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Subpicosecond study of carrier trapping dynamics in wide-band-gap crystals
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Using a very sensitive time-resolved interferometric technique, we study the laser induced carrier trapping
dynamics in wide band-gap crystals with 100 fs temporal resolution. The fast trapping of electrons in the
band-gap is associated with the formation of self-trapped excitons~STE’s!. The STE’s formation kinetics does
not depend on the pump laser intensity in SiO2, while the trapping rate increases in NaCl with the excitation
density. We interpret this result as a direct evidence of exciton trapping in the first case, and an electronic
trapping following a hole trapping in the second. This result is explained in terms of electron trajectories
calculated with a simple Monte Carlo simulation: the electrons can explore a large volume before being
trapped in NaCl, not in SiO2. A temperature influence on the initial trapping process is observed in KBr, not
in NaCl and SiO2. Finally, we find no evidence of STE formation in diamond. This result is in agreement with
general consideration about the STE’s formation in terms of lattice elasticity and deformation potentials.
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I. INTRODUCTION

When a lattice is not stable upon creation of electron-h
pairs, an electron, a hole, or a bound electron-hole pair~ex-
citon! can be trapped in its own lattice deformation. Th
self-trapping process, occurring in materials where the c
pling between carriers and phonons is strong, has rece
for a long time a considerable interest especially in w
band gap solids because it is supposed to be the initial ste
defect creation mechanisms. The development of femto
ond laser pulses is very helpful to understand these phen
ena because it is now possible to separate the different s
of the trapping process and then to perform studies of def
formation dynamics. Experiments are usually based on s
troscopic measurements: a first pulse~pump! creates
electron-hole pairs whereas a second pulse~probe! is used to
test the absorption coefficient of the perturbed material a
a controlled time delay. Several time-resolved spectrosco
measurements have been performed in alkali halides suc
NaCl,1 KBr,2 and in oxides such as SiO2.

3,4 Recently, time-
resolved experiments based on the concept of interferom
in the frequency domain have been performed.5 This method
is very powerful because it allows a direct observation of
modification of the dielectric function of the material due
the pump pulse, and thus, to measure the lifetime of ph
excited carriers. The evolution of the electronic excitati
density has been studied in this way in three oxides~SiO2,
MgO, Al 2O3).

6 While the lifetime of electrons in the con
duction band is respectively 50 ps and 100 ps in MgO a
Al 2O3, a mean electron trapping time of 150 fs has be
measured in quartz. This trapping time coincides with
rise time of the self-trapped-exciton~STE! absorption band,
leading to the conclusion that the electronic trapping is as
ciated with the formation of STE’s.4 In order to investigate
the role of the sample ionicity in these phenomena, this
550163-1829/97/55~9!/5799~12!/$10.00
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terferometric technique has been applied to several other
terials going from pure ionic solids~NaCl, KBr! to a pure
covalent one~diamond! v ia a material presenting a mix
ionocovalent character~SiO2). The influence of the pump
laser pulse intensity and sample temperature has been
ied for two probe wavelengths: 790 and 618 nm.

The experimental results presented in this work can
understood with the help of some basic pictures propose
explain the STE’s formation some time ago, and constit
an experimental evidence for these models that are still
settled out of hand:7 in quartz, STE’s are formed from th
electron and the hole of the same electron-hole pair, whe
in NaCl, their formation can be roughly interpreted as a t
steps mechanism: first, a hole self-trapping occurs, and
an electron is captured by this hole, leading to an STE. Th
the ultrafast carrier trapping is correlated to the STE form
tion. We will show that in KBr, contrary to NaCl, the samp
temperature plays a role even in the initial trapping proce
Our results are consistent with models which predict t
STE’s can exist in a given material, only if the lattice ela
ticity is large enough.8

In Sec. II, we describe the experimental setup and p
ciple. In Sec. III, a phenomenological description of the e
cited material dielectric function is developed. The expe
mental data in SiO2, NaCl, KBr, and diamond are presente
in Sec. IV, as well as a kinetic model based on rate equat
used to emphasize the difference of the STE’s creation
netics between SiO2 and NaCl. The results of a Monte Carl
simulation of electron trajectories in NaCl and SiO2, under-
lying the crucial role of the electron-phonon collisions,
presented in Sec. V. Finally, the elastic constants of the
ferent materials studied here will be compared, and a co
lation between elastic properties and radiation hardness
be pointed out.
5799 © 1997 The American Physical Society
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II. EXPERIMENTAL PRINCIPLE AND SETUP

The technique of interferometry in the frequency dom
is a powerful and sensitive method to measure the phase
occurring in the electric field of a probe laser pulse in t
sample under study. This phase shift is obtained by ana
ing the pattern resulting from interferences between a pr
and a reference beam, at the output of a spectrometer.
method was originally used to study the temporal trans
function of optical fibers.9 The fiber was placed in one arm
of a Mach-Zehnder-type interferometer, and the spectr
was obtained by scanning the wavelength of a tunable la
The technique has been adapted for short laser pulses to
sure the self-phase modulation occurring during the propa
tion in optical fibers.10 In this case the spectrum is broad a
no tunable source is needed. More recently, time reso
experiments using a pair of identical probe pulses separ
by a fixed time delay have been performed. In this case,
sample is modified by a high intensity pump pulse, the r
erence and probe pulses impinging the sample respect
before and after the pump pulse.11 Interferences between th
two probe pulses can be observed if the grating of the sp
trometer induces at the exit slit a temporal broadening lar
than the delay between them. The advantage of this setu
to shake off the problem of the path difference between
two arms of a small Michelson interferometer and thus
remove the problem of the mechanic stability. Furthermo
since the optical paths are the same, the noise in the m
sured phase arising for instance from the roughness of
sample surface can be suppressed by comparing mea
ments with and without the pump pulse. This method w
successfully used to study the dynamics of laser indu
plasma at metal surfaces,12 the refractive index modification
of dielectric materials induced by a high intensity laser5,6 and
the oscillations of plasma density in the wake of an inte
ultrashort laser pulse.13

