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Generalized Holstein model for spin-dependent electron-transfer reactions
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Some chemical reactions are described by electron transfer (ET) processes. The underlying mechanism could
be modeled as a polaron motion in the molecular crystal—the Holstein model. By taking spin degrees of freedom
into consideration, we generalize the Holstein model (molecular crystal model) to microscopically describe an
ET chemical reaction. In our model, the electron spins in the radical pair simultaneously interact with a magnetic
field and their nuclear-spin environments. By virtue of the perturbation approach, we obtain the chemical reaction

rates for different initial states. It is discovered that the chemical reaction rate of the triplet state demonstrates
its dependence on the direction of the magnetic field while the counterpart of the singlet state does not. This
difference is attributed to the explicit dependence of the triplet state on the direction when the axis is rotated. Our
model may provide a possible candidate for the microscopic origin of the avian compass.
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I. INTRODUCTION

Nowadays, it has been prevailing in both experimental and
theoretical explorations that quantum coherence effects due
to the role of phase in quantum superposition may exist in
living processes. This essentially implies that there may exist
quantum coherence effect in chemical reactions in some living
processes, such as charge and energy transfer in photosynthesis
[1-6] and singlet-and-triplet transition in the avian compass
[7-18].

It has long been questioned how migratory birds can
navigate to their destination over hundreds of miles. One of the
possible answers is given by the radical pair mechanism [11-
13]. Two unpaired electron spins in the radical pair are initially
prepared in the singlet state. Due to their interactions with the
geomagnetic field and their environmental nuclear spins, the
electron spins coherently transit between the singlet and triplet
states. Since the singlet and triplet states could result in differ-
ent products of chemical reactions, the direction and magni-
tude of the geomagnetic field determine the relative yields of
two distinct products. By sensing the information incorporated
in the final products of the chemical reactions in their retinas,
the birds can find their way to their destination. Therefore,
quantum coherence underlies the avian compass since the sin-
glet and triplet spin states correspond to different types of quan-
tum entanglement. Ever since it was proposed a decade ago, the
radical-pair-mechanism-based avian compass has been sup-
ported by a series of biological and chemical experiments [7,9].

In this hypothesis, the nuclear spins play a crucial role
because there would be no coherent transition between the
singlet and the triplet states if there were no nuclear spins
[13]. Previous studies mainly concentrated on the nuclear-spin
environment without intercoupling [15—17]. Mostly recently,
by taking into account the intercoupling of the nuclear spins,
we studied a special avian compass model with the nuclear
environments modeled by an Ising model in a transverse field
[18]. The rationality of this model lies in the fact that the weak
internuclear-spin coupling is comparable with the Zeeman
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energy splitting induced by the weak geomagnetic field. It
was discovered that quantum criticality in the environment
enhances the sensitivity of magneto-reception. On the other
hand, although various master-equation approaches were
proposed to deal with such spin-dependent chemical reactions
in the avian compass [9], the underlying physical mechanism
is still missing in studying the quantum coherence with
microscopic models. Thus, it is urgent to propose appropriate
microscopic models for different kinds of chemical reactions
to better understand the quantum coherence effect in those
processes. A case in point is the Holstein’s molecular crystal
model, which is also regarded as a microscopic model of
chemical reactions with electron transfer (ET) [19].

The Holstein model was originally proposed to characterize
vibration-assisted ET in a one-electron molecular crystal [19].
Here, in order to describe the chemical reaction of spin
dependence as well as direction dependence, the Holstein
model is generalized to incorporate the degrees of freedom
of spin to make electrons naturally interact with a magnetic
field. Additionally, due to the presence of the nuclear-spin
environments surrounding the electron spins, there would be
coherent transition between the singlet and triplet states of the
two electron spins. In contrast to the previous investigation
using anisotropic hyperfine coupling [13], the hyperfine inter-
action between the electron spin and its nuclear environment
is isotropic in our model. Based on this generalized model, we
calculate the chemical reaction rates of the singlet and triplet
states of the electron spins. Here, the chemical reaction rate is
determined by the transition rate of one electron in a localized
molecular orbit to another at a distance. It is discovered that
the reaction rate of the triplet state sensitively responds to the
variation of the direction of the magnetic field with respect
to the polarization of two electron spins. On the contrary, the
chemical reaction of the singlet state does not demonstrate
such dependence on the direction of the magnetic field. The
above results are attributed to the invariance of the singlet
state under the rotation of the system around the y axis, while
the triplet state will change along with the rotation according
to the irreducible tensor of the SO(3) group. Therefore, our
proposed model may serve as a microscopic origin for the
chemical reaction in the avian compass.
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In the next section, we generalize the Holstein model to
incorporate the electron spin degrees. In Sec. III, we consider
a general case with an external magnetic field and nuclear-spin
environments. In Sec. IV, we study the dynamic evolution
of the radical pair and obtain the chemical reaction rates
for different initial states. Finally, we summarize our main
results in the conclusion. Furthermore, we show the detailed
calculations for the chemical reaction probability, the chemical
reaction rate, and the transition probability from the triplet state
to the singlet state in Appendix A and B, respectively.

