(1)-symmetric Hamiltonian means magnon BEC. By adopt-
ing this criterion, motivated by the experimental breakthrough achieved by Demokritov et
al.,[46] we investigate the possibility for the occurrence of quasi-equilibrium magnon BEC in
quantum spin-pumping systems.

In 2006, Demokritov et al.[46] have reported that they have achieved the observation of
quasi-equilibrium magnon BEC in YIG at finite (room) temperature by using the method
called microwave pumping. Briefly speaking (to the best of my knowledge),[51] applied mi-
crowaves excite the zero-mode of magnons and after thermalization processes, the population
of the lowest-energy mode becomes much larger than that of other modes; they have observed
that after switching off microwaves where the U(1)-symmetry of the system is recovered, al-
though the population (intensity) of each mode actually decreases due to thermalization or
relaxation effects,[52, 53, 62] the lowest-energy mode of magnons survives for much longer
time compared with other modes. Then, they have concluded that the lowest-energy mode is
stable under the time-development compared with other modes and hence, the mode belongs
to the condensation.

12Regarding the issue on the criterion for BEC in interacting systems, we in part agree[41] with the argument
by Leggett in his textbook[58] (see pp. 31-40); in addition to this commonly used macroscopic condensate
order parameter,[45] he has introduced (i.e. presented) the discussion by Penrose-Onsager[59] and Yang[60]
about the generalization of original (noninteracting) BEC to interacting cases. We have been tackling this
issue.[41]
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Stimulated by this experimental progress, we investigate the possibility for the emergence
of quasi-equilibrium magnon BEC in spin-pumping systems. In addition, we also study the
dissipation effects on magnon BEC with the help of the famous Caldeira-Leggett model.[63,
64]

Remember that BEC of magnon is the macroscopic quantum coherent state (Fig. 1.4),[44,
45] which is robust against the loss of information[61] (see also Sec. 4.6). Therefore to con-
struct the BEC theory will be significant also from the viewpoint of potential applications to
information and communication technologies, namely the development of quantum informa-
tion spintronics.

1.1.5 Josephson Effects of Magnon BEC through Aharonov-Casher
Phase

Thermalization
processes

&
S
RS

Figure 1.5: (Color online) Schematic pictures of Josephson effects of magnon BEC. Red circles
represent magnons and the clod shows magnon BEC, which corresponds to the coherent
precession of localized spins.

Then as the synthesis of our works, stimulated by the experimental breakthrough by
Demokritov et al.[46] mentioned above and the following one by Kajiwara et al.,[65] we
consider the junction in which two ferromagnetic insulators consisting of magnon BEC are
weakly connected to each other (see Fig. 1.5) and investigate the transport of magnon
BEC from the viewpoint of spin currents carried by magnon condensates. In particular,
we clarify the contribution of the quantum-mechanical phase called the Aharonov-Casher
phase[66, 67, 68] Oa.¢ to the transport; as a charged particle feels a magnetic flux (i.e. a
magnetic vector potential) and obtain a quantum-mechanical phase called the Aharonov-
Bohm phase,[69, 4, 5] a moving magnetic dipole is affected by electric fields and acquires a
quantum-mechanical phase called the Aharonov-Casher phase (see Fig. 1.6); the Aharonov-
Casher phase is peculiar to the magnetically polarized particles and it is dual to the Aharonov-
Bohm phase. Each quantum-mechanical phase is just a special case of geometric phase
called Berry’s phase, which causes phase shifts. Under the influence of the Aharonov-Casher
phase, the macroscopic condensate order parameter (a(t)) is reduced to the form (a(t)) —
(a(t))ya.c; arg({a(t))a.c)— arg({a(t))) = Oa.c. The quantum-mechanical phase acts as a
driving force on the transport. Therefore this phenomenon can be regarded as the Josephson
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effect[70, 71, 72, 73, 74, 75, 76, 77] of magnon BEC[78] through quantum-mechanical phases.
We then construct the microscopic theory.

Magnetic vector potential Electric field

Charged particles Magnetic dipole

Y

Figure 1.6: (Color online) Schematic pictures of the (I) Aharonov-Bohm effect and (II)
Aharonov-Casher effect. A charged particle feels a magnetic flux (i.e. a magnetic vector
potential) and obtains the Aharonov-Bohm phase. In the similar way, a moving magnetic
dipole is affected by electric fields and acquires the Aharonov-Casher phase, which is dual
to the Aharonov-Bohm phase. Each quantum-mechanical phase is just a special case of
geometric phase called Berry’s phase.

Note that although the method to produce a spin current and detect it has been estab-
lished by spin pumping and ISHE, there remains a crucial issue; the pumped spin current
carried by the conduction electrons in metals disappears within very short distance (typically
a few micrometers). This has been the obstacle to the practical use and the application of
spin currents. Regarding this issue, Kajiwara et al.[65] have recently achieved an experimen-
tal breakthrough by employing ferromagnetic insulators. Note that there is no conduction
electrons in insulators, but there exists another kind of carrier, namely spin-waves, which are
collective motions of magnetic moments in ferromagnetic insulators. Then, they have shown
that a spin-wave spin current, which is a kind of spin currents carried by spin-waves, persists
for much greater distance than the usual spin current carried by the conduction electrons in
metals.'®> As an example, the spin-wave decay length of the magnetic insulator yttrium iron
garnet Y3Fe;015 (YIG) amounts to several centimeters, which is about 10° times compared
with the case in metals. This is the remarkable feature of using ferromagnetic insulators.
Thus, they have opened a new door to exploring spin currents in insulators.

Stimulated by the experimental progress by Kajiwara et al.[65] and Demokritov et al.[46]
mentioned above, we utilize magnon BEC, which is the macroscopic effect of magnons cor-
responding to the quantization of spin-waves, and microscopically analyze the transport of
magnon condensates through Aharonov-Casher phases.[66, 67] We then theoretically pro-
pose a new mechanism to generate spin currents in ferromagnetic insulators; the Josephson
effect[73, 70] in magnon BEC([78] through the A-C phase.[66, 67, 68] To the best of our knowl-
edge, although the macroscopic quantum self-trapping of atomic BEC has been observed by
Albiez et al.[76] and the experiment of the Josephson effects in the Bose Josephson junction
(i.e. atomic BEC) has been reported by Levy et al.,[77] the Josephson effects in magnon

13By using ISHE, they have revealed the conversion of an electric signal into spinwaves and its subsequent
transmission through an insulator over a macroscopic distance.
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BEC has not been experimentally achieved. Then, our method by using the A-C phase is
helpful to the first observation of the Josephson effects in magnon BEC, which deserves also
the indirect detection of the A-C phase.[79, 80] We consider that, as mentioned, the required
experimental techniques have already been ensured[46, 47, 48, 65] and by using the method
we propose in this work, the first observation of the Josephson effects in magnon BEC and
the resultant indirect detection of the A-C phase are now possible.

Lastly, let us again stress that magnon BEC[45] is the macroscopic state in the sense that
a macroscopic numbers of magnons have formed a coherent quantum state described by a
common wavefunction, which is in sharp contrast to spin-waves. Therefore our method is
robust against the loss of quantum information[61] and the decay-length of the spin current
carried by magnon BEC will be much longer than that of the one by spin-waves. On top of
this, the Aharonov-Casher phase acting as a driving force to generate spin currents is actually
under our control via electric fields. These points deserve the virtue of our method and lead
to the potential application to quantum spintronics devices.

1.2 Organization of Thesis

This thesis is organized as follows.

Schwinger-Keldysh formalism

|Chap. 3 Thermal Spin Pumping Theoryl Spin Pumping

Chap. 2 Quantum Spin Pumping Theory

| chap. 5 Magnon BEC Theory; ssB | (Magnon BEC

Chap. 4 Magnon BEC Theory; Microwaves

Chap. 7 Theory on Josephson Effects
in Magnon BEC through
Aharonov-Casher Phase

!

IChap. 6 Dissipation Theory I

Figure 1.7: (Color online) The organization of this thesis. In addition, the Appendices read
as follows. (Appendix) Chap. 9; a review of the Schwinger-Keldysh Formalism. (Appendix)
Chap. 10; a magnon pumping theory with the resultant magnon BEC, where a method to
phenomenologically include the effects of the thermalization process is shown. (Appendix)
Chap. 11; a dissipation theory based on the Caldeira-Leggett model.

We reformulate the spin pumping theory on the basis of the Schwinger-Keldysh formal-
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ism!'* in Chap. 2. To clarify the origin (i.e. source) of the pumped spin current, beyond
the classical phenomenological theory, we explicitly include the quantum effects arising from
applied microwaves and microscopically describe the non-equilibrium spin-flip process result-
ing from the quantum effects at the interface. For the purpose, taking dephasing effects into
account, we investigate spin pumping on the basis of the spin continuity equation at the
interface, where the spin angular momenta are exchanged between the conduction electrons
and magnons and the spin conservation law is broken due to the interaction arising from prox-
imity effects. We microscopically analyze the origin of the non-conservation and clarify its
relation to the pumped spin currents. After that, on the basis of this microscopic analysis, we
theoretically propose a new method to generate spin pumping. Lastly, we clarify the distinc-
tion between our microscopic quantum theory and the preceding classical (phenomenological)
theory.

By using the same procedure, we construct the thermal spin pumping theory in Chap.
3. In particular, by using the Schwinger-Keldysh formalism, we microscopically capture the
spin-flip process at the interface and clarify the spin-flip condition between the conduction
electrons and the magnons. We discuss in detail the resultant novel features of our thermal
spin pumping theory and clarify the distinction from the preceding theories.

At this stage, we have closely investigated quantum and thermal spin pumping and have
completed the construction of each microscopic theory based on the Schwinger-Keldysh for-
malism. Next, we turn our focus on magnon BEC, which is the macroscopic quantum coherent
state and robust against the loss of information, in each spin-pumping system.

To this end, in Chap. 4, we investigate the possibility for the emergence of quasi-
equilibrium (i.e. dynamical) magnon BEC in the quantum spin-pumping systems. We eval-
uate the macroscopic condensate order parameter on the basis of the Schwinger-Keldysh for-
malism and analyze the time-development under the interaction with phonons after switching
off microwaves.'®> We also discuss the features of quasi-equilibrium magnon BEC in quantum
spin-pumping systems.

After that, in Chap. 5, we clarify the condition for the experimental realization of magnon
BEC associated with spontaneous symmetry breaking (SSB) in spin-pumping systems (i.e.
in the absence of microwaves). For the purpose, we use a non-perturbative theory and closely
analyze beyond a perturbative theory.

Now, recall that we have been treating dissipation-less systems until now. On the other
hand, in real materials, the dissipation effects are inevitable. Therefore, in Chap. 6, we
investigate the dissipation effects described by the Caldeira-Leggett model and the LLG
equation and clarify the distinction from the viewpoint of magnon BEC.'6

Lastly, as the synthesis of our works, we present a theory of the Josephson effect in the
magnon condensate through quantum-mechanical phases called the A-C phases in Chap.
7. By using quasi-equilibrium magnon BEC, we theoretically propose a new way to gener-
ate spin currents in insulators; the spin current is carried by magnon condensates and our
method results fully from quantum effects, magnon BEC and quantum-mechanical phases.
We also qualitatively point out the possibility for the experimental realization of persistent
spin currents in a ring.

This is the plan of this thesis.

14Regarding the Schwinger-Keldysh formalism for itself, it will be helpful to see (Appendix) Chap. 9, in
which we have quickly reviewed the fundamental.

15Regarding thermalization processes, please see (Appendix) Chap. 10, in which we have presented the
phenomenological procedure to include the contribution arising from thermalization processes.

16Regarding the detail, please see (Appendix) Chap. 11.
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For the reader’s convenience, we present three topics associated with the main issue of the
thesis in Appendices. In (Appendix) Chap. 9, we invite you to the short trip to the Schwinger-
Keldysh formalism, which is the main theoretical tool of the thesis. Firstly, we recapitulate
the implicit assumption on which the standard (traditional) equilibrium quantum field theory
is based. We then explain how it is eliminated in the framework of the Schwinger-Keldysh
formalism. Lastly, from the viewpoint of the practical use, we show the detailed procedure
of the formalism and stress the points with employing concrete examples.

In (Appendix) Chap. 10, we present a method to phenomenologically include the ef-
fects of the thermalization process, which is relevant to the (dynamical) quasi-equilibrium
magnon BEC in YIG due to the peculiar dispersion relation (i.e. the double degeneracy of
the ground state). Magnons are produced (i.e. pumped) by the applied microwaves and after
thermalization processes, they condense. That is, there are three stages in BEC; pumping,
thermalization, and condensation. On the basis of the experimental results, we phenomeno-
logically include the influence of thermalization processes and show a method to connect
pumping with BEC.

In (Appendix) Chap. 11, on the basis of the (well-known) Caldeira-Leggett model,[63, 64]
we investigate the influence of dissipation due to phonons on magnon BEC. In particular,
we closely analyze the time-development of the macroscopic condensate order parameter and
clarify the features of the relaxation processes.






Chapter 2

Quantum Spin Pumping Theory

We reformulate the spin pumping theory on the basis of the Schwinger-Keldysh formalism.
We have microscopically describe the non-equilibrium spin process arising from quantum
effects and include the contribution originating from microwaves. Then, we theoretically
propose a new method to generate spin pumping. We also clarify the distinction from the
preceding theory.

2.1 Quantum Spin-Pumping Systems

System

We[27, 28, 29]! treat a weakly connected junction between a ferromagnetic insulator and
a non-magnetic metal shown in Fig. 2.1.[27] At the interface, due to proximity effects, the
conduction electrons couple with localized spins S(x,t), x = (z,y, z) € R3;

Hex = —2Jag/ dx S(x,t) - s(x,1t), (2.1)
€ (interface)

where the lattice constant of the ferromagnet is denoted as ag. The magnitude of the inter-
action is supposed to be constant and it is expressed as 2J. Note that owing to this exchange
interaction arising from proximity effects He, at the interface, the spin angular momentum
can be interchanged between the conduction electrons and the ferromagnet. That is, this
exchange interaction arising from proximity effects[81, 82] He, at the interface is the key to
spin pumping.[83]? Therefore we identify the system characterized by the exchange inter-
action between the conduction electrons and the ferromagnet due to proximity effects Hex
(Hamiltonian (2.1)) with the spin-pumping system. From now on, we exclusively® focus on
the dynamics at the interface to clarify the microscopic mechanism for the generation of spin
currents, called spin pumping.

Hamiltonian

IPlease see also the references cited in these articles.[27, 28, 29]

2In our preceding collaborative work with Prof. G. Tatara,[84] we have omitted this exchange interaction
in order to focus on the effects of applied microwaves on magnons and then, we have phenomenologically
discussed the spin transport. Now, we have improved[27] this issue and have achieved the construction of the
rigorous spin pumping theory.

3This procedure can be justified also from the viewpoint of dephasing effects discussed in Sec. 2.2.

27
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Figure 2.1: (a) The schematic picture of the quantum spin-pumping system. Spheres rep-
resent magnons and those with arrows are the conduction electrons. The wavy line denotes
the time-dependent transverse magnetic field I'(¢) (i.e. the pumping magnetic field or mi-
crowave). (b) The interface is defined as an effective area where the Fermi gas (the conduction
electrons) and the Bose gas (the magnons) coming from each subsystem coexist to interact
due to proximity effects;[81, 82] J # 0. The width of the interface might be supposed to be
of the order of the lattice constant.[85] The interface can be regarded also as a ferromagnetic
metal.[81] Conduction electrons cannot enter the ferromagnet, which is an insulator. (c¢) The
schematic picture of localized spins (i.e. coherent precession) under microwaves.

Conduction electron spin variables are represented as

S o= S o)/ (22)
n,¢=":4
= cloic/2 (2.3)

with the 2 x 2 Pauli matrices; [07, %] = 2ie;i0', (j,k,1 = x,y,2). Operators cf/c are cre-
ation/annihilation operators for the conduction electrons satisfying the (fermionic) anticom-
mutation relation; {¢,(x,t), CZ(X/ t)} = 0, c0(x —x'). We suppose the uniform magnetization
and thus, localized spin degrees of freedom can be mapped into magnon[86, 65, 87] ones via
the Holstein-Primakoff transformation;

Stx,t) = \/2_§\/1—Ma(x,t) (2.4)

25
= \/2_5[1 — “T(%;(Xt) a(x,t) + O(S%?) (2.5)
= (87 (2.6)
S*(x,t) = S —al(x,t)a(x,t), (2.7)

with S := S/a}. Operators af/a are magnon creation/annihilation operators satisfying the
(bosonic) commutation relation; [a(x,t),a’(x,t)] = 6(x — x’). Up to the O(S) terms, lo-
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calized spins are reduced to free boson degrees of freedoms. Consequently, in the quadratic
dispersion (i.e. long wavelength) approximation, the dynamics of localized spins with the ap-
plied magnetic field along the quantization axis (i.e. z-axis) B is described by the Hamiltonian

Hmag;

2

\Y
e = dx af ) ——+B 1), 2.8
" ® /G(interface) A (X )< 2m " )a<x ) ( )

where the effective mass of magnons is denoted by m. In addition, Hamiltonian H., can be
rewritten as Hex = HS. + H., with

HE = —JS dx c(x,t)o%c(x, 1), (2.9)
x€ (interface)
S a'(x,t)a(x,t)
H., = —Jag —/ dx{ a'(x,t) |1 — ——2_2 2 ef(x, t)ote(x, ¢
- o 2 x€ (interface) X{a (X >|: 45 ]C (X )O C(X )
T ~
+ [1 _ %g(x,t)] a(x,t)cl(x, t)oe(x, t)} +O(S573/?). (2.10)

Note that we have adsorbed the Bohr magneton and the g-factors into the definition of the
magnetic field B and have taken h = 1 for convenience.

Here it should be stressed that according to Hamiltonian (2.9), the localized spin S acts
as an effective magnetic field along the quantization axis for the conduction electrons;

HE = —JS/ dx c(x,t)o%c(x,t) (2.11)
x€ (interface)
= —QJS/ dx s*(x,t). (2.12)
€ (interface)
Therefore, the diagonal part of the conduction electrons is written as

\Y% B
= / dx l(x,8)| — — (JSH+ F)o|c(x,1), 2.13
1 € (interface) ( ) [ 2me ( 2 ) ] ( ) ( )

with the effective mass of the conduction electron my.

From the viewpoint of the experiment,[86, 12, 6, 11, 87] microwaves represented by I'(¢) un-
der an angular frequency €2 is applied into the system as a driving energy; I'(t) := I'gcos(§2t).
This applied periodic transverse magnetic field acts as quantum fluctuations[88, 89] and drives
the system into a non-equilibrium steady state.[45] Thus we identify the system described by
the exchange interaction He, (Hamiltonian (2.1)) under the microwave I'(t) with the quan-
tum spin-pumping system. Note that the applied time-dependent transverse magnetic field
couples with the conduction electrons as well as the localized spins;

I'(t
yro = 10 / dx ¢ (x, 1) (0" + o )e(x, 1) (2.14)
€ (interface)

4
S a(x,t)a(x,t)
vE o= I —/ dx { [1 = LYW« ¢
<>ﬁ [ x{[ et O]

al(x,t)a(x,t)
4 oal(x, 1) [1 - T} } (2.15)



30 CHAPTER 2. QUANTUM SPIN PUMPING THEORY

Therefore spin pumping can be generated? also by electron spin resonance (ESR) (Q =
2JS + B)[27] as well as the standard method via ferromagnetic resonance (FMR) (Q =
B).[86, 12, 6, 11, 87, 84]
Finally, the total Hamiltonian of the quantum spin-pumping system # (i.e. the spin-
pumping system with I'(¢)) is arranged as
H = Hoag + Hoy + Ha + VY + VL

mag*

(2.16)

We investigate the features of quantum spin pumping described by this Hamiltonian (Hamil-
tonian (2.16)). This is the main aim of this chapter.

The remain of this chapter is organized as follows; we present our quantum spin pumping
theory[27] and stress the point in Sec. 2.2-2.6. The temperature dependence[90] of quantum
spin pumping by ESR as well as the one by FMR is revealed in Sec. 2.7,[28] in which we
qualitatively understand the behavior. Lastly, the distinction[29] from the preceding spin
pumping theory by Tserkovnyak et al.[9] is clarified in Sec. 2.8.

2.2 Dephasing Effects

Let us emphasize that on the construction of spin pumping theories, we actively use dephasing
effects;[91, 82] we now treat the weakly connected junction® between the non-magnetic metal
and the ferromagnetic insulator. Therefore we are allowed to assume dephasing effects[91]
significant enough that coherence between the non-magnetic metal and the ferromagnetic
insulator is destroyed and the density matrix for the entire system p is always in the form;®
P = Pmet. @ Pins., Where ppet. denotes the density matrix for the non-magnetic metal as a
function of Hel, pmet. = Pmet.(Hel), and piys, represents the density matrix for the ferromagnetic
insulator as a function of Hyag, Pins. = Pins.(Hmag)-

Then we focus on the dynamics in the interface, in which the exchange interaction H.,
playing the key role on spin pumping works, and construct the (quantum and thermal) spin
pumping theories on the basis of the perturbative analysis in terms of the exchange interaction
HL..

Thus, the concept of dephasing effects plays the central role on our construction of the
spin pumping theory.

2.3 Breaking of Spin Conservation Law

We have formulated the spin pumping theory on the basis of the spin continuity equation of
the conduction electrons;[27, 28, 29, 92]

pe+ Vi =7, (2.17)

where the dot denotes the time derivative of the z-component for the spin density defined as
pZ = clo*c/2, and j, is the spin current density. Let us emphasize that in sharp contrast
to the case of charges, the spin conservation law is broken and it is represented by the spin
relaxation torque (SRT)[18] s, which appears in the spin continuity equation.

4See Sec. 2.6.

>The magnitude of the exchange interaction .J arising from proximity effects is so small that we are allowed
to employ perturbative analysis to treat HJ,.

6This procedure has been employed also by the preceding work by Tserkovnyak et al.
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Through the Heisenberg equation of motion, the z-component of the SRT can be explicitly
written down as

TS = ijag\/g{cﬂ(x, t) [1 — M}CT(X, t)ote(x,t)

) a'(x,t)a(x,t) T4§ _
- _T}a(x,t)c (x o elx, 1)}

+ cf(x, ot e(x, 1) — el (x, )oe(x, t)} . (2.18)

()

el
It is clear that this SRT explicitly describes the microscopic mechanism of spin pumping that
localized spins at the interface lose spin angular momentum by emitting magnons and the
conduction electrons flip from down to up by absorbing the spin angular momentum, and
vice versa (Fig. 4.1). Also from this viewpoint, one can easily see that SRT plays the key
role on the spin-flip process arising from the non-equilibrium quantum effects at the interface
and the resultant spin pumping (rather than p?). On top of this, note that the SRT” has
arisen from H,_and V! which consist of spin-flip operators (0%) and quantum fluctuations

(C(2));
TS = (0%, Hex + Vall/i (2.19)

Let me emphasize that though each spin conservation law of the conduction electrons
and magnons is broken, the total spin angular momentum is conserved in the spin-pumping
systems. We closely investigate it in the next section.

2.4 Breaking of Magnon Conservation Law

The spin conservation law of localized spins (i.e. magnons) is also broken. Then, the magnon
continuity equation for localized spins, [84] which corresponds to the equation of motion for
localized spins[92] and describes the dynamics, reads

PtV 3 = T (2.20)

where j,, is the magnon current density and p? represents the z-component of the magnon
density. We have defined the magnon density of the system as p? = (a'a), and we call T?
the magnon source term [84], which breaks the magnon conservation law. This term arises

also from M, and V,|,;

T = 1o Mo+ Vinagl/i (2.21)
S al(x,t)a(x
= iJag\/g{aT(x, t) [1 — %} cf(x,t)oTe(x,t)
a'(x,t)a(x,t) N
— [1 — 4—5] a(x,t)c'(x,t)o " e(x, t)}

}a<x, )

S [1 B al(x, t)fz(x, t)
45

48
"This SRT might be understood as an anomaly.

~ at(x,1) [1 - M} } (2.22)
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Within the same approximation® with the SRT, this magnon source term actually satisfies
the relation;”

(Ta) = (T5) (2.23)

Then, the z-component of the spin continuity equation for the total system (i.e. the conduc-
tion electrons and the magnons) becomes

{Plota) + (V- Joa) = 0, (2.24)
where the density of the total spin angular momentum, pf ., is defined as
Plotal = 5~ P (2.25)
and consequently the z-component of the total spin current density, jZ..;, becomes!”
Jotal = 35 = Jm: (2.26)

The spin continuity equation for the whole system, eq. (2.24), means that though each spin
conservation law for electrons and magnons is broken (see eqs. (2.17) and (2.56)), the total
spin angular momentum is, of course, conserved.

2.5 Net Pumped Spin Current

One can easily see that the expectation value of the spin density for the conduction electrons
reads[93]

(D)= D (pi(n))e™ + O, (2.27)

n=0,£1

where pZ(n) represents the (time-independent) expansion coefficient of each angular frequency
mode. Thus the time-average of the time-derivative becomes zero;!!

(p7) = 0. (2.28)

As the result, the spin continuity equation for the conduction electrons, eq. (2.17), reads
30 = (7).

Here it should be noted that the conduction electrons cannot enter the ferromagnet,[65]
which is an insulator (see Fig. 2.1 (b)). Consequently by integrating over the volume of
the interface and adopting the Gauss’s divergence theorem, the time-average of the net spin
current pumped into the adjacent non-magnetic metal (i.e. f JZ - dSinterface With the surface
of the interface Siyterface) Ccan be evaluated as

([ iz dSimertace) = dx(T7). (2.29)
x€ (interface)

8We show it at the next section in detail.

90n top of this, let us emphasize that the similar relation does not hold in respect to the spin density;
(pZ) # (pZ,). Also from these relations, one can easily see that SRT plays the key role on spin pumping rather
than pZ.

10Note the relation; S% = S — afa via the Holstein-Primakoff transformation.

HNote the relation; (pZ) := (9;pZ) = 0y (p?).




2.6. SPIN RELAXATION TORQUE 33

Experimentally, this pumped spin current can be detected via the inverse spin Hall effect|[6]
in the non-magnetic metal.

Let us emphasize that the time-average of the net pumped spin current, ( f 37 - dSinterface) s

is expressed only in terms of the SRT (see eq. (2.29));[18] note that calculating (p?) has
no relation with evaluating the net pumped spin current even when the total spin angular
momentum is conserved. That is, the spin density for the conduction electrons, pZ?, is not
relevant to quantum spin pumping mediated by magnon. This is one of the main results from
our formalism.'? This definition of the pumped spin current, eq. (2.29), is qualitatively the
same with the one employed by the prince Dr. H. Adachi[94, 95, 96, 97, 98, 99] for the study
on thermal spin pumping (see Chap. 3).

Thus from now on, we focus on 77 and qualitatively clarify the features of quantum spin
pumping mediated by magnons.

2.6 Spin Relaxation Torque

It is also easy to see that the expectation value of the SRT reads[93] (see (Appendix) Sec.
9.3)

(T7) = Y ({TZ(n) & o), (2.30)

n=0,%+1

where 77(n) represents the (time-independent) expansion coefficient of each angular fre-
quency mode. Thus the time-average becomes

(72) = (17 (n = 0)). (2.31)

We here again stress that, in quantum spin-pumping systems, although the time-derivative of
spin density of the conduction electrons becomes zero in terms of the time-average (pz) = 0,
the expectation value of SRT takes a non-zero value even when we take the time-average;

(T7) = (TZ(n = 0)). This fact explicitly shows that SRT plays the key role on quantum spin
pumping.

