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Enhanced and reduced absorptions via quantum interference: Solid system driven by a rf field

Kazushige Yamamoto, Kouichi Ichimura, and Nobuhiro Gemma
Advanced Research Laboratory, Toshiba Corporation, 1 Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan

~Received 9 March 1998!

We observed quantum interference effects in steady-state optical absorption in aV-type three-level system
of Pr31:YAlO3 where a hyperfine transition between two upper levels was homogeneously broadened by pure
dephasing. ThisV-type system was excited by a single driving radio-frequency~rf! field and two probe laser
fields ~quantum-beat scheme!. The probe absorption was constructively or destructively affected by the phase
of the driving rf field. In contrast, under two-laser excitation without application of the rf, no absorption change
due to electromagnetically induced transparency~EIT! was observed. A comparison of observations and
theoretical predictions revealed that the quantum-beat scheme generates quantum interference even when the
dephasing rate between the two upper levels is comparable with the Rabi frequency of the probe laser, and
completely destroys EIT.@S1050-2947~98!01609-6#

PACS number~s!: 42.50.Gy, 32.80.Qk, 76.30.Kg
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I. INTRODUCTION

Quantum interference effects, which result in steady-s
absorption and emission in atomic gases being destructi
or constructively changed, have been widely recognized
fundamental to lasing without inversion~LWI ! @1,2#, refrac-
tive index enhancement@3#, and high-efficiency nonlinea
susceptibility@4#. The achievement of quantum interferen
in solid systems is a challenging problem, but it would e
able the development of novel devices such as solid-s
LWI lasers.

A typical scheme for inducing quantum interference is
three-level system coupled with strong driving laser a
weak probe laser@5–7#. In atomic gases, this scheme usua
produces the cancellation of probe absorption due to des
tive interference~electromagnetically induced transparenc
EIT! @5–7#. Absorption cancellation occurs under the con
tions of two-photon resonance.

Another scheme for quantum interference is a three-le
system with closed excitation by two probe fields and o
driving field such as a radio-frequency~rf! field @8–13#. This
scheme, which is shown in Fig. 1~a!, leads to the quantum
beat laser@8–11#. Kosachiov et al. showed that in this
‘‘quantum-beat’’ scheme, the two probe absorptions
strongly dependent on the total phaseF52f11f21f of
the three electromagnetic fields@12,13#, where f1 , f2,
andf are, respectively, the phases of probe 1, probe 2,
the driving field. When the two probes satisfy the tw
photon-resonance condition and their phases are fixed
two probe absorptions can be changed easily both des
tively and constructively by the phasef of the driving field.

The aim of this study is to generate quantum interfere
in steady-state optical absorption in a solid medium using
quantum-beat scheme. Solid media normally show la
dephasing, and this generally completely suppresses
Quantum interference due to EIT almost always require
specific three-level system containing a long-lived level
which the relaxation is very slow. At present, solid syste
that have been reported to show EIT are limited to only t
examples, ruby@14# and Pr31:Y2SiO5 @15,16#. This suggests
that in a number of solid systems, dephasing may destroy
PRA 581050-2947/98/58~3!/2460~7!/$15.00
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atomic coherence required to induce EIT.
The quantum-beat scheme, however, often produ

atomic coherence even in collisionally broadened atom
gases with large collisional dephasing as described in R
@9,10#. Our approach to quantum interference in solids is
apply this quantum-beat scheme to a specialV-type three-
level system in which the inhomogeneous broadening
tween the two upper levels is extremely narrow.

In many rare-earth impurity systems in crystals at lo
temperatures, nuclear-quadrupole resonance between
nearly degenerate hyperfine levels shows an ultranarrow
homogeneous linewidth of only a few tens of kHz, althou
the optical transitions have linewidths of the order of a fe
GHz @17#. This narrow hyperfine transition enables the
field to directly drive almost all of the impurity ions in
crystal and also allows the two lasers to excite the same
via two-photon resonance.

