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1. INTRODUCTION

In an atomic three-level system interacting with two
electromagnetic fields, absorption cancellation occur-
ring at certain conditions has drawn much attention
to nonlinear and quantum optics. This phenomenon
based on quantum coherence and interference can in-
duce tremendous changes in refractive index [1], so
that one can control the optical group velocity [2]. The
essential feature of this non-absorption phenomenon
is dark resonance or population trapping [3,4]. When
two resonant laser fields interact with a three-level sys-
tem, the atom-field interaction induces two superpo-
sition states, |+ > and |— > (see Fig. 1):

|+> =[Ql|1>+92|2 >]/Q, (1)
,— > = [92,1 > —91'2 >] /Q, (2)

where §2; is the Rabi frequency of each optical field w;
and 2 = Q2 + Q2. Here, it should be noted that the
|~ > state is decoupled from the excited state [4], so
the populations in the ground states are pumped into
this state and trapped. Due to this coherent popula-
tion trapping, the system becomes transparent to the
applied optical fields.

In 1989, Harris proposed that an optically thick
medium can be transparent to the resonant fields [5].
Since then, electromagnetically induced transparency
(EIT) has been studied intensively for many poten-
tial applications of nonlinear optical processes using
atomic gases [6] and solids {7]. The basic physics
of EIT is the destructive quantum interference be-
tween two absorption pathways to the dressed states,

so that the laser fields experience nonabsorption even
at the line center. The interaction time must be longer
than the excited-state population decay time (1/T") for
the case of the coherent population trapping; the re-
quired time for coherent population trapping should
be longer than the optical decay time. In EIT, how-
ever, it does not need to be because the excitation
of the dressed state is only dependent on the applied
Rabi frequency € when Q > T' [8]. This fast coher-
ence excitation opens a door to potential applications
of ultrafast optical processes.

Generally, both nonlinear and linear optical suscep-
tibilities are simultaneously increased as the laser fre-
quency tunes closer to the line center. Therefore, non-
linear optical processes should greatly degrade near
resonance frequency due to the large absorption. How-
ever, such nonlinear optical susceptibility can be in-
creased while the linear susceptibility is reduced. The
idea of enhanced nonlinear optical processes is based
on the fact that the first-order linear susceptibility
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FIG. 1. (a) Bare state basis and (b) coherent state basis.
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Im[x")] is reduced at the line center while the third-
order nonlinear susceptibility Re[x(®)] is non-zero [9].
Here, four-wave mixing efficiency based on the third
nonlinear susceptibility Re[x®)] increases owing to
the EIT effect of absorption reduction denoted by
first-order linear susceptibility Im[x{!)]. Recently, en-
hanced nondegenerate four-wave mixing signals were
experimentally demonstrated not only in a single-A
system [10,11] but also in double-A systems of atomic
vapors [12], molecular vapors [13], and solids [14].

In this article, observations of EIT in solids are
reviewed for potential applications of high-resolution
spectroscopy.

II. EIT IN SOLID MEDIA

Although many interesting results of EIT in atomic
gas media have been demonstrated, it has had severe
restrictions for potential applications because of the
diffusive characteristics of the atoms. To overcome
such a disadvantage of the atomic media, one may
think about solid materials. Of special interest are
rare-earth ions doped in crystals. Rare-earth-doped
solids have a narrow absorption linewidth (~GHz) and
a slow phase decay rate (kHz ~ MHz). Due to the slow
decay times (minutes ~ hours) of the hyperfine spin
transitions, an optical laser can burn holes easily in
the inhomogeneously broadened ground state. This
persistent, spectral hole-burning effect has been used
for ultra-high-density optical data storage [15].

