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Evidence for electromagnetically induced transparency in a solid medium

K. Ichimura, K. Yamamoto, and N. Gemma
Advanced Research Laboratory, Toshiba Corporation, 1 Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210-8582, Japan

~Received 31 October 1997!

Strong evidence indicating the occurrence of electromagnetically induced transparency~EIT! in a solid
medium was found. Fluorescence reduction due to EIT was observed in solids. The excitation intensity
dependence of the fluorescence reduction was found to be consistent with theoretical predictions for EIT. It
was experimentally demonstrated that the essential condition for the observation of EIT in solids is that the
Rabi frequency of excitation must be larger than the inhomogeneous width of the transition between the two
states coupled to the third state by the pair of optical fields.@S1050-2947~98!00411-9#

PACS number~s!: 42.50.Gy, 42.50.Hz, 78.20.Wc
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I. INTRODUCTION

The distinctive characteristics of electromagnetically
duced transparency~EIT! are marked changes in absorban
@1# and refractive index@2#. They occur as a result of quan
tum interference and are unrelated to common bleach
phenomena, saturation effects, or hole burning. Many in
esting studies have been reported on potential applicat
based on these characteristics, including lasing without
version~LWI ! @3–5#, quantum noise reduction@6#, and sum
frequency generation@7#.

However, most of the experimental studies on EIT ha
been carried out in gases. We have come across only
reports on the observation of EIT in solids@8,9#, and these
were published recently during preparation of this pap
One of the reports describes microwave-induced absorb
changes in ruby@8#, while the other describes transmittan
changes induced by visible light in Pr31:Y2SiO5 @9#, which
coincidentally is similar to the material studied in this pap
~the selected energy levels and experimental methods
however, different!. As spectral changes thought to be due
EIT in solids have only recently been observed, there is r
tively little information about EIT in solids and no convinc
ing evidence as yet to conclusively prove that the obser
signals were actually due to EIT. There are also some rep
by the Australian National University group on dynam
Stark splitting in a two-level system@10–12# and Autler-
Townes splitting in a three-level system@12,13# by the ap-
plication of radio-frequency fields to an N-defect center
diamond. The observed phenomena, particularly Aut
Townes splitting in a three-level system, are thought to
closely related to EIT even though the destructive interf
ence between the two components of the absorptive pr
of the Autler-Townes doublet, which is one of the charact
istics of EIT, was not observed. In their experiments,
spectral changes in the radio-frequency region were inve
gated. From the viewpoint of optical-device applicatio
such as LWI, however, EIT in the optical region for solids
desired.

Using two laser beams whose frequencies differ by
transition frequency of the two lower levels in a three-lev
system, the system can be pumped into a superposition
of the two levels where the population is trapped due
destructive interference between the two different absorp
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paths, resulting in suppression of the total absorption. T
type of suppression of absorption is the origin of EIT. It
known that a short dephasing time in a medium breaks
atomic coherence of the superposition state~population trap-
ping state! and inhomogeneous broadening reduces the n
ber of the trapped atoms or ions that contribute to EIT.
solids, the inverse of the dephasing time~dephasing rate!
and/or inhomogeneous broadening are generally so large
it has been difficult to observe EIT signals clearly.

In this paper we present strong evidence for the occ
rence of EIT and population trapping~PT! in a solid medium
based on the first observation of fluorescence reduction
to PT in solids. The excitation intensity dependence of
observed fluorescence reduction also clearly revealed tha
essential condition for achieving an obvious EIT in a so
medium is that the Rabi frequency of excitation must
larger than the inhomogeneous width of a two-photon tr
sition.

II. EXPERIMENTS

The sample was a 2.533.033.5 mm Y2SiO5 crystal
doped with 0.05 at. % Pr31 ions ~Scientific Material Corp.!.
It was set in a continuous gas-flow cryostat~Oxford, Optistat
CF! maintained at 3.8 K during the measurement.

