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Unusual temperature dependence of the London penetration depth in all-organic
b9-„ET…2SF5CH2CF2SO3 single crystals
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The temperature dependence of the in-plane,l i(T), and interplane,l'(T), London penetration depth was
measured in the metal-free all-organic superconductorb9-(ET)2SF5CH2CF2SO3 (Tc'5.2 K!. Dl i(T)}T3 up
to 0.5 Tc , a power law previously observed only in materials thought to bep-wave superconductors.l' is
larger than the sample dimensions down to the lowest temperatures~0.35 K!, implying an anisotropy of
l' /l i'4002800.
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Despite intensive study, neither the pairing mechan
nor the symmetry of the order parameter has been con
sively established in organic superconductors of
k-(BEDT-TTF)2X class.~Henceforth ‘‘BEDT-TTF’’ will be
abbreviated as ‘‘ET.’’! For the most thoroughly investigate
materials, k-(ET)2Cu(NCS)2 (Tc'9.5 K! and
k-(ET)2Cu@N(CN)2#Br (Tc'12 K!, there is some evidenc
for d-wave pairing.1,2 However, recent penetration dep
measurements revealed an unusual fractional power
variation, Dl(T)}T3/2, unlike that of any other
superconductor.2 While this exponent is consistent with
three-fluid model,3 it is also suggestive of a magnetic exc
tation. In this paper we report penetration depth meas
ments inb9-(ET)2SF5CH2CF2SO3, a recently synthesized
all-organic superconductor free of metallic ions and in wh
magnetism is likely to be negligible. This material is
strongly two-dimensional, extreme type-II superconduc
with Tc'5.2 K. It is metallic between 10 and 150 K an
semiconducting from 150 and up to 410 K.4 The upper criti-
cal field parallel to the conducting planes exceeds the P
limit by 18%, raising the possibility of either an inhomog
neous pairing state5,6 or a spin triplet order parameter.7 We
determine the London penetration depth for supercurre
both along (l i) and perpendicular (l') to the conducting
planes. The penetration depth is extremely anisotropic, w
l' roughly 800 times larger thanl i . Notably,l i}T3, which
might imply an energy gap with nodes, but it is difficult
reconcile with eitherp- or d-wave models in two dimensions
We suggest that this power law may arise from the unus
phonon spectrum in this material.

Single crystals ofb9-(ET)2SF5CH2CF2SO3 were grown
at Argonne National Laboratory by an electrocrystallizati
technique described elsewhere.8 The high-conductance lay
ers correspond to theab plane and thec* axis is normal to
the planes. This designation is similar to cuprates, while
ferent from thek-(ET)2X materials. The room-temperatur
interplane resistivity is roughly 700V cm while the in-plane
0163-1829/2001/63~5!/052506~4!/$15.00 63 0525
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resistivity is about 0.2V cm.9 Two crystals—0.530.530.3
mm3 and 0.830.630.3 mm3—were used for measurement
Each had a transition temperature of approximately 5.2 K
third crystal was used to measure the absolute penetra
depth. The penetration depth was measured with an 11 M
tunnel-diode drivenLC resonator.10 Samples were mounte
on a movable sapphire stage with temperature controlla
from 0.35 to 50 K. The low noise level,D f min /f0
'5310210, resulted in a sensitivity ofDl<0.5 Å for our
samples. An rf field of magnitudeHac'0.03 Oe was applied
either perpendicular to the conducting planes to pro
Dl i(T) or along thea axis to probeDl'(T). The entire
cryostat was surrounded by a triplem-metal shield that re-
duced the stray dc field to less than 0.005 Oe. Small va
of magnetic fields and perfect reversibility ensure that
samples were in the Meissner state and that the obse
results are not due to vortices.

The resonator frequency shift due to the superconduc
sampleD f [ f (T)2 f 0 is given by10

D f

f 0
5

Vs

2V0~12N! S 12
l

R
tanh

R

l D , ~1!

where f 0 is the frequency in the absence of a sample,Vs is
the sample volume,V0 is the effective coil volume, andN is
the effective demagnetization factor. The apparatus
sample-dependent constantD f 0[Vsf 0 /@2V0(12N)# was
measured by removing the sample from the coilin situ.10 For
l!R, tanhR/l'1, and the change inl with respect to its
value at low temperature isDl52d f R/D f 0, where d f
[D f (T)2D f (Tmin). In the parallel orientation (Hiab) we
had to use the full expression Eq.~1! to estimatel' due to
the weak screening in that direction.

