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The mean-field treatment of electron-nuclear interaction results in many qualitative breakdowns in the
time-dependent Kohn-Sham (TDKS) density functional theory. Examples include current-induced heating
in nanoelectronics, charge dynamics in quantum dots and carbon nanotubes, and relaxation of biological
chromophores. The problem is resolved by the trajectory surface-hopping TDKS approach, which is
illustrated by the photoinduced electron injection from a molecular chromophore into TiO,, and the
excited-state relaxation of the green fluorescent protein chromophore.
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Density functional theory (DFT) is a versatile and com-
putationally efficient tool for investigation of molecular
and solid state structures, reaction pathways, thermochem-
istry, dipole moments, spectroscopic response, and many
other properties [1,2]. Recent advancements in DFT have
focussed on time-dependent (TD) phenomena. Developed
as an extension of the Hohenberg-Kohn-Sham theory [3]
for arbitrary TD systems by Runge and Gross [4], TDDFT
allows for the description of excited-state properties and
spectra, as well as the development of novel nonadiabatic
(NA) functionals and ab initio studies of NA molecular
dynamics in real time [2]. Although a fully quantum
TDDFT for electronic and nuclear motion has been pro-
posed and applied to simple systems [5], the majority of
TDDFT applications treat nuclei classically [1,2,6—10].
Modeling the interaction between the quantum and classi-
cal subsystems—the so-called ‘‘quantum-backreaction”
problem—has been the subject of active discussions
[11-16].

The quantum-classical mean-field or Ehrenfest method
is the most common scheme for treating backreaction
and has been extensively analyzed. It is known to fail in
numerous situations, such as molecular and atomic scat-
tering, nonradiative electron-nuclear relaxation, and
current-induced heating in molecular electronics [17-19].
Electron-nuclear correlations and state-specific nuclear
dynamics, necessary to accurately describe such processes,
are impossible to model in a mean-field regime. Several
alternatives to Ehrenfest dynamics have been suggested
[13-17,19,20]. The fewest-switches surface-hopping
(FSSH) method [17] is one of the most popular approaches,
since it captures the essential physics—including detailed
balance [17(c)]—while remaining computationally
simple.

The current Letter develops FSSH for DFT with the
Kohn-Sham (KS) representation of the electron density,
greatly expanding the range of TDDFT applications. The
FSSH-TDKS approach is ideal for extending the descrip-
tion of quantum dots and carbon nanotubes from time-
independent geometric and electronic structure studies
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[21,22] to real-time modeling of experimentally observed
photoexcitation dynamics [23,24]. The Ehrenfest-TDKS
dynamics cannot accurately describe such phenomena,
since it excludes electron-nuclear correlations and does
not satisfy detailed balance [17-19]. The recently devel-
oped restricted open-shell KS theory [10], while well
suited for low-lying excited states, would be difficult to
apply to these systems since they involve many states and
high-energy excitations. FSSH-TDKS is illustrated below
with two examples: the photoinduced electron injection
from a molecular chromophore into a TiO, surface
[25,26] and the nonradiative relaxation of the green fluo-
rescent protein (GFP) chromophore [9,27-29]. Compared
to traditional TDKS, FSSH-TDKS predicts a different
electron injection mechanism in the TiO, system and a
much faster GFP relaxation, agreeing with experiment
[25,29].

The electron density in the KS representation of DFT
[3(b)] is written as p(x, t) = ZIIY;I lo,(x, 1)|*, where N, is
the number of electrons and the ¢ ,(x, 7) are single-electron
KS orbitals. The evolution of the ¢ ,(x, #) is determined by
application of the TD variational principle to the KS
energy:

Elp,} = Z<¢p|K|¢p>+Z<¢pIVI¢p>+

ff Pl p (x ”dS £r+ Edph (1)
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The right-hand side of Eq. (1) gives the kinetic energy of
noninteracting electrons, the electron-nuclear attraction,
the Coulomb repulsion of density p(x,7), and the
exchange-correlation energy functional that accounts for
the residual many-body interactions. Application of the
variational principle leads to a system of single-particle
equations [1,2,6-9]:

¢ ,(x, 1)
ot
where the Hamiltonian H depends on the KS orbitals.

ih =H(ex, )e,(x,1), p=1...,N, (2)
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These equations are solved explicitly, in contrast to the
perturbative linear-response TDDFT used to obtain the
electronic excitation energies [2]. Within the local density
approximation [3(b)], the exchange-correlation energy de-
pends on density, E,. = [ pe(p)dx’.

