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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
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We give a theoretical analysis of published experimental studies of the effects of impurities and disorder
on the superconducting transition temperafligeof the organic molecular crystals(BEDT-TTF),X (where
X=CUN(CN),]Br and Cu(NCS) and BEDT-TTF is bigethylenedithigtetrathiafulvaleng and
B-(BEDT-TTF),X (for X=15 and IBr,). The Abrikosov-GorkoAG) formula describes the suppressiorilgf
both by magnetic impurities in singlet superconductors, includingwe superconductors and by nonmagnetic
impurities in a nors-wave superconductor. We show that various sources of dis¢atleying anions, fast
electron irradiation, disorder accidentally produced during fabrication, and cooling rate induced dikarder
to the suppression af. 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 integrak, calculated from this fit and the value of 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 canreige. 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 =2, in which case Occam’s razor suggests tliaivave pairing is realized in both
B-(BEDT-TTF),X andk-(BEDT-TTF),X. 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 ejg#¢BEDT-TTF),X and
x-(BEDT-TTF),X 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.
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[. INTRODUCTION TTF) and insulatinganion layers. A particularly interesting
feature of these materials is that they can be driven from an
Superconductivity is often found near magnetic ordering AFM insulating state to a superconducting state by the ap-
This may be antiferromagnetidFM) order such as in the plication of hydrostatic pressure or by changing the
cuprate$ and the heavy fermion superconductoos ferro-  anion>6
magnetic order as in the ZrZmor UGe, (see Refs. 3 and 4, In principle, the simplest way to identify the pairing sym-
respectively. In each of these cases it is believed that themetry, or at least the nodal structure, of a superconductor is
superconductivity is unconventiorral® that is to say that the to measure the low-temperature behavior of thermodynamic
Cooper pairs have a nonzero angular momentum. The issu@ transport properties. For example, the specific heat fol-
of unconventional superconductivity near magnetic orderindows an exponentially activated temperature dependence for
is of general interest because it may lead to insights into bota nodeless gagC,>exd —|A(0)|/kgT], where A(0) is the
nonphononic pairing mechanistnand the theory of quan- superconducting gap at zero temperatuaad a power-law
tum critical pointst® dependence for a gap with node3, < T? for line nodes and
Despite the fact that it is now twenty years since superC,=T3 for point nodes on a three-dimensional Fermi
conductivity was discoveréti*?in the layered organic com- surfac.’ In practice, however, there are difficulties associ-
pounds (BEDT-TTF)X (where BEDT-TTF is bigethylene- ated with this method of identifying the pairing symmetry,
dithio)tetrathiafulvalene and X is an anion, e.g., not the least of which is the need to make measurements at
CU N(CN),]Br or l3) the pairing symmetry remains a matter extremely low temperature¢Typically a wide temperature
of debatet®> BEDT-TTF salts form a number of crystal struc- range is required in the regioclVT,<0.2, so in the case of
tures which are denoted by greek letters. All of the crystalk-(BEDT-TTF),Cu N(CN),|Br (T.~10 K) one requires
structures consist of alternating layers of BEDT-TTF and armeasurements taken over a wide range of temperatures be-
anion!* In B-(BEDT-TTF),X and «-(BEDT-TTF),X, low ~2 K.) The apparently strong couplitfy® nature of
which we consider here, the BEDT-TTF molecules form athe superconductivity in theses charge-transfer salts means
dimerized structure where the anion removes one electrothat the behavior of thermodynamic and transport functions
per dimer. Thus we have alternating conductifB8EDT-  nearT, is unable to differentiate between pairing states on
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symmetry grounds alone and so we must wait for calculamagneto-optical properties ok-(BEDT-TTF),Cu(NCS),
tions based on a specific theory of superconductivity to usend found results indicative akwave pairing. However, in
this data to examine the pairing symmetry. light of the debate over the interpretation of these re&tiits

Regardless of the reasons one fact is cldalpw-  one cannot consider these measurements to have determined
temperature behaviors have been, to date, unable to settle ttiee pairing symmetry.
debate on the pairing symmetry in the layered organic super- Izawa et al*® measured the thermal-conductivity ten-
conductors. In particular, two pairing symmetries have beesor of x-(BEDT-TTF),Cu(NCS) in a magnetic field.
widely discussed: strong couplirgwave superconductivity They observed a fourfold anisotropy at low temperatures
andd-wave pairing. which they interpreted as evidence fakwave pairing.

In k-(BEDT-TTF),CUN(CN),]Br the C NMR spin However, it is possible that the vortices produced in
lattice relaxation rat€2? (T,) ! shows no Hebel-Slichter «-(BEDT-TTF),Cu(NCS), are actually Josephson vortices.
peak and a power-law cutoffTg) “*«T", wheren=3. A  Therefore it remains to be shown whether or not the
Hebel-Slichter peak is expected fsrwave pairing while  theory*’~#°on which Izawaet al. base their analysis is valid
(T,) *=T3is expected for line nodées. for this material.

Much controversy has surrounded the London penetration The '3C NMR Knight shift has been measuféd for
depth with some groups reportirgwave pairing*~?8and  x-(BEDT-TTF),CuU N(CN),]Br. With a magnetic fieldH
others finding line nodes consistent wittwave pairing®>*  parallel to the conducting planes, Bs-0 so does the Knight
in both k-(BEDT-TTF),CU N(CN),]Br (Refs. 24—26 and shift.1’® This does not actually rule out triplet pairing, al-
29-32 and «-(BEDT-TTF),Cu(NCS), (Refs. 25—-28, 31, though it does make triplet pairing extremely unlikely. This
30, 33, and 3% However, the most recent measureménts experiment is compatible with a triplet state in whidtk)
have two advantages over older experiments. First, very lonk H=0 whered(k) is the usual Balian-Werthamer order pa-
magnetic fields were used. The use of fields less than theameter for triplet superconductivit}:>* An example of a
lower critical field is important in penetration measurementstriplet phase compatibté®® with this experiment is amA
because vortex dynamics are a serious impediment to accphase withd(k) pinned to thec axis®* which is not an im-
rately measuring the penetration depth. Second, Carringtopossibility given the highly anisotropic nature of
et al® made measurements down to 0.4 K and therefore-(BEDT-TTF),CU N(CN),]Br. However, Zuo et al®®
made a large range of measurements bel®dwO0.2T.. measured the critical field as a function of temperature with
This is the lowest temperature range considered in any dfl parallel to the conducting planes. In this configuration no
the thermodynamic or transport experiments, makingorbital currents flow so the critical field is due to Clogston-
the conclusions of Carringtoret al. the most reliable Chandrasekhafor Paulj limit.%*°¢5" There is no Clogston-
drawn from experiments of this type. Carringt@tal. Chandrasekhar limit foHL c for triplet states compatible
found that the temperature dependence of the penawith measured Knight shift. Thus for such states there would
tration depth of bothx-(BEDT-TTF),CUN(CN),]Br and be no critical field withH||b (in fact for such states one
k-(BEDT-TTF),Cu(NCS), is inconsistent with a nodeless would increaseT, by applying a field parallel to thédo
gap. axis®®). Experimentally® it is found that superconductivity is

Initial measurements of the specific heat of destroyed by a magnetic field parallel to thaxis. Therefore
k-(BEDT-TTF),CU N(CN),]Br showed ar? dependenc®  only when considered together do the three experiments dis-
but the interpretation of these results has been questitinedcussed abo&°>*8strictly rule out triplet pairing® Further
More recent measurements of the specific heat havevidence for Clogston-Chandrasekhar limiting comes from
found an exponentially activated temperature dependendie observation that the in plane upper critical field is inde-
for both x-(BEDT-TTF),CUN(CN),]Br (Ref. 1§ and pendent of the field directio? Given the anisotropic nature
k-(BEDT-TTF),Cu(NCS), (Ref. 19. of the Fermi surface ok-(BEDT-TTF),CU N(CN),]Br itis

Several groups have considered probes which do naxtremely unlikely that orbital mechanisms for the destruc-
rely on the low-temperature behavior of the meas-tion of superconductivity would be so isotropic.
urement. Brandoet al® and Arai et al®® attempted The results of quantum chemistry calculations suggest
to observe the local density of statedDOS) of that the simplest theoretical model which can describe these
x-(BEDT-TTF),Cu(NCS), by measuring the differential materials is a half-filled Hubbard model on an anisotropic
conductance using a scanning tunneling microscope. Each tfiangular lattice:®54Because of the proximity of the antifer-
these experiments found a LDOS that is consistent withromagnetic insulating phase and the superconducting phase
d-wave pairing, however, none of the experiments observedeveral groups have examined the possibility of spin fluctua-
the coherence peaks which are a characteristic feature of thien induced superconductivity within the confines of this
superconducting state and have been obsétvé&dn similar  model using a variety of techniques, including mean-field
experiments on BBr,CaCyOg, . Also one should note theory®* the fluctuation-exchange approximation®’ third
that Bandoet al3® observed a LDOS in the layeregwave order perturbation theof, weak coupling renormalization-
superconductor NbN which has the same form as thagiroup analysi§® the random-phase approximatiti’* and
which is interpreted asd-wave in experiments on quantum Monte Carlo method$All of these groups con-
k-(BEDT-TTF),Cu(NCS),. cluded that spin fluctuations lead tbwave pairing. These

