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We present investigations of the transient photoconductivity and recombination dynamics of
quasifree electrons in liquidn-hexane and cyclohexane performed using terahertz time-domain
spectroscopy~THz-TDS!. Quasifree electrons are generated by two-photon photoionization of the
liquid using a femtosecond ultraviolet pulse, and the resulting changes in the complex conductivity
are probed by a THz electromagnetic pulse at a variable delay. The detection of time-domain wave
forms of the THz electric field permits the direct determination of both the real and the imaginary
part of the conductivity of the electrons over a wide frequency range. The change in conductivity
can be described by the Drude model, thus yielding the quasifree electron density and scattering
time. The electron density is found to decay on a time scale of a few hundred picoseconds, which
becomes shorter with increasing excitation density. The dynamics can be described by a model that
assumes nongeminate recombination between electrons and positive ions. In addition, a strong
dependence of the quasifree electron density on temperature is observed, in agreement with a
two-state model in which the electron may exist in either a quasifree or a bound state. ©2004
American Institute of Physics.@DOI: 10.1063/1.1757442#

I. INTRODUCTION

In recent years terahertz time-domain spectroscopy
~THz-TDS! ~Ref. 1! has been successfully applied to inves-
tigate the frequency-dependent complex conductivity of a
wide variety of material systems. Through such measure-
ments, THz-TDS provides a noninvasive way to access mi-
croscopic transport properties, such as free-electron densities
and scattering times. Furthermore, the exceptional time reso-
lution afforded by the technique in a pump-probe scheme2–36

has permitted the study of transient phenomena, including
charge transport in systems out of equilibrium. In addition,
for the case of liquids, THz-TDS has been used to obtain
valuable information on intermolecular forces through analy-
sis of the spectral features of the unexcited sample.37–45

Here, following our initial report,27 we employ THz-TDS to
investigate transient photoconductivity in the nonpolar liq-
uids of hexane and cyclohexane.

The nature of solvated electrons in nonpolar liquids such
as hexane has been widely studied, motivated both by the
intrinsic interest of the problem and by applications to the
detection of ionizing radiation.46–50 Early radiolysis and

~time-resolved! photoionization experiments were largely
concerned with the pathways and efficiency of the generation
process of the excess electrons,51–54 the mechanism of
charge transport,55–58 and the electron-ion recombination
process.59–67Later experiments examined the variation of the
electron mobility with temperature,53,68 pressure,57,68–72and
molecular geometry,48,56 the connection between electron
mobility and free-ion yield,51,53,54and recombination rates of
electrons with electron scavengers.59,73–75

From these studies, possible pathways and typical time
scales for photogenerated electrons have emerged. They are
illustrated in Fig. 1. Following generation, the electron loses
its excess translational energy within a few picoseconds dur-
ing the thermalization phase. A key parameter in this process
is the ion–electron separation distance after thermalization.
This quantity depends on the kinetic energy of the electron,
but is typically on the order of 4–6 nm for hexane.47,66,76,77

Another important length scale in the problem is the Onsager
radius, a quantity defined as the distance at which the ther-
mal diffusive forces acting on the electron balance the Cou-
lomb attraction of the ion. It is given by

r ons5e2/~4p« r«0kBT!, ~1!

with « r and «0 denoting, respectively, the relative and
vacuum permittivity.78 The Onsager radius is a measure of
the ion–electron separation beyond which a thermalized
electron is likely to escape from the Coulomb attraction of its
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parent ion. Forn-hexane,r ons530 nm. It has been observed
that during the first 10 ps, roughly 70% of photoexcited elec-
trons inn-hexane will recombine with their respective parent
ions.63,66 Geminate recombination is a nonexponential pro-
cess, and therefore a fraction of the remaining electrons will
continue to be recaptured over a much longer time
scale.52,67,79 After diffusing outside the Onsager radius, an
electron may escape from its parent ion and move through
the liquid. In a photoexcited bulk liquid, these electrons ul-
timately recombine nongeminately.

The observation of a sharp increase with temperature of
the conductivity of liquids containing equivalent densities of
solvated electrons led to the development of the two-state
model.53,74 In this picture, most electrons are trapped in
bound states that are essentially immobile and do not con-
tribute appreciably to charge transport. They may, however,
be thermally excited into a highly mobile quasifree state,
which leads to significant conductivity of the ionized liquid.
The density of quasifree electrons, generally assumed to be
in thermal equilibrium with the bound electrons, depends
strongly on the temperature and on the well depth of the
bound states. The latter reflects the molecular geometry and
structure of the liquid. It is estimated to lie in the range of
100–200 meV for linear-chain alkanes.80 In liquids with
highly mobile electrons, Hall measurements have enabled a
direct evaluation of the quasifree electron mobility.81–83

Transient absorption spectroscopy has provided detailed
information on the lifetime of electrons in liquids.60–64,66,67,84

It has, however, provided less insight into thetransport char-
acteristics of these charge carriers, a property that is not
manifested directly in the optical spectra. Radiolysis experi-
ments, on the other hand, only provide data on the dc
conductivity.53,57,79This quantity may be difficult to interpret
in terms of the fundamental scattering times in the system,
given the complication inherent in measuring theaverage
response of electrons in a two-state system. In addition, ex-
cited electrons with short lifetimes may be difficult to ob-
serve in radiolysis experiments. THz-TDS offers a useful
complement to these two types of existing probes of elec-
trons in liquids. As will be shown below, the response of

ionized nonpolar liquids at the THz frequencies can be at-
tributed to the conductivity of the quasifree electrons. Mea-
surements in this frequency range then allow their density
and scattering time to be determined. THz-TDS is also well
suited for dynamical studies, permitting the lifetime of pho-
togenerated mobile charge carriers to be measured.

