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Hartree-Fock Dynamical Electron-Correlation Effects in Cgq, after Laser Excitation
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In the static Hartree-Fock limit, the on-site electron-electron interaction has no effect on the
electronic properties of Cqy. But upon the laser excitation, the dynamical correlation effect appears.
The time-dependent Hartree-Fock simulation through the Hubbard model shows that such an effect
originates from the charge fluctuation, but an increase in the on-site electron-electron interaction
suppresses the charge fluctuation and reduces the absorbed energy and the bond structure distortion.
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The ever-growing ultrafast laser technology has been
revolutionizing many aspects of the physics community
by opening new frontiers such as attophysics [1] and
femtomagnetism [2]. This technology has a unique capa-
bility, not commonly shared by other techniques, to snap
shot the electron dynamics and to separate it from the
dynamics of molecules, liquids, and solids. This presents
an unprecedented opportunity to investigate various in-
teractions on distinctive time scales. For instance, a typi-
cal electron-phonon interaction of 1 meV corresponds to
4 ps on the time scale; an electron-electron interaction of
1 eV corresponds to 4 fs. By probing dynamics on differ-
ent time scales, one can predominantly target a specific
interaction, or the time specificity. Such time specificity
has already been employed in the literature to study
superconductivities in high-7T, superconductors and
MgB, [3], to investigate the ultrafast spin dynamics in
ferromagnets [2,4], to probe the spin coherence in semi-
conductors [5], and to reveal the intrinsic photoinduced
isomerization in retinal molecules [6]. The ultrafast laser
technology also greatly simplifies theoretical treatments
by allowing one to focus on one particular interaction. For
instance, in dynamics simulated by the semiconductor
Bloch equation of motion [7], it is possible to deal with
the electron-electron interactions on a fs time scale while
leaving out or parametrizing the lattice effect.

Up to now, the most sophisticated calculations have
been concentrated on semiconductors, but theories
have substantially advanced our understanding of the
electron-correlation effect in the time domain. First,
the electron-electron interaction (EEI) is shown to be
responsible for the difference between the nonlinear re-
sponse of semiconductors and that of a noninteract-
ing two-level system [8]. Second, EEI has been identified
as the main dephasing source [9]. Third, it is found
that the dynamical screened Coulomb potential builds
up on the plasma oscillation period [10], which is con-
firmed by a recent experiment [11]. These and other
studies reveal a fascinating picture of the ultrafast dy-
namics in semiconductors.

In this Letter, we employ the time-dependence
Hartree-Fock (TDHF) approximation to investigate the
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dynamical electron-correlation effect in a Cg, cluster
after laser excitation. The numerical simulation using
the Hubbard model shows that although the effect comes
from the charge fluctuation, an increase in the on-site EEI
suppresses the charge fluctuation and reduces the total
absorbed energy and bond distortions.

Ceo is a unique molecule with the [, point symmetry.
Neutral Cgy has 60 7 electrons, where the interball hop-
ping is much smaller than the on-ball hopping and there-
fore is neglected here. The Hamiltonian for the whole
system can then be written as [12]

K
HO = _Ztij(CZO'Cj,U' + HC) + EZ(VU - d0)2
ijo ij
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where all the electron operators are standard [13,14].
t;j=1— a(lr; —r;| —dp) is the hopping integral be-
tween nearest-neighbor atoms at r; and r;, and r;; =
Ir; —r;|. Here 7 is the average hopping constant, a is
the electron-lattice coupling constant, and d, = 1.54 A.
The second term on the right-hand side of Eq. (1) is
the lattice elastic energy, and K is the spring constant.
By fitting the energy gap and bond lengths, we have
determined the above parameters as f = 1.8 eV, a =
3.5eV/A, and K = 30.0 eV/A? [12]. The last term in
(1) is the electron-electron interaction H’, which under
the Hartree-Fock approximation becomes

Hyp = g%<<nia> - %)(nia' - %) 2)

Since Cg is a half-filled system ({n;,) = 1/2), in the
static Hartree-Fock (SHF) limit Eq. (2) does not contrib-
ute to the original Hamiltonian. Thus any contribution
from the on-site EEI in the Hartree-Fock limit must come
from the dynamics.

