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We have measured the magnetoresistance, Hall
effect and the nonlinear conductivity characteristics
in pure and radiation damaged (TMTSF),, PF,, We find
that the material below the metdl-insulator
transition temperature is best described as
qugsi-two-dimensional with a very high mobility
(10~ ecm“/volt-sec), The nonlinear conductivity is
suppressed by the application of a magnetic field
and by radiation damage. The magnetoresistance,
metal-insulator transition temperature and the
superconducting transition temperature are also
reduced hy radiation damage of order 1000 ppm for
the latter and 100 ppm for the former.,

A sizable fraction of this conference is devoted to the
properties of the salts of TMTSF, The wide variety of the
low tempelig ure states of these materials is
extroadinary + We will cancentrate in this paper on the
spin density wave state (SDW) in (TMTSF), PF, and in
particular an its similarities and differefces with the
charge density wave (CDW) state previously found to be
vbiquitous in these materials. We are pgrticularly
interested in the highly nonlinear conductivity v and
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whether it is similar to the depinned CDW motion7
observed in the mgtal chalcogenides, or to the behavior
seen in TTF-TCNQ", In these studies we have performed
magnetotranspart measurements in the linear and the
nonlinear regime and have studied the effect of radiation
induced defects on both the transport properties and on
the metal-insvulator transition as well as the
superconducting transition seen under pressure,

To sum up the main points that we wish to make! 1) The
magnetotransport indicates that below the SDW transition
(TMTSF)Z PF, is a quasi=two-dimensional conductor with a
high mobility. 2) The nonlinear characteristics are quite
different from those observed in NbSe,, in the scaling with
the frequency dependent conductivi%y. sensitivity to
defects and magnetic fields, and absence of a threshold
field, They are however, similar to what has been observed
in TTF-TCNQ, 3) The effects of radiation dam&ge are
quite similar to what is observed in CDW systems” as far
as the transition is concerned and the effects are those to
be expected for a two dimle&sinnal band structure rather
than in isolated chains as far as the transport is
concerned, 4) The supercaonducting state is easily
destroyed by a small amount of damage, probably
indicating that the defects are at least partially spin
defects, rather than the presence of triplet
superconductivity.

The original report of the nonlinear eFFects4 suggested
that the effects were associated with the depinning of a
spin density wave in anslogy with the phenamena found in
the CDW system NbSe.’, The low values of the electric
field which raise the conductivity suggested that the
pinning was weak, as might be expected for a SDW, but the
main evidence for a SDW rather than a CDW transition
came fram ghe difF4erences observed in static
susceptibility” and ESR’ measurements and more recently
from the anisotropy of the static susceptibility and
indication of a spin-flop transitionY, Further
investigations however indicated that the nonlinear effect
is quite different from that observed in NbSe &, 1In fig.
we show the resistance of a sample of (TMTS PF, taken
at {.1K as a function of applied voltage whiczh has been
expressed as an electric field using the measured length
of the sample, The measurement is taken with an AC
resistance bridge in the presence of a DC bias voltage so
that the dynamic resistance (dv/di) is recorded. The
resistance characteristic is quite smooth, indicating the
absence of any threshold behavior, The figure also shows a
blow-up of the field region near zero where it can be seen
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that the behavior is non-ohmic down to fields below 0.1
mV/cm. For contrast we have also shown the resistance vs.
field dependence for NbSe, taken on the same resistance
bridge at 51K, For the lat?er material the conductivity is
perfectly linear up until an onset field,

Resistance
(orb. units)

7
X axis
magnified by 10

(TMTSF), PF.
T=11K

- | 1 —

1
-300 -200 ~-100 0 100 200 300
ElmV/cm)

1 ]

{b)
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1 L L 1 A
-600 -400 -200 O 200 400 600

FIGURE { Dynamic resistance (dV/dI) as a function of
electric field showing the absence (a) and presence (b) of a
threshold field.