Schramaet al*? attempted to determine the anisotropy in authors found an enhanced dynamical susceptibilitymat (
the superconducting order parameter by measuring the 7)) which leads tod,2_,2 pairing. Alternatively, both

024519-2



DEPENDENCE OF THE SUPERCONDUCTING ... PHYSICAL REVIEW@, 024519 (2004

d-wave’® ands-wave*~"®pairing symmetries have been con- the integral in Eq.(3) vanishes. Thus the anomalous self-
sidered in the context of phononic pairing mechanisms.  energy does not cancel the normal self-energy Bnid low-

So, perhaps the only emerging consensus is that the lovered by nonmagnetic impurities in a nefwave supercon-
temperature behaviors have not been able to conclusivelguctor. Further, it can be shown that for pairing states with
settle the debate betweesrwave andd-wave pairing sym- nons-wave symmetry nonmagnetic impurities reddicevia
metries. In the remainder of this paper we will investigatethe Abrikosov-Gorkov formul&>'” However, in this case
how the effects of disorder can be used to distinguish be-

1 h 1 1
2+ 47TkBTC TN) dl(Z)’ (5)

tween these two symmetries. (Tco)
Inl =—|=¢
Te
where again we have assumed isotropic scattering. The

Anderson’s theorefd states that fos-wave pairing non-  prediction§® of Anderson’s theorem have been confirmed for
magnetic impurities do not change . This is because Coo- the alloys of manys-wave superconductof§-8’
per pairs are formed from time reversed states and although Hasegawa and Fukuyafiisuggested that weak localiza-
nonmagnetic impurities may change, for example, the photion could lead to an alternative mechanism for the suppres-
non spectrum, they do not break time-reversal symmetngion of T, in organic superconductors. Notably this mecha-
(TRS). However, magnetic impurities strongly reduEgfor  nism allows for the suppression of. by nonmagnetic
all singlet states because they do break TREhis behavior  disorder inswave superconductors, in violation of Ander-
is described by the Abrikosov-Gorkovhereafter AG  son’s theorem. However, the Hasegawa-Fukuyama mecha-

Il. THE ABRIKOSOV-GORKOV FORMULA

formula:’® nism has a dramatically different; dependence to the AG
formula. We will show in this paper that the observed sup-
n Teo) _ " 1. A1 " 1 (1)  Pression off¢ in A-(BEDT-TTF),X and x-(BEDT-TTF),X
T 2 AnkgT. ™v 2 is described by the AG formula and therefore the predictions

_ ) . _ of Hasegawa and Fukuyama are not in agreement with ex-
whereT, is the superconducting critical temperature in theperiment. For a multiband superconductor interband scatter-

pure system and)(x) is the digamma functionry is the g processes can also lead to a suppressioR ifsee, for
guasiparticle lifetime due to scattering from magnetic IMpU-gxample, Ref. 89 However, of the two polymorphs dis-

rities. Assumingsotropic scatteringry, is given by° cussed in this paper only ofi@-(BEDT-TTF),X] has mul-
" tiple sheets to its Fermi surface. As it seems reasonable to
— =Ny mJdi(J+1)N(0)|uy|2, 2) assume(qnless eviQence is founq to Fhe contratiiat the
™ suppression ofT in both materials is due to the same

where N,, is the number density of magnetic impurities mechanism we will not discuss interband scattering effects
M " further. Also note that for moderate amounts of disorder, in-

N(0) is the density of states per spin at the Fermi ledeis . . .
the total angular momentum of the paramagnetic atoms an;&rband scattering effects and the AG formula give very dif-
.. ferent predictions for the suppressionTf.

uy is the amplitude for scattering from a magnetic impurity. " .

In the superconducting state the anomalous Green'’s func- It can be shown that the digamma function has the prop-
tion F,4(k,wy) is finite and therefore there is, in the pres- ery
ence of nonmagnetic impurities, an anomalous self-energy

ST : o 1 1 %X
25 qp(®@n), Which, inn dimensions, is given By W §+x = E) + ”T+O(X2)_ (6)
1 d"k . . -
_ Hence fori/7<kgT, (i.e., as the number of impurities tends
= F k, , 3 Blc \l-&n
22ap(@n) ZwN(O)TNf (2m)" aslkon), Gy zerg the AG equation becomes
where 7y, the lifetime for scattering from nonmagnetic im- wh 1
purities, is given b§f Teo— Te= 8ky 7 (7)
E—N N(0)[uy |2 @) Clearly the above is valid for both magnetic impurities in
w N7 NE singlet states ¥=7y) and nonmagnetic impurities in non-

) ) o _. s-wave pairing state@n which caser= ).
whereNy, is the number density of nhonmagnetic impurities

and uy is the amplitude for scattering from a nonmagnetic
impurity.

For swave pairingS, ,4(w,) is clearly finite, and it can In addition tos-wave pairing and nos-wave pairing, a
be shown that the anomalous self-energy cancels exactifpird logical possibility exists: a state which contains a su-
with the normal self-energ®; ,4(w,), when the critical ~perposition of botts- and nons-wave pairing. For example
temperature is evaluated. Therefdrgis unchanged by non- the s+id ands+d states. In general, such a state can be
magnetic impurities for ars-wave superconductor, as ex- Written as
pected from Anderson’s theorethHowever, for nons-wave R . R
pairing®! it can be seen, from symmetry grounds alone, that A(1)=Ay(7){cod o(7)]A+ € %siMe(7)]AL),  (8)

A. Mixed order parameters
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where 7 is the quasiparticle lifetimeA(7) is the order pa- critical temperature because of teavave part of the wave
rameter of the superconductdry(7) gives the magnitude of function. But nonmagnetic disorder would reduce the critical

the order parameteR is a function with a magnitude of temperature for the noswave part of the wave function.
unity ands-wave symmetryA . is a function with a magni- This would lead to there being two phase transitions in the

tude of unity and the appropriate neawave symmetry, and presence of nonmagnetic disorder, the first from the nonsu-
6 and o(7) parametrize the superposition. For cla;ity we perconducting state to awave superconductor and the sec-

have suppressed all spin and momentum labels. We will deQnd from ans-wave superconductor to & n supercon-

scribe this state as thetn state ductor. Two such phase transitions would have a clear
Naively, it might appear that the+n state might explain eXpe“"‘?e”t?" S|gnaturg._ For exam-ple, there would be two

the low-temperature behavior of the thermodynamic an nomalies in the specific heat. This has, to the best of our

transport properties. If the states had a ladlgeave compo- nowledge, never been observed in the layered organic su-

nent it would appear to have nodes at high temperatures, bgferconductors. Th(_ar_eforg we can rgle out the possibility of

at low temperatures the small fully gappediave part of the S+ n superconductivity with zero or, mdeed, weak coherence

order parameter would cause an exponential cutoff. Howpetween the states on phenomenological grounds.

ever, a more careful analysis of the data shows that this sce-

ﬂarIO |S not What haS been Observed, |ndeed the reSU|tS Of the B. Nonmagnetic disorder in other superconduc’[ors

experiments performed to the lowest temperatures suggested

nodes in the gap: The effects of nonmagnetic disorder have been carefully

To describe the effect of disorder on teen state we observed in several other superconductors. The best known

. . gl
will begin by studying the two extreme cases of total coher-Ca5€ IS JIRUO,. Mackenzieet al."” measured. for several

ence between the states and zero coherence between ffd"Ples with varying residual resistivities. Assuming the
states. It will then be seen that all other possibilities areP'Ude model of conductivity they found the variation Tf
intermediates of these two extremes. with pg to be in excellent agreement with the AG formula.
If there is total coherence between the states, then adding BOth magnetidNi) and intrinsically nonmagneti&n, Pr,
disorder does not change the ratio betweenstheve and ast electron irradiationdefects lead to the suppressionTqf

nons-wave parts of the order parameter, ig.js indepen-  Of YBaCtOs..x (YBCO) in line with the AG formule’®
dent of 7. It is straightforward to show that, subject to this HOwever, it is knowi’ that the substitution of Zn atoms for

constraint, Cu atoms in the_ Cupplanes_of YBCO can Ie_ad to the for-

mation of localized magnetic moments. It is thought that

these local moments form on the nearest-neighbor Cu atoms
), (9 rather than on the zn site itséft. There has been much

debaté®* as to whether the mechanism for pair breaking in
where V is the effective pairwise interaction between the YBCO crystals with Zn impurities is local moment scattering
electrons. Fos-wave pairing in the presence of nonmagneticor potential scattering due to the Zn impuriyf course, the
impurities two mechanisms are not mutually exclusieRecent work
by Davis et al*°*! indicates that nonmagnetic scattering is
the dominant mechanism by which Zn impurifiebower T,
and further that even the magnetic impurit{®) act prima-
rily as potential scatteref§.