II. GENERALIZED HOLSTEIN MODEL

Many chemical reactions are accompanied by ET, where
the electron is transferred from one site to another (Fig. 1).
A very important but simple quantum-mechanical model for
ET reactions is the molecular crystal model, which was
originally developed by Holstein to describe so-called polaron
motion in narrow-band conductors [20] and then under-
stood as a microscopic model in describing simple chemical
reactions [19].

The model Hamiltonian H = H, + H, + H,, is decom-
posed into two parts; that is, the ionic vibration part
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FIG. 1. (Color online) Schematic of the generalized Holstein
model. It is composed of a radical pair with nuclear spins. Two
electrons are initially prepared in a correlated state (i.e., the singlet
state or triplet state), which can be interconverted by the hyperfine
interaction in combination with an external magnetic field. The
chemical reaction occurs once both electrons are in the same site
due to the tunneling effect.
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where x; is the displacement of the jthion, w; is the harmonic
vibration frequency with the reduced mass m;, f is the
coupling constant of the two molecules, and cjq (c;a) is the
fermionic annihilation (creation) operator of the electron at
molecule j with spin «. Since the orbital energy &(x;,x;) is

linearized as
Bj(x1,x02) ~ &) + Z (ax )x,, 3)

we explicitly obtain the electronic Hamiltonian

H, = Zajcjacja —-J Z(cl{acza + H.c.), (@)

J.o a

and the electron-vibration coupling
Hpy=—= ZA, clyCjax;. (5)

Here, the molecular orbital energy ¢; is spin-independent. In
the next section, we will consider a more general case with an
external magnetic field. The tunneling integral J is assumed to
be independent of the displacement x; and A; = V208 /0%
denotes the electron-vibration coupling, where the factor
0g;/0dx; for i # j is neglected because the molecular orbital
energy of the jth molecule changes negligibly when the
displacement of the ith molecule varies.

For simplicity, we assume two identical molecules (i.e.,
m; =my =m,w; = wy,and A = A, = A). Choosing coor-
dinates X = (x; + xg)/ﬁandx =(x = xz)/ﬁ, we decom-
pose the Hamiltonian H = H, + H, into two decoupled parts;
that is, the one for the motion of the center of mass,

H, ——ﬁa—z—i—lszXz—i—AX (6)
T 2max? 2 ’

</ a)f f, and the other for the relative motion,

= hw<bTb + ) + Zsjcjac]a 7Y (e}, + He)

L, [ i i
—5A m(bT +b) Za:(cmch — CyCla)s )

where we have introduced the bosonic operators
po (Mo 0N fmef 00N
2h mw 0x 2h mm 0x

(3
where w =

with Q =

— f is the effective frequency.
Next, we make the Van Vleck transformation, also called
the polaron transformation [21,22],

H=¢"He™ 9)
for the above generalized Holstein model, where
s=—i Y ;b —b)cl,cia (10)
J.a

is the transformation kernel and

o1 =—p = Zha)‘/ = ¢. (11
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Thus, we can formally decouple the degrees of freedom of
electron and vibration, obtaining H, = H® + H", with

2
HY =nhob'b + Zejcj»acja — hw(Zdyc;acja) , (12)
Jja Jo
and
. o 2o —
Hr(l) =-J Z(chczaezq’(b by czacme 20610y,

o

13)

This molecular crystal Hamiltonian (12) describes the ET
process for a two-local-orbit system. Here, we generalize the
Holstein model by taking into consideration the degrees of
freedom of the electron spins. Up to now, the above generaliza-
tion seems to be trivial, since we could totally separate the spin
and orbital degrees of freedom. However, when a local external
magnetic field is applied to the radical pair to form asymmetric
couplings to the two electron spins, spin-orbit coupling is
induced. In this case, a spin-dependent ET process takes
place. These asymmetric couplings can also be implemented
by coupling to their nuclear-spin environments.

