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We perform a combined experimental and theoretical study of tetramethyltetraselenafulvalene �TMTSF�
single-crystal field-effect transistors, whose electrical characteristics exhibit clear signatures of the intrinsic
transport properties of the material. We present a simple, well-defined model based on physical parameters and
we successfully reproduce quantitatively the device properties as a function of temperature and carrier density.
The analysis allows its internal consistency to be checked, and enables the reliable extraction of the density and
characteristic energy of shallow and deep traps in the material. Our findings provide indications as to the origin
of shallow traps in TMTSF transistors.
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I. INTRODUCTION

Despite impressive progress in the use of organic semi-
conductors for the realization of practical circuits and de-
vices, our fundamental understanding of these materials re-
mains limited. In this context, the recent observation in
organic single-crystal field-effect transistors �FETs� �Ref. 1�
of an anisotropic carrier mobility increasing with lowering
temperature2,3 represents a breakthrough: it demonstrates that
the intrinsic transport properties of organic semiconductors
can be accessed experimentally in a transistor configuration,
at finite and tunable density of charge carriers. The investi-
gation of these properties is the motivation for much effort
that is being devoted to increase the purity of molecular
semiconductors,4 to broaden the scope of organic crystals
enabling the realization of high-quality organic FETs,5–7 to
improve the level of material characterization,8 and to per-
form investigations of specific transport phenomena.9–14 In-
deed, thanks to the quality of organic single-crystal
transistors,15–17 experimental results can now be reproduced
in different laboratories in quite some detail �which is less
commonly the case for thin-film FETs used in applications�,
making it possible to compare measurements on the same
experimental system performed by different groups and
based on different techniques. This is a key step to reach a
true microscopic understanding of molecular semiconduc-
tors.

In order to establish a firm basis for such a microscopic
understanding, it is important that experimental investiga-
tions are carried out in conjunction with a quantitative inter-
pretation of the data. Only in this way, detailed cross-checks
between different experiments and their interpretation can be
performed, as it is needed to verify the physical assumptions
on which our microscopic understanding is founded, and
their internal consistency. A quantitative analysis and cross-
checks are now possible, and considerable part of our activ-
ity over the past few years has been motivated by this goal.

Two cases in which this quantitative analysis has been
successful are the following. One example is provided by the
study of transport of charge carriers accumulated in the chan-

nel of rubrene FETs with different gate dielectrics.9 A quan-
titative and systematic analysis of these experiments has
shown that, when the dielectric is highly polarizable, charge
carriers at the organic/dielectric interface form Fröhlich
polarons.10 The validity of this conclusion has been cross-
checked by extending the experiments and the theoretical
analysis to the high carrier density regime, where the effect
of Coulomb interactions between carriers becomes impor-
tant. In this regime, new phenomena—a saturation of the
source-drain current and an increase in the activation energy
of the mobility with increasing density of charge carriers—
were observed, and could be interpreted quantitatively in
terms of interacting Fröhlich polarons, without the introduc-
tion of new parameters in the theory.18

The second example is provided by work from different
groups that has analyzed quantitatively optical conductivity
data,12 transport at metal/organic interfaces,19 and the band
profile in Schottky transistors.20 From this work, several mi-
croscopic parameters have been rather accurately extracted,
such as the effective mass of charge carriers in rubrene, the
remnant density of dopants in high-purity rubrene crystals,
and the height of the Schottky barrier at �oxidized� Copper/
rubrene interfaces. Subsequently, using these results, it has
been possible to model charge transfer at oxidized-Copper/
rubrene interfaces quantitatively, without introducing any
free parameter, finding a remarkably good agreement be-
tween theory and experiments.21

Despite these successes, a systematic quantitative analysis
of experiments in devices exhibiting bandlike transport, with
the mobility ��T� increasing with lowering temperature, has
not been performed yet. In large part, this is due to the lack
of a well-defined theoretical framework enabling a quantita-
tive study in this regime. In fact, past work on the bandlike
transport regime of �bulk� organic semiconductors—based
on time-of-flight measurements22—has relied on the so-
called trap-and-release model22,23 that, although helpful,24

cannot be applied to the systematic analysis of systems at
finite carrier density. In field-effect transistor experiments,
this lack of a suitable framework to analyze quantitatively
the bandlike regime is preventing a detailed understanding.
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For instance, it prevents a precise description of the interplay
between delocalization of charge carriers and trapping still
present even in the best devices.