In the generalized gradient approximation E,. depends
on both density and its gradient, and the Hamiltonian is
written as

h2
H=—

V2 + Vyl(x) + 62[

+ Vidp, V. 3)

In the HF approximation V,. is orbital dependent.
The KS energy (1) may be expressed as E =
(o @plHl@,0p "+ @,), the expectation value of
the Hamiltonian in the basis of Slater determinants (SD)
formed with TD KS orbitals [3(b)]. The single-electron
density is obtained from the many-electron SD density
matrix by the trace over N, — 1 electrons.
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The time-dependence in TDDFT for electron-nuclear
dynamics is due to ionic motion; thus Vy(x)=
V(x; R(2)) depends on time through the nuclear trajectory
R(7). The additional time dependence of the electron den-
sity due to an external electric field such as a laser excita-
tion or an electric current is not considered here, but can be
added if necessary [6]. The prescription for R(#) consti-
tutes the quantum-backreaction problem.

The mean-field or Ehrenfest approximation follows
when the classical variables couple to the expectation
value of the quantum force operator [18] MR =
~(@a®s " @p|VrHl@, 0y @,). The gradient Vi is
applied directly to the Hamiltonian according to the TD
Hellmann-Feynman theorem [18]. The Ehrenfest method
requires modification when electron-nuclear correlations
and detailed balance must be taken into account [17-19].
Inclusion of “quantum fluctuation variables’ in the mean-
field formalism alleviates some problems [19,20], but a
more radical improvement is provided by the trajectory SH
schemes [14,15,17,18], in which the nuclear trajectory
R(?) responds to electronic forces by stochastically “hop-
ping” between electronic states. The fewest-switches
scheme employed here is designed to minimize the number
of hops.

Analytical and numerical arguments have indicated
that FSSH should be performed in the adiabatic represen-
tation, in which the electronic states that define the quan-
tum force are the electronic eigenstates for the current
nuclear configuration [14,17,18]. The single-electron
adiabatic KS orbitals and the many-electron SDs formed
from these orbitals are the eigenstates of the KS

Hamiltonian (3). Expanding the time-dependent ¢, (x, 1)
in the adiabatic KS orbitals @ (x; R), we obtain ¢ ,(x, 1) =
ZkN c (D@ (x; R)), and the TDKS Eq. (2) transforms to
an equation in the coefficients

L0 L -
lhgcpk(t) = Zcpm(t)(emékm + dkm : R) (5)

The NA coupling
R = — i@ (6 B VR| &, (x; R)) - R

d km I{

arises from the dependence of the adiabatic KS orbitals on
the nuclear trajectory. Similarly, the time-evolving SD
lo ep - ¢,) evolves into a superposition of adiabatic
SDs,

Ne
leas - @)= > Cia@I@;@r @) (D)
jEk#E -+l

with  the many-electron  coefficients C j...,(t) =
Caj(t)cpi(t) - - - cpy(t) expressed in terms of the single-
electron coefficients. The evolution of C;...; follows from
Eq. (5):

., 0 Ne
lhacq...v(t) = aZp Cﬂ"'P(t)[Eq"-véaq 8

+D -R] (8)

a-pigr

E,.,={¢, " &,H|¢, - @,) is the many-electron
eigenenergy, and the many-electron NA coupling

; i 19 N
Dypgr R=—il(@, @} - - ¢p|5|¢q¢r. B,
)

is nonzero only if the determinants are different in a single
KS orbital.

