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Like the high-Tc copper oxides, organic sgpaductors are another class of
superconductors that cannot be fully explainedHgy dconventional BCS theory, due to
the repulsive effective interactions between thargh carriers. Experiments display
similarities between these systems and the higtedpper oxides in their pairing
symmetry and their phase diagram. In this papemesoesults from experiments in
organics are summarized and a suggested modelsoktiperconductivity induced by
strong electron correlation is discussed.

I. Introduction: Challenge and Motivation

The discovery of the first high-temperatuperconductor in 1986 has triggered a
flurry of theoretical and experimental activities loigh-Tc superconductivity. Since then
there have been an increasing number of exoticriakstevith a variety of structures that
are found to be high-Tc superconductors, with higimel higher Tc obtained (the highest
record at author’s time is 150K [1]). In spite bétrapid progress in “cooking up” new
superconducting materials, there is little fundatalennderstanding of high Tc
superconductivity. The BCS theory, while succe$gfulovides a microscopic model for
superconductors with critical temperature closalisolute zero (elements and simple
alloys), is inadequate to explain the observed pimama in high-Tc superconductors. A
theoretical description of these type-ll supercadts remains one of the greatest
challenges in condensed matter physics over theywasiecades [2].

Among the various high-Tc superconductors cthygper oxides (cuprates) are of the
most widely studied. The unconventional properiiesuprates (layered or quasi-two-
dimensional structure, high Tc, anisotropic paisygimetry, small size of Cooper pair)
suggest that the superconductivity in these médsaga non-BCS one.

Recently, a class of organic conductors baseBEDT-TTF (“ET”) molecules has
stimulated much interest due to their similaritigth cuprates. These salts can have
layered structure that leads to highly anisotr@béctronic properties, which is a key
feature of the cuprates [2]. There are also steagences that these organics exhibit
unconventional symmetry in their pairing statesiaslar to that in cuprates [2].
Furthermore, the family of organic salts name@BEDT-TTF)X (where BEDT-TTF is
an organic molecule and X an inorganic anion) halsase diagram that resembles the
phase diagram of cuprates when pressure is replatedoping [2].

In this paper | present a brief review of sfedies in the organics. To maintain
conciseness of the paper, | focus only on the auctegnetic resonance (NMR) in the
experimental aspects. Results and implications iR studies on the mentioned ET
salts are summarized. A model of superconductimityvo-dimensional organic
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conductors based on the frustrated Hubbard modk$ésissed in address to theoretical
progress and future direction of the field.

The goal of this paper is to give a survethefsubject to readers with minimal
knowledge of the field but interested in knowingrmabout it. It is therefore intended to
keep the technical and theoretical details at minmand focus on the development of
the field in a qualitative basis.

II. (ET) 2X molecule — a quasi-two-dimensional organic supesaductor

BEDT-TTF (“ET”) is an electron-donor orgamwlecule. It can form charge-transfer
salts (organic conductors) with various types ofganic counter-anions. Among them,
k -(BEDT-TTF)X is a family consists of conducting ET layers sainthed between
insulating anion (X) layers (the Greek letterpreceding ET denotes a particular packing
pattern of ET, which is a large planar moleculdjeJe compounds have two-dimensional
character in the electronic state due to theirrlystructure. In the: -family, a dimer
consists of two ET molecules stacked on top of edlelr forms the basic unit of the
packing pattern. Upon binding with an anion, thaeli gives one electron to the anion
therefore creating a hole. The hole can then hap filimer to dimer within its layer and
has a much less tendency to hop between layers.cbhsequently leads to a much
higher conductivity parallel to layers than perpenthr to layers, and, therefore, highly
anisotropic electronic properties in reminiscentcthe high-Tc cuprates.
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Figure 1. The bisethylenedithiotetrathiofulvalene (BEDT-TTrRdlecule.
Picture by Singletost al. [3].
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Figure 2. Molecular structure ofs -(ET),Cu[N(CN),]Br [5]. The ‘ET’ dimers form conducting
layers sandwiched between insulating layers ofremio
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The family ~-(ET)X exhibits an unconventional pairing symmetry argheicularly
rich phase diagram (metallic, insulating, antifere@netic, superconducting) as a
function of pressure, temperature and anion [2{hé&following section, we discuss
experimental studies of pairing symmetry and eteotr phases with NMR (nuclear
magnetic resonance) (and briefly susceptibility soeaments) on:-(ET).X salts of
three different anions: X = Cu(NCGSXuU[N(CN)]Br, and Cu[N(CNy]CI.

