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Single-Electron Subpicosecond Coherent Dynamics in KBF Centers
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The coherent dynamics of a vibronic wave packet in KBenters is presented. We observe the
temporal evolution of single-electron wave packets following femtosecond laser excitation. Electron
dynamics leads to subpicosecond periodic oscillations of the sample transmission. These are monitored
in real time by pump-probe techniques yielding directly the vibrational frequencies of the localized
modes associated to ground and excited electronic states. These results, complemented by stationary
optical characterization, give further insight into the configuration coordinate modek foenters.
[S0031-9007(96)01432-9]
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Color centers and self-trapped excitons have long beecase of the color center, the vibration largely responsible
the subject of intense investigations both as model sydor the Stokes shift is thed, (') breathing mode
tems for the study of electron-lattice interaction [1,2]of the lattice around the vacancy, dominated by the
and as important systems for the realization of solid-staten-phase movement of the surrounding octahedron of
lasers. In recent years, thanks to subpicosecond spectrcations [6]. Contrary to small molecules, the vibrational
scopic techniques, it has become possible to study witfrequency cannot be deduced directly from stationary
unprecedented resolution the dynamics of self-trapped exabsorption or photoluminescence measurements, and it
citons and the formation of color centers by monitoringis estimated from the temperature dependence of the
the lattice relaxation following fundamental electronic ex-absorption and photoluminescence linewidth in a rather
citation [3,4]. These systems, however, offer other exdindirect way [7,8]. The only clear evidence for vibrational
citing possibilities for the study of the coupled dynamicssymmetries and frequencies was obtained by Raman
of electron and localized lattice modes. Such phenomscattering measurements [9,10].
ena are not easily accessible to ultrafast optical experi- Our transient pump-probe experiments are based on
ments in other much studied solids like semiconductord0 fs pulses obtained by a newly developed compres-
and semimetals because the observed dynamics is donsion technique [11]. Pulses of 140 fs duration, 6D
nated by bulk phonons and many-electron effects. energy, and 1 kHz repetition rate were generated by a

In this Letter we present the first experimental results oTi:sapphire laser with chirped-pulse amplification. These
femtosecond dynamics of a single-electron wave packet iwere focused into a 70-cm-long hollow fiber placed in a
the KBr F center. This color center consists of an an-high-pressure chamber with quartz windows containing
ion vacancy occupied by a single electron. In this systenkrypton at 2 atm pressure. The broadened spectrum ob-
the electronic wave function is localized within few lattice tained with krypton presents a rather uniform shape, i.e.,
parameters even in the excited state [5]. Consequentlyyithout the typical deep modulation arising from self-
electrons centered on different vacancies can be regard@thase modulation effects. Pulse compression was then
as independent, even at relatively high densities. This sysbtained by a double pass through a couple of quartz
tem, therefore, yields the unique opportunity of exploitingprisms. Assuming a setipulse shape, we derived 10 fs
femtosecond light pulses to investigate transient dynamicduration at full width at half maximum (FWHM) from
dominated by pure one-electron effects in a solid. the autocorrelation function. The pulse energy is 24D

Owing to this small spatial extension, the electronThe pulse spectrum is centered at 1.75 eV with FWHM
coupling to the lattice is dominated by localized vibrationsof 110 meV, corresponding to nearly transform-limited
around the vacancy that were theoretically analyzed byulses, with a good overlap with the KBf center ab-
Dominoni and Terzi [6]. This situation is somewhat sorption region (at room temperature absorption peaks at
similar to an electronic transition in a molecule, where1.98 eV with FWHM of 0.34 eV). Pump and probe beams
the equilibrium distance of the constituents is differentare focused onto the sample to a 1@6-diameter spot.
in the electronic ground state and in the excited stateThe pump beam is chopped at 400 Hz and the signal is
The Stokes shift of the corresponding transition cardetected using a lock-in amplifier. The probe pulse is
then be interpreted successfully on the basis of a stronfyequency filtered after passing through the sample using
coupling of the electron to a molecular vibration. In theinterference filters with a spectral FWHM of 25 meV.
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We studied the transmission variation of thin { mm)  states result from electron coupling to localized lattice
additively colored KBr samples with aR’ center con- modes, especially the breathing mode. The coherent
centration of~3 X 10'® cm™3. Data were recorded as a oscillations of the electronic wave packet in the vibronic
function of pump-probe delay for a variety of probe fre- potential are responsible for the observed modulation of
guencies. In Fig. 1, we display room-temperature resultthe transmission.
for probe wavelengthi,, = 680 nm in two different de- Using the Fock states of thé;, ('} breathing mode
lay ranges with pump and probe pulses perpendicularlas a basis, we performed a density matrix calculation in or-
polarized along two orthogonal axes of the KBr crystal.der to include coherence and dephasing effects [13]. Our
The transmission exhibits oscillatory behavior with aboutresults show that the oscillatory part of the transmission
15 periods clearly identifiable; a pronounced beating patsignal is due to off-diagonal elements of the density ma-
tern is also observed. trix between consecutive excited and consecutive ground