The FSSH algorithm is described in detail in
Ref. [17(a)]. As in the Ehrenfest-TDKS approach, the
electronic system is initially described by a single SD
that evolves into a superposition of the adiabatic SDs
[Eq. (7)]. Between hops, the nuclear trajectory propagates
adiabatically’ MR = _<¢a¢b T ¢p|vRH|¢a¢b T ¢p>7
rather than in the mean field as before. The probability that
the nuclear trajectory hops to another adiabatic state during
time interval dt is

dPy..pger = %dt, (10)
4 piap
where
Bypigr = —2Re(A5. g/ Dy g - R); an
Apigr = Cpoy Cyrye
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If the calculated dP,...,.,..., is negative, the hopping proba-
bility is set to zero. This feature of the FSSH approach
minimizes the number of hops: a hop from state a - - - p to
state g - - - r can occur only when the electronic occupation
of state a---p decreases and the occupation of state
q - - - r increases. After the hop, the nuclear trajectory
continues adiabatically in the new state g ---r. To con-
serve the total electron-nuclear energy after a hop, the
nuclear velocities are rescaled [17(a),17(b)] along the di-
rection of the electronic component of the NA coupling
D,...p.g..r- If @ NA transition to a higher-energy electronic
state is predicted by Eq. (10), and the kinetic energy
available in the nuclear coordinates along the direction of
the NA coupling is insufficient to accommodate the in-
crease in the electronic energy, the hop is rejected. The
velocity rescaling and hop rejection result in a detailed
balance between upward and downward transitions [17(c)].

We have implemented FSSH-TDKS with the VASP pack-
age [30] and have applied it to the nonradiative relaxation
of the GFP chromophore and the photoinduced electron
injection from the alizarin chromophore into a TiO, sur-
face. The simulations were performed with the exchange-
correlation functional in the generalized gradient approxi-
mation due to Perdew and Wang [31] and a converged
plane-wave basis. A 1 fs nuclear and a 1073 fs electronic
time step were used. The data shown in the figures were
converged by averaging over ensembles of initial condi-
tions representing the photoexcitations at room tempera-
ture. Additional simulation details will be reported
elsewhere. The FSSH results are compared with the tradi-
tional Ehrenfest-TDKS theory.

The naturally occurring GFP protects the chromophore
[Fig. 1] that emits green light. The solvated chromophore is
nonradiatively quenched in less than 1 ps and does not
fluoresce [29]. The mechanism of the fluorescence quench-
ing is under active investigation [9,27-29]. Ehrenfest-
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FIG. 1. Ground state recovery in neutral GFP chromophore

calculated by FSSH-TDKS (crosses) and traditional Ehrenfest-
TDKS (circles). The FSSH-TDKS results are well described by a
Gaussian plus an exponential. (See text for details.)

TDKS greatly underestimates the quenching rate, while
FSSH-TDKS gives good agreement with experiment [29].
FSSH-TDKS is able to describe the state-specific electron-
nuclear dynamics that involves correlated nuclear motions
on the excited and ground electronic states, followed by
rapid dissipation of energy deposited along the NA cou-
pling vector into other vibrational modes.

The photoinduced electron injection from alizarin into
TiO, is the primary step of the photovoltaic Gritzel cell
[26] and has been shown experimentally [25] to occur on a
sub-10 fs time scale. The mechanism of the injection is a
subject of debate, since the adiabatic and NA mechanisms
have different implications for solar cell design and are
described with different analytic theories [32]. Both
Ehrenfest-TDKS and FSSH-TDKS reproduce the sub-
10 fs adiabatic injection time [Fig. 2]. The NA mechanism
differs in the two models, facilitating injection in the tradi-
tional model and creating a back transfer in FSSH-TDKS.
The back transfer is a consequence of detailed balance and
is the major mechanism that decreases solar cell efficiency
[25,26,32].

