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INTRODUCTION

The central topic of the thesis work is the quantum noise in the spin
transfer torque, which is a spintronics effect.’ In particular in figure 1.1
on the following page we can see some of the most studied spintronics
applications: the giant magnetoresistance (GMR), in which we have a
current in a ferromagnetic layer. Here the electrons with spin parallel
to the ferromagnet magnetizazion feel a lower resistance with respect
to the anti-parallel spin electrons. In the spin transfer torque effect
(STT), a polarized current produces a torque in the magnetization of a
ferromagnet. In the spin Hall effect (SHE), we see a spin accumulation
on the lateral surfaces of an electric paramagnetic conductor, due to
the spin-orbit interaction. Finally, in a paramagnetic conductor, we can
see in the figure a current-induced spin polarization (CISP) [41].

In particular the GMR is the effect that allows us to read the bits in
the hard drives (each bit is encoded in a ferromagnetic layer), while
the STT allows to write a hard disk bit.

In a typical STT device a hard ferromagnet (its magnetizazion does
not rotate) polarizes a current that exerts a torque on the magneti-
zazion of a second ferromagnet [51] (see figure 1.2 on the next page).

In recent years, the advances in fast time-resolved measurements
have showed that the magnetization dynamics of a nanomagnet
crossed by a polarized current presents a stochastic behaviour at
short time interval [11, 13, 14, 59].

If we want fast and small devices the stochastic behaviour becomes
important. We need to study it because:

e we do not want that the noise disturbs the device working,

e we can engineer the noise to help the magnet switching, without
increasing the current (to increase the current means to increase
dissipative effects and then heat up the device) [32].

One of the first heuristic equation considered for the magnetization
dynamics, is the Landau-Lifshitz-Gilbert equation [21] that describes
the magnetization dynamics in presence of an external magnetic field
H:

—

O = Nt H— ANt x (¥ x H). (1.1)

If A = 0 we simply have the Euler equation (see the figure 2.1a
on page 10); the term proportional to A is perpendicular to both M

“Spintronics” is a contraction between “spin” and “electronics”. In particular it studies
the electronic devices in which the information is carried by both the charge and the
spin of electrons.



2

INTRODUCTION

SHE

i?f jzng
oo, O ‘TP?‘TP

Q- 660006

STT CISP

Figure 1.1: In this figure, taken from the reference [41], some of the most
studied spintronics effects are condensed.

Ferro 1 Ferro 2

Figure 1.2: The scheme of a typical spin transfer torque device: an unpolar-
ized current comes from left; the first ferromagnet polarizes the
current. Then the polarized current exerts a torque on the second
ferromagnet.
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Figure 1.3: We considered a spin potential difference that induces a spin
current, flowing trough the magnet.

and the precession direction and then describes the damping (the
magnetization tends to align to the external magnetic field — see
figure 2.1b on page 10). Finally, to take into account the thermal
fluctuactions, Brown [7] introduced a stochastic magnetic field h(t) in
the equation:
ST YM x (H+h(t)) =AM x [M x (H+h(t))]
(see figure 2.1c on page 10).

Our aim in the thesis work is

e to find a microscopically derived equation that could describe
the magnetization dynamics in presence of a polarized current,

e to describe the thermal and the quantum noise induced in the
magnet motion by the electric current;

e to employ a formalism that is easily generalizable (electron-
electron interaction, presence and interaction of several magnets,
etc.).

To obtain that, we considered the setup described in figure 1.3 and we
employed the Keldysh formalism.

The interaction model between the magnet and the electrons that
we have considered is very simple [63]:

82— =2 2 =2
H:—ﬁ+7B-}+5(az)(/\o+/\]-s),

where the Hamiltonian first term is the electron kinetic energy, Bis
a weak external magnetic field, § is the electron spin, Tis a spin that
represents the magnet degrees of freedom and the delta function fixes
the magnet position at ¥ = 0. Figure 1.4 on the following page shows
the potential seen by the electron.

To treat the problem with the many-body Keldysh formalism, we
considered the magnet degrees of freedom as a bosonic system, thanks
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Figure 1.4: An electron that comes from left to right feels a potential V :=
d-(Ap+JA/2) and V_ :=d - (Ag — JA/2), depending whether
its spin is parallel or anti-parallel to the magnetization, where 4
is the magnet length.
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(a) Two-boson vertex. (b) One-boson vertex.

Figure 1.5: Feynman vertices.

to the Holstein-Primakoff bosonization (that is explained in detail in
the section 5.1 on page 52). With this representation, the interaction
between the magnet and the electrons can be depicted by the Feynman
vertices in figure 1.5: the one-boson vertex is of the order 1/+/], while
the two-boson vertex is of the order 1/] (this is considered in the
section 5.4 on page 56). For a typical nanomagnet | ~ 10* [63], so we
will consider only the terms up to the 1/]-order, that is, Feynman
diagrams with a single one-boson vertex (order of magnitude 1//])
and Feynman diagrams with a couple of one-boson vertices or with a
single two-boson vertex (order of magnitude 1/]); see figures 1.6.

g L (©
(@) (b)

Figure 1.6: Feynman diagrams up to the 1/] order. The “tadpole” diagram
is 1/+/J-order, while the other two are 1/ J-order.
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Figure 1.7: The Keldysh time contour with the propagators.

We then applied the Keldysh formalism, that allowed us to write
the observables in term of functional integral:

(O(1) = tr [Ty, O Uiy plto) | =

_ / Dby, b, o, P, b, b, o, -

. O(E+/ b_, P, P, by, b, i, ) ei5(E+15—r¢+rlﬁ—/b+/b—/¢+r¢f),
(1.2)

where b (complex numbers) refers to the magnet degrees of freedom
and ¢ (Grassmann numbers) to the electronic ones; S is the Keldysh
action. CIZ by = U, ; and then in the Keldysh formalism we have both a
forward and backward in time path, with four propagators (see 1.7).
In particular the indices =+ for the paths t — b (t) and t — () refer
to the time direction. The Keldysh rotation reduces the propagators
number from four (not independent) to three; for the bosons the
Keldysh rotation is given by

+ 1 p + _

bcl _ b \‘féb ) pd — b ﬁb ’ (1.3&)
bt 4 bt _

ja BT +b N e (t3b)

V2 V2
note that, like in the Feynman path integral case, in the classical limit
we have a single path (for both forward and backward time direction)
and then b9 = 0 (that justifies the name quantum and classical part for
b4 and b°! respectively); anyway the formalism will be discussed in
the section 4.2 on page 33.

To obtain the magnet equation of motion, we traced over the elec-
tronic degrees of freedom, getting terms that can be represented by the
Feynman diagrams in figures 1.6 on the preceding page. In this way,
we found a functional integral expression for the magnet observables
of the form:

B(t)+13(1)

(O) =t [Utttooat,toﬁ(to)} = /D[Il,lz] e Jat
: / DB, b9, b, b9 O(5, b oS AtBa[io b £ (b,6,10,12)] +he. }

(1.4)

7
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where 6 is the angle between the current polarization axis and the
magnetization direction J; we will discuss in the thesis the explicit
form of the function f, that is the sum of different contributions: in
particular, in the chapter 8 on page 69 we will calculate explicitly the
contribution corresponding to the “tadpole” diagram in figure 1.6
on page 4, while in the chapter 9 on page 73 we will consider the
other diagrams terms. I;, I; are two auxiliary time function that allows
us to linearize the Keldysh action with respect to b.? By performing
the integration of 1.5 with respect to the b9, b4, as described in the
section 8.3 on page 71, we get:

- BPO+13(1) _ _
> _ /D[h,]z] efjdt 1 ;2 /D[bd, bd] O(bd, bd)~
5 [iatbd + F(b 0, 11,12)} 5 [—iatf)d + F(be 0, 11,12)] , (1.5)

where ¢ is the Dirac function. This means that i 9;b<! + f (bd, 0,11, L) =
0 and the complex conjugate are the equations of the motion. ¢t —

Ii(t) is a generic function that in the functional integral is weighed

+1 (t)
by the factor e/ 7727 dt This is the same situation of the Martin-

Siggia-Rose action: the weight is the multivariate Gaussian distribution
probability, with zero mean value and unitary variance:

(L(t)) =0,  (Li(t1) i(t2)) = 6(t1 — t2) S, (1.6)

that is, I; must be considered as Langevin terms in the equation of
motion (see for example the discussion in the section 2.2 on page 12).

The stochastic terms presence is not surprising, since it is the typical
situation of the open quantum systems: as we will summarize in the
section 3.2 on page 19, when some degrees of freedom are traced over,
a stochastic behaviour appears.3

Finally the equation of motion for the magnet, in terms of micro-
scopical quantities, is:

o o — SC I I -
o= BxT +(%Cl COSQ\SC? 1+ RCy 2)2’><]—|—
sin 6
SC cos9§RC2 L+SC I g
+< ; Sin6] Jx (@& x]) (1)
where

e C; depend on the scattermg matrix and increase with the spm
potential difference Ays. 2’ is the current polarization axis. 2/ x |

that is done thanks to the Hubbard-Stratonovich transformation:

/1 2
— - dI 7771)(1
27m/ ¢’

as described in the chapter 9 on page 73.
the same formalism can explain, for example, the decoherence, where the quantum
state collapses randomly in an eigen-energy state.
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and ] x (2 x J) are respectively a field-like and a damping-
like term (compare with Landau-Lifshitz-Gilbert equation 1.1
on page 1), that produce respectively a precession around the
polarization current direction 2’ and an alignment to it;

e (; is the contribution of tadpole diagram, while C; corresponds
to the higher order corrections with respect to 1/+/7 (and then
disappears in the macroscopic limit ] — +o0). C, contributes
also at the zero temperature (both quantum and thermal noise).

Comparing our results with the simpler model in [53] we obtained
both the field-like and the damping-like terms and a more complex
expression for the noise (note that the field-like and damping-like
coefficients are not independent).

The thesis is organized as follow: in the first part the fundamental
concepts and techniques are introduced. In particular, in the chapter 2
on page 9 the earlier phenomenological theories for the ferromagnet
magnetization dynamics are presented. In the chapter 3 on page 17
some microscopic theory that describes the interaction between ferro-
magnetic layers and polarized currents are described. Finally in the
chapter 4 on page 29 the concepts of the Keldysh technique that we
need in the following are synthetized.

The second part contains the most original results of the thesis
work: in the chapter 5 on page 51 it is described the many-body
model that we have considered. In chapter 6 on page 59 we study the
relations between the spin potential difference and the spin current.
In the chapter 7 on page 63 the Keldysh action is calculated. In the
chapter 8 on page 69 the terms that give rise to the classical equation
of motion for the magnetization are considered, while in the chapter 9
on page 73 the quantum corrections are evaluated; from that we obtain
in particular the quantum noise. Finally in the chapter 10 on page 89
we draw a possible interesting extension of the model, while the
appendix A on page 93 describes some terms of the Keldysh action
that are typically suppressed, but that give rise to physical interesting
interpretations.






PRECESSION PHENOMENOLOGICAL THEORIES

In this chapter we consider the earlier phenomenological theories
proposed to describe the magnetization precession in a solid. In par-
ticular, we first consider the Landau-Lifshitz-Gilbert equation pro-
posed in 1955 by Gilbert (see e. g. the reprinted article [21]), which
modifies a previous equation proposed by Landau and Lifshitz in
1935 [31]. Finally we consider the thermal fluctuactions for the Lan-
dau-Lifshitz-Gilbert equation introduced by Brown [7].

2.1 LANDAU-LIFSHITZ-GILBERT EQUATION

In a ferromagnetic material the magnetization is mainly due to the
spin of the electrons (one can take into account the contribution of the
electrons orbital motion by simply adjusting the value of the gyromag-
netic ratio). Below the Curie temperature, the material is divided into
elementary domains that are magnetized near the saturation. Then
we may divide the material into n cells that are large enough to avoid
to consider the microscopic fluctuactions but small enough to take
into account the domain structures (that is possible, because a Weiss
domain is typically composed by 102 — 10'° atoms). To the i-th cell, a
local magnetization field M,; is associated.

It is possible to assume for the magnetization the equation of motion:

dtz =y M; x H; (2.1)
where
—le|
— ~ 2 .
T= 3w & 8 @2)

is the gyromagnetic ratio and H; is an effective field acting on the i-th
moment:

(the derivative is intended by components; for example (H,); =
_a(Mx)iu)'1

The form of the potential U is established experimentally and for a
typical ferromagnet contains five terms: the external magnetic field, the
demagnetization energy (that is a self-interaction term), the exchange
interaction energy (associated with the gradient in the orientation

1 With the definition 2.2 of v, H is measured in Tesla in the SL
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=

(a) Precession motion. (b) Damping effect.

(c) Thermal fluctuactions.

Figure 2.1: The motion of the magnetization M; around the external magnetic
field H.

of the magnetization), the anisotropy energy (the potential energy
depends on the magnetization orientation with respect to the crystal
axes), the magnetoelastic energy (deformation effects). In [21] the
explicit form of each term is described; for example the external field
term is:

u=-Y M H,
i

where H. is the external magnetic field. In particular it is easy to check
that, in this case, equation 2.1 on the preceding page reduces to

—

dM;
dt

:’YMZ X He/

that is a simple precession motion, like in figure 2.1a. It is convenient
to consider the continuous limit:

— M(7), — U[M(7)], H; — H(7),

SAES

where 7 is the position in the ferromagnet, A7 is the infinitesimal
volume and U becomes the density energy functional.



2.1 LANDAU-LIFSHITZ—GILBERT EQUATION

We argue that the equation of motion 2.1 on page 9 can be written
in the Lagrangian form, as proposed by Gilbert:

=

d SL[M,M] _ 5L[M, M|
dt  sm oM

, LM, M] = T[M,M] - U[M];

Gilbert did not fix the form of the kinetic energy 7T, because he says
he was not able to find an expression for 7 that would correspond to
the spin of an elementary particle in quantum mechanics that made
physical sense [21].2

If, for example, we consider the case of a fixed external magnetic
field, we know from experience that the motion of M; is not simply a
precession but, after a while, A_)Ii will be oriented along ﬁe ; that is, we
have some dissipative effects that produce a damping (see figure 2.1b
on the preceding page). Gilbert introduced the damping effect (for the
general case H;) by adding a new term to the Euler-Lagrange equation:

=,

i&ﬁ[l\/ﬂ,M] _ 5£[A/£,M] n 5R[£\/I] _0, Ro= z/d?]\?[-f/l
dt  s5M sM oM

in complete analogy with the motion in a viscous fluid (R is the

Rayleigh dissipation functional). Then the Euler-Lagrange equation is

T R [—H+;7M] —0 (2.32)
oM . |- oM
N Y =7Mx H—qﬁ (2.3b)

(indeed note that, even without specifying the form of 7, comparing
with equation 2.1 on page 9, we simply have to substitute H with
H — 5 9;M) that is the Landau-Lifshitz-Gilbert equation.

The Landau-Lifshitz-Gilbert can be put in the original Landau-
Lifshitz form [31] simply by redefining the -y coefficient: indeed, by
considering the cross product between M and the Landau-Lifshitz-
Gilbert equation and using the relations @ x (b x &) = b (d-¢) —¢ (- b)
and 9;M - M = 0, one obtains immediately an expression for M x ;M
in terms of M and H. Substituting this expression in the Landau-
Lifshitz-Gilbert equation one gets:

oM I S
WZ’)/MXH—/\MX(MXH), (2.4a)
2
’)’/ = %, )\ = %, (24b)
1+ 9252 | M| 1+ 727> M|

where the o/ M x H field term is joined by the —A M x (M x H) damp-
ing term, which is orthogonal to both M and the field term (and then
produce the damping effect of figure 2.1b on the preceding page).

in the next chapters we will find a Lagrangian for a magnet M; that is directly
obtained from a quantum microscopical derivation.

11
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2.2 THERMAL FLUCTUACTIONS

Now we want to introduce the thermal fluctuactions in the M dynam-
ics, by following the reference [7]. To do that, a couple of words on
the stochastic processes are useful. In particular, the one-dimensional
Brownian motion of a grain in a fluid can be modelled by:

v=—Bv+ A(t) (2.5)

where v is the grain velocity. The interaction between the grain and
the fluid is given by two terms: the dynamical friction —fv and a
stochastic force per unit mass A(t), such that

o (A1) =0;

e it is assumed that the evolution governed by the deterministic
component, o = —B v, is much slower than the evolution given
by the stochastic term. This means that there exists a time interval
dt for which v is practically constant in time only considering
the deterministic evolution, while, in dt, a rapid variation of A
occurs. Typically dt is small with respect to the resolution time
and it is a good interval to discretize the time. A is due to the
fluid molecules collisions,? which are pratically independent,
if the scattering sections between molecules are small enough.
Then we may consider A(t) and A(t+ndt) (n € IN) independent
random variables:

(A(t) A(t2)) = pé(t — ta);

e A(t) are Gaussian random variables. There are some good rea-
sons to assume that: the central limit theorem, since the big
number of collisions in the time df, and the fact that, under this
assumption, v(t = 4+o0) is Maxwellian distributed [10].