III. SPIN MOLECULAR CRYSTAL IN MAGNETIC FIELD
AND NUCLEAR ENVIRONMENT

In the previous section, we described the generalized
Holstein model, with spin degree of freedom. In this section,
on account of an external magnetic field and nuclear-spin en-
vironments, we investigate how a chemical reaction responds
to its magnetic environment.

Choosing the polarization direction of the spin state as the
z direction, we define the singlet state |s) and triplet state |z)
of the electron spins as

1
[1143) = Ni1) = Zelyedy - ciychpiOn,

(14)

1
ls) = E(

and
Uoge e e pe Vob b i
0= (1) + [4i13) = ey +eeaplo),

5)

respectively, with |0) being the vacuum state. Here, we remark
that the polarization of the spin state should be initialized in a
specific direction in order to make the consequential chemical
reaction respond to the external magnetic field. This is one of
the essences lying at the core of the radical-pair mechanism
[8,13].

In a simple case where the hyperfine couplings are isotropic,
the Hamiltonian, which describes the interaction between the
electron spins and their asymmetric magnetic environments
(the magnetic field plus the nuclear spins), reads

2
Hy == (ugBo- 8+ g;l; - §)).
j=1

(16)

where l}o = By(sin ®,0, cos ®) (By > 0) is the external geo-
magnetic ﬁgld with the inclination angle ®, wp is the Bohr
magneton, §; = (S’-‘,S)Y ,Sj) are the Pauli operators for the jth

electron spin, I = ;‘,I jy v f) are the Pauli operators for the
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FIG. 2. (Color online) The inclination angle between the external
geomagnetic field and the z direction is ®, and the coordinate system
is rotated around the y axis with ® to coincide with the direction of the
the magnetic field. The hyperfine-coupling—induced interconversion
between the singlet and triplet states is modulated by the direction of
the magnetic field (i.e., ®).

Jjth nuclear spin, and g; is the hyperfine coupling constant
between the jth electron spin and its environmental nuclear
spin.

Combining the relative vibration and spin Hamiltonians,
the total Hamiltonian for a spin-dependent ET reaction is
obtained as Hy = H, + H,. After a rotation around the y
axis by the angle ® (Fig. 2), combined with the Van Vleck
transformation defined in Eq. (9), we obtain Ho = H, + H,,
where the relative vibration Hamiltonian H, = ﬁ, is the same
as that given in Eqgs. (12) and (13), but the Hamiltonian of the
spin part is changed into

Hy=— (1sBoSj:+ gl - 5. (17)

J

Meanwhile, we make the same rotation and transformation
for the quantum states of the whole system as in Eq. (9).
Straightforwardly, after the combined transformation, the
singlet and triplet states read as |§) = |s) and

. 1
|t) = cosO|t) + — sin@(HfT;) - |¢N§))

18
7 (18)

respectively.

It is obvious that the singlet state is not ® dependent,
while the triplet state is. In the next section, we will study
the dependence of the chemical reaction rate on the direction
of the geomagnetic field. As shown in the following, it is this
explicit dependence on the direction in the rotated triplet state

that results in the variation of its chemical reaction rate along
with the changes of the magnetic field direction.
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IV. MAGNETIC DIRECTION CONTROLLING
CHEMICAL REACTION

In this section, by means of the perturbation method, we
analytically obtain the probability for one electron to transfer to
the other local orbit to complete a chemical reaction. Assuming
that, at the initial time, the vibration and nuclear spins are
both in thermal equilibrium states and the electron spins are
in the triplet state, the density matrix of the whole system
p(0) = p, ® p, ® p; includes three parts. The first part

1 & mhw
Py = E;exp<— kB—T>|m><m| (19)

denotes the relative vibration of the molecules, where Z =
1/[1 — exp(—hw/kpT)], where kp the Boltzmann constant
and T is the temperature of the environment. The second part
is the density matrix of the nuclear spins. Since u, By < kgT
with p, being the nuclear magneton, the nuclear spins are in
the state

4

1
=72 %)) (20)

j=1

where |x[') = [ {115), [x3) = [ V115), [x5) = | 114), and
Ix4) = | 1115). The last one,

pr = |t)(t], 1)

describes the electrons.

