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Photon emission from a single molecule in a solid matrix: Phase-delay control
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In this paper, we study the influence of time-dependent phase delay on the emission of few photons from a
single molecule in a solid matrix. The results demonstrate that a time-dependent phase of the pulses can be used
to control the photon emission and strongly affects the spectrum of single molecules. The spectrum of the photon
emission probabilities reflects the fast dynamics of the states of the system when the duration of the driven laser
pulses is short. Also, it is shown that the coupling between the system and the rf field strongly affects the spectrum

of the photon emission probabilities in space.
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I. INTRODUCTION

Single quantum systems (single atoms, single ions, single
molecules, and single quantum dots) have been widely investi-
gated in recent years [1-20]. Not only can the single quantum
systems be considered as effective quantum bits in quantum
computing, but also the photon emission from the single
quantum systems can be considered as effective quantum bits
in quantum communication. The photon has relatively longer
coherent time and its transition speed is fast and it is less
affected by its surrounding environment molecules [5—7]. The
deterministic single and pair photon source is important to the
quantum computing and quantum communication. One can
modify the strength of the external laser pulses to control the
photon emission from single quantum systems [4]. Or, one can
modify the delay phase between the sequence pulses to control
the photon emission from single quantum systems. Generally,
the surrounding environments of the single molecule could
break the symmetry of the electron cloud of the single molecule
states, which makes the single molecule present permanent
dipole moments. The external radio frequency (rf) field couples
with the permanent dipole moments of a single molecule;
the electron could oscillate following the external rf field
according to the laws of electrodynamics. This means that one
can modify the rf field or the environment (which could change
the permanent dipole moments of the single molecule states)
to control photon emission from single molecules [21-25].

The single dibenzantanthrene (DBATT) molecule in a
matrix is widely studied [21-28]. This single molecule in the
matrix can be described by a two-level system: a ground state
|g) and an excited state |e), since its transition rate to the triplet
state can be omitted at low temperature. The transition dipole
moment between the states |g) and |e) is p,, the permanent
dipole moments of the states |g) and |e) are pg, and p.,
respectively. The laser pulse couples with the transition dipole
moment and the rf field couples with the permanent dipole
moments. The DBATT molecule is usually fixed in the matrix,
but sometimes the single molecule diffuses in the matrix in the
laser spot, then the different positions of the single molecule
in the laser spot may present different emission effects, such
as the photon emission frequency, emission intensity, etc.

In this paper, we investigate the control of few photons
emitted from the single DBATT molecule in a solid matrix
via the delay time-dependent phase of driven external fields.
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The single DBATT molecule in a solid matrix system is driven
by external laser pulses and the rf field. If the external fields
have a time-dependent delay phase (or a time-dependent initial
phase) between the sequence pulses, we show that there is a
new coupling “path” between the coherence and populations.
This new coupling path has an influence on photon emission,
and can be used to control the photon emission from the single
molecule system.

The generating function approach [23-25,29-40] is em-
ployed in this paper. The generating function approach has
been used to study the quantum beats, coherent population
trapping of the single-V-type three-level system, and the
electromagnetically induced transparency (EIT) in the A
three-level system, etc. The statistical properties of x and y
polarized photons and their correlation have also been studied
via the generating function approach [35—40].

This paper is organized as follows: the generating function
approach is briefly reviewed in Sec. II. The results and
discussion are presented in Sec. III. The conclusion is given
in Sec. IV.

II. THEORY

The Hamiltonian of the single molecule in the solid matrix
driven by external fields can be written as

H = Ho + Hi + Ha, (1)

where Hj is the Hamiltonian of the “bare” single molecule,
‘H; is the interaction between the single molecule and the
external laser pulses, and H; is the interaction between the
single molecule and the rf field.

The Hamiltonian of the bare single molecule can be
expressed as

Ho =hawglg)(gl + hawle)(el, 2

where |g) and |e) are the ground state and the excited state of
the single molecule, and w, and w, are the eigenfrequencies
corresponding to the states of |g) and |e), respectively.