It follows that
t+A
Wi, ;:/ A(b) dt,
t

is a Gaussian process (the superposition of independent Gaussian
random variables is a Gaussian random variable) with

(War) =0, (Wa,) = pAt

and independent increments; that is a Wiener process. As known,
the Wiener process does not have differentiable realizations and the
meaning of the equation 2.5 is simply:

dv = —Bodt+ Wy, (2.6)

3 each collision produces a small variation of v; typically there are few collisions
between the grain and the molecules every femtosecond.
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where
t+At
War = /t A(t) dt := Z(Wti+l - Wti)
i

is the It6 integral.
From equation 2.6 on the preceding page we get immediately

(dv) = —Buodt, (2.7a)
(dv*) = udt, (2.7b)
(dv") = 0(dt?), n>2, (2.7¢)

where v is the velocity at t time, that follows immediately from the
moments of Gaussian distribution values. The process is clearly Marko-
vian, so we can write the Chapman-Kolmogorov equation:

plo,t+dt) = [ do/ p(v),1) par(ole)

where p(v,t) is the probability distribution that the grain velocity is
v at time t and pg(v|v’) is the conditional probability distribution to
find the velocity equal to v at time f + dt, if it was ¢’ at time t. In
particular:

pat(0]v') = (6(v — dv —0')) =
2
L 2

dé(v—') 1 d?6(v—7')
_ AN p BO\U—0) L ae\v—-v) 2
=d6(v—70")—Bo T dt + M FICAE dt + O(dt*),

— |14 (do) 2 +o((do*) | s(v—o) =

dv'

where relations 2.7 have been used. By inserting in the Chapman-
Kolmogorov equation, dividing by dt and taking the limit dt — 0, one
gets:

oF P 7a 2 M 507

that is the Fokker-Planck equation.*
More in general, if we have a stochastic equation of the form

dp _ ,9d(pv) 1 9%p
(v

dXt = V(Xt/ t) dt—f—U(Xt, t) th, (29)

where X; is an N-dimensional column vector of unknown functions,
W; is an M-dimensional column vector of independent standard

4 The generalization to the three-dimensional case is immediate:

? L1
aff =BVo (p8)+ 5 uVip. (2.8)

13
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Wiener processes, p is called drift vector, o is an N x M-dimensional
matrix and

1
D:=-c¢'
2

is called diffusion tensor, we have that equation 2.9 on the previous
page is equivalent to the probability density equation (Fokker-Planck
equation):

op

N9
-Y a— )p(x, t)] +
-1

N az
iy ax; 0x; [Dij(x,£) p(x, )] . (2.10)

Brown (nomen omen) [7] introduced the thermal fluctuactions in
the Landau-Lifshitz-Gilbert equation by assuming that the interaction
between the magnet M and the thermal bath is modelled by adding a
stochastic field /i (t):

I?lqtﬁ(t)—;yW

aM]

with the same statistical properties of the force A(t) in the equation 2.5
on page 12 (see figure 2.1c on page 10). In particular

(hi(t)) =0, (hi(t1) hj(t2)) = pij6(h — f2)

and Brown principally concentrated on the isotropic case p;; = p d;;.

As we will see in the next chapters, starting from a microscopi-
cal derivation, the interaction between the magnet and an electronic
current at temperature T produces terms that are analogous to that
introduced phenomenologically by Brown in the equation of motion
for M.

By applying the same steps to get the Brownian Fokker-Planck
equation (here the only complication is that M moves on the sphere
of radius M := |M]|), Brown obtained:

WL [(02 g LAYy g

ot  sinf 96 20 sinf d¢ 00
+193?PK au+h’sir1w$>w+k/shlwzgﬂ,
where
W U . g 1/y
1/ 2 Mg M (1/9 + 1> Mg)
and

W(0,¢)d2=W(6,¢) sin0dbdp = p(6,p)dode,
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with p probability distribution to find M pointing in the direction
(0,¢) (azimuthal and polar angle of the spherical coordinate system).

We may expect that the variance y increases with temperature; to
find the relation between y and T, Brown observed that the canonical
statistical distribution

Wy = Age U090/ (ksT)

(v is the volume of the magnet, since in our definition U is the volume
density energy) satisfies the equilibrium (oW = 0) Fokker-Planck
equation and gives:

u=2kgTn/v.

Until now we have considered the phenomenological models intro-
duced to describe the magnetization in a ferromagnet. In the next chap-
ter we will consider the attempts to finds microscopical derivations
of the magnet equation of motion in the form of the Landau-Lifshitz-
Gilbert and also the attempts to consider other phenomena, like in
the Slonczewski-Berger theory that takes into account the interaction
between ferromagnets and electric currents.

15






MICROSCOPIC DERIVATIONS OF THE DYNAMICS

Now we are going to consider the microscopic theory that describes
the interaction between ferromagnetic layers and polarized currents
in the section 3.1 and, after the section 3.2 on page 19 devoted to
the introduction to the open quantum systems (that is useful for the
next chapters) we will consider two microscopic models (introduced
in [62] and [53]) that can describe many aspects of the ferromagnet
magnetization dynamics.

3.1 THE SLONCZEWSKI-BERGER TERM

On 1996, Slonczewski [51] and Berger [3] independently considered
how a ferromagnetic layer can polarize an electric current and how
a polarized electric current can induce a magnetization rotation on a
ferromagnetic layer. This is called spin transfer torque effect and has a
large number of technical applications, especially in electronic memory
devices (in particular, combined with the giant magnetoresistance
effect, has been the leading actor in the rapid storage capacity increase
of hard disk drivers in recent years).

In particular Slonczewski considered an electrical conductor com-
posed by 5 layers: A, B, C that are paramagnetic layers and F1, F2
ferromagnetic layers crossed by a current along ¢ (see fig. 3.1 on the
following page). The characteristic thickness of the layers is of the
order of the nanometer, so that the interlayer exchange coupling can
be neglected, but the spin relaxation length is large enough to consider
the electronic current as ballistic.

The ferromagnetic layers are seen by electrons as classical potentials
with two different values depending on the spin electron orientation
(parallel or anti-parallel with respect to the ferromagnet magnetiza-
tion).

Slonczewski solved the electron scattering problems in the two
regions ¢ < 0 and ¢ > 0 separately and then imposed the matching
conditions. To explain better, we can for example consider an electron
incident from B onto F2, that in & = 0 has the spin oriented along M;
(due to the interaction with F1). If M, = M, (t) is the F2 magnetization
vector, one can consider the moving reference frame £ 72 with 2 || M
and 7 || M, x M. Then, if 0 is the angle between M, and M; (figure 3.1
on the next page), the electron spinor in ¢ = 0 (the center of the B
region) is (cos(0/2),sin(6/2)) (see figure 3.2 on the following page).

In particular, by assuming that the de Broglie wavelength is short
compared with the typical variation length of the potential V. and in

17
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¢=0 G 53 4

Figure 3.1: ¢ is the direction of motion for electrons that come from left

to right. A, B and C are paramagnetic layers, while F1, F2 are
ferromagnets. An electron with spin parallel to the ferromagnet
magnetization experiences a potential V_ in the regions F, while
an electron with spin anti-parallel experiences a potential V.
Electrons can have energy between —Q2 and er = 0, where, for
simplicity, a unit system in which #*/(2m) = 1 (and m is the
electron mass) has been chosen. ]\7112 is the F1,2 magnetization
vector. This figure is present in the reference [51].

Figure 3.2: The Bloch sphere representation gives a simple geometric interpre-

tation of the 1/2-spin systems. In particular, the generic spin state
) = o [12) + Bl=) = cos(8/2) [1=) + ¢'® sin(6/2) |L=) (where o
can be chosen real, since two kets that differ for a multiplicative
unitary complex number represent the same quantum state) coin-
cides with the state |1,/), where £’ is the direction individuated
by the polar angles (6, ¢).



3.2 OPEN QUANTUM SYSTEMS

the parabolic band approximation (that is the electron is considered
free inside the layers), Slonczewski found the expression of the electron
scattering states (and then of the electron flux) thanks to the WKB
approximation.

Since the potential depends on the electron spin, after the scattering
the electrons change their spin and also the ferromagnets magnetiza-
tions must change direction because of the total angular momentum
conservation. This crucial consideration allowed Slonczewski to obtain
the equation of motion for the two ferromagnets:

dM; »

it = IgMLz X (Ml X Mz)

where [ is the electrons current, M = M /| M| and

(1+P)3(3+ My - Np)] "

g§=2g(0):= |4+ 1P ,
K. —K_

pi=_t -
K, +K_

(the K+ parameters are described in the figure 3.1 on the preceding
page). In particular we must conclude that the presence of a polarized
current modifies the Landau-Lifshitz-Gilbert equation.

3.2 OPEN QUANTUM SYSTEMS

Before going on and describe the models introduced in the last years
to obtain a microscopic derivation of the Landau-Lifshitz-Gilbert-
Slonczewski equation, a couple of words on the open quantum the-
ory [6, 48] are useful. Indeed we are going to consider the ferromag-
netic layer as a quantum system that is not isolated but interacts with
an electric current and an open quantum system is, by definition, a
quantum system that interacts with an other system, that we can call
environment.
The open quantum theory is useful for different reasons:

e as one can easily imagine, to have a completely isolated quantum
system is practically impossible (this is, for example, one of the
most important issue in the quantum computing implementa-
tions - also known as decoherence problem);

e it can answer to some fundamental problems of the quantum
physics; for example:

- why can’t we find the macroscopic systems in a superpo-
sition state of two distant positions (or, if you prefer, how
does the quantum to classical transition work)? Why in
most cases the microscopic quantum systems (like, for ex-
ample, the electrons in a solid or in a molecule) are found in
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an eigenstate of the Hamiltonian and not in a superposition
of two eigenstates?*

- the quantum theory is causal, that is, if we know the state
of a system at a given time (and we know the nature of the
interactions), in principle we may evaluate the state of the
system at any time. But when we perform a measurement,
as known, a stochastic behaviour appears. But how is that
possible if we assume that the whole system - quantum
system plus measurement apparatus - is a bigger quan-
tum system (and then is described by a causal dynamic
equation)?

To give a look on how the open quantum theory can approach these
questions, we can consider a simple example. But before, we need to
introduce the formalism that will be useful also in the next chapters.
In particular we know that, if we have a system in a state |i;) with
probability p;, that is a mixed state, the mathematical representation
of the state is given by the density matrix

p=2_pilyi) (wil, (3.1)

in the sense that everything we can measure can be obtained from it:
(O) =tr [pO],

where O is an observable. The fundamental properties of the density
matrix cen be easily checked: p* = p, (¢ | ¢ | ) > 0 (positivity), tr[p] =
1. A generic linear operator ¢ that satisfies these three properties is a
density matrix; indeed, by using the spectral theorem for self-adjoint
operators, we can write the spectral representation

p=Y_AIAK) (A K| (3-2)
Ak
and verify that A > 0, }_, y A = 1. A crucial point is that the expres-
sions 3.1 and 3.2 can be different: while g is the same, it can happens,
for example, that the states |¢;) are not mutually orthogonal. From a
physical point of view, this means that we may have two mixed states
prepared in different ways that are not distinguishable by simply
performing a measurement on the system.
If we have a system that interacts with the environment, we need to
consider the Hilbert space Hs ® HE; it is easy to check that

Ps = tre[p]

(where p is a density matrix on Hs ® Hg and trg indicates the trace
over the environment degrees of freedom) is an operator on the Hs

Another interesting case is that the chiral molecules are always observed in chiral-
ity eigenstates, which are superpositions of different energy eigenstates; the open
quantum theory can give an interpretation also for this phenomenon [25, 42].



3.2 OPEN QUANTUM SYSTEMS

space that satisfies the density matrixes properties and describes the
state of the system S, in the sense that, if Og is an observable that acts
only on the system S, we have

<Os> = <OS &® fE> = tl‘s[ﬁs Os]

(with a slight abuse of notation), where [r indicates the identity oper-
ator over Hg.
The time evolution for gs is given by

ps(t) = tre[U(t, to) pUT (t, t0)];

in particular, if at time fp = 0 the system and environment are not
correlated, that is the state is of the form p(t = 0) = ps(0) ® pe(0),
and the spectral decomposition of the initial environment state is
pe(0) = Y pi |Ei) (Ei|, it is easy to check that

ps(t) = X pi (B | U(t) | Ex) ps(0) (E;
g

0 ( E]-> -

= Zwij ps(0) W;}, (3-3)
1

where the W; := \/p; (E; | U(t) | E;) operators on Hs are called Kraus

operators (sometimes the name refers directly to (E; | U(t) | E;)).
Sometimes the equation of motion can be put in the form

L o5(0) = Llps(0)] := i [A,ps(] + Dlps 1),

that is called master equation. This equation is local in time in the
sense that ps(t + dt) depends only on ps(t). Here £ and D are super-
operators (as we will see immediately, the form of D is well defined
under reasonable assumptions), that is linear applications that acts
in the space of opearotors on Hs. In particular, if D = 0, we have
the standard Heisenberg evolution equation and the system can be
considered isolated (or the only effect of the environment is to give
a particular form to H). If we assume that the evolution p(to) — p(t)
ensures the density matrix positivity and it is trace preserving,> the
most general form of the master equation is [6]:

~

Ps(t) +ps(t) L L —2 L ps (D) 11},

Ky > 0, that is the Lindblad master equation. Here ﬁﬂ are generic opera-
tors on Hg, whose expression depends on the form of the interaction
between the system and the environment.

note that, if the master equation is exact, the positivity and the trace preserving
are given; but this is not necessarily true when the master equation is obtained by
approximations.
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.
2 >>> : |

Figure 3.3: The double slit experiment.

Now we can consider the double slit experiment example: as known,
if we consider an electron that crosses a screen with two slits, we will
observe interference phenomena (figure 3.3). But if we light up the
system (or, if you prefer, if we measure which slit the electron crosses)
the interference phenomena disappears and the electron chooses a
random slit to cross the screen. It is the electron Hamletic doubt (to be
a particle or to be a wave?). The state of the whole system (electron
plus light) is pure:

p=1s)(s| =
1 1 1 1
= ﬁ!lPlfLﬁﬂLﬁ\l/fszﬂ] [ﬁ (lPlleHﬁﬁlfz/Lz\ ,

where |¢;) is the electron state when the electron crosses the i-th slit
(i =1,2), while |L;) is the light state. By tracing over the light degrees
of freedom, we get

Pe =trpp=
= 2000 (9] + 92) (9al) + % 19 (el (L | La) +

we can imagine that a single photon cannot resolve well the electron
posistion, that is (I3 | I;) < 1. But, if the light is composed by a large
number of photons, that is |[L) = ®j1i1 |I), where j runs over the
photons,

N
(L L) = (h|k) = (h| )N X220
j=1
and then

[[1) (1] + [2) (2l

N —

Pe =
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that is we have a mixed state |¢;,) with probability 1/2. Clearly
this does not mean that the whole system state is not pure, but the
reduced density matrix of electrons is not distinguishable from a
mixed state if we operate measurements that involve only the electron
observables. Then the coherence (namely the fundamental ingredient
of the quantum computation) still exits, but somehow is spread in
the environment. By using the open theory standard notation, we say
that the environment (the photons) monitors the system, producing
a decoherence in one of the two robust (with respect to the interaction
system plus environment) states |1 7).

Most quantum systems experience one of the two following envi-
ronment monitoring (sometimes these are called classical and quantum
limit respectively):

e for macroscopic objects, the typical distance-dependent envi-
ronment interaction (for example with photons) gives rise to
decoherence into spatially localized wave packets (the eigen-
states of the position operator are the robust states). This is for
example the case of measurements, since typically the measure-
ment apparatus is macroscopic (and not isolated) [25];

e many microsopic systems are found in energy eigenstates, even
if the system-environment interaction Hamiltonian depends on
observables like the position. This happens when the typical
difference of the energy eigenstates of the system is greater than
the energies available in the environment (the environment is
able to monitor only quantities that are constants of motion) [40].

3.3 MICROSCOPIC MODELS FOR THE MAGNET DYNAMICS

In recent years, the advances in fast time-resolved measurements have
showed that the magnetization dynamics of a nanomagnet crossed
by a polarized current have a stochastic behaviour at short time inter-
vals [11, 13, 14, 59]. Motivated by that, in 2012 Wang and Sham [62,
63] proposed a model that could go behind the classical point of view
described by the Landau-Lifshitz-Gilbert-Slonczewski equation. Their
idea was that, when the magnet is in the mesoscopic range, some
quantum effects can appear.

To take into account the quantum behaviour of the ferromagnet, it
is not longer modelled as an external classical field (like in the Slon-
czewski model), but as a quantum spin J. Wang and Sham considered
then the Hamiltonian for the magnet plus a single electron given by

1., L o>

H= —Eax +0(x) (Ao +A5-])),
where the electron moves along x, K, := —% 8§ is the electron kinetic
energy in a unit system in which # = m = 1 (m is the electron mass),
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§ is the electron spin, the magnet is placed at x = 0 and d - (Ag F A)
correspond to the potentials V5 in the Slonczewski model (d is the
magnet thickness).