In this paper, which expands upon our initial report,27 we
provide new data and a detailed analysis of electron conduc-
tivity and electron lifetime dynamics inn-hexane and cyclo-
hexane. After outlining our experimental procedures~Sec.
II !, we present the experimental results~Sec. III!. We then
turn ~Sec. IV! to an analysis of the THz wave forms in dif-
ferential measurements, focusing in particular on the relative
contributions to the THz signal from transmission and reflec-
tion losses of the THz beam as it traverses the sample. In the
discussion~Sec. V!, the Drude model is introduced~Sec.
V B! and it is demonstrated how electron densities and scat-
tering times can be obtained. Using this analysis, we then
discuss the results of the temperature-dependent conductivity
measurements~Sec. V C! and the different activation ener-
gies observed for the photoinduced conductivity ofn-hexane
and cyclohexane. Measurements at various pump fluences
reveal only a weak dependence of the scattering rate on the
number of excited electrons, indicating that electron–
electron and electron–ion interactions are relatively unim-
portant for scattering of the quasifree electrons. The
electron–ion recombination process, which occurs on a
slower time scale, however, depends strongly on the excita-
tion density. We show~Sec. V D! that the corresponding ex-
perimental data can be understood in terms of a nongeminate
recombination mechanism.

II. EXPERIMENT

The apparatus employed for THz-TDS is shown sche-
matically in Fig. 2. The laser source for these measurements
was a regeneratively amplified, mode-locked Ti:sapphire sys-
tem. It provided pulses of 150 fs duration at a central wave-
length of 810 nm with an energy of 1 mJ/pulse and a repeti-
tion rate of 1 kHz. Pulsed THz radiation was produced by
optical rectification of these laser pulses in a 1-mm-thick
ZnTe crystal.85 This approach yielded appreciable intensity
from 0.1 to 2 THz. The resulting THz beam was collimated
and focused on the sample to a spot diameter below 1 mm.
The electric field of the THz radiation was detected after
passing through the sample by electro-optic detection in a
second ZnTe crystal.86,87

The samples,n-hexane and cyclohexane~spectroscopic
grade, Alpha Aesar!, were probed in the form of a free-
standing liquid jet, with a thickness varying from 30 to 100
mm, depending on nozzle type. Alternatively, we employed a
liquid flow cell with a sample thickness varying from 300 to
1000mm. The cell was made of two water-free fused silica
windows of 2.1 mm thickness. The use of two sample geom-
etries permitted us to access a wide range of carrier densities
in the experiments. For the jet, with its short optical path
length, we probed relatively high excitation densities. For the
sample cell, with its longer optical path length, significantly
lower excitation densities could be probed; its use at high
excitation densities was, however, constrained by two-

FIG. 1. Schematic representation of dynamics of photogenerated electrons
in hexane. After the initial ionization process, an electron may either recom-
bine ~geminately! with its parent ion or escape from the corresponding Cou-
lomb attraction. An electron that escapes from its parent ion will eventually
reach another positive ion, so that nongeminate recombination can occur.
The solvated electrons exist in both trapped and quasifree states, the ratio of
populations varying with the trap depth and the temperature. The motion of
the quasifree electrons is characterized by a mean scattering timeg0 .
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photon absorption in the windows of the cell. We experimen-
tally determined the relevant sample thicknessl by compar-
ing the group velocities of the THz beam in air and in the
sample88–90 and making use of the known THz refractive
index of hexane. For both sample configurations, a flow
speed of at least 2 m/s was employed to assure fresh liquid
for each laser shot. The temperature of the liquid was ad-
justed by heating/cooling the liquid reservoir. Temperature
variation caused by optical pumping was found to be negli-
gible.

The solvated electrons in the hexane samples were gen-
erated through a two-photon ionization process by 270-nm
ultraviolet ~UV! pulses. Two such photons provide an energy
of 9.18 eV, which exceeds the ionization potential of both
n-hexane @ I ion58.6 eV ~Ref. 91!# and cyclohexane@ I ion

58.44 eV ~Ref. 92!#. The UV pulses were created by fre-
quency tripling 90% of the 810-nm laser radiation in a se-
quence of twob-barium borate~BBO! crystals. The resulting
UV radiation, with a pulse energy of 50mJ, was directed to
the sample surface at a 15° angle of incidence. The UV ex-
citation was aligned using an aperture for maximal overlap
with the THz probe beam.

An important experimental issue concerns maintaining
sufficiently homogeneous photoexcitation of the liquid. In an
ideal measurement, this would be achieved simply by mak-
ing the UV pump beam size far greater than that of the THz
probe beam. In practice, however, this is not necessarily easy
to achieve. On the one hand, one needs to maintain a suffi-
ciently high UV pump fluence to drive the two-photon ion-
ization process in the sample, despite the limited UV pump
energy of;50 mJ pulse. This implies a maximum pump spot
size for a desired excitation density. On the other hand, one
is limited by the rather large focal diameter of the THz probe
beam associated with the long wavelength of the radiation.
The consequence of spatial variation of the excitation density
over the THz probe volume is not restricted to the obvious
measurement of the average properties of a sample with dif-
fering local electron densities. Rather, one must consider
spectral distortions of the THz response that might be intro-

duced by diffraction of the THz beam in propagating through
the spatially inhomogeneous sample. Possible THz wave
form distortion may be further enhanced because the spectral
content of the THz probe generally varies across the trans-
verse profile of the beam. These THz diffraction effects have
been extensively investigated by Bromageet al.93 and Na-
hata and Heinz94 for the extreme case of conducting aper-
tures of various sizes. The studies demonstrate the possibility
of significant changes in the THz wave form as a result of
diffraction. In an attempt to quantify these effects in our
experiments, we varied the spot size of the excitation beam
and introduced controlled diffraction by placing metal aper-
tures in the focal plane of the THz beam. The measurements
suggest that under our experimental conditions, diffraction
effects had little influence on the THz signal within the fre-
quency range of interest~0.4–1.5 THz!. We do not attempt to
interpret data at lower frequencies, however, where the ef-
fects of diffraction are expected to be more pronounced. In
some of the investigations, our interest did not lie in the
frequency dependence of the induced conductivityDs~v!,
but rather in the magnitude ofDs as a measure of the density
of quasifree electrons. For these studies diffraction effects
were relatively unimportant, and the UV pump beam was
sometimes focused within the THz probe spot to permit us to
achieve a higher density of photogenerated carriers.