These impurity three-level systems may resemble
Doppler-broadened atomic three-level systems with two Z
man~hyperfine! levels in two nearly degenerate levels bei
unresolved because of inhomogeneously broadened op
transitions. In Doppler-broadened atomic gases, the mod
tion of absorption and emission due to interference effe
have already been observed as far back as the 1960s@18#.
Thus application of the quantum-beat scheme to impu
systems with two nearly degenerate hyperfine levels i
promising approach for achieving solid-state quantum in
ference.

FIG. 1. Schematic energy diagrams for~a! ideal V-type three-
level atoms and~b! 3H4(0), 3H4(1), and1D2(0) in Pr31:YAlO3.
2460 © 1998 The American Physical Society
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PRA 58 2461ENHANCED AND REDUCED ABSORPTIONS VIA . . .
In this article we report an observation of enhanced a
reduced absorptions due to quantum interference in a s
medium induced by the quantum-beat scheme. We selec
Pr31:YAlO3 crystal as the solid medium. This crystal has
V-type three-level system in which the hyperfine transit
between two upper levels is homogeneously broadened
pure dephasing. The hyperfine transition was driven by
field, and excited by two probe lasers.

Many rf-optical double resonance experiments that
relevant to this report have been carried out in rare-e
impurity systems@17#. These works contribute to a detaile
understanding of optical pumping~persistent hole burning!,
photon echo, nuclear-quadrupole interaction, and relaxa
phenomena. We, however, focus on quantum interferenc
comparison of observations and theoretical predictions
vealed that the quantum-beat scheme generates quantu
terference even when the dephasing rate between the u
levels is comparable with the Rabi frequency of the pro
laser, and completely destroys EIT.

II. EXPERIMENTS

A. Pr31:YAlO 3

Figure 1~b! shows a partial electron-hyperfine energ
level diagram of the impurity ion Pr31(I 55/2) in the host
crystal YAlO3 @17#. The two probe transitions which are t
be modified correspond to3H4(0)-1D2(0). This includes
nine optical transitions and has a transition frequency
16 374.7 cm21. The inhomogeneous linewidth fo
3H4(0)-1D2(0) is approximately 3 GHz and the optic
population lifetime of1D2(0) is about 160ms.

The hyperfine transition,u61/2&-u63/2& in 1D2(0),
which has a transition frequency of 0.92 MHz was chosen
the transition to be driven by the rf field. The inhomogeneo
linewidth is estimated to be approximately 10 kHz@19,20#,
but the optical transitions of interest are inhomogeneou
broadened. The population lifetime between the hyper
levels in 1D2(0) is 20–30ms @20#.

The main reason for using theV-type Pr31:YAlO3 system
is the ultranarrow inhomogeneous linewidth for the hyperfi
transition in 1D2(0). As mentioned above, this narrow inho
mogeneous broadening allows the rf field to directly dr
almost all of the Pr31 ions in the crystal and permits the tw
probes to excite the same ions via two-photon resona
Selecting a medium of this kind is an essential condition
achieving solid-state quantum interference.

B. Quantum interference experiments

In these experiments using two probe lasers and a si
rf field, a 0.05 at. % Pr31:YAlO3 crystal (43536 mm3;
Scientific Materials Corp.! with laser-quality polished face
was placed in a liquid-helium cryostat at 8 K. We used
Coherent 699-21 ring-dye laser operating with rhodamine
as the source for the two cw probe lasers.

The two probe lasers require different probe frequenc
v1 andv2(v1.v2) which satisfy the two-photon-resonanc
condition. The frequency differenceDv5v12v2 must be
equal to the hyperfine transition frequencyvhf . In addition,
the two probes must be phase locked together, that is,
phase differenceDf5f12f2 must always be kept con
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stant. To generate these probes, we applied amplitude m
lation to the output of a single laser with acousto-op
modulators~AOM! as described in Ref.@21#. The intensity
of the amplitude-modulated output from the AOM is give
by

I ~ t !5@A0sin$~vL1vC!t1f0%#2S 11cos 2vAMt

2 D ~1a!

5S A0

2
sin$~vL1vC1vAM!t1f0%

1
A0

2
sin$~vL1vC2vAM!t1f0% D 2

, ~1b!

wherevL is the laser frequency,vC is the carrier frequency
driving the AOM, vAM is the amplitude-modulation fre
quency,f0 is the phase of laser field, andA0 is a constant.

