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Anomalous vortex dynamics in a-[his(ethylenedithio) tetrathiafulvalene]2Cu[N(CN)2]gr:
Evidence for field-induced magnetic order and unconventional superconductivity
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Anisotropic superconducting ilux-line behavior of single-crystal lr-[bis(ethylenedithio)tetrathiaful-
valene] zCu[N(CN)z]Br has been studied with dc magnetization and vibrating-reed (VR) techniques. A peak at

T*(H) in the temperature dependence of the VR inverse quality factor 1/Q exhibits a shoulder for magnetic
fields 0(p,oH(0.5 T parallel to the conducting ac plane. The shoulder becomes unresolved near a kink in

T (H) at /J, DH=O 7T. Disc.ontinuities in 1/Q and the VR frequency shift occur for 0.1~/J, DH~1.3 T applied

perpendicular to the ac plane and temperatures T~20 K, well into the normal state. These anomalies are

preliminary evidence for a field-induced magnetic phase transition and unconventional superconductivity.

Layered organic superconductors continue to be a subject
of intense interest since their perpendicular coherence length
can be a factor of 3 or 4 less than the separation between
conducting layers of organic donor molecules, leading
to nearly two-dimensional superconducting behavior. '
tc-(ET)z Cu[N(CN) z]Br [ET is bis(ethylenedithio) tetrathia-
fulvalene] is particularly intriguing since it has a high super-

conducting transition temperature T,=11.6 K, and exhibits
a very unusual temperature dependence of the upper critical
magnetic field H, z(T).

Anomalous curvature or kinks in H, z(T) can be a signa-
ture of unconventional (e.g. , p or d-wave) p-airing, ' espe-
cially in materials exhibiting competition between magnetic
and superconducting ground states. On the other hand,
they may be caused by anomalous fiux line (FL) dynamics,
as evidenced by the "vortex lock-in transition" (i.e.,

abrupt alignment of the magnetic induction parallel to
the conducting ac planes) recently observed for
Ic-(ET)zCu[N(CN)z]Br. ' The relative importance of these
two mechanisms for the unusual properties of
K-(ET)zCu[N(CN)z]Br remains controversial.

We have investigated tc-(ET)zCu[N(CN)z]Br by use of
the vibrating-reed (VR) technique, which is a powerful probe
of FL dynamics, involving measurement of the flexural os-
cillations of a thin rectangular reed clamped at one end in
cantilever geometry. ' "When a vibrating reed is loaded on
its free end with a superconducting sample and is subjected
to applied magnetic fields, diamagnetic surface currents
flowing in the sample produce a magnetic restoring force that
leads to an increase /J.f in the resonant frequency f compared
to its normal state value fo with decreasing temperature (see
Fig. 1).A maximum in dissipation (= inverse quality factor
1/Q) is usually observed at temperatures and fields near or
below H, z T). ' The /J f/f and 1/g anomalies can be
explained ' as characteristics of a boundary "depinning

line" ) between mobile and immobile ("pinned") regimes of
FL behavior, although their precise origin (e.~., FL lattice
melting vs depinning) remains controversial. '

Four samples of tr-(ET)zCu[N(CN)z]Br used in this work
were prepared by electrocrystallization techniques described
elsewhere ' representative data for two samples ("B"and
"F")will be presented here. X-ray-diffraction data indicated
that sample 8 was an orthorhombic single crystal with lattice
parameters a = 12.932(2), b= 29.938(4), and c = 8.529(1)
A, whose major faces were (010) and (101], where the

(010} faces are parallel to the ac plane. Sample F was of
polycrystalline structure, but VR and structural data indicate
that it was highly aligned along the b direction.

Each sample (thin plate of mm dimensions) was mounted
on a single-crystal Si reed (dimensions =1 cmx1 mm
X80 pm) by use of Apiezon vacuum grease. "' The sample
conducting ac plane was fixed parallel to the reed axis, which
was either parallel ("longitudinal"; see inset of Fig. 3) or
perpendicular ("transverse"; see inset of Fig. 4) to the ap-
plied dc magnetic field. ' The superconducting properties
of samples B and F (and two other crystals not described
here) were found to be reproducible and very similar, al-
though a small VR signal precluded the acquisition of good
data for sample B in the transverse geometry. dc magnetiza-
tion measurements were performed on sample F in a trans-
verse orientation using a vibrating sample magnetometer.
The first penetration field Hp(T) ( ( H„, the lower critical
field) was determined as the field for first deviation from a
linear diamagnetic magnetization M vs H, starting from a
zero-field-cooled state. H, z(T) was determined from a
marked change in slope in M vs T after zero-field cooling
and the application of a modest transverse field. The irre-
versibility line H;„,(T) was determined from the onset field
of hysteresis in isothermal magnetization curves.