We have performed three distinct types of measurements
with our experimental apparatus. In the first, we detect the
THz electric field E(t) that propagates through air and
through our sample~with the UV pump beam blocked!. A
comparison of the two wave forms provides the THz conduc-
tivity of the unexcited sample. In this measurement, the
transmitted THz wave form is recorded by varying the delay
of the femtosecond optical sampling pulse~see Fig. 3!.

In the second type of measurement, we determine the
pump-induced changes in the THz wave form,DE(t;td), at
a specified UV-pump/THz-probe delay time oftd . These
measurements yield the change in the THz conductivity as-
sociated with ionization of the hexane sample. We detect the
weak induced modulation of the THz signal from photoexci-

FIG. 2. The experimental setup for THz time-domain
spectroscopy with a UV pump for photoionization of
the liquid sample. THz radiation is generated and de-
tected in ZnTe crystals. After generation, paraboloidal
mirrors are used to collimate and focus the THz onto
the hexane sample. By inserting a chopper into the vis-
ible beam for generation, we can record the transmitted
THz wave form by lock-in detection. Alternatively, by
chopping the UV excitation beam and detecting the in-
duced modulation in the transmitted THz wave form,
we can measure the THz response of the solvated elec-
trons.
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tation using chopping of the UV-pump beam and lock-in
detection of the THz wave form. Since the THz pulse itself
has a temporal width of;1 ps, such measurements can only
be interpreted as a time-varying conductivity when the prop-
erties of the sample do not change significantly on the cor-
responding time scale.95 For the measurements presented
here, this requirement is fulfilled.

In a third scheme, we capture the temporal evolution of
the sample following photoexcitation. This is accomplished
by recording the amplitude of changes in the THz field
DE(tmax;td), as a function of the delay between THz-probe
and UV-pump pulsestd . The THz response is measured at a
sampling timetmax, where the maximal modulation of the
THz field is observed. As in the previous arrangement, the
UV-pump beam is chopped and the change in the THz field
is detected with lock-in techniques. In these measurements,
the time dependence of the UV-pump-induced modulation is
determined by scanning of the pump/probe delay timetd .
For a straightforward interpretation of such measurements,
one must confirm that the THz wave formDE(t) does not
change appreciably withtd .

III. RESULTS

Figure 3 depicts the THz electric fieldE(t) passing
through the hexane jet. Also shown is the THz wave form for
the pump-induced change in the THz wave formDE(t;td) at
a pump/probe delay oftd570 ps. The pump-induced change
is on the order of 1% of the THz field. It is of opposite sign
compared to the transmitted THz wave form, corresponding
to a pump-induced absorption. In addition, the shift of
DE(t;td) compared toE(t) indicates a pump-induced de-
crease in the THz refractive index. The inset in the figure
displays the quadratic variation of the magnitude ofDE on
the fluence of the UV pump pulse, as may be expected for a
two-photon ionization process.

The dependence of the induced change in the THz wave
form DE(t;td) on the pump/probe delay timetd was also

examined. We found that there was no significant difference
in the wave form as a function oftd . We were then able to
record temporal evolution of theamplitudeof the induced
change as a function of delay simply by scanningtd with the
femtosecond optical sampling pulse for the THz wave form
measurement fixed at the maximum ofDE(t), as indicated
in the inset of Fig. 4. If the wave form is unaltered, the
magnitude of the THz signalDE is directly proportional to
the quasifree electron densitynf , as will be discussed below
in more detail. The results of such experiments for three
different excitation densities are depicted in the main panel
of Fig. 4. The decay occurs on a;300-ps time scale for the
highest excitation densities, but slows down considerably
when the energy in the UV pulse is reduced. Measurements
in cyclohexane~not shown! yielded similar behavior.

We have also examined the induced THz response
DE(t;td) as a function of the temperature of the sample.
Again, the shape of the THz wave forms was essentially
unchanged. On the other hand, the induced change in the
amplitude of the THz wave formDE, proportional to the
quasifree electron densitynf , showed a strong dependence
on temperature. The results for a pump-probe delay time of
td570 ps are summarized in Fig. 5. The data are presented
as an Arrhenius plot of the logarithm ofnf versus the recip-
rocal temperature. They show a higher apparent activation
energy of 300 meV for cyclohexane compared with a value
of 165 meV forn-hexane.

IV. ANALYSIS OF THz WAVE FORMS

In this section, we describe how we determined the THz
material response of the sample~with and without photoex-
citation! from the measured wave forms. The key feature in
this treatment is the inclusion of the effects of the multiple
reflections, arising from the two boundaries of the sample.
For the photoexcited sample, the analysis is carried out in the
limit of a weak perturbation to the THz response, as is ap-
propriate for our experimental conditions. Here we describe
the response of the sample to the THz radiation in terms of a

FIG. 3. THz wave form after transmission through then-hexane jetEout
hex(t)

together with the UV-pump-induced changes of this wave form,DE(t;td),
at a UV-pump/THz-probe delay oftd570 ps. The pump-induced changes
are on the order of 1% in magnitude and of opposite sign compared to the
THz wave form. The inset shows the quadratic dependence of the THzDE
signal on fluence of the UV excitation pulse, as expected for a two-photon
ionization process.

