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Subpicosecond vibronic dynamics in KBrF centers
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Based on a symmetry analysis of recent results of femtosecond pump-probe optical-absorption experiments
on KBr F centers, we present a twofold theoretical analysis. The first part is concerned with a density-matrix
calculation of the experimentally observed beating pattern of two modes ofA1g symmetry in the sample
transmission. This allows us to assign the observed frequencies to the breathing modes of the surrounding
octahedron of cations in the electronic ground and excited state. The stiffening of theA1g mode in the
unrelaxed excited state is consistent with simple arguments based on a lattice of point charges. In the second
part, the observed ultrafast loss of initial orientation of the excitedp state is analyzed using a real-time
integration of the wave function in the Hilbert space spanned by the vibrations of lower symmetries (E1g and
T2g) and the three degeneratep states. The resulting reorientation of thep state can be regarded as the transient
analogue of the Jahn-Teller effect, and it turns out that the total wave function loses its initial orientation on a
very fast time scale. This phenomenon is interpreted as a loss of coherence, so that the breathing mode
oscillation becomes observable only if the pulse length is of the order of the so-defined coherence time of
tc512 fs. @S0163-1829~97!00527-4#
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I. INTRODUCTION

Recent advances in ultrafast laser sources have given
possibility to observe quantum oscillations in real time. Af
pioneering work on femtosecond dynamics of orga
molecules,1,2 ultrafast optical techniques have been used
tensively for investigations of various transient quantum
cillations in solids. The observed phenomena range fr
pure lattice dynamics3–8 over plasmon-phonon coupling9,10

to pure electronic interference phenomena.11–13The phonon
coupling mechanisms investigated include electronically
duced displacement of the ion equilibrium coordinates
semimetals3 and Fröhlich and deformation potential couplin
in semiconductors.4–8 Coherent phonons in high-Tc super-
conductors have revealed different dynamics in the su
conducting and high-temperature range.14

While for all these pure crystalline materials the electro
lattice coupling is usually interpreted in terms of bu
phonons, defects or vacancies are strongly coupled to l
lattice modes. A prototypical example is the color center
alkali halides, where an electron trapped in an anion vaca
interacts predominantly with the six even-parity modes
the surrounding octahedron of cations. This electron-lat
coupling leads to a Stokes shift of the order of 1 eV.
stationary absorption or photoluminescence, the corresp
ing lattice frequencies cannot be resolved15 and Raman spec
troscopy is needed for the identification of both the frequ
cies and symmetries.16,17From measurements under uniax
stress, the contribution of lattice vibrations to the absorpt
linewidth can be estimated,18 a fact that will be used in the
560163-1829/97/56~3!/1179~17!/$10.00
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following for the determination of the coupling paramete
of each mode.

As both Raman and stress measurements reveal the
dominance of breathing modes in the coupling of the co
center absorption transition to vibronic excitations, the c
ation of a corresponding oscillatory wave packet must
possible with short enough light pulses. Recent experime
results obtained with a femtosecond pump-probe setup
reviewed briefly in Sec. II.19 These data are analyzed usin
model calculations in the main part of the present work. T
coupling parameters of the different symmetries are sum
rized in Sec. III, while details of the calculations are po
poned to later sections. In Sec. IV, the linear optical respo
related to the breathing modes is calculated within a dens
matrix approach. The resulting parameters are applied
Sec. V to the investigation of the nonlinear absorption sa
ration. The density-matrix calculation demonstrates that
observed oscillation is due to transient correlations betw
consecutive vibronic levels that have no equilibrium count
part. Section VI deals with the modes of the lowerE1g and
T2g symmetries. A real-time integration of the excited-sta
wave function is performed, and consequences for the bro
ening mechanisms related to these modes are derived.
observed ultrafast loss of orientation of the excited electro
p state arises as a natural consequence of this analysi
Sec. VII, we derive a condition for the observability of th
A1g oscillations, relating the pulse duration and coheren
time of the excited-state wave function. This relation tur
out to be much more restrictive than the condition for t
observability of bulk phonons in other materials. The pap
1179 © 1997 The American Physical Society
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1180 56REINHARD SCHOLZet al.
FIG. 1. Probe transmission change as a function of time delay between pump and probe pulse, for a thin sample of KBr co
'331016 cm23 color centers. The photon energy is 1.75 eV, the pulse duration 15 fs, and the measurement was performed
temperature.~a! Pump polarized at 45° to a cubic crystal axis. Upper solid line, measuredA1g signal; long-dashed line, exponential fi
short-dashed line, biexponential fit; smooth solid line, fit with exponential relaxation and smoothed step; lower line, signal ofT2g symmetry.
Fit parameters for the nonoscillatory part of theA1g signal:t0530 fs, t152.47 ps, t250.55 ps, a151.49, anda2520.78.~b! Like ~a!,
but for the pump polarized along a cubic axis. The lowest line is the signal ofE1g symmetry. Nonoscillatory part:
t05125 fs, t152.47 ps, t250.40 ps, a151.00, anda250.58. ~c! Oscillatory part of data for delays greater than 320 fs. Solid lin
experimental; dashed line, two-oscillator fit for the pump at 45° to the cubic axis; dotted line, two-oscillator fit for pump along a cub
The curves are shifted for clarity.~d! Amplitude Fourier spectrum of experimental signals in~c!, with a superimposed fit for the pum
polarized along a cubic axis. Solid line, experimental data for the pump at 45° to cubic axis; long-dashed line, experimental dat
pump along cubic axis; dotted line, corresponding fit. The fit for pump polarization at 45° to a cubic axis is skipped for clarity; its
is similar to that for the other geometry; compare~c!.
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is summarized in Sec. VIII, and possible applications
similar systems are discussed.

II. EXPERIMENT

Transient pump-probe experiments were performed w
pulses of 15-fs duration at 1.75-eV photon energy, co
sponding to an energy uncertainty of 75 meV full width h
maximum ~FWHM!. These pulses were obtained fro
140-fs pulses of a Ti:sapphire laser by a recently develo
compression technique.19,20 The choice of the color cente
investigated was determined by the photon energy avail
with this system: At room temperature, the absorption line
the KBr F band is centered at 1.96 eV with a FWHM o
about 0.34 eV,15 so that the laser falls into the lower hal
Probe transmission changes measured at room temper
are reported in Fig. 1 as a function of time delay between
pump and probe, normalized to the transmission chang
long delay. The maximum transmission change correspo
to DT/T05(T2T0)/T050.4.

For pump polarization along a cubic crystal axis or o
ented at 45° to a cubic axis, we define signal contribution
A1g symmetry by taking thesumof probe transmission fo
the probe polarized parallel to the pump field and orthogo
to it. The signals of the lower symmetriesE1g andT2g are
defined as thedifference. There was virtually no contribution
of the lower symmetries to the probe transmission within
noise limits, except for the first'100 fs after the pump. This
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demonstrates that theA1g symmetry is dominating the tran
sient dynamics of the optical absorption transition of t
color center. These findings are in good agreement with
predominance ofA1g modes in stationary Raman signals

16,17

and their large contribution to the absorption linewidth.18

The nonoscillatory part of theA1g probe transmission sig
nal can be fitted with

~12e2t/t0!~11a1e
2t/t11a2e

2t/t2!, ~1!

and the slowest time constant observed ist152.47 ps for
both pump polarizations, but with different amplitudes. Su
tracting the fit yields the oscillatory part of the data shown
Fig. 1~c! together with a superimposed two-oscillator fit wi

bge
2t/tgcos~vgt1fg!1bee

2t/tecos~vet1fe!, ~2!

where the frequenciesvg andve are related to the electroni
ground and excited states, respectively. The two frequen
are obtained quite precisely with a nonlinear fitting proc
dure using Eq.~2!: ng5vg/2p53.12560.006 THz and
ne53.43560.010 THz, corresponding to errors of 0.2% a
0.3%, respectively. These frequencies are in good agreem
with low-temperature Raman modes ofA1g symmetry,16,17

except for a temperature shift of27%. As theA1g modes
fall into the region of the transverse optical phonon ba
they will consist mainly of a coherent phase-matched sup
position of optical phonons. The temperature dependenc
the transverse optical phonon frequency in KBr was m
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56 1181SUBPICOSECOND VIBRONIC DYNAMICS IN KBrF CENTERS
sured with neutron scattering and a rigid shift of the phon
band of 28% was found betweenT590 K and T5400
K.21,22 Our frequency shift of27% betweenT510 K and
room temperature is consistent with these findings, andvg
agrees well with the zone-center optical phonon energy
room temperature.23 The reasons for the assignment of t
measured frequencies to ground and excited states will
come clear in the following sections.

Compared to the frequencies, all other fitted parame
are much less significant because different amplitudes, in
phases, and dephasing times can lead to reasonable a
ment with the measured data. The dephasing timestg for the
lower frequencyng agreed well for the two geometries, wit
an average oftg51.8060.15 ps. For the higher frequenc
ne , the smaller amplitude leads to larger uncertainti
te52.2860.4 ps @upper curve in Fig. 1~c!# and te
51.8660.4 ps@lower curve in Fig. 1~c!#, with an average of
2.0760.3 ps. As expected, the room-temperature depha
times are faster than values derived from the very small lo
temperature Raman linewidth,17 and the agreement with th
broadening used in calculations of room-temperature mic
wave absorption is remarkable.23 Despite the uncertainties o
the fitted parameters, the agreement of the main feature
Figs. 1~c! and 1~d! indicates that they are independent
excitation geometry.

