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We investigate THz radiation absorption by charge carriers, focus-
ing on the mobility in nanorods and wires. We show that for short
rods the mobility is limited by the high spacing of the charge
carrier energy levels, while for longer wires (greater 25 nm) finite
dephasing results in considerably higher low frequency mobility.
Analyzing the length, temperature and population dependence, we
demonstrate that, apart from the temperature dependent dephas-
ing, the mobility becomes strongly charge carrier population
dependent. The latter results in no simple linear relationship
between carrier density and conductivity. Additionally their
thermal distribution determines the mobility, measured in experi-
ments. We further show that Drude or Plasmon models apply only
for long wires at elevated temperatures, while for short length
quantization results in considerable alterations. In contrast to
those phenomenological models, i.e. a negative imaginary part of
the frequency-dependent conductivity in a nanosystem can be
understood microscopically. Based on the results, we develop
guidelines to analyze 1D terahertz conductivity spectra. Our
approach provides also a new tool to optimize the mobility by
nanowire length as well as to analyze the dephasing, not by con-
ventional wave mixing techniques, but by coherent optical pump-
THz probe spectroscopy.

1. Introduction

In bulk semiconductors the mobility of charge carriers
depends mainly on the magnitude of the electron or hole
effective mass as well as the strength of the carrier-phonon
interaction since the 3D density of states provides a continuum
of final states for acceleration in an external field or scattering
with phonons and impurities. This concept of a carrier mobi-
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lity as an intrinsic material property, however, does not hold
for systems with reduced dimensionality. In 1D quantum wires
of finite length, length quantization reduces the continuum to
a series of discrete states on the original dispersion parabola
with quantized energies and carrier momenta. Typically THz
radiation is used to induce intraband transitions of optically
generated electrons in the conduction band and holes in the
valence band, respectively, leading to charge transport by indu-
cing increasing momentum.'” Conventional continuum
physics conductivity models, frequently used for the fre-
quency-dependent conductivity o(w), like the Drude-(Lorentz)
or Drude-Smith models®>*'*'" should be chosen with care to
analyze frequency dependent mobility data in semiconductor
nanosystems, as they invoke the presence of a continuum of
states implicitly or explicitly. For the Drude model this implies
e.g. non-negative real and imaginary conductivity or a maximal
conductivity at zero frequency, which does not reflect the
observations for nano materials">*%'>™" in many cases. The
addition of a backscattering term in Drude-Smith models
resolves these problems phenomenologically, however giving
only limited physical insight.>* Plasmon models introduce an
additional restoring force, allowing for a more versatile real
and imaginary conductivity. The model, nontheless, stays
phenomenological."*'*'® Instead quantum mechanical
approaches to the conductivity in semiconductor nano-
materials are needed, but rarely used.”>'” A systematic investi-
gation, discussing the impact of the major system parameters
and the underlying physics is still lacking.

In this contribution we show based on a quantum mech-
anic Kubo-Greenwood approach that a model taking into
account localization to a finite system length or domain size
leads to strong alterations with respect to the mentioned con-
ventional models. We analyze the frequency, length and popu-
lation dependence of the mobility of electrons and holes
inside a 1D domain with WZ CdSe as an exemplary model
system. We suggest that dephasing in these systems can be
measured by model fits to experimental frequency dependent
mobility spectra from THz spectroscopy, without the use of e.g.
nonlinear four wave mixing techniques.
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2. Results and discussion

Kubo'® and Greenwood'® have developed a formalism describ-
ing the mobility of charge carriers based on a quantum
mechanical approach. We consider a quantized 1D system of
finite length L (Fig. 1(a)) and infinite confinement potential

