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Superconducting State of «-(ET),CU[N(CN),|Br Studied by 13C NMR: Evidence
for Vortex-Core-Induced Nuclear Relaxation and Unconventional Pairing

H. Mayaffre, P. Wzietek, D. Jérome, C. Lenoir, and P. Batail

Laboratoire de Physique des Solides (associé au CNRS), Université Paris-Sud, 91405 Orsay, France
(Received 27 July 1995)

We present the first 3C NMR measurements carried out in the superconducting state of a two-

dimensional organic superconducting single crystal.
reported for magnetic fields parallel and perpendicular to the conducting layers.
fields, the relaxation is dominated by the electronic excitations in the vortex cores.
dependence of (T,)~! we obtain the upper critical field [H.,(0) = 10 T].

Spin lattice relaxation rate and Knight shift are
For perpendicular
From the field
In parallel orientation,

the absence of field dependence reveals the existence of a lock-in state, where only relaxation
by superconducting excitations is expected. The (7))”' then exhibits a T3 law suggesting an

unconventional pairing with a very anisotropic gap.

PACS numbers: 74.70.Kn, 74.60.Ec, 74.60.Es

x-(ET),Cu[N(CN),]Br is a quasi-2D organic supercon-
ductor with a critical temperature 7, of 11.6 K [1]. In such
material, there is still no general consensus on the mech-
anisms of superconductivity. For example, the experi-
mental results for the magnetic penetration depth are still
controversial, leading to differing conclusions as to the su-
perconducting gap symmetry: Both isotropic s-wave [2,3]
and a more unconventional pairing [4,5] have been pro-
posed. It is therefore of interest to better understand the
electronic properties in this material. We have used '*C
instead of ! H, because it is particularly adapted to probe
the electronic properties for this material, since the carbon
atoms lie in the core of the conducting layers. In partic-
ular, note that we can exclude the relaxation due to flux
line motions, responsible for the well known peak in 'H
relaxation [5,6], because this should lead to 7’s 16 times
greater for 13C than for 'H. These T)’s are too long com-
pared to those observed here. In this Letter, we present
measurements made for two orientations of the crystal: the
field perpendicular (Hy || b) and parallel [Hy in the (a-¢)
plane] to the conducting layers. We show that the pairing
is spin singlet and that the gap presents zeros at the fermi
level or at least a very large anisotropy. For perpendicu-
lar fields, the observations are dominated by the effects of
normal electrons in the vortex cores. From the field de-
pendence of the relaxation, we extract the upper critical
field [H.,(0) = 10 T]. Finally, we notice that the normal
state may be described by a Korringa-like law, but we em-
phasize the persistence of spin fluctuations.

We have performed the measurements on a rhombic-
shaped single crystal (0.5 X 1 X 1 mm?3). The sample
was 100% 13C, enriched on both central carbon sites of
the ET molecule. The high crystallographic quality of the
sample has been demonstrated by spectra presented here
and elsewhere [7].

A detailed study of the NMR spectrum leading to the
line assignment and the determination of shift tensors has
been presented in Ref. [7]. For clarity, here we briefly
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discuss line shapes observed for different orientations.
The spectrum is a sum of contributions coming from all
carbon pairs. A pair of nonequivalent and interacting
spins gives four lines (a, b, ¢, d) at the shifts in frequency
wa=%m+J, wb=%\/8_2+_J_2—J, w, =
—%\/m + J,and wy = —%m — J, where
J is the dipolar coupling and & is the difference of
NMR frequencies of the two isolated carbon nuclei.
The respective intensities are I, = I; = Ip(1 + sin2¢)
and I, = I. = Ip(1 — sin2¢) with tan2¢ = J/5. In
perpendicular field all molecules are equivalent, and we
observe four lines as shown in Fig. 1(a). In parallel field
there are, in general, two nonequivalent dimers in the
crystal giving typically a spectrum such as the one in