2.6.1 Perturbative Evaluation

The interface is, in general, a weak coupling regime;[12] the exchange interaction J (see
Hamiltonian (2.10)) is supposed to be smaller than the Fermi energy and the exchange
interaction among ferromagnets. In addition, a weak microwave I' is applied. Therefore we

are allowed to treat H’_, V!, and V!  as perturbative terms to evaluate the SRT.
ex el mag

Through the standard procedure of the Schwinger-Keldysh (or contour-ordered) Green’s
function[100, 31, 32] and the Langreth method (see also (Appendix) Chap. 9),[33, 22, 34, 35|
the SRT, (77(n = 0)), is evaluated as follows (see also Fig. 2.2 (b). The detail of the

12Tn other words, this is the significant distinction from the preceding theory by Tserkovnyak et al. Recall
the relation; (7.2) = (7). This means that what is relevant to spin pumping is not magnon density pZ, or
m in Sec. 2.8.1 but SRT or magnon source term.
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calculation had been shown in (Appendix) Sec. 9.3);

Tm=0) = 51— | %/ 2] o =

(Gg,fQ + G6,79)<gj,k,w79g'?,k,w - gf,k,wfﬂg?,k,w)

™o |

X
L

+ (Gog+ GB,Q)(th,,k,w—i-Qg%k,w — O wro9 k)

— (Gh_0+G5 _0)(G kw09 ke — FrkwaFikw)

— (Gog+ GS,Q)(g%k,w—l-Qgi,k,w - g’ﬁk,w—l—ﬂgf,k,w)]

+ OJ") +O(J*) + 0@ +0(JS™). (2.32)

The variables Gt <>) /G#a:<>) are the fermionic/bosonic time-ordered, retarded, advanced,
lesser, and greater Green’s functions, respectively.[27] We here have taken the extended time
(i.e. the contour variable) defined on the Schwinger-Keldysh closed time path,[35, 32, 22, 33,
34] ¢, on the forward path c¢_,; ¢ = ¢, +¢,. Even when the time is located on the backward
path c., the result of the calculation does not change because each Green’s function is not
independent;[32, 31, 22, 34] G* — G* = G~ — G=. This relation comes into effect also in the
bosonic case.[32, 31, 22, 34]

The SRT (eq. (2.32)) has become proportional to I'Z; (77(n = 0)) < T'3. Thus the SRT
(i.e. the net pumped spin current) can be interpreted as the non-linear response to the applied
microwave (i.e. quantum fluctuations).’® This is one of the main features of our quantum
spin pumping theory; our theory well describes the experimental features of quantum spin
pumping that quantum fluctuations are essential.

Here it should be stressed that the term O(J?) in eq. (2.32), which arises from the
exchange interaction in the absence of microwaves driving the system out of equilibrium,
becomes zero. This result explicitly justifies our formalism. In other words, we can conclude
that the pumped spin current is the production of non-equilibrium effects.

(@)

—> Conduction electron
NF _____ /AR W » Magnon
Ny vers magnes fild
(b)
— -

Figure 2.2: (a) A Feynman diagram of the SRT in the large-S limit. (b) A Feynman diagram
of the SRT with three-magnon splittings; (7.7(n = 0)).

13Note the relation; I'(t) = 0 and (I'(t))2 # 0.
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Figure 2.3: Plot of the SRT as a function of B := B/ep; (72)/A and (T7(n = 0)). Sharp
peaks exist on the point; (a) Q@ = 2JS + B and (b) 2 = B, which has resulted from (a) ESR
and (b) FMR.

2.6.2 Quantum Spin Pumping by FMR and ESR

Now, let us introduce the dimensionless SRT, (7.?)/A, and the one in the wavenumber-space
of the conduction electrons, (72(n = 0)), as follows;

T = A G F=o) 23
with
VST (2.34)

4(2mVF)3

We have denoted as F':= (2mg)~" and the parameters, ep and k, represent the Fermi energy
and the wavenumber of the conduction electrons.

According to Hamiltonian (2.13) and (2.8), the effective magnetic field along the quanti-
zation axis for the conduction electrons, s* = cfo?c/2, reads 2J.S + B and that for magnons
does B at the interface. On top of this, the applied time-dependent transverse magnetic
field T'(t) = Tgcos(2t) (i.e. quantum fluctuations) affects the conduction electrons as well
as the magnons at the interface; Fig. 2.1. Thus, the SRT (eq. (2.32)) becomes a non-zero
value around the points (2 = 2JS5 4+ B and ) = B, which are generated by ESR and FMR,
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respectively (Fig. 2.3). That is (eq. (2.29)), spin pumping is generated by ESR on
=2JS+ B (ESR) (2.35)
as well as FMR on
(= B (FMR). (2.36)

This is our theoretical proposal or prediction; spin pumping is generated also by ESR as well
as the standard method via FMR.[86, 12, 6, 11, 87, 84]

2.6.3 Discussion

Here let us remark that we can find the indication of spin pumping by ESR in the experimental
data[101] of Dr. Kazuya Ando (Tohoku University); in addition to the peak by FMR, there
is an another peak in the measured value of the voltage resulting from ISHE Vigyg (Fig.
1.2). Although they have understood that the peak arises from three-magnon splittings (i.e.
non-linear interactions),[87] let us mention that we have already included the three-magnon
splittings into formalism and have found that the contribution originating from it is so small
even at room temperature and consequently, the position of the peak cannot be changed by
three-magnon splittings. Therefore we expect that another peak has been produced not by
three-magnon splittings but by ESR.

Lastly it should be remarked that strictly speaking, the shape of our graph of SRT does
not exactly agree with that of Viggg in their experiment. We suspect, however, that it is
due to the difference of the quantity we focus on; we now concentrate on the microscopic
mechanism (i.e. origin) of the generation of spin currents, in which SRT plays the key role.
On the other hand, Visgg represents the measured charge current which has been converted
from the pumped spin currents by ISHE (Fig. 1.2).[6] Therefore we hopefully expect that
if we directly evaluate Vigyg by using our SRT with including the effects of ISHE, we can
reproduce their experimental data. This is an argent and important issue, which will be
addressed in the near future. Let us, however, stress that our present result actually has
captured the essence of their experiment and qualitatively agree with it.

2.7 Temperature Dependence

The SRT at finite temperature, (7.?) |r= (7.7(n = 0)), can be expressed also as follows (see
eq. (2.32));

(7o) Ir = (T2) lr=soom x 77(T) x Sgg™*(T) (2.37)
with
) Tz—ratio(T)
ratio o S
n (T) T Sé?ftio(T> ) (238)
Zz—ratio(zv) = <7;Z> |T , (239)
(T) |r=300K]
and N
Suatio(T)y = — Ser(T) (2.40)

Ser(T" = 300[K])
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By using eq. (2.38), the dimensionless SRT at finite temperature can be rewritten as
7;z-ratio(T) — 77ratio(Tv) % S;%tio(T). (241>

Consequently, it is clear that the variable n™%°(T') represents the contribution of the con-
duction electrons to spin pumping (see also eq. (2.32)) and thus, it can be interpreted to
correspond to the mixing conductance in the spin pumping theory proposed by Tserkovnyak
et al (see Sec. 2.8.1).[9, 14, 19]

We have plotted 7%°(T) on ESR point (i.e. Q = 2JS + B) and one can easily see from
Fig. 2.4 that n*@%°(T) is little influenced by temperature;

n(T) ~ 1. (2.42)

This temperature dependence of 7*#4°(T') qualitatively shows the good agreement with the
experimental result by Czeschka et al.[90] (i.e. the measurement of the mixing conductance
under the standard spin pumping by FMR[86, 12, 6, 11, 87]) that the mixing conductance
is little influenced by temperature. That is, this temperature dependence (eq. (2.42)) is the
common properties of spin pumping by FMR and ESR.

We consider that this temperature dependence arises from the fact that the Fermi tem-
perature is far higher (~ 10* K) than the Curie temperature (~ 10% or 10* K) and room
temperature is so low compared with the Fermi temperature.

rlratio (T)
1.04

100 150 200 250 300
T[K]

Figure 2.4: Plot of 5°(T') as a function of temperature 7' on the ESR point (Q = 2JS + B).
The function n™°(T") is little influenced by temperature; (T ~ 1.

2.8 Distinction from Classical Theory

Lastly, let us discuss the distinction[29, 27, 28] between our quantum spin pumping theory
and the semi-classical one proposed by Tserkovnyak et al.[9]

It should be noted that, as has been mentioned in their article[9] (see §VIII. SUMMARY
AND OUTLOOK in their article[9]), they have phenomenologically treated the spin-flip scat-
tering processes, which we have regarded as the most important processes for spin pumping.
Nevertheless, now their spin pumping theory has been widely used for interpreting vast exper-
imental results,[12, 87, 13, 11] in particular by experimentalists. Thus, it would be significant
to clarify the difference between our quantum spin pumping theory and the one proposed by
Tserkovnyak et al.

4By using our present quantum spin pumping theory, we have actually reproduced this temperature
dependence also in the case of FMR.
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2.8.1 Classical Spin Pumping Theory

Let us again explain the preceding spin pumping theory by Tserkovnyak et al. According to
the classical[9, 10, 13] (phenomenological) spin pumping theory by Tserkovnyak et al.,'® the
pumped spin current Iy pump reads, in terms of their notations,[19, 9] as

Iy pup = G1Vm x 10+ GPrh, (2.43)

where the dot denotes the time derivative. We have taken e = 1, and m(x,t) denotes a unit
vector along the magnetization direction; they have treated m(x,t) as classical variables.
The variable G| = G(LR) + @'G(LI) is the complex-valued mixing conductance that depends on
the material.[20, 21]

Then, they have assumed that the magnetization dynamics of ferromagnets can be de-
scribed by LLG equation;[22, 23, 24|

m = yHeg X m + am X m, (2.44)

where 7y is the gyro-magnetic ratio and « is the Gilbert damping constant that determines
the magnetization dissipation rate.[25, 9] Here it should be emphasized that though this
Gilbert damping constant,'® «, was phenomenologically introduced,[26] it can be derived
microscopically by considering a whole system including spin relaxation;[102] thus the effect
of the exchange coupling to the conduction electrons should be considered to have already
been included into this Gilbert damping term.

The effective magnetic field is set as

H.s = (T'(¢),0, B), (2.45)
where I'(t) represents a microwave. Then, the LLG eq., eq. (2.44), becomes
m” —BmY mYm?® — mYym”
m’ | = | Bm*—I'm” | + o | m*m* — m*m* | . (2.46)
m” I'm¥ m*mY — m*mY

2.8.2 Pumped Spin Current Based on Classical Theory

Eq. (2.46) is substituted into IZ ., eq. (2.43); we include the contribution arising from
the Gilbert damping term, which depends on the materials, up to O(a); a ~ 1073,1072 for
Nig;Feyg (metal),[12] and o ~ 107 for Y3Fe;015 (insulator),[65] as examples. Their theory
is applicable to both ferromagnetic metals and insulators.[14]
Consequently, the z-component of the pumped spin current reads
I: = GBI + ()] - s

s-pump
— oy T[m"m?m?® + (mY¥)? + (mz)me]}

+ G(j){a'y{B[(mx)Q + (m¥)? — Tm"m*} + ”yme} +0(?). (247

=G 4+ oGP yBl(m®)? + (m¥)?]. (2.48)
o_,
L3 WL B[(m)? + (m¥)?). (2.49)

15Regarding the detail of the spin pumping theory proposed by Tserkovnyak et al.,[9] it will be very useful
to read the extremely sophisticated master thesis (2007) by T. Taniguchi submitted to Tohoku University.[10]

6 They have introduced the isotropic damping constant « (i.e. the value of a does not depend on the spin
component S*, SY, and S%) in order to guarantee that spin length is conserved. One can easily shown the
relation, dS?/(dt) = 0, by using the LLG equation shown by eq. (2.44). Otherwise (i.e. in anisotropic cases),
the spin length cannot be conserved in general.
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At finite temperature, the magnetization is thermally activated; m # 0.[103] Then the
time derivative of the z-component means

m® = AI'm? + ay{B[(m")* + (m¥)?] — Tm*"m*} + O(a?). (2.50)
20 ayB[(m®)? + (m¥)?). (2.51)
# 0. (2.52)

2.8.3 Distinction; microwaves

Egs. (2.48), (2.49) and (2.52) mean that, within the framework by Tserkovnyak et al. with
the LLG equation, they may gain spin currents at finite temperature if only the magnetic
field along the z-axis, B, is applied;

z
s-pump

I'—0(B#£0)
_/9

0. (2.53)

That is, the spin pumping theory by Tserkovnyak et al.[9, 19, 14] with the LLG equation
concludes that spin currents may be pumped at finite temperature without microwaves.

On the other hand, our approach based on the Schwinger-Keldysh formalism gives different
result (see egs. (2.31) and (2.32));

I'—0

7= =0 0. (2.54)

That is, our quantum spin pumping theory means that spin currents mediated by magnons
cannot be pumped without quantum fluctuations (i.e. microwaves, I'(¢)).!” This our result
fully agrees with the experiment.[12, 87, 13, 11]

In conclusion, egs. (2.54) and (2.53) show the significant distinction between our quantum
spin pumping theory and the one proposed by Tserkovnyak et al.

2.8.4 Discussion; Quantization of Classical Theory

We have discussed this issue with Dr. Tserkovnyak at University of Basel during my stay
on July 9 (2013). They have argued that the distinction arises from the treatment of local-
ized spins in ferromagnetic insulators (i.e. quantum effects), classical spins or magnons (i.e.
quantized spin waves). Thus, they have expected that our present quantum spin pumping
theory corresponds to the quantum version of their classical spin pumping theory. On the
other hand, they have intensively stressed that localized spins in ferromagnetic insulators
precess coherently (i.e. uniformly) due to applied microwaves and hence, their treatment is
never incorrect and actually their theory agrees with experiments.

Lastly, let us remark on our opinion. We have fully agreed with them on the point that
our spin pumping theory, in which we have focused on the generation of pumped spin currents
under spin-flip processes, corresponds to the quantum version of their semi-classical one; by
using the Schwinger-Keldysh formalism, which can treat the dynamics out of equilibrium
beyond phenomenology, we have microscopically described the non-equilibrium spin-flip pro-
cesses via magnons at the interface in order to take quantum effects into account, in which
ferromagnetic localized spin lose their spin angular momentum by emitting magnons and the
conduction electrons flip from down to up by absorbing the momentum. As has been explic-
itly explained in their preceding review article[9] (see VII. SUMMARY AND OUTLOOK,

17Quantum fluctuations are essential to spin pumping mediated by magnons as well as the exchange inter-
action between the conduction electrons and the ferromagnets.
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pp. 43-44),' they have viewed localized spins as classical moving magnetization vectors and
have phenomenologically treated spin-flip scattering processes, which we have regarded as
the most important processes in spin pumping. Therefore it can be concluded that we have
remarkably progressed their spin pumping theory and our microscopic quantum spin pump-
ing theory will be useful to the analysis for experiments as well as the theoretical prediction
of new phenomena. On the quantization of the theory, we have appropriately included quan-
tum effects such as spin-flip processes, magnons (i.e. quantized spin-waves), and microwaves,
which affect the magnons and the conduction electrons as quantum fluctuations. The resul-
tant distinction between our quantum spin pumping theory and their semi-classical one has
already been addressed in Sec. 2.8.

It might be useful to mention that originally we have tackled this issue in order to deeply
understand their preceding spin pumping theory, which has now become the standard theory
in the context of spintronics, in particular we would like to have understood the following
issues; in their formalism, the pumped spin currents carried by the conduction electrons (i.e.
the fermions) is represented by using the degrees of freedoms of only localized spins'? (i.e.
something like Bosons or classical magnetization vectors m(t)) with employing the mixing
conductance, where the relaxation torque term or Gilbert-damping term (i.e. a-term) plays
the key role. It should be, however, noted that the Gilbert-damping term (i.e. a-term)
was originally phenomenologically introduced in order to take dissipation effects (i.e. spin
frictions) into account and we here would like to stress that dissipations arise from also the
interaction with the conduction electrons as well as phonons. Therefore we suspect that the
spin angular momentum localized spins have lost will be supplied to phonons as well as the
conduction electrons. That is, even when one employs the a-term to represent the interchange
of spin-angular momentum, one should not assume that all of the spin angular momentum
localized spins have lost has been exchanged with the conduction electrons; the amount of
spin angular momentum localized spins have lost is not equal to that the conduction electrons
have obtained because phonons also have gained.

Then, in order to go beyond their semi-classical theory, we have employed the Schwinger-
Keldysh formalism and have microscopically described the spin-flip processes (i.e. the in-
terchange of spin angular momentum between the conduction electrons and the magnons)
beyond phenomenology and have found that SRT plays the key role. In addition, we have
noticed that the dissipation effects (i.e. the interactions with infinite phonons) can be taken
into account by using the famous Caldeira-Leggett model.[63, 64]*° These are the strong point
of our approach.

On the other hand, we have shared the awareness of the issues with them; to micro-
scopically include the proximity effects at the interface, which have been phenomenologically
included into also our work beyond phenomenology has been left and it is an important
future task. In addition, we should tackle how the spin current pumped into the adja-
cent non-magnetic metal flow and the microscopic description of the convert processes from
pumped spin currents to charge currents under the spin-orbit interaction.[104]

18Let us again cite from their review article.[9] [pp.43] “Except for the phenomenological treatment of
spin-flip scattering processes, the theory is derived from first principle. The main subject in this context is
the concept of spin pumping due to moving magnetization vectors. The magnetization dynamics is affected
by the spin-transfer torque.”  [pp.44] “Theoretical challenges for the future include a proper treatment of
spin-orbit interactions, the coupling of magnetization degrees of freedoms to the lattice, and effects beyond
semi-classical regime.”

19That is, the physical quantity carried by fermions is represented by using the bosonic degrees of freedoms.
This looks extremely strange to us. In the fully classical limit, this treatment might be reasonable.

20The Brownian particles can be mapped into magnons (see (Appendix) Chap. 11).
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2.8.5 Correspondence to the Preceding Classical Theory

The preceding classical theory is based on the LLG equation, which describes classical dy-
namics of the ferromagnetic spins;

m = YHeg X m + am X 1, (2.55)

where the a-term (i.e. the Gilbert damping term)[26] originally introduced phenomenologi-
cally to take the dissipation effects into account plays the key role.

On the other hand, our microscopic theory is based on the spin continuity equation. Then,
we have microscopically found that the SRT term 77, which breaks the spin conservation law
of the conduction electrons in the interface (Fig. 2.5), is the origin of the pumped spin current;
all information about the spin-flip processes mediated by magnons, the applied microwave,
and the three-magnon splitting is included into the SRT.

In the similar way, on the basis of the magnon continuity equation, we can microscopically
analyze the quantum dynamics of the ferromagnetic spins under the applied microwave at
the interface;?!

PV i =T (2.56)

where j,, is the magnon current density and p? represents the z-component of the magnon
density; p? = a'a = S — S*. It is clear, as in the case of the spin continuity equation
of the conduction electrons, that the spin conservation law of the ferromagnetic spins (i.e.
the magnon conservation law) at the interface is broken due to the exchange interaction
between the conduction electrons and the magnons at the interface, which is represented by
the magnon source term[84] 72. Then, the magnon source term 7,2 will correspond to the
a-term (i.e. the Gilbert damping term) in the sense that each (quantum or classical) quantity
represents the breaking of the spin conservation law of the ferromagnetic spins and shows the
the friction (i.e. the dissipation effect);

TZ < am X m. (2.57)

This is the main point of the correspondence between our quantum theory and the classical
one.[105]

Here, we stress that in real materials (i.e. the spin pumping systems), there are variety
kinds of microscopic causes for the dissipations such as magnetic or non-magnetic impurities,
phonons, conduction electrons, and so on. Therefore, even when the ferromagnetic spins lose
some spin angular momentum, we cannot assume that all the lost spin angular momentum
is given to the conduction electrons and converted into the pumped spin current.[108] That
is, in the real materials, the amount of the spin angular momentum that the ferromagnetic
spins have lost does not equal to the one which the conduction electrons have gained to be
converted into the spin current. That is why, the microscopic analysis of the interaction
between the conduction electrons and the magnons at the interface, where the spin angular
momentum is exchanged between them, has been an urgent issue to develop the theory.

Our present study has achieved the task; we have microscopically analyzed the non-
equilibrium spin-flip processes arising from the applied microwave and the exchange interac-
tion at the interface (Fig. 2.5) and have explicitly evaluated the SRT and the magnon source
term. Then, we have found the following relation;

(Tp) = (T7) = O(JIY). (2.58)

21The magnon continuity equation will be regarded as the counterpart to the LLG equation in the preceding
classical theory.[105]
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Figure 2.5: (Color online) The schematic picture of the microscopic mechanism of the pumped
spin current in the interface, where the ferromagnetic metal state is realized due to the prox-
imity effect.[81] That is, the magnons and the conduction electrons arising from proximity
effect coexist to weakly interact via the exchange interaction and hence, the interface can
be regarded as a weakly coupled Bose-Fermi mixture.[106] That is why, by applying the
microwave to also the interface, spin pumping is generated also by ESR (of the conduc-
tion electrons in the interface)[107, 106] as well as the usual FMR. The applied microwave
gives the energy h{) to the interface, which deserves the (energy) source of the pumped spin
current.[106] That is, the energy supplied by the applied microwave is converted into the
pumped spin current.

This clearly shows that all the spin angular momentum emitted by the ferromagnetic spins
(i.e. magnons) (77) is converted into the pumped spin current (i.e. the SRT) (7.7) due to
the exchange interaction J under the applied microwave I'y, which works as the driving force
(i.e. the (energy) source) of the pumped spin current,[106] in our microscopic spin pumping
theory.

This is the story of the correspondence between our quantum theory and the preceding
classical one. We stress that our theoretical prediction?? that spin pumping is generated also
by ESR at the interface[107] is the fruits of our microscopic theory, which cannot be imagined
within the preceding phenomenological classical theory.??

22We believe that the indication has already been gained in the experiments.

23In addition to our microscopic approach based on the Schwinger-Keldysh formalism, approaches[105] to
generalize the LLG equation so as to explicitly include the effect of the (s-d type) exchange interaction with
the conduction electrons have been also achieved in the following papers [24, 23].
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Here, let us remark that the spin-flip process at the interface, which play the key role on
spin pumping, is essentially the quantum-mechanical dynamics. Therefore, we believe that
quantum-mechanical procedure is the best way to investigate spin pumping. In addition, from
the viewpoint of the quantum-mechanics, in order to generate the spin-flip of the conduction
electrons, it costs the spin angular momentum which amounts to h/2—(—h/2) = h; otherwise,
the spin-flip does not occur.[108] That is, although the classical spins can take a continuous
value, the quantum spins cannot. This fact also strongly shows the necessity of the quantum-
mechanical treatment of the ferromagnetic spins as well as the conduction electrons.?*

In addition, we stress that our microscopic theory explicitly include the non-equilibrium
spin-flip dynamics under the applied microwave, which was phenomenologically discussed in
the preceding theory. Therefore, even in the large-S limit[108] (i.e. the classical limit, see
also Fig. 2.5), our microscopic theory shows the good agreement with the experiment and
corresponds to the formalism which modifies the defect of the preceding theory based on the
LLG equation.

On the other hand, on the basis of our quantum theory, to derive an effective theory

which has the similar form with the LLG equation[26, 24, 23] remains an important issue to
be tackled.[105]

2.9 Conclusion

We have reformulated the spin pumping theory on the basis of the Schwinger-Keldysh formal-
ism, which can explicitly treat the system out of equilibrium at finite temperature, and have
constructed the microscopic quantum spin pumping theory. Beyond the preceding classi-
cal phenomenological theory, we have microscopically described the non-equilibrium spin-flip
process arising from quantum effects and the exchange interaction between the conduction
electrons and the magnons at the interface, which is the key (essential) to spin pumping; lo-
calized spins lose spin angular momentum by emitting magnons and the conduction electrons
flip from down to up by absorbing the momentum, and vice versa. Consequently, we have
found that spin pumping is characterized not by spin density but by SRT breaking the spin
conservation law of the conduction electrons. As the result, the net pumped spin current is
represented in terms of only SRT and it is recognized as the non-linear response to applied
microwaves working as quantum fluctuations. This point cannot be captured by the preced-
ing classical theory, where the spin-flip process has been phenomenologically included. Then,
we consider that this point we have newly revealed is the fruit of our microscopic description
of the essential process on the basis of the Schwinger-Keldysh formalism.

We have also clarified the distinction from the preceding theory based on semi-classical
phenomenology and have confirmed that our theory agrees with (well describes) the experi-
ments. Then, it can be concluded that we have modified the failings of the preceding classical
theory by the microscopic description based on the Schwinger-Keldysh formalism and hence,
our formalism will corresponds to the quantum version of the preceding theory. In addition,
we theoretically predict that spin pumping is generated also by ESR as well as the usual
method via FMR. This point is the milestone of the validity of our theory.

24Consider the situation where the ferromagnetic classical spin emits the spin angular momentum which is a
continuous value, which does not amount to A. In that case, although the ferromagnetic spin classically emits
the spin angular momentum, from the viewpoint of quantum-mechanics, it does not generate the spin-flip
because it does not amount to h.






Chapter 3

Thermal Spin Pumping Theory

We construct the theory on spin pumping induced by inhomogeneous thermal fluctuations.
By employing the Schwinger-Keldysh formalism, we have microscopically described the spin-
flip process at the interface and have clarified the spin-flip condition between the conduction
electrons and the magnons. This condition leads to the novel features of thermal spin pump-
ing.

Figure 3.1: A schematic picture of thermal spin pumping mediated by magnons where, in
sharp contrast to quantum spin-pumping systems, microwaves are not applied. Spheres
represent magnons and those with arrows are the conduction electrons. When the effective
temperature of magnons (7,) is lower than that of the conduction electrons (75), localized
spins lose spin angular momentum by emitting a magnon and the conduction electrons flip
from down to up by absorbing the momentum, and vice versa.

3.1 Thermal Spin Relaxation Torque

We also construct the thermal spin pumping theory microscopically on the basis of the spin
continuity equation.

45
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The thermal spin relaxation torque (TSRT),[94, 109, 110] 77, is defined as the term which
breaks the spin conservation law of the conduction electrons;

pe+ Vi =7 (3.1)

Through the Heisenberg equation of motion, the z-component of the TSRT is defined as*

TZ = z’Jag\/g[aT(x, el (x,t)oTe(x,t) — a(x, t)c(x, t)oc(x, t)]. (3.2)
which consist of electron spin-flip operators;
7o = [0, Mo/ (3.3)

Thus, eq. (9.103) explicitly shows that the TSRT (7.7 > 0) can be understood as the number

density of the conduction electrons which flip from down to up per a unit of time,[111] and
2

This term arises from #H._,

vice versa.

3.2 Net Pumped Thermal Spin Current

In this section, we clarify the relation between the TSRT and the net pumped spin current.
As discussed in the last section, the spin conservation law of the conduction electrons is
broken due to the interaction H._;

ps+ V- =77 (3.4)

Thus one cannot simply view the time derivative of the spin density for the conduction
electrons, pZ, as the spin current density. A more detailed analysis is required.

As an analysis, we focus on the fact that in terms of Planck’s constant (we here partially
recover h), the time derivative of the spin density and the TSRT satisfy the relation;[114, 115]

(3 _
oy = o) (3.5)

Therefore p? is negligible in comparison with 7.7 at the semi-classical regime. As the result,
the spin continuity equation, eq. (3.4), is reduced to the form;
TS =V-J. (3.6)

Then by integrating over the interface, we can evaluate the net pumped thermal spin current,

fJi ' dsinterface;

/ . dx 722 - x € (interface) ax V- Jj (37)
€ (interface)

= f.]g : dSinterface- (38)

In addition, the conduction electrons cannot enter the ferromagnet, which is an insulator.[65]
Thus the net spin current pumped into the non-magnetic metal can be calculated by inte-
grating the TSRT over the interface, eq. (3.8). This definition of the pumped spin current
has been employed by the prince Dr. H. Adachi.[94, 95, 96, 97, 98, 99]

From now on, we focus on 77 and qualitatively clarify the behavior of the thermal spin
pumping effect mediated by magnons at room temperature in the semi-classical regime.

'We here have employed the Holstein-Primakoff transformation, which has been approximated as follows;
St =87 4+iS8Y =v/25a+ O((S)"/?) = (S7)F and 5% = S — ala.
2In addition, the TSRT operates the coherent magnon state (see also Sec. 3.6).[112, 113]
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3.2.1 The Spin Continuity Equation of the Whole System

It will be useful to point out that the spin conservation law of localized spins (i.e. magnons)
is also broken.
The magnon continuity equation of localized spins[84] reads

where j,, is the magnon current density, and p?, := a'a represents the z-component of the
magnon density. In addition, the magnon source term[84] breaking the magnon conservation

law 7.7 arises also from H._;

T = [P Hexl /1 (3.10)
Through the Heisenberg equation of motion, we obtain the relation;
Ti="7T7. (3.11)

Then the z-component of the spin continuity equation for the total system (i.e. the conduction
electrons and the magnons) becomes

pfotal +V- j‘fotal - O’ (312)

where the density of the total spin angular momentum, pf,,,;, is defined as

Protal = Pa = Prus (3.13)

and consequently the z-component of the total spin current density, j?...;, becomes?

Jiotal = J5 — Jau- (3.14)

The spin continuity equation for the whole system, eq. (3.12), means that though each spin
conservation law for electrons and magnons is broken (see egs. (3.4) and (3.9)), the total
spin angular momentum is, of course, conserved[111] also in thermal spin-pumping systems
as well as quantum spin-pumping systems. On top of this, the interchange of spin angular
momentum between the magnons and the conduction electrons is characterized by TSRT,
which represents the net pumped thermal spin current.