outside the domain. The frequency dependent conductivity
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with g. the elementary charge, m* the effective charge carrier
mass and V the normalization volume over which the tran-
sition matrix element (¥|e-p|¥;) is evaluated. e-p is the
product of the THz field polarization vector e and the momen-
tum operator p (Fig. 1(a)). The carrier conductivity of e.g. an
electron in a conduction band state 7 is directly related to the
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Fig. 1 Sketches: (a) electron responds to THz radiation on 1D domain.
(b) A: 1D quantum well with allowed electron transitions. B: Fermi distri-
bution with occupation number of states from A for low and high temp-
erature. C: Real (blue) and imaginary (red) parts of Lorentzian transition
lines between states from A. Length dependence (c—f): real and imagin-
ary mobility of CdSe nanowires for different length at 10 K and 300 K
under the assumption of one charge carrier per domain. Legend from
panel (f): Frequency-dependent mobility of electron (solid lines) and
hole (dotted lines) at different lengths ranging from 10 nm (magenta) to
80 nm (blue). The legend applies to all sub-figures.
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difference of the Fermi occupations f(E;) — f(E;) of the initial
state 7 and the other states j, to which transitions can occur
(see Fig. 1(b)). The Fermi-Dirac distribution of electrons (or
holes) is given as™

S(E Ep) = 55—, (2)

el +1

with Ey the Fermi energy. The total number of charges N in
the domain is given by

v [ peys. e

—ZJ (E — E)f (E,Ep)dE = ZfE,,EF)

taking into account the &-like density of states of the infinite
square well. For a given number of charges N the Fermi energy
has to be found numerically, as there is no analytical solution
for Ep. The prefactor 2 in eqn (2) reflects the two possible spin
values. We evaluate the matrix elements (¥;|e-p|¥;) in eqn (1)
with the spatial basis functions of an infinite deep 1D
quantum well analytically using the canonical transformation
p. = —ihd/dz to transfer from a momentum to a spatial
operator. Further we expand the Lorentzian lineshape function
1/(E; — E; — ho — iAT') to gain a real denominator. We obtain

B ngh (_1 + (_1)i+j)2i2j2 | |
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assuming full polarization in the z-direction (e-p = p,). Here E,

= n®h*/(2m*L?) is the ground state quantization energy in the
1D box in z-direction. See also ESIf for details of the deri-
vations and assumptions. Charge conductivity and mobility
are related by

Voen (Ne‘h)
Ne,th

:ue.h(Ne,h) = (5)
via the carrier density Nen/V = Nen/(LiLyL) in the rod or wire
containing N electrons or holes. Hence, based on eqn (1) and
(4) the mobility (eqn (5)) depends on the THz photon fre-
quency o, the temperature 7 and number of charges per
domain N (via f(E, Er)), the length of the wire L (via E,) and the
dephasing I', but no longer on the wires’ transversal dimen-
sions (L, Ly).

The sum in eqn (1) and (4) can be separated into three
terms with distinct physical meaning, which we denote as A, B
and C. Term A represents an energy normalized transition
probability depending on the potential and hence basis func-
tions. It implies, that only transitions |{) — |/ + 1) contribute
significantly, as the probability of the next allowed transition
|i) = |i + 3) is already orders of magnitude smaller for the
potential well. Term B is the difference in Fermi occupation of

This journal is © The Royal Society of Chemistry 2022
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level i and j. At 0 K the N electrons fill up the lowest states till
the Fermi energy. Transitions between states near the Fermi
edge dominate the conductivity and mobility, as they go from
occupied states to vacant states above. Term C is the
Lorentzian transition line, containing the full frequency
dependence of real and imaginary part for each transition.
Given a certain " it can only shift in resonance frequency
through L (via E,), j and i. Terms A, B and C are visualized
schematically in Fig. 1(b).

