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Conductivity Studies on High-Purity N-Methylphenazinium Tetracyanoquinodimethan
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An experimental study of the electrical conductivity in high-purity single crystals of N-methylphenazinium
tetracyanoquinodimethan (NMP)(TCNQ) is presented. The conductivity at high temperature is larger

than that previously reported while the low-temperature conductivity (below 100 K) is more than a
factor of 10 smaller than that of earlier data. Both regimes are consistent with considerably improved
sample purity. The data are analyzed from the point of view of a continuous metal-to-insulator transition
with fluctuations playing a central role. The low-temperature results indicate that for (NMP) (TCNQ) the
curvature in log, o o vs T ' observed in earlier data arises from impurity contributions with the intrinsic
behavior being exponential in T '. The exponential behavior is consistent with the magnetic data which
indicate that (NMP) (TCNQ) is a magnetic Mott-Hubbard insulator at low temperature.

I. INTRODUCTION

The charge-transfer salts of tetracyanoquino-
dimethan (TCNQ) have been of considerable inter-
est because of their novel electronic and magnetic
properties. Of these, N-methylphenazinium (NMP)
TCNQ is particularly important for it possesses
the highest conductivity of any organic solid. ' This
is a 1:1 salt with each NMP molecule donating a
single electron to form the (TCNQ) anion. The
crystal structure consists of linear chains of
(TCNQ) anions and parallel chains of NMP ca-
tions. Within a simple noninteracting-particle ap-
proximation, such a system would possess a single
half-filled band and therefore would be metallic.
However, it is obvious from the outset that elec-
tron-electron interactions must play an important
role in such narrow-band conductors. If the elec-
tron-electron Coulomb repulsion is sufficiently
large compared to the energy bandwidth, the elec-
trons localize (one per site) to form a, magnetic in-
sulator, and a Mott metal-insulator transition takes
place. The physical properties of NMP TCNQ have
been analyzed in detail from this point of view in a
series of papers. e ~ The temperature dependences
of the electrical conductivity, magnetic suscepti-
bility, specific heat, electron-spin resonance, and
proton-spin-lattice relaxation rates can be under-
stood on the basis of a Mott transition from metal
to small-band-gay magnetic insulator in a one-
dimensional (l-d) system as the temperature is
lowered below 200 K.4 The low-temyerature 1-d
antiferromagnetic (AF) state was shown experi-
mentally to have properties consistent with the ex-
act numerical results of Ovchinnikovv and Taka-
hashi for the 1-d half-filled-band Hubbard mod-
el.3' The linear temperature dependence of the
specific heat3 ~ and the finite nuclear relaxation
rate predicted for the 1-d spin- —,

' AF at low tem-
peratures were observed. ' The enhanced suscey-

tibility at @=2k~ predicted for a 1-d metal has
been confirmed by nuclear relaxation studies at
high temperatures. '

The metal-insulator boundary occurs in the vi-
cinity of 200 'K; the transition is not sharp, for a
true phase transition cannot occur in a 1-d system.
Moreover, recent theoretical studies of the half-
filled band Hubbard model' demonstrate that fluc-
tuation effects are of such importance in consider-
ing the thermodynamic transition from insulator
to metal that a sharp phase transition is unlikely
in a Hubbard system even in three dimensions.

An alternative explanation of the electrical con-
ductivity of NMP TCNQ and related salts was pro-
posed by Bloch et al. ,

' who emphasized the role of
cation disorder in 1-d systems. Based on the pub-
lished resistivity of Shchegolev et al. ,

~ an argu-
ment was constructed which attributed the conduc-
tivity to variable range hopping' '4 in a disordered
system at low temperature and classical diffusion
through random potentials at high temperatures.
The 1-d variable range-hopping theory was founded
on the experimental observation of a curvature in
the plot of logjoo vs T ' as presented by Shchegolev
et al. , and was applied generally to the entire
class of the highly conducting TCNQ salts. u How-
ever, the existence of a metallic state above 130'K
in guinolinium Q(TCNQ)2 has been verified by ob-
servation of a Korringa relaxation rate for pro-
tons with a magnitude in reasonable agreement with
simple band theory. s Moreover, conductivity
measurements on high-purity NMP TCNQ, pre-
sented in detail in this paper, indicate that the
curvature in lno vs T ~, seen in earlier data, was
the result of impurities; the purer samples show-
ing straight-line behavior over nearly six orders
of magnitude change in cr. These data together
with the demonstrated effect of small amounts of
added disorder confirm that the electronic prop-
erties of NMP TCNQ are dominated by band and
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FIG. 1. Schematic diagram of the sample holder for
four-probe conductivity measurements on single crystals.

interaction effects with disorder playing only a
peripheral role.