Figure 1 shows the energy levels for the3H4 ground-state
hyperfine sublevels and1D2 excited-state sublevels o
Pr31-doped Y2SiO5. The angular frequencies of the incide
laser beams (v1 ,v2) are shown in the figure. It is known
that the Pr31 ions in Y2SiO5 occupy two nonequivalent crys
tallographic sites, site 1 and site 2@14#. The ions at site 1
have a transition energy of 16 502.3 cm21 for the
3H4(1)-1D2(1) transition, where3H4(1) and 1D2(1) are,
respectively, the lowest crystal-field components of3H4 and
1D2 . The corresponding transition energy for site 2
16 449.2 cm21. Since the energy difference between the
two transitions (53.1 cm21) is much larger than the linewidth
of each transition@14#, it was possible to excite the ions a
site 1 independently of the ions at site 2.

A schematic of the experimental setup used for observ
transmission and fluorescence related to EIT is shown in
2. A laser beam from a ring-dye laser~Coherent, model
699-29! pumped by an argon-ion laser~Coherent, Innova
4116 ©1998 The American Physical Society
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400-20! was split into two components by a partially reflec
ing mirror.

To bring the difference between the two laser frequenc
v1 /(2p) andv2 /(2p) into resonance with the ground-sta
splitting frequency of 17.3 MHz, the frequencies of the tra
mitted ~beam 1! and reflected~beam 2! beams were, respec
tively, shifted by 60 and 77.3 MHz using acoustooptic~AO!
modulators~Isomet, D322B!. Half-wave plate rotators were
inserted into the beam paths, and the orientations of the
linearly polarized beams were adjusted to be parallel to
axis where the sample exhibited strongest absorption.
intensity of beam 1 was varied between 0.2 and 10 W/c2,
while that of beam 2 was kept constant at 0.1 W/cm2.

The two beams were overlapped in the sample at an a
of intersection of 2°. The diameter of the two beams in
sample was approximately 450mm. The intensities of the
transmitted light~beam 1! and fluorescence were each d
tected by two coupled sets of photomultipliers and mo
chromators. The frequency of the ring-dye laser was reso
with the transition between 3H4(1) and 1D2(1)
~16502.3 cm21, 605.98 nm!. Monochromators were em
ployed as narrow band filters to eliminate unnecessary li
In the fluorescence measurement, a Stokes line was dete
at 611 nm. This line corresponded to the transition from
lowest level of the1D2 crystal-field components to the thir
level of the 3H4 components.

Due to frequency jitter, the linewidth of the ring-dye las
was approximately 500 kHz. However, the frequency diff

FIG. 1. Energy levels for the3H4 ground-state sublevels an
1D2 excited-state sublevels for site 1 in Pr31:Y2SiO5. u1& andu2& are
the two ground-state sublevels split by 17.3 MHz, andu3& is one of
the excited-state sublevels.

FIG. 2. Schematic of the experimental setup. Abbreviations:
partially reflecting mirror; AOM, acoustooptic modulator;l/2,
half-wave plate;P, prism; CR, cryostat;S, sample;L, lens; MC,
monochromator; and PM, photomultiplier.
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ence between the two laser beams was set accurately b
AO modulators, and the resolution of the observed spe
was higher than 10 kHz.

To obtain transmission and fluorescence spectra, the
quency of beam 2@v2 /(2p)# was scanned using an AO
modulator controlled by an rf source~Isomet, 1205C-2!,
while the frequency of beam 1 was fixed. The observed sp
tra were detected with a scan speed of 2 MHz/s and w
typically averaged 64 times.

III. RESULTS AND DISCUSSION

The fluorescence spectra for six different light intensit
of beam 1 are shown in Fig. 3~a!. The dip at 17.3 MHz
indicates that under the two-photon-resonance condition,
population was trapped in a coherent superposition st
This is the first observation of EIT~or PT! in fluorescence
spectra in a solid medium.

In the transmitted spectra, enhancement of transmitta
due to EIT was also clearly observed as shown in Fig. 3~b!.
We would like to stress here that the observation of
change in fluorescence directly indicates the reduction of
higher-state population excited from the ground-state sub
els. It seems to be difficult to separate the contribution
EIT from other effects such as the stimulated emission
Raman signals by measuring only absorbance or trans
tance changes in the transmitted light intensity.