FIG. 4. Dependence of the THz signal strengthDE on the UV-pump/THz-
probe delay timetd for an n-hexane sample with photoexcitation at three
different pump fluences. As discussed in the text,DE is proportional to the
quasifree electron densitynf . The strength of the THz signalDE was re-
corded at the maximum ofDE(t) ~see inset!. The fluence dependent decay
rates are typical of a nongeminate recombination process. The results of the
model described in the text are shown as dashed lines.
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~complex! refractive index. This formulation is, of course,
fully equivalent to one involving a complex dielectric func-
tion or a complex conductivity to describe the material re-
sponse.

In order to extract the THz refractive index from the
measurements, we first compare the THz electric field mea-
sured with (Eout

hex) and without (Eout
air ) the sample. Figure 6

illustrates schematically the transmission of a THz pulse
through the sample. A THz pulse with electric fieldEin enters
a sample of thicknessl at an angle of incidence ofu. The
sample has a~complex THz! refractive indexn2 and is sur-
rounded by a medium with refractive indexn1 . At the first
interface, the THz pulse experiences a transmission factort12

~associated with a reflection coefficient ofr 12). It then propa-
gates through the sample and undergoes a change in ampli-
tude by the complex factorp2 . The pulse leaves through the
second interface with an additional transmission factor of
t21. In addition, multiple reflections at the interfaces contrib-

ute to the emerging THz electric field, especially for the case
of large refractive index mismatches. The resultant transmit-
ted THz field, denoted byEout

hex, is given by

Eout
hex~v!5

p2t12t21

12~p2r 21!
2

Ein~v!, ~2!

where we have written the formula in the frequency domain
as a function of angular frequencyv. The denominator of the
equation accounts for the effect of multiple reflections. In the
derivation of this formula, the contributions toEout

hex from
multiple reflections are assumed to overlapspatially and to
add together coherently. For the case of normal incidence,
the Fresnel coefficients and the propagation factor simplify
to the well-known expressions

t12t215
4n1n2

~n11n2!2
, r 215

n12n2

n11n2
,

and p25expS in2v l

c D . ~3!

From a second measurement of the THz electric field
without the sample, we determine the wave formEout

air . This
wave form obeys the same propagation condition asEout

hex in
Eq. ~2!, but with the refractive index of hexane substituted
for that of air. Using the known THz refractive index of
hexane ofn51.42,96 we may obtain the sample thicknessl
from a comparison of the measured THz wave formsEout

hex

andEout
air .

Our main focus, however, lies not on the response of the
unexcited liquid, but on the extraction of the pump-induced
changes in the sample’s complex conductivity or, equiva-
lently, in its complex refractive indexDn2 . The transmitted
THz electric field with the pump beam switched on,Eout

hex

1DEout
hex, is determined by the refractive index of the sample

of n21Dn2 , according to

Eout
hex~v!1DEout

hex~v!5
p2

1t12
1 t21

1

12~p2
1r 21

1 !2
Ein~v!, ~4!

with the Fresnel coefficientst12
1 , t21

1 , r 21
1 , and the propaga-

tion factorp2
1 representing the behavior of thephotoexcited

liquid. The changes in the THz wave form,DEout
hex, are at

most a few percent~see Fig. 3!, which indicates that we are
operating in the regime of weak perturbation. The Fresnel
relations for normal incidence can be linearized for small
changes to yield

t12
1 t21

1

t12t21
512Dn2

n22n1

n2~n21n1!
;

r 21
1

r 21
51

1Dn2

2n1

n2
22n1

2
;

p2
1

p2
511Dn2

iv l

c
. ~5!

Equations~2!, ~4!, ~5! then lead to the following expres-
sion for the change in the refractive index:

Dn25F iv l

c
2

n22n1

n2~n21n1!
1MRG21 DEout

hex~v!

Eout
hex~v!

. ~6a!

FIG. 5. Temperature dependence of the quasifree electron densitynf for
n-hexane and cyclohexane, shown as an Arrhenius plot. The relative quasi-
free electron densities for each liquid were determined from the strength of
the induced THz responseDE at a UV-pump/THz-probe delay of 70 ps.
Different apparent activation energies, as indicated in the graph, are ob-
served for the two liquids.

FIG. 6. Schematic illustration of the transmission of a THz pulse through
the sample. The THz radiation enters from a medium with a refractive index
of n1 into the sample of thicknessl and refraction indexn2 . The resultant
THz electric field, denoted byEout

hex, is related to the incident fieldEin

through the Fresnel factors described in the text.
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This equation shows that the transmitted field is affected by
the pump-induced changes in the refractive index through~i!
modification of the propagation through the sample~first
term!, ~ii ! changes in reflective losses at the two interfaces
~second term!, and~iii ! the contribution from multiple reflec-
tions ~third term, denoted as MR! of

MR5
2~p2r 21!

2

12~p2r 21!
2 S iv l

c
2

2n1

n2
22n1

2D . ~6b!