FSSH is one of many alternatives [13—20] to Ehrenfest
dynamics. One of the most popular approaches due to its
simplicity and accuracy, FSSH nevertheless has several
drawbacks, including the so-called frustrated hopping re-
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FIG. 2 (color online). (a) Simulation cell for the alizarin-TiO,
system. (b)—(c) Electron transfer in alizarin-TiO, calculated by
traditional Ehrenfest-TDKS (b) and FSSH-TDDFT (c).
Nonadiabatic, adiabatic, and total electron transfer profiles are
shown for each method. All fits are single exponential. The
nonadiabatic data in (c) were fit with a first-order Taylor expan-
sion of the exponential for the first 30 fs to model the short-time
behavior. (See text for details.)
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lated to quantum tunneling [33,34] and improper treatment
of the electronic state decoherence [15,34,35]. Remedies to
these and other problems have been proposed, and the
reader is referred to the extensive literature on quantum-
classical and semiclassical dynamics, including, but by no
means limited to, the references cited here [11-20,33-35].

In summary, we have reported an improved version of
TDDFT for electron-nuclear dynamics that explicitly in-
cludes electron-nuclear correlations and satisfies detailed
balance. The method has been applied to the nonradiative
relaxation of the GFP chromophore and solar cell electron
transfer. In agreement with experiment, FSSH-TDKS cap-
tures the essential physics that traditional TDKS misses in
both cases. This new approach greatly extends the utility of
TDDFT for electron-nuclear dynamics.

The financial support of NSF (CAREER Grant
No. CHE-0094012) and PRF (Grant No. 41436-AC6) is
gratefully acknowledged. The authors are thankful to
Dr. Kiril Tsemekhman for fruitful discussions. O. V. P. is
grateful to Dr. Jan Michael Rost at the Max Planck Institute
for the Physics of Complex Systems, Dresden, Germany,
for hospitality during manuscript preparation.

*Corresponding author.
Electronic address: prezhdo@u.washington.edu

[1] A Primer in Density Functional Theory, edited by
C. Fiolhais, F. Nogueira, and M. Marques (Springer,
Berlin, 2003).

[2] M.A.L. Marques and E.K.U. Gross, Annu. Rev. Phys.
Chem. 55, 427 (2004).

[3] (a) P. Hohenberg and W. Kohn, Phys. Rev. 136, B864
(1964); (b) W. Kohn and L.J. Sham, Phys. Rev. 140,
A1133 (1965).

[4] E. Runge and E.K.U. Gross, Phys. Rev. Lett. 52, 997
(1984).

[5] T. Kreibich and E. K. U. Gross, Phys. Rev. Lett. 86, 2984
(2001).

[6] R.Baer, T. Seideman, S. Ilani, and D. Neuhauser, J. Chem.
Phys. 120, 3387 (2004).

[71 S. Tretiak, K. Igumenshcheyv,
Phys. Rev. B 71, 033201 (2005).

[8] I. Franco and S. Tretiak, J. Am. Chem. Soc. 126, 12 130
(2004).

[91 M.A.L. Marques, X. Lopez, D. Varsano, A. Castro, and

A. Rubio, Phys. Rev. Lett. 90, 258101 (2003).

N.L. Doltsinis and D. Marx, Phys. Rev. Lett. 88, 166402

(2002).

(a) A. Anderson, Phys. Rev. Lett. 74, 621 (1995);

(b) K.R.W. Jones, ibid. 76, 4087 (1996); (c) L. Diési,

ibid. 76, 4088 (1996); (d) I.R. Senitzky, ibid. 76, 4089

(1996); (e) A. Anderson, ibid. 76, 4090 (1996); (f) L.L.

Salcedo, Phys. Rev. A 54, 3657 (1996).

