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Microwave Induced Transparency in Ruby
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We report experimental observations of field-induced transparency in a solid medium. Absorption
reduction of 20% was observed in ruby using a magnetic field for the creation of closely spaced lower
levels and a microwave field for the coupling of these states. [S0031-9007(97)03654-5]

PACS numbers: 42.50.Hz, 32.80.Qk, 42.55.Rz

Recent theoretical [1-8] and experimental results [9— Our scheme is a three-level system with two lower levels
16] indicate that quantum interference can lead to lasingoupled by a microwave field. This system has been
without inversion (LWI) and electromagnetically induced theoretically shown to exhibit lasing without inversion [6—
transparency (EMIT) for resonant enhancement of nonlin8]. The energy diagram of the system is shown in Fig. 1.
ear effects with reduced absorption. Experimental studThe upper level is théE level, and the lower two levels
ies of quantum interference have so far been focused oran be any two of the four Zeeman sublevels of the ground
atomic gas media [8—15]. For the understanding of quanstate*A. In our study we chose levels 1 and 4 as the
tum coherence and interference in crystals and for varioulewer levels. The separation of the Zeeman levels can be
potential device applications, LWI and EMIT in solid me- adjusted by changing the intensity of the applied magnetic
dia are interesting. field. A strong microwave field coherently couples levels 1

Commonly used schemes for achieving quantum interand 4. The transition dipole moments between these lower
ference are three-level systems with two levels coupledevels is known to be quite large [18,19]. The direction
by an electromagnetic field. The difficulty of realizing of polarization of the microwave field, the magnetic field,
quantum interference in solids using these schemes is tled thec axis of the ruby crystal are perpendicular to
large optical linewidth, which is usually of the order of one another. A wavelength-tunable probe beam is used
a few GHz compared with a few tens of MHz in atomic to monitor the absorptions from 4 to &1) and 1 to 5
vapors. Since the essential requirement for quantum in-
terference is the Rabi frequency of the coupling field to
be larger than the transition linewidth, normally we need
to use relatively high coupling field intensity in solids. In

addition, due to the large linewidth, the quantum coher- E —
ence in solids is not as good as that in atomic vapors, and K
it perhaps is more proper to say that only partial coher- |

ence can be created in solids. In this paper we report the 2 i 5

first observation of field-induced transparency in a solid
medium. We found that the general feature of the re- I
duced abortion is similar to those in atomic vapors. The el | E2
results are consistent with a modified theory of quantum
coherence.

Ruby in a magnetic field is chosen as a medium for

. : ) . 30
a three-level system for lasing without inversion. The
main reason for using ruby is that its many optical and 20
microwave spectroscopic parameters are precisely known -~
[L7-19]. In our experiments, we have used two ways E 10
to reduce the linewidth in ruby. First, we chose the ) o)
coupling field at microwave frequency, since the linewidth )
of microwave transition is much smaller than that of g -10
optical transitions. Second, we used liquid helium to Lfi' -20

cool the crystal during the experiments. At this liquid
helium temperature, the measured linewidth of microwave -300 1v '2 é L ls é T
transitions is about 60 MHz [17]. Since the dipole moment -

of microwave transition is X 1072 esu [17], then the Magnetic field strength (kG)