The optical density of the sample can be used to de
the absorption change from the transmission change in F
1~a! and 1~b!. For \v51.96 eV, the energy of largest ab
sorption of theF center at room temperature, the optic
density due to theF center is abouta0d51.5, which is re-
duced to about 0.8 in the energetic region of the femtosec
pulse. The initial oscillation amplitude in Figs. 1~a! and 1~b!
is 0.22, and together with the normalization to the final va
DT(t→`)50.4, this gives an oscillation amplitude o
DTosc50.09. Therefore, the relative change of the absorpt
coefficient can be estimated to beDaosc/a0
50.09/0.850.11. This indicates that the nonlinearity
small, so that a calculation to lowest order in the elec
fields of the femtosecond pulses will be sufficient.

We have performed the same type of pump-probe exp
ment using longer pulses with a duration of the order of
fs. With these pulses, we did not find any oscillation amp
tude above the noise level. The question of the observab
of the oscillation pattern as a function of pulse length will
addressed in Sec. VI.

III. DETERMINATION OF MODEL PARAMETERS

A. Assignment of observedA1g frequencies

The ground-state wave function of the electron trapped
the anion vacancy hass symmetry and a small spatial exte
sion, so that the negative charge is mainly contained wit
the surrounding octahedron of cations.24 As the charge of the
electron and an anion is the same, the cations are clos
their regular lattice positions. In the excitedp-symmetric
state, on the other hand, the electronic wave function
mainly localized outside the first shell of cations, even bef
excited-state lattice relaxation. This corresponds to a reg
lattice where a positive point charge has been added in
position of the vacancy, so that the electron charge in
ground state is compensated, and an additional nega
n
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charge corresponding to the excited electronic state sme
out over a large region surrounding the octahedron of c
ions. The additional positive charge in the vacancy leads
repulsive force on the cations, which will subsequently re
to a new equilibrium distance from the vacancy of abo
r e'1.1r 0, wherer 0 is the nearest-neighbor distance.

24 If the
excitation is performed on a sufficiently fast time scale, t
excited wave packet will perform an oscillation around th
position.

For a qualitative argument concerning the vibrational f
quencies, we model the ions as point charges and include
shifted positions of the cations of the first shell.24 In the
ground state, the potential energy of theA1g breathing mode
can be assumed to be parabolic, with a vibrating ground-s
mass of six times the K1 cation massmg56mK ,

Vg~r !5
mg

2
vg
2~r2r g!

2, ~3!

wherer is the distance of the cations from the vacancy a
r g'0.98r 0 their equilibrium position.24 Because this is very
close to the regular lattice position, the bulk vibrations
main nearly undisturbed and the frequencyvg agrees quite
well with the optical phonon energy at room temperature23

The excited-state vibronic potential has to include the C
lomb interaction of the six cations with the positive charge
the origin:

Ve~r !5Vg~r !1
6e2

4pe0r
. ~4!

Calculating the curvature of this potential in the position
the cations, we can identify the excited-state frequencyve
and massme :

]2

]r 2
Ve~r !5mgvg

21
6e2

2pe0r
3 5meve

2 . ~5!

Using the above values formg and r g and the new equilib-
rium positionr e51.1r 0,

24 with r 053.29 Å, we arrive at the
ratio of curvatures

meve
2

mgvg
2 51.39, ~6!

which indicates a stiffening of the vibrational frequency
the excited state. Taking the higher measured frequenc
3.435 THz as the excited-state frequency and 3.125 THz
the ground-state frequency, we find that a mass ratio of ab
me /mg51.16 is needed to reconcile the measured data
the above point-charge arguments. Further corrections a
because the ground-state wave function is not fully contai
within the shell of the cations and the excited electro
wave function does not have all its charge density outs
this shell. Calculations in the literature indicate that the o
tical excitation yields a change of the charge within t
nearest-neighbor shell remaining somewhat smaller t
e.24,25 Therefore, the ratiomeve

2/mgvg
2 is further reduced,

still remaining higher than one. The assignment of t
ground- and excited-state frequencies is not affected, but
ratio of the masses becomes closer to one.
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1182 56REINHARD SCHOLZet al.
From these arguments it is not evident that a parab
potential for the excited state is still realistic, as the ad
tional Coulomb part is certainly far from parabolic. The ev
dence is indirect: Calculating the optical absorption li
shape with a nonparabolic Morse potential for the exci
state along the lines indicated in Sec. IV, we arrive at
best agreement with the measured line shape15 if the nonpa-
rabolicity is very small. The rearrangement of the disturb
lattice to a nearly parabolic potential for the breathing mo
can be due to small changes of the ionic positions in
consecutive shells surrounding the octahedron of cation
detailed knowledge of the ion-ion potential including a re
istic repulsive part would be needed for more prec
calculations.26 For the ground- and excited-state Hamilt
nians, we take the minimum of the ground-state potentia
the origin of the oscillator coordinateq5r g2r 0 and assume
parabolic potentials:

Hg~A1g!5
p2

2mg
1
mg

2
vg
2q21Es ,

He~A1g!5
p2

2me
1
me

2
ve
2~q2q0!

21Ep . ~7!

The corresponding potentials are sketched schematical
the so-called configuration coordinate diagram in Fig. 2.
the point-charge arguments indicate that the mass differe
should be small, we use the same mass in the ground
excited statemg5me56mK . The lower frequency is as
signed to the ground statevg5ng/2p519.6/ps and the
higher frequency to the excited stateve5ng/2p521.6/ps.
Es and Ep are the energies of the electronic ground a
excited states. The elongationq050.21 Å50.064r 0 be-
tween the minima of the excited- and ground-state poten
is determined from the contribution of theA1g symmetry to
the linewidth, as discussed in the following subsection a
Sec. IV in some detail. The difference of the electronic e
ergies turns out to beEp2Es51.712 eV at room tempera
ture.

The use of the above parameters for luminescence f
the relaxed excited state of the color center would be m
leading because its electronic wave function has a m
larger extension, corresponding also to a larger elonga
q0.

24 In principle, the photoluminescence transition in Fig

FIG. 2. Schematic configuration coordinate diagram for a sin
oscillator with a displaced minimum in the upper state.a(E), ab-
sorption line shape; PL, photoluminescence.
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should start from the potential-energy surface of the rela
excited state, which in general will not coincide with th
upper-state potential governing optical absorption from
ground-state minimum. As we will never be concerned w
details of the optical coupling from the relaxed excited st
towards the ground state in this paper, we have not sho
the corresponding relaxed excited-state potential in Fig. 2
clarity.

B. Line-shape analysis

In the present subsection we summarize the coupling
rameters of the vibronic modes derived in the calculations
Secs. IV and VI. The vibronic modes coupling linearly to t
color center transition are easily found by analyzing the r
resentations in the cubic point group. The representati
corresponding to electronics and p states areA1g and
T1u , respectively. The vibronic modes with linear couplin
to thep state are found from the product of its representat
in the cubic group with itself:27

T1uT1u5A1g1E1g1T2g1R, ~8!

whereR denotes rotations. Furthermore, the excitedp state
can be mixed with ans state close in energy via modes
T1u symmetry. The role of this so-called pseudo-Jahn-Te
effect seems to be unclear for the color center in alkali
lides, as the crucial absorption experiment seems to
missing.28 We will ignore any effect related to these pseud
Jahn-Teller modes in the following because it is genera
accepted that this effect is unimportant during absorption,
2p state being below the 2s state.29

The neglect of the pseudo-Jahn-Teller effect would
unwise for transient experiments concerning the relaxed
cited state because there is strong evidence that the 2s state
is slightly below the 2p state. This is demonstrated by var
ous investigations ofF-center photoluminescence, such
the temperature dependence of the excited-state lifetim30

wave-function calculations,31 and calculations of the pseudo
Jahn-Teller effect.32,33The latter calculations did not includ
the pseudo-Jahn-Teller modes ofT1u symmetry and the
Jahn-Teller modes ofE1g andT2g symmetries on an equa
footing. Early experiments on luminescence under str
were interpreted in a much simpler model neglecting
2s states completely.34

Because of the simpler ordering of the 2s and 2p states
during optical absorption,E2p,E2s , the pseudo-Jahn-Telle
effect due to theT1u modes should be of minor importanc
compared to the influence of the even modes. Using pres
and uniaxial stresses, the contributions ofA1g , E1g , and
T2g symmetry to the second moment of the absorption l
can be obtained.18,35 This does not give information on th
detailed line shape, but the absorption line is approxima
Gaussian,a(E)5exp@2(E2E0)

2/a2#, so that second momen
^E2& and FWHM W are given by ^E2&5a2/2 and
W52Aln2a. Modes of different symmetries are assumed
be independent and each mode alone is expected to gi
Gaussian line shape. Therefore, their contributions to t
second moment and linewidth add in the same way,

^E2&5^E2~A1g!&1^E2~E1g!&1^E2~T2g!&1^E2~so!&,

e
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W25W2~A1g!1W2~E1g!1W2~T2g!1W2~so!, ~9!

and the relative contributions are equal. The last term in e
case is due to spin-orbit splitting. The contributions to s
ond moment18 and linewidth atT580 K are given in the
second and third columns of Table I. To the best of o
knowledge, the measurement of the second moments ha
been repeated for different temperatures. Therefore, we n
further parameters for the extrapolation fromT580 K to
zero and room temperature. The temperature-dependent
width for a single oscillator with the same frequencyv in the
ground and excited states is known to be15

W~T!5W~0!FcothS \v

2kBT
D G1/2. ~10!

Using the measured temperature dependence,W(0)
5158 meV, and an effective vibronic energy of\v511.6
meV,36 we arrive atW(80 K)5191 meV, in good agree
ment with the total linewidth ofW(80 K)5193 meV de-
rived from the second moment of the absorption line; co
pare Table I. In the following, we use the slightly higher to
linewidth,18 the difference of 2 meV being well within th
experimental errors.

