PHYSICAL REVIEW A VOLUME 58, NUMBER 5 NOVEMBER 1998
Evidence for electromagnetically induced transparency in a solid medium
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Strong evidence indicating the occurrence of electromagnetically induced transp@eghgyin 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 figl84050-294{@8)00411-9

PACS numbds): 42.50.Gy, 42.50.Hz, 78.20.Wc

I. INTRODUCTION paths, resulting in suppression of the total absorption. This
type of suppression of absorption is the origin of EIT. It is
known that a short dephasing time in a medium breaks the
atomic coherence of the superposition stgi@pulation trap-

The distinctive characteristics of electromagnetically in-
duced transparendIT) are marked changes in absorbance
[1] ar_1d refractive index2]. They occur as a result of quan- ing state and inhomogeneous broadening reduces the num-
tum interference and are unrelated to common bleachmg

henomena. saturation effects. or hole burning. Manv inter: er of the trapped atoms or ions that contribute to EIT. In
P ' ' 9. y It solids, the inverse of the dephasing tirf@ephasing rade

based h h istics. including lasi ith Ohd/or inhomogeneous broadening are generally so large that
ased on these characteristics, including lasing WIthout INg a5 peen difficult to observe EIT signals clearly.

version(LWI1) [3-5], quantum noise reductidi6], and sum In this paper we present strong evidence for the occur-

frequency generatiofv]. _ _ rence of EIT and population trappit§T) in a solid medium
However, most of the experimental studies on EIT haveyased on the first observation of fluorescence reduction due

been carried out in gases. We have come across only twWg PT in solids. The excitation intensity dependence of the

reports on the observation of EIT in solif8,9], and these observed fluorescence reduction also clearly revealed that the

were published recently during preparation of this paperessential condition for achieving an obvious EIT in a solid

One of the reports describes microwave-induced absorbangeedium is that the Rabi frequency of excitation must be

changes in ruby8], while the other describes transmittance larger than the inhomogeneous width of a two-photon tran-

changes induced by visible light in PrY,SiOs [9], which  sition.

coincidentally is similar to the material studied in this paper

(the selected energy levels and experimental methods are,

however, different As spectral changes thought to be due to Il. EXPERIMENTS

EIT in solids have only recently been observed, there is rela-

tively little information about EIT in solids and no convinc-  The sample was a 2:63.0xX3.5 mm Y,SiO; crystal

ing evidence as yet to conclusively prove that the observe@oped with 0.05 at. % BT ions (Scientific Material Corp.

signals were actually due to EIT. There are also some repor#§Was set in a continuous gas-flow cryostaxford, Optistat

by the Australian National University group on dynamic CF) maintained at 3.8 K during the measurement.

Stark splitting in a two-level systerfil0—14 and Autler- Figure 1 shows the energy levels for thid, ground-state

Townes splitting in a three-level systdb2,13 by the ap- hyperfine sublevels and1D2 excited-state sublevels of

plication of radio-frequency fields to an N-defect center inPr*-doped ¥%SiOs. The angular frequencies of the incident

diamond. The observed phenomena, particularly Autlerlaser beamsd;,w,) are shown in the figure. It is known

Townes splitting in a three-level system, are thought to béhat the P¥* ions in Y,SiOs occupy two nonequivalent crys-

closely related to EIT even though the destructive interfertallographic sites, site 1 and site[24]. The ions at site 1

ence between the two components of the absorptive profilbave a transition energy of 16502.3¢ch for the

of the Autler-Townes doublet, which is one of the character-2H4(1)-'D,(1) transition, where*H,(1) and 'D,(1) are,

istics of EIT, was not observed. In their experiments, therespectively, the lowest crystal-field components’df, and

spectral changes in the radio-frequency region were investitD,. The corresponding transition energy for site 2 is

gated. From the viewpoint of optical-device applications16 449.2 cm?. Since the energy difference between these

such as LWI, however, EIT in the optical region for solids is two transitions (53.1 cimt) is much larger than the linewidth

desired. of each transitiorj14], it was possible to excite the ions at
Using two laser beams whose frequencies differ by thesite 1 independently of the ions at site 2.

