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Anisotropy of the Upper Critical Field in (TMTSF) 2PF6
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The temperature dependence of the upper critical magnetic fieldHc2sT d in the quasi-one-dimensional
molecular superconductor (TMTSF)2PF6 was determined via resistivity, for the intrachain (a), interchain
(b), and interplanescpd directions. ForH alonga andb, Hc2sTd exhibits pronounced positive curvature
with no sign of saturation to 0.1 K. A novel anisotropy inversion is observed, whereinHb

c2 grows
larger thanHa

c2 and exceeds the paramagnetic limit by more than 200%. The anomalous sha
Hc2sTd is consistent with recent predictions of unconventional behavior in anisotropic supercondu
including the possibility of triplet pairing and reentrant superconductivity in very high fie
[S0031-9007(97)02889-5]
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Studies of organic or molecular conductors based on
tetramethyltetraselenafulvalene (TMTSF) molecule ha
enriched our knowledge of low-dimensional electron sy
tems and have been the source of much new physics s
the discovery by Jeromeet al. [1] of superconductivity in
1979. The linear chain aspect of the crystal structure
poses the system to all the exoticity of low-dimension
and especially one-dimensional, electron physics. T
field-induced spin density wave [2], which contains with
it new aspects of the integer quantum Hall effect, a
a variety of angular magnetoresistance oscillations [3
are but a few examples of new phenomena seen in
Bechgaard salts (TMTSF)2X. Following the discovery
of organic superconductivity, a period of intense activ
ensued, focused on determining the critical parameters
searching for more superconductors based on TMTSF
is derivatives, such as TMTTF (sulfur replacing the se
nium) and BEDT-TTF. These efforts paid off in that the
are now more than 50 molecular superconductors, only
handful of which contain TMTSF [6].

There have, however, been lingering questions conce
ing the symmetry of the superconducting order parame
in the TMTSF system. For example, the possibility
triplet pairing was suggested [7] to explain the strong su
pression ofTc with nonmagnetic impurities [8,9]. Also a
number of papers have suggested that unusual featur
the H-T phase diagram in type II superconductors mig
arise at high fields, due either to field-induced [10] dime
sional crossover [11,12], or low Landau level energet
[13]. The quasi-one-dimensional TMTSF system appe
to be an appropriate one in which to test some of th
models. In spite of the large body of published work
this initial family of organic superconductors, little ha
been reported onHc2 well belowTc. In fact, most reports
concentrated on the anisotropic behavior nearTc [14–17].
In recent work [18], we reported a nonsaturatingHc2sT d
for field close to the intraplane, interchainb0 direction in
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the ambient pressure superconductor (TMTSF)2ClO4, and
found general agreement between theHc2sT d line and a
model expression taken from the dimensional crosso
theory. However, the resistive transition in this “ClO4”
compound was incomplete for fields above,1 T, such
that no strong statements could be made regarding the
temperature limit ofHc2.

In this Letter, we present evidence for unusual beha
ior in the superconducting phase diagram for a sister co
pound, (TMTSF)2PF6 at 6.0 kbar, a pressure sufficient t
suppress a spin density wave and leave a metallic/su
conducting state [19]. From resistance measurements
function of temperature in various magnetic fields, we e
tractTcsHd to 6 T and 0.1 K for field precisely along thre
principal directionsa, b0, andcp. Thea direction is along
the TMTSF molecular chain,b0 is normal toa in the a-b
plane, andcp is normal to thea-b (anda-b0) plane. For
simplicity, we will refer tob0 asb, andcp asc, for the re-
mainder of this Letter. The resulting phase diagram n
Tc0 ­ 1.13 K is consistent with previous results on th
(TMTSF)2X materials [14–17], withHa

c2 . Hb
c2 . Hc

c2.
However, three new features are observed at low temp
ture. The phase diagram displays pronounced upw
curvature without saturation forH k a andH k b, Hb

c2 be-
comes larger thanHa

c2, andHc2 in both these basal plane
directions exceeds the theoretical limit imposed by t
paramagnetic effect of the applied magnetic field on t
susceptibility of the electron spins [20]. When consider
in conjunction with previous observations of a strong su
pression ofTc by nonmagnetic impurities [8,9], and th
close proximity of the superconducting state to a sp
density wave (SDW) state, the possibility of unconve
tional (equal spinp-wave) pairing is raised anew.