In the present experiments, we used a mode-loc
Ti:sapphire laser operating at a wavelength of 790 nm. T
output of the oscillator is amplified in a regenerative amp
fier, yielding 2 mJ, 120 fs pulses at a 20-Hz repetition rate
block diagram of the experimental setup is drawn in Fig.
The first beam splitter reflects 90% of the main beam for

FIG. 1. Schematic representation of the experimental setup.
beam splitter, BBO: frequency doubling crystal, DL: delay line, M
Michelson interferometer, DM: dichroic mirror, FL: focusing len
S: sample, IL: imaging lens, VC: video camera, CCD: cha
coupled device camera.
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pump beam, whose frequency is doubled in a 50
mm-thick frequency doubling crystal~BBO!. The fundamen-
tal and frequency doubled beams are separated by
chroic mirrors~DM!. The coarse setting of the pump bea
intensity is achieved by placing a circular aperture before
300-mm focal lens that focuses the pump beam on
sample, and the fine adjustment obtained by changing
polarization of the beam at 790 nm with a half-wave pla
located before the BBO crystal~not shown on Fig. 1!. We
used pulse energies at 395 nm in the range 2 to 22mJ. The
diameter~at 1/e) of the pump beam is 34, 44, or 58mm,
yielding intensities between 231011 and 431012 W/cm2.
We used two probe wavelengths, 790 nm~the remaining
10% transmitted by the first beam splitter! or 618 nm. This
wavelength is obtained by white light continuum generat
in a water cell on which a part of the main Ti-Sapphire las
beam at 790 nm is focused. The white light pulse is am
fied at 618 nm in three Rhodamine 6-G dye cells pumped
the second harmonic of a yttrium aluminum garnet~YAG!
laser. The probe beam passes through a delay line~DL! and
a small pinhole to improve the wave-front quality and i
crease the focal spot size. The two identical probe pulses
generated in a Michelson interferometer~MI !; the delay be-
tween them is adjusted by translating one of the mirrors
was usually set at 12 or 18 ps. The interaction region
imaged on video cameras~VC! with lenses~IL ! to ensure the
alignment of pump and probe beams, and at the entrance
of the spectrometer. A typical image observed at the out
of the spectrometer and digitalized with a charge coup
device~CCD! camera is shown in Fig. 2: the horizontal ax
is the wavelength, and the perpendicular axis is paralle
the slit of the spectrometer and therefore represents the
tical axis in real space. The spatial resolution is of the or
of 1 mm. The interference pattern is clearly observed in t
picture. Indeed, if one considers the electric field of the r
erence pulseE1(t)5E0(t)e

iv0t and of the probe pulse, sepa
rated by a delayDt: E2(t)5E0(t2Dt)eiv0(t2Dt), the power
spectrum of this sequence of two pulses is given

S:

e FIG. 2. Images of the two probe pulses spectrum obtained a
output of the spectrometer. Top: without pump pulse, bottom
pump pulse has crossed the Al2O3 sample 3 ps before the secon
probe pulse. The vertical axis represents the distance from the
ter of the pump beam, and the horizontal axis the wavelength.
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I (v)52I 0(v)@11cos(vDt)#, leading to fringes in the spec
trum separated by 2p/Dt. In Fig. 2~b!, a high intensity pump
pulse crossed the sample~Al 2O3 in this case! 3 ps before the
passage of the second probe pulse. As a consequence
refractive index experienced by the reference and pr
pulses are slightly different. This induces a phase shift an
partial absorption, which readily manifest themselves in F
2 ~bottom! by a fringe pattern distortion and by a fring
contrast decrease, respectively. LetDF be the phase
shift and T the sample transmittance, the electric field
the second probe pulse is nowE2(t)5ATE0(t
2Dt)ei [v0(t2Dt)1DF] and the spectrum of the interfering fir
and second probe pulses is given byI (v)5I 0(v)
3@11T12ATcos(vDt1DF)#. Since the perturbation de
pends on the pump laser intensity which has a Gaussian
file, the distortion of the fringes~the phase shift! and the
fringe contrast~proportional to the transmittance! vary ac-
cordingly. If we suppose that the refractive index does
vary significantly during the probe pulse, a simple line
line Fourier transform of the image allows us to extract
desired informations: the phase shift and the transmitta
~or absorption!, as a function of a radial coordinate that re
resents the distance from the center of the pump beam
repeating this operation for different time delays between
pump and the second probe pulse, we get the temporal
lution of these two quantities. As already emphasized, a
matic signal to noise ratio improvement of the measu
phase shift is obtained by comparing the phase obtained
and without pump pulse. The results are also averaged
three laser shots to limit the influence of shot to shot pu
intensity fluctuations. Furthermore, the sample is displa
after each pump laser shot to work on a fresh area and a
cumulative effects. We used in this experiment commercia
available high purity~impurity content&1 ppm!, 500-mm
thick and optically polished samples. The experiment se
tivity for the phase shift is 231022 rad and the absorption
coefficient is measured with a confidence of65%.

In Fig. 3, the space-dependent phase shift for three t
delays observed in NaCl at room temperature are presen
The pump intensity is 1,6 TW/cm2 and the probe wavelengt
is 618 nm. Let us anticipate the discussion in Sec. III a
qualitatively explain these three curves. The phase shi
proportional to the modification of the refractive inde
DF(r ,t)52pL/l3Dn(r ,t), where r is the distance from
the center of the pump beam,t the time elapsed since th
crossing of the pump pulse,L is the length over which the
probe and pump beams are overlapped in the sam