For thicker samples, such as our sample cell, the propagation
term dominates the sum in Eq.~6a!. The interface and the
multiple reflection terms can then be omitted. For thin
samples, however, as for the liquid jet, the full expression
must be used to correctly extractDn2 from the measured
Eout

hex(t) andDEout
hex(t) wave forms. Note that in contrast to a

nonpertubative treatment of the induced changes in the sam-
ple’s THz response, the inversion process from the THz
wave forms to the THz material response remains straight-
forward, since all of the parameters in Eq.~6! are defined by
the unexcited properties of the materials. For the jet, we in-
terpret n1 as the refractive index of air (n151). For the
sample cell, the surrounding material is the fused silica win-
dow of the cell withn151.95.97

In what follows, we will demonstrate that the changes in
complex refractive index are attributable to the motion of
quasifree electrons in photoexcited hexane. It is therefore
more suitable to discuss the results in terms of an induced
change in the complex conductivity. ForuDnu!1, the rela-
tion between these two quantities reads

Ds~v!522iv«0n2Dn. ~7!

V. INTERPRETATION AND DISCUSSION

A. Quasifree electrons as the source of the signal

Figure 7 shows the photoinduced changes in conductiv-
ity, Ds(v)5Ds8(v)1 iDs9(v), as a function of the THz
frequencyv/2p in n-hexane. Data are presented for both the
jet and the flow-cell arrangement. The calculated traces were
obtained using Eq.~6!, after having performed Fourier trans-

forms of the experimental time-domain THz wave forms like
those of Fig. 3. The results were then formulated as an in-
duced change in the complex conductivity, rather than in the
refractive index, by means of Eq.~7!. The frequency depen-
dence of the real and imaginary part ofDs is similar for
measurements in both the liquid jet and sample cell. The UV
pump pulse can be seen to create an increase in the real
conductivity ~Ds8.0! in the hexane sample. The imaginary
part ~Ds9.0! is also positive and of the same order of mag-
nitude as the real part.

We now consider the origin of these pump-induced
changes in the THz response of the liquid. They can arise in
principle from all species generated or modified by the UV
pump: ions, excited neutral molecules, and electrons in both
the bound and quasifree state. The observed quadratic depen-
dence of the signal on the excitation energy indicates a two-
photon excitation process~see inset Fig. 3! associated with
the production of ions and electrons. Further, the addition of
the electron scavenger CCl4 to then-hexane liquid leads to a
rapid quenching of the THz response as a function of the
pump-probe delay time. Since the number of ions would not
decrease in the presence of the electron scavenging mol-
ecules, we conclude that electrons are the predominant
source of the signal.66 This result is just as we would expect:
The quasifree electrons with their low effective mass interact
strongly with THz radiation.1,2 One must, however, also con-
sider the bound electrons. Although these electrons are ex-
pected to exhibit a much weaker response to THz radiation
than the quasifree electrons, they are present at much higher
density ~see Sec. V C!. Simple estimates suggest that the
contribution of bound and quasifree electrons to the THz
response, after accounting for their different populations,
may be comparable. In the experiment, however, photoexci-
tation produces an increase in both the real and imaginary
parts of the conductivity. Bound electrons would only influ-
ence significantly the imaginary part of the conductivity, and
would lead to a contribution of negative sign. We thus con-
clude that the dominant contribution to the observed THz
signal arises from the quasifree electrons. In addition, the
temperature-dependent measurements show an exponential
increase of the real and imaginary part of the conductivity, as
expected within the two-state model for a signal arising from
the quasifree electrons. We cannot, however, rule out the
possibility of a weak contribution from bound electrons.

B. Drude model

Having identified the quasifree electrons as the source of
our pump-induced change in the THz response, we would
like to describe the frequency-dependent conductivity within
the framework of a suitable transport model. For that pur-
pose we adopt the simple Drude picture.98 In this approxi-
mation, the complex conductivity is given by

Ds~v!5
i«0vp

2

v1 ig0
. ~8!

Hereg0 defines the scattering rate. This parameter character-
izes the motion of the electron and is important for both the
electron conductivity and diffusivity. The quantityvp

FIG. 7. Photoinduced change in THz complex conductivity,Ds5Ds8
1 iDs9, as a function of frequencyv/2p for n-hexane in two different
sample arrangements, a jet and a flow cell~solid lines!. A fit to the Drude
model ~dotted lines! is also shown. The experimental traces were obtained
from the data in Fig. 3 using Eqs.~6! and~7!. The frequency dependence of
Ds is similar for the two cases, even though the magnitude varies by a factor
of 10.
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5Ae2nf /(«0m* ) is the plasma frequency of the quasifree
electrons, which are assumed to have an effective massm*
and a densitynf . In the expression of Eq.~8! we see that the
frequency dependenceof Ds is determined solely by the
scattering rateg0 , whereas the plasma frequencyvp ~which
scales with the quasifree electron density! affects only the
amplitudeof the response.

The dotted lines in Fig. 7 show the Drude fit to the
experimental data. The agreement between data and model is
adequate for both the jet~left panel! and the flow cell~right
panel!. For frequencies below 0.4 THz, the THz wavelength
becomes comparable to the limited spot size of the UV pump
beam~;1 mm!. An interpretation below this frequency has
not been attempted, since diffraction effects might strongly
influence our observation. We attribute the residual depar-
tures from the Drude model to this effect, as well as to the
experimental uncertainty in recording the THz wave forms.
It should be noted that the influence of noise appears much
greater in the Fourier transformed data than in fitting the THz
wave form directly in the time domain, as illustrated in
Fig. 3.

