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Dependence of the superconducting transition temperature of organic molecular crystals
on intrinsically nonmagnetic disorder: A signature of either unconventional superconductivity

or the atypical formation of magnetic moments

B. J. Powell* and Ross H. McKenzie
Department of Physics, University of Queensland, Brisbane, Queensland 4072, Australia

~Received 22 June 2003; published 28 January 2004!

We give a theoretical analysis of published experimental studies of the effects of impurities and disorder
on the superconducting transition temperatureTc of the organic molecular crystalsk-(BEDT-TTF)2X „where
X5Cu@N(CN)2#Br and Cu(NCS)2 and BEDT-TTF is bis~ethylenedithio!tetrathiafulvalene… and
b-(BEDT-TTF)2X ~for X5I 3 and IBr2). The Abrikosov-Gorkov~AG! formula describes the suppression ofTc

both by magnetic impurities in singlet superconductors, includings-wave superconductors and by nonmagnetic
impurities in a non-s-wave superconductor. We show that various sources of disorder~alloying anions, fast
electron irradiation, disorder accidentally produced during fabrication, and cooling rate induced disorder! lead
to the suppression ofTc as described by the AG formula. This is confirmed by the excellent fit to the data, the
fact that these materials are in the clean limit and the excellent agreement between the value of the interlayer
hopping integralt' calculated from this fit and the value oft' found from angular-dependent magnetoresis-
tance and quantum oscillation experiments. There are only two scenarios consistent with the current state of
experimental knowledge. If the disorder induced by all of the four methods considered in this paper is, as
seems most likely, nonmagnetic then the pairing state cannot bes wave. We show that published measurements
of the cooling rate dependence of the magnetization are inconsistent with paramagnetic impurities. Triplet
pairing is ruled out by NMR and upper critical field experiments. Thus if the disorder is nonmagnetic then this
implies that l>2, in which case Occam’s razor suggests thatd-wave pairing is realized in both
b-(BEDT-TTF)2X andk-(BEDT-TTF)2X. However, particularly given the proximity of these materials to an
antiferromagnetic Mott transition, it is possible that the disorder leads to the formation of local magnetic
moments via some atypical mechanism. Thus we conclude that eitherb-(BEDT-TTF)2X and
k-(BEDT-TTF)2X ared-wave superconductors or else they display an atypical mechanism for the formation of
localized moments, possibly related to the competition between the antiferromagnetic and superconducting
grounds states. We suggest systematic experiments to differentiate between these two scenarios.

DOI: 10.1103/PhysRevB.69.024519 PACS number~s!: 74.20.Rp, 74.62.2c, 74.70.Kn
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I. INTRODUCTION

Superconductivity is often found near magnetic orderi
This may be antiferromagnetic~AFM! order such as in the
cuprates1 and the heavy fermion superconductors2 or ferro-
magnetic order as in the ZrZn2 or UGe2 ~see Refs. 3 and 4
respectively!. In each of these cases it is believed that
superconductivity is unconventional,5–8 that is to say that the
Cooper pairs have a nonzero angular momentum. The i
of unconventional superconductivity near magnetic order
is of general interest because it may lead to insights into b
nonphononic pairing mechanisms9 and the theory of quan
tum critical points.10

Despite the fact that it is now twenty years since sup
conductivity was discovered11,12 in the layered organic com
pounds (BEDT-TTF)2X „where BEDT-TTF is bis~ethylene-
dithio!tetrathiafulvalene and X is an anion, e.g.,
Cu@N(CN)2#Br or I3… the pairing symmetry remains a matt
of debate.13 BEDT-TTF salts form a number of crystal stru
tures which are denoted by greek letters. All of the crys
structures consist of alternating layers of BEDT-TTF and
anion.14 In b-(BEDT-TTF)2X and k-(BEDT-TTF)2X,
which we consider here, the BEDT-TTF molecules form
dimerized structure where the anion removes one elec
per dimer. Thus we have alternating conducting~BEDT-
0163-1829/2004/69~2!/024519~17!/$22.50 69 0245
.
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TTF! and insulating~anion! layers. A particularly interesting
feature of these materials is that they can be driven from
AFM insulating state to a superconducting state by the
plication of hydrostatic pressure or by changing t
anion.15,16

In principle, the simplest way to identify the pairing sym
metry, or at least the nodal structure, of a superconducto
to measure the low-temperature behavior of thermodyna
or transport properties. For example, the specific heat
lows an exponentially activated temperature dependence
a nodeless gap„CV}exp@2uD(0)u/kBT#, where D(0) is the
superconducting gap at zero temperature… and a power-law
dependence for a gap with nodes (CV}T2 for line nodes and
CV}T3 for point nodes on a three-dimensional Fer
surface!.17 In practice, however, there are difficulties asso
ated with this method of identifying the pairing symmetr
not the least of which is the need to make measuremen
extremely low temperatures.„Typically a wide temperature
range is required in the regionT/Tc&0.2, so in the case o
k-(BEDT-TTF)2Cu@N(CN)2#Br (Tc;10 K) one requires
measurements taken over a wide range of temperatures
low ;2 K.… The apparently strong coupling18,19 nature of
the superconductivity in theses charge-transfer salts me
that the behavior of thermodynamic and transport functio
nearTc is unable to differentiate between pairing states
©2004 The American Physical Society19-1
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symmetry grounds alone and so we must wait for calcu
tions based on a specific theory of superconductivity to
this data to examine the pairing symmetry.

Regardless of the reasons one fact is clear,13 low-
temperature behaviors have been, to date, unable to settl
debate on the pairing symmetry in the layered organic su
conductors. In particular, two pairing symmetries have b
widely discussed: strong couplings-wave superconductivity
andd-wave pairing.

In k-(BEDT-TTF)2Cu@N(CN)2#Br the 13C NMR spin
lattice relaxation rate20–22 (T1)21 shows no Hebel-Slichte
peak and a power-law cutoff (T1)21}Tn, where n.3. A
Hebel-Slichter peak is expected fors-wave pairing while
(T1)21}T3 is expected for line nodes.23

Much controversy has surrounded the London penetra
depth with some groups reportings-wave pairing24–28 and
others finding line nodes consistent withd-wave pairing29–34

in both k-(BEDT-TTF)2Cu@N(CN)2#Br ~Refs. 24–26 and
29–32! and k-(BEDT-TTF)2Cu(NCS)2 ~Refs. 25–28, 31,
30, 33, and 34!. However, the most recent measurement31

have two advantages over older experiments. First, very
magnetic fields were used. The use of fields less than
lower critical field is important in penetration measureme
because vortex dynamics are a serious impediment to a
rately measuring the penetration depth. Second, Carrin
et al.31 made measurements down to 0.4 K and theref
made a large range of measurements belowT;0.2Tc .
This is the lowest temperature range considered in any
the thermodynamic or transport experiments, mak
the conclusions of Carringtonet al. the most reliable
drawn from experiments of this type. Carringtonet al.
found that the temperature dependence of the pe
tration depth of bothk-(BEDT-TTF)2Cu@N(CN)2#Br and
k-(BEDT-TTF)2Cu(NCS)2 is inconsistent with a nodeles
gap.

Initial measurements of the specific heat
k-(BEDT-TTF)2Cu@N(CN)2#Br showed aT2 dependence35

but the interpretation of these results has been question13

More recent measurements of the specific heat h
found an exponentially activated temperature depende
for both k-(BEDT-TTF)2Cu@N(CN)2#Br ~Ref. 18! and
k-(BEDT-TTF)2Cu(NCS)2 ~Ref. 19!.

Several groups have considered probes which do
rely on the low-temperature behavior of the mea
urement. Brandoet al.36 and Arai et al.37,38 attempted
to observe the local density of states~LDOS! of
k-(BEDT-TTF)2Cu(NCS)2 by measuring the differentia
conductance using a scanning tunneling microscope. Eac
these experiments found a LDOS that is consistent w
d-wave pairing, however, none of the experiments obser
the coherence peaks which are a characteristic feature o
superconducting state and have been observed39–41in similar
experiments on Bi2Sr2CaCu2O81x . Also one should note
that Bandoet al.36 observed a LDOS in the layereds-wave
superconductor NbN which has the same form as
which is interpreted asd-wave in experiments on
k-(BEDT-TTF)2Cu(NCS)2.

Schramaet al.42 attempted to determine the anisotropy
the superconducting order parameter by measuring
02451
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magneto-optical properties ofk-(BEDT-TTF)2Cu(NCS)2
and found results indicative ofd-wave pairing. However, in
light of the debate over the interpretation of these results43–45

one cannot consider these measurements to have determ
the pairing symmetry.

Izawa et al.46 measured the thermal-conductivity te
sor of k-(BEDT-TTF)2Cu(NCS)2 in a magnetic field.
They observed a fourfold anisotropy at low temperatu
which they interpreted as evidence ford-wave pairing.
However, it is possible that the vortices produced
k-(BEDT-TTF)2Cu(NCS)2 are actually Josephson vortice
Therefore it remains to be shown whether or not t
theory47–49on which Izawaet al. base their analysis is valid
for this material.