For theA1g modes, the line shape as a function of te
perature is calculated explicitly in Sec. IV from the abo
Hamiltonian ~7!. The resulting width is fitted according t
Eq. ~10! with anA1g mode energy of\v(A1g)512.9 meV,
corresponding to the ground-state frequency entering
Hamiltonian.

Raman experiments on the KBrF center indicate one
phonon structures ofE1g andT2g symmetry between 6 an
20 meV.16 In the following, we assume that effective v
bronic energies of 10 meV describe the contribution of th
modes to the temperature-dependent linewidth, an en
within the range observed in Raman experiments. Such
approach is known as the quasimolecular~cluster! model.37

TABLE I. Contributions to second moment and width of th
absorption line.A1g , E1g , andT2g denote the corresponding v
brational symmetries and so denotes spin-orbit splitting. The ef
tive mode frequencies assumed for theE1g andT2g symmetries are
written in italics. The values for zero and room temperature a
derived from the measurements of the second moment atT580 K
~Ref. 18!.

^E2& W W W \v
~meV2) ~meV! ~meV! ~meV! ~meV!

Symmetry/T ~K! 80 0 300

A1g (7367)2 172616 147 298 12.9
E1g (1962)2 4565 35 81 10.
T2g (2963)2 6867 54 123 10.
E1g andT2g (3564)2 8269 64 147 10.
so 142 33 33 33
E1g andT2g and so (3764)2 8869 72 151 12.1
total ~Expt.!a 822 193
total ~Expt.!b 191 158 337 11.6
total ~Calc.! 822 193 164 334 12.7

aReference 18.
bReference 36.
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The resulting low- and high-temperature linewidths are c
culated with Eq.~10! and the vibronic energies in Table
The assumption that the modes of lower symmetries h
energies below the breathing mode is in qualitative agr
ment with a temperature-dependent determination of the
ond and third moments of the absorption line for KCl.38

The linewidth resulting from the different symmetries
shown in Fig. 3, where the spin-orbit splitting is assumed
be temperature independent. The breathing modes giv
dominating contribution to the total linewidth for all tem
peratures. This is a peculiarity of theF center in the NaCl
structure, while substitutional cations such as In1 and Tl1 in
the same crystals have similar contributions from the brea
ing modes and the modes of lower symmetry to the to
linewidth.28 The opposite extreme is theF1 absorption band
in CaO, where the breathing modes merely lead to a smo
ing of the structure determined by theE1g and T2g Jahn-
Teller modes.39,40

Because the breathing modes dominate the linewidth, t
will be treated separately from the modes of lower symme
in Secs. IV and V, with the influence of the other mod
included phenomenologically. Therefore, it is useful to
vide the total linewidth into the contribution of theA1g
modes and the rest composed of contributions ofE1g and
T2g symmetries and spin-orbit splitting. The inclusion
spin-orbit splitting in the remaining part of the linewidt
increases its effective mode energy because of the temp
ture independence of the splitting; compare Table I.

The total calculated linewidth coincides with the lin
width measurements within66 meV for all temperatures
which is within the experimental uncertainties. The deriv
effective vibronic energy of 12.7 meV is already conside
ably higher than the experimental one36 because the low- and
high-temperature deviations between the calculated and
measured linewidth have opposite sign. Among the poss
systematic errors of the calculation is the assumption
temperature-independent vibronic energies, while the exp

FIG. 3. Contributions of different vibrational symmetries an
spin-orbit splitting to the total linewidth. From bottom to top: spi
orbit splitting ~short-dashed–long-dashed line!, E1g symmetry
~short-dashed line!, T2g symmetry~long-dashed line!, E1g andT2g
symmetries and spin-orbit splitting together~solid line!, A1g sym-
metry ~solid line!, total linewidth @solid line, calculated from the
contributions of different symmetries; long-dashed line, experim
tal linewidth ~Ref. 38!#.

c-
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1184 56REINHARD SCHOLZet al.
mental results in Sec. II indicate a shift of theA1g modes of
27% betweenT510 K ~Ref. 17! and room temperature
Furthermore, the vibrating mass was assumed to be the s
in the electronic ground and excited states. Erroneous ass
ments of the modes ofE1g andT2g symmetries should no
have a large influence on the total linewidth as a function
temperature, as these modes are only of minor importanc
T580 K.

The high-temperature linewidth contributions are su
posed to be exact within an uncertainty range of615%,
somewhat higher than the experimental range of610%
given for the measurement of the second moment atT580
K. As the linewidth is linear in the elongation betwee
ground and excited states, the uncertainty of 15% app
also to the elongations of the different modes. The ab
parameters will be used in Secs. IV and V for the calculat
of theA1g modes and in Sec. VI for theE1g andT2g modes.

IV. DENSITY-MATRIX CALCULATION
FOR BREATHING MODES

A. Hamiltonian for breathing modes

For the following investigation of linear and nonline
optics, we express all operators in terms of projectors on
eigenstates corresponding to the Hamiltonian~7! and the
configuration coordinate diagram Fig. 2. The eigenstates
denotedus,i &5us& ^ u i g& for the electronic ground state an
ux, j &5ux& ^ u j e&, uy, j &5uy& ^ u j e&, and uz, j &5uz& ^ u j e& for
the electronic excited state. On the right-hand side~rhs!, the
first part in each case is the electronic wave function,u i g& a
vibrational level in the ground-state oscillator potential, a
u j e& a vibrational level in the upper-state potential. Expres
in terms of projectors on its eigenstates, the above Ha
tonian for the breathing modes, Eq.~7!, is expressed as

Ĥ0~A1g!5(
i

\vgius,i &^s,i u

1(
j

\ve j~ ux, j &^x, j u1uy, j &^y, j u1uz, j &^z, j u!,

~11!

where the abbreviationsvgi5Es /\1( i11/2)vg and
ve j5Ep /\1( j11/2)ve have been used. In the above form
the Hamiltonian applies also to nonparabolic potentials
the breathing mode; only the frequenciesvgi andve j would
be defined in a different way. In the following, we will re
serve the indicesi andk for the ground-state vibronic level
and j and l for the excited levels.

For the coupling to the electric field of the optical puls
we use the Hamiltonian

Ĥopt~A1g!52Ex~ t !m̂x~A1g,t !1~y,z!

52Ex~ t !d(
i , j

~ ux, j &^s,i uF ji1us,i &^x, j uFi j !

1~y,z!, ~12!

where Ex(t) is the electric field of the light pulses
m̂x(A1g ,t) the operator of the time-dependent dipole m
me
n-
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-
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e
n

e
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d
d
il-

r

,

-

ment of the transition, andd5^suxux& the dipole matrix ele-
ment between the electronic ground and excited states.
sum contains the projection of the wave functions of t
vibrational levels in the electronic ground state on the vib
tional levels of the electronic excited states andF ji
5^ j eu i g& is an abbreviation for the Franck-Condon overl
factor of the oscillator wave functions. The Franck-Cond
factors are calculated with the standard eigenfunctions of
harmonic oscillator, which we assume to be real.41 The cou-
pling to electric fields along they and z axes has to be
included in the same way in the HamiltonianĤopt(A1g).

B. Equations of motion for the observables

The density-matrix approach consists of investigat
equations of motion for operators, usually based on
eigenstates of the unperturbed system.42 The operators of
interest include, e.g., ux, j &^s,i u, the transition from
us& ^ u i g& to ux& ^ u j e&; ux, j &^x, j u, the occupation of
ux& ^ u j e&; and ux, j &^x,ku, the correlation ofux& ^ u j e& and
ux& ^ uke&. Calculating the commutators of these operat
Ô and the HamiltonianĤ(A1g)5Ĥ0(A1g)1Ĥopt(A1g), we
arrive at the following equations of motion for the ensemb
average of the expectation value:42

]

]t
^Ô&5

1

i\
^@Ô,Ĥ~A1g!#&1

d

dt
^Ô& irr , ~13!

where the last term describes the irreversible contributi
phenomenologically, usually the coupling to the surround
bath of other lattice modes. The angular brackets in Eq.~13!
stand for

^Ô&5Tr~ r̂~0!Ô!, ~14!

where r̂ (0) is the equilibrium density matrix.r̂ (0) contains,
on the diagonal, thermal occupations of the vibrational lev
corresponding to the electronic ground state, while occu
tions in the excited state and off-diagonal elements vanis

ra i ,bk
~0! 5dasdabd ikngi

~0! , ~15!

with the thermal occupationngi
(0) of the vibrational levels

according to Bose-Einstein statistics:

ngi
~0!5c~T!expS 2

\vgi

kBT
D . ~16!

c(T) is a temperature-dependent normalization constant
that the sum over all vibrational levels gives unity. The te
poral dynamics arises from the perturbation by the elec
field in the Hamiltonian for the optical transition, Eq.~12!.
Time-dependent ensemble averages of operators are
pressed as

ra i ,b j~ t !5Tr~r~0!ua,i &^b, j u! ~17!

and set up the time-dependent density matrix for the sys
perturbed by the electric field. For the transitionlike mat
elements between the ground and excited states, we arri
the set of equations of motion
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S ]

]t
2 i ~ve j2vgi! D rx j ,si~ t !

5
id

\
Ex~ t !S (

l
Filrx j ,xl~ t !2(

k
Fk jrsk,si~ t ! D

1
id

\
Ey~ t !(

l
Filrx j ,yl~ t !1

id

\
Ez~ t !(

l
Filrx j ,zl~ t !