Starting from the above initial state, we calculate the total
ET reaction probability of the triplet state (for details please
refer to Appendix A):

1 0 4 24

P(t)=— D> Y > e Pu,(t),  (22)
47

m,n=0 j=1 p=1

where

. (23)

and ¢jmg = (Y5 1) x7)|m) is the expanding coefficient. And
the chemical reaction rate is determined by the reaction
probability per unit time in the long-time limit [23]

ke = 9 lim P(7), (24)
0T T—>00
where the explicit expression which displays direction depen-
dence is given in Appendix A.

To show the above results in an intuitive way, we turn to
numerical examples. We take the orbital energy difference
A =¢; — & =0.01 eV and the relative vibration frequency
@ = 107 Hz. We assume the tunneling integral J = 0.01A
and ¢ = 0.2. The magnitude of the geomagnetic field is
By =50 uT and the hyperfine coupling constant is g; =
g = 1078 eV. In the following calculations, we need to take
a cut of the phonon occupation number, which is defined
by an effective temperature of the environment. We find
that the chemical reaction probability is not sensitive to the
temperature of the environment. For these parameters, the
perturbation condition holds. Then we numerically calculate

PHYSICAL REVIEW A 85, 032707 (2012)

@ x10*
1.5
0.8
0.6
0/n 1
0.4

0.2
0.5

4 (b)
135510
2
= 1.15¢
<
O
e
(o8
[}
2 0.95¢
Q
S
~ SIEREY T=5mK
0.75+¢ — T=10mK{
0 0.2 0.4 0.6 0.8 1

O/r

FIG. 3. (Color online) (a) Chemical reaction probability vs time
and ©. (b) Chemical reaction probability for triplet state at a given
time r = 0.5/w for effective temperature 7 = 5 mK (red dashed line)
and 7 = 10 mK (blue solid line).

the transition probability for the initial triplet state from
Eq. (22) as shown in Fig. 3.

Obviously, the ET probability displays its dependence on
the angle ®. At a given time, the ET probability falls to its
minimum value when the magnetic field is perpendicular to the
z direction, while it reaches its maximum when the direction
of the external field is parallel to the z axis. Besides, the
probability is symmetrical about ® = /2, which coincides
with the experimental result of Ref. [7]. When we come to
the initial singlet state, there is no such dependence on the
angle ®. This is a reasonable result for isotropic hyperfine
coupling case since both the singlet state and the transformed
Hamiltonian do not explicitly depend on the angle.

On the other hand, the chemical reaction rate for triplet
state would vanish if there were no interaction between the
electron spins and their nuclear environments (i.e., g; = 0),
while the ET reaction happens when the electron spins are
in the singlet state. This can be seen from the fact that
HWY|t) = 0but HV|s) # 0. The coupling of electron spins to
the nuclear-spin environments can induce the transition from
the triplet to the singlet states to make the ET happen. Then the
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spatial ET leads to the chemical reaction. In order to illustrate
the mechanism of magnetic-direction-controlling chemical
reaction more clearly, we study the dynamic evolution of the
radical pair. Using the same parameters as those in Fig. 3,
we plot the transition probability from the triplet state to the
singlet state,

P = Tryn Lce 11 5(0)e 1M, (25)

in Fig. 4. Due to the presence of the nuclear-spin environ-
ments, there is periodical interconversion between the singlet
and triplet states. Besides, the amplitude of this periodical
oscillation is adjusted by the direction of the magnetic field.
For one thing, the singlet-triplet interconversion is induced
by the hyperfine couplings, not the uniform magnetic field,
but it is modulated by the geomagnetic field. Our conjecture,
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FIG. 4. (Color online) Transition probability from triplet state
to singlet state. (a) Probability vs time for different angles. (b)
The maximum probability varies with angle for the applied field
with different magnitudes. The inset shows that the contrast of the
maximum transition probability also changes with the magnitude of
the magnetic field.
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that the triplet state is converted to the singlet state to
complete the ET reaction, is confirmed by the same line shape
of the maximum conversion probability as that of the chemical
reaction probability of the triplet state.

