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Polaron formation: Ehrenfest dynamics vs. exact results
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(Received 30 October 2012; accepted 31 December 2012; published online 31 January 2013)

We use a one-dimensional tight binding model with an impurity site characterized by electron-
vibration coupling, to describe electron transfer and localization at zero temperature, aiming to ex-
amine the process of polaron formation in this system. In particular we focus on comparing a semi-
classical approach that describes nuclear motion in this many vibronic-states system on the Ehren-
fest dynamics level to a numerically exact fully quantum calculation based on the Bonca-Trugman
method [J. Bonca and S. A. Trugman, Phys. Rev. Lett. 75, 2566 (1995)]. In both approaches, thermal
relaxation in the nuclear subspace is implemented in equivalent approximate ways: In the Ehrenfest
calculation the uncoupled (to the electronic subsystem) motion of the classical (harmonic) oscillator
is simply damped as would be implied by coupling to a Markovian zero temperature bath. In the
quantum calculation, thermal relaxation is implemented by augmenting the Liouville equation for
the oscillator density matrix with kinetic terms that account for the same relaxation. In both cases we
calculate the probability to trap the electron by forming a polaron and the probability that it escapes
to infinity. Comparing these calculations, we find that while both result in similar long time yields for
these processes, the Ehrenfest-dynamics based calculation fails to account for the correct time scale
for the polaron formation. This failure results, as usual, from the fact that at the early stage of polaron
formation the classical nuclear dynamics takes place on an unphysical average potential surface that
reflects the distributed electronic population in the system, while the quantum calculation accounts
fully for correlations between the electronic and vibrational subsystems. © 2013 American Institute

® CrossMark
¢

of Physics. [http://dx.doi.org/10.1063/1.4776230]

I. INTRODUCTION

Electron transfer between molecular systems has long
been recognized as a key process in many research fields of
chemistry, physics, and biology.'”> Many of its aspects are
described by the Marcus theory,’ which has been extended
to describe such areas as artificial solar-energy conversion’™
and molecular electronics.'%-!7

The Marcus theory relies in an essential way on electron-
vibration interaction. The initial and final states of the elec-
tron transfer process are fully equilibrated polarons localized
on different sites, and transitions between them are evaluated
within the assumptions of transition state theory. Motion in
an extended system is assumed to be a succession of hopping
steps, each described as a Marcus process. In the other ex-
treme limit, electronic motion in a frozen lattice, the electron
moves within its energy band, most simply described using a
tight binding model. In between these limits, electron-phonon
interaction and band motion can change the electron’s charac-
ter from being weakly perturbed by electron-phonon scatter-
ing to polaronic motion whose discrete representation is the
succession of hopping processes described above.

In the present paper we are interested in situations where
electronic band motion competes on the same time scale with
polaron formation, so that the dynamics of the latter process

D nitzan @post.tau.ac.il.
b)ratner @northwestern.edu.

0021-9606/2013/138(4)/044112/7/$30.00

138, 044112-1

has to be considered explicitly. Such considerations are rel-
evant to recently studied models of photovoltaic cells,' !
where electrons (or holes) are injected at some location in
the system and a useful process is defined by their absorp-
tion at another (e.g., an electrode surface). The yield of such
processes, determined by the competition between electronic
motion and loss processes'9 (e.g., carrier recombination) is
expected to be sensitive to electron-phonon interactions, and
in particular to transient polaron formation.