The H eigenstates can be easily evaluated by observing that H
commutes with the total spin; in particular, if

J+381T u) =pl|T,u),
J+3821T,m) =T (T +1)|T,m),

we have

Loekx4 [ e ikx  x <0
pex) =T,y T =
Retk* + R_e k¥ x>0

L {(x|k)y+L(x|—k), x<0
R (x|k)+Re(x|—k), x>0

=T, )

where, since we are interested in the incoming electrons from left to
right, R, = 0. To solve the H eingevectors problem means to obtain
the relations that allow to evaluate the reflected wave coefficient L,
and the transmitted wave coefficient R_, as function of L_,, namely
the scattering matrix S.

By using the Clebsch-Gordan coefficients it is possible to write
|7, u) in terms of |m,s) basis (where s = =+ refers to the electron spin
and m = —J, =] +1,..., ] to the magnet spin) and then obtain the
explicit form of the Kraus operators

Ick,s;k’,s/ = <k,S S

K,s'y,

where |k, s) is the incoming wave, while |k’ = +k,s’ = £) is the out-
going wave. In particular Wang and Sham obtained

o 1 o N N
ICk,s;:I:k,s = <€ + 2> +s g]z/ }Ck,—s;:tk,s - g]s

where ¢ and { are complex number that depends on (Ag, A, ], k) and,
as usual:

fi = jx iify~ (3-4)

Before the scattering the state of the electron must be not correlated to
the magnet state and Wang and Sham assumed as initial state

pin - Efss’ ’krs> <k,S/| ®ﬁin = pfn ®p1]n
ss’
so that, after the scattering the magnet state is (see equation 3.3 on

page 21)

Af o o A 1t
Pout = Z fSS' ICik,S";k,S Pin ’C:tk,s’/;k,s/‘

+,s,5/,s"
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Now, assuming that the the polarized current is composed by a
sequence of electrons injected one by one at equal time interval 7, with
a coarse graining time scale approximation, Wang and Sham obtained
the magnet master equation

o) — bl L -
99 (1) = Pout P — LTy 1.5(1) - (1) G5)

where, after some calculations:

—

§ = trfo 45,

70) = (Ief = 3 ) #10) + 128 (1O o+ 140 ]-) + e,
Tel) =288/ (0) Ju+1¢12 (Fp'(8) T = T /(1) |2 ) + e,

Ty(t) =280 0 (O Jy +iloP (Jo /() . — 0/ (1) ]+ ) +he,

Tt =280 p 0+ 1P (' -~ J- /(B ] ) +he

and ¢ are the Pauli matrixes.

To study the quantum-classical crossover, Wang and Sham con-
sidered the spin coherent states representation. We can consider the
spin coherent states as the “classical” states for spins. In particular,
if J,jm =]) =] |m=]), thatis [m = ]) is the state perfectly aligned
withe the Z axis, the generic spin coherent state is obtained by rotating
|m = J) in the polar direction Q) = (6, ¢):

Q) :=R(0,¢)m=]), 0<0<m 0<¢p<2m  (36)

where R(6, ¢) is the unitary operator that rotates the spin states. In
the case of 1-spin, all states are also coherent states (see figure 3.2 on
page 18), while in the general case this is not true, but anyhow the set
of coherent states constitutes a (non-orthonormal) basis [2]:

r+1) [Ty =1,

where d() is the solid angle element. The operators of the form

Ji 1) (O f] (i,j = 0,4, —,z, where Jo := [is the identity) are explicitly
evaluated in [37] and it is possible to write

/(1) = [ 40Py (0,1)]0) (@ 67)

and then, from a simple calculation, the master equation 3.5 can be
written in the Pj-representation:

%P](r?z,t) = -V -(TP)+V*(DP)), (3-8)
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where the equation is now in Cartesian coordinate system (i1 is the
magnetization direction) and

T:=A(mx8) xm+BmxS, D:= .A S (3.92)

2]+1
I D

=(2J+1 (3.9b)

The equation 3.8 on the preceding page is a Fokker-Planck-like equa-
tion (compare with 2.8 on page 13) for the “quasi-probability” distri-
bution function Pj; in particular, it is not true in general that P; > 0 in
the equation 3.7 on the preceding page. The Fokker-Planck equation is
composed by a drift term, with the drift vector T, and a diffusion term,
with the diffusion coefficient D. As one can see from equations 3.9a,
T contains a field-like term and a damping-like term (compare with
equation 2.4a on page 11). These two terms are well known [44], while
the diffusion term is peculiar of the “quantum” Wang and Sham
model and introduces magnetization fluctuations. These fluctuations
are dominants at low temperatures, while are negligible at hight tem-
peratures: the fluctuations induced by D must be compared with those
described in section 2.2 on page 12.

Finally Wang and Sham simplified the Fokker-Planck equation by
considering the limit | > 1 and employing the WKB approximation
at the lowest order:

P(Mt)—e]WWZ P (171, 1) o~ e/ W)

1
]
and explored some numerical solutions.

Generalizing the method proposed by Wang and Sham to more
complicated situations could be quite difficult. In particular, one could
want to include the electron-electron interaction, or go behind the
coarse graining time scale approximation, or consider the interac-
tion (and then the quantum noise effects) mediated by the current
in presence of several magnets.3 To obtain a good framework we
then considered the Keldysh formulation and the Holstein—Primakoff
semi-classical approximation (see next chapters). These methods have
been already employed to study the spin transfer torque. In particular
Swiebodzinski, Chudnovskiy, Dunn, and Kamenev [53] considered
the simple case of two ferromagnets separated by an insulator; the
first ferromagnet was considered blocked (hard ferromagnet) and its
role was to polarize the current, while the second could rotate; by con-
sidering a weak tunnel effect, they obtained for the free ferromagnet
magnetization the equation of motions:

8 = [H x ] —“(]")[fxam;z[fx (T +(0) % 71

in particular, the comparison with the case described in [36] could be very interesting.
Here a polarization laser beam go trough two atomic ensembles producing a steady-
state entangled.
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where H is an external magnetic field that interacts with the free
layer; a(6) is the damping term coefficient and its explicit expression
depends on the angle between the free layer and the blocked layer; T;
is the spin current, while j is a Gaussian stochastic current with zero
mean value and

Gi(t) jm(H)) =D(O) 5(t = t') by, Lm =1y, 2.

As we will see, with the Wang and Sham model we will obtain a
richer form for the magnet equation of motion, in particular with a
more complicated expression for the stochastic part.
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NON-EQUILIBRIUM FORMALISM

This chapter is devoted to the introduction of the Keldysh formalism.
We will follow quite closely the reference [28]. Since it is a technical
chapter, it can be left out if the reader is already familiar.

4.1 GENERALITIES ON MANY-BODY PHYSICS

In this section we review the basics of quantum many-body systems
to introduce the formalism that will be used in the following.

4.1.1  Creation and annihilation operators

If we have a system of N particles and { |«) }, is a basis for a single
particle (for example & = (f,s), where p is the momentum and s the
spin), a basis for the total system is { |a1) - - - |an) }. If particles are
identical, we assume that a general state must satisfy the relation:

[¥) = ) Cajeay laa) - Jan) =

N1, AN
:ésign(n) Z Co oy

X1ee /N

‘Xn(l)> T ‘D‘n(N)>l

where 77 is a permutation of 1,2,...,N; ( is 1 for bosons and —1 for
fermions.

4.1.1.1 Bosons

Then a basis for states of identical bosons is given by |14, 14, .. .),
where 1,, is the number of bosons in the single-particle state |«;).

In analogy with the harmonic oscillator, we may introduce creation
and annihilation operators:

At

cak]...,n,xk,...) = /Mo +1]...,1+1,...),
6lxk’...,nlxk,...> :\/nak|...,n[xk_1,...>,

that is

Coye = Z m""’n“k—l’nak_1’n0‘k+1"">'

Tty oo ety oo

e M Mg Mgy -
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and
PN
Cop = Yoo V1| ne e+ e,
Moy seee Mg oo
: <. . .,nakfl,nak,i’lakﬂ,. ool
where ¢ is the hermitian conjugated of ¢. They satisfy the commutator
relations

[éak’ é\ll]* = [é“k’ éj&]] = (5kl’ [6“k’é“1] = [élk/é\zl] = 0

and
1 At

_ At
i) = R () )01

If we have several bosonic species, since operators associated to
different species commute, all the expressions obtained are still valid
simply considering an extra index in a that specifies the kind of
particle (for example &« = (p,s,b), where p is the momentum, s the
spin and b = gluon, Higgs’, ...).

4.1.1.2 Fermions
A basis for states of an identical fermions system is given by
|y, My, - - -) = |00 1y,

where n, is the number of fermions in the state of single particle |«).

Unlike the bosonic case, we need ¢' [1) = 0, from which we expect
that {¢,¢'} = 1. Then we may introduce creation and annihilation
operators:

G Y P | P B
= (1)t |t ey,
| Mays ey Ly, ) =0,
Cog |-+ 1y 1,0, 1y, .) =0,
Cog |-+ a1y LMy o) =
= (=1)"a |ty 0y, ),
that is

= L (A,

My ool lag_y Mage g eee
e e ey =00 ) (o e T = 1My
and

d= Y (et

Mo oMl g Mag g eee

. ‘...,ntxkil,ntxk — 1,nak+l,...> <...,1’l,xk71,ﬂ,xk — O,Tl“kﬂ,...
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They satisfy the anticommutator relations

[CAle/CAL]-F = {CAth/CAI;} = O, {éakfévéz} = {CAZkICAIZ =0
and

[y My ) = (€)™t (6,)™2 +++10) .

Like in the bosons case, one can show that for several fermions all
previous relation are still valid by simply adding to « an index for the
fermionic species.

4.1.1.3 Basis change

If { |B) } 4 is a different single-particle states basis, it is easy to show
that

where ¢, ¢ is the wave-function associated to the state of single par-
ticle |a) and ¢5(X) is called field operator (in the language of second
quantization). In particular é}/ . = PI(X) creates a particle in the state
|, s), that is, a particle with spin s in ¥. By considering the continuous
limit

E - Z/dx’ 5(3?1/51),(3?2,52) — 55152 5(3a - JEEZ)
X, s
the (anti-)commutation relations for the ;¢ operators give:
e b (2 = [t (2 ot ()] —
[ (B0), o ()] = [, (B0), 9, ()] =0,
|:l/}51 (fl)’ 1/3:2 (.7?2)] 4 = 5("}_61 - fZ) 55152/

where { = +1 for bosons and fermions.

4.1.2  Observables

Observables are operators that tranform |1, 14,, . . .) in some others
‘nl’xl,nfxz, .. > ; then we may expect that can be written in terms of

creation and annihilation operators. Here we see some examples:

o iy, :=C} G4 counts the number of particles in the state of single
particle |ay), indeed

g |-+ oo Moy Mg Mgy =

- Tlak |...,nlxkil,nak,nak+1,...> .
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Furthermore, if O |a) = O, |a) for some single-particle observ-
able O, we have

) = Zoaﬁa;
o

e if V is a single-particle operator, thatis* V |ay, ..., a,) = Y; V |a;)
(for example, in the position representation, a potential V =
Y. V(X;) where ¥; is the i-nth particle position; or also the kinetic
energy: T = —1h2y; V%i /(2m)), it is quite easy to show

V:Z<a“7‘a’>él€,x/; (4.1)

a,n’

e if Visa two-particle operator 1% laq, ..., an) = %Zi# 1% ]ai, ocj>:

_ 1

<>

Y (w, | V|a, a) 6 e, Car - (4.2)

! A
aq,00q,002,0)

If we apply these considerations to the field operator, we get:

e 0s(X) = I (%) Ps(¥) is the particle density operator; in particular
the total particles number operator is

N =1 [ gl @) (o)

e be V a single-particle operator that assumes the diagonal form
V in the |¥) representation; for example, V could be a scalar
potential

(Zs|V]g) =} (Es| V¥, (F,s'[¢) =
X s
—ZVSS vass’cps 3_5)

from which:

A

(5| V[F,8) =6(X—T) Vs (4-3)
or be V the momentum:
(Zs|V]g) =) (%s|V|¥,s) (%5 |9) =
= —ihngs(f) = Z 7y ¢s(X),
from which

< X /> = 0(¥ = ¥') Oy Vz. (4-4)

1 with a slight abuse of notation we indicate with the same symbol the operator that
acts on a single particle space and the operator that acts on the n-particles space.
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Then combining equation 4.1 on the facing page with 4.3 on the
preceding page or 4.4 on the facing page, we get

V= E/dBX lﬁg(f) Vf,s,s/ @s’(f);
ss’

and
VSS’(J_C') = lﬁ:(f) Vf,s,s’ lﬁs’(f)
is called second-quantized density for the observable V;

e in the same way, if V is, for example, a two-particle interaction
potential that assume the form V (¥, X>) in the |X) representation,
from equation 4.2 on the preceding page we get:

N 1 Ak o Ao o A A
V= [ dn [ @) 6 (@) VE ) bE) ).
4.2 KELDYSH FORMALISM

In this section we briefly review the key concepts of the Keldysh
formalism, which allows to treat the non-equilibrium many-body
problems. It is the fundamental tool used in the next chapters.

4.2.1  Keldysh contour motivation

As we know from quantum mechanics, everything we may measure
(for example the probability of finding some particle in a space region
at a given time, etc.) is the mean value of some observable. In the
Schrodinger picture we have

(O(t)) = tr [0 Ury plt0) U, |,

where p is the density matrix for a mixed state of the system and U
the unitary evolution operator:

adt = lAltert,t =1- lHdt = eiint,

Uty = Upp—ar Ur—gre—2ar - - - Upytat by

which is true only in the limit dt — 0. Furthermore U, ;, = e H (o)
if H does not depend on time (in our case, we assume in general that
H=H(t)).

We know that solving exactly the evolution problem for an inter-
acting many-body system is hopeless in the general case, but we may
put H = Hy + Hj, where Hyj is a single particle component of the
Hamiltonian:

At A
Hy = Zea C, Ca-
n
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. N
. e ,

Figure 4.1: C is the path along the real axis that goes from t = tg to t = +co
and from ¢t = +oco to t = ty again.

Hy could be, for example, the free particle Hamiltonian, or a mean
tield approximation Hamiltonian. We may assume that a also contains
an index for the particle species. If we want to expand in terms of
H,, the simplest way is to use the cyclic property of traces and the
unitarity of U and write

(O(t)) = tr [Uty s O Uy, p(to)] = tr [U; OUL p(to)],

where U," is the forward and U, the backward evolution operator
from t( to t. Now we want to include Oin U; to do that, we define

He(t):=H(t)£O0n(t)/2,

where 7(t) is a generic time function, and we introduce two evolution
operators: U™ is the forward operator between t = ty and t = +o0
under the action of the Hamiltonian HT, while U~ is the backward
operator from t = +co to t = ¢y under the action of the Hamiltonian
A~ Finally we put

Z[n] = [T U™ p(to)] =: tr[Ue p(to)], (4-5)

where C is the Keldysh contour?® (see figure 4.1). Then it is easy to
check that?

, Vt > to (4.6)

or, if p is not normalized (tr[p(to)] # 1):

A )
(O(t)) =i WlogZ[iy] -
Now we may expand the whole operator Uc; but expanding opera-
tors is not so easy, since they do not commute. A way to escape from
nested commutators is to transform operators in numbers by means of
the path integral formulation. But before going on, it is useful to briefly
compare the Keldysh contour with typical equilibrium techniques.

2 this technique was originally invented by Schwinger and then improved by Keldysh.
3 the functional differentiation rules can be easily found by discretizing the time:

d d
n(t) = ni, n(t') = np,
0Z[y] 4 9Z(n1, 12, --.) an(t) d om;

d /
, =0; < O(t—1).
0] o, Gy(ey gy o U




4.2 KELDYSH FORMALISM

4.2.1.1  Equilibrium and non-equilibrium formalisms

The equilibrium theory comes with a trick. Assume for example that
we want to evaluate (IGS|O|IGS), where |IGS) indicates the ground
state of an interacting system (this discussion can be generalized
to the case of grand-canonical mixed state). Typically only the non-
interacting ground state |NIGS) is well known and so one introduces
an evolution operator U; _« that adiabatically* switches on the inter-
action, so that

IIGS) = U; o |NIGS) ;

if we assume that at the t = +oo time the interaction is adiabatically
switched off we may argue that

Uy oo, o0 INIGS) = 'L |NIGS) ; (4.7)
by using this trick, it is easy to check that

(IGS| O | 1GS) = (NIGS | U0, O U o | NIGS)
(NIGS | U0, | NIGS)

and then only the forward-path is necessary. It can be shown that the
denominator produce in particular the cancellation of the disconnected
vacuum Feynman diagrams. Anyway this strategy complicates the
calculations in some cases; for example, in the theory of disordered
systems, the phase ¢’ depends on the particular realization of the
disorder and then the denominator must be included in every disorder
averaging.

In any case this trick does not work in the non-equilibrium case
since the interactions may lead the system far from the equilibrium
and we cannot find a relation similar to 4.7.