Equation~1b! shows that the amplitude-modulated outp
consists of two coherent fields with different frequency co
ponents and identical phase components. The two-pho
resonance condition can be satisfied atvAM5vhf/2 by tuning
vAM . Also, the two probes are always phase locked toge
becauseDf is automatically held at 0°. Using this method,
is also possible to make the two probes overlap perfectly
the sample and to clearly resolve the hyperfine transition
theDv/2p accuracy~spectral resolution! is less than 0.1 Hz.

The amplitude-modulated output from the AOM was a
tenuated to 1–2 mW by neutral density filters. It was focus
to a diameter of 100–150mm within the sample and propa
gated along theb axis @22#. The two probe fieldsE1 and
E2(E15E2) were polarized parallel to thec axis. The rf field
Erf from a rf generator was applied between two copp
plates sandwiching the sample.Erf was polarized parallel to
the a axis. Due to the sample size, the maximumuErfu was
limited to approximately 23102 V/cm. Its frequencyv rf
was tuned tovhf . For this rf field and the above two probe
produced by amplitude modulation, the total phaseF5
2f11f21f5f was controlled by phase locking betwee
the rf generator and the AOM.

As described later, quantum interference effects w
clearly seen in the total steady-state absorption of the
probes as a function of the relative rf phaseu, whereu5f
1a anda is a constant. As shown in the inset of Fig. 2, f
the closed excitation condition ofDv5v rf5vhf , the total
transmission intensityI T(t) of the two probes through the
sample changed markedly depending onu. Steady-state
probe absorption was estimated from the time-avera
transmission intensitŷI T& and from the emission intensit
I E from 1D2(0) to 3H4(1).

C. Two-photon-resonance experiments

For the purpose of comparison with quantum interferen
by three electromagnetic fields, we also investigated EIT
ing a strong cw driving laser and a weak cw probe laser

In the experiments, the output of the single ring-dye la
was divided into two beams by a beam splitter, and in
vidual frequency modulations were then applied to the
beams using two AOMs. The driving laser frequencyvD and
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2462 PRA 58YAMAMOTO, ICHIMURA, AND GEMMA
the probe laser frequencyvP were independently determine
by these AOMs.

The driving and probe beams from the AOMs were a
justed to approximately 20 mW and 0.5 mW, respective
These two beams were superimposed by another beam
ter. The superimposed beams were focused to a diamet
100–150 mm in the sample and collinearly propagat
along theb axis. The probe fieldEP was parallel to thea
axis, and perpendicular to the driving fieldED(EDic). ED
was eliminated by a polarizer in front of the detector.

The spectra for the sample, which were strongly coup
by the driving field, were obtained by monitoring the tran
mitted intensityI P of the probe from the sample as a functio
of dv5vP2vD . Typically, vP was scanned over a 5-MH
range, whilevD was held fixed. The spectral resolution w
approximately 1 kHz due to the instrument limitations r
lated to the phase lock between these AOMs.

In addition to two-laser excitation, it may be possible
generate EIT by using a rf and a laser. In our rf-optic
double resonance measurements, however, EIT was no
served. Due to the large inhomogeneous broadening for
optical transitions, the number of Pr31 ions satisfying the
rf-assisted two-photon-resonance conditions would be
tremely small in this case, in contrast to the case of two-la
excitation. The small EIT signals are probably eliminat
completely by this inhomogeneous broadening.