The lower panels of Fig. 1 show the frequency-dependent
real and imaginary parts of the single-carrier mobility in CdSe
nanowires of different length at 10 K (c + d) and 300 K (e + f),
using m, = 0.31m, and my, = 0.33m, for thin wires.>® For I" we
chose typical dephasing rates of 8 x 10" s™" at 10 K and 5 x
10" s at 300 K in CdSe.** The frequency range of 0-3 THz
reflects typical settings of Terahertz Time Domain
Spectroscopy (THz-TDS).>>*® Due to the similar effective
masses there are no considerable differences in the electron
(continuous lines) and hole (dotted lines) mobilities. At low
temperature the occupation number shows a steep edge at Eg
(see Fig. 1b) at 10 K. The broadening of this edge by +kgT is
small. Only for a small number of transitions term B in eqn (1)
is large enough to contribute significantly. Hence the clearly
pronounced resonance structure of both the real and imagin-
ary parts of the frequency-dependent mobility at low tempera-
ture, showing the Lorentzian lines (term C, eqn (1)) of the
respective transitions. For small nanowires of 20 nm (¢ + d,
magenta) the energetic state spacing is large and many tran-
sitions thus largely super-resonant with respect to the 0-3 THz
window. With the probe frequency in the red wing of the reso-
nance, the imaginary part becomes negative. Increasing the
nanorod length, however, decreases the lateral confinement,
shifting transitions into the 0-3 THz frequency window. For
the longer wires, the increasingly close spacing of energy levels
allows for multiple transitions in the chosen frequency range,
which results in the prominent, increasingly dense wiggles
observed on the mobility calculated for long wires, and finally
arriving at a bulk-like limit for very long wires.

Increasing the temperature smoothes the Fermi edge as
illustrated in Fig. 1(b). The energy denominator in term A (eqn
(1)) and the population number difference in term B balance
each other in a way that allows a manifold of energetically
accessible transitions to contribute to the signal, although
each with low amplitude, which causes the peak structure to
be blurred. A considerably higher I" additionally reduces the
amplitude of each transition, but also broadens the peak
profile in the real part. Still, the large energetic spacing of
small wires allows fewer transitions within the chosen fre-
quency range, than for long, weakly confined wires (e + f),
maintaining the negative imaginary mobility observed for very
short wires. The mobilities in Fig. 1(e + f) also show, that for
long nanowires (>80 nm, blue) a continuum limit is reached,
which is related to the summation of very close lying neighbor-
ing transitions of about equal transition frequency. The results
show, that there is a quantum mechanical transport regime in
the finite size domain, in contrast to the conventional Drude
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Model, which captures bulk like properties. Our description
matches observations made in experiments.!%%12714

In Fig. 2 we analyze the length dependence of the single-
carrier mobility in our model for various THz frequencies. We
observe at both temperatures in (a) and (c) a strong increase of
the mobility with nanowire length, up to about 20 nm, fol-
lowed by a saturation regime due to a quasi-continuous
density of states in long wires. Again, the observed structure is
largely due to the interplay of terms A and B in eqn (1), with A
yielding the energy of the possible transitions relative to the
THz window and B the weight of these transitions through the
population difference. Short wires (<20 nm) are off-resonant,
so that only an onset of a higher energy transition is observed
in (a) and (d), resulting in lower overall mobility, which is
increasing with length due to decreasing detuning of the
lowest electronic transition(s). At low temperature we observe
with increasing length additional maxima (a) and additional
Poles (b) for every additional resonant transition, best seen for
high probe frequencies. The phase course ¢ = arctan(Im(u)/Re
(1)), discussed in section S2 of the ESIL,T also reflects the tran-
sition from the quantum transport to the continuum limit
with increasing wire length, as shown in Fig. S1.7 Overall, the
mobilities are on average lower at elevated temperature (d + e)
as compared to 10 K, as a broader thermal distribution of
initial population results in a reduced transition probability to
nearby higher states, as f(£;) will approach f(E;). Again, the
increased dephasing rate I" at elevated T reduces the amplitude
of both real and imaginary mobility. The impact of variable
dephasing is discussed in section S3 of the ESL{

