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This Letter demonstrates the possibility of generating coherent population trapping in C60. Similar to a

three-level � system, C60 has a forbidden transition between the highest occupied molecular orbital

(HOMO) (jai) and the lowest unoccupied molecular orbital (LUMO) (jci), but a dipole-allowed transition
between HOMO and LUMOþ 1 (jbi) and between jbi and jci. We employ two cw laser fields, one

coupling and one probe. The strong coupling field is switched on first to resonantly excite the transition

between jbi and jci. After a delay, the probe is switched on; the coherent interaction between the coupling
and probe fields traps the population in jai and jci. This forms a partially dark state in C60, analogous

to that in atomic vapors. Turning off the coupling field restores C60’s absorption. Pulsed lasers work as

well. We use two pulses to steer the system into a dark state; when we send in a cw probe field, the electric

polarization of C60 plunges by five times, in comparison with the noncontrol case. This should be

detectable experimentally.

DOI: 10.1103/PhysRevLett.109.257401 PACS numbers: 78.66.Tr, 42.50.Gy, 42.50.Md, 78.20.Bh

Coherent population trapping (CPT) [1–3] and electro-
magnetically induced transparency (EIT) [4] represent an
important advancement in quantum optics and atomic
physics, with broad applications from slowing [5] and
stopping light [6,7], quantum memories [8], photon control
in quantum information processing [9], storage of light
[10,11] and information [12] to cancellation of Stark shifts
in optical lattice clocks [13]. Very recently, EIT was
extended to magnetically induced transparency in plasmas
[14]. CPT and EIT are commonly observed in atomic
vapors. They rely on two laser fields [1], one probe field
E1 and one coupling field E2, to induce a coherent dark
state for a medium which is inaccessible to the probe field,
i.e., transparency. Those atoms feature a special energy
scheme. Take a three-level � system as an example [see
Fig. 1(a)]. Out of three possible transitions, only two are
dipole allowed: one between states jbi and jai, and the
other between states jbi and jci.

EIT is not exclusive to atomic systems [4]. In ruby, Zhao
et al. [15] showed that it is possible to induce similar
transparency via a magnetic field and a microwave field.
Ichimura et al. [16], Beil et al. [17], Ham et al. [18], and
Akhmedzhanov et al. [19] independently demonstrated
similar effects in Pr-doped Y2SiO5 [11] and LaF3 crystals.
EIT can be induced in GaAs quantum wells [20] via
biexciton coherence [21] or via electron spin coherence
[22]. This was also observed in metallic nanoparticles [23].
In a solid, Longdell et al. showed that the storage time for
the stopped light can be longer than one second [11]. The
key to the success is that they were able to construct proper

energy level schemes of either �, Vor a cascade type [24].
Interestingly, these desirable energy level schemes are
rather popular in fullerenes. Figure 1(a) shows a portion
of the single-particle energy level scheme of C60 around
the Fermi level, where Hu is the highest occupied mole-
cular orbital, and T1u and T1g are the lowest and second

lowest unoccupied molecular orbitals [25], respectively.
For clarity, other energy levels are not shown. Just based
on the symmetry argument, one immediately realizes that
this system resembles a� system, a result that remains true
even if we consider the many-body states [26].
As pointed out by Fleischhauer et al. [8], the application

of EIT can be significantly broadened if it is implemented
in a solid medium. One potential difficulty with solids is
their shorter coherence time, but this is at least partially
overcome in GaAs quantum wells via the intervalence
band coherence effect [27]. We believe that going to nano-
structured materials may strike a good balance between
the applicability and the coherence time. Since these nano-
structures can be engineered, they offer a larger flexibility
and better chance for success. To the best of our knowl-
edge, up to now, no investigation on fullerenes has ever
been carried out either theoretically or experimentally.
A theoretical investigation is very appropriate.
In this Letter, we show that C60 is an ideal system for

coherent population trapping and electromagnetically
induced transparency. We employ two cw laser fields to
resonantly excite two dipole-allowed transitions, where
one is from jai to jbi and the other is from jbi to jci.
We turn on the coupling laser first, and then after a delay,
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we switch on the probe laser. We find the absorption of the
probe by the system is reduced by a factor of 10, and the
population is trapped in jai and jci. When the coupling
laser is off, the absorption is restored. Pulsed lasers allow
more flexibility. We can purposely steer the population
from the ground state jai to the dipole-forbidden state jci
to form a partially dark state. In comparison with the
noncoupling case, the polarization is reduced five times.
These huge changes should be observable experimentally.