Exact treatment of such coupled many-body systems is
difficult, and it is tempting to resort to approximations such as
the semiclassical mean field (Ehrenfest) dynamics. In this ap-
proximation the electronic wavefunction W(r, f) (» represents
the electronic coordinates and ¢ is the time) evolves under a
time-dependent Hamiltonian defined by a classical nuclear
trajectory, schematically represented by a nuclear coordinate
R(7), while the latter is obtained by solving the Newton
equation for the nuclear motion with a potential in which the
vibronic coupling V(r, R) is replaced by its instantaneous
expectation value V(R,t) = (V(r, t)|V(r, R)|W(r,¢t)). Such
an approximation, essentially a dynamical extension of the
Born-Oppenheimer (BO) approximation, is expected to per-
form well when the electronic motion is fast, throughout the
relevant electronic subspace, relative to the nuclear dynamics.
Its failure in describing processes in which transitions be-
tween BO electronic adiabatic states take place on the same
time scale as nuclear motions is also well known. Indeed, in
the analogous case of electron solvation in polar liquids such

© 2013 American Institute of Physics
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non-adiabatic processes have been addressed with the
necessary accounting for the quantum nature of the nu-
clear motion,’>?? usually within the surface hopping
methodology.”'?* Still, because Ehrenfest dynamics is so
easy to implement and to use, it is of interest to assess its
performance as an approximation to exact results in the
context described above.?* This is the purpose of the present
paper. Using a model that is simple enough to solve up to any
desired level of accuracy, we focus on two observables: the
extent of the polaronic localization and its formation time,
and compare results obtained from the semiclassical Ehren-
fest dynamics approach to the exact, fully quantum, results.
For model parameters that support polaron formation we find
that, while the Ehrenfest calculation yields a similar final state
as the exact one, it predicts a polaron formation time that is an
order of magnitude longer than the exact result. This implies
that Ehrenfest dynamics cannot be used as a reliable tool for
assessing polaronic effects in such systems. This does not
exclude its possible applicability in larger systems at higher
temperatures with many more nuclear degrees of freedom,
but indicates that its use should be exercised with caution and
after performing suitable benchmark calculations.

We start by formulating the basic Hamiltonian model and
comparing the different predictions of the quantum and the
semiclassical descriptions in Sec. II. In Sec. III we define the
population operator and the population formation time. Nu-
merical calculation and discussions are given in Secs. IV and
V, and a conclusion follows.

Il. THEORETICAL MODEL

We consider an n 4 1-site tight-binding electron model
(below we take n = 4) coupled to a system of harmonic oscil-
lators (see Fig. 1). We assume that only one oscillator (hence-
forth referred to as the “primary” vibration) directly couples
to the electronic systems. The others (“secondary” phonons)
constitute a thermal bath that affects relaxation in the primary
system. The Hamiltonian of the whole system shown is

H = Hg+ Hp + Hgp, (1)
4 . 3 .
Hg = 2816;01 +V Z(C;CI_H + clT_Hcl) + hwodgdo
1=0 =0
+ascher(d) + do), )
(o)
Hp = fiodld,, 3)
s=1
o0
Hsp =Y A(dyd, + dldy). )
s=1
0 1 3 4
' — 2 — —

FIG. 1. The model chain including 5 sites. The electron-vibration interaction
is associated with transitions into and out of the middle site 2.
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Here Hg corresponds to the electronic system (described
by the creation and annihilation operators for each site /, c}L,
c1), together with the primary vibration, of frequency wq de-
scribed by the creation and annihilation operators dg, dy. Hp
describes the secondary phonon bath (dsT , dy are the creation
and annihilation operators for phonon of frequency w;) and
Hgp is the coupling between the primary vibration and sec-
ondary phonons. ¢; is the on-site energy level of site /, V is
the coupling parameter associated with electron tunneling be-
tween nearest neighbor sites. The parameters o, and A, char-
acterize to the coupling between the electronic state at site 2
and the primary vibration, and between the primary vibration
and secondary phonons, respectively.

A. The quantum approach

In the quantum approach, the evolution described by the
Hamiltonian (2) is treated essentially exactly,>* using the ba-
sis set {|n, v > } where n and v denote the electronic state
localized on site n and the vibrational state v of the primary
oscillator. In the numerical calculation we truncate the set {v}
at some value, vy, and test for convergence as vpax increases.

