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Coherence Switching in a Four-Level System: Quantum Switching
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Dark resonance switching among three-laser interactions in a four-level system is observed by using
an enhanced nondegenerate four-wave mixing technique. This coherence switching mechanism is based
on simultaneous suppression and enhancement of two-photon absorption and has a novel application to

high-speed optical switches.

PACS numbers: 42.50.Gy, 42.65.Pc, 42.70.Mp, 78.20.Bh

In this Letter, we have observed simultaneous enhance-
ment and suppression of the dark resonance [1-3] for
the first time by use of the nondegenerate four-wave
mixing technique. This demonstration shows potential
applications of quantum interference phenomena to ultra-
high-speed (all) optical switches such as in fiber-optic
communications. The energy level structure used for this
observation is composed of three-hyperfine states (ground
states) and an excited state, which is common in rare-earth
doped solids. Unlike atomic systems, spectral hole burn-
ing solids have some practical advantages of robustness,
compactness, nonatomic diffusion, and spectral selectivity.
Very recently enhancement of the four-wave mixing signal
was demonstrated in a persistent spectral hole-burning
solid [4]. Moreover, several demonstrations of electromag-
netically induced transparency (EIT) [3] based nonlinear
optical processes in solids such as optical memories [5],
enhanced phase conjugation [6], and rf-field coupled opti-
cal gain [7], open the door to practical applications of the
dark resonance.

In athree-level A-type system Raman laser fields (),
and (),) induce superposition states, which are decoupled
(I-)) and coupled (|+)) from the excited state (|&)):

|=) = (Qala) — 2B)/Q, D
|+) = (Qila) + Ll B))/Q, &)

where 02 = O} + Q3 [see Fig. 1(a)]. The essential fea-
ture of the decoupled state is coherent population trapping
(CPT) [1] or dark resonance. The existence of the dark
resonance is a basis of nonabsorption resonances [1,2],
EIT, and many potentia applications of nonlinear optical
processes, such as resonant enhancement of refractive in-
dex [8], lasers without inversion [9], up-conversion lasers
[10], and high-resolution spectroscopy [11]. In general,
CPT can create large spin coherence (dark resonance) ca-
pable of producing EIT in an optically dense medium.
CPT, however, is not adequate for any application that
needs coherence buildup faster than the excited-state life-
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time. Thisis because CPT isinherently based on the opti-
cal pumping mechanism.

Recently, Ham et al. proposed efficient spin coherence
excitation in an atom-shelving system [12]. The spin
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FIG. 1. (@) Resonant Raman interactionswith athree-level sys-
tem in bare-state basis and coherent-state basis. (b) Energy
schematic for coherence switching in a four-level system: de-
phasing rates among |a), |b), and |c) are negligible. (c) Beam
propagation geometry for (b).
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coherence excitation by the optical Raman fields in that
system can be faster than the excited-state lifetime. The
efficiency of the dark resonance in that system is also
higher than that in quantum beat [13] or coherent Raman
beat [14]. Especidly, the dark-resonance excitation can be
as fast as the inverse of the applied Rabi frequency [12].
Therefore, in an extreme case of zero excited-state life-
time, the pumped atoms should oscillate between the ex-
cited state |¢) and the coupled state |+). The Raman-field
excited spin coherence p,p aso oscillates as fast as the
Rabi flopping (between |+) and |e)) occurs.

In afour-level optical system, however, such dark reso-
nance can be perturbed by a third laser field. In this
case, the third laser field can control the nonlinear opti-
cal properties induced by the Raman fields. Therefore, the
two-photon absorption of the Raman fields can be either
enhanced or suppressed. This type of coherence control
was proposed by Agarwal et al. using a cascade four-level
system [15]. Hemmer et al. demonstrated the enhance-
ment of optical nonlinearity owing to CPT in a double-A
four-level system [16]. Imamoglu et al. also demonstrated
giant Kerr nonlinearity owing to EIT [17]. Not only non-
linearity, but also linearity should be changed in such a
system. Harris et al. proposed photon switches by using
two-photon linearity control [18].

Figure 1(b) shows a partia energy level diagram of
0.05 at. % rare-earth Pr** doped Y,SiOs (Pr:YSO). For
thiswork, the relevant optical transitionis*H; — 'D,, and
the resonance frequency is 606 nm [19]. The measured ab-
sorption coefficient « for that transitionis~10 cm™!. The
inhomogeneous width of the optical transitionsis ~4 GHz
at liquid helium temperatures, which is much wider than
the hyperfine splitting. The observed optical homogeneous
width of Pr:Y SO is temperature dependent, which is expo-
nentially broadened as temperature increases in the range
of 4 to 6 K, while the spin homogeneous width is almost
constant [5]. Ground (*H,) and excited ('D,) states each
have three doubly degenerate hyperfine states and, due
to the low-symmetry crystal field, the wave functions are
mixed, causing the selection rule to break down for elec-
tronic dipole transitions between electronic singlets [19].
The energy splittings between the hyperfine states of the
ground level 3H, are 10.2 MHz for |¢) < |b), 17.3 MHz
for |b) < |a), and 27.5 MHz for |¢) « |a) [20]. The
ground state population decay time T is ~100 s, and spin
transverse decay time 7, for the 10.2-MHz transition is
500 usat 6 K [5]. Because of the long population decay
time on the hyperfine states of the ground level, optical
hole burning persists until the populations are redistributed
among the three-hyperfine states.

