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It has been suggested that the strong upward curvature and large enhancemehtaxishaitical fields in
(TMTSF),PF; are the result of a magnetic field-induced dimensional cros4&¥BC) effect. In this paper we
present a critical test of the FIDC for this material at a pressure of 5.7 kbar. Decoupled two-dimensional layers
should exhibit a cusp i, vs angle neaH parallel to the layers. Rather we see no cusplin(6) and the
anisotropy decreases as temperature is reduced. Our data, in this pressure regime, are more consistent with a
recently proposed insulator-superconductor slab model.
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The Bechgaard salt§quasi-one-dimensional systems When a magnetic field is applied along theaxis, the
continue to serve as model systems for many theories aflectrons will undergo open orbit motion in tkec plane,
interacting electrons in reduced dimensions. Among themextended along and oscillatory along the direction. The
(TMTSF),PF;s is one of the most intriguing systems, since it gscillation amplitude along is obtained as @t, /% w, where
exhibits many different physical properties, from 'nSUIat'ngth=eHcUF (c, t.,ve are the lattice constant and hopping

to unconventional superconductinglepending on the ap- integral along thec axis, and the Fermi velocity, respec-
plied magnetic field, the temperature, and the pressure. . :
Recently, it has stired interest as a possible triple ively). Note that the amplitude of oscillatory electron mo-

superconductdt:® Magnetic fields destroy the superconduct- tion is inversely proportional t_o the applied magnetic field. In
ing state by two independent mechanisms. There is a spiah e€xtremely strong magnetic field .>t.), the electron
effect from Zeeman splitting, which restricts the critical field wave function shrinks to less than an interlayer spacing and
of a spin singlet superconductor to the Pauli litdit (Ref.  the electrons reside within singeb planes. This is an ef-
10) (V2ugHp=1.76&kT,). There is also an orbital effect as- fective dimensional crossover from three-dimensio(3d)
sociated with the induced currents generated to screen thgands to discrete 2D layers. Under this condition, the energy
external field, which is an effective pair breaker for both|oss from interlayer currents screening the applied field along

paper is the origin of the apparent lack of orbital pair break-

P . neffective. Therefore, the superconducting critical tempera-
ing in (TMTSF),X, as evidenced by a large enhancement 0{ture can even recover its zero-field value in an extremely
the upper critical field, which persists up to four times the L . . .
Pauli limit with strong upward curvature in the temperatureStrong magnetic field, if no other_destruct!ve limits to_the
dependencé® While pair breaking due to the Zeeman effect SUPerconductivity are present. This FIDC is thus predicted
can be lifted either by triplet pairing or, to some extent, byt® occur, in a semiclassical picture, whert;Ziwc~1.
the formation of Larkin-Ovchinnikov-Fulde-FerrglLOFF) ~ Considering a realistid. ranging from 5 to 10 K for
state!* 2 a field-induced dimensional crossou&DC) ef-  (TMTSF),PF;, the required magnetic field for the FIDC ef-
fect proposed by Lebed and oth¥r¥ allows Cooper pairs fect (a decoupling fieltican be obtained ag,Hq~4-7T
to overcome the orbital pairbreaking effect. A possible rolefor Hilb, which appears to be consistent with our experimen-
of the LOFF state in (TMTSEPF; is very slim as noted tal observations in a sense that superconductivity was found
previously>® Moreover, unusually high critical fields and the to persist(up to 9 T) above this estimated decoupling fiéld.
absence of a resonant frequency shift in nuclear magnetic The angular dependence kf, was considered theoreti-
resonancéNMR) Knight shift experiments strongly suggest cally by Lawrence and Doniaéhfor anisotropic 3D super-
spin triplet pairingt® Therefore, to describe the unusual su-conductor, and by Tinkhatfifor a thin film (2D) supercon-
perconductivity in (TMTSF)PF;, both triplet superconduc- ductor. A major difference between these two models is that
tivity and strong suppression of orbital superconducting frusH.,(6) has a smooth bell shaped dependence near the par-
tration are essential. allel field configuration in the 3D(anisotropic effective
The band structure of this highly anisotropic quasi-one-mas$ model, while it has a cusp in the 2D model. Schneider
dimensional system can often be simplified to a tight-bindingand Schmidf calculated the angular dependence Hf,
form, E(k)= —2t, cosk,a)—2t, cosk,b)—2t.cosk.c) with  with various interaction strengths between thin supercon-
the transfer energy integrals given ast,#t,:4t.  ducting slabs and obtained the same two results at extreme
=1:0.1:0.003 e\t The anisotropy in conductivity is limits. The characteristic of decoupled 2D, cusp behavior has
04:0,:0.=10°10%1. The resulting Fermi surface consists been confirmed experimentally in many highly anisotropic
of a pair of slightly warped sheets, opened alongkp@nd  superconductors such as the high-compound Bi-Sr-Ca-
k. directions. Cu-O (Ref. 20, the artificial multilayers Nb/CuMn(Ref.
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7 8 where we used the measured slopes Aear— duoH2,/dT
H/b P=5.7 kbar _ _ b _ _ c

ol =5.91T/K, —dugH,/dT=2.65T/K, and —dugH /T
=0.15T/K. Considering Huang and Maki's estimafe,

51 ta/t,=4.7 and t,/t;=25.3, on a sister compound
(TMTSF),CIQ,, it is likely that our system (R} has larger

4 o interlayer anisotropy, which is consistent with our observa-

tion that the PE system at 5.7 kbar is closer to the SDW
phase in theP-T phase diagram. By using the Ginzburg-
ol Landau relationH,(0)= ¢o/27&;(0)£,(0) wheredy is the

flux quantum and;(0) is the coherence length along tik

1L Hile direction at zero temperature, the anisotropic coherence
k“\g\‘\*\m » lengths can be obtained &5(0)=67 nm, &,(0)=30 nm,

00 03 06 09 12 and&:(0)=1.7 nm.