20K 20K
42K 42K
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FIG. 1. '3C spectra (in ppm from neutral ET). (a) Perpen-
dicular field of 5.6 T at 300, 20, and 4.2 K. At 300 K we
measure J = 1.5 kHz (23 ppm) and 6 = 190 ppm (11.5 kHz).
(b) Parallel field of 7.8 T at 300, 20, and 4.2 K. At 300 K
the four lines on the right correspond to one of the two in-
equivalent molecules. We measure J = 500 Hz (6 ppm) and
8 = 98 ppm (8.4 kHz). As shown from the spectrum at 20 K,
the inhomogeneous broadening is larger for the lines exhibiting
a larger Knight shift.
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Fig. 1(b). The large anisotropy of the shift tensors enables
us to align the crystal in the field to within +0.25°.

In this Letter, we will use & as a measure of the Knight
shift. This choice supposes that both sites have nearly
the same chemical shift which, according to results on
neutral ET [8], is a fair assumption and further has the
advantage of avoiding a possible demagnetizing effect.
Unfortunately, the observation of an inhomogeneous line
broadening below 190 K (proportional to the Knight shift)
[7] makes it difficult to obtain an accurate value for 8.
Also, the error on & depends on the ratio J/8. For
example, when J/8 > 1 the four-line spectrum is a
doublet separated by 3J, and when 6 = J the two outer
lines are separated by 3.4J. Keeping these limitations
in mind, we realize that we cannot determine 6 when it
is less than J. Consequently, we have measured 6 only
in the highest field (7.8 T), where J/§ is at its minimum
for our field range. In this case we are able to obtain a
good precision until 6 becomes less than about 20 ppm.
Finally, the extraction of a reliable set of 7’s for the
field and temperature dependence is not straightforward
because of the dipolar coupling. The relaxation rates
(‘)71 and ("T1)~! measured for the left and right line of
a double [Fig. 1(a)] are linear combinations of the rates of
each carbon site [(177)"! and (*7;)"!], with coefficients
depending on J/& [9] and therefore on the field and
temperature. To suppress these parasitic dependencies
we use an average rate defined as 2(7))"!' = ('T))™!' +
)™= (1)~ + 2T))"" which does not depend on
J/8. We checked that this procedure always yields a field
independent T} above T..

Let us consider first the results obtained in a field per-
pendicular to the conducting layers. These are presented in
Fig. 2 (Knight shift) and Fig. 3 (7). As we will show, in
high field (7.8 T), the majority of '*C nuclear spins (80%)
are inside vortex cores. In this case we have fitted the line
shape with a unique value of & which reflects the Knight
shift due to normal electrons. The results (black circles in
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FIG. 2. Khnight shift (8) at 7.8 T in perpendicular field (black

circles) and parallel field (open circles). It is normalized to

unity at 300 K.

Fig. 2) show that there is no change at the superconduct-
ing transition and that the Knight shift decreases steadily
from 50 K as we reported before [7]. From these data we
have plotted the term AK(T)? (solid line in Fig. 3), where
A = 0.19K7! s7!, and K is normalized to unity at 300 K.
We remark that the Korringa relation [(7,7)! = AK?]
is obeyed above T, (8 K at 7.8 T). From this observation
we have assumed that this relation gives a good description
of the electronic behavior in the vortex cores. Neverthe-
less, we must be careful about this Korringa-like behavior
since it has already been reported [7,10] that (7,7)" is
highly enhanced between 20 and 200 K, very likely due to
spin fluctuations with a nonzero wave vector. Moreover,
the amplitude of the Korringa coefficient A obtained at low
temperatures is practically twice the value at room temper-
ature (A = 0.11K~! s71), indicating a persistence of these
fluctuations.

Below 7., (T;T)"! presents a strong field dependence
and tends to saturate at low temperatures (Fig. 3). This
effect is a signature of a relaxation due to ‘“normal”
electrons in the vortex cores. This type of relaxation
has been observed by Silbernagel, Weger, and Wernick
[11] in a conventional type-II superconductor, V3Si.
More recently, such field effects have been studied
in high-temperature superconductors HTS’s [12,13]. In
x-(ET),Cu[N(CN),IBr the phenomenon is particularly
important because of the small H., value.

