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Abstract

Spin-based quantum computation is one of the most ambitious applications of spin-
tronic where the electron and/or nuclear spins are employed as quantum bits (qubits).
In the scheme of semiconductor silicon-based quantum computing, electron spins and
nuclear spins of phosphorus donors and nuclear spins of 2?Si have attracted much atten-
tion as candidates for qubits. However, neither physical processes to transfer quantum
information into and out of a particular spin qubit nor methods to exchange information
between spin qubits have been established.

The present thesis shows that the presence of photoexcited triplet electron spins
of oxygen-vacancy centers (SL1 centers) in silicon establishes a novel way to induce
spin flip-flops of the triplet spins with phosphorus electron spins even in the absence
of electromagnetic excitation field. Moreover, SL1 center is shown to be an excellent
center to transfer quantum information into and out of 2?Si nuclear spin qubits.

The thesis is composed of six chapters. Chapter 1 is an introduction which includes
the motivation and the detail description of the spin systems utilized in this work.
Chapter 2 provides the basic principles of magnetic resonance techniques employed in
this work.

Chapter 3 shows the spin dependent recombination processes via phosphorus donor
states and SL1 triplet states in silicon detected by the change in the photoconductivity
of samples. This corresponds to electrically detected magnetic resonance (EDMR) of
electron and nuclear spin states of phosphorus and SL1, i. e., electrical readout of spin
qubit states in silicon. Furthermore electrical detection of cross relaxation (EDCR), flip-
flops between phosphorus bound electron spins and SL1 triplet spins, is shown. When
the Zeeman splittings of the dipolar coupled phosphorus electron and photoexcited
triplet electron spins are made equal by appropriate tuning of the external magnetic
field, they undergo flip-flop transitions which change the overall recombination of the
photoexcited carriers and thus changing the photoconductivity of the sample.

Chapter 4 investigates the lifetime of the photoexcited triplet SL1 centers and their
interaction with the nearest-neighbor 2?Si nuclear spins using pulsed electron paramag-
netic spin resonane (pEPR). While the population rates of the three triplet levels are
almost equal, the decay rate from each triplet level to the ground singlet state is found
to be different leading to ~100% spin polarization in about 1.5 ms after creation of

the photoexcited states by the laser pulse. The electron spin echo envelop modulation
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reveals the hyperfine coupling of the triplet electron spins with the nearest-neighbor
nuclear spins of 22Si (I=1/2).

Chapter 5 describes a proof-of-concept operation of 2?Si nuclear spin quantum mem-
ory in silicon. The coupling between the highly polarized triplet electron spins and 2?Si
nuclear spins facilitate the transfer and storage of the coherent state of the triplet elec-
tron spins in the nuclear spin degrees of freedom using a series of resonant microwave
and radio frequency pulses in the pulse electron nuclear double resonance (pENDOR).
We found nuclear storage time of nearly 5 ms which is close to the previously reported
Toy, of 5.6 ms for 29S.

Finally summary and outlook are provided in Chapter 6.
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CHAPTER 1

Introduction

1.1 Background and motivation

1.1.1 Spin based quantum computer

The massive increase in computational power of contemporary digital computers (clas-
sical computers) is a direct result of the successful drive to build devices on smaller
and smaller scales. However, there is a physical limit to this process of miniaturization
and soon a stage will be reached when we will have systems working on atomic scales
governed fully by quantum phenomena. This leads to the idea of building a quantum
computer based entirely on the quantum phenomena [1]. Computers whose operation is
based on the fundamental principles of quantum mechanics promise to outperform even
the fastest conceivable classical computers [2]. The two main elements for the realization
of these quantum computers are 1) data representation by quantum bits (qubits) and 2)
quantum gates to manipulate qubits to perform logical operation. A classical computer
has a memory made up of bits, where each bit represents either a state |1)) = |0) or 1))
= |1) state . However, its counterpart QCs utilizes the quantum two level systems as
quantum bits (qubits) where the qubits can be in any of the valid superposition states
of |0) and |1) , i.e. |)=a|0) + S|1) . Such a vector can be visualized on the Bloch
sphere shown in Figure 1.1 as |¢)) = cos(0/2)]0) + €**/2sin(6/2) 1) .

The corruption of this quantum state can be due to: the corruption of 8 which is
also known as spin lattice relaxation time Thand also due to the corruption of ¢ known
as decoherence time T5. In order to harness the enormous capability of a QCs we need
to look for physical system where the qubits can be scaled, initialized and manipulated
on a much faster time scale than its decoherence time. And finally, the read out of the
final state of the qubits should be feasible.

So far there has been many quantum system proposed as a qubits. Prominent exam-
ple includes atoms in cavities, trapped ions and liquid state nuclear magnetic resonance
(NMR) where the first few quantum system which attracted researchers worldwide for

the realization of QCs [3, 4, 5]. However, all the above mentioned system face the prob-
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Figure 1.1: Bloch sphere - Bloch sphere representation of a vector.

lem of scalability. The requirement for the scalability motivated researchers to propose
solid state quantum computer based on electron spin qubits (“up" spin and “down" spin:
two level quantum system). In that regard, electron confined to GaAs quantum dots
have been proposed [6]. But due to the interaction with the 100% nuclear matrix and
the spin-orbit interactions in these systems, electron spin dephases on a much faster
time scale.

Silicon based quantum computer has an advantage of the well developed semicon-
ductor technology that would be needed for integration of devices. The added advantage
of silicon lies in the isotopic engineering which allows having an isolated spin free bath
for quantum system. There has been two very promising proposals in silicon: 1) Kanes
quantum computer 7] and 2) All silicon quantum computer [8, 9].

1) Kanes quantum computer: It was Bruce Kane in 1998 who proposed an idea of
utilizing an array of phosphorus atoms in silicon as qubits (shown in Figure 1.2(a)).
Phosphorus is a hydrogenic donor in silicon having an electron spin S=1/2 and a nu-
clear spin I=1/2. In the proposed architecture for QC, individual donors could be
addressed by tuning the hyperfine interaction between the electron and nuclear spin
with application of electrostatic bias directly above the donor position (A-gate). This
changes the energy levels of the donor spin states and thus making the donor resonant or
non-resonant with the globally applied radio frequency field. Two qubit operations are
performed by tuning the exchange interaction between the donors with J-gate placed
between the A-gates.

2) All silicon quantum computer : Silicon has three stable isotopes namely, 28Si,
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Figure 1.2: Quantum computer model - (a) Kanes quantum computer. (b) All silicon

quantum computer.

29Si and 3°Si, out of which only ?°Si has a nuclear spin /=1/2. The proposed all silicon
quantum computer utilizes the linear chain of these nuclear spins as qubits embedded
in the spin free matrix of 2®Si (Figure 1.2(b) ). With application of large magnetic field
gradient the nuclear spins in the linear chain can be addressed selectively by resonant
radio frequency pulses. The readout can be done using magnetic resonance force mi-
croscopy where the nuclear spin state couples to the vibrational mode of the cantilever.
The other method for readout could be the use of hyperfine coupling of the nuclear

spins with the electron spins of donors.

1.1.2 Phosphorus (*'P) in silicon

Phosphorus (3!P) in silicon is one of the most studied group V donors in silicon [10, 7].
3P has an electron spin S=1/2 and a nuclear spin I=1/2. At helium temperature the
electron is bound to the phosphorus atom and the Hamiltonian for such a system in the

presence of external magnetic field can be written as:
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Hsip = geNBBSz — GnpinBI, + aS -1, (1'1)

where S and I are electron and phosphorus nuclear spins, respectively. Here gepup/2mh ~
28 GHz/T and gnpun/27h ~ 17.2 MHz/T are given by electron and nuclear g-factors
ge ~ 1.9985 and g, ~ 2.2632, respectively.The hyperfine constant is a/27h ~ 117.5
MHz.

The third term represents the hyperfine interaction between phosphorus electron and
nuclear spins, respectively. In high field regime, the Zeeman terms are much greater

than the hyperfine term and we have pure states represented as

[ = [, (1.2)
2) = I, (1.3)
3) = N0, (1.4)
14) = b, (1.5)

Si:P quantum system can be thought of as a two qubit quantum computer: for
example, the controlled NOT operation where the electron spin flips conditioned by
the state of the hyperfine coupled nuclear spin can be realized by exciting the EPR
transition [leTn) : [TeTn), the SWAP operation [11] can be realized by exciting the
transition |[letn) @ [Tedn). Other significant advantage is the isotopic engineering of
silicon allows to have well isolated donors in silicon due to which long coherence time
of nearly 60 msec for 3 P electron spins and 2 sec for nuclear spin (limited by the
spin relaxation time of the bound electron) has been measured {12, 11]. Add to this
the recent experimental demonstration of entanglement between the coupled electron-
nuclear spin of phosphorus in silicon, one of the essential requirements for quantum
information processor [13].

However, the successful implementation of phosphorus in silicon for quantum com-
puting application will require readout of single spin states. However, current EPR
spectrometer has a much lower sensitivity and would be difficult to monitor single
spins. But highly sensitive electrical method, electrically detected magnetic resonance
(EDMR), could be employed for the readout of small number of spins. In this thesis
we will demonstrate that the v-irradiation defects in silicon can be used to probe elec-
tron and nuclear spin of phosphorus in silicon by EDMR spectroscopy. We will further

demonstrate the electrical detection of cross relaxation in silicon due to the flip-flop
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transition between the dipolar coupled electron spin of phosphorus and photoexcited

triplet SL1 center.

1.1.3 ?°Si nuclear spin in silicon

Crystalline silicon is the most widely used semiconductor for the integrated circuits and
most of the modern technology depends on it. Naturally available silicon is composed
of three stable isotopes : 28Si 92.2 %, 27Si 4.7 %, and 3°Si 3.1 %. Out of these isotopes,
only ?°Si has a nuclear spin of I—1/2. These nuclear spin embedded in the spin free
matrix of 22Si has been proposed as a qubit. The isotopic engineering associated with
silicon would allow having an extremely isolated 2Si nuclear spin system. Such isolated
spin system is bound to have very long coherence time. The coherence time of the
nuclear spin in natural silicon measured using Hahn echo pulse sequence [14] was found
to be nearly 5.6 ms limited mainly by the dipolar interaction between the nuclear
spins in the lattice [15]. Using NMR decoupling pulse sequence it was shown that the
coherence time can be enhanced to 25 sec [16]. Such long coherence time is one of the
criteria for nuclear spin to be utilized as memory qubit. However, challenges ahead
are the initialization and the read out of the nuclear spin states. Due to the small
magnetic moment associated with nuclear spin, the thermal equilibrium polarization
of the nuclear spin system at experimentally accessed condition is very small. Two
efficient way of polarizing the nuclear spin system is dynamic nuclear polarization (DNP)
and optical nuclear polarization (ONP). ONP of 29Si nuclear spin in silicon was first
demonstrated by Lampel way back in 1968 where simple illumination of n-type silicon
with circularly polarized light at 77 K lead to the nuclear polarization enhancement of
about 28000 resulting in nuclear polarization of 0.0007% [17]. Recently, ONP under
illumination with linearly polarized light, the cross relaxation of the 29Si nuclear spins
with non-thermal electron spins lead to the nuclear polarization of nearly 0.25% by
working at helium temperature and high magnetic field 7 T [18]. The other indirect
way of nuclear polarization is DNP technique where we transfer the spin polarization
within the electron spin of the paramagnetic centers in the lattice at magnetic field B
and temperature T to the nuclear spin under saturation of the EPR lines. A detail
investigation of EPR induced DNP of 2Si nuclear spin has been reported by Hayashi
et. al where it was found that the DNP degree depends upon the 2?Si concentration
as well as on the spin lattice relaxation time of the electron spin [19]|. Very recently a
nuclear polarization of 10% was achieved in n-type ([P]~10'7) natural silicon working

at magnetic field of 2.4 T and temperature 1.1 K [20]. The use of pseudo pure state
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can reduce the physical requirement for the nuclear spin polarization however its still
desirable to have perfectly initialization of nuclear spin qubits ~ 100% for quantum
computing application. Moreover, the read out of the 2?Si nuclear spin state is still
illusive.

In this thesis we will show a way to achieve 100% polarization of 2?Si nuclear spin.
Furthermore, the interaction between the triplet electron spin and the nuclear spin
allows us to manipulate and read out nuclear spin state via photoexcited triplets in
silicon. We also show transfer and storage of quantum information in nuclear spin thus

demonstrating a feasibility of realizing 2°Si nuclear spin memory in silicon.

1.2 Triplet state: Two interacting electrons

Let us consider a system containing two electrons. According to Pauli’s exclusion prin-
ciple the total wavefunction of the system must be antisymmetric with respect to the
exchange of space and spin coordinates of the two particles. The total wave function

can be written as a product of a space wave function and a spin wave function, i.e.,

wtotal = ¢6 (16)

where v is the space wave function and g is the spin wave function. Antisymmetry of
the total wave function can be obtained by multiplying a symmetric space wave function
with an antisymmetric spin wave function or vice versa.

Now, if the two electron (1 and 2) are in the spin triplet S=1 state, i.e., the spins

of the two electrons are parallel then the spin wave function is symmetric.

Bitpet =1,+1)
S=1 %[ﬁﬁﬁf + 817 B2 = 11,0)
1B~ =|1,-1)
where + and — represents the up and down spin state of the electrons. The states
are also represented by the ket using the notation |S,ms). The wave function in the
position space must be antisymmetric.
On the other hand if the two electrons are antiparallel,i.e., the overall spin S=0, the

spin wave function is antisymmetric.

s=0{ Ligi+8: - 612" = [0,0)
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Thus, the antisymmetric wave function give rise to a singlet state while three sym-
metric wave function give rise to a three triplet states. All these four states are degen-
erate as long as we neglect any interaction between the electrons. However, the singlet
and triplet states split apart in energy by the electron-exchange interaction, represented

by the spin Hamiltonian:

Hewen = 3 JijS1i - Saj, (L.7)
]
where S and S are the electron spin-operators for electron 1 and 2, respectively.