FIG. 3. Phase shift as a function of the distance from the ce
of the pump beam observed in NaCl for three different time del
between the pump and the second probe pulses.
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('300 mm in the present experiments! and l the probe
wavelength. The zero time delay is defined as the coin
dence of the maxima of the pump and second probe pul
A delay -60 fs means that the refractive index of the mate
is probed 60 fsbefore the maximum of the pump pulse. I
that situation, the pump and the second probe pulse are
ready temporally overlapped and we observe a posi
phase shift which is due to the Kerr effect and is theref
proportional to the pump laser intensity. Each curve ha
Gaussian profile as associated fits~full lines! show, and the
full width at 1/e, 56mm, is thus in this case the size of th
focused pump beam. For the delay1220 fs, probe and pump
pulses no longer overlap and the signal is negative. T
negative phase shift is proportional to the density of el
trons in the conduction band. Finally, for longer time dela
the phase shift is positive and significantly narrower~32
mm) than the initial positive one. In this case the positi
phase shift is proportional to the density of trapped electro
Valence electrons must absorb three pump phot
(\vp53.14 eV! to bridge the 8.7 eV band-gap in NaCl. Th
density of trapped electron is thus proportional to the th
power of the pump laser intensity. This explains the narro
ing of the spatial distribution of trapped electron compared
the beam intensity profile. The spatial width ratio is almo
exactly A3, the ratio expected for a three photon proce
Finally the spatial resolution is very useful in two task
measuring the pump laser intensityin situ, which is inversely
proportional to the pump beam surface, and checking
order of the multiphoton process at work in the excitati
from the valence band to the conduction band.

III. REFRACTIVE INDEX MODEL

To interpret our experimental results, we need a mo
which describes the refractive index ‘‘seen’’ by the fir
probe pulse and the second one after the pump pulse. In
following equations, only the electronic contribution to th
dielectric function is taken into account. We consider that
first pulse interacts with the wide band-gap insulator in
fundamental state and we represent the medium with a po
lation of two level systems. In that case, the dielectric fun
tion reads

e1~v!511
N0e

2

m«0

f 12
v12
2 2v22 iv/t12

. ~1!

N0 is the valence electronic density,m the electron mass
«0 the vacuum permittivity,v the probe pulsation,f 12 the
oscillator strength between the valence band~VB! and the
conduction band~CB!, v12 stands for the energy differenc
between the VB and CB and 1/t12 is the width of the tran-
sition. Note that the dielectric function should include a su
mation over all possible transitions,f 12 and v12 must be
considered in this expression as effective parameters re
senting this set of transitions. Anyway for our probe wav
lengths, the samples used in the present work are quite tr
parent. We are indeed far from resonance (v12
'9 eV@v'2 eV) and the damping term (v/t12) respon-
sible for linear absorption can be neglected. In this case
expression is real and is nothing but the square of the u

er
s
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5802 55P. MARTIN et al.
refractive indexn0, and we will use this value for the firs
~reference! probe pulse in all cases.

We consider now that the second probe pulse ‘‘see
three different electronic populations: a densityNCB of elec-
trons in the CB, a densityNtr of electrons trapped somewhe
in the band-gap, and, of course,N02Nbc2Ntr electrons still
in the ground state. Furthermore, while the pump pulse
present in the medium, it contributes to the dielectric fun
tion by inducing a nonlinear polarization known as Ke
effect.14 In this context, the dielectric function can be writte
as

e2~v!511
e2

m«0
~N02NCB2Ntr! f 12

1

v12
2 2v22 iv/t

12

e2

«0

3S 2
NCBfCB
m*

1

v21 iv/te2p

1
Ntrf tr
m

1

v tr
22v22 iv/t tr

D 1xeff
3 Ep

2 . ~2!

m* is the electron effective mass in the conduction ba
v tr is the energy difference between the fundamental and
first excited state of the induced defect, 1/t tr the width of this
transition, andf tr is its corresponding oscillator strengt
fCB is the oscillator strength standing for the transitions
curring in the CB and 1/te2p simulates the electron-phono
collisions in the CB.xeff

3 is an effective third order nonlinea
susceptibility andEp the electric field associated with th
pump laser pulse. Note that holes in the valence band
trapped in the band gap should contribute to the dielec
function in a similar way. The corresponding terms ha
been neglected in Eq.~2! because the effective masses
holes are much larger than that of electrons in the mate
under study, except in diamond. It is important to underl
that this hypothesis is not valid if the probe frequen
matches a trapped hole transition since such a resonan
havior can offset the mass ratio. However, this is not
situation prevailing in the materials studied here: in Na
and KBr, the optical absorption bands for holes~STE or for
H center! lie in the range 3–4 eV, while those for the ele
tron component are in the range of the probe wavelen
used in the present experiments.15 In the case of SiO2, both
electron and hole absorption bands are peaked above 4
far from our probe photon energies.16,17 This situation rein-
force the argument of neglecting holes. Finally, let us e
phasize that this simplification has in all cases little influen
in our conclusion, except may be in the estimation of
excitation density.

In this model, the optical absorption spectra associa
with electrons trapped in the band gap are represented
single absorption lines. In other words,f tr must also be con-
sidered as an adjustable effective parameter because, at
in principle, several transitions with different probabilitie
are possible. Practically, we will consider in each case o
the dominant term, i.e., the one which is the closest to re
nant transitions for our probe wavelengths.

The phase shift and the induced absorption coefficient
easily be obtained from the above discussed definitions:
’’
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DF5
2p

l
L@Re~«2

1/2!2Re~«1
1/2!#, ~3!

A512expS 2
2Lv

c
Im~«2

1/2!G . ~4!

L is the length over which the pump and probe beams
superposed in the sample, andl52pc/v is the probe wave-
length.

In the fitting procedure that will be presented in the ne
section, Eqs.~2!–~4! have been usedin extenso. But for the
sake of clarity, let us assume that the density of excited e
trons is small compared to the density of electrons in
fundamental state (N0@NCB,Ntr) and that the damping
terms can be neglected. The latter hypothesis is rough,
the former is valid since, as we shall see later, the excita
density in our experiments never exceeds 1019 cm23. With
these approximations, a first order expansion of Eq.~2! re-
placed in Eq.~3! gives

DF5
2p

l
LFn2I p1 e2

2n0«0
H 2

NCBfCB
m*v2 1

Ntrf tr
m~v tr

22v2! J G .
~5!