estimated power for realizing quantum interference is|G. 1. Energy levels of ruby with a magnetic field for field-
around 10 MWcm?. induced quantum coherence.
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(E2). The system is commonly denoted ¥'“scheme if  chanical tuning knob with a 0.5 GHz scanning step. The
only E2 is used and a “ladder” scheme if oyl is used. probe beam was detected using a silicon photodiode with a
It should be noted that the Zeeman levels are mixed statessponsivity of 0.3 AW. Since there was intensity fluctu-
and there are certain transition probabilities between angtion in pulsed laser, we used a boxcar (Stanford Research
two levels. Therefore, strictly speaking in terms of total Systems, SR-250) to average the signal. The gate width
population, our system is an open system. of the boxcar was 9 ns, and the sample 30. The lasers, the
The experimental setup is shown in Fig. 2. A ruby crys-microwave transmitter, and the boxcar were synchronized
tal (0.d.2 X 10 mm), with 0.05% chromium concentra- with a pulse repetition frequency of 10 Hz.
tion, is placed in the center of a microwave cavity which During the experiment, we first adjusted the magnetic
is cooled by liquid helium at 2.4 K temperature. The cav-field intensity at aroundd = 1193 G, in order to have
ity has a dimension o8 X 8 X 16 mm?® and small holes an energy separation of 16.3 GHz between levels 1 and
(1.5 mm diameter) on each of the two opposite walls for4 (Fig. 1). The amount of energy separations was moni-
the probe beam to pass through. A microwave transmittored from the peaks in the optical absorption spectrum.
ter (Texas Instruments, QKH-1524) generated a pulsedt H = 1193 G, only three of the four Zeeman sub-
field with 16.3 GHz frequency anfl.1 us pulse width. levels were resolved (Fig. 3), since levels 1 and 2 overlap
The peak microwave intensity in the cavity was around(Fig. 1). Next, we applied the microwave field to the sys-
10 MW/cm?, which was calculated from the measured in-tem and measured the probe absorption spectrum again.
put intensity and th€) factor of the cavity. The Rabi fre- This measured spectrum is also shown in Fig. 3. We can
quency created by the microwave can then be calculatesee that both absorption peaks 1 and 4 are reduced, and
from the field intensity and the measured dipole momenpeak 4 has more reduction. Since the probes at peaks 1
of the coupled transitions [18,19]. In our case, it is aroundand 4 correspond t& and ladder systems, respectively,
2 GHz. Spatial variation of the microwave field in the this indicates that the quantum interference effect created
cavity can cause nonuniform Rabi frequency in the radiaby the microwave field can produce induced transparency
direction of the crystal. This nonuniformity is small since for both theV and ladder schemes, and the ladder system
the crystal is small compared to the size of the cavity. Ais better in terms of induced transparency.
weak probe bean0(1 wJ energy) from a pulsed dye laser
(Quanta-Ray PDL 2) pumped by a Nd:YAG laser (Spectra-
Physics DCR-2) was used for measuring optical absorptio
spectra. No attempt was made to select the single lor
gitudinal mode of the dye laser. The probe beam has
measured linewidth of around 6 GHz, a spot size in the
ruby around 0.21 mm, and a pulse duration of 7 ns. Th
frequency of the probe was tuned using a homemade m
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To quantitatively measure the amount of the in-
duced transparency, we fixed the probe beam at peak
4 (wavelength= 693.367 nm) and compared the trans-
mitted optical intensity with and without the microwave
field. Since it was impossible to measure the exact input
and output intensities of the ruby crystal, we use the
relative values for transmittan¢@&) with and without the
coupling microwave field. These values were obtained by
comparing the absorption peaks with those of total opaque
(blocked beam7 = 0) and total transparency (at far off
peak wavelengtil’ = 1). The measured transmittance
was 0.1 without microwave and 0.28 with microwave,
which corresponds to a reduction of absorption from 0.9
to 0.72, or 20%.

We found that the amount of the induced transparency §
also depends on the microwave power and degree of 2
coupling detuning, as expected. Within the range of E
the available microwave power in our experiments, we
found that the decrease in absorption was proportional to
the increase in microwave power. Change in magnetic
field intensity is equivalent to the tuning of microwave
frequency, since it causes the detuning of the coupling
field. The amount of induced transparency was inversely . , ,

sorption (a.u.)

proportional to the detuning of the magnetic field up to 693.40 693.35 693.30
400 G, corresponding to a detuning of 2 GHz. A change
of magnetic field of more than 400 G caused the complete Probe wavelength (nm)

disappearance of the quantum interference effect. This
result is consistent with our theoretical analysis.

Population change in our experiments was small and
had little contribution to the reduced absorption. If there
were any dominant population pumped from level 1 to
level 4, we would expect to see the increasing absorption
of E1 and decreasing absorption #2. However, in our
experiments, we have seen absorption reduction in both
E1l andE2.

It should be noted that for each of the above cases,
we normally expect to see two absorption peaks induced
by the quantum interference. In our case, these peaks
cannot be resolved due to the large probe linewidth
(6 GHz), compared with the Rabi frequency. The results,
however, are consistent with our theoretical analysis using
the density matrix approach for a simplified three-level
system when the effect of inhomogeneous broadening is
included. The calculations are based on the modified
density matrix equations [6—8] with inhomogeneous
broadening as an additional decay term for field induced
coherence. Since the measurements were performed using
a probe with fairly large linewidth, the observed absorption
spectra are results of convolution of the calculated spectra

be absorption (a.u.)

(assumed infinitesimally narrow probe linewidth) with 693.40 693.35 693.30
the probe spectral profile. Therefore, we must compare
the experimental measurements with convolved spectra. Probe wavelength (nm)

USIhg t.h.e values of_wave_len_gth,.cou_pllng POWET, d_etunlngFIG 4. Comparisons between theoretical and measured ab-
and initial pppulatlon distribution In-our experlmepts, sorption spectra: (a) without the coupling microwave, and
and the relative strength of the optical transitions, dipolgp) with the coupling microwave. Solid line: experiment.
moments, and inhomogeneous broadening published ibash-dotted line: theory. Inset: probe spectral profile.
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[17], we calculated the absorption spectra with andarger induced transparency than iescheme. The best
without the coupling field. In order to perform the reduced absorption was measured to be around 20%.
convolution between these spectra with the probe profile, We acknowledge financial support from the Office of
we measured the probe spectral profile using a FabryNaval Research. We thank G. Dunifer for his help in the
Perot interferometer. The measured linewidth is 6 GHzmicrowave measurement.

and the spectral profile is shown in Fig. 4 (inset). The

probe laser maintained this spectral profile well over many

scans in our experiments, and the ruby absorption spectra )
are repeatable at different measurements. The convolved “Current address: Research Laboratory of Electronics,
results are shown in Fig. 4 for cases with and without T'(\:AIT' MtA 0(12339' . Department of Phvsics. University of
the coupling field. We found in our calculation that urrent acdress. vepariment of Fhysics, Universty o

. . : X South Florida, Tampa, FL 33620.
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