1
d

dt
@rx j ,si~ t !# irr . ~18!

The saturation terms on the rhs describe Pauli blocking
the transition between the ground and excited states.
equations of motion for the correlations between differ
vibrational levelsu l e& andu j e& in the upper-state potential fo
the samep stateux& read

S ]

]t
2 i ~ve j2vel! D rx j ,xl~ t !

5
id

\
Ex~ t !S (

k
Flkrx j ,sk~ t !2(

k
Fk jrsk,xl~ t ! D

1
d

dt
@rx j ,xl~ t !# irr . ~19!

For the diagonal caseu l e&5u j e&, this formula describes
simply the occupation. A similar equation of motion can
obtained for the correlations between different vibratio
levels in the electronic ground stateus& ^ u i g& and us& ^ ukg&:

S ]

]t
2 i ~vgk2vgi! D rsk,si~ t !

5
id

\
Ex~ t !S (

l
Filrsk,xl~ t !2(

l
Flkrxl,si~ t ! D

1~y,z!1
d

dt
@rsk,si~ t !# irr . ~20!

C. Linear optics

For the calculation of the linear response of the co
center transition, we can assume that the electronic gro
state is occupied with unit probabilityns

(0)5( ingi
(0)51 and a

distribution over the levels according to Bose-Einstein sta
tics, Eq. ~16!. As an ansatz for the irreversible part of th
equation of motion for the transition matrix elements, E
~18!, we use an infinitesimal decay rateG501. With a Fou-
rier transformationt→v, we arrive at the linear response
the transition matrix elements

rx j ,si
~1! ~v!5

dFi j ngi
~0!

\@ve j2vgi1v1 iG#
Ex~v!, ~21!

where the linearity in the field is expressed by the supersc
~1!. The resulting polarization response is given by the d
sity of dipole momentsm(A1g ,v)5^m̂(A1g ,v)&,
f
he
t

l

r
nd

-

.

pt
-

Px
~1!~A1g ,v!

5nFd(
i , j

@F jirx j ,si
~1! ~v!1Fi jrsi,x j

~1! ~v!#

5
nF
\ (

i , j
F ngi

~0!d2F ji
2

ve j2vgi1v1 iG
1

ngi
~0!d2Fi j

2

ve j2vgi2v2 iGG
3Ex~v!, ~22!

wherenF is the density of color centers. For positive fr
quency, the first term is antiresonant, so that it can be
glected in the imaginary part of the dielectric respon
e (1)(A1g ,v)5Px

(1)(A1g ,v)/e0Ex(v) near the resonance:

Ime~1!~A1g ,v!5
nF
\e0

(
i , j

Im
ngi

~0!d2F ji
2

ve j2vgi2v2 iG
. ~23!

Furthermore, each transition frequency between breath
mode vibrational levelsve j2vgi is broadened by a Gaussia
related toE1g andT2g modes and spin-orbit splitting,

Ime~1!~v!5E dv8Ime~1!~A1g ,v8!expS 2
~v2v8!2

a2 D ,
~24!

with the corresponding broadening parameters for differ
temperatures in Table I.

The resulting absorption line shape due to theA1g modes
is given in Fig. 4~a! for three different temperatures, norma
ized to the peak value atT50 K. The Gaussian broadenin
of the transition frequencies is set toW520 meV, enlarging
the width of the absorption line by about 1%. Already wi
this small broadening, the differentA1g transition frequen-
cies are invisible. As the total oscillator strength of the co

FIG. 4. ~a! Absorption line shape due toA1g modes alone, cal-
culated with an elongationq050.064r 0. A Gaussian broadening
with W520 meV is included for the three temperaturesT50 K
~short-dashed line!, T580 K ~long-dashed line!, T5300 K ~solid
line!. For T5300 K, a curve calculated with smaller Gaussi
broadening ofW510 meV is shown for comparison~oscillating
line!. The data are normalized to the peak absorption at zero t
perature.~b! Same as~a!, but with the broadening parameters
Table I:W572 meV (T50 K!, 88 meV (T580 K!, and 151 meV
(T5300 K!. ForT5300 K, a dotted line is calculated with Loren
zian broadening using a dephasing time ofT2522 fs. The peak
position in ~a! and ~b! is due to a temperature dependence of
electronic energies in the calculation:Ep2Es51.812 (T50 K!,
1.732 (T580 K!, and 1.712 (T5300 K!, which reproduces the
experimental peak positionsE(amax)52.06 eV (T50 K!, 2.04 eV
(T580 K!, and 1.96 eV (T5300 K!; compare Ref. 15.
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center transition is temperature independent within
model, the increase of the linewidth with temperature le
to a decrease of the peak absorption. The absorptio
T5300 K is also shown with a smaller broadening
W510 meV for comparison and the different transitions a
clearly visible. This case is obviously unrealistic for theF
center under study, but different centers can indeed al
one to observe distinct vibronic peaks superimposed o
smooth absorption line.43

Figure 4~b! contains the absorption line including th
temperature-dependent width resulting fromE1g and T2g
modes and spin-orbit splitting according to the parameter
Table I. The increase of the linewidth is about 10%, so t
the absorption maximum decreases by the same amo
compare Fig. 4~a!. A similar absorption line shape can b
obtained with a finite dephasing rateG51/22 fs and no
Gaussian broadening, as shown for room temperature in
4~b!. The main deviations are far off the resonance. For s
plicity, we will use the finite dephasing rateG in Sec. V,
avoiding the more involved inclusion of Gaussian broad
ing in the calculation of the nonlinear response.

Only the frequency of the ground-state oscillator ent
the temperature dependence of theA1g linewidth according
to Eq. ~10!, while the vibrational levels corresponding to th
electronicp states act merely as a complete set of basis fu
tions without any influence on the linewidth. For the pho
luminescence, the reverse is true, but we do not claim
the same parameters for the breathing mode potentials a
as it is known that the relaxed excitedp state has a much
larger radial extension.24 Therefore, the electronic charg
density entering the potential of the breathing modes will
different for recombination starting near the minimum of t
excited state potential and all parameters entering the bre
ing mode Hamiltonian will be changed. This is probably t
reason why our elongationq050.064r 0 between ground- and
excited-state minima is much smaller than the va
q050.12r 0 calculated for the relaxed excitedp state.

24Many
features of the recombination can be modeled along sim
lines, such as the temperature dependence of the linewid44

Because of the orderingE2s,E2p for the relaxed excited
state, the detailed assignment of model parameters woul
somewhat more involved than in Sec. III.

V. CALCULATION OF NONLINEAR
TRANSMISSION CHANGE

The aim of the present section is to calculate the nonlin
dynamics of theA1g modes observed in the transmission
the probe pulse. In the configuration coordinate schem
Fig. 2, the ultrafast optical excitation projects the wave fu
tion of the occupied ground-state vibrational level on t
upper parabola, where a superposition of eigenstates is
ated. Their subsequent oscillation in the upper potential le
to a recurrence of the wave packet after integer multiples
the oscillation periodt5nTosc. Only then can the wave
packet influence the optical coupling, while after half-integ
multiples of the oscillation periodt5(n11/2)Tosc, the wave
packet is on the rhs of the upper potential and does not s
rate the optical transition for photon energies coupling re
nantly on the lhs of the upper potential. In the lower pote
tial, a similar oscillation occurs when the coupling to t
r
s
at

e

w
a

in
t
nt;

ig.
-

-

s

c-
-
at
ly,

e

th-

e

ar
.

be

ar
f
in
-

re-
ds
f

r

tu-
-
-

pump pulse leads to a transition between subsequent v
tional levels. This phenomenon is not so obvious as the
cillation of the wave packet in the upper potential, but fo
lows directly from the calculation developed below.

The density-matrix approach is best suited for model
these dynamics, as it allows us to treat coherence
dephasing without problems concerning the conservation
the total probability: Oscillations are due to off-diagonal e
ements of the density matrix, while charge conservation
related to the time independence of its trace.

In the following, we have to identify the most importan
saturation terms in the equations of motion for the tran
tions, Eq. ~18!, after the pump pulse has arrived on th
sample. In this case, the electric field on the rhs will be
probe field and the quantum dynamics induced by the pu
pulse is included in the ensemble averagesrx j ,xl , etc., on the
rhs. As will become clear in the following discussion, th
leading order of changes in these source terms is quadrat
the electric field of the pump pulse and the calculation
will develop in this section is a typical application o
density-matrix theory.45

The dynamics of the modes of lower symmetry is a
proximated in this section by simple terms for the irreve
ibilities of theA1g modes: The broadening discussed in F
4~b! is obtained now with a dephasing rateG51/22 fs. The
difference between the assumed Lorentzian broadening
the correct Gaussian broadening will lead only to min
quantitative changes in the response to a short pulse, a
time dependences are mainly determined by the pulse e
lope with intensity FWHM of 15 fs.

Before the experiment is performed, the electron in
color center is in its ground stateus& with unit probability
ns
(0)51. The first step is to calculate the transitions induc
by the pump field, and because ofns

(0)51, only one term on
the rhs of Eq.~18! contributes, while all others vanish. Th
resulting transition matrix elements are calculated as in S
IV B, but now with the electric field of the pump pulse
which is assumed to bex polarized. It is convenient to ex
press the pump field as a product of the envelope and p

Epu~ t !5Epu~ t !ex

5Ẽpu~ t !~e2 ivput1eiv
put!ex . ~25!