The 13C NMR Knight shift has been measured20,21 for
k-(BEDT-TTF)2Cu@N(CN)2#Br. With a magnetic field,H
parallel to the conducting planes, asT→0 so does the Knight
shift.178 This does not actually rule out triplet pairing, a
though it does make triplet pairing extremely unlikely. Th
experiment is compatible with a triplet state in whichd(k)
3H50 whered(k) is the usual Balian-Werthamer order p
rameter for triplet superconductivity.50,51 An example of a
triplet phase compatible52,53 with this experiment is anA
phase withd(k) pinned to thec axis,54 which is not an im-
possibility given the highly anisotropic nature o
k-(BEDT-TTF)2Cu@N(CN)2#Br. However, Zuo et al.55

measured the critical field as a function of temperature w
H parallel to the conducting planes. In this configuration
orbital currents flow so the critical field is due to Clogsto
Chandrasekhar~or Pauli! limit.53,56,57There is no Clogston-
Chandrasekhar limit forH'c for triplet states compatible
with measured Knight shift. Thus for such states there wo
be no critical field withHib ~in fact for such states one
would increaseTc by applying a field parallel to theb
axis53!. Experimentally58 it is found that superconductivity is
destroyed by a magnetic field parallel to theb axis. Therefore
only when considered together do the three experiments
cussed above20,55,58strictly rule out triplet pairing.59 Further
evidence for Clogston-Chandrasekhar limiting comes fr
the observation that the in plane upper critical field is ind
pendent of the field direction.63 Given the anisotropic nature
of the Fermi surface ofk-(BEDT-TTF)2Cu@N(CN)2#Br it is
extremely unlikely that orbital mechanisms for the destru
tion of superconductivity would be so isotropic.

The results of quantum chemistry calculations sugg
that the simplest theoretical model which can describe th
materials is a half-filled Hubbard model on an anisotro
triangular lattice.16,64Because of the proximity of the antifer
romagnetic insulating phase and the superconducting p
several groups have examined the possibility of spin fluct
tion induced superconductivity within the confines of th
model using a variety of techniques, including mean-fie
theory,64 the fluctuation-exchange approximation,65–67 third
order perturbation theory,68 weak coupling renormalization
group analysis,69 the random-phase approximation,70,71 and
quantum Monte Carlo methods.72 All of these groups con-
cluded that spin fluctuations lead tod-wave pairing. These
authors found an enhanced dynamical susceptibility atp,
6p) which leads todx22y2 pairing. Alternatively, both
9-2
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d-wave73 ands-wave74–76pairing symmetries have been co
sidered in the context of phononic pairing mechanisms.

So, perhaps the only emerging consensus is that the
temperature behaviors have not been able to conclusi
settle the debate betweens-wave andd-wave pairing sym-
metries. In the remainder of this paper we will investiga
how the effects of disorder can be used to distinguish
tween these two symmetries.

II. THE ABRIKOSOV-GORKOV FORMULA

Anderson’s theorem77 states that fors-wave pairing non-
magnetic impurities do not changeTc . This is because Coo
per pairs are formed from time reversed states and altho
nonmagnetic impurities may change, for example, the p
non spectrum, they do not break time-reversal symme
~TRS!. However, magnetic impurities strongly reduceTc for
all singlet states because they do break TRS.78 This behavior
is described by the Abrikosov-Gorkov~hereafter AG!
formula:79

lnS Tc0

Tc
D5cS 1

2
1

\

4pkBTc

1

tM
D2cS 1

2D , ~1!

whereTc0 is the superconducting critical temperature in t
pure system andc(x) is the digamma function.tM is the
quasiparticle lifetime due to scattering from magnetic imp
rities. Assumingisotropic scatteringtM is given by80

\

tM
5NMpJi~Ji11!N~0!uuMu2, ~2!

where NM is the number density of magnetic impuritie
N(0) is the density of states per spin at the Fermi level,Ji is
the total angular momentum of the paramagnetic atoms,
uM is the amplitude for scattering from a magnetic impuri

In the superconducting state the anomalous Green’s fu
tion Fab(k,vn) is finite and therefore there is, in the pre
ence of nonmagnetic impurities, an anomalous self-ene
S2,ab(vn), which, in n dimensions, is given by17

S2,ab~vn!5
1

2pN~0!tN
E dnk

~2p!n
Fab~k,vn!, ~3!

wheretN , the lifetime for scattering from nonmagnetic im
purities, is given by80

\

tN
5NNpN~0!uuNu2, ~4!

whereNN is the number density of nonmagnetic impuriti
and uN is the amplitude for scattering from a nonmagne
impurity.

For s-wave pairingS2,ab(vn) is clearly finite, and it can
be shown that the anomalous self-energy cancels exa
with the normal self-energyS1,ab(vn), when the critical
temperature is evaluated. ThereforeTc is unchanged by non
magnetic impurities for ans-wave superconductor, as ex
pected from Anderson’s theorem.77 However, for non-s-wave
pairing81 it can be seen, from symmetry grounds alone, t
02451
w-
ly

-

gh
-

ry

-

nd
.
c-

y

tly

t

the integral in Eq.~3! vanishes. Thus the anomalous se
energy does not cancel the normal self-energy andTc is low-
ered by nonmagnetic impurities in a non-s-wave supercon-
ductor. Further, it can be shown that for pairing states w
non-s-wave symmetry nonmagnetic impurities reduceTc via
the Abrikosov-Gorkov formula.82,17 However, in this case

lnS Tc0

Tc
D5cS 1

2
1

\

4pkBTc

1

tN
D2cS 1

2D , ~5!

where again we have assumed isotropic scattering.
predictions83 of Anderson’s theorem have been confirmed
the alloys of manys-wave superconductors.84–87

Hasegawa and Fukuyama88 suggested that weak localiza
tion could lead to an alternative mechanism for the supp
sion of Tc in organic superconductors. Notably this mech
nism allows for the suppression ofTc by nonmagnetic
disorder ins-wave superconductors, in violation of Ande
son’s theorem. However, the Hasegawa-Fukuyama me
nism has a dramatically differenttN dependence to the AG
formula. We will show in this paper that the observed su
pression ofTc in b-(BEDT-TTF)2X andk-(BEDT-TTF)2X
is described by the AG formula and therefore the predictio
of Hasegawa and Fukuyama are not in agreement with
periment. For a multiband superconductor interband sca
ing processes can also lead to a suppression inTc ~see, for
example, Ref. 89!. However, of the two polymorphs dis
cussed in this paper only one@k-(BEDT-TTF)2X# has mul-
tiple sheets to its Fermi surface. As it seems reasonabl
assume~unless evidence is found to the contrary! that the
suppression ofTc in both materials is due to the sam
mechanism we will not discuss interband scattering effe
further. Also note that for moderate amounts of disorder,
terband scattering effects and the AG formula give very d
ferent predictions for the suppression ofTc .

It can be shown that the digamma function has the pr
erty

cS 1

2
1xD5cS 1

2D1
p2x

2
1O~x2!. ~6!

Hence for\/t!kBTc ~i.e., as the number of impurities tend
to zero! the AG equation becomes

Tc02Tc.
p\

8kB

1

t
. ~7!

Clearly the above is valid for both magnetic impurities
singlet states (t5tM) and nonmagnetic impurities in non
s-wave pairing states~in which caset5tN).

A. Mixed order parameters

In addition tos-wave pairing and non-s-wave pairing, a
third logical possibility exists: a state which contains a s
perposition of boths- and non-s-wave pairing. For example
the s1 id and s1d states. In general, such a state can
written as

D~t!5D0~t!$cos@w~t!#D̂s1eiusin@w~t!#D̂n%, ~8!
9-3
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wheret is the quasiparticle lifetime,D(t) is the order pa-
rameter of the superconductor,D0(t) gives the magnitude o
the order parameter,D̂s is a function with a magnitude o
unity ands-wave symmetry,D̂n is a function with a magni-
tude of unity and the appropriate non-s-wave symmetry, and
u and w(t) parametrize the superposition. For clarity w
have suppressed all spin and momentum labels. We will
scribe this state as thes1n state.

Naively, it might appear that thes1n state might explain
the low-temperature behavior of the thermodynamic a
transport properties. If the states had a larged-wave compo-
nent it would appear to have nodes at high temperatures
at low temperatures the small fully gappeds-wave part of the
order parameter would cause an exponential cutoff. Ho
ever, a more careful analysis of the data shows that this
nario is not what has been observed, indeed the results o
experiments performed to the lowest temperatures sugge
nodes in the gap.31

To describe the effect of disorder on thes1n state we
will begin by studying the two extreme cases of total coh
ence between the states and zero coherence betwee
states. It will then be seen that all other possibilities
intermediates of these two extremes.

If there is total coherence between the states, then ad
disorder does not change the ratio between thes-wave and
non-s-wave parts of the order parameter, i.e.,w is indepen-
dent of t. It is straightforward to show that, subject to th
constraint,

lnS Tc0

Tc
D52pN~0!VT(

n>0
S R

vn11/2t
2

1

vn
D , ~9!

where V is the effective pairwise interaction between t
electrons. Fors-wave pairing in the presence of nonmagne
impurities90

R511
1

2tuvnu
~10!

and one finds thatTc5Tc0 independent oft, in confirmation
of Anderson’s theorem. But, for non-s-wave pairingR51
and we arrive at the AG equation~5!.