Indices ¢ and j label spatial coordinates(i,j=x,y,z). The most dominant part of the

exchange-energy operator is given as:
(}Cea;ch)iso = JOSI : S27

where Jy = tr(J)/3 is the isotropic electron-exchange coupling constant, which to a

first approximation is given by the exchange integral:

62

Jo— 2 <¢1<m>¢2<m> Ly 1/)1(T2)¢2(7“1)> , (1.8)

where 11 (r1) and 1y (r2) are the position space wave function of the two electrons, ¢ is

dmegr

the permitivity of the vacuum and r is the inter-electron separation. This exchange is
just one manifestation of the Coulomb interaction between two electrons. The singlet
and triplet states are separated by the energy | Jy |. The sign of Jy determines whether
the singlet or the triplet energy state lies lower. Figure 1.3 shows the energy levels of
the singlet and triplet states for Jy > 0 as a function of magnetic field.

In addition to electron-exchange, which splits the states into a singlet and triplets,
there exists another important interaction, the anisotropic magnetic dipole-dipole in-
teraction. This interaction lifts the three-fold degeneracy of the triplet state in zero
magnetic field. The electron spin-spin dipolar interaction is given by the Hamiltonian

5[ S1-82 3(S1-7)( S2-7)

_ 2
ijss - h Ve 7“3 - 7“5 ) (19)

Because the two electrons are coupled, it is more convenient to express Hys in terms
of the total spin operator S, defined by S = S; + S2 . Substituting this, together with
the angular momentum commutation relation and the identity r2=xz2+y?+2%, Eqn. 1.9

can be written in the matrix form as:



1.2. Triplet state: Two interacting electrons 8

Magnetic field, B

Figure 1.3: Exchange Interaction - The energy states of the two electron spin system

exhibiting exchange interaction Jy greater than zero.

(=) (Zm)y (2e) ] [,
s s s ] (B () () || s | (10

(=) () ()] Ls

The above euqation can be represented as Hys = S - D - S, where D represent the

spin-spin dipolar interaction tensor and the trace of the matrix is zero, i.e., tr(D)
= 0.The angular brakets indicate that the elements of the parameter matrix D are
averages over the electronic spatial wave function. D can be diagonalized. Eqn.1.10

can be re-written in the principle-axis system (X, Y, and Z) of D as:

Hys :DX‘S'X2+DySy2+DZsZ2, (1.11)

Here we introduce two parameters D and F, where D=3/2D 7 and E = 1/2(Dx-Dy)

and are known as zero field parameter. Thus,
1
Hes = D(S52 — 552) + E(Sx? + Sy?), (1.12)

In the present of the external magnetic field the total Hamiltonian of the triplet is

given as

1
H, =~.hB - S + D(S5% — 552) + E(Sx?% + Sy?), (1.13)
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The eigenfunction of H, is linear combination of the kets |[41),|0) and |—1). In the
limit B — 0 with B parallel to the principle axis Z, the zero field triplet eigenfunctions

are:

Ty) = ;5<|—1>—|+1>>,
Ty) = %<|—1>+|+1>>,
) = [0). (1.14)

1.2.1 Photoexcited Triplets

Upon photoexcitation, the ground singlet state of the two interacting electrons can be
easily excited to triplet state. The formation of triplets are due to intersystem crossing
from the the excited singlet via spin-orbit coupling [21]. The photoexcited triplets
are metastable state and would eventually decay to the singlet ground state of the
system. However, the transition from the triplet to the ground singlet state is generally
forbidden, which gives triplet state a certain lifetime before it decays. The probability
kp, of transition “to and from" triplet 7,,(ms = 0,41) is proportional to the square of

the matrix element of the spin-orbit coupling operator Hgo:

ke o |(S | Hso| Tar)|? (1.15)

The spin orbit coupling is defined as
Hso =AL- S (1.16)

where \ is the scalar constant. The direct calculation of the matrix element of this

operator yields

(So|Hsol Ti) = y;«m i) + i (1 |1y | 62)),

_AL
V2

Equation 1.17 shows that the triplet sublevels have different transition probability.

(So |Hso| To) = (1 1] 9ba), (1.17)

These spin selective transition would lead to the non-equilibrium population of magnetic
sublevels of triplet states (see Figure 1.4). Such non-equilibrium electron polarization
[22, 23] can be utilized to polarize nuclear spin system in the host, which otherwise has

very weak polarization at experimentally accessible conditions .
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Figure 1.4: Non-equilibrium polarization - Schematic showing the singlet and triplet
energy levels in the presence of external magnetic field B parallel to Z-axis of the triplet
paramagnetic center. Selective transition to the ground singlet state under spin-orbit

coupling builds high electron spin polarization in the triplet spin system.
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1.2.2 Unique properties of photoexcited triplets

The ground singlet state of two interacting electron spins can be photoexcited to the
triplet state. The spin orbit coupling which induces intersystem crossing to preferen-
tially populate particular triplet sublevel and/or different decay rate from the triplet
sublevels to the ground singlet state builds high spin polarization within the triplet
spin system [21, 22|. Moreover, the dipolar interaction between the electron spins in
the triplet state give rise to strong zero-field splitting [25]. These unique properties ex-
hibited by photoexcited triplets has been exploited for the development of new magnetic
resonance techniques such as single molecule optically detected magnetic resonance [24|
and zero field EPR [25]. Using continuous microwave illumination (under processes
termed dynamic nuclear polarization) |26, 27|, or using microwave pulses [28], highly
polarized electron spin triplets can be used to polarize surrounding nuclear spins which
otherwise owing to its small magnetic moment has very weak thermal polarization at ex-
perimentally accessible conditions. Triplet states can also be used to mediate entangle-
ment between mutually-coupled nuclear spins [29], on timescales much faster than their
intrinsic dipolar coupling [30], thus suggesting the usefulness of photoexcited triplets as
an optically driven mediator spins to couple nuclear spins in the lattice for quantum
computing application [31]. These properties associated with the photoexcited triplets
motivated us to study them in silicon and explore the microscopic processes exhibited
by these spin system using magnetic resonance technique.

In this chapter, we will discuss about the triplet spin system in general and then
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give a brief introduction of the photoexcited triplet spin system in silicon relevant for

this thesis.
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1.3 Photoextied triplets in silicon: SL1 centers

Oxygen and carbon are two major electrically inactive impurities always present in the
silicon crystal, where oxygen takes the interstitial position while carbon is present at the
sustitutional position. A lot of electrically active defect involving these two impurities
are known to be formed as a result of radiation damage [32, 33|. The vacancy-oxygen
complex (or A-centre) is the most prominent defect in either irradiated or implanted
Si material. Its microscopic structure has been established by EPR, and its vibrational
properties by IR-absorption spectroscopy [33, 34, 35, 36]. This consists of an oxygen
atom bridging a pair of Si neighbours of the vacancy. This defect is only stable when
neutral and singly negatively charged. A deep single acceptor level or electron-trap at
0.17 eV below the conduction band minimum (E. - 0.17 ¢V) [34] is associated with the
negetive charged state of oxygen-vacancy complex (A-center).

In this thesis we focus on the photoexcited triplet states of these oxygen-vacancy
complex in silicon, also known as SL1 center. It was first observed by Brower in 1972
using EPR spectroscopy [37] . SL1 center has orthorhombic symmetry of g and D-
tensors with the principal values g1 = 2.0057, go = 2.0075, g3 = 2.0102 and D; = -657
MHz, Dy = 350 MHz, D3 = 307 MHz corresponding to the principal axes 1, 2 and 3
parallel to [110], [100], and [110] crystal axes, respectively (see Figure 1.5).

In silicon lattice the SL1 centers have six equivalent orientations along six different
(110) crystal axes shown in Figure 1.5 by dashed lines. When the magnetic field By
is rotated in (110) plane varying the angle 6 from 0° to 90° with respect to [110], the
angle between By and principal axis 1 for one of six groups of SL1 centers oriented
along line [ad] is also varied from 0° (BJ|[110]) to 90° (B||[001]). For second group
with the principal axis 3 parallel to line [eh], the angle between By and these centers is
always equal to 90°. Remaining four groups of SL1 centers make the intermediate angle
with respect to direction of magnetic field. Two groups of these centers oriented along
[bh| and [be| are magneto-equivalent (with the same angle between By and [bh]| or |be|
directions) as well as the groups oriented along [ag] and [af]. In the conclusion, it needs
to consider only four orientations of SL1 centers in silicon lattice along [ad], [eh], [bh],
and |ag| directions.

EPR and spin dependent recombination studies on these centers has revealed that
the formation of triplets takes place due to simultaneous capture of photoexcited elec-
tron and hole by the ground singlet state of O-V complex [38]|. Figure 1.6 shows the

schematic for the formation of triplets , SL1 center under bandgap illumination. The
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Figure 1.5: Orientation of SL1 centers - Pictorial representation of the SL1 structure

in silicon lattice. It also shows the principle axis system of the defect.

non-equilibrium spin polarization in these triplets was confirmed by the observation of

absorption and emission EPR signal simultaneously [37].
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Figure 1.6: Formation of SL1 center under photoexcitation - The shcematic show-
ing the photoexcitation of singlet ground state of oxygen-vacancy complex to the triplet
state on simultaneous capturing of photoexcited carriers. The triplet population are equally
filled initially but the selective transition to the ground singlet state builds the spin polar-

ization in the sublevels.
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The non-equilibrium polarization of SL1 center has been previously used to hyper-
polarize the 22Si nuclear spins using optical and dynamic nuclear polarization technique
[39, 40]. Such hyperpolarized nuclear spin system in silicon would be a step towards the
realization of recent proposal of 2?Si nuclear spin based quantum computer [8, 9]. The
experimental demonstration of long coherence time for 2?Si nuclear spin in silicon makes
it really an exciting system for quantum computing [16]. However, till date the quantum
computing scheme using host stable isotope in solid has been demonstrated only with
13C nuclear spins in diamond via coherent coupling to the spin-triplet nitrogen-vacancy
centers [41, 42, 43|.

Here we explore the electronic properties of SL1 center using electrical and con-
ventional magnetic resonance technique and demonstrate that the interaction of these
triplet centers with other electron and nuclear spin in the lattice leads to some exciting
and interesting physics. We have demonstrated a well designed set of experiments to
provide new information on spin-spin interactions between defect centers that can lead
to the change in conductivity of the sample.

Moreover,using pulsed EPR spectrometer we were able to study the dynamical prop-
erties of these photoexcited triplets as well as the interaction between the electron spin
and 2?Si nuclear spin in the lattice. Finally we have demonstrated the coherent manip-
ulation of 29Si nuclear spin state via photoexcited triplet electron spin and show the
coherent transfer of quantum information back and forth between the strongly hyperfine
coupled triplet electrons and the nearest neighbor 2?Si nuclear spin, thus leading to the

successful demonstration of 2Si quantum memory in silicon.
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1.4 Organization of thesis

Chapter 1 provides the motivation for the research presented in this thesis. This is
followed with a general description of photoexcited triplet spin system. In addition, we
introduce the triplet spin system in silicon relevant in this thesis.

Chapter 2 introduces the basics of magnetic resonance. In this chapter we discuss
the fundamentals of pulsed EPR and EDMR techniques used in this thesis.

Chapter 3, 4 and 5 focuses on the main results of this thesis.

Chapter 3 discusses the electrical detection of spin dependent recombination process
in phosphorus doped v-irradiated silicon. First section of this chapter shows that with
the introduction of these irradiation defects we can probe the spin state of phosphorus
atoms in the bulk using EDMR spectroscopy, in contrast to the previous studies where
paramagnetic centers situated near to the silicon surface can be probed using EDMR.
Further we reveal that the dipolar interaction between triplets and phosphorus electron
spin lead to the demonstration of electrical detection of cross relaxation signal in silicon.
This new and sensitive method can also be used to probe paramagnetic centers in the
lattice.

Chapter 4 is devoted to the pulsed EPR study of SL1 center in silicon. Here we
have characterized the lifetime of the triplets as well as its interaction with the nearest
neighbor 29Si present in the lattice. It was found that all the triplet sublevels of SL1
centers were equally populated after the initial laser pulse. However, the different
decay rates from the sublevels to the ground singlet state via spin-orbit coupling builds
high spin polarization in these spin system. We use the electron spin echo envelope
modulation spectroscopy to determine the hyperfine interaction with those 2?Si nuclear
spin which are unresolved in the EPR spectrum.

In Chapter 5 we used the strong coupling of the SL1 center with the nearest neighbor
298i nuclear spins to demonstrate the Rabi oscillation of nuclear spins as well as the
coherent transfer of quantum information between the electron and nuclear spin.