Nevertheless, it is clear that in such 1-d sys-
tems structural defects or cation disorder will
surely limit the effective chain length to a finite
value, implying that the conducting TCNQ salts
should be viewed as collections of long but finite
chains in which the microscopic electronic struc-
ture is determined by the competition between
band and interaction effects.

In this paper we present an experimental study
and analysis of the conductivity results taken from
high-purity single crystals of NMP TCNQ. The
conductivity at high temperatures is larger than
that previously published, while the low-tempera-
ture conductivity (below 100 'K) is more than a
factor of 10 smaller than that of the earlier data;
both regimes are consistent with considerably im-
proved purity of the samples. The data are ana-
lyzed from the point of view of a continuous insu-
lator-to-metal transition with fluctuations playing
a central role.

II. EXPERIMENTAL TECHNIQUES AND SAMPLE
PREPARATION

N-methylphenazinum tetracynanoquinodimethan
single crystals are black lathes (needle shaped
with long axis parallel to the crystallographic a
axis) with well-defined faces giving good optical
reflections. Four-probe resistance measurements
were made on single crystals (2. 5-3. 5 mm long
and 0.05-0, 10 mm in diameter) along the needle
axis parallel to the TCNQ stacks.

Due to the difference in thermal expansion be-
tween the crystals and any substrate used, a sam-
ple mounting was needed which would allow the
crystal to expand and contract as freely as possi-
ble. The sample-mounting configuration is shown
in Fig. 1. The crystal is suspended by four 0.001-
in. gold wires over a depression machined into the
bakelite base. Electrical contact was made by
wetting the gold wires with a silver-paste paint.
Using this arrangement the crystals could be ther-
mally cycled without damage. Contact resis-
tances, measured by three-probe methods, were

approximately 50 0 per contact on all samples.
This is due both to the silver-paint-sample bound-
ary and to the anisotropy of the conductivity. With
no sample mounted, the resistance of the sample
holder between any two leads was greater than
10' 0, roughly two orders of magnitude larger
than the highest measured sample resistance.

Two sample holders were mounted on a copper
block surrounded by a copper can which in turn
was placed in a glass vacuum can. The tempera-
ture drift rate was adjusted by controlling the
amount of exchange gas in the vacuum can. From
room temperature to 77 'K the temperature was
lowered at a rate of 1 'K every 5 min, and from
77 to 4 'K the temperature was lowered at a slower
rate of between 10 and 15 min per deg. This slow
cooling (and corresponding warming) rate kept the
samples in thermal equilibrium with the exchange
gas and the thermometers.

The temperature was measured by two methods:
a copper-constantan thermocouple (with one junc-
tion suspended over the depression in the bakelite
mount and with the reference junction at either
195 or 77 K, depending upon the temperature re-
gion studied), and a platinum resistance thermom-
eter mounted on a bakelite base and secured to the
copper block. The relative temperature error was
less than 1% over the entire temperature range.

The applied test current was 1 p,A at room tem-
perature decreasing to 2 nA at 4. 2 K. The volt-
age was measured by two methods. From room
temperature to approximately 25 'K a nulling dc
voltmeter was used. Below 25'K, where the sam-
ple resistance is large, the potential was mea-
sured with an electrometer with input impedance
greater than 10'4 Q. At all temperatures, checks
were made to ensure that the measured current
was in fact passing through the sample. The rela-
tive error of the resistance measurements was
less than 2%.

For absolute values of the conductivity, the
diameter and length of the crystal between the po-
tential contacts were measured by using a reticle
and microscope. The error introduced by the un-
certainty of the sample dimensions is of order 10%.
The absolute value of the conductivity depends
critically on crystal perfection, since internal
microcracks or microscopic structural defects can
significantly reduce the effective cross-sectional
area. The room-temperature value discussed be-
low [o = 380 (0 cm) ~] is the highest obtained from
a freshly prepared crystal batch of highest purity.

