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Charge Transport and Carrier Dynamics in Liquids Probed by THz Time-Domain Spectroscopy

E. Knoesel,1,* M. Bonn,2 J. Shan,1 and T. F. Heinz1

1Department of Physics, Columbia University, 538 West 120th Street, New York, New York 10027
2Leiden Institute of Chemistry, P.O. Box 9502, 2300 RA Leiden, The Netherlands

(Received 17 July 2000)

We examine the transport properties and the dynamics of free electrons in n-hexane by means of fem-
tosecond spectroscopy using an ultraviolet pump pulse to create the electrons and a THz electromagnetic
pulse as a probe. The complex dielectric response of the photogenerated electrons is determined over
a broad range of frequencies, from which we infer the electron scattering time and density through the
Drude model. The time evolution of the carrier density reveals nongeminate electron-ion recombination
within hundreds of picoseconds at high ion concentration.
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The nature of charge transport in condensed matter is of
great fundamental and technological importance. One of
the key parameters of the motion of electrons is the scat-
tering time, i.e., the mean time between momentum chang-
ing collisions that act to impede the flow of current under
an applied electric field. Typical scattering times range
from femtoseconds to picoseconds, depending on the na-
ture, purity, and temperature of the material. Since these
times correspond to the terahertz (THz) frequency range,
THz time-domain spectroscopy (THz TDS) has emerged
as a powerful probe of charge carriers and their transport
processes in condensed matter [1–5]. This method pro-
vides direct information on the real and imaginary parts of
the dielectric constant or, equivalently, the complex con-
ductivity. These data, when analyzed in conjunction with
a description of the carrier response, as, for example, em-
bodied in the Drude model, yield basic properties relevant
in transport, such as carrier densities, plasmon frequen-
cies, and scattering rates. The approach has been applied
successfully in semiconductors [1,2] and semiconductor
nanostructures [3], as well as in superconductors [4,5]. An
important additional aspect of THz TDS is the possibility
to probe dynamical processes with picosecond temporal
resolution, as has been demonstrated in solid state mate-
rials [2,3,5,6] and liquids [6,7]. In this Letter, we report
on a pump-probe THz TDS study of electrons in a model
nonpolar liquid, namely, solvated electrons in n-hexane.

Solvated electrons in liquids have long been a sub-
ject of scientific interest. Since the early experimental
findings of Thompson [8] and the seminal theoretical
contributions of Onsager [9], the problem of solvated
electrons has been addressed by a variety of techniques
[10]. Attention has been focused both on the character-
istics of the solvated electrons themselves and on their
generation and recombination with ions. Important experi-
mental approaches have included radiolysis measurements
[11–13], in which induced currents from irradiation of the
sample are recorded, and laser-based probes [14–16], in
which the infrared or visible transient absorption induced
by an ionization step may be followed with high time
resolution. From these investigations, a two-state model
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of solvated electrons has emerged that is capable of
describing many of the experimental observations [12,13].
In this picture, solvated electrons exist in thermal equi-
librium between localized bound states and a quasifree
state, with only those electrons in the quasifree state
contributing significantly to the electrical conductivity of
the liquid. Lacking from the studies to date, however, is
direct information on the relative proportion of quasifree
and bound electrons and on the basic transport properties,
such as scattering time or mobility, of the quasifree
electrons. These parameters have been obtained only
through modeling of the temperature dependence of the
average mobility [13], except in a few special systems for
which measurements of both the conventional and Hall
conductivity have been achieved [17]. As we demonstrate
in this Letter, THz TDS complements existing approaches
to the study of electron transport in liquids. Like pulsed
radiolysis measurements, THz TDS is sensitive to the
charge transport process itself, but provides direct access
to the time scale of the scattering process, as well as to
the density of the quasifree electrons. THz TDS further
permits one to observe the evolution of the system follow-
ing excitation with picosecond time resolution. As such,
THz TDS complements optical pump-probe spectroscopy,
which probes predominantly solvated electrons in bound,
rather than in quasifree states.

The apparatus employed for THz TDS is indicated in
Fig. 1. The laser for these measurements is an amplified,
mode-locked Ti:sapphire system that provides 100-fs
pulses at a wavelength of 810 nm with an energy of
1 mJ�pulse and a repetition rate of 1 kHz. Pulsed THz
radiation is produced by optical rectification of these
laser pulses in a ZnTe crystal; and the electric field of
the THz pulses is detected in a second ZnTe crystal via
electro-optic sampling [18]. Between the generation and
detection stages, the THz beam passes through a focus
of �1-mm diameter, where the sample is introduced.
The n-hexane (spectroscopic grade, Alpha Aesar) was
probed both in the form of a jet and in a 1-mm-thick
flow cell. The solvated electrons in the n-hexane sample
were generated by a two-photon ionization process
© 2001 The American Physical Society
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FIG. 1. Experimental setup for THz time-domain spectroscopy
with an ultraviolet pump beam for photoexcitation of the liquid
sample.

(IP � 8.6 eV [16]) with UV pulses at a photon energy of
4.5 eV. These pulses, created by frequency tripling 90%
of the 810-nm radiation, provided 50 mJ of energy in a
spot of 0.2-1-mm diameter at the hexane sample.

