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We obtain electron and hole mobilities from the 

measured Hall mobility of (TMTSF) PF At 4K these 
are greater than 10 cm /Vsec and agree with the 
mobility calculated for acoustic phonon scattering. 

The initial increase of conductivity in dc fields 
found at low temperatures in this material can be 
accounted for by single particle effects, specifi- 
cally heating of the carriers by the field. To 
explain further increases we suggest that the gap 
is spatially nonuniform. This could be accounted 
for by dislocations. 

2 6' 6 2  

INTRODUCTION 

(TMTSF)2PF6 is a quasi-one-dimensional organic salt 
3 whose dc conductivity u increases on cooling from 10 

ohm cm at 300K to over 10 ohm cm at 20K, levels -1 -1 5 -1 -1 

off somewhat with further cooling and then decreases 
1 rapidly. Although the details of the decrease were 
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96/[452] E. M. CONWELL AND N. C. BANIK 

reported differently by different experimental 

groups P it is now generally agreed that at ambient 
pressure there is a metal-to-semiconductor transition 
taking place at a temperature TMs u K . ~  It has also 

been established that the transition is to a spin dens- 
ity wave (SDW) state4 rather than the charge density 
wave (CDW) state that is the usual ground state in this 
family of quasi-one-dimensional organic conductors. It 

was first reported by Walsh et a12 that the dc conductiv- 
ity is nonlinear, starting to increase with field at a 

few mV/cm at T=4K, for example. This feature, plus the 
reappearance of the ESR line at 4K under a small 

microwave field ("spin resurrection") led Walsh et a1 to 
conjecture that the nonlinear increase in 0 is due to 
SDW's depinned by the electric field, reminiscent of 

CDW's so depinned in NbSe Detailed measurements of 3' 
the freq~ency,~ electric3 and magnetic7 field depen- 
dences by Chaikin et a1 showed, however, that the behav- 

ior of (I is quite different from that of NbSe casting 
doubt on the conjecture of depinned SDW's. Chaikin et a1 

suggested that the nonlinearity could be due to single 

carrier effects, notably heating of the carriers by the 
3 field and resultant effects such as impact ionization. 

The suggestion of hot electrons was bolstered by Hall 
effect measurements which gave a Hall mobility p 

10 cm /V see at 4K. 

3' 

H3 5 2  7 

In this paper we begin by discussing the theory of 
single particle transport at temperatures below that for 

which the gap appears. Since the conductivity mobility 
p is what determines the onset of hot carrier effects, 

we use the theory to derive a value for u from the 

concluding that P > 10 cm /V sec. This measured 6 2  ' H' 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)*PFs [453]/97 

value is found to agree well with ~.r calculated for 

acoustic phonon scattering, indicating that that is the 
dominant scattering process at these temperatures in 

(TMTSF)2PF6. We have studied the variation of (J with E 
for carriers scattered by acoustic phonons' and find 
that with the value of p obtained from p we can 
account for the initial increase in 5 (warm electron 

range) at the low dc fields for which it is observed. 
Further, the theoretical prediction that 5 a E for the 

warm electron range is in fair agreement with what is 
found e~perimentally.~ To account for the variation in 

5 beyond the warm electron range, and for various un- 
usual features of the conductivity, Hall effect and 
magnetoresistance of (TMTSF) PF we suggest that the 
gap is nonuniform in actual samples. One source of such 
nonuniformity is dislocations, whose effects we will 
explore. We suggest that dislocations and other defects 

may play an important role in the spin resurrection in 
microwave fields. 

H 

2 

2 6' 

LOW-FIELD MOBILITY BELOW TMs 

What gives rise to a CDW or SDW distortion in a quasi- 
one-dimensional crystal is the mixing of an occupied 

state with wave vector k with the state k+2kF, k being 
the Fermi wave vector, the states having opposite spin 
in the SDW case. The wave function in the distorted 

state may be written as the superposition 

F 

JI .=u. 
1 1  

where 1 refers to states above the gap, 2 to states 

below. The coefficients u. and v. may be determined by 
1 1 
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98/[454] E. M. CONWELL AND N. C. BANIK 

perturbation t h e ~ r y , ~  which also yields the expression 

for the energy in the distorted state 10 

where E is the one-electron energy measured from the 
Fermi energy E and 2 A the gap. This expression is 

valid for either the CDW or SDW case. For the half- 
filled band case eq. (2) can be simplified because 

In the temperature range where 

k T < < A we may expand eq. (2) keeping terms no higher 

than (k-kF) ,2 kF now being the band edge, The result may 
be written 

k 
F 

E k=- E k-2kF' 

B 

where m is the effective mass of an electron or hole, 

given by, respectively 

< m > being the average of m 

binding case 

and m , For the tight- 
n P 

where E is the bandwidth and b the lattice constant. 