Unconventional Pairing in Superconducting state

In BCS theory, the superconducting electranefunction (or order parameter),
which arises from electron-phonon interaction, peses isotropic or s-wave symmetry.
This order parameter is proportional to the engayy. Thus an s-wave pairing state
corresponds to the presence of a uniform gap oRehmai surface in all direction k-
space (absence of gap nodes). A superconductgodakaésses s-wave (non-s-wave)
pairing state thus is regarded as conventionalofuventional).

A variety of experiments have been condutitgorobe the pairing symmetry af-
(ET)X. Of all experimental techniques, NMR dataof(ET),Cu[N(CN),]Br showed
strong evidences that support an unconventionahgastate with possible nodes in the
gap function [4][6][7]. De Sotet al. has shown a temperature dependence of the spin-
lattice relaxation rate (I{) at low temperature distinctive from a BCS behgwhich,
they claimed, “rules out the possibility of an regic BCS s-wave energy gap” [4]. This
observation had further confirmations from anotjreup by Mayaffrest al. [6] and
Kanodaet al. [7], both showing &° dependence of T{ at lowT , therefore suggesting a
very anisotropic gap [6][7] or possiblydawave pairing state [4][6]. In their data there
was also no Hebel-Slichter coherence peak jusib&ldeing observed (its presence is a
characteristic feature of s-wave BCS supercondsi¢ty, as shown in figure 3 [6].
These two evidences together suggest that thengatate is an unconventional one and
that the electron-phonon mechanism alone canntitdbgource of the superconductivity.
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Figure 3. Data shown by Mayaffet al [6]. 1/T, 0 T°at low temperature. Spin-lattice relaxation
rate decreases monotonically just belawiE. no Hebel-Slichter coherence peak.
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Magnetism in £-(ET)2X

The magnetism of the normal state of th€ET),X family has been investigated
with NMR by Kawamotcet al. (X = Cu(NCS) and Cu[N(CNj]Br) and Miyagawaet al.
(X = CU[N(CN)]CI). At ambient (i.e. surrounding) pressure;(ET),Cu(NCS) and « -
(ET)2Cu[N(CN)]Br undergo a transition to their superconductinqugd states at lower
temperatures, whiler-(ET), Cu[N(CN)]CI, an insulator, does not undergo
superconducting transition but a magnetic transitmantiferromagnetic ground state at
lower temperature. Nevertheless, all of these nadgezxhibit strong antiferromagnetic
spin fluctuations. In their experiments, the retadarate divided by temperature,
(T:°)*, was measured as a function of temperature. Froexi#nded version of the
Korringa relation to the case of anisotropic hyjmertoupling, T:°T)* can be evaluated
in the case of uncorrelated electrons [8]. Thewat#n yields a value from 0.006 Sec
K to0 0.017 set K™ [8,9,10]. From figure 4 one can easily see thatetkperimental
values are enhanced by one or half order of madmitihan the evaluated values [8,10].
The large enhancement and the anomalous tempec&peadence off(°T)™ are
therefore considered to attribute to antiferromagrspin fluctuations with finite g vector
[8,101). It is noted that at just above the supedemting transition, a large enhancement
in (T:°T)* remains, indicating a highly correlated naturéhef superconducting phase
[10]. This implication is also shown later in thegse diagram of -(ET), Cu[N(CN)]CI
by the proximity of superconducting phase to thifemomagnetic insulating phase in
figure 5.
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Figure 4.°C nuclear spin-lattice relaxation rate divided &mperature, T,T)™, for (BEDT-
TTF),X. Data fromKanodaet al. [10].

Phase diagram

From the above experiments, researcherd@lsal that by applying pressure (above
0.2 kbar) tox-(ET), Cu[N(CN)]CI, the salt undergoes a superconducting tramséto
13 K. This suggests the emergence of a presswerdsuperconducting phase situated in
vicinity of an antiferromagnetic phase that possgessrong electron correlation [8],
similar to the case in high cuprates when pressure is replaced by dopingh®nother
hand, Miyagawat al. pointed out that the metal-insulator transitiotha « -type
compounds is driven by electron correlation, i.Mait transition, rather than disorder-
induced localization [9]. This leads one to suggiestimportant role of strong electron
correlations to superconductivity based on Motigition. These facts suggest an
exceptionally rich phase diagram most eminentlyifeated in ther-(ET);
Cu[N(CN)]ClI salt. An accurate measurement to produce tlasediagram of -(ET),
Cu[N(CN)]CI, showing a region where both SC and AF phasesist, was done by
Lefebvreet al. as shown in figure 5 [11].
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Figure 5. Temperature vs pressure phase diagram of-(ET),CUu[N(CN)]CI. The
antiferromagnetic (AF) critical lind\(P) (dark circles) was determined from NMR relaxation
rate whileT(P) for unconventional superconductivity (U-SC: sqsarend the metal-insulator
Tw(P) (MI: open circles) lines were obtained from the saisceptibility. The AF-SC boundary
(double-dashed line) is determined from the inftectpoint of y'(P) and, for 8.5 K, from
sublattice magnetization. This boundary line sejardwo regions of inhomogeneous phase
coexistence (shaded area). Data from Lefebvad [11].