The shape of the envelopeẼpu(t) is taken to be
sech(t/t) with t515 fs/2ln(A211) corresponding to the
pulse duration of a FWHM equal to 15 fs. For the phot
energy, we use the experimental value of\vpu51.75 eV.
Because of the pulsed field of the pump laser, it is m
convenient to express the linear response as a time inte
tion over the past

rx j ,si
~1! ~ t !52

id

\
ngi

~0!Fi j e
ivput

3E
2`

t

dt8ei [ve j2vgi2vpu] ~ t2t8!e2G~ t2t8!Ẽpu~ t8!

1A~vpu→2vpu!, ~26!



et
r
th
s

r
fo

ni
he

r
n

to
tio
th

in
t

ns
fir

ec
te
rt
te
e
t
e
an

a
n
to

has-

nd
the

will
the
ed
il-

are

ible
rks

ther-
are

um
. In
otal

a-

ith
er-

i-
ot
ent.
a in
al
r

e
nic
ied
ton
ore
om-
ntri-
he
n

56 1187SUBPICOSECOND VIBRONIC DYNAMICS IN KBrF CENTERS
whereA denotes the antiresonant term. Even for energ
cally broad pulses of 15-fs duration, the antiresonant te
gives a very small contribution to the absorption because
detuningve j2vgi1vpu is large for all transition energie
ve j2vgi .

The transition matrix elements linear in the pump field a
then used in the source terms of the equation of motion
correlations between vibrational states, i.e., Eq.~19! for the
oscillator potential corresponding to the excited electro
stateux&. Up to second order in the pump field, we obtain t
equation of motion

S ]

]t
2 i ~ve j2vel! D rx j ,xl

~2! ~ t !

5
id

\
Epu~ t !S (

k
Flkrx j ,sk

~1! ~ t !2(
k
Fk jrsk,xl

~1! ~ t ! D
1I, ~27!

whereI denotes irreversible terms, and similarly for the co
relations between vibrational levels in the electronic grou
state,us& ^ u i g& and us& ^ ukg&:

S ]

]t
2 i ~vgk2vgi! D rsk,si

~2! ~ t !

5
id

\
Epu~ t !S (

l
Filrsk,xl

~1! ~ t !2(
l
Flkrxl,si

~1! ~ t ! D
1I. ~28!

The quality of the approximation to iterate only up
second order in the pump field depends on the excita
density. As discussed in Sec. II, the oscillating part of
absorption coefficient corresponds to a relative change
Daosc/a0511%. As this is much smaller than one, the ma
features should be obtained already in the lowest order in
pump field.

The most important terms for the nonlinear probe tra
mission are the occupations of vibrational levels and the
off-diagonal correlations j2 l561 oscillating with
ve j2vel56ve and k2 i561 oscillating with
vgk2vgi56vg . These nondiagonal terms are not subj
to any conservation law, so that simple dephasing ra
Gg51/tg andGe51/te are adequate for the irreversible pa
of the equations of motion. We will take the dephasing ra
fitted to the experimental data; compare Sec. II. For the th
malization rates between the occupations, we assume
same emission and absorption rates for all vibrational lev
within the same oscillator potential and relate emission
absorption rates by a Boltzmann factor

ge
abs5e2\ve /kBTge

em,

gg
abs5e2\vg /kBTgg

em. ~29!

Charge conservation is achieved by treating the therm
zation rates as source terms for the neighboring vibratio
levels, e.g., for transitions between ground-state oscilla
levels
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d

dt
@rsi,si~ t !# irr52~gg

em1gg
abs!rsi,si~ t !

1gg
emrs~ i11!,s~ i11!~ t !

1gg
absrs~ i21!,s~ i21!~ t !. ~30!

Furthermore, we generalize the relation between the dep
ing rateG and the transition rateg for fermions,G5g/2,46 to
the equations

Gg5
1

2
~gg

em1gg
abs!,

Ge5
1

2
~ge

em1ge
abs!. ~31!

With this procedure, we can relate both dephasing a
thermalization rates to the damped oscillations fitted to
experimental result; compare Eq.~2!. The above absorption
and emission rates guarantee that the final distribution
be thermal. More complicated rates, e.g., depending on
index of the vibrational level, can be found from a detail
knowledge of the neglected couplings in the model Ham
tonian or from an elimination of Langevin forces.47 As the
only rates we can extract from the experimental results
the dephasing rates, the above scheme of Eqs.~29! and~31!
was found to be most convenient. A discussion of poss
broadening mechanisms can be found in the work of Spa
et al.23

Numerical results based on the above dephasing and
malization rates are presented in Figs. 5 and 6. The data
plotted as a function of time after the pump pulse maxim
using the experimental pulse length and photon energy
the calculation, we used a pulse fluence, resulting in a t
change of occupation of 10%, and anx-polarized pump field,
so that the investigation ofrx j ,xl

(2) (t) is sufficient.
The initial change of the upper vibrational level occup

tions in Figs. 5~a! and 5~b! shows a maximum aroundu7e&,
resulting from a combination of a resonance condition w
the laser and large Franck-Condon overlap with the th
mally occupied lowest vibrational levelsu i g&. After 10 ps,
the distribution over different vibrational levelsu j e& is still
far from the final thermal distribution, so that thermal equ
librium over the excited state vibrational levels is n
reached within the time range investigated in the experim
This is already evident from the average number of quant
the initial distribution: It is about 8 higher than in the therm
distribution with n̄51.37. The initial loss rate of oscillato
quanta is of the order ofge

em2ge
abs50.54Ge'1/ps and slows

down with time when approaching a thermal distribution.
In Figs. 5~c! and 5~d!, the strongest initial change of th

vibrational level occupations corresponding to the electro
ground state does not occur for the thermally most occup
level u0g&, but because of the somewhat off-resonant pho
energy of 1.75 eV, the higher levels are subject to a m
resonant coupling, so that the resonance condition overc
pensates the smaller thermal occupation. The largest co
bution to the transient excitation turns out to be from t
vibrational level u2g&. Finally, the thermalization betwee
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FIG. 5. Changes of vibrational level occupa
tion for excitation with a pump pulse of 15-f
duration, photon energy of\vpu51.75 eV, and
maximum at zero time. The total change of occ
pation is 0.1.~a! rx j ,x j

(2) (t) for different vibrational
levels u j e&, with j50,2,4,6,. . . ,16~from bottom
to top!. The curves are shifted for clarity.~b!
Change of occupation as a function of vibration
level index for different times after the pum
pulse maximum: 50 fs~solid, peaked curve!, 2 ps
~long-dashed curve!, 5 ps ~long-dashed–short-
dashed curve!, 10 ps ~short-dashed curve!, and
final thermal distribution fort→` ~solid curve,
exponential!. ~c! rsi,si

(2) (t) for different vibrational
levels u i g& , with i5025 ~from bottom to top!.
~d! Same as~b!, but for the ground-state vibra
tional levels.
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different levels accumulates the largest change in the low
level, as shown in Figs. 5~c! and 5~d!. As the initial number
of excess quanta compared to the thermal distribution is o
about 0.9, the curves after 5 and 10 ps are already ra
close to a thermal distribution. The equilibrium that will b
reached eventually due to the emission and absorption
oscillator quanta is only relevant for an intermediate tim
scale because the total ground-state occupation remains
changed. The final equilibrium will be obtained through r
combination processes from the electronic excited stat
the ground state on a much slower time scale. The ave
energy of absorbed photons is 1.80 eV, which is larger t
the pulse energy of 1.75 eV because the pulse is off reso
compared to the absorption peak in Fig. 4~b!, so that its most
energetic part is absorbed with higher probability.

For the correlationsrx j ,x( j11)(t) shown in Fig. 6~a! as a
function of time, the initial amplitudes are close to the occ
pationsrx j ,x j(t) and rx( j11),x( j11)(t) because the Franck
Condon factors corresponding to consecutive levels are c
to each otheruFi j u'uFi ,( j11)u. The correlationsrx j ,x( j11)(t)
and rx( j11),x j(t) are complex conjugates, except for a po
sible sign change due to sign conventions for the wave fu
tions of the oscillator eigenstates. Therefore, the real p
shown apply to both. After the initial oscillation amplitud
has been fixed during the excitation process, the subseq
dephasing changes all amplitudes in the same way. Th
fore, only the correlations after 150 fs are shown in Fig. 6~b!,
a time corresponding approximately to the largest extrem
of the oscillations. The correlations between vibrational le
els u i g& andu( i11)g& are shown in Fig. 6~c! and their values
after 150 fs in Fig. 6~d!. Again, the initial amplitudes are
close to the initial changes of the occupationsrsi,si(t) and
rs( i11),s( i11)(t) in Fig. 5~d! because of similar Franck
Condon factors.

One should keep in mind that the quantities in Figs. 5 a
6 are not directly observable, but that they enter the equa
of motion of the transition matrix elements needed for
calculation of the nonlinear absorption. This third and l
step of the iteration in orders of the electric field of the fe
st

ly
er

of

un-
-
to
ge
n
nt

-

se

-
c-
ts

ent
re-

m
-

d
n
e
t
-

tosecond pulses is performed using the elements of the
sity matrix of second order in the pump field as saturat
terms in Eq.~18! on the rhs with the electric field of the
probeEpr. The resulting transition matrix elements are th
of order (Epu)2Epr:

S ]

]t
2 i ~ve j2vgi!1G D rx j ,si

~3! ~ t,td!

5
id

\
Ex
pr~ t,td!S (

l
Filrx j ,xl

~2! ~ t !2(
k
Fk jrsk,si

~2! ~ t ! D
1
id

\
Ey
pr~ t,td!(

l
Filrx j ,yl

~2! ~ t !

1
id

\
Ez
pr~ t,td!(

l
Filrx j ,zl

~2! ~ t !. ~32!

