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moving out of phase with respect to one another.
We have presented here a new technique for in-

vestigating the normal-mode structure of an
amorphous solid using molecular-dynamics
studies. This technique can be used where all
conventional techniques of die.gonalizing the dy-
namical matrix no longer work since the matrix
is too large and not sparse enough to diagonalize
even on modern-day computers. The technique
should also be applicable to finding other kinds of
eigenfunctions of second-order equations, such
as the wave functions of electrons. We have ap-
plied the technique to the localization of modes in
a Lennard- Jones frozen fluid and found that there
is a threshold frequency above which localization
occurs. The study of localization by molecular-
dynamics techniques is of particular interest
since it is a true interacting many-body .system.
As the amplitude of a mode is increased it inter-
acts more strongly with other modes. The way in
which localization affects the interaction of modes
has not been previously studied. Simulations of
electron localization' do not offer the possibility
of studying this kind of phenomena. We are cur-
rently pursuing the studies of our localized modes
as a function of amplitude in order to understand
how mode-mode interactions affect their proper-
ties.
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The configurational relaxation time for the PA(II) center in KC1:Li has been measured
with use of picosecond laser techniques. The saddle-point configuration of the electron-
ically excited state is stabilized by means of multiphonon emission, and has a zero-
temperature lifetime of 13 psec.

PACS numbers: 61.70.Dx, 63.20.Mt, 78.45.+h

In this Letter, we report the first direct meas-
urement of the configurational relaxation time for
color centers. In particular, we have measured
the rise of optical gain from the relaxed excited
state (RES) of FA(II) centers following excitation
with a subpicosecond optical pulse. For the FA(II)
center in Kcl:Li, we find that the configurational

relaxation has a lifetime of 13 psec for tempera-
tures below 10 K and shows a temperature de-
pendence characteristic of a multiphonon process.

The FA center is an F center in which one of the
host cations adjacent to the vacancy is replaced
by a dopant cation. ' Type-II FA centers are dis-
tinguished from F centers and type-I FA centers
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FIG. 1. Experimental schematic. The sample is
pumped by a 0.7-psec pulse at 0.612 pm and probed
with a cw 2.6-p, m laser. The gain rise time is resolved
by upeonversion gating in a LiI03 mixing crystal with a
time-delayed 0.7-psec pulse.

by their behavior after electronic excitation: The
RES of the EA(II) center has a, saddle-point con-
figuration, in contrast to the normal, expanded
vacancy configuration of E and EA(I) centers. "
The special geometry of the RES of the EA(II) cen-
ter is responsible for its utility as a tunable laser
medium in the 2.5-3.3 pm range, ' with use of
Li-doped KCl and HbCI. To form the saddle-point
configuration of the RES, a Cl ion adjacent to
the FA center vacancy moves to an interstitial site
between a host cation and the Li' dopant. "As a
result of the strong electron-phonon coupling in
F and FA centers, ' many phonons in the modes
coupled to the electronic transition are created
in the optical (Franck-Condon) excitation process.
In order for the atoms around the vacancy to
stabilize in the saddle-point configuration, the
vibrational energy in the optically prepared pho-
non modes must be damped into the dissipative
continuum formed by the other phonon modes of
the lattice. Thus, the configurational relaxation
time corresponds to a phonon damping time. The
process is analogous to that of intramol. ecular
vibrational relaxation (IVR) in large molecules"
in which molecular vibrational modes, corres-
ponding to phonons, form a dissipative continuum.

Apart from radiative decay time measurements,
there have been few dynamical studies of F-type
centers. ' In recent theoretical work, rates and
yields have been calculated for nonradiative lu-
minescence quenching in F centers by electronic
curve crossing. '" The configurational relaxa-
tion considered here is a first, competing pro-
cess in these theoretical models.