It is also important to extend the exploration of the intrin-
sic properties of organic semiconductors to materials other
than rubrene, which is the only one so far in which a metal-
liclike temperature dependence of the mobility in a FET con-
figuration has been observed. Indeed, to understand which
properties of molecular semiconductors are common to all
materials, and which are characteristic to a specific molecule,
a comparison of data obtained from crystals of many differ-
ent molecules is certainly required. Furthermore, the identi-
fication of new molecular materials with increasingly higher
quality is needed to push to lower temperature range in
which the intrinsic transport properties dominate. This is cru-
cial to enable the study of organic semiconductors with a
higher energy resolution.

To start addressing these issues, here we report a com-
bined experimental and theoretical study of transport through
tetramethyltetraselenafulvalene �TMTSF, C10H12Se4, see Fig.
1�a�� single-crystal FETs. We first show that these devices
exhibit the characteristic signatures of the intrinsic transport
properties. We then present a simple model based on physi-
cally transparent quantities and assumptions, with which we
analyze in detail the temperature and density dependence of
the mobility, as well as the temperature dependence of the
threshold voltage. Our analysis reproduces the observations
systematically and quantitatively, it gives consistent results
on different devices, and it allows us to check its internal
consistency. From the analysis, we extract the concentration
and characteristic energy of traps, and we are able to draw
detailed conclusions on how traps at different energy affects
the device response. Finally, we also obtain indications as to
the physical origin of shallow traps in TMTSF FETs. At a
more general level, the results presented clearly indicate that
the model represents an appropriate framework for the analy-
sis of transport through high-quality organic FETs.

II. EXPERIMENTAL RESULTS

So far, rubrene crystals have been the only ones to unam-
biguously show the expected signatures of intrinsic transport
at finite carrier density in a FET configuration.1 We have
explored crystals of different molecules, and here we discuss
TMTSF transistors,25,26 realized by laminating single-

crystals grown from vapor phase transport onto a polydim-
ethylsiloxane �PDMS� support. The schematics of the tran-
sistors are shown in Figs. 1�b� and 1�c�: gold is the contact
material, and the device configuration is such that the crystal
is suspended on top of the gate, with vacuum acting as a gate
dielectric �the fabrication procedure of these devices is iden-
tical to that described in Ref. 27�. Figure 1�c� shows an op-
tical micrograph of one of our devices. Immediately after
fabrication, the transistors were transferred into the vacuum
chamber �p�2�10−7 mbar� of a flow cryostat where all
transport measurements were done. Most measurements
were taken using a HP 4156A parameter analyzer, in a four-
terminal configuration �Fig. 1�c��, to eliminate the effects of
the contact resistance. We discuss data taken on three differ-
ent FETs, representative of the approximately 10 devices
studied.

Figure 2 shows the electrical characteristics of one device,
measured at room temperature, in a two-terminal configura-
tion. Both the source-drain current ISD measured as a func-
tion of VG �for fixed VSD, Fig. 2�a��, and the measurements of
ISD as a function of source-drain voltage VSD �for different
values of VG, Fig. 2�b��, exhibit ideal characteristics �no hys-
teresis, absence of nonidelaities due to contact effects, well-
defined saturation regime�. The devices are stable and repro-
ducible. These observations provide a first indication of the
high-quality of TMTSF single-crystal FETs.

Systematic measurements at different temperatures were
performed in a four-terminal configuration, to ensure that the
contact resistance �which is expected to increase as the tem-
perature is lowered� does not affect the results. The transfer
characteristics obtained in this way are shown in Fig. 3, from
which we extract the full temperature dependence of the
mobility. The value of � is extracted from the linear part
of the ISD-VG characteristics, using the relation �
= �L /W��1 /Ci��1 /V��dISD /dVG� �with L separation between
voltage probes, W crystal width, Ci gate capacitance per unit
area, and V voltage difference measured between the two
voltage probes�. At room temperature, �=4 cm2 /V s repro-
ducibly in many different devices �approximately 10; the
same value is obtained from the ISD-VSD characteristics in the
saturation regime, measured in a two-terminal configura-
tion�, comparable to what has been reported in Ref. 26. From
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FIG. 1. �Color online� �a� Chemical structure of TMTSF mol-
ecule. �b� Schematic cross section of our PDMS-based TMTSF
transistors. �c� Optical microscope image of a TMTSF PDMS FET
�the separation between source and drain is 300 �m�.
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FIG. 2. Panel �a� shows the source-drain current, measured at
room temperature, as a function of gate voltage, for two values of
source-drain voltage �VSD=1 and 3 V�. Panel �b� shows the source-
drain current as a function of source-bias voltage, for different val-
ues of VG �from −1 to −19 V, in −2 V steps�. These measurements
were taken on device S1 whose mobility and threshold voltage data
are shown in Fig. 4.