The dynamical process is simulated by including the
laser field, which is described by [4]

H = —eZE(z) ‘Tl 3)
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where |E(f)| = Acos[w(t — ty)]exp[—(t — t5)?/7%] [4].
Here A, w, 7, e, t, and f, are the field amplitude, laser
frequency, pulse duration or width, electron charge, time,
and time delay, respectively. To investigate the time-
dependent ultrafast dynamics, we numerically solve the
equation of motion for the electron density matrices [4],

d
—ih

Pij
= (p?% H

PP (pg, HD

= Z(fjkpfi = tupf) + Upfi(njz) — (niz))
k

- eng(t) . (l'j - l'l'), (4)

where H = HF + H;, the off-diagonal density matrix
Pl = (c;racj,,> characterizes the polarization on sites i
and j and the diagonal matrix pJ = (n;,) = <c;r0cw> de-
scribes the on-site charge population. No damping term is
introduced in (4). We treat the carbon atoms classically by
solving the Newton dynamical equation [12,15].

Figure 1(a) shows the total absorbed energy AE [AE =
E(excited) — E(unexcited)] of the system (electron +
lattice) as a function of time for two different interac-
tions U = 0 and 2 eV. The total energy E is computed as
follows:

K 1
ijo ij i

(&)

where the first two terms on the right-hand side are the
total electronic energy, the last two terms are the lattice
total energy, m is the mass of carbon atoms, and {v;} is
the velocity of atom i. Since the lowest transition from the
highest occupied molecular orbital (HOMO) (H,,) to the
lowest unoccupied molecular orbital (LUMO) (T},) is
dipole forbidden, we tune the laser frequency to the first
dipole-allowed transition from HOMO to LUMO + 1
(Ty,) at @ = 2.37 €V [see the right inset of Fig. 1(a)].
We choose the laser time duration 7 of 10 fs, the time
delay ¢, = 0, and the laser polarization along the z axis
which perpendicularly goes through the center pentagon
formed by five a atoms [see the left inset in Fig. 1(a)].
From Fig. 1(a), one sees that upon the laser radiation, the
system absorbs the energy sharply. The absorbed energy
sensitively depends on U: An increase in U from 0 to 2 eV
reduces the absorbed energy from 4.54 to 3.15 eV, and the
explicit dependence is shown in Fig. 1(b). The main
reason for such a reduction is because an increase in U
reduces the transition matrix elements between HOMO
and LUMO + 1 states. Thus for the same laser parame-
ters, the number of excited electrons is reduced, which
ultimately leads to a smaller AE. A similar thing hap-
pens in the one-dimensional Hubbard model, where the
optical conductivity o(w) obeys the f-sum rule [16],
[y dwo(w) = —(T)/2N. And the kinetic energy (T)
depends on U as
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FIG. 1 (color online). (a) Absorbed energy AE versus time for
U=0 and 2 eV. Left inset: Schematic structure of Cgj.
Equivalent atoms are labeled with letters from a to e, while
the bonds are labeled by layer numbers L from 1 (on the front
pentagon) to 7 (in the equatorial region). Only one representa-
tive bond in each layer is labeled by L. There are six symmetric
layers from 8 to 13 on the back (not shown). In the unexcited
Cgo, bonds in layers 1, 3, 5, and 6 are single bonds while bonds
in 2, 4, and 7 are double bonds. The electric field polarization is
chosen along the z axis which perpendicularly goes through the
center of the pentagon formed by five a atoms. (b) Dependence
of AE on the on-site electron-electron interaction. (c) The
expectation value of the on-site electron-electron term (Hj)
versus time. The shaded area represents many rapid oscillations.