Although a crude estimate, this expression gives a g
order of magnitude of the observed phase shifts5,6 and is
more convenient to identify the contribution of each term

The first term represents the Kerr effect. It is proportion
to the intensity of the pump laserI p and contributesposi-
tively to the phase shift because at our probe wavelengths
nonlinear index (n2) is positive. It is observed in all materi
als and will last as long as the pump and the probe pu
overlap in the sample. The second term, which is prop
tional to the density of electrons that have been excited
the pump pulse in the conduction band, is alwaysnegative.
The last term stands for the trapping of the electrons sub
quent to a defect formation. Its sign is determined by
relative values ofv tr and v. For example, in the case o
shallow traps (v tr,v), its contribution isnegative. This
means that the phase shift measurement alone is insuffic
to distinguish the electrons in the conduction band and
electrons in shallow traps. On the contrary, if the absorpt
bands associated with the trapped state correspond to w
lengths shorter than the probe wavelength (v tr.v), the trap-
ping of electrons is revealed by the observation of apositive
phase shift.

The absorption cross section is given b
s52v Im@«2

1/2#/cN, whereN stands forNCB or Ntr . Taking
into account the damping terms but supposing a ‘‘low’’ e
citation density we get the following expression fors:

s5
e2

n0c«0
S fCB/te2p

m* ~v211/te2p
2 !

1
f trv

2/t tr
m@~v tr

22v2!1v2/t tr
2# D .

~6!

This probe photon absorption cross section includes
contribution of electrons in the conduction band~first part!
and trapped in the band gap~second part!. The first term
arises from electron-photon-phonon collisions. It is resp
sible for laser heating of the electrons in the conduct
band18,19 and increases with the probe wavelength.
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IV. EXPERIMENTAL RESULTS
AND KINETICS MODELIZATION

We now present and quantitatively discuss in detail
results obtained for different materials: NaCl, SiO2, KBr,
and C~diamond!. Each point in the curves showing the tem
poral evolution of the measured phase shifts~and absorption!
is obtained by spatially averaging the original data as th
presented in Fig. 3. In the fitting procedure presented bel
we consider the real experimental geometry: a Gaussian
file for the pump beam crossed by the probe beam at
angle of 10°. This means that for each time delay, Eqs.~3!
and ~4! are integrated along the path of the probe beam
each value ofr ~Fig. 3!. This allows to take into account th
spatial distribution specific for the Kerr effect and for th
electron in the conduction band or trapped in the band g

Equations~3! and ~4! are time-dependent because t
electron populationsNCB andNtr are time dependent. Th
kinetics of these populations can be simulated by using a
of rate equations. The basic idea is to postulate a time
pendence for the trapping process, to solve numeric
the set of rate equations and then to check if the res
of Eqs. ~3! and ~4! fit the experimental data. The resul
of such simulations are presented in this section for N
and SiO2 because their comparison shows a strikingly d
ferent behavior.

FIG. 4. Phase shift as a function of time measured in NaCl
three pump laser intensities. The probe wavelength is 618 nm
the sample is at room temperature.
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A. The NaCl case

We show in Figs. 4~a!–4~c! the space integrated phas
shift for NaCl for various pump intensities ranging fro
0.5 to 1.5 T W/cm2. The probe frequency is 618 nm and th
sample is at room temperature. As already mentioned,
observe in all cases a positive phase shift for delays clos
zero due to the Kerr effect. This gives us the temporal
sponse of the pump-probe system, which is about 150 fs
the end of the pump pulse, the phase shift becomes abru
negative, due to the presence of electrons photoexcited in
conduction band. The most remarkable feature in NaC
that the subsequent behavior of the signal depends on
pump laser intensity. In the low intensity limit@Fig. 4~a!#, the
signal goes back slowly to zero and becomes slightly po
tive for a delay equal to 5 ps. For a medium intensity@Fig.
4~b!#, the phase shift becomes positive for 2 ps delay. In
highest intensity case@Fig. 4~c!#, the phase shift reaches
positive value greater than in the above case but the t
delay is now only 1.3 ps. Keeping in mind that the negat
phase shift is proportional to the density of electrons in
conduction band and that the onset of a positive phase sh
the signature of a trapping process, we conclude from th
observations that thetrapping kinetic is intensity dependen.
In other words,the higher the excitation density, the fast
the trapping process.

Absorption measurements are very helpful to identify t
nature of the trap. We show in Figs. 5~a! and 5~b!, the ab-
sorption as a function of time obtained for comparable pu
intensities~1.47 and 0.95 T W/cm2) but for two different
probe wavelengths: 618 and 790 nm. In both cases, a st
absorption peak is present at short times but for longer t
delays, a constant absorption close to 70% is reached in
618-nm case whereas this coefficient falls down to less t
10% at 790 nm. These experiments have been performed
two sample temperatures: 300 and 10 K. We did not rem
any significant temperature dependence in the behavio
the phase shift and of the absorption coefficient for b
probe wavelengths. This indicates that at the time scale
our experiment, i.e., up to 10 ps, the trapping center is
same at 10 K and at room temperature. Transient absorp
spectra following electron pulse or picosecond laser exc
tion in NaCl at low temperature have been pu

r
nd

FIG. 5. Absorption as a function of time measured in NaCl
two pump laser wavelengths: 618 nm~a! and 790 nm~b!.
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5804 55P. MARTIN et al.
lished.15,20 These spectra are attributed to the presence
STE’s and exhibit a strong absorption band around 2.1
('600 nm). We can therefore conclude that the trapp
process at work in our experiment is the formation of STE

We now have to write rate equations describing the te
poral evolution of the electron density in the conducti
bandNCB and in trap levelsNtr . The observed trapping rat
increases with the excitation density. This suggests
bimolecular-type kinetics, an hypothesis already formula
in alkali halides.21,22 This suggests also that STE’s a
formed in a two-steps process: a hole trapping and then
electron trapping on a self-trapped hole~STH! site. In the
corresponding rate equations, this two steps trapping pro
is described as follows: the hole trapping probability is si
ply an intrinsic trapping rateth , a quantity which is believed
to be less than a few ps~Ref. 8! but has not been yet pre
cisely measured, while the trapping probability for an ele
tron is proportional to the density of trapped holes (Nth)
which are not yet occupied by an electron (Nth2Ntr).