A typical � system consists of three special energy
levels [see Fig. 1(a)]. In C60, within a single particle
picture, jai may correspond to Hu, jbi to T1g, and jci to
T1u; other combinations of � or non-� systems are pos-
sible [28–30]. In the many-body picture, jai corresponds
to the ground state, jbi to the one-photon dipole-allowed

state, and jci to the two-photon dipole-allowed state,
respectively, [see Fig. 1(a)]. All the excitation energies
and transition matrix elements in this paper are computed
within a single configuration interaction or CIS [31], with
200 excited states included in the configuration space to
cover those low-lying dipole-allowed states [32]. Table I
lists some of transition moments ~�ij among these three

states. Within these three states, the Hamiltonian can be
written as [33]

H ¼ @!ajaihaj þ @!bjbihbj þ @!cjcihcj
��abE1jaihbj ��bcE2jbihcj þ H:c:; (1)

where @!a;b;c are eigenenergies, and E1ð2Þ is the probe

(coupling) field. In C60, these states are highly degenerate,
but since there is no coupling among the degenerate
states, they form respective subsets of � systems. The
system evolves according to j�ðtÞi¼P

�¼a;b;cC�ðtÞ�
exp½�i!�t�j�i, where C� is the amplitude of each state.
If both the fields are a continuum wave (cw) (E1ð2ÞðtÞ ¼
1
2 ðF1ð2Þ exp½i!1ð2Þt� þ H:c:Þ, where F and ! are the ampli-

tude and frequency, respectively), under the rotating wave
approximation [34], C� can be written analytically as

_Ca ¼ ��abF1

2i@
ei�1tCb; (2)

_Cb ¼ � 1

2i@
½�baF

�
1e

�i�1tCa þ�bcF
�
2e

�i�2tCc�; (3)

_Cc ¼ ��cbF2

2i@
ei�2tCb; (4)

with �1 ¼ !1 � ð!b �!aÞ and �2 ¼ !2 � ð!b �!cÞ.
Coherent trapping relies on Eqs. (2) and (4). If we divide
(2) by (4) and set �1 ¼ �2 ¼ �, we obtain _Ca�cbF2 �
_Cc�abF1 ¼ 0 orCc ¼ �cbF2

�abF1
Ca þG, whereG is a constant

determined by the initial condition. This is the essence of
the coherent population trapping where the above equa-
tions permit a mixed state to trap populations between
jai and jci. Here, Ca and Cc have exactly the same time
dependence. This is precisely what we find numerically
in C60.
We tune the probe to be resonant with the transition

between the ground and one-photon states with @!1 ¼
5:5025 eV [see the first peak in the absorption spectrum
in Fig. 1(a)]. The coupling field is resonant with the
transition between the one- and two-photon states with
@!2 ¼ 2:2194 eV. The coupling field must be turned on
first; otherwise, CPT is not effective (see Ref. [35]). Both
fields are cw. To ramp up the field to a constant amplitude
A�, we employ a steplike function

j ~F�ðtÞj ¼
A�

f1þ exp½�2ðt� T�Þ=���g cos½!�ðt� T�Þ�;

