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In the past few years, interest in controlling the
guantum states of microscopic systems has been pro-
gressively increasing. Thisis caused both by the tradi-
tional problems of control over elementary chemical
reactions and, especialy, by advances in quantum
information science [1]. Spin-correlated radical pairs
are among the most intriguing quantum objects. The
guantum state of these pairs can be controlled by apply-
ing an external magnetic field [2, 3]. An additional
exposure of radical pairs to the resonance microwave
field considerably extends the capability of selectively
mani pulating spins.

In a high microwave field, singlet-triplet transi-
tions are decelerated (the spin locking effect), which
opens up principle possibilities of freezing the spin
state of a pair. However, as shown in [4], upon the
production of pairsin both the singlet initial state and
triplet state, a high microwave field only slows down
the singlet—triplet transitions but does not lock them
completely. Using microwave pulses offers new pos-
sibilities. As was experimentally shown in [5], the
microwave pulse-driven transition of the radical pair
in the photosynthetic center into the T, and T_ states
results in a significant increase in its lifetime. It was
shown theoretically in[6, 7] that quantum beatsin the
radical pair can be controlled by one (for atriplet pre-
cursor) or two (for a singlet precursor) short micro-
wave pulses.

Switching off the microwavefield at the appropriate
instant of time can nearly completely transfer the radi-
cal pairtotheT, and T_ states[4]. Inthiswork, we con-
sider which possibilitiesfor controlling the spin state of
radical pairs emerge on rapidly switching on a high
microwave field at an arbitrary instant of time after the
pair generation.

We considered these possibilitiesfor spin-correl ated
radical pairs. These can beradical ion pairs, whichform
in condensed matter under the action of ionizing radia-
tion[2], or pairs of neutral radicals, generated in photo-
chemical processes upon dissociation of singlet-excited
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molecules [3]. Figure 1 shows that, in the strong mag-
netic field B,,, dynamic transitions between the S and T,
states of the radical pair take place under the action of
hyperfine coupling to nuclei or Zeeman interaction if
the g-factors of the pair partners are different [3]. The
T, and T_ states (with the projection of thetotal spin+7#
and -7, respectively, onto the B, direction) are not pop-
ulated due to alarge Zeeman splitting.

Neglecting spin relaxation, the wave function of the
pair at the instant of switching on the microwave field
can be represented in the most general form by the lin-
ear combination of the singlet S and triplet 7, states:

|WO= cosB|SH sinBe*(T,0 (1)

Let the resonance frequency be constant in the
course of spin evolution. In this case, we can assume
that the spectraof both radicalsare narrow singlet lines,
with the difference Aw between their resonance fre-
guencies, as shown in Fig. 1. This difference can be
caused by the difference between the g-factors of the
partners in the pair or by hyperfine coupling to nuclei.
The interaction between the spins of the pair (dipole—
dipole, exchange) will beignored. Thisis quite permis-
sible for radical ion pairs generated in a liquid upon
radiolysis, because they are at a considerable distance
from each other most of the time. For neutral radicals,
these interactions often cannot be ignored; however,
even so, our findings can be useful.
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Fig. 1. Schematic of the energy levels of the radica pair in a
strong magnetic field, the ESR spectrum of two radicas (A, B)
and the microwave frequency for type 1 and 2 pumping.
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To begin with, let us consider the case when the
microwave frequency isin resonance with theline of one
of the radicals (type 1 pumping in Fig. 1). Using the
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method developed in [3], we can easily obtain the
expressions for populations of spin states at the moment
of timet after switching on the microwave field:
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where pgs(t) is the population of the singlet state of the
radical pair, and py(t) is the population of the triplet

state Ty; W = /o +Aw’, w, = yB,, where B, is the
magnetic field magnitude in a rotating system; y is the
magnetogyric ratio.

In further consideration, we restrict ourselvesto the
case of a high microwave field (w, > Aw). Figure 2a
shows the plots of the population of the singlet state
versustime, calculated by formula (2), at various 6 val-
ues. At 8 = 0, the system was in the singlet state at the
moment of switching on the microwave pulse. Thiscor-
responds to the situation considered in [4]. The py(?)
curve oscillates at a frequency close to Aw?/2w,, which
is sufficiently small, because w, > Aw. Aganst the
background of these oscillations, high-frequency rip-
ples (at a frequency close to w,) are observed; their
amplitude is small by virtue of the above inequality.
Because of the smallness of the Aw?/2w, frequency,
the system slowly transforms from the singlet to the
triplet state, much more slowly than in the absence of
the microwave field when the frequency of these tran-
sitions is Aw. This deceleration is usually referred to
as spin locking.