3.3 Schwinger-Keldysh Formalism

The interface is, in general, a weak coupling regime;[12] the exchange interaction, .J, is sup-
posed to be smaller than the Fermi energy and the exchange interaction among ferromagnets.
Thus H., can be treated as a perturbative term.

Through the standard procedure of the Schwinger-Keldysh (or non-equilibrium) Green’s
function,[100, 31, 32] the Langreth method (see also (Appendix) Chap. 9),[33, 22, 34| the
TSRT can be evaluated as

<7;z> _ ZZJQG,SS/ dk13/ dkg /dwl/da)g

X [g?,k%o& kw1 g¢7k1+k2,w1+w2 gT,kz,wz k1,w1 g¢,k1+k2 w1+wg] + O(JS) (315)

3Note that, S* = S — a'a, via the Holstein-Primakoff transformation.
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The variable G<®*) is the fermionic lesser (greater) Green’s function, and G<>) is the bosonic
one. We here have taken the extended time defined on the Keldysh contour[32, 33, 22], c,
on the forward path c,; ¢ = ¢, + ¢... Even when the time is located on the backward
path c._, the result of the calculation does not change because each Green’s function is not
independent; G* — G* = G~ — G<, where G"® represents the retarded (advanced) Green’s
function.[84] This relation comes into effect also for the bosonic case.[32]

Each Green’s function reads as follows;[31]

Gro = —2mif(w)d(w —wi), (3.16)

re = —2mi[l+ fa(w)]0(w — wi), (3.17)
ok = 2mifr(w)d(w — wok), (3.18)
Tiew = —2mill = fo(@)](w — wok), (3.19)

where the variables f,(w) and f.(w) are the Bose distribution function and the Fermi one.

The energy dispersion relation reads wy = Dk* + B and w,x = Fk* — (JS + B/2)o — u,

where D =1/(2m), F =1/(2mq), 0 = +1,—1(=71,1), and p denotes the chemical potential;

w(T) = ep — (wkgT)?/(12ex) + O(T?). The variable ep represents the Fermi energy.
Consequently, eq.(3.15) can be rewritten as

T = i [ s [ G [ o [

X 0w — wi )0(ws — Wik )0 (Wi + w2 — Wk 4k, )

x {1+ falwn))fi(wr + @)L = frlwn)

— folwn)fe(@)[L - frlwr +wn)] | (3.20)
s o [ dki [ dks .

= dnJ aOS/ (2r)? / (27T)35<Wk1 + Whiko — Wk tkz)

x {fF(wm + Wiiae) [1 = fo(Wrie)] + /B (Wi ) fr (Wi + @t k)

— falw) fr(wr) |- (3:21)

3.3.1 Spin-flip Condition

The delta function in eq. (3.21) represents the spin-flip condition between the conduction
electrons and the magnons. The modes (i.e. k; and ky) which do not satisfy this condition
cannot contribute to thermal spin pumping.

The delta function reads

O + Wik — Whaatie) = (D = PR = 2Fk, - kp — 2J5) (3.22)
1 (D — F)k2 —2JS

- 5 (cost — 3.23

2F ks (cos 2Fkyks D

where cosf) = k; - ky/(ki1ks). Eq. (3.23) holds true on the condition; k; # 0,ks # 0, and
F # 0. This condition can be justified because the zero-mode for the conduction electrons
(ko = 0) originally cannot contribute to spin pumping which is the low energy dynamics; in
order to excite the zero-mode so as to become relevant to spin pumping, it costs vast energy
which amounts to the Fermi energy. Such a (relatively high energy) dynamics is out of the
system we focus on, H. In addition, when the zero mode for magnons (k; = 0) is substituted
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into eq. (3.22), it gives zero because of the finite effective magnetic fields JS(# 0). Thus the
zero-mode of magnons also originally cannot contribute to spin pumping and are eliminated.
Then we are allowed to calculate eq. (3.21) on the condition; ky # 0 and ky # 0.

3.3.2 TSRT
Consequently by using eq. (3.23), the TSRT (eq. (3.21)) can be rewritten as

A3 DF? o © __
—TZ - dk’l dkg 7;Z k‘l, k‘Q 3.24
Casr ™) = [ [ (T (3.24)
_ / 0y (T2 (), (3.25)
N0
= (T7), (3.26)

where

(T2 (k1 ka)) = jQ/lldC 5<<_ (1——)k2_2JS> i

2/%@

1 1
X { o eki+B)/Tm _ 1 ' e(k3—JS—B/2—1+7212 /12) /Ty +1

1 1
- [1  o(k3—TS—B/2-1+72T2/12)/T; +1 + ok +B)/Tm _ |
L 3.27
o(kf+k3—JS+B/2-14+n2T2/12)/T; +1 ) ( ) )

We here have defined a variable, ¢ = cosf/, and have introduced dimensionless variables;

ki = \/D/exki, ky = \/F/erks, B = Blep, J = J/ep, Tins) = Tn(s)/Te = kgTin)/€r, where
kg denotes the Boltzmann constant. The variable T, IS the effective local temperature of
the magnons (the conduction electrons),[98, 94, 103, 116, 117] and

(T (kv k) (3.28)

represents the dimensionless TSRT in the wavenumber space of the magnons and the con-
duction electrons;

(T (k1)) (3.29)

denotes the dimensionless TSRT in the wavenumber space of magnons, ki, after integrating
over the wavenumber space of the conduction electrons, ky. Both quantities, (7.7(k1, ko)) and
(TZ(k1)), characterize the TSRT in terms of the exchange interaction (J) and the temperature
(Tins))-

We set each parameter, as a typical case, as follows;[103, 65, 118] e = 5.6 eV, B/ep =0
F=4¢eVA2 D=03eV A2 S = 1/2. Here it should be noted that we do not apply any
magnetic fields along the quantization axis;

B\, 0. (3.30)
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Figure 3.2: The temperature difference dependence of the dimensionless TSRT, (77?), and
the corresponding schematic pictures. Each parameter reads J = 0.002 and 7, = 300 K.
When the effective temperature of magnons is lower than that of the conduction electrons,
localized spins at the interface lose spin angular momentum by emitting magnons and the
conduction electrons flip from down to up by absorbing the momentum (a), and vice versa

(b).

3.4 Thermal Spin Pumping Effect

Fig. 3.2 shows that under the thermal equilibrium condition where temperature difference
does not exist between ferromagnet and non-magnetic metal, spin currents cannot be pumped
because of the balance between thermal fluctuations in ferromagnet and those in non-magnetic
metal.[98, 94, 103] In addition, it can be concluded that the pumped spin current is pro-
portional to the temperature difference between the magnon and the conduction electron
temperatures (i.e. Ty — T1,); when the effective temperature of magnons is lower than that of
the conduction electrons (see Fig. 3.2 (a)), localized spins at the interface lose spin angular
momentum by emitting magnons and the conduction electrons flip from down to up by ab-
sorbing all the emitted momentum,[111] and vice versa (see Fig. 3.2 (b)). This result shows
the good agreement with the work by Xiao et al.;[103] they have reached this result by the
approach in the combination of the spin pumping theory proposed by Tserkovnyak et al.[9]
and the LLG equation.?

Figs. 3.3 (a) and (c) show that magnons at (near) the zero-mode cannot contribute
to thermal spin pumping because they do not satisfy the spin-flip condition between the

4About the distinction from other preceding works;[103, 94] let us mention that we have set B = 0.
That is, a spin current can be generated via the thermal spin pumping effect without any applied magnetic
fields.  This point cannot be obtained by Xiao et al.[103] The pumped spin current is proportional to
the temperature difference between the magnon and the conduction electron temperatures; inhomogeneous
thermal fluctuations induce a net spin current.[98] This is the main difference from the quantum spin pumping
effect.[27]
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Figure 3.3:  (a) The spin-flip condition via magnons; z(ki, ko) = (¢ =
(1 — F/D)k? — 2JS)(2\/F/Dkyky)*, where J = 0.002. Magnons at (near) the zero-mode
cannot contribute to thermal spin pumping because they do not satisfy the spin-flip condi-
tion, eq. (3.22). (b) The TSRT in the wavenumber space for the conduction electrons and
magnons, (7.7(ky,ks)). Each parameter reads J = 0.002, T, = 300 K, and T, — T}, = 1.2
K. A sharp peak exists on the Fermi wavenumber. (¢) The TSRT in the wavenumber space
for magnons, (77(k1)); the condition is the same with (b). The higher the effective magnon
temperature becomes, the longer wavenumber of magnons becomes relevant to thermal spin

pumping.

conduction electrons and the magnons, due to the finite effective magnetic field JS (see egs.

(3.22), (3.27), and Fig. 3.3 (a)).

3.5 Summary

On the basis of the Schwinger-Keldysh formalism, we have qualitatively studied thermal spin
pumping mediated by magnons in the semiclassical regime and have clarified the distinction
from the preceding theories.

Pumped spin currents are proportional to the temperature difference between the con-
duction electrons and the magnons, which means that inhomogeneous thermal fluctuations
induce a net thermal spin current; when the effective temperature of magnons is lower than
that of the conduction electrons, localized spins lose spin angular momentum by emitting
magnons and the conduction electrons flip from down to up by absorbing the momentum,
and vice versa.

On top of this, owing to the Schwinger-Keldysh formalism, we have succeeded in the
microscopic description of the non-equilibrium spin-flip processes at the interface and have
found the spin-flip condition between the conduction electrons and the magnons. As the
result, we have clarified that thermal spin pumping has the advantage that it does not cost
any kinds of applied magnetic fields (i.e. B \, 0), which is in sharp contrast to the case
of quantum spin pumping generated by resonances (see Chap. 2), because magnons at the
zero mode, which often cause a divergence, are eliminated due to the spin-flip condition.
This fact will be useful also from the viewpoint of potential applications to information and
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communication technologies.

On the other hand, though the behavior of the thermal spin pumping effect mediated
by magnons can be qualitatively captured by calculating the TSRT, we recognize that the
theoretical estimation for the width of the interface arising from so called proximity effects
is an urgent issue to obtain a quantitative understanding.

In addition, we are also interested in the contribution of phonons (see Sec. 4.4) and that
of magnons under a spatially nonuniform magnetization to spin pumping.

3.6 Supplement; Coherent State

A coherent state | v), which is also called Glauber state,[112]° is defined as eigenstate of the
annihilation operator a, with eigenvalues v € C;

alv)=uv|wv). (3.31)

In particular, it should be remembered that the coherent state can be regarded as the specific
quantum state whose dynamics most closely resembles the classical one.

Glauber-Mehta-Sudarshan’s Theorem
According to Glauber et al.,[112, 113] if the time derivative of the annihilation operator
does not involve a functional dependence on the creation operator, i.e.

a(t) = Fla(t), t), (3.32)

then the states which are initially coherent remain coherent at all times;” that is the coherent
state is stable under the time evolution.

Proof
The Heisenberg’s equation of motion reads as follows;

aft) = 2O O] (3.33)

On the other hand, the differential calculus reads as follows by definition (7; a infinitesimal
value);
t —a(t
oy = WD =al) L5y (3.34)

T

As the result, the following relation is satisfied;

o), H(®)] _ alt +7) — a(t)

1 T

+0O(7). (3.35)

Now, we assume that the eigenstate | v) of a(t) with the eigenvalue ((v,t), a(t) | v) =
C(v,t) | v), is also the eigenstate of a(t + 7) with the eigenvalue ((v,t + 7);

a(t+7) | v) = Clv,t+7) | v). (3.36)

SRoy J. Glauber who was awarded the 2005 Nobel prize for his contribution to the quantum theory of
optical coherence.

6Note that this is the sufficient condition.

"The function F is the arbitrary one consisting of only the annihilation operator a(t).
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Then, eq. (3.35) can be rewritten as

@ 0y S Kol

Note that ¢ (v,t)/(0t) is a c-number. Then, eq. (3.37) means that the commutator [a(t), H(t)]
must depend exclusively only on a(t);®

[a(t), H(t)] = Fa(a(t),1). (3.38)

(3.37)

Thus, by taking eq. (3.33) into account, we have obtained the Glauber-Mehta-Sudarshan’s
theorem shown in eq. (3.32);

a(t) = Fla(t),t).m (3.39)

8The function F; is an arbitrary one consisting of only the annihilation operator a(t).
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Chapter 4

Magnon BEC Theory; Microwaves

Stimulated by the experimental breakthrough by Demokritov et al.,[46] we investigate the
possibility for the occurrence of quasi-equilibrium magnon BEC (i.e. dynamical magnon con-
densation) in quantum spin-pumping systems. By employing the Schwinger-Keldysh formal-
ism, we microscopically evaluate the macroscopic condensate order parameter after switching
off microwaves. We have found a kind of quasi-equilibrium magnon BEC which is peculiar
to quantum spin-pumping systems.

4.1 Hamiltonian; Effects of Microwaves

Motivated by the experimental breakthrough by Demokritov et al.,[46] who has observed
quasi-equilibrium magnon BEC at room temperature by using microwave pumping method,
we investigate quasi-equilibrium magnon BEC in quantum spin-pumping systems.

For the experimental realization of spin pumping,[86, 12, 6] a pumping magnetic field
['(t) with an angular frequency € is applied and it drives the system into a non-equilibrium
steady state.[45] In the present study, thanks to the Schwinger-Keldysh formalism, we can
take the effects of the external pumping magnetic field, which deserves the driving energy,
into account beyond phenomenology.

Then, we begin to apply the pumping magnetic field I'(¢) along the transverse axis (i.e.
x-axis) to the system at ¢t = —t,/2 and switch off at ¢t = ¢y/2 (> 0);

T F(t) dx & (x, 6) (0" + 07 )e(x, 1) (4.1)

Vi = \/7/dx a(x,t) + a'(x,1)] (4.2)
with

['(t) = [Cocos(Q)|Hi(to/2 —t)Hy(to/2 + 1), (4.3)

where the Heaviside-step function H; () is defined as Hy(x; x < 0) =0and Hy(x;x > 0) = 1.
This applied periodic pumping magnetic field I'(t) acts as quantum fluctuations[89] and hence,
we identify the system described by the exchange interaction H., under the applied pumping
magnetic field I'(¢) with the quantum spin-pumping system. Finally, the total Hamiltonian
of the quantum spin-pumping system H is arranged as H := Hpag + Hie + He + Vi + Vnrlag

Here, let us remark that the applied pumping magnetic field couples with the conductlon
electrons as well as localized spins. Therefore, magnon pumping[84] can be generated at the

interface also by ESR (Q = 2JS + B)[27, 28] as well as FMR (Q = B).[6, 86, 84] In addition,

o7
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Pumping magnetic field I'(t) (a few GHz)
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Figure 4.1: (Color online). Schematic pictures of our quantum spin-pumping system. The
interface is defined as the effective area where the Fermi gas (the conduction electrons) and
the Bose gas (the magnons) coexist to interact via the exchange interaction H. ; J # 0. The
interface can be regarded as a ferromagnetic metal state.[81] We begin to apply the pumping
magnetic field I'(t) at t = —t,/2 and switch off at t = /2. As the result, the U(1)-symmetry
of the system is recovered after switching off (¢ > ¢y/2). By applying the pumping magnetic
field (a few GHz) for an enough time ¢y (a few milliseconds), magnon BEC is realized at the
interface; (a(t;t > t¢/2)) # 0. Spheres represent magnons and those with arrows are the

conduction electrons. The wavy line denotes the pumping magnetic field.

T =2m/(2Q)

it is clear from egs. (4.1)-(4.3) that although the U(1)-symmetry of the systems is explicitly
violated due to the applied pumping magnetic field, the U(1)-symmetry is recovered after
switching off (i.e. t > ty/2).

4.2 Schwinger-Keldysh Formalism

Through the standard procedure of the Schwinger-Keldysh formalism[100, 31, 32] and Wick’s
theorem (see also (Appendix) Chap. 9), the macroscopic condensate order parameter after
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switching off the pumping magnetic field (a(t;t > t,/2)) reads (Fig. 4.3 (a))

(a(t:t > to)2)) = —Jao\[ / ix’ / dx” / a7’ / 4T (+")

x (T a(x,7)al (x',7))(Te ey(x", 7")cl(x', 7))
x (T ey (%, 7)e] (x”, )>+0(J2)+0(r2) (4.4)

Here T, is the path-ordering operator defined on the Schwinger-Keldysh closed time path,[35,
32, 22, 33] ¢ (Fig. 4.2). We express the Schwinger-Keldysh closed time path as a sum of
the forward path, c_,, and the backward path, ¢, ; ¢ = ¢, + ¢.. The integral on the
Schwinger-Keldysh closed time path is executed by taking the relations into account; fc dr’ =
fc_> dr’ + fc<_ dr’, which results in

/dT’/dT” = / dr’ +/ dr') / dT”+/ dr") (4.5)
= / dr/ dT”+/ dT/ dr"
+ / dr’ / dr'" + / dr' / dr". (4.6)

Then by employing eq. (4.6) and the Langreth method,[27] eq. (4.4) can be rewritten as

(st > to)2)) = uag\/g / ix’ / ix" / ' / 4T (")
X |:Gt(t,t/>g¥<t”,t,)g\t(t/, t”) - Gt(t7t,)g?<t,,,t,)gf<t,, t”)
— G(L)GE( )G (") + G=(t,1)GH (" t)GL(E )|, (4.7)

where the variables Gt(&<>:t) / Gta.<>1 are the bosonic/fermionic time-ordered, retarded,
advanced, lesser, greater, and anti-time-ordered Green’s functions, respectively.[27] We have
taken 7 which denotes the contour variable defined on the Schwinger-Keldysh closed time
path on forward path, c¢_,. Even when 7 is located on backward path, ¢, , the result of this
calculation is invariant because each Green’s function is not independent[32, 31, 34, 22] and
they obey the relations; G* — G* =G~ — G< and G — G* =G~ — G~.

T T .
t i >t
) d t t
“_ :C\,,
(c=c.+c.)

Figure 4.2: The Schwinger-Keldysh closed time path, ¢. Both the forward (c_,) and back-
ward (c.) paths are actually on the real axis but shifted slightly upwards and downwards,
respectively, to distinguish them clearly.
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By adopting the Fourier transform, eq. (4.7) reads as follows;

(a(t;t > to/2)) = zJaO\/T FO/ kdk/dwl/dWQ

X [/dt”Hl(to/2—t”)Hl(to/2+t”)}
e—iw1t[ —i(—w1—Q)t” +e—’i(—w1+Q)t"]

[ 0w1ngw2g¢kw1+w2 Ow1ngwgg¢kw1+w2
0 W1 gT k,wo gi k,wi+w2 + GO W1 gT,k,wQ g¢,k,w1 +w2] (48)

S r
- zJaO\/7 = / kdk / dwr / dw,

to/2
> |:/ dt//] > e—iwlt[e—i(—wl—ﬁ)t" +e—i(—W1+Q)t”]

—t0/2
X [ 0w1ngw2g¢kw1+w2 0w1ngwzg¢kw1+w2
— Gy Gk Ik swn T Gon Fhscin Gl seion i) (4.9)

where we have used the relation; [ dt”Hy(to/2—t")Hy(to/2+t") = [~ ti/ ?2 dt”. This calculation

explicitly reflects our procedure (Fig. 4.1) that we begin to apply the pumping magnetic field
at t = —to/2 and switch off at t = ¢y/2.

Note that eq. (4.9) is very the macroscopic condensate order parameter after switching
off the pumping magnetic field (Fig. 4.1); (a(t;t > t9/2)). It is clear that only the zero mode
of magnons is relevant to the order parameter (a(t;t > to/2)).

4.3 Quasi-equilibrium Magnon BEC

We continue to apply the pumping magnetic field for enough finite time ¢, (i.e. fromt = —t,/2
to t = to/2, Fig. 4.1) to satisfy the approximation; f /2 dt"[e" 1= D" 4 gmilzert D] o
27[6(wy 4+ Q) + §(wy — Q)]. From the viewpoint of experiments, compared with the period of
the applied pumping magnetic field (i.e. 27/ ~ a few nanoseconds), it will be enough to
apply I' for a few milliseconds. Consequently, the macroscopic condensate order parameter
after switching off the pumping magnetic field (a(t;t > t5/2)) results in

(a(t;t > to/2)) = ia%\/é% /000 dk:/dek:
X {emt [GB,—Qg%k,w—l—Qgik,w - Gg,—ﬂgﬁk,wﬂgf,k,w
G 095kwra9Ticw + GG kwinbl e
+ e |:G1[;),Qg$,k,wfﬂgik,w — G009 kw09 Sk
- GéQgﬁk,w—ngk,w + G(ng%k,w—Qgik,w} } (4.10)

= (a>k/:0, (411)
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(a) (b)

|<§>k':o,g|

Figure 4.3: (Color online). (a) A Feynman diagram of (a),—¢. The solid, dotted, and wavy
lines represent the conduction electrons, magnons, and pumping magnetic fields, respectively.
(b) Plot of | (@)w—on | which has been generated by FMR (©2 = B). As a typical case,[27]
each parameter is set as follows;[12, 103, 65, 118, 27] e = 5.6 eV, T' = 300 K, (2mq)~ ! =4
eV A2 (2m) ' =03eV A% aqp=3A S=1/2, Q/ep =32 x 1075, and J/ep = 0.002.

where the variable &’ represents the wavenumber of magnons.
Here let us introduce the dimensionless macroscopic condensate order parameter, (a)y—o/.A,
and the one in the wavenumber-space of the conduction electrons, (@) —o —nq, as follows;

e dk .
0 = A - P N 0 4.12
(@)r=o /0 V2maer nzzﬂe (@)x=0,—n0 (4.12)
with

. 2 ~
imaazl'y [ S
A= T\ (419)

—~ R
I—() — = d kf
<(l>k =0,—Q / w1 / Qmel J

t t t t > <
X [G07—Qg¢,k,w+ﬂg¢,k,w — Go Y% kw0 kw

- Gé—ﬂgﬁk,wﬂgf,k,w+G07—Qg$,k,w+ﬂgf,k,w} (4.14)

~ L R
<a>k/:0’g = /da“ / 2m01 Jk

t t t t > <
X [GO,QQT,k,wagJ,,k,w - GO,QgT,k,w—Qg¢,k,w

Gia%-097kw + GG iw-a0iicu (4.15)

and

where the Fermi energy reads ep. The variable k/\/2mger represents the dimensionless
wavenumber of the conduction electrons. Because the expansion coefficient of each angular
frequency mode satisfies the relation; | (a@)w—o-o | < | (@)w=00 |, eq. (4.12) can be
approximated as

< dk O o
<Cl>k/:() >~ A/O' \/ﬁeilgt«lh{/:(xg. (416)
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It is clear from eq. (4.16) and Fig. 4.3 (b) that the absolute value of the macroscopic
condensate order parameter! | (a)—o | takes a non-zero value being constant under the time-
development after switching off the pumping magnetic field, in which the U(1)-symmetry of
the systems has been recovered. Therefore we can conclude that the zero-mode of magnons
has undergone magnon BEC, which corresponds to the (uniform) coherent precession[45, 44]
with the period 27/ in the language of original spins, after switching off. That is, by
applying the pumping magnetic field (a few GHz) for a few milliseconds, magnon BEC can
be realized also in quantum spin-pumping systems after switching off.

In conclusion, we have theoretically shown that the coherent magnon state generated
by applying the pumping magnetic field (a few GHz) for a few milliseconds is stable even
after switching off with keeping the macroscopic condensate parameter a non-zero value
(a(t;t > to/2)) # 0. Therefore, we theoretically predict that magnon BEC can be realized
also in quantum spin-pumping systems after switching off by applying the pumping magnetic
field (a few GHz) for a few milliseconds.

(@) (b) o,

F.I I. NM.

Figure 4.4: (Color online). (a) In our scenario, magnons are generated by the exchange
interaction with the conduction electrons. Microwaves indirectly affect magnons via the
conduction electrons. (b) Microwaves are directly applied to only the metal.

Features of Magnon BEC

Here let us remark that this magnon BEC is generated not directly by microwaves, but
by the exchange interaction J between the conduction electrons and the magnons, which
characterizes spin pumping. Then, this microscopic mechanism of magnon BEC is unique
to this system.[119] As shown in Fig. 4.4 (a), microwaves indirectly affect magnons via the
conduction electrons. Therefore we theoretically propose that also by applying microwaves
into only the non-magnetic metal (Fig. 4.4 (b)), magnon BEC will occur in quantum spin-
pumping systems.? This is our theoretical prediction.

IStrictly speaking, the above | (a)w—o | in eq. (4.16) does not represent the number of condensate
magnons; it is that of pumped magnons and by enjoying thermalization processes, it becomes the number of
condensate magnons. Regarding the detail, please see (Appendix) Chap. 10.

2 According to the discussion with Prof. Bauer, to experimentally apply only one subsystem will be too
difficult to achieve.
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4.4 Dynamics after Switching off Microwaves

On the other hand, in real materials, there are variety kinds of additional degrees of freedoms.
In particular, the effects of phonons is inevitable. Then, we now investigate the contribution
of phonons to the dynamics (i.e. magnon BEC state) after switching off.

For the purpose, we here introduce dimensionless® variables; J, 1, Jy.m., where each pa-
rameter represents the dimensionless coupling constant denoting the magnitude of the inter-
action between magnons-electrons, magnons-phonons, and magnons-magnons, respectively

(Fig. 4.5).

Interaction between
phonons and magnons; 1

Exchange interaction between
electrons and magnons; J

to/2
3 Swich off

-to/2 ;

Swich on 3

0 z
o g I

B
U(1)-symmetry X
T =21/2Q)

Dynamics of localized spins under microwaves
(i.e. under quantum spin pumping)

Dynamics of localized spins in magnon BEC
(i.e. coherent precessions)

Figure 4.5: (Color online). Schematic pictures of the dynamics of ferromagnetic localized
spins under switching on and off.

We then assume the relation; n > J. This means the situation where magnons mainly
interact with phonons after switching off. Under this situation, we closely investigate the time-
development of the order parameter (a(t)) after switching off by using Heisenberg’s equation

3 Although we often use the symbol J in various kinds of contexts, please do not confuse and please identify
each other. In terms of the interaction among ferromagnets; 7jferro_2<7;,j> S; - S;. That is, we have notated
as follows; ﬁ/jfem_ =1 (< 1), j/jferro_ =J (< 1), and jm,mA/jfem_ = Jm.m. (< 1). In other words, we
have taken jferm, = 1. In general, the Fermi energy €y is far larger than jfem,_.
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of motion and explicitly show that magnon BEC state is stable also in spin-pumping systems.
This is the main purpose of the present work.

Last, it would be helpful to remark that our present analysis, from the perturbative
calculation based on Keldysh formalism to the analysis after switching off, is applicable to
the system where the following condition is satisfied;

1>n>J>n% (4.17)

The reason reads as follows; in the previous work, we have shown that the order parameter
(a(t)) becomes a non-zero value at the interface of quantum spin-pumping systems where
magnons interact with electrons via J under applied microwaves I'; (a(t)) o< JI'. Of course
we have noted that magnon-phonon interactions gives some effects on the order parameter,
but it gives the following contribution; (a(t)) o< n?T or (a(t)) o< JI'n?. Therefore, if the
condition is satisfied;

JT > 0T and JT > JI'n?, (4.18)
that is,
J>mn?and n* < 1, (4.19)

we can conclude that the contribution arising from the exchange interaction between the
conduction electrons and the magnons J at the interface under microwaves I'; (a(t)) o< JI', is
the main (largest) one in the present situation.? On top of this, from now on, we consider the
situation where magnons mainly interact with phonons after switching off. For the purpose,
the following relation is required;

J <. (4.20)

Therefore, by combining the egs. (4.19) and (4.20), we have reached the condition eq. (4.17)
on which our present analysis is useful;

1>n>J>n (4.21)

4.4.1 The Interaction Between Magnons and Phonons

We assume the interaction between magnons and phonons described by the Hamiltonian

Vmag.pho;
Vinagpho = /dx{naT(x)a(X) [bT(X) + b(x)] + AaT(x)a(x) + PbT(x)b(x)} (4.22)
= naquakbq + naLakmbL + Aalay + Pbgbq, (4.23)

where the variables a/a', b/b" denote magnon annihilation/creation and phonon annihi-
lation/creation operators, and the variable n represents the magnitude of the interaction

4In addition, we have defined and introduced the interface as an effective area where the exchange in-
teraction between the conduction electrons and the magnons J works, which is the key to spin pumping;
without J, spin pumping cannot occur. That is, the interface of spin-pumping systems can be characterized
only by J, which is particular to the interface of spin-pumping systems. On top of this, we now investigate
the possibility for the occurrence of magnon BEC after switching off microwaves, that is, after spin pumping.
Therefore it will be natural to clarify the contribution of the exchange interaction J to the macroscopic order
parameter (a).
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between magnons and phonons. Here let me emphasize that although the operators a/a'
describes the spin angular momentum, b/b" does not and hence, the total spin angular mo-
mentum of the systems described by Vijagpho 1S conserved. That is, Vijagpho has the U(1)-
symmetry; a — ae® where ¢ is constant. In other words, the number of magnons under
Vinag.pho 18 conserved; n(x) = [1n(x), Vinag.pho /i = 0 with n(x) = a'(x)a(x).

