MANY-BODY CONTRIBUTIONS TO SPIN
RELAXATION IN SEMICONDUCTORS

A Dissertation presented to
the Faculty of the Department

of Physics and Astronomy

In Partial Fulfillment
of the Requirements for the Degree

Doctor of Philosophy

by
MATTHEW D. MOWER
Dr. Giovanni Vignale, Primary Advisor

DEC 2013



The undersigned, appointed by the Dean of the Graduate School, have examined the dis-

sertation entitled:

MANY-BODY CONTRIBUTIONS TO SPIN
RELAXATION IN SEMICONDUCTORS

presented by Matthew D. Mower,
a candidate for the degree of Doctor of Philosophy and hereby certify that, in their opinion,

it is worthy of acceptance.

Dr. Giovanni Vignale

Dr. H. R. Chandrasekhar

Dr. Sashi Satpathy

Dr. Carsten Ullrich

Dr. Carlos Wexler

Dr. Gregory Triplett



ACKNOWLEDGEMENTS

I would like to acknowledge my advisor, Dr. Giovanni Vignale, for his uncanny ability to
see the physical picture long before results are available. His guidance, based on tremendous
depth of understanding and breadth of experience, has been instrumental to my competence
as a researcher today. Furthermore, I am extremely appreciative of the connections I have
made with other researchers due to his large network of coauthors. As I exit graduate
studies, I have a small network of my own, containing names I would otherwise be intimated
to approach alone.

I’'m quite proud to be a graduate of the University of Missouri. The education I received
in the Department of Physics and Astronomy at the University of Missouri has prepared
me well for work in academia. My doctoral committee has been a great resource when my
primary advisor has been out of town. The graduate student governments, both campus-
wide and within the physics department, have taught me a number of lessons about politics
in academia. This has been the experience any new graduate student should hope to have.

A special thank you is in order to Drs. Meera and H.R. Chandrasekhar for helping me
establish residence in Columbia, MO at a time when all of my belongings fit tidily in the
back of my pickup truck. The amazing Indian cuisine is well remembered.

Finally, I'd like to give a shout-out to the sweatervesters, the Pandacondas, and those
who joined for some great evenings at 44 Stone and Sycamore. These fine people were

responsible for helping me maintain some level of sanity amidst frustrating calculations.

ii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . i it it it i it e e ii
LIST OF FIGURES . . . . . . . . ittt et it h e d e e e e e v
ABSTRACT . . . . o it e i e e e e e e e e e e e e e e e e e e e e vii
CHAPTER
1 Imtroduction. . . . . . . . . . o 0 o i i e e e e e 1
1.1 Spin relaxation in semiconductors . . . . . . . . . .. ... 3
1.2 Dyakonov-Perel spin relaxation . . . . . . . . . . ... 5)
2 Ambipolar spin diffusion in GaAs quantum wells . . . . . . ... ... 13
2.1 Imtroduction . . . . . . . . ... 13
2.2 Experimental techniques . . . . . . . . .. ..o 16
2.3 Experimental results . . . . . . . . ..o 17
2.4 Drift-diffusion theory . . . . . . . . . ... 21
2.5 Inhomogeneous spin relaxation . . . . . . . . . ... L0000 25
2.6 Conclusion . . . . . . . . s 30
3 Dyakonov-Perel spin relaxation in intrinsic GaAs . . ... ... ... 32
3.1 Introduction . . . . . . . ... 32
3.2 Dyakonov-Perel spin relaxation for degenerate electrons . . . . . . . . . . 36
3.3 The effective scattering time . . . . . . ... ..o 37
3.3.1 Electron-electron collisions . . . . . . . . . .. ... ... 37
3.3.2 Electron-hole collisions . . . . . . . . . .. ... ... ... ... 46
3.3.3 Electron-impurity collisions . . . . . . . . . .. ... ... ... 47

iii



3.4 Effective scattering amplitudes . . . . . . . . . ...
3.5 Calculations of the effective scattering rates and spin relaxation times
3.6 Conclusion . . . . . . . . . e
4 Spin relaxation near a ferromagnetic transition . . . . . . . . ... ..
4.1 Introduction . . . . . . . .o
4.2 Effective spin-spin interaction . . . . . . . . . . . ... ... ... ...
4.3 Ferromagnetic transition and phase . . . . . . . .. ...
4.4 Spin relaxation . . . . ... Lo L
4.4.1 Spin flips in scattering . . . . . . . . ..o
4.4.2 Dyakonov-Perel mechanism . . . . . . . . .. ... ...
4.4.3 Comparison to momentum relaxation . . . . . . .. ... . ...
4.5 Analysis. . . . . . L L
4.6 Conclusion . . . . . . ..o
B Summary . . . v . v vt e e e e e e e e e e e e e e e e e e e e e e e e
APPENDIX
A Ambipolar spin diffusion in GaAs quantum wells . . . . . . . ... ..
A.1 Spin diffusion matrix . . . . . . ..o
B Dyakonov-Perel spin relaxation in intrinsic GaAs . . ... .. .. ..
B.1 Equivalence of harmonics . . . . . . . . . . .. . ... ... ... ...
B.2 Reduction of the integral equation . . . . . . . .. .. ...
C Spin relaxation near a ferromagnetic transition . . . . . . . ... ...
C.1 Modified Lindhard response functions . . . . . . . . . . . .. ... ...

BIBLIOGRAPHY . . . . . ot e e s i e e e e e e e e

v

48

51

o6

58

o8

60

64

67

68

72

7

78

83

85

88

88

90

90

92



LIST OF FIGURES

Figure

2.1 Experimental geometry for ambipolar diffusion . . . . . . . ... .. ..
2.2 Spatio-temporal dynamics of electron and spin densities . . . . . . . . ..
2.3 Expansions of spin density profiles . . . . . . . . ..o o000
2.4  Ambipolar diffusion coefficients . . . . . . . ...
2.5 Qualitative diagram of slow spin diffusion . . . . . . . . . .. ... ...
2.6 Momentum relaxation times . . . . . . . . .. ..o
2.7 Theoretical spin relaxation times . . . . . . . . . . . . .. ... ... ..

2.8 Squared width of the spin density packet . . . . . . . ... ... ...

3.1 Collision Integral . . . . . . . . . . ..
3.2 Effective scattering rates in the electron liquid and electron-hole liquid . .
3.3 Contribution of local field factors to the scattering rates . . . . . . . ..

3.4 Spin relaxation times for GaAs . . . . . . . ... ...

4.1 Effective spin-spin interaction between carriers . . . . . . . . . . . . ..
4.2 Polarizations and fields . . . . . . . ..o oo
4.3 Spin indexed GW self-energy . . . . . . . . ...
4.4 Effective scattering rate compared to momentum relaxation . . . . . . . .

4.5 Spin relaxation times from Dyakonov-Perel and spin-flips . . . . . . . ..



B.1 Angle definitions for Abrikosov and Khalatnikov method

C.1 Modified response functions . . . . . . .. . ... ...

vi



ABSTRACT

Spintronics has the potential to play a significant role in future electronic devices. The
success of the field hinges on our ability to maintain and propagate spin signals over various
length scales and periods of time. Common to all devices designed to carry spin signals is
a need to hold the spin orientation of constituent particles, individually or in bulk. Spin
relaxation is a measure of how long particle spins remain polarized while subjected to both
spin-dependent and spin-independent interactions.

An effect typically driven by the spin-orbit interaction in semiconductors, spin relax-
ation describes the rate at which spin polarized particles return to an equilibrium spin
distribution. This is generally in competition with the goals of spintronic devices which
generate out-of-equilibrium spin populations to represent signals. By studying the various
mechanisms of spin relaxation in different systems, we learn which materials are appropriate
for specific applications and get hints about how to minimize signal loss.

This report focuses largely on Dyakonov-Perel spin relaxation of carriers in III-V semi-
conductors. Of the spin relaxation mechanisms in ITI-V semiconductors, Dyakonov-Perel
often dominates or is at least a primary contributor. We study the mechanism in detail for
both non-magnetic and dilute magnetic semiconductors, deriving analytic expressions that
include contributions from many-body interactions. The results shed light on the validity
of commonly made approximations in calculating spin relaxation for various systems. More
importantly, we show how spin relaxation can affect other physical observables, such as spin
diffusion. By investigating this spin relaxation mechanism in a dilute magnetic semicon-
ductor, we include the effects of spin-dependent interactions. These interactions result in

some peculiarities of spin relaxation for carriers undergoing a ferromagnetic transition.

vii



Chapter 1

Introduction

The field of spintronics — the study of spin dynamics, primarily in solid state systems —
has the potential to play a significant role in future electronic devices. With charge based
circuits reaching size, speed, and power consumption limits, spintronic devices may be
able to selectively replace electronic components, allowing continuation of the technology
industry’s rapid rate of innovation. Though promising, these devices are still immature;
the physics involved in spin interactions is relatively unexplored in comparison to charge
interactions in solid state systems. Spintronics is thus a rich field for both technological
advance and our basic understandings of physics in the solid state.[1-6]

An important consideration when developing electronic or spintronic devices is that of
stability and coherence of signals. In electronic devices, signals usually take the form of
small quantities of charge, e.g. field effect transistors switch between on and off based on
whether a channel is charged or not. The charges are manipulated — propagated or caused
to change energy levels — via external and internal (intrinsic) electric fields. Both a useful
feature and a limiting factor of charge based electronic systems is that an electron’s charge
is independent of applied field: apply a positive or negative electric field to an electron, and

that electron will still have a negative charge at the end of the day. Seen as a luxury, one



might consider this a form of particle-stability. Alternatively, as a hindrance, one might
prefer more degrees of freedom than just with or against an applied field.

Depending on how you look at it, spintronic devices do not share this luxury or hin-
drance. Spins can point in any direction and are generally not locked to their “original”
orientation. A number of mechanisms can affect spin: spin-orbit interactions, symmetry
and selection rules,' exchange interactions with magnetic impurities, hyperfine interactions,
spin-phonon interactions, electron-hole, and electron-electron interactions.[7, 8] While the
sheer number of mechanisms available to manipulate spin is encouraging, some are rather
difficult to control or eliminate. Thus, maintaining spin orientation is tricky business — a
spin-up electron is not guaranteed to be spin-up at the end of the day.

Spin signals can take the form of small packets of like-spins or even be individual spins
in the case of quantum dots.[9, 10] Important in all forms of spin signals is the need to
maintain spin-polarization over time and space. For a large collection of spins, coherence
between individual spins may also be of importance. Interactions generally cause difficulty
in maintaining a particular spin orientation, leading to spin dephasing and relaxation. Spin
dephasing refers to the diminishing coherence between like-spin states, whereas spin relax-
ation refers to the population decline of a particular spin orientation.[5, 7] Spin relaxation
is the primary focus of this report.

The projects in this report present derivations and calculations of spin relaxation in
various systems. In Ambipolar spin diffusion in GaAs quantum wells, we see how spin re-
laxation affects the diffusion of spin polarized carriers; Dyakonov-Perel spin relaxation in
intrinsic GaAs presents a detailed derivation of the Dyakonov-Perel mechanism in III-V
semiconductors with many-body interactions explicitly taken into account; Spin relaxation
near a ferromagnetic transition extends these derivations to a dilute magnetic semiconduc-

tor and applies the results to a model of itinerant carriers and localized magnetic impurities.

!Though not really interactions, these rules do put restrictions on wavefunctions and ordering in energy
levels.



As a primer to introduce some of the theory, the following sections give brief descriptions

of the relevant spin relaxation mechanisms in semiconductors.

1.1 Spin relaxation in semiconductors

Several types of interactions are responsible for spin relaxation in semiconductors. These
are typically of the spin-orbit variety, or are at least modeled by an effective magnetic field
interacting with spin(s). Depending on the origin of the effective magnetic field, certain
mechanisms for spin relaxation are more effective in some systems than others. Reviews of
these mechanisms can be found in references [5-7]. The mechanisms of primary relevance
to ITII-V and II-VI semiconductors include: the Dyakonov-Perel mechanism[11], the Elliott-
Yafet mechanism[12, 13], and the Bir-Aronov-Pikus mechanism[14]. For magnetically doped
semiconductors, the exchange interaction between spins and magnetic impurities (e.g. s-d,
s-f, p-d) is also relevant.

For all of the mechanisms mentioned, spins are subjected to an effective magnetic field
which can be said to have correlation time 7. (the time during which a fluctuating magnetic
field is roughly constant) and to cause a spin precession frequency w. M.I. Dyakonov presents
a simple picture of spin relaxation in this effective magnetic field:[6] A spin precesses around
a (random) direction of an effective magnetic field with frequency w. After time 7., the
direction and magnitude of the field changes randomly and the spin precesses around a new
field direction. With a number of these steps, the initial spin direction is forgotten. If the
correlation time 7, is significantly smaller than the inverse of the precession frequency w™!,
a spin will experience only a small precession before being subjected to a new (random)
precession axis. In this sort of random walk between different spin precession axes, the spin
accumulates an angular deviation from its original orientation. The spin relaxation time
may be defined as the time it takes for that angle of deviation from original orientation

to reach say, 7/3 or w/2. In this rather qualitative argument, the rate of spin relaxation



is of order: 7;! ~ w?7..[6] A more rigorous derivation which includes both static and

time-dependent magnetic fields results in

1~ N T
— (.2 2 ¢ 1.1
Te (wm + wy) 1+ ngCQ ’ (1.1)

where w, and wy are the precession frequencies of the fluctuating field and w, is that of the
static field. The over-lines represent averages.[5]

Returning to the list of spin relaxation mechanisms, our studies focus primarily on the
Dyakonov-Perel mechanism and we only discuss Elliott-Yafet and Bir-Aronov-Pikus at a
phenomenological level. The next section is dedicated to the derivation and finer details
of Dyakonov-Perel spin relaxation as it is used in this paper. As this report is not meant
to be a comprehensive review of spin relaxation mechanisms, we limit discussion of the

Elliott-Yafet and Bir-Aronov-Pikus mechanism to the points below

1. Elliott-Yafet spin relaxation: The conduction band states of carriers in semicon-
ductors are in general not perfect spin eigenstates. This is due to spin-orbit contribu-
tions to the crystal Hamiltonian (materials with weak spin-orbit interactions, such as
graphene, are not expected to exhibit this mechanism). The conduction band states

are linear combinations of spin eigenstates, for example:[12, 15, 16]

Prent () = [a1en (1)] 1) + bien (x)| 1)] ™7, (1.2)
Piny (1) = [a% 1, (T)| 1) = b5 (X) 1) ] €77 (1.3)

Then, the inner product (k' 1|k |) can be non-zero, where it should be clear that
|k 1) corresponds to 9i,1(r) in some level n. Spin polarization is determined by the
eigenstate with a dominant prefactor, thus we still refer to the overall state as spin-up
or spin-down. An interesting consequence of this non-zero matrix element is that a

spin-independent scattering potential, like the Coulomb potential, can actually appear



to flip a particle’s spin in interaction: (k’ }| V(k, k') |k 1) # 0. Multiple of these “spin-
flip” interactions can then lead to the unpolarization of carriers as a whole. The rate

of spin relaxation is roughly proportional to the rate of scattering.

2. Bir-Aronov-Pikus spin relaxation: Like Elliott-Yafet, this mechanism relies on
spin flips to occur in scattering. In this case though, spin flips occur as a result of
exchange or annihilation of electrons with holes. The relative spin orientations of the
distinct carriers is the key ingredient. Again, the rate of spin relaxation follows the
rate of scattering. As this mechanism relies on a large background of holes to provide
enough opportunity for exchange and annihilation, it is usually only dominant in

p-type semiconductors.

1.2 Dyakonov-Perel spin relaxation

The derivation of Dyakonov-Perel spin relaxation is well known and can be found in excellent
reviews[5, 17]. In a 2011 paper, we reviewed the derivation and cast it into notation typical
of modern studies in semiconductor spintronics.[18] This derivation is presented here largely
intact. An important message to take-home from this section is that the Dyakonov-Perel
spin relaxation time is inversely related to the scattering time.

The systems in which we study spin relaxation are III-V semiconductors (e.g. GaAs,
InAs, InSb) of the zincblende structure. These semiconductors exhibit spin-split bands
caused by a Dresselhaus effective magnetic field.[19] The effective field arises from spin-

orbit interaction and couples to electrons via the hamiltonian term
h
Hlk:§ﬂk'0', (14)

where Q) defines the precession axis and precession frequency of electron spins. €y is a

cubic harmonic function of the Bloch wave vector k; its component along the z-axis is given



ach?
Ok ¢ k. (k2 — k2, 1.5

where o, is the Dresselhaus spin-orbit coupling constant, F is the band gap energy, and
me is the conduction band effective mass of an electron. The other components of €2y are
obtained by cyclic permutations of x, ¥, and z.
The spin Boltzmann kinetic equation describes the evolution of the spin density matrix
in time:
op 1 dpx Ipx

E—%[Hlk,Pk]Jraﬁ'FkJrE'Vk:Ik(t% (1.6)

where py is the 2 x 2 spin density matrix and Ix(t) is the collision integral (also a 2 x 2
matrix). Assuming a homogeneous distribution of electrons (0px/0dr = 0) and absence of

external fields (Fx = 0), Eq. (1.6) reduces to

8pk 1 .
ﬁ_?j[nk'aapk] = I(t)- (1.7)

We prepare a spin polarized distribution which evolves according to Eq. (1.7) and even-
tually relaxes to an equilibrium state. In the paramagnetic phase, equilibrium corresponds
to an unpolarized state; in the ferromagnetic phase, equilibrium includes some degree of
polarization. To describe the process, we search for a solution which contains an equilibrium
component, pgx, describing a state of uniform spin polarization along a direction denoted

by §, and a non-equilibrium component, piy:

Pk = Pok + Plk - (1.8)

Using this definition in Eq. (1.7), we can relate terms of varying order of spin orbit inter-

action (a.):
dpor | Opix 1

1
p g %[Qk 0, pok) — o2 [ - o, pr] = L(t) - (1.9)

21




The following assumptions are made about the various terms appearing in Eq. (1.9):

.
Pok zero order

P1k first order
1. Order of spin-orbit interaction: (1.10)

Ospor.  second order

{ Otp1c  third order

2. Ix(t) can be cast in the form of relaxation time approximation. (1.11)

The first of these assumptions will be shown to be consistent with the form of the kinetic
equation momentarily. The legitimacy of the second assumption will be discussed in Chapter
3: Dyakonov-Perel spin relaxation in intrinsic GaAs. For now, we simply write

L(t) = -2, (1.12)

*

Ty

where 77 is an effective scattering time on the order of the plane wave lifetime. The pre-
cise form of 7;; depends on the scattering mechanism and will be explicitly constructed in
subsequent chapters for various cases of interest. Notice that pgr, being an equilibrium
distribution, does not contribute to the collision integral.