As a further aspect we investigate the population or exci-
tation dependence of the system mobility for one to ten elec-
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Fig. 2 Length dependence: real (a + c) and imaginary (b + d) mobility
for CdSe nano wires at 10 K and 300 K under the assumption of one
charge carrier per domain. The buff color zones indicate regions, where
x- and y-direction related transitions are not strongly off resonant any
more and the system becomes a quantum cube. Hence these regions
should not be considered. However the choice of THz z-polarization
avoids any x- and y-transitions. Legend from panel (c): length-depen-
dent mobility of electron (solid lines) and hole (dotted lines) at different
frequencies ranging from 0.1 THz (magenta) to 2.2 THz (violet). The
legend applies to all sub-figures.
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trons (holes) on the 1D domain. Inspecting eqn (4), we vary
f(E;) — f(E;) by varying N in eqn (3), which implies different
Fermi distributions. Fig. 3 displays the results for 20 nm CdSe
nanorods at 10 and 300 K, applying the same I" as above. In
Fig. 3(a) the transition energies and amplitudes of the first two
transitions, starting from the lowest states, are shown for a
quantum well at low temperature. They depend on the carrier
occupation. Fig. 3(b) shows the underlying carrier distribution
according to the ‘aufbau principle’. With a maximum of two
carriers occupying a single state, the state filling successively
excludes transitions between low energy levels. Due to the
growth of energy level spacings with quantum number, the
allowed transitions display a stepwise shift towards higher
energy with increasing carrier occupation. Note that the energy
scale in Fig. 3(a) is equivalant to 0-8 THz in our model, so
only the first peaks are visible in panel (c). The real and ima-
ginary parts of the calculated mobilities are shown in Fig. 3(c—
f). The ‘aufbau principle’ is reflected in the curves at low temp-
erature, where it remains close to the real occupation due to
the steep Fermi edge, as only for up to three carriers a reso-
nance structure similar to Fig. 1(c + d) is obtained. The curves
for higher carrier population show features similar to the
shortest rods of Fig. 1(c + d), as the lowest possible transitions
shift outside the THz frequency window towards higher ener-
gies. The number of carriers modulates the amplitude of the
mobility curves in line with the total number of allowed tran-
sitions at a given energy (see Fig. 3(a)).
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At elevated temperatures in Fig. 3(e) the Fermi function
broadens in energy, resulting in a broad distribution of initial
states with low occupation. More and more transitions to
nearby states, which are not fully occupied, are then possible.
This increases the charge carrier mobility with increasing
population in (e). According to eqn (3) an increased number of
charge carriers broadens the population distribution further,
so that the mobility can increase due to partially free states
beneath in energy.

An increasingly large imaginary part at 300 K in (f) reflects
the growing total dephasing, as more and more transitions
between the different states are involved and summed up. At
some point (6 electrons) the behavior is inverted, as the
increasing level spacing at the Fermi edge becomes again
bigger than the dephasing, resulting in a reduction of the ima-
ginary part in (f). The latter behavior is also observed in (d).

Fig. 4 shows the nanowire length dependence of the real (a
+ ¢) and imaginary (b + d) mobility at 1 THz frequency for
different electron or hole populations. At 10 K an increase of
the carrier number shifts the maximum (a) and pole (b) to
higher length. In this case the, behavior is governed by term A
in eqn (1), as an increased energy spacing to the next unoccu-
pied state, which gets higher with the quantum number of the
initial state at the Fermi edge, is compensated partially by the
length increase related decrease of the energy spacing. Hence,
the maximum associated with transitions to the first (partially)
unoccupied state shifts with population to higher wire length.
For long wires a continuum limes is approached again. At
300 K higher dephasing together with broad Fermi distri-
butions (small differences between initial and final states,
term B in eqn (1)) result in lower mobility compared to 10 K as
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Fig. 3 Scheme of the real frequency dependent mobility of a 20 nm
CdSe nanowire between 0—-8 THz (a) and energy level scheme for the
1D quantum box states filled with 1-6 electrons (b) at 10 K. Blocked
transitions by state filling are shown in grey. Population dependence:
frequency dependent real (c + e) and imaginary (d + f) mobility of 20 nm
CdSe nano wires at 10 K and 300 K. Legend from panel (f): frequency-
dependent mobility of electron (solid lines) and hole (dotted lines) at
different number of carriers ranging from 1 (magenta) to 10 (violet). The
legend applies to all sub-figures.
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Fig. 4 Population dependence: lateral length dependence of the real (a
+ ¢) and imaginary (b + d) mobility for CdSe nanowires at 10 K and
300 K for varying number of charges on the domain. The buff color
zones indicate regions, where x- and y-direction related transitions are
not strongly off resonant any more and the system becomes a quantum
cube. Hence these regions should not be considered. However the
choice of THz z-polarization avoids any x- and y-transitions. Legend
from panel (c): length-dependent mobility of electron (solid lines) and
hole (dotted lines) at different number of carriers ranging from 1
(magenta) to 10 (violet). The legend applies to all sub-figures.
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well as flat length dependencies (d) for long wires. At 300 K
the detuning in term C of eqn (1) is smaller than the dephas-
ing, so that the imaginary part of the mobility increases line-
arly with the detuning, and hence the energy level spacing to
the next unoccupied states once more and more electrons are
on the domain.