(5)
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FIG. 1 (color online). (a) Absorption spectrum of C60. The two
arrows denote the excitation photon energies for the coupling
and probe fields, respectively. The probe is E1, and the coupling
E2. Inset: A typical � system, where the three levels jai, jbi
and jci refer to the ground state, one-photon-allowed and two-
photon-allowed excited states. In the single-particle picture,
these three levels correspond to the Hu, T1g, and T1u states,

respectively. (b) Population change as a function of time with the
coupling field on. The population is trapped between jai and jci
by cw lasers. The solid line denotes �aa, the long dashed line
�cc, and the two dotted lines refer to �bb. The laser envelopes are
shown at the bottom, where the coupling laser is turned on first
and then the probe field. (c) Laser-polarization dependence of
the population change in level jci at time t ¼ 315 fs. The
coupling polarization changes from the x axis to the z axis,
with the z axis along the fivefold symmetry axis. The inset shows
the polarization angle. (d) Population change without the cou-
pling field. Here the absorption is restored. The probe field
envelope function is shown at the bottom.

PRL 109, 257401 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

21 DECEMBER 2012

257401-2



where A� is the field amplitude, t is time, �� is the ramp

(for a Gaussian pulse, this refers to duration—see below),
!� is the laser center frequency, and T� is the time delay.

This ramping avoids the numerical difficulty of dealing
with a sharp step function. Our results are insensitive to the
ramps, which are chosen to be � ¼ 4 fs for both fields.
After 200 laser periods of the probe field, or about 150 fs,
the probe is switched on. The profiles of these two fields
are shown in the bottom inset of Fig. 1(b). With both fields
on, the population � is largely trapped in jai (�aa, solid
black line) and jci (�cc, long dashed red line), with very
little left in jbi (�bb, dotted blue line). In other words, jbi
becomes harder to excite; consequently, the system enters
a partially dark state. Quantitatively, the average proba-
bilities are 0.70, 0.05 and 0.25 for states jai, jbi and jci,
respectively. We have made no attempt to completely
deplete jbi, or make the medium completely transparent,
since �bb is already so low, and the population is largely
trapped between jai and jci.

Since our numerical simulation includes all 200 excited
states, we can check whether Ca and Cc indeed follow the
prediction of the above Hamiltonian. Figure 1(b) shows
clearly that Ca and Cc reach their respective extremes at
nearly the same time, and the major physics is captured by
the above model. However, there are some important dif-
ferences between C60 and atomic systems. Because of the
degeneracy of states, the populations in each state can take
different amplitudes. For instance, the population in jbi has
two dotted lines. This is because our current probe pulse is
polarized along the x direction, where two degenerate
states jb2i and jb3i have a strong dipole transition moment
with the ground state (see Table I). Secondly, CPT strongly
depends on the polarization of the fields. Figure 1(c) shows
the polarization dependence of the population in state jci at
time t ¼ 315 fswhere the first peak of �cc appears [see the
arrow in Fig. 1(b)]. The polarization angle � of the cou-
pling field is measured from the x axis [see the inset in
Fig. 1(c)]. When we rotate the coupling polarization from
the x to z axis, �cc increases sharply until � ¼ 90�, but
further rotation to the �x axis diminishes the population.
This change repeats every 180�. This means that the trap-
ping is most effective when the polarizations of the cou-
pling and probe fields are orthogonal to each other. The
reason is that the orthogonal polarizations allow the cou-
pling and probe to interact with the system independently,

and there is no need to compete for the same excitation
channel. This eventually leads to efficient population trans-
fer. Although light polarization is hardly employed in
atomic systems [8], it plays an important role in C60.
Next we want to examine whether CPT is indeed indu-

ced by the coupling field. To do so, after 800 laser periods
of E2, we switch off the coupling field, and now the system
evolves under influence of the probe alone. Figure 1(d)
shows that the system immediately recovers its absorptive
nature, with a huge oscillation in population between the
ground state and excited state jbi [see the solid black line
(�aa) and two dotted blue lines (�bb) in Fig. 1(d)]. The
period of this oscillation can be found directly by solving
Eqs. (2)–(4), except that here ‘‘jbi’’ and ‘‘jci’’ should be
interpreted as two degenerate states of jbi, and F2 is the
same as F1. Doing so, we find