In order to better analyze the oscillatory part, westates. These correlations have no equilibrium counterpart
subtracted the slow decaying part of the signal by fittingand are entirely determined by the inner dynamics of the
it with an exponential (see dashed line in Fig. 1) [12].system after it has been perturbed by the pump pulse. They
Figure 2 shows the extracted oscillating part of the signaénter the coupling of the optical transition with the electric
for delays larger than 350 fs, together with its spectrafield of the probe pulse, giving rise to the oscillatory part of
analysis (see inset of Fig. 2). The data clearly showthe sample transmission. Contrary to this oscillating part,
that the oscillation pattern results from two distinctthe slow component of the probe signal is due to transient
frequenciesv, = 3.2 THz (period 0.31 ps) andv, =  changes of the occupation number of the vibronic states,
3.5 THz (period 0.29 ps), with dephasing time of aboutappearing as diagonal terms in the density matrix. These
1.9 ps. The two peaks in the frequency spectrum wer&ansient occupations, in turn, enter the saturation of the
clearly distinguishable and were found unaltered for alloptical transition.
probe frequencies studied (range 680—770 nm, data not The vibrational frequencies measured here are in agree-
shown). This shows that the full dynamics of the excitedment with resonant Raman data [9,10] but differ signifi-
electron is controlled by the excitation of the pump pulsecantly from values inferred from continuous wave (cw)
and that different spectral parts of the probe reveal theneasurements by various authors [1,7,9]. The latter
same oscillation pattern. values, however, are deduced from the temperature

The microscopic interpretation of these results is basedependence of PL and absorption linewidths or line
on the concept of vibronic states for both thdike  shapes within the Franck-Condon approach and should be
ground state and the-like excited state. Vibronic considered model dependent. Additionally, the presence
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FIG. 1. Transmission chang®T as a function of time delay Delay ( ps)

between pump and probe pulses at room temperature for delays

larger than 0.35 ps. Pump pulse is centered at 1.75 eV anBIG. 2. Oscillatory part of the transmission change as a
is 10 fs long; transmitted probe pulse is filtered at 1.82 eVfunction of delay for delays larger than 0.35 ps. The curve was
(see text). The dashed line is the result of an exponential fibbtained by subtraction of the exponential fit in Fig. 1 from the
with time constant 2.6 ps. The inset shows the behavior in theneasured data. The inset shows the Fourier power spectrum of
—0.6—12 ps delay range. the oscillatory part.

3464



VOLUME 77, NUMBER 16 PHYSICAL REVIEW LETTERS 14 ©TOBER 1996

of other optically active centers in varying concentrationsappropriate only for the ground state mass, while for
(e.g., F' and F,) can influence the accuracy of the the excited state mass we determined a value over 25%
cw analysis [14]. From such studies, however, usefubmaller.

information can be derived using the data obtained This simple picture can reproduce the experimental find-
by ultrafast time-resolved measurements like ours. Inngs with fair accuracy. Any improvement would require
fact, by analyzing the temperature dependence of Pl more complex model. In particular, in addition to effects
and absorption linewidths of our additively colored andrelated to the breathing mode of the cation octahedron, one
quenched samples (see Fig. 3), we were able to unanshould take into account that ground and excited states cor-
biguously assign the two measured frequencies to groungspond also to different equilibrium values of the configu-
(v, =32THz) and excited states »{ = 3.5 THz). ration coordinate of thé, (I's) stretching mode of the
Furthermore, these data allow us to fully determineoctahedron [1]. The corresponding displacement of the
the configuration coordinate diagram along the lines otations is expected to be 1 order of magnitude smaller than
the classical analysis of Russell and Klick [7]. This for the T';” mode [5]. Furthermore, activation of the,

is achieved by a best-fit procedure to the experimental’s’) mode can be expected for appropriate orientation of
peak energies and linewidths of PL and absorptionthe pump field whose amplitude, to the best of our knowl-
at low temperature. Such analysis yields the forceedge, is not known. In order to analyze the role of these
constants relative to groundky = 9.47 eV/A?) and modes we measured the transient transmission change for
excited statesk( = 9.39 eV/A?), the displacement of different orientations of the pump and probe polarizations.
the equilibrium positionsq = 0.340 A), and the energy Our analysis indeed confirms that the dominating modes
shift (AE = 1.51 eV; see inset of Fig. 3). Thanks to havea,, (I'|") symmetry; i.e., within experimental errors
the direct measurement of the vibrational frequenciestheir amplitudes are independent of both pump and probe
it is possible to estimate the masses associated to th®ientations. We did observe some additional structures
vibronic states #,.) exploiting the classical relation at lower frequencies, but a symmetry assignment was hin-
kee = 2mvy,)*mg,. In previous studies these were dered by our noise level of about 2% of the maximum
both assumed equal to the mass of the six cationgansmission change.

surrounding theF center. We found this value to be In conclusion, we have presented the single-electron
coherent dynamics following ultrafast optical excitation
in additively colored KBr. This observation is made

o k ' - ' ' ' possible by the strong localization &f center electronic
* o states. Our time-resolved analysis demonstrates the strong
K | coupling of the optical transition of the color center
;%2 Abs electron to the localized,, breathing mode of the lattice.
g 1AL By a temperature-dependence absorption and PL study we

were able to assign the observed oscillation frequencies
to ground and excited vibronic states and obtained the
complete determination of the configuration coordinate
diagram.
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