Chapter 6 summarizes the results obtained in this work.
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CHAPTER 2

Magnetic Resonance

Ever since the first experimental observation of an electron paramagnetic resonance
(EPR) signal by E. K. Zavoisky at Kazan State University, Russia, the EPR spec-
troscopy has made a great contribution for determining the structure and dynamics
and the spatial distribution of paramagnetic species in host materials. The develop-
ment of pulsed EPR (pEPR) and electrical detection of magnetic resonance (EDMR)
spectroscopy had further enriched the field of magnetic resonance and its contribution
towards understanding atomic physics. In this chapter we discuss the basic understand-
ing of the underlying theory and fundamentals of these magnetic resonance techniques

utilized in this thesis.
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2.1 Introduction

2.1.1 Electron magnetic moment and its interaction with magnetic

field

From classical electrodynamics, a rotating electrically charged body creates a magnetic
dipole with magnetic poles of equal magnitude but opposite polarity. If the electron is
visualized as a classical charged particle literally rotating about an axis with angular

momentum J , its magnetic dipole moment p is given by:

p=J, (2.1)

where v is the gyromagnetic ratio. Thus, an electron can be considered as a tiny bar
magnet and an application of static magnetic field B will exert a torque equal to the

time derivative of the angular momentum:

dJ

— = B 2.2

o~ kxB, (2.2)
Using Eqn. 2.1 , we re-write Eqn. 2.2 as:

dp

— = B 2.3

= x 7B, (2.3)

The above equation illustrates that the magnetic moment precess about the magnetic
field as shown in Figure 2.1. If the applied static magnetic field is along the z-axis, i.e.
B = ByZ , the magnetic moment p rotates at an angular frequency wg = | v | Bo [1].
The angular frequency is also known as Larmour frequency.
The magnetic moment also takes on a potential energy U in the presence of magnetic
field B which is given as,
U=-uB (2.4)

Quantum mechanics predicts that the angular momentum J can take only some dis-
crete sets of value. i.e. quantization of angular momentum. We introduce an quantum
operator I, such that J=h I. I? has eigenvalues I(I + 1), where I is either integer or
half integer. Any component of I (for example I,) commutes with I? | so we can specify
simultaneous eigenvalues of both 12 and I.. Let m be the eigenvalue of I, which may
take any of the 2/+1 values I,I-1,- - -- -I. Considering this fact, the Hamiltonian of the

electron in the presence of the magnetic field is given by equation

H=—uB, (2.5)
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Figure 2.1: Larmor Frequency - Schematic showing the precession of the magnetic

moment in the presence of externally applied magnetic field.

With magnetic field taken along 2 -direction ,
H = —yhBol,, (2.6)

The eigenvalue of this Hamiltonian is simple, E=-yhBom, where m=I1,1 — 1,- -
.-, —I. For spin-1/2 particle (I=1/2), the angular momentum along the Z-axis has two
eigenstates, |a) and |3). These states are defined as |a) = |1/2,+1/2) and |5) =
|1/2,—1/2) using the notation |I,m). The states |a) and |3) are called the Zeeman

eigenstates of the single spin-1/2 and obey the following eigenequation:

L |a) = +1/2]|a) 1 [B) = —1/2B) (2.7)

Using Eqn. 2.6 and 2.7, the eigen energy of the state |«) and |3) is computed to be
-hwp /2 and hwg /2, respectively. The state |a) has lower energy, meaning it is parallel to
the magnetic field while the state |5) is antiparallel to the magnetic field. The energy
difference between the states is Aiwg and thus any transition between these states must
involve energy quanta hwg. The required energy corresponds exactly to the Larmor

frequency, giving rise to the concept of “resonance".
)
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2.1.1.1 Effect of alternating magnetic field

In this section we will consider the effect of alternating magnetic field (microwave field)
on the magnetic moment. Let’s consider the situation in which, in addition to the
static magnetic field By along Z-axis, an external perpendicular alternating magnetic
field B, cos (2t)z is applied. This linearly polarized microwave field can be decomposed
into right and left circularly polarized microwave fields in the zy-plane. In the rotating
wave approximation, only the right-circularly polarized field (B1(t) = By (& cos(§t) +
7sin(Qt))) effects the magnetic moment near the resonance condition €2 ~ wy and the
effect of the left-circularly polarized field may be neglected because it is far off-resonance.
The equation of motion of the magnetic moment can now be written as
dp

o T (B (& cos(2t) + ysin(Qt)) + Boz), (2.8)

The time dependence of B field adds to the complexity of solving the above equation
of motion. However, the time dependence can be removed if we consider a coordinate
system rotating at an angular frequency ). From this rotating frame, By is stationary
and thus Eqn. 2.8 can be re-written as

dp

S = X (B! + (Bo— /7)), (2.9)

Therefore the magnetic moment is subjected to a precession about the effective magnetic
field, B,y —By2' +By —Q/*yzA’. Thus, beside the stationary B1,the magnetic field along
the z’-axis that coincides with the z-axis of the laboratory frame is reduced from By to
By — Q/~. If the resonance condition is fulfilled exactly (Q2=vBy), the effective field is
then simply 2'By. The magnetic moment will then precess in the y-z plane remaining
parallel to By. The rotation frequency w;=<Bj, is called the Rabi oscillation.

By turning the alternating field on and off at proper timings, we are able to control
the precession angle () of the magnetic moment, i.e., 0=+ Bjt,,, where t,, is the duration
of the alternating field. If t,, is chosen such that § = 7, the pulse would simply invert
the magnetic moment. Such a pulse in literature is defined as m-pulse, similarly we can
define a 7 /2-pulse.

So far we only considered single spin interacting only with the magnetic field. How-
ever, in reality a sample contains large number of identical spins and is not isolated from
various interaction in the lattice. The macroscopic magnetization M is a vector sum
of all the individual magnetic moments in the sample, and for a large enough number

of spins the x-y component will cancel out and the resultant net magnetization will be
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along the +z axis and exactly parallel to the external field. Thus, in thermal equilib-
rium, we write the equilibrium magnetization as M., = (0,0, My). Now, if the system
of spin is not in thermal equilibrium than under various interaction the magnetization
reaches M, , which could be explained by the Bloch equation [2]:

% :MXVB+11,1(MW—M”)—;,2 M., (2.10)
where M| and M | are the longitudinal and transverse component of magnetization
M and T , Ty are the relaxation processes. Once disturbed from its equilibrium,
the magnetization will interact with its surroundings and return to equilibrium. This
process is called relaxation, and is characterized by two time constants, T and T5. The
spin-lattice relaxation time, 77, describes how quickly the magnetization recovers its
longitudinal component along the z axis, in other words, it is the amount of time in
which the energy absorbed from the pulse is dissipated to the lattice as the system
returns to equilibrium. The transverse relaxation time, 75, describes how quickly the
net magnetization dissipates in the x-y plane, i.e. how quickly the spins lose coherence

and fan out 360 degrees into randomized precession.
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2.2 Pulsed Electron Paramagnetic Resonance

The heart of pulse EPR experiments lies in the manipulation of the magnetization by
short and intense microwave pulses that have specific tip angles, and then the subsequent
detection of the magnetic behavior during its return to equilibrium. Pulses are often
named by their tip angles, and the most commonly employed tip angles are m/2 (90
degrees) and 7 (180 degrees). A 7 /2 pulse will tip the magnetization into the x-y plane,
and is also called a saturating pulse because the magnetization along the z axis goes to
zero, i.e. the population difference between parallel and antiparallel states goes to zero.
A 7 pulse is also called an inversion pulse, because it tips the magnetization 180 degrees.
Using well defined pulse sequences we can measure the various relaxation process like
T, and T, time.

The simplest way to measure the T, would be to apply a /2 pulse which will tip the
magnetization in the x-y plane and then monitor the decay of magnetization with time.
However, in reality the spin ensemble do not have the same Larmor frequency due to
the inhomogeniety in the magnetic field and thus the transverse magnetization tends to
fan out in the x-y plane at time scale faster than T5. The magnetic field inhomogeneity
(0B.) arises as external magnetic field (Bp) is not homogeneous over sample volume and
also because of the presence of other paramagnetic centers which creates local magnetic
field. As a result of this, the Larmor frequency of the spins is shifted by dw= | 7B, |.
A spin packet in a pEPR represents a group of spins having same Larmor frequency.
As seen from the frame rotating at an angular frequency wy, the spin packet precess at
at angular frequency dw. The magnetization vector is composed of many spin packets
which are precessing with different angular frequency and the magnetization vector
vanishes as it fan out over the entire x-y plane. This is called a Free Induction Decay
(FID). Thus to measure the 75 time we need to overcome the effect of inhomogeneity.

This can be achieved by using a Hahn echo pulse sequence [3] .

2.2.1 Hahn echo method

The basic idea of the Hahn echo method is to overcome the unwanted decay of the
transverse magnetization due to the magnetic field inhomogeneity. The pulse sequence
employed is 7/2 — 7 — 7w — 7 — echo. The first 7/2 pulse will bring the magnetization in
the x-y plane where the magnetization evolves over the time 7. As mentioned above, if
we look down the z axis at the x-y plane, there will be faster moving spin packets and

slower moving spin packets, depending on their relative frequencies. When we apply a
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m pulse, the magnetization is inverted 180 degrees yet still rotates in the same direction
with the same speed. Now, instead of moving away from the slower spin packets, the
faster moving spin packets move towards the slower spin packets. The magnetization
eventually refocuses at time 7 after the 7 pulse to form an echo. The echo intensity
as a function of waiting time 7 will eventually gives us the T5 time of the spin system
under observation. Figure 2.2 is the pictorial representation of the Hahn echo method

describing the effect of pulse sequences on the spins.

X

Figure 2.2: Hahn Echo - Schematic showing the spin behavior under the application
of Hahn echo pulse sequence. (a) Initialization of spin along the applied magnetic field,
which under the application of /2 pulse goes to the x-y plane(b). (c) Dephasing of spins
in the x-y plane which is refocused using the 7 pulse (d). (e) The occurence of echo as the

spins get refocused.

2.2.2 Spin-Spin Interaction

The other advantage of pEPR is to study the interaction of paramagnetic centers with
nuclear spins in the lattice. The paramagnetic centers in solid generally interacts with
more than one nuclear spin which inhomogeneously broadens the EPR spectrum (Figure
2.3 (a)).  Because of this poor resolution in cw-EPR, many magnetic parameters

essential for the characterization of the paramagnetic centers can not be addressed. A
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(a)

m=1/2

e /

Figure 2.3: Coupled electron-nuclear spin system - (a) Multi-spin system: the

elctron spin interacting with many nuclear spins to give an EPR spectrum consisting of a
large number of transition. (b) Two-spin subsystem: only the interaction of the electron
spin with one nuclear spin, I = 1/2, is considered. The EPR spectrum of such a subsystem

consists of two (allowed) transitions.

way out for this is to use pulse EPR method, which can be use to address subsystem of
a multi-spin system. Figure 2.3(b) shows the spin system consisting of one electron and
one nuclear spin. The rotating-frame spin Hamiltonian of such a two-spin subsystem is

given by

Ho = QS +wil, + TAS, (2.11)

where Q0 = ws - W, A is the hyperfine coupling tensor, ws=v.Bg and w;=~7Bg. The
two allowed (Ams==+1, Am;=0) and two forbidden (Ams==+1, Am;==1) electron spin

transition frequencies in the rotating frame can be expressed as

1

w1z = Qs + §(w12 — w34), (2.12)
1

w4 = Qs — *(wlg — W34), (2.13)

2
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Figure 2.4: Coherences in four level system - Schematic showing the four level
system consisting of hyperfine coupled electron spin S = 1/2 and nuclear spin I = 1/2.
The zig-zag lines represent the various possible coherences that can be generated under

the application of resonant microwave and radio frequency pulse.

and

1

wig = Qs + §(w12 + wa4), (2.14)
1

wo3z = s — §(w12 + ws4), (2.15)

with the two nuclear transition frequencies, also know as “electron nuclear double reso-

nance(ENDOR)" frequencies given as

wo = Q19 = [(MmsA + wi)? + (msB)?]V2, (2.16)
wg = Qs = [(msA — wr)? + (msB)?]H/? (2.17)
Figure 2.4 shows coherence associated with the electron (allowed and forbidden transi-

tion) and nuclear transition. pEPR gives the experimental tool to address such coher-

ences to measure the To and T} time of the coupled electron and nuclear spin system.
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2.3 Electrically detected magnetic resonance

The sensitivity limit of EPR can be overcome by applying electrically detected magnetic
resonance (EDMR) to study paramagnetic centres in semiconductors. This technique
combines the microscopic selectivity of EPR with the sensitivity of a current measure-
ment and thus provides a tool to directly study the influence of paramagnetic defects
on the conductivity. EDMR was demonstrated in 1966 by Maxwell and Honig [4, 5]
as well as Schmidt and Solomon [6] who measured the influence of EPR on the pho-
toconductivity in silicon. The underlying mechanism was spin-dependent scattering of
charge carriers at impurities. In 1972 Lepine utilized EDMR for the detection of charge
carrier recombination via defect states at a silicon surface [7]. Since then, EDMR was
applied to a large variety of inorganic and organic semiconductors.

The “spin-to-charge" mechanisms for the effects studied in this thesis are spin-
dependent recombination processes that rely on the spin-pair mechanism developed
by Kaplan, Solomon and Mott which is referred to as the KSM model [8]. Two elec-
trons occupy two localized states in close proximity and constitute a spin pair as shown
in Figure 2.5.

Although it would be energetically favourable if both electrons occupied the lower-
lying state, however due to the Pauli-principle this transition is only allowed when both
spins are aligned antiparallel. The application of microwave (mw) radiation, which is
resonant with either of the two spin pair, alters the respective spin state and the initially
forbidden transition becomes allowed. The recombination process is then completed
by the capture of a hole from the valence band. In addition, an electron from the
conduction band can be trapped at unoccupied defect state. All in all, one electron
from the conduction band and one hole from the valence band are annihilated, resulting
in a decrease of the sample conductivity.

EDMR experiments are performed similar to continuous wave (cw) EPR experi-
ments, i.e. the sample was continuously subjected to microwave radiation while sweep-
ing an external magnetic field and detecting the photoconductivity. However, in contrast
to cw-EPR, the EDMR signal is independent of applied magnetic field and it achieves
maximum intensity under intense microwave or rf field to saturate the energy levels.

The EDMR signal intensity is independent of the applied magnetic field, so in this
thesis we have used low field EDMR setup which allows us to experimentally observe
some high field forbidden transitions. In the low field regime we can not ignore the

hyperfine term and that leads to mixing of states. Phosphorus eigenstates (see section
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Figure 2.5: KSM Model - A donor(shallow level)-acceptor (deep level) model to explain
the spin dependent recombination. The spin pairs of shallow and deep level paramagnetic
centers in the triplet state does not recombine while those in spin singlet recombine on a
much faster time scale. Thus under steady state condition most of the spin pairs are in
spin triplet. Under application of resonant oscillating magnetic field we can flip one of the
spin to change the configuration from spin triplet to the singlet state and thus enhancing

the recombination which changes the photoconductivity of the sample.