The second-order density-matrix elements in the last
lines on the rhs vanish forx-polarized pump field, so that th
only second-order correlation in the upper oscillator poten
contributing to the source terms isrx j ,xl . The corresponding
equation of motion forry j ,si reads

S ]

]t
2 i ~ve j2vgi!1G D ry j ,si

~3! ~ t,td!

5
id

\
Ey
pr~ t,td!S (

l
Filry j ,yl

~2! ~ t !2(
k
Fk jrsk,si

~2! ~ t ! D
1
id

\
Ex
pr~ t,td!(

l
Filry j ,xl

~2! ~ t !

1
id

\
Ez
pr~ t,td!(

l
Filry j ,zl

~2! ~ t !. ~33!
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FIG. 6. Time dependence of correlations b
tween consecutive vibrational levels, for the sam
pulse parameters as in Fig. 5. Only the real pa
of the correlations are shown.~a! rx j ,x( j11)

(2) (t) for
j50,2, . . . ,16 ~from bottom to top!, with the
curves shifted for clarity.~b! Amplitudes of the
correlations in~a! as a function of vibrational
level index j , 150 fs after the pump pulse max
mum, corresponding approximately to the time
the largest extremum.~c! rsi,s( i11)

(2) (t) for
i5026 ~from bottom to top, curves shifted fo
clarity!. ~d! Amplitudes of the correlations in~c!
as a function of vibrational level indexi , 150 fs
after the pump pulse maximum.
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Because the pump was assumed to bex polarized, all
second-order correlations between excited-state vibrati
levels on the rhs vanish. The contribution ofrsk,si to the
source terms occurs in both Eqs.~32! and ~33!, indepen-
dently of probe polarization.

The nonlinear absorption is calculated from the tim
integrated power loss for delaytd :

ax
~3!~td!5E

2`

`

dt jx
~3!~ t,td!Ex

pr~ t,td!. ~34!

j x
(3)(t,td) is the polarization current density calculated as
derivative of the nonlinear polarization,

j x
~3!~ t,td!52

]

]t
Px
pr~3!~ t,td!, ~35!
al

-

e

which is obtained as a sum over the corresponding transi
matrix elements@compare Eq.~22! for the linear polariza-
tion#

Px
pr~3!~ t,td!

5nFd(
i , j

@F jirx j ,si
~3! ~ t,td!1Fi jrsi,x j

~3! ~ t,td!#. ~36!

Because the correlations between consecutive vibratio
levels in Fig. 6 are proportional to products of two differe
Franck-Condon factors, their sign depends on sign conv
tions for the wave functions. This arbitrariness has no infl
ence on the nonlinear change of the absorption coeffic
shown in Fig. 7, as products of four Franck-Condon fact
occur in the calculation, eliminating the sign ambiguity
c-
r-

r
o

-
ls
ve

e
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g.
FIG. 7. Transient probe absorption as a fun
tion of time delay between pump and probe, no
malized by the linear absorption.~a! Contribu-
tions to the total nonlinear absorption fo
EpriEpuiex . From bottom to top: signals due t
occupation changes of vibrational levelsu j e&, vi-
brational levelsu i g&, correlations between con
secutive excited-state vibrational leve
rx j ,x( j11) , and correlations between consecuti
ground-state vibrational levelsrsi,s( i11) . The
curves are shifted for clarity.~b! Total signal for
parallel polarizationsEpriEpu (i) and orthogo-
nal polarizationsEpr'Epu ('). ~c! Amplitude
Fourier spectra for parallel polarizations of th
two pulses calculated from the oscillating parts
the signal in ~b! for delays td.320 fs ~solid
curve! and fit to measured data taken from Fi
1~d! ~dashed curve!. ~d! Same as~c!, but orthogo-
nal polarizations.
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FIG. 8. ~a! Absorption saturation assuming instantaneous reorientation ofp states, including the 1/3 contribution of the vibrational lev
occupations and correlations in the excited-state oscillator potential. The lower curve is the oscillating part of this calculated signal f
td.320 fs~solid line! and superimposed the oscillating part of the measured data in Fig. 1~b!, multiplied by a prefactor explained in the tex
~dotted line, shifted for clarity!. ~b! Amplitude Fourier spectrum of the oscillating part of~a! ~solid line! and fit to experimental data like in
Fig. 1~d! ~dashed line!.
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the wave functions. The data in Fig. 7 are normalized to
linear absorption a (1) of the pulse and plotted a
2a (3)(td)/a

(1). In Fig. 7~a!, we present the different contri
butions to the total decrease of absorption forEpriEpuiex :
terms due to changes of occupations of excited- and grou
state vibrational levels and correlations between subseq
vibrational levels in the excited- and ground-state potenti
respectively. In Fig. 7~b!, the total change of the absorptio
coefficient is shown for two different geometries: the pro
field polarized parallel to the pump and the probe orthogo
to the pump polarization. In the latter case, the transient
cupations and correlations in the excited-state potentia
not contribute to the total signal, as mentioned after Eq.~33!.
Therefore, no beating pattern is observed and the deca
the oscillation is purely exponential.

The Fourier spectra in Figs. 7~c! and 7~d! are calculated
only with the oscillating parts of the signal in order to elim
nate the step contribution to the absorption caused by
transient diagonal occupations. As for the experimental
nals in Fig. 1, the Fourier transform is calculated from t
time-dependent signal for delays larger than 320 fs, elimin
ing the more complicated time dependence of the sig
around zero delay. For parallel polarizations of the t
pulses, both the correlations of consecutive vibrational lev
in the ground- and excited-state oscillator potentials cont
ute, resulting in two peaks at the corresponding oscilla
frequencies. For orthogonal pulses, only the ground-state
quency appears in the Fourier spectrum. Obviously, b
curves do not correspond to the amplitude Fourier spectr
the measured signals. From the absence of signal cont
tions of low symmetry in the femtosecond pump-probe
periments in Figs. 1~a! and 1~b!, we conclude that the orien
tation of the excitedp states gets lost on an ultrafast tim
scale, so that their occupation coincides about 50 fs after
pump pulse. Here this reorientation process is included w
a phenomenological reorientation rateg r , and the same type
of reorientation is assumed for all matrix elements betw
vibrational levels in the excited state potential, adding on
rhs of the corresponding equation of motion, Eq.~27!, the
term
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S ddt rx j ,xl~2! ~ t ! D
reor

52g r H rx j ,xl
~2! ~ t !2

1

3
@rx j ,xl

~2! ~ t !1ry j ,yl
~2! ~ t !1rz j,zl

~2! ~ t !#J .
~37!

For simplicity, the corresponding rateg r is assumed to be
infinite, i.e., the reorientation is assumed to be instantane
so that the matrix elements in Eq.~37! become equal and
independent of pump polarization, even if only one of the
rx j ,xl , is coupled to a coherent source term; compare
~27!. This results in multiplying the contribution of the wav
packet in the excited state to the nonlinear absorption b
prefactor of 1/3. This simple procedure is reasonable if
reorientation of the excitedp state is much faster than 320 f
the time delay when the part of the signal used for the c
culation of the Fourier spectrum starts. From the absenc
E1g andT2g contributions to the measured signals in Fig
1~a! and 1~b! for delaystd.320 fs, it is evident that this
assumption is fulfilled.

The assumed reorientation acts only on the electronip
states and has no influence on the coherence of the w
packet along the breathing mode coordinate. Therefore
does not lead to any additional dephasing in the oscillat
pattern or any change in the thermalization dynamics
tween consecutive breathing mode vibrational levels.

The resulting nonlinear absorption is shown in Fig. 8~a!,
and the corresponding Fourier spectrum in Fig. 8~b!. We find
excellent agreement with the measured data, which are
produced again in Fig. 8~a!. The oscillating part of the ab
sorption saturation yieldsDaosc/a050.11 in the experiment
~compare Sec. II! andDaosc/a050.18 in the present calcu
lation. We conclude that the experimental excitation dens
is 10%(0.11/0.18)56%, so that the present calculation up
second order in the pump field is sufficient. The calcula
Fourier spectra in Fig. 8 and the spectra of the two oscilla
fit taken from Fig. 1 are in excellent agreement. The diff
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ence of the calculated and measured peak ratios is below
uncertainty of the dephasing times fitted to the experime
results in Fig. 1~c!.

With the simple amplitude argument derived from the
trafast reorientation, we have a second reason to relate
higher observed oscillation frequency to the excited-state
tential. The physical mechanism underlying the reorientat
process is discussed in Sec. VI.

Comparing the nonlinear absorption in Fig. 8~a! calcu-
lated under the assumption of instantaneous reorienta
with the experimental results in Figs. 1~a! and 1~b!, we find
that the relative contribution of the calculated nonoscillat
part to the total signal is much too low. We suppose that
remaining part of the measured signal is due to trans
phenomena related to more complicated color centers, s
as F2 and F8. A further indication that this assumption
correct comes from an aging phenomenon observed du
the femtosecond experiments: The relative contribution
the oscillating part to the total transient transmission sig
has decreased by a factor of 1/2 between the first exp
ments and the later detailed investigation of the signal c
tributions of different symmetry. This aging is probably d
to photoinduced reactions between different types of co
centers, diminishing the concentration ofF centers occupied
by a single electron by a factor of about 1/2. As very hi
intensities have to be used in femtosecond experiments, t
reactions between different types of color centers are
avoidable. The photoinduced reduction of theF-center con-
centration by a factor of about 1/2 is in keeping with mu
earlier experiments.48

VI. TRANSIENT JAHN-TELLER EFFECT
DUE TO MODES OF LOWER SYMMETRIES

As discussed in Sec. III, the Jahn-Teller modes of
lower symmetriesE1g andT2g contribute much less than th
breathing modes to the total second moment and linewidt
the absorption line; compare Table I and Fig. 3. Nevert
less, they are quite important for a complete understand
of the measured data, as they are responsible for the ultr
reorientation introduced phenomenologically in the prec
ing section. If the Hamiltonian used for the breathing mod
would already yield a complete description of the color ce
ter, the orientation of thep state would remain a good quan
tum number like in an isolated atom. This would complete
change the oscillation patterns observable in a femtosec
pump-probe experiment; compare Figs. 7 and 8. Theref
the observed ultrafast reorientation can be regarded a
manifestation of the involvement of the Jahn-Teller modes
a transient Jahn-Teller effect.