Since the first observation of EIT in solid
(Cr3*:Alx03) in 1995 [16], efficient EIT has been
demonstrated using a rare-earth Pr3t-doped solid.
Several potential applications of EIT were also studied
for nonlinear optical processes, such as nondegener-
ate four-wave mixing [11], enhanced phase conjugation
[17], and dynamic optical memory [18]. For spectral
modification with laser-fields, only spectrally pumped
ions can be selected by applying a repump beam [19].
Therefore, the effective number of ions (atoms ) can
be greatly reduced by the ratio (~1072) of the laser
jitter to the inhomogeneous width so that the EIT
condition can be satisfied even at weak laser powers
[20]. However, this spectral modification is only possi-
ble at certain temperatures, which satisfy the spectral
hole-burning phenomena. Thus, the temperature re-
striction is a major drawback for the implementation
of the EIT applications in spectral hole-burning solids.

Fig. 2 shows a partial energy-level diagram of a
rare-earth Pr3+ (0.05 at.%)-doped Y2SiOs (Pr:YSO).
For this work, the relevant optical transition is 3Hy «*
D, which has a resonance frequency of 606 nm. The
optical population decay time T; and the phase decay
time Ty are 164 us and 111 us, respectively at 1.4K
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FIG. 2. Partial energy level diagram of Pr:YSO.

[21]. The optical inhomogeneous width is ~4 GHz.
The observed optical homogeneous width increases ex-
ponentially as the temperature increases in Pr:YSO,
while the spin homogeneous width is almost constant
[18]. The ground (®H4) and the excited (*Dz) states
each have three doubly degenerate hyperfine states
[21]. The splittings between the hyperfine states of
the ground level are 10.2 MHz (£1/2 « +3/2), 17.3
MHz (£3/2 < £5/2), and 27.5 MHz (£1/2 < £5/2)
[22]. The ground state population decay time Ty is
~100 s [22], and spin transverse decay time T for the
10.2 MHz transition is 500 us at 6 K [18]. The oscilla-
tor strength is much weaker (f ~ 1077) than that of
most atomic vapors [22]. The small oscillator strength
in the Pr-doped crystals is due to the forbidden dipole
transitions.

Due to the relatively slow population decay times
between the hyperfine states of the ground level, op-
tical spectral hole-burning persists until the popu-
lations are redistributed among the three hyperfine
states. For the 10.2-MHz transition, the inhomoge-
neous width of the hyperfine state is measured as 29
kHz by using the rf-optical double resonance tech-
nique [14,23]. As the temperature increases, spectral
hole burning disappears, so no spectral modification
is possible above the critical temperature. Generally,
the reason for the disappearance of the spectral hole
burning is that the population decay time shortens for
the hyperfine transitions. However, such spectral hole
burning can also disappear when the optical homoge-
neous width becomes larger than the hyperfine-state
splitting of the ground level: This will be discussed in
Fig. 4.

Fig. 3 show EIT observations in Pr:YSO for two
cases: (i) persistent spectral hole burning (Fig. 3(a))
and (ii) non-persistent spectral hole burning (Figs.
3(b) and 3(c)). In Fig 3(a), the coupling laser (wz)
intensity is 90 W/cm?. At this coupling laser inten-
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FIG. 3. Probe transmission vs. (a) probe detuning at 2
K, (b) coupling detuning at 12 K, and (c) temperature.

sity, the probe absorption reduction is near 40 %. As
seen in Fig. 3(a), the spectral width of the EIT win-
dow is much smaller than the laser jitter. As the tem-
perature increases, the EIT efficiency decreases, and
the EIT window is broadened due to the increased
optical homogeneous width. At T = 12K, the absorp-
tion reduction of the probe is just 15 % even though
the coupling laser intensity is increased up to 1200
W /cm? (see Fig. 3(b)). This lower EIT efficiency in
Fig. 3(b) can be explained by the increased number of
active ions (x1000) comparing with that in Fig. 3(a)
and broadened optical homogeneous width; there is
no spectral modification in Fig. 3(b).