Equating terms of the same order in a. in Eq. (1.9), the following relations emerge:

_ o,k 1 '
Ik(t) - Tﬁ - 2Z [Qk UapOk] 9 (113)
Opor. 1
ot - 2Z<[Qk Uaplk]>a (114)
op1k
5 — O (1.15)

where (...) stands for an angular average. Finally, 0;p1x has no counterpart in the kinetic

2

equation at order o, hence it must vanish at this order.

Let us now introduce the form of the equilibrium distribution, pgg, from which we can



use the relations above to derive pii. In terms of carrier density n; and spin density sg,

the equilibrium density matrix is
pok = ngl + sy - o, (1.16)

where 1 is the 2 x 2 identity matrix. The carrier density is the sum of spin-up/down

Fermi-Dirac distributions

g = (frr + fry)/2 (1.17)

and the spin density is the difference

st = (fer — fry)/2. (1.18)

These Fermi-Dirac distributions can contain an equilibrium Zeeman energy contribution

A/2 and/or a non-equilibrium perturbation Zeeman energy e:

1
Tt = exp[B(er F (A2 +e5) —p] + 17

(1.19)

where 8 = (kgT)~! and p is the chemical potential.

The non-equilibrium part of the distribution function arises from the competition be-
tween spin precession, which tilts the spins away from the s-axis, and collisions, which
attempt to restore local equilibrium. Inserting por from Eq. (1.16) into the relation for piy
from Eq. (1.13), we find

Pk = Tf: (Qk X Sk) - O, (1.20)

At this point, the assumption made earlier in this section concerning the orders of a. in
Pok> Pk, Otpok, and Op1k can be verified easily.

The linearizion of py has so far only been done in terms of spin-orbit coupling. We can



go a step further by associating pgr and p1y with their es-linearizions as well:

pok = nokl + sox - o, (1.21)
pik = Ty (R X s15) - 0, (1.22)
where
noe = (1/2) Y i (1.23)
sok = (1/2) Y affe, (1.24)
sk = (26/2) D (=0 fra/02s)e 0
= (825/2) Y foa(1 = fia) - (1.25)

and f,ga = frale.—0- These are the density matrices we will use throughout this report.
Notice the equilibrium spin density can be obtained from so; = Tr[poro]/2. Then, the

time rate of change of s is found by tracing Eq. (1.14) with o

OSok

W = <7'1>:Qk X (Qk X SOk)>7 (1.26)

This equation can be cast into a standard relaxation time approximation

Isox S0k
20k 1.27)
(s) (
ot T
by defining the rate of spin relaxation as
1 * 2 a)2
—5 = (e (% — (u-9)%). (1.28)
Tk

The cubic symmetry of III-V semiconductors implies that (i) the relaxation rate of



Eq. (1.28) is independent of the direction of 8, and (ii) the effective collision time 7;; depends
on k only through its modulus k. Therefore, for cubic systems, the expression for the spin

relaxation rate in Eq. (1.28) simplifies to

12,
— = ST (05 (1.29)
A6 73

k

The experimentally measurable quantity of interest is the expectation value of the spin
density:

S = ZSQk. (1.30)
k

The equation of motion for S(t) is obtained by summing Eq. (1.26) over all k and using

this result in a relaxation time approximation that defines 7:

oS S

— =——. 1.31
ot Ts (1.31)

Then, the physical rate of spin relaxation is calculated from
1 _ 2 Tisu () (1.32)

Ts 3 Zk Slk '

The spin relaxation time, as an internal material parameter independent of a particular
non-equilibrium state, is only meaningful in the regime of a small perturbation in spin po-
larization. Inserting sqx from Eq. (1.25) into Eq. (1.32) we indeed find that the polarization
energy €5 cancels and the resulting expression depends only on internal characteristics of
the system. For the case of finite equilibrium spin polarization, the rate of spin relaxation
is

1 2 k0 T fra (1= F) (OF)

Sl S S A (133)

10



In a system that is unpolarized at equilibrium, this reduces to

12X 0 D)0R)

)
Ts 3 Zkflg(l_ 18) ’

(1.34)

where f,g = f,ga| A—0- The spin relaxation time 75 defined by this equation is the experimen-
tally accessible quantity which determines a universal long time tail in the spin relaxation
dynamics, i.e. S(t) ~ et/ Subsequent chapters will put different restrictions on (1.34)
depending on whether the system is in the degenerate or non-degenerate regime.

In the degenerate limit, and assuming both €y and 7 vary slowly across the Fermi

surface, the average rate of spin relaxation reduces to Eq. (1.29) with & — kp:

1 2,
— = 2T (U ek - (1.35)

Ts 3

Referring back to the Dresselhaus spin-orbit field in Eq. (1.5), the angular average is eval-

uated to be
< 2> — E 04352
K35 R2E,

(1.36)

There are two important points to be made about the above derivation. First, the whole
treatment is reliant on the spin-orbit interaction being weak, leading to a clear separation
of time scales between the microscopic momentum-changing collisions (fast) and the macro-
scopic spin relaxation (slow). In other words, we must have Qy7;" < 1; spins relax due to a
combination of k-randomizing collisions and relatively small precessions. From here, we can
see that when the scattering lifetime is of the same order of magnitude as the spin-relaxation
time, our treatment is no longer justified. If spins relax just as quickly as collisions occur,
it makes no sense to introduce a quasi-equilibrium distribution function. In the extreme
limit of infrequent collisions, the momentum of the electron becomes a constant of motion
and the spin simply precesses in the Dresselhaus field at a given k.

The second point is that Eq. (1.28) is often estimated by replacing the effective scattering

11



time 7 with the momentum relaxation time 7;. This, however, is not accurate. Beyond
weighting collision events by their resulting change in momentum, 7;° also weights collisions

based on the change in €0y, which causes spins to precess around new magnetic field axes.

12



Chapter 2

Ambipolar spin diffusion in GaAs
quantum wells

The contents of this chapter were published as an article in Physical Review B on March 27,
2009.[20] The presentation here is derived from that article. For the sake of brevity, some
experimental details are left out. The reader is asked to reference the article if interested

in more information.

2.1 Introduction

Spin transport in semiconductors is conveniently studied using optical techniques. Optical
spin injection and detection are very efficient due to well-established spin selection rules.[17]
The injection of spin-polarized electrons is inevitably accompanied by the injection of an
equal number of positively charged and spin-polarized holes.[21] In studies of n-type doped
semiconductors, the optically injected holes quickly lose their polarization and recombine
with majority carriers, leaving behind a purely electronic spin packet.[22—28] Similarly, in

intrinsic samples with an externally applied electric field, holes are spatially separated from

13



electrons and the transport is dominated by the drift of spin-polarized electrons in the
field.[29, 30] Since the influence of the holes is suppressed in each of these cases, spin trans-
port is dominated by drift and diffusion of spin-polarized electrons, analogue to unipolar
carrier transport.

In this chapter, we report theoretical and experimental studies of the diffusion of op-
tically injected spin-polarized carriers in an intrinsic semiconductor without an externally
applied electric field. In this case, spin diffusion is strongly influenced by the presence of
holes. In the experiments, spin-polarized electron-hole pairs are excited in GaAs quantum
wells by a tightly focused and circularly polarized laser pulse. Since hole spin relaxation is
shorter than a few picoseconds,[31] after a short transient process, the carrier system has
three components: spin-up electrons, spin-down electrons, and holes. This is illustrated in
Fig. 2.1. All three species diffuse in the quantum well plane and interact with each other.
Fig. 2.1b illustrates the carrier system at a later time. Although holes are unpolarized, they
influence the diffusion of spin-polarized electrons via Coulomb attraction. Basically, the
rate of diffusion is controlled by the slow holes, while the highly mobile electrons quickly
adjust to neutralize the holes. This forces both spin-up and spin-down electrons to diffuse
in the same direction, in marked opposition to unipolar spin packets in which electrons of
opposite spin orientations diffuse in opposite directions.

Dr. Hui Zhao studied this triple-polar diffusion process using a pump-probe technique.
Dynamics of electron density and spin density are spatially and temporally resolved by mea-
suring carrier-induced changes of transmission of a linearly polarized probe pulse (Fig. 2.1b).
A sub-linear expansion process of the area of the spin density packet is observed, while the
simultaneously measured electron density packet expands linearly. This indicates that the
spin transport cannot be described as a classical diffusion process with a constant diffusion
coefficient. The spin diffusion is significantly slower than the ambipolar carrier diffusion,
i.e. diffusion of holes screened by electrons. Our theoretical analysis, based on a three-

component drift-diffusion equation, shows that the long-time behavior of the spin density

14



(a) Pump (b) Probe
Pe) -

GaAs QWs GaAs QWs

(c)

probe pump

Figure 2.1: Experimental geometry (a) Spin-polarized electrons (e) and holes (h) are in-
jected in GaAs quantum wells (QWSs) by a circularly polarized pump pulse. Right after
hole spin relaxation, the carrier system is composed of spin-up electrons, spin-down elec-
trons, and holes, within the excitation spot. The orange arrows indicate the direction of
electron spin. This is the initial state of the ambipolar carrier and spin diffusion process to
be studied. (b) The carrier system at a later time. Diffusion of electron-hole pairs is driven
by the density gradient, and is temporally and spatially resolved by measuring differential
transmission of a linearly polarized probe pulse (¢) Experimental set-up. The pump and
probe pulses are counter-propagating and are focused on the sample by microscope objec-
tives with numerical aperture of 0.4. A portion of the transmitted probe pulse is reflected
by a beam splitter to a silicon photodiode to detect electron density. The spin density is
detected by analyzing the polarization state of the other portion of the transmitted probe
pulse by an optical bridge composed of a quarter-wave plate (A/4), a Wollaston prism, and
a balanced detector.

15



can be understood in terms of a spin relaxation rate that grows with decreasing density. This
behavior is consistent with a model of Dyakonov-Perel spin relaxation limited by Coulomb
scattering between carriers. However, the short-time behavior of spin diffusion remains for
the time being beyond the reach of our drift-diffusion theory, and will have to be the subject

of later investigation.

2.2 Experimental techniques

The GaAs multiple quantum well sample contains 40 periods of 10 nm GaAs layers sand-
wiched by 10 nm Al 7Gag.sAs barriers. During the measurements, the sample is cooled to
80 K. Spin-polarized carriers are excited by a circularly polarized 250 fs pump pulse with
a central wavelength of 1550 nm. The pump pulse is tightly focused to excite carriers with
a Gaussian spatial profile of wy=1.5 pm (full width at half maximum) with an excitation
excess energy of about 40 meV. The density of spin-up electrons excited n4 is approximately
three times higher than the density of spin-down electrons n| owing to the selection rules
for two-photon absorption of circularly polarized light.[32]

The carrier and spin dynamics are monitored by simultaneously measuring electron and
spin density profiles as functions of time by using a spatially and temporally resolved pump-
probe technique. The total electron density n = ny 4 n| is measured by focusing a linearly
polarized 100 fs probe pulse on the sample with a spot size of 1.5 pm (Fig. 2.1¢). The spin
density s = ny —n | is measured by analyzing carrier-induced circular dichroism of the same
probe pulse, i.e. the absorption difference of right- and left-hand circularly polarized probe

pulses in the presence of spin-polarized carriers.

16



2.3 Experimental results

Dr. Hui Zhao simultaneously measured electron density and spin density as functions of
space by scanning the probe spot across the pump spot, and as functions of time by scanning
the time-delay between the probe and the pump pulses. Fig. 2.2 summarizes the dynamics of
electron density and spin density measured with a peak electron density of 2.3 x 1017 cm™3.
The contour map in Fig. 2.2a shows how electron density varies with time and space after
injection. Here 7 is defined as the distance between the centers of the pump and probe
spots, and t is the time delay of the probe pulse with respect to the pump pulse. Two
normalized spatial profiles of electron density measured at t=5 ps (squares) and ¢ =300 ps
(circles) are plotted in Fig. 2.2b. The solid lines are Gaussian fits to the data. Clearly,
the spatial profile of electron density remains Gaussian in shape, expanding due to electron
transport. To quantitatively describe the transport, the time variation of the full width at
half maximum of the electron density profile w, was deduced by fitting the electron density
profiles measured at all probe delays. In Fig. 2.2¢c, the squared width as a function of ¢ is
plotted.

According to the classical diffusion model with a constant diffusion coefficient, the
squared width increases linearly in time as

w2 (t) = wi + 161n(2) Dyt, (2.1)

n

where D, is the ambipolar carrier diffusion coefficient.[33, 34] With a linear fit to the data,
we deduce D, = 21 cm?s~!. It is worth mentioning that in the experiment, due to a finite
size of the probe spot, the measured profiles shown in Fig. 2.2b are actually convolutions
of the probe spot and the actual electron density profiles. However, since both the probe
spot and the electron density profiles are Gaussian, the convolution doesn’t influence the

measurement of D,.[35]

17



Electron Density Spin Density
[ - = -
00 n(107cm”) 2300 s(107cm”) 1

A
0 @ 0

100

Time, 7 (ps)
=
S
Time, 7 (ps)

-2 0 2
Distance, 7 (um)

-2 0 2
Diatance,  (um)

G ~~
3 g
= =
: £
e S
g =)
= |k =
2 0 2 2 0 2
Distance, » (um)
63) 12
— 10 ~
g S|
] W 6 =
4

4
0 100 200 300 O 100 200 300
Time,  (ps) Time, ¢ (ps)

Figure 2.2: Spatio-temporal dynamics of electron (n) and spin (s) densities measured at a
sample temperature of 80 K and a peak electron density of 2.3 x 10'7 em™2. (a) Electron
density as functions of time and space. The electron density is deduced from the measured
AT/Ty. (b) Spatial profiles of electron density measured at 5 ps (squares) and 300 ps
(circles). The profiles are normalized in order to show the expansion caused by carrier
diffusion. The solid lines are Gaussian fits. (c¢) Squared width of electron density profiles as
a function of time obtained by Gaussian fit to profiles measured at various times. The linear
fit (solid line) corresponds to an ambipolar carrier diffusion coefficient of D, = 21 cm?s~!.
(d)-(f) Spatio-temporal dynamics of spin density obtained in the same scans.
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The right half of Fig. 2.2 shows the spin component of the diffusion process measured
simultaneously with density. The contour map in Fig. 2.2d shows the spatio-temporal
dynamics of spin density after optical excitation. Spin diffusion is evident by comparing the
two profiles in Fig. 2.2e measured at t=5 ps (squares) and ¢t =300 ps (circles). The profile
remains Gaussian, as confirmed by the fits (solid lines). However, the spin density profile
at t=300 ps is narrower than the electron density profile shown in Fig. 2.2b. This indicates
different transport behavior of spin and electron densities. Quantitatively, the squared
width of the spin density profile doesn’t increase linearly, as shown in Fig. 2.2f, in striking
contrast to the expansion of electron density profile obtained in the same measurement.
Initially, the expansion rate of the spin density profile is similar to that of electron density
profile. At later times, the spin diffusion slows down considerably relative to the density
diffusion. The observed sub-linear expansion of spin density profile shows that spin diffusion
cannot be described as a classical diffusion process with a constant diffusion coefficient.

The procedure summarized in Fig. 2.2 is used to systematically study the influence of
electron density on the diffusion process. The sub-linear expansion of the spin density profile
is observed at all densities and changes systematically with the peak electron density. In
Fig. 2.3 we show several examples. The decrease of the slope with time is more pronounced
at higher densities. Meanwhile, the simultaneously obtained expansions of the electron
density profile (not shown) are all linear and similar to Fig. 2.2c. To approximately compare
the rates of spin diffusion and carrier diffusion, we perform linear fits to the data with ¢ > 150
ps (solid lines in Fig. 2.3). In this range the expansion is approximately linear. The spin
diffusion coefficients deduced by the fits are plotted in Fig. 2.4 (circles) as a function of
peak electron density. The ambipolar carrier diffusion coefficients are also plotted (squares)
for comparison. In the density range studied, the ambipolar carrier diffusion coefficient is
almost constant. In contrast, the spin diffusion coefficient decreases significantly with peak

electron density.
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Figure 2.3: Expansions of spin density profiles at several peak electron densities as indicated
in each panel, obtained by repeating the procedure summarized in Fig. 2.2. A sublinear
expansion is generally observed. Linear fits to data with ¢ > 150 ps (solid lines) are used in
order to approximately illustrate the density dependence of spin diffusion.
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rized in Fig. 2.2 at various electron densities. These coefficients are deduced by linear fits
as shown in Figs. 2 and 3. A significant decrease of spin diffusion coefficient with peak
electron density is observed. The carrier diffusion coefficient is almost constant.