For ans1n superconductor

R511
a~w!

2tuvnu
. ~11!

a(w) is an unknown function, however, it is clear th
a(0)51 anda(p)50. Thus one finds that

lnS Tc0

Tc
D5cS 1

2
1

\

4pkBTc

1

~12a!t D2cS 1

2D . ~12!

Thus we find that rigid coherence in ans1n superconductor
simply ‘‘renormalizes’’ the quasiparticle lifetime in the AG
equation.

For a superconductor without coherence between the
parts of the order parameterw varies strongly witht and the
two parts of the order parameter are independent of one
other. Thus nonmagnetic disorder does not change the
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critical temperature because of thes-wave part of the wave
function. But nonmagnetic disorder would reduce the criti
temperature for the non-s-wave part of the wave function
This would lead to there being two phase transitions in
presence of nonmagnetic disorder, the first from the non
perconducting state to ans-wave superconductor and the se
ond from ans-wave superconductor to ans1n supercon-
ductor. Two such phase transitions would have a cl
experimental signature. For example, there would be
anomalies in the specific heat. This has, to the best of
knowledge, never been observed in the layered organic
perconductors. Therefore we can rule out the possibility
s1n superconductivity with zero or, indeed, weak coheren
between the states on phenomenological grounds.

B. Nonmagnetic disorder in other superconductors

The effects of nonmagnetic disorder have been caref
observed in several other superconductors. The best kn
case is Sr2RuO4. Mackenzieet al.91 measuredTc for several
samples with varying residual resistivities. Assuming t
Drude model of conductivity they found the variation ofTc
with r0 to be in excellent agreement with the AG formula

Both magnetic~Ni! and intrinsically nonmagnetic~Zn, Pr,
fast electron irradiation! defects lead to the suppression ofTc
of YBaCu3O61x ~YBCO! in line with the AG formula.92,93

However, it is known94 that the substitution of Zn atoms fo
Cu atoms in the CuO2 planes of YBCO can lead to the for
mation of localized magnetic moments. It is thought th
these local moments form on the nearest-neighbor Cu at
rather than on the Zn site itself.94 There has been muc
debate95,96 as to whether the mechanism for pair breaking
YBCO crystals with Zn impurities is local moment scatterin
or potential scattering due to the Zn impurity~of course, the
two mechanisms are not mutually exclusive97!. Recent work
by Davis et al.40,41 indicates that nonmagnetic scattering
the dominant mechanism by which Zn impurities41 lower Tc
and further that even the magnetic impurities~Ni! act prima-
rily as potential scatterers.40

In the heavy fermion superconductor UPt3 a suppression
of Tc has been observed that is consistent with the
theory.98,99 Surprisingly both magnetic~Ni! impurities and
nonmagnetic~Gd! impurities suppressTc in the same way.99

In light of the discovery that Ni impurities act primarily a
potential scatterers in YBCO it seems plausible that the sa
thing may happen in UPt3. Alternatively some unknown
mechanism may be inducing local moments around the
atoms. This seems unlikely as for this to be consistent w
the observation that Gd and Ni impurities suppressTc in the
same way this scenario would require the moment indu
around Gd atoms to be the same as the moment due t
atoms.

The Bechgaard salts, (TMTSF)2X ~TMTSF is tetrameth-
ylteselanafulvalene andX is an anion, for example, ClO4 or
ReO4), are also very sensitive to nonmagnetic disorder
has been suggested that this is because they are quas
dimensional systems.14,88,100,101Disorder can be induced b
x-ray irradiation, alloying, or by a cooling rate controlle
anion disorder transition~which we will discuss further be-
9-4
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DEPENDENCE OF THE SUPERCONDUCTING . . . PHYSICAL REVIEW B69, 024519 ~2004!
low!. All of these sources of disorder can reduceTc and can
even suppress superconductivity altogether and lead to
formation of a spin density wave.100,102

III. b-„BEDT-TTF …2X

There are a series of competing ground states in b
b-(BEDT-TTF)2X andk-(BEDT-TTF)2X including antifer-
romagnetism and superconductivity. By applying pressure
changing the anion the ground state of these layered org
crystals can be changed, thus it is thought that different
ions apply different ‘‘chemical pressures.’’15,16For supercon-
ducting crystals pressure lowersTc . Thus one might expec
that by alloying anions one could observe the same chang
Tc due to the change in ‘‘chemical pressure.’’ However,
one adds small amounts of a second anion the second a
sites will act as nonmagnetic impurities. Thus, unless
pairing state iss wave, alloying anions will suppressTc . The
suppression ofTc should be governed by the AG formula.

Tokumoto et al.103 have produced alloys in the serie
b-(BEDT-TTF)2(I3)12x(IBr2)x . For x50 they found that
Tc57.4 K and for x51 they foundTc52.4 K. Based on
Anderson’s theorem one expects that fors-wave pairingTc
will vary monotonically with x. However, Tokumotoet al.
found no indications of superconductivity for 0.2&x&0.7. A
natural explanation of this experiment is that for small, no
zero values ofx the IBr2 anions act as~intrinsically! non-
magnetic impurities inb-(BEDT-TTF)2I3 and thus quickly
reduceTc to zero. Similarly forx&1 the I3 anions act as
impurities inb-(BEDT-TTF)2IBr2 and reduceTc to zero for
quite small concentrations. This explanation of course
quires non-s-wave pairing.

In Fig. 1 we plot the data forTc against r0 for
b-(BEDT-TTF)2(I3)12x(IBr2)x with x&1 from Tokumoto
et al.103 on the same graph as data forb-(BEDT-TTF)IBr2
samples104 which have differing residual resistivities becau
of impurities accidently induced in the fabrication proce
The excellent agreement with the AG formula is strong e
dence against the weak localization scenario. In this fit
assume only thatr0}1/tN . There were not enough dat
points reported forx&0 to make a similar comparison fo
b-(BEDT-TTF)I3. For a more detailed discussion of the ro
of disorder inb-(BEDT-TTF)I3 see Ref. 105.

It is also interesting to note that the compou
b-(BEDT-TTF)2I2Br is not superconducting. Fo
b-(BEDT-TTF)2X, whenX is a trihalide, the three position
of the halide atoms are crystallographically distinct.
b-(BEDT-TTF)2I3 the three iodine atoms are arranged a
proximately linearly~which we represent by I-I-I! and are
clearly indistinguishable particles. Inb-(BEDT-TTF)2IBr2
the atoms are arranged Br-I-Br, that is to say that the iod
atom is always in one particular location. But,
b-(BEDT-TTF)2I2Br, the atoms can either be arrang
I-I-Br or Br-I-I. This means that the crystal is intrins
ically disordered.b-(BEDT-TTF)2I2Br is found to have
a high residual resistivity.103 Thus we propose that i
is the intrinsically nonmagnetic disorder, caused by
two possible arrangements of the anion, that suppre
superconductivity inb-(BEDT-TTF)2I2Br. Further Toku-
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moto et al. observed that no samples withR~0!/R~295!*0.3
from any of the alloys b-~BEDT-TTF! 2(I3)12x(IBr2)x ,
b-(BEDT-TTF)2(IBr2)12x(I2Br)x or b-~BEDT-TTF! 2

(I2Br)12x(I3)x superconducted. This is exactly what on
would expect from the AG formalism~cf. Fig. 1!.

At this stage it may appear that the arguments prese
above are in contradiction to what is known about the
prate superconductors. These materials haved-wave order
parameters and yet nonstoichiometric compounds often h
far higher transition temperatures than the~stoichiometric!
parent compounds~indeed in many cases the parent co
pound is nonsuperconducting!. An excellent example of this
is La22xSrxCuO4 for which optimal doping isx;0.15. It
was suggested106 that d-wave superconductivity is observe
in nonstoichiometric compounds because the Born appr
mation is not valid for the cuprates. However, it has be
shown107 that even in the unitary~or resonant! scattering
limit which is appropriate for the cuprates nonmagnetic d
order still destroysd-wave pairing in line with the predic-
tions of the AG formula and leavess-wave pairing unaf-
fected. Further unitary scattering is the appropriate limit108

for the unconventional superconductor109 UPt3 and in this
material Tc is suppressed by nonmagnetic impurities in
manner consistent with the AG formula99 as discussed in
Sec. II B.

