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Time-resolved EPR spectroscopy
of nonequilibrium spin systems
produced during spin-dependent
photophysical and photochemical processes
in condensed media

K M Salikhov

1. Introduction
The course of spin-dependent elementary acts may result in
the formation of nonequilibrium polarization of electron

spins exceeding the equilibrium spin polarization by several
orders of magnitude. The physical nature of the non-
equilibrium polarization formation is as follows. In elemen-
tary photophysical and photochemical events, it is not
infrequent that the Hamiltonian of spin systems changes
rapidly on a time scale of spin evolution times, and
therefore the spins do not follow the variations in the spin
Hamiltonian parameters adiabatically. For instance, in the
rupture of a chemical bond, two free radicals form that
inherit the spin state of the molecule. For these nonadia-
batic processes, the disintegration of the molecule is, with
respect to the spins of valence electrons, an abrupt switch of
the spin Hamiltonian: a large value of the exchange integral
in the molecule rapidly gives way to a relatively small value
for two radicals at the distance equal to the sum of their
Van der Waals radii; the g-factor of unpaired electrons
changes simultancously. The molecular spin Hamiltonian
does not commute with the spin Hamiltonian of the two
resultant radicals and therefore the electron spins of the
radicals at the instant of radical pair production find
themselves in a transient coherent state [1]. A similar
situation occurs in the photo-induced electron transfer.

The above scheme of the transient spin state formation
may formally be represented as follows. We let H; and ,
denote the spin Hamiltonian and eigenstates of the system
prior to a phototransformation and H, and ¢, denote the spin
Hamiltonian and eigenstates of the system after the photo-
transformation.. We assume that the phototransformation
occurs in an excited state Y, and the event proceeds
nonadiabatically. In this situation, the phototransformation
products (for instance, a pair of radicals resulting from
molecular photodecay or an electron—hole pair produced in
the phototransfer of an electron) are produced in the initial
state with the wave function y,, which is not an eigenfunction
for the products because the spin Hamiltonians H; and H, do
not commute, as a rule. This initial state can be represented as
a linear superposition of the eigenstates of the products:
®(0) =y, = > ¢,¢,. The subsequent evolution of the elec-
tron spins is described by the wave function

o) =S cpexn (<2 . m

where E, are the energy levels upon phototransformation.

Therefore, by inducing nonadiabatic transformations by
a light pulse, it is possible to prepare ensembles of electron
spin systems in transient coherent states.

In free-radical or electron—hole pairs, the evolution of
wave packet (1) quite frequently proceeds on the nanosecond
time scale [1]. Modern techniques of electron paramagnetic
resonance (EPR) also permit observing the evolution of
transient electron spin states with a nanosecond resolution.
Directly observable in EPR experiments is the dipole spin
polarization. In the phototransformation of diamagnetic
molecules in the initial state i,, the electron spins are not
polarized, and therefore the EPR signal cannot be observed
immediately in the products of nonadiabatic reactions.
However, the spin dynamics are responsible for the forma-
tion of the EPR-observable polarization of electron spins.

We note that elementary photo-induced nonadiabatic
reactions allow preparing ensembles of electron spins in the
initial states unattainable when starting from the thermo-
dynamic equilibrium. That is why the results of investigations
of paramagnets at thermal equilibrium are not directly
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applicable to the analysis of EPR data obtained in the study
of transient photo-induced transformations.