2.4 Drift-diffusion theory

We denote the density of holes by p. The drift-diffusion equations for the three coupled

densities n4, ny, and p are[36]

8TZT K% ny np

9 v R 4 Dy Vg + Dy V } oM 2.2
5 o B+ DnVng+ Dy Vny| + - (2.2)
87”% K g ny

2 . | E 4 D, Vi, + DV } M 2.3
o B+ DU+ Dy Vi |+ - (2:3)
op roo

P _y. | g DV}, 9.4
ot L e T Ve (2.4)

where o4, 0| and o), are the ordinary conductivities of spin-up electrons, spin-down electrons
and holes, respectively; D, is the spin-diffusion matrix for electrons; E is the electric field;
1/7, and 1/7y4 are the spin flip rates from up to down and down to up, respectively.

Several physical assumptions underlie the above equations. First, we have completely
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neglected the hole spin polarization under the assumption that their spin relaxation time
is very short. Second, we have neglected electron-hole recombination - an assumption well
confirmed by experimental observation for the time scales of interest. Third, by keeping the
off-diagonal elements of the spin-diffusion matrix (e.g. D)) we have allowed in principle
for the effect of spin Coulomb drag[37], whereby a gradient of spin-up density can drive a

current of spin down and vice-versa. The explicit form of this matrix is

D, 1+ %77’ %77’

1+~7 n n
v yr 14 a7

D=

: (2.5)

where D,, = u,kpT/e is the electron diffusion constant, 7 is the momentum relaxation time
for electrons, and + is the spin Coulomb drag coefficient. The steps for deriving the spin
diffusion matrix from the spin resistivity matrix are outlined in Appendix A.1.

The time rates of change of ny and n| can alternatively be written in terms of total

density n = ny +n, and spin density s = ny —ny as follows:

({(‘)37; =V - [unnE + D, Vn] , (2.6)

0s s

n =V [pinsE + Ds (Vs + sy7Vinn)] — —, (2.7)
Ts

where p,, and p, are the mobilities of electrons and holes, respectively, and we have used

the standard relations: o)) = ny()epn and op = eppyp. In the second equation we have set

D, = (2.8)

and have assumed 1/7 = 1/74. Finally, 1/7 + 1/74 = 1/7,, where 1/7, is the spin
relaxation rate.
The electric field E arises from the small charge imbalance that inevitably occurs as

low-mobility holes try to keep up with high-mobility electrons. Even though the charge
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imbalance is very small, it would not be legitimate to neglect this field, since the conductivity
of the electrons is very high. Comparing the equations for n (2.6) and p (2.4), and making

use of the approximate charge neutrality condition p = n, we identify the electric field as

D= DyVn
Hp + pn M ‘

E (2.9)

Given the relative magnitudes of D, < D,,, we can see that the electric field points away
from high density regions. The impact of this small electric field is a slight resistance to
the diffusion of electrons.

Substituting this into Eqgs. (2.6) and (2.7) we arrive at our final diffusion equations:

on

— =D, 2 2.1
o Ven, (2.10)
Os S
— =V - [(Dg — Ds)sVInn+ D,;Vs] — —, (2.11)
ot Ts
where
D,, D,
D, = M (2‘12)
Hn + fp

is the ambipolar diffusion constant, which is intermediate between D, and D, but nu-
merically closer to the diffusion constant of the less mobile species (holes in this case).
Eq. (2.10) is the standard electron diffusion equation with ambipolar diffusion constant.
Assuming that the electron density packet at the initial time ¢ = 0 has a Gaussian shape

n(r,0) = Ne4In@r*/w§ we see that the solution at time ¢ is given by

2

3/2
w, _41n(2)52 /w2
n@«,t):zv(wQ&)) e~ /() (2.13)

where w2(t) = w + 161n(2)Dyt. The linear growth in time of the area covered by the
packet is in excellent agreement with the experimental observation, as shown in Fig. 2.2c.

Let us now consider Eq. (2.11) for the spin density. We assume that the initial spin
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distribution is proportional to the density distribution, i.e., we have

s(r,0) = Cn(r,0), (2.14)

where C' is a constant independent of position. For the present experiment the expected
value of C' is 1/2. The number of spin-up electrons is three times larger than the number
of spin-down electrons, owing to selection rules for two-photon absorption of circularly
polarized light.[32] Then, if the spin relazation time is neglected we see immediately, by

direct substitution, that the solution of Eq. (2.11) is

s(r,t) = Cn(r,t). (2.15)

In other words, the spin density and the ordinary density diffuse at exactly the same rate,
controlled by D,,.

It should be noted that this result holds irrespective of the value of the spin Coulomb
drag coefficient. This is in sharp contrast with the case of unipolar spin packets[38] in which
the same theory predicts the spin diffusion constant to be Dy, given by Eq. (2.8), which is
evidently affected by spin Coulomb drag. The difference is easily understood if one considers
that in the unipolar case the requirement of charge neutrality forces the electrons of opposite
spin orientations to move in opposite directions: spin Coulomb drag arises from this relative
motion. In the present case, charge neutrality is ensured by the holes. Thus, the electrons
move in the same direction regardless of spin — there is no relative motion and therefore no
spin Coulomb drag. The above solution (2.15) was found for the initial condition (2.14) but
we have checked that, even if the spin density is not initially proportional to the density, it
eventually becomes proportional to the density at sufficiently long times.

We conclude that the experimental observation of an apparently decreasing spin diffusion

coefficient cannot be explained within the framework of the drift-diffusion theory, unless one
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is willing to include the spin relaxation time. Further, it is easy to see that a homogeneous
spin relaxation time (1/75 independent of density and hence of position) will not change the

situation, for the solution of Eq. (2.11) in the presence of such a relaxation time is simply

s(r,t) = Cn(r,t)e ™. (2.16)

There is now a global decay of the spin in time, but still no change in the apparent rate of

diffusion.

2.5 Inhomogeneous spin relaxation

In view of the above discussion we now examine the possibility of explaining the experi-
mental data in terms of non-homogeneous spin relaxation. Suppose for instance, that the
spin relaxation rate were larger at lower density, i.e. larger in the tails of the spin packet
than at its center. This would produce the impression of slower spin diffusion, since the
outward diffusion of the spin would be hidden by the more rapid decay of the spin at the
edges (Fig. 2.5). To verify this idea, Dr. Hui Zhao measured the spin relaxation time as
a function of peak electron density by using the same pump-probe technique. The results
shown in Fig. 2.7 confirm this conjecture (see discussion below). The spin relaxation time is
larger for packets of higher density, suggesting that 1/7s increases with decreasing density.
However, these are measurements of the lifetime of the spin packet as a whole, whereas in
the drift-diffusion theory we need a position-dependent spin relaxation rate, determined by
the local density.

We have developed a model for the position dependence of the spin relaxation rate along
the following lines. First, we notice that electron-impurity effects or spin-orbit interactions
with the lattice could not account for the spatial variation of 1 /74 within the packet, since the

impurity environment and the crystalline environment are uniform over the region occupied
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Figure 2.5: As electron density decreases, the spin relaxation rate increases (dashed line).
A non-uniform spin relaxation rate across the packet gives the appearance of slower width
increase. The length of the arrows is given by product of density and relaxation rate.
(Linear 1/75 for illustrative purposes only)

by the packet. What is not uniform is the frequency of electron-electron and electron-hole
collisions. Because the Coulomb interaction is screened and thus effectively becomes of short
range, we can say that the carriers near the center of the packet experience an electronic
environment of higher density, and their scattering rate is accordingly higher than in the
tails of the packet, where they experience an electronic environment of lower density.

How does the variation of the carrier-carrier scattering time translate into the observed
spatial variation of the spin relaxation rate? A plausible answer comes from the Dyakonov-
Perel spin relaxation mechanism[17, 39]. In this mechanism, spin relaxation is primarily
due to spin-orbit interaction with the lattice. In GaAs the primary mechanism is the
independent precession of each electron in the Dresselhaus k-dependent effective magnetic

field[19]

Qe =ack? (2mAE,) K, (2.17)

k={ky (k; —k2), ky (K2 —K2), k. (K2 — k) } (2.18)
where we apply the following parameters for GaAs: the spin orbit coupling is a. ~ 0.07;
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present interaction model, the rate of carrier-carrier collisions is proportional to n. Here
the relaxation time is calculated for wave vector k = 1.43 x 108 m~! and screening wave
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the effective mass of conduction electrons is m. = 0.067m,; the band gap energy is F, =
1.5eV. Notice that the effective magnetic field depends on the momentum k of the electron.
Electron-electron (e-e ) and electron-hole (e-h ) collisions change the momentum of the
electron, and thus change the direction and magnitude of €. This hinders the process
of spin relaxation, especially in regions where momentum-changing collisions are frequent,
i.e. high-density regions. Referencing the derivation of Dyakonov-Perel spin relaxation in
Chapter 1, the rate of spin relaxation can be approximated by the degenerate formula in
Eq. (1.35) as

1 . 32 aZed,

7 105 12E,’

(2.19)

where 7* is related to the momentum relaxation time by the effectiveness of the scattering
event on the randomization of the precession axis of €.

We have evaluated the contribution of e-e and e-h interactions to the lifetime of a
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momentum state in a homogeneous environment of density n according to standard formulas
reported for example in reference [40], but evaluated at the parameters of the experiment.
In order to simplify evaluation of the momentum relaxation time we use a screened Coulomb
interaction model of the form

V(r)=—e "o (2.20)

where kg is a fitting parameter on the order of the Debye screening wave vector at n =
10'7 cm ™2 and Boltzmann statistics are used throughout. This is admittedly a significant

—3. While numerical ac-

approximation as the electrons are degenerate above ~ 10'7 c¢cm
curacy may be improved, qualitative aspects are generalizable. Our results are shown in
Fig. 2.6, where the momentum relaxation times due to e-e and e-h scattering are compared
to the background scattering due to impurities, which is density independent. These values
have been obtained for a typical thermal value of k = 1.43 x 108 m~! with a screening wave
vector ko = 1.89 x 10® m~!. High density regions exhibit a higher rate of collisions which
could potentially slow spin relaxation, whereas low density regions are governed primarily
by lattice scattering.

Using Eq. (2.19), we arrive at 74 shown in Fig. 2.7, where the calculated spin relaxation
time (solid line) is shown to be in good agreement with experiment (circles). We remind
the reader that the experimental 75 is plotted as a function of peak electron density, while
Eq. (2.19) is being applied on a microscopic scale. The results of the calculation give us
confidence that the Dyakonov-Perel mechanism, limited by carrier-carrier scattering, can
indeed produce a spin relaxation of the right order of magnitude and, more importantly
for us, one that is faster in the tails of the packet. We note that our results are consistent
with a recent study where electron spin relaxation time in bulk GaAs at room temperature
was found to increase linearly with carrier density when the Dyakonov-Perel mechanism
dominates.[41]

With the inhomogeneous spin relaxation time, the spatio-temporal evolution of a spin
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Figure 2.8: Squared width of the spin density packet calculated with (dotted line) and
without (dashed line) taking into consideration spin Coulomb drag. These are considerably
smaller than the squared width of a density packet (solid line). It is evident that spin
Coulomb drag plays only a minor role in further reducing the apparent diffusion rate.
Parameters used matched those of the experiment in Fig. 2.2.
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polarized packet was evaluated using Eq. (2.11) with parameters similar to those used in
Fig. 2.2. One dimensional dynamics were used for the simple goal of comparing diffusion
rates. Fig. 2.8 illustrates the squared widths of the profiles of electron density and spin den-
sity over an interval of 300 ps, calculated by fitting a Gaussian curve at several times during
the evolution. An interesting consequence of the inhomogeneous spin relaxation rate is that
by breaking the trivial solution it “turns on” spin Coulomb drag, which would otherwise be
completely inoperative. The spin diffusion rates with and without spin Coulomb drag are
also compared. The differences are rather small, reflecting the fact that the slowing down
of the spin is mostly apparent due to loss of spin in the edges of the packet rather than
due to the relative motion of up- and down-spin components. Nonetheless, a small effect is

visible and goes in the direction of further reducing the apparent spin diffusion.

2.6 Conclusion

We have studied, both theoretically and experimentally, diffusion of optically injected spin-
polarized carriers in undoped GaAs quantum wells at 80 K. The experiment is performed
with a high-resolution optical pump-probe technique. Spatio-temporal dynamics of locally
injected spin-polarized carriers are directly resolved. By comparing expansions of electron
and spin density profiles, we found that the spin diffusion cannot be described as a classical
diffusion process with a constant diffusion coefficient. The spin diffusion appears to be
slower than the ambipolar carrier diffusion. Owur theoretical analysis, based on a three-
component drift-diffusion equation, shows that the long time behavior of the spin density
can be understood in terms of a spin relaxation rate that grows with decreasing density. This
behavior is consistent with a model of Dyakonov-Perel spin relaxation limited by Coulomb
scattering between carriers. However, the short time behavior of the spin-density remains

for the time being beyond the reach of our drift-diffusion theory.
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Chapter 3

Dyakonov-Perel spin relaxation in
intrinsic GaAs

The contents of this chapter were published as an article in Physical Review B on April 14,

2011.[18] The presentation here is derived from that article.

3.1 Introduction

The most complete study of spin relaxation in semiconductors to date is by Wu et al.,[7]
who made calculations of the spin relaxation time (SRT) due to each of the relevant spin
relaxation mechanisms in III-V semiconductors: Bir-Aronov-Pikus (BAP) [14], Dyakonov-
Perel (DP)[11], and Elliott-Yafet (EY)[12, 13]. Comparing the relative efficiencies of the
mechanisms, their results suggest that Dyakonov-Perel spin relaxation is dominant for es-
sentially all the electron densities and temperatures of experimental interest.[42] Although
Teng et al. initially found cases where BAP spin relaxation dominates DP spin relaxation
in intrinsic GaAs,[43] it was later pointed out by Jiang and Wu that non-degenerate statis-

tics were being applied to degenerate electrons.[44] Also noted by Jiang et al., Song and
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Kim have investigated spin relaxation due to all of the relevant spin relaxation mechanisms
in n- and p-type III-V semiconductors,[43] but their analytic expressions are again only
applicable to the non-degenerate regime. Tamborenea et al.[15] have calculated EY SRTs
due to electron-impurity and electron-electron collisions in n-doped GaAs for a wide range
of temperatures and electron densities, finding that the EY mechanism alone is insufficient
to explain experimental SRT measurements,[45] suggesting that DP spin relaxation may
account for the discrepancies. These findings encourage us to continue looking at DP spin
relaxation as the primary spin relaxation mechanism in GaAs and similar semiconductors
of the zincblende structure.

The focus of the present study is on the role played by many-body interactions on the
DP spin relaxation mechanism — a role that we would like to clearly disentangle from that
of other scattering mechanisms. The theory of many-body effects in DP spin relaxation for
electrons in semiconductors was formulated in several papers by Wu, Ning, and Weng,[46,
47] and separately by Glazov and Ivchenko.[48, 49] The basic idea is that electron-electron
scattering causes the electron quasiparticle to perform a random walk in momentum space;
this in turn causes random variations of the direction and magnitude of the spin precession
axis. DP spin relaxation arises from the cumulative effect of many small precessions about
randomly varying axes, and its main signature is that the spin relaxation rate is inversely
proportional to the momentum scattering rate. In doped bulk semiconductors at low tem-
peratures, however, it is difficult to disentangle the contribution of the electron-electron
scattering rate from the similar but much larger contribution of electron-impurity scatter-
ing. An important exception arises in intrinsic semiconductors, when a non-equilibrium
population of electrons and holes can be created by optical excitation. By using circularly
polarized light it is possible to achieve a high degree of spin polarization of the electrons in
the conduction band (the spins of the holes relax rapidly due to strong spin-orbit interac-
tions in the valence band), and the time evolution of this spin polarization can be monitored

in real time. Such a system is virtually impurity free, and thus offers a unique opportunity

33



to directly test the impact of many-body interactions on DP spin relaxation of electrons.[50,
51]

The initial motivation for the present study came from an experiment in which a
density-dependent diffusion rate for spin polarized electrons was observed in a photo-excited
electron-hole packet in bulk GaAs.[20] Zhao et al. found that the spin density in such a
packet has a smaller diffusion constant than the carrier density. It was argued that this
could be explained by a density dependent spin relaxation rate, where the electron spins in
low density regions of the packet relax faster than in the high density regions, leading to the
appearance of slow diffusion. This behavior is consistent with that of DP spin relaxation
controlled by electron-electron scattering in the non-degenerate regime,[49] which is indeed
expected to occur in the low density regions of the electron-hole packet. Remarkably, the
increase of the spin relaxation rate with decreasing density in the non-degenerate regime
is opposite to the behavior in the degenerate regime,[42] where the spin relaxation rate
decreases with decreasing density. This means that the SRT has a maximum as a func-
tion of density at a density intermediate between the degenerate and the non-degenerate
regime.[52]

The present study continues our efforts to develop a better microscopic understanding
of the many-body effects in DP spin relaxation. We consider electron-electron, electron-
impurity, and electron-hole interactions in the degenerate regime. In this regime, the pres-
ence of a large Fermi surface paves the way to an elegant analytical treatment of electron-
electron and electron-hole scattering rates — a treatment pioneered by Abrikosov and Kha-
latnikov in their classic paper on the theory of the Fermi liquid.[53] The relevant scattering
rates are similar to but not identical with the well-known momentum scattering rates which
control, for example, the lifetime of quasiparticles. The difference arises because different
collision events are not equally effective at changing the magnitude and direction of the
spin precession: the contribution of different collision events must be weighted according

to their effectiveness at changing the spin precession. (A similar “weighting” — this time
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concerning the effectiveness of collisions at changing the current — is responsible for the
replacement of the scattering cross section by the “transport cross section” in microscopic
calculations of the electrical conductivity). Glazov, et al. had previously looked at the con-
tribution of electron-electron collisions to DP spin relaxation in the degenerate regime, but
limited themselves to qualitative estimates.[49] Jiang, et al. applied the powerful kinetic
spin Bloch equation approach, including all relevant spin relaxation mechanisms, but their
work was primarily numerical.[42] In the present study, analytic expressions are derived
which are applicable to a variety of semiconductors of the zincblende structure. In partic-
ular, the calculation of the relevant electron-electron and electron-hole scattering rates is
reduced to the evaluation of simple two-dimensional and one-dimensional integrals over the
Fermi surface. We find that electron-hole scattering is the dominant mechanism of momen-
tum randomization in these intrinsic semiconductors. Nevertheless, we emphasize that our
mechanism of spin relaxation remains conceptually distinct from the BAP mechanism in
which electrons transfer their spin polarization to the holes via interband matrix elements
of the Coulomb interaction. In the BAP mechanism a conduction band electron drops into
the valence band and is replaced by another electron coming from the valence band. In the
present mechanism — that is in the DP mechanism — conduction band electrons remain in
the conduction band, while transferring momentum to the holes. The relative effectiveness
of DP and BAP mechanisms has been well studied,[7, 42] and it has been found that the
BAP mechanism is unimportant in intrinsic samples, or in doped samples when the elec-
tron density is high.[7] Therefore, we are confident that DP spin relaxation is the dominant
mechanism in the temperature and density regimes investigated in this study.