In the heavy fermion superconductor YRt suppression
of T, has been observed that is consistent with the AG
theory®®°° Surprisingly both magneti¢Ni) impurities and
nonmagnetid¢Gd) impurities suppress, in the same way?

In light of the discovery that Ni impurities act primarily as

1
wa+ 127 w,

T
|n<—°°) =27N(0)VTD
Tc n=0

R=1+ (10)

27'|a’n|
and one finds that ;= Ty independent of, in confirmation
of Anderson’s theorem. But, for nagswave pairingR=1
and we arrive at the AG equatidb).

For ans+n superconductor

R=1+ M_ (12) potential scatterers in YBCO it seems plausible that the same

27| wy thing may happen in URt Alternatively some unknown
a(p) is an unknown function, however, it is clear that mechanism may be inducing local moments around the Gd
a(0)=1 anda(m)=0. Thus one finds that atoms. This seems unlikely as for this to be consistent with

the observation that Gd and Ni impurities suppréssn the

1 h 1 1 same way this scenario would require the moment induced
= l//(§+ ArkgT, (1_a)7) —l!/(i)- (12 Z{g;nsd Gd atoms to be the same as the moment due to Ni
Thus we find that rigid coherence in ar-n superconductor The Bechgaard salts, (TMTS (TMTSF is tetrameth-
simply “renormalizes” the quasiparticle lifetime in the AG ylteselanafulvalene an¥ is an anion, for example, ClQor
equation. ReQ,), are also very sensitive to nonmagnetic disorder. It

For a superconductor without coherence between the twhas been suggested that this is because they are quasi-one-

parts of the order parametervaries strongly withr and the  dimensional system$:88100.191pisorder can be induced by
two parts of the order parameter are independent of one arx-ray irradiation, alloying, or by a cooling rate controlled
other. Thus nonmagnetic disorder does not change the bubmion disorder transitiofwhich we will discuss further be-

In

Teo
Te
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low). All of these sources of disorder can reduceand can 3 ' T ' ' T ' T '
even suppress superconductivity altogether and lead to th
formation of a spin density wav&%1°2

. B-(BEDT-TTF),X 2

There are a series of competing ground states in boti\c’l
B-(BEDT-TTF),X andk-(BEDT-TTF),X including antifer- HU
romagnetism and superconductivity. By applying pressure o1
changing the anion the ground state of these layered organi 1|
crystals can be changed, thus it is thought that different an-
ions apply different “chemical pressure$>*® For supercon-
ducting crystals pressure loweFs. Thus one might expect
that by alloying anions one could observe the same change it 0 : ' : ' : ' : ' : '

T. due to the change in “chemical pressure.” However, if 0 0.0005 0'01(%%0) /lg(()z()9155) 0.002 0.0025
one adds small amounts of a second anion the second anion

sites will act as nonmagnetic impurities. Thus, unless the F|G. 1. The variation of the superconducting transition tempera-
pairing state is wave, alloying anions will suppreds . The  ture of B-(BEDT-TTF),IBr, with the residual resistance ratio
suppression of . should be governed by the AG formula. R(0)/R(295). The curve is a fit, using the AG formula assuming

Tokumoto et al1®® have produced alloys in the series the residual resistivityp,= 1/7,, wherer, is the quasiparticle life-
B-(BEDT-TTF),(13)1_x(IBrs)y. For x=0 they found that time, to the data of Tokumotet al. (Ref. 103 (squares who in-
T.=7.4 K and forx=1 they foundT,=2.4 K. Based on duced disorder by substituting &nions for 1B and Shegolev and
Anderson’s theorem one expects that $awave pairingT, Yagubskii (Ref. 104 (circles who reported resistivity measure-
will vary monotonically withx. However, Tokumotcet al. ments for several samples. This indicates that either both types of
found no indications of superconductivity for &sX<0.7. A ?mpurities induce magnetic moments or else _the pairing symmetry
natural explanation of this experiment is that for small, non-'S nons-wave. Note that although we have writt&G0) Tokumoto
zero values of the IBr, anions act agintrinsically) non- €t al- did not actually reporR(0)/R(295), butR(T¢)/R(295) thus

- i ia ] . their data(squaresshould be shifted slightly to the left. As Shego-

e e M1 i and Yaguose eporc)A(259) ot a 1 f tempra
. oo C tures nearT. we were able to fit to their data to the form
impurities in3-(BEDT-TTF),IBr; and reducd ¢ t0 zero for - pry/po95)~ R(0)/R(295)+ AT2 and thus determine both
qu!te small concentr.a'tlons. This explanation of course reR(0)/R(295) andT, accurately.
quires nons-wave pairing.

In Fig. 1 we plot the data forT. against py for ]
B-(BEDT-TTF),(13);_(IBr,), with x<1 from Tokumoto Motoet al. observed that no samples wiR{0)/R(295=0.3
et al1® on the same graph as data {8+ BEDT-TTF)IBr,  from any of the alloys S-(BEDT-TTF)(I3)1-x(IBra)y,
sample&®*which have differing residual resistivities because 8-(BEDT-TTF),(IBr,); ,(I,Br), or  B-(BEDT-TTF),
of impurities accidently induced in the fabrication process.(I,Br);_4(l3)x superconducted. This is exactly what one
The excellent agreement with the AG formula is strong evi-would expect from the AG formalisrtcf. Fig. 1).
dence against the weak localization scenario. In this fit we At this stage it may appear that the arguments presented
assume only thapy>1/my. There were not enough data above are in contradiction to what is known about the cu-
points reported fox<0 to make a similar comparison for prate superconductors. These materials héweave order
B-(BEDT-TTF)I5. For a more detailed discussion of the role parameters and yet nonstoichiometric compounds often have
of disorder inB-(BEDT-TTF)Il; see Ref. 105. far higher transition temperatures than tfstoichiometrig

It is also interesting to note that the compoundparent compoundéindeed in many cases the parent com-
B-(BEDT-TTF),I,Br is not superconducting. For pound is nonsuperconductingin excellent example of this
B-(BEDT-TTF),X, whenXis a trihalide, the three positions is La,_,Sr,CuQ, for which optimal doping isx~0.15. It
of the halide atoms are crystallographically distinct. Inwas suggestéf that d-wave superconductivity is observed
B-(BEDT-TTF),l5 the three iodine atoms are arranged ap-in nonstoichiometric compounds because the Born approxi-
proximately linearly(which we represent by I-l}land are mation is not valid for the cuprates. However, it has been
clearly indistinguishable particles. I8-(BEDT-TTF),IBr,  showrt’” that even in the unitarfor resonant scattering
the atoms are arranged Br-1-Br, that is to say that the iodindimit which is appropriate for the cuprates nonmagnetic dis-
atom is always in one particular location. But, in order still destroysd-wave pairing in line with the predic-
B-(BEDT-TTF),I,Br, the atoms can either be arrangedtions of the AG formula and leaveswave pairing unaf-
I-I-Br or Br-I-l. This means that the crystal is intrins- fected. Further unitary scattering is the appropriate f#fit
ically disordered.3-(BEDT-TTF),I,Br is found to have for the unconventional supercondudfSrUPt and in this
a high residual resistivit}f® Thus we propose that it material T, is suppressed by nonmagnetic impurities in a
is the intrinsically nonmagnetic disorder, caused by themanner consistent with the AG formdfaas discussed in
two possible arrangements of the anion, that suppresse&ec. Il B.
superconductivity ing-(BEDT-TTF),l,Br. Further Toku- However, so far we have neglected the major difference
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We have therefore shown that impurities in
B-(BEDT-TTF),X suppressT. via the AG mechanism for
three sources of impurities: alloying anions, fast electron ir-

6 . radiation, and accidentally created defects from the fabrica-

tion process. There is no obvious mechanism for any of these

— methods to form magnetic scattering centers. Thus the most
&2 4 _ natural interpretation is that there is nsiwave pairing in
HO B-(BEDT-TTF),X and the reduction iif; is due to potential

scattering. However, there is a strong similarity between the
layered organic superconductors and the cuprat¥é*113
in particular, both are close to an antiferromagnetic phase. As
we have already noted, the substitution of Zn for Cu in the
. | . | . | \ CuG, planes of YBCO leads to the ynexp[ained formation 'of
09 001 002 0.03 0.04 local moments on the Cu atoms neighboring the Zn impurity.
defects (%) Therefore one must consider the possibility that an atypical
mechanism is creating local moments in all three of experi-
FIG. 2. The variation of the superconducting transition temperaments discussed above. This may seem unlikely, but until
ture of B-(BEDT-TTF),l; with the number of impurities. The data further experimental evidence on the nature of the impurities
are taken from Forret al. (Ref 112 who induced defects by irra- formed |n these expenments becomes ava”able we cannot

diating samples with fast electrons. The curve is a fit to the AG,se disorder to unambiguously determine whether or not
formula and Eq(4). This indicates that either the radiation induces there isswave pairing in8-(BEDT-TTF),X.

magnetic moments or else the pairing symmetry is savave.