With ( 5 ) ,  eq (2) yields for states close to kF 
0 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)zPF6 [455]/99 

and 

2 o! =2 A cos k b/ E sin k b. 
F o  F (7) 

Note that the expression in parentheses in eq. (6) is the 
mass at the bottom of the undistorted band. Thus, as 
noted earlier," the average mass is reduced by a factor 
of the order of A / E  while the difference in masses, 

according to (4) and (7), is of the order of ( A  / E ) . 
For (TMTSF)2PF6 Eo=leV,l b=3.65 and sin 

k b=0.707, leading to a value for the mass at the bottom 
of the undistorted band close to the free electron mass 
m . Combining this with A =24K, obtained from the slope 
of In 0 vs 1/T between 10 and 4K,7 we find 
< m >  =0.0095m0 and a=-0.006. If we had taken E: in 
the form for free electrons < m > and a would both be 

smaller, although of the same order of magnitude. 

2 0 ,  

0 

F 

0 

Given the fact that the slope of In u vs 1/T, from 

which we obtained A ,  is constant down to 4K, conduction 
down to 4K at least is by both electrons and holes. 

Neglecting a factor of order unity, which is determined 
by the shape of the constant energy surfaces and the 

energy-dependence of the scattering relaxation time T , 
we may write pH= l~ - pn. One possible source of dif- 
ference between 1.1 and I.I is the difference in wave 
functions of electrons and holes in the SDW state, which 
could result in a difference in the matrix element for 
scattering. As noted earlier, the large 1.1 suggests 
that acoustic phonon scattering is dominant. In addi- 
tion, the electrochemical process by which (TMTSF) PF 2 6  
is made is expected to be self-purifying.12 Consistent 

with this this material shows little if any sign of 

P 
P 
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1 OO/[456] E. M. CONWELL AND N. C. BANIK 

residual resistance, under sufficient pressure to make 

it metallic, down to the superconducting transition at 

lK.13 We have evaluated the matrix elements for scat- 

tering by long wavelength acoustic phonons (required to 
9 conserve energy and momentum in the scattering process) 

in terms of u. and v of eq. (1) and find that for k 

close to kF there is negligible difference between those 

for electrons and holes. In fact there is negligible 

difference between these matrix elements for the dis- 

torted state and the matrix element for the metallic 

state, unlike the case for supercond~ctivity.~~ The 

other source of difference between 1.1 and 1.1 is the 

difference in effective masses. If v Q: m , 

1 i 

r *  

where IX is given by eq. ( 7 )  and < 1.1 > is the average of 

electron and hole mobilities. The value of r depends on 

the scattering mechanism but, whatever the mechanism, 

its magnitude should certainly lie in the range 0.5 to 3. 
With a -0.006 for (TMTSF)2PF6 and 1.1 =10 5 2  cm /Vsec we 

8 2  deduce from eq. (8) that < v > > 3x10 cm /Vsec at 4K. 

To calculate the mobility due to acoustic mode 

we use the usual first order perturba- scattering, 

tion theory. The reciprocal of the scattering time is 

given by 

' ac' 

where M(k,k') is the matrix element and p (Ekl) the 
density of states. For thermal electrons, i.e., elec- 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)zPFs [457]/101 

trons with small (k-k ), where, as noted above, the F 
matrix element below T has 
metallic state, 

MS (15) 
the same form as for the 

Since equipartition holds for 
with thermal electrons we may 

Making use of w a 

find for k close to kF 
(k-kF) vs 

absorption 
emi s s ion (10) 

the phonons that interact 
write 

and P (Ek) (k-kF)-' we 

where the upper sign holds for electrons, the lower for 
holes, Thus within the range of k for which our approxi- 
mations hold more energetic electrons are scattered 

less. 
Since T (k) is independent of k', solution of the ac 

Boltzmann equation is straightforward and yields 

2 -1/2 Mvs (kBT) < u  > a  
ac b 3 <m>3'2( at/ 

(13) 

Here M is the mass of a lattice ion, which was taken 
arbitrarily as 408 a.m.u. (in between the values for 