To interpret the curves of Fig. 3, we will consider a
simple model with only two sources of relaxation. The
first ("T;) comes from normal electrons in the vortex
cores, and the second (*T)) involves pair excitations
across the superconducting gap. Considering that all
carbon nuclei belong to the same spin bath, we measure
the total rate defined as

L=H0L+1_(Ho)1’ "

T, H "'Ty

H ) °T,

>
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FIG. 3. (T,T)"! in perpendicular field. We note the absence
of Hebel-Slichter peak. The saturation and the linear field
dependence at low temperature is the signature of electrons in
the vortex cores.
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where Hy is the applied field and HoH,' =
ZngcHo(Dgl is the total cross-section fraction of
the vortex cores. The assumption that all nuclei are
equally coupled is supported by the observation of single
exponential decays and is usually attributed to a rapid
spin diffusion. We can estimate the characteristic spin
diffusion time 7 on the vortex lattice length scale a to
be 7 = T,a’d™?, where T, is the spin-spin relaxation
time and d the mean distance of two carbon nuclei.
With (7>)~' = 1 kHz (line width at 300 K), a =~ 450 A
(estimated in a field of about 1 T ) and d = 4 A, we
obtain 7 = 10s which is too long to justify a relaxation
averaging. The second mechanism is a rapid diffusion of
vortex cores also invoked by Martindale et al. [13]. In
k-(ET),Cu[N(CN), |Br, the irreversibility line occurs at
4.2 K in a field of 1 T [3,5]; and, therefore, all our mea-
surements were performed in the liquid state, permitting a
rapid diffusion of vortex cores. Hence, the assumption of
good contact between a given nucleus and both relaxation
sources seems to be fully justified.

At T < T, the relaxation is dominated by the effects of
normal electrons ("7} << 5T;). Therefore, if we assume
that the normal state follows a Korringa law, we should
observe

1 Hy 1

H,
— = AK(T)? =2 | )
T H., "Th'T He

In Fig. 4, an analysis of the field dependence is
presented. First, we have plotted (T T)" ! at 4.2 K versus
the field (black squares). Taking for (*7,7T)~! the value
at 12 K (dotted line), we derive a crude estimate of H,;.
To refine this estimate we have extrapolated the data
to zero temperature using the 7-dependent relation (2),
with the first estimate for H.,. The zero temperature
extrapolations are plotted as open circles and the normal
state value as the dashed line. In this way we estimate
Ho =10T and & = 60 A. This value of &, is
somewhat large compared to those already published

0.1} S ]
0.08 | ]
=006 ]
~0.04 | ]
0.02 [ 2 ]

lK-l)

T (

T

b R SUUU TUNNE SIS (R
Magnetic field (Tesla)

FIG. 4. (T,7)! at 4.2 K (black squares) versus magnetic
field. The dotted line corresponds to the 12 K value. Open
circles correspond to the zero temperature extrapolated value
with a Korringa relation (see text). The dashed line is the zero
temperature extrapolation of the normal state.
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[14]. However, all these determinations were based on
an estimate of H., from the slope dH.,/dT at low field
near 7.. We think that our determination is perhaps more
reliable because it is based on low temperature and high
field measurements.

We now turn to the measurements performed in paral-
lel field and presented in Fig. 2 (Knight shift) and Fig. 5
(Ty). The first striking observation is the absence of any
field dependence of the relaxation. This provides strong
evidence for the absence of vortex pancakes in this orien-
tation (lock-in state), and that the field penetrates into the
insulating layers and is screened by Josephson currents
[15]. The lock-in state has been observed in such mate-
rials by 'H NMR [6] and by ac susceptibility [16]. In
these studies the authors emphasized the “angular sharp-
ness” of this state. Here this observation is confirmed
by the measurements carried out for a misalignment of
about 2° (black squares), and we remark that the relax-
ation is highly enhanced due to the presence of pancake
vortices.

