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Evidence for the Role of Fluxoids in Enhancing NMR Spin-Lattice Relaxation and Implications
for Intrinsic Pinning of the Flux Lattice in Organic Superconductors
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The authors report '"H NMR spin-lattice relaxation rates, 71!, in the quasi-2D organic superconduc-
tor x-(ET)2CulN(CN),IBr (T, =11.6 K), for an aligned single crystal. The relaxation in the normal
state obeys the Korringa law (717 =const). In the superconducting state, for weak fields (Ho=0.59
T), T~ is greatly enhanced and displays strong orientation dependence for field directions nearly paral-
lel to the superconducting layers. This behavior indicates that motion of the fluxoid system is the cause
of the extra relaxation, and is evidence for a “‘lock-in” transition of the flux lattice.

PACS numbers: 74.60.Ge, 74.70.Kn, 76.60.Es

The study of organic charge-transfer salts has attracted
renewed interest with the discovery of several quasi-2D
superconductors based on the organic donor molecule
BEDT-TTF [bis(ethylenedithio)-tetrathiafulvalene, here-
after abbreviated as ET]. Although pressure is needed to
suppress an insulating ground state for the ET-based
compound possessing the highest transition temperature,
k-(ET),CulN(CN),ICI (T,=12.8 K at 0.3 kbar) [1],
there is an isostructural compound, «-(ET),Cu-
[N(CN),]Br, which undergoes a superconducting transi-
tion at ambient pressure with 7.=11.6 K [2]. We con-
sider only this latter superconductor in this Letter.

Nuclear spin-lattice relaxation rate (7 ') measure-
ments have proven very useful in studies of both metallic
and superconducting systems. They have been extensive-
ly and successfully used to study conventional [3,4],
heavy fermion [5], and CuQ;-based [6] superconductors.
In a simple metal, the conduction electrons provide the
dominant relaxation mechanism, and the well known
Korringa law (T,"' « T) is obeyed. In the superconduct-
ing state, however, a gap opens up in the density of states

~at the Fermi level, which produces dramatic changes in
T '(T). Specifically, for traditional, orbital s-wave su-
perconductors, there is an increase in the relaxation rate
just below T,.. This effect, known as a coherence peak,
was important in establishing the BCS theory [3]. At low
temperatures (77<< T.), for an isotropic superconducting
gap, the relaxation rate is expected to fall off exponential-
ly.

In organic superconductors such as x-(ET),Cu(NCS),
and B-(ET),l;, it has been shown that there is an enor-
mous enhancement of the relaxation rate in the supercon-
ducting state relative to the normal state Korringa value
[7-9). The physical cause of this peak has been the sub-
ject of considerable controversy. It is believed that the
phenomenon observed is not the expected coherence peak,
both because the magnitude of the enhancement is so
large (a factor of ~10, as opposed to the expected value
of ~2), and also because the maximum in 7'\~ ' occurs at
the wrong temperature (~0.57,, as opposed to the ex-
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pected ~0.857,). Some of the theories offered to ex-
plain the anomalous relaxation include critical fluctuation
effects in a second-order phase transition [7], a supercon-
ducting glass state in a granular system [9], a spin densi-
ty wave (SDW) transition [8], a structural transition
[10], and a flux line lattice melting transition [8].

Here, we report 'H NMR spin-lattice relaxation rate
(™" studies in an aligned single crystal of «-
(ET),CulN(CN),]1Br for temperatures 4 <7 < 340 K
and static magnetic fields 0.52 < Hy<8.1 T. We have
observed a relaxation peak in the superconducting state
of the present system similar to that found in previous
studies of other organic superconductors [7-9]. In addi-
tion, we have further elucidated the nature of the peak by
performing our NMR experiments on a single crystal,
rather than with unaligned polycrystalline samples. We
find that the anomalously rapid relaxation can be
suppressed in high fields and for certain precise orienta-
tions of the single crystal. We interpret these findings as
evidence that the origin of this relaxation is fTnotion of the
fluxoid system.