Now we define the contrast C of the maximum probability
of triplet-singlet transition as

C— PO =0) — PO = 71/2)' 26)
PO = 0) + PO = 7/2)

As shown in the inset of Fig. 4(b), with increasing magnitude
of the magnetic field, the contrast increases and finally
reaches unity when B — oo. In order not to break down
the perturbation theory, since a strong magnetic field will
induce level crossing, it is required that the Zeeman splitting
of the electron spins is much smaller than the orbital energy
difference (i.e., By < A/up ~ 1T). It should be noted that,
all the above results are valid just for By > 0. When there is
no external magnetic field, we can also calculate the triplet-
singlet transition probability in the perturbation approach.
It is straightforward to find that the triplet-singlet transition
probability is not zero, but independent of the inclination angle
©®. As a result, the chemical reaction rate is neither vanishing
nor ® dependent.

V. CONCLUSION

On account of electron spin degrees of freedom, we study
the effect of the direction of the magnetic field on the chemical
reaction by generalizing the Holstein model. By means of the
perturbation approach, we obtain the ET reaction probability
and chemical reaction rate of the singlet and triplet states.
The chemical reaction rate of the triplet state displays its
sensitive dependence on the direction of the magnetic field in
contrast to the counterpart of the singlet state. We demonstrate
that the triplet state indirectly participates in the chemical
reaction. It must be converted to the singlet state by the
hyperfine coupling between electrons and nuclear spins to
take part in the ET reaction. We emphasize that the hyperfine
couplings are isotropic in our model which are different from
the anisotropic couplings in the previous study [13]. With the
above comprehensive consideration, it could be concluded that
our model may serve as a possible microscopic origin for the
avian compass.
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APPENDIX A: CHEMICAL REACTION RATE

In this appendix, we calculate the ET reaction probability
to first order. .

First of all, the Hamiltonian of the electron spin- j part aY
is diagonalized with eigenstates

[¢7) = [45)145),

[e57) = cos - [45)[47) = sin [ #5)]47).

(AL)

(A2)
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TABLE 1. All 24 eigenstates and eigenvalues of A/, where the
two electrons are located in two distant orbits respectively for the
first 16 eigenstates, while for the other 8 eigenstates, both electrons
are in the same site.

Eigenstate Eigenvalue

lo1) = lef”) ® lef”) Eqg=e"+e 46 +e
lo2) = lef") ® lef) Eg=e"+e 4 +e
lo3) = lef") ® lef) Eg=el" +e 46 +e
loa) = lef") ® lef) Eg=e"+e’ 46 +e
lgs) = les”) ® lef”) Es=¢+e” 46 +e
lgs) = les”) ® leS) Eg=¢"+e +e1+e
lo7) = les”) ® lef) Eg=¢+e’ +e +e
los) = les”) ® lef) Eg=¢+e’ +e +e
o) = les”) ® lef”) Eg=¢"+e” +e +&
l910) = lef”) ® ley) Eqo=¢ + e +e + ¢
lon) = lef) ® i) En _eé”+e<2>+sl +&
o) = le”) ® lef) Eqn=e+el +e +e
loi3) = le L)> ® lef?) Egs = ei” +e? +e+e
1) = lef”) ® ) Eqa=¢+e +ei+e
lgis) = lef”) ® les) Eqs=¢ +e + e+ e
l916) = le§”) ® lef) Eqg6 = ei” + e<2> +eite
lon) = 11545 @ 14145) Ey7 = —4hog? + 2¢
lois) = 11549) @ 147115) Egs = —4ho¢® + 2¢
loio) = 11415) @ 11144) Eg9 = —4ho¢? + 2¢
l@20) = 1747 @ [1117) Ego = —4hod? + 26,
l@a1) = [1545) @ [L115) Egy = —4hod? + 26,
lon) = [1545) @ [1117) Eg = —4hod? + 26,
lp23) = [1545) ® I1115) Eyp = —4hwg? + 26,
l@2a) = [1545) @ [1115) Ey = —4hog? + 2e,