Pr31:Y2SiO5 is known as a material which shows ho
burning @15#. Therefore, with the long hole lifetimes in th
material, one may think that absorption and fluorescence
reduced and the experiment is difficult. Actually the abs
bance and fluorescence measured using only beam 1
reduced due to hole burning in the sample. However, w
absorption and fluorescence could be observed, probably
to the relaxation between ground-state sublevels. W
beam 2 was applied in addition to beam 1, the absorption
the fluorescence were enhanced in the vicinity of frequen
that were separated from the beam 2 frequency by the
quency differences of the ground-state sublevels. This h

,

FIG. 3. ~a! Fluorescence spectra for six different light intens
ties. The spectra are arranged by moving baselines for easy c
parison of the hole shapes.~b! The transmission spectrum for a
excitation light intensity of 1.0 W/cm2.
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pened because beam 2 pumped a part of the population
to the initial states of excitation by beam 1. The absorpt
and fluorescence due to beam 2, on the other hand, w
enhanced by beam 1. In this enhanced fluorescence s
trum, the dip due to EIT was clearly observed.

The broad background structure in the spectra show
Fig. 3~a! may be due to hole burning; that is, populatio
redistribution between the ground-state sublevels descr
above. The approximately 1-MHz width of the broad stru
ture probably corresponds to the homogeneous width of
optical transition under laser irradiation. At present, the r
son why the broad structure shows a peak at 17.8 MHz ra
than 17.3 MHz is not clear.

Another dip was also observed at 10.2 MHz. Since the
at 17.3 MHz was larger and clearer than that at 10.2 M
our study focused on the former.

Figure 4 shows the dependence of the dip depth and w
on the light intensity. The depth was defined here as
fluorescence intensity difference between the maximum
the low-energy side of the dip and the bottom of the dip. T
width was defined as the width at half the depth of the d

In the low-intensity region below 1.0 W/cm2, the width
did not change but the depth increased with the increas
light intensity. In the high-intensity region above 5.0 W/cm2,
on the other hand, the depth did not change but the w
increased with the increase in light intensity. This behav
has great significance, because it provides strong eviden
EIT in a solid medium as explained below.

Pr31 ions that are trapped in the coherent superposi
state and exhibit EIT satisfy the two-photon-resonance c
dition

v22v15v12, ~1!

wherev12 is the angular frequency difference between
two lower states. The limits of the resonance condition c
be estimated at the Rabi frequency of the excitation lig
This condition is represented as

uv22v12v12u,V/2, ~2!

whereV is the Rabi frequency. Here, the excitation light
defined as the beam that has a higher Rabi frequency, an
this report beam 1 corresponds to the excitation light. T
estimates of the limits were obtained from experiments@16#
and theory@4,17#. They indicate that the dip width of EIT in
the absorption and fluorescence spectra is approxima

FIG. 4. Light intensity dependence of the hole width~open
circles! and depth~closed circles!. The broken-line curves hav
been inserted to guide the reader’s eye.
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equal to the Rabi frequency of excitation when inhomog
neous broadening can be ignored. Judging from the limits
the resonance condition, when the Rabi frequency of bea
(V1) is sufficiently smaller than the inhomogeneous width
the transition u1&-u2& (Dv12inhomo), the dip width of EIT
(DvEIT) measured by scanningv1 or v2 is expected to be
Dv12inhomo. When Dv12inhomo!V1 , the dip width is ex-
pected to beV1 . Here, u1&, u2&, and u3& are the hyperfine
sublevels shown in Fig. 1.

The resonance condition~2! is valid when the rate of
dephasing of the coherence betweenu1& andu2& is sufficiently
smaller thanV1 . Therefore, theV1 dependence ofDvEIT
described above is expected only when the dephasing ra
sufficiently smaller thanV1 .