4.2.2  Coherent states

We have seen that observables can be written in terms of creation
and annihilation operators; we assume that we are dealing with ob-
servables that have zero mean value when no particles are present:
(ny = 0|0|n, = 0) = 0. This means that, if we write O in terms of
creation and annihilation operators, in all the creation/annihilation
operators products, all creation operators are on the left with respect
to the annihilation operators (the observables are normally ordered).

To introduce the path integral formulation we need to obtain the
eigenvectors of annihilation operators; for bosons we have no prob-
lems:

Ca

&) =&t). 48)

if a system at the beginning is in an eigenstate of the initial Hamiltonian, at the
end of the adiabatic evolution it will be in the corresponding eigenstate of the final
Hamiltonian.
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Property Comment
&) = efEelali |0) coherent states
(G]&) = exaleli overlap relations
(e | §> (€ Iny) = (C¢|mng) (na| Q) scalar product
JdlE,g]e Bebla &) (2] =1 complet. relation

[d[E,c)e —¢IMEtyt §+’7‘§+ (det M)_ el M1 Gaussian integrals
[d[g ¢ P = a [ d[e*,6]P(¢,¢) linear var. change
d[c,¢] - I_LX dg(x dgu/ N measure definition

Table 4.1: Some coherent states properties and useful tools. Note that = 1
is for bosons and { = —1 for fermions. The integral for fermions
is the Berezin integral, while for bosons d&, d¢, := dR¢, d3¢, and
the normalization is N = 7t for bosons and A/ = 1 for fermions.
In the Gaussian integrals formula we used the notation ¢ M & =
Yap Cu M,p &g and we have to assume that all eigenvalues of M
have non-negative real part.

where , are complex numbers since ¢, is not Hermitian. To avoid
confusion in this section we use the notation § = (CaysCap,---), but
note that in table 4.1 and in the future, ¢ is used for {. It is easy to

check that ‘ ¢ > are given by:

€)=

and are said coherent states; they form a set of super-complete (not

[oe]

Hegﬁc 6: |O> — e):uz @afz |0>
o

D(n_

orthonormal) states. Indeed it is easy to evaluate <§ g’ (table 4.1)

and the completeness relation can be obtained from the Gaussian
integral (see again table 4.1):

o / ARE, dSC, o 1GalP4+-Ea nat1i G -
REIEIOHE & e
aﬂ+n/e17; M '5
— = I~ =m '
onia ()" Ha=1a=0 "

G o .
(= means = because of the Gaussian integrals) and the relation
Ta ey |1y 2) (g M| = 1.
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The situation is more involved for fermions, since annihilation
operators do not commute; if we assume relation 4.8 on page 35, we

have
§> = _gaz ‘;qu §>

= G Gay = —Cap Gy

PN

Caq Cary

R

g) = —tw

and then ¢, cannot be complex numbers. These anti-commutation
relations make sense if we extend the states Hilbert space to a larger
super-Hilbert space H such that

(Wlp) €G and 01|p)+02]p) €H, 01,0:€G,

where G are not complex numbers but the so called Grassmann num-
bers. We need G to be an algebra — that is, summation and (non
commutative) multiplication are defined in G — over C (that is, the
product between complex number and Grassmann number is again a
G-number and complex numbers commutate with Grassmann num-
bers). We even have to consider ¢, defined as

(¢let= (¢

At the end we may simply assume that { {, ¢ }. are anti-commutant
and generate the algebra, that is, G is the smallest algebra that contains
all the products of such numbers. It is natural to require that

G-

=¢ =08 wmi+ml=-ni+and,
where a € C, and it is useful to observe that, for example, the
Grassmann number ; = ¢’ commutes with any other number

0 = a1 +axl" +a3(")*¢"" + - - -, since it is an even products of
anti-commutant generators. We also have ¢ = 0 and Taylor expanding
any analytic function we must have

f(@)=fo+ fig, A T)=a0+m & +ai+anll.

It is possible to define the derivatives (identical to the complex number
case) but one needs to pay attention to the order:

T T
a?(gg)_a?( §'¢)=—¢

To define an integral over Grassmann numbers, for which we have not
a sup and an inf definitions, we don’t use the Riemann approach. We
may consider an algebraic definition; in particular we want

[dzla f(@) +arg(@)] = ar [dE £(©) +a [ dEg(),
66 —¢) = [dge ¥,
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where the last is motivated by the ordinary Fourier representation of
the Dirac delta. In particular, Taylor expanding

[aze@-e)f@) = [ae [ae"1-e" =N (fo+ fid))
= fo+fic,

from which

/dg1:o, /d@g:L

Then we have the Berezin integral definition:

/dC::aag, /d{f::aag_

It is easy to obtain the linear variables change rule for Berezin in-
tegrals (see table 4.1 on page 36; the difference with respect to the
complex numbers case is the inverse of the Jacobian, as one may expect
since Berezin integrals behave like derivatives) and then the Gaussian
integral for Grassmann numbers (again table 4.1 on page 36).

Finally we may introduce the fermionic coherent states; but before
it is convenient to fix the following algebra rules for the ¢, operators
and their eigenvalues:

€dy=0 Eloy=0)¢ (0= (Co)f=d"¢&

where & € { CarCa } and ¢ € { C“,éa } (the second rule establishes the
relation between ¢ and ¢). As immediate consequence, ¢ commutes
with fermionic even numbers states and anti-commutes with fermionic
odd numbers states. With these rules it is quite easy to check that the
eigenvectors are

&) =e &0 = [J(1—&e) o)

and to obtain the overlap relation (¢’ ’ ¢ ) and the resolution of the

identity in table 4.1 on page 36. Another useful relation, which can be
easily verified, holds:

<n,,q,n“2,... )§> <§ ) My s Mgy - > =

= <—§ ;cl,n(’xz,...> <na1,na2,... ‘§> (4.9)

In summary, we can write normally-ordered observables for bosons
and fermions in the following way:

(glowa|e)=(e|e) o@e) ==tt0¢)

where O(g, ') must be a commutant Grassmann number (compare
with section 4.1.2 on page 31).

n
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+o0 ¢

- —
D)

In
L N1 N+

Figure 4.2: Position along the Keldysh contour of the resolution of the iden-

- ot di—wt v
ties I] = fd[(l)], IP],(P],l/)]] e 4)] ¢ l/J] ¥j ’(P], l,b]> <(P],IIJ]| .

4.2.3  Keldysh path integral

We indicate with b, the bosonic annihilation operators and Eahp) =

$u|P); for fermions we use instead the notation &, |¢) = ¢.|¢). Then
consider the definition 4.5 on page 34:

1 A
7Z=——trlppU"U"] =
tr[PO] [PO ]
1 N -
= — Moy Mgy -+ | Po U_ - U, 1
S o I RS

N
A+
U+dt ULy | Moy, My - - -)
—_————
N

that is true in the limit N — co. By inserting the resolution of the
identity for the coherent states between the operators, as depicted in
figure 4.2, by using relations 4.9 on the facing page and }_ |n,) (1, =1
and by observing that

<<Pz/¢1 ’ ur : ‘ di_1, i > — e‘P;r $ic1 elﬁf Pi1 eiiHi(ll}irqsi/%—v(Pi—l)df
(where e. g. ¢f i1 = Lo (§i)a (¥i-1)a),” we get

1 - -
2=ty | DB 904

1, =1 | Po | Pan, Yan) e O =¥l ¥ ISPy (4.10)

where

S19, 9.9, 9] = Z( PO iy P gy >+

j=2

N
—i Zz H* (5, §j, pj—1, Pj—1) di+
]:
2N . o
+iY H (91, ¢p1)dt (411)

j=N+2

5 remember that « is an index that describes the single particle state and the particle
species. For compactness we used « for both fermions and bosons; to make this
notation consistent we then have to require that, when « refers to a boson, we have
o = 0 while, if it refers to a fermion, ¢, = 0.
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and
2N

D(g, ¢, ¢, 9] = | [ dl$;, ;] d[P;, yj].

j=1
Considering the limit N — oo, we have to substitute to j a continuous

parameter that runs along the forward-backward contour of figure 4.2
on the previous page:

(1,42, ¢N) =
(pT(to),..., pT(+00)) = ¢T(¢) forward-path,

(PN+1, PN+2, - -+ P2N) —
(¢~ (F00),...,¢ (to)) = ¢ (1) backward-path

and analogous substitutions for 1. Then we get:

S(o. 9,9, 9] =
+00

— [ [@*(t) it (1) + (1) 10, 9 ()4

to

— HE (0,67 (0,97 (0,07 (1) |+
_ /to*“’ dt {w) 100 (1) +§ (D idy (D) +

—H @ (), (),¢ (1), ¢ (1)] @“12)

and [ D[$, §, ¢, ] becomes a functional integration.®
In the following section we will use the notation

(o) i= [ DIB 9.9 (97 (t0), 9™ (t0) [ o | @™ (t0), ¥ (10)) -
ce— @) (t0) ¢t (to)—(¥™) (ko) ¥ (to) i SIE DY .

(compare with equation 4.10 on the preceding page).

4.2.4 Two-point Green function

If we want to perform an expansion to calculate the Keldysh path
integral, a central role is played by the two-point Green function:

iGT(1,2) == (., (1) P (R2)) (4.13a)
iG(1,2) = (¥, (h) Py (02)) (4.13b)
i1G7(1,2) = (s, (1) $a (1)), (4.13¢)
iGT(1,2) = (s, (1) Py (2)) (4.13d)

Since in the N — oo limit we are working with distributions (such as the Dirac delta
function in the footnote 3 on page 34), it would be more proper to write, for exam-
ple, HF (5 (1), @ (1), y* (1), ¢ (7)) instead of H* (§7 (1), ¢ (1), ¢ (1), * (1)), to
indicate that (™ (¢), ¢ (t) must be evaluated before ¢ (t),$™ (t) (compare with the
relation 4.11 on the previous page). Anyway we will follow the classical notation, but
consider for example the discussion in the Kamenev book [28, p. 25] for more details.
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and same definitions for bosons.” Furthermore we put:

(1,2) = (éT(l,z) é<(1,2)>
' G>(1,2) 67(1,2)

and we may think to G as an operator over &, t and contour region
indexes, in the sense that:

- ¢+<z>> _
G(1,2 =

_ Z( 2) 9 (b2 >+Gf<1,2>¢m<tz>>,
it \G”(1,2) 9 (12) + GT(1,2) 9y, (12)

where the summation over t3 becomes an integral in the contiminuum
limit. The motivation of that will be clear soon.

Now be d = by, ¢, a generic annihilation operator. We indicate with
dp(t) the time evolution of d in the Heisenberg representation; for
semplicity we assume that H* = H (that is, we are not including
observables in the time evolution). Then the time ordered product is
defined as:

Tldp (1) d(2)] = jf{(UfE(f) h >t
Cdg(2)tdy(1) £ >,

where ( is 1 for bosons and —1 for fermions; in the same way, the time
anti-oredered product is

cfH(l)ch(Z) tr > tq,
gdH(2)+ dAH(l) t1 > t.

Then we put
i67(1,2) = (Tldn() dh(2)]) (414)
i67(1,2) = (dh@)du())) (4.14b)
67 (1,2) = (du() () (4-14¢)
i67(1,2) = (T () d4()]) (4-14d)

where (- -+ ), = tr(pp - - - ); note that we may easily interpret the G**
as a time ordered product along the Keldysh contour 4.1 on page 34

((§+Jr is the ordered product when t;, t; are both in the forward-path;

7 here the notation is: 1 = (ay,#1) and 2 = (ay, t,). In particular, the term “two-point”
refers to (wy, t1) and (ap, £7); typically in the second quatization theory “two-point”

refers to two space-temporal points, since |a) = |x).
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Rt

Figure 4.3: Kadanoff-Baym contour in the complex time plane.

G*~ is the case in which #; is in the forward-path and ¢, is in the

backward-path, and so on). Furthermore it is useful to observe that
they are not independent:

G'"+G =G +G "

(remember that we are considering H* = H in this case) and, as we

will see soon, the so called Keldysh rotation is a smart way to reduce
their number.
By considering that d(t) = Ut d U, writing

U=Uy---Uy, U =Uy---Uy
and repeating the same steps of the section 4.2.3 on page 39 to put
GEt

in a functional integral form, after a long but straightforward
calculation, one obtains

for t; # to. Note that when t; = t; particular care is needed; for the
bosonic case for example, it must be:

([ba,b1])py = 1= —i | im Gj,"(t, 1) — lim G,;" (t1, 1)
ta—tf ta—t]

but
(po (t1) P (11)) — (o (11) P (t1)) = 0.
4.2.4.1  The choice of pg

In the typical applications we may imagine that the system is at
equilibrium at time #y:

=N

0= e_ﬁ (H_ZPHP NP) — ef,BHS

where H contains both the free part Hy and the interaction H; between
particles, and at time ty a term H;(t) that drives the system out the
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equilibrium is switched on. In this case, typically we cannot calculate
po exactly because of the interaction H; and we need to expand even

—pHs _ ryH ~H.
e B Hs — Uffdﬁ . uffdﬁ’
where idp can be interpreted as an imaginary time step in the so
called Kadanoff-Baym contour depicted in figure 4.3 on the preceding

page.

Luckily in most cases we don’t need that; for example, if we are
not interested in transient phenomena at the initial times, we may
consider ty) = —oo and, after a sufficient long time, we may expect that
the system lose the memory of the initial correlations. Then we can
simply put

po — e_ﬁ (HO_Zp Hp NI’),

including the interactions only in the time evolution operator: Uy =
1 —i[Hy + Hy + H ()] dt (see [46] for more details).

4.2.4.2 Free Green function

Now we want to calculate the two point Green function for the single

particle Hamiltonian Hy:
po = e_ﬁ (HO_Zp Hp Np)’ afz H = e—iH(] (tz—tl)

Without loss of generality, we may assume in this section that |«)
are the single particle states that diagonalize Hy (remember that in a
it is even included an index that select the species of the particle), so
that

Ho=Y eudidy =Y e N
« «
and then:
po = e PLulea—pa) No Uy, = e i Ny (b—t1)
In particular:
o (Pp|xNe|¢’) = eP« % for bosons,? then:

<4, ‘ ¢~ B (ex—pa) B b

#) = ep [t b

e form fermions an analogous calculation leads to:

(—p|ePlemaa] ) = exp [~y e Pl ;

8 this relation can be proved simply by observing that f(b},by) by = by f(b, b, — 1)
hence:

9 (@[x B gy = (@[Bt BatiBe ¢!y = (@bt XD P By gy = B Pl (@1 e |g).
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o finally:
Ho($, 6,9, ¢') = Y €u (Pu i + Pu O) -

Collecting all terms, we have that equation 4.10 on page 39 is of the

form:
%= g | Db 091
p{z (20 92 () Maw(8,1) (ig;) +
+ () fr (1)) Muw (8,8 (23;)} }

(where the 0-subscript indicates that we are considering the free
case)? that is a Gaussian integral.”® Furthermore, since H* = H,,
itis Zo = tr(Ut U o)/ tr(po) = 1. But by differentiating the Gaussian
integral in table 4.1 on page 36 with respect to d;,9; , |;=;=0"" one gets
immediately

(Pult) Bur () = ML (1)

and analogous relation for bosons. Comparing with the definition 4.13
on page 40, we must conclude that

Mﬂé]ﬂéz(tll t2) = 661(1,2)

9 to be more explicit, the form of M is
me’ (]/]I) = ‘Sa,a"

Co(en)

1 -1
hy (€a) -1
h+(€¢x) —1

where j,j/ = 1,...,2N are the discretized time indexes, { = +1 respectively for
bosons and fermions, p(ey) = e~ Blex—ia) and hi(eq) =1+ieqdt.

10 that reflects the fact that typically we know how to perform calculations without an
expansion only in the free case.

11 the terms (det M) ¢ cancel with 1/ tr(gp), since Zy = 1.
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Now we can use 4.14 on page 41 to easily evaluate the free Green
functions:*?

GO< (1/ ) nB/F(etXl) e_ienl (h=t2) 5“1,062/
0>(1/ ) = [g nB/F(eﬂq) 1] e ~iew (h=t) 50‘1,012/
iGH(1,2) =0(t; — 1) iG™(1,2) +0(tr — 1) i G=(1,2),
ié§(1,2) 0(tr— 11)i G~ (1,2) +0(t — 1) i G=<(1,2),

where, as usual, { = 1 for bosons and —1 for fermions and

1

nB/F(eﬂf) = eﬁ(ea—ya) _ é’

are the bosonic/fermionic occupation numbers."3

4.2.5 Keldysh rotation

4.2.5.1 Bosons case

When Feynman introduced the path integral formalism, he wanted to
obtain a formulation of quantum mechanics that could lead easily to
the classical limit. In particular, while a “full quantum” particle that
goes from x; to x; can follow every path, in the classical limit 7 — 0
the probability that it follows a path different from the classical one
goes to zero. In our case the state of the system evolves following the
Keldysh countour and, in the full quantum case, it could choose a

path in the forward time direction and another for the backward one.