transition frequency of the two lower levels in a three-level A schematic of the experimental setup used for observing

system, the system can be pumped into a superposition stat@ansmission and fluorescence related to EIT is shown in Fig.

of the two levels where the population is trapped due t@2. A laser beam from a ring-dye laséCoherent, model

destructive interference between the two different absorptio$99-29 pumped by an argon-ion lasé€oherent, Innova

1050-2947/98/58%)/41165)/$15.00 PRA 58 4116 ©1998 The American Physical Society



PRA 58 EVIDENCE FOR ELECTROMAGNETICALLY INDUCBE . .. 4117

S

(ecm™

- 13> 4.6 MHz
165023 [—=1D,(1) <E 4.8 MHz

Wy Wy

| (a) (b)

N
[
=
N
1

o
T

N

AN\
N
NE

/
4

3.\
—
o«
T

=]
I

6

10.2 MHz
\ ! 17.3 MHz
11>
TR IS T | o | Lo |

FIG. 1. Energy levels for théH, ground-state sublevels and %65 17.0 175 18.0 §70 175
D, excited-state sublevels for site 1 irPP1Y ,SiOs. |1) and|2) are

2 _ 2SI0; [1) and|2) (wrw)/@r)  (MH2)
the two ground-state sublevels split by 17.3 MHz, é)ds one of
the excited-state sublevels.

Fluorescence intensity (arb. units)
Transmission intensity (arb. units)

FIG. 3. (a) Fluorescence spectra for six different light intensi-
ties. The spectra are arranged by moving baselines for easy com-
400-20 was split into two components by a partially reflect- parison of the hole shapeg) The transmission spectrum for an
ing mirror. excitation light intensity of 1.0 W/cf

To bring the difference between the two laser frequencies
w1 /(27) andw,/(27) into resonance with the ground-state ence between the two laser beams was set accurately by the
splitting frequency of 17.3 MHz, the frequencies of the trans-AO modulators, and the resolution of the observed spectra
mitted (beam 1} and reflectedbeam 2 beams were, respec- was higher than 10 kHz.
tively, shifted by 60 and 77.3 MHz using acoustoop#®) To obtain transmission and fluorescence spectra, the fre-
modulators(lsomet, D322B. Half-wave plate rotators were quency of beam Zw,/(27)] was scanned using an AO
inserted into the beam paths, and the orientations of the twmodulator controlled by an rf sourcdsomet, 1205C-R
linearly polarized beams were adjusted to be parallel to thavhile the frequency of beam 1 was fixed. The observed spec-
axis where the sample exhibited strongest absorption. Thiga were detected with a scan speed of 2 MHz/s and were
intensity of beam 1 was varied between 0.2 and 10 \f/cm typically averaged 64 times.
while that of beam 2 was kept constant at 0.1 Wicm

The two beams were overlapped in the sample at an angle
of intersection of 2°. The diameter of the two beams in the IIl. RESULTS AND DISCUSSION
sample was approximately 450m. The intensities of the The fluorescence spectra for six different light intensities
transmitted light(beam 1} and fluorescence were each de- of beam 1 are shown in Fig.(®. The dip at 17.3 MHz
tected by two coupled sets of photomultipliers and monoyngicates that under the two-photon-resonance condition, the
chromators. The frequency of thegrmg-dye laser was resonapfynylation was trapped in a coherent superposition state.
with the transition between Hy(1) and "Da(1)  Thjs s the first observation of Elfor PT) in fluorescence
(16502.3 cm?, 605.98 nm. Monochromators were em- spectra in a solid medium.
ployed as narrow band filters to eliminate unnecessary light.” |5 the transmitted spectra, enhancement of transmittance
In the fluorescence measurement, a Stokes line was detectgfle 1o EIT was also clearly observed as shown in Fig).3
at 611 nm. This line corresponded to the transition from th&ye would like to stress here that the observation of the
lowest level of the'D crystal-field components to the third change in fluorescence directly indicates the reduction of the
level of the "H, components. higher-state population excited from the ground-state sublev-

Due to frequency jitter, the linewidth of the ring-dye laser g|s_ |t seems to be difficult to separate the contribution of
was approximately 500 kHz. However, the frequency differ-g|T from other effects such as the stimulated emission of
Raman signals by measuring only absorbance or transmit-
tance changes in the transmitted light intensity.