However, so far we have neglected the major differen

FIG. 1. The variation of the superconducting transition tempe
ture of b-(BEDT-TTF)2IBr2 with the residual resistance rati
R(0)/R(295). The curve is a fit, using the AG formula assumi
the residual resistivity,r0}1/t t , wheret t is the quasiparticle life-
time, to the data of Tokumotoet al. ~Ref. 103! ~squares! who in-
duced disorder by substituting I3 anions for IBr2 and Shegolev and
Yagubskii ~Ref. 104! ~circles! who reported resistivity measure
ments for several samples. This indicates that either both type
impurities induce magnetic moments or else the pairing symm
is non-s-wave. Note that although we have writtenR(0) Tokumoto
et al. did not actually reportR(0)/R(295), butR(Tc)/R(295) thus
their data~squares! should be shifted slightly to the left. As Shego
lev and Yagubskii reportedR(T)/R(295) for a range of tempera
tures nearTc we were able to fit to their data to the form
R(T)/R(295)5R(0)/R(295)1AT2 and thus determine both
R(0)/R(295) andTc accurately.
9-5
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B. J. POWELL AND ROSS H. MCKENZIE PHYSICAL REVIEW B69, 024519 ~2004!
between nonstoichiometric compounds in the organics
the cuprates. In the cuprates the change in stoichiometry
troduces a change in the current carrier concentration. T
dramatically alters the ground state of the cuprates. This
fect is absent in the organics179 because all of the anion
have the same electronegativity. It should be noted howe
that, both the cuprates and the organics are simila
two dimensional as is attested by the ratio of t
zero-temperature interlayer coherence lengthj'(0) to
the interlayer spacing a. For example, in
k-(BEDT-TTF)2Cu@N(CN)2#Br ~Ref. 14! j'(0)/a
55.8/30.01650.19 and in the cuprates110 j'(0)/a
;0.06–0.45. Therefore, as both compounds are quasi-
dimensional and alloying anions suppressesTc in
b-(BEDT-TTF)2X, it cannot be merely the two dimension
nature of the cuprates which is responsible for observatio
superconductivity in nonstoichiometric compounds.

It has been shown103 that by alloying anions one can in
troduce enough disorder into the system to suppress su
conductivity. Assuming that this disorder is nonmagnetic t
rules outs1n superconductivity with anything other tha
completely rigid coherence between the two states@that is to
say thata is independent ofw in the language of Eq.~11!#.
Any other type of coherence would leave a small resid
s-wave component even in the presence of very la
amounts of disorder.

Defects can also be induced in materials by irradiat
them with fast electrons.93,111 Such experiments were pe
formed onb-(BEDT-TTF)2I3 by Forroet al.112 who noted a
marked drop inTc as the number of defects increased. Fro
Fig. 2 it can be seen that the fit to the AG formula and Eq.~4!
is excellent. Unfortunately Forroet al. did not report the re-
sidual resistivity of their irradiated samples so a compari
with transport theory cannot be made. Again the excellen
of the data to the AG theory is strong evidence against
weak localization theory.

FIG. 2. The variation of the superconducting transition tempe
ture of b-(BEDT-TTF)2I3 with the number of impurities. The dat
are taken from Forroet al. ~Ref. 112! who induced defects by irra
diating samples with fast electrons. The curve is a fit to the
formula and Eq.~4!. This indicates that either the radiation induc
magnetic moments or else the pairing symmetry is non-s-wave.
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We have therefore shown that impurities
b-(BEDT-TTF)2X suppressTc via the AG mechanism for
three sources of impurities: alloying anions, fast electron
radiation, and accidentally created defects from the fabr
tion process. There is no obvious mechanism for any of th
methods to form magnetic scattering centers. Thus the m
natural interpretation is that there is non-s-wave pairing in
b-(BEDT-TTF)2X and the reduction inTc is due to potential
scattering. However, there is a strong similarity between
layered organic superconductors and the cuprates,15,16,64,113

in particular, both are close to an antiferromagnetic phase
we have already noted, the substitution of Zn for Cu in t
CuO2 planes of YBCO leads to the unexplained formation
local moments on the Cu atoms neighboring the Zn impur
Therefore one must consider the possibility that an atyp
mechanism is creating local moments in all three of exp
ments discussed above. This may seem unlikely, but u
further experimental evidence on the nature of the impuri
formed in these experiments becomes available we ca
use disorder to unambiguously determine whether or
there iss-wave pairing inb-(BEDT-TTF)2X.

IV. k-„BEDT-TTF …2X

One of the most unusual features
k-(BEDT-TTF)2Cu@N(CN)2#Br is that Tc is dependent on
the rate at which the sample is cooled fromT*80 K ~Ref.
114 and 115!. The residual resistivity along thec axis,r0, is
also dependent on the cooling rate. It would appear then
if one cools k-(BEDT-TTF)2Cu@N(CN)2#Br quickly one
can ‘‘freeze in’’ disorder, whereas if the cooling is slow
then the disorder can relax out. The observation that
disorder suppressesTc implies that if the pairing state ha
s-wave symmetry then the disorder must arise from magn
impurities, but if another pairing symmetry is realized th
this disorder may arise from nonmagnetic impurities.

There is always a certain amount of intrinsically nonma
netic impurities in any given crystal. These ‘‘structural’’ im
purities will also contribute to the residual resistivity, b
they only affectTc in the non-s-wave case. We denote th
quasiparticle lifetime caused by this structural disorder
ts . Similarly we will denote the quasiparticle lifetim
caused by the cooling rate induced disorder bytc .

As nonmagnetic impurities do not affectTc for s-wave
pairing, Tc is given by Eq.~1! with tM5tc . On the other
hand, both scattering from magnetic and nonmagnetic im
rities contribute to the residual resistivity so we might exp

r0}
1

t t
[

1

ts
1

1

tc
~13!

wheret t is the appropriate quasiparticle lifetime for transpo
experiments.

The fabrication of different samples will lead to differe
values ofts . Fors-wave pairing this will cause a variation i
r0 but notTc , thus one reaches the conclusion that differe
samples cooled at the same rate will have different resid
resistivities, but the same maximum critical temperature.
Fig. 3 we fit the linearized AG equation~7! to the data of Su
et al.114 We also show the effect of varyingts for thes-wave

-
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DEPENDENCE OF THE SUPERCONDUCTING . . . PHYSICAL REVIEW B69, 024519 ~2004!
pairing/nonmagnetic structural impurity scenario, which
that from sample to sample the minimumr0 as a function of
cooling rate changes, but the maximumTc does not change
The broken lines then show the expected behavior for dif
ent samples based on the data of Suet al.assumings-wave
pairing and nonmagnetic structural impurities. Also sho
are equivalent data from experiments performed by Stal
et al.115 It is clear that the data from Stalcupet al. do not fit
with the expectations fors-wave pairing and nonmagneti
structural impurities. For non-s-wave pairing and/or mag
netic structural impurities both structural disorder and co
ing rate induced disorder reduceTc . ThusTc is given by Eq.
~5! with tN5t t . While the residual resistivity is still deter
mined by Eq.~13!.

The solid line in Fig. 4 represents a fit to the data of
et al. The fabrication of different samples will lead to diffe
ent values ofts . This will cause a variation from sample t
sample in both the minimum value ofr0 and the maximum
value ofTc obtainable by varying the cooling rate. Howeve
asTc andr0 are both functions of only one variable (t t) the
data for all samples will lie on a single line. Thus the brok
lines in Fig. 4 represent the prediction of the behavior
different samples based on the data of Suet al. assuming
non-s-wave pairing and/or magnetic structural impurities.

FIG. 3. Variation of the superconducting transition temperat
Tc of k-(BEDT-TTF)2Cu@N(CN)2#Br with the interlayer residua
resistivity r0. The solid line is a fit to the data of Suet al. ~Ref.
114! ~squares!. The other lines are predictions of thes-wave theory
for other samples with different amounts of structural disorder
thus a differentts . This structural disorder is assumed to be no
magnetic. Thus fors-wave pairing the structural disorder chang
r0 but does not affectTc . The data of Stalcupet al. ~Ref. 115! then
represent a test of the theory. It can clearly be seen that the th
does not describe the data as bothTc and r0 are changed for all
cooling rates. This indicates that thets is different for both samples
and therefore that either the assumption of nonmagnetic struc
disorder is incorrect or the assumption ofs-wave pairing is incor-
rect. Note that we have reanalyzed the experimental data and u
consistent definition of bothTc @based on when the resistivity fall
to half of its normal state value! andr0 ~based on a fit to the form
r(T)5r01AT2; Matthiessen’s rule~Ref. 116! was found to be
obeyed#.
02451
r-

n
p

l-

u

f

t

is clear that the data of Stalcupet al. are in excellent agree
ment with the expectations for non-s-wave pairing.

We stress that this result is based on experiments on
two samples. To be conclusive one would require the st
of many more samples. Further it has been argued117 that
some measurements of the critical temperature and resi
resistivity in the literature118 are more consistent with th
s-wave pairing scenario~Fig. 3!. Clearly, a detailed, system
atic study is required to settle this debate.