These equations contain the populations of free
trapped holes, notedNfh andNth , respectively, and a sourc
term that describes the creation of electron-hole pairs.
already pointed out, in NaCl this is a three photon excitat
process. Finally the rate equations can be written as

~d/dt!NCB5s~3!Fp
3N02scapturevNCB~Nth2Ntr!,

~d/dt!Ntr5scapturevNCB~Nth2Ntr!,

~d/dt!Nfh5s~3!Fp
3N02Nfh /th ,

~d/dt!Nth5Nfh /th . ~7!

s (3) is a generalized cross section for a three photon
citation process andFp is the photon flux of the pump pulse
We take forN0 the density of Cl atoms. The electron tra
ping rate is proportional to the productscapturev. The mean
electron velocity in the CBv is chosen so that the electro
kinetic energy corresponds to the energy of a LO phon
which is roughly the electron energy after the relaxation
the CB.15,23 scapture is the cross section for electron captu
by a self-trapped hole. This quantity has been previou
estimated to lie in the range of a few 10214 cm2.21,24

The electron-phonon coupling in NaCl is known to be le
efficient than in SiO2 as we will discuss in the next section
To perform the simulation, we tookte2p510215 s. The po-
sition of the maximum of the absorption band (v tr) and its
associated width (t tr) are taken from the STE’s absorptio
spectrum in NaCl15. The corresponding values are respe
tively 2.1 and 0.35 eV. In Table I, we present a summary
the set of parameters that fits satisfactorily the measu
phase shifts for three pump laser intensities and the abs
tion for the two probe wavelengths~full lines in Figs. 4 and
5!.

Given the relatively important number of adjustable p
rameters (n2, s (3), te2p , f tr , thole, scapture), we do not
claim that the set of parameters used in the simulation h
unique character. A satisfying fit of the five curves cann
however, be obtained with significantly different values. O
the other hand, it is evident from the data that the trapp
kinetics cannot be described by a simple exponential l
But an important point to notice is that it is neither possib
to fit the phase shift evolution for the three intensities wi
of
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out the assumption of a preliminary hole trapping. If w
assume an instantaneous hole trapping, the electron trap
rate, initially proportional to the square of the excitation de
sity, should indefinitely increase with increasing pump la
intensity. However, we observe experimentally that abo
excitation densities of the order of 1019 cm23, the delay for
which the phase shift becomes positive is always the sa
(.1.3 ps!. This saturation of the trapping rate unambig
ously demonstrates that the hole must first be self-trappe
very high excitation densities, the electron trapping imme
ately follows the hole trapping, and the hole trapping ra
(thole50.5 ps! is readily measured from the high intensi
data.

We can also deduce from this simulation~from the maxi-
mum value of the negative phase shift! the electronic density
achieved in the CB. ForI p51,5 T W/cm2 we obtain
NCB'831018 cm23 and for I p50,5 T W/cm2,
NCB'431017 cm23.

B. The SiO2 case

In Figs. 6~a! and 6~b! the phase shifts measured at 618 n
at 300 K in a sample of Quartz (a-SiO2) for two pump
intensities, respectively 3 T W/cm2 and 4 T W/cm2 are
shown. The order of the nonlinear process responsible for
injection of valence electrons in the CB has been measu
with the method described above. We found a four pho
absorption process in agreement with the fact that the ba
gap in Quartz is equal to 10 eV (433.14 eV'12.5 eV!. As
a consequence, the initial excitation density is five tim
larger at 4 T W/cm2 than at 3 T W/cm2. As in the above
case, we observe a positive phase shift due to the Kerr ef
immediately followed by a negative phase shift, which
proportional to the density of photoexcited electrons. As
NaCl, the evolution of the phase shift toward a positive va
indicates a trapping of the electrons. However, contrary
the case of NaCl, the trapping kinetics is independent on
pump laser intensity. Although the initial excitation densiti
differ by a factor of 5,the time necessary to get the positi
phase shift (550 fs) is the same.This behavior is, as in NaCl
independent of the sample temperature and of the pr

TABLE I. Set of parameters used in the simulation for NaCl

Nonlinear refractive index (cm2/W) n2 7310216

initial valence electron density (cm23) N0 2.2431022

order of the multiphoton process n 3
Multiphoton cross section (cm6 s22) s (3) 2310282

Oscillator strength for the CB fCB 1
Electron-phonon scattering rate (s21) 1/te2p 631014

Electron effective mass in the
CB ~kg!

m* 0.539.1310231

Hole trapping time~ps! thole 0.5
Electron-hole capture
cross section (cm2)

scapture 8310214

mean electron velocity in the
CB (cm s21)

n 1.453107

STE absorption band maximum~eV! v tr 2.1
STE absorption band width~eV! 1/t tr 0.35
Oscillator strength for the trap level f tr 0.25
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wavelength. The absorption measured at 618 nm in the
perimental conditions of Fig. 6~b! is shown in Fig. 7. We
observe a decrease of the absorption while electrons
trapped in the band gap. This initial absorption is due
electron-phonon collisions. For longer time delays, it fa
down to less than 10%, indicating that the probe photon
ergy is far from the resonances of the trapping center.
behavior of the phase shift and of the absorption is the s
at 790 nm, and does not depend on the sample tempera

It is now well known that ionizing radiations produc
STE’s in SiO2.

25,26 The STE transient absorption band h
maxima at 5.2 and 4.2 eV,16,17 and it has recently been es
tablished from time-resolved absorption measurements
the rise time of the absorption peak at 5.2 eV coincid
within experimental errors, with the electron trapping tim6

There are therefore no doubt that the trapping proces
SiO2 is due to the formation of STE’s.