We may expect that in the classical limit, when no observables are
included in the evolution operators (H* = H), we have only one path
and then:

12 if we want for example evaluate G5~ for bosons, we may observe that in the free case

(o) (t) = exp ( Zea bt bar> by exp (—1 Y ew bl b,xn) =
a!/
= exp (ie,x Bl b,x) by exp (—iea ba ba) =
= exp (iea ?); f)a) exp <—iea (ZAJ; by + 1)) by = el th,

and h. c. At the end we have

G 1,2) = (ot ten G B = enien (1) gl ) 5y

Po
13 If Hj is not diagonal with respect to |a) but it is still a single particle operator, that is

Ay = Y em/dAI, dy (for example |a) = |x) and Hy is diagonal with respect to |p)),

the expression for Green function is a bit more complicated but the calculation is
similar.
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that suggests to introduce the change of variables:

¢+ ¢~ ¢ — ¢~

=, =t
V2 V2

‘c1:4_)++4_)_ —q:(]_>+—4_)_

- B
(classical and quantum fields). The /2 factor guarantees that the

Jacobian is unitary in the functional integral and for the free case it is
easy to check that

o 1 zc £ cl .
2= iy | D899

. cl t )
Y (gd 5d Gy '(1,2) ( iy (£2
t] tl 0 ’
ot ( D‘l( ) ¢a1( )) (sz(b)

where we must substitute the Gy defined in the previous sections with

(1,2) ié§(1,2)> B

K
0
41,2) 0

-exp

iGo(1,2) = (’

1

o O

and

Observe that the advanced and retarded Green functions C()“/ R contain
information about the spectrum, while the Keldysh Green function
GK contains statistical information.

The Green functions depends only on the time difference (a conse-
quence of the time invariance present in the free-particle case) and we

may Fourier tranform with respect the time

GR1,2) L (e —en +107) " bay )

R
0
664(1,2) i (6_ €lx1 - i0+)_1 50(1’“2,
K
0

GK(1,2) IS —2 i [1 4+ 2np(€)] 6(e — €xy) Supay-

By observing that
14 2ng(e) = coth [5(62—}1)
and using the Sokhotski—-Plemelj theorem:

1

1 .
rrior Dy Fimi)
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(where P stands for the Cauchy principal value), we get immediately

A

Gg@ﬂ::coﬂlﬁ(egim)[Gg@j——éé&ﬂ}

that constitutes the fluctuation-dissipation theorem (remember that
in this case the statistical Hamiltonian coincides with the evolution
Hamiltonian Hy and then we are not going out of equilibrium).

We may write the action in terms of classical and quantum field and
observe that for H* = H

S, ¢, ¢ = ¢ =0] =0, (4.15)

since in that case the forward-path contribution cancels the backward
one (see equation 4.12 on page 40).

At the end, the classical limit is obtained with the saddle point
equation and requiring that the quantum field is zero:

6S __ 6S =0
54_)cl - §¢cl -

5pa — 3¢ o¢a =90 o =990
(4.16)

because of 4.15. One may ask if there are solutions of the saddle point
equation

55_55_0

54_)cl - §(PC| -
6S __ 0S5 __
a1 = ag1 =0

for which ¢ is not identically zero. The answer is positive when
Ht # H~ and some examples include tunneling, thermal activation
and oscillatory contributions to the level statistics (see [28]).

4.2.5.2 Fermion case

The Grassmann number have no classical meaning but it is useful
to introduce a Keldysh rotation for them also (we have reduced the

number of Green function Gy for bosons after the Keldysh rotation).

In particular we are more free in the choice of the rotation and we
may follow Larkin and Ovchinnikov notation:

Lty o, ety
v'="pn V=5
-1 1/’+ P o Pt
LAY, S Y

Note that, with this choice, §' is not the conjugate of ' as defined in
the previuos sections.
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After the Keldysh rotation, for the free case we obtain

nl 52 .l o2
20 [ DL

tr(o)
- . x_ s, ()
op| T (g0 0 cl<1,z>( :
L,a;t:,t' <lp () 1)) ’ ¥z, (h2)
where
AR - AK
i Co(1,2) = iGR(1,2) z(:?o 1,2)\ _
0 1G4 (1,2)
= { (A Pae)) |
and
lég(l, 2) = 9(t1 — tz) e_ie“l (t1—t2) (5¢x1,¢x2; (4,173)
lééq(l, 2) = —9<t2 — tl) eiiet\j (t1—t2) (5061,062/ (417b)
iGK(1,2) = [1—2np(eq,)] e i i) g, (4.17¢)

The Larkin and Ovchinnikov choise presents some advantages for
the calculations (remember that the product of lower triangular matri-
ces is again a lower triangular matrix).

Finally the fluctuation-dissipation theorem for fermions reads

GK(e) = tanhﬁ(ez_”“) [é{;(e) — G (e)] .

Note that the only difference with respect to the bosonic case is that
the hyperbolic tangent takes the place of the hyperbolic cotangent.

4.2.6  Expansions and Wick theorem

To introduce the Wick theorem, we consider the fermionic case (the
bosonic one is similar). The Wick theorem for Grassmann number is
easily obtained by differentiating the Gaussian integral in table 4.1 on
page 36 with respect to dg, - - dg,, 8,7a,1 o 'am |7=y=0:

(Y = Yy Pog, -+~ Pt o =
= det(M) ) _sign(r) M1 " M1

'y
Xrr(n)&n (1)

where 7 are permutations.



4.2 KELDYSH FORMALISM

We now assume that in equation 4.10 on page 39 we have S =
So + S1 (Sp and S; are commuting Grassmann numbers - compare
with section 4.1.2 on page 31) and then

tr(fo)
_ 1 w1 72 4.1 .2
= wiay J P
1
. -1 -2 é—l 1,2 lpaz(tZ))] .
P o, b <lpal (tl) lP“l (tl)) 0 ( ) <¢§2(t2)

e SIP P Y) — <€isl[¢l,¢2,¢w2}> )

0

where, when S; = 0, we deal with a Gaussian integral (as we have
seen, this is the case when Hj is a single particle operator). Finally we
may expand the exponential:

z= 3 (s 7 e)),

to fix ideas, we may assume that S; is the Keldysh action associated to
a Coulomb interaction (that is something of the form 4.2 on page 32)
and then, by applying Wick theorem, we may evaluate each order of
the expansion by simply knowing the two point free Green function
(and associate Feynman diagrams to each term).
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THE MANY-BODY MODEL

Motivated by quantum optics works like [36], our original idea was
to try to generalize the Wang and Sham model to the case of several
nanomagnets. We tried to use the same methods of Wang and Sham
(namely the derivation of a master equation for the magnets, in the
coarse graining time scale approximation - see section 3.3 on page 23),
but that was infeasible from a mathematical point of view. Instead
we found that the Keldysh formalism [16] is a promising framework
as basis to generalize the Wang and Sham model in many directions
(several magnets, electron-electron interaction,...) and produces a
dynamic equation for the magnet with an easy physical interpretation.
I detail the results of this original research in this chapter and the
following.

Therefore we consider the Wang and Sham single-electron Hamilto-
nian with a weak external magnetic field B:

A

2
_za; +7B-J+58(%) (Ao +A5-T),
where 7 is the electron gyromagnetic ratio, m is the electron mass and
we have chosen a unit system in which 77 = 1. As in [63], we considered
the electron moving only in the ¥ direction. But in principle the model
is easily generalizable: if the electric current flows in a lead with
nanometric transverse dimensions, one can quantize the electron state
along 7 and Z and consider the eigenstates along these directions as
current channels [38]. The only mathematical complication is that
the magnetic scattering center in ¥ = 0 produces a mixing between
the channels. Anyhow the single channel approximation is good for
nanometric leads [1, p. 747].

The Keldysh formalism will allow us to treat that model directly in a
many-electrons framework, but to do that we need to translate also the
magnet degrees of freedom in the many-body language. How it was
done in [53], we will consider the Holstein-Primakoff bosonization,
which allows to consider directly a semi-classical approximation for
the magnet dynamics.
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5.1 HOLSTEIN-PRIMAKOFF BOSONIZATION

We consider the operators

T+ 7 7 7t T
P Y UL B S VPSR
s | /s NG s
and
s Sy +S- s Sy —S_
Sy = B Sy'_72i

(compare with the definition 3.4 on page 24), where b* and b are
bosonic creation and annihilation operators, that is

667 =1, (BB = [B,b%] = 0.
By using these relations and Taylor expanding the square root in the
S, definition, one gets:

[Si, /] = i€k Sk, ijk=xy,z

where € is the Levi-Civita symbol, that is the standard commutation
relations for the spin operators. This is called Holstein-Primakoff
bosonization.

To have a perfect corrispondence between bosons and spin, we need
only to restrict the Fock space to states that count a number of bosons
between 0 and 2 s, since fz has eigenvalues —s, —s +1, ..., s. Further-
more the Holstein-Primakoff representation is useful for the semi-
classical approximation; indeed, the zero-boson state |0) = |m = s) is
the generic spin coherent state up to a rotation (see definition 3.6 on
page 25). For that state, we have

(0[]0} = (0]*[0) =

:<m:s}§x‘m:s>:<m:s|§y‘m:s>:0

and for large s and slight deviation from the coherent state, that is, for
states that are combination of few bosons states (i. e. for states such
that (Sy,) < s), we obtain

7 7t
$2f2=0(59' Bh) <.

This means that we are considering states that have slight quantum
and thermal fluctuations around the £ axis.

We may apply all these considerations to our magnet spin J: we
may assume that Z is, in a moving Cartesian coordinate system, the



5.2 THE MANY-BODY HAMILTONIAN

fi ocb Joocbt
RN 7N
J J-1 J=2 -3 -]

Figure 5.1: Representation of the Holstein-Primakoff bosonization in the
semi-classical approximation. The zero bosons case coincides
with the classical limit. To create a boson means decreasing the
spin value along 2.

direction of the magnet in the classical limit. Then, to obtain the semi-
classical approximation, we Taylor expand the relations 5.1 on the
preceding page:

f+=][\f2@+0<}]3>]=@3+0<1>, (5.1a)

in particular we will consider the terms of order J, the terms with
one bosonic (creation or annihilation) operator — that are suppressed
by a factor 1/+/] with respect to the | order terms — and the terms
with two bosonic operators — that are suppressed by a factor 1/] (see
figure 5.1).

5.2 THE MANY-BODY HAMILTONIAN

Now we may write the many-body Hamiltonian as:
H:Hm+Hoe+Hb/

where:

e the magnet part is:

A

Hmzyg.f:%mwﬂgmﬂgz (1-5')

(again B := B, +iBy);
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54 THE MANY-BODY MODEL

o the part of the single-electron Hamiltonian that does not contain
N 2
the bosonic operators is Hpe = —?—fn + (Ao +AJsz)6(%); it is
diagonal with respect to the scattering states ¥y, given by:
elkx 4rg(k)e M, % <0
ts(k) et Ik, >0,

Tms(f) = |S> ® N (5.2&)

ts(k) et IKI%, <0,
e KT (k) ek, % >0,

‘P_|k|5(f) = ’S> & (52b)

that constitute a basis for electrons (respectively coming from
left to right and from right to left), where

N k2
HoeYis = €ks Yis, €ks = €k = 5 s=4 (5.3a)
1 1
rs(k) — ’ ts(k) — ’
. Ld - m (Ao+As]/2)
—1+i m(Ao+As]/2) 141 O\fl
(5-3b)

N is a real normalization constant® and |s) is the spinor with
respect to the quantization axis z. Then the many-electrons free
Hamiltonian is written as

~ & A
Hoe = Y €€ tks,s
ks

where ¢, creates an electron in the state ¥j,. It is important
to stress that the choice to consider an expansion based on the
scattering eigenfuctions Y, is a key point in our argumentation
that allows us to go beyond the Wang-Sham approach;

e H, is the remaining Hamiltonian part that contains the b, bt
operators. It can be considered a perturbative term. Indeed,
while H,. contains the terms Ay and A ] that can be considered
of the similar order (see figure 3.1 on page 18), it is easy to
check that H, is given by the sum of terms that contain a single
bosonic operator (b or b%) which is of the order A /T (and then
suppressed by a factor 1/4/] with respect to A ]) and a term
proportional to b bt which is of the order A (and then suppressed
by a factor 1/] with respect to A J). Therefore we can say that
H,e is zero-order in 1/+/], terms with a single bosonic operators
is of the first order and the term with two bosonic operators is of
the second order. We neglect higher order terms, as described in
formula 5.1 on the preceding page, since for typical applications
J ~ 10* [63]. Anyhow we will write the explicit form of Hyina
next section.

1 for example, if we consider that electron are bounded in a region of X with dimension
L and with periodic boundary conditions, we have N = 1/+/L; if L is much greater
with respect to the characteristic electron wave length, we may consider the continuous
limit for k and N = 1/v2 7.



5.3 INITIAL STATE

Q/
’
Y
’
=

Figure 5.2: 2 is the quantization axis for the magnet, while 2’

polarization axis.

is current

5.3 INITIAL STATE

The incoming current is polarized with respect to the 2’ axis (see
tigure 5.2). The spin states in the two quantization axis are related by

ae,¢)ls) =1s').
/ A ~ . €7i¢/2 COSg _efi¢/2 Sin%
(s1 s2) = (s1| U] s2) = < e9/2sind  €#/2 cos § ,

where I = e~ 159 ¢80 If ¢ creates an electron in the state |k, s), ¢},
creates an electron in the state |k, s'):

Gy = E (55 ]s1) &% Cksy = Z <Sz

s

u

> Cks (5.4)

Since the HOe eigenvalues do not depend on s, we may write
A A A
Hoe = Zek Crg' Cks'-
ks’
Then we assume that the incoming electrons density matrix is given

by

' 1
A ,d o -
P(S) = Z. exp [ ,BE (€k )cd|k| o~ Cap S,] s, d=+

where the index d describes the direction of the electrons motion. This
means that we are introducing a differential potential between the left
and right regions:

W =epr+eV§ +5'2upBY,
where er is the Fermi energy, V¢ is an electric potential, B? is a
magnetic field and up is the Bohr magneton. In particular, in the
typical cases, B is the magnetic field due to the presence of hard
ferromagnetic layers (see figure 5.3 on the following page).
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56 THE MANY-BODY MODEL

N\ AN

x

Figure 5.3: In a possible experimental setup, the nano-magnet is placed
between two hard ferromagnetic contacts. In particular B* || 2/
and [ 2.

Y
Y

Y
Y

(a) Z-parallel contribution vertex. It  (b) Z-perpendicular contribution ver-

involves two bosons and it is of tex. It involves a single boson and
the second order in 1/+/] with it is of the first order in 1/+/T
respect to H,,, as described in sec- with respect to H,,, as described
tion 5.2 on page 53. in section 5.2.

Figure 5.4: H, vertices.

5.4 Hb HAMILTONIAN COMPONENT

The operator that annihilates (creates) an electron in x with spin s is
given by

lps (x) = Z‘st(x,‘s) Cks/ @:(x) = Z‘PZS(X;S) Clts/
k k

where ¥ (x;s) := (s| ¥ks(x), from which

li]s (0) = N; ts (k) Chkss l[AJ:(O) = NZ t: (k) Clts'

k
Then
I P V2] oar V2]
Hb:/\Z/dx [—2b+b0's3251+20;2r51 T+ > 5251b
5182
-l (%) s, (%) 6(%);

integrating over X and using relation 5.4 on the previous page:

=Y {iﬁBM;fkll (1) &t Buusy+

S&Sakzkl

+ [l; MZE (J_) 611.25/2 CAkls’l + hC] } = HhH + HbJ_,

where



5.4 H, HAMILTONIAN COMPONENT

e the Z-parallel contribution coefficient is given by

sh s L A 2
M2 ) == - N

[E ) b ) £ (1) + £ () £ () £

with

ﬁi’zs’l(n) _ <1+Cos(9 —sin@ > ,

—sinf® 1 —cos6

ﬁs_gs’l(H): <C059—1 —sin@ )

—sinf —1—cos@

and we will indicate this contribution with the vertex in fig-
ure 5.4a on the facing page;

e while the Z-perpendicular contribution coefficient is

MES (1) = A Y2 N2 () £ (k) £ (1),

kzk] 2
with
sin 6 -2 0
Lo (L) =ei0 [ 2 TS
cos2 2] __sinf
2 2

and we will indicate this contribution with the vertex in fig-
ure 5.4b on the preceding page.

It is relevant to note that using the scattering states makes simple
the form of the free Green function, as we will see. Furthermore, in the
A, Hamiltonian, the 2-perpendicular part has a simple interpretation:
if an electron is flipped up (the o™ bt term) a boson is created (that
is the magnet spin along Z is decreased) and vice versa. This is a
consequence of the total angular momentum conservation.
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THE CLASSICAL CURRENT

In this chapter we are going to calculate the electric current flowing in
the magnet, without considering the quantum fluctuations (that we
will call classical current) and assuming that the fermionic dynamics is
much faster than the bosonic one.