Tetracyanoquinodimethan was prepared accord-
ing to the procedure of Acker et al. ,

' but under
careful experimental conditions. All syntheses
and handling of materials were carried out in a
Labcon glove box filled with Matheson 99.999%
argon, using freshly washed oven-baked glassware.
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All solvents and reactant liquids were thoroughly
bubbled with argon, vacuum pumped, and back
flushed with argon repeatedly before being placed
in the glove box. The starting materials, cyclo-
hexane-l, 4-dione (Aldrich), and malononitrile (Al-
drich) were twice recrystallized before use. The ace-
tonitrile solvent (Matteson —Coleman —Bell chroma-
toquality) was ref luxed for 24 —48 h over Ba.O and PzO,
and then distilled over P~O, . As originally reported
in our earlier work, the resultant TCNQ is a brilliant
yellow-orange crystalline material giving yellow-
orange solutions when dissolved in acetonitrile and
not a rust-brown power yielding yellow-to-yellow-
green solutions as previously reported. The TCNQ
crystalline material was recrystallized twice from
acetonitrile giving large well-formed crystals.
These were placed in a gradient sublimator lined
with an inert DuPont "Kapton" sleeve, and the sub-
limator was pumped and back flushed with argon
several times. Upon completion of sublimation at
130 C and 1-Torr pressure, only brilliant yellow-
orange TCNQ crystals from the center zone were
collected for further use.

Analysis. Calculated for C»H&N~: C, 70. 57;
H, 1.98; N, 27. 44; found: C, 70. 62; H, 1.91;
N, 2V. 52. The lithium salt, Li (TCNQ), was pre-

pared~7 using ultrapure anhydrous LiI (Alfa Inor-
ganics). Contrary to all previous reports, solid
pure Li (TCNQ) is not a purple powder but a glis-
tening red microcyrstalline material much like K
(TCNQ) and Bb (TCNQ). These Li (TCNQ) crystals
are obtained only under these preparative condi-
tions, whereas the purple powder results directly
using any less careful procedure, for example, us-
ing hydrated LiI (LiI ~ 3H,O).

Analysis. Calculated for C»H4N4Li: C, 68. 26;
H, 1.91; N, 26. 55„Li, 3.29; found: C, 68. 32;
H, 1.91; N, 26. 59; and Li, 3.27.

N-methylphenazinium TCNQ was prepared fol-
lowing Melby~ from twice-recrystallized NMP
methosulfate (Aldrich). The resultant black (NMP
TCNQ) crystalline material was dissolved and re-
crystallized twice from acetonitrile. Single crys-
tals were grown from saturated acetonitrile solu-
tions by slow recrystallization under argon atmo-
sphere. The largest crystals obtained measured
0. 5&5 mm.

Analysis. Calculated for C25HygN6: C 75 16;
H, 3.79; N, ».04; f «, 75. 18; H, 3.79; N,
21.00.

An immediate consequence of this higher-purity
material is that ESB measurements at low tem-
.peratures show the paramagnetic impurity contri-
bution to be diminished by about a factor of 3 com-
pared to that in our previously reported studies. 4

III. EXPERIMENTAL RESULTS

The conductivity data are presented in Fig. 2,
where log, o(&x/cr, ) is plottedasafunction of T '. The
data consist of a compilation of results from many
samples and were taken over a period of several
months. The results are reproducible from sam-
ple to sample and from run to run on a given sam-
ple. The higher-temperature data are shown in
more detail in Fig. 3. The room-temperature con-
ductivity [o = 380 (0 cm) ~] has a magnitude more
than twice as large as compared with previously
published data [170 (0 cm) ' at room temperature]
on samples prepared in our laboratory or else-
where. The larger value indicates higher sample
purity and/or more nearly perfect crystals. The
temperature dependence in the high-temperature
regime does not follow a simple power law; cer-
tainly the conductivity does not vary as T ' above
300 'K, as suggested by diffusion theory. ' Analy-
sis of the resistivity vs temperature in the limited
range from 300 to 400 K suggests a dependence of
the form A+BT . The samples cycle well at tem-
peratures below 400 K with reproducible results.