1.1.2) in the low field regime are given by;

) = 1, (2.18)
2) = alth)+B8UN, (2.19)
3) = =B +ali), (2.20)
[4) = b, (2.21)

where « ,3 represents the mixing coefficient. Such superposition states has been char-
acterized using low field EDMR previously [9]. Figure 2.6 shows the low-field EDMR
setup used in this work. As EDMR signal is independent of magnetic field, it allowed

us to observe magnetic resonance of paramagnetic centers in low magnetic field.
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Figure 2.6: Low field EDMR setup - Cryostat and the electrical circuit used to realize
low field EDMR setup used in this work [10].
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CHAPTER 3
Spin dependent recombination
processes in phosphorus doped

v-irradiated silicon

In this chapter, we will explain various spin dependent recombination processes in sil-
icon that can be used to probe paramagnetic centers in silicon. The first part of the
chapter is on the electrically detected magnetic resonance where the photoconductivity
is monitored under the scanning magnetic filed with application of oscillating magnetic
field. The latter part is about the cross relaxation process in the bulk of the sample
when two different electron species are present. These are very sensitive methods and

could be used to probe variety of defects in semiconductor.



3.1. Electrically detected magnetic resonance 34

3.1 Electrically detected magnetic resonance

Electrically detected magnetic resonance (EDMR) of phosphorus in silicon was detected
in weak magnetic fields at low resonance frequencies of 200 MHz - 400 MHz before and
after irradiation of Cz-grown silicon samples by v-rays. EDMR spectra were detected by
measuring dc-photoconductivity of samples under band-gap illumination. Phosphorus
(PY) EDMR lines are always accompanied with the single line(S-line) with g-factor 2.01
originated most likely from the surface recombination centers. Significant enhancement
in the P® and S-line EDMR signals was found in the same samples after irradiation with
the doses of (3-6)x10'® »/cm?. For these doses of irradiation we were also able to see
the ESR transition between entangled states of phosphorous formed at low magnetic
field. This shows the higher efficiency of spin dependent recombination (SDR) process
in irradiated samples. In addition, several new EDMR lines emerged after irradiation.
Some of them arose from the spin dependent recombination through the photoexcited

triplet states of A-centers (oxygen-+vacancy complex).
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3.1.1 Introduction

Electrically detected magnetic resonance (EDMR) is a powerful and sensitive method for
investigating spin dependent recombination (SDR) processes involving different recom-
bination centers in semiconductors. The change in conductivity and photoconductivity
of silicon under magnetic resonance of phosphorus (P?) donors was observed and investi-
gated many years ago [1]. It was argued that the processes of spin dependent scattering
of the conducting electrons from paramagnetic donor centers [2]| and spin dependent
capture of electrons by neutral shallow donors [3] are responsible for the change in
conductivity under magnetic resonance. Suggested mechanisms of spin dependent con-
ductivity require high electron spin polarization achieved at low temperatures below 4.2
K and strong magnetic fields used in standard electron paramagnetic resonance (EPR)
spectrometer.

Ever-since the observation of SDR effect in silicon at room temperature, reported
by Lepine [4], many experimental and theoretical investigations of SDR were performed
which showed the independence or weak dependence of EDMR signals on the mag-
netic field strength. These experimental results were well explained by the SDR model,
(donor-acceptor recombination process) developed by Kaplan, Solomon and Mott [5]
were they consider small but finite exchange-interaction between electron spin pairs in
the triplet spin S=1 state before they recombine to bring change in the photoconduc-
tivity.

EDMR spectroscopy provide the opportunity to observe EPR signals of recombi-
nation centers in small samples with electrical contacts. In addition, complementary
information concerning the properties of paramagnetic centers and SDR processes can
be obtained from the EPR spectra in weak magnetic fields because the additional EDMR,
lines due to the mixing of spin states, magnetic level crossing, and anticrossing can be
observed. The first low frequency observation of EDMR spectra of P? centers and of
the excited spin S=1 states of the neutral A-centers (oxygen-+vacancy complex) in low
dose irradiated silicon has been reported in Ref [6]. An additional line with g-factor
g2 was observed but not identified at that time. Similar EDMR spectra were observed
in irradiated and post annealed samples almost 8 years later [7] and it was pointed out
that no EDMR spectra of shallow donors were observed in as-grown n-type silicon and
that the g~2 line originated from thermal donors and A-centers.

In the present paper we report the results of experimental detection of EDMR signals
in weak magnetic fields monitoring the change in de-photoconductivity of silicon samples

under magnetic resonance. We also report the effects of etching the samples with hydro-
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fluoric acid(HF)and v-irradiation on the EDMR signal of phosphorous atoms in silicon.

3.1.2 Experimental

Ohmic contacts for the EDMR measurement were made by ion-implantation
and post-implantation annealing of arsenic on silicon wafers doped with
phosphorous(1x10*cm?).  Samples were irradiated by 7-rays emitted from a %°Co
source at room temperature with the dose of irradiation from 10 to 6x10%cm™2.
The EDMR measurements were performed at low magnetic field By < 50 mT with B
| (110) and at temperature between 6-20 K.Radio frequency used for the measurement
was applied by a coil wrapped around the sample. 100 W halogen lamp was used for
creating photoexcited carriers. Prior to each measurement, the surface oxide was re-
moved with dilute hydro-fluoric acid(HF') solution to reduce the concentration of surface
defects. A lock-in-detector tuned to the second harmonic of magnetic field modulation
frequency of 2 KHz was employed to increase the signal to noise ratio. The EDMR

signals were recorded as a second derivative of the magnetic field.

3.1.3 Results and discussions

EDMR spectra observed with the resonance frequency of 200 MHz in a Si sample before
and after y-irradiation are shown in Figure 3.1. The positive sign of signals corresponds
to the increase of the recombination rate and decrease of photoconductivity in the
sample.

The EDMR spectrum of phosphorus donor atoms is detected together with the line
labeled S-line (surface recombination center)with g-factor about 2.01. In non-irradiated
sample, the intensity of S-line decreases together with the intensity of phosphorus lines
when the surface oxide was removed with HF. This allows us to conclude that S-line
arises from the surface recombination centers and SDR process includes the spin de-
pendent electron transfer from phosphorus to surface paramagnetic centers. This is
consistent with the previous report where EDMR of phosphorous in silicon has been
attributed to the spin dependent recombination between neutral donor(P°?) and param-
agnetic states at the Si/SiOq interface [23]|. Figure 3.1 also shows the EDMR spectrum
from the sample after v irradiation. The increase of about 10 times in EDMR intensity
of the P? and S-line is observed for the irradiation doses of (3-6)x10'® cm™2. The
concentration of radiation defects created in silicon by ~-rays at these doses of irra-
-2

diation cannot exceed 10'* c¢cm At higher doses of irradiation the intensity of the
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Figure 3.1: Effect of y-irradiation on EDMR signal - EDMR signal and pictorial
representation of SDR : (a) at the surface for non-irradiated sample and (b) in the bulk for
irradiated sample. The signal is measured as a function of magnetic field with an applied
constant RF of 200 MHz at temperature =7 K.

P% EDMR lines decreases. The increase in the efficiency of SDR process after irradi-
ation can be attributed to the increase of radiation defects that take electrons away
from phosphorus donors increasing the concentration of positively charged phosphorus
atoms being effective capture centers of photoexcited electrons increasing the efficiency
of the spin dependent recombination process. Also,the spin dependent transfer of the
captured electrons from phosphorus to another radiation defects localized near phos-
phorus atoms can increase the efficiency of SDR in bulk of the sample. Unlike the case
for the surface centers serving exclusively as spin dependent recombination centers,the
recombination centers created by the -ray are distributed uniformly through out the
bulk sample. Therefore,the SDR occurs not only near the surface but throughout the
bulk region leading to much larger change in the conductivity. Figure 3.2 compares the
EDMR spectra of the irradiated sample with and without the surface oxide layer.
Here the decrease of S-line intensity observed after the etching is attributed to the
reduction in the surface recombination centers. However,the EDMR signal intensity
of phosphorous remains unchanged showing that the SDR is occurring throughout the
bulk region. Figure 3.3 shows the EDMR spectrum from irradiated sample at lower
modulation frequency(1KHz). = We can observe an additional EDMR signal,marked
by an arrow in Figure 3.3, which is not visible for non-irradiated samples doped with
phosphorous.This signal is due to the transition between the superposition states of

phosphorous formed at low magnetic field. Inset in Figure 3.3 shows the phosphorous
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Figure 3.2: Effect of HF treatment on EDMR signal from v-irradiated silicon -
EDMR spectra detected in irradiated sample before and after HF treatment. The removal
of oxide layer by HF has no significant effect on phosphorus signal. The signal was measured

with an applied RF of 200 MHz.
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Figure 3.3: Phosphorus forbidden transition - EDMR spectra showing the forbidden
transition in addition to the EPR allowed transitions of phohphorus. The signal was
measured with an applied RF of 200 MHz. Such forbidden transition was not visible

earlier with the [P] ~ 10*® ¢cm ™3 in samples that were not irradiated with ~ rays.

energy level at low magnetic field, where the hyperfine interaction between electron and
nuclear spin of phosphorus is comparable with Zeeman term in spin Hamiltonian. The

transition marked by black arrow in the inset of Fig. 3.3 is generally forbidden at high
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magnetic field but the superposition of states formed at low field partially allows such

transition.
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Figure 3.4: EDMR signals from phosphorus and SL1 centers - EDMR spectra
detected in irradiated sample with the application of 400 MHz resonant frequency.

Figure 3.4 shows the complete EDMR, spectra obtained with irradiation of 400 MHz
resonance frequency. Positions of few of these lines (marked as Si-SL1) depend on the
orientation of the crystal in magnetic field. Analysis of the line positions of the spectrum
in Figure 3.4 shows that it arises from the excited spin S=1 state of oxygen-+vacancy
complex (A-center) which has been previously observed by traditional EPR [29] and
EDMR spectroscopy [6, 7, 33]. The line positions calculated for orientation BJ| (110)
using the spin Hamiltonian parameters determined in Ref. [10] are shown by triangles
in Figure 3.4. The line at B=3bmT corresponds to the anticrossing point of mag-
netic sublevels with spin projections mg=-+1 and mg=0. The position of this line does
not depend on the resonance frequency and could be observed even without resonance
field. The negative line marked by X in Figure 3.4 is not identified. The mechanism
of SDR responsible for Si-SL1 EDMR spectrum is well established [33] and caused by
spin-selective transitions from excited triplet states of A-centers to ground singlet state
which leads to non-equilibrium populations of triplet magnetic sublevels with spin pro-
jections mg=-+1,0,and -1,and to different signs of lines detected by traditional EPR
technique [29]. The excitation of magnetic resonance transitions between magnetic sub-

levels in the excited triplet state increases the recombination rate and decreases the
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photoconductivity of samples [33].

Thus, we have shown that the ~-irradiated samples contains predominantly two
paramagnetics centers in the bulk, namely, phosphorus and SL1 centers. So, we believe
that its the SDR process between the spin pairs of phosphorus and SL1 centers in the
bulk which lead to the observed EDMR spectrum reported in the above section. These
results motivates further studies using pulsed EDMR to read out the spin state of the
bulk phosphorus electrons that have long coherence time in contrast to the surface
phosphorus which suffers decoherence due to the magnetic noise from the paramagnetic
Si/SiO; interface states [11, 12].

3.1.4 Conclusion

Electrically detected magnetic resonance(EDMR) of phosphorus donors, surface de-
fects,and photoexcited Si-SL1 centers has been detected for relatively low resonance
frequencies (<400 MHz) and magnetic fields(<50 mT). The comparison of the phospho-
rus and surface EDMR lines intensities in the sample before and after y-ray irradiation
shows convincingly that the defects created through out the bulk region by the ~-ray
are effective spin dependent recombination centers and they lead to strong enhance-
ment of the phosphorus EDMR signal even at the concentration of radiation defects 10
times lower than concentration of phosphorus atoms. EDMR signal from the entangled
states of phosphorous in silicon can also be observed in irradiated samples.The EDMR
S-line with g~2.01 was identified as arising from surface recombination centers.The

photoexcited triplet states of A-centers were also observed.
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3.2 Electrically detected cross relaxation

Cross relaxation is the mechanism for the establishment of a common spin tempera-
ture in the spin reservoir by resonant energy exchange among the quantum system. In
this section, we demonstrate electrical detection of cross relaxation processes (EDCR)
in phosphorus doped + -irradiated silicon, where the dipolar-coupled electron spins of
phosphorus and oxygen-vacancy complex (Si-SL1 center) undergo spin flip-flop transi-
tions at specific magnetic field values for which the Zeeman splitting of the two centers
become equal. Such cross relaxation signals are observed as the change in the sample
photoconductivity at theoretically predicted magnetic fields without application of res-
onance frequency. This makes EDCR a very simple and sensitive method for detecting

paramagnetic centers in semiconductors.
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3.2.1 Introduction

In the presence of external magnetic fields, the spin population among magnetic sub-
levels approaches the Boltzmann distribution in a time frame known as spin-lattice
relaxation time (77) [13, 14] . When two different kinds of spins coexist in solid, they
can achieve identical spin temperature through energy conserving flip-flop transitions,
provided that their Zeeman energies are made nearly equal by tuning the magnetic field
strength [15, 16, 17]. This phenomenon is known as cross relaxation and occurs if the
exchange of energy between the two different spins is significantly faster than the ex-
change with the lattice, i.e. Tor < T, where 7o g is the cross relaxation time [18, 19]. In
the past, optical detection of cross relaxation (ODCR) has been studied in solids, where
the change in the luminescence intensity from one of two different dipolar coupled para-
magnetic centers is monitored as their Zeeman splittings are brought into resonance by
appropriate tuning of the magnetic field [20, 21]. However, the optical method can be
used only if recombination through one or both the paramagnetic centers are radiative.