Figure 1 shows the frequency variation measured in t
orientations for zero dc magnetic field. For (Hiab) the rf
screening is controlled byl'(T) and is much weaker than in
the (Hic* ) orientation, where the relevant screening leng
is l i(T). Since all three crystal dimensions were rough
©2001 The American Physical Society06-1
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comparable, this indicates thatl' is several hundred time
larger thanl i . The inset shows an expanded view of t
D f'(T) curve. From the total frequency variation and usi
Eq. ~1! we estimatel'(0)'800 mm.

To date, there have been no reported measurements o
zero-temperature penetration depthl i(T50). We recently
developed a new method to determinel i(T50) that relies
upon the change in screening of an Al-coated sample as
temperature is reduced from aboveTc(Al) to below
Tc(Al).11 The inset to Fig. 2 shows the data obtained in
single crystal of Y Ba2Cu3O72d ~Y-Ba-Cu-O!. The method
yields a value of 0.14560.01 mm, which is within 5% of
literature values. The mainframe of Fig. 2 shows the met
applied tob9-(ET)2SF5CH2CF2SO3. SinceTc of this mate-
rial is only 5.2 K, its penetration depth is still changing

FIG. 1. Frequency variation in parallel (D f') and perpendicular
(D f i) orientations of the magnetic with respect to superconduc
layers. Usual notation in terms of current flow is used. Inset:
panded view ofD f'(T). Note substantial difference in shieldin
ability for two orientations.

FIG. 2. Measurements of the absolute value ofl i(0) in
b9-(ET)2SF5CH2CF2SO3. Inset: Same technique applied to Y-B
Cu-O.
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0.35 K and the method is less reliable than for cuprate
perconductors. We estimate a value ofl i(T50)5122 mm,
in rough agreement with values for other ET compound2

and leading to an anisotropy of 400–800. Our measurem
provide only the average ofDl i(T). Microwave conductiv-
ity measurements revealed a small in-plane anisotropy of
proximately 1.35 with a maximum along theb axis.4

Figure 3 shows the low temperature variation ofDl i(T)
observed in two samples ofb9-(ET)2SF5CH2CF2SO3. Data
for sample 2 is offset for clarity. The horizontal axis isT3

showing thatDl(T)}T3 with a slope of 0.07mm/K3. The
cubic power law is obeyed up to;Tc/2. The Al-coated
sample, shown in Fig. 2, also showedDl(T)}T3, but below
Tc(Al) the signal from b9-(ET)2SF5CH2CF2SO3 is
screened by the Al coating. Both then53 exponent and the
wide range over which it holds are unusual and have
been observed in cuprate superconductors. To highlight
differences among superconductors, we plot in Fig. 4
normalized low-temperature variation of the penetrat
depth in k-(ET)2Cu(NCS)2 ~uppermost curve!,
b9-(ET)2SF5CH2CF2SO3 ~middle curve!, and polycrystal-
line Nb for comparison. Solid lines are the fits toT3/2, T3,
and ApD(0)/2T exp(2D(0)/T) variations. All data were
taken in the same apparatus.

It is possible thatb9-(ET)2SF5CH2CF2SO3 has an ex-
tremely anisotropics-wave order parameter and theT3 varia-
tion is an effective, intermediate-temperature power law t
only holds above the low-temperature exponential regi
Our numerical calculations show that anisotropics-wave
states, at least in weak coupling, do not exhibit aT3 variation
over any extended range. In fact, the data in Fig. 3 show
slight downwarddeviation fromT3 at the lowest tempera
tures, implying a decrease in the exponent—just the oppo
of exponential suppression. Strictly speaking, it is the pow

g
-

FIG. 3. Dl i(T) measured in two different crystals.~Data for
sample 2 are offset for clarity.! Solid lines show fits toT3 power
law.
6-2



lly
-

aw
e

e

r
u

rr
er

in
e
e

a
ial

h

s
c

cu-

the

en-

ging

ples
-
on-
the

ty
n
a
bly

lo-

d
m-

-
ce
g

ed.
ong-
nce

of
a

us a
ove

of
rec-

that
on
We
in

e

ns

Illi-
the

ci-
o.

sity
Pe-

BRIEF REPORTS PHYSICAL REVIEW B 63 052506
law variation of the superfluid densityrs that is most directly
related to the structure of the gap.Dl i(T) is the measured
quantity and its temperature variation only asymptotica
approaches that ofrs . The superfluid density versus tem
perature was calculated fromDl i(T) for l i(0)50.5, 1, 2,
and 5mm. In each case, we found that a cubic power l
remained the best fit, although the range over which it h
was reduced for smaller choices ofl i(0).