Three distinct types of measurements can be performed
with this apparatus. In the first scheme, we record the
transmitted THz electric field waveform E�t� for any
desired sample—be it hexane, photoexcited hexane, or
no sample at all —by scanning the delay of the 810-nm
sampling pulse versus the THz probe pulse. In the second
scheme we obtain the differential THz waveform, DE�t�,
with and without photoexcitation of the sample. In
these measurements, performed at any chosen delay after
generation of the electrons, we chop the UV pump beam
and monitor the induced modulation in the transmitted
THz waveform. In the third scheme, we select a particular
point in the THz waveform, E�t � t0� or DE�t � t0�,
and record its variation as a function of the delay after the
arrival of the UV pump pulse.

The electric-field waveform E�t� of THz pulses trans-
mitted through the unexcited hexane sample is shown as
the upper trace of the left panel of Fig. 2. The wave-
form has a width of a few picoseconds and exhibits a large
transient followed by a few smaller oscillations. The lat-
ter arise primarily from absorption by water vapor in air
[19]. The THz waveform in the absence of the sample
in the beam path exhibits essentially the same shape and
amplitude, which indicates small THz absorption of hex-
ane. We do, however, observe a distinct temporal shift;
this can be related accurately to the thickness of the sample
through the known low-frequency refractive index of n �
1.42 [20]. The lower trace in Fig. 2 depicts the pump-
induced change in the THz waveform, DE�t� � Eon�t� 2

Eoff�t�. In comparison to E�t�, the amplitude of DE�t� is
only 0.5% and its waveform displays a distinctly different
shape. The relative change in the waveform contains the
information on the dielectric properties of the liquid with
injected electrons. The induced THz response, DE�t; Dt�,
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FIG. 2. Left panel: THz waveform Eoff�t� after transmission
through 1 mm of n-hexane (upper trace) and changes in the
transmitted THz waveform, DE�t�, induced by the UV pump
beam (lower trace). The UV pump fluence was 10 mJ�cm2, with
a beam diameter of 0.8 mm and a pump-THz-probe time delay
of 67 ps. Right panel: frequency dependence of the change in
real �D´0� and imaginary �D´00� part of the dielectric constant.
The dashed lines are fits to the Drude model.

measured at a delay time Dt after UV excitation varies
slowly with Dt on the time scale of a few picoseconds.
We thus consider the solvated electrons probed in our mea-
surements to be in quasi-steady-state and ascribe to them a
frequency-dependent dielectric function that depends para-
metrically on the pump-probe delay time Dt.

In order to extract the complex dielectric function from
the experimental data, we take the Fourier transforms of
the THz waveforms measured without the sample, with the
unexcited sample, and with the photoexcited sample. The
ratios of the latter two to the former correspond to the com-
plex transmission factors for the sample in its unperturbed
and excited states, respectively. Since the induced change
in the dielectric response, D´, is quite small, we have ana-
lyzed the problem perturbationally and find a direct rela-
tion between the differential THz waveform, DE, and D´:
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where E�v� and DE�v� denote the Fourier transforms of
the corresponding time-domain quantities, E�t� and DE�t�,
and ´�v� and ´ext�v� are the complex dielectric functions
of the unperturbed sample and its surrounding material
(e.g., air, sample cell windows), respectively. This expres-
sion includes propagation through thickness l of the ex-
cited liquid, as well as interfacial transmission losses at
the boundary of the sample. The influence of multiple
reflections is slight and has been omitted for simplicity.
The right panel in Fig. 2 depicts the inferred changes in
the real and imaginary parts of the dielectric constant, D´0

and D´00, versus frequency.
341
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In principle, the pump-induced changes in the THz
waveform could arise from any of the species that are
generated by the UV pulse, i.e., ions, excited neutral
molecules, and electrons in the bound or quasifree state.
A priori one would expect the quasifree electrons to
dominate: the THz response will be most sensitive to
charged particles that can be accelerated most readily by
the applied electric field, namely, the quasifree electrons
with their low effective mass. Indeed, as will be apparent
in the discussion below, all of our experimental findings
indicate that quasifree electrons are the source of the
observed change in the THz waveform. As a simple repre-
sentation of this response, we introduce the Drude model
to describe the modification of the dielectric function of
the liquid D´:

´tot � ´�v� 1 D´�v� � ´�v� 2
v2

p

v�v 1 ig0�
. (2)

Here g0 denotes the electron scattering rate,
vp � �e2nf��´0m���1�2 is the plasma frequency, with m�

the effective electron mass, nf is the density of quasifree
electrons, and ´0 is the permittivity of free space. The
scattering rate g0 in this expression characterizes the
movement of the electron in the material and is therefore
of central importance for the processes of conduction and
diffusion.