The coupling to the thermal bath is treated in the master
equation approach: The density matrix p7 of the whole system
is assumed to keep the form pr = pg ® pp, where pp, the
density matrix of the thermal bath (secondary phonons), is
assumed to remain in equilibrium at the ambient temperature.
Then the quantum master equation for py is

i 0ps(t)
at

= [Hs, ps(1)] — ifiyoldidops(t) + ps(t)dido

— 2dops(1)dg1/2. ©)

where y( is the vibrational relaxation rate induced by the
vibration-phonon bath coupling. It is equal to the imaginary
part of the vibration self-energy ¥ given by

1 1
Y0(@)/2 = ZIm{ Suibraion (@)} = Z |As28(hiw — fiawy).

(6)
In the basis chosen, Eq. (5) takes the form
. 8pnv.n’v’(t) . /
lhT = [H57 pS(t)]nv,n’v’ - lhyO(U +v )pnv,n’v’/z

+ifivyovv + IVV + 1o vrtw v+, (7)

where the first term in the right side of Eq. (7) comes from the
contribution of primary system Hamiltonian Hg, and second
part comes from the first two terms in the second bracket on
the right side of Eq. (5), and the last term involves energy
transfer from the higher to the lower vibrational levels.?> This
equation will be solved numerically.

B. The semiclassical approximation

The dimensionless displacement of the single primary os-
cillator is approximated in the semiclassical approximation by
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a time-dependent configuration g (¢) = (dg(t) + do(2)) as®>?’

1 t
g0 = /O deD' (- Dl mea@),  ®)

arising from the interaction among the electron, the active vi-
bration and the phonon bath; here D" is the retarded green
function of the active vibration.

Equation (8) assumes that the displacement coordinate g
responds to the average electron population (in the present
calculation, on site 2). This is a mean field description akin to
the Ehrenfest approximation that is to be tested in the calcu-
lations described below.

Using the wide-band approximation

1 1

D(w):w+wo+i)/o/2_w—wo+i)/o/2 ©
and its Fourier transform
D (1) = i[el 0 1/Dt — im0/ = _gin(wot)e "2,
(10)

and substituting Eq. (10) into Eq. (8), we get

q(t) = —% / drsinfwg(t — T)le oy (cl(T)ea(r)).
0
(11)

Here y( has been defined in Eq. (6), and neglecting the real
part of the vibration self-energy gives the solution for g(1).
Finally replacing dg + dp in the electron-vibration coupling
Eq. (2) by q(¢) (Eq. (11)), we get the effective semiclassical

electronic system Hamiltonian as?®28:2°
4 3
Heff = Z 816'11 c+ %4 Z(CITCZJFI =+ CZ[-HCI) + F(l)CéCz,
=0 1=0

(12)

with3°

25 1 —p(i-1)/2
F@t) = axq(t) = —7/ drsin[wy(t — 1)]e "
0

x (ch()ea(T)). (13)

The system density matrix ps, which in this semiclas-
sical approximation is derived from the Hamiltonian H,y in
Eq. (12), can be solved using the Liouville equation

d

., aps
fi— = [H,ss, . 14
ih— [Herr, ps] (14)

lll. POPULATION DISTRIBUTION, POPULATION
FORMATION TIME, AND ELECTRON-VIBRATION
COUPLING ENERGY

The on-site electronic population at any time ¢ is

4
Pi(t) = (c] (e (), with Y Pi(t) = 1. (15)

=0

Since the time-dependent values P; oscillate, it is better
to show these values using a coarse grained time-dependent

J. Chem. Phys. 138, 044112 (2013)

average value

t+AT

P(t) = —— dt Pi(7). (16)

2AT Ji—ar
Below we use AT = 50 fs.

The population formation time in site 2 can be defined as
the time point at which population P, reaches a certain value.
Below, we shall define the “formation time” as the time at
which the target population reaches ~(1 — e~! & 0.76) of its
final value.’! Thus we use the criterion

Py(t,) = Py°(1 —e ™). 17)

PJ° is the time-averaged value of P; in the long time limit and
7, is the population formation time.
The electron-vibration coupling energy Ep is

(Xz(C;Cz(dg +dp)), quantum approach,
E,= : (18)
F(t){(c,c2), semiclassical approach.