!eé”)—sm—u >|¢">+cos—|¢ Wi @)
[ed”) = [15)115). (A4)

and the corresponding eigenvalues

& = upBy— g, (A5)

e = g;+ Jul Bl +4g2, (A6)
ef) = gj — \Juy B} +4g2, (A7)

e = —upBo— g;. (A8)
Here, the mixing angles is defined as
g
0; =tan—1( 81 > (A9)
ws Bo

Straightforwardly, we explicitly calculate the eigenstates
and eigenvalues of the total Hamiltonian (including the
orbital energy) for the spins H] = ) AV +% o€ jc}ac o —
Reo(Y jo $5¢]4¢je)’ listed in Table L

The total Hamiltonian # = H® 4+ H" is split into two
parts; namely, H® = A + H, governing the free dynamic
evolution and H® = H(l) for the ET process. Iw(o)) =|pg) ®
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|m) are the eigenstates of H'” with eigenvalues EY) = mhiw +
E,,;. Here,m (m =0, ...,00) denotes the relatlve vibrational
quantum number. A given initial state is expanded as

W, (0)) = Z Cmg O i), (A10)
and then the wave function at time ¢ is given by
oo 24
(1)) = Z Z copyexp[ — i EQt/m]|w), (Al
n=0 p=1

where c,,,(t) are the coefficients determined by the Schrodinger
equation

ihény(t) =Y et HLD o (). (A12)
Here,
Onptp = [EN) = Ey ] /1, (A13)
and
Hrf;)n iy = (w(O) (l)iw(()) ) (A14)

To the first-order approximation, as ¢, ,(¢) on the right-
hand side of Eq. (A12) is approximated as ¢y (0)3, , it is
straightforward to obtain

eiwllp,mq T_1

Cnp(T) = €p(0) — Zcmq(O)H;S;)mq heo

7 np,mq

(A15)

The square of its norm gives the probability P,, of finding the
system in the state |¢,§‘})) at time t. Thus, for (n, p) # (m,q),
we have

2
ei@mpmgT _ |

Z eng O — (A16)

Pnp(r) =
Wnp,mq

The total ET reaction probability is P(t) =, » P,,(7). And

the chemical reaction rate is determined by the reaction
probability per unit time in the long-time limit [23]; namely,

k= ai lim P(). (A17)

T 1—>00

In our case, the system is initially in the state p(0) = p, ®
on @ pr; namely, the relative vibration part

1 oo
po= Er;e‘ﬁ””’“’lmﬂml, (A18)
with
Z =1/[1 — exp(—hw/kpT)], (A19)
the nuclear spin part
L&
=7 21Xl (A20)
j=1
and the electron spin part
pr = [1)(t]. (A21)

After the Van Vleck transformation (9) and the rotation for
the system, the initial state is transformed as 5(0) = g, ® 5,®
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TABLE II. Coefficients for chemical reaction rate of triplet state.