The present work reports electrical detection of cross relaxation (EDCR) between
two different paramagnetic centers in silicon. So far, an electrical method for detecting
magnetic resonance, widely known as electrically detected magnetic resonance (EDMR),
has been demonstrated for a variety of condensed matter systems. EDMR detects
change in photoconductivity via spin dependent recombination (SDR)[22, 34, 23, 24|
or spin dependent scattering[25, 26] when target paramagnetic centers are brought into
resonance with externally applied radio or microwave fields. The present work on the
electrical method for detecting cross relaxation probes the change in photoconductivity
when two different spin systems are brought into resonance by tuning the magnetic field.
Unlike the case of electron paramagnetic resonance (EPR) and EDMR spectroscopy,
EDCR does not require external irradiation to induce transitions between the magnetic
sublevels because two different centers that are coupled by magnetic dipolar interactions
undergo energy conserving flip-flop transitions. Therefore, EDCR measurement is as
simple as monitoring photoconductivity under scanning magnetic field and applicable
for detecting both radiative and non-radiative centers.

The present study focuses on the cross relaxation between electron spins of phos-
phorus and oxygen-vacancy centers (A-centers) in a ~y-ray irradiated Czochralski (CZ)-
grown, phosphorus (P)-doped silicon single crystal. A-centers are known to be the
dominant defects created by irradiation of oxygen-rich CZ silicon 27, 28]. A-centers
can be easily transformed by band-gap illumination into excited triplet states (electron

spin S=1) that lead to well known Si-SL1 EPR spectra [29]. Thus, under illumina-
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tion the sample contains predominantly two kinds of paramagnetic centers: phosphorus
(S=1/2 and 3'P nuclear spin I=1/2) and Si-SL1 centers (S=1). Figure 3.5 shows the
Zeeman levels of SL1 and phosphorus as a function of applied magnetic field. Cross
relaxations are expected when Zeeman splittings of phosphorus and SL1 centers are

made equal by tuning the magnetic field.
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Figure 3.5: Zeeman energy - (a) Zeeman energy levels of SL1° center oriented along the
direction of the magnetic field, (b) SL1%° center oriented at 90° to the applied magnetic field
B|| (110), and (c) energy levels of phosphorus (3'P). AE2,,, AEY,, and AEp; pa p3 are
the energy differences between the Zeeman levels (indicated by double-headed arrows) of
SL1 centers and phosphorus, respectively. AFEp3 is the forbidden transition which becomes

observable only at low magnetic fields (< 20 mT) due to the mixing of spin states [24].

The structure and spin Hamiltonian parameters of the triplet SL1 centers are well
established [29]. SL1 center has orthorhombic symmetry represented by g and D-
tensors. They orient along six different (110) crystal axes of the silicon lattice. When
the magnetic field B is rotated in one of {110} planes, the angle between magnetic field
and one of the six groups of SL1 centers (represented by SL1Y in Figure 3.5(a)) is varied
from 0° (B]| (110)) to 90° (B L (110)). For the second group (represented by SL1%
in Figure 3.5(b)), the angle is always equal to 90°. The remaining four groups make
intermediate angles with the magnetic field. Phosphorus in silicon, on the other hand,
is a much simpler system of electron spin(S=1,/2) coupled to a nuclear spin(/=1,/2) via

an isotropic hyperfine interaction A/2mw ~ 117.5 MHz. Figure 3.5(c) shows the Zeeman
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splitting between magnetic sublevels of phosphorus as a function of magnetic field [30].
The two centers interacting with each other through the long range dipole-dipole
interaction which accounts for the flip-flop transition is given by|[18|

Pyspih?
Hpp = T;(sfjsi“)(l —3cos? 0), (3.1)

where vp and gy are the gyro-magnetic ratios of phosphorus and SL1 centers, respec-
tively, r is the distance between the two centers, S+ = S; &Sy and © is the angle
between the magnetic field direction and vector joining the two paramagnetic centers.

The flip-flop transition probability (Wer = 1/7¢R) is given by|18|

27
Wer = ﬁQCR(WC’R)
x [(mp — 1,msr1 + 1| Hop |mp, msp1)[*, (3:2)

where Hpp is the dipolar Hamiltonian for flip-flop transition and gogr(wcg) is the

overlap function for cross relaxation. For Gaussian line shapes, gor(wcr) is given by
1

2m(Aw? + Awd; )12

(wp — wsr1)? )
2(Aw? + Aw?; )1/27

gor(wer) =

x exp(— (3.3)

where Aw% and Aw% 11 are the second moments of line shapes of phosphorus and SL1,
respectively. It can be seen from the above equations that the probability for the cross
relaxation is maximal for the magnetic field at which the Zeeman frequencies wp and
ws 11 becomes equal, and its probability falls down significantly as the externally applied
magnetic field shifts away from the equal point.

It is clear from the above discussions that the average distance between phosphorus
and SL1 centers, i.e., the concentrations of the two centers, must be appropriate to
achieve strong enough dipolar coupling for induction of cross relaxation. The observa-
tion of cross relaxation signals in this study is partially due to successful control of the

concentration of phosphorus and SL1 centers in the sample.

3.2.2 Experimental

Rectangular shaped samples (8 x 4 x 1 mm?) with the long edge along (110) crystal axis

were cut from a Czochralski (CZ)-grown n-type single crystal silicon wafer having the

-3

phosphorus concentration ~ 10 cm Ohmic contacts for electrical measurements

were made by ion implantation of arsenic (dose ~ 10 cm~2 at 25 keV) followed by
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30s annealing at 950 °C and vacuum deposition of palladium and gold. After mak-
ing ohmic contacts, samples were irradiated by v-rays emitted from a %°Co source at
room temperature with the dose of ~ 105 cm™2 to produce ~ 103 cm™3 of A-centers
throughout the sample volume. Prior to each measurement, the surface silicon dioxide
was removed with dilute hydrofluoric acid (HF) solution to reduce the resonance due
to surface defects.

EDCR measurements were performed at low temperatures (7' < 10 K) in a helium
bath cryostat having optical windows for illumination. A white light from a 100 W
halogen lamp was focused on the sample through one of the optical windows of the
cryostat. The change in sample photoconductivity under scanning magnetic field was
measured using electrical contacts. A lock-in detector tuned to the second harmonic of
magnetic field modulation at a frequency 5 KHz was employed to increase the signal to
noise ratio. The signals were recorded as second derivatives of the magnetic field. The
angular dependence of the cross relaxation line position was measured by rotating the
sample about the (110) crystal axis.

The cross relaxation spectra were also detected with the same sample using the
microwave SDR photoconductivity technique [31, 32, 33].

Here a X-band (9 GHz) EPR spectrometer was used and the change in photocon-
ductivity of the sample was detected as the variation in the cavity Q factor since the
change in the concentration of photo-excited carriers leads to change in the absorption

of the microwave in the EPR cavity.

3.2.3 EDMR and EDCR spectra

Figure 3.6(a) shows the change in the photoconductivity (EDCR intensity) with sweep-
ing magnetic field observed without application of external excitation field. The differ-
ence in signs of the signal is due to the phase of the lock-in amplifier used to optimize
the signal to noise ratio.

Figure 3.6(b) shows the Zeeman energy splittings, AEgr; and AEp as defined in
Fig.1, between the spin states of SL1 and phosphorus, respectively. It is apparent
from Figure 4.6(a) and (b) that the EDCR signals appear as expected at magnetic
fields where AE%M = AEp1,AEpy, AEp3 and AE%OM = AFEpy. Hereafter, these
cross relaxation flip-flop transitions are referred to as AE%M & AEpl,AE%Ll &
AFEpo, AE%M < AFEp3 and AE%OM < AFEps relaxations. The signal appearing at zero
magnetic field, zero field line (ZFL), is due to the cross relaxation among degenerate

levels. As reported by Bloembergen etal [18]. the cross relaxation can occur even within
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Figure 3.6: EDCR signal and crossing of Zeeman energy - (a) An EDCR spectrum
showing the change in photoconductivity (EDCR intensity) with scanning magnetic field
B|| (110), T= 7 K with no resonance frequency. (b) Calculation showing the magnetic field
dependence of the AE’s as defined in Fig.3.5. Solid squares (W) in (b) show the crossing
points between AE’s of SL1 center and phosphorus for B|| (110), where the occurrence of

cross relaxations is expected.

a single paramagnetic center having three or more magnetic sublevels. Both phosphorus
and SL1 centers have degenerate energy levels at zero magnetic field which contribute
to the zero field signal.

The electrically detected magnetic resonance (EDMR) spectroscopy was used to
validate the presence of phosphorus and SL1 centers in our sample. Figure 3.7 shows
the EDMR spectrum from phosphorus doped v-irradiated silicon at 7 K with externally
applied RF field of 400 MHz. The EDMR spectrum shows the resolved 3!P hyperfine
doublet separated by 4.2 mT and fine structures of the SL1 centers as expected [34,
33, 35]. These EDMR signals confirms the presence of phosphorus and SL1 centers
in the sample.The signal marked SL1 O(Em:() = E,—41) in Figure 3.7 arises at the
anticrocssing point of mg = 0 and mg = +1 states in Figure 3.5(a) and can be observed
even without application of the resonance field. This signal is due to mutual flip-flops
between the mg = 0 and ms; = +1 states of SL1 centers that are oriented along the

externally applied magnetic field.
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Figure 3.7: EDMR spectrum from phosphorus doped y-irradiated silicon - An

EDMR spectrum showing spin dependent recombination signals in phosphorus doped ~-

irradiated silicon recorded with application of 400 MHz resonance field, B|| (110), and
T =7 K. Along with phosphorus hyperfine lines (P), signals from SL1 centers (Si-SL1) and

surface centers(S-line) were observed. Solid triangles indicate calculated line positions of

SL1 signals using the parameters reported in Ref.18. The cross relaxation signal marked

SL1°(E,,—0 = E;n—y1), is independent of applied resonance frequency and appears at the

anticrossing point of m,=0 and m,—+1 states of SL1° and is observed even when the RF

is turned off.

Figure 3.8 shows EDMR spectra recorded with three different RF field. The line

positions of the cross relaxation signals (dotted lines) are independent of the irradiated

frequency as expected, while positions of EDMR signals shift along with the resonance

frequency. These results further substantiate our understanding of cross relaxation

processes, which are independent of the applied RF field.
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Figure 3.8: Effect of oscillating field on EDCR lines - EDMR spectrum with three
different resonance frequency for B|| (110) and T'=7 K. Positions of phosphorus (P) and
SL1 EDMR signals (marked by solid arrows) shift with the frequency, while the positions
of EDCR signals (marked by dotted lines) are independent of the frequency.

3.2.4 Angular dependence of EDCR line positions

In contrast to isotropic EPR and EDMR spectra of phosphorus, the SL1 centers exhibit
strong anisotropy in the line positions with respect to the direction of applied magnetic
field [29, 33|. Thus, the line positions of EDCR signals arising from phosphorus and
SL1 centers should also be anisotropic.

Figure 3.9 shows the experimentally observed EDCR line positions when the sample
is rotated about the (110) crystal axis. The angular dependence of AEY), < AEpy
is very weak as compared to the lines labeled as I, II, III and IV that show very
strong anisotropy. Our EDCR, experimental setup is currently limited to rotation of
the sample up to 45°. Thus, in order to obtain the complete angular dependence in
the 0° (B || (110) ) to 90° (B || (100) ) range, the cross relaxation line positions were
obtained by the contact free microwave photoconductivity technique using the X-band
EPR spectrometer. Experimental results are shown in Figure 3.10.

The angular dependence of cross relaxation line positions observed by EDCR (Fig-

ure 3.9) and microwave photoconductivity (Figure 3.10(b)) are essentially the same.
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Figure 3.9: Angular dependence of EDCR lines - Angular dependence for the line
position of EDCR signal from phosphorus doped ~-irradiated silicon. Inset shows the
EDCR spectrum when the external magnetic field is applied along 25° from (110).

Moreover, the experimentally observed cross relaxation line positions show excellent
agreement with theoretically calculated line positions represented by solid curves in
Figure 3.10(b). Calculations were performed for each of six possible orientations of
SL1 centers in a silicon crystal. AE%(}:I < AFEpy line has very weak angular depen-
dence and attributed to cross relaxation between electron spins of phosphorus and SL1
centers which are oriented perpendicular to the magnetic field throughout the rotation
around (110) axis. Lines I and II originate from cross relaxation between phosphorus
and SL1 centers oriented in {110} plane. Remaining four orientations of SL1 centers
are responsible for lines III, IV, V and VI.

The excellent correlation between the experimental and theoretically calculated an-
gular dependences confirms that the spin flip-flop process between phosphorus and spin

triplet SL1 centers is responsible for EDCR signals detected in this study.
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Figure 3.10: Complete angular dependence measured using microwave photo-
conductivity technique - (a) Cross relaxation signals detected by the microwave pho-
toconductivity technique and (b) angular dependences of their positions revealed by the
microwave-photoconductivity technique. Dots (e) represents the experimentally obtained
line positions of cross relaxation signals and curves represent the calculated positions of
Zeeman energy crossing points between phosphorus and SL1 centers. Signals marked as

LILIIL,IV,V and VI originates from SL1 centers having different orientations in the crystal.