—(T)/4Nt ~ (1 —0.21358U%/16)/m, forU < 1; (6)

~[lln2 — <i>2{(3)U2:|U1, for alarge U, (7)
8 64
where /(x) is the Riemann zeta function. Since (T) de-
creases upon an increase in U, the optical response is
suppressed. The good agreement between our numeri-
cal results and the analytical solution in the Hubbard
model suggests that TDHE though approximate, fairly
accurately describes the electron-correlation effects.
This is not surprising as the dynamical mean-field ap-
proximation [17], based on the same principle as TDHE
is able to account for electron-correlation effects even in
transition-metal oxides and high-7. materials.

This initial success gives us confidence to investigate
the dynamical electron-correlation effects in such a mo-
lecular system. In Fig. 1(c), we show the change of the
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Hartree-Fock EEI term (H{;z) versus time up to 600 fs,
where the shaded area represents many rapid oscillations.
The term (Hjyp) =43 (n;,) — D(n;5) — 1) is exactly
zero in the SHF limit, but upon laser excitation, it is not.
Thus, physically (Hj;z) can be considered as dynamical
correlated correction energy. We choose U = 2 eV. The
energy change exhibits both collective (envelope) and
individual (shaded area) oscillations. The collective one
has two major components with the same period of about
200 fs, but they are from different charge fluctuations. We
find that the smaller component has the sole charge con-
tributions from d and e atoms around the equatorial
region and their symmetric atoms on the back [see the
left inset in Fig. 1(a)], but the large component has the
joint contributions from ¢, d, and e atoms and their
symmetric counterparts on the back (not shown), which
explains why its magnitude is larger.

From Eq. (2), it is clear that the change in (H}) is
proportional to the on-site charge fluctuation y, =
Yio(nip) — D(nig) — 1). It is well known that the elec-
tron correlation has a significant effect on the charge
fluctuation. In Fig. 2(a), we show x, for U = 0 and 2 eV.
At U = 0 eV, we again see that there are two different
oscillations with different amplitudes. The peak-to-peak
amplitude for the small oscillation is about 0.04 while for
the big one it is 0.07. When we increase U to 2 €V, the large
peak sharply reduces to 0.03, and the small peak becomes
even smaller. This is consistent with the nature of the on-
site EEI: A strong U suppresses the charge fluctuation.
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FIG. 2 (color online). (a) The charge fluctuation y, versus
time for two different on-site U = 0 (top panel) and 2 eV
(bottom panel). (b) Dependence of lattice bond length deviation
6y on U. The circles are for U = 0 eV while the boxes for U =
2 eV. The layer numbers L refer to those numbers in the left
inset of Fig. 1(a). (c) Enlarged y, from 40 to 50 fs for U =
2 eV. (d) The period of the rapid oscillations in AE decreases
as U increases.
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Our calculation shows that when U is larger than 4 eV,
those peaks are almost washed out completely. This dem-
onstrates that TDHF catches the dynamical aspect of the
electron-correlation effect by self-consistently correcting
the charge fluctuation.

The electron correlation affects not only the charge
fluctuation but also the bond structure of Cgj. Figure 2(b)
displays the maximum bond length deviations &; from
their respective original lengths versus bond layer num-
ber L for U = 0 and 2 eV. These layer numbers are labeled
starting from the bonds in the center pentagon [see
the left inset of Fig. 1(a)]. For instance, layer 1 refers to
the bonds connecting a atoms, while layer 2 denotes the
bonds between a and b atoms (or hexagons) and layer 3 is
between b and ¢ atoms, and so on. We only label one
representative bond in each layer by numbers from 1 to 7.
Symmetric layers on the back are labeled from 8 (adjacent
to layer 7) to 13 (on the back pentagon just behind the
above front center pentagon). In the unexcited Cg, there
are two different kinds of bonds: single bonds are in
layers 1, 3, 5, and 6 and double bonds in layers 2, 4, and
7. In the excited Cg, there are seven different bonds [see
Fig. 2(b)]. After the excitation, those short bonds become
longer and the longer bonds become shorter. The change is
not uniform and the maximum deviation is in layer 7. For
U = 0 eV, the maximum bond distortion &; is 0.02 A.
When we increase U to 2 eV, the maximal §; is reduced to
0.01 A. From the above, we have seen that the on-site EEI
suppresses the charge fluctuation, and now through the
electron-lattice coupling it reduces the lattice distortion.
These dynamical correlation effects are linked to charge
oscillations.