Now, we consider the situation where the magnitude of the magnon-phonon interaction is
weaker than that of Fermi energy and the exchange interaction among ferromagnetic localized
spins and hence, we here have assumed that the variable n denotes a dimensionless value;
n <1

We have already seen that only the zero-mode of magnons takes a non-zero value under
the applied microwaves;

(ak—o) ~ JI' # 0 and (axzo) =0 (4.24)

and hence, from now on, we focus on the time-development of the zero-modes of magnons
after switching off microwaves, where the U(1)-symmetry of the systems has been recovered.

The time-development of physical quantities can be described by the Heisenberg’s equa-
tion of motion and it reads as follows in terms of the zero-mode of magnons under eq. (4.23)
or Vmag.pho;

. 1
ay = ;[aﬂyvmag‘pho] (425>

= —inaxb_y — inagbl, — iAap. (4.26)

This differential equation represents the quantum dynamics of magnons after switching off
microwaves. By solving this equation, we can obtain the explicit form of the time-development
of magnons in general.

On the other hand, we can easily find a practical problem; eq. (4.26) is not closed in
terms of the zero-mode of magnons ag. That is, eq. (4.26) includes the contribution arising
from other modes ay(o) as well as ag. Therefore, it is a extremely tough issue to directly
solve eq. (4.26).

In order to overcome this situation, we employ the same procedure (i.e. approximation)
with Bogoliubov et al.,[120]° which is applicable to the system where the number of magnons
belonging to k = 0 is much larger than that of magnons in k # 0, and derive an effective
Hamiltonian. As mentioned, it is because we have applied microwaves and they give (ax—q) #
0 and (axxo) = 0, our system satisfies the condition for the approximation by Bogoliubov et
al.

4.4.2 An Effective Hamiltonian via the Procedure by Bogoliubov
et al.

We here focus on a term in eq. (4.23), aL +qfk; and it can be classified as follows;

(ZL+qCLk = CLL(;AO)CL() + GI)CLQ + CLL_,'_q(#O)CLk(#o) -+ agak(#)). (427)

Following the procedure by Bogoliubov et al.,[120] it can be approximated as

aquak = CLL#O)CLO + agao + aL_,_q(#O)CLk(#()) + af)ak(io) (4.28)

~ abao, (4.29)

®Regarding the detail, please see the famous textbook.[120]
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because we had applied microwaves and it has given the situation where the number of
magnons who belong to k = 0 is much larger than that of magnons in k # 0; |micro.). There-
fore, we are allowed to assume the following relation with respect to transition amplitude;

(micro.|ahag|micro.) > (micro.\a2(¢0)a0\nlicro.> (4.30)
~ (micro. |a£ak(¢0) |micro.) (4.31)
> (micr0.|alt+q(¢0)ak(¢0) |micro.) (4.32)

Hence, we have obtained a relation;
aquak ~ abaq. (4.33)
By using the same procedure, we reach a relation;
alay ~ abao. (4.34)
As the result, we obtain an effective Hamiltonian of eq. (4.23);
Vinag.pho ~ Vi 1o = nabaobo + najaobh + Aajag + Pblbg. (4.35)

This is very the effective Hamiltonian we have wanted and from now on, we discuss on the
basis of eq. (4.35), VI,

mag.pho*
Under the effective Hamiltonian eq. (4.35) or V;ffé_pho, the time-development of the zero-
mode of magnons reads as follows;
: 1 eff
ag = 2[0’07 V;naé.pho] <436)
— —inagbo — inaebl — iAa. (4.37)

In addition, the time-development of the zero-mode of phonon in eq. (4.35) reads as follows;

. 1
bo = ; [b07 ‘/rligé.pho} (438>

Egs. (4.37) and (4.39) fully represent the quantum dynamics after switching off. Then, we
here employ a classical approximation;

ag +— ¢ € C where ¢ = ¢1 + i¢p with ¢, € R (4.40)
bo — @ & C where & = ®, + 1Py with (I)l, P, € R, (441)

in which ¢ and & represent complex scholar fields and ¢y and @) denote real scholar
fields.
As the result, eqs. (4.37) and (4.39) can be rewritten as

o1 = (201 + Ay (4.42)
¢ = —(2nP1+ A)d (4.43)
o, = Pd, (4.44)
Dy = —n(¢? + ¢3) — Pdy. (4.45)

These relations, eqs. (4.42)-(4.45), govern the classical dynamics after switching off, which
has been plotted in Fig. 4.6.
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Figure 4.6: (Color online). Plots of eqs. (4.42)-(4.45). Each parameter reads as follows;
n=1 A=1, P =1. It is clear that the macroscopic condensate order parameter |a(t)|?
takes a time-independent non-zero value, which means the occurrence of magnon BEC.

4.4.3 An Effective Hamiltonian Including Magnon-Magnon Inter-
actions

By using the same procedure, we can take the effects of magnon-magnon interaction into ac-

count. The magnon-magnon interaction, Vmag = m_m,al +qaiqakﬂ,a_p, can be approximated
as follows;
Vmag = Jm.nl.aL+qatqak+pa—p (446)
~  Jnm.ahahaoao (4.47)
fF.
= Vrﬁag- (4.48)

It is because

(micro.|alafagag|micro.) > <micr0.\ag(¢0)aiq( apap|micro.) (4.49)

#0)
~ (micro. |a8a8a+p(¢0)a_p(¢o) |micro.) (4.50)

> (micro.\an(#O)aiq#o)aﬂp(#o)a,p(#o)|micro.). (4.51)

Then, the time-development under V< becomes

mag

: 1 .

apg — ;[ao,vmgé] (452)
= —2iJpm.abagao. (4.53)

By using the same approximation with the last one (eqs. (4.40) and (4.41)), eq. (4.53) gives
the new contribution;

G2 = —2Jum (07 + 93)01. (4.55)
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Consequently, magnons under magnon-magnon interaction as well as magnon-phonon inter-
actions (i.e. egs. (4.42)-(4.45)) obey the following differential equations;

S = (20P1+ A)s + 2/ (6 + 03) 02 (4.56)
G = —(2001 + A)p1 — 2J0mn (S} + 831 (4.57)
) = P (4.58)
O, = (g} +¢5) — POy, (4.59)

We have confirmed that the behavior of each field is qualitatively the same with eqs. (4.42)-
(4.45). That is, magnon BEC state is stable also in the presence of magnon-magnon interac-
tions as well as in that of magnon-phonon interactions.%

Lastly, let us again remark that our present analysis is applicable to the system where
the following condition is satisfied;”

1>n>J>n (4.60)

4.5 Conclusion

On the basis of the Schwinger-Keldysh formalism, we have evaluated the macroscopic con-
densate order parameter in quantum spin-pumping systems under the influence of phonons
and have shown that quasi-equilibrium magnon BEC occurs after switching off microwaves.
Remarkably, the magnons are generated not by microwaves but by the exchange interaction
with the conduction electrons characterizing spin-pumping systems. Therefore our magnon
BEC in this work is peculiar to quantum spin-pumping systems.

4.6 Supplement; Protection of Information

We discuss the features of magnon BEC, the protection of information, which results from
the macroscopic coherent state.

Magnon BEC

Magnon BEC, Uggq, is the macroscopic state in the sense that a macroscopic numbers
(N-particles) of magnons have formed a coherent quantum state described by a common
wavefunction ¢;[61]

\IJBEC(1727 T N — 17N) = Hlj\il(bl (461>

Then the density matrix pfpc, which captures the fundamental information of the systems,®

can be represented as

pRrc = Yhpo(1, 2, N = 1, N) Uppe(1,2,- -, N = 1, N). (4.62)

6Until now, we have been treating the dissipation-less system. Regarding the effects of dissipations, please
see (Appendix) Chap. 11.

"We have already confirmed that even in the case J > 1, magnon BEC is stable (i.e. | a(t) |= (constant))
if only the effective magnetic field of the conduction electrons is equal to that of magnons; otherwise, the
quantity | a(t) | begins to oscillate.

8In the sense that the expectation value of physical quantities () can be characterized by the density
matrix of the systems p; (O) = tr(pO).
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Now recall that the loss of information corresponds to the procedure partial tracing out in
terms of the degrees of freedoms in the language of physics. That is, the loss of information
which the N-th particle acquires can be represented as follows;

/ dry phec- (4.63)

Remarkably, in the case of BEC, the density matrix is qualitatively invariant even after
partial tracing out;

[ s s = i (4.64)

In this sense, it can be concluded that (magnon) BEC state is robust against the loss of
information.

Superposition State

On the other hand, in the general cases of quantum mechanics, the result dramatically
changes; in the usual cases of quantum mechanics, the N-th particle state can be represented
by the superposition of quantum states ¢ and ;°

Veur (1,2, N = 1,N) = ILL, 61 + 0 I ;. (4.65)
Then, the density matrix becomes

pN =W (1,2, N —1,N) U (1,2,---, N — 1, N). (4.66)
Now, it should be stressed that in sharp contrast to the case of BEC, the density matrix
is dramatically changes after partial tracing out;

/ dry ply # ol (4.67)

Then, it can be concluded that the general quantum (superposition) state is fragile against
noises.

In conclusion, as shown in eq. (4.64), the macroscopic coherent state is robust against
the loss of information,[61] which is the strong point of magnon BEC.

9The variable 7 denotes a coefficient.






Chapter 5

Magnon BEC Theory; SSB

We now investigate the possibility for the occurrence of magnon BEC resulting from SSB in
spin-pumping systems. In order to go beyond the perturbative analysis, we employ a non-
perturbative theory and clarify the condition for the stable magnon BEC in spin-pumping
systems without using microwaves.

5.1 SSB and Magnon BEC

In the present study, we identify the expectation value of the bosonic annihilation operator
(¥) with the macroscopic condensate order parameter[54] and adopt as the criterion for the
occurrence of BEC.[45, 121] That is, a non-zero value of the order parameter (¥) # 0 under
the U(1)-symmetric Hamiltonian does mean the occurrence of BEC, which is associated with
U(1)-SSB.! This definition of BEC has now been very commonly used in the literature.[45,
58, 121]

On the basis of this definition of BEC, we investigate the possibility for the occurrence of
the U(1)-SSB of the vacuum in spin-pumping systems, which is associated with a non-zero
value of the order parameter under the U(1)-symmetric Hamiltonian. In order to go beyond
the perturbative analysis by the Schwinger-Keldysh formalism,[30] we employ a powerful
theoretical technique non-perturbative theory,[39] which does not rely on the assumption
called the adiabatic theorem (i.e. the well-known Gell-Mann and Low theorem).[38, 39, 122]
Therefore we can analyze beyond a perturbative theory.[30]

5.2 Goldstone Model

Before going on to the main subject, let us briefly review[39, 115, 89] the idea of the SSB
of the vacuum in classical field theory. As an example, we employ the (so called) Goldstone
model whose potential term is given as (see also Fig. 5.2)

VGoldstone«O) = —M(p(p* + j<9030*>2 (51)
= —uleP+T el (5.2)

! As remarked, regarding the issue on the criterion for BEC in interacting systems, we in part agree[41] with
the argument by Leggett in his textbook[58] (see pp. 31-40); in addition to this commonly used macroscopic
condensate order parameter,[45] he has introduced (i.e. presented) the discussion by Penrose-Onsager[59]
and Yang[60] about the generalization of original (noninteracting) BEC to interacting cases. We have been
tackling this issue.[41]

71
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Figure 5.1: (Color online). A schematic picture of thermal spin pumping mediated by
magnons where, in sharp contrast to quantum spin-pumping systems, microwaves are not
applied.

in which the variable p(€ C) denotes a complex scalar field. The parameter p(€ R) represents
the dimensionless chemical potential and J (€ R) does a dimensionless coupling constant. It
is clear that the Goldstone model possesses the global U(1)-symmetry; ¢ — ¢ with 0 =
(const.) € R. For the stability of the system or the vacuum (i.e. the ground state), there
should be a lower bound on the energy level of the system.[123] Thus the condition is required
(see also Fig. 5.5 (a));

0<J. (5.3)

From here on, we will assume that the possible vacuum states are invariant under trans-

lations and they are time-independent.[39, 115] Thus, the candidate of the stable vacuum of

the system is given as the stationary point of the effective potential VT . -[39, 89]

Veﬂ"
a Goldstone —0. (54)
Oy

In addition, within the classical theory in the sense that we omit the quantum effects (i.e.
loop corrections) and discuss within the tree-level, the effective potential VST . is reduced
to the usual one Violdstone;[39)]

Végldstone“ ¥ |) = —p | ¥ ’2 +\7 | ¥ |4 +O(h> (55)

= VGoldstone<| @ |> + O(h) (56)

Thus the minimum-energy classical configuration is a uniform field ¢ = ¢y with ¢y chosen
to minimize the potential Violastone;[39, 115]

2 2
VGoldstone(| 2 |) = j|: ‘ ¥ |2 _%] - :_j (57)

Consequently when the chemical potential is positive (0 < p), the vacuum expectation value

of the field ¢ reads
ool = /57 (#0). (5.8)
27

As the result, the U(1)-SSB of the vacuum does occur when the chemical potential is positive
(0 < p, Fig. 5.2 (b)); otherwise not (i.e. pu <0, Fig. 5.2 (a)).
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Figure 5.2: (Color online). Schematic pictures of the U(1)-SSB of the vacuum in the Gold-
stone model Vigolastone (| ¢ |); €q. (5.7). When the chemical potential becomes positive (0 < ),
the Goldstone model forms the Mexican-hat potential[124] (b) and the U(1)-symmetry of the
vacuum is spontaneously broken; eq. (5.8). As an example, each parameter is set as follows;
(a) J = +10, u = —1 and (b) J = +10, u = +1. It will be useful to see also Fig. 5.5 (a).

5.2.1 Minimally Generalized Goldstone Model

We have seen that the U(1)-symmetry of the vacuum in the Goldstone model where only
one complex scalar field ¢ acts is spontaneously broken when the chemical potential pu is
properly adjusted; this is the rigorous theoretical result based on the non-perturbative anal-
ysis. The Goldstone model has been used to describe a dilute Bose gas in the classical limit
at T'= 0 as a (phenomenological) standard model;[89, 124] e.g. magnons, regardless[121] of
ferromagnets[125, 45] or antiferromagnets.[54, 126, 124, 127] On the other hand, in real mate-
rials and experiments, there does exist variety kinds of freedoms besides the one on which we
focus, such as magnetic impurities, phonons,[62] and photons[46] et al. (see also sec. 5.3.1).
Therefore it is desirable to extend the Goldstone model so as to include the effects of such
degrees of freedoms by introducing a new complex scalar field ¢)(€ C) which couples with the
usual field .

Now, our strategy of the generalization of the Goldstone model reads as follows; for
clearness, we exclusively focus on when the usual chemical potential p is negative (u < 0).
In that case, the model reads

vGoldstonc(QO) = B ’ 2 |2 +j | 2 |47 (59)

in which we have denoted as, —p =: B (> 0), for convenience (see also sec. 5.3.1).2 In this
case, it is apparent that the vacuum expectation value of the field becomes zero (g = 0),
which is not associated with the U(1)-SSB of the vacuum (Fig. 5.2 (a)). Now, we investigate
the possibility for the occurrence of the U(1)-SSB of the vacuum owing to the coupling with
other degrees of freedom represented by a complex scalar field ¢ (€ C) such as

(py™ + ™), Yy, (5.10)
and
[ Pl 1%, (5.11)

2Note that the sign of B is opposite from the one of the chemical potential .
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which do not violate the U(1)-symmetry of the system; (¢,?) = e“(p,1), with 6 =
(const.) € R. It is expected that these couplings bring effective chemical potential to ¢ (¢*).
As the result, the total chemical potential might become positive and the U(1)-SSB of the
vacuum might be generated.

5.2.2 Minimal Model

We introduce the minimally generalized Goldstone model Viy(1)-mini. (¢, %) by adding couplings,
(p* + ¢*) and Yy*, into the Goldstone model;

VU(l)-mini.<SOa V) = Vaoldstone(®) — V(" + 9™ ) + kipyp* (5.12)
= BleP+Tel|' —v(ep" + ") + 5| v (5.13)

where each variable, v(€ R and v > 0) and (€ R), represents a dimensionless coupling
constant. The minimally generalized Goldstone model Viy(1)-mini. includes two kinds of fields,
@ and 1. Therefore for the stability of the vacuum, there should be a lower bound on the
energy level of the system in respect to ¢ as well as ¢;[121] in terms of ¢, the minimally
generalized Goldstone model can be expressed as

Vo () = T @[ +B ¢ [P —v(ey* + ¢™¢) + O((™)0). (5.14)

Therefore the condition is required; 0 < J. In addition, from the viewpoint of 1, Vir(1)-mini.
can be regarded as

Thus the condition should be satisfied;
0< K. (5.16)

Otherwise, the saddle point (see Fig. 5.4 (a) as an example) cannot be eliminated from the
condition for the stationary point represented by eq. (5.4); the saddle point gives an unstable
state and the situation is out of the aim of the present study.

Under these conditions (i.e. inequalities (5.3) and (5.16)), through the same procedure
with Sec. 5.2 and within the classical theory, we seek the true stable vacuum of the minimally
generalized Goldstone model. The condition for the stationary point in respect to 1 gives

8‘/U(l)—mini. Y
—— =0 = =" 5.17
0 =Yt =y (5.17)

On the point, Viy(1)-mini. can be rewritten as
YN v 2 4
Vo (0, = —¢) = (B=—) ¢ P +T [¢] (5.18)
1 ,}/2 2 1 ’72
2 2
= ———(— = — —(— = 1

TIP3 (t=B)] - 2L -8 (19)
= Vo@mini.(| © |)- (5.20)

It is clear that the minimally generalized Goldstone model Vi;(1).mini. is reduced to the standard
one Vaolastone With the effective potential (v2/x — B); as expected, the coupling with other
degrees of freedoms 1) has brought the effective chemical potential v?/x (see eq. (5.18)). As
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the result, the total chemical potential can become positive and hence, the U(1)-SSB of the
vacuum occurs (see Fig. 5.3 (a)) when

2

(0<)B< % (5.21)

Under this condition, the vacuum expectation value ¢q (see Fig. 5.3 (b)) reads
1 ~?

o | = ﬁ(;—B). (5.22)

Here let us emphasize that when v = 0 or Kk = 0 (see inequalities (5.16) and (5.21)),
the U(1)-SSB of the vacuum cannot occur. That is, the 7-term as well as the k-term in
eq. (5.13) is essential for the occurrence of the U(1)-SSB of the vacuum. Therefore we have
named Vi(1)-mini. the minimally generalized Goldstone model.

@ ()

Vuy-mini. (|o]) Vua-mini. (o) Vot (0
0.10 4 Voymini (o) B=15
0.010 {B=0.5
0.008
0.08 {9006 B=125

0.004
0.002 oy

0.06 {-0.002 0.1 02 f03
-0.004 :
-0.006

0.04 J0.008

SYsss 002 |
B=0.5
0 e 4 o

0.10 0.20 0.3

B=0.75

Figure 5.3: (Color online). Schematic pictures of the U(1)-SSB of the vacuum in the mini-
mally generalized Goldstone model Viy(1)mini.(| ¢ |); eq. (5.20). As an example, each dimen-
sionless parameter is set as follows; J = 7 and k = v = 1. Therefore for the occurrence of
the U(1)-SSB, the parameter B must satisfy the condition (inequality (5.21)); (0 <)B < 1.
(a) Even when parameter p is negative (0 < B := —p, see also Fig. 5.2 (a)), the U(1)-SSB
of the vacuum can occur in the minimally generalized Goldstone model because the effective
potential is not u, but (v2/k — B) (eq. (5.18)). (b) When B = 0.5, the U(1)-symmetry of the
vacuum is spontaneously broken and the vacuum expectation value ¢g (eq. (5.22)) becomes
| vo |~ 0.189.

5.2.3 Stability of Vacuum

It would be useful to investigate the stability of the vacuum to confirm the importance of the
repulsive interaction,[123] J | ¢ |* with 0 < 7, for the realization of the stable vacuum. For
simplicity here, each coupling constant in eq. (5.13) is set as follows; J =k = B =10. On
this condition, Vi (1).mini. becomes

VI, 9) = —y(pv" + ") (5.23)

= — (¢’ w*)A(Z‘;), (5.24)
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with
A= ((1) é) = A" (5.25)
It is clear that VJ ””mfl N O takes quadratic form and the matrix A is Hermitian. Therefore
V&7(1 ”mfl N O can be easﬂy diagonalized[121] via an unitary matrix U as follows;
Vi Qx| @- ) = —v( &P~ |2 ), (5.26)
with

A = @) o

Fig. 5.4 (a) describes Vj F=B=0(1 @, |,| ®_ |). It is apparent that the origin (i.e. | . |=]

-mini.

®_ |= 0) has become a saddle point, which is not stable or the true vacuum; there are no
true stable vacuum states in Vj ”mfl -

Note that even when a non- zero value is given to each coupling constant (k and B), the
situation does not change as long as J is zero; for simplicity here, we take v = 1. On this
condition, Vir(1)-mini. becomes

Vo=t ) = Bl P +r| ¢ [P —(ov" + o) (5.28)

= (¢ ¢ A (z) : (5.29)

with
B -1
[ _ Nt
A= (_1 m) = (A" (5.30)
Also in this case, it is clear that V‘7( 0 o ! . takes quadratic form and the matrix A" is Hermitian.
Therefore A’ can be diagonalized via an unitary matrix U’;
1T oarrrr )\+ 0
U'AU" = (0 )\_). (5.31)

Each eigenvalue, Ay, is determined by the following characteristic equation;

INE—A'| = 0 (5.32)

(B+ k) £/ (B+k)>—4(Bx — 1)

SA = : (5.33)
_ (Bt+r)+ 2(8—/43)2—1-4 (5.34)
. (5.35)

with A_ < A, by definition and note that 0 < A;.> According to eq. (5.33), A_ becomes
positive when 1 < Br(# 0); otherwise negative or zero (A_ < 0).

By using these eigenvalues AL, V[}7(1 Orzmll can be diagonalized as
Ve (@1, @1) = A [ @ P4 |9 [ (5.36)

3Remember that 0 < B and 0 < k.
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in which the newly introduced complex scalar fields @', are represented by using an unitary
matrix U’ as (¢* *)U'T = ()" (9")*). Fig. 5.4 (b) describes V(}7(1=)0,7=1 when 0 < A_.

In this case, though the origin (i.e. | ®  |=| ' |= 0) is the stable vacuum state, it is not
generated by the U(1)-SSB; it is simply the original vacuum and it in fact gives ¢y = 0. Let
us remark that this can be easily confirmed also by the same procedure with sec. 5.2.2 (i.e.
eq. (5.18)); V&T(T)?;z;i(go,w = @/k) = (B—1/k) | ¢|?>. On the other hand, when A_ < 0, the
situation is the same with V(f(l:)’f;ﬁfo; Fig. 5.4 (a).

Therefore, we conclude that the true stable vacuum state associated with the U(1)-SSB
does not exist[121] without the repulsive interaction; J | ¢ |* with 0 < J.

(@) (b)
J=x=B=0 J=0,vy=1
V U(1)-mini. Vi) mini.

0.8 \
0.6 Ly )
N ol

oal WY
'\ LI

04

0.6
0.8 |(D’+|

Figure 5.4: (Color online). (a) Plot of Vg(l:)'f;flfo (eq. (5.26)) with v = 1. The origin (i.e.
| &, |=| ®_ |=0) is a saddle point, which is not stable or the true vacuum; there are no true
stable vacuum states in VUj(l:)’f;ﬁfo. (b) Plot of V&;ﬁ:ﬂl (eq. (5.36)) with \; = A_ = +1.
The origin (i.e. | ¥/, |=| ®" |= 0) is the original vacuum; the state is not generated by the

U(1)-SSB and it in fact gives ¢y = 0. (a) (b) Note that although the variables are restricted
to 0 <| @i) | by definition, we also have plotted the region; —1 <| CIDi) | for clearness.

5.3 Theoretical Proposal

We consider the application of the minimally generalized Goldstone model Vir(1)-mini. to spin-
pumping systems; the minimally generalized Goldstone model can be regarded to describe
the dynamics of magnons interacting with spins carried by the conduction electrons at 7" = 0.
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5.3.1 Anisotropic Exchange Interaction

In our previous work[30] based on the Schwinger-Keldysh formalism (i.e. a perturbative
theory), we have studied thermal spin pumping[98] mediated by magnons in a ferromagnetic
insulator and non-magnetic metal junction (Fig. 4.1), in which localized spins S isotropically
interact with the conduction electrons s at the interface;

Viso. := —27'S - s = —27/(8%s" + SYs¥ + S%57). (5.37)

The variable 4'(> 0) represents the magnitude of the exchange interaction. As far as our per-
turbative analysis,[30] the macroscopic condensate order parameter becomes zero and magnon
BEC cannot occur. Now, by considering the correspondence of the spin-pumping system (i.e.
magnon-electron system) with the minimally generalized Goldstone model Vu(1)-mini., We in-
vestigate the possibility for the occurrence of the stable magnon BEC state in spin-pumping
systems on the basis of a non-perturbative theory.

For the purpose, first, let us consider the same situation[30] except the point that ferro-
magnetic localized spins S anisotropically interact with the conduction electrons s;

Vaniso. = _2’7/(SI3$ + SYsY + ASZSZ) (538)

<S+s_ +S7sT

— oy + ASZSZ), (5.39)

in which A represents the magnitude of the anisotropic; 0 < A < 1. Reflecting the fact that
the minimally generalized Goldstone model (eq. (5.13)) has not included | ¢ || 9 |?, we here
focus on the strong anisotropic limit, A — 0;

—'(STs™ 4+ 57 sT) (5.40)
= ‘/aniso.(A:O) . (541)

Via the Holstein-Primakoff transformation; S* = v/2Sa4+0(1/v/S), S~ = v2Sat+O(1/V/S),
S* = S—ala, Vaniso.(a=0) can be expressed in terms of magnon creation/annihilation operators
as follows;

A—0
V;miso.

‘/aniso.(A:O) =V QSVI(GS_ + aT3+)- (542)

5.3.2 Correspondence to Spin-pumping System

We take the classical limit[89] and each operator is replaced with a commutative complex
assical

scalar field (i.e. c-number); a clagsjeal peC, st clazsy 1 € C. As the result, in the classical
limit, the strong anisotropic exchange interaction between magnons (i.e. spin waves) and the
conduction electrons V< (A=) 18 Tewritten as follows;

aniso.

Vaﬂ?s'o.(AZO) =V QS’YI(Wﬂ* + ¢*¢) (543>

It is clear that this term corresponds to the ~-term in the minimally generalized Goldstone
model Viy(iymini. = B | ¢ |2 +T | ¢ |* —v(0¢* + ¢*¢) + £ | ¥ |*; in the language of the
spin-pumping system, the B-term describes the couplings with the effective magnetic field
along the z-axis for magnons, the k-term represents the interaction between up-spins and
down-spins of the conduction electrons, and the J-term corresponds to the magnon-magnon
interaction. Therefore, if these quantities satisfy the condition for the occurrence of the
U(1)-SSB shown in Sec. 5.2.2 (inequality (5.21)); (0 <) B < (v*/k), the stable magnon BEC
state can be realized even under the interaction with the conduction electrons. The vacuum
expectation value ¢y, which corresponds to the macroscopic condensate order parameter of
magnons (i.e. spin waves), becomes a non-zero value (see Fig. 5.3); | po |= v/(72/x — B) /2T .
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5.3.3 Stable Magnon BEC

Here let us again remark that, as stressed in sec. 5.2.2, for the occurrence of the stable magnon
BEC state in the spin-pumping system, the repulsive interaction between up-spins and down-
spins of the conduction electrons (i.e. 0 < k) is essential as well as the repulsive magnon-
magnon interaction (i.e. 0 < J), which can be realized, as an example,[121] owing to the
dipolar interaction.[125] This is the rigorous theoretical result based on the non-perturbative
theory beyond a perturbative one[30] and the one in sharp contrast to the far-seeing work by
Bender et al.,[91] who has already pointed out the possibility for the occurrence of magnon
BEC in spin-pumping systems before our present work by using the similar model with us
except the point that they have omitted the magnon-magnon interaction. On top of this,
we would like to remark that they have not included the effects of the exchange interaction
between the conduction electrons and the magnons (eq. (5.42) or (5.43)), which characterize
spin-pumping systems.