The interaction between the single molecule and the
external laser field, in the dipole approximation, can be
expressed as

Hi = —pge - E(x,y;0)(le) (gl + |g){el), 3)
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where u, is the transition dipole moment between the states
of |e) and |g); E(x,y;t) is the external laser field, which is
chosen as the classical electromagnetic field [41]. In this paper
the external laser field is taken as the Gaussian distribution in
spaces, and is taken as [26]

E(x,y;t) = Ei(x,y;t) + Ex(x,y51), 4)
and
E(x,y;t) = E1(x,y;1) cos(wrt),
Ex(x,y;1) = Ex(x,y51) coslopt + ¢(1)], ©
where
Ec(x,y;1) = Ege (X0 H0=071/20% o =(=0P*/52 (40 — | D).
(6)

where &£ is the electric amplitude of the laser pulses, and %,
is the pulse center. o is the spatial half width of the laser spot,
x and y are the positions of the single molecule in the laser
spot, xo and y, are the spatial center of the pulse, ¢(¢) is the
time-dependent phase of the laser field [or the phase difference
between the two laser pulses as shown in Eq. (5)], w; is the
angular frequency of laser field, and 7| and 7, are the time half
width of the first and second laser pulse, respectively.

The interaction between the single molecule and the rf field
can be expressed as

Hy = —pgg - Erp(0)[8)(8] = Mee - Erp(Dle)lel,  (7)

where p,, and p,, are the permanent dipole moments of the
states |g) and |e), respectively, and E,(¢) is the amplitude of
the external rf field. The rf field is taken as follows:

E,;(t) = £,y cos(,1), )

where w,; and €,; are the angular frequency and electric
amplitude of the 1f field, respectively.

The time evolution of the single molecule in the matrix can
be described by the Liouville-von Neumann equation [42,43],

d i
5, P10 =—2[H.p(O] + Lp(t), €))

where p(t) is the density matrix of the single molecule, and £
is the superoperator including the spontaneous emission rates
which are caused by the vacuum field.

The generating function approach, as a useful method to
extract information of photon emission, is defined as [29-33]

Gij(s,) =Y pi7's", (10)

where pi(j'-') (i,j = e,g) is the portion of the reduced density

matrix stemming from a system with a prior history of n photon

emission events. s is an auxiliary parameter; it can be used to

count the photon emission events in the time interval [0,7].
We define

1
Qc(x,y;1) = —;lugefk(x,y;t), (11)
and

Wy = Weg + LWy r COS(wyft), (12)

where w., = w, — wg is the transition frequency, and ¢ =
(Mee — Mgg) - €7 /hw, s is the modulation index of the rf
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field. We assume xo = yp = 0 in the following numerical
calculations.

In the following discussion, the laser pulse area at (x,y) is
defined as

Oclx,y) = /oo Qe(x,y;m)dr (k =1,2). 13)
—o0
Introducing the Bloch vectors

U = ReGye ',

V = ImG,.e ',

W = (Gee — Gge)/2,

Y = (Gee + Gge)/2,

the generating function can, under the rotating wave approxi-
mation (RWA), be written as

(14)

. r .
U=—ZU+30Y -~ QOW,
: r
V=8t — EV —QOw,
. . r r
W ="y - QVy — E(l + W — 5(1 + 5V,
. r r
Y= —5(1 —s)W—E(l—s)y, (15)

where §(1) = A — {w,f cos(wrrt), A = wp — w,g is the de-
tuning frequency of the laser field, and

QY = Q) + cosle®)], QP = Q,sinfp@)].  (16)
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FIG. 1. (Color online) The probabilities of the emission of one
(a) and two (b) photons as a function of the detuning frequency
A =w; —w, and fy. The parameters are ¢ =1, w,y =2 X 108
s, T/2m = 1.7 x 107 s™', the pulse area ®; = 0 and ®, = 7, and
w,=0,x=y=0,0 =120nm, ¢y = 0, and § = 0. The calculation
time t = 400 ns.
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We can see that the Rabi frequency Q¥ comes from the
phase difference ¢(¢) between the two laser pulses. Clearly, if
Q" = 0, Eq. (15) will back up our previous results [25]. Also,
Eq. (15) shows that there is a new coupling path between the
coherence and populations (that is, the terms ¢/ and W), and
this new coupling path has an influence on photon emission.
We can control the photon emission from the single molecule
system using this new path.

We can extract information on the statistical properties of
the photon emission, such as n-photon probability,

2 n
w(t) = — )t , 17
Pa() n!asny(s )S=0 a7
and the average photon emission numbers,
0
(N)(1) =2=V(s.0)| (18)
as =1

etc.