The plot of log, o(o/oo) vs I/7 shows straight-line
behavior 70 'K, indicating a well-defined and tem-
perature-independent activation energy. From this
low-temperature slope, one obtains the value of
0.037 eV for the activation energy, indicating an
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FIG. 3. Normalized conductivity
of NMP TCNQ showing the high-
temperature regime in detail.

energy gap of 0.074 eV. At the very lowest tem-
peratures (below 10'K) the conductivity levels off
to a constant value. The residual value is more
than an order of magnitude larger than that of the
sample holder wired in the usual fashion but with-
out the sample. The origin of this residual conduc-
tivity is not presently understood; however, the
sharp turnover from exponential dependence to a
constant value indicates that the intrinsic low-
temperature data are of the form

g e-b, /k'T
0

It is unlikely that the constant term is in any sense
fundamental or intrinsic. It may arise from a
slight bulk nonstoichiometry or even from surface
states. In this respect we note that although the
samples studied in this work are the purest yet
synthesized by any group, the residual impurity
level is still in the range of 0.1% as evidenced by
the low-temperature spin resonance. Hopefully,
continued attempts at higher purity will clarify the
origin of this very small (10 oaT) residual contri-
bution to the lowest-temperature conductivity.

At intermediate temperatures (above 70 'K) the
plotof log&p(o/op) vs T ' deviates above the extrapo-
lated stx aight line, suggesting a temperature-de-
pendent activation energy which goes continuously
to zero at about 200 'K where the system becomes
metallic. The temperature dependence of the slope
d[log, p(0'/0'p)j/d(T ) is given in Fig. 4, having been
obtained by computer fitting the data of Fig. 2 and
then differentiating the digitized curve.

The low-temperature data may be compared with
the results of Shchegolev et gl. ,

' as shown in
Fig. 2. The comparison shows two features of
particular importance. First, the low-tempera-
ture curvature away from the straight line (the
T ~ behaviors' ), which was evident in the earlier
data, is completely absent in the present work.
Second, the low-temperature resistance in the
present work is larger by more than an order of

magnitude, indicating higher sample purity (in
. agreement with the inference from the high-tem-
perature data). We thus conclude that for NMP
TCNQ the curvature ln(o'/a'p) vs T arises from
irnPuxity contributioms saith the intrinsic behavior
being exPomemtial im T . The impurity contribu-
tions may have a more complicated temperature
dependence, suggesting hopping mechanisms, but
the intrinsic conductivity is dominated by the tem-
perature-dependent energy gap.

It should be noted that the intrinsic conductivity
mechanisms can dominate the bulk measurements
in pseudo-1-d systems even though the uninter-
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rupted chain length is much less than the sample
dimension. For this to be the case, it is neces-
sary that the resistance of a typical strand be
greater than the equivalent resistance associated
with interstrand hopping. This condition is easily
satisfied at high temperatures where the thermally
activated interstrand hopping takes place with rel-
ative ease. At lower temperatures one might ex-
pect the opposite limit to be appropriate. How-

ever, if a metal-insulator transition occurs in the
microscopic electronic structure, the intrinsic
conductivity will dominate the bulk measurements
at all temperatures. This is evidently the case
for NMP TCNQ.

IV. ANALYSIS OF DATA

As indicated in Sec. III, the low-temperature be-
havior indicates a Hubbard gap of magnitude E„(0)
=0.074 eV. This value is somewhat smaller than
the 0. 1 eV inferred from the earlier data~~ and im-
plies a reduced value of the effective Coulomb in-
teraction U~.3 4 Use of the measured low-tempera-
ture magnetic susceytibilitys 4 and the corrected
value for E„(0) leads to values of U~ = 0. 14 eV and

the transfer integral f= 0.02 eV. Although slightly
smaller, these more accurate values confirm the
conclusions of our earlier work. 4 As emphasized
there, the small magnitude of U~ explicitly demon-
strates the important role of the cation yolarizabil-
ity in achieving the metallic state.