IV. k-(BEDT-TTF),X
between nonstoichiometric compounds in the organics and
the cuprates. In the cuprates the change in stoichiometry in- One ~of the most . unusuall features  of
troduces a change in the current carrier concentration. Thi '(BEDT'TTF)?CL[N(CN)Z]Br.'S that T is dependent on
dramatically alters the ground state of the cuprates. This efine rate at which the. samplells_ C.°°|Ed frdiie: 80. K (RE’Tf'
fect is absent in the organidS because all of the anions 114 and 115 The residual resistivity along treaxis, po, is
have the same electronegativity. It should be noted howev Iso dependent on the cooling rate. It would appear then that

that, both the cuprates and the organics are similarly’ "€ COOIS_K;(B_EDT'TTF)ZCL[N(C.ZN)2]Br quickly one
two dimensional as is attested by the ratio of theCan freeze in” disorder, whereas if the cooling is slower

zero-temperature interlayer coherence length(0) to then the disorder can rel_ax out. The obS(_er_vation that this
the interlayer spacing a. For example, in disorder suppressek, |mpI|e_s that if the pairing state has _
«-(BEDT-TTF),,CYUN(CN),]Br (Ref. 14 £, (0)/a swave symmetry then the dl_s_order must arise from magnetic
~5.8/30.016-0.19 and in the cuprat®€ & (0)/a impurities, but if another pairing symmetry is realized then

~0.06-0.45. Therefore, as both compounds are quasi-tw&h'?glsror?erlway arise rt[roinm nrﬁnmn?gr:‘?gfri?ipurllltler?'nm
dimensional and alloying anions suppressds in ere I1s always a certain amount o sically honmag-

B-(BEDT-TTF),X, it cannot be merely the two dimensional netic impurities in any given crystal. These “structural” im-

nature of the cuprates which is responsible for observation Or¢1ur|t|es will also contribute to the residual resistivity, but

superconductivity in nonstoichiometric compounds. they .onIy_ aﬁegtT9 in the nons-wave case. \We denote the
It has been showf? that by alloying anions one can in- quasiparticle lifetime caused by this structural disorder by

troduce enough disorder into the system to suppress supers: S:jmtl)lartlr)]/ we I\'NI" dfnptg thz Otlz!uas&pamcle iifetime
conductivity. Assuming that this disorder is nonmagnetic thigt@used by he cooling rate induced disor errpy
As nonmagnetic impurities do not affe@t for swave

rules outs+n superconductivity with anything other than T is ai by Ea.(1) With 7o — On the oth
completely rigid coherence between the two stitieat is to ~ Palllng, ¢ IS given by q.(1) wi M= Tc. ON € other
hand, both scattering from magnetic and honmagnetic impu-

thata is i t in the | f Eq1D)]. . ) . 4
i?]{/ o&grliylgg eor])ce::ﬁ greﬁtcoemwmejldalr:agali/aegz Zm a(ﬁ rt;]si dua/ities contribute to the residual resistivity so we might expect

swave component even in the presence of very large 1 1 1

amounts of disorder. po*X —=—+ — (13
Defects can also be induced in materials by irradiating Tt Ts e

them with fast electron®! Such experiments were per- wherer, is the appropriate quasiparticle lifetime for transport

formed onB-(BEDT-TTF),l; by Forroet al**?who noted a  experiments.

marked drop inT. as the number of defects increased. From The fabrication of different samples will lead to different

Fig. 2 it can be seen that the fit to the AG formula and@§.  values ofr,. Fors-wave pairing this will cause a variation in

is excellent. Unfortunately Forret al. did not report the re- p, but notT.., thus one reaches the conclusion that different

sidual resistivity of their irradiated samples so a comparisorsamples cooled at the same rate will have different residual

with transport theory cannot be made. Again the excellent fitesistivities, but the same maximum critical temperature. In

of the data to the AG theory is strong evidence against th&ig. 3 we fit the linearized AG equatidid) to the data of Su

weak localization theory. et al**We also show the effect of varying, for the swave
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FIG. 3. Variation of the superconducting transition temperature  FIG. 4. Variation of the superconducting transition temperature
T. of k-(BEDT-TTF),CUN(CN),]Br with the interlayer residual T, of x-(BEDT-TTF),CUN(CN),]Br with the interlayer residual
resistivity po. The solid line is a fit to the data of Set al. (Ref.  resistivity p,. The solid line is a fit to the data of Set al. (Ref.
114) (squares The other lines are predictions of teavave theory  114) (squares For nons-wave pairing the structural disorder
for other samples with different amounts of structural disorder ancthanges botlp, andT,. The data of Stalcupt al. (Ref. 115 then
thus a differentrs. This structural disorder is assumed to be non-represent a test of the theory. The broken lines are a prediction of
magnetic. Thus fos-wave pairing the structural disorder changes the nons-wave theory for other samples with different levels of
po but does not affect . The data of Stalcupt al. (Ref. 115 then  structural disorder and thus a different It can clearly be seen that
represent a test of the theory. It can clearly be seen that the theotlie theory describes the data as bdthandp, are changed for all
does not describe the data as b@thand p, are changed for all  cooling rates in line with the predictions of the AG formula and Eq.
cooling rates. This indicates that thegis different for both samples  (22). The dashed portion of the line describes the data of Stalcup
and therefore that either the assumption of nonmagnetic structurg al, the dotted line is the prediction for a crystal with even less
disorder is incorrect or the assumptionseivave pairing is incor-  structural disorder. The experimental data and the solid line are
rect. Note that we have reanalyzed the experimental data and useddentical to those shown in Fig. 3. Note, however, that this figure
consistent definition of botfi, [based on when the resistivity falls also represents the prediction fewave pairing assuming that the
to half of its normal state valgeand p, (based on a fit to the form  structural impurities are solely magnetic scatterers.

p(T)=po+AT? Matthiessen’s rulgRef. 116 was found to be ) _
obeyed. is clear that the data of Stalcigh al. are in excellent agree-

ment with the expectations for naawave pairing.

- ) ) ) ) .. We stress that this result is based on experiments on only
pairing/nonmagnetic structural impurity scenario, which isyyo samples. To be conclusive one would require the study
that from sample to sample the minimyig as a function of  of many more samples. Further it has been ar§etiat
cooling rate changes, but the maximdmdoes not change. some measurements of the critical temperature and residual
The broken lines then show the expected behavior for differresistivity in the literature® are more consistent with the
ent samples based on the data of &wlassumings-wave Swave pairing scenarigrig. 3. Clearly, a detailed, system-
pairing and nonmagnetic structural impurities. Also shownatic study is required to settle this debate. .
are equivalent data from experiments performed by Stalcup 1he above work is based on tieasonableassumption:
et all’S |t is clear that the data from Stalcwg al. do not fit ~that the  structural —impuriies are nonmagnetic.
with the expectations fos-wave pairing and nonmagnetic As we speculated in the case BH(BEDT-TTF)X, it may

X ” - be that some atypical mechanism of local moment
structural impurities. For nos-wave pairing and/or mag- . oton  eyists in  the layered organic supercon-

netic structural impurities both structural disorder and cool-qy,ctors. Applying a hydrostatic pressure or changing
ing rate induced disorder redu@g. ThusT, is given by EQ.  the anion (X) in k-(BEDT-TTF),X has a dramatic
(5) with 7y=7,. While the residual resistivity is still deter- effect on the ground state. For example, at ambient press-
mined by Eq.(13). ure and low-temperaturec-(BEDT-TTF),Cuy N(CN),]Cl
The solid line in Fig. 4 represents a fit to the data of Suis a Mott-Hubbard antiferromagnetic insulator. Apply-
et al. The fabrication of different samples will lead to differ- ing a small pressure ~200 bar, Ref. 119 moves
ent values ofrs. This will cause a variation from sample to «-(BEDT-TTF),CUN(CN),]ClI into a superconducting
sample in both the minimum value pf and the maximum state with properties very similar to those of
value of T, obtainable by varying the cooling rate. However, x-(BEDT-TTF),CU N(CN),]|Br. Thus it is thought that
asT. andpg are both functions of only one variable] the  «-(BEDT-TTF),CU N(CN),]Br is close(in anion/pressure
data for all samples will lie on a single line. Thus the brokenspacé to an antiferromagnetic phase transitfm possible
lines in Fig. 4 represent the prediction of the behavior ofmechanism for the formation of local moments in
different samples based on the data of &uwal. assuming  «-(BEDT-TTF),CU N(CN),]Br is that nonmagnetic impu-
nons-wave pairing and/or magnetic structural impurities. Itrities change the local electronic structure by a small amount.
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This small local perturbation could cause the formation of a W 1
local moment similar to those found in the antiferromagnetic Tk=p-expg — —) (19