2. Charge separation at the initial stages of photosynthesis
Perhaps the most remarkable example of the formation of a
nonequilibrium electron spin polarization is the spin behavior
of electron—hole pairs produced at the initial stage of solar
energy assimilation by photosynthetic systems (see, e.g.,
Ref. [2]). Charge separation occurs in the reaction center of
a photosystem: from a chlorophyll P dimer in a singlet
electron-excited state, within a time of 5—6 ps, the electron
is transferred to the primary acceptor, a chlorophyll molecule,
and then, in a time of the order of 100 ps, to the secondary
electron acceptor, quinine Q. This reaction is nonadiabatic
and the resultant electron — hole pair P*Q™ inherits the singlet
spin state of its predecessor, P*. The distance between the
electron and the hole in this pair is about 3 nm, and therefore
the spin—spin interaction in frequency units is of the order
107 rad s~' and manifests itself efficiently only for times
longer than ~ 10 ns. For times shorter than 1 ns, this
electron—hole pair may be treated as the realization of the
Einstein — Podolsky — Rozen — Bohm (EPRB) pair [3]. A very
important property of an EPRB pair consists in the spin state
of the pair being correlated, although the spin—spin interac-
tion is negligible. This correlation results from the interaction
of pair partners in the past, at the P* dimer.

Therefore, at the primary stage of photosynthesis,
electron —hole pairs form in the singlet state:

12, -1/2) = - 1/2,+1/2)
= 7 .

S) (2)

The singlet state is ‘dark’ for EPR spectroscopy. The
recording of EPR is not possible until spin dynamics or
paramagnetic relaxation occur. The EPR spectroscopy of
the separated charges in the photosynthesis reaction center
yields unusual results [4 — 7]. Some prominent EPR features of
the separated charges in the reaction center, which have
already been discussed at the scientific sessions of the
Physical Sciences Division of the Russian Academy of
Sciences [8], are listed below.

(a) The EPR line intensities oscillate and build up with
time when experiencing quantum beats with the frequency of
singlet — triplet transitions in the electron—hole pair [4, 5, §].

(b) The EPR spectrum is antiphase in structure: some
lines correspond to absorption, other lines to emission [8].
The integral intensity of the EPR spectrum is zero. This
signifies that the spin dynamics of an electron—hole pair
produce a quadrupole polarization of the pair of electron
spins, while the total dipole polarization of the two spins is
equal to zero.

(c) The signal of primary spin echo has a phase that
depends on the selectivity of spin excitation by the microwave
pulses exciting the echo signal. In the case of nonselective spin
excitation, the primary spin echo signal turns out to be shifted
by m/2 relative to the echo signal of the same spin pair upon
the establishment of thermal equilibrium [2, 6, 8].

(d) The primary spin echo signal can be obtained with the
aid of only one microwave pulse if the electron transfer is
initiated by a laser pulse [6, 8]. In this case, the electron
transfer reaction produces a pair in spin-coherent state (2).
Therefore, in principle, for the formation of a spin echo
signal, there is no need for the first microwave pulse, which
is intended to produce spins in a coherent state.

Furthermore, other interesting properties were revealed
for the ensemble of electron—hole pairs produced in
quantum-entangled state (1).

(¢) When the microwave field amplitude B; is low
enough, four antiphase lines are observed in the EPR
spectrum, which correspond to single-quantum transitions
in the system of two 1/2 spins. With an increase in By, the
single-quantum transition lines broaden and a double-
quantum transition line shows up at the center of the
spectrum [9]. The double-quantum transition line of the
spin-correlated pair is of the form of a dispersion curve
rather than of an absorption curve [9]. This signifies that the
single- and double-quantum transition signals in spin-
correlated pairs are shifted by 90° in phase.

(f) Among the promising investigative methods is optical
detection of the EPR spectra of spin-correlated electron—
hole pairs (ODEPR) [10]. The gist of the method is as follows.
In the recombination of a pair, recombination luminescence
can occur. The intensity of this luminescence depends on the
spin dynamics in the pair, specifically on singlet—triplet
transitions in the pair. By recording the intensity variation
of recombination fluorescence or phosphorescence as a
function of the microwave field frequency, it is possible to
obtain the ODEPR spectrum of the pair. The double-
quantum transition line is missing from the ordinary EPR
spectrum when the spins of the pair do not interact. In the
ODEPR spectrum of spin-correlated pairs, the double-
quantum transition line manifests itself even in the absence
of the spin—spin interaction in the pair [11, 12]. Shown in
Fig. 1 by way of illustration are the ODEPR spectra
calculated for several values of the microwave field ampli-
tude B;. The calculations were done for a model situation
with the spin—spin interaction in the electron—hole pair
assumed to be zero. With increasing Bj, a narrow double-
quantum transition line shows up at the center of the ODEPR
electron—hole pair spectrum. For high B; values, the peak
intensity of the double-quantum transition line in the
ODEPR spectrum behaves as Bj' and flattens out for high
By values [12]. Therefore, a double-quantum transition line
may emerge in the ODEPR spectrum of electron —hole pairs
even when the spin —spin interaction can be neglected. In this
situation, the occurrence of double-quantum transition lines
is caused by the spin—spin interaction in the past, prior to the
instant of pair production [12].