To discard the quantum fluctuations of the magnet, we need b, bt —
0. In particular, the Hamiltonian reduces to Hy,, except for constant
terms.

The calculation is substantially similar to that proposed in [52]. The
differences are that:

e in our case, the delta function modelizes a three-layer system.
Instead in [52] a two-layer system is considered: the electrons
move from a non-magnetic to a magnetic layer. This is obtained
with a step potential model, which produces a different form
for the reflection and transmission amplitudes (in particular the
transmission amplitudes are real for the step potential);

e in [52] the one-dimensional approximation is not considered;
anyway the interface is considered flat and then the transverse
wave function component remains unchanged during the scat-
tering.

By using the language of the scattering matrix [38], we may write
the wave functions 5.2 on page 54 as:

L kx4 206 |L 7i|k|f, ¥ <0,
Yk, (x) = N x L-)e +r( JIL-)e * (6.1a)
F(k) |L_)etlklz, x>0,
F(k) | Ry etk %, ¥ <0,
T—|k‘RH(x) — N % ( ) ‘ <_.>€ ‘ X
IR ) e KT 4 p(k)|R) el HIT, x>0,
(6.1b)

where |L_,) and |R.) are spinors and , # are spinor operators given

by

S| 7 Sp) = ri (k) 0
(s1]7(k)|s2) (0 r(k)>,

s 1200 L5y — to(k) 0
[0 o2 (0 t(k))
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with respect to the Z-quantization axis. We may transform the opera-

tors in the 2’-quatization axis:
(sh|E(k) [s2) =) <51 ‘ uat ‘ 53> (s3] E(k) |s4) (sa|U|s2) =
_ <t+(k) cos? &t (k) sin?d -1 [t+(k) —t_(k)] sin® )
—3 [ty (k) —t_(k)]sin6  t_ (k) cos? &+t (k) sin§
(6.2)

~

where 6, ¢ may be considered as time-depending parameters in our
case (fermionic dynamics much faster than bosonic one), and analog
formula for 7(k).

In particular, et LIkl creates an electron in the single-particle state
Y 4jxs (given by relations 6.1 on the previous page, with |L_,) = |s')
and |R.) = |s') respectively).

The current must be conserved along ¥ in our stationary case; in
particular we may concentrate on the transmitted waves. The current
associated to a plane wave ¥(x) = A e k¥ is given by

. L€
= 23(¥a5Y) =+ [k [AP, (6:)

e
m
where e < 0 is the electron charge. If we are interested in the spin
current, e must be substituted by 1/2.

By using relations 6.2, we obtain the spin currents:

e for electrons with spin |1') coming respectively from left to right
(+ direction) and vice versa (— direction), we have a transmitted
1/-component:

Y v N2 K| 0 6>
M=+t t:(k) cos® = +t, (k) sin® = | ,
=+ ;ln}? (€k) 2m T( )COS 2 + \L( )Sln 2
and a transmitted |’-component:
/i/ ”T'i N2 ‘k| 2 Sil’l2 9
Lr =) e (&) = = () =t (0] ——
Ik|
e for electrons with spin [|'):
4 2 i 2
’T’ W N |k| , sin“ 0
=+ tr(k) —t (k ,
;I oy (k) =t () =,
Ii/i/ _ iznyui(e ) Z\]2 ‘k‘ ¢ (k) inzg+t (k) ZQ 2
S A Y7 i R e T

(to simplify the notation, here we indicate the direction of electrons
motion along ¥ with &+ and the spin with 1]).



THE CLASSICAL CURRENT

We define

=V, L= 1Y,

!
s

In the continuous limit for k (that is the linear dimension of the
system along ¥ is much greater with respect to the characteristic
electron wavelength) and in the low temperature limit, it is possible to
calculate all the currents by using the Sommerfeld expansion:

/0+ood€”1-“ / de H(e +6‘82H’(‘u)_|_o<ﬁly>4.

To compare with results obtained in [63], we consider the zero temper-
ature limit and we assume that all the chemical potentials have similar
values: 115 ~ e (Ohmic limit); in particular

nt(e) =0(e — ) ~ 0(e —ep) + d(e — er) (4 — €r). (6.4)
Since the currents may be written as
/ +o0 <
= ™ e 00 = [ de g™ (€ £k
0 €

IK|

(the fact that f does not depend on the electron motion direction =+ is
a consequence of the parity symmetry), by using approximation 6.4
we have

15152 + 15152 — %fs’lsé (kF) A‘I/lsi,

where Ap®t =: it — i~ is the difference of chemical potentials for
the two electron motion directions. In particular for example

NZ
ypn = S{Ayspm [l 4 1P+ [t — 1] cos(20)] +

+ 2 Aptcharge ([t+]* = |t,]?) cos 9}, (6.5)
where t;| := t4 (kr) and

Aptopin = D" — DY, Dtcharge := AT + Ayt
this means that

e if the scattering potential does not depend on the spin, that is
tT =t 1 = t,

N2 |t]?
Ispin - 2‘ ’ A,uspm

and there is a linear relation between the the spin current and
the polarization potential;
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62 THE CLASSICAL CURRENT

e if the polarization potential Apispin is zero, we still have a polar-
ized current due to the magnet interaction:

N2 2 2
ISPin = TAnucharge (|tT| - ‘ti‘ ) cos 0

The charge current is given instead by:

/ / Z\]2 e
Liharge = 2¢ (IT + 1¢) = 5 (141 (Apcnarge + Attspin c050) +
|t¢|2 (A,”charge — Aispin €OS 9)] (6.6)

and we have a potential/current linear relation that does not depend
on the magnet orientation when

e the scattering potential does not depend on the spin
Lharge = N7 € [t|* Aptcharge;

e the polarization potential is zero:
Lnarge = N%e (|47 + [t ?) Apcharge-

We may summarize relations 6.5 on the preceding page and 6.6:

(Icharge) _ G(Q) (A,ucharge> ) (67)
Ispin A,uspin

Note that the conductance G does not depend on ¢, as one may expect
from the symmetry of the model.
It is also useful to introduce

Apgoin = 1T =", Apdn =t~ —

Indeed, in [63] some polarized electrons are sent only from left to
right; in that case, we have to assume that Ayfpin = 0, which means

Aptspin = A:ustin‘



KELDYSH ACTION

7.1 MAGNET-ELECTRONS ACTION

The magnet-electrons Keldysh action for our system (see section 4.2
on page 33) is given by

o0
S :/ dt<b+latb++z llJ+ kS/lat (¢+)ks’+
- ks’

- H[E+/1l3+rb+/llﬂ+]> +

—+o0
—/ dt(b latb +2 ks/lat(lpf)ksf‘k

- ks’
—H[E_,¢_,b_,¢_]) — /dt/:

where b+ are number that correspond to the bosonic degree of freedom
and 1+ are Grassmann number for fermions modes.
We introduce the Keldysh rotation:

pel b+}b—, b — b+\—[b—’
2 2

jel — E+}E, B9 — E+\}E’
2 2

for bosons and

+_ —UY_

¥ = ¢+ﬁ¢ . = lP+ﬁlP ’

P =9 S P+

- ’ 2 = T =
P \/E ¥ \/E
for fermions. Then the action is the sum of the components:

o from L, = by id;by — Hylby,by] —b_idsb_ + Hylb_,b_], we

get:
. cl
Sm:/dt <Ed l_)q> 0 idy+vB; b n
/dt[7\[8+(b+—b )+ 7\\[ (b+—b)} =
:/dt [B9(i9 +7B.) b — 7 /] B B9 +he, (7)

where the first integral has been evaluated by parts;
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64 KELDYSH ACTION

e consider now
Loe =Y (P4 )k 10¢ (Y1 )ks — Hu[P4, 1]+
ks’
=Y (P )is 10t (- )xer + Hu[p—, 9p-];

ks’

we introduce:

‘/’:(<¢1¢'+ ¢2T’+> <1ﬁw+ 1/72y+)

(1131?'7 1132%) (@u’f lﬁu’))

and
<¢1¢/+>
Porr+
(#’u%)
P2+
()
P2y
5
Payr-

where 1]’ refer to spin along 2/, + to the electron motion di-
rection and each ¥;y; is a block indexed by the momentum
ISk

Pisi+ |k, |

lpis’i:(l/_]is’ﬂkl\ ll_]is’i|k2\ ), Vis+ = | Yig sk,

With this notation,

B o 10 — €k 0 Pes
Soe = /dt % (l,blks ¢2k5) ( 0 i0; —€k> (‘Pst)
_ / dt§ Gyly,
where
Gt =LeGlesd

with [ the 4 x 4-identity matrix and we use the standard nota-
tion:

10 01
cl __ oq
- 7 ,)/ - 7

¥
A_q o . .
(GO (t)) ko = 512 (lat €k1) .



7.2 MAGNET ACTION

Observe that the classical gamma matrix is diagonal in the
Keldysh space, while the quantum gamma matrix flips the
Keldysh components;

e from Hj| we obtain

1 /ot _ -
Sy = — /dt 5 M (D [(B9 0 + B109)

b3 aky

: ('I’lkzsg Pikys; + ‘szzsé ‘P%S’l) T

+ (Ed b+ b1 bd) (ll_JZkzs’z Piks, T Pias l/’2k151>] -
- _% /dtz/}[(l'adbd +B969) M(|l) @ 5+

+ (B9 69+ B0 ) () @ ﬁq] ¢,

where
Mljlj(ﬂ) Mlﬁj(H) Ml:i:(ll) Ml}{(ﬂ)
X)) = MELD MEE) MEEAD M)
ML) MR MET(D #EE ()
MY M) M) M)

and
(ML), = Mibae (D ddo=%

e from Hj, we obtain

_é/dtlp{ Y [p M) + 5 Nt () m"‘}w,

a=clq
with analogous meaning of the symbols.
7.2 MAGNET ACTION
The total action is of the form

5 =S5m+ Soe+ Sy +Sp1 =
=S+ /dtzp {Gvo—l + Q8% 09, 17, bq)} P =

:5m+/dt1p {Ggl+vaJ_+va\\ ¥;
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66 KELDYSH ACTION

to obtain the motion law for the magnet, we have to trace over
fermions:

/H oo exp{ /dtt/; G L Q9 b9, b9, bq)} ¢} =
s'd
m det |i [ (égl + OB, B9, b, bq))} -

— det [1 + Go OB, B9, b, bq)} _

_ etrln[f+éo Q(Ed,l}‘l,bd,bQ)] _ eism—e,

where in the first identity the Gaussian integrals have been used and,
in the second, the fact that det {i Go_ 1} =[logtr {pé’d} (see [29, p. 229]).

In the semi-classical limit, we may expand the logarithm:
Sp_e = —i trin [i + Go OB, B9, b9, bq)] ~
~ i tr [Go O(B, B9, b, b9)| +
+ % tr { [éo OB, 59, b, bq)]z} ~

~ —jtr [Gg QM} —itr [Go QhH] = tl‘ [Go Qu1 Go QbL] (7.2)

where we took into account only terms up to the second order in
1/+/]. In particular, the first term is the lowest order term: we have a
free electron propagator and a vertex with a single boson; the fermions
degrees of freedom are traced over and then we can represent it with
the Feynman diagram in figure 1.6a on page 4. The other two terms are
corrections (both of the same order): in particular, in the second term
we have a single fermionic line and a two-boson vertex (figure 1.6b on
page 4), while the third term is composed by two fermionic lines and
two single-boson vertices (figure 1.6¢c on page 4).
The Green functions matrix is given by:

Goyy O 0 0
0 Gyt O 0
0 0 Gy 0
0 0 0 Gy

AR AK
Cova = (GM Cfg;’d>, S, d=
0 GOs’d

Q)
S
Il

where (see equations 4.17 on page 48)

e the four retarded Green functions are equal: Gé{w Ve = GR, with

AR (41 _ o —ieg, (F—t) _
[GO(t't)Lszkl\ 16,1 0(t —t) e i

— R, (' =)o =55 (e— e, +i07) ' 611, (73)



7.2 MAGNET ACTION

e similarly for the advanced Green functions: CA;(’)“T, Ve = G4, with
Go\(H ¢ =i 0(t—t)e Y =
(GHED] e = 10000
/ ET. -1
= A, (' —1) 01 —> (e — €, —i0%) 01, (7.4)

e while for s’ =1/, |’ and d = £, the Keldysh Green functions are
given by

= —idy [1—2n(ey,)] e T = KA — 1) b —

E} -2 T[i(521 [1 - znsﬁ/d(ekl)} 5(6 - ekl); (75)

where for simplicity we wrote d1 instead of i, |k, |-

Note that the Gaq’R Green function evaluated in the scattering states
have the same simple form of the plane waves functions. Furthermore
the (6, ¢)-dependence is in the M interaction matrices.

It is useful to observe that (since H* = H and the forward-path
contribution cancels the backward one) we must have

S[B°, b, 59 = 0,69 = 0] = 0 (76)

(see equations 4.15 on page 47); in particular we have no linear terms
in bl.
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LINEAR TERMS IN b

8.1 ACTION

The non vanishing linear terms in the b, b-expansion (that is up to the
order 1/+/]) are given by (see equation 7.2 on page 66):

S1=—itr v()Q

= —itr [GO{ qu )+E‘1M+(L)} ®7q}] =
i

= — tr qu s/ d M;; (J.) +hC =
\/E > o8 |

/dtbq 521 [1 —21’[?:/0](6;(1)] .
f |k1|\k2\s’d
ANV () () se ¢ S0 4 e, =

2 .
—N fA /dtbqe_”” sin -

X |n ? (e6) = *(e6) ] £1(k) (k) + hc. =

Ik|d
NG| /dt ble ' sinf + h; (8.1)
in the zero temperature and low differential potential limits:

N2 Amti(kp)t, (kr)
_ T i L R
G = 2kr (Al’lspm + A.uspm) :

In particular the nanomagnet action up to the first order is given by
Sm + S].

8.2 CLASSICAL LIMIT

The classical limit is obtained from % lpa—pa—o =
equations 4.16 on page 47):

6S —
577 lpazpa—o = 0 (see

(10t + 9 B,) b — v /JBy — C1/Je'? sinf =0,
(8.2)

—id; +yB,) b — 4/ JB_ —Cy/Je ¥ sinf = 0.
1
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70 LINEAR TERMS IN b

With the substitutions

(remember that, with the &; action term, we are considering per-
turbation terms up to 1/+/] order) the classical equations become:

-

dtJx = v [B X ﬂx + ], sin@ (3Cy cos ¢ + RCy sing),

L (8.3a)
0]y = v [B x J]y — J: sinf (RCy cos¢p — ICy sing),
AJx =y [B x Jlx + RC1 [2/ x Jlx + 2F [T x (2 % )],
o]y = [E X ﬂy + RCy 2 ﬂy \ycl [Tx (2" x T)]yr
(8.3b)

where, for the last passage, see figure 5.2 on page 55; the equations are
completed by the condition J- aj =0 (indeed [, = | up to the 1/+/T
order), which gives rise to

o =yBxJ+RC12 x [+ =T x (2 x]). (8.4)

Note that C; depends on the product (kr) t| (kr). In particular, in
the Slonczewski theory [51] an electron may change its polarization
flowing through a magnetic layer: this variation constitutes the spin-
pumping effect and we must consider a spin-mixing conduction. Con-
sequently, considering the total angular momentum conservation, the
magnet must change its magnetization direction. Then our results are
in agreement for example with [5, 56, 65]."

1 Indeed observe that we are considering a single channel model; furthermore, with
our scattering potential, we have ¢4 = ig 4 7|4, Where g5 := m (Ag +sAJ/2)/ k| (see
equations 5.3b on page 54).

If for example the left reservoir produces a net flux of |1') = cos § |1) +¢/? sin § ||)
electrons while the right reservoir is Aygpin = 0, after the scatterings the transmitted
spinor is

. 0 ; 0
N = el 1 sin —
E[t) =ty cosz\T)—i—tie 51n2|¢>
(since f is diagonal in the ||1) basis) and a ot flux is produced:

¥l ot d¥; d¥}

Iy i T ot ;| xel? sinf £t

=1t

(where here o indicates “proportional by means a real factor”). These fluxes must be
absorbed by the reservoirs to restore the equilibrium and, by using the conservation



8.3 EQUATION OF MOTION

One may also observe that the classical equation includes a field-
like and a damping-like term, proportional respectively to RC; and
$Cy; in the zero temperature and low differential potential limits and
considering A prin = 0, by using the inverse relations of 6.7 on page 62,
we may write the first order classical equation as

- -

0] = 7B x ]+ RCP™(0) Lpin % T+ RCT™(0) Liparge x J+
SCPO) . L SCsheEe(g)

7 ]X(Ispinx])+ i

where both Tspin and Tcharge are directed along the spin polarization
axis 2’ and

-
7

TX (Tcharge X ])

N2 Amti(kp)ty(ke) 1 . .
+ J\AF _ _
Cl = sz |:(G 1(9>)21 Icharge + (G 1(9))22 Ispin}
charge NZAMt*(kF)t (kF) A
ceharse e Gy
2kr
: N2 Amts(kp)ty(kp) .
P = ike) by (ke) G0
2kr

and G is defined in 6.7 on page 62.