XIE, ALVES, AND MORPURGO PHYSICAL REVIEW B 80, 245305 �2009�

245305-2



the ISD-VG curves, we also extract the temperature depen-
dence of the threshold voltage VT�T�, by extrapolating the
curves to zero current.

Figures 4�a� and 4�b� show the mobility and threshold
voltage as a function of temperature measured on three dif-

ferent samples that we have investigated in most detail. The
mobility tends to increase, exhibiting an identical tempera-
ture dependence down to a sample-dependent temperature
value, after which � decreases with further lowering T. In
the temperature interval where ��T� is “metalliclike,” the
��T� curves measured in different samples overlap, indicat-
ing that we are indeed probing the intrinsic material proper-
ties. The different extents of this interval in different samples
indicate that the amount of disorder present is different. In-
terestingly, the decrease in the mobility at low T is very slow.
In our best sample, � reaches a value above 6 cm2 /V s at
T�160 K, and it is still close to 2 cm2 /V s at 50 K, which
is unusually large for organic transistors at these low tem-
perature values.

The behavior of the threshold voltage is qualitatively
similar in different devices. It exhibits a linear decrease with
lowering T at first, and a tendency to saturate at lower T. The
magnitude of VT depends on the sample, again indicating that
different amounts of disorder are present in the different
samples. Interestingly, the behavior of the threshold voltage
in different devices correlates with the behavior of the mo-
bility, with the magnitude of VT being systematically larger
in devices that exhibit the intrinsic transport properties down
to a lower temperature. Although such a correlation may not
appear “strange” at a first glance—since both lower mobility
and larger threshold voltage are indicative of higher
disorder—it does contain valuable microscopic information
�see the Discussion Section�. To emphasize the relevance of
this point, we note that comparison of the characteristics of
rubrene single-crystal FETs before and after the crystals were
irradiated with x-rays have shown that x-ray irradiation leads
to a substantial increase in threshold voltage, but no change
in mobility.3 In other words, a correlation between threshold
voltage and temperature dependence of the mobility ob-
served in TMTSF single-crystal FET was not reported in
rubrene devices.

III. DETAILS OF THE THEORETICAL ANALYSIS

We now proceed to discuss the strategy that we follow to
analyze quantitatively the data. To this end, we present a
simple model based on the assumption that transport of holes
in TMTSF occurs in a band, with density of states N0 for
energy E�0. Disorder-induced trap states are also present
for E�0, and consist of shallow traps with density of states
NS�E�, and deep traps located much deeper in energy, de-
scribed by a density of states ND�E� �see also Ref. 28�. The
mobility of carriers occupying states in the band is the intrin-
sic mobility in the material, and, following existing theories,
is assumed to depend on temperature as �0�T�=�T−2.29–31

Carriers occupying trap states are assumed not to carry cur-
rent.

In practice, we fix the shape of the density of states and
calculate the position of the Fermi level EF �numerically�
as a function of the total density of accumulated charge
n �=CiVG� through the relation
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FIG. 3. �Color online� Transfer characteristics �ISD-VG� mea-
sured on a high-quality TMTSF single-crystal FET, at different val-
ues of temperature. The inset shows the gate-voltage dependent
mobility extracted from these measurements. These measurements
were taken on device S1 whose mobility and threshold voltage data
are shown in Fig. 4.
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FIG. 4. �Color online� In panels �a� and �b�, the symbols repre-
sent the temperature dependent mobility �a� and threshold voltage
�b� measured on three different devices. The solid lines represents
the result of our model, using the parameters listed in Table I; the
red and black lines are obtained using a constant and a Gaussian
density of shallow traps, respectively.
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n = �
0