While it may be argued that we have not gone to
sufficiently small fields to observe ohmic behavior, the
characteristic field for depinning of a density wave should
be related to the pinning fovce which is mea's.uredl Py the
frequency dependence of the conductivity "«The
characteristic frequency for (TMTSP‘)2 PF, is, 2-3 arders of
magnitude greater than that found in NbSe 641 » whereas
the threshold field for Nl’lSe3 is 2 orders of magnitude
higher than our minimum field measurements for (TMTSF)
PF,, Previous measurements have revealed other
di#erences hetween the bahavior of the two systems.
There has been no observation of periodic "noise"
associated with the nonlinear conductivity in NbSe_, and
the frequency dependence of the conductivity indicates a
stronger pinning in the case of (TMTSF), PF, than would
be expected for a SDW, although the Frecﬁlence dependence
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is still at a lower characteristic frequency than can easily
be explained in terms o{zsingle particle behavior involving
excitations above a gap
In order to better understand the ground state of
(TMTSF), PF, with respect to both the linear and nonlinear
transpo%t weé have investigated the magnetaresistance and
Hall effect which are the classic measvurements for
analysing the conductivity, The magnetoresistance of
(TMTS&) has previously been measured by Jacobsen
et al. who%ound a large positive magnetoresistance in
the metallic state, which increased considerably below the
metal-insvulator transition, Qur measurements of the
resistance in the absence of a magnetic field and in
80kGauss is shown in fig, 2 for the field aligned
approximately parallel to the ¢ axis, the direction of
lowest conductivity., Tpgse results are quite similar to
those reported in ref.*~s However, their measurements
indicated that the magnetoresistance was nearly isotropic
in the b-c plane, To the contrary we find that the
magnetoresistance along b is too small to measure, (In
this discussion we will not be concerned with a rigorous
alignment with the crystallographic axis, rather when we
refer to the b axis we mean the axis along which the
measured magnetoresistance is a minimum, This is within
about 5 degrees of parallel to the crystal platelet face
which from X-ray analysis is within about 5 degrees of the
crystallographic b axis. When we refer tao the c axis we
mean the axis 90 degrees rotated from the b axis as we
have defined it abave. We take the b-c plane as being
perpendicular to the needle axis of the crystal,) This is
illustrated in fig. 2 where we show the resistance change
as a function of magnetic field for low fields at 4,2K, The
data were taken in a ratatahle NMR magnet with the
samples aligned so that their needle axis was along the
axis of rotation, The magnet was rotated until the
observed resistance change was minimum. A magnetic field
sweep was then done, the magnet was rotated 90 degrees
and another sweep taken. At low fields the ratio of the
magnetoresistance in these twa directions was between
200 and 1000, For high field data samples were mounted so
that the platelet faces were either parallel or
perpendicular to the field of a superconducting magnet.
Although the alignment in this case is critical we have
observed anisotropies at 80kG of up to 200, Similarly we
find an anisotropy of greater than 200 between the a and ¢
axis’,
There are several points to be made abaut the
magnetoresistance before we procede in pur analysis, The
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fact that the magnetoresistance is anisotropic in the plane
perpendicular to the highly conducting axis implies that
all measurements which claim to measure the conductivity
or transfer integral anisotropy from measurements of the
critical field in the directions parallel and perpendicular

03r
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FIGURE 2a) Magnetoresistance with the field aligned along
the b and ¢ axis. b)Temperature dependence of the
resistivity with and without an applied field.

to the highly conducting axis are unreliable in their
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conclusions about the dimensionality of the transport
processes. In general, any orbital phenomena associated
with the magnetic field can be expected to differ
significantly in the plane perpendicular to the a axis for
the compounds in this family. This is certainly the case
for the critical field of the CID4 salt below its
superconducting transition where the b-c axis critical
field anisotropy is greater than the a-b axis anisotropy"".
The large positive magnetoresistance observed in
(TMTSF), PF, is quite different from the behavior seen in
CDW organic conductors such as TTF-TCNQ whlege a very
small negative magnetaoresistance was observed*~, This is
related to the fact that in the present system the
presence of an 80k magnetic
field has virtually no effect on the transition temperature
{as measured resistively it shifts by less than 0.1K)
indicating that the change in susceptibility through the
transition is very small so that the magnetic field does
not favor one state aover the other, For TTF-TCNQ there is
a small shift since the CDW has a sharp drop in its spin
susceptibility at T, . while the (high field) susceptibility
of t%esSDW is essentially the same as the metallic
state”'™, A large positive maigg\etoresistance has1 9150 been
reported for HMTSF-TCNQ and for TTT, -1 + In the
former case the results are similar in origifn to those that
we report here, For the latter material the system is
disordered and the effect is completely isotrapic and thus
a spin effect.