The manifestations of spin dynamics in the electron —hole
pair in the reaction center of photosynthetic systems are just
one example of the features of nonequilibrium electron spin
polarization in spin-dependent photophysical and photo-
chemical processes. The polarization formation scenario is
that as a result of spin-selective molecular process, a spin-
correlated pair of paramagnetic particles is formed and a
coherent spin state is prepared. The spin dynamics in spin-
correlated pairs produce a nonequilibrium polarization of
electron spins, which characteristically shows up in EPR
experiments.

3. Triplet - triplet exciton annihilation

The charge separation in a reaction center is a monomolec-
ular process. The polarization of electron spins may also
occur in the course of spin-dependent biomolecular processes.
As an example, we mention the mechanism of excited triplet
state polarization induced by the mutual annihilation of
triplets. It has been known [13] that a pair of interacting
excitons in molecular crystals may annihilate due to the
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Figure 1. ODEPR spectra for a model system of electron—hole pairs calculated for different values of the microwave field induction B;. The calculations
neglected the spin—spin interaction, and the difference in g-factors was taken to be equal to 0.02.

energy transfer from one molecule of the pair to the other with
the formation of a singlet excited state, resulting in delayed
fluorescence. This annihilation of triplets is a spin-selective
process.

The polarization of spin S = 1 states is specified by the
polarization operators Ty (L=0,1,2; —L < M < L) [14].
The operators Ty, define the dipole moment of the triplet:

Sy +1S
Tl,+l:7%a
S
T1,0:7z—, (3)
Sv i
T1,71:XT1SY~

The operators Ty, are equivalent to the quadrupole moment
tensor

1 4
Oi = 3 <SiSk + SiS; — 3 5i/c1) ; (4)

where i,k = X, Y, Z and I is the unit operator. For instance,

1/2 1/2
e () o () (-252).

The average value of the dipole moment characterizes the
integral intensity of the EPR spectrum of the triplet state. The
average value of the quadrupole moment characterizes the
form of the EPR spectrum [15]. For instance, when the dipole
moment is equal to zero and the quadrupole moment is

nonzero, the two lines in the EPR spectrum of a triplet are
in antiphase: one line corresponds to absorption (A) and the
other to emission (E), i.e., an antiphase EPR spectrum of the
A/E or E/A type is expected.

When two triplet excitons meet, their total spin may be
equal to 0, 1, or 2. The triplet—triplet annihilation may occur
only in singlet pairs. As a result, the triplet pairs that escape
annihilation are enriched with the states with the total spin 1
or 2, ie., in the triplet or quintet states of the pair,
respectively. The total spin moment of the pair of colliding
triplets A and B is to be denoted by S = Sp + Sg. Immedi-
ately upon collision, the triplet pairs that have escaped mutual
annihilation have the density matrix

o(0) = <P1+P2>z${§sz—%s4}, (s)

o| —

where P, = S?(61 — S?)/8 and P, = S*(S? — 21)/24 are the
operators for the projection on the triplet-pair states with
the respective total spin 1 and 2. In the state with density
matrix (5), the pair of triplets turns out to be spin-correlated.
The average value of the scalar product of the spin moments
of the pair partners S and Sg is in fact nonzero:

2

((SaSg)) = Tr {p(0)(SaSs) } = oR (6)