Our measurements were performed on a single crystal
with dimensions 1.6x1.3x0.6 mm (mass=2.2 mg). The
synthesis process has been described elsewhere [2]. The
high and intermediate field measurements (Ho=38.1, 4.1
T) were performed in a 348 MHz Oxford superconduct-
ing solenoid and the low field measurements (Ho <1 T)
were performed in a Varian electromagnet with a rotat-
able base. The nuclear magnetization was measured at a
variable time (f,.,j) after saturation (or inversion) of the
resonance line. In all cases the recovery was single ex-
ponential above 7 =350 K. In this case, we could unambi-
guously define T;. For 7 <50 K the crystal displays a
strong metallic character, and the recovery has been
fitted to a sum of two exponentials. The short time con-
stant, Ty, is taken as a spin diffusion time due to the rf
skin effect [11] and the long time constant, T, is taken
as the intrinsic 7’|, as it maps smoothly onto the data
above 7=50 K.

We will now briefly summarize our data taken in the
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normal state, i.e., for 7> T.. The crystal structure of k-
(ET),CulN(CN),]Br is orthorhombic, with the conduct-
ing organic layers (composed of ET molecules) and the
inorganic anion layers (composed of zigzag polymeric
chains of {Cu[N(CN),]Br}c) both lying in the a-¢ plane,
but staggered along the b axis at intervals s =15 A [12].
The results of strong field (8.1 T) and intermediate field
(4.1 T) measurements with Hgllb are shown in Fig. 1. As
in other ET-based organic superconductors, the increase
of T, ' above T=160 K is thought to be due to a
thermally activated motion of the terminal ethylene
groups of the ET molecule [9]. Using the Bloembergen-
Purcell-Pound (BPP) model [13] we calculate the activa-
tion energy to be To=1400 K with a correlation time
1.=8x10""'2 5. The peak in the relaxation rate is
depressed and shifts to a higher temperature as the exter-
nal field is increased from Ho=4.1 T to Ho=8.1 T, as
predicted within the BPP theory. This interaction ob-
scures the nuclear relaxation due to the conduction elec-
trons above 7 =160 K.

Referring to Fig. 1, there is a crossover range (50
< T <160 K), below which the relaxation rate follows
the Korringa relation (7|7 =const), indicating relaxation
by conduction electrons. There is a small enhancement of
the relaxation rate in weak field (0.59 T). This type of
magnetic field dependence has been observed in quasi-1D
organic conductors and was attributed to spin diffusion in
low dimensional systems [14]. This is a small effect for
the present study and we only mention it. From a least-
squares fit we obtain 77 =900 % 50 K for the Korringa
constant, which is comparable to that of other ET-based
superconductors [8]. This relatively large value indicates
rather weak coupling of the 'H nuclei with the 7 conduc-
tion electrons. This is in agreement with both scanning
tunneling microscopy (STM) [15] and NMR Knight
shift [16] studies which find that the conduction electron
density is concentrated near the central part of the ET
molecule. The 'H nuclei under observation form part of
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FIG. 1. Temperature dependence of 71! in the normal state

for three values of the external field. The BPP mechanism is
dominant above T =160 K, and the Korringa relation is fol-
lowed below 7=50 K.

a terminal ethylene group and thus interact weakly with
the electrons.

We now turn to our results for the superconducting
state. Figure 2 shows the relaxation data for two values
of the magnetic field for a single crystal with the static
magnetic field Hollb (i.e., perpendicular to the conducting
planes). Below T there is a dramatic peak in the relaxa-
tion rate measured in a weak field, with an increase of a
factor of 10 in 7~ ' near the lowest temperatures mea-
sured. The peak is broad: It begins just below T. and
rises rapidly with a maximum occurring at 7/T.=0.5.
However, the peak is suppressed in an intermediate field.
As stated previously, the peak seen in low field is not the
usual coherence peak.

Instead, we postulate an explanation based on motion
of the fluxoid system to account for this relaxation pro-
cess. To test for such a mechanism, we investigated the
orientation dependence of the relaxation rate. We expect
that a fluxoid relaxation process should be highly aniso-
tropic in a layered superconductor. Flux-lattice dynamics
should be qualitatively different for magnetic fields paral-
lel and perpendicular to the set of superconducting
planes. For example, in another layered superconductor,
Y Ba,Cu3O7-,, measurements which are influenced by
fluxoid dynamics such as resistivity [17], torque [18], and
critical current [19] all show strong angular dependence
below T.,.