A complete investigation of the transient pump-probe
periment requires an analysis of the time evolution in a pr
uct space of the excited fermion wave functions and the
cillators that can be elongated during the optical transiti
i.e., wave functions of the type

up& ^ un1&A^ un2 ,n3&E^ un4 ,n5 ,n6&T , ~38!

where the first part is the fermionic wave function and t
other parts are products of vibrational levels of theA1g ,
E1g , andT2g oscillators. Even the above wave function r
mains approximate because it assumes that the inclusion
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single mode of each symmetry is already sufficient. We a
neglect a possible frequency shift between the electro
ground and excited states. As the dynamics of the breath
modes was already investigated in detail in Sec. V, they w
be ignored in the following. This simplification is justifie
because theA1g modes have no influence on the reorien
tion of the excited state. The calculation excluding theA1g
breathing modes requires already a five-dimensional prod
space of vibrational states, comprising two degenerateE1g
and three degenerateT2g modes, multiplied by the space o
excited p states. The mode energies are assumed to
\vE5\vT510 meV; compare Sec. II. The Hamiltonians
E1g andT2g symmetries are parametrized as49

Ĥ~E1g!5\vE~a2
†a211/2!

1
b

A3
~2cx

†cx2cy
†cy2cz

†cz!~a2
†1a2!

1\vE~a3
†a311/2!1b~cy

†cy2cz
†cz!~a3

†1a3!,
~39!

Ĥ~T2g!5\vT~a4
†a411/2!1z~cy

†cz1cz
†cy!~a4

†1a4!

1\vT~a5
†a511/2!1z~cz

†cx1cx
†cz!~a5

†1a5!

1\vT~a6
†a611/2!1z~cx

†cy1cy
†cx!~a6

†1a6!.
~40!

The operatorsc andc† are annihilation and creation op
erators for the three degeneratep states anda and a† the
corresponding operators for the fiveE1g andT2g oscillators.
b and z are the elongations along theE1g- and
T2g-oscillator coordinates when ap orbital is occupied. In
the literature, several methods have been discussed to
this problem. Minima of the potential surface for the excit
p state have been investigated at several places,50,51 and
within the Franck-Condon approximation one can gain so
insight into the stationary absorption line shape.52,53 While
these semiclassical calculations are only concerned with
potential surface, the full quantum-mechanical problem
finding the eigenstates is much more involved. Depending
the coupling strength of theE1g andT2g modes, the eigen-
states can be calculated in a simpler scheme forb@z ~Ref.
54! and forb5z.55,56As none of these limits is fulfilled for
the color center in KBr, only fully numerical methods suc
as the Lanczos algorithm can be used for finding
eigenstates.56,57

As we are mainly interested in the short-time dynamics
direct time integration of the Schro¨dinger equation with the
HamiltonianĤ(E1g)1Ĥ(T2g) was found to be most conve
nient for our purposes. We consider an eigenstate excite
time zero by a pump pulse of shaped(t),

uC~ t501!&5up& ^ un2 ,n3&E^ un4 ,n5 ,n6&T , ~41!

where up& is oriented according to the polarization of th
pump pulse. According to the Franck-Condon principle,
vibronic part of the wave function does not have time
evolve during the excitation process, so that the only cha
of the total wave function att50 concerns the electroni
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FIG. 9. Evolution of up&u0,0&E^ u0,0,0&T in
theE1g subspace~short-dashed line!, theT2g sub-
space~long-dashed line!, and their product space
~solid lines!. The pump pulse is polarized at 45
to a cubic axis.~a! Gaussian fits to the probability
uK(t)u2, shown as thin solid lines, withtc544 fs
(E1g), 30 fs (T2g), and 24 fs~both!. ~b! Same as
~a!, but on a longer time scale.~c! Probability to
find the initial orientation (ux&1uy&)/A2. ~d!
Probabilities to find states orthogonal to the in
tial state. Black line, probability of
(ux&2uy&)/A2; gray line, probability ofuz&.
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part us&→up&. This change switches on the symmetr
breaking HamiltoniansĤ(E1g) and Ĥ(T2g), and during the
subsequent reversible time evolution, the factorized w
function~41! spreads over the full Hilbert space composed
the three degeneratep states and the product space of t
five oscillators. As a basis, we use a sufficient number
vibrational levels for each oscillator, and it was found to
more convenient to perform the integration in the vibratio
level basis corresponding to the ground state.

The broadening due to the low-symmetric modes was
cluded phenomenologically in Eq.~24! as a frequency inte
gral over the transition matrix elements betweenA1g eigen-
states. The HamiltonianĤ(E1g)1Ĥ(T2g) has no influence
on theA1g vibrational levelsus,i &5us& ^ u i g&, but the states
up, j &5up& ^ u j e& spread over the Hilbert space of the low
symmetric modes with time. For the time dependence
rx j ,si(t) under the influence ofĤ(E1g)1Ĥ(T2g), the
s-symmetric part of the transition matrix element is unimp
tant, so that the investigation of thep-symmetric part is suf-
ficient. It gives the additional energetic broadening related
the low-symmetric modes by the Fourier transform of

K~ t !5^C~01!uC~ t !&, ~42!

with the wave functionuC(t)& evolving out of the initial
value ~41!. Figure 9 shows the time evolution of the initia
stateuC(01)&5@(ux&1uy&)/A2]^ u0,0&E^ u0,0,0&T , i.e., the
lowest vibrational level of the five low-symmetric oscillato
after excitation with a pump pulse oriented at 45° to a cu
crystal axis. The chosen coupling constantsb513 meV and
z515.5 meV correspond to the broadening parameter
Table I and Fig. 3 at zero temperature. In Fig. 9~a!, Gaussian
fits uK(t)u2'exp(2t2/t c

2) turn out to be a very good approx
mation for uK(t)u2.0.2 and the constanttc in the Gaussian
can be interpreted as a coherence time of the excited w
function, which corresponds to an energetic wid
W5A8ln2\/tc . From the fits, we find the broadening
W(E1g)535.2 meV, W(T2g)551.7 meV, and
e
f

f

l

-

f

-

o

c

in

ve

W(E1g ,T2g)564.6 meV. They are not exactly additive i
the sense of Eq.~9! because the time dependences are
precisely Gaussian: The broadening due to theT2g modes
alone is slightly too low, while the broadening due to bo
E1g andT2g modes is slightly too high; compare Table I. W
have chosen the compromise to have the correct broade
for E1g modes only and all modes together within 1%,
that the broadening due to theT2g modes is about 4% too
low, but these deviations are well within the experimen
uncertainty of 10%; compare Table I.

In Fig. 9~b!, the evolution ofuK(t)u2 is shown on a longer
time scale. The dynamics of the wave function in the tw
dimensionalE1g subspace is periodic and behaves simila
to the evolution of a wave packet along a single oscilla
coordinate. The time dependence in the three-dimensio
T2g subspace, on the contrary, is not periodic, so that
decay of the probabilityuK(t)u2 looks like an irreversible
phenomenon, even if it has been obtained from the revers
time evolution of the Schro¨dinger equation. Only partial re
currence of the initial wave function occurs, with the fir
maximum around 400 fs. This recurrence is further redu
when the full five-dimensional space including all the mod
is considered.

In order to compare with calculations of eigenstates fo
coupling toT2g modes only, we have investigatedK(t) for
several picoseconds. The structure of the absorption line
culated by Englmanet al. for a similar coupling constantz is
indeed reproduced by the Fourier transform ofK(t).58 The
initial time dependence gives the approximately Gauss
envelope of the spectrum and is a simple measure for
corresponding energetic broadening.

The corresponding time evolution of the probability
find the initial orientation (ux&1uy&)/A2 is shown in Fig.
9~c! and the probability to find the states orthogonal to t
initial state (ux&2uy&)/A2 anduz& in Fig. 9~d!. For the evo-
lution within theE1g subspace, the wave function remains
the xy plane, so that the probability to finduz& vanishes.
Within theT2g subspace and the full five-dimensional spa
the time evolution of the probability to find the initial orien
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FIG. 10. Probability to find different orienta
tions of the electronic wave functionup&. ~a!
Pump field oriented at 45° to a cubic crystal ax
averages of vibrational levels for the same nu
ber of excited quanta:n50 ~solid line!, 1 ~long-
dashed line!, 2 ~short-dashed–long-dashed line!,
3 ~short-dashed line!, 4 ~dotted line!, and 5~solid
line!. Probabilities of different orientations as an
noted.~b! Thermal averages of the curves in~a!,
for T50 K ~solid line! and T577 K ~dashed
line!. In the latter case, 99% of the thermal pro
ability distribution is included.~c! Same as~a!,
but for the pump pulse polarized along a cub
crystal axis.~d! Thermal averages of~c!.
ile
th
er

ur
he
o
es
se
of
o
th
v
g

ta
n

t
ith
F

ve
t

ut
so
nd
r-
e-
ig
o

b
h
s
in
ci

e of
al
or-
m
ial
er

n

s
g
he
al

n

er
n in
r-

ero
ate

e
at
ties

ong
go-
me

ach
In
h

w

e

tation shows a fast initial decay within the first 50 fs, wh
the later dynamics are much slower. The time scale of
initial loss of orientation is about the same as for the exp
mentally observed vanishing of signals ofT2g andE1g sym-
metries.