Lastly, it might be useful to mention that in Sec. 5.2.3, we have closely investigated the
stability of the vacuum in the minimally generalized Goldstone model Vi;(1).mini.. There, we
have concluded that the true stable vacuum state associated with the U(1)-SSB does not exist
without the repulsive interaction (see Fig. 5.4); J | ¢ |* with 0 < J. This means, in the
language of the above spin-pumping system, that the true stable magnon BEC state cannot
exist without the repulsive magnon-magnon interaction; although the minimally generalized
Goldstone model Vg(lz)olzlil can possess the stable vacuum state when 0 < A\_ (see Fig. 5.4
(b)), it is not generated by the U(1)-SSB and it in fact gives ¢y = 0. Therefore we suspect that
magnon BEC cannot occur[121] in the spin-pumping system[91] described by the minimally
generalized Goldstone model with 7 = 0 (i.e. Vg(l:)ijﬁfo or Vf(lz)onﬁll) Here, let us point
out that BEC should not be identified with superfluid[128, 89, 121] and hence there might
exist a superfluid phase in that case (i.e. J = 0).[121, 91]

5.3.4 Discussion; Field Theory and One-body Quantum Mechanics

We have discussed this issue at University of Basel during my stay on July 9 (2013) with
Dr. Tserkovnyak, who is the coauthor of the paper by Bender. They have argued that from
the viewpoint of one-body quantum mechanics, their free magnons actually undergo BEC
because they are Bose-particles and the state (i.e. magnon BEC state) is stable. Of course
we have agreed that their discussion has captured some aspects of their and our dynamics,
but we still would like to remark that their stability arises from the definition of the theory
they have employed. That is, it results from the fact that one-body quantum mechanics
assume that there are no creations and annihilations of particles and their state is stable
by definition. Then, we suspect that one-body quantum mechanics is not useful or is not
applicable to the dynamics where the creations and annihilations of particles due to many-
body interactions play the key role. Therefore, we consider that their discussion is applicable
to only the ferromagnetic insulators at low temperature.

Let us stress that at the interface of spin-pumping systems (i.e. the interface between
ferromagnetic insulators and non-magnetic metals), there does exist the exchange interaction
between the conduction electrons and the magnons, which characterize the spin pumping ef-
fects; without the exchange interaction, spin pumping does not occur. Then, we consider that
in order to investigate the possibility for the generation of spin current carried by condensate
magnons (i.e. which is associated with magnon BEC), one should first take the effects of the
exchange interaction into account. The, we have employed the present approach and have
found that magnon-magnon interactions are essential to the realization of stable magnon
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BEC.

Lastly, let us again emphasize that one should understand (or take more seriously into
account) the fact that although the total spin angular momentum of spin-pumping systems is
conserved, each spin conservation law of the conduction electrons and the magnons is broken
due to the exchange interaction. As the result, torque term arises and it plays the central
role on spin pumping

5.3.5 Generalized Goldstone Model

The next focus lies on whether the stable magnon BEC state could exist under a finite (i.e.
non-zero) A regime in the above spin-pumping system.[30] For the purpose, we include the
term | o || ¢ |?, which arises from the A-term in V0. (eq. (5.39));

VU(I)(Spvdj) = VU(I)—mini.(Sovw) - | ¥ |2| ¢ |2 (544>
= BleP+T el —ale Py
Y™ + ") + 5 | %, (5.45)

where a(€ R) is the corresponding dimensionless coupling constant. From the viewpoint of
the correspondence with the above spin-pumping system described by Viuiso., We restrict o
to a positive value; 0 < a.

In the language of the spin-pumping system (i.e. the Holstein-Primakoff transformation),
the variable | ¢ |? represents the number of magnons obeying the parastatistics[129] and
hence, the relation; | ¢ [*< S = O(1), is required by definition. Moreover because we here
treat the extremely low temperature regime (i.e. 7" = 0), the variable | ¢ |? is supposed
to be very small enough to satisfy the relation; | ¢ |*< O(1). Therefore when we choose
variables, k and «, to satisfy the condition; k/a = O(1), we are allowed to assume the
relation; | ¢ |?< k/a & a | ¢ |*< k. Also from the viewpoint of the stability of the system
in respect to Y(¥*), Voy(¥) = (k—a | ¢ [*) | ¢ > +O@@™) + (9(@[)(*)0), the relation is
strongly required. Thus from now on, we discuss on the basis of the assumption; a | ¢ |?< k.
In other words, the following our analysis is adequate in the region.

Through the same procedure with the minimally generalized Goldstone model Vir(1)-mini.
and the approximation; (k —a | ¢ [))™' ~ (1 + «a | ¢ |* /k)/k, the generalized Goldstone
model Vy1y on the point, ¢ =vp/(k —a | ¢ [*) < 0Vyay/(9¢) = 0, reads

2 2 2.2
Y v ay’y o 2077 4
VU(1)<907 ¢ k—a | © |2 90) (B K )X + ( 2 )X 13 X (5 6)

with x :=| ¢ [* (> 0).

Here let us denotes the solution of the equation, dVy1y(x)/(dx) = 0, as x+ with x_ < x4
by definition (see Fig. 5.5 (b)). The coefficient of x* in Viy1y(x), 2a*7*/(k?), takes a positive
value. Therefore for the occurrence of the U(1)-SSB associated with the stable magnon BEC
state, the condition is required (Fig. 5.5 (b));

0 < x_ (5.48)
and
S < xo (549)
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That is, when

2 3 2, 2 2
gl K oy g
— - = - — < B<— 5.51
kK 6a2y? (‘7 K2 ) k' (5.51)
and
S < Xo (552)
with
3 ay? \/ oy’ 60272 2]
Xo = 604—272[<j_?>+2 (J - /{2) + 3 (B—;) ; (5.53)
the U(1)-SSB associated with the stable magnon BEC state (y_) occurs;
3 ay? \/ ay? ) 622 72 1
[ Y R0 - ~ . 54
X Gwlw T o= T B T (5.54)

Let us remark that magnons obey the parastatistics and hence when S >y, the state
X_ becomes the classically metastable state[39, 115, 130] and it does not give the absolute
minimum. That is, the state y_ is not the true stable vacuum and it can decay to the true
vacuum by the quantum-mechanical tunneling effect[39] (see Fig. 5.5 (a) as an example). Of
course we have noted that we have been theoretically discussing within the classical theory,
but quantum effects are inevitable in real materials (i.e. experiments). Thus, the condition
S < xo (eq. (5.52)) is required for the experimental realization of stable magnon BEC in
spin-pumping systems with the non-zero A-term (i.e. a-term).

5.4 Summary and Outlook

In order to investigate the possibility for the stable magnon BEC state associated with SSB
in spin-pumping systems, we have employed a non-perturbative theory to go beyond the
perturbative analysis and have extended the standard Goldstone model. For the realization
of the stable magnon BEC state, the repulsive interaction between up-spins and down-spins
of the conduction electrons is essential as well as the repulsive magnon-magnon interaction.
By realizing the condition we have clarified in this work, the true stable magnon BEC state
can be experimentally observed also in spin-pumping systems without using microwaves.

On the other hand, to extend the system at finite temperature with the influence of
quantum effects is left as a future work. On top of this, we consider that to clarify the
effects of the unusual energy dispersion of the lowest magnon mode in YIG, which is a
relevant material to the experiment of magnon BEC[46, 47, 56] and spin pumping, |65, 86] is
a significant theoretical issue.

In addition, as stressed by Hick et al,[128] BEC of quasiparticles is not necessarily associ-
ated with superfluidity.[89] In other words, they should not be identified.[121] Of course it is
roughly expected, owing to Bogoliubov theory,[89] that superfluid of magnons is associated
with magnon BEC in spin-pumping systems, but to reveal the detailed relationship between
magnon BEC and superfluid[44] of magnons in spin-pumping systems is left as a important
future work.

BEC state (i.e. coherent state) is the robust macroscopic quantum state against the loss
of information (see also Sec. 4.6). Therefore we hope this work becomes a bridge between
the research on spintronics and magnon BEC to lead to the information technologies.
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Figure 5.5: (Color online). (a) Plot of the Goldstone model Vioastone (€q. (5.7)) with J < 0.
The U(1)-SSB of the vacuum does not occur. The origin (i.e. | ¢ |= 0) is unstable (0 < u) or
the classically metastable state (i < 0). (b) A schematic picture of the generalized Goldstone
model Vya)y(x) (eq. (5.47)). When x_ < 0, the situation is the same with (a). The state x

is defined as Vir1)(x = x0) = Voy(x = x-)-



Chapter 6

Dissipation Theory

Until now, we have been treating dissipation-less systems. On the other hand, in real ma-
terials, dissipation effects are inevitable. Then, we now investigate the dissipation effects
described by the Caldeira-Leggett model as well as the LLG equation and clarify the distinc-
tion between them from the viewpoint of the time-development of the macroscopic condensate
order parameter (i.e. magnon BEC).

The famous Caldeira-Leggett model,[63, 64] which is a prototype of a system-reservoir
model for the description of dissipation phenomena (Fig. 6.1), was originally introduced
to describe a Brownian particle of mass M with coordinate x which moves in a potential
V(). Then, by employing the Caldeira-Leggett model[63, 64] with the help of the Holstein-
Primakoff transformation,[39] we investigate the dissipation effects on magnon BEC[88] and
clarify the distinction from those described by the LLG equation.’

6.1 Caldeira-Leggett Model

The master equation? which the Caldeira-Leggett model gives reads as follows;[64]

() = —(p) (6.1)
(p) = —(V'(2)) —2v(p). (6.2)

It should be noted that, the variables x and p with [z, p] = i can be represented in terms of
magnon annihilation and creation operators, a and a' with [a,a’] = 1, and vice versa, which
reads as follows.

The Hamiltonian of the zero-mode of magnons, which has been produced by microwaves,
under the static magnetic field > B becomes

HB — Bagam (63)

with [ag, a}] = 1.
In order to reduce[121] the dynamics of magnons to the Caldeira-Leggett model, we use

'Regarding the detail, please see (Appendix) Chap. 11.

2In the original paper by Caldeira and Leggett,[63] they have discussed on the basis of the path-integral
method.

3It includes the g-factor and Bohr magneton.

83
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Figure 6.1: (Color online) Schematic pictures of the Caldeira-Leggett model; the correspon-
dence between Brownian particles and magnons under dissipations due to phonons.

the following well-known relations[39] (i.e. harmonic oscillator variables);*

0 - ,/2—2’(%%) (6.4)
mw p
al = Uﬁ(:p—m). (6.5)

In other words,

h
= f 6.6
x Y (a+a) (6.6)
1 [hmw
= —y/—(a—adh). 6.7
p -\ (a—d)) (6.7)
This satisfies the relations; [x,p] = i and [a,a’] = 1. We then replace the representation;

a— ag, a — ag. Consequently, the Hamiltonian Hp can be rewritten as follows;

Hp = Balag (6.8)
Loy
= 5Pt Vi(z) + (const.) (6.9)
= H, (6.10)
with
1, ~ hmw _ Bmw

This means that the dynamics of the zero-mode of magnons after switching off under the
static magnetic field B corresponds to that of a Brownian particle with the mass M trapped
to the (harmonic) potential V(z) = kz?/2; see Fig. 6.1. Then by using the Caldeira-Leggett
model, egs. (6.1) and (6.2), we can study the dynamics of the zero-mode of magnons after
switching off with dissipation effects due to phonons. This is the most important point of
the present work.

4The variable m denotes the mass of oscillators and w represents the angular frequency.
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We here replace the expectation value, (ao) and (af), with the real scholar field ¢y, ¢,
(i.e. classical approximations);

(ag) = %((@—l—%) = O1+ 109 (6.12)
(o) = /2y~ ) i (6.13

That is,
) = (2, (6.14)

(p(t)) = V2hmwes. (6.15)

Therefore by using the notation, (ag(t)) =: ¢1(t) + iga(t) with ¢19) € R, the above master
equation (i.e. egs. (6.1) and (6.2)) of the Caldeira-Leggett model under the condition v < B
can be rewritten as follows;

bi(t) = wnh(t) (6.16)
Pa(t) = —wppi(t) — 27Pa(t), (6.17)

with wp := B/h.

Figs. 6.2 (a) and (b) shows the time-development of the macroscopic condensate order
parameter |(a(t))| under dissipations described by Caldeira-Leggett model. It is clear that
there are several plateau regions; |(a(t))| = (const.) as the function of time ¢.

6.2 LLG Equation

We also investigate the dissipation effect described by LLG equation on magnon BEC. Then,
we clarify the distinction between dissipation effects by the Caldeira-Leggett model and the
LLG equation from the viewpoint of magnon BEC.

The LLG equation,[22, 23, 24] which is often used for the study of spintronics, reads
(H = (I'(t),0, B))

S=SxH-aS xS, (6.18)

where spins are treated as classical variables and the effects of dissipation are phenomeno-
logically taken into account as the Gilbert damping term (i.e. a-term).[26] Each component
of LLG equation becomes

St = BSY—a(SYS* — 5*SY) + O(a?), (6.19)
Sy = —BST4+TS8% —a(S5?5% — 575%) + O(a?), (6.20)
Sz = —TSY—a(S°SY — §YS%) + O(a?). (6.21)

When microwaves are applied for a certain time, they give a non-zero value to S* and SY.
After that, one switches off microwaves, which corresponds to the procedure I'(f) — 0. As
the result, the condensate order parameter |a(t)| ~ [S®(t) + iSY(t)| = /(S*(t))2 + (S¥(t))?
varies as shown in Fig. 6.2 (c).

5That is, we neglect quantum fluctuations.
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Figure 6.2: (Color online) (a) (b) The time-development of the macroscopic condensate or-
2

der parameter |{ao(t))| = \/ d1(t)* + ¢2(t)* under dissipations described by Caldeira-Leggett

model with (a) v = 0.01 and (b) wg = 1. There are several plateau regions. (c) That by
LLG equation with B = 1. There are no plateau regions.

Distinction

It is clear that there are no plateaus in Fig. 6.2 (c¢) and this result is in sharp contrast to
the case of the analysis based on Caldeira-Leggett model; Figs. 6.2 (a) and (b). Then, we
conclude that the emergence of plateaus is the unique property of the system described by
Caldeira-Leggett model.

6.3 Conclusion

The emergence of the plateau region in the macroscopic condensate order parameter of
magnon BEC is peculiar to the system described by Caldeira-Leggett model (see also (Ap-
pendix) Chap. 11), which is in sharp contrast to the system described by LLG equation

To clarify the microscopic mechanism for the emergence of the plateaus might become an
important issue.%[134, 135, 136]

6At this stage, I do not think our plateaus emerging in Caldeira-Leggett model in terms of magnon BEC
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have some relations with the recently attractive novel phenomenon called pre-thermalization.[131, 132, 133, 43]
Our plateaus have emerged simply due to the combination of the relaxation (i.e. decay) effect and the
oscillation effect. For the clear and deep understanding, we need further detailed analysis.






Chapter 7

Theory on Josephson Effects in
Magnon BEC through
Aharonov-Casher Phase

As the synthesis of our works, we[137] present the microscopic theory on the Josephson
effect[73, 70] in magnon BEC[78] through quantum-mechanical phases called A-C phases. |66,
67] As mentioned in Sec. 1.1.5, the A-C phase[66, 67] is dual to the Aharonov-Bohm phase[69,
4, 5] and each quantum-mechanical phase is just a special case of geometric phase called
Berry’s phase, which causes phase shifts; as a charged particle feels a magnetic flux (i.e. a
magnetic vector potential) and obtain the Aharonov-Bohm phase, a moving magnetic dipole
is affected by electric fields and acquires the Aharonov-Casher phase (see Fig. 1.5).

We then microscopically construct the theory on the Josephson effect[70, 72, 73] of magnon
BEC through A-C phases, which are under our control via electric fields and work as driving
forces. This is the phenomenon analogous to the magnon Hall effect[138, 139] in the sense
that transverse Josephson spin currents of the magnon condensate are generated by electric
fields via A-C phases.

Thermalization
processes

Figure 7.1: (Color online) Schematic pictures of Josephson effects by the magnon condensate,
namely the magnon BEC Josephson junction. Each ferromagnetic insulator consisting of the
magnon condensate is weakly connected to each other via the tunneling Hamiltonian V..
Regarding thermalization processes, please see (Appendix) Chap. 10.

89
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7.1 System and Hamiltonian

We consider the junction shown in Fig. 7.1 in which two ferromagnetic insulators are weakly
connected to each other via the exchange interaction Je;

Vex i= —Jexl03/ ( )dx SL - Sk, (7.1)
x € (int.

where Spg) denotes the spin variable of the left(right)-hand side ferromagnetic insulator
whose lattice constant reads . Via the Holstein-Primakoff transformation, ST = S% 445Y =
V2Sa + O((5)~1?) = (S7)t and §* = S — afa with S := S/(ly)?, eq. (7.1) is reduced to the
following tunneling Hamiltonian[130] consisting of magnon creation/annihilation operators
which satisfy the commutation relation [a(x), a’(x')] = §(x — x');

Vie = —Jo. S / dx(agal, + al ar), (7.2)
€(int.)

in which the interface is defined as an effective area where magnons coming from both sides
coexist to be interchanged via the above tunneling Hamiltonian V., (i.e. the tunneling am-
plitude Jo, # 0) originating from proximity effects. Here let us remark that in eq. (7.2), we
have omitted the terms arising from the z-component of spin variables in eq. (7.1), such as
a'a and afa’aa, because they commute with the magnon number density a'a and hence they
are not relevant to tunneling effects on which we focus in the present work.

@ O]
Br 'v‘;: 1
°-u [,
z XL XR
F-1 (Jx=0) int. (Jo.<0) F-I (Jx=0)

Figure 7.2: (Color online) Enlarged view of the magnon BEC Josephson junction. The
electric field E = (0, E,0), which produces A-C phases and induces transverse spin currents
along the z-axis, is applied to the whole system.

Under the tunneling Hamiltonian V., we clarify the transport properties of the quasi-
equilibrium magnon condensate, which can be produced by using the method called mi-
crowave pumping (see also Chap. 4 and (Appendix) Chap. 10);[46] applied microwaves
excite the zero-mode of magnons (i.e. the uniform state) and drive the system out of equi-
librium to reach a certain non-equilibrium steady state. After that, microwaves are switched
off and the system experiences thermalization processes. As the result, magnons dynamically
condense and we obtain the quasi-equilibrium magnon condensate which has acquired the
following macroscopic condensate order parameter,[45, 61, 46]

(a(t)) = v/rpnc(De ™, (7.3)

where the variable ngrc(t) denotes the number density of the magnon condensate and B
represents the applied magnetic field including the g-factor and Bohr magneton along the
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quantization axis (i.e. z-axis). It should be noted that only the zero-mode of magnons is
relevant to this dynamical condensation and they work as the macroscopic quantum state,
namely the macroscopic coherent precession with the angular frequency B.

Dephasing Effects

Let us remark that we now treat the weakly connected junction consisting of magnons
in BEC (Fig. 7.1). Therefore we assume dephasing effects significant enough that coherence
between the left and right subsystems is destroyed and the density matrix for the entire
system p is always in the form,[91]

p = pL® pr, (7.4)
which gives the following evaluation;
(a(B)ak(®) = trlpar(t)ak () 5
= (a()rlah(t))r, 6
where!
trlpLas(t)] = (aL(t))L 7.7
=/ nEge (e (7.8)
and

trlprar(t)] = (ar(t))r = 1/ nipc(t)e™ " (7.9)

From now on, on the basis of the above condition, we investigate the tunneling effects of
the magnon condensate under quantum-mechanical phases. This is the main purpose of the
present work.

7.2 Aharonov-Casher Phase

A moving dipole moving in an electric field acquires a quantum-mechanical phase called the
A-C phase,[66, 140, 141] which is dual to the Aharonov-Bohm phase;[69, 4, 5] each quantum-
mechanical phase is just a special case of geometric phase called Berry’s phase. As the result,
under the influence of the applied electric field E = (0, E,0) shown in Fig. 7.1, the tunneling
Hamiltonian V,, is reduced to the form VA;[68]

Veﬁ'c = —JeXS/ dx(aLaEe’ieA'c+a£aRei9A'0) (7.10)
€(int.)

with the A-C phase given by

I
Orc = =— dx - (E x e,). 7.11
roi= G | ( ) (7.11)
It is clear that this Hamiltonian VA" has the U(1)-symmetry (i.e. invariant under the
following global gauge transformation; a + ae” where the variable ¥ denotes a constant
real value). Therefore the total number of the magnon condensate in the whole system is

IThe variable Br,r) represents the applied magnetic field to the left (right)-hand side.
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conserved. Then, the (tunneling) spin current density Iip. passing through the interface
from the left-hand side to the right one along the z-axis (Fig. 7.2) can be defined as follows;

Igpc = —Mggc (7.12)
where nkp(t) :== a{aL represents the number density of the magnon condensate in the left-
hand side.

7.3 Josephson Spin Current
By using the Heisenberg’s equation of motion,
e = [MEres Ve 1/, (7.13)

we obtain the expectation value of the spin current density Iy carried by magnons in BEC;

(Theo) = 2JexSy/npe(tInke (!

x sin[(Br, — Br)t +0ac] + O((Jex)2>, (7.14)
where
XR
Orc = (guB/hCQ)E/ dx - e, (7.15)
XL
= (gus/hc®)EAx (7.16)
with Az := zg — 2,(> 0) and the variable nRy.(t) == alar denotes the number density

of the magnon condensate in the right-hand side. Let us mention that we here have taken
dephasing effects shown in Sec. 7.1 into account to evaluate (Ifpc).

Detail of Evaluation
Taking dephasing effects into account (eqs. (7.4), (7.6), (7.8) and (7.9)), we have evaluated
the spin current density as follows;

—(Igpe) = (Mggc) (7.17)
1 ]
= <g[”11§Ec» V;i CD (7.18)
1 . .
= (;[a{aL, —JexS dx(aLaLe’wA'C + a{aRewA'C)]) (7.19)
x€ (interface)
(iJexS(—aral,e ™02 4 af apet?s-c)) (7.20)
iJexS((af )1 (an)re™®© — (aL)p{ak)re *) (7.21)
= iJ S\/NEI;EC(t)N]g{EC(t) (ei(BL—BR)te’iHA,C _ e—i(BL—BR)te—iGA,C) <7 22)
ex V .
= iJ S \/NII;EC(t>N]§EC(t) (ei[(BL—BR)t—I—GA,C} . e—i[(BL—BR)t-‘r@A,C]) (7 23)
ex V .
2JexS .
= 25 [ NEao ()N () sinl(Bu — Bu)t + 0 (7.24)

= S/ (OB () sin[(B. — Br)t + facl. (7.25)
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Thus, we have obtained eq. (7.14).

Canonically Conjugate Relations

Here it will be useful to derive eq. (7.14) by using other kinds of methods, namely
the canonically conjugate relations between the number of particles N and the phase 0;2
[0, N] =i = N = —0H/(90) with Hamiltonian #.

By using the same procedure with eq. (7.25), namely dephasing effects, the tunneling
Hamiltonian under the A-C phase reads as follows;

(VES) = —JuS dx({aL)L{ak)re " + (a] )1 (ar)re') (7.26)

x€(int.)
= —2JeS\ ke (Dl (t) cos|(Br — Br)t + facl - V. (7.27)

with Vi = fxe(mt.) dx.
For convenience, we consider the situation, By, = Bg, and it becomes

(VAC) = —2JuuSy nbpc(t)nfise(t) cosfac - Viu. (7.28)

We here use the canonically conjugate relations; [0a.c, Vit - n5pc)] = i = (Vin, - nhpe) =
—OH/(00a.c). Then, we obtain the following results;®

. OH
Vint. - MBpc = BT (7.29)
avA-C

— _ e 7.30
B0nc (7.30)

8( — 2JexS\/NEpc (t)nBao(t) cosfac - Vint_> ;
= — 31
FTN (7.31)
= —2JeXS\/nI§EC(t)n§EC(t) sinfa.c - Vi, (7.32)
= Vi - Iipc (7.33)
& Bpe = 2JEXS\/nIéEC(t)n§EC(t) sinfa_c. (7.34)

This is very the eq. (7.14). That is, as remarked, we have derived eq. (7.14) by using the
canonically conjugate relations between the number of particles and the phase.

7.4 Features

Eq. (7.14) shows that the spin current density I'gq is proportional to the number density of
the magnon condensate, which means that the spin current can flow as long as magnons are
in condensation. That is, the condensation of magnons arising from macroscopic quantum
effects plays the essential role on the generation of tunneling spin currents. Therefore we
can conclude that this phenomenon producing transverse spin currents (Fig. 7.1) can be
recognized as the Josephson effects of the magnon condensate.

Remarkably, according to eq. (7.14), the Josephson effect of magnon BEC arises in first
order[72] in the tunneling amplitude Joy, which is in sharp contrast to the Josephson effect
of superconductors.[142, 143] Therefore this macroscopic phenomenon is dominant in the
weakly coupled junction.

2We have hit upon this procedure owing to the discussion with Prof. Pascal (France).[119]
3The Hamiltonian H corresponds to VAC (i.e. eq. (7.27)) in our case.
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Figure 7.3: The plot of the decay process of the magnon condensate due to dissipation effects
described by the Caldeira-Leggett model (see Sec. 11), where the variable Npgc represents
the total number of magnons in BEC. Regarding the detail, please see (Appendix) Chap. 11.

7.4.1 Dissipation Effects

Although we have remarked that Josephson spin currents flow as long as magnons are in
condensation, there does exist other kinds of degrees of freedoms in real materials such as
impurities and phonons et al., which cause dissipation.

Therefore in order to present an analysis which is relevant to experiments, we take dis-
sipation effects on magnon condensates into account; we have investigated the dissipation
effects due to phonons on magnon condensates by using the Caldeira-Leggett model, which
has been plotted in Fig. 7.3.

Regarding the detail, please see (Appendix) Chap. 11.

7.4.2 Josephson Effects

We now consider the case; Br, # Bgr. Then, we obtain the Josephson effect of magnon BEC,
in which the Josephson spin current density reads

(Theo) = 2JexSy/nbe (Dnle(t)sin[(BL — Br)t + facl. (7.35)

In this situation, the A-C phase 0,.¢ simply gives the initial phase. That is, even in the
absence of the A-C phase or electric field, 5.c < E = 0, the Josephson spin current does
exist because it is induced by the difference of the applied magnetic field (i.e. By, — Br # 0)
characterizing the period of the Josephson effect. This is the qualitatively natural result
reflecting the well-known fact[144] that the role of the magnetic field gradient on spin currents
is the same with that of the electric field on charge currents.

Let us remark that the applied magnetic field B, which corresponds to the chemical
potential in the language of the Josephson effects in Bose atoms,[77] is under our control.
Therefore one can easily tune the period of the Josephson effect of the magnon condensate.
This point will be useful to the observation of this phenomenon.
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Figure 7.4: (Color online) The Josephson effect generated purely by A-C phases. We obtain
the Josephson effect by solving the differential equation, eq. (7.14), in terms of nggc and
nprc with the help of the following relations; Ifpc = —fhpe, Ihac = —Nipe and NEpe + Nhpc
= 0 (i.e. the total number of the magnon condensate in the whole system is conserved). As
an example, we have employed the following values; Jox = 1/10, 5 = 1/2, B —Br = 0,0s.c =
/4, 1550 (0) = ngpe(0) = 50.

Our next focus lies on the case; By, = Br. Then owing to the A-C phase, we obtain the
Josephson effect of magnon BEC shown in Fig. 7.4, in which the Josephson spin current
density reads

(Theo) = 2JexS\/mlipc(Bnlse(t) sinfac. (7.36)

This means this Josephson effect is generated purely by A-C phases with the help of the
magnon condensate. In fact, when the A-C phase is tuned to satisfy the condition,

Or.c =0 (mod. 7), (7.37)

the Josephson spin current is not generated; (I5g) = 0. This is the features of the Josephson
effect characterized purely by A-C phases. This condition is useful to the observation of the
Josephson effect in magnon BEC because the A-C phase is under our control via the applied
electric field.

Here it should be stressed that this Josephson effect is generated purely by the applied
electric field via A-C phases, which induces transverse Josephson spin currents. That is, the
direction of the Josephson spin current (i.e. along the x-axis) is perpendicular to that of
the applied electric field (Fig. 7.1). Therefore this Josephson effect can be viewed as the
phenomenon analogous to the magnon Hall effect.[138, 139]

7.4.3 Distinction

Let us mention that a similar mechanism for the emergence of persistent spin currents has
been discussed in the articles,[140, 141] in which the spin current is carried by thermally



96CHAPTER 7. THEORY ON JOSEPHSON EFFECTS IN MAGNON BEC THROUGH AHARONOV-(

excited magnons. Therefore in the zero-temperature limit (7" = 0), their Josephson effects
cease to work.