L . 150 kg 2JN(0)
phase. A similar suggestion was made by Koteial,
who considered the competition of antiferromagnetic and suwhere W is  the bandwidth. For «-(BEDT-
perconducting ground states in Ca,LSi, with x<1. In  TTF),CUN(CN),]Br, W=2(t;+1,)=0.23 eV, wheret,
their scenario Ce vacancies act as intrinsically nonmagnetiand t, are the nearest-neighbor and next-nearest-neighbor
impurities, but lead to the formation of local moments. At hopping integrals, respectivelyt andN(0) is given by Eq.
low enough densities such magnetic impurities will act ag18) with m*/m,=6.4. That the Kondo effect is not ob-
independent, paramagnetic spins. As such the impurities’ beserved implies that y <T.<T. <12 K from the fit in Figs.
havior in a magnetic field is governed by the Brillouin 3 and 4. This implies thatt<155 K and thus thatu,,|

function'® <0.4 eV A. However, while the Kondo temperature is de-
fined for a single impurity, the Kondo minimum will not be
M =Ny gesd; 1+i cot 1+i gugHJi observable unless there are a sufficiently large number of
MIH B 2, 2J3;] kgT impurities (typically a few percerit9).
Substituting Eq(7) into Eq. (16) we find that
- icot}{ gMBHJi)] (14

2J; 2kgT || 3%g

_ . o Ny=———————(Teo— To). (20)
whereN,, is the total number of magnetic impuritie, is 37°iN(0)|uy|

the total angular momentum of the impurity, agds the
usual g factor. For localized, noninteracting electrons it is
appropriate to takd;=3 andg=2. In which case

For example, Set al'** report a maximum variation in the

critical temperature of .o— T,=0.58 K, which leads to, as a
lower bound(based or]~ 155 K), Ny,=0.03 impurities per

wgH unit cell. For our best guessl{40 K) we find Ny, =0.50
M= NM,uBtanI‘(k—) . (15)  impurities per unit cell. This should be sufficient to observe a
B Kondo minimum and thus the Kondo effect places a limit on
From Eq.(2) we have the number of impurities.

Substituting Eq(20) into Eq. (15) we find that
4 1

= 16 M 3% H
3mN(0)|uyl? 7e (19 B e

- e
— =78 (To-TotanH 2|, (21
s 3772ﬁN(0)|uM|2( co~ Teltanf| G5 (2D

N(0) is knowrt?! because for a quasi-two-dimensional metal

the density of states at the Fermi level is given by Two studies of the variation in magnetization with cooling
rate in «-(BEDT-TTF),CUN(CN),|Br have been
M conducted?”1?8Both studies were primarily concerned with
N(0)= ﬁ 17 the weak field limit, but surprisingly even these results may

tell us something about the presence of magnetic impurities.

wherem, is the cyclotron mass. In the presence of interac-Taniguchi and Kanod&® measuredM (H) at T=7 K. They
tions Luttinger’s theoref?? for a Fermi liquid ensures thgt  found an interesting weak field dependefieresumably this
is due to vortex dynamics as it disappears when the irrevers-
ibility line is reached, but we will not discuss this hgre
ﬁ’ (18 Above the irreversibility line they found that the changeMn

with cooling rate is only weakly dependant ¢h (Results
wherem* is the effective mass, regardless of the details ofwere reported up téd=1200 Oe) Based on the observed
the band structure. It is known from Shubnikov—de Haascooling rate dependence ®f in this samplé®® we estimate
experiment¥ that, for the8 or magnetic breakdown orbit that the variation i . between when the sample is cooled at
m*/m,=6.4 and saN(0)=14.9 eV ! unit cell 1spin 1. 10 K/min and when the sample is cooled at 0.5 K/min is 0.25

A more difficult problem is estimatingy, . We can make K. This leads to the conclusion that the difference in the

an estimate because of our knowledge of the Mott-Hubbardnagnetization of the two samples due to the magnetic impu-
state which is nearby in pressure/anion space. We estimatéies (required in the swave scenarip would be 1.3
that uy will be of the same order a3V whereJ is the  x10 % emu atH=1200 Oe andT=7 K (based on our
exchange coupling in the Mott-Hubbard state ands the  lower bound from the Kondo effecl=155 K). This is well
volume occupied by a dimer and an anion. This is dimenwithin the resolution of the experimefin fact this contribu-
sionally correct and we know that in the Mott antiferromag-tion would dominate the observed magnetizatiandis not
netic state there is one spin per dimer. It is estimatedhat observedsee Fig. . Thus the experiments of Taniguchi and
~40 K (Ref. 124 and henceluy|=0.026 eV B. A less  Kanoda are inconsistent with the hypothesis that cooling rate
theory-laden estimate dfcan be made from the fact that the induced disorder creates paramagnetic impuritidswever,
Kondo effect is not observed in these materials. In the Kondadt is possible that paramagnetic impurities are present in the
effect a minimum in the resistivity occurs at the Kondo tem-sample and that there presence is screened by the supercon-
peratureT, , which is given by?® ducting state.We therefore suggest that there is remave

*

N(0)=
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0.0006 anomalies are due to a transition in which disorder becomes
- frozen into the orientational degrees of freedom in the termi-
0.0004 ", nal ethylene groups of the BEDT-TTF molecules. This eth-
ylene ordering transition provides a natural explanation for

=) 00002‘:.. the observed cooling rate dependence of the residual resis-

tivity of x-(BEDT-TTF),X. However, one should note that

such an ethylene ordering transition would result in intrinsi-
cally nonmagnetic impurities and is therefore strong evi-
dence in support of our suggestion that the cooling rate in-

£
) 0

= E
<-0.0002F .

-0.0004 duced disorder is nonmagnetic in nature.
Foe Terminal ethylene group disorder in(BEDT-TTF),X is
-0.0006 . . ! . ! ~~ rather similar to the anion disorder observed in the Bech-
0 500 1000 gaard salts. In both (TMTSEEIO, and (TMTSF)RuO, the

H (Oe) anions can occupy two inequivalent orientations. Fast cool-

}ng leads to partially disordered domains, the size of the
domains has been shown to be proportional to the cooling

133 : : - ,
magnetization of the same sample when it is cooled at 10 K/mif &€~ As mentioned in Sec. |1 B, varying the cooling rate
and when it is cooled at 0.5 K/mifircles measured by Taniguchi ¢an léad to a reduction ific and even the complete suppres-

and Kanod&Ref. 129. Also shown is the difference in the magne- Sion of superconductivity in favor of a spin density wave.
tization for the same sample when it had been annealed at 70 K fdhlS0 note that the anion ordering temperatiiig, is highly

12 h and when it was cooled at 0.5 K/midiamond$ and the dependent on which anion is considered. Bo+CIO,,
difference in magnetization between when the sample was annealdtho~ 24 K; for X=ReQ,, Tpo~170 K; and forX=PF; no
and when it was cooled at 10 K/misquares All sets of data were anion ordering transition is observé. The nature of the
taken atT=7 K<T.. The solid lines are the calculated lower anion order also differs foX=ClO, and X=ReQ, (Ref.
bound on the change in the magnetizatiomTat7 K due to para-  100). A similar disordering transition is obsern/édin the
magnetic impurities which produce a 0.25 K changd irwhich is organic conductors (DMETBF, and (DMET),CIO,.

the estimated change T, between the sample cooled at 10 K/min  Of the salts considered here, a variation iR
and the sample cooled at 0.5 K/min based on the observed coolingith cooling rate had only been observed in
rate _dependence of this sampleef. 129. This lower bound is k-(BEDT-TTF),CUN(CN),]Br to date. If our hypothesis
required to ensure the Kondo temperatlije<T. and thus to be a1 the variation inT, with cooling rate is due to cooling

consistent with the fact that the Kondo effect is not observed inrate induced disorder which in turn is due to the ethylene
x-(BEDT-TTF),CUN(CN),]Br. The long dashed lines represent o joring ransition in the terminal ethylene groups is correct

the predicted magnetization assuming that the interaction energy? en one would also expect a variation Tg with cooling

the magnetic impurities is the same as the observed antiferromag- . . :
netic exchange interaction in the insulating phase fgate in x-(BEDT-TTF),Cu(NCS), as the ethylene ordering