Consequently, when the sample is well oriented with
the field, the Knight shift gives the spin susceptibility in
the superconducting state. We can see in Fig. 3 (open
circles) that the Knight shift decreases more quickly
below 7. and tends towards zero at low temperature.
We think that this is evidence that the spin paring is
singlet. Indeed, it has been shown that in the case of a
triplet state, there should be no difference between the
normal and superconducting spin susceptibility [17]. On
the other hand, with a singlet state, the Knight shift should
follow the Yosida function [18] which tends to zero at low
temperatures.

When the relaxation is not enhanced by normal elec-
tron excitations, we are able to probe the effect of su-
perconducting pair excitations. We can see in Fig. 5 that
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FIG.5 (T,)"! in parallel field: 5.6 T (open circles), 7.8 T
(black circles), and 7 T (open squares). There is no Hebel-
Slichter peak, and the relaxation rate exhibits a T3 law at low
temperature. Black squares correspond to a field of 7 T with a
slight misalignment (about 2°).
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(T1)”! exhibits a T3 law over a wide range of temperature
and is not enhanced just below T, (i.e., no Hebel-Slichter
peak). Such a relaxation was first observed by Takigawa,
Yasuaka, and Saito [19], in the context of a quasi-1D
organic superconductor, (TMTSF),ClO4. Hasegawa and
Fukuyama [20] have proposed a theoretical model based on
an anisotropic gap with lines of zeros at the fermi surface.
This model showed that, in this case, the Hebel-Slichter
peak is removed and that the relaxation rate should follow
a T3 law at low temperature because of the linear den-
sity of states at low energy. This model was of interest
because it opened the door to new types of pairing. In
HTS’s, the T3 behavior has been observed several times
[13,21]. This has often been interpreted as a signature of
d-wave pairing. Indeed, theoretical calculations involv-
ing d-wave pairing are, in general, in good agreement with
the experimental results [22]. Nevertheless, as Martindale
et al. [13] have pointed out, it is experimentally difficult to
distinguish a 73 law due to a gap with nodes at the fermi
level, from that of an exp(— A /kgT) behavior with varying
A’s for an anisotropic nodeless gap. In the last case, we
have estimated, in our particular problem A/kgT. = 0.3
at the lowest temperatures and A/kgT. = 3.2 near 10 K.
These estimates would mean that if the gap is nodeless its
anisotropy must be greater than ten.

In summary, we have reported new details of the
electronic properties in the superconducting state of «-
(ET),Cu[N(CN),]Br. First, for perpendicular fields, the
strong field dependent Tfl points out the predominance
of normal state electronic excitations in the vortex cores
and leads to a direct determination of the low temperature
critical field [H:(0) = 10 T]. Furthermore, the relax-
ation can be described by a Korringa-like law with the
evidence for a persistence of spin fluctuations at a finite
wave vector. Secondly, the parallel field situation, which
can be achieved with great accuracy thanks to the strongly
angle-dependent '3C-NMR spectrum at room temperature,
has revealed a remarkable, very sharp lock-in of T
In this case, the dominant source of relaxation is pro-
vided by quasiparticle excitations in the superconducting
layers. The temperature dependence of 77 ' («73) and
Knight shift down to 0.147, provides solid experimental
evidence for a very anisotropic (possibly with nodes in
the gap) spin-singlet pairing in this class of 2D supercon-
ductors. The possibility for nonconventional pairing in
2D organic superconductors has been pointed out by Bu-
laevskii [23]. This pairing could bear some resemblance
with the spin fluctuation mediated interchain interaction
proposed by Bourbonnais and Caron [24] in the context
of 1D superconductors.

The authors thank S. Brazovskii, M. Fenioux,
E. Dumont, C. Pasquier, L. Friichter, J. B. Bieri, P. Led-
erer, P. Mendels, and N. Dupuis for useful discussions.
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