III. EXPERIMENTAL RESULTS

A. Quantum interference by three electromagnetic fields

Figure 2 shows the individual rf phase dependences
^I T& and I E , measured atuErfu523102 V/cm and Dv/2p
5v rf /2p5vhf /2p50.92 MHz. As shown,^I T& and I E

FIG. 2. Individual rf phase dependences of^I T& and I E ~solid
lines!, measured atuErfu523102V/cm and Dv/2p5v rf /2p
5vhf /2p50.92 MHz. The dashed line is the theoretic
I E-u curve calculated forV rf540 kHz, V15V2512 kHz, G12

(L)

56 kHz, G12
(L)5G13

(L)51 kHz, G12535 kHz, G135G2352 kHz,
and a520.12p using Eq.~5!. The inset shows a series ofI T(t)
curves at different values ofu.
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were strongly dependent onu and oscillated with a period o
p. The change in steady-state probe absorption was
mated to be approximately 25% from the difference betwe
the maximum and the minimum of theI E-u curve. In addi-
tion there was a slight phase difference of approximat
0.12p between the two individual curves.

The above phase-dependent probe absorption is qua
tively explained by assuming two pathways of excitatio
one-photon absorption (u3&→u1&) with the single field
E1sin(v1t1f0) and stepwise dipole absorption (u3&→u2&
and u2&→u1&) with the two fields E2sin(v2t1f0) and
Erf sin(vrf t1f) @23,24#. If v12v25v rf , these two path-
ways will interfere with each other via the dipole momen
and the steady-state probe absorption will vary depending
the phase difference between the two pathways. The res
shown in Fig. 2 indicate quantum interference in optical a
sorption.

To clarify this point, we investigatedI E as a function of
Dv at the specific phase where theI E-u curve showed a
maximum or a minimum. The excited-state population p
duced by the above two pathways oscillates under the
closed excitation conditions ofDvÞv rf5vhf @23,24#. In this
case, the total phase is replaced byF52f11f21f
2(v12v22v rf)t5f2(Dv2v rf)t. Thus both I E and F
are functions of time. The time-averaged emission inten
^I E& is expected to be relatively independent ofDv andu at
DvÞv rf because the time-averaged total phase is a cons
and independent ofDv.

Figure 3 shows the excitation spectra foru50.37p and
u50.88p. uErfu and v rf are the same as in Fig. 2. Foru
50.37p, the spectrum exhibited a maximum atDv5v rf . In
contrast, foru50.88p, there was a minimum atDv5v rf .
In addition, both spectra showed a similar intensity atDv
Þv rf . This clearly indicates that the enhanced and redu
probe absorptions in Fig. 2 arise from constructive interf
ence and destructive interference, respectively. Thus we h
found experimental evidence for quantum interference.

FIG. 3. Excitation spectra atuErfu523102 V/cm and v rf/2p
5vhf /2p50.92 MHz. The open circles correspond tou50.37p
and the closed circles tou50.88p. Here,^I E& is plotted as a func-
tion of the probe detuning (Dv2v rf)/2p.
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B. Two-photon-resonance by two laser fields

1. Without a rf field

Figure 4 shows the transmission intensityI P of the probe
laser as a function ofdv/2p, measured for a sample strong
coupled by the driving laser. The incident powerI D of the
driving laser is approximately 20 mW.

As shown, there were no EIT signals with sharp peak
dv/2p560.92 MHz, 61.57 MHz, and62.49 MHz, cor-
responding to the two-photon resonance in1D2(0). In the
spectrum, an only broad hole, centered atdv/2p50 MHz,
was observed.

This hole atdv/2p50 MHz is explained by saturation
effects including spectral hole burning. The hole decay
with two exponential components with lifetimes of approx
mately 160ms and 6 ms after the driving laser was turned o
These were in good agreement with the optical popula
lifetime of 1D2(0) and the population lifetime between th
hyperfine levels in3H4(0) @25#.