PP*:Y,SiO; is known as a material which shows hole
burning[15]. Therefore, with the long hole lifetimes in the
material, one may think that absorption and fluorescence are
reduced and the experiment is difficult. Actually the absor-
bance and fluorescence measured using only beam 1 were
reduced due to hole burning in the sample. However, weak
absorption and fluorescence could be observed, probably due
to the relaxation between ground-state sublevels. When

FIG. 2. Schematic of the experimental setup. Abbreviations: BSbeam 2 was applied in addition to beam 1, the absorption and
partially reflecting mirror; AOM, acoustooptic modulatoxy2,  the fluorescence were enhanced in the vicinity of frequencies
half-wave plate;P, prism; CR, cryostatS, sample;L, lens; MC, that were separated from the beam 2 frequency by the fre-
monochromator; and PM, photomultiplier. quency differences of the ground-state sublevels. This hap-
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equal to the Rabi frequency of excitation when inhomoge-
neous broadening can be ignored. Judging from the limits of
the resonance condition, when the Rabi frequency of beam 1
(Q,) is sufficiently smaller than the inhomogeneous width of
the transition|1)-|2) (A®1innomd, the dip width of EIT
(Awg T) measured by scanning, or w, is expected to be

A ®15inhomo When A @ 1sinnome 21, the dip width is ex-
pected to be);. Here,|1), [2), and|3) are the hyperfine
sublevels shown in Fig. 1.

The resonance conditiof2) is valid when the rate of
dephasing of the coherence betwéBrand|2) is sufficiently

FIG. 4. Light intensity dependence of the hole widibpen ~ Smaller than,. Therefore, the), dependence oA wgr
circles and depth(closed circles The broken-line curves have described above is expected only when the dephasing rate is
been inserted to guide the reader’s eye. sufficiently smaller tharf), .

Let us consider the dip depthlg,t in the fluorescence
pened because beam 2 pumped a part of the population basRectra. Assuming that the fluorescence is almost saturated
to the initial states of excitation by beam 1. The absorptiorby beam 1Algt is proportional to the number of Prions
and fluorescence due to beam 2, on the other hand, wetbat are in the PT state. Therefore, wh@3a<A w1sinhomo
enhanced by beam 1. In this enhanced fluorescence spesig it is proportional toQ);, and whenA ®1sinnoms< Q1.
trum, the dip due to EIT was clearly observed. Alg 1 is constant.

The broad background structure in the spectra shown in The Rabi frequency is proportional to the square root of
Fig. 3(@ may be due to hole burning; that is, population the intensity of the excitation light. This can be expressed as
redistribution between the ground-state sublevels described
above. The approximately 1-MHz width of the broad struc- Oy =2mppElhocl M, (€©))
ture probably corresponds to the homogeneous width of the . . .
optical transition under laser irradiation. At present, the reay‘{here“%. is the transmon.dlpole moment Of. th2)-[3) tran-
son why the broad structure shows a peak at 17.8 MHz rathéftion: E is the electric field of beam 1 is the Planck
than 17.3 MHz is not clear. constant, and is the light intensity of beam 1. The depen-

Another dip was also observed at 10.2 MHz. Since the digi€ce of the dip width and depth on the light intensity can
at 17.3 MHz was larger and clearer than that at 10.2 MHz!herefore be expressed as
our study focused on the former. _

Figure 4 shows the dependence of the dip depth and width A weir= Ao 12innomd 1< A @ 12innomd @)
on the light intensity. The depth was defined here as the _ 112
fluorescence intensity difference between the maximum at Awgir=0s7 1" A @ 12inhom< 11), ®)
the low-energy side of the dip and the bottom of the dip. The
width was defined as the width at half the depth of the dip.