Another novel feature of the present work is that we include exchange and correlation
effects in the calculation of the effective electron-electron and electron-hole interactions. In
practice, this means that we are going beyond the basic RPA-screened interaction. Exchange
and correlation effects are included via local field factors, and we will show that these

effects cause an enhancement of the scattering rate — and a corresponding reduction of spin
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relaxation rate — at low density and low temperature (still in the degenerate regime). In
the opposite limit of high density, the scattering lifetime becomes very large. A cautionary
note is included for the treatment of DP spin relaxation in this regime. Specifically, the
common assumption that momentum-changing collisions are frequent on the scale of spin
relaxation fails, since the two processes occur on comparable time scales. In this regime the
quasiparticles are essentially non-interacting and the DP mechanism is superseded by the
spin precession of individual quasiparticles of essentially constant momentum.

This chapter is organized as follows: in Section 3.2, we review the steps and the as-
sumptions in the derivation of the standard formula for Dyakonov-Perel spin relaxation; in
Section 3.3 we derive analytic expressions for the effective (i.e. weighted) scattering rates
due to electron collisions with electrons, holes and impurities; Section 3.4 describes the
effective scattering amplitudes used in our calculations; Section 3.5 discusses the effective
scattering rates and SRTs for doped and intrinsic GaAs; Section 3.6 contains our concluding

remarks.

3.2 Dyakonov-Perel spin relaxation for degenerate electrons

Derivation of Dyakonov-Perel spin relaxation was covered Section 1.2. The result from
Eq. (1.34) is

3 LhROU-F)

where we work with Fermi-Dirac distributions for unpolarized electrons at equilibrium.

L 2R TR0 = F) (3.1)
k

In the degenerate limit, kgT < ep, the factor fP(1 — f2) entering the integrals in
Eq. (1.34) is strongly peaked at the Fermi level. Since the spin orbit field Qk in Eq. (1.5) is

a slowly varying function of k, it is legitimate to set k = kr and take it out of the integral.

36



As a result, the spin relaxation rate takes the following simple form:

1 2,
7-73 = gTavg<912<>’kﬁkF ) (32)

where
St 1Y)
Y (= I

Hence, in the degenerate limit, the spin relaxation time 7, is completely determined by two

(3.3)

parameters: the mean square of the spin-orbit field (%) at the Fermi energy and a properly

averaged effective scattering time While calculation of <Qi) is straightforward, to find

T;‘Vg.
Tave We normally need to solve a complicated integral equation. One of the goals of this

study is to show that 7,

ve» and thus 75, can be calculated rigorously using methods developed

in the theory of Fermi liquids.[54]

3.3 The effective scattering time

In order to calculate the effective scattering time 7, we need to construct the collision
integral. Naturally, the construction depends on the nature of the collision process. Let
us begin with electron-electron scattering processes. Electron-hole scattering processes will
then be easily handled. These two scattering mechanisms are all that is needed to treat
DP spin relaxation in intrinsic, photo-excited semiconductors. For doped semiconductors,

electron-impurity scattering needs to be included.

3.3.1 Electron-electron collisions

The collision integral for an interacting Fermi liquid has been derived by several authors.[49,

55, 56] The most direct derivation starts from the Kadanoff-Baym quantum kinetic equa-
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Figure 3.1: Contributions to the collision integral under the Born approximation.

tions.[57] The collision integral derived in this manner has the form

Le(t) = LM(t) — I"(t), (3.4)

where
() = /_ dty {55 (4, 0)GE (0, 1) + G2 (8,05 (11, 8)) (3.50)
() = /t dty {5 (t, 01) Gy (t1, 1) + G (8, 11) S (b1, 1)} (3.5b)

Here, the lesser and greater Green’s functions and the corresponding self-energies are all
2 x 2 matrices in spin space. For the self-energy function one adopts the Born approximation,
in other words, second order in an effective electron-electron interaction. The scattering
amplitude is denoted by Wypk/p/, where k, p are the momenta of the incoming particles and
k/, p’ those of the outgoing ones (Notice that one must have k + p = k’ + p’ by momentum
conservation). In the simplest approximation W is simply the Fourier transform of the

Coulomb interaction:

4re?
Wipk'p = W5k+p,k/+p’ ) (3.6)
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where € is the background dielectric constant of the semiconductor and e is the electron
charge. Here, we will include RPA screening and post-RPA screening via local field factors.
In a more complete treatment, the effective interaction would also depend on the relative
orientation of the spins; we will not consider such effects here, but simply assume that W
is averaged over the relative spin orientations.

In Fig. 3.1, we show the diagrams that contribute to the collision integral in this ap-
proximation. As a further approximation, we adopt the generalized Kadanoff-Baym (GKB)

ansatz[57, 58] relating the Green’s functions to the distribution function:

Gy (1) = p(t)Gi(t, 1) — Gic(t, 1) pk(t') (3.7)

where
Gy(t, 1) = —if(t — t)e k(=1 (3.8a)
GL(t,t) = i0(t — t)e ==t (3.8b)

and g, = h2k?/2m* is the single-electron energy in a parabolic band of effective mass m*.!

Notice that we are neglecting interaction contributions to the single particle energy, coming,
for example, from exchange. It is assumed that these contributions are properly included
in the effective mass. As a final approximation we ignore the difference between py (1) and
pk(t), i.e. we assume that the distribution function is slowly varying on the time scale probed
by the integrals in Eq. (3.5). This is commonly referred to as the Markovian approximation,
and is completely justified in the solution of a steady-state problem. Then, the remaining
integral over time contains only a principle value term and a § of conservation of energy.

Retaining only the dissipative contribution (from the conservation of energy term), the final

'There is a sign correction in the exponential of Eq. (3.8b) compared to the published article [18].
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expression is

: T
I (1) = 7 Z 0 (ek+ep —ew — &) Okp /s
k/pp/

[Wirew* ({11 = pre} T [ (1= ppr)] = {1 = prs 1} T [(1 = ) o))

({owe: (= pw) pp (1= pp) } = {1 = o1 pae (1 = pp) P )] - (3.9)

- ‘ Wkpk’p’ Wkpp/k/

We note that the collision integral in Eq. (3.9) can be shown to be exactly equivalent to
the one presented in [49] by substituting px = fi1 + sy - & and carrying out some straight-
forward algebraic manipulations. However, at variance with Ref. [49], we only consider in
the following the linearized form of the collision integral, take into account effects beyond
RPA in the effective interaction, and neglect self-energy corrections which, when evalu-
ated with properly screened interactions, can be shown to have negligible dependence on
momentum. [40]

We now show that the relaxation-time approximation in Eq. (1.12) is consistent with
this collision integral linearized in p1. With (Ek +ep —Ep — 5,,/), the quasi-equilibrium

distributions make no contribution:

{pok, (1 = por) } Tr [pop (1 = pop)] = { (1 = pow) , por' } Tr [(1 = pop) poy] (3.10)

and

{por, (1 = por) pop (1 = pop) } = {(1 = por) . por (1 = pop) popr } - (3.11)
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Then, each term in the collision integral contains one p;:

{p 1=} Trlpp (1= ppr)] = {1 = proprc } T [(1 = o) pp] =
{p11c; 1 = por } Tr [pop (1 = pop )] + {p11cs por } Tr [(1 = pop) poy |
—{pok, p1 } T [POp ( )] - {i — pok,plk/} Tr [(i — POp) POp’] (3.12)

+ {po> 1 = pow } Tr [p1p (1 = poy )] + {1 = pok, porr } T [p1ppop |

[
—{poks 1 = pow } Tt [popprp ] — {1 — pows por } Tr [(1 = pop) p1p’]

and

{pe: (1= p) pp (1= pp) } = {1 = prc pae (1= ) P } =
{prcs (1= pow) pop (1= popr) } + {p1scs porr (1 = pop) poy }
— {pors e pop (1= popr) } = {1 = pow, prie (1 = pop) pop } (3.13)
+ {POk, (i - Pozc') Plp (i - Pop')} + {i - POk,POk'P1pP0p'}

- {POk, (i - POk’) pOpplp’} - {i — POk, POk (i - Pop) plp’} .

These can be simplified a bit further, but at a loss of readability.

We assumed in Eq. (1.13) that the collision integral is proportional to pix, which is in
turn proportional to [Q - o, poi]. Furthermore, each component of Qy gets all its angular
dependencies from [ = 3 spherical harmonics [e.g. . is expressed this way in Eq. (3.18)].
Obviously por contains no such terms. Therefore pyx must contain only | = 3 spherical

harmonics. Viewing the collision integral as an integral operator,
Lo =Y LKk K)pu, (3.14)
k/

it is apparent that £, being rotationally invariant, has no means of changing the harmonic
content of p1r. Then, we reach the conclusion that the collision integral also contains only

[ = 3 harmonics. In other words, we see that the relaxation time approximation introduced
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in Eq. (1.12) is consistent with the form of the linearized collision integral.

Clearly, p1k is traceless; so then is the collision integral. We trace the linearized collision
integral with o to find a relationship between elements in pjx and Ix. In the limit of
small spin polarization, py is expanded to first order in the polarization energy with the

assumption that ¢, < €. por and pik then take the forms:

pok = [+ Bef2(1 - f)$ - o, (3.15)

piic = miBea 21— f1) (R x 8) - o, (3.16)

where f,g is the unpolarized Fermi-Dirac distribution. Equating terms of first order in &4

we find

SRA— f)u x s =

47 1
EW Z/dk/ dp fl(g)(l - flg’)f](?)(l - fI?/)(S (€k -+ €p — & — gp/) 6k+p,k’+p’
p’

I — ]

-

1 * * * * A
—5 ‘Wkpk’p’Wkpp’k’ [Tkﬂk — Tk/ﬂkf + Tpr — Tp/Qp/] } X S. (3.17)

Cubic symmetry in III-V semiconductors permits us to consider only one component
of this vector relation, £y x 8 — € .. The later quantity can be conveniently written in

terms of spherical harmonics, Y;"(6, ¢):

O ach?k3 8w

= V2miE, 105

This fact, together with isotropy of the scattering, imply that the solution 7} of Eq. (3.17)

(Y3 (U, 1) + Y 2Ok, 08)] - (3.18)

does not depend on the direction of k. Indeed, assuming 7y = 77, we find that the presence

of Q. [given by Eq. (3.18)] in the integrals in Eq. (3.17) already guarantees that the whole
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right hand side has the proper angular dependences, consistent with that of the left hand
side. As further evidence of this fact, it is easily demonstrated that integration of € .
(where q can be any of k/, p, or p’) over dq results in a term proportional to Qy .. This is
shown in Appendix B.1.

As usual, further simplifications come in the degenerate limit because the factor f,g(l —
f,g,) fg(l — fg,) confines the momentum integrals to a narrow shell around the Fermi energy,
where the density of states can be well approximated by a constant. In this case, 7 = 7%(§)
becomes a function of the dimensionless energy variable, & = (e, —p)/(kpT'), which satisfies

a one-dimensional integral equation of the following form:

B- / " dn K(2,6) [7(6) — A (2)] (3.19)

—00

The first term of the integral corresponds to the combination of each of the first terms in
square brackets of Eq. (3.17); the second term in the integral picks up the remaining terms
in the square brackets of Eq. (3.17). A detailed derivation of this equation, starting with
Eq. (3.17), is given in Appendix B.2. The kernel K(z,¢) and the parameters B and A
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entering Eq. (3.19) are defined as follows:

K(z,€) —?Ztg { 15__65_5] , (3.20a)
_m27((§;f¥)2 ( A ?)1 , (3.20D)

A :Aljxi — ﬁz?;/ 2 (3.20¢)

A = / dgm, (3.20d)

Az —/dQ%, (3.20e)

M :jl / 49 m& (cosBy) , (3.20f)

Mo :; d % [Py (cos 1) — Ps (cos ) + Ps (cos 6)] - (3.202)

Ps(x) is the 3rd order Legendre polynomial. The solid angle d©2 = sinf dfd¢ should not
be confused with the Dresselhaus Larmor frequency. All of these angles (6, ¢, 01, 62) are
described in Appendix B.2, but briefly: 6 is the angle between k and p; ¢ is the polar angle
about the k + p axis, between k' (p) and k (p); cos#; =k -k’ = (1/2)(1 4 cosd + cos ¢ —
cos 0 cos @); cos By = k- P’ = (1/2)(1 + cos @ — cos ¢ + cos 0 cos ¢).

Integral equations of the type in Eq. (3.19) with a kernel of Eq. (3.20a) are common in
the theory of transport coefficients of Fermi liquids.[53, 59] The general method of solution
has been proposed by Sykes and Brooker.[54] This amounts to a clever Fourier transform
utilizing the convolution theorem and ultimately changing the integral equation to a rec-
ognizable inhomogeneous differential equation. The solution to our Eq. (3.19) may then
literally be read out from their paper:

cosh(¢/2) /°° iy i€ g i (41 + 3) oy (w)

(€)= — Ay (Aot — ) (3.21)

o =0
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where

®)(w) = pjyq (tanh 7w) | (3.22)

A= %(z 1) +2), (3.23)

and p;"(z) are the associated Legendre polynomials.
In Section 3.2 we showed that the physical spin relaxation time is proportional to an
average effective scattering time 7, given by Eq. (3.3). Expressing the summation over k

in Eq. (3.3) in terms of a £-integral and using the solution of Eq. (3.21), we arrive at our

Tsvg:/_oodé( ng) (©)

o0

4] +3
" on? Z Aoy [Ag —

final result:

(3.24)

As it turns out, for all calculations performed in this study, the first two terms of the
sum account for greater than 99% of total scattering time. The first term alone is about
95% of the sum at the lowest density examined (n ~ 101®cm~=3) and the accuracy increases
with increasing density.

For reference, we also mention the plane wave scattering time. This can be calculated

readily from Eq. (B.24) by setting P3(z) — 0 and 77 — 73. The k-dependent scattering

time is
er— 1\ -
=2B 2 3.25
Tk < kpT > + 7 ( )
and the averaged scattering time is
3B
Tavg = ﬁ . (326)

Notice the close relationship between the plane wave scattering time and the [ = 0 term of
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the effective scattering time:

. 3B [ 1
Tavg,l=0 = 53 (1 — A) : (3.27)

For 0 < A\ < 1, the effective scattering time is enhanced (or the rate is decreased) compared
to the plane wave scattering time. This range of A is consistent with the calculations we

make including the Dresselhaus field in Section 3.5.

3.3.2 Electron-hole collisions

The collision integral for electron-hole collisions is simply the direct-process-only portion of

Eq. (3.9):

: T
I(t)h = % Z 8 (e +ep—ew — &p) Sctprtp [Wiae [
k/pp/

({pk,i — pw } Tr [pgl) (1 - pgf))} —{1- o} Tr [(1 - pﬂ”) pgl”)D , (3.28)

where p(M is the hole density matrix. We consider equal densities of electrons and holes
so that the Fermi momentum wavevectors are equal for the two species. This condition
is likened to an intrinsic semiconductor under optical excitation. Additionally, the valence
band energy for holes is considered parabolic.