In Fig. 1(b), the Raman laser fields w; and w,, w; and
w3, and w, and w3 each can induce phase grating on the
hyperfine states. Here it should be noted that the Rabi
frequency does not need to be strong enough (Q2 > )
to reach near maxima coherence, because the Raman
coherence amplitude depends on the pulse area ©: O =

[oQ(t))dr'. However, in an opticaly thick medium a
strong Rabi frequency has an advantage of generating
strong four-wave mixing signals due to high EIT effi-
ciency. For the resonant Raman transition, the difference
frequency among w;, w,, and w3 should match the
hyperfine splitting, and each optical frequency should be
resonant with its transition. Laser field w, acts as a probe
(read) beam, which scatters off the two-photon coher-
ence phase gratings and generates the four-wave mixing
signals w1y and w,,; satisfying phase matching condi-
tions kis =k — ks + kp and kyy = ky, — k3 + kp,
respectively [see Fig. 1(c)]. In Fig. 1(c) noncollinear
propagation scheme has an advantage of background-free
detection of the four-wave mixing signals [4].

A stabilized cw ring dye laser output is split into four-
laser beams w, w», w3, and w,, by acousto-optic modula-
torsdriven by frequency synthesizers (PTS 160). Although
the ring dye laser jitter is ~1-2 MHz, the difference fre-
guencies among the four-laser beams are always kept less
than kHz. All the laser beams are focused into the sample
by a 30-cm-focal-length lens. The focused beam diameter
(e”! in intensity) is ~100 um. The power of the lasers
wi, w, w3, and w, are 12, 25, 10, and 21 mW, respec-
tively. The angle between the beams is about ~80 mrad.
The persistent spectral hole-burning crystal of Pr:YSO is
inside a cryostat and the temperature is kept at 6 K. The
size of the crystal is3.5 mm X 4 mm X 3 mm, and opti-
cal B-axisisalong the 3-mm length. The laser propagation
direction is amost parallel to the optical axis.

Figures 2(a) and 2(b) show experimental data of the
four-wave mixing signals I;(w,) and I4(w;) as a func-
tion of &; in a three-laser acting four-level system, re-
spectively. Here we define 81 = w,g — w;. The laser
beam w, is blueshifted from the resonance freguency,
i.e, 6, = wpgy — wr = —10 kHz. Thisintentional detun-
ing of &, isto show an asymmetric feature of the dark
resonance, where |8,| is less than the spin inhomoge-
neous width (29 kHz) for the 10.2-MHz transition or the
Rabi frequency. The overall spectral width of Ir4(w24)
in Fig. 2(a) is ~1 MHz. Obviously, the four-wave mixing
generation exists if the detuning 6, is within the modified
optical inhomogeneous width, and the Raman difference
frequency &, is less than the spin inhomogeneous width.
As mentioned above the optical inhomogeneous width in
this system is modified by the laser jitter due to the persis-
tent spectral hole burning. Therefore, the overall spectral
width of I;(w,4) aso demonstrates the modified optical
inhomogeneous width, and the w; acts as a repump within
the laser jitter if |8] is not less than the spin inhomoge-
neous width (or the applied Rabi frequency).

In Fig. 2 the signal intensity I,,(w,4) becomes sub-
stantially suppressed as the detuning 6; comes close to
zero, while the signal intensity 74(w14) is greatly en-
hanced. This signal enhancement of I,,(wy) and the
suppression of I (wyy) @ 8; = 0 are due to the dark
resonance changes in the hyperfine states |a) — |¢) and
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FIG. 2. Intensity of the four-wave mixing signals (a) 1,4(wq)
and (b) li(wie); 61 = wa — @1, w2 = wpg + 10 kHz,
w3 = W, aNd A = 1.5 MHZ; 0;; = w; — w;.

|b) — |c), respectively. The suppressed spectral width of
Dy(wyy) a 81 = 0in Fig. 2(a) is narrower than the laser
jitter, and it is an experimental proof that the four-wave
mixing generation is based on the dark resonance. Here
it should be noted that the intensity of the nondegenerate
four-wave mixing signals depends on the probe detuning
A and existsonly if al three lasersinteract with the system
(due to the persistent spectral hole burning) [4]. For cw
lasers, unlike time-delayed pulsed lasers [6], A should not
be zero; otherwise, degenerate four-wave mixing (popu-
lation grating) phenomena dominate it: This will be dis-
cussed in more detail in a separate paper. As demonstrated
dready in Ref. [6], the intensity of the dark-resonance
based nondegenerate four-wave mixing signal is propor-
tional to the Raman induced coherence strength in the
hyperfine states. Therefore, the swap of the diffraction
signals intensity at 6, = 0 in Fig. 2 is due to the per-
turbation of the Raman dark states when all three beams
are resonant to the system. The enhanced diffraction sig-
nal I14(wy4) in Fig. 2(b) is owing to one-photon absorp-
tion reduction (increased dark-resonance efficiency) in the
transition |a) — |d): This will be discussed in Fig. 3.