lll. Insights from recent experiments: Emergence ofspin liquid from an organic
Mott insulator

It is believed that the magnetism of the Miagulator holds the key to understand the
mechanism of the unconventional superconductigitye it is the mother phase giving
the superconductivity in the high-Tc cuprates angET),X organics [12]. The ground
states of the Mott insulators we studied so faratéderromagnets, a long-range
magnetic order (LRMO) results from spontaneousbkbn symmetry. In a recent
experiment, Shimizet al. (2003) showed that the ground state with antifeergnetism
is not an absolute possibility: one can find insaaground states with no long-range
magnetic orderThis is discovered in a unique class/o(ET).X (X = Cu(CN)3) that
possesses a nearly isotropic triangular latticeirTiesults showed no indication of
LRMO down to 32mK [12].

Geometrical frustration

The system of the ET dimer pair can be effett described by the Hubbard model
on an anisotropic triangular lattice (figure 6)hwvé half-filled conduction band. The
anisotropic triangular lattice of the interactimrs is described by the nearest neighbor
transfert and the second-nearest neighbor trartsfas seen in figure 6. Its anisotropy
gives rise to LRMO. However, if the lattice is rgasotropic, i.et'’/t ~ 1, then the
geometrical frustration (a situation when theraasvay to require the order of
neighboring spins for the lowest energy state,es@ither orientations lead to the same
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energy state: the spins are “frustrated”) workesaively against the LRMO. An exotic
state without symmetry breaking, named a “spinitijaan emerge [12].

{b}

Figure 6. (a) Crystal structure of an ET layerof(ET),Cu(CN); viewed along the long axes of

the face-to-face ET molecules [4],, ty, t,, andt, are the transfer integrals between ET
molecules. (b) Schematic representation of thetreleic structure of4 -(ET).X, where the dots
represent the ET dimer units. They form the anigtrtriangular lattice with = ([t,| + f4)/2 and

t' = ty2/2. Picture from Shimizet al. [12].

The ratio of transfer integrals in the Matsulator 4 -(ET),Cw(CN)zis almost unity
(t/t = 1.06), suggesting a nearly isotropic triangld#tice of this salt and that it is likely
to be a spin liquid insulator [12]. This close-toiy value oft’/t for #-(ET),Cu;(CN)3 is
unique among ther -(ET)2X family.

Results of experiments

In the experiment, the result frdm NMR spectra indicated no LRMO exists i
(ET).Cw(CN); at least down to 32mK, thus verifying the reali@aatof the quantum spin
liquid state due to strong spin frustration in anheisotropic triangular lattice [12]. The
results contrasted sharply with another Mott insulag -(ET),Cu[N(CN)]Cl with t'/t ~
0.75, which undergoes the AF transition gt=27 K at ambient pressure and SC
transition at £ = 12.8 K under pressure (figure 7) [12]. Thesealtsstrongly suggest
that the quantum spin liquid state is realizechmproximity of the superconducting
phase under pressure [12]. To author’'s knowledgeeimergence of superconducting
and metallic phases from the spin liquid insuldi@s no analogues in high-Cuprates or
other organic conductors, therefore is promise@v¥eal novel insights the our problem.
A more recent study (2005) on this unique salt atstfirmed the persistence of spin-
liquid phase before the Mott transition to metadiicsuperconducting phase under
pressure [13], with an empirical construction &f firessure-temperature phase diagram
[13].
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Figure 7. 1H nuclear spin-lattice relaxation r@fé above 1 K for a single crystal (open circles)
and a polycrystalline sample (closed circlesyo{ET),Cu(CN)s and a single crystal of

4 -(ET)2CUu[N(CN)]CI (open diamonds) [9]. Data shown by Shiméetal. [12].
IV. Remarks from theoretical calculations based offrustrated Hubbard model

Finally, | present corresponding results frinv@oretical calculations based on the
frustrated Hubbard model in attempt to briefly addrthe theoretical progress in this
field.