EIT in the V-type system requires a fairly narrow line
width for the transition between the two upper levels, co
pared with the Rabi frequency for the optical transition d
termined by the driving laser@7#. The inhomogeneous
broadening of approximately 10 kHz for the hyperfine tra
sitions in 1D2(0) was smaller than the Rabi frequency
approximately 50 kHz estimated from Ref.@21#. Thus the
main cause of suppression of EIT could be the homogene
linewidth for these hyperfine transitions.

The homogeneous linewidth for the hyperfine transitio
can be estimated from stimulated Raman spectra@20#. In our
stimulated Raman measurements, the spectra were obta
by deducing the contribution of the saturation effects~back-
ground probe absorption! from the probe spectrum in Fig.
@26#. The powerI D of the driving laser was adjusted to a
proximately 20 mW.

As shown in Fig. 5~a!, weak stimulated Raman signa
were observed in the spectrum atdv/2p560.92 MHz,
61.57 MHz, and62.49 MHz, exactly corresponding to th
hyperfine transitions in1D2(0). The observed transition
linewidth of 80–90 kHz @full width at half maximum
~FWHM!# indicated that the individual hyperfine transition
were homogeneously broadened by pure dephasing~lifetime
broadening is approximately 6 kHz@20#!. This linewidth was

FIG. 4. Transmission intensityI P of the probe laser as a func
tion of probe detuningdv/2p. The driving laser powerI D is ap-
proximately 20 mW.
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almost twice as large as the Rabi frequency for the opt
transition. These results indicate that pure dephasing
1D2(0) suppresses EIT.

2. With a rf field

Figure 5~b! also shows the measured stimulated Ram
spectrum in a rf field ofv rf/2p50.92 MHz. I D was ap-
proximately 20 mW anduErfu was the same as in the qua
tum interference experiments.

As shown, the spectrum was markedly different from th
obtained without applying a rf field@Fig. 5~a!#. Strong stimu-
lated Raman signals appeared atdv/2p560.92
3N MHz(N51,2,3, . . . ), whereas the signals atdv/2p5
61.57 MHz and62.49 MHz were weakened by the applie
rf field. Among these, the two peaks atdv/2p560.92
MHz were Raman signals from the Pr31 ions subjected to
closed excitation by the single rf field and the two lasers. T
observed transition linewidth due to pure dephasing w
30–35 kHz. This value was much narrower than that o
tained without the rf field.

This unexpected line narrowing indicates that dephas
in 1D2(0) is partly reduced by adding the rf field to the tw
lasers, but the details have not been fully understood
This reduction of dephasing probably contributes to
quantum interference characteristics shown in Figs. 2 an

In addition, the strong peaks atdv/2p561.84 MHz and
dv/2p562.76 MHz are Raman signals from Pr31 ions that
have interacted with two and three rf photons, respectiv
We will report the details of these unusual nonlinear p
cesses separately.

IV. DISCUSSION

To achieve a better quantitative understanding of
quantum interference characteristics in Pr31:YAlO3 showing
large dephasing in1D2(0), a comparison was made wit
theoretical predictions based on the quantum-beat sche
We investigated both steady-state probe absorption

FIG. 5. Stimulated Raman spectra, measured~a! without and~b!
with a rf field of v rf/2p50.92 MHz. Here,uErfu523102 V/cm and
I D.20 mW. The spectral resolution fordv/2p is approximately 5
kHz. Note that the signal atdv/2p50 MHz is due to stimulated
Rayleigh scattering.
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atomic coherence in the two upper levels as a function of
rf phase by density matrix analysis. Our analysis was es
tially similar to the theoretical analyses of Kosachiovet al.
@12,13#. The main differences were that we studied the qu
tum interference characteristics under conditions where
dephasing rate between the two upper levels is comparab
the Rabi frequency of the probe laser~in the analyses by
Kosachiovet al., the dephasing rate is assumed to be mu
smaller than this Rabi frequency!, and that we took into ac
count the lifetime effects for the hyperfine transitions and
dephasing effects for the optical transitions.