3.2.5 Model for the observed photoconductivity change under cross

relaxation

To explain the change in photoconductivity by cross relaxation, we construct a simple
model for spin dependent recombination of photo excited carriers through the excited
spin S=1 states of A-centers coupled with paramagnetic phosphorus (P) atoms by long-

range dipolar interaction. P and SL1 centers separated by a distance of r can exchange
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energy by the spin flip-flop process, when their Zeeman splittings are made nearly equal
by tuning the magnetic field strength. The energy AEp released by the electron bound
to phosphorus through relaxation from mg=-+1/2 to mg=—1/2 is absorbed by the SL1
center to induce transition from mg=0 to mg=-+1.These flip-flop transitions change the
populations among the magnetic sublevels of SL.1 centers. The steady state population
ny, ng and n_ for spin projections mg=+1, mg=0 and mg=—1, respectively, of SL1

centers can be found from the following rate equations,

% = Gpr—kyiny — (ng —ng)(W + Wep), (3.4a)
% = Gp—kono— (2ng —ny —n_ )W

—(no — n4)Wen, (3.4b)
dg—; = Gr—k_n_— (n_ —no)(W + Wecp). (3.4¢)

For steady state solution %:%:%:0. Here G is the generation rate of triplet

states under illumination, which is same for mg=41, mg=0 and mg=—1 states. k4, ko,
and k_ are the transition probabilities from mg=+1,0 and —1 to the ground singlet
state, respectively. In zero order approximation these transitions are forbidden, but
taking into account the spin-orbit interaction, the probabilities ky, kg and k_ are non-
zero and ki = k_ # ko.[36] Wer is the probability of cross relaxation caused by other
paramagnetic centers when the Zeeman splitting between these centers coincide with the
splitting between mg=+1 and mg=0 states. W is the spin lattice relaxation probability.

The generation and recombination of photoexcited carriers can be described by the

simple rate equation,
dne

dt

where G is the generation rate of electrons by light, N is the concentration of A-centers

=G — Ran.(N — N7) — Rn,, (3.5)

and Np is the concentration of A-centers in the excited triplet state. The second
term describes the rate of formation of excited triplet states by electron recombination
through A-centers [37]. The last term in Eq.(3.5) corresponds to the rate of electron
recombination R through other defects in the sample. Using Eqgs. (3.4) and (3.5), the
change in photoconductivity under cross relaxation can be calculated as the difference
between the steady state populations of photo-excited electrons for Weog # 0 and Weg
=0, i.e., Ane=ne(Wepr)-ne(0).

The important parameters for detection of EDCR signals are the ratio of the cross
relaxation rate to spin lattice relaxation rate, Weogr /W, and the ratio of the spin lattice

relaxation time (77 = 1/W) to the life time (77 ) of the excited triplet states. Figures
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3.11(a) and (b) show the dependence of An./n.(0) on the ratio Weor/W for different
values of T /7p and on the ratio 77 /7 at fixed value of Wi /W =10. The calculations
were performed for R =R_=10Ry. These results have very weak dependence on the

values of the parameters N, G, R4, and R.
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Figure 3.11: Enhancement of recombination due to cross relaxation - (a) The
relative change of An./n.(0) as a function of Wegr/W for different values of Ty /7r and
(b) Ane/n.(0) as a function of T} /7 for Wer/W = 10.

Figure 3.11 shows that the change in photoconductivity due to cross relaxation
(which is proportional to An,) is negative corresponding to the increase in the recombi-
nation rate at the onset of cross relaxation process. The absolute value of An, increases
with the increase of the cross relaxation rate Wgog at fixed W. As follows from Figure
3.11(b), the EDCR signals can be observed for a wide range of T} /7r ratio. However,

for the observation of cross relaxation signals following condition should be satisfied,

1 1 1

— 3.6
Tcr T 11 (36)
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where 7¢R is the cross relaxation time, 7 is the decay lifetime of the SL1 center and
Ty is the spin relaxation time of the SL1 center. The first inequality is important
for the occurrence of the cross relaxation before the SL1 center decays. The second
inequality defines the criteria for the existence of nonequilibrium population distribution
among the magnetic sublevels of SL1 centers. For these triplet centers, the spin lattice
relaxation time T} ~ 10 s, is significantly longer than their life time ~ 1073 s.[38], thus
the last inequality in Eq.(3.6) is satisfied. The cross relaxation time (7¢r), limited by
the lifetime of SL1 centers should be < 1072 s. Assuming that the EPR line shape
is Gaussian, it can be estimated using Egs.(3.1)~(3.3) that a phosphorus and SL1
pair separated by 7 < 20 nm has cross relaxation time 7cg < 1073 s. Irradiation of
the sample by 7-rays emitted from a %°Co source at room temperature with the dose

of ~ 10'® ¢cm™? produces ~ 10 ecm™ of A-centers throughout the sample volume.

However, the above band gap illumination intensity employed in the experiment limits

-3

the concentration of triplet excited state to ~ 10" cm™3, i.e., ~ 10° SL1 centers in

the bulk of the sample. The average separation between phosphorus atoms for the

3 is ~ 100 nm. If we assume one phosphorus atom interacting

concentration of 10 cm™
with one SL1 center then there are ~ 10° phosphorus-SL1 pairs with the separation r
between the centers distributed randomly between 0 — 50 nm (half the distance between
phosphorus atom). The probability that SL1 center will be found in the sphere of radius
r from the phosphorus atom is clearly 73/(50)3. Thus, we estimate that ~ 10® pairs
of phosphorus-SL1 centers with the separation distributed within the sphere of radius

< 20 nm, contributes to the EDCR signal observed in this study.
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3.2.6 Conclusion

Electrical detection of cross relaxation between electron spins of phosphorus and SL1-
centers in silicon has been demonstrated experimentally. The flip-flop transitions led
to change in the sample photoconductivity at theoretically expected externally applied
magnetic fields. The angular dependence of the cross relaxation peak positions also
agrees well with calculated values reflecting the symmetry of SL1 centers. The change
in the photoconductivity originates from the difference in the lifetimes of magnetic
sublevels of triplet states of SL1 centers that changes the electron-hole recombination
time at occurrence of cross relaxation. The experimental observation of EDCR signals
require the cross relaxation rate to be higher than the decay rate of triplet centers which
in turn must exceed the spin lattice relaxation rate.These conditions are satisfied for
SL1 centers situated within the sphere of radius » < 20 nm from each phosphorus atom.
The electrical detection of cross relaxation is a very simple and sensitive technique to

investigate variety of defects in semiconductors.
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CHAPTER 4

pEPR study of SL1 center

The metastable triplet states of oxygen-vacancy centers has been previously studied by
EPR spectroscopy to understand the atomic constituents of the defect, however very
little is known about their dynamical properties and the interaction of the triplets with
the nuclear spins in the lattice. The strong hyperfine coupling of the triplets with
the nearest neighbor ?°Si nuclear spin has been resolved in the cw-EPR spectrum, but
we can not neglect the possibility of weak hyperfine coupling with the distant nuclear
spins which goes unresolved in cw-EPR. In this chapter, we present the pulsed EPR
study of these oxygen-vacancy centers in the presence of magnetic field. We found
that the populating rates of the triplet sublevels are almost equal however, the decay
to the ground singlet state is different for the sublevels. Moreover, the decay rates
depends upon the direction of the externally applied magnetic field. Further, we have
utilized electron spin echo envelop modulation (ESEEM) spectroscopy to resolve the
weak hyperfine interaction with distant nuclear spins in the lattice and this results
would help in understanding the extent of triplet state wave-function in the lattice.
For the purpose of these experiments we have used electron beam irradiated (energy
~ 1 MeV, dose =~ 10'® ecm~2 ) Cz-grown single crystal natural silicon wafer. Pulsed
EPR measurements were carried out at X-band (9.72 GHz) on a Bruker Elexsys580
spectrometer equipped with a helium-flow cryostat. Photoexcitation of the SL1 was
achieved using a 1064 nm pulsed Nd:YAG laser (pulse width ~ 7 ns, 1 mJ/pulse) with

a 10 Hz repetition rate.
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4.1 Lifetime of photoexcited triplets:SL1 centers

Figure 4.1(a) illustrates the SL1 center in silicon under two representative orientations
of the static magnetic field By. Under one orientation, termed SL1Y, the magnetic
field lies in the plane, marked (110), comprising the oxygen atom and two vacancy-
trapping silicon atoms (i and j lattice sites). An alternative orientation (SL1%Y) has
the magnetic field in an orthogonal plane (110) with respect to the same center. Both
planes are equivalent by symmetry for the crystal as a whole, so both orientations are

visible in the EPR spectrum.
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Figure 4.1: SL1 orientation and decay model - (a) Structures of the oxygen-vacancy
centre in silicon, illustrating the SL1° and SL1%° orientations with respect to the externally
applied magnetic field By. (b) The SL1 triplet (S = 1) state is Zeeman split by By into
levels Ty, Ty, and T_. These states decay with different rates (k, ko, and k_, respectively)
to the ground singlet (S = 0) state.

Figure 4.1(b) shows the triplet energy sub-levels in the presence of a static magnetic
field (T4, To, and T_), each of which decays with a characteristic rate to the ground
singlet state [2, 3]. The hyperfine coupling with one of the two nearest-neighbor 2?Si
nuclear spins (occupying i or j lattice site) further split the Ty sub-levels, while the T
state (ms = 0) has no first-order hyperfine interaction, thus the nuclear spin splitting
in this sub-level is close to the Zeeman energy of 2°Si. The EPR spectrum obtained
by monitoring the electron spin echo intensity as a function of magnetic field at 12 K
with Bp|| (110) is shown in Figure 4.2, labeled with electronic transitions identified by
previous cw-EPR studies [1].

The satellite peaks accompanying each main peak are due to the hyperfine interac-
tion with the 29Si nuclear spins situated at i or j lattice sites. The phase difference of

the spin echo (i.e. dips or peaks) is indicative of the non-equilibrium polarization within
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Figure 4.2: EPR spectruml - Electron spin echo-detected EPR spectrum of the SL1
center at 12 K with Byl (110). The satellite peaks (red arrows) arise from hyperfine
coupling to 2%Si sitting at i or j site (Figure 4.1) .

the electron spin triplet.
To investigate the origin of this non-equilibrium polarization, we studied the decay
kinetics of the triplet by measuring the electron spin echo at a variable time T after the

optical excitation (hv — T — /2 — 7 — 1 — T — echo), as shown in Figure 4.3.

o=
(=

Echo intensity (arb. units)

4.0 7' (ms) 6.0 8.0 10.0

Figure 4.3: Decay kinetics - Decay traces obtained by the flash delay (hv-T-7/2-7-7-
T-echo) pulse sequence, used to extract the triplet decay rates shown in Table 4.1. Black

dotted line is the bi-exponential fit to the experimental data.

The zero echo intensity at T' = 0 indicates equal initial filling of the three triplet
sub-levels upon creation of the triplet. The echo intensity proceeds to grow as T is
increased. This can be attributed to a difference in the decay rates of the triplet sub-

levels to the ground state, creating a build-up in spin polarisation (positive or negative)
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across the EPR transition being measured.
Based on the simple decay model shown in Fig. 1(b), the decay kinetics of the excited

triplet state of A-centers (SL1 centers) can be described by following rate equations,

d’I’L+

Q& —nyky,
dn(]

vy

dt noko,
dn_

— = —n_k_
dt =i

(4.1)

where ny,ng and n_ represents the population in the states with the spin projections
m=+1, 0 and -1, respectively. Our model assumes that there is negligible spin-lattice
relaxation within the triplet sub-levels, and this is consistent with lack of temperature
dependence we observe in the relaxation dynamics below 20 K.

The echo intensity is directly proportional to the population difference between a
given pair of sub-levels (echo intensity o (n4(t) —no(t))) which follows a biexponential
behavior where the two time constants represent the lifetimes of the two sub-levels
involved in the EPR transition. The time constants obtained from biexponential fitting
to the FD curves are given in Table 4.1 — the assignment of rates to particular energy
levels is enabled by electron nuclear double resonance experiments described further
below. As the transition from the triplet to the ground singlet is determined by the
amount of singlet admixture to the triplet via spin-orbit coupling, the lifetimes are
expected to depend on the defect orientation with respect to the magnetic field. The
composition of tripet levels T o _ can be expressed in terms of the zero-field eigenstates
(Tx,y,z), and similarly the observed decay rates from these levels can be traced back
to a corresponding mixture of zero-field decay rates (kx,y,z), as shown in Table 4.1.

It should be noted that the sum of the decay rates in the presence of magnetic field

and in the zero-field limit should be same. Thus,
kx +ky +kz=Fk1+ko+ k-1 (4.2)

The transition rates k,, from the triplet T,,(ms; = 0,41) is proportional to the

square of the matrix element of the spin-orbit coupling operator Hgo:

ko o |(S [Hso| Tar)|? (4.3)



4.1. Lifetime of photoexcited triplets:SL1 centers 62

Table 4.1: Lifetime of triplet sub-levels, for two orientations of SL1 centers, obtained

from fitting to the flash delay curve.

EPR transition Lifetime

0 — +1, SL1° | (1/kg)%= 2000(4) ps, (1/ky1)°= 280(2) us
0 — —1, SL1° | (1/ko)= 1970(4) ps, (1/k_1)°= 330(2) us
—1 =0, SL1% | (1/k_1)%= 960(2) us, (1/ko)?= 200(1) pus
+1 — 0, SL1%0 | (1/ky1)%= 987(2) ps, (1/ko)°= 205(1) us

kx = 1.6(3) ms™!, ky =4.93(6) ms™!, kz = 0.50(4) ms~*

And it can be seen from above equation that ky = k_ # kg, e.i. the decay rate from

the T4 and T_ is equal but differs from Ty. As, ky = k_ and using Eqn. 4.2 we have:

ky =k_ = (kx +ky)/2, forSL1°, (4.4)

and
ki =k = (kx +kz)/2, forSL1%, (4.5)

Figure 4.4 is the schematic of the SL1 centers in the presence of magnetic field By.

X, Y and Z represent the principle axis of the defect.

Y

Figure 4.4: Principle axis of the defect - Schematic showing the SL1 center in presence

of magnetic field By. X, Y and Z represents the principle axis of the defect.