From the slope S(T) of ln (o/oo) vs T ', as given,
in Fig. 4, one can obtain information on the tem-
perature dependence of the Hubbard gap. Assum-
ing a temperature dependence for the conductivity
of the form

it follows that the slope may be written

S(T)=, = S(T) —T
d in(cr/oo) dh(T)

Equation (3) is a simple differential equation for
A(T) which demonstrates that the apparent activa-
tion energy cannot be taken simply from the slope
of ln (o/oo) vs T '. &(T) can be obtained by solving
Eq. (3) numerically using Fig. 4 as the experi-
mental input, or equivalently, directly from Eq.
(2). The normalized result 6(T)/b. (0) is shown in

Fig. 5. There are two features of particular inter-
est. First, the appa, rent gap begins to show de-
viations from the asymptotic (T- 0) value at rela-
tively low temperatures (T-60 'K). This is well
below the metal-insulator (MI) transition region as
indicated by the magnetism and conductivity turn-
over (-200 'K). Second, the gap goes smoothly to
zero, without discontinuity, and appears to ap-
proach zero with nearly zero slope. This is to be
contrasted with the behavior in a conventional sec-

ond-order phase transition, where the order pa-
rameter approaches zero, at least in mean-field
theory, with infinite slope. The fluctuations in-
volved in the MI transition evidently are dominant,
again emphasizing the fact that the MI transition
(in absence of a large accompanying lattice dis-
tortion) is a local phenomenon.

It is of interest to compare the magnetic prop-
erties with the inferred temperature dependence
of the Hubbard gap. Examination of the magnetic
susceptibility data shows, as emphasized in our
earlier work, 4 that local moments persist in the
insulating state essentially without change in mag-
nitude right uy to 200 'K, whereas the apparent
Hubbard gap begins to decrease at much lower tem-
peratures. This again emphasizes the important
role of the fluctuations. At intermediate temper-
atures the Hubbard model can be viewed as a dis-
ordered system in which the random potentials,
experienced by a given electron, arise from the
electron-electron interaction as a result of the
finite number of single-particle excitations and
the magnetic spin disorder. On general grounds
one expects this disorder to be reflected in a
smearing of the density of states with band tailing
into the Hubbard gap. From this point of view the
experimentally determined temperature dependence
of the Hubbard gap has only qualitative meaning.
The gap does not simply renormalize. There is
in addition a significant change in the shape of the
density-of-states curve arising from the fluctuating
electron-electron potentials, with the result that a
significant state density appears in the gap with an
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temperature showing deviations from the asymptotic
(T-0) value for T&60 K. Comparison with the per-
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The high-temperature conductivity reported here
for high-purity crystals is larger than previously
reported, indicating higher-quality samples. The
absolute value of the conductivity is evidently
limited by crystalline imperfection. It seems like-
ly that the imperfections involved are mierocracks
or other large-scale defects which limit the ef-
fective cross-sectional area of the samples. The
major evidence in support of this is that the nor-
malized conductivites agree to within a few percent
from sample to sample even though the absolute
values at room temperature may vary by more
than a factor of 2. As indicated above, the highest
room-temperature conductivity attained thus far is
380 (Acm) '. The intrinsic conductivity for NMP
TCNQ at room temperature must be equal to or
greater than this value.

Even with the improved purity, an estimate of
the mean free path based on a tight-binding struc-
ture4 leads to values of about one lattice constant,

X=&e„= 3- z a=a,2' a (4)

where a is the lattice constant and |J„is the con-
ductivity in the metallic state. Equation (4) is of
course based on simple band theory and completely
neglects the fact that the metallic state is highly
correlated so as to minimize double occupancy.
The effect of correlation on the transport proper-
ties has been recently discussed by Rice and
Brinkman from the point of view of Fermi liquid
theory and the Gutzwiller variational approach. ~~

It appears that the dominant effect is in the effec-
tive number of carriers [note that the band param-
eters cancel out in Eq. (4)]. The actual number
of carriers is reduced in the correlated electron
gas as a result of the small fractional double oc-
cupancy. Thus the true mean free path for the
correlated metallic state of NMP TCNQ must be in

associated contribution to the conductivity. This
kind of a self-consistent change in the density of
states has been identified theoretically in the func-
tional integral approach to the Hubbard model of
Kimball and Schrieffer, as well as in Pleisehke's~
improved theory of the Falicov-Kimball two-band
model, ' The importance of fluctuations and the
associated buildup of Coulomb hole correlations in
the MI transition mere emphasized in our earlier
paper. 4 The detailed analysis of the high-purity
conductivity data presented here brings this even
more clearly into focus.