A. Probe absorption

In the following calculation, we assumed that the perf
triple-resonance condition ofDv rf5Dv15Dv250, where
Dv rf5v rf2v12, Dv15v12v13, Dv25v22v23, and
vmn(m,n51,2,3) is the transition frequency ofum&-un&. In
addition, the total phaseF52f11f21f was taken to be
equal tof, because off15f2 in our experimental condi-
tions. Within a rotating frame, the time-independent inter
tion Hamiltonian is given by

Hint52
\

2F 0 V rf e2 j f V1

V rf ej f 0 V2

V1 V2 0
G , ~2!

whereV rf e2 j f is the complex Rabi frequency foru1&-u2&,
and V1 and V2 are the Rabi frequencies foru1&-u3& and
u2&-u3&, respectively. Fromdrmn /dt5@Hint ,r#mn / j \, the
evolution equations for the density matrix elements can
written as

dr11

dt
5

j

2
V rf e2 j fr212

j

2
V rf ej fr12

1
j

2
V1~r312r13!2~G12

~L !1G13
~L !!r111G12

~L !r22,

~3a!

dr22

dt
52

j

2
V rf e2 j fr211

j

2
V rf ej fr12

1
j

2
V2~r322r23!1G12

~L !r112~G12
~L !1G23

~L !!r22,

~3b!

dr33

dt
52

j

2
V1~r312r13!2

j

2
V2~r322r23!

1G13
~L !r111G23

~L !r22, ~3c!

dr12

dt
5

j

2
V rf e2 j f~r222r11!1

j

2
V1r322

j

2
V2r132G12r12,

~3d!

dr13

dt
5

j

2
V rf e2 j fr231

j

2
V1~r332r11!2

j

2
V2r122G13r13,

~3e!
e
n-

-
e
to

h

e

t

-

e

dr23

dt
5

j

2
V rf ej fr132

j

2
V1r211

j

2
V2~r332r22!2G23r23,

~3f!

whereG12
(L) is the decay rate of the population betweenu1&

and u2&, G13
(L) and G23

(L) are the respective spontaneo
emission rates fromu1& and u2& to u3&, andGmn is the total
decay rate forum&-un& containing the dephasing componen

The probe absorptionsI A and I E are given by

I A5V1Imr131V2Imr23, ~4a!

I E5G13
~L !r111G23

~L !r22. ~4b!

Here, I A and ^I T& are connected by Lambert’s law. To see
steady-state solutions, we set the derivatives in Eq.~3! equal
to zero. At V15V25V, G135G235G, and G13

(L)5G23
(L)

5G (L), we obtain

I A5I E5G~L !S AC12Bsin2f

AD13Bsin2f
D , ~5!

where A5(V rf
214G2)$V rf

21G12(2G12
(L)1G (L))%

12V2G(2G12
(L)1G (L)1G12)2V2(2V rf

22V2), B5V rf
2 V4

(G1212G)2, C54V2G12G, and D5G (L)G12(V rf
214G2)

12V2G(G (L)13G12), respectively.
Equation~5! shows thatI A and I E are strongly dependen

on theV rf
2 sin2f term, which oscillates with periodp. This

oscillation in absorption versus total phase has been repo
by Kosachiovet al. @12,13#. As shown in Fig. 2, the theoret
ical I E-u curve, calculated forV rf540 kHz, V15V25V
512 kHz, G12

(L)56 kHz, G12
(L)5G13

(L)5G (L)51 kHz,G12535
kHz, G135G235G52 kHz, anda520.12p using Eq.~5!,
is in good agreement with the experimental curve.

The coincidence of the experimental and theoreti
curves indicates that even in conditions where the depha
rate ~approximatelyG12) between the two upper levels i
comparable to the Rabi frequency of the probe laser,
probe absorption is constructively or destructively chang
by the rf phase. In contrast, absorption cancellation due
EIT is completely destroyed under these conditions (G12
.V1 ,V2) @7#. For achieving quantum interference in solid
with large dephasing, the quantum-beat scheme using t
electromagnetic fields is likely to be much more effecti
than the EIT scheme using two fields.