. g 35
k-(BEDT-TTE),CUN(CN),]Cl (i.e., J~40K). The vertical transition has been observed in this compotiid®°An eth-

dashed line indicates the irreversibility line at 7 #,(T=7K), as  Y/€ne ordering transition has also been observed in
measured by Taniguchi and KanotRef. 129 in the same experi- <“(BEDT-TTF),CUN(CN),]CI (Ref. 132. However, this
ment. Thus we see that fdi <H,(T=7 K) (left of the dashed COmMpound only becomes superconducting under pressure
line) the nontrivial vortex dynamics of the system cause a compli-and it is not known what effect pressure has on the disor-
cated variation in the magnetization, which we do not discuss hereglered ethylene state. Clearly the dependencg.ain cool-
However, forH>H;(T=7 K) (right of the dashed linethe mea- ing rate is in need of further investigation. It may be of
sured difference in the magnetization is less than that required binterest to investigate the effect of pressure on the ethylene
the Brillouin function. Therefore these measurements suggest thatrdering  transition, particularly with reference to
no paramagnetic impurities are induced by varying the cooling ratec-(BEDT-TTF),CuU N(CN),]Cl and cooling rate depen-
of this sample. But this conclusion requires that the moments arglence of the Nel temperature.
not screened by supercurrents. In light of the variation ofT, with cooling rate it is im-
portant that in experiments on the(BEDT-TTF),X salts
pairing in k-(BEDT-TTF),CUu N(CN),]Br and that varying the cooling rate is reported regardless of whether or not it is
the cooling rate induces nonmagnetic disorder which causesaried. Results folf <80 K lose much of their significance if
the variation in bottT . andpy. Again we stress that because the cooling rate is not known.
there are little data above the irreversibility lié, , and no Work by Taniguchiet al!*®13° has raised the possibil-
data outside the superconducting state, further careful sy$ty of inhomogeneous phase coexistence between anti-
tematic experiments are required preferably in the normaferromagnetism and  superconductivity in  deuter-
state. ated «-(BEDT-TTF),CUN(CN),|Br. There is no
Two groups have investigated anomalies in heakvidence of phase coexistence in fully hy-
capacity®*13! and thermal expansidff at T~80 K in  drogenated «-(BEDT-TTF),CUN(CN),]Br so phase
x-(BEDT-TTF),X for X=Cu N(CN),]Cl, (Refs. 131 and coexistence can be ruled out as the cause of the suppres-
132 CUN(CN),|Br (Refs. 130, 131, and 132and sion of T, in the hydrogenated compound, which we
Cu(NCS), (Ref. 132. Both groups concluded that the consider here. Further varying the cooling rate

FIG. 5. The cooling rate dependence of the magnetization o
x-(BEDT-TTF),CU N(CN),]Br. We plot the difference in the
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of  deuterated «-(BEDT-TTF),CUyN(CN),|Br and
x-(BEDT-TTF),CU N(CN),]CI offers the possibility of

PHYSICAL REVIEW B9, 024519 (2004

~1/280 they also found thdt-~3.46x 10° m~ . Therefore
taking m* =4.2m, (Ref. 14 again and assuming a cylindri-

studying the Mott transition in the presence of disorder withcal Fermi surface

fine experimental control over the level of disorder in the
sample and of varying the level of disorder within a single

sample.

V. INTERLAYER TRANSPORT THEORY

The residual resistivity for interlayer transport in a layered

Fermi liquid is given by(see, for example, Ref. 140

ah? 1

2e’m* 7 3

Po

wherec is the interlayer spacingn* is the effective quasi-

particle mass, ant} is the interlayer hopping integral. Thus

the assumption thaiy«1/7, (13) is justified.
Substituting Eq(22) into Eq. (7) we find that

e’m*ct?

-t 23
4kgh @3

Te=Teo—

Thus from our fit to the data of Set al!** (shown in Fig. 4
we have, fork-(BEDT-TTF),Cu N(CN),]Br,

To=11.7 K (24
and
e’m*ct?
——=0.9 QO cm. (25
4kgh’

Taking m* =6.4m, (Refs. 141 and 12land c=30.016 A

(Ref. 149 we havet, =0.022 meV. However, we note that

m* was determined for th@ sheet(which is the magnetic

_ h2K2

C2m*

(27)

F

one finds that, ~0.35 meV in excellent agreement with our
result.

The agreement between calculated from our fits via Eq.
(22) and the values found from AMRO experiments for both
B-(BEDT-TTF),IBr, and x-(BEDT-TTF),Cu N(CN),]Br
is further evidence that in these compoufidss suppressed
by the AG mechanism and not by weak localization.

It has recently been sho that the observed variation
of T. and pg for alloy B-(BEDT-TTF),(13)1_x(IBrs), for
small x predicted by Eq(23) is consistent with the observa-
tions of Tokumotoet al 1% Note that this theory has no free
parameters once tHE., (this work and Forrcet al**?) and
t, (AMRO experiment¥*) have been determined.

The agreement between our calculated values, cdind
those measured in AMRO experiments indicates that if there
is ans+n state then theswave componenfcos(p))A ] is
small (see Sec. )l [Or more strictly thatw is small, cf. Eq.
(12).] It therefore appears unlikely that the layered organics
ares+n superconductors.

VI. DISCUSSION

This study of the effects of disorder on the layered organic
crystals B-(BEDT-TTF),X and «-(BEDT-TTF),X has
shown that disorder has the potential to differentiate between
swave and nors-wave pairing states. But, more experi-
ments are needed. This is largely because none of the experi-
ments that we have discussed in this paper were designed to
study the pairing symmetry. In this section we will explore

breakdown orbit only whereas here we are considering anWhat the unresolved issues are and how they could be re-
effective one band model. Nevertheless, this value is in exSOlved.

cellent agreement with an independent determination, of
from angular-dependent magnetoresista(fdRO) experi-

ments. Althougtt, has not been measured experimentally in

x-(BEDT-TTF),CU N(CN),]Br, for x-(BEDT-TTF),l5 t,
~0.016 meV(Ref. 142 and fork-(BEDT-TTF),Cu(NCS),
t, ~0.04 meV(Ref. 143.

For B-(BEDT-TTF),IBr, (see Fig. 1 we find thatT,
=3.0 K. Tokumoto et al!® reported that the room-
temperature resistivity of their samples wa§295)= (5.0
+2.5)X10 2 Q cm. Therefore

e’m*ct?
L _40+20Qcm. (26)
4kgh®

Takingm* =4.2m, (Ref. 14 andc=15.291 A(Ref. 14 we

A. Sample variation

Perhaps the simplest test for unconventional superconduc-
tivity is to study the variations in the superconducting critical
temperature reported in the literature. Crystal growers go to
great lengths to avoid the inclusion of magnetic impurities,
but the inclusion of nonmagnetic impurit#é3 is harder to
avoid. For example, the first reports of superconductivity in
SrLRuQ,, which is widely considered to have an unconven-
tional (triplet) pairing symmetry, indicated that.=0.93 K
(Ref. 146. However, sample quality was rapidly improved
and it is now believed that the maximum critical temperature
T.o=1.5 K(Ref. 91 has been achieved. Thus, fo,bRBuO,,

T, has increased by over 50% since the first report of super-
conductivity. In contrast, consider MgBThe first report*’

havet, =0.26+0.07 meV. Note that this is an order of mag- of superconductivity quoted .=39 K. No significant in-

nitude larger than forx-(BEDT-TTF),Cy N(CN),]Br.

crease inT; has been reported thus far. This is evidence for

However, this value is also in agreement with previous estis-wave pairing in MgB. Further, doping MgB with U does
mates from de Haas—van Alphen experiments. Wosnitzaot significantly alterT, (doping with 1 wt% U reduce$

et al}* showed that for B-(BEDT-TTF),IBr,, t, /Ef

by <0.5%, Ref. 148 This is in agreement with the emerg-
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ing consensus that MgBis a strong couplingswave  Whilst hardly affecting the electrical resistivitypge 1/7).
superconductd¥® (For a fuller discussion of the effects of Given the large compressibility of the layered organic super-
disorder in MgB see Ref. 150. conductorsry is unlikely to be the same as.