We remark that the observed state filling effects on the
mobility strongly depend on the density of states and with it
on the energetic level structure of the nanorod, in our case
approximated by infinite square well results. In the next
section we compare our model for the nano wire conductivity
to experimental findings on two different systems: CdSe nano-
rods of 23 nm length and 6 nm in diameter (ref. 27) as well as
PbSe nanorods with 51 nm length (ref. 28) and 4 nm in dia-
meter, respectively. Fig. 5 displays the experimental frequency-
dependent real (blue) and imaginary (red) sheet conductivity
of CdSe nanorods (a + b)*” as well as the frequency averaged
mobility’s real part for PbSe nanorods versus the number of
optically excited electrons and holes (c).>® We further show a
confidence band introduced, accounting for polydispersity of
the sample. In (a + b) the uncertainty is determined from a
TEM image,”” which results in a size L = (23 + 2.5) nm. Overall
we find very good agreement of our model with the experi-
mental result (see ESI section S47). Fig. 5(c) is generated by a
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Fig. 5 Frequency dependent experimental (ref. 27) and modeled real (a)
and imaginary (b) sheet conductivity and their uncertainties for (23 +
2.5) nm CdSe nanorods at room temperature. (c) Frequency averaged
experimental (ref. 28) and model mobilities and their uncertainties for
(51 + 11) nm PbSe nanorods versus the number of electrons and holes,
generated by optical excitation at room temperature.
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different approach. Here, analogous to the procedure of ref.
28, the conductivity is averaged over a range of 0.5-1.2 THz.
The model approach does not only reproduce the trend of the
experimental data, but results in reasonable agreement. There
are two contributions to the falling curves in Fig. 5(c) - the
reduction of e-h pair population due to exciton formation, as
well as the elevation of Fermi Energy with increasing carrier
density. The deviations between simulation and measurement
most probably relate to parallel processes, that reduce the
number of mobile charge carriers at higher excitation den-
sities, as observed in nanostructures.>*° In summary Fig. 5(a
+ b + ¢) clearly show that our model reproduces experimental
results and that, as expected by our model, the charge carrier
mobility is population dependent. We remark, that for infre-
quently considered very low bandgap semiconductors (like
MidIR materials) our theory needs adjustment, since the
effective mass may be not constant anymore within the
window of carrier energies probed by the THz-frequencies.

Based on Fig. 1-4, section S3 of the ESIf and their discus-
sion, the following properties and peculiarities are relevant for
the interpretation of experimental THz conductivity data, that
have to be kept in mind to obtain microscopic mobilities and
avoid potential misinterpretation. This is especially relevant
for the comparability of data among different experiments.

(1) If the spectral resolution of the experiment is too low,
the steep maxima in the length dependencies (e.g. Fig. 2(a)) at
low temperatures will be washed out. Further the small wiggles
in the frequency domain at low temperatures and intermediate
wire length can not be observed or may be misinterpreted as
noise (e.g. Fig. 1(c)).