The same logic used in solving the collision integral for electron-electron collisions (in

Appendix B.2) can be applied here with the modification

mm2

dkl dp = Ws(gmdgk/ dfp dEp/ sin 9d9 ng dgﬁp s (329)

where m,, is the effective valence band hole mass. Following the same procedure used in e-e
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scattering, the average effective scattering time for electron-hole collisions is

41 + 3

*(h)

e Z Agy [Ag —

where \; is the same as in Eq. (3.20f), A; is given by Eq. (3.23), and

h7(2ﬂ—)4 A*l .

B — :
mem2 (kpT)?

The plane wave scattering time is simply

with an average of

3.3.3 Electron-impurity collisions

The collision integral for elastic collisions from impurities is considerably simpler:

i T
I ()" = 5 Z [Wiae|? 8 (e — &) (p1c — puic) -
k/

The resulting effective scattering rate is[5, 17]

1 c 0 L
ok m47’:gf /_ d(cos0) [IW(cos0) * 1= Pa(cos )]
F

where n; is the density of impurities.
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3.4 Effective scattering amplitudes

We can apply the formulas derived in the previous section to the calculation of effective
scattering times in both intrinsic and extrinsic semiconductors, provided they are in the
degenerate regime (kT < ep). The intrinsic case will be considered first, since it is in
this case that many-body effects play the dominant role. Electron-hole pairs are created
in an intrinsic semiconductor by optical excitation and may, if the recombination time is
sufficiently long, condense in a degenerate electron-hole liquid. The impurity concentration
is negligible and electron-electron and, especially, electron-hole scattering plays the dom-
inant role in controlling the DP mechanism of spin relaxation. We will also consider, for
completeness, the electron liquid in extrinsic n-type doped semiconductors. In this case
the doped electrons come from donor impurities and there is typically one impurity per
electron. Furthermore, because we are considering a bulk semiconductor, the impurities are
homogeneously distributed throughout the electron liquid, and thus provide the dominant
scattering mechanism — far more important than electron-electron scattering, as we will see.

The crucial ingredient of the calculation is, of course, the effective interaction W to be
used in Egs. (3.24), (3.30), and (3.35). Here we have two options. The first option is to adopt
a simple RPA-screened Coulomb interaction (also known as Lindhard screening); this leads
to a parameter-free expression for the interaction, which should be exact in the high den-
sity limit. However, Lindhard screening is known to be inaccurate as the density decreases,
and furthermore, the form of the RPA effective interaction misses important correlations
between the electrons under consideration and the surrounding medium — correlations that
become more and more important at low density. To counter these drawbacks, one may
resort to a second option in which both the dielectric function and the effective interaction
are modified by many-body local field factors which encapsulate exchange and correlation
effects. (Discussion of these modified effective interactions can be found in Section 5.5 of

reference [40].) Unfortunately, even this approach is not problem-free, since the local field
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factors are imperfectly known in the electron liquid, and even more so in the electron-hole
liquid. Nevertheless, the behavior of the many-body local field factors is constrained by
exact sum rules and limiting cases which, taken together, allow us to form a qualitatively
correct picture of the effective interaction at low density (still in the degenerate regime).
We would like to point out that J. Zhou has also performed calculations of the spin re-
laxation time including Singwi-Tosi-Land-Sjolander local field corrections, but in 2D GaAs
systems.[60]

We define the two-particle bare Coulomb interaction (v;;) and static Lindhard function

(x0:) ahead of time:

viila) = = 5" (3.36)

1+2x
1—2x

} : (3.37)

where x = ¢/2kp, N;(0) is the density of states at the Fermi level for electrons or holes,
and ¢, is the relative dielectric constant of the medium.
For the electron liquid, electron-electron interactions are handled by a spin averaged

Kukkonen-Overhauser scattering amplitude:[61]

WE(q) = vii(g) + [vii(q) (1 = G31(9)]* x11(a), (3.38)

with the static density-density response function:

xi(q) = xo1(q)

T @ - G @@ (3.39)

G, (q) is the spin symmetric local field factor for electron liquids. The scattering amplitude
has the following physical interpretation: The first term v11(q) is the bare Coulomb inter-

action between electrons while the second term has an electron interacting with the density
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induced in the electron liquid which in turn acts on another electron (each with a reduced
Coulomb interaction). Our calculations in the following section use a fit for Gf,(q) from
Moroni, et al.[62] (also reviewed in [63]) which is based on diffusive Monte Carlo studies of
the static density-density response function. It should be noted that G5;(¢) used in these
calculations is intended for use with 2 < ry < 10 and 0 < g < 3k, but limiting behavior
and graphical analysis suggests the fit is still qualitatively reasonable for the range of r;
examined in this study, 0.4 < rs < 2 (rs is the average inter-particle distance in units of
the effective Bohr radius.). Since we are restricted to the Fermi surface, the range of ¢
is not a concern, 0 < ¢ < 2kp. Setting G3,(¢) = 0 amounts to using the random phase
approximation (RPA).

Impurity scattering rates in the electron liquid are calculated with the electron-test

charge effective scattering amplitude:

W (q) = v21(q) + va1 (@) xa1(@)vna(g) [1 = G1(9)] (3.40)

where x11(q) is as in Eq. (3.39) and we are assuming a uniform distribution of impurities.
The physical interpretation is similar to that described for Eq. (3.38), except now the
impurity interacts with the density induced in the electron liquid with the bare Coulomb
interaction.

For the electron-hole liquid, a multicomponent scattering amplitude analogous to the

Kukkonen-Overhauser formula is necessary:

2
WE (@) = vig(@) + Y vin(@) [1 = Gir(@)] xua(a)vij(q) [1 — G(q)] - (3.41)
kl=1
Electron-electron scattering is represented by Wi and electron-hole scattering by WL,
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The density response function is found from|[64]

() i(a) = [xoi(@)] " 6ij — vis(a) (1 — G55(a)) (3.42)

where x is the spin symmetric density response function in matrix form. The local field
factors for electron-hole liquids (which should not be confused to be the same as those for
the electron liquid) have not been well studied to the best of our knowledge. We opt to
use an approximate form of G7;(g) from [64] with parameters based on a hole-to-electron
mass ratio of my/m. = 6, which is actually not too far from the value of the ratio in GaAs.

Again, setting ij(q) = 0 amounts to using RPA.

3.5 Calculations of the effective scattering rates and spin re-
laxation times

According to Eq. (3.2), to calculate the spin relaxation time 75 we need two ingredients: the

average scattering time 7,

g and the mean square of the spin-orbit field (Q2)k,. The former

has been calculated in Section 3.3 and is given by Eq. (3.24) for electron-electron scattering
and Eq. (3.30) for electron-hole scattering. The later can be found straightforwardly using

the explicit form of Q in Eq. (1.5):

2 32 aZed
SRy = 3.43
3 hidke = 105 nE, (3:43)
Inserting this result into Eq. (3.2), we get for the spin relaxation time
1 32 aZed
= pr, o2 detr (3.44)

= 105 B,

While the above results are valid for generic zincblende ITI-V semiconductors, we opt

to include results for GaAs with the following properties: m. = 0.067m., m, = 0.47m,,
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E, =143eV, ¢, = 13.2, and a, = 0.07. In Fig. 3.2, panel (a), the electron scattering rates
from electrons and impurities in the electron liquid (EL) are plotted as functions of density.
Panel (b) shows scattering from electrons and holes in the electron-hole liquid (EHL).
Recalling that the SRT is proportional to the scattering rate, we can see immediately via
application of Matthiesen’s rule that between electron-electron (e-e ) collisions and electron-
impurity (e-i ) collisions, the SRT will be controlled by e-i collisions in n-GaAs. Only at
low densities do e-e collisions begin to make a significant contribution, and at that point
degeneracy diminishes so that one should be more careful about including non-degenerate
effects. In the electron-hole liquid (intrinsic GaAs), e-e collisions are downplayed even
more and electron-hole collisions (e-h ) dominate the effective scattering rate. The physical
reason for this is that holes, with their large mass and concurrently high density of states
provide effective screening of the electron-electron interaction, which thus turns out to be
much smaller than in the electron liquid. On the other hand, the presence of e-h scattering
more than makes up for what is lost in the e-e scattering strength.

When compared to the scattering rates of plane waves, the effective scattering rates are
found to be generally smaller: see again Fig. 3.2. Approximating the effective scattering
time by the plane wave lifetime can lead to a difference in the SRT of between 0 and 1
order of magnitude. As discussed in the introduction, this happens because some collision
processes cause a large change in momentum but a small change in the Dresselhaus field
(consider for example a collision that takes us from a point in k-space where the Dresselhaus
field vanishes to another symmetry-related point where it also vanishes); such a process
contributes to the plane wave lifetime, but has no effect on spin relaxation. The use of the
effective scattering rate rather than the plane wave approximation appears to be of utmost
importance for high densities, but one must be cautious that the rate of spin relaxation
does not approach the order of magnitude of the momentum scattering rate, as we will see
momentarily.

In Fig. 3.3 the effect of local field factors on the effective scattering rates is apparent
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Figure 3.2: The plane wave and effective scattering rates in the a) electron liquid (EL) and
b) electron-hole liquid (EHL) have been calculated with RPA at T' = 20K.

especially at low densities. While the local field factors for the electron-hole liquid are
rough approximations based on m,/m. = 6, and so their results might not be quantitatively
accurate, they likely reflect the qualitative trends as functions of density. Additionally, while
the local field factors for the electron liquid have been calculated using modern quantum
Monte Carlo analyses of the density response function, they were designed for the pure
electron liquid (no impurities) and considerably smaller densities. Disclaimers aside, we
see that the inclusion of the local field factor generally enhances the effective scattering
rates, and therefore suppresses the spin relaxation rate (e-e scattering in the EHL is a
bit of an anomaly here). The enhancement of the interaction is expected on physical
grounds since, as the density is lowered, the electron-hole liquid becomes increasingly “soft”
— meaning a large density of low-lying excitations — and has a strong tendency to develop
inhomogeneous density waves. The strong effective interaction arising from this softening
was recognized long ago as a possible mechanism of superconductivity in the electron-hole
liquid.[64] However, the precise value of s (the average inter-particle distance in units of
the effective Bohr radius) at which the transition would occur, as well as the actual degree
of enhancement at a given r;, are still quite uncertain.

With regard to Zhao’s work mentioned in the introduction, the claims argued there are

still relevant. The spin polarized packets in Zhao’s experiment consist of a degenerate center
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Figure 3.3: a) Local field factors for the electron liquid (EL) are derived from fits by Moroni,
et al.[62] and their inclusion in the scattering amplitude has the overall effect of enhancing
the scattering rate. b) Local field factors for the electron-hole liquid (EHL) are based on a
hole-to-electron mass ratio of 6 and are found in Vignale, et al.[64] The G signifies inclusion
of local field factors while RPA sets local field factors equal to 0. All rates have been
calculated at T' = 20K.

and non-degenerate tails. In the tails, e-i collisions are reduced in liu of e-e collisions so
that the effective scattering rate is generally smaller than in the center of the packet. The
net effect is that spins relax faster in the tails than in the center.

The spin relaxation times for n-GaAs and intrinsic GaAs are plotted in Fig. 3.4. As n-
GaAs is largely dominated by e-i collisions, it can be understood why past theoretical curves
fit the experimental data in references [65] and [66] so well. Caution should be taken when
calculating the SRT for electrons in the electron-hole liquid. A region of validity becomes
apparent for the relaxation time approximation in Eq. (1.13). As pointed out earlier, SRTs
shorter than the plane wave scattering time break the derivation of the effective scattering
time. The plane wave lifetime in n-GaAs is sufficiently short to avoid this problem for all
densities examined here, but e-h scattering has a comparatively long scattering lifetime
which results in unfeasibly short SRTs. Admittedly, the overall effective scattering rate
ought to take into account all scatterers (phonons, impurities, etc.) which may ultimately

lengthen the SRT. The intrinsic GaAs example here is an idealized electron-hole liquid.
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Figure 3.4: The spin relaxation time in a) n-GaAs and b) intrinsic GaAs. Calculations were
performed with RPA at T' = 20K. n-GaAs is modeled by the EL and includes contributions
from electron-electron and electron-impurity collisions. Impurity collisions dominate the
SRT for the degenerate electron liquid. Intrinsic GaAs is modeled by the EHL and includes
contributions from electron-electron and electron-hole collisions. Electron-hole collisions
dominate the SRT for the degenerate electron-hole liquid. Where the SRT crosses the
scattering time marks the beginning of the breakdown of the standard DP assumptions.
From this point on, spin relaxation and momentum relaxation occur on similar time scale
and can no longer be separated. Eventually, at very high density, momentum relaxation
becomes extremely slow and spin and momentum dynamics become decoupled again, this
time with each spin performing an independent precession in the Dresselhaus field at a given
point k.
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3.6 Conclusion

We have derived simple one- and two-dimensional integrals for the effective scattering rate of
electrons in the many body system, valid in the degenerate regime. The energy dependence
has been handled according to exact expressions by Sykes/Brooker[54] and the angular
dependence is a result of a Dresselhaus field acting as an addition spin-axis re-orientation
mechanism. In general, scattering events with the Dresselhaus field present are less effective
in randomizing the momentum axis than without a field present.

In highly degenerate systems, the contribution of electron-electron scattering to the
spin relaxation time is minimal in comparison to electron-impurity or electron-hole contri-
butions. For the case of high degeneracy in intrinsic GaAs, we observe a limitation of the
assumption that the timescale of spin relaxation is long compared to the scattering lifetime.
In this regime, the quasiparticles are essentially non-interacting and the DP mechanism is
superseded by the spin precession of individual quasiparticles of essentially constant mo-
mentum.

Local field factors, taking into account exchange and correlation effects, have been in-
troduced into the scattering rate calculations. Scattering rates are generally enhanced
compared to using RPA, more-so at low densities, for both electron-electron interactions
and electron-hole interactions. Significant improvements to the accuracy of the scattering
rates could be made with new local field factors tailored to the densities of typical intrinsic

and n-type I1I-V semiconductors.
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Chapter 4

Spin relaxation near a
ferromagnetic transition

4.1 Introduction

The draw of magnetic semiconductors is readily apparent from the name; they offer an
opportunity to blend magnetic and semiconducting properties in a single material. In spin-
tronics, this is especially relevant because of the additional means of interaction through
the magnetic and electrical properties of carriers. While ferromagnetism in dilute magnetic
semiconductors[67-71] remains relegated to low temperatures, these systems have proven
useful to better understand critical phenomena and some of the physics has potential ap-
plication in metallic ferromagnets.[72-74]

In this chapter, we examine the impact of a ferromagnetic transition on carrier spin
lifetimes. Strong spin fluctuations are expected for the constituents driving a ferromagnetic
phase change.[75] These fluctuations can manifest themselves through enhanced carrier
scattering. In the Dyakonov-Perel (DP) spin relaxation mechanism,[11] spin lifetimes are

typically inversely related to scattering lifetimes. Then, in the DP mechanism, enhanced
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scattering due to spin fluctuations can inhibit the rate of spin relaxation. Under these
circumstances, we can find a crossover in dominant spin relaxation mechanism to Elliott-
Yafet[7, 12, 13] or simply spin flips in scattering, both of which scale with the rate of
scattering as opposed to inversely.

The model we use to simulate this ferromagnetic transition is a dilute magnetic semi-
conductor with itinerant carriers interacting via spin exchange with localized magnetic im-
purities. GaMnAs is the prototypical material to which this model is often applied, though
not without controversy over the hole transport mechanism.[73, 76, 77] GaGdN is another
example with s-f exchange driving the ferromagnetic transition.[7, 78, 79] We keep the
discussion fairly generic, applying parameters related to a GaMnAs system for the sake of
calculations and analysis, but noting that the model is meant more as an example of critical
phenomena than an exact description of GaMnAs. Other articles have examined the critical
behavior of GaMnAs in more detail.[77, 80-84] Our treatment is mean-field-like in that we
replace the many-body interactions by an average self-consistent field generated by all the
particles in the system. Still, we give it substance by considering dynamic spin fluctuations
of the particles.

Derivations of spin relaxation times resulting from spin dependent scattering are pre-
sented for two mechanisms: spin flips in scattering and the DP mechanism. We find some
interesting features not seen before with spin-independent scattering. The results are ap-
plicable to dynamic, spin-polarized systems and focus primarily on the contribution of
carrier-carrier interactions mediated by the spin fluctuations of magnetic impurities. We
apply common Fermi liquid theory techniques, beginning with the Kadanoff-Baym kinetic
equation. In utilizing the GW approximation for the carriers’ self-energy, the resulting ex-
pressions are generic to a wide variety of effective interactions. The results derived here
follow previous analytic[7, 18, 47-49] and computational[42, 85, 86] studies, but extend on
them significantly via inclusion of dynamics and dissipative spin-dependent interactions.

The results have been reduced to relatively easy to calculate two dimensional integrals,
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making them accessible to quick calculations.

This chapter is organized as follows: in Section 4.2, we present an effective interaction
that can be used to generate a ferromagnetic transition and which will be used to calculate
carrier scattering rates; in Section 4.3, we discuss the ferromagnetic phase change and the
behavior of the scattering amplitude near the transition; in Section 4.4 we derive analytic
expressions for the rate of spin relaxation due to spin-flips in scattering and the DP mech-
anism; in Section 4.5, we analyze some results of spin relaxation across a ferromagnetic

transition; Section 4.6 contains our concluding remarks.

