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Abstract 
The interlayer transfer integrals of various organic superconductors have been deduced 
using high-magnetic-field techniques. The measurements demonstrate the 
inappropriateness of criteria used to denote incoherent interlayer transport. 
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1 Introduction 
Most of the correlated-electron systems which excite current interest have very 
anisotropic electronic bandstructure. Examples include the "high-T," cuprates [ 1, 21, 
layered ruthenates [3], and crystalline organic metals [2, 41. Such systems may be 
described by a tight-binding Hamiltonian in which the ratio of the interlayer transfer 
integral t+ to the average intralayer transfer integral 41 is c< 1 [2,4, 51. 

Values of 1,. in such systems are often compared with a one-dimensional form of the 
Mott-Ioffe-Regel criterion [6]; 



where z -‘ is the quasiparticle scattering rate [ I ,  2, 51. The inequality is often found to 
apply, suggesting that the quasiparticles scatter more frequently than they tunnel between 
layers. Similarly, under standard laboratory temperatures T,  the inequality 

often holds, hinting that thermal smearing will wipe out details of the interlayer 
periodicity (Anderson’scriterion) [7]. The question has thus arisen as to whether the 
interlayer charge transfer is coherent or incoherent in these materials, i.e. whether or not 
the Fermi surface extends in the interlayer direction [2,4,5]. Incoherent interlayer 
transport is used as a justification for proposed non-Fermi-liquid behaviour (see e.g. [2, 
71). Moreover, models for unconventional superconductivity in K-phase BEDT-TTF salts 
invoke the nesting properties of the Fermi surface [8, 9, lo]; the degree of nesting might 
depend on whether the Fermi surface is a 2D or 3D entity (see [4], Section 3.5). 

It is therefore of considerable interest to derive a test for coherent interlayer transport. 
However, many apparently solid experimental tests for coherence in organic 
superconductors have been deemed to be inconclusive [ 5 ] ;  e.g. semiclassical models can 
reproduce angle-dependent magnetoresistance oscillation (AMRO) [ 121 and Fermi- 
surface-traversal resonance (FI’R) data [ 1 11 equally well when the interlayer transport is 
coherent or “weakly coherent” [5]. We describe below a reliable experimental test which 
shows that the criteria given in Equations 1 and 2 are a very poor guide to interlayer 
incoherence. We also compare data for four organic conductors. 

2 Experiment and discussion 

A simple tight-binding expression is often used to simulate the interlayer (z-direction) 
dispersion in Q2D organic conductors [4]; 

E(kJ = -2t+ COS (IC$). 
(3) 

Here t+ is the interlayer transfer integral and a is the unit-cell height in the z direction. 
The introduction of the interlayer dispersion causes a modulation of the Fermi-surface 
cross-section, shown schematically in Figure 1 (a). 
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Figure 1: (a) Illustration of the effect of introducing interlayer dispersion on a Q2D Fermi-surface section;. 
the cross-section of the E;ermi surface varies in the interlayer (k,) direction. The lines on the sides of the 
Fermi surface illustrate some of the quasiparticle orbits caused by an in-plane field. (b) Interlayer 
resistance R ,  (proportional to p,) of a K-(BEDT-?TF)~CU(NCS)~ sample as a function of magnetic-field 
orientation (e=90° corresponds to magnetic field exactly in-plane). Data for temperatures T = 0.48 K, 1.4 
K, 3.0 K, 4.4 K and 5.1 K are shown. The background magnetoresistance increases with increasing T, 
whereas the peak at 0=90" becomes smaller. The inset shows the intersections of the linear extrapolations 
used to determine the peak width (after Reference [ 151). 

In an applied magnetic field, the quasiparticles undergo orbits defined by the Lorentz 
force (h/2n)(dk/dt) =: -ev x B, where v is given by (h/27r)v = V&(k); here E (k) is the 
quasiparticle energy [4, 121. This results in orbits on the Fermi surface, in a plane 
perpendicular to B[12]. Thus, if the Fermi surface is extended in the z direction, a 
magnetic field applied exactly in the intralayer (xy) plane can cause a variety of orbits on 
the sides of the Fermi surface, as shown schematically in Fig.l(a). It has been proposed 
that the closed orbits about the belly of the Fermi surface [13] or the "self-crossing 
orbits'' found under the same conditions [ 141 are very effective in averaging the interlayer 
component of the velocity. Therefore, the presence of such orbits will lead to an increase 
in the resistivity component pzz [13, 141. On tilting B away from the intralayer direction, 
the closed and "self-crossing" orbits cease to be possible when B has turned through an 
angle A, where 

A(in radians) = v+ /vII, 

Here v+ is the maximum of the interlayer component of the quasiparticle velocity, and vII 
is the intralayer component of the quasiparticle velocity in the plane of rotation of B. 
Therefore, on tilting B around the in-plane orientation, one expects to see a peak in pzz, of 
angular width 2A, if (and only if [ 5 ] )  the Fermi surface is extended in the z direction. As 
v+ a 2t+ (see Equation 3), the angular width of the peak is pleasingly proportional to t+. 
By using Equation 4 and measured details of the intralayer Fermi-surface topology 
(which give vll), it is therefore possible to use A to deduce t+ [15, 16, 171. 