Longitudinal VR data for both samples exhibit a "high-
field regime" (Fig. 1, top), and a "low-field regime" (Fig. 1,
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FIG. 2. Main peak at T*(H) (solid squares), corresponding
shoulder (open squares), and marginally resolved shoulder (open
diamonds) in inverse quality factor 1/Q for temperature (T) sweeps
for sample F in the longitudinal geometry. The onset of the 1/Q
anomaly and the NMR relaxation peaks (Refs. 9 and 27) are shown

for the transverse geometry. The dashed and dotted lines denote

H, z(T) (Ref. 3) in the longitudinal and transverse geometries, re-

spectively. Kinks in p, OH, (zT) near 1 T are marked by the arrow.
The solid line is a guide to the eye.

T(K)

FIG. 1. "High-field" (top: poH= 1.38 T) and "low-field" (bot-
tom: poH=0. 19 T) data for the relative frequency shift 5f/f and

the inverse quality factor 1/Q versus temperature T for sample B in

the longitudinal geometry.

bottom). A distinct, reproducible shoulder is present on the
low-temperature side of the low-field dissipation peaks. The
shoulder either vanishes or becomes unresolved near tem-
peratures and fields where a pronounced change in slope or
"kink" appears in T*(H), defined as the position of the
main dissipation peak in the H-T diagram, shown in Fig. 2.

The kink in T*(H) is qualitatively similar to an abrupt
change in the slope of H, z(T) at p, oH=1 T (at T=T,
)T*), as observed in dc magnetization measurements;
moreover, our data demonstrate that there is important struc-
ture in the H-T phase diagram below H, 2 that has not been
detected previously for K-(ET)zCu[N(CN)z]Br. The anisot-

ropy ratio R=HI/H~ for H, z measured for applied field
parallel and perpendicular to the conducting plane, respec-
tively, increases by a factor of -6 as p,pH 2 increases
through 1 T, which Kwok et aI. attribute to a transition from
anisotropic, three-dimensional, bulk superconductivity to
two-dimensional, Josephson-coupled superconductivity. As-
suming Kwok et al. measured the true equilibrium phase
boundary (H, z), the similarity between the character and
field values of the kinks in poH, z=1 T (see Ref. 3 for
details) and T* (p&H=0. 7 T) suggest that the latter is not a
simple consequence of FL pinning or diffusion (generally
dominated by sample size and defects), but may signal a new
phase transition.

Double dissipation peaks have been observed in
conventional, ' as well as organic and high-T,

superconductors, ' ' where they were attributed to aniso-
tropic Aux-line diffusion modes or the successive decou-
pling and melting of two-dimensional, "pancake" vortices.
However, shoulders or double peaks in I/Q vs T may also
indicate a mixture of two superconducting phases present in
our samples. In particular, the T, of a-(ET)zCu[N(CN)z]Br
is reduced by approximately 1 K by rapid cooling, possibly
due to incomplete ordering of the ethylene groups, or as a
consequence of small stresses induced by mounting samples
with insulating varnish or vacuum grease. ' A phase mixture
could also result if phase transitions reported ' near 20 and
80 K are incomplete.

We have performed field-sweep experiments in the longi-
tudinal geometry to determine if the higher-temperature
I/Q crosses the shoulder at the kink in T*(H), which would
be evidence for a spatially segregated phase mixture exhib-
iting two independent T, 's and H, z phase boundaries. The
main dissipation peak in field-sweep data occurs at a point
H*(T) consistent with the temperature-sweep peaks at
T*(H), as shown in Figs. 1—3 (the large width of the main
peak could hide another anomaly corresponding to the shoul-
der in the temperature sweep data). A reproducible second
anomaly is present on the high-field side of the dissipation
peak, but its location in the H-T phase diagram places it at
fields approaching H, z(T). Note that the second dissipative
anomaly measured in field sweeps is accompanied by a cor-
responding second anomaly in frequency shift (Fig. 3),
which is not observed in temperature sweep data (Fig. 1).We
cannot entirely rule out crossing T* anomalies derived from
spatially distinct regions of the samples if unusually large
hysteresis (T vs H) effects are present in our measurements
and the higher-field anomaly is not a signature of H, 2.

Temperature sweeps carried out in the longitudinal geom-
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FIG. 5. Magnetic field H versus temperature T phase diagram
for sample F in a transverse orientation. The open diamonds,
squares, and circles denote the upper critical magnetic field H, 2,
first penetration field H&, and irreversibility line H;„, respectively,
from dc magnetization measurements. Resolved peaks (solid
squares), discontinuities (solid triangles), onsets (vertical bars), and
low-temperature limits (arrows) are shown for anomalies in the VR
inverse quality factor 1/Q.
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FIG. 3. Relative frequency shift Af/f and inverse quality factor
1/Q versus magnetic field H for sample 8 in the longitudinal ge-
ometry (see lower inset) at T=7.71 K.

etry in the low-field (Fig. 1, bottom) and high-field (Fig. 1,
top) regimes revealed no measurable temperature hysteresis
below T*(H). A longitudinal reed exhibited no measurable
field hysteresis below the peak in I/g, defining H*(T),
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FIG. 4. Relative frequency shift 5f/f and inverse quality factor
1/Q versus magnetic field p, oH for sample F in the transverse ori-
entation (see inset) at T=6.76 K. The line is a guide to illustrate a
discontinuity.

while some hysteresis is detected in I/Q above H*, and in

Df/f at H)1 T (Fig. 3). This high-field hysteresis is in
contrast to measurements of other materials interpreted with
vortex diffusion models ' (which would generally predict
low-field hysteresis below H*), and could indicate a field-
induced phase transition near 8*.