Fig. 3(c) shows the probe absorption as a func-
tion of temperature. For the solid curve the coupling
laser is blocked, and the probe intensity is adjusted
not to be saturated (over the temperature of the spec-
tral hole burning). The power of the probe beam is 60
1 W. Below ~8 K, the sample is nearly transparent to
the probe because of the spectral hole burning. The
probe transmission rapidly decreases from ~ 100 %
to ~ 10 % at 10 K. From the data in Fig. 3(c), the
absorption coefficient « is calculated to be ~30/cm at

10”7

0o T4 (1.6K)
—_—

Temp (K)

FIG. 4. Numerical simulation of the spin population de-
cay time T7"'" vs. temperature.

the temperatures of 12 K - 20 K. The open circles in
Fig. 3(c) are for the transmission increase owing to
EIT when the coupling laser is applied: Fig. 3(b) is
for the data (open circle) of Fig. 3(c) at T = 12 K.

Here it should be noted that the spectral width of
Fig. 3(b) is close to the laser jitter. Therefore, one
may suspect that the absorption decrease in Fig. 3(b)
is not due to EIT, but simply due to optical pumping.
This will be discussed in Fig. 4.

Fig. 4 shows the population decay time (TP™) of
the hyperfine states (|1 >« |2 > in Fig. 1) as a func-
tion of temperature. In Pr:YSO, the decay time is
dominated by the Orbach process if the temperature
is higher than 3.5K [24]:

(TP™) 1 107 exp(—E/KT), (3)

where E = 85 cm™!, k is the Boltzmann constant, and
T is the temperature. As seen in Fig. 4, the spin de-
cay time T3P is not faster than the optical decay time
TSP until T is higher than 16 K. On the other hand,
the optical homogeneous width is also rapidly broad-
ened as the temperature increases [18]. Therefore, the
disappearance of the persistent spectral hole burning
is not due to the faster spin decay time but due to
the broadened optical homogeneous width: For laser
fields, the hyperfine states can not be distinguished
if the optical homogeneous width is larger than the
hyperfine splitting. From this discussion, the optical
homogeneous width at 12K is deduced to be at least
10.2 MHz, which is one of the hyperfine-state split-
tings.
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III. EIT ENHANCED HIGH-RESOLUTION
SPECTROSCOPY

Generally, a narrow bandwidth laser has a big ad-
vantage in high-resolution spectroscopy. Therefore,
there have been many efforts to develop narrow-
bandwidth laser sources. In a three-level system,
however, two-photon coherence can alleviate such a
laser-bandwidth-dependent spectroscopy because the
two-photon coherence spectral width can be much
narrower than each laser linewidth. Recently, high-
resolution spectroscopy based on EIT was proposed
and demonstrated using atomic vapors [25] and solids
[14,26].

In this section, counterintuitive laser-jitter-
enhanced high-resolution spectroscopy in the three-
level solid system of Pr:YSO is discussed. For the
present study, the time-resolved four-wave mixing
technique is used. EIT-induced phase gratings on the
hyperfine states are repeated patterns of the superpo-
sition states. Thus, the spectral width of the phase
grating should be limited by the spin inhomogeneous
width. The spectral linewidth of the four-wave mixing
signal, however, can be narrowed in an optically dense
medium [14]. The sub-spin-inhomogeneous width was
also detected by observing optically excited spin-free-
induction-decay signals [26].

Recently, a coherent Raman beat in a A-system
[27] and phase-correlated four-wave mixing in a
V-system([28] were demonstrated using weak-power
dichromatic lasers and showed high-resolution spec-
troscopy for hyperfine states of inhomogenously
broadened systems. Especially, the phase-correlated
four-wave mixing technique demonstrated a spectro-
scopic resolution for the hyperfine structures of an ex-
cited state which was much higher than that achieved
by using the rf-optical double resonance technique
(28].

Although jitter free spectroscopy was demonstrated
in Ref. [27], the laser jitter should degrade the EIT effi-
ciency in a A-system [29]. Thus, the laser jitter should
decrease the four-wave mixing efficiency. However,
the observed four-wave mixing signal in the present
study is nearly unaffected by the laser jitter, and the
spectroscopic resolution is even enhanced when the
laser linewidth is broader. This counterintuitive laser-
jitter-enhanced spectroscopy will be examined with
numerical simulations shortly.