In the low-intensity region below 1.0 W/cnthe width and
did not change but the depth increased with the increase in
light intensity. In the high-intensity region above 5.0 Wfcm Algr=constA w1sinnoms<Q1)- (7)
on the other hand, the depth did not change but the width
increased with the increase in light intensity. This behavior The logarithmic plots of the light intensity dependence in
has great significance, because it provides strong evidence Bfg. 4 show thatA wg,t is constant for low light intensities
EIT in a solid medium as explained below. [i.e., in the low Rabi frequency region <1 W/cn?)], but

PP* ions that are trapped in the coherent superpositiorthanges along a line of slope 1/2 at high light intensfiies,
state and exhibit EIT satisfy the two-photon-resonance conin the high Rabi frequency region (2 W/éril)]. The Rabi
dition frequency[Q,/(27)] where Awgr begins to increase is

approximately 100 kHz, which is comparable to
W~ W1 = w13, D Awymmemd (277) of 70 kHz reported by Hollidagt al. [15].

where w,, is the angular frequency difference between the' Ne dip depthAlg,r, on the other hand, changes along a line

two lower states. The limits of the resonance condition car?f slope .1/2 in th_e low .I'ght |n.ten3|ty region but is constant
in the high-light-intensity region. A likely reason for the

?Eifit(;r::czjiitt?c?n a:; trge Rabi frequency of the excitation IIght'slope of the observedll g, curve being slightly steeper than
presented as i )
the theoretical value of 1/2 is that the fluorescence was not
|wy— w1 — w1 <QI2, (2)  saturated completely.

Equation (4) indicates that the dip width in the low-
where() is the Rabi frequency. Here, the excitation light is intensity region should agree with the inhomogeneous width
defined as the beam that has a higher Rabi frequency, and Xw1innome- The observed dip width of 60 kHz in the region
this report beam 1 corresponds to the excitation light. Thes actually consistent with the inhomogeneous width of 70
estimates of the limits were obtained from experimg¢at] kHz.
and theony4,17]. They indicate that the dip width of EIT in Equation (5) predicts that, in the high-intensity region,
the absorption and fluorescence spectra is approximatelywg r should be approximately equal £d,. The observed
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dip width [Awg t/(27)] of 200 kHz in the region is com- The dephasing time of the coherence betwiderand |2)
parable to the calculated Rabi frequer€y,/(27)] of 300  could be estimated as follows. The rate of dephasing is ex-
kHz. The Rabi frequencies were calculated using an oscillapected to be sufficiently smaller thdd, during our experi-
tor strength of 310" 7 [14], a measured beam diameter of ment, because the data in Fig. 4 are well explained by Egs.
450 um, and measured light intensities. (4) to (7). At the low excitation intensity of 0.5 W/c?n(_)l _
The dip depth in the high-light-intensity region can be @nd the dephasing rate should be smaller than the dip width
estimated as follows. The inhomogeneous width of thedf 60 kHz. Therefore, the dephasing time of the ground-state
3H,(1)-1D,(1) transition is much larger than the energy sublevels should be longer than @s because 1/(2

separation of the sublevels. Therefore, when the sample {§ 60 kHz) is approximately &s. Equall, Cone, and Macfar-

excited by beam 1 and beam 2 and detuning from the wolane observed the excitation intensity dependence of the ho-

photon-resonance condition is larger th@n/2 (i.e., Q,/2 T[?g(ir;ei?lu; rL,'D_‘;"g‘i“h E)lf ;]heAtéggrscli'?r?n tze:mﬁégt?tsnt?le
<|wy,— w;—w14]), all nine transitions between the three , -2 Y2SIOs [14] 9 ’

3H,(1) sublevels and the threD,(1) sublevels contribute homogeneous width at the intensity of 0.5 Wfdmapproxi-

0 ab " o d Theref th iaht mately 2.5 kHz, and this reflects the dephasing time of the
0 absorption aw, and w,. 1herefore theré are ighteen g piayels under their experimental condition. The concentra-
combinations of incident light and resonant transitions tha{ion of PP ions in their samplg0.02% was smaller than

cause absorption. However, when conditi@ is satisfied, that in ours(0.05%, and the temperature of their sample4
the six combinations that include the two sublevels satisfyingk) was lower the;n that of our¢3.8 K). Therefore, the
the condition do not contribute to the absorption because Ocﬁephasing time of our sample is shorter than thm%,()ex-