Below TM- where the material is semiconducting we
expect that'a {wn carrier descriptian of the transport may
be a good first attempt, The high field limit for the
magnetoresistance is then given by

(R(H)—R(O))/R(O)=ueuhH2/c2 (1)

where Ue and u, are the electron and hole mobilities., If
&uation at face value, then the magnitude of

we take this e
the effects that we observe at 4,ZK correspond to a
characteristic mobility of 10 cm?/volt-sec which is
similar to what is observed in the purist smalil effective
mass conventional semiconductoi'z such as InSb!® or in the
semi-metal HMTSF-TCNQ ®,Assuming that the
anisotropies are the same for the electron and the hole
bands (since before the apening of the SDW gap they
belonged to the same band) we can use equation 1 to find
the b-c effective mass anisotropy.

*)1/2

*
Myp = (m, m_ (2)



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:38 21 February 2013

MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TMTSF),PFs [441])/85

(R(H)-R(O))c/(ZR(H)-R(O))b = mb*/mc* (3)

Where is the cyclotraon mass and the other masses are
effective masses fram the band structure, The measured
anisotropy in the masses from the optical plasma
frequency measurements is only 10 while the
magnetoresistance would yield a value of 200-1000, The
magnetoresistance with H along b is therefore well below
what wauld be expected from band motion and we take this
as evidence for diffusive mation rather than band motion
in the c direction + The high value of the
magnetoresistance with H in the c direction implies that
electrons experience coherent motions and closed orbits in
the a-b plane, Again note that from equations 2 and 3 it
would bhe necessary to measure the anisotropic
magnetoresistance along the b and a directions in arder to
obtain information about the mass ratio between the two
highest conducting directions, Since both are extremely
small and involve closing the orbits through the diffusive
c direction this comparison is naot possible. Almost
certainly, previous anisotropy measurements from
magnetotransport in most of these ane dimensional
conductors merely involved some component of the
magnetic field being non-zero along a plane where orbits
could be established and the anisotrapy measured was
therefore more a function of the crystal alignment than
any property of the materials,

A more conventional determinatiaon of the mobility may
be obtained from Hall effect measurements., Using a
standard five probe technique with the magnetic field
aligned parallel to the b axis to reduce the
magnetorezséstance, we measured the Hall caefficient fram
10K t0 2K“", At 2K the number of carriers wh}%h we would
calculate in a simple one band model is 10°~, The Hall
mobility (u.) is the quantity we are really after and it is
shown in fig. 3 as a function of temperature. Defined as
the product of the Hall coefficient (R.,) and the
conductivity () it is given in a two band model 6y!

Us=Ry =UjUg (4)

The sign of the Hall coefficient is positive indicating hole
carriers daminate. If we take equatigns 4 and S literally
then we find maobilities of 1.2x10" faor the holes and
0.24x10™ for the electrons.,

The mean free path for these carriers depends on their
effective mass.: If we take the effective mass as that of
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free electrons (which surprizingly is the appropriate value
from a %ur'l?ber of measurements in the metallic
fstate),1 '?7'then we find a mean free path of 5000
Angstroms, However, we would expect that the opening of
a gap at the Fermi surface would increase the curvature of
the bands and produce a smaller effective mass.: In either
a tight binding or a free electron model the
pretransitional mass is reduced by a factor of the
bandwidth devided by the energy gap. For (TMTSF), PF
this amounts ta a factor of 200, With a mass that is ?/206
of an electron mass,; we would only need a mean free path
of 300 Angstrams to explain the mability. The small
effective mass at the bottom of the band edges may also
help explain some of the temperature dependence of the
mobility. At low temperature only the small mass states
are occupied, while at higher temperatures the electrons
sense the much heavier mass states.