4.2 Effective spin-spin interaction

We first introduce the model dilute magnetic semiconductor on which we base calculations.
Our model resembles the Zener model of ferromagnetism, with a ferromagnetic transition
being driven by spin-exchange interactions between itinerant carriers and localized magnetic

impurities.[84, 87] The Hamiltonian has the following contributions:

H, = / dr <792(22 + upgeo(r) - Bo(r)> , (4.1a)

Hs = [ dRpngsS(R) - Bs(R). (4.1b)

Hos :/dr/dRJ5 (r—R)o(r)-S(R). (4.1c)

The carrier contribution to the Hamiltonian ‘H, contains kinetic and magnetic terms, where
me is the effective mass of the carriers, g, is their g-factor, and the field B, acts only on
carriers. The magnetic impurities are localized, so their contribution to the Hamiltonian Hg
has only a magnetic term, where gg is the impurity g-factor and Bg is the field acting only
on impurities. The impurities are taken to be sufficiently dilute that they do not interact

with each other directly. The interaction between carriers and impurities is included in
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Hys. In its bare form, this is a contact type interaction Jé(r — R), where J is the unit cell
averaged interaction strength.

The alignment of spins with a magnetic field is linearized as pupg(s) = x(B), where x
is the magnetic susceptibility. We adopt the convention that spins align themselves anti-
parallel to an applied magnetic field, or in other words, the magnetic moment prefers parallel
alignment with a magnetic field. We create effective fields B%ﬂ and Bgﬁ by combining the

interaction J from Eq. (4.1c) with the bare fields:

pgsBE(R) = upgsBs(R) + Jo(R), (4.2)

NBgchzeyff(r) = 1BgoBo(r) + JS(r). (4.3)

Later we will introduce a spin-orbit field that acts only on carriers to calculate the DP spin
relaxation time. While it would be possible to include this term in Eq. (4.3), the spin-orbit
field we consider is weak and its inclusion at this point would not appreciably affect the
effective field. The magnetic fields in Eqgs. (4.2) and (4.3) are specific to each specie, so it

is cleanest to absorb ppg into these fields and write

(S) = xS (B, (4.4)
(o) = x9(Be (4.5)

where ng and Xfﬂ) are non-interacting (with regards to J) spin-spin susceptibilities for

magnetic impurities and carriers, respectively. They have dimensions of inverse energy-
volume. To be explicit, these fields relate to the physical magnetic field by By = g;upB
and the susceptibilities are related to textbook magnetic susceptibilities by xss = x/(guB)?%.

The non-interacting spin susceptibility of the magnetic impurities is defined by assuming
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(S,) follows the Brillouin function B;(x),

(Sz> = —SsnsBsS {SSI{E:?J} , (4.6)

where Sg is the magnitude of the impurity spin and ng is the density of magnetic impurities.

Then, the longitudinal and transverse components of the susceptibility are calculated from

. = 0(5.)/0(Bs..) (@7)
XS5, = 2(8:)/(Bs.:). (4.8)

The non-interacting spin response of carriers coincides with Lindhard response:

0
) S2 fka - fk-l—qoe 4.9
Xo'z(rz q,w Z hw + €rq — €k+qa +n ? ( )

fiy — R
) e k+aql 4.10
XU+O’ (q’ Z hw + €kt — €k+ql + ZTI ’ ( )

where S, is the magnitude of the carrier spin, f,ga is the equilibrium Fermi-Dirac distribu-
tion, and x§”a. (¢:w) = [6Lo_ (4, —w)]"

Alternative to defining effective fields, we can shift the interaction J into the spin sus-
ceptibilities to generate effective response functions. This is accomplished by solving the
coupled linear Egs. (4.4) and (4.5) for (o) and (S) and identifying the effective response
function as the proportionality between average spin and bare field. As we work on both

sides of the ferromagnetic transition, it is necessary to break Egs. (4.4) and (4.5) into

longitudinal and transverse relations:

= : (4.11)



and

= oXt

Bsy)
Bs.)
Bs+)
B, )

, (4.12)

K
(
<

K

where s4 = s, £1is, and Bst = B, £1iB;,. The effective susceptibilities are found to be

-1

0
XS.S. XS.o. 1/ ng)sz —J
Xt = = 0 (4.13)
XU’ZSz XO'zO'z _J ]‘/Xo'zo'z
and
_ - o -1
XS+S—  XS+S+ XSyo- XSyiot 1/XS+S_ 0 —J/2 0
0
XS_S. XS_Sy XS-o- XS o4 0 1/)(597)5+ 0 —J/2
Xt = = s
= 0
XotS—  XoyS+ Xojo— Xojoy _J/2 0 1/Xc(7+)o, 0
0
_XJHSL Xo_Sy+ Xo—_o-— Xafcnr_ | 0 _J/2 0 1/X((f,)0+_
(4.14)
where ng) are the non-interacting susceptibilities. Rather than give explicit expressions for

every effective response function in Egs. (4.13) and (4.14), we write only those which are

used in this chapter. Namely, the effective impurity spin-spin response functions are

(0)

Xs.s
Xs.s. (¢, w) = =22 ; (4.15)
1-J 2xfgoz)sz XS (g, )
Xg])s
XSS (qvw) = —— 3 (416)
! 1= (J/2)25) 5 Xo(q,w)

where x5_s, (¢,w) = [xs.5_(q, —w)]*.

The interaction that interests us is the effective carrier-carrier interaction. This interac-

tion is shown schematically in Fig. 4.1. By using the previously derived effective spin-spin
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Figure 4.1: The effective spin-spin interaction between carriers. While carriers do not
interact directly with each other via spin, the spin interaction J can be mediated by im-
purities through the effective spin-spin susceptibility xss. Here, o and ¢’ are the incoming
and outgoing carrier spins, respectively.

susceptibility for impurities, we capture the effect of collective impurity spin fluctuations
on scattering. Notice that although the non-interacting impurity spin response is frequency
independent, the effective spin response is dynamic due to the inclusion of carrier dynamics.

The longitudinal and transverse components of this interaction are

Wy (q,w) = J?xs.5.(q,0) , (4.17)

Wi(g,w) = (J/2)* [xs,s_(q.w) + xs_s, (q.w)] . (4.18)

It can be verified that these effective interactions are equivalent to an infinite sum of all

possible bare interactions mediated by non-interacting susceptibilities, e.g.

=S [ ]

4.3 Ferromagnetic transition and phase

An applied field will generate magnetization, subject to the average spins in Eqs. (4.4) and
(4.5). By including the interaction J between carriers and impurities in the effective fields,
we admit the possibility of magnetization in the absence of external fields. The transition

is controlled by temperature and signaled by critical behavior in the previously derived
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effective longitudinal response functions x;. In the static, long wavelength limit, each of
these response functions resembles a Curie-Weiss susceptibility with the form (T — T,)~!.

Then, the paramagnetic +> ferromagnetic phase change occurs when

_ 72,00 0 (0) _
1 JXSZSZ(TC)é%xUZUZ(q,O) 0

Ss(Ss + 1)

2 2
sr, T nsSEN (), (4.19)

= T.=

where N (0) is the carrier density of states at the Fermi level.
We can self-consistently solve for the polarizations of, and average fields acting on,
magnetic impurities and carriers below T.. The polarization of the magnetic impurities is

defined by the Brillouin function Bj(z):

(4.20)

Ps = Bs [SSKBS'ZH} .

kT

To a good approximation, the field acting on carriers is equivalent to the first order inter-

action with magnetic impurities:
|<Ba,z>‘ = JSgngPs . (4.21)

The field acting on carriers also defines the spin splitting energy ep+ — | about the Fermi
energy €p:

(Bo)l = ep [(14+ B)?% = (1= P (4.22)

Finally, we ensure self-consistency in the generated fields through expectation of a Goldstone
mode on the ferromagnetic side of the transition. Effectively a long-range interaction, the
polarized spins can all rotate together without any energy cost (a broken symmetry state).

This mode is identified by setting ¢ = w = 0 in the effective transverse susceptibility and
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Figure 4.2: Polarizations and fields have been calculated using GaMnAs parameters for
holes with effective mass m. = 0.5m, and density n, = 5 x 102%cm™3. The Mn acceptors
have spin Sg = 5/2 and density ng = 0.05/Q, where Qy = 0.45 x 10~22cm? is the unit
cell volume in GaAs. a) The carrier and impurity spins closely follow the approximation
Py(T) = Ps(0)/1 — (T/T.)? from Ref. [88]. The carrier polarization does not saturate due
to a significantly smaller magnetic susceptibility than for the impurities. b) As the fields are
self-generated, their behavior parallels the /1 — (T/T.)? shape of polarization. The field
acting on magnetic impurities is largely due to the second order RKKY-like interaction
mediated by carriers, and scales with T, for varying interaction strengths.

stipulating a divergence:

2(5;) 2{02)

o 2 (0) . (0) 1 2 _
1-(J/2) xs+5_(T)ggrg)xa+o_(q,0)—1 (J/2) =0. (4.23)

The resulting polarizations and fields for several values of J are plotted in Fig. 4.2.
It is instructive to examine the strength of the singularity in the effective interactions
when T, is approached. Approximating the non-interacting carrier susceptibility in the

paramagnetic phase by its static, small-g form X,.q, (q,w) = —S2N(0) (1 — ¢*/12k%), we
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can write the denominator of the scattering amplitude in Eq. (4.17) as

T-—T. ¢ }

_ 72,00 (0)

Then as T — T., we have the same ¢~2 divergence in the interaction strength as a bare

Coulomb interaction.

4.4 Spin relaxation

Typically, spin relaxation is understood to be the evolution of polarized spins into an un-
polarized state. In a ferromagnetic system where there is an equilibrium spin polarization,
spin relaxation refers to the evolution of spins into a polarized state. Thus, rather than
picturing the process as decay of polarization, it’s better to understand it as restoration of
equilibrium polarization.

We focus on two mechanisms of spin relaxation: spin flips in scattering and Dyakonov-
Perel (DP). Under a wide variety of temperatures, scattering sources, and degeneracy, the
DP mechanism dominates in III-V semiconductors.[7, 42] Thus, we find it relevant to in-
clude derivations for this spin relaxation mechanism here. As will become evident, the
inverse relationship between scattering and spin relaxation in the DP mechanism hinders
its effectiveness when scattering becomes frequent, leading to a change in dominant mecha-
nism. Both spin flips in scattering and the Elliott-Yafet mechanism depend proportionally
on the scattering rate. Of these two, we opt to include only the simpler example of spin
flips in scattering due to the the transverse component of the previously derived effective
interaction. The Elliott-Yafet mechanism would only slightly correct this dominant mech-
anism by including more opportunities for spin flips in interaction due to spin-orbit, which

is typically weak.
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4.4.1 Spin flips in scattering

We previously introduced effective carrier-carrier interactions in Eqs. (4.17) and (4.18). In
both cases, the bare interaction J is mediated by an effective impurity spin response. While
the longitudinal interaction is clearly spin conserving, the transverse interaction involves a
transfer of spin from carriers to impurities. Then, this interaction alone can act as a spin
relaxation mechanism where carriers relax to a state where total spin (o,) + (S,) has been
conserved, but the individual spins have not. The rate of this relaxation is calculated in
detail using Keldysh formalism for the collisions. We work within the degenerate regime,
so scattering events take place on the Fermi surface.
The time rate of change of the average spin density (oK) = n,S, Tr[pkd.] is

O{ok)
ot

OPi } : (4.25)

:aaTi
NgS r[ata

where py is a 2x2 density matrix in spin space for carriers, &, is the z-Pauli matrix, and z
has been chosen for the direction of spin polarization. Taking advantage of the relaxation
time approximation for J;(oyx) and averaging over all wavevectors k, the spin relaxation
time 75 is calculated from

1 > Tr[0pko]

Ts a ZkTr [/611{&2] ’

where ﬁll( is the first order non-equilibrium correction to the linearized density matrix. In

(4.26)

the absence of spin-orbit and other external fields, the density matrix evolves according to

Opx -
— =1 4.2
ot k> ( 7)

where Iy is the 2x2 collision integral in spin space for carriers.

Starting from the Kadanoff-Baym quantum kinetic equation,[57, 58] the collision integral
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is

b= [{B5@ G @)} - Fr@).6i@} ], (428)

where Sy (w) is the carrier self-energy and Gy(w) is its Green’s function. We use sum
notation for w, but it should be understood that >~ = [ dw/27. In the absence of spin-
orbit, small deviations from the equilibrium spin polarization only show up on the diagonal
elements of the density matrix. Then, we know a priori that Gk(w) and f)k(w) are diagonal

and can write the collision integral per spin-a as

I = 3 (G ()55, (@) — S (0)Ca(@)] - (4.29)

w

We evaluate the self-energy in the GW approximation,[40, 89]
= thGk W = QWEQ). (4.30)

In allowing for arbitrary spin polarization, we should separate the GW spin-space operator
into longitudinal and transverse components according to Fig. 4.3: GW = W||6zééz +

W, (6.Gé, + 6,G6,). This amends Eq. (4.30) to
< <
_ th [ FQCH (@ — Q)+ 2WE (GT,_go(w — Q)] , (4.31)
where W) and W are scalar longitudinal and transverse interactions, respectively, and

Gk = 6.Gx6 (4.32)

Gy = 6.Gx6, + 6,Gr6, . (4.33)

The GKB ansatz is utilized to relate the lesser and greater Green’s functions to the
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Figure 4.3: The GW self-energy includes separate contributions from longitudinal W) and
transverse W interactions. Here, a, 3, v, and § are spin states on which the interactions
;W &; operate.

density matrices pg = pk and py = 1 — pk, where 1 is the 2x2 identity matrix:
< < <
Gia(W) = TG (W) Py, £ Pica Glia (W) - (4.34)

Notice that we are neglecting retardation effects in the density matrix by making it frequency
independent. This is commonly referred to as the Markovian approximation. We let all
non-equilibrium properties reside in gy, so C;'Z(w) and G’i(w) are taken to be equilibrium
Green’s functions. Furthermore, given that we hope to achieve a Boltzmann-like collision
integral, we retain only the singularities in GZ’a(w), as those are the parts which conserve
energy in collisions.[90] Under these circumstances, the lesser and greater Green’s functions
become

Gron (W) = £i276(hw — e4a)] P, - (4.35)

Being diagonal, it is perhaps more familiar to denote the diagonal elements of py by Fermi-

Dirac distributions: pxe = fre. Similar to the GKB ansatz, we can relate the lesser and
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greater interactions W§ (w) to their retarded counterpart W (w) using the relation

W (w) = Fi2np(+w)IWi (W), (4.36)

where np(w) = (™ — 1)71 is the Bose-Einstein distribution, 8 = (kgT) ™ .

The result of inserting Egs. (4.30)-(4.36) into the collision integral, Eq. (4.29), is

Lo =2(2m) )

q’w

{sm(q(w)é(aka — €k—qa — hw) [nB(W)(1 = fa) fk—qa + 1B(—w) fka(l = fi—qa)]

+2SWT (@) (e — 2kaa — 1) [15(@) (1 = fiea) fie—aa + nB(—w) fia(l = fic_qa)] } .

(4.37)

If we prepare a spin polarization such that fyi, is slightly out-of-equilibrium, it can be

linearized as

fra = fon +aBesf(1— f2), (4.38)

where g, is a small spin perturbation energy, o = +1 for spin-up, and o« = —1 for spin-down.
From a physical standpoint, it should be clear that longitudinal interactions will preserve
spin polarization, and so we should see that portion of the collision integral vanish upon
insertion of Eq. (4.38) into Eq. (4.37). Indeed, this is the case and we only need to evaluate

0 0
fka - fk—qo‘z

o = —167a e, Z SWiq(w)d(eka — ek—qa — ﬁw)m .

q?w

(4.39)

Returning to Eq. (4.26), we can insert expressions for px and I. The rate of spin relaxation

from transverse spin scattering events is

e (0)
1 165 Z CTA/T (w) ‘on_zoz(CLw)

7o Np(0) + N (0) &= O G in2 (Bhe /2)

q7w7a

(4.40)
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where

I D(@,w) =7 dlerrqs — cha — M) [fliqs — foal - (4.41)
k

4.4.2 Dyakonov-Perel mechanism

In the DP mechanism, spins relax due to precession around axes defined by a magnetic
field which varies in k-space. The obvious example of a k-dependent magnetic field in
semiconductors is the spin-orbit field, which for III-V semiconductors usually includes the
Dresselhaus and/or Rashba fields. The effect of scattering on this process is usually to
inhibit spin relaxation as spins are unable to make full precessions before being relocated
in momentum space. This sets a timescale, where the rate of scattering must be faster
than the rate of spin precession for spin relaxation to be inhibited, otherwise spins enter a
regime of free precessions and the rate of relaxation is directly proportional to the rate of
precession. In the limit of fast scattering, spins are unable to make appreciable precessions
around the spin-orbit field’s axes and spin relaxation is entirely suppressed. This is the
scenario we encounter.

The derivation of DP spin relaxation was reviewed in Ch. 1. When the Hamiltonian

includes a contribution from a spin-orbit field €2y of the form

Hi =

gﬂk 5, (4.42)

where & is the Pauli matrix vector, the rate of spin relaxation 1/75 for carriers due to the
DP mechanism is
1 230 7 (QF) Tr [5)6-]

S A S 7 AR )

7, is an effective scattering time that weights collisions based on the randomization of

momentum relative to a spin-orbit field’s wavevector dependence. (%) is the angular

averaged spin-orbit field which we’ve taken to be isotropic. It should be noted that while
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Eq. (4.43) would seem to have a ratio of 0/0 in the paramagnetic phase due to the traces
over /32&2, there is an implicit assumption that a small polarization has been prepared which
will relax. This is the reason for the quasi qualifier when describing pg; it is stable on the
time scale of scattering but changes on the time scale of spin relaxation. The calculations
performed in this chapter use the Dresselhaus spin-orbit field in a bulk ITI-V semiconductor
which has an angular average defined by

< 2> — Eazsi
k35 R2E,”

(4.44)

where o, is the spin-orbit coupling constant and £ is the band gap energy. The challenge
in evaluating Eq. (4.43) comes from the effective scattering rate 1/7*. An oft-made approx-
imation is to substitute the rate of momentum relaxation in its place. The validity of this
approximation in the context of spin-scattering is discussed at the end of this section.