The above work is based on the~reasonable! assumption
that the structural impurities are nonmagnet
As we speculated in the case ofb-(BEDT-TTF)2X, it may
be that some atypical mechanism of local mome
formation exists in the layered organic superco
ductors. Applying a hydrostatic pressure or chang
the anion ~X! in k-(BEDT-TTF)2X has a dramatic
effect on the ground state. For example, at ambient pr
ure and low-temperaturek-(BEDT-TTF)2Cu@N(CN)2#Cl
is a Mott-Hubbard antiferromagnetic insulator. Appl
ing a small pressure (;200 bar, Ref. 119! moves
k-(BEDT-TTF)2Cu@N(CN)2#Cl into a superconducting
state with properties very similar to those
k-(BEDT-TTF)2Cu@N(CN)2#Br. Thus it is thought that
k-(BEDT-TTF)2Cu@N(CN)2#Br is close~in anion/pressure
space! to an antiferromagnetic phase transition.16 A possible
mechanism for the formation of local moments
k-(BEDT-TTF)2Cu@N(CN)2#Br is that nonmagnetic impu
rities change the local electronic structure by a small amo

e

d
-

ry

ral

d a

FIG. 4. Variation of the superconducting transition temperat
Tc of k-(BEDT-TTF)2Cu@N(CN)2#Br with the interlayer residual
resistivity r0. The solid line is a fit to the data of Suet al. ~Ref.
114! ~squares!. For non-s-wave pairing the structural disorde
changes bothr0 andTc . The data of Stalcupet al. ~Ref. 115! then
represent a test of the theory. The broken lines are a predictio
the non-s-wave theory for other samples with different levels
structural disorder and thus a differentts . It can clearly be seen tha
the theory describes the data as bothTc andr0 are changed for all
cooling rates in line with the predictions of the AG formula and E
~22!. The dashed portion of the line describes the data of Stal
et al., the dotted line is the prediction for a crystal with even le
structural disorder. The experimental data and the solid line
identical to those shown in Fig. 3. Note, however, that this fig
also represents the prediction fors-wave pairing assuming that th
structural impurities are solely magnetic scatterers.
9-7
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B. J. POWELL AND ROSS H. MCKENZIE PHYSICAL REVIEW B69, 024519 ~2004!
This small local perturbation could cause the formation o
local moment similar to those found in the antiferromagne
phase. A similar suggestion was made by Kohnoet al.,120

who considered the competition of antiferromagnetic and
perconducting ground states in CexCu2Si2 with x&1. In
their scenario Ce vacancies act as intrinsically nonmagn
impurities, but lead to the formation of local moments.
low enough densities such magnetic impurities will act
independent, paramagnetic spins. As such the impurities
havior in a magnetic field is governed by the Brillou
function:116

M5NMgmBJi H S 11
1

2Ji
D cothF S 11

1

2Ji
D gmBHJi

kBT G
2

1

2Ji
cothS gmBHJi

2kBT D J , ~14!

whereNM is the total number of magnetic impurities,Ji is
the total angular momentum of the impurity, andg is the
usual g factor. For localized, noninteracting electrons it
appropriate to takeJi5

1
2 andg.2. In which case

M5NMmBtanhS mBH

kBT D . ~15!

From Eq.~2! we have

NM5
4

3pN~0!uuMu2
1

tc
. ~16!

N(0) is known121 because for a quasi-two-dimensional me
the density of states at the Fermi level is given by

N~0!5
mc

2p\2
, ~17!

wheremc is the cyclotron mass. In the presence of inter
tions Luttinger’s theorem122 for a Fermi liquid ensures that121

N~0!5
m*

2p\2
, ~18!

wherem* is the effective mass, regardless of the details
the band structure. It is known from Shubnikov–de Ha
experiments123 that, for theb or magnetic breakdown orbi
m* /me56.4 and soN(0)514.9 eV21 unit cell21spin21.

A more difficult problem is estimatinguM . We can make
an estimate because of our knowledge of the Mott-Hubb
state which is nearby in pressure/anion space. We estim
that uM will be of the same order asJV where J is the
exchange coupling in the Mott-Hubbard state andV is the
volume occupied by a dimer and an anion. This is dim
sionally correct and we know that in the Mott antiferroma
netic state there is one spin per dimer. It is estimated thJ
;40 K ~Ref. 124! and henceuuMu50.026 eV Å3. A less
theory-laden estimate ofJ can be made from the fact that th
Kondo effect is not observed in these materials. In the Kon
effect a minimum in the resistivity occurs at the Kondo te
peratureTK , which is given by126
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TK5
W

kB
expS 2

1

2JN~0! D , ~19!

where W is the bandwidth. For k-(BEDT-
TTF)2Cu@N(CN)2#Br, W52(t11t2).0.23 eV, where t1
and t2 are the nearest-neighbor and next-nearest-neigh
hopping integrals, respectively,121 andN(0) is given by Eq.
~18! with m* /me56.4. That the Kondo effect is not ob
served implies thatTK,Tc,Tc0,12 K from the fit in Figs.
3 and 4. This implies thatJ,155 K and thus thatuumu
,0.4 eV Å3. However, while the Kondo temperature is d
fined for a single impurity, the Kondo minimum will not b
observable unless there are a sufficiently large numbe
impurities ~typically a few percent126!.

Substituting Eq.~7! into Eq. ~16! we find that

NM5
32kB

3p2\N~0!uuMu2
~Tc02Tc!. ~20!

For example, Suet al.114 report a maximum variation in the
critical temperature ofTc02Tc50.58 K, which leads to, as a
lower bound~based onJ;155 K), NM*0.03 impurities per
unit cell. For our best guess (J;40 K) we find NM*0.50
impurities per unit cell. This should be sufficient to observ
Kondo minimum and thus the Kondo effect places a limit
the number of impurities.

Substituting Eq.~20! into Eq. ~15! we find that

M

mB
5

32kB

3p2\N~0!uuMu2
~Tc02Tc!tanhS mBH

kBT D . ~21!

Two studies of the variation in magnetization with coolin
rate in k-(BEDT-TTF)2Cu@N(CN)2#Br have been
conducted.127,128Both studies were primarily concerned wit
the weak field limit, but surprisingly even these results m
tell us something about the presence of magnetic impurit
Taniguchi and Kanoda128 measuredM (H) at T57 K. They
found an interesting weak field dependence~presumably this
is due to vortex dynamics as it disappears when the irrev
ibility line is reached, but we will not discuss this here!.
Above the irreversibility line they found that the change inM
with cooling rate is only weakly dependant onH. ~Results
were reported up toH51200 Oe.! Based on the observe
cooling rate dependence ofTc in this sample129 we estimate
that the variation inTc between when the sample is cooled
10 K/min and when the sample is cooled at 0.5 K/min is 0
K. This leads to the conclusion that the difference in t
magnetization of the two samples due to the magnetic im
rities ~required in the s-wave scenario! would be 1.3
31024 emu at H51200 Oe andT57 K ~based on our
lower bound from the Kondo effect,J5155 K). This is well
within the resolution of the experiment~in fact this contribu-
tion would dominate the observed magnetization! and is not
observed~see Fig. 5!. Thus the experiments of Taniguchi an
Kanoda are inconsistent with the hypothesis that cooling
induced disorder creates paramagnetic impurities.~However,
it is possible that paramagnetic impurities are present in
sample and that there presence is screened by the supe
ducting state.! We therefore suggest that there is non-s-wave
9-8
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DEPENDENCE OF THE SUPERCONDUCTING . . . PHYSICAL REVIEW B69, 024519 ~2004!
pairing in k-(BEDT-TTF)2Cu@N(CN)2#Br and that varying
the cooling rate induces nonmagnetic disorder which cau
the variation in bothTc andr0. Again we stress that becaus
there are little data above the irreversibility line,H ir , and no
data outside the superconducting state, further careful
tematic experiments are required preferably in the nor
state.

Two groups have investigated anomalies in h
capacity130,131 and thermal expansion132 at T;80 K in
k-(BEDT-TTF)2X for X5Cu@N(CN)2#Cl, ~Refs. 131 and
132! Cu@N(CN)2#Br ~Refs. 130, 131, and 132! and
Cu(NCS)2 ~Ref. 132!. Both groups concluded that th

FIG. 5. The cooling rate dependence of the magnetization
k-(BEDT-TTF)2Cu@N(CN)2#Br. We plot the difference in the
magnetization of the same sample when it is cooled at 10 K/
and when it is cooled at 0.5 K/min~circles! measured by Taniguch
and Kanoda~Ref. 128!. Also shown is the difference in the magn
tization for the same sample when it had been annealed at 70 K
12 h and when it was cooled at 0.5 K/min~diamonds! and the
difference in magnetization between when the sample was anne
and when it was cooled at 10 K/min~squares!. All sets of data were
taken atT57 K,Tc . The solid lines are the calculated lowe
bound on the change in the magnetization atT57 K due to para-
magnetic impurities which produce a 0.25 K change inTc which is
the estimated change inTc between the sample cooled at 10 K/m
and the sample cooled at 0.5 K/min based on the observed co
rate dependence of this sample~Ref. 129!. This lower bound is
required to ensure the Kondo temperatureTK,Tc and thus to be
consistent with the fact that the Kondo effect is not observed
k-(BEDT-TTF)2Cu@N(CN)2#Br. The long dashed lines represe
the predicted magnetization assuming that the interaction energ
the magnetic impurities is the same as the observed antiferrom
netic exchange interaction in the insulating phase
k-(BEDT-TTF)2Cu@N(CN)2#Cl ~i.e., J;40 K). The vertical
dashed line indicates the irreversibility line at 7 K,H ir(T57K), as
measured by Taniguchi and Kanoda~Ref. 128! in the same experi-
ment. Thus we see that forH,H ir(T57 K) ~left of the dashed
line! the nontrivial vortex dynamics of the system cause a com
cated variation in the magnetization, which we do not discuss h
However, forH.H ir(T57 K) ~right of the dashed line! the mea-
sured difference in the magnetization is less than that required
the Brillouin function. Therefore these measurements suggest
no paramagnetic impurities are induced by varying the cooling
of this sample. But this conclusion requires that the moments
not screened by supercurrents.
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anomalies are due to a transition in which disorder becom
frozen into the orientational degrees of freedom in the ter
nal ethylene groups of the BEDT-TTF molecules. This e
ylene ordering transition provides a natural explanation
the observed cooling rate dependence of the residual re
tivity of k-(BEDT-TTF)2X. However, one should note tha
such an ethylene ordering transition would result in intrin
cally nonmagnetic impurities and is therefore strong e
dence in support of our suggestion that the cooling rate
duced disorder is nonmagnetic in nature.