+�

N0
1

eE−EF/kT + 1
dE

+ �
−�

0

�NS�E� + ND�E��
1

eE−EF/kT + 1
dE �1�

that defines EF. Having determined EF�n ,T�, it is straightfor-
ward to obtain the source-drain current ISD in terms of the
density of charge carriers occupying states in the band
�nC�n ,T�=�0

+�N0
1

eE−EF/kT+1
dE� as

ISD�n = CiVG� = nC�n,T�e�0�T�
W

L
VSD. �2�

From Eq. �2�, we extract all quantities that are measured in
the experiments by applying to the calculated ISD-VSD curves
the same procedures used for the measured ones. For in-
stance, the mobility � measured from the FET characteristics
is simply given by �=�0�T�

�nc�n,T�
�n �which corresponds to

�	
�ISD

�VG
�.

For our calculations, we use, for the shallow traps, a con-
stant density of states �NS�E�=Nc=const, if Ec�E�0, and
NS�E�=0 otherwise�, and a Gaussian density of states
�NS�E�=Nge−�E / 2Eg�2

�, and compare the results obtained, un-
der the condition that the total number of shallow traps
�−�

0 NS�E�dE is the same for the two distributions. For the
deep traps, we use a “square” distribution �ND�E�=ND
=constant if ED−
ED /2�E�ED+
ED /2 and zero other-
wise� to analyze the role of the trap depth �ED� and of the
distribution width ��ED�. The density of states in the band at
the surface of the TMTSF crystal—N0=1015 cm−2 eV−1—is
estimated by taking one state per molecule distributed in
energy over the bandwidth of the valence band ��0.5 eV�.32

The parameter � �in the expression �0�T�=�T−2� represents
an intrinsic property of TMTSF crystals, and it is therefore
taken to be the same for all samples.

A strategy similar to the one adopted here—i.e., “fixing” a
density of states to analyze transport through FETs—is used
to describe transport in FETs based on amorphous
materials.28,33 In that case, however, transport is due to car-
riers occupying localized states, whose mobility is strongly
energy dependent, and material inhomogeneity requires per-
colation effects to be taken into account.34 This significantly
increases the complexity of the analysis, as well as the un-
ambiguous extraction of parameters in the model. In fact, the
functions describing the energy-dependent density of states
and mobility are not known, and considerable freedom is left
in selecting one specific functional dependence. In addition,
the reproducibility of transistors based on amorphous mate-
rials used in earlier investigations was not as good as in
high-quality single-crystal transistors. As we will show, all
these problems are absent in high-quality single-crystal
FETs, whose characteristics can be analyzed precisely in a
broad temperature range, enabling—among other things—
the internal consistency of the theoretical analysis to be
verified.35

IV. DISCUSSION

Our analysis is limited to a temperature range where a
significant fraction of carriers populate states in the band,
corresponding, for the best devices, to temperatures higher
than approximately 100 K. In this regime, the model shows
that the behavior of the temperature dependence of the mo-
bility ��T� measured at high carrier density depends only on
the properties of the shallow traps �Fig. 4�a��, whereas the
behavior of VT�T� is determined only by the deep traps �Fig.
4�b��. This conclusion, which is a consequence of the fact
that in high-quality organic FETs shallow and deep traps are
well-separated in energy, considerably simplifies the analysis
of the data. As we will discuss, the model reproduces quan-
titatively all measured properties of the devices satisfactorily,
and, only at temperatures such that most carriers occupy trap
states �T�100 K for the best devices�, the model starts to
deviate from the experiments. The deviations are due to the
fact that, contrary to our assumption, carriers in shallow traps
can still give a contribution to the current. As we will argue
in the end, this is consistent with the physical picture for the
origin of the shallow trap states that emerges from our analy-
sis �see also Ref. 38�.

We start by discussing the temperature dependence of the
mobility. As explained above, we consider different energy
distributions for the shallow traps �constant and Gaussian�,36

since these allow us to establish which are the aspects of our
conclusions that are physically significant. Best fits to the
data with the two distributions are shown in Fig. 4�a�. We see
that, for the temperature range discussed above, the agree-
ment is satisfactory.36 Table I summarizes the parameters ex-
tracted from the fits. Note that the energies Ec and Eg satisfy
the relation Ec=3Eg to a 10% precision �or better� for all
samples, which can be easily understood since the integral of
the Gaussian trap distribution between E=3Eg and E=0
gives 99% of the shallow trap states. Since different distri-
butions lead to a nearly identical temperature dependence of
the mobility, we conclude that the precise energy distribution
of the shallow traps cannot be extracted from the analysis.
However, the fact that the total density of shallow traps and
their characteristic energy ��Eg� are the same for the con-
stant and the Gaussian distribution, implies that these quan-
tities have true physical meaning, and that the values ex-
tracted are not influenced by details of the analysis.