On the other hand, our spin current is by magnon condensates resulting fully from quan-
tum effects. Then, our Josephson effects continue to work even in the zero-temperature
case.

7.5 Summary

Conclusions

We have presented a microscopic theory on the Josephson effects[70, 71, 72, 73, 74, 75, 76,
77] of magnon BEC[46, 47, 48, 49, 50, 51, 52, 53] through the A-C phases.[66, 141, 79, 80, 68]
Our formalism gives the clear understanding that Josephson effects result fully from quantum
effects, the quantum-mechanical phase called the A-C phase and magnon BEC, and Josephson
spin currents are produced as long as magnons are in condensation.

To the best of our knowledge, the required techniques for the experiments (i.e. the mi-
crowave pumping method),[65, 46, 47, 48, 49, 50] the Josephson effect of magnon BEC, have
already been established.[46, 65] That is, the first observation of the Josephson effects in
magnon BEC is now possible. Moreover, the observation also deserves the indirect detection
of the A-C phase.[79, 80] Thus, our results open a new door to experimentally exploring fer-
romagnetic insulators[65] by means of magnon BEC, which is expected to lead to applications
to spintronics devices.

Discussions

Magnons in condensation form a macroscopic quantum (coherent) state, which is robust
against the loss of information.[61] Therefore, the method we have newly proposed in this
work to generate spin current in ferromagnetic insulators,[65] namely Josephson effects of
magnon BEC, is significant also from the viewpoint of potential applications to information
and communication technologies.

On top of this, the quasi-equilibrium magnon BEC, which plays the essential role in our
method, can be produced at room temperature by using the microwave pumping method, [46]
which has been already experimentally established.[46, 47, 48, 49, 50, 51, 52, 53] That is,
we have no need to cool the samples, which is in sharp contrast to the original Josephson
effects of superconductors. Consequently, the energy cost becomes far smaller than the one
of superconductors. This is the virtue of our method.

On the other hand, to theoretically propose a way to extend the condensation time of
magnons at room temperature will be an important issue,* which will be addressed in the
near future.

Outlooks

On preparing this thesis, we[119, 142] have found that our present analysis is based on
the unconscious assumption that the relative phase between magnon BECs takes a constant
value all the time.

Now, in order to overcome this issue, we have been studying on the basis of the two-state
model[74, 75] consisting of the canonically conjugate variables, the relative phase and the
order parameter of the population imbalance;|[76] we relate the microscopic spin model of

4Regarding this issue, Dr. I. Danshita has kindly advised us that it might be helpful to use anti-
ferromagnetic insulators (T1CuCls) and realize magnon BEC as the ground state, which will lead to the
stable magnon BEC. This is the experimentally established method by Nikuni et al.[54]
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single magnon BEC to the the Gross-Pitaevskii Hamiltonian[74, 75, 71] and microscopically
derive the two-state model. Then, on the basis of the two-state model, we have been analyzing
the features of the Josephson effects in magnon BEC through the A-C phase. The result will
be addressed soon later.[137]

Let us stress that we have confirmed that the conclusion of this chapter does not change at
all; the Josephson effect in magnon BEC is generated by the A-C phase and the phenomenon
is analogous to the magnon Hall effect[138] in the sense that it generates the transverse
Josephson spin current. We have been clarifying the condition of the A-C phase for the DC
Josephson effect.

7.6 Supplements; Berry’s Phase

As mentioned, the quantum-mechanical phase called the A-C phase[66] is dual to the Aharonov-
Bohm phase[69, 4, 5] and each quantum-mechanical phase is just a special case of geometric
phase called Berry’s phase.[67]

Then, we show that Berry’s phase naturally arises from the standard quantum mechanics
on the condition called adiabatic assumption.[145]°

Theorem
Under the adiabatic assumption, quantum states | 1(t)) acquire geometric phases ~(t)
called Berry’s phase;

o) = esofin) =i [ asBRE)] 0 RO) (7.38)

() = i /O (n,R(s)|d%]n,R(s)>ds. (7.39)

Preparation
A quantum state | ¥(t)) obeys the Schrodinger eq.,

d

HR(W)) | (X)) =i [ (). (7.40)

Then let us suppose that it belongs to the n-th energy eigenstate | n, R(0)) at ¢ = 0;

[ (0)) = [n,R(0)) (7.41)
H(R(0)) [ n,R(0)) = E.(R(0)) | n,R(0)), (7.42)

where the variable R(t) represents a set of parameters as a function of time ¢, which develops
adiabatically.

Then, we assume that the quantum state also develops adiabatically. That is, the state
remains being belonging to the n-th energy eigenstate | n, R(¢)) all times;

H(R()) [ n,R(t)) = En(R(1)) [ n,R(1)). (7.43)

Proof

This section has been constructed on the basis of the nice textbook by Prof. M. Nakahara.[145]
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On the basis of the above condition, we can easily obtain Berry’s phase shown in eq.
(7.39). We show it on the basis of Schrodinger eq., eq. (7.40), as follows;

(LHS of eq.(7.40)) = H(R(t)) | () (7.44)
= HR() exp[in(t) ~ 1 / dsEL(R(s))] | n.R()

= exp[im(t) — / 4sE, (R()| H(R(1) | n, R(1))
- exp[i%(t)—i /0 dsEn(R(s))]En(R(t))|n,R<t)>, (7.45)

where we have used the fact that exp [i%(t) —1 f; dsEn(R(s))} is a c-number and eq. (7.43).
On the other hand, the RHS of eq.(7.40) can be rewritten as follows;

(RHS of eq.(7.40)) = @%w(t» (7.46)
- i%{exp[mn(t) i /0 t dsEn(R(s))} \n,R(t)>} (7.47)
= [— d’yst(t) + En(R(t))} exp [i'yn(t) - i/ot dsEn(R(S))} | 7, R(1))
+ exp [m(t) _i /0 t dsEn(R(s))}i% |0, R(1)). (7.48)

Now, recall that RHS of eq. (7.45) and RHS of eq. (7.48) originate from eq.(7.40).
Therefore (RHS of eq. (7.45)) = (RHS of eq. (7.48)).

Consequently,
d’y;t(t) exp [i%(t) —i/o dSEn(R(S))] |n,R(t)) = exp [i%(t) —i/o dsE,(R(s))
.d
X i | n, R(t)) (7.49)
D0 |0 R = 0% |nR) (7.50)
= dVst(t) = i(n,R(1) | % | n, R(t)). (7.51)
By integrating out, we obtain Berry’s phase;®
Ta(t) = i/o (n,R(s) | % | n,R(s))ds.m (7.52)

®Note that 7, (t = 0) = 0 by definition, which is shown in eqs. (7.38) and (7.41).
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Chapter 8

Summary; Concluding Remarks

Summary

In this thesis, we have microscopically investigated the non-equilibrium quantum trans-
port phenomena of magnetization on the basis of the Schwinger-Keldysh formalism. The
central physical quantity is the spin current, which has been attracting special attentions
from the viewpoint of fundamental science and the potential application to quantum infor-
mation and communication technologies (i.e. spintronics).

Firstly, we have reformulated spin pumping theory by focusing on the non-equilibrium
spin-flip process arising from quantum effects at the interface between metals and insulators,
and have found that spin pumping is characterized by SRT breaking the spin conservation
law of the conduction electrons. Consequently, the net pumped spin current is represented in
terms of only SRT and it is recognized as the non-linear response to microwaves working as
quantum fluctuations. Then, we have clarified the distinction from the classical phenomeno-
logical theory and have confirmed that our formalism corresponds to the quantum version of
the preceding classical theory. Our quantum spin pumping theory predicts that spin pumping
is generated also by ESR as well as the usual method via FMR. This theoretical prediction
is the important milestone for the validity of our quantum theory.

After that, stimulated by the recent development of experimental techniques by Demokri-
tov et al., we have shown that quasi-equilibrium (dynamical) magnon BEC occurs also in
spin-pumping systems as well as magnon BEC associated with SSB. In addition, we have con-
structed a phenomenological theory on quasi-equilibrium (dynamical) magnon BEC where
thermalization processes, which works as a bridge between magnon pumping and quasi-
equilibrium magnon BEC, are phenomenologically included.

Then, as the synthesis of the above works, we utilize magnon condensates and theoretically
propose a new kind of methods for the generation of spin currents arising from macroscopic
quantum effects; Josephson effects in magnon BEC through the A-C phase. In contrast
to the usual spin pumping, this is a qualitatively new method in the sense that transverse
Josephson spin currents are carried by magnons in BEC in insulators through the influence
of the A-C phase. The magnon BEC is a macroscopic state with quantum coherence and
it is robust against the loss of information. Therefore, the method we have newly proposed
in this work is significant also from the viewpoint of potential applications to information
and communication technologies. Remarkably, the quasi-equilibrium magnon BEC can be
produced at room temperature by using the microwave pumping method, which has been
already experimentally established. That is, we have no need to cool the samples, which is in
sharp contrast to the original Josephson effects of superconductors. Consequently, the energy
cost becomes far smaller than the one of superconductors. This is the virtue of our method.
Thus, we have theoretically opened a new door to experimentally exploring spin currents in
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insulators.

In addition, the A-C phase, which plays the key role on our method, is under our control
via the applied electric field. Then, we consider that the required experimental techniques
have already been ensured and by using the method we propose in this work with the help
of the microwave pumping method, the first observation of the Josephson effects in magnon
BEC and the resultant indirect detection of the A-C phase are now possible.

We hope that our works become a bridge between spintronics and magnon BEC to stim-
ulate each other and realize the first observation of the Josephson effect in magnon BEC.

Outlooks

On the other hand, we realize that there remain important and interesting issues to be
tackled.

Although we have constructed a phenomenological theory on quasi-equilibrium (dynam-
ical) magnon BEC, establishing the microscopic description of thermalization processes re-
sulting from the peculiar dispersion relations of the material YIG which is relevant to spin
pumping and magnon BEC (Fig. 11.12 (1)), is an urgent issue. According to the experiments,
quasi-equilibrium magnon BEC (and magnon BEC) can be realized only in YIG. Therefore,
we can easily imagine that thermalization processes, which are peculiar to YIG, play an
essential role in quasi-equilibrium magnon BEC and work as the bridge between magnon
pumping and resultant quasi-equilibrium magnon BEC. Remember that applied microwaves
can in principle excite only the zero-mode of magnons and through the thermalization process,
quasi-equilibrium magnon BEC at the lowest energy mode having a non-zero wave-number
is realized. We expect that the microscopic description of thermalization processes might
lead to the longer condensate life-time. Hence, establishing quasi-equilibrium magnon BEC
theory based on the microscopic description of thermalization processes will be significant
from the viewpoint of fundamental science as well as the potential application to quantum
spintronics devices.

On top of this, to theoretically propose a method to experimentally realize the direct
measurement of spin currents carried by the conduction electrons or magnons will also open
a new door.

We believe to theoretically propose theories which stimulate experiments will be one of
the main tasks' of us theorists and we would like to continue to contribute to the aspect of
theoretical physics.

T believe to theoretically stimulate theorists will be also one of the main tasks (or the best) of us theorists.
Anyway, I mean I do not want to do any kinds of the parody (i.e. sarumane in Japanese).



Chapter 9

Appendix; Review of
Schwinger-Keldysh Formalism

We quickly review the Schwinger-Keldysh formalism,[36, 37] which is the main method we
have employed in this thesis. We achieve this aim on the basis of the following sophisticated
articles,[31, 32, 33, 22, 34, 35] from which we have learned the essence. Then, regarding the
detail, please refer to the original explanation.

Let us recall the points of Keldysh formalism. Thanks to the Schwinger-Keldysh closed
time path, the Schwinger-Keldysh formalism (i.e. closed time path formalism or the real-time
formalism) is free from the assumption of the adiabaticity and the corresponding theorem
of Gell-Mann and Low.[38, 39] Therefore, within the perturbative theory via the Schwinger-
Keldysh (or contour-ordered) Green'’s functions, the formalism can deal with an arbitrary
time-dependent Hamiltonian[40, 41] and treat the system mechanically out of the equilib-
rium.! On top of this, this formalism is applicable to systems at finite temperature; the well-
known Matsubara formalism (i.e. the imaginary-time formalism), which also can deal with
thermodynamic average values, can be regarded as a simple corollary[35] of the Schwinger-
Keldysh formalism. That is, the Schwinger-Keldysh formalism includes the Matsubara for-
malism and information about finite temperature is contained in the greater and the lesser
Green’s functions. Consequently, we can treat non-equilibrium phenomena at finite tem-
perature thanks to the Schwinger-Keldysh formalism. These are the strong points of the
formalism.? This will be the strong point of the formalism.?

9.1 Fundamental of Schwinger-Keldysh Formalism

9.1.1 Gell-Mann and Low Theorem

The concept of the adiabatic switching on interactions shown in Fig. 9.1 (a) represents a
mathematical tool to obtain exact eigenstates of the interacting system by employing those
of noninteracting systems, which reads as follows.

'T have employed the terminology mechanically so as to mean that the non-equilibrium situations are
induced by a time-dependent Hamiltonian. An attempt to generalize the Schwinger-Keldysh formalism so as
to treat systems thermally out of equilibrium has been very recently reported by Dr. A. Shitade,[42] whose
guiding principle is the gauge covariance.

2Regarding the Floquet’s theorem, which is another powerful tool to analyze (periodic) non-equilibrium
dynamics, please see pp. 29 in the review article by Aoki et al.[43]

3This formalism has been attracting special attentions also in the study of cosmology.[41, 40] In the
context, this formalism is often called in-in formalism,[146, 147, 148] which reflects the Schwinger-Keldysh
closed-time path.
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V(t); interaction
A

— (a) Gell-Mann (b) Arbitrary time-development
and Low Theorem

=== (b) Schwinger-Keldysh

Formalism

/ (a) Adiabatic time-development
0 >t

Figure 9.1: (Color online) Schematic pictures of the time-development of interactions in each
formalism. The procedure, adiabatic time-development of the interactions, is not essential to
the Schwinger-Keldysh formalism.

(a) & (b)Thermally
equilibrium state

We consider the systems shown in Fig. 9.1 (a), which can be described by the following
Hamiltonian H(t);

H(t) = H0+H1 8_6|t| (91)
ng) == E()q), (92)

where € is a small positive quantity. The perturbation (i.e. interaction) #; is turned on
and off infinitely slowly (i.e. adiabatically). It is clear that at very large times, both in the
past and in the future, the Hamiltonian () is reduced to Hy, which is solvable (i.e. can be
diagonalized).

Gell-Mann Low theorem[122, 38]* states that if the following quantity exists,

U0, —c0)[®) _ [¥)

lim, = 9.3
T G0, o) ®) (B[] 83)
= |a), (9.4)
with the full adiabatic evolution operator U.,
t
WWFzM@P#ﬁ%W] (9.5)
to

U0, —00) = Texp[—z’/o 1o Hy (t )} (9.6)

then we can obtain an eigenstate of H;
H|X) = E|X). (9.7)

Here it should be noted that this theorem use a trick[31] that the true interacting state in
the system under adiabatic time-development (i.e. adiabatic switching on and off) at time
t = 0 can be obtained modulo a phase factor e*;

Ue(0, —00)|®) =t [T) (9.8)
= U, (00, —0)|®) = ef¢|<1>> (9.9)
& (DU (00, —00)|®) = €. (9.10)

4In the original paper,[122] this theorem written in the Appendix.
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Then, it should be remembered that this theorem is applicable to only the system under
adiabatic time-development (i.e. adiabatic switching on and off) as shown in Fig. 9.1 (a) ;
as has been intensively stressed by Kamenev in his textbook,[31] the crucial assumption is
that the state is unique, which is independent of the details of the switching procedure and
always keeps the eigenstate, up to a possible phase factor.

It is clear that this is not true to the case out of equilibrium; let us consider the situa-
tion when the system starts from some arbitrary non-equilibrium state and interactions are
switched on and off. Then one can easily imagine that the system enjoys some unpredictable
state, which depends on the switching procedure, and we have no knowledge of the final state.

9.1.2 Emergence of Two-branch Contour

Therefore in order to treat such non-equilibrium situations, we have to construct a theory
that avoids references to the state at the final state. It has been achieved by using the closed
time path shown in Fig. 9.2 and generalizing time-ordering to contour-ordering, which has
been first theoretically proposed by Schwinger;[36] his suggestion is to take the final state
to be exactly the same as the (well-known) initial one by introducing the time evolution
along the two-branch contour ¢ shown in Fig. 9.2. In this formalism, the above artificial
procedure on which Gell-Mann and Low theorem is based (i.e. adiabatic switching on and
off of interactions) is not needed owing to the closed time path (i.e. the two-branch contour
c).

Lastly, we would like to remark that, except the newly introduced the closed time path
(i.e. the two-branch contour ¢ ), the following the Schwinger-Keldysh formalism (i.e. closed
time path formalism or the real-time formalism)?® is based simply on the standard quantum-
statistical mechanics; the well-known (traditional) quantum field theory called Matsubara
formalism (i.e. the imaginary-time formalism), which is applicable to only equilibrium cases,
can be regarded as a simple corollary[35] of the Schwinger-Keldysh formalism.

One will be happy to know that this non-equilibrium perturbation theory in fact has a
simpler structure than the standard equilibrium theory and includes the traditional theories
such as Kubo-formula and Matsubara formalism.®

Standard Quantum-statistical Mechanics
Here, on the basis of the standard quantum-statistical mechanics, we show that the closed
time path shown in Fig. 9.2 (i.e. the two-branch contour ¢ = c_, + ¢, ) naturally emerges
and we demonstrate how to evaluate the expectation value of physical quantities by using it.
We consider the systems described by the following Hamiltonian #(t);

H(t) = Ho + V (1), (9.11)

where Hg represents the solvable (i.e. can be diagonalized) Hamiltonian, which plays the role
as a non-perturbative Hamiltonian, and V' (¢) denotes the perturbative term whose effects on
the systems is assumed to be small enough that we are allowed to treat it as a perturbative
term.” Let us stress that in sharp contrast to the case of Gell-Mann and Low theorem, the
term V(¢) can arbitrarily work under the time-development; Fig. 9.1 (b). That is, V/(¢) is an
arbitrary time-dependent Hamiltonian.

5The Schwinger-Keldysh formalism is the real-time description of non-equilibrium quantum-statistical
mechanics.

6We shall take advantage of the absence of (so-called) denominator-problems.

"Needless to sat, an exact solution of a quantum field theory is a mission impossible in general. At
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C ¥ C-
tO é ' E, é 5 >\ >t
. gt o
Matsubara Cs T i C

formalism

L-if (c=ct cote)

Figure 9.2: (Color online) The closed time path contour ¢; ¢ = c_, + ¢ + cg, in which 7/
represents the contour variable defined on the closed time path c. The path cg corresponds
to the Matsubara formalism (i.e. imaginary time formalism), which includes the information
about temperature.

We assume that the initial state belongs to a thermally equilibrium state (Fig. 9.1)
and according to the standard quantum-statistical mechanics, the expectation value of a
physical quantity O reads (O) = tr(pO). Therefore by employing the canonical ensemble
(i.e. p=e " and Z; := tr[e™#"]), it can be rewritten as follows;

©1) = 5l ™) (912)
_ Ziozm(t)\eﬂﬂom(t)) (9.13)
= ZioEa(a]UT(t,to)e67{(’)U(t,t0)\a) (9.14)
- ZiozmyeﬁHUT(t,tO)OU(t,tO)|a> (9.15)
_ ZiozmyU(—w+to,tO)UT<t,t0)OU(t,tO)|a>, (9.16)

where we have employed the relations;

() = HDo(r) (0.17)
a(®) = Ut to)]o) (9.18)
with U(t, tg) = Texp[—i/ dt”H(t’)] (9.19)

On top of this, it should be noted that the Boltzmann factor e #* can be represented in
terms of the time-development operator U(t,y) by using the complex time plane cg (Fig.
9.2);

e PH = U(—if + to, to). (9.20)

This explicitly shows the fact that the Schwinger-Keldysh formalism includes Matsubara
formalism.

present, the only general method available for obtaining knowledge from the fundamental principle about the
dynamics of a system is the perturbative study.
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As the result, eq. (9.16) can be rewritten as follows;

(O#) = Zitr[U(—zﬂ - to, 1)U (£, 10) OU (£ ).
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(9.21)

(a) c c. ‘f,, ‘
to ;A ) - }t =t
l‘cﬁ c. T
to- IB ¢ E
(b) 'C C"# :c‘(, ;:T > » 0
to : \ #t
:< < o3 j);(t < Q0
lc[} c_ T T
t- iB

Figure 9.3: (Color online) The enlarged closed time path contour ¢ by using the identity;
Ul (00, t)Uy (00,t) = 1. The contributions arising from the hatched parts in the path (b)

cancel each other. Therefore the path (b) is reduced to the one (a).

9.1.3 Schwinger-Keldysh Closed-time Path

We then introduce the following representations;

U(t,to) = U()(t,to)Uv(t,to)
Vi () := Ud(t, to)V () Us(t, to)

Uy(t,t)) = T exp|—i /tdt/VHO(t’)].

to
Consequently, eq. (9.21) reads as follows;

O@F) = Zitr[w—w T to, to) U (¢ £0) OU (¢, o))
— Ziotr[(Uo(—zﬂ + to, to) Uy (—i8 + to, t0)>

X (Uw,to)Ug(t,to))o(Uo(t,to)Uvu,to))]

(9.25)

(9.26)

L Uo(—iB + to, to){ Uy (—iB + to, to) UL (£, )}

Zo
(Ut 10)OUs 2, 10) | {UV (1, 1)},

X

(9.27)
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in which we have employed the following identity; U{,(co,t)Uy(co,t) = 1. As the result,
(O(t)) can be rewritten in two ways shown in egs. (9.28) and (9.29);

O(1) = Ziotr[Uo(—w+to,to){UV<—w+t0,t0)U;<t,t0>}
X {U (00, )U (00,1)}( Oy () ) {UV(t, o)} (9.28)
_ Ziotr[Uo(—w b0, 1)Uy (=38 + 1o, 0) U 0. 10)} (O (1)
x {U} (00, 1)Uy (00, ) UV (L, 0) }]. (9:29)

Now, recall the relations; e #* = U(—if3 + o, ty) and ¢ = c_, +c, +cg. Then, (O(t)) can
be represented by the following simple ways;

O@F)) = Ziotr[e—ﬁﬂo{TCexp[—i / dT'VHO(T')}(OHO(T))] (9.30)
= (T exp~ / 47"V () Oy (7)) (9.31)

with

/CdT’: </Cﬁ+/ce+/cﬁ)df’, (9.32)

where 7 and 7’ represent the contour variables defined on the contour ¢ (Fig. 9.2) and T, is
the contour ordering symbol which orders the products of operators located on the contour
¢ according to the position of their contour time argument on the closed contour; earlier
contour time places an operator to the right.

Here it should be noted that (O), represents (O)g = tr[e #*0O]. Therefore we are allowed
to use the Wick’s theorem on the practical perturbative calculations.

»
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Figure 9.4: The closed time path contour c. It does not matter whichever the contour variable
T is located, i.e. forward path c_, or backward path c._.

In addition, let us remark that in the above calculations eqs. (9.27)-(9.31), we have
positively used the identity;

U (00, t)Uy (00, t) = 1. (9.33)
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This means that the resultant closed contour gives the unit operator, Uy (0o, t)Uy (00, 1) = 1,
and then, the contributions coming from the hatched parts cancel each other (Fig. 9.3). Now,
let us focus on the resultant relations;

(O) = U8 + bt} U (8 + 0, U] 1 0)
X {U} (00, Uy (00, )} On () [{UV (1, o)} (9.34)
_ Ziotr[Uo(—w b0, 10) Uy (=8 + 1o, 0) U 2, 10)} (O (1)
< {U{ (00, t)Uy (00, t) HUv (t,t0) }] (9.35)
_ Ziotr[e-ﬁﬂo{TCexp[—i / 4 Vi () } (O (7))]. (9.36)

It is clear that two branches, forward path c_, or backward path c._, naturally emerges in
the Schwinger-Keldysh formalism as shown in Fig. 9.3; eq. (9.34) describes the procedure
on forward path c_, in Fig. 9.3 (b) and eq. (9.35) represents the one on backward path c._
in Fig. 9.3 (b).

Consequently in the non-equilibrium quantum field theory (i.e. the Schwinger-Keldysh
formalism or the real-time formalism or the closed-time path formalism), as shown in egs.
(9.76) and (9.90), four kinds of Green’s functions, lesser and greater Green’s functions as well
as retarded and advanced ones, are introduced on the two branches in order to describe the
dynamics out of equilibrium. This is in sharp contrast to the case of the usual quantum field
theory (i.e. imaginary-time formalism).®

Egs. (9.34) and (9.35) mean that it does not matter whichever the contour variable 7 is
located, i.e. forward path c_, or backward path c. (Figs. 9.3 and 9.4). On top of this, let
us remark that if we are not interested in transient phenomena in a system or physics on
short-time scales, we are allowed to use the Schwinger-Keldysh closed-time path shown in
Fig. 9.5; [ dr — fc_) dr., +fc<_ dre = [Z dro+ [ Tdre = [7_dr, — [7_dr., where the
contributions arising from the imaginary part vanishes.

9

C T T C.
-00 x % >0
— >t
-0 « 3 00
C_ -
(c=c.+ c.)

Figure 9.5: The Schwinger-Keldysh closed-time path or the Schwinger-Keldysh (i.e. real-
time) contour.

9.1.4 Langreth Method

Let us introduce the (so-called) Langreth method, which is the useful theoretical tools for
the practical perturbative calculations.

8 As you know, the usual quantum field theory (i.e. imaginary-time formalism) can be constructed by only
retarded and advanced Green’s functions.
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In the practical perturbative calculations, we often encounter contour matrix-multiplications
which take the following form;[33]°

Cltnt) = / drAlty, 7)B(r £))] (9.37)

Ct

= (ADB)(t, 1)), (9.38)

where A and B are functions of the contour variables.!® We have adopted this convenient
expression because only the contour-time variables defined on contour ¢; shown in Fig. 9.6

play a role;
/dT:/ dT+/ dr. (9.39)
Ct Ctl Ct/1

As a concrete example, let us demonstrate the analytical procedure for the lesser compo-
nent (the case C<) shown in Fig. 9.6, which can be evaluated as follows;[22]

C<(tt)) = / dr[A(ty, 7)B(r, £,)]< (9.40)
- / 4 / | )dr{ At 7)B(r, 1)) (9.41)

= /dT[.A(tl,T)B(T,t/l)]<+/ dr[A(ty, 7)B(7, )]~ (9.42)

= /dTA(tl,T)B<(7‘,t'1)+/ dr A= (ty, 7)B(7, t}). (9.43)

Cty Cti

We here focus on the first term [ dr.A(ty, 7)B<(7,t}), which reads as follows (Fig. 9.6);
t1

/ drA(n, 7B(r.t) = ( /Ctﬁ+ /Ctﬁ)dm(tl,f)zsﬂr,t;) (9.44)

Ctl

= / AT A(ty, 7)B=<(7, 1))

t1

+ / dr A(ty, 7)B<(r, 1)) (9.45)
cttlle

= / dr A (ty, 7)B<(7, 1))

+ /_ dT A= (t1, 7)B<(7,1}). (9.46)
t1

We here have ordered the contour times, 7 and t;, on the basis of the position they have
been located on each contour (i.e. each contour time argument); fq _, dr and fch . dr. The
1 1

time-relation between 7 and t; depends on which path 7 is located on; forward path fq . dr
1
or backward path fcm_ dr.