The subsequent spin dynamics in these spin-correlated
pairs form the dipole and quadrupole polarization of each of
the triplets of the pair [15]. The spin dynamics in triplet pairs
are determined by the spin Hamiltonian that includes the
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Zeeman interaction of the triplets with the magnetic field By,
the energy of splitting in the zero magnetic field (ZFS), and
the exchange interaction He, between the triplets:

H = figaBoSaA + SAnDSA
+ fgBoSp + Sp/iDSp + Hex , (7)

1
Heo = —hj(z + 2sAsB> :

where ga p are the g-factors of the triplets, D is the ZFS
tensor, and J is the exchange integral of the interaction
between two triplet excitons in a spin-correlated pair. The
principal values —X, —Y, and —Z of the ZFS tensor D are
expressed in terms of the parameters D and E:
D=(1/2)(X+Y)—-Z, E= —(1/2)gX— Y). In this system,
the total pair spin S*> = (Sy 4 Sg)” is not an integral of
motion because [H,S?] #0. Consequently, the spin
dynamics in spin-correlated pairs of triplets change the total
spin of the pair. As a result, the polarization of spins of the
pair partners changes.

The spin polarization of the triplet excitons under
discussion was first considered in Ref. [15]. We mention
some results obtained for short-lived spin-correlated pairs of
triplets. The nonzero projection (Sg) of the dipole moment of
a triplet exciton on the direction of the external magnetic field
shows up in the fourth order of the time-dependent perturba-
tion theory. The dipole polarization of the triplet depends on
the crystal orientation in the external magnetic field. For
instance, when the magnetic field is aligned with the Z axis of
the ZFS tensor, we obtain

16
(Sp) = =57 JyByE*t* (8)

where ¢ is the lifetime of a spin-correlated pair of triplets.
When the field is aligned with the X axis of the ZFS tensor, the
dipole polarization is

(Sg) = — % JyBy(D + E)*1*. (9)

A nonzero quadrupole moment of a triplet already appears in
the second order of the perturbation theory:

_ 8 2
(Qzz) = 37 DJjt~, (10)

(Oxxy — Qyy) = —g EJt*.

Therefore, the mutual annihilation of triplets leads to the
production of spin-correlated pairs of triplets that have
escaped mutual annihilation. The spin dynamics in spin-
correlated pairs transforms the mutual ordering of the spins
in a pair to the dipole and quadrupole polarization of
individual triplets. The necessary condition for the forma-
tion of spin polarization caused by triplet—triplet annihila-
tion is the spin—spin interaction between two triplet excitons
in a spin-correlated pair. When the distance between the
excitons lengthens to the extent that the spin—spin interac-
tion may be neglected, the formation of spin polarization of
the triplets ceases. But the separated triplets retain the
polarization formed during their encounter and interaction.
The manifestation of this spin polarization mechanism was
experimentally proven in the investigation of the time
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Figure 2. Time evolution of the low-field /i (a) and high-field I,; (b)
components of the EPR spectrum of triplets in a phenazine/tetracyanqui-
nodimethane crystal for 7= 300 K. The magnetic field By is parallel to the
principal X axis of the ZFS tensor of the triplet exciton.

evolution of the EPR spectra of triplet excitons in mixed
molecular crystals [16]. Plotted by way of'illustration in Fig. 2
is the time evolution of the intensity of low-field (Fig. 2a) and
high-field (Fig. 2b) components in the EPR spectrum of
triplet excitons in a phenazine/tetracyanquinodimethane
crystal for 7= 300 K. It can be seen from Fig. 2 that for the
times of the order of 1 ps, the well-known polarization of
electron spins of triplet excited states, which emerges due to
the spin selectivity of a nonradiative intramolecular singlet —
triplet transition [17], manifests itself. And for the times of the
order of several dozen microseconds, the nonequilibrium
polarization caused by the biomolecular process of triplet —
triplet annihilation shows up. Observed in this case is the A/E
type spectrum, which is indicative of the emergence of
nonequilibrium quadrupole polarization.