An intensity independent kinetics is the signature o
nonsequential or exponential trapping. Accordingly, the r
equations governing the density of trapped and conduc
electrons simply include a multiphoton excitation sour
term and an exponential decay,

~d/dt!NCB5N0s
~4!Fp

42NCB/t,

~d/dt!Ntr5NCB/t. ~8!

FIG. 6. Phase shift as a function of time measured in SiO2 for
two pump laser intensities. The probe wavelength is 618 nm and
sample temperature is 300 K.

FIG. 7. Absorption as a function of time measured in SiO2. The
pump intensity is 1.5 T W/cm2. The probe wavelength is 618 nm
and the sample temperature is 300 K.
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The parameters for which Eqs.~3!, ~4!, and~8! give the best
fit of the experimental results are summarized in Table
The parametersv tr andt tr are taken from the published tran
sient absorption spectra.16

The electron-phonon coupling is responsible for the el
tronic energy loss in the CB and is taken as 1.531015 s21.
As already pointed out, this term is also responsible for p
ton absorption while electrons are in the conduction ban

For small positive delays, say 0 to 200 fs, the phase s
dramatically varies from a positive value due to the Ke
effect, to a negative value while electrons are excited in
conduction band. Therefore the assumption that the ref
tive index does not change significantly during the pro
pulse is not valid in this situation. This is the origin of th
slight disagreement in this temporal region. The agreem
between experimental data and the curve fit is, howe
quite good for longer time delays, leading to a strong con
dence in exponential law assumed in the kinetic equati
and in the decay time of 150 fs obtained from the fitti
procedure. Finally the main conclusion is the simultaneo
trapping of the hole and the electron: in quartz the trapp
really concerns theexciton. Indeed, contrary to alkali halides
no hole trapping is observed ina-SiO2 ~Ref. 27! and accord-
ing toab initioHartree-Fock calculation in SiO2 clusters, the
stabilization of the STE is due to the electron rather than
the hole.28 Hole trapping has been suggested in amorph
silica (a-SiO2),

29 but we have measured the same trapp
kinetics5 and the same absorption rise time4 in a-SiO2 than
in a-SiO2, indicating that the exciton trapping process is t
same in both cases.

C. The KBr case

We present in Figs. 8 the phase shifts~top curves! and
absorption~bottom curves! obtained in KBr with two probe
wavelengths: 618 nm@Figs. 8~a! and 8~b!# and 790 nm@Figs.
8~c! and 8~d!#, at two sample temperatures: 300 K@Figs. 8~a!
and 8~c!# and 10 K@Figs. 8~b! and 8~d!#. The pump intensity
is the same in all cases and is of the order of 1 T W/cm2. The
range of intensities that can be explored in KBr is mu
more limited than in other materials because, for higher
tensities and especially at 618 nm, the absorption is so str
that it rapidly reaches 100%, making interference measu
ments impossible. In all cases, we observe a rapid evolu
of the signal~phase shift and absorption! during the first 4
ps. In the limited accessible intensity range, we could

he

TABLE II. Set of parameters used in the simulation for SiO2.

Nonlinear refractive index (cm2/W! n2 2310216

initial valence electron density N0 2.231022

Order of the multiphoton process n 4
Multiphoton cross section~cm8s23) s (4) 2.33102114

Oscillator strength for the CB f cb 1
Electron effective mass in the CB~kg! m* 0.539.1310231

Electron-phonon scattering rate~s21) 1/te2p 1.531015

Electron trapping time~fs! t 150
Oscillator strength for the trap level f tr 0.4 and 0.15
Trap level energy~eV! v tr 5.2and4.2
Width of the trap level~eV! 1/t tr 1.5 and 1
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FIG. 8. Phase shift~top curves! and absorp-
tion ~bottom curves! measured in KBr at 300 K
@left column: ~a!,~c!# and 10 K @right column:
~b!,~d!# and at two probe wavelengths: 618 n
@top: ~a!,~b!# and 790 nm@bottom: ~c!,~d!#. The
pump intensity is of the order o
731011 W/cm2.
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observe any excitation density influence on the kinetics a
NaCl. This last point is not consistent with previous fre
electron lifetime measurements in KBr based on photoc
ductivity experiments.22 It has been shown that when th
excitation density is low, the electron lifetime is about 10–
ns and the recombination process is due to extrinsic trapp
For increasing excitation density, intrinsic trapping followin
bimolecular kinetics is observed, but above 1017/cm3, the
experimental resolution did not allow a precise determinat
of the lifetime, which becomes less than 10 ps. From
present high resolution results we could conclude that
trapping is not sequential but as we noticed in NaCl, abov
given excitation density the trapping kinetics is limited
the hole trapping time, and we cannot exclude that the low
excitation density (;1018/cm3) explored in KBr is already
above this threshold.

The striking feature concerning the phase shift is tha
becomes positive after 4;5 ps in all cases except at 300 K
618 nm @Fig. 8~a!, top curve#. According to our refractive
index model, the conclusion of this observation is that el
tronic state associated with the trap in the band gap pres
absorption bands peaked at energies lower than 2 eV at
in
-
-

g.

n
e
e
a

st

it

-
nts
00

K, and higher than 2 eV at 10 K. Of course the real situat
can be more complicated than what our simple model
scribes. In particular it is possible that different states w
different absorption bands are populated simultaneously:
phase shift in such cases gives an averaged measureme
these different populations. Indeed Alkali halides have be
classified in two classes.30 In type-I materials such as NaC
the STE’s recombine radiatively at low temperature and
formation ofF-H pairs occurs via thermal activation alon
the lowest state of the STE. In this case the yield of S
luminescence and stableF-H pairs formation are anticorre
lated. In KBr, which belongs to type-II alkali halides,F-H
pairs are created even at low temperature and no such
correlation is observed. Recent time resolved absorp
measurements have shown that the populations of STE’s
F centers following electronic excitation evolve in two tim
scales:2,7 a rapid evolution (t'2 ps! which we readily ob-
serve in our phase shift and absorption measurements, a
slower (t'40 ps!, that we did not investigate in the prese
set of experiments. The ultrafast dynamical process lead
to the formation ofF centers is so efficient that the assoc
ated absorption band around 2 eV dominates the trans
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absorption spectrum after only 3 ps.2,7 The behavior of the
phase shift after the first 3 ps is therefore controlled by
presence ofF centers. This hypothesis is confirmed by o
absorption data. The absorption at 618 nm mainly due t
centers, increases while the electrons are trapped. At 790
the initial absorption is due to the electrons in the conduct
band and decreases to a value lower than at 618 nm.
remaining absorption is due to the STE’s. Moreover, it h
been established a long time ago31 that the absorption spec
trum of F centers in KBr is shifted towards low energy an
broadened when the temperature increases: it is peake
600 nm~2.1 eV! at 73 K and at 630 nm~1.95 eV! at 300 K.
In that case, it is not surprising that the phase shift is alw
positive at 790 nm and changes its sign at 618 nm when
temperature changes from 10 to 300 K.