Coefficient Explicit expression
cos? O[sin? £ sin? 628 E(O) — E9) + cos? £ cos? 92 h) E(O) - E©
R 2 m,2 2 m,3
Lmn21 in? & sin® 4.8(E9), — EO) 200 S 208 O 0
+sin® 3 sin S(En 21 — E,5) +cos” 3 cos S(En 20— E,o)l
R 1sin @[sm4 92‘ sm29 B(E(O) - E(O) ) + sm4 92‘ sm29 L8(EY), — E(O) )
1,22 n2
" —|—cos % sin? 6,8(E© E(O) + cos* & sin2 6,8(EY) E(O)
n,22 n,22 m,11
R 1 sin? O[sm 6, sin* Z8(E — E(Oé) + sin? 91 cos* 28(E), — EY,
1mn.23 . - 48 o 0 © . 8 o () o)
+sin® 0, sin* 28(E, 33 — E,, o) + sin® 6, cos* Z8(E, 3 — E,)1))]
Rinn24 0
Ry pun 21 sin? ®[cos? %2 sin? QS(ELO;I - E(O)z) + sin® %2 cos? H—ZB(E,(lO;l — E(0)3)]
2 ) ) 4 6 4 0 ) (0) 4 6 (2 ©0) 0
Rom cos? O[8(EL, — EL),) + sin* % cos Zoa(En % — ES%) + sin 2‘0s1n4 & 8(Eyn — EY,
,mn,
+cos* & cos4 25(E,, )y — E! )10) + cos? 92' sin* 9225(E,(1 Dy — E( )11)]
L cos? O[sin? 0, sin® 6,8 E(O — EW) 4 sin? 01 sin? 6,8 E(O) - E©
R 16 m,7
2.m.23 S0 ) © Y0 © ©
+ sin” ) sin” 6,6(E,, 55 E 210) —|— sin® 6y sin® 6,8(E,, ), — E ]
. . 0 0 0 0
Ry .24 sin® O[sin* %‘ cos? %‘(S(ESL ;4 — E( )8) + cos %‘ sin? QJS(E,(l %4 — E( )12)]
R3 .21 sin® ©[sin? %‘ cos? %S(ELO;I - E(OS) + sin %‘ cos? & B(E,(lO;l E(O)g)]
R L cos? O[sin’ 0 sin® ,8(EL )y, — ELY) + sin? 6 sin eza(Ef,";z —EY)
3,mn,22 . . .
" +5in” 6, sin? 0,8(EL 5, — Eyo) + sin® 6, sin? ,8(Ey, — ES) )]
Ror cos? O[8(Esy — EL) ) + cos* L sin* 28(EL )y — EN) + cos* & cos* 28(EL), — E)
LS + sin® 0‘ sin* 0225(E,(,0;3 E,(,?),O) + sin* 0‘ cos* 628(En 0 E(O)”)]
0 0 0 0 0 0 0 0
R3 .24 sin @)[sm2 2 cos? L8(E\), — Eiy) + sm2 2 cos? L8(E), — E\9)]
R4 mn 21 0
2 6B . . .
R SO [sin? 0 cos* 28(Ey ), — Ey) + sin? 0 sin* 28(EL), — E\)
4,mn,22 . .
" +sin® 6, cos* 28(E, — E(O)IO) + sin? 9, cos? GZB(E,(IO;Z - E(O)”)]
R “" O[cos* & sin 20,8(Eyy — EV%) + cos* % sin 20,8(EY)y — EY,
4,mn,23
" -I-sm4 % sin? ,8(E\ sy — EWy) + sin* & sin? 0,8(EL); — Ef,??“)]
2 4 6 ) (0) 46 0) ) 4 6 ) ) 20 ) 0
R un24 cos? Ofcos* LS(EL, — Ei) +sin® L8(EL), — ES))) + cos* Z8(ELV), — EN) + sin? 28(Ey, — E)9)]
TABLE III. Coefficients for the probability from triplet to singlet state at time 7.
Coefficient Explicit expression
p p
Dy - sin 2 sm % cos @eiEm2t/h _ cos &2 cos 2 2 cos @~ Enat/h 4 sin 9‘ sin &L cos @~ Enst/h 4 cos U cos & L cos @e Emot/h]
Do ;[ sin? %‘ sin 02 sin @e " Emet/h 4 gin? %‘ sin 92 sin @e " Em7t/h _ cos? %‘ sin 02 sin @¢ " Em.10t/h cos2 %‘ sin 92 sin @e i Em11t/1]
Dy 15 1sin 6y sin? 2 sin @e = Ems!/h 4 gin @) cos® L2 sin @e~ En1/M — §in 0, sin? £ sin @~ Em101/h _ gin §; cos® £ sin Q¢ Em.111/h
1 3 2 2 2 2
Dy 14 0
Dy 1[—sin 972 cos %2 sin @e i Em2t/h | cog 972 sin %2 sin @~ Em3t/M]
D 1~ cos @~ Emat/h 4 gin? %‘ cos? %2 cos @e Emst/M 4 gin? %‘ sin? %2 cos @~ Em1t/h
2 +cos? & cos? 2 cos @e En101/ 4 cos? & sin? 2 cos @ En11!/h]
Dyns é[— sin @, sin 6, cos @e " Em6!/m 4 sin @, sin 92 cos @e 1 Em7t/h 4 gin 91 sin 92 cos @¢~ Em10t/M _ gin @, sin 6, cos @e " Em111/1]
Dipna —[cos % gin & gin @e~iEmst/h _ gin & cos 9 sin @ Em2t/h)
Dy, 31 Lisin (i‘ cos 94 sin @e 1 Emst/h _ cog 971 sin (i‘ sin @e 1 Emot/h
3, : 2 2 2 2
D +[sin 6y sin 6, cos @e~"Ene!/M — sin 6, sin 6, cos Q¢ Fn1'/h
m3,2 — sin 6, sin 6, cos @e " Em.101/1 | sin @, sin 6, cos @e " Em.111/1]
D [~ cos? %‘ sin? %2 cos @~ Emet/h _ cog? %‘ cos? %2 cos @~ Em1t/h
33 —sin? & sin® 2 cos @e~ Em10@iol/h _ gin? 2L cos? 2 cos @ Em111/h 4 cos @ Em131/M]
Dy 1= cos 2 sin 2 sin @~ Em14@1/h | gin % cos 2 sin @~ Em1s@15)/h
3, 2 2 2 2 2
D, 4.1 0
D42 +[sin6; cos? 9’ sin @e " Eme6!/h 4 sin @, sin? 02 sin @e " Em71/m _ 5in @, cos? 92 sin @e " Em10t/h _ sin @, sin® %2 sin @e i Em.n1t/1]
D3 1[— cos? %1 sin 92 sin @e Emet/h 4 cos? (i‘ sin 6, sin @e " Em7t/h _ gin? 94 sin 92 sin @~ Em10t/M 4 gjn? (i‘ sin 0, sin @e " Em.111/1]
Dinsa %[— cos %‘ cos %‘ cos Oe 1 Emst/h _ gin 92‘ sin 92 cos @e i Emn2t/h 4 cog 922 cos 922 cos @e i Emat/h 4 gin 92 sin 922 cos @e~ Emist/h]
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B:, where B, = py, fn = pn,and g, = |7)(f|. And we calculate
the total chemical reaction probability as