Finally we may also note that in the spin transfer torque effect,
the electrons intercat with the magnet producing the variation in
the magnetization direction and reciprocally the magnet can cause
the electrons spin flipping. This situation is quite complicated with
respect to the case of a simple external magnetic field. But we can
simplify the system by considering the limit A — 0. In this case the
the potential seen by the electrons does not depend on their spins
and t5(kr) ty (kp) = |t7(kp)[?; in particular the imaginary part of C;
disappears and, for B = 0, the magnet classical motion is simply a
precession around the current polarization axis. This is not surprising:
in this case the magnet cannot mix the electrons channels (producing,
for example, a spin flip on an electron coming from left to right taken
from the larger spin population) and the “dissipative” damping-like
term disappears.

8.3 EQUATION OF MOTION

As explained in the section 4.2 on page 33, the action S describes the
complete dynamics of the system and we can go behind the classical

argument of Slonczewski, they must give us the ]+ rate of change . Comparing with
equation 8.2 on page 69, we find that it must actually be

C1 Kt?tl.
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limit equations 4.16 on page 47. Indeed for an action linear in b9, b4,
of the form

S:/ﬁﬂm@&+wﬂﬂ+ﬁm}+hg (8.5)

(like S;; 4+ Sq), if we consider an observable O that, after the Keldysh
rotation, depends only on the classical field O(Z_)Cl, bd), we have:

(O®) = [ DIEEJ O (1), b(1) ° =
— / D[5, b OB (¢), b))
- / D[B, b OB (1), b°'(t))-
0[(i0; + ) b + B S[(—i 0y + %) b + B,

(up to multiplicative terms that we can include in D[b, b]) that is, the
dynamics of each observable O(b(t),b%(t)) is exactly determined by
the equations 4.16 on page 47.

In particular, b(t) and b*(t) depend only on the classical field; in-
deed, from equations 4.6 on page 34 and 4.10 on page 39:

(5Z

cl .
_/Dbb /D b EE

(we have again included the multiplicative terms (b (to) | oo | b~ (to))
and et (1) 0" () in the definition of D[, b]) and analogously

t(1)) = /D[E,b] Bd\g)efs,

szi

from which one gets equation 8.3 on page 70. Note that the footnote 6
on page 40 caveat must be considered in evaluating observables.



QUADRATIC CORRECTIONS IN b

We consider the quadratic corrections in b,b. They are suppressed
by a factor 1/+/] with respect to the linear terms. We can consider
corrections up to quadratic terms (see the expansion 5.1 on page 53).

At this order, we have Feynman diagrams with both one and two
fermionic propagators. In particular, the one propagator term is (see
equation 7.2 on page 66):

So1 = —i tr [Go Qb\\] ,

while the two-fermionic propagator term have the form:

Sy 0= % tr [Go Qb1 Go Op. ] -

Before describing the calculations, in the next section we will show
what kind of corrections S,_1 and S, give rise to in the equation of
motion 8.4 on page 70.

In particular we will see that they produce, among others, a term
that is quadratic in b4, which is not of the form 8.5 on the preceding
page. But to include it in our dynamics equation we will show that it
is mathematically indistinguishable from a linear action provided you
include some stochastic terms. This is not surprising from a physical
point of view, since we have shown in the section 3.2 on page 19 that,
when we trace over some degrees of freedom, a pure state can be not
distinguishable from a mixed state.

9.1 CORRECTIONS TO THE MOTION EQUATION
The term with the single fermionic propagator is of the form
S, | = / At B21(0) 5969 1 h. c.; (9.1)

comparing with the equation 7.1 on page 63, we see that the contri-
bution to the equation of motion of this term can be considered as a
correction (which depends on the angle 0 between the magnet and the
polarizzazion of the current) to the z-component of the external mag-
netic field. Anyway the form of the equations 8.2 on page 69 remains
unchanged. As discussed in the section 8.3 on page 71, this equation
is valid when we are in a (moving) frame of reference such that the
number of bosons is negligeable with respect to J. If we assume that
the system decoheres in a classical spin coherent state in a time that
is much shorter with respect to the magnet-dynamics typical times,
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we can consider also ], = | at any time and then J-9:J = 0. This
means that the contribution of the term 9.1 on the preceding page to
the dynamics equation is zero (since it is parallel to ] at any time).
The two-fermionic propagator action S,_, gives rise to two terms:
one with both classical and quantum bosonic legs 5.4 and one with
two quantum legs Sq.q.
In particular:

S =1 / it / b (5(1) Ba(h))

( 0 DA(tl—t2)> (bd(t2)> 63)
DA(th—t) 0 b))

where the D-functions depend on the electronic dynamics. From the
fermions point of view, they are the spin-spin response functions of
the Kubo formula.

In the typical situations the magnet dynamics is much slower than
the fermionic dynamics; for example, in the reference [63] the typical
flipping times for the magnet are of the order of the nanosecond, while
the typical electrons Fermi energy er is given by some electronvolts,
that is the typical frequencies are of the order of e /% ~ 1016571, As
we will see, this mean that we can expand D in frequencies:

D(w) ~ Do+ w Dy;

we will consider the first order in w in the appendix A on page 93
(even if it could be a negligible term, we will consider it, as done also
in [53], since it gives rise to a Gilbert damping term — see equation 2.3b
on page 11).

The terms SD§ = SDE give rise to an action of the form:

/ dt BTp9 b9 + hee.
and we can repeat the same considerations for the action 9.1 on the

preceding page.
The terms RD§ = —RD{ give rise to an action of the form:

i / dt RDA(0) 59 b4 + h.c.

produce a correction of the form §RD§ ] and §RD§ Jy to the right side
of the first and, respectively, the second equation in 8.3 on page 70.?

the case with two classical bosonic legs is forbidden because of the equation 4.15 on
page 47.

Observe that, in our expression 9.2, D(‘)q/ R'js an addend of —i [G™1]4/R In particular,
the fact that §RD{;‘ = 7§RD§ and SDS‘ = %D(If guarantees that the action component
Sclq 1s real.



0.1 CORRECTIONS TO THE MOTION EQUATION

In particular, if T aJ = 0, we must have again that the term is zero.

Indeed in the moving reference frame we chose, it must be

=1, ]x:]y:at]z:().

Finally we consider the Sq.q component of the action; for simplicity
we consider the low temperature and differential potential limits, but
the generalization is easy. For compactness, we write

Tm A2 ] N4 bt
q_ /AT INT L R —i¢p 171 1q
= \/ 8 <|A;uspm| + ’A:uspin’> e \/ab ’

then:
Sqq =1 /dt [4¢9¢ —sin® 0 (¢ + c9)?].

This term is not more linear in b9 and then we cannot apply the
considerations in the section 8.3 on page 71 directly. To linearize this
term we will use the Hubbard-Stratonovich transformation (you can
compare the following calculations with the simpler case in [53]).

We have:
4 a)a (i)

; < in20 (& 2
ol Saa — e—fdt[4cch—sm 6 (c94-c9) ] — e

where

) a2
A—2 2 —sin“ 60 sin“ 6 o1,
—sin?0 2 —sin%6

2
4 cos“ 0 0 o1
0 1

1 (1 1
U= — ®1
x/i(1 —1) :

and I; is the identity over times. Then, if we put

A=U" u,

c1:=2cosf (cd+2) /V2,
¢ :=2(ct—c%) /(iV2),

we obtain
¢iSaa — o=z JAt(laPHel) —
* — dtw i dt(_ +é +h )
= D[y ,y]e / 2 e 5 [dt(Eyi+eypthe)

Pl i a4 (cos @ Ryg+i Ryp)cd+hc.
:/D[y*,y]e Jar Pl g ] (coso Ty iRy he]

2412 . . i
12 e_[(CZ L+iC} cosO)/Je !¢ bq-i-h.c.]/

— [ Dln, eI

75



76 QUADRATIC CORRECTIONS IN b

where in the second equality we used the Hubbard-Stratonovich
transformation, in the last equality we integrated over Jy; putting
I[; :== Ny; and

tm A2 N4 .
Cri= \/46F <|AP‘stm’ + ’Aﬂfpin’) Erty.

By comparing with the 8.1 on page 69 and the Martin-Siggia-Rose
actions, we see that Sq_q introduces a correction

1 o
_ (Y Al
(—cosIC 1 + RC, o) —Sinez X J+

+ (COS ORC I + SCy 12)

=

g /< @ XD,

in the right side of equation 8.4 on page 70, where I; are Gaussian
stochastic processes with zero mean values and

(Ii(t1) I]-(tz)) =6(t1 — 1) Jij-
In the next sections we will show the calculations to obtain the
quadratic corrections to the action.

9.2 ONE FERMIONIC PROPAGATOR

The non—vanishing one propagator term is given by:

Sy 1 = —i tr{éo H (569 + Bt) 1)) mq]} _
— % Zd:tr [(EdqurEqbd) G&,, ;ﬁ’(M =

! 2/th€1 b tr [Gé,d/\/t;'j(u)} the =

/ dt 5! b bar (1= 208 er,) | M,y (D +
k1] \kz\s’d
C

—|—h. L=

/dt b9 Y { [ (er) — nf(en)]

e
. [|if¢(k)|2 (cosO+1) + |t (k)|* (cos O — 1)] +

= [1—2uf"(e0] [HW0P = 11 E0)P]} +he,

where we have used the property

M (1) = =Mk (1) = 5 N2 [0 = |1, ().

Then, comparing with the term 7.1 on page 63, we see that it can be
considered a correction to the z-component of the external magnetic
tield. The low temperature and low differential potentials limit can be
evaluated easily.



9.3 CL-Q TWO FERMIONIC PROPAGATOR

9.3 CL-Q TWO FERMIONIC PROPAGATOR

The second order, two fermionic-propagator terms are:

Sop =
i . 1 . o
=-t{Go|—— Y [P2M(L)+b2 M (L) @4%
jelo -5 £ | |
1

- Go

- b M(L) + b MH(L) | @4
ﬁlxlzq,cl [ }

}.

Terms that do not contain at least a b9 or a b9 vanish (see e. g. 7.6 on
page 67) and it remains a cl-q term and a g-q one: Sp—» = S¢.q + Sqq-
For the cl-q term, if we write

A% = [b“ M(L)+Db* M*(L)} 24" =A"®4",  a=qxd,

we have

Y [GR(1,2) A%(2,3) G (3,4) A9(4,1)+
2

2,34
+G§(1,2) A9(2,3) G§'(3,4) A9(4,1)] =

= i/dh/dfz Y b (t1) Dap(t1, 12) bl (2),
ab

where e. g. 1 = (s},d1, [ki|,t1) and b,, b, = b, b; in particular:

+G§(2,1) Ma(L;1,3) GK(3,4) My(L;4,2)] =
= Y Sth—t) Ma|k ks ‘(J_ tl)Mb\k ks |(J_ ty) ~

d1,5/1,|k1|,
sy lka|

shs!
~ ), s ) MG (D) MG (L)
disy, k1],
syl ka|
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78 QUADRATIC CORRECTIONS IN b

in the last approximation we used the fact that the fermionic dynamics
is much faster than the bosonic one3 and we have defined:

1 /
S(tl - t2) = 5 |:K|Slil|d1(t2 — tl) A\k2|(t1 - tz) +

+ Ry (b2 — 1) K2 ) (h — tz):| —

ET, 1 ; § y

= E/dtelwf {K\il\dl(_t)AM(t) + Ry, (—t) K|;2|d1(t):| _
1 de S .

“2)2n [Klilldl (€) Ay (€ + @) + Ry (€ — w) Kufzml(e)} _

sid; shdy
. nP (€|k1|) - nF (e‘kz‘) .
=i o =
€lky| ~ €| T W 1

. ,d /d A
= i [ (eje)) = 17" ()| Flep) — €l +0)

where we used relations 7.3, 7.4 and 7.5 on page 67. Since [£(_L)]?> =0,
the terms that multiplies bb and b b disappear and we may adjust the
surviving terms to obtain the expression 9.2 on page 74, where:

o the term that multiplies 5! b9 is

sid shd
DA (w) = (€)= (Epyy)
askl, €lky| — €|k +w—1i0t

sy/lka|

(MO (D) M (1) =

d rd
PPNy e ) M)
2 a5, €lky| — €lky| +w—10t
sylke|

(LTI £ (L); 93)
e the term that multiplies b b4:

sid shd
T (€)= 1f (€gy))
— o —i0+
€lly| — €lko| — W i0

DX (w) =
d,S£,|k1|,
sy |k

s MO (1) (MO (L) =

'd rd
PPN )y )~ ),
2 il €lky| ~ €l +w +107
sy lka|

(LNR(L) LF(L) (9.4)

3 a similar approximation is made in [63], since only one electron scattering per time is
considered.



9.3 CL-Q TWO FERMIONIC PROPAGATOR

We may now assume that € > w, where € are the typical electrons
energies:4

S(ew) = i [ (epy) — " (e Flepi = €l +0) ~

~i [”SP/ldl () — 12" (€|k2|)] :

e = ) + @ f (e =€) €

i [ (e ) — 2" (e

: [5(1‘1 — 1) flepy) — Ey|) +i8 (11— t2) f (€ — €|k2|)] =
=5+, (9.5

where S! is the term that contain the first order Dirac delta derivative.

We concentrate here on the term S°. The suppressed term S! is
considered in the appendix A on page 93. By using the formula of
Sokhotski-Plemel;, it gives rise to:

Dgy(h — 1) =
_ Ood k ood k Sadl Sédl
=i [ dlkal [ dlkal [ (e ) — i e

!
d1,51,8)

1
S(t —t) |imo(ep —ep) + P— |
| )[ = ) e
CAAS152 5551
M k) (1) Mgy (L)-

The non vanishing terms are:

o the term D' that multiplies b b9, with:
RDG(t; —tr) = —mo(t — tp)-

Y [ de o) - ni'(e)]

d,s},sh
) s _
7e (M >|ke\|ke| (L) Mg (1)
2 7 a4
_ ® Vd, o Vd |t () £, (k)|
L[, e [nie) - o] P

4 In particular, for sufficiently small values of w, we have that the the contribution to
S(w) is non negligeable only for €|, | ~ €,; but in that case, for temperatures and
differential potentials sufficiently small, n“;ldl (k) — n?dl (€]k,|) is non zero only for
€k;| ™~ €|k,| ~ €F- SO we have to assume ep > w.

79



80 QUADRATIC CORRECTIONS IN b

and in the low temperature and low differential potentials limit:

A2 ] N*m

%Dg‘(tl — fz) = —(S(fl — tz) 4 cos 0-
ltT til L R
: €r [AV spin + A.uspin:| ’

where t; are evaluated at the Fermi wavenumber. In the same
way, the principal value of the integral gives rise to:

A2 N*m ® de; [ de
IDG(t; — 1) = 8(t — o) AT NTm /0 =1 2
d

8 Ve e
- { nf(en) +nf(er) + [ (er) = nf*(e1)] cos 0+

- ”lr/ (€2) — nl:/d(ez) + [n;,d(ez) — nﬁ/d(ez)l cos@}-

1

_ ez

|t (k) £y (k)P L

in the low temperature limit, we may integrate analytically. For

example:
Z d€1 dey 1
(k1) (k)|* P =
|T 1\/ = (k) [P P ——
# de
/ — - |t4( (kp)|?
NG log|‘/\/;r§l 28, arctan\g—f2 _
e1+g7
! g\L 6220
- _ Fde |t( )‘2 47T
0 el €1 +g¢
gt arctan vE _ g arctan \gﬁ
— zgin. T | ,
8¢ gT

where g1 = /m (Ag £ A J/2)/+/2. Collecting all terms together,
in the low differential potentials limit:

2 74
3Dg (1 —t2) = 6(t — t2) W\l#
Ve _ N
‘ {4 gt arctan( a ) 3 arctan( < )
&L~ 8t
VEr (g1 —8y) (' — ) coso
RN e ey g '
7 (gi + ep) (gT + eF>

+

Ver (g1 +8))(2ep —pul - ﬂw)} }
(gﬁ + ep> (g% + ep> '



9.4 Q-Q TWO FERMIONIC PROPAGATOR

e similarly for the term D(If that multiplies b b4, we have:

R A R A
9.4 Q-Q TWO FERMIONIC PROPAGATOR

Reproducing the passages analogous to the previous case, we get
i % Ya % X
Sqq = 1 tr [Go A1Gy Al] =

=i /dtl /dtz Y _bd(t1) Dap(t1 — t2) b} (t2)
ab

where
s' s shst
Dap(ts = 1) d,z, S(t = t2) My (1) Ml (L)
S5,S
|k1| \kz\
and
S(t) :=

| [Kfiildl(_t) 1B+ Ryt (=) Ay () + Ay (=) R (8)] =
1{@ (1) KE () +
o [R|k1|(_t) B A\k1|(_t)] [R\k2\<t> - A|k2|(t)]} =

shd shd
1 / / K (_t) K (t)
e .

lk2 | rd rd

’ 1—2n} (€lky|) 1-2np (€lky|)
T, 1 [ de [ g4 shd
YET: [Kw@ Kjiy (e +w)+

od

K‘i ‘( €) K‘Siz‘(e—i—w) ]
sid )

1 —2TZF (€|k1|) 1—2n§2 (e‘kz‘)

7T
= 5 9| — €| + W)

. {1 - [1 = Zn?d(e‘k”)} [1 = Zn?d(e‘kﬂ)} } .