D. The diamond case

In Fig. 9 the phase shift obtained for a pure diamo
sample at 300 K~the pump intensity is 331011 W/cm2) is
shown for a probe wavelength of 618 nm. We observe t
the phase shift is negative and remains constant. This be
ior is identical at both probe wavelengths, whatever
pump intensity and the sample temperature. Even for in
sities as high as 1.5 T W/cm2 we were not able to see an
modification in this behavior.

According to the experimental results, no trapping is v
ible in diamond. We conclude that, at such time scales, if
electrons are trapped, they are trapped into levels very c
to the bottom of the conduction band.

Because no clear evidence of change in the phase
appears during the time that separates the two probe pu
we performed measurements in the relative mode: we let
two probe pulses cross the sample after the pump puls
we suppose an exponential decay~lifetime t) of the electron
density in the CB, the phase shift and absorption are in
case given by:DF5DF0(e

[2t/t]2e@2(t2Dt)t#) and A
5A0(e

(2t/t)1e@2(t2Dt)t#), whereDF0 andA0 are the phase
shift and the absorption just after the pump pulse. T
method is less sensitive than the absolute one but m
longer time delays can be investigated. The result of rela
measurements performed at room temperature in diam
are shown in Figs. 10~a! and 10~b!. The pump wavelength
and intensity are respectively 618 nm and 0.7 T W/cm2. The
fits give 140 and 190 ps as time decay for the phase shift
absorption, respectively. The latter value is certainly m
reliable, due to the larger scattering in the absorption da

FIG. 9. Phase shift measured in diamond at 300 K. The pr
wavelength is 618 nm and the pump intensity is 331011 W/cm2.
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V. ELECTRON TRANSPORT IN NaCl AND SiO 2: MONTE
CARLO SIMULATION

The experimental results have revealed an important
ference between SiO2 and NaCl: the electron trapping tim
does not depend on the conduction electron density
SiO2, while it is strongly dependent on carrier density
NaCl. This observation led us to describe the evolution of
electron density in the conduction band in NaCl with bim
lecular kinetics. The same model has been used to inter
time resolved absorption experiments in alkali halides.21 In
NaCl, STE’s consist of a hole, relaxed to the form of
Cl 2

2 molecular ion and an electron. After the creation of
electron-hole pair by the incident radiation, the molecular
formation results from the self-trapping of a hole in a ve
short time, estimated to be less than 1 ps;7 then an electron is
captured by a hole and a STE is formed. The underly
hypothesis in this two steps process is that electrons
explore a volume large enough to contain many STH’s.
the case of SiO2, the STE’s creation rate is governed by a
exponential law independent on the excitation density. E
electron-hole pair remains in interaction until the STE
formed. So the difference of behavior of the electron tra
ping time versus the pump intensity can be explained if
electrons can run away from their hole in NaCl and not
SiO2.

Knowing exactly the minimum electron-hole distan
necessary to prevent the trapping of an electron by a ho
a difficult task, but as a first approximation, one can use
simple following arguments. When an electron-hole pair
created by the pump pulse, there is a coulomb attrac
between them until they get far apart. In order to estimate
distance necessary for the carriers to avoid recombinat
one can take the distance (r c) at which the Coulomb energy
becomes equal to the thermal energy~3/2 kT!. One finds
r c(SiO2)5 97 Å andr c(NaCl)5 63 Å for T5300 K. Thus,
if the electron reachesr c with an energy greater than 3/2 kT
one can consider very roughly that electron’s capture by

e

FIG. 10. Relative phase shift@top: ~a!# and absorption@bottom:
~b!# measured in diamond at 300 K. The probe wavelength is
nm and the pump intensity is 831011 W/cm2.
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5808 55P. MARTIN et al.
hole becomes impossible.32 To evaluate the time dependen
of the electron energy and the evolution of the electron-h
distance, we have performed a simple Monte Carlo simu
tion, based on the scheme developed by Fischettiet al.33 The
only interactions considered here are the LO and acous
electron-phonon interactions, respectively treated with
Fröhlich Hamiltonian and a deformation potential approa
The hole is supposed not to move and there is no interac
between the electron and the hole. Electron transpor
SiO2 has been the subject of numerous study, and m
physical data such as electron-phonon coupling constant
available.33,23,34In NaCl, these quantities seem to be know
with a smaller precision, and especially electron-acoust
phonon coupling. According to several authors,35,36 this in-
teraction is smaller than in SiO2. Electron-acoustical phono
collisions are isotropic, so they efficiently randomize t
electron direction. Note that in order to take into account t
lack of knowledge, we have tried different deformation p
tential values for NaCl, ranging from the value used
SiO2 to this value divided by ten without noting significa
changes in the results of the simulation. Electrons are
jected in the CB with a kinetic energy (nhy2Eg) of 2 eV in
SiO2 and 1 eV in NaCl. The result of the Monte Carlo sim
lation is drawn in Fig. 11. We observe that electrons lo
their energy much more quicker in SiO2 than in NaCl,
mainly due to the LO-phonon energy, larger in SiO2 ~150
meV! than in NaCl ~30 meV!. When the electron energ
becomes of the order of thermal energy, thee-h distance is
about 60 Å @,r c ~SiO2)] in SiO2, whereas, this distance i
about 150 Å @.r c~NaCl!# in the case of NaCl. Conse
quently, we understand on the basis of this simple model
in NaCl an electron has a much greater chance to es
from its parent hole and meet another hole, whereas
SiO2 an electron always remains in the vicinity of its ho
and thus the STE formation involves the electron and
hole of the same initial pair. Let us underline that the int
action between electrons and holes is not taken into acc
in this model. However, the screening of the Coulomb p
tential is less efficient in quartz than in NaCl because
static dielectric constant is higher in the last case. Theref
the inclusion of such an interaction should still enhance
relative pathways discussed above.