The measurements were made in a dilution refrigera
in a split-coil superconducting magnet, the refrigerat
resting on a goniometer which providesex situ angu-
lar rotation s6360±d about the vertical with 0.000 25±
© 1997 The American Physical Society 3555
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resolution. A sample rotator forin situ rotation s6180±d
about a horizontal axis with,0.05± precision is provided
by a stepper motor-driven kevlar string. The sample
its miniature BeCu pressure bomb and the copper in
rotator residein vacuo, thermally linked to the mixing
chamber by a copper rod and,2000 wire copper braid.
The finer angular resolution of the external rotator w
used to eliminate any interlayer componentsH k cd, with
inner rotations used to orient the in-plane directionsa and
b. This way, the small critical fieldfHc2s0d , 0.1 Tg
along c would not affect the in-plane measuremen
For the data here, the alignment alongb is accurate to
within 60.015± with respect toc, and to within 0.1±

with respect toa. For the a-axis measurement, agai
the accuracy is60.015± against c, and ,1± against
b. A measurement current of0.1 mArmss,1025 Ay
cm2d at 77 Hz was employed to monitor the interlay
resistivityrzz . The response was Ohmic with no appare
self-heating effects at this current level.

The temperature dependence of the resistivity for sev
values of magnetic field applied along the intermediateb
direction is shown in Fig. 1. The normal state behav
is metallic in zero applied field, but rapidly changes wi
increasingH, such that≠ry≠T , 0 for H . 1 T. ThisT -
dependence possibly results from an interlayer decoup
effect of the in-plane field. Due to the combination
this negative normal state slope, an intrinsically bro
transition into the superconducting state (in spite of t
cleanliness of the materials), and an incomplete transi
at the highest fields, several criteria will be used to extr
the critical temperature at each magnetic field. The
are shown in Fig. 1, where we define fve temperatu
criteria: an onsetT0, a “junction” TJ , a midpointTM , a

FIG. 1. Interlayer resistance vs temperature for various fie
H k b in (TMTSF)2PF6 at P ­ 6.0 kbar. Five criteria for
TcsHd are depicted,O (onset),J (junction), M (midpoint), X
sR ! 0d, andZ sR ­ 0d.
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zero resistance extrapolationTX (ignoring the tail near
R ­ 0), and a zero resistance pointTZ . In this manner, we
can assess the extent to which the resulting curvesTisIId
representHc2sT d.

Measurements were made in a similar fashion forH k c
andH k a, and Fig. 2 shows a cumulative phase diagra
for all three directions, using the junction criterion. Simila
diagrams result from the use of the other criteria. A la
of saturation inHc2 as T approaches zero can be see
for H k a and H k b. The nonsaturating critical fields
in Fig. 2 result in Hc2 exceeding the paramagnetic, o
Clogston-Chandrasekhar [20], limit by at least a factor
2. This limit is given byHpsT ­ 0d ­ 1.84TcsH ­ 0d
for isotropic s-wave pairing in the absence of spin-orb
scattering, or1.58Tc0 for the case of anisotropic single
pairing [21]. In the present case, these correspond to
and 1.8 T. At low temperature,Hb

c2 . 3Hp for theTO and
TJ criteria, and at least2HP for TM andTX . One striking
result of the positive curvature in the critical field parall
to the b axis can be seen in Fig. 2:Hb

c2 becomes larger
thanHa

c2 above a characteristic fieldHp. The fact that this
anisotropy inversion was not seen previously may be d
to the strong sensitivity ofHc2 to sample alignment in the
magnetic field. For example, a 0.1± tilt of H away from the
b axis, towardc, is sufficient to bringHc2 back belowHa

c2
at low temperature. Another reason may be that the ea
work was done on the ClO4 salt (atP ­ 0), or on the PF6
or AsF6 salts at higher pressure (and thus lowerTc) than
in the present case. The present pressure is very close
critical value for suppression of an insulating SDW phas
and yields a maximizedTc.