4. Feasibility of using spin-dependent photo-induced
processes in quantum computing
Of great interest is the possibility of using spin-dependent
elementary photo-induced events in quantum computing. By
way of example, we discuss the feasibility of quantum
teleportation of an electron spin state with the quantum
communication channel chosen as the spin-correlated elec-
tron—hole pairs produced due to photo-induced electron
transfer.

Quantum teleportation was shown to be possible in
Ref. [18]. Following the general teleportation scheme out-
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lined in that work, the following protocol can be used in
order to realize the quantum teleportation [19]. We imagine
a molecular system containing three characteristic cofactors:
A, B, and C. At the first stage, A is reduced, and in the
system A~ BC, the electron spin in the anion radical A~ is
prepared, employing microwave pulses, in a quantum-
coherent state in the resonator of a pulsed EPR spectro-
meter. At the second stage, a light pulse produces the spin-
correlated pair BTC™ of ion radicals, yielding the three-spin
system A"BTC™. At the third stage, the A"B™ pair should
recombine. This recombination is a spin-dependent process.
As a rule, recombination is allowed for the singlet spin state
in the pair A”B". Eventually, we obtain the system ABC™,
in which the spin of the anion radical C™ is in the coherent
state that is related to the coherent state of the anion radical
A~ by the well-known unitary transformation. According to
this protocol, we thus prepare the C™ electron spin in the
coherent state by quantum teleportation of the coherence of
another anion radical, A~. To measure the coherent state of
C™, the methods of pulsed EPR spectroscopy can be used.
To effect quantum teleportation, a photochemical process
can therefore be used to produce the spin-correlated pair
BTC~, a quantum communication channel, and to use the
recombination of A"B™ for the projection of this pair on the
singlet state.

To realize the above quantum teleportation protocol,
there is good reason to use a natural photosynthetic reaction
center (RC) or artificial RC models. A pair of separated
charges P*Q~ in the RC is a perfect quantum teleportation
channel in a system of electron spins. The problem with this
approach consists in the inclusion into the system of the
reduced A, the carrier of the initial quantum state. Such a
modification of the reaction center is basically possible.

5. Conclusion

That the electron spins play an important part in the making
of chemical bonds has been well known since the emergence of
the Heitler— London theory. For a long time, it was believed
that the electron spin states are conserved in an elementary
chemical event (Wigner’s rule). However, time-resolved EPR
experiments showed that short-lived intermediate states —
spin-correlated pairs — form in the course of an elementary
photochemical or photophysical event. The spin dynamics in
these pairs manifest themselves in the unusual properties of
the EPR signal. The study of spin polarization in the course of
photo-induced processes has come to be an important part of
a new scientific area — spin chemistry [20]. It is hoped that
spin-dependent photo-induced processes will also find use in
quantum computing.
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The role of electron paramagnetic
resonance in the development of quantum
electronics: facts and comments

A A Manenkov

1. Introduction

In 2004, the scientific community celebrated two milestones,
60 years of electron paramagnetic resonance (EPR) and
50 years of quantum electronics (QE).

Today, we have one more historic moment to celebrate,
60 years of the Zavoisky Kazan Physical-Technical Institute
(KFTTI). There is in fact a close historical connection between
these three anniversaries. E K Zavoisky’s 1944 discovery —
and the subsequent development — of EPR has fundamen-
tally influenced the making and development of quantum
electronics, and the KFTI that bears Zavoisky’s name is the
leading research institute in the field of EPR. It is this
historical connection that served as the stimulus for this
paper.

The paper briefly reviews the early development of
quantum electronics, including the formulation of its basic
principles; the first ammonia-beam quantum oscillator
(maser) and the first paramagnetic crystal-based quantum
amplifiers (EPR masers); practical EPR maser schemes and
their application; and progress from microwave EPR masers
to optical quantum oscillators and amplifiers (lasers). The
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