It is also possible that a small tilt of thec* axis relative to
the field may induce interplane supercurrents and creat
admixture of bothl i(T) and l'(T) in the data. If the ap-
plied field is tilted byu relative to thec* axis the additional
contribution to the observed frequency shift is given by10

D f tilt5
f 0Vs

2V0
S 12Fl i

d
1

l'

w G D sin2~u!. ~2!

The alignment was checked at room temperature by
peatedly attaching a sample to the sapphire rod with vacu
grease and measuring the divergence of a laser beam
flected off the sample surface. The average alignment e
was never more than 2°. To be conservative, we consid
a misalignment of 5° and using the data forDl'(T) from
Fig. 1, calculated a maximum misalignment error of 4%
our determination ofDl i(T) versus temperature. This valu
is too small to change our conclusion about the presenc
an n53 exponent.

A T3 variation of l i is unusual, but was predicted for
three-dimensionalp-wave superconductor with an equator
line of nodes: the so-called polar state withD( k̂)
5D0(T) k̂• l̂ .12,13 Here, l̂ is the axis of gap symmetry, whic
must lie parallel to the vector potentialAW in order to obtain a
cubic power law. Ifl̂ is perpendicular toAW the dependence i
linear in T. The relevance to our data is questionable sin

FIG. 4. Comparison of the temperature variation ofDl i(T) in
different systems. From bottom to top: polycrystalline Nb~solid
line is a fit to a standard weak-couplings-wave BCS low-
temperature expansion with D(0)/Tc51.76);
b9-(ET)2SF5CH2CF2SO3 ~solid line is a fit to T3);
k-(ET)2Cu(NCS)2 ~solid line is a fit toT3/2).
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b9-(ET)2SF5CH2CF2SO3 is strongly two dimensional and
both d- andp-wave states must have line nodes perpendi
lar to the ab plane, giving a linearT dependence. AT3

dependence would then require an angular variation of
gap near the node,D(f)}f1/3, for which there is no obvious
justification. Previous tunnel-diode measurements of the p
etration depth inUPt3, believed by many to be ap-wave
superconductor, revealed intermediate exponents ran
from n52 – 4 depending upon surface preparation.14 How-
ever, lower-frequency measurements on the same sam
gave lower power laws (n51 – 2) for reasons not under
stood, but possibly related to surface dissipation. Superc
ducting quantum interference device measurements of
penetration depth in the heavy fermion material UBe13 gave
n52, which could arise either from point nodes or impuri
scattering.12,13,15 The latter might be an issue i
b9-(ET)2SF5CH2CF2SO3 since, at the low end, our dat
show a slight tendency toward a lower power law, possi
n52. Recent measurements in Sr2RuO4, also thought to be a
p-wave superconductor, have shownl'T3 in one sample,
attributed to a combination of impurity scattering and non
cality in a superconductor with line nodes.16

b9-(ET)2SF5CH2CF2SO3 is an extreme type-II material an
nonlocality is unlikely to be an issue until one reaches te
peratures of order (j/l)Tc'0.05 K.17 Finally, on general
groundsp-wave pairing is favored in materials with a ten
dency toward ferromagnetism, for which there is no eviden
in this material. Although the discovery of a new pairin
symmetry is appealing,b9-(ET)2SF5CH2CF2SO3 is suffi-
ciently complex that other possibilities should be consider
Recent heat-capacity measurements suggest a str
couplings-wave BCS state. They also indicate the prese
of optical modes in the 20–40 K energy range.18 Some time
ago, it was shown theoretically that with the coupling
electrons to low frequency, localized vibrations can give
temperature dependence to the effective mass and th
power law to the London penetration depth over and ab
that due to the superfluid fraction.19 For example, a phonon
density of statesg(E) varying asE2 may give rise to aT3

power law for ans-wave superconductor in the absence
vertex corrections. Under most circumstances vertex cor
tions raise the power toT5 making the effect extremely
small, but this may not be true here. Our data suggest
strong-coupling calculations involving a realistic phon
spectrum may be relevant for organic superconductors.
also wish to stress the desirability of NMR measurements
b9-(ET)2SF5CH2CF2SO3 to help determine the parity of th
order parameter.
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