With an increase in the fraction of the triplet state,
which corresponds to an increase in 6, the oscillation
frequency is retained. However, the oscillation ampli-
tude decreases with an increase in 6. The oscillation
amplitude of pg(7) nearly coincides with the singlet
statze population at the zero moment of time, equal to
cos?0.
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Figure 2b shows the time dependence of the triplet
state T, population calculated by formula (3). Ascan be
seen, population py,(¢) oscillates at afrequency closeto
w,, and the amplitude of these oscillations is maximum
at 8 =90° (whentheinitia stateistriplet) and decreases
with adecreasein 8. At6 =0, i.e., for theinitia singlet
state, the population of the states 7,, always remains
small, despite the fact that the sum of the populations of
theT, and T_levels at some moments of timeiscloseto
unity, as follows from comparison of Figs. 2a and 2b.
This feature was found in [4] and made it possible to
suggest amethod for virtually complete transformation
of the radical pair to the T, and T_ states by switching
on the microwave field at an appropriate moment of
time.

When the microwave frequency is exactly at the
midpoint between the lines of the partners in the pair
(type 2 microwave pumping in Fig. 1), transitions
from the singlet state to the triplet states are nearly
completely arrested [4]. In this case as well, the ana-
Iytical expressionsfor the spin state populations under
condition (1) can be easily obtained. However, the
resulting formulas are somewhat more cumbersome,
so they are omitted. Figure 3 shows the plots of the
singlet state population versus time at different 6 val-
ues upon this type of microwave pumping. Asfollows
from Fig. 3, whatever theinitial conditions, transitions
between the singlet and triplet states are nearly
arrested so that the population of the singlet state
remains close to cos?0.
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Therefore, the following straightforward rules for
spin dynamics of the radical pair in a high microwave
field can be formulated.

(1) For theinitial singlet state, slow transitions from
thesinglet tothetriplet statesT, and T_occur with afre-
quency close to Aw?/2w;, (for the type 1 pumping; for
the type 2 pumping, these transitions are completely
absent). The T, state therein aways remains nearly
unpopul ated.

(2) For the initia T, state, transitions between the
triplet states occur with a frequency closeto w,. In this
case, the singlet state is nearly not populated; i.e., the
singlet—triplet transitions are completely blocked (true
spin locking!).

(3) If the S and T, states are populated under the ini-
tial conditions, both subensembles evolve indepen-
dently of each other.

Note that at large B, the ¢ value influences only the
ripple shape and is immaterial in our consideration.
Therefore, the above rules will be valid not only for the
pure states, described by wave function (1), but also for
amixed onewhen only the S and T, states are popul ated
at theinitial moment of time.

In addition, it should be noted that when the pair is
produced in thetriplet state, the true spin locking effect
is absent, because all triplet states will be necessarily
populated at the initial moment of time.

In conclusion, |et us discuss how to prepare the sys-
tem in the T, state and how to provide the conditions
under which the effect of nearly complete locking of
the system in the triplet state by a high microwave field
can be experimentally observed. To do this, it is essen-
tial that the ESR spectrum of one of the partners should
be anarrow singlet line. The ESR spectrum of the other
partner can be either anarrow singlet shifted dueto the
difference in g-factors or amultiplet with an even num-
ber of equidistant lines. In either case, there exists the
moment of time when the ensemble of pairs findsitself
inthe T, state in the course of spin evolution in astrong
magnetic field. At this moment of time, the microwave
field should be switched on rapidly. The B, vaue
therein should be essentially larger than the magnitudes
of splitting, and switching on the microwave pulse
should be fast enough to prevent significant changesin
the populations of spin states in this interval of time.
For the splitting of about 5 G in the doublet spectrum,
the period of S-T, transitions in the absence of the
microwave field is about 70 ns. To observe the effect of
complete spin locking, the time it takes for the micro-
wave field to be switched on can be on the order of
10 ns and B, can be 15-20 G, which can be easily
achieved in experiments.
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Fig. 2. Time dependence of the population of the (a) singlet
and (b) triplet T, states of the radical pair upon the type 1
microwave pumping under different initial conditions. The
0 values (in degrees) are specified at the corresponding
curves. =0,AB=3G,and B; =20 G.
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Fig. 3. Time dependence of the population of the singlet
state of theradical pair upon the type 2 microwave pumping
under different initial conditions. The 8 values (in degrees)
are specified at the corresponding curves. 9= 0, AB =3 G,
andB;=20G.
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