To analyze the experimental results in Fig. 2, we did
numerical calculations by solving 16 density matrix equa-
tions for Fig. 1(b). In Fig. 1(b), the Hamiltonian in an

4082

5, (MHz)

FIG. 3. Numerica calculations of three-laser interactions
with a four-level system for (@) spin-coherence intensity and
(b) optical-coherence reduction vs spin-coherence enhancement
as afunction of o1; Q] = 40, Qz = 100, Q:; = 60 kHz, Yda =
Yab = Yac = 100 kHz, T'ys =Ty, = Ty = 6 kHz, ypq =
Yea = Veb = 1 kHz, and Fba = Fca = th = 0.

interacting picture is

H = h/2m{~ 5 la){al — 8,1b)(b| — 83lc){cl
— 2 Qila)(d] + Q1) {d|
+ QOsle){d]) + H.c.}, (©)]

where 6, = Wag — W1, 020 = Wpg — W2, 63 = Weqg —
w3, h isPlank’s constant, and (); is Rabi frequency of the
laser beam w; (i = 1,2,3). The time-dependent density-
matrix equation of motion is

i _

L — —[H.p] - 3{T.p}, (@)

where {I', p} = I'p + pI'" [21]. Figure 3 shows the re-
sults of the numerical calculations. For these calculations
a closed four-level system is assumed, and experimental
values are used for the parameters. The optical homoge-
neous width is replaced by the laser jitter for simplicity,
because the optical inhomogeneous modification islimited
by the laser jitter in this experiment. The spin inhomoge-
neous broadening of 30 kHz is considered. In Fig. 3(a),
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the spin coherences Re(p,.) and Re(p,.) are calculated
as a function of detuning 6;, when 6, = —10 kHz and
53 = 0.

As seen in Fig. 3(a), the laser beams w, and ws3 in-
duce spin coherence Re(p,.) on the hyperfine transition
|b) — |c), so that the probe w,, scatters off the coherence
phase grating [Re(p,.)]* and generates a four-wave mix-
ing signal I4(w>,). The four-wave mixing signal intensity
is proportional to the square of the Raman field excited
spin coherence directly [6]:

Laaa)(@2414) % [Re(ppetae) 1y (@)) . %)

When the field w; comes close to the resonance (6; =
0), however, the phase grating [Re(p;.)]* becomes sup-
pressed, while [Re(p,.)]? is greatly enhanced. There-
fore, w, seems to act as a control field enhancing the
dark resonance on the hyperfine transition [a) — |¢) and
suppressing that on the transition |b) — |c¢). The numeri-
cal calculations in Fig. 3(a) match the experimental data
in Fig. 2.

In Fig. 3(b), the spin coherence Re(p,.) is compared
with the absorption spectrum of the beam w3, Im(p.4). As
seen, the coherence enhancement in Re(p,.) is caused by
the absorption increase (or coherence decrease) in Im(p.q),
which leads to coherence decrease in Re(p,.). This ab-
sorption increase of the beam w3 is due to decoherence in
the dark state caused by the interaction of the beam w;.
Note that the spectral linewidth of the absorption recovery
inlm(p.q) a 6; = O0issimilar to that of the enhanced co-
herence spectral width of Re(p,..). The asymmetric feature
of the coherence curvesin Fig. 3 is due to the detuning of
8. As demonstrated previously in an atom-shelving sys-
tem, the two-photon coherence can be asfast as the applied
Rabi frequency [5,6,12]. So does the quantum switching
time. This is because most rare-earth doped solids have
slower optical decay time (~ms), and, thus, the coherence
excitation is dominated by the population difference be-
tween the |+) state and the excited state |e) as mentioned
in Fig. 1(a).

In conclusion, a novel experiment of coherence switch-
ing has been demonstrated for the first time in afour-level
(solid) system. Even though the observed extinct ratio
of the coherence switching in Fig. 3 shows potential ap-
plications to low-threshold, high-speed optical switches,
temperature-dependent quantum interference in rare-earth
doped solids still remains as a problem to overcome [22].
For the implementation of (all) optical quantum switches
in fiber-optic communications, therefore, semiconductors
having quantum-well structures should be studied because
the optical oscillator strengths are big and the communi-
cation wavelength can be used directly. Very recently, EIT
has been observed in an InGaAs multiple quantum-well
semiconductor [23].
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