Terminal ethylene group disorder ink-(BEDT-TTF)2X is
rather similar to the anion disorder observed in the Be
gaard salts. In both (TMTSF)2ClO4 and (TMTSF)2RuO4 the
anions can occupy two inequivalent orientations. Fast co
ing leads to partially disordered domains, the size of
domains has been shown to be proportional to the coo
rate.133 As mentioned in Sec. II B, varying the cooling ra
can lead to a reduction inTc and even the complete suppre
sion of superconductivity in favor of a spin density wav
Also note that the anion ordering temperatureTAO is highly
dependent on which anion is considered. ForX5ClO4,
TAO;24 K; for X5ReO4, TAO;170 K; and forX5PF6 no
anion ordering transition is observed.100 The nature of the
anion order also differs forX5ClO4 and X5ReO4 ~Ref.
100!. A similar disordering transition is observed134 in the
organic conductors (DMET)2BF4 and (DMET)2ClO4.

Of the salts considered here, a variation inTc
with cooling rate had only been observed
k-(BEDT-TTF)2Cu@N(CN)2#Br to date. If our hypothesis
that the variation inTc with cooling rate is due to cooling
rate induced disorder which in turn is due to the ethyle
ordering transition in the terminal ethylene groups is corr
then one would also expect a variation inTc with cooling
rate in k-(BEDT-TTF)2Cu(NCS)2 as the ethylene ordering
transition has been observed in this compound.132,135An eth-
ylene ordering transition has also been observed
k-(BEDT-TTF)2Cu@N(CN)2#Cl ~Ref. 132!. However, this
compound only becomes superconducting under pres
and it is not known what effect pressure has on the dis
dered ethylene state. Clearly the dependence ofTc on cool-
ing rate is in need of further investigation. It may be
interest to investigate the effect of pressure on the ethyl
ordering transition, particularly with reference t
k-(BEDT-TTF)2Cu@N(CN)2#Cl and cooling rate depen
dence of the Ne´el temperature.

In light of the variation ofTc with cooling rate it is im-
portant that in experiments on thek-(BEDT-TTF)2X salts
the cooling rate is reported regardless of whether or not
varied. Results forT&80 K lose much of their significance i
the cooling rate is not known.

Work by Taniguchiet al.138,139 has raised the possibil
ity of inhomogeneous phase coexistence between a
ferromagnetism and superconductivity in deute
ated k-(BEDT-TTF)2Cu@N(CN)2#Br. There is no
evidence of phase coexistence in fully h
drogenated k-(BEDT-TTF)2Cu@N(CN)2#Br so phase
coexistence can be ruled out as the cause of the supp
sion of Tc in the hydrogenated compound, which w
consider here. Further varying the cooling ra
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B. J. POWELL AND ROSS H. MCKENZIE PHYSICAL REVIEW B69, 024519 ~2004!
of deuterated k-(BEDT-TTF)2Cu@N(CN)2#Br and
k-(BEDT-TTF)2Cu@N(CN)2#Cl offers the possibility of
studying the Mott transition in the presence of disorder w
fine experimental control over the level of disorder in t
sample and of varying the level of disorder within a sing
sample.

V. INTERLAYER TRANSPORT THEORY

The residual resistivity for interlayer transport in a layer
Fermi liquid is given by~see, for example, Ref. 140!

r05
p\4

2e2m* ct'
2

1

t t
, ~22!

wherec is the interlayer spacing,m* is the effective quasi-
particle mass, andt' is the interlayer hopping integral. Thu
the assumption thatr0}1/t t ~13! is justified.

Substituting Eq.~22! into Eq. ~7! we find that

Tc5Tc02
e2m* ct'

2

4kB\3
r0 . ~23!

Thus from our fit to the data of Suet al.114 ~shown in Fig. 4!
we have, fork-(BEDT-TTF)2Cu@N(CN)2#Br,

Tc0511.7 K ~24!

and

e2m* ct'
2

4kB\3
50.9 V cm. ~25!

Taking m* 56.4me ~Refs. 141 and 121! and c530.016 Å
~Ref. 14! we havet'50.022 meV. However, we note tha
m* was determined for theb sheet~which is the magnetic
breakdown orbit! only whereas here we are considering
effective one band model. Nevertheless, this value is in
cellent agreement with an independent determination ot'
from angular-dependent magnetoresistance~AMRO! experi-
ments. Althought' has not been measured experimentally
k-(BEDT-TTF)2Cu@N(CN)2#Br, for k-(BEDT-TTF)2I3 t'
'0.016 meV~Ref. 142! and fork-(BEDT-TTF)2Cu(NCS)2
t''0.04 meV~Ref. 143!.

For b-(BEDT-TTF)2IBr2 ~see Fig. 1! we find thatTc0
53.0 K. Tokumoto et al.103 reported that the room
temperature resistivity of their samples wasr(295)5(5.0
62.5)31022 V cm. Therefore

e2m* ct'
2

4kB\3
540620 V cm. ~26!

Taking m* 54.2me ~Ref. 14! andc515.291 Å~Ref. 14! we
havet'50.2660.07 meV. Note that this is an order of ma
nitude larger than for k-(BEDT-TTF)2Cu@N(CN)2#Br.
However, this value is also in agreement with previous e
mates from de Haas–van Alphen experiments. Wosn
et al.144 showed that for b-(BEDT-TTF)2IBr2 , t' /EF
02451
x-

i-
a

'1/280 they also found thatkF;3.463109 m21. Therefore
taking m* 54.2me ~Ref. 14! again and assuming a cylindr
cal Fermi surface

EF>
\2kF

2

2m*
~27!

one finds thatt''0.35 meV in excellent agreement with ou
result.

The agreement betweent' calculated from our fits via Eq
~22! and the values found from AMRO experiments for bo
b-(BEDT-TTF)2IBr2 and k-(BEDT-TTF)2Cu@N(CN)2#Br
is further evidence that in these compoundsTc is suppressed
by the AG mechanism and not by weak localization.

It has recently been shown105 that the observed variation
of Tc and r0 for alloy b-(BEDT-TTF)2(I3)12x(IBr2)x for
small x predicted by Eq.~23! is consistent with the observa
tions of Tokumotoet al.103 Note that this theory has no fre
parameters once theTc0 ~this work and Forroet al.112! and
t' ~AMRO experiments142! have been determined.

The agreement between our calculated values oft' and
those measured in AMRO experiments indicates that if th
is an s1n state then thes-wave component@cos(w))Ds] is
small ~see Sec. II!. @Or more strictly thata is small, cf. Eq.
~12!.# It therefore appears unlikely that the layered organ
ares1n superconductors.

VI. DISCUSSION

This study of the effects of disorder on the layered orga
crystals b-(BEDT-TTF)2X and k-(BEDT-TTF)2X has
shown that disorder has the potential to differentiate betw
s-wave and non-s-wave pairing states. But, more exper
ments are needed. This is largely because none of the ex
ments that we have discussed in this paper were designe
study the pairing symmetry. In this section we will explo
what the unresolved issues are and how they could be
solved.

A. Sample variation

Perhaps the simplest test for unconventional supercon
tivity is to study the variations in the superconducting critic
temperature reported in the literature. Crystal growers go
great lengths to avoid the inclusion of magnetic impuritie
but the inclusion of nonmagnetic impurities145 is harder to
avoid. For example, the first reports of superconductivity
Sr2RuO4, which is widely considered to have an unconve
tional ~triplet! pairing symmetry, indicated thatTc50.93 K
~Ref. 146!. However, sample quality was rapidly improve
and it is now believed that the maximum critical temperatu
Tc051.5 K ~Ref. 91! has been achieved. Thus, for Sr2RuO4,
Tc has increased by over 50% since the first report of sup
conductivity. In contrast, consider MgB2. The first report147

of superconductivity quotedTc539 K. No significant in-
crease inTc has been reported thus far. This is evidence
s-wave pairing in MgB2. Further, doping MgB2 with U does
not significantly alterTc ~doping with 1 wt % U reducesTc
by ,0.5%, Ref. 148!. This is in agreement with the emerg
9-10
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ing consensus that MgB2 is a strong couplings-wave
superconductor.149 ~For a fuller discussion of the effects o
disorder in MgB2 see Ref. 150.!