To test our hypothesis of fluxoid relaxation, we mea-
sured the orientation dependent 7 '(8) [where 6 is
defined as the angle between the static magnetic field Ho
and the normal to the layers (b axis)] for an aligned sin-
gle crystal in the superconducting state at a temperature
nearly corresponding to the peak in 7 ! seen in Fig. 2
(i.e., T=6 K). If the relaxation mechanism in question
were due to some type of coupling of the hydrogen nuclei
to the conduction electrons, we would expect a smooth
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FIG. 2. Temperature dependence of 71 ' in the supercon-

ducting state for two values of the external field, Ho=0.59 T
(closed symbols) and Ho=4.1 T (open symbols). The transi-
tion temperatures are T.(H¢=0.59 T)=10.4 K and 7T.(Ho
=4.1T)=8.8 K [21].
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orientation dependence [e.g., T ! accos?(8)], based on
the principal axes of the electronic system. The results
for data taken in a weak (H¢=0.52 T) field are shown in
Fig. 3. We also plot data taken for the normal state
(T=14 K) to obtain the orientation dependence when
fluxoids are not present.

In the normal state, the relaxation is nearly isotropic,
with only a slight variation of 20% in T '(8). In the su-
perconducting state, there is a gradual rise in 7,7 '(6)
with increasing angle until 6=40°. Then there is a grad-
ual decrease in 7,7 '(0) until 6=87°, where there is a
dramatic plunge in the relaxation rate, reaching a
minimum at 8=90°. The relaxation rate decreases by an
order of magnitude in a window of only —~3° from
6=90°, the orientation corresponding to the field being
parallel to the superconducting layers. In fact, for
0=90°, the rate actually dips below the normal state
value (which would be expected for T~0.5T, if only an
electronic mechanism were in effect). It appears that the
relaxation mechanism in question is present for a broad
range of orientations, but becomes very ineffective for a
narrow interval near #=90° (i.e., for paralle]l magnetic
fields). As stated previously, no electronic relaxation
mechanism could have such a steep angular dependence.
Therefore, this result strongly indicates that fluxoid
motion is the physical cause of the extra relaxation.
Furthermore, it appears that there is a “lock-in" transi-
tion of the fluxoid system, with the fluxoids effectively
locked in position when 8=90°.

Such a lock-in transition was predicted by Tachiki and
Takahashi [20] and later observed in resistivity measure-
ments on YBa,Cu3O7-, by Kwok et al. [21]. In this
theory [20], the superconducting order parameter varies
periodically normal to the layers, with a minimum in the
“normal” (or weakly superconducting) layers. The flux-
oid cores minimize their free energy by lying in the nor-
mal, as opposed to the superconducting, layers of atoms.
A necessary condition of the theory is that the perpendic-
ular coherence length &, (which corresponds to the ra-
dius of the normal core of the fluxoid) is smaller than the
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FIG. 3. Orientation dependence of T ' in the superconduct-
ing state (T=6 K) and the normal state (T=14 K). Lines are
to guide the eye.
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interlayer periodic distance s. This condition is fulfilled
in k-(ET),CulN(CN),IBr, with & (T=0) =4 A [22] <«
s=15 A. We point out that in this model, the fluxoids
are pinned by the crystal structure itself (i.e., intrinsic
pinning), as opposed to the normal pinning mechanisms
such as grain boundaries, defects, twinning planes, etc.

In addition, the theory predicts a critical angle a. for
magnetic fields almost parallel to the 2D planes, such
that the flux lines will be intrinsically pinned for all orien-
tations 90 —a, < 8 <90+ a.. Using the theory of Maslov
[23] based on the Lawrence-Doniach (LD) model [24],
we estimate that a.=0.04°, where we have used A,
=7200 A [25], & =5 A [21], and Hy=0.52 T. In Fig. 3,
the width of the notch in the relaxation rate is ~2°,
which should be an upper limit for the actual critical an-
gle a.. In a real crystal, the observed critical angle
(ac.obs) will be broadened by, among other causes, the
mosaic spread of the sample, typically a few tenths of a
degree.