Note that the semiclassical result is proportional to o2 (chc,)?,

in contrast to the quantum result.

IV. NUMERICAL CALCULATION

For the initial numerical simulation, we set &; = 0 for
[=0,1, 3,4 with &, = —0.2¢eV (g, is lower than the other
site energies), V =0.1eV, vnx =9, ap = 0.0707eV, wy
=0.1eV, yp = 0.04eV. We will vary those parameters to ex-
amine more cases. All the results described below use the ini-
tial condition c,];cn = 3,0 with a given site index n for the
electronic state (in the calculations presented below n = 0),
and v = 0 (ground vibrational level) for the primary phonon.
For our purpose—comparing the quantum calculation and
the mean-field semiclassical approximation—it is sufficient
to consider the zero temperature case.

In the quantum approach, we need to set v, large
enough to assure convergence of the calculation. At 7 = 0
only vibrational damping takes place and the calculation
converges at vm,x = 3 (see Fig. S1 in the supplementary
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FIG. 2. Average population distribution on different sites [ (/ = 0, 1, 2, 3,

4) shown as a function of time starting from 0.05 ps. &, =0 (=0, 1, 3,

4),e0=—-02eV,V =0.1eV,; =01 =0,1, 3,4), s =0.0707 eV, fiwg

=0.1 eV, ﬁ]/() =0.04eV. P1=133.
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information®?). At non-zero temperatures vibrational excita-
tion is possible, and larger vp,x Will be needed.

V. POPULATION LOCALIZATION AND POLARON
FORMATION

As noted above, the electron-vibration coupling is associ-
ated with transitions involving site 2 and the system is coupled
to the bath through the single primary vibration. As shown
in Fig. 2, for small V, much of the electron population will
localize on site 2, forming a local polaron with large popu-
lation. The quantum results (Sec. II) are shown on left panel
and the semiclassical results (Sec. III) are displayed in the
right panel. The respective results are qualitatively similar: P,
(polaron population) rises and saturates at values that are sim-
ilar in both approaches. However, the rise time obtained from
the quantum calculation is much shorter than its semiclassical
counterpart: P, reaches its maximum value at 2 ps in the quan-
tum calculation, while in the semiclassical calculation it takes
about 15 ps. This difference demonstrates the shortcoming of
the semiclassical approximation, or rather—its reliance on the
mean field approximation: The localizing phonon moves on a
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FIG. 3. Population distribution on different sites / ({ = 0, 1, 2, 3, 4) shown as
a function of time. ¢, =0( =0, 1,3,4),ep = —0.2eV,V =0.1eV,a; =0
(1=0,1,3,4), 00 = 0.0707 eV, fiwy = 0.1eV, fiyg = 0.04eV.
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FIG. 4. Average population P, as a function of time with different near-
est neighbor tunneling parameter V. g, =0( =0, 1, 3, 4), &, = —0.2¢eV,
a;=0(1=0,1,3,4),xp =0.0707 eV, fiwy = 0.1eV, fiyp = 0.04eV.

potential surface that is substantially different from what it
actually experiences once the localization process has started.
Figures 3(a) and 3(b) show time-dependent dynamics of those
populations on a short time scale.