Figure 3 serves to demonstrate that the positive cur
ture and anisotropy inversion occur for any resistive cri
rion, showingHc2 along thea andb axes for four criteria

FIG. 2. H-T phase diagram in (TMTSF)2PF6 using the
junction criterion for field aligned along thea, b0, and cp

directions.



VOLUME 78, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 5 MAY 1997

d
t

t

ld
d

a

w

u
ti
n
e
e
le
b
s
t

io
e
o
n
th
n
th
b
o

a
ig
h
le

er
this
ing
FF
ll
of

ed

t

in
]
ual
ing

is

]
is
ta

ain
ith

ng
t

ing

lly
e
ts

he
at
s

r-
.
ta
e
le

ri-
MS
mentioned above. We have fewer data points forR ­ 0,
but note that the inversion still occurs, at,0.35 K. Aside
from a shift of the crossover temperature due to the brea
of the transition, the data sets look similar. The magne
field value at the crossover is essentially independen
criterion, with Hp , 1.6 T. Notice for Ha

c2, we also ob-
serve strong upward curvature without saturation, for fie
aboveHp. The fact that superconductivity for the fiel
along the intermediateb direction is more resilient to the
field than that alonga suggests that the one-dimension
nature of the system is becoming important.

There have been theoretical investigations of lo
dimensional superconductors which may be relevant
the present work. Efetov and Larkin [22] pointed o
that superconductivity could survive in large magne
fields in quasi-1D by having electrons on different chai
form pairs, with total spin equal to one. It was also not
[7] that the relatively high observed critical fields in th
TMTSF materials could be construed as favoring trip
pairing, in that both the dirty and clean limits seem to
applicable. Lebed’ proposed an unusual reentrance of
perconductivity in quasi-1D materials in a strong magne
field, based on a dimensional effect on the orbital mot
of Cooper pairs [11]. If a sufficiently strong field wer
applied in such a way as to constrain electron excursi
between neighboring 1D chains, then orbital frustratio
induced pair breaking is suppressed. In this model,
magnetic field is applied perpendicular to the 1D chai
but within the quasi-2D planes. This corresponds to
b axis in our system. Lebed’s work was extended
Dupuis, Montambaux, and Sá de Melo (DMS) [12], wh
derived a more general gap equation, and showed th
series of first order phase transitions should occur at h
magnetic field, within the superconducting state. In t
Lebed’-DMS theory, reentrance occurs for both sing

FIG. 3. The anisotropy inversion alonga andb0 axes via four
resistance criteria.
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and triplet pairing, but is much more evident for the latt
case. Because Zeeman splitting is unable to suppress
putative reentrance at high field, a singlet superconduct
ground state is expected to be nonuniform, a type of LO
state, after Larkin-Ovchinnikov [23] and Fulde-Farre
[24]. Both Lebed’ and DMS stressed the necessity
accurate alignment in field.

On the other hand, Huang and Maki [25] have analyz
Hc2 data [14] on (TMTSF)2ClO4 in both the clean
and dirty limits, and found that the clean limit withou
Pauli paramagnetism describesHc2sT d along theb axis.
For H k a, a fit to the data of Ref. [14] required the
dirty limit with both Pauli and spin-orbit scattering
terms, with spin-orbit scattering ratet21

SO , 10 50 K.
Another group [26] suggested that an anisotropicd-
wave analysis could explainHc2, using weak coupling
theory for H k b and strong coupling forH k a, with
Pauli but without spin-orbit terms. However, the data
Ref. [14] with which the authors of Refs. [25] and [26
compared their theories do not show any of the unus
effects presented here. The effect of spin-orbit scatter
in our system can be estimated [27] usingt0ytSO ,
sZe2yh̄cd4, where t

21
0 is the transport scattering rate

obtained from the normal state resistivity, andZ is the
atomic number. For TMTSF, the heaviest element
Se, Z ­ 34, and t

21
0 , 0.1 K [7], such that t

21
SO ,

4 3 1023 K. The value required by Huang and Maki [25
in their Hc2 fits is 4 orders of magnitude larger than th
experimental estimate. Thus, it is unlikely that our da
can be explained by strong spin orbit scattering.