(2) Comparing wires of different length for rather inter-
mediate or long wires may result in averaging over the reso-
nances (in Fig. 2 and 4) once there is a lateral length dis-
persion in the samples. Hence, depending on inhomogeneous
wire length distribution, the THz system resolution as well as
dephasing, different measurement results can be obtained,
which may differ remarkably form the intrinsic physical pro-
perties of the wires, especially at low temperatures. One way
out would be to consider only wires shorter than ~25 nm in
our case. The impact of a lack of resolution or the inhomo-
geneous broadening can be exemplified in principle by
Fig. S3t1 (ESIf) (a). Such broadening increases the apparent
line width like the dephasing in eqn (1), so that the mobility in
the first resonance is reduced by an order of magnitude, e.g.
going from a A x 10" s7" to a 7 x 10"* s7" line width.

(3) Any analysis of the mobility in nano materials at elev-
ated temperatures needs to take into account the effect
thermal Fermi-Dirac distribution broadening. Even without
any temperature dependent dephasing this results in a con-
siderable reduction of the mobility at elevated temperature.
Such a phenomenon is not limited to elevated temperatures,
but can also be induced at low temperature when quite long
wires are used, as long as the dephasing rate is still lower than
the energy spacings of the states.

(4) The pump intensity or fluence in optical pump-THz
probe spectroscopy correlates to the number of absorbed
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photons, that translate into a number of conducting charge
carriers. Eqn (3) has the consequence that more charge car-
riers rise the Fermi level, forcing the population of higher
states. Depending on the considered THz frequency, the mobi-
lity is generally higher near electronic resonances according to
eqn (4) (see Fig. 1 and 3). The temperature and number of
charge carriers on the domain also alter the mobility, even
without the effect of an additional temperature dependent
dephasing. At room temperature for example, where a broad
number of transitions occur due to a broad Fermi edge, an
increasing number of charge carriers elevates the Fermi edge,
resulting in an up to an order of magnitude alteration of the
mobility (Fig. 3e) in the considered range. This effect is
damped for nano systems of high exciton binding energy due
to the Saha equation mediated equilibrium of excitons and e-
h pairs, where only a small absolute number of charge carriers
is obtained from a finite number of excitations. In systems
with predominantly uncorrelated e-h pairs however, the
population dependence of the mobility is probably most
prominent.

(5) Only for long wires and elevated temperatures the Drude
or Plasmon models recover the course of the frequency depen-
dent mobility, as thermal population and broadening result in
a quasi continuous density of states for charge carriers, see
section S5 of the ESL{

(6) The Kubo-Greenwood eqn (1) and (4) imply that by
fitting experimental THz spectra the dephasing rate I" can be
determined. A protocol for fitting is given in the ESI, section
S6.1 This makes THz time domain spectroscopy an interesting
alternative to complex nonlinear techniques like Four Wave
Mixing (FWM),*" since it is in contrast based on the inter-
action with just one THz photon and no optical grating is
involved.

3. Conclusion

In summary we have shown that the mobility in 1D semi-
conductor nanowires shows a quantum transport regime for
short wires, while for long wires (>25 nm) and elevated temp-
eratures diffusive transport, associated with dephasing at least
of the order of the energy level spacing is the dominating
mechanism. For short rods the mobility is limited by the high
level spacing of the quantized carrier energy levels, while for
longer wires finite dephasing results in considerably higher
low frequency mobility. Drude and Plasmon models for the
mobility are suitable only for long wires at elevated tempera-
tures, as thermal population and brodening result then in a
quasi continuous density of states for charge carriers, a prere-
quisite for their applicability.

Having analyzed the length, temperature and population
dependence, the results demonstrate that apart from the temp-
erature dependent phonon scattering and dephasing the
thermal population of the quantized charge carrier states as
well as the number of charge carriers on the domain have an
important impact on the carrier mobility measured in experi-
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ments, i.e., the temperature dependence of the mobility is not
only related to phonon scattering (dephasing) as often
thought, but also broadening of the Fermi function. Also, as
the Fermi distribution is population dependent, mobility and
conductivity become non-trivially population dependent. A
comparison with experimental data on PbSe and CdSe wires
has substantiated our results. On the other hand our approach
provides a new tool to analyze the dephasing in nano systems
quantitatively, not by conventional wave mixing techniques,
but by coherently detected optical pump THz probe spec-
troscopy and the analysis of the resultant frequency-dependent
mobility spectra with fits to our model.
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