Figure 1 (b) shows typical data for K-(BEDT-TTF)~CU(NCS)~. The observation of a peak 
in pzz close to 8=90° demonstrates that the interlayer transport is coherent. The intralayer 
Fermi-surface parameters of K-(BEDT-TTF)~CU(NCS)~ are well known [4, 151, allowing 
the interlayer transfer integral to be estimated to be t+ ~ 0 . 0 4  meV [15] (c.f. intralayer 



transfer integrals -150 meV [ 151). Already it is plain that the criterion given in Equation 
2 is not a good guide to interlayer incoherence. At the maximum temperature of 5 K, kBT 
= 10 t+, and yet the peak in pzz shown in Figure l(b) unambiguously demonstrates a 3D 
Fermi-surface topology. 

It is next instructive to compare t+ with z-’. The sample used in Figure 1 has been studied 
using Shubnikov-de Haas (SdH) oscillations at IBIS 15 T [15]. At such fields, the 
oscillatory magnetoresistance is much less than the nonosciliatory component, and 
magnetic breakdown is a minor consideration [4]. Hence, the 2D form of the Lifshitz- 
Kosevich formula may be used to extract ‘I: [4], giving z -3 ps [ 151. Another estimate can’ 
be derived from studies [l 11 of the FTR due to quasiparticles crossing the QlD FS sheets, 
which use samples from the same batch. In the data of [ 111, the FTR appears at B =I0 T, 
with a full-width at half-maximum of AB -7 T. If we assume that rn - B/AB [ 151, where 
ci) = 2 n x 70 x lo9 rad s-l [ 111, we obtain z - 3 ps, close to the SdH values. Thus, 1A = 
0.24 meV, .- 6 t+. In such circumstances, Equation 1 leads one to expect incoherent 
interlayer transport, and yet the peak in pu unambiguously demonstrates the opposite 

I 

~ 9 1 .  

Figure 2 compares the peaks observed in intralayer magnetic fields in h- 
(BETS)2GaC14[ 161 and K-(BEDT-TTF)~C~(NCS)~ [ 151. Such a comparison is interesting 
because the two superconductors possess similar intralayer Fermi-surface topologies, and 
almost identical quasiparticle effective masses [16]. Note how the peak at 90” is much 
wider in h-(BETS)2GaC14 than in K-(BEDT-TTF)~CU(NCS)~; given the similarity of their 
intralayer Fermi-surface properties, this immediately suggests a larger t+ in h- 
(BETS)2GaC14, and indeed, simulations of the data give t+ ~0.21 meV [ 161. The greater 
“three dimensionality” of the bandstructure of h-(BETS)2GaC14 compared to K-(BEDT- 
TTF)*Cu(NCS)2 is manifested in their superconducting behaviour (e.g. c.f. Figs.9 and 10 
of Ref. [16]). Whereas h-(BETS)2GaC14 exhibits 2D-3D dimensional crossover in its Hc2 
(7‘) behaviour, Hc2(1’) in K-(BEDT-TTF)~CU(NCS)~ is entirely characteristic of a Q2D 
superconductor. 
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Figure 2: Peaks in the interplane resistance R ,  (proportional to p,,) close to 8 = 90" in A- (BETS)2GaC14 
(thick line; T = 1.4 K, El = 30 T [ 161) and K-(BEDT-'ITF)~CU(NCS)~ (fine line; T = 520 mK, B = 42 T 
[15]). In the case of K-(BEDT-TTF)~CU(NCS)~, the rapid oscillations at the edges of the figure are angle- 
dependent magnetoresistance oscillations (AMROs). 

By contrast, we have been unsuccessful in observing peaks in the resistivity of P''- 
(BEDT-TTF)~SFSCH~CF~SO~ and a-(BEDT-TTF)&Hg(SCN)4 in intralayer magnetic 
fields, even at temperatures as low as 470-mK and in magnetic fields of up to 33 T [ 171. 
This observation might suggest that these BEDT-TTF salts have considerably smaller 
values of t+ than those mentioned above; certainly, the behaviour of the low-temperature 
resistivity of ~"-(BEDT-TTF)~SFSCH~CF~SO~ is very similar to that of weakly-coupled 
semiconductor quantum wells [ 181. Alternatively, as both salts show evidence for 
density-wave (DW) groundstates at low temperatures [4, 181, some aspect of the DW 
formation might suppress the mechanism for the resistivity peak described above. 
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