The spin-orbit field makes small non-equilibrium contributions to the carrier density
matrix, appearing as spin mixing elements on the off-diagonal. In this case, when we

linearize the density matrix
P = Py + e (4.45)

the quasi-equilibrium part ﬁg is diagonal and the non-equilibrium part ﬁllc is off-diagonal.
Written in terms of the Fermi-Dirac distribution, the quasi-equilibrium density matrix ,62

is

0 40\ . 0 _ 0 1l
<f“;f’”> 1+ <f“2f’”> G, + (M) 6, Ferromagnetic phase
ﬁg = (4.46)
ng"f‘f]?i 2 fl%T_féi ~ .
= 1+ (75 ) o Paramagnetic phase,

where f}, = afes f,ga(l — f,ga). Alluded to earlier in this section, the reason for the distinct
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ferromagnetic and paramagnetic forms of 5{ is that a small non-equilibrium spin polarization
is necessary for spin relaxation to occur. Thus, the factors in front of &, are the lowest
order, out-of-equilibrium spin distributions. In fact, this distinction is really only needed
in Eq. (4.43), where Tr[p26] should not vanish. When we use Eq. (4.46) in a linearized
collision integral, every term will contain pll( and thus we can drop any first order corrections
from ﬁg and simply use

pga = fl(c)a . (447)

The non-equilibrium part of the density matrix pix arises from interaction with the spin-

orbit field:[18]
1 4l
=T <M> (Q x2z) -6, (4.48)

2

where 6 = {6, 5,,5.} is the Pauli spin vector. Inserting the linearized expression for f/%a

it is easily verified that ,611( satisfies pJr = ppy:
Praa = T (B25/2) Qg + 0iiea) D fir (1= 1)) (4.49)
v

We use a relaxation time approximation to relate ﬁll( and 7;; to the collision integral fk,

=
>

(4.50)

|
*

Il
>

he= 3 Y[ G} - B, 6i@]} ] (4.51)

As in Eq. (4.31), we evaluate the self-energy ﬁf in the GW approximation, making a
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distinction between longitudinal and transverse components:
o< . A < A<
SEw) =ihy [WH; (QCH_ (@ — Q) +2WE (Q)ET,_y(w - Q)} . (4.52)

While the formal GKB ansatz is used to relate lesser and greater Green’s functions to
their corresponding density matrices, a physical argument removes spurious terms for a

Boltzmann type collision integral. Formally, we have
GR(w) = FC(w)Ag * A Glu(w) . (4.53)
Retaining only the singularities in GAL’a(w), the equilibrium Green’s functions are

G = +i276 (hw — ea) o2 - (4.54)

kaa

For the first order non-equilibrium Green’s function, we will find products of the form
§(hw — ea)(fL, + fi,) resulting from Eq. (4.53). From a physical perspective we should
only associate a spectral distribution with its corresponding distribution function, thus we

discard 6(hw — ega) fi, terms and write the non-equilibrium Green’s function as
Crian = i (Bes/2) ey + i) D0 (o — i) S (L= f) . (4.55)
¥

Inserting the linearized expressions for the Green’s functions from Eqgs. (4.54)-(4.55) and
the self-energy from Eq. (4.52), the collision integral in Eq. (4.51) becomes off-diagonal.

Tracing both sides of Eq. (4.50) with 6, reduces the equality to a scalar relation without
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losing any information:

me — fo )y =

€k~ — €k—qo — AW . .
i Z ‘M/Hq ( o __ao ) [flg'y . flgfqa] [Tkﬂk,y "’kaqQqu,y]

4 sinh?(Bhw/2)
q,w,a,y (456)
5(5k — &k—qa — hw)
+2(\w7’ Y q 0 0_ *Q
5 Lq(w) 4smh2(ﬂhw/2) [fkw fk qoz] Tiik,y

This integral equation can be solved exactly using the methods of Sykes and Brooker,[54]
but given the slowly varying nature of 7; around the Fermi level in the degenerate regime,
it is a reasonable approximation to treat it as a constant evaluated at ep and extract it
from the collision integral. Then, we only need to specify the spin-orbit field and solve for
the effective scattering rate.

The y-component of the Dresselhaus field[19] is

i h2 k3 T T
Dy = \/% {\/ (Y3,1(0,9) +¥3,-1(9,0)) — 1/ 3¢ (V33(0,9) + ¥3,-3(J, 0))
(4.57)

where Y, (¥, ) are the spherical harmonics. By writing the spin-orbit field in terms
of spherical harmonics, we can take advantage of their orthogonality and especially the

addition theorem for spherical harmonics. Ultimately, we have the following useful identity:

asy K sy
/Vk ke j Qk,j< ) —Vk w P3(cos?’), (4.58)

where d' = d(cos?¥')dy’ and j can be any of z, y, or z. Pushing >, Qx,/k® onto both sides
of Eq. (4.56), we can extract the following modified Lindhard imaginary response function

(analytic solution in Appendix C.1):

S s(,w) = 1> Slerras — ko — hw) [ qs — fla) 2n(k, ). (4.59)
k
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where

The final result for the effective scattering rate due to a spin dependent interaction in

the degenerate regime is

& (0) &y (3)
ay(q,w) + )
1 . ,8 Z {(\Wr (q7 ) \SX Y (q CU) \SX3afy (q (.U)

7. Ni(0) +N,(0) 4sink® (Bhw)2)

(0)
ATIT %Xav(%w) }
+2\3WL(q,w)—4sinh2(ﬂ )] (4.61)

By comparison, the effective scattering rate obtained when a spin-independent interaction

is used is

(3)

1 B B TIST ay (q7 w) - %XS(X'\/((L (U)
~ N.(0) + N, (0) Z SWelg,w) 4 sinh?(Bhw/2) ' (4.62)

4.4.3 Comparison to momentum relaxation

To get a feel for the effective scattering rate, we compare it to momentum relaxation.
Derivation is analogous to Sec. 4.4.1 since the non-equilibrium density matrix is diagonal.
We use the Drude model and Matthiessen’s rule to define the momentum relaxation rate

for spin-a carriers 1/7, in terms of the resistivity pag:

1 nge?
— = s (4.63)

Ta m
B

Notice the resistivity is not necessarily diagonal in the ferromagnetic regime, where mobil-
ities between spin-up and spin-down carriers may differ. The resistivity is in turn defined

by a proportionality between the drift velocity v, and the average time rate of change of
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momentum ), hkly:

1
Z[B: PapNpvp = — ezna Zk: hk[ka . (4.64)

Again, starting from the Kadanoff-Baym kinetic equation, the collision rate Iy, is defined

by

Lo = ) [Gry (0)55, () — 52, (w) Gy (@)] - (4.65)

w
Applying the same techniques as in Section 4.4.1 (GKB ansatz, GW self-energy, WS —
SWT), but with a linearization in the drift velocity fii, = Bhk-vafp, (1 — f2.) rather than

spin energy, we obtain for the momentum relaxation rate

1 4 =2 Cx &Oo)é ~ o (L)
B (O) Z {%Wﬁﬂq(w) qa\yX (q7w> +qa\sX1o¢a (q,W)

Tk Np(0) + N} 4 sinh?(Bhw/2)

q7w7a

=2 x (p) = Cx (1_»0‘)
qoz‘Sona(%w) + qaXmaa (Q7w) } , (466)

4 sinh?(Bhw/2)

+23WY, (w)

where ¢, = ¢/kry and the modified response function (with analytic solution in Appendix

C.1)is

n, ™ AN\TY
INfei (@0) = i D 3ewras — e — ) [fliqs — fla] (k- @7 (4.67)
Fy ok

4.5 Analysis

The result for the effective scattering rate in the DP mechanism has some interesting differ-
ences from previous derivations. In particular, notice there is a sign difference in the vertex

correction %X&OW)(% w) £ %Xi(;;)'y

(¢, w) of the longitudinal contribution to the scattering rate
in Eq. (4.61) and the spin-independent scattering rate in Eq. (4.62). The significance of
this sign is perhaps easier to understand if we look back to Eq. (4.56). In the longitudinal

term, after extracting 7* as a constant, we have a factor (i, + Qx_q,). This should be
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compared to (2, — Qk_q,) Which appears when a spin-independent interaction is used.
The minus sign in the vertex correction due to a spin-independent interaction has previ-
ously been compared to the (1 — cosf) factor in momentum relaxation; a similar factor
can be extracted from (i, — Qk_qy) and has the form [1 — P3(cos @)], where P3(x) is the
n = 3 Legendre polynomial.[5, 17, 18] For the case of momentum relaxation, when there
is no relative angle 6 between two particles in a scattering event, there is no contribution
to momentum relaxation. The analogy for the effective scattering rate is that zero mo-
mentum transfers do not relocate particles in a k-dependent magnetic field, so spins can
continue to precess around the same magnetic field axis and those scattering events do
not inhibit the rate of spin relaxation. This analogy is not appropriate for spin-dependent
scattering, where even in direct processes spins may change orientation for zero momentum
transfers. In fact, what we find is a sort of generalized DP spin relaxation, where spin- and
momentum-dependent scattering has a significantly greater chance of disrupting spin relax-
ation than momentum-only scattering. This is why we see a sum, rather than difference, in
(e + Qe—qpy)-

The effective scattering rate from Eq. (4.61) is compared to the momentum relaxation
rate from Eq. (4.66) in Fig. 4.4 for varying interaction strengths and carrier densities.
Unlike previous reports, the effective scattering rate is found to generally be larger than
the momentum relaxation rate.[18] This is consistent with the idea that more scattering
events disrupt spin relaxation than affect momentum relaxation. Especially near the critical
temperature T, notice that momentum relaxation has a finite peak whereas the effective
scattering rate does not — there is no vanishing vertex correction in the effective scattering
rate to control this divergence. This is an indication that spin exchange and spin flip
processes become very important near the critical temperature.

An interesting consequence of the effective interaction used in this chapter is the height
of the scattering peaks only indirectly depend on J through the hyperbolic sine in Eqgs. (4.61)

and (4.66), and not through the interaction W (q,w). This can be shown by writing the non-
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a) J—dependence

b) n.—dependence

120 -+ J=45meV nm3 | = n.=2x10%cm™3 1120
100l ™ J=60meV nm3 | - n=5x10%cm3 1100
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Figure 4.4: The effective scattering rate used in Dyakonov-Perel spin relaxation calculations
(solid lines) is compared to the momentum relaxation rate (dashed lines) for varying a)
interaction strengths and b) carrier densities. Since zero-momentum transfer processes
can still contribute to inhibiting Dyakonov-Perel spin relaxation when spin flips are taken
into account, the effective scattering rate does not have any factors to compensate for the
diverging interaction at 7.

interacting paramagnetic spin response for impurities as Xg)z)sz (T) = —(T./T)[J*SEN(0)] 71,

then the effective interaction in the paramagnetic phase reduces to

W(g.w) =~ [SENO@/T) +x (a.0)] (468)

At T = T, there is neither an explicit dependence on J nor on T,; we are left with an interac-
tion that only depends on the non-interacting carrier response. In the paramagnetic phase,
the scattering rates derived in this chapter contain ST (q, w)%xg—oz)gz (¢,w)/sinh?(Bhw/2) as
part of their integrand. In the small frequency limit, this term reduces to ~ T2. Then,
higher critical temperatures have greater scattering rates associated with them; this is ver-
ified by Fig. 4.4a.

The height of the scattering peaks are largely independent of the carrier density n,, seen

in Fig. 4.4b. Combining the interaction in Eq. (4.68) with the imaginary response functions
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%Xg\?;g(q,w) rids the integrand of density of state factors. The primary contribution of

carrier density comes from the cut-off frequency hw < ep, in each of E‘sx%&woz(q,w).

a) J=45meV nm°® b) J=60meV nm? ) J=75meV nm?
1000 1000
100 100
2 10 10
< 1 1
0.1 0.1

0 10 20 30 40 50 O 20 40 60 80 O 30 60 90 120
T(K) T (K) T (K)

Figure 4.5: The Dyakonov-Perel spin relaxation time (solid lines) is compared to spin-
flip based spin relaxation (dashed lines) resulting from a spin dependent interaction. For
calculations, we used GaAs parameters for holes: m, = 0.5m,, a. = 0.34, and E; = 1.5eV.
The vertical lines mark the critical temperature in each plot. The peak in scattering rate
near the ferromagnetic transition correlates with short spin relaxation times in the spin-
flip mechanisms and enhanced spin relaxation times in the Dyakonov-Perel mechanism.
Away from the ferromagnetic transition, we see Dyakonov-Perel spin relaxation becoming
dominant as is often found in ITI-V semiconductors.

Turning our attention to spin relaxation, the earlier discussion about the effect of spin-
dependent interactions on inhibiting spin precession in the DP mechanism sounds like a
novel way to squelch spin relaxation. This is especially relevant for hole spins in III-V
semiconductors, which usually relax very quickly compared to electrons due to a stronger
spin-orbit coupling.[31] In fact, the expressions derived for DP spin relaxation rely on the
assumption that scattering lifetimes are shorter (by roughly an order of magnitude) than
spin lifetimes.[5, 6] Strong spin orbit coupling leads to fast spin precessions in the spin-
orbit field, which in turn requires even faster scattering events to disrupt precession. In
Fig. 4.5, we plot several spin relaxation rates for different interaction strengths J. It can

be quickly verified by a comparison of timescales that the scattering rates in Fig. 4.4 are
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indeed fast enough to affect spin relaxation in the DP mechanism. Unfortunately, this
form of scattering comes at the cost of introducing spin-flips via transverse interactions. As
scattering becomes strong, so does the frequency of spin flips, cumulating a very effective
spin-flip based spin relaxation. This point is in agreement with Morandi, et al.[91], who
find that spin-flip-based spin relaxation mechanisms (including Elliott-Yafet) are important
when spin-dependent scattering is dominant.

An interesting consequence of fast carrier spin relaxation due to spin-flips in scattering
is that while the total spin of carriers and magnetic impurities is conserved in collisions, the
spin of carriers alone is not necessarily conserved. Scattering of carriers from impurity spin
fluctuations allows for transfer of spin from carriers to impurities. Near the ferromagnetic
transition, this spin transfer is very efficient. This could have an impact on the overall
magnetism of the system which is not proportional to (S) 4 (o), but rather weights each
spin by a g-factor. We suggest this could lead to an interesting study on the relationship
between magnetism and spin polarization when one spin population changes rapidly.

Further comparing the DP mechanism to spin-flip spin relaxation, a reasonable question
to ask is whether the rates can be summed according to Matthiessen’s rule. This would not
be appropriate, as each mechanism relaxes spins to different equilibrium states. For the case
of spin-flip spin relaxation, the total spin of carriers and impurities is conserved. This is not
true in the DP mechanism, where spin is lost to the spin-orbit field instead of transferred to
impurities. Especially considering the timescales at which each spin relaxation mechanism
operates near the ferromagnetic transition, it makes more sense to order the events as spin-
flip spin relaxation to reach an intermediate equilibrium state, and then DP spin relaxation
brings the system to its final equilibrium state where the total spin in the system will have

declined.
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4.6 Conclusion

We derived analytic expressions for spin relaxation in Zener model dilute magnetic semi-
conductors. Two spin relaxation mechanisms were considered: spin flips in scattering and
Dyakonov-Perel. The expressions are valid for degenerate carriers with arbitrary spin po-
larization and can be used with a variety of spin-dependent dynamic interactions.

We demonstrate the relative effectiveness of these spin relaxation mechanisms near a fer-
romagnetic instability. In the Dyakonov-Perel mechanism, spin-dependent scattering turns
out to significantly inhibit spin relaxation, due to both spin- and momentum-transfer pro-
cesses disrupting spin precession in a spin-orbit field. When Dyakonov-Perel spin relaxation
is suppressed, spin-flip spin relaxation becomes dominant. The two spin relaxation mecha-
nisms do not relax spins to the same final state, though. While total spin is conserved in
spin-flip scattering, spin is dissipated by a spin orbit field in the Dyakonov-Perel mechanism.
We argue that Elliott-Yafet spin relaxation would only slightly modify the rate of spin re-
laxation due to transverse interactions which are already very strong near a ferromagnetic
instability.

Our investigation demonstrates some interesting features of the mean-field model uti-
lized. Namely, the height of the carrier scattering rate peak at a ferromagnetic transition
depends only indirectly on the interaction strength, through the critical temperature. Fur-
thermore, the peak’s height has a weak dependence on carrier density. We should acknowl-
edge that mean-field theory is not ideal to describe critical phenomena, but argue that
this model was sufficient to reproduce scattering enhancements and their impact on spin

relaxation near an instability.
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Chapter 5

Summary

The viability of a material for use in spintronics applications depends critically on the spin
lifetimes of particles in the material. For some applications, nanosecond timescales are
sufficient to propagate a signal across a short junction before depolarization and decoher-
ence set in. For others, years are needed to ensure stored information is not corrupted.
Understanding spin relaxation mechanisms and how they might be manipulated in various
materials is then fundamental to the field of spintronics.