] T
10 25
-T
105— - oo v %
[ )
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154 ®
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1 1 1 ] 1 (|
01 0.2 03 04
YT (K

FIGURE 3 Temperature dependence of the Hall mobility.

The small mass below the SDW transition would not
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help in the explanation of the reasonably large
magnetoresistance seen above the transitian in the
metallic state, nor the magnetoresistance observed in the
metallic state under pressure vzohich is comparable to what
we observe in the SDW state4!, However, it should be
noted that in the present case, where there is no questian
of fluctuations into the superconducting state, the
magnetoresistance is large and positive, It is therefare
possible to observe such effects resulting entirely from
normal band transport in systems with high mobility.

' T= 2K
50r H=0 / He ]
I/
2' o/
5 30r / _
= )/
= 20F J/ -
) P
_e” H=50K Gauss
1ope-—=="" * -
0 > >~ ]
10 100 1000
E (mv/em)

FIGURE 4 Nonlinear coenductivity with and without a
transverse magnetic field.

We now turn our attention toward the nonlinear
characteristic and its magnetic field. Recent work on the
CDW system NbSe, have shown that the nonohmic
conductivityzizf-'. not effected by the application of a
magnetic field““, This is due to the highly one dimensional
motion of the depinned CDW. If the depinned SDW is like
the depinned CDW in that both propagate in only one
direction, we would expect that the conductivity in the
presence of both ap electric and a magnetic field could be
written as the sum of two contributions!

O (EH)= Uép(HH G'SDW(E) (3

The first term on the right refers to the transport due to
the normal carriers which we have seen is highly dependent
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on the magnetic field but which in this model we take as
independent of the electric field, The second term is the
contribution of the depinned SDW which should be highly E
sensitive but independent of H since its motion is
presumably one dimensional, If this equation is correct
then the effect of applying a magnetic field would be to
shift the nonohmic characteristic down by a constant
amount.

In fig, 4 we show the results of the experiment in
which a magnetic field is aligned along the direction with
the maximum magnetoresistance. It is clear that the
magnetic field strongly suppresses the nonlinear
contribution, Rather than exhibiting the behavior
suggested by equation &, the nonlinear contribution to the
conductivity shows much the same reduction as does the
normal cantribution., This would suggest that the
additional carriers have similar mobility and
dimensionality to the normal carriers. In this regard we
point out that one of the prerequisites for "hot electron
eH‘ects“gs the existence of a very high mobility
carriers?3, It is unlikely that carrier heating effects
could account for the entire nonlinear characteristic, since
the restoration of the metallic conductivity would require
exciting all of the carriers over the gap (that is, it would
require destroying the gap). It should be noted that the
characteristic shown in fig.4 does not go to sufficiently
high electric field, for this sampgle, ta restore the metallic
conductivity, Therefore it is possible that the low field
effects are related to carrier heating and that other
effects set in at higher electric fields., The fact that the
nonlinear characteristics are so smooth on the other hand,
suggests that this is not the case.

Radiation Damage

The radiation damage study was undertaken in order to
compare the effect of defects on the SDW transtion as
compared to the previous measurements on CDW systems,
to see the effect on superconductivity, to test our
interpretation of the high mobility and two-dimensionality
seen in the magnetotransport study, and to see whether
the increased pinning would effect the nonlinear
conductivity in the same way as it does in NbSe,,