o 4 24
LZ Z Zze_ﬁmhijmnp(f)a (A22)

Pi(7) =
4 m,n=0 j=1 p=1
where
. 2
1 — ei®pumgT

Pjmnp(T) = Zc,mq é;)’"qhw— ., (A23)

np,mq
Cimg = (Vi D) X}) Im). (A24)

As a matter of fact, those energy-increasing terms with
q = 17, 18, 19, 20 (corresponding to the final states with both
electrons at the orbits of the donor) and the cross-product
terms with @, nq 7 0 of Eq. (A23) do not contribute much
to the chemical reaction probability. Therefore, a Fermi’s
golden-rule-like chemical reaction rate is obtained as

k 4Zh Z ZZ =P (1) D) i) 2R

m,n=0 j=1 p=21
(A25)

with the coefficients listed in Table II.

APPENDIX B: SINGLET AND TRIPLET STATES
INTERCONVERSION

For the system initially in the state
pQ0) = Py ® pn @ P, (BI)

the probability of the electrons converted to the singlet state at
time ¢ reads

Pioy = Tty e[ e 1 5(0)e! 111 (B2)
1
— —pBmhw
|G [l M m) | x 2B (B3)
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The eigenfunction of H is approximated to the first order
as

[Wmg) = [¥in) + ZZW n.g.p)|vsy), (B4

n=0 p=1
with

mgq
0 0

( (0)|H(1)|I//(O)>
E(m,n,q,p) = —o5——0 (B5)
while the eigenenergy is obtained to the second order
as

~ 2
DAVl
Epy — EN)

Eng = Ef) + Z v (B6)

As a result, the time evolution operator is approximated
as

oo 24

=D ) e ) (g . (B7)

k=0 g=1

—th/h

Neglecting the the second-order terms, we obtain the conver-
sion probability as

1 = —Bmhw
Pos =727 Z Z

16 2
Z (F1(x2|0g) (g | 1] )15) e Enat

4

1 o0
=322 2 ¢ Duil (B8)

J.k=1

where the coefficients D,,j; are listed in Table III.
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