III. RESULTS AND DISCUSSION

We consider the case of DBATT embedded in a n-
tetradecane Shpol’skii matrix. The fluorescence lifetime of
the first excited state of DBATT in the matrix is 77 = 9.5 ns

[26,44], and it corresponds to the spontaneous emission rate
/2 =1.7x10" s

500

=500 -250 0 250 500
X (nm)

250

y (nm)

-250

-500
=500  -250 0 250 500

X (nm)

PHYSICAL REVIEW A 88, 013425 (2013)

A. Single pulse

In this subsection, we consider the external laser field with a
time-dependent initial phase. The external laser field is taken as
E(x,y,t) = E>(x,y,t) (i.e., 2; = 0), and the time-dependent
phase is

<p(t)=/0 a(r)dt + ¢, (19)

where ¢ is a constant. The detuning frequencyis§ = A + a(t)
with A = wp — we,.

In this paper, we consider the case of the linear chirped laser
field, namely, a(¢) = w,. is taken as a constant. This similar
linear chirped laser field is easily obtained experimentally. In
this case, the time-dependent phase ¢(f) = w.t + ¢ is a linear
function with time ¢. In this case, the resonance condition is
6 = A + w. = 0. This means that the spectrum of the single
molecule system has a frequency shift, and the shift frequency
is Wshift = Wc [27].

We consider the case of the laser pulse duration
Ty K 27 /w, 5. This means that the pulse duration is much less
than the rf field periodic time; the photon emission number (by
taking the average time over the pulse duration) cannot cover
the “fluctuation” of the transition frequency which is modified
by the rf field. In other words, the laser pulse center #; is the
time that one uses to detect the dynamics of the energy levels of
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FIG. 2. (Color online) The probabilities of the emission of one [panels (a) and (b)] and two [panels (c) and (d)] photons as a function of
the spatial coordinates x and y. The parameters in our calculation are 7, =4 ns, Q =3 x 10° s, '/2r = 1.7 x 107 s7, w. = 0, ©; = 0,
{=2,and 0,y =2 x 108 s~! [for (a) and ()], ¢ =2, Wy =4 X 108 s~! [for (b) and (d)], ¢o = 0, 7, = 200 ns, A = 0, and the calculation

time ¢ = 400 ns.
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the system. The influence of the laser center 7y and the detuning
frequency A = w; — w., on the emission probabilities is
demonstrated in Fig. 1 for the pulse duration , = 4.0 ns.
As shown in the figure, the excited and ground states of
the single molecule oscillate following the rf field. However,
the amplitudes of the excited state and the ground state are
different; the transition frequency of the single molecule be-
comes a)gg = Weg + (Pee — Rgg) - Erf cOS(wrpt) = wp, where
wy is the same as that in Eq. (12). When 1, is long enough,
such as w,f 1> > 27, the oscillation is eliminated by the time
average. If this happens, it recovers the result of the single
molecule driven by the continuous wave field [23,25].

The probabilities p; and p, as a function of the coordinates
(x,y) of a single molecule in the laser spot are demonstrated
in Fig. 2. In Figs. 2(a) and 2(c), p; and p, oscillate with
the coordinates x and y for the case of w,f =2 x 108 s~ 1,
¢ = 2. When the pulse area ®, ~ (2n + )w (n = 0,1,2,...),
the system gives the maximum value of p;. When the pulse
area ®, ~2(n+ D (n =0,1,2,...), however, the system
gives the maximum value of p,. In Figs. 2(b) and 2(d), we
show the case that p; and p, have almost no oscillation with
the spatial coordinates x and y (w,f = 4 x 108s~land¢ = 2).
Physically, this means that the rf frequency w,; can eliminate
the spatial Rabi oscillation. In this aspect, one can delete
the effect of the spatial positions of the single molecule by
choosing a suitable rf field.

250
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B. Two pulses

In this subsection, we consider the single molecule driven
by two pulses. We choose the case of 71 = 50 ns and 7, = 4 ns.

As we noted in Sec. II, Q%) shows us a new path to control
the photon emission from the single molecule system; to more
deeply understand the effect of Q) on p; and p,, in Fig. 3
we show p; and p, as a function of detuning frequency A and
pulse center £, for different Q. Figures 3(a) and 3(c) show
the results of Q® = 0 (we let ¢y = 0).

It is shown in Figs. 3(a) and 3(c) that p; and p, are not the
(co)sine functions of the driven pulse center #; the maximum
values of p; and p, show discrete behavior. The reason for
this case is that the first pulse width t; = 50 ns is long enough,
which can be thought of as a continuous wave field.