The parameters chosen for use in the above calculat
are similar to those in the experiments, except forV rf andG
which are the fitting parameters. The smallG implies that the
optical homogeneous linewidth is as narrow as the lifeti
broadening. From optical free induction decay measurem
using an intense laser~approximately 50 mW! at 8 K, how-
ever, the linewidth was estimated to be approximately 1
kHz. The closed excitation by the rf field and the two lase
may cause the suppression of the optical homogeneous
width as well as the unexpected line narrowing for the h
perfine transitions in1D2(0) as shown in Fig. 5, but the
details have not been fully understood yet.
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B. Upper level coherence

Kosachiovet al. showed that in theV-type system, probe
absorption is governed by the atomic coherence between
two upper levels@12,13#. Phase modulation of the rf field
causes the destruction and restoration of this upper leve
herence. The upper level coherence is given by ther12 com-
ponent in Eq.~3!, which can be expressed as

r125S AE2 jFe2 j fsinf

AD13Bsin2f
D , ~6!

where E52V2G (L)G and F54V rf
2(V rf

22V214G2)(G12

12G), respectively. In Eq.~6!, the modulusur12u shows the
degree of upper level coherence.

Figure 6 shows the theoreticalur12u-f curve. All the pa-
rameters used here are the same as in the aboveI E calcula-
tions. As shown,ur12u was strongly dependent onf. It ex-
hibited maximums atf50 andf5p, but minimums atf
50.5p andf51.5p.

The upper level coherence generates a coherent sup
sition of (u1&2u2&)/A2 in the two upper levels. This eigen
state causes reduced absorption, because the upper leve
optically decoupled from the lower levelu3&. Taking into

FIG. 6. Theoreticalur12u-f curve calculated forV rf540 kHz,
V15V2512 kHz, G12

(L)56 kHz, G12
(L)5G13

(L)51 kHz, G12535
kHz, andG135G2352 kHz using Eq.~6!. The curve is normalized
against the maximum value~value atf50, p).
tt
he

o-

po-

are

account the experimental results, the upper level cohere
at f50 and f5p yields reduced probe absorption in th
^I T&-u andI E-u curves in Fig. 2~destructive interference!. In
contrast, the destruction of the coherence atf50.5p and
f51.5p produces enhanced probe absorption in th
curves~constructive interference!.

In addition, the result in Fig. 6 directly shows that th
upper level coherence can still be controlled byf even in
conditions where dephasing between the upper levels is l
enough to destroy EIT. In other words, the upper level
herence generated by the quantum-beat scheme overc
this dephasing. This is a distinguishing characteristic of
quantum-beat scheme.

Finally, it should be noted that our arguments are limit
to the contribution of quantum interference effects to pro
absorption. Quantum interference also appears in spont
ous emission@27#. In this case, the decay rates, including t
spontaneous emission rates, are thought to be depende
the phase of the rf field and these are not constant as assu
in the above analysis. It seems that the slight phase dif
ence between the two experimental curves in Fig. 2 is clos
related to this effect.

V. CONCLUSION

We have succeeded in generating quantum interferenc
steady-state optical absorption in aV-type three-level system
of Pr31:YAlO3 showing large dephasing in the upper leve
This was done using closed excitation by a single rf field a
two lasers~quantum-beat scheme!. The absorption was con
structively or destructively changed depending on the ph
of the rf field. Comparison with the EIT characteristics pr
duced by the two lasers suggested that the quantum-
scheme was effective in achieving quantum interference
solid mediums with large dephasing. In addition, density m
trix analysis indicated that even in conditions where t
dephasing rate is comparable to the Rabi frequency of
laser, absorption is strongly dependent on the atomic co
ence induced in the solids by the phase of the rf field. W
expect it to be possible to generate quantum interferenc
various solid systems using the quantum-beat scheme.
also expect the introduction of atomic coherence into so
to dramatically change not only optical properties but a
other characteristics such as magnetic and dielectric pro
ties.
tt.
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