For the nondegenerate four-wave mixing scheme,
one laser field wp is added to the transition of the
beam w; of Fig. 1 for two-photon (Raman) coherence
detection (not shown). The laser fields of w; and wy in
Fig. 1 act as pump beams, which create two-photon
ground-state coherence (phase grating) via coherent
population trapping or EIT. The laser field wp - acts
as a probe (read) beam, which scatters off the two-

Screen
D——G - BS

i‘ﬁl i

osc|| cr

On Screen CRYOSTAT

g

5

=]

o

g " LENS

& /

2l D—ﬁ_.»__ﬁ,__}

] AO-1 &

AOP

8 g D

for]

- / b D

g B AOR Pz / -
N
MBS

N |

Y 1‘7/

B3 AD-2 IRIS &,

FIG. 5. Schematic of nondegenerate four-wave mixing
(AO: Acousto-optic modulator; BS: beam splitter; C.R.:
chart recorder; M: mirror; and OSC: oscilloscope). The
inset shows the beam positions on the screen. ‘

photon coherence phase gratings created by the pump
beams w; and wg, and generates a four-wave mix
ing signal wp satisfying the phase-matching condi-
tion kp = k; — kg + kp. The repump field wg is
used to provide spectral selectivity in the inhomoge-
neously broadened system ( 4 GHz inhomogeneous
width). The amount of spectral selectivity depends
on the laser jitter. ‘

Fig. 5 shows a schematic of the experimental
setup for observing nondegenerate four-wave mixing in
Pr:YSO. A frequency stabilized ring dye laser pumped
by an Ar-ion laser is used. Acousto-optic modulators
driven by frequency synthesizers (PTS 160) are used
to make four different coherent laser beams as shown.
For the resonant Raman transition, the pump beams
wy and wy are downshifted by 60.0 MHz and 70.2 MHz
from the laser frequency, respectively. The probe and
the repump fields are downshifted from the dye laser
output by 70.2 MHz and 47.3 MHz, respectively. All
laser beams are linearly polarized and focused into the
sample by a 30-cm focal length lens, so the focused
beam diameter (e~! in intensity) is ~100 um. The
powers of the pump lasers, w; and wo, are 18 mW and
21 mW, respectively. The powers of the probe and the
repump lasers, wp and wg, are 22 mW and 12 mW,
respectively. Here, it should be noted that the Rabi
frequency is not measured carefully, but the estimated
value is ~100 kHz for ~10 m W.
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FIG. 6. Four-wave mixing signal wp vs. the detuning
of wo with (a) unstabilized and (b) stabilized lasers.

To generate laser pulses, rf switches driven by pulse
generators are used. The pulse width of the pump
and the repump beams is fixed at 1 us. The probe
pulse width is 1 ms and is delayed 2 us after the end
of the pump pulses. A boxcar averager averages 30
samples of the four-wave mixing signal wp. The pulse
repetition time is long enough (1/30 sec > TF™),
so the two-photon coherence can not be accumulated.
The angle between the pump and the probe beams is
about ~70 mrad. The spectral hole-burning crystal,
Pr:YSO, is inside a cryostat, and its temperature is
kept at 6 K. The size of the crystal is 3.5 mm x4 mm x3
mm. Its optical B-axis is along the 3-mm length, and
the laser propagation direction is almost parallel to
the optical axis.

Fig. 6 shows the four-wave mixing signals wp versus
the detuning 6 of the pump beam wy. For Fig. 6(a),
an unstabilized laser whose jitter is ~80 MHz is used.
The measured laser jitter is dominated by low frequen-
cies of less than 50 kHz. The spectral width (FWHM)
of the diffracted beam wp in Fig. 6(a) is 53.7 kHz.
In Fig. 6(b), the laser frequency is stabilized down
to ~1 MHz. The laser stabilization is achieved by
using an external Fabry-Perot cavity locking system.
The width (FWHM) of the wp in Fig . 6(b) is 77.6
kHz, which is wider than that for an unstabilized laser.
Here, it should be noted that both spectral widths in
Fig. 6 are power broadened.