Next, we analyze the threshold voltage, whose tempera-
ture dependence is determined by the deep traps. Such a
microscopic analysis is meaningful in our devices, because
the single-crystals are suspended on top of the gate, and the
threshold voltage is therefore not affected by extrinsic effects
due to phenomena taking place in the gate insulator. We find
that the curve VT�T� is sensitive to both the energy and the
width of the deep trap distribution. Specifically, very deep
traps �whose energy is larger than roughly 0.5 eV� contribute
to the threshold voltage, but do not cause a shift in the tem-
perature range considered. In this same range, a sizable con-
tribution to the threshold voltage shift originates from traps
with energy between 100 and 400 meV, approximately, with
the largest contribution coming from traps between 150–200
meV. This fact—that deep traps at different energies affect
differently VT and its shift with temperature—makes it pos-
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sible to extract information on the energy distribution of
deep traps from the experimental VT�T� curves. With the pa-
rameter values listed in Table I, the model leads to an excel-
lent quantitative agreement with the data �again, below ap-
proximately 100 K, where the majority of carriers occupies
shallow traps, the results depend on the details of the shallow
trap distribution�. Note that the center of the deep trap dis-
tributions is approximately the same in the three devices.
This is expected if deep traps originate from a well-defined
chemical impurity hosted in the crystal. Indeed, the values of
ED and of 
ED extracted from our analysis are in the same
range of energies and widths of other deep traps recently
found in different molecular materials.37

We note that, already, Podzorov et al.3 did correctly real-
ize the link between deep traps and shift in the threshold
voltage with lowering temperature. However, no quantitative
analysis of this link has been done in that work. On the basis
of qualitative considerations, it was stated that the data were
indicative of an energy independent density of traps Ntr,
given by Ntr=C /kTe�VTh�T� /�T. From this relation, the
deep trap density of states was estimated to be
�1012 cm−2 eV−1. However, this way of estimating the den-
sity of deep traps is in general not correct, since, as we dis-
cussed above, deep traps at different energies have a very
different effect on the absolute value of the threshold voltage
and on its shift with lowering temperature. The fully quanti-
tative analysis that we have performed is needed to extract
the density of states of the deep traps, which, in our TMTSF
single-crystal FETs, is typically one order of magnitude less
��1011 cm−2 eV−1; see Table I� than what was estimated in
Ref. 3 for rubrene crystals.

With the model reproducing the experimental observa-
tions successfully, it is important to critically ask whether the
quantitative agreement is not simply due to the introduction
of a sufficient number of free parameters. To show that this is
not the case, we have analyzed the full dependence of the
mobility on carrier density at different temperature values.
This comparison provides a stringent test of the validity of
the model and of its consistency, because all parameters are
fixed by the analysis discussed above, and no other free pa-
rameters can be introduced. Figures 5�a� and 5�b� show that
the curves calculated with the model are in good quantitative
agreement with the data, as long as the temperature is such
that enough charge carriers are present in the band. This
result confirms the internal consistency of our analysis, and
illustrates that the model does describe well the interplay
between bandlike transport and trapping as a function of car-
rier density.

Having established the internal consistency of our analy-
sis, we address the origin of the observed correlation be-
tween the temperature dependence of mobility and of thresh-
old voltage. Since the temperature dependence of the
mobility is determined only by the shallow traps and that of
the threshold voltage only by the deep traps, this correlation
implies that a physical mechanism exists, that links the ori-
gin of the two kinds of traps. Several mechanisms realisti-
cally capable of establishing such a link can be envisioned.
For instance, a possible scenario is that deep traps are due to
impurity molecules trapped in the crystal lattice. Owing to
their different size and shape, these impurities would cer-
tainly cause strain in the lattice, leading to local modification
of the bandwidth in the material �since strain causes local
changes in the hopping integrals between adjacent mol-
ecules�. Where the bandwidth is larger, the band gap is cor-
respondingly smaller, and local bandwidth fluctuations
would cause regions of lower energy where charge carriers
would tend to localize.