Tt should be stressed that in this section, we follow the notation of the textbook.[33, 35]
10 Although we often use the symbol A in this thesis, please do not confuse and identify each other.
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Figure 9.6: (Color online) The procedure for the Langreth method; [, dr = [, dr+ [, dr.
t t o

Consequently, it can be rewritten as follows;

/ dr A(ty, 7)B<(7,t)) = /00 dr0(ty — 7) A" (t1, 7)B<(7, 1))

+ / - drl(t, — 7)A<(ty, 7)B= (1, t}) (9.47)
_ / " dr6(ty — P)A (11, 7) — A1, T)B(r, 1) (0.48)
_ / h dr A (t1, ) B (7, 1)). (9.49)
That is,
/ drA(t,, 7)B<(r,t,) = / N dT A" (ty, 7)B=(7,1}). (9-50)

By using the same procedure, the latter term in eq. (9.43) fct/ dr A<(t1,7)B(7,t}) can be

evaluated as follows;

/ dr A< (t1,7)B(1,t]) = /OO dr A< (t1, 7)B*(T,t}). (9.51)

Cy/ o
1

As the result, we obtain the following relations;

C=(t1,t}) = / dr[A*(t1, 7)B=(1,t)) + A< (t1, 7)B*(7, )] (9.52)
=: (A" o B~ + A% 0B, (9.53)

where o symbolizes matrix multiplication in real time, integrating over the internal real-time
variable from minus infinity to plus infinity of times.[35]
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List of Formula
By using the same approach, we obtain the following relations;

C(tt)) = / " dr A1, B (1) (9.54)
— xopB (9.55)
C(ty, 1)) = /OO dr A*(ty, 7)B*(7, 1)) (9.56)
_ 4oBn (9.57)

In summary, we have obtained the following relations;[22, 33]
(AB)S = A'BS+ A~B* (

& (AOB)S = A'oBS+ Ao B? (9.59
(ADB)I' — Ar o Br (
(AOB)* = Ao B?, (

which will be useful on your practical perturbative calculations. By using these relations, we
can evaluate also ALIBOD as well as ALIB;

(ADBOD)S = [AC(BOD) (9.62)

— Ao (BOD)< + A< o (BOD)* (9.63)

= A"oB' oD+ A oB~oD*+ Ao B*oD?* (9.64)

& (AOBOD)S = A" oB'oD<+ A" 0B~ oD*+ A< o B*o D (9.65)

9.2 Concrete Example

For simplicity here, we consider the perturbative term, V’,

V= () / dxla(x, ) + a'(x,1)], (9.66)

and evaluate the expectation value of the bosonic annihilate operator, a, as an example;[84]
(a(m) = (. a(r)exp[~ / v () (9.67)

= —i/dx’/dT'F(T’)<TC a(x, 7)al(x', 7)) + O(T?) (9.68)

= / ix'T. (9.69)

Here T. is the path-ordering operator defined on the Schwinger-Keldysh closed time path,[35]
c (see Fig. 9.7).[32, 22, 33] We express the Schwinger-Keldysh closed time path as a sum
of the forward path, c¢_,, and the backward path, ¢, ; ¢ = c_, + ¢..[35, 32, 22, 33] We take
7 which denotes the contour variable defined on the Schwinger-Keldysh closed time path on
forward path, c¢_,. Even when 7 is located on backward path, c¢._, the result of this calculation
is invariant because each Green’s function, G*, G*, G<, G~, is not independent;[32, 31, 34, 22]
they obey,!!

G -G*=G" -G~ (9.70)
"The spectral function Ay, is defined as follows; Ay, := i(G" — G*) =i(G~ — G%).




9.2. CONCRETE EXAMPLE 113

Note that this relation comes into effect also for the fermionic case;[32, 31, 34, 22]

G -G =G -G~ (9.71)
C 2
T T C.
x ;X 2
— >1
“ *
«— T,

(c=c.+ c.)

Figure 9.7: The Schwinger-Keldysh closed time path, ¢. Both the forward and backward
paths are actually on the real axis but shifted slightly upwards and downwards, respectively,
to distinguish them clearly.

The integral on the Schwinger-Keldysh closed time path of eq. (9.69), Z, is executed by
taking an identity[32, 34] into account

/dT’:/ dT’—l—/ dr’,
c c_y Ce (972)

as

= z‘/oo dt'T(t)[GH(t, t') — G=(¢,1)]. (9.73)

[e.e]

By using the relation, G*(¢,t") = G*(t,t') — Gi(¢, "), we obtain

I= z’/m dt'T(t" G (¢, ). (9.74)

—00

9.2.1 Bosonic Keldysh Green’s Function

In this section, we show the point of the bosonic Keldysh Green’s functions.
The bosonic Keldysh Green’s function, G(7,7’), is defined as[31, 32, 34]

G(r,7') :== —i(Tea(T)a'(1')). (9.75)

Depending on the points where 7 and 7" are located on the Schwinger-Keldysh closed time
path (i.e. ¢ = c_, + c¢.), the bosonic Keldysh Green’s function is expressed as[31, 32, 34|

G<(t,t') = —i(a’(t')a(t)), when T € c,, 7 € c,.
Gr.7) G>(t,t') = —i(a(t)a'(t')), when T €c,, 7 € c_,. (9.76)
T,7') = :
GU(¢, ), when 7 € c_,, 7' € c,.

G, 1), when 7 € ¢, 7" € c_.
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It should be noted that each Green’s function is not independent;[31, 32, 34]

G -G*=C" -G G +G' =G> +G~ (9.77)
In addition, these relations[34, 35] would be useful on calculation;
G' = G*+G~, (9.78)
Gt = G<-GY (9.79)
G = G'-G* (9.80)
= G~ -G (9.81)
(a’(t)a(t)) = iG=<(t,t). (9.82)

By executing the Fourier transformation, the lesser and greater Green’s functions for free
bosons become[31, 34]

o = —[8W) (Gl — Glw) (9.83)

= —2mifp(w)o(w — ww), (9.84)

Gp = —2mi[l+ fe(w)]o(w — wi), (9.85)

GE70_}/ = Glf’,w’ + GE/,LU’ (986)

= —2mi[l + 2fp(w)]d (W — wi) (9.87)

The last one, G¥, represents the Keldysh Green’s function [31, 32] and the relation is called
the bosonic fluctuation-dissipation theorem.[35]

9.2.2 Fermionic Keldysh Green’s Function

It would be useful to compare with the (spinless) Fermionic Keldysh Green’s function, G(7, '),
which is defined as[31, 32, 34, 22, 33]

Gg(r,7) := —i(TCC(T)CT(T/». (9.89)

Depending on the points where 7 and 7" are located on the Schwinger-Keldysh closed time
path (i.e. ¢ = ¢, 4+ ¢, ), the Fermionic Keldysh Green’s function is expressed as[31, 32, 34,
22, 33|

G=(t,t') = ilc'(t)c(t)), when T €c,, 7 €c..
G (t,t) = —i(c(t)c'(t')), when T €c, 7 € c,.
Gg'(t,t), when 7 € c_,, 7’ € c_,.
G(t, 1), when 7 € ¢, 7’ € c_.

G(r,7") = (9.90)

Note that with reflecting the statistical properties, the sign of the lesser Green’s function is
opposite from the bosonic case. In addition, they satisfy the relation;[31, 32, 34, 22, 33]

G -G =G> -G oG +G =6 +G, (9.91)
and
G' = G'+G° (9.92)
= G*+G”, (9.93)
G' = -G'+G> (9.94)
(9.95)

= —G*+G~.
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By executing the Fourier transformation, the lesser and greater Green’s functions for free
Fermions become[31, 34, 22, 33]

I = Srw)(Gky — Giw) (9.96)
= 2mifp(w)d(w — wy), (9.97)
Gr = —2mill — fr(w)]d(w — w), (9.98)
Okw = w0k (9.99)
= =27mi[l — 2fp(w)]0(w — wy) (9.100)
= 2iImG,  tanh(Bw/2). (9.101)

The last one, G¥, represents the Keldysh Green’s function [31, 32] and the relation is called
the fermionic fluctuation-dissipation theorem.[35, 33]

9.3 Detail of Calculation

Here we show the detailed procedure of the calculation in Sec. 2.6.[27]

The interface is, in general, a weak coupling regime;[12] the exchange interaction, J, is
supposed to be smaller than the Fermi energy and the exchange interaction among ferromag-
nets. Thus H., can be treated as a perturbative term. In addition, we apply weak transverse

magnetic fields. Then we can treat H._, VI, and anzag as perturbative terms to evaluate the
SRT, eq. (2.18).

9.3.1 Explicit Form of SRT

Through the standard procedure of the Schwinger-Keldysh (or contour-ordered) Green’s
function,[100, 31, 32] the Langreth method,[33, 22, 34, 35] each term of the SRT can be
evaluated as follows; the first term of eq. (2.18) reads

<2’Ja3\/§cﬁ(x, 1) [1 - “T(%Sa(“)} ot (x, t)ote(x, t)>
-G [ [ 505 o [ 0]

210t t t
x{ [e Gt Gg,—g] [g¢,k,w—ﬂg¢,k7w - gf,k,w—ﬂg?,k,w]

(9.102)

n [e—QiQtGg,_Q + GS@} [gikang%kw - gﬁk,w—i—ﬁg?,k,w} }
+O(J?) + O(TY) + O(JS™).

The variable G*(<>) is the fermionic time-ordered (lesser, greater) Green’s function, and G<®
is the bosonic lesser (advanced) one.

We here have taken the extended time (i.e. the contour variable) defined on the Schwinger-
Keldysh closed time path,[35, 32, 22, 33, 34| ¢, on the forward path c_, (see also Fig. 9.7);
¢ = ¢_, + c.. Even when the time is located on the backward path c._, the result of the
calculation does not change because each Green’s function is not independent; G" — G* =
Gé —Gi, where Gt represents the retarded (advanced) Green’s function. This relation comes
into effect also for the bosonic case (see eq. (9.77)).
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Here it would be useful to mention that under the thermal equilibrium condition where
temperature difference does not exist between ferromagnet and non-magnetic metal, the
O(J?T?) term including no quantum fluctuations cannot contribute to spin pumping be-
cause of the balance between thermal fluctuations in ferromagnet and those in non-magnetic
metal.[96]

The second term of eq. (2.18) reads

< —iJal g[l - aw%g(x’t)}a(x, t)el (x,t)oe(x, t)>

__J_S(&y/ dk /d_w[1—i/_dk/ /d_w/ < ]
22 (2m)3 ) 2w SJ) @2r)3 ) 2n K

210t t t < >
x{ P Ghg + Gh_a| [T 0 i — Fiw-0T i)

(9.103)

+ [eiziQtG{)’fQ + G679i| [g%»kwangLk’w - g’ik,uﬂrﬂgik,w} }
+O(J?) + O + OIS,

where the variable G* is the bosonic retarded Green’s function. The third term of eq. (2.18)
reads

I(t)c(x,t)ote(x, 1)
< )

49
JS To., dk dw 7 dk’ dw’
— —— \— - 1 - = e </ /
2(2>/(27T)3/27r[ S/(27r)3/27er’“]
X {(QQiQt + 1) 6,—(2 [gi,k,w—Qg:F,k,w - gf,k,w—Qg'Ek,w} (9104>

+Ee M+ 1)G g [gi,k,w—l—ﬁg%kvw ~ Gkt Qgﬁk’w} }
+O(J°) + O(J%) + O(T*) + O(JS ™).

We omit the O(J°) terms because they contain no contributions of magnons via the exchange
interaction and are not relevant to the spin pumping effect; the terms are out of the purpose
of the present study.

The last term of eq. (2.18) reads

< Tt (x,t)oe(x, 1) >

4i
JS r02/ dk /dw 7,/ dk/ /dw’
=2 — | —=|1-= | — | =G5
2 (2) (2m)3 2#[ S) (23 ) 2r kﬁw}
x { (e + )G 0 |G kw09t i — T 07 (9.105)

—2iQt
+(e ™ +1)Gi g [gik,wmgik,w _gﬁk,wmgfk,w]}

+0(J°) + O(J*) + O + O(JS™H).
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Finally, the SRT can be rearranged as

(T = Y (T(n)) e,

n=0,£1

o JSTo, [ dk [dwp, i [ dK [do .
(720 = 2<2>/(27r)3/27r[1 g/(z)/Qka’ }
X [(Gg,ﬂ + G 0)(G kw09 kw — Frkw—a% k)
— (Gho+ G _0)(GixkwaF ke — g’ﬁk,w—ng,k,w)} ;

. CJS Ty, [ dk [dwp, i [ dK [do ..
(17(=1) = 2 (2) /(27r)3/27r [1 g/(zw)?)/ 27er’ ]
X [(Gg,fﬂ + GB,Q)(ng,erQg%k,w - gf,k,w+9g¢>,k,w)
— (Gh 0+ G50) (G kwra9 ke — gT<,k,w+Qg¢>,k7w)} ;

o) = FGF [ [ 203 [ g [ 5000

X [ (G6_0+Go )G kw09t kw — g¢,k,w—QgT,k,w>

(Goq + GO,Q)(gi,k,w+Qg%k,w - gf,k,w+9g¢>,k,w)
— (Gy_q+ G%,—Q)(g%k,w—ﬁgi,k,w — G kw09 k)
(Go

t t < >
0.0 T G00) (G kwiaf ke — g¢,k,w+ﬂg¢,k,w)] .

where

9.3.2 Detail of the Procedure

117

(9.106)

(9.107)

(9.108)

(9.109)

From now on, we show how to calculate egs. (9.102)-(9.105) in detail. We omit the label x

when it is not relevant.

By adopting the Wick’s theorem,[32, 35] the left-hand side (LHS) of eq. (9.102) reads

3
(The LHS of eq.(9.102)) = ZJaOS/ /dx”/dT /dT'T

y < (T, a'(x )
x (Te a(x” )CLT( TINTe ey(x,7)cl (%, 7))
x (T ( )l (x,7)).

By employing the relation;

/ dr’ / dr’ = ( / dr’ + / dr’ ( / dr’ + / dT")
/ T’ / dr”
+ / dr’ / dr" + / dr’ / dr”,

1
QU
ﬂ\

T
IS
ﬁi
_l’_

T
QU

s

(9.110)

(9.111)

(9.112)
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Figure 9.8: (Color online) (a) The angular frequency dependence of the SRT; (72(0)). A
sharp peak exists on the point where the resonance condition, {2 = J, is satisfied. Each
quantity, (7.7(£1)), has the same structure with (77(0)). (b) The time evolution of the SRT,
(TZ/A), at the resonance point (Q = J); (i) 0.446 x cos?(Qt), (i) 0.112 x cos?(Qpt/2), (iii)
0.0281 x cos?(Qpt/4), where Qy = 1.70 x 1013 71,

and the Langreth method[33, 22, 34] with egs. (9.76) and (9.90), the right-hand side (RHS)
of eq. (9.110) can be expressed as

33 oo oo
(The RHS of eq.(9.110)) = ‘]“205 / dx’ / dx” / dt’ / d"T ()T (")

(1 — %G<(t’,t’)> [GH(t",t) — G~ (", 1))
GL(t,t)Gr(t' 1) — G ()G (1, 1)]. (9.113)

X

X

We also here have taken 7 on forward path, c_,. As discussed in the last subsection, even
when 7 is located on backward path, c._, the result of this calculation is invariant.

Here it should be noted that

G'(t" 1) — G~ (", t) = G*(t", 1). (9.114)
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Then, eq. (9.113) can be rewritten as

(The RHS of eq.(9.113)) =

119

30 00 0o
J‘;OS / dx’ / dx" / dt' / A" T ()T (")

(1 — %Gﬂt’,t’))G%t”,t)
(G (8, ¢)Gy(t' 1) = G (£, £)G7 (¢, 1)]. (9.115)

By executing Fourier transformation, we obtain the RHS of eq. (9.102).

Through the same procedure, remained terms are evaluated as follows;

(The LHS of eq.(9.103)) =

(The LHS of eq.(9.104)) =

3
ZJaOS/ /dX”/dT /dT'T
( (T al(x', 1) )

(Te a(x,7)al (x", T)><T cr(x, )l (¥, 7))
(Te e, (X', 7)cl(x,7)) (9.116)

‘]a’gs/ /dxl// dt// dt//r t/ t,/

<1 - §G<(t’,t’)>Gr(t, )

[Gr(t, )Gyt 1) — G ()G (t, 1)) (9.117)

zJagS/ / x" /dT' dr"T(r
T

(1 - (a7t )

(T, a(x', T/)aT(X T )>(T i (x, T)CI(X 7))
(Te er (X, T)C%[(X T (9.118)

3
‘]“05 / / dx” / dt' / AT (t

(1 - §G<(t’,t’)>Gr(t’,t”)
G (£, )G (t',t) — G (t,8)GF (', 1)]. (9.119)
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Note that we have adopted the relation; G* — G< = G* = G~ — G,

(The LHS of eq.(9.105)) = ”a 5 / dx’ / dx" / dr’ / dr'T(r)0(7")

T a'(x',7")a(x,
% ( 5 )
x (Tea(x",7")a’ (X, 7)(Te er(x, 7)c} (X, 7))
x (T ( 7')el (x,7)) (9.120)

3 [e's)
- J%S / dx’ / dx" / dt’ / d"T (D)

X (1 - §G<(t’,t’)>Ga(t”, t')
x [Gi(t, G (' t) — G (t, )G (t',1)]. (9.121)

Note that we have employed the relation; G< — Gt = G* = G* — G”.
By using Fourier transformation, we obtain the RHS of eqs. (9.103)-(9.105). For the
purpose, the following relations, each Green’s function including the the effects of impurities

as the lifetime, will be useful;!?

b = W e — 1/ (2m)] 7 (9.122)

= (Glw)" (9.123)
ke = W= wex—i/27)] (9.124)

= (Goxw) (9.125)
o = —fB(W)(Giw — Glow) (9.126)
ke = fe@)(Grxn — Goxw) (9.127)
ke = Grw T Fonew (9.128)

- Ukw+gokw’ (9129)

12Here let us mention that, in real materials, there does exist impurity scattering. We assume that this
is the main cause for the finite lifetime of the magnons and the conduction electrons. Moreover the rate of
impurities such as lattice defects and nonmagnetic impurities is, in general, far larger than that of magnetic
impurities. Therefore we phenomenologically introduce the lifetime and regard it as a constant parameter.
Then we adopt Green’s functions including the the effects of impurities as the lifetime, and calculate the SRT
by using them; eqgs. (9.122)-(9.129). This is the procedure called dressed perturbation theory. Though, as
the result, it might be better to execute the accompanying vertex corrections from viewpoints of theoretical
aspects, we have not done for the aim now explained; to put it briefly, in order to clarify that pumped spin
currents are generated purely by quantum fluctuations, we have not executed vertex corrections. It should
be noted that before our present study, Takeuchi et al.[104] have already studied spin pumping on the basis
of the Schwinger-Keldysh formalism under the same condition with ours except two points; (i) they have
treated localized spins as not magnons but classical variables, and (ii) they have not applied any transverse
magnetic fields. On their condition, they have clarified that under the uniform magnetization spin currents
cannot be generated without vertex corrections (i.e. multiple scatterings of impurities). In other words, they
have already revealed that spin currents can be generated by the effects of multiple scatterings of impurities,
i.e. vertex corrections. Thus, the main purpose of the present study is to propose an alternative way for
the generation of spin currents without using vertex corrections, i.e. multiple scatterings of impurities; we
propose a method for the generation of spin currents by using time-dependent transverse magnetic fields,
which are under our control and act as quantum fluctuations. Therefore we call this method quantum spin
pumping. In order to clarify that pumped spin currents are induced purely by quantum fluctuations, we have
not included the effects of multiple scatterings of impurities (i.e. we have not executed vertex corrections).
We now recognize that to include vertex corrections into our quantum spin pumping theory might be a
significant task.
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where the variables 7, 7, f;(w’), and f,(w) are the lifetime of magnons, that of the con-
duction electrons, the Bose distribution function, and the Fermi one, respectively. The en-
ergy dispersion relation reads wi = DK 4+ B and wyy = Fk* — (JS + B/2)o — p, where
D=1/2m), F=1/(2mg), 0 = +1,—1(=1,{), and p denotes the chemical potential.

We consider a weak magnetic field regime and omit the O([(JS + B)/er|?) terms, where
er represents the Fermi energy. Through the Sommerfeld expansion, the chemical potential
is determined as, u(T) = ep — (7kgT)?/(12¢e5) + O(T?).






Chapter 10

Appendix; Magnon Pumping and
Resultant Magnon BEC

Although we have calculated the macroscopic condensate order parameter {(a(t)) of quantum
spin-pumping systems in Chap. 4, strictly speaking, it does not represent the number of
condensate magnons; it is that of pumped magnons. We should recognize that magnons
pumped by applied microwaves undergo magnon BEC after thermalization processes.[62, 52,
53] Here, we show how to effectively or phenomenologically include the above thermalization
processes into calculations[137] by employing ferromagnetic insulators (for convenience) as
an example.!

10.1 Macroscopic Condensate Order Parameter

We apply a right-handed rotating magnetic field whose frequency reads (> 0) to ferromag-
netic insulators at low-temperature (a few K) for convenience (Fig. 10.1);

Ty / Ba(e®St 4 e Gg) (10.1)

2F0/d3x Tecos(—Qt) + SYsin(—t)]. (10.2)

!Let us stress that this method has been developed owing to discussion with Dr. Kevin of University of
Basel during my stay (from July 2 to July 19 in 2013) and this procedure is mainly based on his creative
idea.

123
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By using the standard procedure of the Schwinger-Keldysh formalism, the condensate order
parameter can be evaluated as follows;[84]

a®) = —iv23r, / P / a7 (Tea(r)al (e +0((T0)°) (10.3)
= —2\/_F0/d3:v'{z /OO dt'[gt(t, 1)) — g=(t, )] e (10.4)

—00

—  —iv23r, / ' {i / h dt' g (t, t') e~ (10.5)

—00

= V23T, / d*x’ / dt'[g" (t,t)]e ™ (10.6)
d ! o /
— V9 FO/dS l/ dt Z/ w zk(x x")—iw(t— t)glr(w]e—zﬂt (107)
/oG o —iop [ dw —iw(t—t') r
= 25T dt e 3¢ 9o (10.8)

™

=: (ap), (10.9)

where the variable ¢"/g"/g< represents the retarded/time-ordered/lesser green’s function. It
is clear that the applied right-handed rotating magnetic field produces only the zero-mode of
magnons.

10/0, L
Thermalization
processes
—_— >
pe”o e,, o
2, g,
a’g’?e[[-o . g'?e;[ e, i

sy, % Dy,

7%
y y

Figure 10.1: (Color online) A schematic picture of our system whose volume reads V' ; we
apply right-handed rotating magnetic fields whose frequency reads (> 0) to ferromagnetic
insulators at low-temperature (a few K) under the static magnetic fields B.

The retarded Green’s function gy , reads

h2k?
O = —— with wy = — U, (10.10)

w— wg +10 2m

in which the variable p denotes the chemical potential. By using above relations, we can
obtain the exact value of the order parameter (ag).
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10.2 Pumping Process

It should be noted that under pumping, the chemical potential u reads

i =—B=:up (under pumping). (10.11)
Then, (ap) in eq. (10.8) becomes
(ap) = p = —miloV 2Se B5(B — Q), (10.12)

and it is clear that this describes the coherent precession with the frequency B. On top of
this, it should be noted that when we apply left-handed rotating magnetic fields (i.e. Q +— —Q
with £ > 0), one cannot realize (ag) # 0 and therefore, we cannot obtain magnon BEC by
using left-handed rotating magnetic fields.

Here let us remark that in this case, |(ao)|
Npump, Pumped by microwaves;

2 represents the number density of magnons,

[{a0) = B|* = Npump- (10.13)
14 p p
(a) (b)
020 | i 0.0005 | (1)
0.0004 |
0.15 | Gi)
0.0003 |
0.10
0.0002 |
0.05 4 0.0001 1
0 ! . . . , 0 . - .
0 2x10° 4x10® 6x10° 8x10° 1x10° 0 1x10° 2x10°  3x10°
NBEC NBEC

Figure 10.2: (a) The plot of each function as the function of Npgc (i.e. the number of

condensate magnons); (i) Jgg?/c (ii) %ﬁ As an example, I have set each values
kT NBEC

as follows; Q = 1 GHz (i.e. hQ = 1.054 x 107 J), T = 3 K (i.e. kgT = 4.14 x 107 J,

K (ksT) = 2.5 x 1073), Ty = 1.054 x 10°2 J (i.e. To/(ksT) = 2.5 x 10-%), and SV =

10°. (b) The plot of each function as the function of Nggc (i.e. the number of condensate
o LoJ (l0)® N T N,

magnons); (i) 8 Gty G (%_Bsci 7 (ii) \/ e

BEC

10.3 Quasi-equilibrium Magnon BEC through Thermal-
ization Processes

It should be noted that eq. (10.8) can be rewritten also as

[(ao)| = V25T|gpql (10.14)
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Through thermalization processes, the system goes into a quasi-equilibrium state and con-
sequently, a part of the pumped magnons condensates and the chemical potential acquires[118]?

kT

Nprc

= pp (under pumping) — u = ppgpc == — (under BEC), (10.15)

where the variable Nggc denotes the number of condensate magnons (i.e. the number density
of condensate magnons nggc reads Nggc = Vnpggc). Then by using eq. (10.14), we can obtain
the number of condensate magnons because in this case, |{a)|? represents the number density
of condensate magnons nggc;

|<a0>H:uBEc|2 = TMNBEC (1016)
Ngec
= ’<a0>M:NBEC’ = vV (10.17)

That is, by solving the following self-consistent equation, we can obtain Nggc;

NgEc = 1
= V25T ——M— 10.18
v U|hQ — L | (10.18)
BEC
Ngrc Lo 1
BEC . (10.19)
25V kBT |167113_QT o NBlEcl

Fig. 10.2 (a) represents each function; (i) ,/% and (ii) ,ﬂg—%ﬁ It is clear that the
kT NBEC
number Nggc of the intersection represents the number of condensate magnons.

In conclusion, the macroscopic condensate order parameter becomes

(a(t)) = NBETC(%M (10.20)

= /nppc(t)e™! (10.21)

under quasi-equilibrium condensate state. This expression agrees with the one proposed by
Bunkov and Volovik.[45]

10.4 Effects of Magnon-magnon Interactions

We now take the contributions arising from magnon-magnon interactions into;
Vinag 1= Jmag(lo)?’ / drata’aa, (10.22)

where the variable Jy,,g is the strength of the magnon-magnon interaction and [, denotes the
lattice constant.

We consider the situation where the system is at low-temperature (a few K) and then,
magnons are thin. In addition, we apply a weak rotating magnetic field I'y (i.e. Ty < B)
and hence, we are allowed to use Vi, and Vi as perturbative terms.

2We have assumed that our system is at low-temperature (a few K).
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By using the standard procedure of the Schwinger-Keldysh formalism, the condensate
order parameter can be evaluated as follows;?

(a(t)) = —2(T.a(r) / dr'/25T, / B’ e ol (1) / dr" J(1p)?

X / Bz"a’ (7" a' (7" a(t")a(T")) + OT?) + O(J?) (10.23)
= —2V25TyJ(ly) /d3 ’/d3 ”/dT /dT" i
x (Tea(r)a' (7")a'( (10.24)
= —8\/—F0 J(lo) /d3 ’/d3 ”/dT /df” i
x (Tea(r)al (7")){Tea(r")a’ (7)) (Tea(r")al (7). (10.25)

From now on, we focus on the term A defined as

A / dr' / " (Toa(7)at (7)) (Tea(r")at (7)) (Toa(r")al (7)), (10.26)

and evaluate it by using the relation;

/CdT' _ (/H+/%)d7' (10.27)

/dT//dT// = +/ / —|—/ (10.28)
c c C— c— Cc+—

dr’ / dr"” / T / dr”
— C C C<—

dr' / dr” / dr’ / dr". (10.29)
+— c— C{— C4—

= i / dt/ dt"{g'(t,¢")[g" (t", ') — g=(t",1')]

g ) — g (), (10.30)

and consequently

T

U

1
4

+
—

Then, eq. (10.26) can be rewritten as

where the variable ¢*/¢'/g</g"/g” represents the retarded /time-ordered/lesser/anti-time or-
dered/greater green’s function. We then use the relations; ¢*(t”,t') — g=(¢",t') = g*(¢",t') and
g (" t) — g7 (t", ') = —g"(t",t'). As the result, eq. (10.30) reads

- —z/ dt/ dt" g (t" ) g" (£, ") g< (", t"). (10.31)

Therefore, the order parameter eq. (10.25) reads
(a(t)) = 8iV2STJ(ly) /d3 ’/d3 / dt/ dt’e "M

t t” t// t”

x g"(t",t)g'(t,

gt(t.t) — g=(t,1) = g" (¢, 1)

(10.32)
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Then, we employ Fourier transform and eq. (10.32) becomes

(@) = VBT e Vg gha D Folen) (10.33)
k

where fg(wyk) denotes the Bose-distribution function defined as

1 _ h2k>
fB(Cdk) = m, with Wk = om - W, (1034)
and
1
Ghw = """ (10.35)

W — w410

in which the variable i denotes the chemical potential.
By using these relations, we can obtain the exact value of the order parameter (a). It is
apparent that the following relation is satisfied;

)] = V28T s g0 3 fole) (10.36)

10.4.1 Pumping Processes

It should be noted that under pumping (i.e. non-equilibrium state), the chemical potential
1 reads

p=—B =:pp (under pumping). (10.37)
In this case, |(a)|? represents the number density of magnons, nyump, pumped by microwaves;

|<a>M=—B|2 = Npump, (1038)

and consequently the number of pumped magnons Nyymp reads Npump = Vpump-

10.4.2 Thermalization Processes and Resultant Quasi-equilibrium
Magnon BEC

On the other hand, as soon as one switches off microwaves, the system instantaneous expe-
riences thermalization processes[62, 52, 53] to go into a quasi-equilibrium state and as the
result, a part of the pumped magnons condensates. In this situation, the chemical potential
(we have assumed that our system is at low-temperature (a few K)) becomes

, ke T
p = pp (under pumping) — u = piggc = — 5
BEC

(under BEC), (10.39)

where the variable Nggc denotes the number of magnons which is in condensate (i.e. the
number density of condensate magnons nggc reads Npgc = Vnpgc). In this case, |(a)|?
represents the number density of condensate magnons nggc;

(@) p=ppec|* = mmEc (10.40)

Ngec
:>’<a>H:ﬂBEC| = ]‘3/E . (10'41)
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On top of this, when the system undergoes BEC, the Bose-distribution function, eq.(10.34),
becomes

Z f(wi) ~ Nprc. (10.42)

As the result, eq. (10.36) becomes

= Iy)? 1
{cpone] = 82570  Namc (10.43)
(hﬁ—ﬁc)z’
IyJ N
_ gy/25 Lo ()’ BEC_ (10.44)

(kpT)2 V (FL =1 )2

kT NBEC

Then by using eq. (10.41), we obtain the relation for the occurrence of quasi-equilibrium
magnon BEC;

NpEc

L v (10.45)
F0 0 NBEC
= 8V2 10.46
kBT vV (k:h%“ NBlEC)Q ( )
Naec ToJ (lo)? Ngec
= = . (10.47)
25V (ke D)2 V(L — 1)

Fig. 10.2 (b) represents, as an example, each function; (i) 8 ;-27 (lo)* S BEG 7 (ii) H%'

(keT)* V (’f?aﬂ NBEC
It is clear that the number Nggc of the intersection represents the number of condensate
magnons.