J. Caro and L. L. Salcedo, Phys. Rev. A 60, 842 (1999).

0O.V. Prezhdo and V.V. Kisil, Phys. Rev. A 56, 162

(1997).

and V. Chernyak,

[12]
[13]

[14]

[15]
[16]

[17]

(18]

[19]

[20]

(21]
[22]
(23]
[24]
[25]

[26]

(27]

(28]

[29]
(30]
(31]
(32]

[33]

(34]

[35]

163001-4

O. V. Prezhdo and P.J. Rossky, J. Chem. Phys. 107, 825
(1997).

0. V. Prezhdo, J. Chem. Phys. 111, 8366 (1999).

(a) O.V. Prezhdo and C. Brooksby, Phys. Rev. Lett. 86,
3215 (2001); (b) L. L. Salcedo, ibid. 90, 118901 (2003);
(¢) O.V. Prezhdo and C. Brooksby, ibid. 90, 118902
(2003).

(a) J.C. Tully, J. Chem. Phys. 93, 1061 (1990); (b) S.
Hammes-Schiffer and J. C. Tully, ibid. 101, 4657 (1994);
(c) P.V. Parahdekar and J.C. Tully, ibid. 122, 094102
(2005).

J.C. Tully, Classical and Quantum Dynamics in Con-
densed Phase Simulations (World Scientific, Singapore,
1998), pp. 489-514.

A.P. Horsfield, D.R. Bowler, A.J. Fisher, T.N. Todorov,
and C.G. Sanchez, J. Phys. Condens. Matter 16, 8251
(2004).

O. V. Prezhdo and Y. V. Pereverzev, J. Chem. Phys. 113,
6557 (2000); 116, 4450 (2002); C. Brooksby and O. V.
Prezhdo, Chem. Phys. Lett. 346, 463 (2001); 378, 533
(2003); E. Heatwole and O.V. Prezhdo, J. Chem. Phys.
121, 10967 (2004); 122, 234109 (2005).

A. Puzder, A.J. Williamson, F. Gygi, and G. Galli, Phys.
Rev. Lett. 92, 217401 (2004).

C.D. Spataru, S. Ismail-Beigi, L. X. Benedict, and S.G.
Louie, Phys. Rev. Lett. 92, 077402 (2004).

R.D. Schaller and V.I. Klimov, Phys. Rev. Lett. 92,
186601 (2004).

F. Wang, G. Dukovic, L.E. Brus, and T.F. Heinz, Phys.
Rev. Lett. 92, 177401 (2004).

R. Huber, J.E. Moser, M. Gritzel, and J. Wachtveitl,
J. Phys. Chem. B 106, 6494 (2002).

W. Stier and O. V. Prezhdo, J. Phys. Chem. B 106, 8047
(2002); W. Stier, W.R. Duncan, and O. V. Prezhdo, Adv.
Mater. 16, 240 (2004); W.R. Duncan, W.M. Stier, and
O. V. Prezhdo, J. Am. Chem. Soc. 127, 7941 (2005); W.R.
Duncan and O.V. Prezhdo, ibid. 109, 365 (2005); 109,
17998 (2005).

R.A.G. Cinelli, V. Tozzini, V. Pellegrini, F. Beltram,
G. Cerullo, M. Zavelani-Rossi, S.D. Silvestri, M. Tyagi,
and M. Giacca, Phys. Rev. Lett. 86, 3439 (2001).

S.B. Nielsen, A. Lapierre, J. U. Andersen, U. V. Pedersen,
S. Tomita, and L.H. Andersen, Phys. Rev. Lett. 87,
228102 (2001).

D. Mandal, T. Tahara, and S.R. Meech, J. Phys. Chem. B
108, 1102 (2004).

G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169
(1996).

J.P. Perdew, Electronic Structure of Solids (Akademie
Verlag, Berlin, 1991).

R. Memming, Semiconductor Electrochemistry (Wiley-
VCH, Weinheim, 2001).

(a) C. Zhu, K. Nobusada, and H. Nakamura, J. Chem.
Phys. 115, 3031 (2001); (b) C. Zhu, H. Kamisaka, and
H. Nakamura, ibid. 115, 11036 (2001).

M.D. Hack and D. G. Truhlar, J. Chem. Phys. 116, 5424
(2002); 114, 9305 (2001).

0. V. Prezhdo and P.J. Rossky, J. Chem. Phys. 107, 5863
(1997); Phys. Rev. Lett. 81, 5294 (1998).