To analyze the experimental data in Fig. 6, numer-
ical calculations of density matrix equations for 1 ms
pump-pulse are presented. The four-wave mixing sig-
nal intensity Ip is proportional to the product of the
square of the Raman coherence Re(p12) and the probe
intensity Ip:

Ip o« Re(p12)*Ip. (4)

This is because the Raman coherence p;2 is propor-
tional to the product of the pump Rabi frequencies

0.0+
0.1 4
-0.2 4
=
Q
g
o 0.3
S
&
v ; Jitter = 7 MHZ
_E' -0.4 4 Y\ f - - Jitter = D7 MHz
(3 ----- No jitter
-05 T

T T T T
-200 -100 0 100 200
Detuning of e, (kHz)

FIG. 7. Numerical calculation of Re(p12) vs. two-photon
detuning; the optical population (phase) decay rate is
1 (20) kHz for each transition. The Rabi frequency of wy
(wz2) is 200 (200) kHz. The inset is the actual data [26].

(for weak pump beams). Though the Raman coher-
ence pj2 should be position dependent due to linear
absorption when the laser beams do not copropagate,
the pump energy used in this experiment is enough
for saturation. Therefore, the Raman-pump-pulse ex-
cited spin coherence pi» is nearly position invariant,
and therefore relation (4) can be used for the four-
wave mixing processes: this fact has been experimen-
tally demonstrated [13,17].

Fig. 7 shows Re (p12) versus the detuning & of wo
for three different cases of laser jitter. For the calcu-
lations, a closed three-level system is assumed. The
total number of atoms is fixed to be the same for all
three cases so that the coherence Re (p12) is weakened
as the laser jitter increases (see the inset). Each pump
Rabi frequency Q; (i = 1 or 2) is best guessed to be
200 kHz. To compare the spectral widths of Re{p12)
with one another, the plots in Fig. 7 are normalized.
For this, the dashed curve (with no laser jitter) is cho-
sen as a reference, and the number of atoms for the
solid (dotted) curve is increased by a factor of 2.89
(1.04). As seen in Fig. 7, the spectral width of the
coherence Re(p12) becomes narrower as the laser jitter
increases.

Fig. 8 shows Raman coherence Re(p12) as functions
of both detuning of we and the atoms’ spectral detun-
ing from the absorption line center (resonance of wy)
for the case of the 7-MHz laser jitter in Fig. 7. Due
to the persistent spectral hole-burning, the (effective)
optical inhomogeneous width should be determined by
the laser jitter. As seen in Fig. 8, off-resonance atoms
(1 to 4 MHz with a step of 1 MHz) contribute to the
linenarrowing of Re(p12) (see Figs. 4 and 5 of Ref.
[26] for more detail). Here, it should be noted that
the off-resonance atoms should produce lower Raman
coherence, too. If the same number of atoms is con-
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FIG. 8. Numerical calculations of Re(p12) vs. detuning
of wy for different group of atoms detuned from the line
center (see the legend); the Rabi frequency of wi (ws2) is
200 (200) kHz. All atoms are distributed according to a
Gaussian curve having a 7-MHz FWHM.

sidered, the overall four-wave mixing signal should be
degraded as the jitter increases (see the inset in Fig.
7). However, in an inhomogeneously broadened per-
sistent spectral hole-burning system, the total num-
ber of active atoms is determined by the spectral se-
lection window caused by the laser jitter. Therefore,
broader laser jitter should suppress the Raman coher-
ence spectral width while keeping or enhancing overall
the four-wave mixing intensity due to the increasing
number of atoms in an inhomogeneously broadened
persistent spectral-hole-burning medium.

IV. CONCLUSION

EIT observations in a rare-earth-doped persistent
spectral-hole-burning solid were reviewed and dis-
cussed. Due to the advantage of solid materials over
atomic gases in non-atomic diffusion, the observations
of EIT in solids have potential applications to nonlin-
ear optical processes, especially, when one is working
with images. EIT based high-resolution spectroscopy
was also discussed by using resonant Raman pulses
and the time-resolved four-wave mixing techniques.
The observed laser-jitter-enhanced resolution has po-
tential applications to high-resolution spectroscopy,
even when broadband lasers are used.
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