We may simplify the expression by observing that:

1 —2nk(e) = tanh ,B(ez—y),
1 —tanh x tanhy = coth(x — y) [tanh x — tanhy],

from which
S(aJ) = 7'(5(6‘;(1‘ — G‘kz‘ +w)-

sid _ s’2d+w sd rd
-cothﬁ(y 214 ) [”P (€|k1|) _”SFZ (€|k2|)]?

in particular, Sqq is given by the sum of three terms:
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e atermi [dt; [dtbd(t;) Dy (t1 — t2) b9(t2), where:

2 4
Di(w)=m A ]2N
Y. i (k) £ (k2) tr(ke) tr(k2) O(€pgy| — gy + @)
d,Si,‘kll,
5,2,|k2|
-cothﬁ<‘14s£d_ys£d+w).
2
[ ) = )] £ £

e atermi [dt; [dt,bd(t1) D_(t — t2) bd(t2), where D_(w) is the
complex conjugate of D_(w):

D_(w) = D (w)

e atermi [dt; [dt b(t;) DX(t; — t2) b4(t2), where:

A2 N4 'd 1d
Dw)=n"—F%— Y [ﬂ? (€p,|) — 17 (€|k2|)}'
d,5/1,|k1|,
Sé,‘kZ‘

syd _ ,,shd +w
: [coth B 2” ) (5(6‘;(1‘ — €l + w)-

Jty(kn) £y (ko) P (£F)5% L5514

+ o B 1 —w
2

O(€jky| = €Jey] — w)-

ey (k) b (k) [2 L% (L)% .

If we consider the equilibrium limit, that is ys’d = €, since £2(1) =0
and tr[LT L] = 1, we have (see 9.3 and 9.4 on page 78):

D¥(w) =0,
A2 ]2 N* nF(e|k |> _ nF(€|k |)
N 2 d, [k |,k €lky| — €Elky| T W — i0+
A2 ]2 N4 7’11:(€|k |) — ”F(€|k l)
R . ) 1 i
= tr(kq) £y (k :
Dfj(w) =i~ d,|k12|,:.k2.' k) k)l e T wrior

and

DX (w) = mA? T N* coth ﬁT‘”

Y ‘!fT(kl) ty (ko) [* [n () — nE(€piy )] O(€ppy — €ty + @)
kel k2

from which we obtain the fluctuation-dissipation theorem:

D(Ifq(w) = coth 5Tw {qu(w) - Dg}l(w)} :



9.4 Q-Q TWO FERMIONIC PROPAGATOR

Far from equilibrium instead, that is in the limit w — 0, we have:

T
S(tl — tz) = E(s(tl — tz) 5(€|k1\ — €‘k2‘)'
'd od
-{1— [1—2;1;1 (e‘kl‘)} [1—211? (e\kz\)}}
and then for D,, we have

e the term proportional to b9 b4:

~ 7T
D+(t1—t2) 25(t1—t2) Z E(S(€|k1|—€|k2|)'
d,s},sh
[fex |, k2 |
d rd
'{1— [1—271;1 (€|k1\>} [1—271;;2 (6“{2‘)}}
s} shsh .
M (1) Mg ey (L) =
27N
=—6(h —t) Tm AN e 219 gin? 0-

8

L [wne] [fhe )

and in the low temperature and differential potentials limit

[n;/d(e) - nw(e)} L
= [1n}(e) = nf(e)] sign(u"® — ) ~
~ 8(e —ep) " — ut);
e the term proportional to b9b9, that is D_(t; — to) = D* (t; — t2);
e the term proportional to b9 b4:
T

DK(tl — tz) = 2(5(t1 — tz) Z 5 5(€|k1| — €|k2|)'

d,s},sh
lkea |, [k2|

: {1 - [1 - 2n§d(e|kl‘)} [1 - 2n?d(e‘k2‘)} } .
' <M+)\S:\2|kz| (L) Mz (L) =

TmA? ] N*
=6(t — 1) 7]

L[ S wwr{ [ -]
(~25in0) +4 [n;d@ +f(e) - 2nf (e o) |
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and in the low temperature and differential potentials limit,

2
s'd\" _ ,¢d.
where (nP ) = ny’:

{n}ld(e) — ngd(e)]z (-2 sin”8) +
+4 [ (e) +nf(e) — 2n () nf(e)] =
= 2[nf(e) ~ nf()]” (2 - sin?6) =
= 2|t — u¥| (2 —sin%6) 6(e — er).

9.5 COMPARISON WITH BROWN THERMAL NOISE

Consider for simplicity the case B = 0 and AuR = 0. In particular, if
we assume that the magnetization of the left layer in figure 5.3 on
page 56 interacts significantly with the nano-magnet only by means
of the interaction mediated by the polarized current and we assume
that we have thermal fluctuations that change the magnitude and the
direction of the left layer, we simply have to operate the substitution

2 — 2 +h(t)

in the dynamics equation 1.7 on page 6, where Ji(t) is a Brown stochas-
tic term. As discussed in [62], the quantum noise must be dominant
with respect to the Brown fluctuations at the low temperature; in a real-
istic case the two kind of fluctuations are comparable at a temperature
of some Kelvin degrees.

9.6 NUMERICAL EXAMPLE

We consider the numerical example proposed in [63]. It is convenient to
use the SI units. In this example the external magnetic field B and the
temperature are relevant only for the initial state but, following [63],
they can be neglected in the dynamical equations. Furthermore it is
considered only a polarized current coming from left to right and we
can put: A‘ufpm = 0and Aystin =: Apispin. It is also convenient to write
the equation 1.7 on page 6 in the form

B —c0s0SCo I + RCy .
M = <§RC1 T ’22’281111; 2 2) 5w M+

IC " cos O RCy I1 + SCy Ip
M |Ca| sind M

) M x (2 x M) (9.6)

where M = |y|i] is the magnetization (y ~ e/m is the electron
gyromagnetic ratio),

(Ii(t1) Ii(t2)) = |Cal? 83 6(t1 — t2)
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Element Value Unit
ty(kp) 0.067 — 0.2511¢
t, (kr) 0.924 — 0.2651
Aptspin 9.990 - 10~%/t, J
Cq (3.312+5.5091) /t, s!
Ca (0.009 4 0.0141)/+/f, s~ /2
B 0.05 T
B direction (0,¢) = (2.8,1.0) rad
T 1 K
Table 9.1: To reproduce the simulation in [63], we consider Ay = 3.36

1072Im, A = 5.76 - 1073Jm, | = 10* and kr = 13.6nm™; fur-
thermore Apgpin =271 1.5+ 10° 1/ ty.

and

 Apspin Amt (kp) t5(kr)
4h kp

Atspin A2 m
Cyo =t (kp) ti(k —Ueme
2= ty(kr) £ (kr) \/ wl6ep i

In [63] it is assumed that 1, = 1.5 - 10° electrons are coming from left
to right with spin up (and then are partially transmitted and partially
reflected by the magnet) in a time t,. In particular, comparing with
equation 6.3 on page 60, we must have

1

4

2mn.h
t,

A,uspin =

The other values are described in the table g9.1. The initial state is
given by

P(2,t=0) = Ce PE = CePMB = CoblrIn]zB

where % is the ] direction, E is the magnetic energy and C is the
normalization constant:

2 -
Cl= [ dp [ dosingePlrnEet
0 0

_4msinh(BB|y|h])
B BBlyln] 7

the temperature and the magnetic field chosen in [63] are reported

85



86

QUADRATIC CORRECTIONS IN b

t= t=0.3- tn

0
2 5 3 12
30 10
25
15 25 s
120
s s .
115
1 2 4
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s 2
05 15
2. 28 285 29 2 14 16 1.8 2
0

6 2.65 2.7 2.75 8 1
0

(a) The initial probability distribution. (b) The distribution for t = 0.3 - t;,.
t=0.5- t“ t=tn
3 i: 4.5
25 6 2 100
20.4 0.5 0.6 0.7 0.8 0.9 1 3 0.02 0.04 0.06 0.08 0.1 0.12 0
(c) The distribution for t = 0.5 - t,,. (d) The distribution for t = t,.

Figure 9.1: The probability distribution for (6, ¢) in radians.

in the table 9.1 on the previous page. In particular, the figure 9.1a
represents the initial distribution probability for (6, ¢):

po(0,¢) = p(6,¢;t =0) = P(2,t =0) sinb.

Comparing C; and C3, we see that we may neglect the quantum
corrections at a first time. For C; = 0, choosing the 8 = 0 axis parallel
to the current polarization, the equation 9.6 on page 84 gives us

sin[0(#)]{SC1 cos[0(t)] sin[¢(t)] — RCy cos[¢(t)]+
+¢/(t) cos[p(t)]} +6'(t) cos(0(t)) sin(p(t)) = O,
sin[0(t)] {SCy sin[B(t)] +6'(t)} =0
from which we have the solution:

0s(t,00) = 0(t) =2 cot™! [Cot (%) e(\“clt] ,

Ps(t, ¢o) = ¢(t) = RCy t + ¢o,

where 6) and ¢ are the angles for t = 0. Observe that 6(¢) is a
decreasing function that, for t — +oo, goes to 0 (this represents the
damping effect).

In particular, we can evaluate the time evolution for p(6, ¢) simply
by considering the evolution of each trajectory:

d[0s(—t,0), ¢s(—t,P)]

t
(0, ¢) '

p(@, ¢; t) = po[@s(—t,G), (PS(_t/ 47)]
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0.8
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e,

(a) Mean value. (b) Fluctuation.

Figure 9.2: Mean value and fluctuation of ]/ during the time interval [0, ,].

where |9(6s, ¢s)/9d(6,$)| is the absolute value of the Jacobian deter-
minant. p(6, ¢;t) is depicted in the figures 9.1 on the facing page for
different values of time; the mean value and the fluctuation of fare
depicted in the figures 9.2. As expected (comparing the order magni-
tude of C3 and C;), these figures are similar to the figures in [63]. Only
the probability density depicted in 9.1d on the facing page shows a
smaller fluctuation with respect to the Wang and Sham corresponding
figure (in any case, observe that this figure is much more zoomed with
respect to the other three along ). This is not surprising: for large ¢
the damping produces a fluctuation decrease (all trajectories converge
to 6 = 0) and then the quantum noise becomes relevant.

9.6.1  Quantum corrections

In the same way we can consider also the quantum corrections. By
using the equation 2.10 on page 14, it is also possible to obtain the
corresponding Fokker-Planck equation.

Because of the damping effect, it is interesting to consider the small
6 limit. From 9.6 on page 84 we get:

RCy cos O + Iz(t) R{E)) -
|G a
Il(t) RCy + Iz(t) ICy )
|2 '

9%):—%qsme—ha)

~ —3Cy 0 — (9.7)

the last term is a linear combination of Gaussian stochastic processes
and then

I(t) - Il(t) §RC2’(—:|—2|12(15) ICy (98)

is a Gaussian stochastic process with

(I(t)) =0,  (I(h)I(t2)) = |Cal?6(t1 — 1) (9.9)
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In particular, equation 9.7 on the previous page reduces to the Orn-
stein—Uhlenbeck process. The corresponding Fokker-Plank equation
is:
) _ Cx |C2|2 2
p(6,1) = SC1 [0 p(6,1)] + 12 B3p(6, 1), (9.10)

whose stationary solution is a Gaussian distribution with zero mean
value and |C|?/ (2 SCy) variance (=~ 5-107°, in our numerical example;
this means that the standard deviation is of the order of ~ 1/100
radians, that is consistent with the difference between the figure 9.1d
on page 86 and the numerical solution in [63]):

%Cl —C QZ/C 2
00 0) = e Il .
p ( ) \/ 7'[|C|2€




POSSIBLE MODEL EXTENSIONS

In conclusion we considered a relatively simple model that allowed
us to describe the quantum noise in the spin transfer torque effect.
We used the Keldysh technique, that lends itself particularly well to
various kinds of generalizations.

Furthermore, as noted in [62], “the development of quantum optics
after the laser operation was understood by semiclassical theory pro-
vides perhaps an optimistic historical guide for the development of
coherent magnetization dynamics after the successes of the semiclassi-
cal STT theory”.

Then, as possible further applications, we can consider some quan-
tum optics setups and try to find a correlation in the spintronics field.
An example could be the setup proposed in the reference [36] and
depicted in figure 10.1. Here a strong f-polarization laser beam goes
trough two atomic ensembles placed in a magnetic field B along £. By
tracing over the light degrees of freedom and using the master equa-
tion, in [36] it is shown that the steady-state is entangled. That could
inspire a similar setup for the spintronics model that we considered,
in which two nano-magnets are coupled by a polarized equation.

More in general, the model that we have considered is interesting
because it could be a step in a cross-fertilization framework between
the open quantum physics and the spintronics. Indeed, in recent years,
the techniques typically used in the open quantum physics — such
as the master equation — and those typically used in the solid state

Figure 10.1: In this figure, taken from the reference [36], a laser beam couples
two atomic ensembles.
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physics — such as the Keldysh approach — came into contact, producing
some interesting results and showing a strong correlation between

them [35, 49].
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GILBERT DAMPING TERM

In this appendix we consider the first order term in w in the expan-
sion 9.5 on page 79 and the corrections produced by this term in the
magnet dynamics equation.

A.1 ACTION S!

In the same way followed for the calculation of D? in section 9.3 on
page 77, we may proceed for D':

® de; [ dep [ s\dy shdy }
— —= nt (e1) —n? ()] -
dl,szg,s’z /0 e )y T M (e) —ni(e)

Mt o (1) Ml (1)

ﬂ‘kl

Dy (1) = 0'(H) 5

1

(€1 — €3 —i0F)?

and the non vanishing terms are:

o the term that multiplies 5! b4 is:

A2 ] N*m ® dey [ dey
D(t) =8 (t) ——— / = =
1() () 8 y 0 \/a 0 \/6

{ 1 (e )+n ( 1) + [ngd(el)—ngd(el)] cos 0+
—nf(en) = ) + [ (e2) — nf“(en)] cos

1

(€1 — ey —i0F)

|t (k) £y (k2) P

then in the low temperature limit, we have terms, for example,

of the form
/14 deq 1t (k)2 / des ’ti (ka) 2 - _621_1.0+)2 _
/V d€1 k1 ’2 feﬁzm(kz ’2 ezel—ezl—iOJr —
-/ d}w«l)\ -
./Ooodez [in(s(el—ez)+P€11€2 a€2|t¢\(/k€i2)|2'
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where the Sokhotski-Plemelj formula has been used; the imagi-
nary part of the integral gives

|f¢ |t¢( )2
/d -

2 fit+gs fitg
(gT—i_g\L) (10g g%T—l g2l>]
+ 2
2(81-47)
while the real one:
ty(k1)|* 5
o VAT (e
, (g¢_€1 log‘\/»JF\/a
. e
Ve (g7 +e *
+g¢)+2g¢ arc’can\/—?2 =
g Té 34 1m0
I de usdl
= |t (k)P ——— =
0 VAT ()

_ Vi
e [(gi -&) (3+ ﬁ)
(g Tt gT> arctan ) B 2 gy arctan <\§—?> ]
g (8- gT) (8- gi)z

At the end, in the low differential potentials limit, we obtain:

A2 N*m 1 ‘
(er+82) (er+al)

T[eet +et (25t 2t a4
d

3D (t) = =¢'(1)

— €f cos b (g% — gﬁ) (VW — le) + 8% gi (VT/d + Hw)]



A2 Sl CORRECTIONS IN THE DYNAMICS EQUATION

and
A JN*mm 1 '
8 (& —&)?

¥ { Ve (81— 81)

a (6[: + gi)z (61: + g%)
(g~ 82) cost (" ") (er +-g80) +
+er <4gi gr+g, (—2g% + it + yW) +4g, 8+
—2g, 8 (4 ) + g () )+
T8181 <Sf (28% A VW) +28,8t (Hw + VW) +

ooy, Ver NGRS
&t (V tu ))] + 2 arctan o 2 arctan o [

RDA(t) = —d'(¢)

- [2€%+6e%g¢gT+

e similarly for the term DR that multiplies b°! b4:
RDR =RD{t,  IDR = _—3DA.
A2 S! CORRECTIONS IN THE DYNAMICS EQUATION

Finally we may write the action as:

=1 /dtl/dtz bd tl bq(t1)>
| ( D(t - m) (b%)) _

DR(t; — 1) 0 b(ty)

% cl
(s me) (0 ) (R0) -
(xat 0 bq(t)
—a [dtB1a + he.

and it is easy to check that it gives rise to a correction in the right side
of the dynamics equation 8.4 on page 70 of the form:

—ﬁfixa7+%amﬁ

that is, a damping term plus a time re-scaling for the nano-magnet
dynamics.
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