TMTSF and PF6) and vs=3x10 cm/sec at 4K.16 The quantity 
( a t/ a u), the rate of change in the transfer integral 
with nearest neighbor displacement, was taken as 0.3eV/A 
from comparison of theory with experimental p vs T for 
this compound at T > TMS.l7 With these parameters we 

5 
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1 OZ/[458] E. M. CONWELL AND N. C. BANIK 

find from the theory leading to eq. (13) that 
> 31x10 cm IVsec at 4K. From eq. (13) we also 

< ’ ac 
deduce r=3/2 which, inserted in eq. (81, gives 

< P > ~ 6 x 1 0  cm /Vsec. The fact that the calculated 

is smaller than < P > determined from P is 

probably due to the value taken for a t/ au being too 
large. As suggested in reference 17, half or more of the 
scattering attributed to acoustic phonons may be due to 

anion rotation. We conclude that for the highly con- 

ducting a direction the mobility in the range 10 to 4K at 

least is determined by acoustic phonon scattering. 

6 2  

6 2  

’ ac H 

HIGH-FIELD EFFECTS 

Knowing the scattering mechanism we can calculate the 

effect of a high electric field on the electron and hole 
distributions and on the conductivity. We simplify the 

calculation by assuming that the carrier distributions 
are Maxwellian with a temperature T that is a function 

of electric field. Conservation of energy requires that 
the rate of energy gain from the electric field 

e p  (Te)E , equals the rate of energy loss to phonons. 

is the low-field mobility at the lattice where 

temperature T. For Te not much greater than T, or the 

warm electron region, we find that the change in p , 
A 1.1 

e 

2 

From eq. (12) we deduce that p (Te)= pO(Te/T) 112 , 
P O  

, at a field E is given by 

’ 0  

With p 0=6x10 6 2  cm /Vsec, 

(14) 

the value deduced from the mea- 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)zPFs [459]/103 

sured p A p / p o  = 3% at a field of 

20 mV/cm, within a factor 2 of the observed percent 
change in (5 , A o , at 4K.3 It has been found also 

that A (I / u  varies at low E's as a power of E between 
3O 18 1.0 and 2.0, in approximate agreement with eq. (14). 

A possible origin for these small discrepancies will be 
discussed below. 

, eq. (14) leads to H 

For carrier energies much beyond k T a couple of 
the approximations made in deriving (12) no longer hold, 

with the result that 7: no longer increases with increas- 

The integration for IJ must be carried out ing E 
numerically and we find that p only increases -I, 10% 
for A =24K before decreasing with further increase in 
field. Thus the observed decrease in resistance by a 

factor Q 5 in 500mV/cm at 4K cannot be explained by this 
mechanism. It cannot be explained by impact ionization 

of impurities because the constant slope (corresponding 

to A ) of In u vs 1/T means there is no contribution of 

impurities to :T above 4K. Nor can it be explained by 

impact ionization creating electron-hole pairs because 

the electron temperatures we calculate for 4K making the 

most favorable assumption, i.e., that there is only 
acoustic scattering, are not high enough. We suggest 

that at least part of the increase comes from spatial 
variation of the gap, This gives rise to barriers that 
are more easily surmounted by hot electrons. These 
barriers should be at most a few K in height, correspond- 
ing to gap variations of no more than 10 to 15% over most 
of the sample. Further, the distance between barriers 

should be many mean free paths to be consistent with the 
high observed at 4K. We believe that these barriers 

originate from defects in the material, dislocations 

B 

k' 
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104/[460] E. M. CONWELL AND N. C. BANIK 

being a prime source as will be shown in the next 

section. We will also show that a spatially varying gap 

can explain many other unusual effects that have been 

observed in this material. 

ORIGINS AND EFFECTS OF SPATIALLY VARYING GAP 

Since the gap in (TMTSFI2PF6 has been shown to be highly 

pressure-sensitive,13 any defect that produces a dilata- 

tion should have an effect on the gap locally. Consider 

the stress due to a single edge dislocation. In the 

plane perpendicular to the dislocation axis the average 

of the diagonal components of the stress tensor, or the 

"hydrostatic pressure" due to the dislocation, is given 

bylg 

< stress j = - 1-2V B B sine, (15) - 
1 -v 2 n r  

where r and 9 are the polar coordinates in this plane, 

P is the Burgers vector (a multiple of the lattice 

constant), B the bulk modulus and V Poisson's ratio. We 

can estimate this for TTF-TCNQ for which B at low 
11 temperatures has been measured, 2o its value being 2x10 