The experimental arrangement is shown in
Fig. 1. After the sample has been excited by a

subpicosecond pulse at 0.61 p,m, the gain is
probed with a 2.6-pm cw F-center laser by using
a tunable probe gating technique. " Pulses from
the mode-locked dye laser are split into two
beams (3:1 ratio). The stronger beam, the pump,
is made collinear with the beam from the F-cen-
ter probe laser, and both are focused to the same
40-p,m-diam spot in the KCl:Li crystal. The in-
tensity gain of the probe beam is sampled by col-
linear upconversion gating to 0.496 pm with the
time-delayed subpicosecond pulse in an appropri-
ately phase-matched LiIO, crystal. The time
profile of the gain is obtained by varying the time
delay between pump and gating pulses. The time
delay is controlled by a stepping motor which in-
dexes a multichannel analyzer, and the signal,
detected with phase-sensitive electronics, is ac-
cumulated by repetitive scanning.

Pulses of 0.7 psec duration and 2 nJ energy are
extracted from a cavity-dumped, passively mode-
locked cw dye laser, "operating at 0.612 pm, at
a rate of 250 kHz. At this rate, the sample has
sufficient time to recover completely between
pulses. The cw E„(II)-center probe laser,"using
a KCl:Li medium, produced 30 m% in a bandwidth
less than 0.01 p.m when pumped by 1.7 W at 0.647
PD1.

EA(II) centers in Li-doped KCl were created at
a concentration of 2x10" cm ' by additive colora-
tion." The crystal was cut normal to the (1,1,1)
axis, so that the parallel-polarized pump and
probe beams always sampled a random distribu-
tion of centers, and no orientational bleaching
effects' were present. The crystal was polished
to a thickness of 2.1 mm and had an optical den-
sity of 0.90 at 0.612 pm at 77 K. The sample was
held in a variable temperature, continuous flow
liquid-He cryostat. The temperature stability
was between 0.2 and 0.5 K for each period of data
accumulation.

Representative time-resolved data are shown in
Fig. 2. The increase in probe intensity repre-
sents only a (1-2)%%uo gain, so that the temporal
profile of the population of the relaxed excited
state follows the profile of the gain. Time-
resolved traces taken with a longer time base
show that the gain remains constant for at least
300 psec, as expected, since the excited-state
lifetime is -100 nsec for these centers. Also
shown in Fig. 2 is the instantaneous system re-
sponse, which is the integral of the measured
pulse autocorrelation function. ' The time origin
is established to an accuracy of 0.3 psec by fitting
data taken at temperatures above 30 K with the
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FIG. 2. Time-resolved data. The rise of gain at
2.62 pm is shown for two temperatures: {a) 15.6+ 0.4 K,
and {b) 47.7+ 0.2 K. The solid line is the instantaneous
response of the system. The dashed line in {b) is the
instantaneous response convolved with a 1.0-psec rise
time. Rise times are 10+ 1 psec for (a) and & 0.5 psec
for (b).

antocorrelation integral, as shown in Fig. 2(b).
Time-resolved data are fitted by an exponential

rise of the form 1 —e ' '. Lifetimes for the rise
of gain are presented as a function of tempera-
ture in Fig. 3. Traces taken at 31.6, 44.0, 47.7
[Fig. 2(b)], and 60 K all exhibit rise times less
than 0.5 psec. All data shown in Fig. 3 were
taken at a probe wavelength of 2.62 pm. One
trace taken at 2.68 pm showed a 12.5+ 3 psec
rise time at 13.5 K, consistent with the data of
Flg. 3.

The energy of the EA(II) saddle-point configura-
tion in KCl:Li is estimated to be 11000 cm '
above the ground state' and hence is 5000 cm '
below the level initially populated by optical ex-
citation at 0.612 p.m. As a result of the large
geometrical change between the initially excited
state and the RES, there is a large Stokes shift
between absorption and emission (0.6 to 2.6 pm),
and the emission spectra of these states will be
distinct. Thus, the appearance of emission as
gain at -2.6 pm is a measure of the appearance
of the RES. That this state has been reached is
also suggested by the constancy of the gain for
periods of at least 300 psee,

The 5000 cm ' of energy deposited into the
phonon modes coupled to the electronic transition
will ultimately be transferred to the bulk phonon
modes of the lattice in a multiphonon emission
process. As a result of the large density of bulk
phonon modes, the configurational relaxation
process corresponds to the statistical limit of
radiationless transition theory. " The tempera-
ture dependence of the lifetime of a multiphonon
process is often its signature, and in the limit of
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FIG. 3. Temperature dependence of relaxation times.
All data shown were taken at a probe wavelength of 2.62
p, m. The solid curve is a fit by Eq. {1)with the param-
eters &{0j= 13 psec, E~ = 47 cm, p = 18, and A = 0.

weak coupling is given by" ".(T) =.(0). "'"'l1 &.&]-'.