The inferred scattering times,t5g0
21, are 270 fs for the

jet, and 400 fs for the flow cell. The possible significance of
this difference will be discussed below. The analysis of sev-
eral experiments yields a preferred scattering time of 310
6100 fs. It has been argued that the quasifree electron mo-
bility for cyclohexaneshould exceed that ofn-hexane
because of the more spherical nature of the former
molecule.56,68 In fact, we find that the observed scattering
rates for n-hexane and cyclohexane are indistinguishable
within experimental accuracy. Within the Drude model, the
scattering rateg0 can be related to the dc mobility of the
quasifree electronsm f by the expressionm f5e/(m* g0). As-
suming that the quasifree electron massm* is given by the
electron rest massme , we obtain a value of m f

5560 cm2 V21 s21 from our experimental scattering rate.
It is instructive to compare the quasifree electron mobil-

ity derived from THz-TDS with the~average! drift mobilities
obtained from radiolysis measurements. In radiolysis, the in-
formation available is the total density of solvated electrons
and the dc conductivity with its temporal evolution. From
these experimental data one can obtain the average properties
of the solvated electrons and hence the average mobilitymD .
Since most of the solvated electrons are in bound states that
do not contribute substantially to charge transport, the aver-
age mobility of the solvated electrons is far lower than that
of the quasifree electrons. Radiolysis measurements have re-
ported an average electron mobility of mD

50.074– 0.09 cm2 V21 s21 for electrons inn-hexane~and
mD50.28– 0.4 cm2 V21 s21 for cyclohexane!.50,53,54,79 As-
suming a negligible contribution to the mobility from bound
electrons, the ratio of the electron mobility for a quasifree
electron (m f) to that of an average electron mobility (mD)
will just be given by the corresponding ratio of densities, i.e.,
m f /mD5nt /nf , where nt is the total density of solvated
electrons. Since the vast majority of the electrons reside in
bound states, we can also write this ratio asnt /nf'nb /nf

[R, wherenb is the density of bound electrons.
Using the experimental value of mD

50.074– 0.09 cm2 V21 s21 for the average mobility and our
experimentally derivedm f5560 cm2 V21 s21 for the quasi-
free electrons, we obtainR56200– 7500. In the analysis of
the radiolysis measurements, the temperature dependence of
the effective mobility has been used to estimate the ratioR
5nb /nf of the densities of bound to quasifree electrons in
the two-state model. This value, however, depends critically
on the model of the liquid structure and the nature of quasi-
free electron transport~ballistic or diffusive!, as well as on
the density of trap sites. Values ofR ranging from 400 to
5200 have been reported in the literature.53,55,99Our derived
value of R is comparable to, but slightly greater than the
published estimates. One may ask whether a dependence of
the ratioR on the density of solvated electrons is to be ex-
pected. Clearly at sufficiently high densities one might en-
visage saturation of the traps associated with the bound
states. This regime, however, would appear to require ex-
tremely high electron densities of;1025m23 ~see Ref. 100!,
well in excess of those reached in these studies.

In the quasiballistic model of electron transport,101,102

almost every scattering event leads to trapping of a quasifree
electron. Within this picture, our experimentally derived
scattering time of 310 fs can then be interpreted as the life-
time of the electron in the quasifree state. By way of com-
parison, a time scale of a few hundred femtoseconds has
been observed for a transition from a quasifree to a localized
electron state in solid alkane films.103 In the framework of a
dynamic equilibrium the bound–to–free electron ratioR also
reflects the ratio of the lifetimes within the respective states.
From the minimum lifetime of;310 fs in the quasifree state
we may infer a lifetime of the electron in the trap state on the
order of 100’s of picoseconds.

Figure 8 summarizes the results for the scattering time
t5g0

21 of quasifree electrons inn-hexane as a function of
the excitation density. The excitation density has been con-
verted into a density of quasifree electrons using the Drude
analysis. These values also agree well with estimates based
on the experimental excitation density, the ionization cross
section and losses associated with geminate recombination.
The variation of the quasifree electron density for different
measurements spans almost two orders of magnitude (4
31018– 2.531020m23). This variation, however, does not

FIG. 8. Scattering time,t51/g0 , of the quasifree electrons as a function of
their densitynf . Note that althoughnf varies by almost two orders of
magnitude (431018– 2.531020 m23), the scattering time remains relatively
constant, with an average value of~3106100! fs.
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significantly affect the scattering time of the quasifree elec-
trons, which averages to~3106100! fs. These results indicate
that for the electron densities in this study, scattering events
of the quasifree electron with other electrons or with ions are
not of great significance. The possible trend towards shorter
scattering times with increasing electron density may be
caused by experimental factors related to the size of the UV-
pump spot, which must be focused more and more tightly to
achieve higher electron densities. This situation may enhance
the diffraction effects mentioned above and precludes draw-
ing any definite conclusions from the weak trend in the den-
sity dependence of the scattering time in Fig. 8.

C. Temperature dependence of the signal

As mentioned above, no significant change in the form
of the photoinduced THz response of the liquids was ob-
served as a function of temperature over the relatively lim-
ited range of temperatures investigated~280–315 K!. We
did, however, see a significant change in amplitude. Within
the Drude model~or any other model with noninteracting
charge carriers!, we can interpret the change in the THz re-
sponse as linearly proportional to the density of quasifree
electronsnf . Figure 5 shows that this density can be mod-
eled as increasing with temperature in an activated manner.
For n-hexane, the apparent activation energy is 160 meV; for
cyclohexane, it is 300 meV. It is tempting to relate the ap-
parent activation energies directly to energy differences be-
tween the bound and the free state. Such an analysis would
be appropriate if our conditions implied a constant total den-
sity of solvated electronsnt for each measurement. In fact,
however, what is maintained constant is the UV pump flu-
ence for the photoionization process. For this situation, sev-
eral additional factors need to be considered, as we now
discuss.

The temperature dependence of the density of quasifree
electronsnf can, generally speaking, be influenced by sev-
eral distinct processes for conditions of constant photoexci-
tation. These include:~i! the temperature dependence of the
efficiency of creation of a thermalized electron–ion pair fol-
lowing the photoexcitation,~ii ! the temperature dependence
of the geminate recombination probability, and~iii ! the tem-
perature dependence of the ratio of bound to quasifree elec-
trons.