The dashed lines in Fig. 2 represent a fit of the ex-
perimental value of the change in the complex dielectric
function, D´�v�, to the Drude model. The agreement
between the data and the model is quite good given that
the shape of the two curves, D´0�v� and D´00�v�, is
determined entirely by the single parameter of the scat-
tering rate g0. For frequencies below 0.4 THz, the THz
wavelength is comparable to, or larger than, the limited
spot size of the UV pump beam �800 mm�. This makes
an interpretation of the experimental data below this
frequency less clear, since diffraction effects might influ-
ence the observations. The indicated fit yields a scattering
rate of g0 � �330 fs�21 and a plasmon frequency of
�vp�2p� � 3.3 3 109 Hz, which implies a quasifree
electron density of nf � 7 3 1012 cm23 (for m� � m0).
From another set of data taken at higher excitation density,
we obtain a similar scattering rate of �235 fs�21 and a
plasmon frequency of �vp�2p� � 2.5 3 1010 Hz. A
comparison of several experiments leads to an average
scattering rate of g0 � �270 6 60 fs�21, which displays
no strong dependence on electron density.

The scattering rate g0 can be related to the mobility of
the quasifree electrons mf by the relation mf � �e�m��g0
[10]. Assuming that m� � m0, we obtain a value of
mf � 470 cm2 V21 s21. In earlier radiolysis measure-
ments, researchers found an average electron mobility of
md � 0.074 cm2 V21 s21 for electrons in n-hexane [13].
The large discrepancy between mf and md arises from
the fact that conventional transport measurements deduce
the electron mobility using the total density of solvated
342
electrons, the experimentally accessible quantity, while our
measurements include only the response of the quasifree
electrons. Since most of the solvated electrons are in
bound states that contribute very little to charge transport,
the average mobility of the solvated electrons will be far
lower than that of the quasifree electrons. Theoretical es-
timates for quasifree electron mobilities range from 30 to
400 cm2 V21 s21 in nonpolar liquids [13,21,22], slightly
lower than what is observed here. In a quasiballistic model
of electron charge transport our experimentally derived
scattering time (270 fs) would correspond to the electron
lifetime in the quasifree state [23]. By way of comparison,
at interfaces a time scale of a few hundred femtoseconds
has been observed for a transition from a free to a bound
(localized) electron state in solid alkane films [24].

The quasifree electrons observed in the THz measure-
ments constitute only a small fraction of the total electron
density. The quasifree electrons are produced by thermal
excitation of solvated electrons residing in the bound state
and, consequently, their density reflects the temperature
of the system. This results in a strong temperature de-
pendence of the average electron mobility, from which an
average binding energy of the electron in the bound state
of Ea � 190 meV was inferred [13]. We applied the THz
TDS method to obtain a direct measure of the density of
quasifree electrons as a function of temperature. We found
a density increase by a factor of 1.6 for an increase in the
sample temperature from 287 K to 312 K, corresponding
to Ea � 150 meV.

The temporal evolution of the solvated electrons can be
studied with the THz TDS approach by recording the THz
waveform DE�t� as a function of delay time Dt of the
UV pump pulse. We found no change in the shape of
DE�t� with variation of either Dt or pump fluence F. By
comparison to the Drude model, we infer that g0 is inde-
pendent of the excitation parameters and that the ampli-
tude of DE�t� is proportional to nf , the quasifree electron
density. Figure 3 displays the resulting time dependence
of the nf for two different pump fluences, F � 0.3 and
0.15 J�cm2. The electron density is found to decrease on
a time scale of 400 ps for the high fluence and 1.2 ns for
the low fluence, with immeasurably long decay times oc-
curring at still lower fluences. We interpret this decay as a
nongeminate electron-ion recombination process, the rate
of which depends on the hexane-ion concentration and,
hence, on the UV pump fluence. Optical and infrared tran-
sient absorption experiments of photoexcited alkanes re-
veal recombination times of a few picoseconds [15,16].
For a probe pulse at 810 nm wavelength, we observed
similar results. This faster decay process, which has been
attributed to geminate recombination of electrons with
their parent ions, was not apparent in the THz TDS mea-
surements. The difference in sensitivity of the optical and
the THz probe may reflect the somewhat reduced time
resolution of the THz measurement. It may also indicate
that electrons undergoing geminate recombination — and,
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FIG. 3. Dependence of DE�t� (measured at its maximum) on
the UV pump-THz-probe delay. As discussed in the text, DE ~
nf , the quasifree electron density. The fluence-dependent decay
is interpreted as a nongeminate recombination of the photogen-
erated electrons with n-hexane ions.

consequently, moving in the strong Coulomb field of their
parent ions —exhibit reduced response to the THz field.

In summary, terahertz time-domain spectroscopy has
been applied to examine the charge transport properties
and dynamics of electrons in liquid hexane. To our knowl-
edge, this is the first report of the frequency dependence
of the conductivity of electrons in any liquid. Over a wide
range of THz frequencies, both the real and imaginary
parts of the complex response function could be well de-
scribed by the Drude model. This analysis directly yields
the scattering time and density of the quasifree electrons.
The time evolution of the quasifree electron density re-
veals the presence of a nongeminate electron-ion recombi-
nation process. The method demonstrated here appears to
have considerable potential to investigate charge transport
in other liquids, as well as in wide-gap semiconductors
and insulators.
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