The decay rate in the presence of magnetic field can be represented in the form of
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zero-field decay rates using the coordinate transformation from laboratory frame to the

principle axis of the defect, thus giving
ko = kx (sin? 0 cos® ¢) + ky (sin® sin” ¢) 4 kz cos? 6, (4.6)

For, SL1° orientation, § = 0, thus (kg)gzi0 = kz. For, SL1% orientation 6 = 90, ¢ = 0,
thus (ko)gr190 = ky. Using Eqn. 4.4, 4.5 and 4.6, we can get the value of kx, ky and
k7 to be 1.6 x 10%,4.93 x 10% and 0.5 x 103s™!, respectively. These values are in good
agreement with times measured using zero-field EPR [4].

Neverthless, in order to probe the dynamics in more detail, we can introduce an
additional inversion 7 pulse to the sequence: (hv-Tx-m-Ty-7/2-T-7-T-echo). Figure
4.5(a) shows the 2D plot of the echo intensity for this sequence, as both T'x (the delay
after the laser pulse) and Ty (the delay after the inversion pulse) are varied. The
simulation of this experiment (Figure 4.5(b)), based on the model described above, is in
good agreement with the observed behavior, supporting our assumption that spin-lattice

relaxation can be neglected.

Experiment (a) Simulation (b)

S ohitl o
Swoooco

Echo intensity (arb. units)

L.
OSOOO

2.0 30 0.0 1.0 2.0 3.0
Ty (ms) Ty (ms)

Figure 4.5: Decay kinetics - (a) Experimental and (b) simulated 2D plots of the decay

characteristics observed with the pulse sequence hv-Tx-m-Ty -7 /2-T-7-T-echo.

Based on the observed decay rates, we can extract both the polarization buildup
(Figure 4.6(a)) and the triplet population (Figure 4.6(b)) for the two SL1 orientations
(SL1° and SL1%9) as a function of time T after the laser pulse. The maximum electron
polarization reaches > 99% after about 1.5 ms following the laser pulse. Using such well
initialized spin system and its strong coupling with the nearest neaighbor 2°Si nuclear

spin, we will demonstrate 22Si quantum memory in Chapter 5.
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Figure 4.6: Polarization - (a) The polarization build-up and (b) triplet population as a

function of waiting time T after the laser pulse.

4.2 Electron spin echo envelop modulation

Figure 4.7(a) shows the electron spin (e-spin) precessing around the applied magnetic
field (Bp). However, the nearby nuclear spin feels not just the applied magnetic field
but also the local field created by the electron spin, thus tilting the precession axis of
the nuclear spin (B.ys). The slow precession of the nuclear spin generates time varying
oscillating magnetic field (AB,,(t)) which modulates the electron spin precession. This
modulation will be reflected in the echo decay of the electron spin. Such echo decay
profile superimposed with strong modulation is known as electron spin echo envelop
modulation (ESEEM).

Lets consider the quantum mechanical approach to explain this more qualitatively.
The echo decay profile is superimposed with strong modulations known as ESEEM due
to the presence of anisotropic hyperfine interaction of the electron spin with neighboring
nuclear spins [5, 6]. The spin Hamiltonian of a single S=1 interacting with a nuclear

spin of I is given by
Heenn = He — pingnB.I+ ASzI1;+ BSzIx, (47)

where A and B are the secular and pseudo-secular term of the hyperfine coupling. Due
to the presence of pseudo secular term, the nuclear spin in the close vicinity of the
electron is quantized along an effective magnetic field that is titled from the electron
spin quantization axis Z || By. This leads to the mixing of the nuclear-spin states and
application of intense microwave pulse resonates not only the EPR-allowed transitions
but also the EPR-forbidden transitions that involve the nuclear-spin flipping. The
interference between these transitions generates beats in the electron spin echo decay

curve. The fourier transform of such modulated echo will give the weak hyperfine
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coupling strength which are unresolved in the EPR spectrum. Figure 4.7(b) shows the
SL1 structure with the possibility of nuclear spin at “i/j” or “k/1” site. The nuclear
spin at “i/j” are strongly coupled to the electron spin and are well resolved in the EPR
spectrum (as shown in Figure 4.2) and will “not contribute” to the modulation of echo
profile. However, there is a possibility of nuclear spin present at “k/l” site and such
hyperfine coupling has not been resolved till date. In this chapter we use the ESEEM

spectroscopy to understand the triplet electron spin environment in more detail.

(a) B, (b). .

e-spin n-spin

Figure 4.7: Electron spin coupled to a nearby nuclear spin - (a) Schematic showing
an electron spin (e-spin) hyperfine coupled to the nuclear spin (n-spin) at its vicinity. The
precession axis of the n-spin is tilted and along the effective magnetic field (Besr). The
oscillating magnetic field (AB,(t), sine-wave) that modulates the electron spin is shown.

(b)SL1 structure showing the possibility of nuclear spin present at “i/j” or “k/1” lattice site.

Figure 4.8(a) shows the splitting in the triplet sublevels due to the hyperfine inter-
action with a I=1/2 nuclear spin. The hyperfine splitting frequency of the my state to

the first order is given as

Vms = \/(VI - mSA)2 + (msB)2 (48)

where v represents the Zeeman frequency of the nuclear species causing modulations
with amplitude given by the modulation depth parameter ky, = (v;B/vavs)? ;where v,
and vg represents the hyperfine splitting in the two spin manifold involved in the EPR
transition. In particular, for S=1, the modulation depth is reduced to ky,=(B/v+1)?
, since either v, and vg is always equal to v;. For the two-pulse ESEEM obtained
by Hahn echo sequence (Figure 4.8(b)), the modulation involves the two fundamental
frequencies (vq, vg) and also the sum and difference of these frequencies.

Figure 4.8(d) show the two-pulse ESEEM signal from the SL1% center for the m—-
1 to ms=0 transition (By=334.5 mT). In the frequency domain spectrum obtained by
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Figure 4.8: Electron echo modulation - (a) Energy levels of the SL1 triplet electron
spin interacting with a nuclear spin I=1/2. The pulse sequence employed for observing (b)

two-pulse and (c) three-pulse ESEEM . (d) Two-pulse ESEEM and (e) Three-pulse ESEEM
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signal for the my=-1 to ms=0 transition of the SL1°Y orientation. The red curve is the fit

to the experimental data points using the theoretical expression for three-pulse ESEEM.
(e) The frequency domain spectra obtained by the Fourier transform of the ESEEM signal

after subtraction of decay part.

Fourier transform of two-pulse ESEEM signal, as shown in Figure 4.8(f), the peaks at 1.8
MHz (v_1) and 2.8 MHz (vp) can be assigned as the fundamental frequencies involved
in modulation while 4.6 MHz and 1.0 MHz would be the sum and the difference of the
fundamental frequencies, respectively. In order to confirm this we performed three-pulse
ESEEM (stimulated spin echo) with the sequence 7/2 —t — /2 — 7 — w/2 — t — echo.
In three-pulse ESEEM, second 7/2 pulse transfers the electron spin coherence into
nuclear spin coherence which during the evolution time 7 decays on the order of spin
lattice relaxation T} of the electron spin and hence the echo can be observed for longer

time period as compared to that in two-pulse ESEEM. The third /2 pulse transfers
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the nuclear spin coherence back to observable electron spin coherence. The added
advantage of the 3-pulse ESEEM experiment lies in the fact that modulation contains
only the fundamental frequencies which make the frequency domain spectrum much
simpler. The three-pulse ESEEM spectrum and its Fourier transform for the above
mentioned EPR transition is shown in Figure 4.8 (e) and (f), respectively. This result
corroborates our conclusion that 1.8 MHz and 2.8 MHz are the fundamental frequencies
in the observed echo modulations. The natural silicon sample contains nearly 4.7%
29Gi, the only stable isotope of silicon with a non-zero nuclear spin I=1/2, and its
gyromagnetic ratio of 8.46 MHz/T corresponds to the nuclear Zeeman frequency (vy)
of 2.8 MHz at 334.5 mT. Therefore,we conclude that the observed modulations are due
to the hyperfine interaction with a 2°Si nuclear spin and the 2.8 MHz and 1.8 MHz
peaks ( Figure 4.8(f)) corresponds to the splitting in the ms=0 and ms=-1 manifolds,
respectively. These results illustrate the hyperfine coupling between the SL1 triplet
electron spin and 2°Si nuclear spin in its vicinity which are too weak to be resolved in
the EPR spectrum.

ESEEM has also been reported for phosphorus doped silicon and the observed fre-
quencies were assigned to the hyperfine interaction with the four nearest neighbor 2Si
(shell E) [7]. For SL1 center, the nearest neighbor nuclear spins at i or j site (Figure
4.7) has strong enough hyperfine coupling to be resolved in EPR spectrum (Figure 4.2)
and cannot contribute to the observed ESEEM. Thus, considering the localized nature
of the SL1 triplet electrons, we would conclude that the ESEEM for these triplet centers
has a dominant contribution from 2Si present at k or [ lattice site (Figure 4.9). This
conclusion is further substantiated as we observed splitting in the ESEEM peaks when
the magnetic field is rotated in (110) plane. Figure 4.9 shows the frequency domain
spectrum of the two-pulse ESEEM signal obtained from the SL1%° center for m,—-1 to
ms=0 transition with the magnetic field (By=333.8 mT) tilted by 15° from [110]. Under
this condition, the vectors joining the nuclear spins at the k and [ sites to the triplet
electron spin make different angles with respect to the applied field, giving different
anisotropic hyperfine coupling strengths for the two nuclear sites. This result in the
observed splitting of 0.12 MHz in the Fourier transformed spectrum. The vq line at 2.8
MHz in Figure 4.9 does not show any splitting because the ms=0 manifold has no first
order hyperfine interaction.

We observed modulation even from the SL1° orientation for the ms=0 to ms=-+1
transition (Bp=353.9 mT), where the echo decay signal modulated with frequency 1
= 3.0 MHz and v4; = 0.6 MHz and their sum (3.6 MHz) and difference (2.4 MHz).
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domain spectrum of two-pulse ESEEM for the SL1% center with the magnetic field B
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The line at 2.8 MHz which corresponds to the energy separation in the m,=0 manifold

(nuclear Zeeman energy) does not split as ms=0 has no first order hyperfine interaction.

The ESEEM frequency for the different orientation of the SL1 center indicates that
the sign of the hyperfine coupling from a nearby nuclear spin depends on the defect
orientation, i.e. A<0 for SL1° and A>0 for SL1°0. The observation of such weak
hyperfine interaction of SL1 center with the neighboring nuclear spin using ESEEM
spectroscopy would help in understanding the electron wavefunction of the defect.
From fitting to the three-pulse ESEEM signal for the high-field lines in the EPR
spectrum, the modulation depth parameter k,, was found to be 0.40 and 0.18 for SL1°
and SL1% center, respectively. Thus, pseudo secular term | B | is estimated to be 0.37

MHz and 0.77 MHz for SL1° and SL1%0, respectively.
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4.3 Conclusion

With the help of electron spin echo experiments using pESR spectroscopy on the excited
triplet state of oxygen-vacancy complex, we have characterized the relative populating
and decay rates of the triplet sublevels in the presence of magnetic field. The decay
process was found to be spin selective and depends significantly on the direction of the
applied magnetic field in contrast to the equal populating rate of the sublevels. We
showed that this difference in decay rates to the ground singlet state leads to nearly
~100% electron spin polarization within the triplet. The modulations in the echo decay
reflect the weak coupling between electron spin of SL1 centers and 2?Si nuclear spin
present at neighboring sites which are not resolved in the cwEPR spectra. Our experi-
ments suggest that the observed modulation in echo decay is due to the presence of 2?Si

nuclear spin present at silicon sites bonded by oxygen atom of the SL1 defect.



Bibliography

[1] K. L. Brower, Phys. Rev. B 4, 1968 (1971). (Cited on page 59.)

[2] L. S. Vlasenko, Yu. V. Martynov, T. Gregorkiewicz, and C. A. J. Ammer-
laan, Phys. Rev. B 52, 1144 (1995). (Cited on page 59.)

[3] L. S. Vlasenko, I. M. Zaritskii, A. A. Konchits, B. D. Shanina, Sov. Phys.
Solid State, 26, 66 (1984). (Cited on page 59.)

[4] A. M. Frens, M. E. Braat, A. B. van Oosten and J. Schmidt, Mat. Sci.
Forum, 117, 195 (1993). (Cited on page 63.)

[5] W. B. Mims, Phys. Rev. B, 5, 2409 (1972). (Cited on page 64.)

[6] A. Schweiger and G. Jeschke, Principles of Pulse Electron Paramagnetic
Resonance (Oxford University Press, Oxford, 2001). (Cited on page 64.)

[7] E. Abe, A. M. Tyryshkin, S. Tojo, J. J. L. Morton, W. M. Witzel, A.
Fujimoto, J. W. Ager, E. E. Haller, J. Isoya, S. A. Lyon, M. L. W. Thewalt,
and K. M. Itoh, Phys. Rev. B 82, 121201(R) (2010). (Cited on page 67.)



CHAPTER 5
Coherent storage of photoexcited
triplet states using 2’Si nuclear

spins in silicon

In the previous chapter it was revealed that the lifetime of the ms==1 sublevels differ
significantly from that of its ms=0 states of oxygen-vacancy complex. Making use of
such a difference in the decay times to the ground singlet state, we can achieve nearly
~100% electron polarization within the triplets. Here, we demonstrate the transfer of
the triplet electron states to the hyperfine coupled, nearest neighbor 2?Si nuclear spins,
manipulate the 2?Si states by resonant pulsed RF fields, and transfer them back to
the triplet electrons to be readout by conventional two-pulse electron spin echo. The
coherence time of 2°Si nuclear spins employed in this operation is shown to be much
longer than the lifetime of triplet electrons indicating the great advantage of these

nuclear spins in silicon as memory qubits.
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5.1 Introduction

Nuclear spins in solids are promising candidates for quantum bits (qubits) as their weak
coupling to the environment often leads to very long spin coherence times [1, 2, 3, 4].
However, performing fast manipulation and controlling interaction between nuclear spin
qubits is often more challenging than in other, more engineered, quantum systems |5,
6, 7]. The use of an optically driven mediator spin has been suggested as a way to
control coupling between donor electron spins in silicon (see Figure 5.1): the donor
spins exhibit weak direct coupling, but mutually couple through the optically excited
state of the mediator [8]. Such ideas could similarly be applied to couple nuclear spins,
and, if the mediator spin is a photo-excited triplet with a spin-zero single ground state,
it would have the added advantage that it avoids long-term impact on the nuclear spin
coherence |9, 10, 11].

