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The dephasing time of coherently prepared Pr impurity ions in a LaF3 crystal is mea-
sured by optical free-induction decay. Above 4'K, phonon processes severely shorten the
decay time. Below 4'K, we observe a temperature-independent decay time of 0.38 p, sec.
This is surprisingly short considering that there are no contributions from first-order hy-

3+ 3+perfine, phonon, or Pr -Pr interactions.

Dyna. mic interactions in solids have been stud-
ied in the past by a variety of coherent pulse and
steady-state techniques which extract a narrow
homogeneous line shape from a broad inhomoge-
neous profile. Within the last few years, rf pulse
methods have been extended to the optical region
where photon echo studies have uncovered new

aspects of relaxation behavior, particularly in

ruby. ' This Letter describes a related technique,
that of optical free-induction decay (FID), ' which
has some unique advanta, ges over the echo and
steady-state methods and is well suited to exam-
ining interactions in optically excited solids. In
optical free induction, the entire decay behavior
is obtained in a single burst, as in NMR. Fur-
thermore, because of the sensitivity afforded by
optical heterodyne detection, weak transitions
can be studied and the laser power may be low,
avoiding the complications of power and inhomo-
geneous broadening present in the previous ob-
servation of FID in a solid. ' Here we report the
dephasing characteristics of coherently prepared
trivalent praseodymium impurity ions in a lantha-
num trifluoride crystal at low temperature. This
system, unlike ruby, ' exhibits no first-order hy-
perfine interaction and a.llows the study of other
optical dephasing mechanisms,

The Pr" transition examined is between the
lowest crystal-field components of 'D2 —B4
(5925.2 A), and the linewidth has been studied
previously at lower spectral resolution' by the
steady-state technique of fluorescence line nar-
rowing. ' FID signals of the type shown in Fig. 1
for LaF, :Pr' display dephasing times that cor-
respond to an extremely narrow optical linewidth
of 830 kHz (full width at half-maximum) and a
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Fig. 1. Optical free-induction decay in LaFS.Pr
(O.lfo) at 1.5'K. The tracing was obtained with a Tek-
tronix 7904 sampling oscilloscope and an X-Y recorder
in an 8-min interval.
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spectral resolution of 6 X10'. This linewidth is
unaffected by power broadening or the large in-
homogeneous width of 4 GHz arising from crystal
strains. On the other hand, it far exceeds the
640 Hz limit due to spontaneous radiative decay'
of the upper transition level 'D, and raises the
question of the line broadening mechanism. This
work tests the role of phonon and hyperfine de-
phasing processes as well as that of spectral dif-
fusion due to Pr"-Pr" interactions.

The Pr" transition 'D, —'H, involves singlet
states because of the even electron configuration
of Pr"(4f') and the C, site symmetry. ' Each
singlet couples to the I=& nuclear spin of Pr"'
via quadrupolar and second-order hyperfine in-
teractions' resulting in three Kramers's doub-
lets. Furthermore, second-order hyperfine in-
teractions allow each hyperfine level in the lower
electronic state to connect optically with each hy-
perfine level of the upper electronic state. '

Free induction decay signals are obtained using
the recently introduced method of laser frequen
cy switching. '0 A LaF, :Pr" crystal (with 0.1%
Pr"), which is immersed in liquid helium, is
initially prepared by resonant excitation with a
free running unfocused cw dye laser. When the
laser frequency is abruptly switched beyond the
Pr" homogeneous linewidth, the coherently pre-
pared Pr' ions exhibit FID by freely radiating
an intense coherent beam of light in the forward
direction. The FID and laser beams strike a p-
i-n diode photodetector, which monitors the
transmitted light, and together produce the het-
erodyne beat signal displayed in Fig. 1. The la-
ser frequency is switched electro-optically by
means of a 25-V pulse applied to an intracavity
deuterated ammonium dihydrogen phosphate
crystal phase modulator, the frequency jump
being 14.3 MHz. The 3-dB roll-off points of the
detector are at 10 and 30 MHz. The laser polar-
ization is perpendicular to the crystal c axis. In
contrast to the echo method, ' the decay behavior
is obtained in a single burst and the laser power
density may be low, e.g. , 10 mW in a 0.5-mm
beam diameter was used. In contrast to the flu-
orescence line narrowing method, ' the FID sig-
nals are not limited by unresolved hyperfine
splittings and spectral diffusion.

For steady-state preparation, the FID hetero-
dyne beat signal is expected to be of the form"'

(E') b„,= QE, e px{- i/T[1+ (I + g'T, T,) "'j )

x cosDcot,

where A~ is the laser frequency shift, )t= p,p, /k
is the Rabi flopping frequency, p, , is the transi-
tion moment, E, is the laser field amplitude, and
Q is a function of p. .. population, etc. In the low
intensity regime where Ii'« I/T, T„ the FID de-
cay time is simply T,/2. The fa.ctor —,

' arises be-
cause T, determines the bandwidth in the prepar-
ative step a, nd adds an additional 1/T, decay rate.
Measurements of the type shown in Fig. 1 obey a
simple exponential decay law that is independent
of light intensity and yield T, directly.