We now turn to the question of the likelihood of a flux-
oid spin-lattice relaxation mechanism occurring in the
present system. In principle there are two ways in which
fluxoids in a type-Il superconductor can influence spin-
lattice relaxation. The first involves rapid spin-lattice re-
laxation at the normal metal rate in the fluxoid cores, fol-
lowed by spin diffusion to more distant nuclei in the su-
perconducting region via a cross relaxation process [26].
Such a mechanism cannot account for the present data
because we measure relaxation rates that are actually
much faster than the normal state value. The second
mechanism is thermal motion of the fluxoids directly
causing spin-lattice relaxation. This could conceivably be
important for a nucleus with no other highly efficient re-
laxation route. This phenomenon was first reported in a
'"H NMR study of hydrated V-Ti alloy by Ehrenfreund,
Goldberg, and Weger [27]. The authors reported a relax-
ation rate faster than that predicted by the BCS theory
for T< T, and attributed the additional relaxation to a
dynamic fluxoid process.

The spin-lattice relaxation process requires that there
be a fluctuating magnetic field transverse to the direction
of the static field, that is, perpendicular to the axis of
quantization of the nuclear spins. In addition, there must
be a component of the fluctuation at the nuclear Larmor
frequency, w, == 108 s 7', Any theory based on the pro-
posed fluxoid mechanism would have to consider the time
dependence of the bending and twisting of the fluxoids as
they move through the crystal, which will depend on the
orientation of the external field with respect to the super-
conducting layers. It is not clear at present whether col-
lective motion of the fluxoid lattice or independent fluc-
tuations of each fluxoid should be considered, or whether
the fluxoids themselves should be thought of as continu-
ous lines as in the original Abrikosov lattice, or as 2D
“pancake” vortices well confined to each superconducting
layer.
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In Fig. 3, it is interesting to note that the maximum re-
laxation rate does not occur at 6=0°, as might be expect-
ed. Rather, there is a shallow minimum at this orienta-
tion, with the maximum rate occurring with the external
field Hp inclined at = 40° with respect to the b axis. A
comparison with the crystal structure of x-(ET),;Cu-
[N(CN),IBr shows that this field direction nearly corre-
sponds with the inclination of the ET molecules within
each layer (37° with respect to the b axis at T=20 K)
[12]. Perhaps the fluxoid dynamics for this orientation
are such that the relaxation is stronger than at normal
orientation (7" " is 40% faster).

It is worthwhile to compare our results with those of
high-T, superconductors such as YBa,Cu3;O7-,. Al-
though an increase in the relaxation rate below T, is not
observed in these systems (in contrast to our results), nev-
ertheless there is a strong magnetic field dependence of
T, '. Martindale et al. [28] have found that for
YBa;Cu307—5 T '(6=0°) (or “2 W,.” in their nota-
tion) displays a strong field dependence at low tempera-
tures (where fluxoid effects may become stronger than
the electronic interactions) while 7,7'(6=90°) (or
“2W,,”) has a weak field dependence. This is in accord
with our finding that 7| '(9=0°) is strongly influenced
by fluxoid dynamics, while 7' (6=90°) is not. The ab-
sence of a fluxoid peak in 7' below T, in the CuO,-
based systems can be partly attributed to the masking be-
havior of the very high relaxation rate intrinsic to the
electronic system. In contrast, for the 'H nucleus in the
present system, which is very weakly coupled to the con-
duction electrons, strong fluxoid effects are observed.
Indeed, by exploiting the relatively weak contact between
the conduction electrons and the 'H nuclei, which allows
the protons to be sensitive probes of other sources of fluc-
tuating magnetic fields (such as fluxoids), NMR in or-
ganic superconductors can be a powerful technique of
studying the bulk properties of fluxoid dynamics in lay-
ered, type-11 superconductors.