The zero-temperature lifetime, v(0), contains
factors due to coupling matrix elements and den-
sities of states, and resonance effects of these.
Equation (1) assumes that only a single phonon
mode of energy E~ is involved in the relaxation
process; p phonons are created and (n) is the
thermal occupation number of the mode. A. is a
coupling strength factor and is (much) less than
2 for weak coupling.

The temperature dependence shown in Fig. 3
can be fitted by Eq. (1) with the following ranges
of parameters: 7'(0) =12-14 psec, E~ =38-50
cm ', and p+A =12-20. The ranges of these
values are not independent. The best fit, shown
in Fig. 3, is w(0) =13 psec, E~ =47 cm ', and p
= 18 (under the assumption A =0).

It is tempting to identify the mode responsible
for the temperature dependence as a resonant
mode involving Li' defect motion in the KCl lat-
tice. Such a mode has been observed at 42 cm '
for KCl:Li." Clearly, motion of the Cl anion
from a lattice site to the saddle-point position
will put a force on the Li' ion. However, this
42-em ' mode was observed in the ground state
of a system without I'A centers, and its frequency
will no doubt be altered in the EA(II) excited state.

Equation (1) is an oversimplification in that it
ascribes the temperature dependence to phonon
modes of one frequeney. Other modes must be
involved in the relaxation process, since only
about 900 cm ' is deposited into the - 47 em '
mode. Bulk and localized phonon modes with en-
ergy up to 268 cm ' exist for the EA(II)-center
ground state in KCl:Li." The temperature de-
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pendence will be dominated by the phonon mode
of lowest frequency. It is not apparent why 900
cm ' is deposited into the -47 cm ' mode, since
this amount greatly exceeds the energy of the
highest-frequency phonon mode, and, in general,
multiphonon processes occur in such a way as to
create as few phonons as possible. " The division
of energy into particular phonon modes reflects
the details of coupling resonances between the
optically prepared and the energy accepting pho-
nons. ' Relaxation may be a cascade process in
the phonon mode(s) prepared by optical excitation.

It is interesting to compare the configurational
relaxation process measured here to ultrafast
IVH in large molecules for which there have been
some direct, time-resolved measurements. For
dye molecules (-120 vibrational modes), relaxa-
tion occurs in several picoseconds or less.""'"
Mode-sensitive relaxation times in the range of
& 1 to 60 psec have been observed for IVH of
pentacene substituted into crystalline naphtha-
lene" or benzoic acid 2 at 1.5 K. The variety of
relaxation times reflects the details of couplings
and densities of states responsible for the relaxa-
tion process, as with EA(II)-center configuration-
al relaxation.

For ultrashort pulse generation by synchronous
mode locking, the rise time for gain can affect
the minimum obtainable pulse width. " Extra-
polating the present data to 77 K, the usual oper-
ating temperature of EA(II)-center lasers, sug-
gests that infrared gain will appear within 0.5
psec of optical pumping. Thus, contrary to a
previous speculation, '~ there are no bottlenecks
in the optical pumping cycle of the EA(II) center
in Kcl:Li deleterious to synchronous mode lock-
ing and pulses of picosecond duration in the 2-3
p,m region should be attainable.

In summary, we have established the time
scale for configurational relaxation in the elec-
tronically excited state of the EA(II) center in
KCl:Li. The relaxation is a multiphonon emission
process with a lifetime that decreases from 13
+1 psec for T &10 K to less than 0.5 psec for
temperatures above 30 K.
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