With respect to ~i!, the creation efficiency of an
electron–ion pair depends on the two-photon absorption
cross section. As discussed by Holroyd and Russell,104 this
quantity is expected to be essentially temperature indepen-
dent. Thus we do not anticipate that this factor will contrib-
ute significantly to the observed temperature dependence of
the electron density over the limited range of temperatures
examined experimentally.

Regarding factor~ii !, the separation probability, as de-
scribed by the Onsager model,78 is strongly temperature de-
pendent because of the variation of the Onsager radiusr ons

with temperature@see Eq.~1!#. Indeed for low escape prob-
abilities, the model leads to anexponentialincrease in the
density of escaping electrons with temperature. This depen-
dence has been verified experimentally by measuring the
free-ion yield in radiolysis experiments51 and the dc conduc-

tivity of photoionized tetramethyl-p-phenylenediamine
~TMPD! in n-hexane.104 It should be noted that these experi-
ments detect electrons microseconds after generation when
all geminate recombination has already been completed. The
temperature dependence of the free-ion yield is associated
with the electrons that are initially positioned near the
boundary of the Onsager sphere and for which their ultimate
fate as either geminately recombining electrons or escaping
electrons takes a relatively long time to unfold.47 In our ex-
periments, however, we typically measure the electron den-
sity 70 ps after photoionization. On this time scale, therapid
component of the geminate recombination process has al-
ready occurred. The possible geminate recombination of
electrons initially located at greater distances may not yet
have reached completion. Thus the sharpness of the tempera-
ture dependence associated with geminate recombination for
the THz measurements may be reduced compared with the
corresponding effect in traditional radiolysis measurements.
It is, however, still expected to be significant.

Factor ~iii ! is considered to be the dominant source of
the temperature dependence of the average mobility ob-
served in radiolysis measurements. Within the two-state
model of immobile trapped electrons and mobile quasifree
electrons, this effect arises from the increasing population of
the quasifree electrons with increasing sample temperature.
Using a model of the electrons bound with an energye0 in
traps of densitynt , Mozumder105 has proposed the following
expression for the ratio of quasifree to bound electrons:

R215nt
21~2pmkBT/h2!3/2e2e0 /kBT. ~9!

The binding energye0 is related to the experimentally acces-
sible activation energyEa by e050.885Ea ~Ref. 100!. At
room temperature, the ratioR21 is dominated by the expo-
nential term, which originates from the thermally activated
detrapping process. Temperature-dependent radiolysis mea-
surements of the average mobility report an exponential tem-
perature dependence, with an effective activation energyEa

5180 meV forn-hexane andEa5150 meV for cyclohexane
at 300 K.68 The lower activation energy for cyclohexane
agrees well with theoretical predictions.55 It also results in a
higher density of quasifree electrons and thus a higher aver-
age mobility for cyclohexane, as observed experimentally:
mD50.28– 0.4 cm2 V21 s21 for cyclohexane54 and mD

50.074– 0.09 cm2 V21 s21 for n-hexane.56

As we have just indicated, the role of thermal generation
of quasifree electrons from trap states@factor ~iii !# can ac-
count for much of the observed temperature dependence in
the quasifree electron density inferred from our THz mea-
surements. Indeed, in the case ofn-hexane, our experimental
activation energy of 160 meV essentially replicates the value
observed for the activation energy in the radiolysis measure-
ments, which was attributed to this source. For cyclohexane,
however, the THz measurements give an apparent activation
energy of 300 meV, while the corresponding radiolysis mea-
surements yield an activation energy of just 150 meV. This
difference may be attributed to the temperature dependence
of the probability of geminate carrier recapture@factor ~ii !
above#. What remains unclear, however, is why this factor
would be much more significant for cyclohexane than for
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n-hexane. One possible answer lies in the motion of ions,
which is significant in cyclohexane compared ton-hexane.106

D. Electron-ion recombination dynamics

In the past, electron-ion recombination processes have
been primarily investigated using transient optical absorption
techniques, with wavelengths ranging from the visible to the
mid-IR.62–64,66In contrast to THz spectroscopy, these meth-
ods are also potentially sensitive to bound electrons, ions and
excited molecules, and therefore their focus has been on the
initial recombination process between excited electrons and
photogenerated ions. In order to link our results with such
earlier investigations, we also recorded a transient absorption
signal using an 810-nm probe beam. We observed a decay on
the time scale of 3 ps to one third of the initial signal, in
good agreement with earlier reports in the literature.66 Since
this decay rate was found to be independent of the excitation
density, the underlying process responsible for this decay
was identified as ageminaterecombination between the ex-
cited electron and its parent ion.

In contrast, in the THz experiment, as illustrated in Fig.
4, we do not see evidence of such a rapid decay. The reason
for the absence of this feature is unclear. It can, however, be
explained, at least in part, by the reduced time resolution of
the THz measurement compared with that of the optical
probe. While the rapid decay component is not seen in the
THz measurements, we can observe a slower decay over
100’s of ps. Unlike the early-time behavior observed with the
optical pulse, this rate exhibits a marked dependence on the
excitation density. We interpret the increased decay rate of
the quasifree electron density with increased excitation as the
consequence of the presence of a higher density of ions. It is
thus a signature of anongeminaterecombination process,
although a small contribution from geminate recombining
electrons to the THz signal might still be present.