Photoexcited triplets are optically-generated electron spins (S = 1) which often ex-
hibit large (positive or negative) spin polarization, thanks to preferential population of
each of the triplet sub-levels following intersystem crossing and/or the differing decay
rates of these sub-levels to the ground singlet state [12, 13]. Nuclear spins, in contrast,
have weak thermal spin polarization at experimentally accessible conditions, due to its
small magnetic moment. Highly polarized electron spin triplets can be used to polar-
ize surrounding nuclear spins, through continuous wave microwave illumination (under
processes termed dynamic nuclear polarization) [14, 15], or using microwave pulses [16].
Triplet states can also be used to mediate entanglement between mutually-coupled nu-
clear spins [9], on timescales much faster than their intrinsic dipolar coupling [17].

In this chapter we use the high spin polarization of the triplet system and its strong
coupling with the nearest neighbor 2°Si nuclear spins to demonstrate coherent state
transfer between the electron and nuclear spin degrees of freedom, and examine the

nuclear spin coherence in the presence of the triplet.

5.2 Experimental

Cz-grown, single-crystal natural silicon (4.7% 29Si, I = 1/2) was exposed to 1 MeV
e-beam irradiation (dose ~ 10'® cm~2) at room-temperature to form O-V complexes
(an interstitial oxygen already present in the silicon traps a mono-vacancy generated
due to the e-beam irradiation). Such high doses of e-beam irradiation will generate
nearly 10" cm™ SL1 centers under illumination with above band-gap light. Pulsed
EPR measurements were carried out at X-band (9.72 GHz) on a Bruker Elexsys580
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spectrometer equipped with a helium-flow cryostat. Photoexcitation of the SL1 was
achieved using a 1064 nm pulsed Nd:YAG laser (pulse width ~ 7 ns, 1 mJ/pulse) with

a 10 Hz repetition rate.

<

Qubit 2

Figure 5.1: Entanglement via excited state - A shematic showing the use of excited
state of the atom “C” to entangle remote qubits (Q1, Q2) in the lattice. Qubits Q1 and
Q2 in their ground state have wavefunction Wqg; and Wga, respectively. W¢ represent

the wavefunction of the atom “C” in its excited state.
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5.3 Coherent state transfer between photoexcited triplets

electron spin and ?’Si nuclear spin in silicon

The strong hyperfine coupling between the triplet electrons and nearest neighbor 2%Si
nuclear spin will split the triplet energy levels, as shown in Figure 4.1. For the following
experiments, we focus on four selected levels labeled |1),]2),]3) and |4) in Figure 5.2(b)

of SL1% corresponding to the electron spin mg=-+1,0 and nuclear spin m;==41/2.

(a) SL190 (b) . mr: =V 4y,
1 ) 2 1
i B T, +1.% | IZIC |
= y 12)
451 ). pcs SWAP
g J T ‘
(170) 08 0cni - —[4)
A )
Si 205 ps 987 ns

G5

Figure 5.2: Hyperfine coupling between 2°Si nuclear spin and SL1 center - (a)
SL1% structure showing nearest neighbor 2?Si nuclear spin (red arrow) strongly hyperfine
coupled to the triplet spin system. (b) Energy level of the triplet spin system due to the
coupling with nuclear spin I = 1/2. The figure also shows the swapping between the

electron and nuclear spin coherence.

The hyperfine coupling strengths between the 2?Si nuclear spin and triplet elec-
tron spin are studied by the Davies electron-nuclear double resonance (ENDOR) pulse
sequence (Figure 5.3(a)). It should be noted that the detection scheme used here is
sensitive only to the electron spin, therefore changes brought by the pulse sequences
in the nuclear spin states are detected via electron spins. As for the SL1%°, m =0 is
the faster decaying state than the ms==1 (see Table 1, Chapter 4), the delay of 700us
after the laser pulse results in the initialization of spin system in the state 1 and 2. A
selective microwave m-pulse between |1) and |3) creates a polarization across the nuclear
spin transitions, which can be driven using a radiofrequency (v4f) pulse. The ENDOR
signal is obtained by monitoring the electron spin echo on the |1):/3) transition as a
function of 1y¢. Figure 5.3(a) shows the |1):|2) transition frequency dominated by the
strong hyperfine interaction. Thus, with resonant rf pulses we can selectively address

29Si nuclear spins at specific lattice sites i and j. Figure 5.3(b) shows the pulse sequence
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Figure 5.3: ENDOR and nuclear Rabi oscillation - (a)The DaviessENDOR pulse
sequence and the observed ENDOR spectrum. The ENDOR frequency represents the
hyperfine strength in the m,=-+1 state of the SL1% center. (b) Rabi oscillation of the 29Si
nuclear spins situating at ¢ or j lattice site. Nuclear Rabi oscillation is driven between the
states 1 and 2 of Fig. 1(b). The red curve is a fitting function representing exponentially

decaying harmonic oscillation.

employed to experimentally demonstrate the manipulation of these 2°Si nuclear spins.
The echo intensity monitored as a function of resonant RF (122 MHz) pulsewidth that
generates Rabi oscillation between state |1) and |3) is shown in Figure 5.3(b). The
result indicates the feasibility of using photoexcited triplets to prepare and readout the
298i nuclear spin state in silicon.

Figure 5.4(a) shows the pulse sequence employed to demonstrate the coherence trans-
fer [4] between the coupled triplet electron spins and nuclear spins in silicon. Figure
5.4(b) represents the energy levels relevant to the coherent transfer experiment. A elec-
tron spin coherence between the states |1) and |3) generated by the initial microwave
7 /2-pulse is refocused by the next microwave m-pulse. The successive radio frequency
(RF) and microwave m-pulse transfers the electron coherence to the nuclear manifold
which is refocused by the RF m-pulse. Finally, we transfer the nuclear coherence back
to the electron spin and readout is made with the conventional electron spin Hahn
echo sequence. The decay of the recovered spin coherence as a function of the storage
time in the nuclear spin (27,) is shown in Figure 5.4(c), with an exponential decay of
time-constant 0.9(1) ms. The measured decay is dominated by the relaxation of the T4
sub-level back to the ground singlet state (1/ky = 987 us), rather than 2°Si nuclear de-

coherence. The fidelity of the coherent transfer depends upon the ability to recover any
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Figure 5.4: Coherent state transfer - (a) The pulse sequence employed for the co-
herence transfer from the triplet electron spins to 2°Si nuclear spin and back to the triplet
electron spins. (b) A schematic of the energy levels showing the electron (EC) and nuclear
(NC) coherence investigated in this study. (c) Retrieved electron spin echo intensity as a
function of the 2°Si nuclear storage time, 27,,. The experimental data (blue curve) with
a single-exponential fitting (red curve) yield memory time of 0.87 ms in the T subspace,

which is limited by the lifetime 0.96 ms of the T state.

input state of the electron spin after storage in the nuclear spin. Due to sharp ENDOR
line (67 kHz) we can excite the full nuclear transitions by using short radio frequency
pulses and therefore the stored coherence in the nuclear subspace can be completely
transfered to the electron spins. This suggest that the fidelity of the coherent transfer
could be on the higher side limited mainly by the fluctuating environment around the
spin system. However we still need some more quantitative analysis to give an exact
figure for the fidelity of coherent transfer.

In the previous section we showed that the 2?Si nuclear coherence was limited by
the lifetime of the triplet state. The intrinsic 2°Si nuclear coherence is measured using
the pulse sequence as shown in Figure 5.5. Here we shift the RF pulses within a fixed
experimental window of 1 ms in order to remove the effect of the triplet relaxation

and directly measure the 2*Si coherence time [18]. The sequence is based on Davies
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Figure 5.5: Intrinsic nuclear coherence time - The inset shows the pulse sequence
employed to estimate the “intrinsic coherence time” of the nuclear spin by fixing the ex-
perimental time window to the lifetime (1 ms) of the triplet state. The blue circles are the
experimental data obtained by monitoring the echo intensity as a function of the time x.
Phase cycling sequences were used to confirm here that the retrieved electron-spin echos

were purely due to the transfer of coherence from the nuclear spins.

ENDOR, described above, but with the single rf 7 pulse replaced with a nuclear Hahn
echo sequence, whose delay time 7, is swept. In the absence of nuclear spin decoherence,
the applied rf pulses form a net 27 rotation. In contrast, when the nuclear spin is fully
decohered, the nuclear spin polarisation across the |1):|2) transition falls to zero.
Fitting the data to an exponential decay gives the nuclear coherence time of 5(1)
ms, which should be interpreted as a lower bound. The bulk value for Thy, of 2°Si in
natural silicon has been measured by NMR and found to be 5.6 ms, limited by 2°Si
dipolar coupling [19]. The hyperfine coupling to the triplet can suppress decoherence
from 29Si dipolar coupling as well as introduce additional decoherence mechanisms of

its own, though the net result is a measured 75, which is at least as long the bulk value.
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5.4 Conclusion

In conclusion, we utilized the coupling between nuclear spin and photoexcited electron
spin triplet in silicon to demonstrate the coherent storage and retrieval of triplet electron
spin coherence in the 22Si nuclear spin. This motivates further studies in how the nuclear
spin state survives the decay to the ground singlet state, as well as the application of
NMR pulse sequences to remove the effect of nuclear spin dipolar couplings to achieve
coherence times of up to 25 seconds [3|. Furthermore, given the well-developed silicon
isotope engineering [20, 21| it will be possible to investigate more than one nuclear spin
strongly coupled to the single electron spin in the photoexcited triplet state and explore

optical control of the interaction between the nuclear spins.
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CHAPTER 6

Summary

6.1 Summary

The present thesis has utilized photoexcited triplet states of oxygen-vacancy centers
(SL1 centers) in silicon to probe phosphorus and ?°Si spin states using magnetic reso-
nance technique, namely electrically detected magnetic resonance (EDMR) and pulsed
electron paramagnetic resonance (pEPR). v-ray or electron beam irradiation of silicon
single crystal lead to the formation of oxygen-vacancy complexes which can be optically
excited to the metastable triplet states.

The introduction of such radiation defects in silicon allowed us to detect bulk phos-
phorus electron and nuclear spins using EDMR spectroscopy. These result is significant
for the coherent read out of bulk phosphorus spin states using electrical method. The
dipolar interaction between triplet electrons of oxygen-vacancy complexes and phos-
phorus electron in the bulk lead to the demonstration of electrical detection of cross
relaxation (EDCR) where the electron spin of the two paramagnetic centers undergo
a flip-flop transition that changes the photoconductivity of the sample. In contrast to
EDMR spectroscopy, EDCR does not require any resonance field, thus making it a very
simple and sensitive method for the detection of paramagnetic centers in solids.

With the help of electron spin echo experiments using pESR spectroscopy on the
excited triplet state of oxygen-vacancy complex, we found the relative populating and
decay rates of the triplet sublevels in the presence of magnetic field. It was revealed that
the lifetime of the ms==1 sublevels differs significantly from the ms;=0 state, which
builds high non-equilibrium spin polarization within the spin system. ESEEM spec-
troscopy was used to probe the hyperfine interaction between the triplet electron spin
of SL1 center and those 2?Si nuclear spin which are unresolved in cw-EPR. Frequency-
domain analysis unambiguously revealed that the modulation in the echo intensity orig-
inates from the interaction between the electron spin and those 2?Si nuclear spin which
are not resolved in EPR spectrum.

Using such highly polarized electron spin system along with its strong hyperfine
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coupling with the nearest neighbor 2?Si nuclear spin we experimentally demonstrated
298i quantum memory in silicon. We successfully transfered the quantum information
from the triplet spins to the nuclear spins, manipulated the nuclear spin state and then
transfered it back to the electron spins to read out the nuclear state by conventional
Hahn echo method. The nuclear coherence shows negligible decay during the lifetime of
the triplet spins. These results indicate that the photoexcited triplet can be employed to
develop “all silicon quantum computer" using 2?Si nuclear spins as qubit. Furthermore,
we can also use the optical excitation and de-excitation of triplets to switch “on” and

“off” the interaction between the nuclear spin qubits.



6.1.

Summary

83




	Introduction
	Background and motivation
	Spin based quantum computer
	Phosphorus (31P) in silicon
	29Si nuclear spin in silicon

	Triplet state: Two interacting electrons
	Photoexcited Triplets
	Unique properties of photoexcited triplets

	Photoextied triplets in silicon: SL1 centers
	Organization of thesis

	Bibliography
	Magnetic Resonance
	Introduction
	Electron magnetic moment and its interaction with magnetic field

	Pulsed Electron Paramagnetic Resonance
	Hahn echo method
	Spin-Spin Interaction

	Electrically detected magnetic resonance

	Bibliography
	Spin dependent recombination processes in phosphorus doped -irradiated silicon
	Electrically detected magnetic resonance
	Introduction
	Experimental
	Results and discussions
	Conclusion

	Electrically detected cross relaxation
	Introduction
	Experimental
	EDMR and EDCR spectra
	Angular dependence of EDCR line positions
	Model for the observed photoconductivity change under cross relaxation
	Conclusion


	Bibliography
	pEPR study of SL1 center
	Lifetime of photoexcited triplets:SL1 centers
	Electron spin echo envelop modulation
	Conclusion

	Bibliography
	Coherent storage of photoexcited triplet states using 29Si nuclear spins in silicon
	Introduction
	Experimental
	Coherent state transfer between photoexcited triplets electron spin and 29Si nuclear spin in silicon
	Conclusion

	Bibliography
	Summary
	Summary