The initial reports of  superconductivity in In its immediate location a dislocation acts just like a line

k-(BEDT-TTF),CUN(CN),]Br quote T.=10.8 K (Ref.  of point defects and thus contributes equally to both transport
151). While we have shown that T,=11.7 K. and quantum oscillation experiments. However, the long-
k-(BEDT-TTF),Cu(NCS), also shows wide variation ii, ~ range strain field produced by a dislocation only produces
from sample to sample. Some authors have repdfieds  Vvery small angle scatteringas the electron wavelength is
low as 8.7 K(Ref. 152, while other studies have found that sSmaller than the characteristic length scale of the disloca-
T.=9.3 K (Ref. 118. One complication arises from the va- tions). Therefore the long-range strain field contributes neg-
riety of definitions used to determifie,. Taking a resistivity ~ ligibly to the transport lifetime but can strongly suppregs
measurement as an example, hecan be defined in a va- €ven at relatively low dislocation densities. o

riety of ways: (i) the temperature at which first begins to A sample which is nominally a single crystal is in fact
deviate from the Fermi liquid fornip(T)=po+AT?], (i)  Made up of a large number of grains. One can thlnk of _th|s
the highest temperature at whigifT)=0, or (iii) the mid- ~ Mosaic structure of grains as a certain pattern of dislocations.
point of the transition, i.e., the temperature at whichgtig) [N this way it is clear that mosaic structure causes highly
is 50% of the Fermi liquid value. For example, definitions @nisotropic scattering and thus leads to the suppression
(i) and (ii) give a difference of~1 K for the data reported of 4. ] ] ] )
by Stalcup et all*® about the valueT,=11.6 K [defined Many previous authors have pointed out the difference in

by method (iii), which we use throughout this paper the transport and quantum lifetimes. However, Hilinoted
The large va’riations inT, noted above (8% for & similar difference between the lifetime observed in cyclo-

x-(BEDT-TTF),CYN(CN),]Br and 7% for x-(BEDT- tron resonance experiments,, and the quantum lifetime. It

TTF),Cu(NCS),) are probably too large to be explained by is therefore interesting to compare the lifetimes from cyclo-
subtle variations in the definition of, and are therefore tron resonance and quantum oscillation experiments with the

unlikely to occur fors-wave pairing although this is far from transport lifetime determined from the linearized AG equa-
conclusive. tion (7) and the value ofT,, found from the fit to experi-

B-(BEDT-TTF),l5 shows a strong variation ifi;. Inthe ~ Ment, 7 (see Tab'fgl
By phasé? Kahlich et al1*® reported thafl, varied between We see that 7 ~7, across a broad range of
4.5 K and 7 K depending on which sample they measured BEDT-TTF),X salts, while 7, is consistently an order of
This represents a 36% variation Th. This is also sugges- Magnitude smaller. This suggests that scattering events are
tive of nons-wave pairing. not the dominant contribution 6 (cf., Singletonet al’).

The wide variation inT, from sample to sample is some- It presents the intriguing possibility that cyclotron resonance
thing that great care should be taken over in experiment§Xperiments could be used to probe the quasiparticle lifetime
designed to study the isotope effect. In particular, any sucnd thus directly compare the experimeniftalwith the pre-
experiments need to demonstrate that crystals that are nonflictions of the AG equation. Indeed cyclotron resonances
nally identical do indeed have a highly reproducifile. If ~ have already been obseré%'**in S,RUO,. The observed
this is not possible then th&, variation within nominally ~ cyclotron resonance lifetime is larger than the observed life-
identical samples needs to be carefully accounted for. Foime in de Haas—van Alphen experiments, but this may be
example, by studying the sample dependence of the residuBfrtly explained by the much highdt, of the sample used
resistivity across a range of nominally identical samples andor the cyclotron resonance experiments. Excellent agree-

using this to calibrate the impurity dependence of the variougnent is found between the measured cyclotron lifetime and
isotopes. the lifetime calculated from the AG formula. Clearly, a sys-

tematic study of how the cyclotron resonance lifetifaad
indeed the quantum oscillation lifetimeraries with T is
needed. SRuQ, would be an ideal material for such experi-
Disorder would be a much more powerful probe if therements as the AG formula is seen to be obeYednd good
existed a method by which the scattering time could be meaguality quantum oscillatio¥¥” and cyclotron resonance
sured directly. The most obvious techniques for this areexperiment!®® can be performed. Alternatively the AG be-
Shubnikov-de Haas and de Haas-van Alphen experimentsavior of k-(BEDT-TTF),Cu N(CN),]Br would make it an
These gquantum oscillation experiments measure the quaséxcellent material for such an experiment. This is particu-
particle lifetime via the Dingle temperatuil,. However, larly elegant as the cooling rate can be used to vary the
the lifetime determined by quantum oscillation experimentsdisorder and hence the scattering lifetime, so the experiment
7q, IS Not the same as the transport lifetimgRefs. 154 and  could be performed on a single sample. Measurements of the
155). Even in the best experiments on elemental metals, it igariation of the Dingle temperature with cooling rate have
not at all unusual forr; to be 10 or even 100 times larger already been madé®
than 7, (Ref. 156. In particular,T, and hencer, are known Kartsovnik, Grigoriev, and co-worker$"*have also in-
to be very sensitive to the mechanical state of the sample. gestigated the relationship between the quasiparticle life-
slight deformation caused by, for example, handling thetimes caused by solely microscopic scattering events, and the
sample can lead to dramatic increasd i (decrease irrg), lifetime extracted from the Dingle temperature which also

B. Measurement of the scattering time
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TABLE |. Comparison of the transport/Abrikosov-Gorkov, cyclotron resonance and quantum oscillation
quasiparticle IifetimesﬁG, 7, andry, respectively. As 7 is clearly a highly sample dependent property
this table is not intended to report universal results but is indicative of general trends. NS indicates a
non-superconducting compound for whiefi® cannot be determined. The reporteff is based on the
samples used for the experiments discussed in this gapen Ref. 155 in the case of Zrgh We have

abbreviated BEDT-TTF to ET in this table.

Material T?G (ps Ter (PS) Tq (ps)
x-(ET),CU N(CN),|Br 2.5-20 ? 0.5-0.6Ref. 115
B-(ET),IBr, 0.6-1.8 ? 1.5Ref. 158
B-(ET),l5 ? ? 2.4(Ref. 159
0-(ET),l5 ? 15-36(Ref. 160 0.6—1.5(Ref. 161
a-(ET),KHg(NCS), 4 15 (Ref. 163 0.3-0.5(Ref. 164
a-(ET),NH,Hg(NCS), ? 40 (Ref. 157 2 (Ref. 165
(ET),Br(DIA) NS 4.6-5.5(Ref. 160 1.7 (Ref. 160
(ET),;CI(DFBIB) NS 5.6(Ref. 160 1.7 (Ref. 160
SKLRUG, 638 10—-40(Ref. 168 1.8 (Ref. 167
ZrzZn, ~6 (Ref. 155 ? 0.3(Ref. 169

%a-(ET),KHg(NCS), is only superconducting under pressiref. 162.

The sample measured by Hit al. (Ref. 166 had T,=1.44 K [for which the AG formula givesr/®
=37.9 ps based of,c=1.52 K, the value found from fitting the AG formula to the data of Mackeptial.
(Ref. 97)]. 7{*6:6.25 ps based ofi;=1 K, the value reported in the de Haas—van Alphen experiments

(Ref. 167.

contains the effects of macroscopic inhomogeneities. Theis most important that the entire AG is mapped out. In par-

have shown that the slow oscillations observed in quantunticular, it is important to observe the complete suppression of
oscillation experiments on quasi-two-dimensional metals arguperconductivity by very small amounts of disorder that is a
damped by a modified Dingle temperat(ig, which is not  unique feature of the AG formalism. Careful observation of
affected by macroscopic inhomogeneities. For experimentghe entire AG curve is required to rule out other mechanisms

performed onB-(BEDT-TTF),IBr, they found an order of
magnitude difference betweery (1.5 p9 and the lifetime
derived fromTp, 73 (8.1 ps.

The Fermi velocity ¢ for both theB and« polymorphs is
typically ve~10° ms ! (see Sec. V and Ref. 1¥2And we

for the suppression of ; such as weak localization, inter-
band scattering, changes in the pairing interaction, or the
macroscopic coexistence of superconducting and nonsuper-
conducting phases. All of these mechanisms for the suppres-
sion of T, produce markedly different relationships between

have shown here that a quasiparticle lifetime of the orde|=|-C andp, and thus would be ruled out by the observation of
7¢~0.1 ps is required to completely suppress supercondughe entire AG curve and in particular the complete suppres-
tivity. Thus the mean free path=ver, is typically I sjon of T, by moderate amounts of disorder which is not
=10 nm(cf. Ref. 26. The interlayer coherence lengthis  caysed by any of the other mechanisms Torsuppression.
typically a few nm(cf. Ref. 14. Thus these materials are in £qrrg et 51112 did not measure the resistivity of their irradi-
the clean limit even when superconductivity is completely oy samples. It is important to know the resistivity for sev-

suppressed by disorder. This is further confirmation that th%ral reasonsf(i) it allows for easy comparison with other

AG mec_h_anl_s.m IS respons!ble for the suppression of SLJpe'f’echniques, in particular it allows a consistent definition of
conductivity in these materials.