The radiation damage was performed at ?he Van der
Graaf accelerator at Cal State L.A. using a beam of 2.5
MeV protons. As is usual in radiation damage experiments,
the homogeniety of the damage and the relative amount aof
damage between samples is known quite well, but the
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absolute value of the damage is often difficult to
evaluate, We found that using the same dosages that
produced neglible effect on both_the transitions, transport
and nonlinear effects in NbSe we observed enaormous
effects in the (TMTSF), PF,. This supports thg gonclusion
reached by the group at Fantenay-aux-Rose who have
found that whereas Rutherford scattering is the main
source of damage in the metal chalcogenides, where the
electronic excitiations caused by the irradiation do not
contribute to the damage, in the conducting organic charge
transfer salts the electronic excitations do contribute“™,
In the case of ('I‘MTSI'-')2 PF, the damage by direct
scattering from the nuclei cnntbributes only 1/300 of the
damage caused by the electronic excitations.

o~ 4
T
Q.
=2
d 80KG
0 L1 1 ]
100 400
Damaoge (ppm)
2
g 08
< .04
x
= 0 1 ]
® "0 100ppm damage— 1000 PP

FIGURE S Damage fraction dependence of (a) the
magnetoresistance at ibar and (b) the resistance ratio at a
pressure of 1ikbar.

To calculate the amount of damage we compute the
total energy loss of the incident protons in passing
through the crystal and divide this by the approximate
energy per dislocation as reported in ref, 25 for
TMTSF-DMTCNQ® (7 KeV), The result of this computation is
the relationship!

17 2 (6)

c=1.4x10" " ‘x(protons/cm®)
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In order to verify these values we have also performed
in situ resistance measurements during the irradiation. We
find that the resistance increases by a factor of 1.3 with a
calculated damage fraction of 600 ppm. We can
independently obtain a value for the damage fraction (c)
from the observed increase in resistance and the
previously measured anisotropy., If we take the
conductivity anisotraopy between the two must highly
conducting directions as 400! for (TMTSF) PF, then the
observed resistance increase would corres;?ond Qo a damage
fraction of 750 ppm. The agreement between the two values
is quite satisfactary, We will therefore use equation 6
whenever we quote a value for the amount of damage in the
remainder of the text,

We have measured the magnetoresistance in the SDW
state as a function of the amount of damage with the basic
results at 4,4K shown in fig.5, The magnetoresistance
decreases drastically with the addition of only 400 ppm
defects, If we assume that the main effect of the defects
is to increase the scattering rate, as we would find in
canventional three dimensional metals or semiconductors,
then the scattering rate should be proportional to the
number of defects.: According to equation 1, the scattering
rate (which goes as the inverse of the mobility) should be
proportional to the inverse square root of the measured
magnetoresistance. This is the quantity plotted in fig., 5
and indeed a linear dependence is found. Note furthermore
that the value of damage which doubles the low
temperature scattering rate is 100 ppm. This implies that
pure material is very pure with intrinsic damage of about
100 ppm., At higher values of damage the
magnetoresistance is too small to measure accurately, but
there appears to he a small negative magnetoresistance at
1000 ppm,

If the additivity of scattering rates is correct then
this should also show up in the resistivity ratio.,
Unfortunately we find many resistance jumps during
caoldown for samples at ambient pressure. However the
experiment is easily performed under pressure with the
results shown in fig.Sb. Again the scattering rate obeys
Matthiessen’s rule and the damage which corresponds to a
doubling of the rate is 100 ppm.

The question of the applicability of Matthiessen’s rule
for the case of quasi-one-dimensianal conductorr‘ &aﬁbeen
treated at some length by a number of authors” '“’, We
would mevely like to point out that the crossover between
one dimensional and two aor three dimensional behavior
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must occur when the time it takes an electron to
coherently transfer between chains becomes shorter than
the time between encaunters of the defects which interupt
the on chain motion. For our samples at 4,2K the
scattering is largely dominated by the defects sa that the
condition for one dimensional behaviar is that the number
of unit cells between defects is equal to the anisotropy in
the transfer integrals, In order to he one dimensional we
would therefore need something like 3-10% defects.