In order to examine those rapid charge oscillations
(RCO) [see the shaded areas in Figs. 1(c) and 2(a)], in
Fig. 2(c) we enlarge a small portion of those rapid oscil-
lations for U = 2 eV from 40 to 50 fs. From Eq. (4), we
notice that the period of the charge density is determined
by the hopping integral, the EEI term, and the external
field. If we combine the last two terms in (4) together, the
common factor of p; is just the renormalized Rabi energy
QY (QF is the frequency) though in the position space,

th = cE(1) - (l'j —r;) — U(<”jz‘r> —(niz)), (8

where the first term is the normal Rabi energy and the
second term is from the on-site EEL. After the laser field
is over, the Rabi frequency exclusively depends on the
electron-electron interaction U. Now, if we transform the
U term into the state space, all the energy levels obtained
at the bare hopping-integral limit become renormalized
with a time-dependent contribution from the U term.
Consequently, the rapid period I'yco depends on both U
and the hopping integral. In Fig. 2(d), we show the
dependence on U. If the EEI is small, the RCO period
linearly depends on the EEI, which is just the first part of
Fig. 2(d). When U becomes larger, the period decreases
exponentially [see Fig. 2(d)]. The explicit dependence on
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U can be fitted to
Irco = T'p + I’y exp(—2U), 9

where I'y = 0.84 fs, I'; = 0.068 fs, and v = 0.22/eV.

However, experimentally it has been challenging to
probe such a fast charge oscillation. The current pulse
duration is about 4-6 fs, delivered by a Ti:sapphire laser
at 800 nm, but the laser with such a duration has already
opened an exciting field of femtochemistry [18].
Subsequent experimental developments are truly remark-
able. A sub-6-fs pulse was demonstrated by frequency
doubling with quasi-phase-matching gratings [19].
Femtosecond x rays from the synchrotron source at the
Advanced Light Source at Lawrence Berkeley National
Laboratory catch great attention [20] and have high flux
and repetition rate though their pulse duration is still too
long. The latest breakthrough in the attosecond physics
[1] demonstrates the possibility to probe dynamics on the
attosecond time scale. The attotechnology might ulti-
mately enable us to ““see” these oscillations in real time
and directly “probe” the effects of the electron-electron
interaction experimentally.

In conclusion, within the time-dependent Hartree-
Fock approximation we investigate the dynamical corre-
lation effect in Cg after the laser excitation. The on-site
electron-electron interaction reduces the absorbed energy
and suppresses the charge fluctuation which is the pre-
condition to see the dynamical correlation effect. The on-
site interaction reduces the bond distortion in Cgy and
shortens the period of those rapid oscillations.
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[1] A. Baltuska et al, Nature (London) 421, 611 (2003);
M. Drescher et al., ibid. 419, 803 (2002); R. Kienberger
et al., Science 297, 1144 (2002).