We will conclude this section by outlining a series of Te tobbe ufsid(fn);t prov(;des;ch%cktonllthe e]:stlr?r?tmnlof the
experiments that could determine if the disorder in the Iay—num er of defects produced, afid) it allows for the calcu-

ered organic superconductors is due to scattering from Ioca|‘-"ltlon oft, and thus for a further check that AG theory IS
ized moments or potential scattering. These experimen deed relevant. All of these methods should also be applied

. - to k-(BEDT-TTF),X.
therefore have the potential to rule aatvave pairing. 2 :
v P I u Ve pairing The next step is to discover whether any of the methods

for producing impurities create magnetic scatterers. One way
to do this is to measure the magnetization as Taniguchi and
Comparatively little attention has been focused on thekanoda?® have for cooling rate induced disorder in
pairing symmetry of3-(BEDT-TTF),X so we will start by «-(BEDT-TTF),Cu N(CN),]Br. However, this experiment
considering this crystal structure. All of the methods of cre-should be repeated in the metallic state. This suggests that
ating disorder considered in this pagaamely, fast electron paramagnetic impurities are not induced by varying the cool-
irradiation, alloying anions and accidental disorder from theing rate of x-(BEDT-TTF),Cu N(CN),]Br. Here we will
fabrication procegsshould be revisited and studied in more consider alternative experiments which could be used to
depth. Both Figs. 1 and 2 need more data points. Therefore gearch for magnetic impurities. We will describe these ex-

C. Identification of the pairing symmetry
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periments in the context of cooling rate induced disorder inconductors. Disorder would appear to be a powerful tool for
x-(BEDT-TTF),CU N(CN),|Br. However, the generaliza- the investigation of the superconducting state in these mate-
tion of these experiments to the other methods of producingials.
disorder is straightforward. Cooling rate induced disorder ex- But, the study of disorder, perhaps, is most powerful when
periments are particularly elegant as the level of disorder cansed to identifys-wave pairing. An excellent example from
be controlled within a single sample. This reduces systematithe recent past is the high-temperature superconductor
errors, for example, by far the largest source of error in meaMgB,, which appears to be a phonon mediatedave
suring p, comes from measuring the samples dimensionssuperconductat*® This could be confirmed by careful study
such errors cancel in cooling rate induced disorder experief the effects of disorder and showing that disorder can be
ments. introduced with only a small change iR, (cf. Ref. 150.
Muon spin relaxation experiments are capable of detectThis could also be applied to other superconductors which
ing localized magnetic moment& If local moments are are suspected of beirgwave, in particular, superconductors
produced, then the muon spin relaxation rate would vary as auspected of having anisotropgwave order parameters,
function of cooling rate. Clearly the muon spin relaxationsuch as the borocarbid&.
rate is changed by the superconducting stateT Aand pre-
sumablyH., are ghanged by the cpoling rate it is importan_t VIl. CONCLUSIONS
that these experiments be done in the nonsuperconducting
state, either abové, or aboveH,. As the ethylene ordering We have considered the effect of impurities and disorder
transition occurs aT~80 K andT.~10 K any local mo- on the superconducting critical temperature in
ments should be well formed several kelvin abdye B-(BEDT-TTF),X and k-(BEDT-TTF),X. We have shown
Nuclear quadrupole resonance experiments have bedhat various sources of disord@idloying anions.®®fast elec-
used to observe the formation of local moments intron irradiationt'? disorder accidentally produced during
La,_,SK,CuQ, for x=0.06 (Ref. 174. As perviously dis- fabrication!® and cooling rate induced disord&r'S lead
cussed, NMR measurements have observed localized mte a suppression ofT. that is well described by the
ments induced by Zn impurities in YBCY. Therefore  Abrikosov-Gorkov formula. This is confirmed not only by
studying the change in T{ with cooling rate in the excellent fit to a theory with only two free parameters,
x-(BEDT-TTF),Cu N(CN),]Br could determine whether or but also by the excellent agreement between the value of the
not local moments are formed. The change i, 1ds a func- interlayer hopping integral, , calculated from this fit and
tion of cooling rate has been measured in 98% deuteratetthe value oft, found from AMRO experiments. This makes
k-(BEDT-TTF),CUN(CN),]Br. No change in I, was a pairing state with a superposition sfwave and non-
observed until below 30 K, in particular, Ty is independent s-wave components extremely unlikely. Although such an
of cooling rate near 80 K where the ethylene ordering trans+ n state cannot be strictly ruled out, teavave part of the
sition occurst’® However, fast cooling of deuterated wave function must be very small and the coherence between
x-(BEDT-TTF),CU N(CN),]Br drives the ground state thes-wave and nors-wave parts of the wave function must
from superconductivity to an antiferromagnetic Mott be completely rigid[ a(¢(7))=a<1]. The agreement be-
insulator*®13%(which causes the observed difference ifi;1/ tween the measured and calculated values, oéffectively
below 30 K). Therefore this observation does not rule out theleavesT ., as the only free parameter in the theory. In prac-
possibility of local moments in hydrogenated tice, one has very little choice over the valueTqf, so the
k-(BEDT-TTF),CU N(CN),]Br. Wanget al1’® carried out agreement with experiment is found from an essentially pa-
an electron spin resonance ESR experiment on rameter free theory. The AG formula describes the suppres-
x-(BEDT-TTF),Cu(NCS),. Wang et al. saw no signal at- sion of T, by magnetic impurities in singlet superconductors,
tributable to Cudll) species at any temperature although theyincluding s-wave superconductors. However, is sup-
do not comment on other sources of magnetic impuritiespressed in exactly the same way by nonmagnetic impurities
Therefore it is reasonable to hope that further ESR studiem a nons-wave superconductor. We therefore have shown
may shed some light on the issue of magnetic impurities. that there are only two scenarios consistent with the current
The techniques, outlined here, for using intrinsically non-state of experimental knowledge. We summarize these sce-
magnetic disorder to probe the superconducting state amgarios below. The task is now to discover whether the impu-
clearly more general than the context®f(BEDT-TTF),X  rities are magnetic or nonmagnetic.
and k-(BEDT-TTF),X that we have examined here. Disor-  Scenario 1: d-wave pairindf the disorder induced by all
der has already been used to studyR&IO, (Ref. 91 (al-  of the four methods considered in this paper is, as seems
though we should note that no experiments have been pemost likely, nonmagnetic, then the pairing state cannos be
formed to rule out magnetic impurity formation in this wave. Triplet pairing is ruled out by the combination of the
materia). Similar results for URt (Refs. 98 and 99appear three experiments discussed in Seé>¥8 Therefore we
to have gone largely unnoticed. Clearly more careful analysignow that the angular momentur,of the Cooper pairs is
of this work is required. These methods could also be exeven. If the disorder does turn out to be nonmagnetic then
tended to other heavy fermion superconductors. There arhis implies that =2. In which case Occam’s razor suggests
several other quasi-two-dimensional organic superconductotiat d-wave pairing is realized in boti8-(BEDT-TTF),X
[such as A-(BETSLX, 6-(BEDT-TTF),X, and andx-(BEDT-TTF),X.
B"-(BEDT-TTF),X] which may be unconventional super-  Scenario 2: an atypical mechanism for the formation of
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local magnetic moments.Given the proximity of We have suggested experiments to differentiate between
B-(BEDT-TTF),X and «-(BEDT-TTF),X, to the Mott- these scenarios. Such experiments would either discover an
Hubbard antiferromagnetic state in  anion/pressureatypical mechanism for the production of localized magnetic

space, it is possible that disorder induces local magnetimoments or determine that the superconducting order param-

moments. Further Taniguchet al*****® have suggested eter isd wave inB-(BEDT-TTF),X and x-(BEDT-TTF),X.
that varying the cooling rate can lead to the macro-

scopic coexistence of superconductivity in deuterated
k-(BEDT-TTF),CU N(CN),]Br. Although there is no evi-
dence for anything but a spatially uniform superconducting
state in the hydrogenated compourd**® which we have This work was stimulated by discussions with Russ Gian-
considered here, these experiments would not detect isolatewtta and Eugene Demler. We would like to thank Jim
magnetic impurities. On the other hand, we have shown herBrooks, David Graf, Stephen Hill, Kazushi Kanoda, Hiromi
that the work of Taniguchi and Kanotfi is inconsistent Taniguchi, and Fulin Zuo for providing us with their data and
with the theory that disorder modulates the local electronidor helpful discussions. We would like to thank Werner Bib-
structure and thus moves single sites or small clusters of sitewracher, Mark Kartsovnik, lgor Mazin, Jeremy O’'Brien,
into a state, analogous to the Mott-Hubbard insulating stat€laude Pasquier, David Singh, John Singleton, and Jochen
with localized electrons, which can act as magnetic poinWWosnitza for drawing our attention to several important re-
scatterers. However, only a little data were reported in thesults and for their comments on an earlier version of this
relevant magnetic field range so further work is needed tananuscript. This work was supported by the Australian Re-
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