n z dyneslcm. The value of v must lie between 0 and 0.5 

and we have taken it as 0.25. For 8 =z n/2, we find from 
eq. (15) that < stress> = + 21 ( B/r) kbar. The gap 

has been found to vanish at 9 kbar.13 Thus the rate of 

decrease of the gap with pressure is on the average 

ll%/kbar or % 5Klkbar. We assume that an equal rate of 

increase holds for negative pressure. For B of 1 

lattice constant, which is typical, a change of as much 

- 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)#Fs [461]/105 

as 5K in the gap will be found at a distance of 21 
lattice constants. Due to the l/r dependence of the 
stress, the change falls off slowly with distance. This 
could easily be the origin of the gap variation we have 

postulated to explain the increase in u with E. Such 
gap variations could account for the increase in 0 with 

frequency above lGHZZ1 and the decrease in slope of 
In u vs 1/T found below 4K. Although there should be as 
many regions with increased gap as with decreased gap, 
the latter will dominate u at low temperatures, 
Strains could also account for the different values of 

TMS 
Closer to the dislocation lines the strains are 

larger. According to (151, for r 3 6 the average 
stress would be sufficient to wipe out the gap. Of 
course, this equation is based on continuum elastic 
theory and may not be valid for such small distances. On 
the other hand, eq. (15) describes the stress for a 
single edge dislocation and it could well be much larger 
for dislocations bunched together. The poor mechanical 
properties of (TMTSFI2PF6 make it not unlikely that 
there are bunched dislocations in this material. This 

could result in the existence of metallic regions for 
temperatures below the apparent T and regions with 

fully developed gap ( A > 24K) above the apparent TMs. 
The existence of such regions could explain a number of 
effects that are otherwise difficult to account for, 

3 For example, the observation of an increase in u with E 
at 20K, of comparable magnitude and at comparable E to 
what is observed below 12K, can be attributed to the hot 
electron effects we have been discussing in semiconduct- 

found by different experimenters. 1,293 

MS 
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106/[462] E. M. CONWELL AND N. C. BANIK 

ing regions existing in series with the metallic 

regions. It would not be possible to obtain any heating 

of the carriers in the metallic regions at these fields 

since FI in these regions, deduced from the measured (J 

and the known charge transfer, is less than 1000 

cm /Vsec. By similar arguments the large magnetoresis- 
tance observed7’l for several degrees above the apparent 

can be attributed to such semiconducting regions. TMS 
It should also be noted that the existence of such 

inhomogeneities in high u material would have consider- 
able effects on magnetoresistance and Hall measure- 

ments. 

2 

22 

The existence of metallic and small gap regions 

below the transition may also be connected with the 
observation of the reappearance of the electron spin 

resonance line in microwave fields estimated as Q, 100 

mV/cm at 4K.2 It is expected that the microwave power be 
concentrated in metallic and small gap regions, rather 
than spread uniformly through the sample. This could 

result in local heating, destroying the gap in some 

regions and restoring some of the ESR signal. This might 

account for the step-like nature of the spin resurrec- 

tion observed in thick samplesY2 where there could be a 

number of separate metallic and small gap regions with 

different extent and degree of disturbance. 

CONCLUSIONS 

From the measured p using the fact that only the mass 

difference contributes to the difference in mobilities, 

we deduce that In com- 
paring this with p ‘s deduced from magnetoresistance and 

Hall  measurement^,^ one should remember that there is 

H’ 

6 2  p p=6x10 cm /Vsec at 4K. 
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HIGH ELECTRIC FIELD TRANSPORT IN (TMTSF)zPFe [463]/107 

considerable evidence that the samples are inhomogen- 
eous, which can cause considerable error in magnetore- 

The mobility we calculate for sistance and u 
acoustic phonon scattering is in reasonable agreement 

With this high value of with 1-1 deduced from p 

!-I heating of the carriers by the field can account for 

the initial increase of 5 with E. Amodel with spatial- 
ly varying gap can account for a good part or all of the 
remainder of the nonlinearity in 0 and for a number of 
other phenomena observed in this material as well. The 

spatially varying gap may be due to dislocations, small 
angle grain boundaries, etc., which can lead to metallic 

Such regions below T high gap regions above T MS' 
inhomogeneities would contribute to the spin resurrec- 
tion observed in microwave fields. 

22 
H' 

H' 

MS' 
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