It is noteworthy that during the preparative
stage the laser beam bleaches a hole within the
inhomogeneous line shape which is characterized
by a 0.5-sec recovery time" and reduces the
magnitude of the FID signal. This is partly due
to saturation"' and the fact that the population of
the lower transition level is redistributed among
neighboring hyperfine levels through an optical
pumping cycle. A Pr" ion excited from a lower
to an upper hyperfine level will decay radiatively
to the three lower hyperfine levels in about 0.5

msec, and we infer that 0.5 sec is needed before
the lower hyperfine levels thermalize. These
ideas are supported by experiments where the
laser frequency is repetitively swept at a suffi-
ciently high rate d~/dt so that the absorption rate
is not reduced significantly but slowly enough so
that the FID decay rate is not artificially in-
creased. This is equivalent to the condition g'
«dw/dt «1/T, '. To insure large FID signals,
we require that d~/dt -1 MHz/msec and also that
the sweep period repeat every 0.5 sec or more.
This procedure also removes the accompanying
and prominent flicker of fluorescent light which
appears during steady-state excitation because
of laser frequency jitter. Our experiments are
thus influenced by processes that span six orders
of magnitude in time: an optical dephasing time
T, - 1 p.sec, a spontaneous radiative decay time
of 0.5 msec, and a Pr" nuclear decay time T,
-0.5 sec.

To elucidate the dephasing mechanism, experi-
ments were carried out to measure its depend-
ence on temperature, Pr" concentration, and
magnetic field. We observe that T, increases
dramatically in the range 6.5-4'K, and has the
temperature-independent value T, = 0.38 p, sec
(830 kHz) in the range 4-1.5'K. The tempera-
ture dependence of the linewidth at elevated tem-
peratures has been interpreted previously in
terms of stimulated phonon processes. ' This
model predicts a linewidth of 830 kHz at 4.7 K,
which is consistent with our results, and a 0.4
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Hz width at 1.5 K which is even less than the ra-
diative width. Stimulated phonon processes,
therefore, cannot account for the residual tem-
perature-independent width. Spontaneous phonon
emission from the 'D, transition level cannot be
important either as this process is already in-
cluded in the 0.5-msec radiative decay time. The
possibility that T, is shortened by laser heating
is removed also because the FID rate does not
vary when the light intensity is varied by a factor
of 5.

Another mechanism is that of spectral diffusion
arising from dipolar Pr"-Pr" interactions. We
have excluded this possibility, however, because
at 1.5 K the same 830-kHz width is obtained in
two crystals having a different Pr" concentra-
tion, 0.03/p and 0.1$. Furthermore, by tuning
the laser to different parts of the 4-GHz-wide in-
homogeneous line shape, we find that the free-in-
duction signal always gives the same 830-kHz re-
sult independent of the density of Pr" ions which
are in near resonance. In addition, if spectral
diffusion is important, the decay law should de-
viate from the exponential behavior observed.

Hyperf inc interactions constitute another tem-
perature-independent relaxation mechanism. '
Since the Pr" transition states are electronic
singlets, they have no first-order electronic
magnetic moment, However, Bleaney' has point-
ed out that second-order hyperfine interactions
can induce a magnetic moment which is much
larger than the intrinsic nuclear moment. This
is not the case for the ground state, as NMR
measurements" of PrF, give a Pr" moment of
3.8x10 ' Bohr magnetons (P). This would lead
to a broadening due to dipolar interactions with
La and F nuclear moments and is two orders of
magnitude too small. However, the moment of
the excited state, which is unknown, might be
sufficiently large; a magnetic dipole matrix ele-
ment between adjacent singlet states of about 4P
would be required to explain our observed T,.
However, this possibility seems to be excluded
since an enhanced moment in zero field implies
that the relaxation should be magnetic field de-
pendent, and we find that T, is unaffected by
fields up to 8 kG which would induce a moment
larger than that present in zero field.

Instability in the laser frequency can be an ad-
ditional broadening mechanism. If the laser fre-
quency jitters more than the Pr" homogeneous

width in a time T, during the preparative step,
the resulting bandwidth will cause the FID signal
to dephase faster than T, /2. It appears doubtful,
however, that this is an important contribution
because with the same laser, I, vapor exhibits
free-induction decay times" that are significant-
ly longer than the FID signals of LaF, :Pr".
Nevertheless, as an additional test, we plan to
repeat these measurements with a fr equency-
locked dye laser.

We also note that photon echo studies by Ta-
keuchi" of the 'P, - 'H4 transition of LaF, :Pr'
which involves a different upper state, exhibit a
similar anomalous broadening of 3 MHz; he sug-
gested a Pr"-Pr" dephasing mechanism which
is excluded in the present work.

The nature of the limiting relaxation behavior
in optically excited singlet electronic states can-
not be considered resolved yet, but remains an
intriguing subject for future studies, one that we
plan to pursue further by optical-radio frequency
double resonance.
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