The analysis of the time-resolved experiments is facili-
tated by the observation from Eqs.~6!–~8! that the observed
DE(t) signal is directly proportional to the quasifree electron
density nf . Furthermore, assuming equilibration between
electrons in the quasifree and the bound states, we can inter-
pret DE(t) as proportional to the total density of solvated
electronsnt . The key aspect of the nongeminate recombina-
tion process is the dependence of the rate on the product of
the density of the solvated electrons and the density of the
ions. As a simple model of the decay dynamics after an ini-
tial rapid phase of geminate recombination, we introduce a
second-order rate law for the evolution of the solvated elec-
tron density:107

ṅt~ t !52knt
2~ t !. ~10!

Herent(t) is the time-dependent total electron density andk
the rate constant; we have replaced the product of the ion and
electron densities that one would expect on the right-hand
side of Eq. ~10! with the square of the solvated electron
density using conservation of charge. The solution of this
differential equation leads to

nt~ t !

nt~0!
5

1

11knt~0!t
, ~11!

with nt(0) denoting the initial solvated electron density. This
equation illustrates a key characteristic of nongeminate re-
combination, namely that the decay rate depends critically on
the initial densitynt(0). This simple model is seen to be
capable of reproducing the data of Fig. 4 adequately. As is
physically appropriate, we have used the same value ofk but
distinct valuent(0) for the different initial excitation densi-
ties. Although the model of Eq.~11! was introduced in a
heuristic manner, it has also been derived for charge trans-
port governed by diffusion and a Coulomb attraction be-
tween the two species.107 The rate constantk is then related
to the sum of the mobility of the two speciesm by

k5
e

«0« r
m. ~12!

The sum of the mobilities is dominated by the electron mo-
bility. Considering all of the solvated~bound and quasifree!
electrons, the relevant mobility has a value ofmD

50.074– 0.09 cm2 V21 s21 for n-hexane.50,56 By using this
value and Eqs.~11! and ~12!, we are able to calculate the
initial total density of electrons asnt(0)53.3– 431022m23

for the experiment at the highest excitation densities~see
Fig. 4!. This value is compatible with the estimated total
electron density based on the quasifree electron density de-
rived from the fit to the Drude model.

VI. CONCLUSION

In this paper we have applied the method of THz time-
domain spectroscopy to probe transport in photoexcited liq-
uids, namely,n-hexane and cyclohexane. The method pro-
vides measurement capabilities that complement established
transport and optical characterization techniques. The THz
technique provides direct information on the frequency-
dependent conductivity of the material and its temporal evo-
lution following photoexcitation. As we have seen, this in-
formation can provide valuable insight into the fundamental
aspects of the charge transport process.

In our experiments, we found that the THz response
arises predominantly from the motion of the photoexcited
quasifree electrons. From the frequency dependence of the
conductivity and application of the Drude model, we were
able to extract a scattering time of 3106100 fs for quasifree
electron densities in the range of 1018– 1020m23, depending
on the conditions of the photoexcitation process. The corre-
sponding mobility of the quasifree electrons was found to be
dramatically larger than the previously determinedaverage
electron mobility. A high value for the free-electron mobility
had, however, already been predicted by the two-state model
of solvated electrons. In this picture, only a small fraction of
the solvated electrons, the quasifree ones, contribute to the
mobility, with the majority of the electrons remaining in es-
sentially immobile trapped states. The ratio of the free-
electron mobility to the average electron mobility reflects the
ratio of the concentration of bound to quasifree electrons.
With the approximation of dynamic equilibrium, this factor
also corresponds to the ratio of the lifetime in the bound state
to that in the free state. Since the lifetime of the quasifree
electrons cannot fall below our experimentally determined
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scattering time of 3106100 fs, we infer residence times of
electrons in the bound state as long as hundreds of picosec-
onds.

Experiments were performed to examine the influence of
the temperature of the liquid on charge transport properties.
Over the somewhat limited range of available temperatures,
no change in carrier scattering rate was observed from our
analysis of the measured frequency-dependent conductivity.
For identical photoexcitation conditions, however, the den-
sity of quasifree electrons was found to change strongly with
temperature and could be described as a thermally activated
process. Since we expect nearly the same initial density of
electrons irrespective of the temperature, one may readily
explain this activated behavior in terms of the role of tem-
perature in producing thermally excited quasifree electrons.
Such an analysis suggests that the inferred activation energy
should correspond to the energy needed to produce a quasi-
free electron from a bound electron. While this picture was
compatible with the results for the binding energy of trap
states inn-hexane, the apparent activation energy for cyclo-
hexane differed from the previous determination of the bind-
ing energy. This discrepancy probably reflects the tempera-
ture dependence of the geminate recombination probability.

The THz probe was also used to follow the recombina-
tion dynamics through the temporal evolution of the quasi-
free electron density. A time scale of;1 ns was observed for
the decay of this density, with a rate depending strongly on
the initial electron/ion density created by the photoexcitation
process. We thus concluded that the observed recombination
process is predominantlynongeminatein character, at least
for the time scale of our measurements. Modeling the recom-
bination process assuming diffusive electron motion, we
were able to reproduce the nonexponential temporal shape of
the decay curve for different initial electron densities. An
interesting aspect of this part of the study is the absence of a
THz signature of the electrons undergoing geminate recom-
bination, a feature that should be significant at early delay
times of a few picoseconds. This observation, which stands
in sharp contrast to behavior seen with femtosecond optical
probe pulses, could simply reflect the influence of the re-
duced time resolution of the THz measurement. It is, how-
ever, difficult to understand the degree of suppression of this
response solely in these terms. A different factor might be a
decreased mobility of those electrons in the immediate prox-
imity of their parent ions that are subject to rapid geminate
recombination. Further examination of the THz response at
short delay times following photoexcitation and a detailed
comparison of these findings with the results of optical prob-
ing remains an interesting direction for future investigations.
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