PT. Assuming that the nine transition probabilities are thepected from the 2.5-kHz widtfL/(27x 2.5 kH2=70 us]. At
same, the reduction of absorption and fluorescence in thgse high excitation intensity of 10 W/dnthe dip width that

case of two-photon resonance is expected to be six divide, :
. ; ) . o as observed in our study was 200 kHz, and Equall, Cone,
by eighteen; that is, 33%. This estimate is independent of th% ved In our study W z qv

ratios of the intensities of beam 1 and beam 2, because ea
contribution of beam 1 and beam 2 to the absorption be
comes one-third under conditid@).

d Macfarlane report a homogeneous width of 5 kHz at that
ensity. This indicates that the dephasing time in our
sample at a high excitation intensity is likely to be between 1
- : . . ..., and 30us. Therefore, during our experiment, the dephasin

. The estimate of 33% 1S valid when popylatlon .req'Str!bu'time of’uthe ground-state sgblevelspwas probably a‘:ound ga
tion (hole burning can be ignored. Population redistribution few tens ofus

in the_ act_ual sample may inc_rease the contribution of the six Single crysials doped with rare-earth ions were employed
combinations to the absorption Whéh/2<|w;~ w1~ w13 a5 candidate materials meeting conditi@ because they
<Awh%m°’ Wh?reAwhomO 'S ?he homogeneous broadening exhibit extremely small inhomogeneous broadening of tran-
of Fhe Haq(1)-"Do(1) transition. This IS because beam 1, gjions petween the hyperfine sublevels in a common crystal-
which connects level2) and|3), tends to increase the popu- fielq component. Before this study, a few rare-earth-ion
Ia.tion in|1) of the ion; that havéL)-|3>. transitions resonant doped samples had been investigated to obtain EIT signals at
with beam 2 by pumping the population V&, and beam 2 i i helium temperature. In fact, three-level systems se-
tends to increase the population|2) of the ions that have lected from six 3H,(1) and 'D,(1) hyperfine levels in
|2)-|3) transitions resonant with beam 1. Since these six COMp 3+ AO - were stildied using tﬁe same experimental setup
binations cause thg dip under conditi@), the value of 33% as this stuiiy. However, no clear EIT signals were observed.
represents the minimum expected dip. The dephasing times of the hyperfine levels in the samples

The actually observed reduction of fluorescence was aP5ther than P¥ Y ,SiO; were probably too short to maintain a
. 0 s ) :
proxmat_e_ly 10%. Th'.s’ dls_crepancy is thought to _be cause@oherent superposition state, particularly under laser irradia-
by transition probability differences among the nine transi-;

tions and by fluorescence from excited parts of the sample ™

where the two beams did not overlap each other. IV. CONCLUSION

The excitation intensity dependence of the observed dip
width and depth is quantitatively well described by E@. EIT was observed in a solid medium using the fluores-
to (7) for different ratios of(}; t0 A w1pinmome: TheSE results  cence spectrum. Unlike the transmission spectrum, a dip in
clearly show that the observed dip was due to EIT. the fluorescence spectrum directly indicates the suppression

The obtained results are also significant from anothePf excitation from ground-state sublevels to the excited state.

point of view. They experimentally confirm that the essentialThe dependence of the dip shape on the light intensity was
condition for achieving large EIT in a solid medium that hasobserved, and the behavior could be explained quantitatively

an inhomogeneously broadened spectrum is by theoretical predictions related to EIT in a solid medium.
This clearly shows that EIT and PT were achieved in a solid
A 13inhome< - (8 medium. It was also experimentally confirmed that for a

Tsolid medium with inhomogeneous broadening that cannot

It is important to note that it is possible to achieve large El . .
with any inhomogeneous width for transitions that are reso-be canceled by the multiphoton Doppler-free technique, the

nant with the incident light, as long as conditi(8) is satis- essential condition for achieving a large EIT AS012inhomo
fied. Under this condition, the solid medium exhibits a <
transition-energy distribution equivalent to the effective
transition-energy distribution of atomic vapors to which the
Doppler-free technique using two-photon resonafks is The authors are indebted to Dr. K. Mizushima for his
applied. insightful advice.
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