Here, we propose a different mechanism due to simple
electrostatics. Individual charge carriers frozen in the deep
traps generate random electrostatic potential fluctuations
��, and the resulting electrostatic potential landscape causes
regions of lower energy in which a large density of charge
carriers can be trapped. The characteristic energy scale asso-

TABLE I. Values of quantities discussed in the text. The total
number of shallow traps �−�

0 NS�E�dE is fixed to be the same for
both the constant and the Gaussian energy distributions. The typical
error on the parameters is 10% or better. The value of � is the same
for the three devices and is equal to 6.15�105 cm2 K2 /V s when
using the constant density of states for the shallow traps, and to
5.98�105 cm2 K2 /V s when using the Gaussian density of states
�i.e., the value of � that we obtain from the fits is essentially inde-
pendent of the specific energy distribution of shallow traps�. The
corresponding values for the intrinsic mobility at room temperature
�=� / �300 K�2� are 6.83 and 6.64 cm2 /V s.

Sample 1 Sample 2 Sample 3

NC �cm−2 eV−1� 1.97�1014 8.5�1013 9.3�1012

EC �meV� 38.5 54.1 111

Ng �cm−2 eV−1� 3.04�1014 1.36�1014 1.42�1013

Eg �meV� 14.1 19.1 40.8

�−�
0 NS�E�dE �cm−2� 7.6�1012 4.6�1012 1.03�1012

ND �cm−2 eV−1� 6�1010 1.08�1011 1.08�1011

ED �meV� 225 235 270


ED �meV� 95 95 130

�� �meV� 10.3 13.7 16.1
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FIG. 5. �Color online� In panels �a� and �b�, the symbols show
the mobility extracted from FET measurements as a function of
carrier density at different temperatures, on devices 1 and 3. The
solid lines are calculated using the parameter values extracted from
the fits shown in Fig. 4 �no other parameters need to be introduced�.
For device 2, a similar agreement between data and model is
obtained.
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ciated to the potential fluctuations can be estimated as ��
= 1

4
��0

e
	r
 , where 	r
 is the average distance between deep

traps and � is the average of the relative dielectric constant of
the TMTSF crystal and of vacuum. By estimating the mag-
nitude of 	r
 from the total density of deep traps extracted
from the fit of VT�T�, we obtain the values of �� reported in
Table I, whose magnitude compares well with the character-
istic energy scale Eg of the shallow traps. This scenario ex-
plains why the density of states of shallow traps at E�0 is
comparable to the density of states in the band itself. In fact,
shallow traps consist of states in the band whose energy is
lowered by the local, slowly varying electrostatic potential. It
also explains why, below 100 K, carriers in shallow traps are
seen—experimentally—to give a contribution to the conduc-
tivity, contrary to what is assumed in our model:38 in fact,
these carriers are not tightly bound to a defect, can move
over rather large distances inside the “puddles” caused by the
potential fluctuations, and contribute in this way to the local
conductivity in the transistor channel. It would be certainly
interesting to investigate the occurrence of correlations be-
tween threshold voltage and mobility in other materials,
since this may provide information about the nature of shal-
low traps states, which is currently not established, and
which may be different in different molecular semiconduc-
tors �for instance, as we mentioned earlier, in FETs realized
with rubrene single-crystals irradiated by x-ray for different
periods of time, no correlation is observed�.3

V. CONCLUSIONS

In conclusion, we have developed a well-defined frame-
work to analyze the interplay between intrinsic bandlike
transport and trapping in organic single-crystal transistors at
finite density of charge carriers, and we have used it to de-
scribe the behavior of high-quality TMTSF FETs. The model
permits to understand in detail the physical origin of the
different aspects of the device characteristics, and to extract
microscopic parameters reliably. The possibility to perform
internal consistency checks on the results of the analysis, as
well as the precision with which parameters can be extracted,
indicate that the model that we have used provide a suitable
framework for the quantitative analysis of transport in or-
ganic transistors. We expect that this approach will be par-
ticularly useful in the comparative investigation of molecular
semiconductors, where a quantitative analysis is important to
identify unambiguously microscopic electronic properties
that are common to all materials, and those that are charac-
teristic of specific molecules.
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