The initial reports of superconductivity in
k-(BEDT-TTF)2Cu@N(CN)2#Br quote Tc510.8 K ~Ref.
151!. While we have shown that Tc0511.7 K.
k-(BEDT-TTF)2Cu(NCS)2 also shows wide variation inTc
from sample to sample. Some authors have reportedTc as
low as 8.7 K~Ref. 152!, while other studies have found tha
Tc59.3 K ~Ref. 118!. One complication arises from the va
riety of definitions used to determineTc . Taking a resistivity
measurement as an example, theTc can be defined in a va
riety of ways:~i! the temperature at whichr first begins to
deviate from the Fermi liquid form@r(T)5r01AT2#, ~ii !
the highest temperature at whichr(T)50, or ~iii ! the mid-
point of the transition, i.e., the temperature at which ther(T)
is 50% of the Fermi liquid value. For example, definitio
~i! and ~ii ! give a difference of;1 K for the data reported
by Stalcup et al.115 about the valueTc511.6 K @defined
by method ~iii !, which we use throughout this paper#.
The large variations in Tc noted above „8% for
k-(BEDT-TTF)2Cu@N(CN)2#Br and 7% for k-(BEDT-
TTF)2Cu(NCS)2… are probably too large to be explained b
subtle variations in the definition ofTc and are therefore
unlikely to occur fors-wave pairing although this is far from
conclusive.

b-(BEDT-TTF)2I3 shows a strong variation inTc . In the
bH phase14 Kahlich et al.153 reported thatTc varied between
4.5 K and 7 K depending on which sample they measu
This represents a 36% variation inTc . This is also sugges
tive of non-s-wave pairing.

The wide variation inTc from sample to sample is some
thing that great care should be taken over in experime
designed to study the isotope effect. In particular, any s
experiments need to demonstrate that crystals that are n
nally identical do indeed have a highly reproducibleTc . If
this is not possible then theTc variation within nominally
identical samples needs to be carefully accounted for.
example, by studying the sample dependence of the resi
resistivity across a range of nominally identical samples
using this to calibrate the impurity dependence of the vari
isotopes.

B. Measurement of the scattering time

Disorder would be a much more powerful probe if the
existed a method by which the scattering time could be m
sured directly. The most obvious techniques for this
Shubnikov-de Haas and de Haas-van Alphen experime
These quantum oscillation experiments measure the qu
particle lifetime via the Dingle temperatureTD . However,
the lifetime determined by quantum oscillation experimen
tq , is not the same as the transport lifetimet t ~Refs. 154 and
155!. Even in the best experiments on elemental metals,
not at all unusual fort t to be 10 or even 100 times large
thantq ~Ref. 156!. In particular,TD and hencetq are known
to be very sensitive to the mechanical state of the sampl
slight deformation caused by, for example, handling
sample can lead to dramatic increase inTD ~decrease intq),
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whilst hardly affecting the electrical resistivity (r0}1/t t).
Given the large compressibility of the layered organic sup
conductorstq is unlikely to be the same ast t .

In its immediate location a dislocation acts just like a li
of point defects and thus contributes equally to both transp
and quantum oscillation experiments. However, the lo
range strain field produced by a dislocation only produ
very small angle scattering~as the electron wavelength i
smaller than the characteristic length scale of the dislo
tions!. Therefore the long-range strain field contributes ne
ligibly to the transport lifetime but can strongly suppresstq
even at relatively low dislocation densities.

A sample which is nominally a single crystal is in fa
made up of a large number of grains. One can think of t
mosaic structure of grains as a certain pattern of dislocatio
In this way it is clear that mosaic structure causes hig
anisotropic scattering and thus leads to the suppres
of tq .

Many previous authors have pointed out the difference
the transport and quantum lifetimes. However, Hill157 noted
a similar difference between the lifetime observed in cyc
tron resonance experiments,tcr , and the quantum lifetime. I
is therefore interesting to compare the lifetimes from cyc
tron resonance and quantum oscillation experiments with
transport lifetime determined from the linearized AG equ
tion ~7! and the value ofTc0 found from the fit to experi-
ment,t t

AG ~see Table I!.
We see that t t

AG;tcr across a broad range o
(BEDT-TTF)2X salts, whiletq is consistently an order o
magnitude smaller. This suggests that scattering events
not the dominant contribution toTD ~cf., Singletonet al.170!.
It presents the intriguing possibility that cyclotron resonan
experiments could be used to probe the quasiparticle lifet
and thus directly compare the experimentalTc with the pre-
dictions of the AG equation. Indeed cyclotron resonan
have already been observed166,168in Sr2RuO4. The observed
cyclotron resonance lifetime is larger than the observed l
time in de Haas–van Alphen experiments, but this may
partly explained by the much higherTc of the sample used
for the cyclotron resonance experiments. Excellent agr
ment is found between the measured cyclotron lifetime a
the lifetime calculated from the AG formula. Clearly, a sy
tematic study of how the cyclotron resonance lifetime~and
indeed the quantum oscillation lifetime! varies with Tc is
needed. Sr2RuO4 would be an ideal material for such exper
ments as the AG formula is seen to be obeyed,91 and good
quality quantum oscillation167 and cyclotron resonanc
experiments166 can be performed. Alternatively the AG be
havior ofk-(BEDT-TTF)2Cu@N(CN)2#Br would make it an
excellent material for such an experiment. This is partic
larly elegant as the cooling rate can be used to vary
disorder and hence the scattering lifetime, so the experim
could be performed on a single sample. Measurements o
variation of the Dingle temperature with cooling rate ha
already been made.115

Kartsovnik, Grigoriev, and co-workers158,171have also in-
vestigated the relationship between the quasiparticle l
times caused by solely microscopic scattering events, and
lifetime extracted from the Dingle temperature which al
9-11
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TABLE I. Comparison of the transport/Abrikosov-Gorkov, cyclotron resonance and quantum oscil
quasiparticle lifetimes (t t

AG , tcr , andtq , respectively!. As t is clearly a highly sample dependent proper
this table is not intended to report universal results but is indicative of general trends. NS indic
non-superconducting compound for whicht t

AG cannot be determined. The reportedt t
AG is based on the

samples used for the experiments discussed in this paper~or in Ref. 155 in the case of ZrZn2). We have
abbreviated BEDT-TTF to ET in this table.

Material t t
AG ~ps! tcr ~ps! tq ~ps!

k-(ET)2Cu@N(CN)2#Br 2.5–20 ? 0.5–0.6~Ref. 115!
b-(ET)2IBr2 0.6–1.8 ? 1.5~Ref. 158!
b-(ET)2I3 ? ? 2.4~Ref. 159!
u-(ET)2I3 ? 15–36~Ref. 160! 0.6–1.5~Ref. 161!
a-(ET)2KHg(NCS)4 ?a 15 ~Ref. 163! 0.3–0.5~Ref. 164!
a-(ET)2NH4Hg(NCS)4 ? 40 ~Ref. 157! 2 ~Ref. 165!
(ET)2Br(DIA) NS 4.6–5.5~Ref. 160! 1.7 ~Ref. 160!
(ET)3Cl(DFBIB) NS 5.6~Ref. 160! 1.7 ~Ref. 160!
Sr2RuO4 6–38b 10–40~Ref. 168! 1.8 ~Ref. 167!
ZrZn2 ;6 ~Ref. 155! ? 0.3~Ref. 169!

aa-(ET)2KHg(NCS)4 is only superconducting under pressure~Ref. 162!.
bThe sample measured by Hillet al. ~Ref. 166! had Tc51.44 K @for which the AG formula givest t

AG

537.9 ps based onTc051.52 K, the value found from fitting the AG formula to the data of Mackenzieet al.
~Ref. 91!#. t t

AG56.25 ps based onTc51 K, the value reported in the de Haas–van Alphen experime
~Ref. 167!.
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contains the effects of macroscopic inhomogeneities. T
have shown that the slow oscillations observed in quan
oscillation experiments on quasi-two-dimensional metals
damped by a modified Dingle temperatureTD* , which is not
affected by macroscopic inhomogeneities. For experime
performed onb-(BEDT-TTF)2IBr2 they found an order of
magnitude difference betweentq ~1.5 ps! and the lifetime
derived fromTD* , tq* ~8.1 ps!.

The Fermi velocityvF for both theb andk polymorphs is
typically vF;105 ms21 ~see Sec. V and Ref. 172!. And we
have shown here that a quasiparticle lifetime of the or
t t

AG;0.1 ps is required to completely suppress supercond
tivity. Thus the mean free path,l 5vFt t , is typically l
*10 nm ~cf. Ref. 26!. The interlayer coherence lengthj i is
typically a few nm~cf. Ref. 14!. Thus these materials are i
the clean limit even when superconductivity is complet
suppressed by disorder. This is further confirmation that
AG mechanism is responsible for the suppression of su
conductivity in these materials.

We will conclude this section by outlining a series
experiments that could determine if the disorder in the l
ered organic superconductors is due to scattering from lo
ized moments or potential scattering. These experime
therefore have the potential to rule outs-wave pairing.