Let us consider the dip depthDI EIT in the fluorescence
spectra. Assuming that the fluorescence is almost satur
by beam 1,DI EIT is proportional to the number of Pr31 ions
that are in the PT state. Therefore, whenV1!Dv12inhomo,
DI EIT is proportional toV1 , and whenDv12inhomo!V1 ,
DI EIT is constant.

The Rabi frequency is proportional to the square root
the intensity of the excitation light. This can be expressed

V152pm23E/h}I 1/2, ~3!

wherem23 is the transition dipole moment of theu2&-u3& tran-
sition, E is the electric field of beam 1,h is the Planck
constant, andI is the light intensity of beam 1. The depen
dence of the dip width and depth on the light intensity c
therefore be expressed as

DvEIT5Dv12inhomo~V1!Dv12inhomo!, ~4!

DvEIT5V1}I 1/2~Dv12inhomo!V1!, ~5!

DI EIT}I 1/2~V1!Dv12inhomo!, ~6!

and

DI EIT5const~Dv12inhomo!V1!. ~7!

The logarithmic plots of the light intensity dependence
Fig. 4 show thatDvEIT is constant for low light intensities
@i.e., in the low Rabi frequency region (I ,1 W/cm2)], but
changes along a line of slope 1/2 at high light intensities@i.e.,
in the high Rabi frequency region (2 W/cm2,I )#. The Rabi
frequency@V1 /(2p)# where DvEIT begins to increase is
approximately 100 kHz, which is comparable
Dv12inhomo/(2p) of 70 kHz reported by Hollidayet al. @15#.
The dip depthDI EIT , on the other hand, changes along a li
of slope 1/2 in the low light intensity region but is consta
in the high-light-intensity region. A likely reason for th
slope of the observedDI EIT curve being slightly steeper tha
the theoretical value of 1/2 is that the fluorescence was
saturated completely.

Equation ~4! indicates that the dip width in the low
intensity region should agree with the inhomogeneous wi
Dv12inhomo. The observed dip width of 60 kHz in the regio
is actually consistent with the inhomogeneous width of
kHz.

Equation ~5! predicts that, in the high-intensity region
DvEIT should be approximately equal toV1 . The observed
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dip width @DvEIT /(2p)# of 200 kHz in the region is com
parable to the calculated Rabi frequency@V1 /(2p)# of 300
kHz. The Rabi frequencies were calculated using an osc
tor strength of 331027 @14#, a measured beam diameter
450 mm, and measured light intensities.

The dip depth in the high-light-intensity region can
estimated as follows. The inhomogeneous width of
3H4(1)-1D2(1) transition is much larger than the ener
separation of the sublevels. Therefore, when the samp
excited by beam 1 and beam 2 and detuning from the t
photon-resonance condition is larger thanV1/2 ~i.e., V1/2
,uv22v12v12u), all nine transitions between the thre
3H4(1) sublevels and the three1D2(1) sublevels contribute
to absorption atv1 and v2 . Therefore there are eightee
combinations of incident light and resonant transitions t
cause absorption. However, when condition~2! is satisfied,
the six combinations that include the two sublevels satisfy
the condition do not contribute to the absorption becaus
PT. Assuming that the nine transition probabilities are
same, the reduction of absorption and fluorescence in
case of two-photon resonance is expected to be six div
by eighteen; that is, 33%. This estimate is independent of
ratios of the intensities of beam 1 and beam 2, because
contribution of beam 1 and beam 2 to the absorption
comes one-third under condition~2!.

The estimate of 33% is valid when population redistrib
tion ~hole burning! can be ignored. Population redistributio
in the actual sample may increase the contribution of the
combinations to the absorption whenV1/2,uv22v12v12u
,Dvhomo, whereDvhomo is the homogeneous broadenin
of the 3H4(1)-1D2(1) transition. This is because beam
which connects levelsu2& andu3&, tends to increase the popu
lation in u1& of the ions that haveu1&-u3& transitions resonan
with beam 2 by pumping the population viau3&, and beam 2
tends to increase the population inu2& of the ions that have
u2&-u3& transitions resonant with beam 1. Since these six co
binations cause the dip under condition~2!, the value of 33%
represents the minimum expected dip.