The possibility of a magnetic phase transition is rein-
forced by observations of a discontinuity in Af/f and 1/g
for both samples in field sweeps performed in the transverse
geometry, as shown in Fig. 4. %e did not observe the discon-
tinuity in any measurement taken in the longitudinal geom-
etry or in temperature sweeps, but found it to persist from 4
K to at least 20 K (above T,), precluding its explanation as a
vortex pinning anomaly. We performed several VR and
magnetic-susceptibility measurements on the empty Si reeds,
vacuum grease, and piezo transducers used in this study to
rule out a spurious origin of the discontinuity.

The discontinuity could be due to a field-induced mag-
netic transition, such as the predicted "field-induced spin-
density wave, "occurring when a magnetic field applied per-
pendicular to the conducting plane (i.e., our transverse
geometry) provides a sufficient increase in anisotropy. Ther-
mal expansion anomalies at —80 K and -20 K have been
observed by Kund et al. , which could indicate the develop-
ment of a density wave or weak magnetic order at zero
applied field. Welp et al. reported an antiferromagnetic
transition near 45 K and a weakly ferromagnetic state
below 22 K which seems spatially mixed with stress-
sensitive superconducting regions below T,=12.6 K for
Ic-(ET)2Cu[N(CN)2]C1. Reentrant superconductivity in
the presence of magnetic order also has been detected in the
Cl material at very low applied pressures. Therefore,
Ir-(ET)2Cu[N(CN)z]Br might also be expected to have a
mixture of normal and superconducting domains below 11 K,
whose extent is stress dependent and thermally hysteretic.
The threshold fields (0.1—1.3 T) of the discontinuities are
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sample dependent and nearly independent of temperature
(see Fig. 5). Some scatter in the data might result from a
hysteretic reconfiguration of normal and superconducting do-
mains in samples warmed above the phase transitions at 20
and 80 K between experiments.

The anomalies in b,f/f and 1/Q are broad in the trans-
verse geometry, refiecting the shallow slope of T*(H) in this
orientation. Vibrating-reed and dc (zero-field-cooled) magne-
tization data taken for the same sample reveal that the dissi-
pation line T*(H) lies well below H, 2(T), demonstrating
that an extended region of reversibility with highly mobile
vortices exists above T*(H), as shown in Fig. 5. The large
discrepancy between our H, z(T) data and those of Kwok
et al. (Fig. 2) for different samples is not presently under-
stood; however, it may be related to the short b-lattice pa-
rameter (0.08 A samller than published values') measured
for sample B.

The T*(H) line traced out by the VR dissipation peaks
lies very close to published anomalies in NMR relaxation
rate T, ' (Refs. 9 and 27) (see Fig. 2), which were tentatively
attributed to local field fluctuations induced by vortex dy-
namics. Our VR data are strong evidence that the NMR and
VR data are indeed caused by the same vortex behavior.
However, a puzzle remains concerning the agreement be-
tween the NMR and VR data for T*(H) for H!!b, given the
very different time scales sampled in the NMR (10 —10 Hz)
and VR (10 —10 Hz) experiments. The apparent lack of
frequency dependence of the transverse dissipation anoma-

lies casts doubt on the existence of a simple FL diffusion
mechanism acting over a range of hopping time scales.

We note that the first penetration field H (T) inferred
from zero-field-cooled dc magnetization data in the trans-
verse orientation (Fig. 5), and the transverse H, 2(T) data of
Kwok et al. (Fig. 3) both appear to exhibit an abrupt change
in slope, and suggest that the kink in longitudinal T* and
H, 2(T) data are not a consequence of a FL lock-in effect
(which is an artifact of the longitudinal orientation). We pro-
pose that the opposite curvatures of the transverse and lon-
gitudinal H, z data of Kwok et a(. and the abrupt increase in
R for H=0.7 T are evidence for the onset of strong, aniso-
tropic Pauli limiting behavior for H~!b due to the onset of a
field-induced magnetic state for H~1 T. Furthermore, such
H, 2(T) behavior, the kink in T*(H), the field-induced tran-
sition, and the strain sensitivity of the superconducting prop-
erties constitute evidence for a unconventional superconduct-
ing order parameter, since they correspond to similar
characteristics of the heavy-fermion superconductor
UPt3. '
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