[2] E. Beaurepaire, J.C. Merle, A. Daunois, and J.-Y. Bigot,
Phys. Rev. Lett. 76, 4250 (1996); J. Hohlfeld, E. Mat-
thias, R. Knorren, and K. Bennemann, ibid. 78, 4861
(1997); 79, 960(E) (1997); E. Beaurepaire, M. Maret,
V. Halte, J.C. Merle, A. Daunois, and J.-Y. Bigot, Phys.
Rev. B 58, 12134 (1998); H. Regensburger, R. Vollmer,
and J. Kirschner, ibid. 61, 14716 (2000); W. Hiibner and
G. P. Zhang, Phys. Rev. B 58, R5920 (1998); G. P. Zhang

176801-4

(3]

(4]
(51

(6]
(71

[13]
[14]

[15]
[16]
[17]
(18]

[19]

[20]

and W. Hiibner, Appl. Phys. B 68, 495 (1999); J. Appl
Phys. 85, 5657 (1999); W. Hiibner and G.P. Zhang,
J. Magn. Magn. Mater. 189, 101 (1998); G.P. Zhang,
W. Hiibner, E. Beaurepaire, and J.Y. Bigot, in Spin
Dynamics in Confined Magnetic Structures I, edited by
B. Hillebrands and K. Ounadjela (Springer, New York,
2002), p. 245; L. Guidoni, E. Beaurepaire, and J.-Y.
Bigot, Phys. Rev. Lett. 89, 017401 (2002).

M.R. Freeman, Phys. Rev. Lett. 69, 1691 (1992);
S. Spieldman et al, ibid. 73, 1537 (1994); F. A. Heg-
mann et al., ibid. 89, 227403 (2002); V.S. Batista and
P. Brumer, ibid. 89, 143201 (2002); R. A. Kaindl et al.,
ibid. 88, 027003 (2002).

G.P. Zhang and W. Hiibner, Phys. Rev. Lett. 85, 3025
(2000).

J. M. Kikkawa et al., Science 277, 1284 (1997); J. Kik-
kawa and D.W. Awschalom, Nature (London) 397, 139
(1999).

Q. Wang, R.W. Schoenltin, L. A. Peteanu, R. A. Mathies,
and C.V. Shank, Science 266, 422 (1994).

M. Lindberg and S.W. Koch, Phys. Rev. B 38, 3342
(1988); H. Haug and S.W. Koch, Quantum Theory of
the Optical and Electronic Properties of Semiconductors
(World Scientific, Singapore, 1993), 2nd ed.; Th. Ostreich
et al., Phys. Rev. B 58, 12920 (1998).

D.S. Chemla and J. Shah, Nature (London) 411, 549
(2001).

R. A. Kaindl et al, Phys. Rev. Lett. 80, 3575 (1998).

L. Banyai et al., Phys. Rev. Lett. 81, 882 (1998).

R. Huber, A. Brodschelm, M. Bichler, G. Abstreiter, and
A. Leitenstorfer, Nature (London) 414, 286 (2001).

G. P. Zhang, R.T. Fu, X. Sun, D. L. Lin, and T. E George,
Phys. Rev. B 50, 11976 (1994); X. Sun, G. P. Zhang, Y.S.
Ma, K. H. Lee, T Y. Park, T. E George, and L. N. Pandey,
ibid. 53, 15481 (1996); G. P. Zhang, X. Sun, T. E George,
and L. N. Pandey, J. Chem. Phys. 106, 6398 (1997).

G. P. Zhang, Phys. Rev. Lett. 86, 2086 (2001).

G. P. Zhang et al., Phys. Rev. Lett. 88, 077401 (2002); 88,
189902(E) (2002).

G.P. Zhang and T. E George, Phys. Rev. B 66, 033110
(2002).

D. Baeriswyl, J. Carmelo, and A. Luther, Phys. Rev. B 33,
7247 (1986).

A. Georges et al., Rev. Mod. Phys. 68, 13 (1996).

A H. Zewail, in Femtosecond Chemistry, edited by
J. Manz and L. Woste (VCH, Weinheim, 1995), Vol. 1,
p- 15.

For instance, see L. Gallmann, G. Steinmeyer, U. Keller,
G. Imeshev, M. M. Fejer, and J.-P. Meyn, Opt. Lett. 26,
614 (2001).

R.W. Schoenlein et al., Science 287, 2237 (2000).

176801-4