The actually observed reduction of fluorescence was
proximately 10%. This discrepancy is thought to be cau
by transition probability differences among the nine tran
tions and by fluorescence from excited parts of the sam
where the two beams did not overlap each other.

The excitation intensity dependence of the observed
width and depth is quantitatively well described by Eqs.~4!
to ~7! for different ratios ofV1 to Dv12inhomo. These results
clearly show that the observed dip was due to EIT.

The obtained results are also significant from anot
point of view. They experimentally confirm that the essen
condition for achieving large EIT in a solid medium that h
an inhomogeneously broadened spectrum is

Dv12inhomo,V. ~8!

It is important to note that it is possible to achieve large E
with any inhomogeneous width for transitions that are re
nant with the incident light, as long as condition~8! is satis-
fied. Under this condition, the solid medium exhibits
transition-energy distribution equivalent to the effecti
transition-energy distribution of atomic vapors to which t
Doppler-free technique using two-photon resonance@18# is
applied.
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The dephasing time of the coherence betweenu1& and u2&
could be estimated as follows. The rate of dephasing is
pected to be sufficiently smaller thanV1 during our experi-
ment, because the data in Fig. 4 are well explained by E
~4! to ~7!. At the low excitation intensity of 0.5 W/cm2, V1
and the dephasing rate should be smaller than the dip w
of 60 kHz. Therefore, the dephasing time of the ground-s
sublevels should be longer than 3ms because 1/(2p
360 kHz) is approximately 3ms. Equall, Cone, and Macfar
lane observed the excitation intensity dependence of the
mogeneous line width of the transition between3H4(1) and
1D2(1) in Pr31:Y2SiO5 @14#. According to their results, the
homogeneous width at the intensity of 0.5 W/cm2 is approxi-
mately 2.5 kHz, and this reflects the dephasing time of
sublevels under their experimental condition. The concen
tion of Pr31 ions in their sample~0.02%! was smaller than
that in ours~0.05%!, and the temperature of their sample~1.4
K! was lower than that of ours~3.8 K!. Therefore, the
dephasing time of our sample is shorter than the 70ms ex-
pected from the 2.5-kHz width@1/~2p32.5 kHz!>70ms#. At
the high excitation intensity of 10 W/cm2, the dip width that
was observed in our study was 200 kHz, and Equall, Co
and Macfarlane report a homogeneous width of 5 kHz at t
intensity. This indicates that the dephasing time in o
sample at a high excitation intensity is likely to be betwee
and 30ms. Therefore, during our experiment, the dephas
time of the ground-state sublevels was probably aroun
few tens ofms.

Single crystals doped with rare-earth ions were emplo
as candidate materials meeting condition~8! because they
exhibit extremely small inhomogeneous broadening of tr
sitions between the hyperfine sublevels in a common crys
field component. Before this study, a few rare-earth-
doped samples had been investigated to obtain EIT signa
liquid helium temperature. In fact, three-level systems
lected from six 3H4(1) and 1D2(1) hyperfine levels in
Pr31:YAlO3 were studied using the same experimental se
as this study. However, no clear EIT signals were observ
The dephasing times of the hyperfine levels in the samp
other than Pr31:Y2SiO5 were probably too short to maintain
coherent superposition state, particularly under laser irra
tion.

IV. CONCLUSION

EIT was observed in a solid medium using the fluore
cence spectrum. Unlike the transmission spectrum, a di
the fluorescence spectrum directly indicates the suppres
of excitation from ground-state sublevels to the excited st
The dependence of the dip shape on the light intensity
observed, and the behavior could be explained quantitativ
by theoretical predictions related to EIT in a solid mediu
This clearly shows that EIT and PT were achieved in a so
medium. It was also experimentally confirmed that for
solid medium with inhomogeneous broadening that can
be canceled by the multiphoton Doppler-free technique,
essential condition for achieving a large EIT isDv12inhomo
,V.
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