The essential features of the time evolution in theE1g
subspace in Fig. 9 can still be represented in the config
tion coordinate diagram in Fig. 2. The initial state in t
excited-state potential will be a coherent superposition
vibrational states having a significant overlap with the low
vibrational level in the ground-state potential and its sub
quent time evolution will be due to the oscillation in time
each vibrational level. The initial vibrational state is n
longer an eigenstate in the lower potential because
Hamiltonian has changed. The wave function spreads o
several vibrational levels in the lower potential with the lar
est extension after half a periodTosc/25p/vE , but reaches
the initial state again after a full periodTosc52p/vE . If the
number of basis vibrational levels included in the compu
tion is too low, a significant part of the wave functio
reaches the highest vibrational level before half a period
over. This part is then reflected and evolves back towards
ground state, and during this time evolution, it interferes w
the rest of the wave function with an erroneous phase.
the results shown in Fig. 9, vibrational levelsn2 ,n3<16
have been used. When the basis is reduced to nine le
Fig. 9~b! remains nearly unchanged, but the probabilities
find different orientations in Figs. 9~c! and 9~d! develop,
growing oscillatory deviations from periodicity after abo
200 fs. For theT2g subspace, the dynamics is not periodic,
that curves with different bases have to be compared, a
basis ofn4 ,n5 ,n6<20 was found to be sufficient for conve
gence during the first picosecond. In the full fiv
dimensional oscillator space, the basis required for a h
precision during 1 ps would in principle be the product
the bases of the subspaces, corresponding
33172321358 029 287 elements. Some reduction can
achieved by eliminating vibrational levels wit
n5n21n31n41n51n6.20, but the computational time i
still prohibitive. Therefore, we restrict the investigations
the full space in Fig. 9 to a basis of 13 levels for each os
e
i-

a-

f
t
-

e
er
-

-

is
he

or

ls,
o

a

h
f
to
e

l-

lator. This means that the full line in Fig. 9~b! is still reliable
within 1% during 1 ps, but in Figs. 9~c! and 9~d! only during
200 fs.

Contrary to the pure vibrational levelu0,0&E^ u0,0,0&T in-
vestigated in Fig. 9, the experiment starts in an ensembl
thermally occupied vibrational levels. Therefore, a therm
average over initial vibrational levels has to be taken. Unf
tunately, the investigation of a thermal distribution at roo
temperature would require a prohibitive number of init
states, so that we have to restrict the calculation to low
temperatures. AtT577 K, 99% of the thermal occupatio
probability occurs for vibrational levels up ton<5, so that
the total number of distinct vibrational level
(n2 ,n3 ,n4 ,n5 ,n6) needed is 252. We restrict the followin
calculation to 100 fs, which turns out to be sufficient for t
fastest part of the reorientation. A basis of nine vibration
levels is then sufficient for a reasonable precision.

The time evolution of different vibrational levels is show
in Fig. 10. For the assumed mode energies,\vE
5\vT510 meV, vibrational levels with the same numb
n of excited quanta are degenerate, and the curves show
Figs. 10~a! and 10~c! are their averages. The thermal ave
ages forT577 K in Figs. 10~b! and 10~d! are calculated
according to Bose-Einstein statistics and the curves for z
temperature correspond simply to the vibrational st
n50.

For both pump polarizations, the time evolution of th
higher vibrational levels is faster. For pump field polarized
45° to a cubic axis, the time dependences of the probabili
to find (ux&2uy&)/A2 anduz& are rather similar and only the
thermal averages are shown. For pump field polarized al
a cubic axis, the reorientation pattern for the states ortho
nal to the pump polarization evolves on an intermediate ti
scale between the two cases in Fig. 10~b!.

It was checked that the number of basis levels for e
oscillator is of minor importance on the time scale shown:
Fig. 10~a!, the probabilities for the vibrational levels wit
n55 agreed quite well for basis lengthn<8 andn<12. The
maximum deviation is below 0.08% during 50 fs and belo
0.4% during 100 fs.

For b5z, the relaxation behavior is isotropic, i.e., th
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1194 56REINHARD SCHOLZet al.
time dependences of orientations orthogonal to the pump
larization are equal and independent of pump polarizat
This corresponds to the case investigated by O’Brien,36,55,56

and the corresponding reorientation pattern has already
discussed elsewhere.59

The experimental data reveal no signals of low symme
after about 50 fs, while the calculated probabilities in Fig.
do not show complete isotropy within 100 fs. This deficien
of the model calculation can be due to several reasons.
first possibility is simply related to the different temper
tures. The time evolution of the higher vibrational levels o
cupied at room temperature could lead to a faster and m
complete loss of the initial orientation.

A second possibility is that more than one mode of ea
symmetry occurs, involving, e.g., the shell of next-near
neighbors of the vacancy. The coupling constantb would
then be divided into several smaller coupling consta
b1 ,b2 , . . . for modes ofE1g symmetry with different fre-
quencies, and similarly for theT2g modes. An indication tha
this scenario could be realistic comes from the station
Raman spectra:16 Several structures between 6 and 20 m
are observed. One could then easily imagine that the spr
ing of the initial wave function over the much larger Hilbe
space is more efficient for the reorientation, even if the
fective coupling constant of each symmetry remains
same.

The third possibility is that the HamiltonianĤ(E1g)
1Ĥ(T2g) is oversimplified because for each symmetry on
a linear coupling to the oscillator coordinate is include
More complicated terms, e.g., a bilinear coupling of oscil
tor coordinates to the fermion operators,51 or cubic terms60

are neglected. From the dephasing of theA1g oscillation pat-
tern, an estimate for typical time scales of anharmonic p
cesses can be given: A dephasing time of 2 ps correspon
a sum of emission and absorption rates of 1/ps; compare
~31!. In a five-dimensional oscillator space, the correspo
ing rate will be about five times faster. When a reasona
parametrization of the corresponding couplings would
known, additional parts of the Hamiltonian could easily
included in the time integration of the Schro¨dinger equation.
An alternative would be a quantum Monte Carlo approac61

which has already been applied successfully to multim
vibronic problems.62

Even without these additional complexities, Fig. 10 de
onstrates that an ultrafast reorientation does indeed occu
the time scale observed in the experiment, but because o
numerical restrictions, it remains incomplete. The fastest
orientation can be understood as the reversible evolutio
the excited wave packet due to the Hamiltonian of the Ja
Teller modes.

VII. PHASE COHERENCE AND OBSERVABILITY
OF THE BREATHING MODE OSCILLATIONS

For a simple one-dimensional configuration coordin
diagram, the following condition between pulse durationt
and oscillation periodTosc52p/v would be sufficient for
achieving a reasonable oscillatory part of the pump-pr
signal:
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. ~43!

A similar observability condition is typically encountered fo
pump-probe experiments investigating bulk phonons. T
simple relation is no longer valid for multidimensional osc
lator spaces. Assuming one mode with a dominating con
bution to the Stokes shift, the ultrafast dynamics of the ot
modes can destroy the initial phase of the excited w
packet, even when the coupling constants of these mode
much lower. This is precisely the situation encountered
the KBr F center.

In Sec. VI it was demonstrated that the excited-state w
function evolves out of its initial state on a very fast tim
scale. For the lowest vibrational level, the overlap was cl
to a Gaussian, withtc524 fs. At higher temperatures, th
corresponding thermally averaged overlap would evo
about two times faster; compare the linewidth ratios in F
3. This gives a decay constant oftc512 fs. When attempting
the pump-probe experiment with a longer pulse, the wa
function excited at the beginning of the pulse can no lon
interfere constructively with the wave function excited at t
end of the pulse because the initial phase gets lost due to
dynamics in the subspaces ofE1g andT2g symmetries. This
leads to a severe restriction for the observability of the
cillation pattern

t&tc . ~44!

For longer pulses, the oscillation amplitude is expected
decay as a Gaussian of the pulse length.

VIII. CONCLUSION

Starting with a symmetry analysis of recent femtoseco
pump-probe measurements on the KBrF center, we have
developed a detailed theoretical analysis of the experime
findings. Stationary measurements of the second momen
the absorption line allowed the assignment of realistic mo
parameters. A density-matrix calculation for theA1g breath-
ing modes was performed and a simple amplitude argum
was used for the identification of the excited- and groun
state oscillator frequencies. With the dephasing times fit
to the experimental results, quantitative agreement with
observed oscillation pattern was achieved without free
rameters. The exponentially decaying part of the signal w
too low in the calculation, and the remaining part of t
measured signal was attributed to more complicated c
centers such asF8 andF2. With a reversible calculation o
the dynamics of the excited wave function in the dual sp
of the breathing modes, the ultrafast loss of initial orientat
of the excitedp state was investigated. The time scale fou
for this process was in agreement with the experiment,
the reorientation calculated at low temperatures remained
complete. The loss of coherence in the dual space of
breathing modes sets a limit to the observability of the os
lation pattern: The pulse length has to be of the same o
as the phase coherence time in the dual space of the m
dominating the Stokes shift.
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The color center investigated here can serve as a m
for the ultrafast dynamics of other defects in solids, such
the ions used for color center lasers. Furthermore, smal
ganic molecules with a rearrangement of the atomic p
tions after an optical excitation will show ultrafast dynami
along only a few vibrational degrees of freedom, so that
methods used in the present calculation could possibly
applied.
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