The authors thank T. Imai, C. Klug, S. Barrett, J.
Martindale, K. O’Hara, K. Sakaie, and E. Dean for their
insight and many helpful discussions. This work has been
supported through the University of Illinois Materials
Research Laboratory by a grant from the Department of
Energy Division of Materials Research under Grant No.
DEFGO02-91ER45439 (S.M.D., C.P.S.) and Contract
No. W-31-109-ENG-38 (H.H.W., U.G., JM.W., Ar-
gonne National Laboratory) and the Science and Tech-
nology Center for Superconductivity under Grant No.
DMR 88-09854 (C.P.S.).

[1]1 J. M. Williams er al., Inorg. Chem. 29, 3272 (1990).

[2] A. M. Kini et al., Inorg. Chem. 29, 2555 (1990).

[3]1 L. C. Hebel and C. P. Slichter, Phys. Rev. 113, 1504
(1957).

[4] D. E. MacLaughlin, in Solid State Physics, edited by H.
Ehrenreich, F. Seitz, and D. Turnbull (Academic, New
York, 1976), Vol. 31.

[5] D. E. MacLaughlin, C. Tien, W. G. Clark, M. D. Law, Z.
Fisk, J. L. Smith, and H. R. Ott, Phys. Rev. Lett. 53,
1833 (1984).

[6] For example, C. H. Pennington and C. P. Slichter, in
Physical Properties of High Temperature Superconduc-
tors 11, edited by D. M. Ginsberg (World Scientific,
Singapore, 1990), Chap. 5.

[7]1 F. Creuzet et al., Europhys. Lett. 1, 467 (1986).

[8] T. Takahashi er al., Physica (Amsterdam) 153-155C,
487 (1988).

[9] Y. Maniwa et al., J. Phys. Soc. Jpn. 55, 47 (1986); Y.
Maniwa et al., J. Phys. Soc. Jpn. 58, 1048 (1989).

[10] K. Oshima et al., Synth. Met. A 27, 419 (1988).

[11] T. Klutz, U. Haeberlen, and D. Schweitzer, J. Phys. Con-
dens. Matter 2, 10417 (1990).

[12] U. Geiser et al., Acta Crystallogr. Sect. C 47, 190
(1991).

[13] N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys.
Rev. 73, 679 (1948).

[141 F. Devreux and M. Neichtschein, in Quasi One-
Dimensional Conductors I, Lecture Notes in Physics Vol.
95 (Springer-Verlag, Berlin, 1979), p. 145.

[15] M. Yoshimura et al., Phys. Rev. B 43, 13590 (1991).

[16] T. Klutz, I. Hennig, U. Haeberlen, and D. Schweitzer,
Appl. Magn. Reson. 2, 441 (1991).

[171 Y. lye, T. Terashima, and Y. Bando, Physica (Amster-
dam) 177C, 393 (1991).

[18]1 D. E. Farrell, J. P. Rice, D. M. Ginsberg, and J. Z. Liu,
Phys. Rev. Lett. 64, 1573 (1990).

[19] B. Roas, L. Schultz, and G. Saemann-Ischenko, Phys.
Rev. Lett. 64, 479 (1990).

[20] M. Tachiki and S. Takahashi, Solid State Commun. 70,
291 (1989).

[21] W. K. Kwok et al., Phys. Rev. Lett. 67, 390 (1991).

[22] W. K. Kwok et al., Phys. Rev. B 42, 8686 (1990).

[23] S. S. Maslov and V. L. Pokrovsky, Europhys. Lett. 14,
591 (1991).

[24] S. Doniach, in High Temperature Superconductivity,
edited by K. S. Bedell (Addison-Wesley, Redwood City,
CA, 1990).

[25] M. Lang et al., Phys. Rev. B 46, 5822 (1992).

[26] C. Caroli and J. Matricon, Phys. Kondens. Mater. 3, 380
(1965).

[27] E. Ehrenfreund, I. B. Goldberg, and M. Weger, Solid
State Commun. 7, 1333 (1969).

[28] J. A. Martindale er al. (to be published).

2959