V. SUMMARY AND CONCLUSION

the range of several lattice constants.
In our earlier paper we discussed the question

of conductivity in metallic systems with very short
mean free path. When the scattering time v be-
comes sufficiently short such that 7.E~~ 5, the
usual approximations break down and simple scat-
tering theory is inappropriate. In this limit the
proper view must go over continuously to a diffu-
sion transport of the electrons through the random
(in space and time) potential arising from thermal
disorder in the lattice. Evidently, this is not the
case in NMP TCNQ in the experimental range
studied, where the mean free path is a fem lattice
constants. It would seem in principle possible to
cross over into the diffusion regime by extending
the measurements to higher temperature. Unfor-
tunately, thermal decomposition sets in at about
100 'C, so that such experiments cannot be carried
out. The general theoretical question of the cross-
over from band propagation to diffusion with in-
creasing electron-phonon coupling is morthy of
study, for it mould appear that this interesting in-
termediate regime could be experimentally acces-
sible in organic molecular crystals of this kind.

Conductivity studies on high-purity NMP TCNQ
single crystals have demonstrated that the curva-
ture in log, oo vs 1/T, seen at low temperatures in
earlier data, is the result of impurities. The in-
trinsic behavior is exponential in T ' and is con-
sistent with NMP TCNQ being a magnetic Mott-
Hubbard insulator belom 200 'K. As me have
shomn, this conclusion, although valid for NMP
TCNQ, should not be generally applied to the en-
tire class of highly conducting TCNQ salts. Thus
far only the NMP salt shows the magnetic proper-
ties characteristic of a Mott transition. The
Q(TCNQ)z compound, on the contrary, remains
microscopically metallic at least down to 130

K, ' i. e. , mell below the temperature at which
the conductivity is maximum. Evidently in this
quarter-filled band case, an interrupted metallic
strand modela~ may be appropriate mith the lom-
temperature conductivity being limited by inter-
strand hopping. However, we emphasize the need
for studies on high-purity samples to avoid appli-
cation of sophisticated theoretical models to im-
purity-related effects.
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It is shown that Mott-insulator (or semiconductor) state can become unstable to the forma-
tion of Cooper pairs. The transition between the states can be either first or second order.
The ferroelectric instability of the Mott insulator is also discussed and a spin-analog model
is presented that can account for all three thermodynamic states.

I. INTRODUCTION

The strong correlation effects that appear to be
present among electrons in partially filled orbitals
in certain organic substances [e.g. , those contain-
ing tetracyanoquinodimethan (TCNQ)] suggest a de-
scription in terms of a Hubbard model. ' An ad-
vantage of this description is that it incorporates
the Mott insulator3 as a possible ground state for
certain organic semiconductors. The simple mod-
el does not allow for electron-phonon or electron-
exciton interactions which may be important in de-
scribing the equilibrium and transport properties
of a particular material. A novel feature of the
organic systems is that thermal promotion of polar
states may occur at reasonable temperatures,
quite unlike the situation in the transition-metal
and rare-earth compounds.

Given that the Mott insulator represents the nor-
mal state of the electronic system (i.e. , the Cou-
lomb repulsion is much greater than the bandwidth
in the half-filled-band Hubbard model), we inves-
tigate the instability of this normal state in the
presence of interactions extraneous to the Hubbard
model. These include indirect interactions via
phonons or excitons, as well as electron-electron
interactions not included in the Hubbard model. A
consideration of these interactions is important in

attaining an understanding of the complex behavior
of these substances, as is indicated by experiment.
Further, the theoretical investigation represents
the first in which the short-ranged Coulomb in-
teraction is treated exactly in a model supercon-
ductor. The principal result is that the Mott in-
sulator (or semiconductor) can become unstable to
Cooper-pair formation below a certain transition
temperature. It is also found that the phase tran-
sition can be either first or second order, depend-
ing on the parameters. The possibility of a ferro-
electric instability has also been considered, and
it has been found that, within the molecular-field
scheme, the phase boundary between the ferro-
electric and superconductor is independent of tem-
perature. It is also seen that the competing inter-
actions that lead to ferroelectricity, or supercon-
ductivity in a strongly correlated electron system,
can be represented in terms of a spin-analog
model.

II. INSTABILITY TO THE SUPERCONDUCTOR

The Hubbard model~ can be written

Hj —Il~ Cg, C), C],C], +~ ti~Ci, C;, ,t t
f, j

where C„destroys an electron on site B, and spin
a and Il and t, ~ are the intrasite repulsion and hop-