In Figs. 3(b) and 3(d), we show the effect of the Rabi
frequency Q@ on p; and p, (when ¢y = /2, w. =0, and
the Rabi frequencies Q") = Q; and Q¥ = Q,, this gives
the maximum value of Q). The position of the maximum
values of the probability p; are shifted in the case Q) = Q,
compared with that in the case Q) = 0. The maximum values
of p, are concentrated in a small range; this contracts to the
case of Q@ = 0, as shown in Figs. 3(a) and 3(c).

Figure 4 shows p; and p, as a function of the detuning
frequency A and the phase changing rate w,. It demonstrates
the trajectory of the maximal value of p; and p; at A = w,,
which corresponds to the resonance emission condition of

B
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FIG. 3. (Color online) The probabilities of the emission of one [panels (a) and (b)] and two [panels (c) and (d)] photons as a function of
the detuning frequency A = w; — w,, and fy. The left column is for ¢y = 0, and the right column is for ¢y = 7 /2. The other parameters are
{=1w,=2x10%s"",I'/2r = 1.7 x 107 s7!, the pulse area ®; = .47 and ©, =7, and . =0, x =y =0, 0 = 120 nm, and § = 0,

and the calculation time 1 = 400 ns.
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FIG. 4. (Color online) The probabilities of the emission of one
(a) and two (b) photons as a function of the detuning frequency A
and the time-dependent phase changing rate w,, ¢y = 0, o = 200 ns,
and the other parameters as in Fig. 3.

the second pulse. Both p; and p, oscillate with w.; their
period is T, = 2nmw (n =0, =1, £2,...). The reason is that
p1 and p, depend on the driven laser strength I o |Q|* =
Q"? + Q1% = Q2 + Q% + 2Q,Q, cos(w). In this aspect,
the probabilities oscillate with w,. Also, the interesting thing
is that for the case of near resonance excitation (detuning
frequency A ~ 0), p; gives a minimum value, corresponding
to the Rabi oscillation in a small value (the total pulse area
® =0+ 0; ~2.4m), and the probability p, reaches its
maximum value. This give us a method to generate photon
pairs via a single molecule system.

The effect of the rf field modulation index ¢ and the pulse
area ©®, to the probability on p; and p, (®; = 1.47w) are
demonstrated in Fig. 5. As shown in the figure, p; and p, also
oscillate with the pulse area ®, and the modulation index ¢.
When the strength of the pulse is strong enough, the photon
emission probabilities show the well-known Rabi oscillation.
And, when the driven pulse width is long enough, the photon
emission probabilities oscillate with the modulation index
¢ [21-23]. As the pulse area ®, and the modulation index
¢ increase, p; increases wiggly. It reaches its maximum value
™ at £™ and O™, The probability of p,, however,
shows decreasing behavior as the pulse area ®, and the
modulation index ¢ increase. The maximum value of the
emission of the two-photon probability pi™ is at ©, ~ 0.7
and ¢ = 0.

IV. CONCLUSIONS

In this paper, we studied the control of one- and two-photon
emissions from the single DBATT molecule system in the

PHYSICAL REVIEW A 88, 013425 (2013)
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FIG. 5. (Color online) The probabilities of the emission of one
(a) and two (b) photons as a function of the modulation index ¢
and the pulse area ®, with ®; = 1.4. The other parameters are
x=y=0,0 =120nm,w,; =2 x 10¥s", A = 0,0, = 0,9 = 0,
and T'/27 = 1.7 x 107 s7!, o = 200 ns, and the calculation time
t = 400 ns.

matrix environment driven by laser pulses and continuous rf
field. The results demonstrate that the time-dependent phase
of the laser pulses strongly affects the probabilities of the
photon emission. Our calculations show that the short pulse of
the laser field can be used to detect the fast dynamics of the
single molecule states. With the increase of laser pulse width,
the behavior of the fast dynamics of the single molecule in the
matrix is covered by the time averaging. The probabilities p;
and p; oscillate with rf modulation index ¢. The probability p;
increases the oscillation with the increase of modulation index
¢ and the second laser pulse area ®,. This shows that the
maximum value of p; can be found in the greatest modulation
index ¢ and pulse area ®,. The probability p,, however,
decreases the oscillation with the increase of modulation index
¢ and the second pulse area ®,, which shows that the maximum
value of the probability p, exists at a small modulation index
¢ and pulse area ®,. The photon emission probabilities p,
and p, oscillate with the rf field. This property presents a
way to modify and control the photon emission via employing
the rf field. Also, the different rf fields show the spatial Rabi
oscillations.
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