FIG. 11. Monte Carlo simulation of electron trajectories
SiO2 ~full lines! and NaCl~dashed lines!. The light lines show the
kinetic energy~left scale! and the heavy lines the electron-ho
distance~right scale!.
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VI. CONCLUSIONS

The technique of interferometry in the frequency doma
proved to be a very efficient and sensitive tool for the tim
resolved study of carriers excitation and relaxation dynam
in wide band gap insulators. Compared to for instance ti
resolved absorption spectroscopy, that brings fruitful inf
mation about the absorption bands associated with per
nent (F andH centers! and transient states~STE, STH!, the
experiments reported in this paper provide complemen
information. In particular, they offer the possibility to ob
serve electrons in the conduction band and to measure w
good accuracy the excitation density. From this point
view, the absorption process due to electron-photon-pho
collision which occurs while electrons are in the conducti
band is noteworthy. Its importance is evident before trapp
in SiO2 ~Fig. 7! and increases for longer probe wavelengt
for example in NaCl at 790 nm@Fig. 5~b!#, and also in a
material where no trapping is observed@diamond, Fig.
10~b!#.

Our experimental results demonstrate that the ultra
trapping of carriers deep in the band gap observed in Na
KBr, and SiO2, is in all cases associated with the formatio
of STE’s. Furthermore, a detailed study of intensity dep
dence kinetics reveals two different pictures of STE’s form
tion: hole trapping followed by electron capture in NaCl a
exciton trapping in SiO2. With the help of a simple Monte
Carlo simulation, these different behaviors can be interpre
in terms of electrons trajectories: the electrons lose their
ergy quickly in SiO2, while they have the possibility to
move away from their own holes before being trapped
NaCl. The fitting procedure of the trapping kinetics allows
to extract for the first time the intrinsic hole trapping time
NaCl. Bimolecular kinetics are supposed to be a general
in alkali halides, but are not observed in KBr, for excitatio
densities ranging over one decade from to 231017 to
231018 cm23. Electron capture is rather as fast as hole tra
ping or occurs simultaneously. Indeed it has been pointed
that different relaxation channels exist for electron hole pa
in KBr, depending on the time when the electron intera
with the hole under relaxation.2

The case of diamond is apparently very similar to the c
of Al 2O3 and MgO.6 In these three materials, we do n
observe evidence for STE’s formation, but a slow decre
of the electron density in the conduction band with lifetim
lying in the range of 100 ps. It has been recently predic
that in diamond, it should be possible to observe se
trapping in the case of valence biexcitons.37 The maximum
density reached in the above experiment is of the orde
1019 cm23 ~it is difficult to increase this excitation densit
without making serious damages to the sample! and we did
not observe this related effect. This can be due to the
that the excitation density in still not high enough.
Al 2O3, the transient volume change induced by high-ene
electrons has been ascribed to the formation of STE’38

However, intrinsic recombination luminescence has been
served in Al2O3 at 7.3 eV,39 with an excitation spectrum
sharply peaked at the band edge~exciton resonance!.40 This
means that the stoke shift associated with eventual S
would be of the order of 1 eV or less. As already pointed o
our method could possibly not distinguish electron in t



on
tio
ve

fo
ly
ur
gO
is
d
b
wn
in
he
e
o

so
e
on

pr
-
n
i
e

elf-

he
fa-
all
to

are
he
ent

-
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conduction band or trapped close to the bottom of the c
duction band. The same type of electron-hole recombina
luminescence has been observed in MgO, indicating e
smaller stoke shifts.41

Among the properties that allow to predict the trend
exciton trapping in a given material, the ionicity certain
plays a role but is not a sufficient criteria to explain o
results, since for instance STE’s would be observed in M
much more ionic than SiO2. As already mentioned, a STE
associated with a local deformation of the lattice aroun
bound electron-hole pair. This can be understood on the
sis of simple and well-known scaling arguments. It is kno
that the consequence of the addition of an extra charge
perfect lattice is to induce a relaxation of the lattice. T
corresponding relaxation energy of the system is invers
proportional to the number of atomic bounds which supp
this extra charge (Nb) and then is minimum ifNb51. In
other words, the tendency of the system is to form a
called ‘‘small polaron.’’42 This energy which stabilizes th
system is the sum of two terms coming from the electr
phonon interaction~acoustical and optical!. On the other
hand, this localization process has a cost. The latter is
portional to 1/Nb

2/3 and the localization results from the com
petition between these two contributions. Toyozawa a
co-workers43 have located electrons, holes, and excitons
various solids into a phase diagram. One of the pertin
-
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parameters to decide whether or not an exciton is s
trapped or free is the ratioC/j, whereC is the deformation
potential andj the elastic constant: the largest this ratio, t
highest the self-trapping probability. So, self-trapping is
vored in materials with high deformation potential and sm
elastic constant. In Table III the elastic constants relative
the materials which have been studied in this work
shown. It is clear that the elasticity plays a crucial role in t
self-trapping process and that our data are in full agreem
with the simple arguments discussed above.
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TABLE III. Elastic constants in the~11! direction.

Material C11 ~GPa! STE

C 1076 No
Al 2O3 497 No?
MgO 294 No
SiO2 87 Yes
NaCl 49 Yes
KBr 34 Yes
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