Ca ¼ Aei�þt=2 þ Bei��t=2 ��ab�bcF1F
�
1

@
2�2

G; (6)

where A and B are constants, the precession frequency of

population is �� ¼ ð��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ�2

p
Þ, and the generalized

Rabi frequency is �¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

1þ�2
2

q
with�2

1 ¼ j�abF1j2=@2
and�2

2¼j�bcF1j2=@2. With�¼0, the frequency is just�.
Using our current parameters, we find the theoretical pe-
riod is 399.43 fs, which matches extremely well with our
numerical result of 400.6 fs. This validates again the above
three-level model as describing C60 well.
CPT is not exclusive to the continuum wave. Pulsed

lasers give us additional new degrees of freedom to control
the dynamics. We first employ two Gaussian pulses,

j ~E�ðtÞj ¼ A� exp½�ðt� T�Þ2=�2�� cos½!�ðt� T�Þ�; (7)

to prepare the system in a partially dark state. One short

pulse, with duration �1 ¼ 12 fs, A1 ¼ 0:1 V= �A and photon
energy @!1 ¼ 5:5 eV, is fired at 0 fs to resonantly excite
the transition from the ground state jai to the dipole-
allowed state jbi. Figure 2(a) shows that under the influ-
ence of the laser pulse, jai loses population to jbi. Two
sublevels of the threefold degenerate jbi state have sub-
stantial populations [see �b1;b1 and �b2;b2 in Fig. 2(a)]. We

delay the second pulse to T2 ¼ 100 fs, which is necessary
since it gives the first pulse enough time to fully populate
the jbi state. Similar to the first pulse, we resonantly excite
transitions between jci and jbi with photon energy of

TABLE I. Dipole transition moments (in atomic units) among the ground and excited states.
Both jbi and jci states are threefold degenerate, but only one state from jci is listed.

Ground state (jai) Excited state (jci)
Transition hajxjbi hajyjbi hajzjbi hbjxjci hbjyjci hbjzjci
Excited state (jb1i) �0:0416 1.5656 �1:1734 �0:5447 �0:0354 �0:0313
Excited state (jb2i) 1.4884 0.7833 1.0028 �0:2673 0.4062 0.5497

Excited state (jb3i) 1.2718 �0:8753 �1:2041 0.4648 0.2099 0.2665
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@!2 ¼ 2:2194 eV. Figure 2(a) shows that after 100 fs, jbi
suffers a big loss in its population, while �cc gains sub-
stantially. After 200 fs, when both pulses have gone, the
system is partially in a transparent state.

To test the transparency, we fire a cw probe around
200 fs, and find the amplitude of the population oscillation
is only about 0.2 [see Fig. 2(a)]. Such a reduction can be
clearly seen in the polarization P ¼ Trð�DÞ. Figure 2(b)
shows the polarization envelopes for two cases: one with-
out coupling pulses (long dashed black line), and the other
with coupling pulses (solid red line). Under normal cw
excitation, P oscillates very strongly (long dashed black
line). But when the system is prepared in the dark state,
such an oscillation in P is reduced five times, from 1.50
to 0.30 (same arbitrary units). We expect such a transient
polarization can be probed experimentally [36–38].

In conclusion, we have demonstrated coherent popula-
tion trapping in C60. CPT can be induced by a cw laser or
pulsed laser. In the cw excitation, the coupling field
impinges the system ahead of the probe field. Whenever
the coupling field is on, the population in the one-photon-
dipole-allowed state jbi is very small, the system enters a
dark state, and the absorption is substantially weakened.
However, if the coupling field is off, the system becomes
absorptive again. Using pulsed lasers, one can trap the
population in states jai and jci and deplete state jbi, or
partial transparency to the probe field. The electric polar-
ization is decreased by five times. It is of great interest to
test our predictions experimentally.

This work was supported by the U.S. Department of
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the work was done on Indiana State University’s high-

performance computers. This research used resources of
theNational EnergyResearch Scientific ComputingCenter,
which is supported by the Office of Science of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231. Our calculations also used resources of the
Argonne Leadership Computing Facility at Argonne
National Laboratory, which is supported by the Office of
Science of the U.S. Department of Energy under Contract
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