100~
50+
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domage in +
ppm +
20 o
o
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~
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0 0.05 (03] 015 0.2
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FIGURE 6 Temperature dependence of the resistivity of
pure and radiation damaged samples of (TMTSF) PF,,

In fig. 6 we show the effects of the damagg on the SDW
transition, The absolute values of the resistance in this
figure are to be ignored, They are scaled with one another
at 20K, assuming an extension of Matthiessen’s rule, in
the absence of data on samples with no resistive jumps in
the cooldown process, What we wish to emphasize is the
temperature dependences, The main efects that we abserve
are a raising of the temperature of the resistivity
minimum; a smearing of the metal-insulator transition, a
lowering of the transition temperature, and a less
activated behavior to the conductivity below the
transition., All of these effects have previously been seen
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in CDW systems and particularly in TTF—TCNQ9. While the
first approach to the cause of these effects might be ta
evaluate the pairbreaking eFFeciﬁ of the defects on the
mean field transition temperature©’,

However, the broadening of the transition coupled with
many previous observations suggests that the primary
effect of the defects is to pin the phase of the density
wave on each particular chain so that the interchain
interactions are decreased and the three dimensional
ordering is supprassed, Since the SDW state has no charge
density variation to couple with the defect potential it
had been expected that the effect of the radiation induced
defects would be considerably less important for the
(TMTSF), PF, than for systems such as TTF-TCNQ. On the
contrar);we ind that the rate of the depressian of the
T -1 for (TMTSF), PF, is dTy_r/dc = 60K/ %defect
wgtereas for TT -TC&Q the measured value is dT,, ./dc =
150K/ %defects’s The two numbers are camparablrg. hile
we expect that a good fraction of the defects created are
spin defects we would still expect less exchange coupling
energy between defect and SDW than potential
electrostatic coupling energy between a defect and a CDW,

An evaluation of the number of spin defects and their
exchange coupling is also required in order to understand
the destruction of the superconducting state with
irradiation, We have found that the PF, salt is no longer
superconducting down to Z20mK under liékbar pressure when
it has been damaged to 100 ppm ar abave, Similarly the
ClQ, salt is not superconducting at ambient pressure down
to Zlme with a dosage of 100 ppm. The destruction of the
superconductivity by such a low level of predominantly
potential scattering sites might be taken as evidence for
triplet superconductivity, However, we have recently found
that the critical field of the Cl0, salt is Pauli limited so
that the superconductivity must be the usual singlet
variety® ",

A quite cavalier approach would suggest that since the
SDW state at 12K is supressed by 1000 ppm of defects,
through their exchange coupling with the conduction
electrons, 100 ppm should suppress the superconductivity
at 1.2K, again a result of the exchange coupling, The
problem is that for the SDW the effect of the exchange
coupling is to pin the SDW on each chain. The effect we
consider on the superconductivity is a mean field
pairbreaking effect, Nonetheless, both effects do serve as
a measure of the exchange coupling.

Finally we note that if the defects pin the SDW's and
smear the transition then they should also act to pin the
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SDW's against displacement by an electric field and this
should decrease the nonohmic conductivity. In the csse of
NbSe, the dagects also increased the threshold field®"+ We
have Found that the defects in (TMTSF) reduce the
nonlinear effects but do not produce a thresh ﬁd field, the
conductivity is still slightly nonohmic at all fields.
Although this may be related to a pinning phenomena (with
a distribution of pinning strengths), it is also consistent
with an interpretation in terms of "hot electron effects"
which would decrease as the mobility decreased.

In conclusion the magnetotransport and the radiation
damage studies indicate that (TMTSF) is a two
dimensional conductor with a high mgblll y at low
temperature, The nonlinear effects are quite different
than what one observes in NbSe_, in that they are
suppressed strongly by a magnetic field, there is no
threshold field and the frequency and electric field
effects do not scale. The radiation damage smears and
lowers the transition temperature of the SDHW system in
much the same way as it does the CDW systems.
Superconductivity under pressure is suppressed by the
addition of very few defects (100 ppm), but the defects are
at least partially spin defects with an exchange coupling
to the conduction electrons which also shows up in the
effects of the SDW at ambient pressure.
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