In response to the novel experimental resaliarding the spin liquid state af-
(ET):Cu(CN)3[12, 13], a very recent paper by Kyuecal. (2006), presented a phase
diagram for layered organic conductors obtainedsigg cellular dynamical mean-field
theory (CDMFT) for the frustrated Hubbard model][14 their calculations, all phases
observed experimentallg{fwave superconducting (SC), metallic (M), antifenegnetic
(AF) and spin liquid (SL)) appeared in the phassgdim by considering physically
relevant parameters for layered organic condug¢tdts U/t, whereU refers to Coulomb
interactions between electrons). Their results gltbiat ad-wave SC phase appears
between an AFI and a metal foit = 0.3-0.7, or between a spin liquid and a metat’fo
> 0.8, which are consistent with experiments. And’'fo =1.0, close to the value of -
(ET)Cu(CN)s, a transition between a SL and SC is shown, in reatde agreement
with experiments by Shimizet al. [12]. In light of these agreements with experitsen
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they predicted a class of new materials with~ 0.8-0.9 that would undergo a sequence
of phase transitions from AFI to SL dewave SC to metal with increasing pressure [14].
Another prediction from their calculations was ttred first-order transition between AF
and SC phases, if the two phases are destroyecawigxternal magnetic field, should
remain as a first-order Mott metal-insulator tréinsi [14]. It is worthy to note that a
previous experiment has shown evidence [15] tedoend prediction by Kyung al..

V. Conclusion

In this paper, | reviewed various results andights from experimental and
theoretical studies on organic superconductorsofting to experiments the organic-
(ET)X family exhibits very anisotropic pairing symmetrgnd is likely to possess
unconventional superconductivity. The magnetism dred phase diagram of-(ET),X
are discussed. Insights from recent experiment® fnown the possibility of a new
phase (spin liquid) at proximity to the supercorithg: phase, other than an
antiferromagnet. The predictions from the theoadticalculation consistent with
experiments have provided directions for furthepeskmental tests of the model. It is
generally believed that the unconventional supetaotivity arises from strongly
correlated electronic systems, and that the study the transitions across
antiferromagnetic phase (and spin liquid) and supwtucting phase can reveal
fascinating insights. The source of the unconveafiosuperconductivity in layered
structures like the highic copper-oxides and the organie-(ET).X family still awaits
future experiments and theoretical studies to fevea

[1] Superconductors.org

[2] R. H. McKenzie, Science, vadt78 820 (1997)

[3] J. Singleton and Ch. Mielke, Contemp. P4&.63 (2002).

[4] S.M. de Soto, C.P. Slichter, A.M. Kini, H.H. Wg, U. Geiser and J.M. Williams,
Phys. Rev. B2, 10364 (1995);

[5] R. Prozorov, R. W. Giannetta, Supercond. Sechinol.19 (2006) R1-R27

[6] H. Mayaffre, P. Wzietek, D. J’erome, C. Lenad P. Batail, Phys. Rev. Let,
4122 (1995).

[7] K. Kanoda, K. Miyagawa, A. Kawamoto and Y. Nakaa, Phys. Rev. B4, 76
(1996).

[8] A. Kawamoto, K. Miyagawa, Y. Nakazawa, and Kartbda, Phys. Rev. Leit4,
3455 (1995)

«onc™ This PDF was created using the Sonic PDF Creator.
* To remove this watermark, please license this product at www.investintech.com



[9] K. Miyagawa, K. Kawamoto, Y. Nakazawa, and Kartbda, Phys. Rev. Leit5,
1174 (1995)

[10] H. Kanoda, Physica €82 299 (1997); Hypert. Int., 104, 235 (1997).

[11] S. Lefebvre, P. Wzietek, S. Brown, C. BourbaisnD. Jérome, C. Méziére, M.
Fourmigué, and P. Batail, Phys. Rev. L88.5420-5423 (2000)

[12] Y. Shimizu et al., Phys. Rev. Le#1, 107001 (2003).

[13] Y. Kurosaki, Y. Shimizu, K. Miyagawa, K. Kanadand G. Saito, Phys. Rev. Lett.
95, 177001 (2005)

[14] B. Kyung and A.-M. S. Tremblay, Phys. Rev.t1L8%, 046402 (2006)

[15] F. Kagawa, T. Itou, K. Miyagawa, and K. Kanp@dys. Rev. Let93, 127001

(2004)

=™ This PDF was created using the Sonic PDF Creator.

SONIC" - "
=‘ To remove this watermark, please license this product at www.investintech.com