There are perhaps other theories which can expl
portions of our data, such as those being developed w
the cuprates in mind. In one paper [28], the pair-breaki
ability of magnetic impurities is shown to weaken a
low temperatures in a layered superconductor, lead
to positive curvature inHc2sT d. Magnetic scattering
should be negligible in our system, however, especia
the out-of-plane kind discussed in Ref. [28], since th
PF6 anion is nonmagnetic. Another theory [29] sugges
that strong positive curvature inHc2 being detected in
some cuprate superconductors for field normal to t
layers is associated with a quantum critical point
T ­ 0. An equation describing this phenomenon wa
derived asHc2sT d , 1 2 ta , with t ­ TyTc and a ­
2y5, and shown to reproduce a small portion of expe
imental data close toT ­ 0 for underdoped cuprates
Surprisingly, it turns out that this equation fits our da
quite well for H k b, over the entire temperature rang
0.1 , t , 1. In spite of this agreement, we are unab
to justify the use of the equation in our system, forH
parallel, rather than perpendicular, to the layers.

One theory which remains consistent with the expe
mental facts presented here is that due to Lebed’ and D
[11,12]. This theory predicts amagnetic field-induced
dimensional crossover for the field in they direction in an
open orbit, quasi-1D superconductor (x-axis chains form-
ing x-y planes). Interlayer motiondz is then confined to
3557
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6z0tzyh̄vc, wherez0 is the third direction layer spacing
tz is the bandwidth alongz, and vc is the semiclassica
Brillouin-zone crossing frequency,vc ­ ez0nFHyh̄. The
dimensional crossover occurs whenvc is comparable to
tz . Using a Fermi velocitynF ­ 2 3 105 mys, interlayer
spacingz0 ­ 1.3 nm, and bandwidthtz between 5 K [12]
and 10 K [5], vc reachestz in a crossover field of 2 to
4 T, the same magnitude as ourHp in Fig. 2. At high
field, vc ¿ tz, such thatdz ø z0, and interlayer motion
is inhibited. As a result, the orbital pair-breaking ter
is weakened, with superconductivity persisting. The n
state is of laminar type, with Josephson-coupled vorti
of a type rather different from that proposed for isotrop
2D superconductors [10]. This theory explains the lack
saturation forHb

c2 and the resulting anisotropy crossov
for Hb

c2 versusHa
c2 as a natural consequence of the dime

sional crossover, which occurs only forH k b. The fact
that the in-plane (a andb) Hc2 exceeds the paramagnet
limit by such a large amount suggests either the possib
of equal spin pairing (i.e.,p-wave) which, in the Lebed’-
DMS theory, provides for a much stronger effect compa
to s-wave pairing, or the formation of a singlet but inho
mogeneous (LOFF) state.

In summation, we have shown that the upper critic
field in (TMTSF)2PF6 displays strong positive curvature
without saturation, for magnetic field aligned along t
a and b directions. Furthermore, despite the fact th
s2dHc2ydT dTc for H k b is smaller than alonga, Hb

c2 ex-
ceedsHa

c2 at low temperature, after an unusual anisotro
inversion at 1.6 T. The critical field in both directions e
ceeds the Pauli limit by at least a factor of 2. All the
facts can be explained by the theory of Lebed’ and DM
which predicts a reentrant superconducting state at a v
high field in quasi-1D systems for precisely the orientati
employed heresH k bd. The possibility of triplet pairing
remains, since impurity and spin-orbit scattering are
pected to be very weak in these clean materials, yetTc is
rapidly suppressed by a small amount of nonmagnetic
fects. Further measurements in higher fields are now
quired to look for the predicted reentrant superconduct
phase, as well as a possible first order [30] transition i
the LOFF state.
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