A. Influence of the tunneling amplitude V

The dynamics and extent of population localization is
sensitive to the coupling V between nearest neighbor sites.
For small V the coherent transfer between the different sites is
weak and the population tends to localize, forming a polaron
on site 2 whose coupling to the primary vibration results in
a lower energy. For large V the population tends to equalize
on neighboring sites, showing an oscillatory behavior (here
only the average is shown). As shown in Fig. 4, the average
population P, on the impurity site decreases with increasing
V, although the polaron is in principle formed on site 2. For
V = 1.0eV, delocalization dominates and the charge popu-
lation rapidly reaches a uniform distribution. Recall that the

Quantum method Semi-classical method
0.5 0.5

7!‘, .................... | i
| e ] Ww _____
0.47‘ —104
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e — 0,=0.05V — 0,70.05V e
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F = 0,=0.1414eV S— 0701414V | A
0.1 —0.1
0 ‘ ‘ 0
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FIG. 5. Average population P, shown as a function of time with differ-
ent electron-vibration coupling parameter a2. & = 0 (I = 0, 1, 3, 4), &
=-02eV, V=0.1eV, oy = 0 (Il = 0, 1, 3, 4), fiwy=0.1eV,
fiyo = 0.04eV.
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original small-polaron model of Holstein*3—3%

for narrow-band (small V') materials.

was developed

B. Effect of the electron-vibration coupling

The coupling strength o, between the electronic motion
and the vibration at site 2 also affects the localization process.
In the quantum method, electrons can evolve from the other
sites to the vibronic states through this coupling as shown in
the last term on the right side of Eq. (2). With larger o, more
population will transfer and form a polaron with large popula-
tion on the middle site. Qualitatively, similar evolution takes
place in the semiclassical calculation, as seen in Eq. (13),
and some population will be localized to form a polaron. As
shown in Fig. 5, the population P, in the steady state increases
with this coupling strength. The more rapid population relax-
ation obtained in the quantum treatment occurs because in the
quantum analysis, the actual population at site 2 is used, while
in the semiclassical treatment, it is only the average popula-
tion which drives the coupling.

Quantum method

0.5
0.45
0.4
0.35
0.3
0.25
0.2

0.5
0.45
0.4
0.35
0.3
0.25

(b)

FIG. 6. P;* (population on site 2 in the steady state) shown as a function of
the nearest neighbor site coupling parameter V and electron-phonon coupling
ar. 6, =0(=0,1,3,4), e =-02¢eV, fiwg =0.1eV, fiyyg = 0.04eV.
Quantum method used for panel (a) and semiclassical method used for (b).
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In Figs. 6(a) and 6(b), Py° (defined below Eq. (17)) is
plotted in 3D changing the coupling V and the electron-
phonon coupling . With a small V, P{° is around 0.5.%
Choosing larger values of V decreases the site 2 population
as can be expected, as shown in the corners of Figs. 6(a) and
6(b). However upon increasing o, the population builds up
again; the polaron population value is mainly determined by
the parameters V and ;.

C. Comparison of population formation times

In Figs. 7(a) and 7(b) the population formation time is
shown in 3D as a function of V and «,. The formation time
obtained by the semiclassical method is longer than the quan-
tum method. The population formation time decreases with
electron-phonon coupling o, but then saturates. It also de-
creases with coupling V, but there is a turnover in the quan-
tum formation time beyond a V ~0.1 eV. This is due to the
fact that for large V, the excitation relaxes into a delocalized
population. The population distribution is roughly constant in
this limit as shown in Fig. 4. The formation time should now
be referred to simply as population relaxation time.

As shown in Figs. 6(a) and 6(b), with a larger value of
V, the population on site 2 decreases, while by increasing
the electron-phonon coupling strength «;, the population
builds up. The Hamiltonian parameters are selected to

Population formation time [ps] time scale (ps)
1
0.8
0.6
0.4

0.2

time scale (ps)

50

250
200
150 [
100

40
30

20

(b)

FIG. 7. Population formation time for P, shown as a function of the near-
est neighbor site coupling parameter V and electron-phonon coupling «>. &
=0(=0,1,3,4),ep = —0.2¢eV, fiwp = 0.1eV, #iyp = 0.04eV. Quantum
method used for panel (a) and semiclassical method used for (b).
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represent realistic values of V and electron-phonon
coupling?® encountered in real organic and inorganic
systems. From Figs. 7(a) and 7(b) we see that the population
formation time decreases with increasing V and «,. It also
decreases with increasing yy, which represents the coupling
strength between the vibrations and the environment. Increas-
ing the frequency w( of the primary vibration, makes the
relaxation process and the population formation time shorter.
These four parameters V, a5, yy, and wy can work together to
determine the population formation time.