C. Identification of the pairing symmetry

Comparatively little attention has been focused on
pairing symmetry ofb-(BEDT-TTF)2X so we will start by
considering this crystal structure. All of the methods of c
ating disorder considered in this paper~namely, fast electron
irradiation, alloying anions and accidental disorder from
fabrication process! should be revisited and studied in mo
depth. Both Figs. 1 and 2 need more data points. Therefo
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is most important that the entire AG is mapped out. In p
ticular, it is important to observe the complete suppression
superconductivity by very small amounts of disorder that i
unique feature of the AG formalism. Careful observation
the entire AG curve is required to rule out other mechanis
for the suppression ofTc such as weak localization, inter
band scattering, changes in the pairing interaction, or
macroscopic coexistence of superconducting and nonsu
conducting phases. All of these mechanisms for the supp
sion of Tc produce markedly different relationships betwe
Tc andr0 and thus would be ruled out by the observation
the entire AG curve and in particular the complete suppr
sion of Tc by moderate amounts of disorder which is n
caused by any of the other mechanisms forTc suppression.
Forro et al.112 did not measure the resistivity of their irrad
ated samples. It is important to know the resistivity for se
eral reasons:~i! it allows for easy comparison with othe
techniques, in particular it allows a consistent definition
Tc to be used,~ii ! it provides a check on the estimation of th
number of defects produced, and~iii ! it allows for the calcu-
lation of t' and thus for a further check that AG theory
indeed relevant. All of these methods should also be app
to k-(BEDT-TTF)2X.

The next step is to discover whether any of the meth
for producing impurities create magnetic scatterers. One w
to do this is to measure the magnetization as Taniguchi
Kanoda128 have for cooling rate induced disorder
k-(BEDT-TTF)2Cu@N(CN)2#Br. However, this experimen
should be repeated in the metallic state. This suggests
paramagnetic impurities are not induced by varying the co
ing rate of k-(BEDT-TTF)2Cu@N(CN)2#Br. Here we will
consider alternative experiments which could be used
search for magnetic impurities. We will describe these
9-12
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periments in the context of cooling rate induced disorde
k-(BEDT-TTF)2Cu@N(CN)2#Br. However, the generaliza
tion of these experiments to the other methods of produc
disorder is straightforward. Cooling rate induced disorder
periments are particularly elegant as the level of disorder
be controlled within a single sample. This reduces system
errors, for example, by far the largest source of error in m
suring r0 comes from measuring the samples dimensio
such errors cancel in cooling rate induced disorder exp
ments.

Muon spin relaxation experiments are capable of det
ing localized magnetic moments.173 If local moments are
produced, then the muon spin relaxation rate would vary
function of cooling rate. Clearly the muon spin relaxati
rate is changed by the superconducting state. AsTc and pre-
sumablyHc2 are changed by the cooling rate it is importa
that these experiments be done in the nonsupercondu
state, either aboveTc or aboveHc2. As the ethylene ordering
transition occurs atT;80 K and Tc;10 K any local mo-
ments should be well formed several kelvin aboveTc .

Nuclear quadrupole resonance experiments have b
used to observe the formation of local moments
La22xSrxCuO4 for x50.06 ~Ref. 174!. As perviously dis-
cussed, NMR measurements have observed localized
ments induced by Zn impurities in YBCO.94 Therefore
studying the change in 1/T1 with cooling rate in
k-(BEDT-TTF)2Cu@N(CN)2#Br could determine whether o
not local moments are formed. The change in 1/T1 as a func-
tion of cooling rate has been measured in 98% deuter
k-(BEDT-TTF)2Cu@N(CN)2#Br. No change in 1/T1 was
observed until below 30 K, in particular, 1/T1 is independent
of cooling rate near 80 K where the ethylene ordering tr
sition occurs.175 However, fast cooling of deuterate
k-(BEDT-TTF)2Cu@N(CN)2#Br drives the ground state
from superconductivity to an antiferromagnetic Mo
insulator138,139~which causes the observed difference in 1/T1
below 30 K!. Therefore this observation does not rule out t
possibility of local moments in hydrogenate
k-(BEDT-TTF)2Cu@N(CN)2#Br. Wang et al.176 carried out
an electron spin resonance~ESR! experiment on
k-(BEDT-TTF)2Cu(NCS)2. Wang et al. saw no signal at-
tributable to Cu~II ! species at any temperature although th
do not comment on other sources of magnetic impurit
Therefore it is reasonable to hope that further ESR stu
may shed some light on the issue of magnetic impurities

The techniques, outlined here, for using intrinsically no
magnetic disorder to probe the superconducting state
clearly more general than the context ofb-(BEDT-TTF)2X
and k-(BEDT-TTF)2X that we have examined here. Diso
der has already been used to study Sr2RuO4 ~Ref. 91! ~al-
though we should note that no experiments have been
formed to rule out magnetic impurity formation in th
material!. Similar results for UPt3 ~Refs. 98 and 99! appear
to have gone largely unnoticed. Clearly more careful analy
of this work is required. These methods could also be
tended to other heavy fermion superconductors. There
several other quasi-two-dimensional organic superconduc
@such as l-(BETS)2X, u-(BEDT-TTF)2X, and
b9-(BEDT-TTF)2X] which may be unconventional supe
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conductors. Disorder would appear to be a powerful tool
the investigation of the superconducting state in these m
rials.

But, the study of disorder, perhaps, is most powerful wh
used to identifys-wave pairing. An excellent example from
the recent past is the high-temperature supercondu
MgB2, which appears to be a phonon mediateds-wave
superconductor.149 This could be confirmed by careful stud
of the effects of disorder and showing that disorder can
introduced with only a small change inTc ~cf. Ref. 150!.
This could also be applied to other superconductors wh
are suspected of beings wave, in particular, superconducto
suspected of having anisotropics-wave order parameters
such as the borocarbides.177

VII. CONCLUSIONS

We have considered the effect of impurities and disor
on the superconducting critical temperature
b-(BEDT-TTF)2X andk-(BEDT-TTF)2X. We have shown
that various sources of disorder~alloying anions,103 fast elec-
tron irradiation,112 disorder accidentally produced durin
fabrication,104 and cooling rate induced disorder114,115! lead
to a suppression ofTc that is well described by the
Abrikosov-Gorkov formula. This is confirmed not only b
the excellent fit to a theory with only two free paramete
but also by the excellent agreement between the value o
interlayer hopping integralt' , calculated from this fit and
the value oft' found from AMRO experiments. This make
a pairing state with a superposition ofs-wave and non-
s-wave components extremely unlikely. Although such
s1n state cannot be strictly ruled out, thes-wave part of the
wave function must be very small and the coherence betw
the s-wave and non-s-wave parts of the wave function mus
be completely rigid@a„w(t)…5a!1#. The agreement be
tween the measured and calculated values oft' effectively
leavesTc0 as the only free parameter in the theory. In pra
tice, one has very little choice over the value ofTc0, so the
agreement with experiment is found from an essentially
rameter free theory. The AG formula describes the supp
sion ofTc by magnetic impurities in singlet superconducto
including s-wave superconductors. However,Tc is sup-
pressed in exactly the same way by nonmagnetic impuri
in a non-s-wave superconductor. We therefore have sho
that there are only two scenarios consistent with the cur
state of experimental knowledge. We summarize these
narios below. The task is now to discover whether the im
rities are magnetic or nonmagnetic.

Scenario 1: d-wave pairing.If the disorder induced by al
of the four methods considered in this paper is, as se
most likely, nonmagnetic, then the pairing state cannot bs
wave. Triplet pairing is ruled out by the combination of th
three experiments discussed in Sec. I.20,55,58 Therefore we
know that the angular momentum,l, of the Cooper pairs is
even. If the disorder does turn out to be nonmagnetic t
this implies thatl>2. In which case Occam’s razor sugges
that d-wave pairing is realized in bothb-(BEDT-TTF)2X
andk-(BEDT-TTF)2X.

Scenario 2: an atypical mechanism for the formation
9-13
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B. J. POWELL AND ROSS H. MCKENZIE PHYSICAL REVIEW B69, 024519 ~2004!
local magnetic moments.Given the proximity of
b-(BEDT-TTF)2X and k-(BEDT-TTF)2X, to the Mott-
Hubbard antiferromagnetic state in anion/press
space, it is possible that disorder induces local magn
moments. Further Taniguchiet al.138,139 have suggested
that varying the cooling rate can lead to the mac
scopic coexistence of superconductivity in deutera
k-(BEDT-TTF)2Cu@N(CN)2#Br. Although there is no evi-
dence for anything but a spatially uniform superconduct
state in the hydrogenated compound,138,139 which we have
considered here, these experiments would not detect iso
magnetic impurities. On the other hand, we have shown h
that the work of Taniguchi and Kanoda128 is inconsistent
with the theory that disorder modulates the local electro
structure and thus moves single sites or small clusters of
into a state, analogous to the Mott-Hubbard insulating s
with localized electrons, which can act as magnetic po
scatterers. However, only a little data were reported in
relevant magnetic field range so further work is needed
rigourously test this scenario.
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We have suggested experiments to differentiate betw
these scenarios. Such experiments would either discove
atypical mechanism for the production of localized magne
moments or determine that the superconducting order par
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