The study of spin lifetimes in even well understood materials like gallium arsenide
and silicon goes beyond the field of spintronics by severely testing our ability to describe
interactions in the solid state. Theoretical descriptions of effective charge or spin based
interactions and scattering at the microscopic level are still challenging research topics. As
well as the materials studied in this report are understood for electronics applications, their
magnetic properties continue to produce interesting spin phenomena. For instance, the
Dresselhaus and Rashba spin-orbit fields are responsible for countless research papers on
spin dynamics in semiconductors. It is in these well known semiconductors that we get
secure footing before applying the theories to more novel materials.

In this dissertation, three theoretical studies of spin relaxation in III-V type semicon-
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ductors have been presented. In Chapter 2, we showed how spin relaxation led to the
appearance of diminished diffusion rates for spin polarized electrons in optically excited
packets in GaAs. This was a collaborative study with experimentalist Dr. Hui Zhao at the
University of Kansas, who shared measurements with us to help provide theoretical backing.
Ultimately, the rate of scattering dictated how fast electrons were able to depolarize due to
spin precessions in a spin-orbit field. In a spin packet, the electrons on the outermost edges
scattered less often so that their spins were able to relax faster than those in the center
of the packet. The time evolution of the packet made it appear as if spins were diffusing
slower than charge, but a more apt description would be that polarization was diminishing
at the packet edges faster than in the center.

In Chapter 3, we took a more in-depth look at GaAs and the contribution of many-
body interactions to Dyakonov-Perel spin relaxation. Analytic results were obtained for
spin relaxation inhibited by electron-electron and electron-hole collisions. We also stud-
ied the effect of including local-field factors in the scattering amplitude, which had some
pronounced effects as the system moved away from high degeneracy via temperature or elec-
tron density. The results obtained in this chapter enable experimentalists to make quick
theoretical predictions without significant computational power or time investment.

In Chapter 4, we studied spin relaxation near a ferromagnetic transition in dilute mag-
netic semiconductors. We used the Zener model to describe a system of itinerant carriers
and localized magnetic impurities interacting via spin-exchange. As in Chapter 3, we de-
rived analytic results for spin relaxation inhibited by scattering, but we also derived results
for spin-flip based spin relaxation. We found that near a ferromagnetic transition, where
impurity spin fluctuations become strong, carriers quickly lose any non-equilibrium spin
polarization by transferring spin to the impurities.

Each of the projects completed in this dissertation have answered questions about the
microscopic behavior of electrons and holes in III-V semiconductors. They have also gener-

ated new questions. For instance, in Chapter 2, while Dyakonov-Perel spin relaxation was
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able to describe the long timescale behavior of diminished spin diffusion, there is a short
time period at the beginning of measurements where the theory could not fit the fast initial
diffusion. Is there another effect that should be taken into account for very short timescales?
In Chapter 4, while we were careful to only include scattering events where total spin was
conserved, this involved two distinct particles, carriers and magnetic impurities. The car-
riers lose non-equilibrium spin polarization very quickly via the transverse interaction with
impurities. What impact does this fast spin relaxation have on total magnetization, which
is not proportional to the total spin but rather weights each spin by a g-factor?

In summary, the effect of many-body collisions on spin relaxation has shown to not only
be a significant factor, but sometimes the driving force behind the presence or absence of spin
relaxation. The Dyakonov-Perel mechanism is a major contributor to spin relaxation in III-
V semiconductors. By including all relevant scattering sources for carriers, this mechanism

can be the basis of a challenging theoretical calculation at the microscopic level.
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Appendix A

Ambipolar spin diffusion in GaAs
quantum wells

A.1 Spin diffusion matrix

The spin diffusion matrix is derived from the resistivity matrix by application of Einstein’s

relations. The resistivity matrix is given by[37]

* n ny _
m* | Ty Ll

ne2r

(A.1)

ﬁ pu—
S
where we have assumed no external electric field. In addition, the momentum relaxation rate
due to electron-impurity collisions which flip the spin was taken as negligible in comparison
to non-flip processes. 7 is essentially the Drude scattering time.

Inverting the resistivity to find conductivity (6), Einstein’s relation gives the diffusion

matrix

€’Dop = ZJM [X_I]W (A.2)
g
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where the spin susceptibility matrix x is approximated as

ong ony ny 0
A I Oprey | ~ | KT
X = 8“ T K L = . (A3)
n on 0 ny
8MCT 8HCJ, kT
The diffusion matrix is finally,
A D 1+ 27 nr
p— Lo nTT o w T (A.4)
1+ ny

%T*y 1+ 1y
where the following relation was used,

kBT eT kBT
Dy = pn = . A5
fn— == (A.5)
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Appendix B

Dyakonov-Perel spin relaxation in
intrinsic GaAs

B.1 Equivalence of harmonics

It is relatively straightforward to demonstrate that integration of W . (where q can be
any of K/, p, or p’) over dq = sind,d,dp, in Eq. (3.17) results in a term proportional to

Qy .. Let us write 24 . in terms of spherical harmonics:

8 _
Qq,- = C’q3 105 [Y32(19q790q) - Y Q(ﬁqv@q)] ) (B.1)

where C' is a constant.
The angular portion of the collision integral in Eq. (3.17) has each . integrated

with a scattering probability. These scattering probabilities can be expanded in Legendre

N

polynomials of argument cosa =k - q:

W = ZwlPl (cosa) , (B.2)
!
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Figure B.1: For an arbitrary direction of k with respect to z, the direction of each momentum
vector can be put entirely in terms of k and the angles 6, ¢, and ¢,. Angle ¢ defines the
planes in which k,p and k’,p’ lie.

The coefficients can later be

. 2
where W can represent either }Wkpk/p/ or ‘Wkpk/p/ Wipp'k/ |-

found with
20+1

w = d (cosa) WP, (cosa) . (B.3)
-1

The addition theorem for spherical harmonics expands P, in spherical harmonics:

Py (cosa) = Z Y™ (9q, 09) Y™ (O, 1) - (B.4)

2l+1

Then, integration over dq is easy due to the orthogonality of spherical harmonics:

/dqWﬂ -y T

1
:27er,Z/ d(cos a) W P3(cos ) . (B.5)
-1

That Qy , can be extracted from each term in Eq. (3.17) goes to show that the relaxation

time approximation in Eq. (1.12) and an angular-independent 7;° are both reasonable claims.
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B.2 Reduction of the integral equation

We begin our solution for 77 by working from Eq. (3.17) with the replacements discussed,

cubic symmetry allows €2 x 8 — () , and angular independence in 7; allows 7, — 7}

fl(c)(l - flg)Qk,z =

4r 1
o [ dp 520~ B0~ 15 1+ 2y — b= ) e
pl

2 [T:Qk,z — 7';;/le72]

.

1 * * * *
5 ‘Wkpk’p/Wkpp/k/ [TthZ — TS, + Tp Qp> — Tp/Qplyz] } . (B.6)

The sum over p’ can be evaluated immediately using conservation of momentum. Then,
following a method introduced by Abrikosov and Khalatnikov[53] (or for an alternative
derivation, Baym and Pethick[59]), at low temperatures the integral over momentum space

can be re-expressed as

3

dk' dp = ——¢ _deide, de,, sin0dO do d B.
P = R cos (0/2) “CF o e S ¢ dpp, (B.7)

where 6 is the angle between k and p, and ¢ is a polar angle about the k + p axis (See
Fig. B.1). Aside from spin dependence, the scattering amplitudes are functions of only 6

and ¢.
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At this point our kinetic equation has the form

Qk,z =
Qmi’ > > > 1— fi?/ 0 0
FL7(27T)5 [oo dgk/ /_oo dsp /—oo dap/ <1 - f}?) P (1 - fp,)é (gk + gp SR 6p/)

2T T 2T
X / d¢ / do / d¢psin(9/2){\wkpk,p,
0 0 0

[Qksz,;k — Qk/’z’l';:/ + Qp’z’i‘; — Qp/7z7’;/] } . (B.S)

2 [Qk,ZT,: — Qk/’ZT]:/]

1
- 5 ‘ Wkpklp/ Wkpp/k/

The spherical harmonic definition of  , from Eq. (3.18) is useful at this point. The
orthogonality associated with the spherical harmonic functions is exploited by multiplying
through by Qy . in Eq. (B.8) and integrating over sin ¢ddy, dyy. The left hand side reduces

with use of

167

T 27
/ dv}, / dpp sin 9, Q. = C?K°— | (B.9)
0 0 ) 105

where C? = o2h'/(2m3E,).
There is still the matter of putting the angles corresponding to vectors p, k’, and p’
in in terms of the integration variables. This is accomplished by introducing a right hand

orthonormal basis of vectors:

k= {sin ¥}, cos py, sin Vg sin ¢y, cos Vi } (B.10a)
t = {cos ¥y, cos py, cos ¥, sin p, —sindy} (B.10b)
n=kxt. (B.10c)

Aligning k along z, it is seen that
P = cos Ok + sin 6 cos @pt + sin O sin pph . (B.11)
A rotation formula can be applied so that vectors k and p are turned about the k + p axis
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to find k’ and p’:

., k+p k-p k x p
k’:ﬁ—i— pcosqﬁ—i— AXIA) sin¢, (B.12)
2 2 |k + p|
., _k+p k-p kxp\ .
/
p=——- cos¢p — [ ——— | sing. (B.13)
2 2 (Ik+p|

Standard relations are used to put the angular components of K, p, and p’ in terms of the

integration variables:

cosVy = qz , (B.14)
qx

Vi-¢

This concludes the needed angular transformations. Let us define the angular-only

COS pg = (B.15)

portion of Qy . with x(J%, px). In other words

K (g, p1) = cos Uy, sin? I cos(2¢y,)

=(cos ¥y, — cos® 1) (2 cos® o — 1), (B.16)

where identities have been used to write s in terms of cosine functions for direct use of

Egs. (B.14) and (B.15). This leaves us with
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=W
/md%x/ / dey ( ‘m>f%1—f% (ex +ep —ew — &)
/ / v, /0 7 i /O 4o /0 7 oy sin O sin(0/2)1 (D1 01)

{|Wkk’ K (U, or) T W 1:]

’[9/ / 19/, /
X [H(ﬁka@k)ﬂ:—ﬁ( k’gok)ﬁ:,—l—m(ﬁp’(pp) —K( P (pp)T;,]}. (B.17)

1
—3 | Wi

(k/K')? (k/p)? (k/p')?

Here, we have made use of the fact that the scattering amplitude in the direct portion of the
collision integral only depends on the momentum transfer k — k', whereas the exchange
portion includes the possibilities of k — k' and k — p’. For scattering near the Fermi
surface, the scattering amplitudes only vary with the angle between incoming and outgoing

momenta. These angles can be written in terms of just # and ¢ with the following relations:

1
COS@l:k'k/:5(1—|—COS(9+COS¢—COSQCOS¢)), (B.18)

. 1
COSGQ:k'f)/:5(1+C089—COS¢)+COS0COS¢). (B.19)
The scattering amplitudes written as functions of 6; and 6, are

Wkk’ :W(COS 01) y (B.QO)

Wkp’ :W(COS 02) . (B21)
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For reference, the dimensionless momentum transfers are

i = |k — K|/ (2kp) = sin (0/2) sin (¢/2) , (B22)

@2 = |k — p'l/ (2kp) = sin (0/2) [cos (¢/2)] - (B.23)

The absolute value is a result of the range of integration, 0 < ¢ < 2.

Integration over dy,, dV) and dyj, can be done immediately with the result

h7(27r)4

/ dsk// dsp/ dey < fk/>f( fo) (5k+5p_5k’_5p’)
<ol S - e

’Wkk’ |: . P3 (COS 01) * P3 (COS 9) * P3 (COS 92) *:| } , (B24)

ZW T e Y T P T ()

where df) = sin 6 dfd¢ should not be confused with the Dresselhaus Larmor frequency.

Notice that without the Legendre polynomial terms, the scattering time could be fac-
tored out of the integral and we would have exactly the scattering rate of plane waves, as
can be referenced in [40]. Given that well known solution, we are led to believe 7} will have
even dependences on energy and temperature.

The ratios (k/k")3, (k/p)3, and (k/p')? vary slowly across the Fermi surface when com-
pared to the Fermi-Dirac functions and anticipated e — p dependence in 7;. They are all
set to 1. We shall consider only static screening in the scattering amplitudes, a reasonable
assumption at low temperature. The resulting integral equation for 7,7 has been exactly
solved by Sykes and Brooker.[54] We will reproduce a simplified version of the solution

here.
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The energy integrals are written in terms of unitless variables:

§=(er, — p)/ksT, (B.25)
T = (Ek/ - u)/kBT, (B.26)
y=(ep —n)/ksT, (B.27)

and the ¢-function evaluated for (e, — p)/kpT to give

R(2m)t
m3 (kgT)*
0o 0 —x
d / HOE—&H P +y =91y [ a9
Wiae|™ (. ] 1 [Wiae
8 {COSE{;/Q) [77(€) = Py (cos ) ()] - 2 cos(0/2)

X [1%(&) — P3 (cos01) 7" () + P3 (cos0) 7" (x +y — &) — P53 (cos 02) T*(y)]} . (B.28)
The equilibrium Fermi-Dirac functions are now described by

Oz) = . (B.29)

Integration of 7*(z + y — £) over dy is equivalent to integration of 7*(—y) over dy. This
relation, along with a simple swap of z <+ y variables in terms which have 7*(+y), allows
the integration over dy to be performed:

E—=x

[ anrary-0ren - £ (5.30)

With an even dependence on z, we can also let 7*(—z) — 7*(z). To simplify the form of

the integral equation, the angular integrals are represented by constants B and A, and the
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remaining z-dependent factor by K (z,¢):

K(z,£) —‘;ztg [15_;3_5} : (B.31a)
Ay :/dﬁm, (B.31b)

A z/dQ % (B.31¢)

M :jl /dQ (m& (cosBy) , (B.31d)
A2-—ji20/w “ZE:&ZQ;?[Iﬁ(cos@l)——fﬁ(cos&)%—fﬁ(cosegﬂ . (B3le)
:mg((;;;Q ( A f‘é?) " (B.31f)
T (B.31g)

The remaining integral equation for 7*(§) is exactly of the form in Sykes and Brooker:

B= / " e K(2,6) [7(6) — A (2)] (B.32)

—0o0
Notice that the kernel of this integral equation involves only two-dimensional angular in-
tegrals on the Fermi surface. In fact, since A; and A; do not contain any exchange terms,
they can actually be simplified to one-dimensional integrals of the momentum transfer ¢
in Eq. (B.22):
! 2
Ay =sr [ g W@ (B.33)
0
1
w=sw [ dn (W@ (- 220)). (B.34)
0

The solution for 7*(¢) is found by converting the integral equation to a differential

equation via Fourier transform, utilizing the convolution theorem. For 7*(§) with an even
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dependence on &,

eron cosh(£/2) [ B o (4l 4 3)®oy(w)
r(e) = L) / w2y 2, (B.35)
where
®)(w) = pjyq (tanh 7w) | (B.36)
A= %(z F1)(+2), (B.37)

and p;"(z) are the associated Legendre polynomials.
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Appendix C

Spin relaxation near a
ferromagnetic transition

C.1 Modified Lindhard response functions

The modified Lindhard imaginary response functions presented in Chapter 4 have easily
derivable analytic solutions. They are most compactly written in terms of the following

dimensionless variables:

Q"/_Q/k:F’yu (C 1)
hw (B a)A)2 q
Uyt = hqu'y QkF»y s (C.2)
hw + (8 — a)A/2
Ty = EFy (C.3)
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The response function that enters momentum relaxation calculations is

n, ™ A\
SX{oi (@0) = i D7 3ewras — era — 1) [flrqs — fla] (k- @)

Fvy
N3 (0 TN,
i T - -2 - TEPe -2 02

(C.4)

The response function used in effective scattering rate calculations for spin relaxation is

n k" N k+q
SX:(),Q),Q(QM) = 7725(5k+q6 — Eka — Iw) [f18+qﬁ - flgcx] WPR [ ) |k+qJ
Kk
mN3(0) _ _
= 4§ﬁ ) [1 - V?j+} [Zn (L 775,%) - Zn (Vg’-i-a 77/3,%)] (05)
TN,(0 _ _
—4(1()9 [1—22_] [Z0 (14 N Das Ga) — Zn (VEZ + Nas Tas Ga)]
where
_ /2 Qr —n — =2
2, (onq) = [ da | &[xg’ql (C.6)
€z e —xn

3)

In the case of a Dresselhaus spin-orbit field, Sy, B(q, w) is the relevant response function
with
_5@+n)* 3¢ +8¢"n+30) | 3(2¢° +n)

Z3(x,n,q) = 39,2 . T = In(zx) . (C.7)

For both of the above response functions, n = 0 reduces them to standard Lindhard imag-
inary response. Comparisons of the relevant modified response functions are plotted in
Fig. C.1. They obey the same cutoff frequencies and electron-hole continuum boundaries
as Lindhard imaginary response. The property that Sx(q,w) be negative for positive fre-

quencies does not necessarily hold for odd n though.
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Figure C.1: The modified response functions (solid lines) compared to Lindhard imaginary
response (dashed line) for a) ¢ = 0.5kr and b) ¢ = 0.5kp at zero polarization.
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