D. The short time dynamics of polaron formation

In Fig. 8(a) we compare the time-dependent dynamic
processes for P, and Ep (Eq. (18)). Both of them reach their
steady state very quickly. When P, reaches its maximum, E),
is at minimum, and vice versa. This represents the damping of
a coherent oscillator where displacement and population keep

Quantum method
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0 300 600
Time [f5]

(a)

semiclassical method
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FIG. 8. (a) Population P, and electron-vibration coupling energy Ep are
shown as a function of time; (b) Population P, and the electron-phonon
coupling energy F»(f) are shown as a function of time. &, =0 (Il =0, 1,
3,4),e=—-02eV,a;=0(=0,1,3,4), ap =0.0707 eV fiwyg = 0.1¢V,
fiyp = 0.04 eV. Quantum method used for panel (a) and semiclassical method
used for (b). The unit of Ep and F; is eV.
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their phase delay throughout. The picture (Fig. 8(b)) is some-
what different in the semiclassical case, P, and F, are also
delayed but we now see beats due to the interference of waves
scattering from an oscillating potential. Both quantities reach
their steady state more slowly in this case.

VI. CONCLUSION

In this paper we have compared fully quantum and semi-
classical models for polaron formation. The latter is based on
Ehrenfest dynamics for the calculation of the polaron forma-
tion process. We used a one-dimensional tight binding model
that includes electron-phonon coupling at only one site, which
acts as a polaron trap. Subsequent vibrational relaxation al-
lows the system to relax into equilibrium. The results from
both methods show qualitatively similar behavior, however
with markedly different time scales: the population forma-
tion time obtained from the quantum calculation can be 10
times faster compared to the semiclassical method. This dis-
crepancy becomes smaller with increasing intersite coupling
V (for large V no localized polaron is formed) since the clas-
sical limit is reached for V > wy.

The different relaxation times obtained in the quantum
and the semiclassical calculations result from the use of mean
field approximation in the latter. In this approximation, the
primary oscillator responds to the average occupation of site
2 which effectively makes it move on a potential surface that
is markedly different (less binding) than the one it experi-
ences once localization is initiated. Localization on this av-
erage potential is slower. This averaging assumption may be
justified when the electron motion is much faster than the vi-
bration, that is, for large V (V > #iwg). Another minor differ-
ence between the two calculations is the use of a master equa-
tion in the quantum calculation, and an essentially equivalent
Langevin equation in the semiclassical one, to describe the
relaxation of the primary phonon. These relaxation schemes
are equivalent, provided that care is taken to use parameters
that imply the same relaxation rate in both cases, as was done
here.

The conclusion would also apply to the simulations of
Kopidakis et al.** and the many other papers where the vibra-
tions are also treated with semiclassical dynamics. It would
seem that depending on electron bandwidth, the formation
time is considerably overestimated in these works, perhaps
by an order of magnitude or more. The semiclassical results
are essentially in agreement with the conclusions reached by
Emin and Kriman*"#> using the Holstein diatomic polaron
lattice model. These authors showed that population localiza-
tion and polaron formation depend critically on the ratio of the
tunneling energy V and the width of the Bloch phonon disper-
sion, which effectively plays the role of the dissipation term
since outward traveling phonon Bloch waves will not return.
Finally, it turns out in this model that the population on site 2
never exceeds 0.5 however small we make V. However, intro-
ducing a small electron phonon coupling on the other sites in
the chain allows the system to reach the true ground state and
the population on site 2 can now climb up to 1. This interest-
ing observation should be investigated in detail, particularly
at finite temperature.
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