10.5 Outlook

In this chapter, we have developed a method to phenomenologically include the thermalization
effects. To (more) microscopically describe the thermalization processes[62, 52, 53] on the
basis of the intrinsic features of YIG (i.e. the double degeneracy and the resultant magnon
BEC)[46, 47, 48, 51, 49, 50, 52, 53] will be an urgent issue. On that case, the similar
mechanism called disoriented chiral condensation,[149, 150] which has been investigated in
the context of Hadron physics, might be useful.






Chapter 11

Appendix; Dissipation Theory

We quickly review the dissipation theory on the basis of the sophisticated textbook.[64] In
particular, we employ the Caldeira-Leggett model[63] and closely investigate the dissipation
effects due to phonons on magnon BEC.[8§]

11.1 Open and Closed Systems

Generally, an open system is a quantum system which is coupled to another quantum system
called environment (Fig. 11.1 (a)). The state of the system on which we focus will change as
a consequence of the interaction with surroundings as well as its internal dynamics. Then,
the resultant change of states of our system cannot be described by the unitary operators
(i.e. the usual Hamiltonian). That is, in sharp contrast to the case of closed systems,! the
quantum dynamics of an open system cannot be represented only in terms of a unitary time
evolution.

Here it should be remembered that in the closed systems, the time-development of our
system can be described by the (well-Known) von-Neumann or Liouville-von Neumann equa-
tion;

(1) = ~iTH(1), (1)) (1L1)

where p(t) represents the density matrix and #H(¢) denotes the Hamiltonian of our (closed)
system. Therefore we can easily see that in open systems, the time-development of the density
matrix cannot be represented as in the above von-Neumann equation. That is, it is associated
with some additional terms which break the unitary time evolution of our (open) system;

d :
Sp(t) = —ilH(), p(t)) + - (11.2)
This results from the fact that the dynamics of our system is induced by the reduced Hamil-
tonian of the total system, which is the Hamiltonian one has obtained by tracing out some

macroscopic degrees of freedoms of total system (i.e. often called environment),? and such our

!Let us confirm the meaning of the terminology closed systems. We encounter the situation (our quantum
spin-pumping system will be a good example.) where the system under consideration is driven by external
forces, an external electromagnetic field for example. In such cases, if the dynamics of the system can still
be described in terms of a possibly time-dependent Hamiltonian, the system still will be said to be closed.

2Here let us remark that the terminology reservoir corresponds to an environment with an infinite number
of degrees of freedoms, which we cannot microscopically analyze, and consequently leads to an irreversible
behavior of the open systems.
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systems are often called reduced systems. In terms of density matrix, it can be represented
as follows (Fig. 11.1 (a));

pu(t) = trp(t), (11.3)

where pg(t) is the reduced density matrix of open systems, which can be obtained by partially
tracing out over the degrees of freedom of the environment (i.e. bath) and plays the key role
on the dynamics of open systems.

(a) (b)
B i ticl Magnons
T M ®

(7a elaxation __ . \
7 ‘W rate —_—
)

System; Vs (k, X)

System; B

Environment (bath oscillator) Environment (bath oscillator)

Figure 11.1: (Color online) Schematic pictures of the correspondence between the Caldeira-
Leggett model (i.e. the dynamics of Brownian’s particles) and our magnon systems. We have
again listed the same picture for reader’s convenience.

11.2 Caldeira-Leggett Model; Quantum Brownian Mo-
tion

Now let us introduce a prototype of a system-reservoir model for the description of dissipa-
tion phenomena in solid state physics called Caldeira-Leggett model,[63] which describes a
Brownian particle of mass M with coordinate  moving in a potential V' (z); Fig. 11.1 (a).
Then, the free Hamiltonian H of the particle is thus taken to be

L,
S = A V bl 1]_.4
Ho= oo + V() (11.4)
with the particle momentum p. This particle is assumed to be weakly® and linearly coupled
to a bath consisting of a large number of harmonic oscillators.

Caldeira-Leggett Master Equation
After the procedure based on Markovian quantum master equation, one reaches the fol-
lowing master equation called the Caldeira-Leggett master equation;

d 1y 2m~kgT

Zou(t) = = 1o (0] = Tl (. ps(0}) = TG o, (1), (115)

where v represents the relaxation rate. The first term of the right-hand side of the above
master equation denotes the free coherent dynamics of the systems, the second one is the

3Enough that we are allowed to employ Born-Markov approximation.
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dissipative term, and the last one describes thermal fluctuations plays the key role on deco-
herence phenomena.

With the help of the above master equation, one can easily obtain the following equation
for the first moments* of the coordinate and the momentum of Brownian particle;

d 1
E(@ = M(P% (11.6)
L) = ~(V'(@) -2 (1L.7)
Preparation
One can easily show[41] them by simply using the following relations with [z, p| = iA;
(O)) = tr(ps(t)O) (11.8)
L) = wEm0) (11.9)
tr[AB] = tr[BA]. (11.10)
Proof
%(m) = tr(ps(t)x) (11.11)
- tr( _ %[Hs,ps(t)]x> (11.12)
_ —%tr<[ﬁp2 FV().pu(0)]) (11.13)
- —%tr(z%ps(t)x +V@)pt)r = pt) e = p(OV (0)a)  (11.14)
= g5 + BV (@) - plgge - pdeV(@) (1119
=~z (@ @pp - ). (11.16)
in which we have used the relation; tr[AB] = tr[B.A|. Then, it can be rewritten as
%(x) = thtr <ps(t)(pa:' +ih)p — ps(t)p2:v> (11.17)
=~z (p@lpap) + i) = p(Op'z). (11.18)
where we have employed the commutation relation; [z, p] = ih. As the result,
D) = (Ol + i) + i) — pu(t)p) (11.19)
- 2hMtr(ps( )2ihp) (11.20)
— %tr(ps(t)p) (11.21)
_ % (11.22)
& %(x) = % . (11.23)

40f course, we can also easily obtain the second moments.
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By using the same procedure, the second equation, eq. (11.7), can be easily derived as
follows;

o) = wlputp) (11.24)
= wr({ = 5 1M ]~ Tl Ap a0 ). (11.25)

Here one should note the relation;

p, V(@) = —ihV' (). (11.26)

Then by employing this relation, we encounter the following relations;

2

tr([p—+V(x),ps(t)]p) — iR(V'(2)) (11.27)

2M
tr(le p.pdlp) = ~29(). (11.28)

As the result, we reach the equation;

Clo) = ~(V'(@) ~ 21(0) m (11.29)

11.3 Caldeira-Leggett Model and Magnon

Let us again remark that the Caldeira-Leggett model,[63, 64] which is a prototype of a system-
reservoir model for the description of dissipation phenomena, describes a Brownian particle of
mass M with coordinate  which moves in a potential V' (x); Fig. 11.1. The free Hamiltonian
‘H, of the particle reads

Hy = ﬁ]f +V(x), (11.30)
where p is the particle momentum. The particle is assumed to be coupled to a bath consisting
of a large number of harmonic oscillator and in this model, the coordinate = of the Brownian
particle is assumed to be coupled linearly to the coordinates of the bath oscillators.

Now, we adopt the semi-classical approximation (A — 0) and omit the decoherence effects
(or decoherence term). Finally, the Heisenberg’s equations of motion take the form;>

i(t) = —p(t), (11.31)
p(t) = =V'(z(t)) — 2M~z(t), (11.32)

where the friction force is equal to —2M~i(t) and the variable v represents the relaxation
rate; Fig. 11.1.

5Tt should be noted that there are two expression of the Caldeira-Leggett model; one is represented via
quantum master equation, the other is via Heisenberg’s equation of motion. We have confirmed that they
reach the same result in our study.



11.3. CALDEIRA-LEGGETT MODEL AND MAGNON 135

11.3.1 Mapping

Here, we restrict our discussion to ferromagnetic insulators and apply microwaves I'(t) =
[ocos(Q2t) along the x-axis. This applied microwave I" creates only the zero-mode of magnons
ap # 0; that is, axzo = 0. Therefore, we are allowed to focus on only the zero-mode of
magnons after switching off microwaves.

The Hamiltonian of the zero-mode of magnons, which has been produced by microwaves,
under the static magnetic field ¢ B along the quantization axis reads as follows;

Hy = Balag, (11.33)
with [ag, af] = 1.

In order to reduce[121, 52, 53] the dynamics of magnons to the Caldeira-Leggett model,
we use the following well-known relations[39] (i.e. harmonic oscillator variables);

mw p
= —_— — 11.34
a TS —) (11.34)
= mw _i_p 11.35
a 5% (x mw)' (11.35)
In other words,
I (a+a) (11.36)
xr = a+a .
2mw
1 |k
p = ) (a—ah). (11.37)
1 2
This satisfies the relations; [x,p] = i and [a,a’] = 1. We then replace the representation;

a— ag, at — ag. Consequently, the Hamiltonian Hpg can be rewritten as follows;

Hp = Bajag (11.38)
L,
= 5P + Vi(z) + (const.) (11.39)
= H,, (11.40)
with
1, himw Bmw

This means that the dynamics of the zero-mode of magnons after switching off under the
static magnetic field B corresponds to that of a Brownian particle with the mass M trapped
to the (harmonic) potential V(z) = k2?/2; see Fig. 11.1. Then by using the equation of
motion Caldeira-Leggett model gives, eqs. (11.31) and (11.32), we can study the dynamics of
the zero-mode of magnons after switching off with dissipation effects due to phonons. This
is the main point of the present analysis.

6Tt includes the g-factor and Bohr magneton.
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11.3.2 The Time-development of the Zero-mode of Magnons

The Heisenberg’s equations of motion the Caldeira-Leggett model gives reads as follows;

i) = %p(t}, (11.42)

pt) = —V'(x(t)) — 2Mri(t). (11.43)

We here replace the variables ay, ag with the real scholar field ¢q, ¢o (i.e. classical approxi-
mations);”

_ e ~
a0 =4/ 57 (x+mw) —  ¢1+ i (11.44)

mw 1 ,
ah =\ Ge— =) = 61— i (11.45)
That is,

x(t) = i—iqbl (11.46)
p(t) = V2hmwaes. (11.47)

By substituting the relations into eqs. (11.42) and (11.43), the time-development of the zero-
mode of magnons, ag = @1 + i¢y, after switching off (i.e. V(x) = Vg(z) = kx?/2) is governed
by the following differential equations;

$1(t) = wpda(t) (11.48)
$2(t) = —WB¢1(75)_5—Z¢1(15)7 (11.49)

with wp := B/h. From now on, we discuss on the basis of these differential equations.

11.3.3 The Time-development under Microwaves

Before going to the main subject, the time-development after switching off, we investigate the
dynamics under applied microwaves Vi = I'(t)(ag + af)) with T(t) = Tycos(Qt); V = Vi + Vi
The microwaves give the new contributions, ¢! (¢) and ¢L(t), into the differential equations
(11.48) and (11.49);

or(t) = 0 (11.50)
Ph(t) = Tocos(Q). (11.51)

Then, the time-development of the zero-modes magnons under applied microwaves reads as
follows;

d1(t) = wpda(t) (11.52)
. 2y .
do(t) = —wpen(t) — W—V 1 (1) + Tocos(Q), (11.53)
B
which has been plotted in Fig. 11.2.
It is clear that when the resonance (FMR) condition A2 = B is satisfied, the macroscopic
condensate order parameter |a(t)] = /(¢1(t))? + (¢2(t))? takes a time-independent constant
value after a certain period, which becomes the initial condition of the differential equations

governing the dynamics after switching off (see Figs. 11.3 and 11.4, (Appendix) Sec. 11.3.4).

"That is, we neglect quantum fluctuations.
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A=l ) + (@2 1) ]"

Pi(t) ——— (1)
() Q=1y=3(Q=B) () Q=2,y=3(Q=B) (i) Q=1,y=1/4(Q=B)
la(t) la(t) la(t)|
2

0.15

0.10

0.05

-0.10

|| W
Figure 11.2: (Color online) Plots of the macroscopic condensate order parameter |a(t)| =
V (01(1))2 + (¢2(1))? governed by the differential equations (11.52) and (11.53) with the initial

condition ¢1(0) = ¢2(0) = 0. For convenience, each parameter reads as follows; i = I'g =
Wwp = B=1.

11.3.4 The Time-development after Switching off Microwaves

After switching off microwaves, the time-development is governed by the differential equations
(11.48) and (11.49);®

o1(t) = wpda(t) (11.54)

Q'Sz(t) = —wpoi(t) — fj—fy '1(25), (11.55)

B

with wp := B/h. These differential equation can be easily solved by considering $1 in eq.
(11.54) to use eq. (11.55) as follows;

(eq. (11.54)) = ¢y + 2v¢1 + wpdy = 0. (11.56)
Then, it reads
$1(t) = Cp M+ O e, (11.57)
with?

A= —v+ //)/2_('()%7 )\_:—7—1/72—(,‘)% (11.58)

and the appropriate coefficients Cy which satisfy the initial condition. In addition,

(eq. (11.54)) = ¢o(t) = —[C AL M+ C_A_ ). (11.59)

1
.
B

8The initial condition can be obtained from Fig. 11.2.
IN2 29\ + wp? =0.
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Finally, the solution of the differential equations (11.54) and (11.55) becomes (see also
Fig. 11.3)

pi(t) = O, Mt +C_ et (11.60)
Po(t) = WL[CEM M CoN_ M (11.61)
B

with

S Y A N WY A ) (11.62

Here let us remark that when the condition is satisfied, v = wp (see Fig. 11.3 (B)), each
solution takes the form;

¢i1(t) = Cze (14 Cut), (11.63)
bat) = —-Cy e [(Cy=7) =1t (11.64)

with the appropriate coefficients C3 and C4 satisfying the initial condition.
As an example, each solution of differential equations (11.54) and (11.55) has been plotted

in Fig. 113; ¢1(1), 6a(t), and |a(t)] = y/61(t)* + 6 (1)*

11.3.5 Relaxation Processes

On top of this,'? it should be remembered that Re(A1) in eq. (11.58) characterize the time-
scale (i.e. decay time) of each relaxation processes and each value Re(A+) has the following
properties; when v > wp, Re(Ay) # Re(\_) and there are two relaxation processes!' (see
Fig. 11.3 (A) and Fig. 11.4 (3-1I)), which are characterized by Re(A;) and Re(A_).

On the other hand when v < wg, Re(Ay+) = Re(A_) and hence, there is only one relaxation
process or time-scale (i.e. decay time) characterized by Re(A;) = Re(A_); Figs. 11.3 (C) and
(D) with Fig. 11.4 (3-1).'2

11.3.6 Relaxation Processes (I)

As mentioned above, when 7 < wp, Re(A;) = Re(A_) and hence, there is only one relaxation
process or time-scale (i.e. decay time) characterized by Re(A;) = Re(A_); see Fig. 11.4 (3-1).
Some of them are plotted by Figs. 11.3 (C) and (D).

We here define and introduce a quantity 7y as

1 1

0 Re[\s| Re|\_| (11.65)

1
= = 11.66
S (11.66)

and it has the features (see Fig. 11.4 (2) and Fig. 11.5 (I-a))

dTO
— < 0. 11.67
gl (167

10Tt will be useful to see Fig. 11.10, which is an analysis based on the original harmonic oscillator.

171t should be noted that we now have been employing the Heisenberg’s equation of motion the Caldeira-
Leggett model gives; although the equation of motion, egs. (6.1) and (6.2), we have obtained by using
quantum master equations is applicable to only the weak dissipation case (i.e. v < wpg) by definition, the
present differential equations, eqs. (11.54) and (11.55), can be derived without quantum master equations
and hence, they are applicable to also the strong case (i.e. v > wp).

12The imaginary part of A1+ can be viewed as the parameter which characterizes the oscillation.
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Figure 11.3: (Color online) (A)-(E) Plots of the macroscopic condensate order parameter
la(t)] = /(¢1())2 + (¢2(t))? governed by the differential equations (11.54) and (11.55) with
the initial condition ¢;(0) = ¢2(0) = 1/10. For convenience, each parameter reads as follows;
h=Ty=wp =B =1. (F) This means that if ¢,(t = 0) = ¢o(t = 0) = 0, |a(t)| = 0 all the
time. That is, in order to give the order parameter a(t) a certain non-zero value, microwaves
are essential.

11.3.7 Relaxation Processes (II)

As mentioned above, when v > wp, the following condition is satisfied Re(\;) # Re(A_) and
hence there are two relaxation processes, which are characterized by Re(A;) and Re(A_); see
Fig. 11.4 (3-11).

We here introduce 74, which characterizes the time-scale of the dynamics;

1 1

o= _ 11.68
’ Al v = /2 —w ( )
2y
— —5 o<y (when v > wg), (11.69)
Wp
1 1
T = (11.70)
A=l v+ /2 - wp
1 w? 1
—(1+-L)~ —x= (wh . 11.71
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Figure 11.4: (Color online) (1) A series of the time-development of our system from under
microwaves to after switching off. The dynamics after switching off can be classified into two
ways; (I) v < wp and (IT) v > wpg. (2) Plots of each time scale (i.e. decay time) of relaxation
processes as a function of relaxation rate v ; 7+ and 75 := 1/y with 7, = 1/(y — /7% — w3%),
7 =1/(v+ /7? — w%). For simplicity, we have set wg = 1. (3-I) v < wp; the relaxation
process can be characterized only by 5. (3-II) v > wp.

Then by using 74, each variable, ¢;(t) and ¢5(t) , can be rewritten as

pi(t) = Cye /™ 40 et/ (11.72)
1
Po(t) = E[CM* e T L O et (11.73)

It is clear that each variable 74 characterizes the time-scale (i.e.decay time) of each relaxation

processes.
On top of this, it should be remembered that (see Fig. 11.4 (2)) the behavior of each 7
in respect to v is different from each other;

d T+

— 11.74
dr_

— ) 11.
5 <0 (11.75)

Or (see Fig. 11.4 (3-1I) green region and Fig. 11.6 (II-a) and (II-b))

dt
>0 with tg =7, —7_. (11.76)
dy
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Figure 11.5: (Color online) The time-development of the order parameter |a(t)| et al. under
the relaxation processes (I); v < wp. (I-a) It is clear that when v becomes larger, the decay-
time becomes shorter. (I-b) There are a few plateau regions in |a(t)| as a function of time t.
On each region, the order parameter can be regarded to take the form; a(t) ~ e~ then,
la(t)| ~ (constant) on each plateau region. This result can be understood that the order
parameter |a(t)| is stable under the time-evaluation.

Then, it is clear that the relaxation process characterized by 7, or t, (Fig. 11.4 (3-1I)), that
is, the process when 7 < ¢ < 7, is qualitatively fully different from the one when ¢t < 7_ and
the case (I) v < wg.

On top of this (see Fig. 11.6 (II-¢”)), it should be remembered that the time-development
of the order parameter |a(t)| of this relaxation process v > wp characterized by 74 can be
divided into three regions (A), (B), and (C);

(A) Faster relaxation process;
this region can be characterized by 7_.

(B) Slower relaxation process;
this region can be characterized by 7, or .

(C) Plateau region;
in this region, the order parameter becomes time-independent. In this case
~v > wp, there is only one plateau region.

11.3.8 Emergence of Plateaus

Here it should be emphasized that in both cases (I) v < wp and (II) v > wp, there are some
region which should be regarded as plateau;'3[134, 135, 136] see Figs. 11.4-11.9. On each

13 At this stage, I do not think our plateaus emerging in Caldeira-Leggett model in terms of magnon BEC
have some relations with the recently attractive novel phenomenon called pre-thermalization.[131, 132, 133, 43]
Our plateaus have emerged simply due to the combination of the relaxation (i.e. decay) effect and the
oscillation effect. For the clear and deep understanding, we need further detailed analysis.
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D) y> o =1
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1.5 2

Figure 11.6: (Color online) The time-development of the order parameter |a(t)| et al. under
the relaxation processes (II); v > wp. (II-b) The position of each plateau depends on the
value v. (II-c) and (II-¢’); the relaxation process can be characterized by 7o and the time-
development of the order parameter |a(t)| can be divided into three regions; (A), (B), and (C).
(A) Faster relaxation process; this region can be characterized by 7_. (B) Slower relaxation
process; this region can be characterized by 7, or #5. (C) Plateau region; in this region, the
order parameter becomes time-independent. In this case v > wpg, there is only one plateau
region.

plateau, the order parameter takes the form (u; the non-equilibrium chemical potential[45])4
a(t) ~ et (11.77)

and hence, it becomes

la(t)] = VN, (11.78)

~ (constant). (11.79)

This agrees with the definition of magnon BEC proposed by Bunkov and Volovik[45] and this
state might be regarded as the stable state under time-development. On each plateau, the
number of condensate parameter does not change.

14Here it should be noted that we now consider non-equilibrium situations and hence, no one knows the
exact form of the Bose-distribution function in non-equilibrium cases. We know the form of the Bose-
distribution function only in equilibrium cases.
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(1) Differenr initial condition with ®wz=1 (same y = 0.05)
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Figure 11.7: (Color online) On each plateau region, the order parameter a(t) can be approxi-
mately regarded to have the form; a(t) ~ e#*~*@ with the non-equilibrium chemical potential
w.[45] This fact qualitatively agrees with the condition for (non-equilibrium) magnon BEC
introduced by Bunkov and Volovik.[45] (1) The shape of the function |a(t)] is characterized
not by the initial condition but by wg or B. (2) The position of each plateau does not depend
on the value of v. It depends on the value wg; see also Fig. 11.8.

11.4 LLG Equation

Here, it will be useful to analyze relaxation processes from the view point of the LLG
equation,[22, 23, 24] which describes the time-evolution of ferromagnetic localized spins!®
with taking the effects of dissipation into account as the phenomenologically introduced
Gilbert damping term called a-term.[26] On top of this, LLG equation is often used in the
research area of spintronics. Then, it will be significant to evaluate the condensate order
parameter

la(t)] ~ S7(t) +iS"(t)] = V/(S=(t))? + (S¥(¢))? (11.80)

on the basis of LLG equation and compare the dynamics with the one based on Caldeira-
Leggett model.

15They have treated spins as classical variables. One should remember that under microwaves, localized
spins precess coherently.
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(3) Different ws
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Figure 11.8: (Color online) It is clear that when (I) 7 < wg, the behavior of the plateau has
been characterized by the applied static magnetic field B or wg.

Briefly speaking, the LLG equation we consider reads as follows;!®

S = SxH-aSxS (11.81)
S; = (SxH); —aSx8S), (11.82)

where the external magnetic field reads H = (I'(¢),0, B) with index i = z,y,z. They
have phenomenologically introduced the isotropic damping constant «, which represents the
isotropic dissipation effects, to guarantee the conservation of the spin length; |S| = (const.).
By using eq. (11.82), we can easily show this fact;[41] dS?/(dt) = 0. If we introduce an
anisotropic damping constant , « — «(i),!” the spin length cannot be conserved in gen-
eral; dS?/(dt) # 0. They have treated spins as classical variables and the procedure will be
appropriate under microwaves because localized spins precess coherently.!®
Each component of LLLG equation reads as follows;

Sz = BSY — a(SYS* — S75Y) + O(a?), (11.83)
Sy = —BST4TS* —a(S75% — 5°S%) + O(a?), (11.84)
S = —I'SY —a(5%5Y — §YS%) + O(a?), (11.85)

which are plotted in Fig. 11.11.

As we know, microwave (I'(¢)) give some value to S* and SY. After switching off, the con-
densate order parameter |a(t)| ~ |S*(t)+iS¥(t)] = \/(S*(t))? + (S¥(t))? and each component
of spin variables S*¥* varies as shown in Fig. 11.11.

Distinction

It is clear that there are no plateaus in Fig. 11.11 and this result is in sharp contrast
to the case of the analysis based on Caldeira-Leggett model. In Fig. 11.11, there are no
plateaus in |a(t)| ~ [S%(t) +iSY(t)| = /(S%(t))? + (S¥(t))? and it has the form; |a(t)] ~
1S%(t) + iS¥(t)| ~ e7¥7. That is, the emergence of plateaus is the unique property of the
system described by Caldeira-Leggett model.

16Regarding the details, please see [22].
1"This means that the value of the damping constant depends on each component; z, y,z.
18We switch off microwaves, which corresponds to the procedure; I'(t) — 0.
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Figure 11.9: (Color online) In this case v > wp, there is only one plateau region. (1) The
position of each plateau does not depend on the initial condition. (2) The position of each
plateau does depend on the value 7.

11.5 Outlook; Thermalization Processes

Lastly, we remark on our outlook to obtain further deep understanding of thermalization
processes.[51] On preparing for this manuscript, we have asked a few questions to Prof.
Volovik[45] about the experiment by Demokritov et al.[46] Then, he has kindly replied it.!?
Then, I have understood the comment of Volovik as shown in Fig. 11.12. That is, in
the experimental observation of magnon BEC by Demokritov et al., the peculiar dispersion
relation to YIG plays the key role; applied microwaves excite the non-zero mode of magnon
in YIG (i.e. £ =0), which is not the lowest of magnon in YIG due to the peculiar dispersion
relations to YIG (i.e. the double degeneracy of the ground state).[46, 47, 48, 49, 50, 52, 53]
After that, due to the thermalization effects they call, the magnons stars to move to the
lowest energy states(i.e. k = ki # 0). Consequently, quasi-equilibrium magnon BEC is
formed in the lowest energy mode.

Prospect

In order to clarify the microscopic mechanism of the above thermalization process,|[78,

19Tet us cite a part of his reply. Condensate is formed due to thermalization. Microwaves excite the higher
modes of magnons. Due to thermalization the energy of created magnons decreases, and magnons start to
populate the lowest energy states forming the condensate. If the thermalization time is shorter than the life
time of magnons, the magnon BEC is formed.
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V(x)

Switch off 4— Switch on

Switch off

Vo Vi)
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Figure 11.10: (Color online) An analysis of relaxation processes from the viewpoint of the
original harmonic oscillator with friction forces. When the value of the friction force v gets
over a certain point, it ceases to oscillate (II).

78, 62] it will be helpful to use the analogy with the standard Goldstone model (Fig. 11.12);
to extend the theory into non-equilibrium case is an urgent theoretical issue. On top of
this, the similar mechanism called disoriented chiral condensation,[149, 150] which has been
investigated in the context of Hadron physics, might be useful.[151]
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Figure 11.11: (Color online) The time-development by LLG equation after switching off. We
have set B = 1. It is clear that there are no plateaus, which is in sharp contrast to the case
of the analysis based on Caldeira-Leggett model.
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Figure 11.12: (Color online) (i) A schematic pictures of the microscopic mechanism of the
experiment by Demokritov et al.[46] (ii) A schematic pictures of SSB generated in wine-
bottle potential, which is often used to explain the emergence of magnon BEC in equilibrium
situation. To extend the theory into non-equilibrium case is an urgent theoretical issue.
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