The temperature dependence of the upper critical field
shown in Fig. 1 appears to be understandable qualitatively

FIG. 1. Upper critical fields along three principal axes areWithin the field-induced dimensional crossover or decoupling
shown with filled circles, open circles, and triangles for the appliedscenario. At low field, the slope of the upper critical field
field along thea, b, andc axes, respectively. The inset shows zero along a is higher than that alongb, or Hc(Hla)
field resistance that has an upturn hel® K due to an SDW phase. > ch(H”b), as expected from the normal state anisotropy'

When the in-plane magnetic field increases, the supercon-
21), and a quasi-two-dimensional organic superconductofycting planes become less strongly coupled and thus less
x-(BEDT-TTF),Cu(SCN),.?* Here we present similar stud- susceptible to orbital frustration. The most effective decou-
ies on a single crystal of (TMTSEPF; at 5.7 kbar as a test  pling occurs with a magnetic field aligned along thexis
for the proposed dimensional crossover scenario. We expegither than the axis, due to the large in-plane anisotropy,
an anisotropic 3D effect for small critical fields n€Bf(H  which likely leads to the crossover in the upper critical field
=0) and a 2D cusp as the layers decouple in high fields. curves shown in Fig. 1. The decoupling field withia,

A black needlelike single crystal was mounted inside aH ,(a), should scale roughly with the transfer energy ratio,
miniature clamp-type BeCu pressure cell, 7.6 mm diameteq (a)~Hy(b) t,/t,. Thus the decoupling field along tlae
and 12.7 mm long. A flipper rotator with the pressure cellaxis requires five to ten times the field strength that would be
attached was mounted on the bottom of the mixing chambefieeded for theb axis. Upon further increase of magnetic
of a dilution refrigerator. A goniometer on which the I’efl’ig- f|e|d’ ch(b) surpasses the Pauli limit and appears to diverge
erator rests provides horizontal rotation with an angular resonear zero temperature. The system, still in reality under a
lution of 0.0025° and an internal String-driven Stepper motorweak orbital pair breaking effect given the app“ed f|e|d,
controlled vertical rotator allows us to position our sampleywould need much higher magnetic fields than those used to
with an angular resolution of 0.05° inside a split coil super-achieve the ultimate reentrance of superconductivity pre-
conducting magnet. The dual axis rotation enabled us to origicted by Lebed. We have previously shown that the critical
ent our sample in any directian situ, which plays an im-  fig|d Hco(HIb) exceeds the Pauli fieldupH,~2T) by
portant role in our study. Electrical contacts were made Ofngre than a factor of fol.
the a-b plane using silver paint and gold wires for standard  One of the most unusual observations, however, is that a
four probe interlayer electrical transport measurementsstrong upward curvature in the temperature dependence was
Fairly low ac current densities of 10" * Alen? (<1 uA)  found with a magnetic field aligned along tbexis, perpen-
with low frequencies ranging from 19 to 314 Hz were em-gijcular to the conducting layer and thus the worst field con-
ployed. The pressure of 5.7 kbar was determined at low temfigyration for the dimensional crossover to occur. In addition,
perature, using the measured differenc&drof Pb fromtwo it is worth pointing out thatH, alongb starts to deviate
ac susceptibility coils located inside and outside the pressufgom conventional behavior even at a very small magnetic
cell. field®>—well below 1 T, which is too small to be accounted

The temperature dependence of the resist&(dg at5.7  for by the decoupling effect. Note thafoHq(HIlb)
kbar has a minimum arodn3 K due to a Spin'denSity wave —4_7T. These unexpected findingsy in view of the sug-
(SDW) transition, followed by sharp drop at 1.2 K upon gested decoupling effect, led us to question the validity of
cooling, indicating the superconducting transition as showRne FIDC effect in (TMTSF)PF;.
in the inset of Fig. 1. The critical temperature at fixed mag-  The angular dependence of the upper critical field in the
netic field is defined by a 10% drop from the peakR(iT)  p-c plane, from perpendicular to parallel to the conducting
curves[R(T;) =0.9Rpad. Our obtainedH-T phase diagram  pjane, is shown in Fig. 2. In the bottom partg},(6) curves
is shown in Fig. 1 for fields along the three principal axes.are shown aff=0.75 and 0.8 K in open and filled circles,
We note that the temperature dependenceigfis not sen-  respectively. The lines connecting experimental data are cal-
sitive to the criterion used to defifi(H).® From the equa- culated from the 3D model by using measured critical field
tion obtained by Gor’kov and Jeromigwe estimate the ratio values along thé and ¢ axes. No other fitting parameters
of transfer energy integrals dg/t,=4.3, andt,/t.=35.3 were used in the calculation. The inset shows a magnified

magnetic field(T)

temperature(K)
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by thec-axis value aff=0.07 and 0.75 K. Inset shows the tempera-

FIG. 2. Angular dependences of the upper critical fields fromtyre dependence of the critical field ratid ,(b)/Hc(c), or the
measurementésymbols and calculationglines). Data are taken at anisotropy ratioyy, .

(@ T=0.07K and(b) T=0.75 and 0.8 K(shown with open and

closed circles, respectivelyLines through symbols in the main . L . . .

figures are obtained from calculations using the anisotropic effect0 form a series of self-dividing interfaces in a magnetic

tive mass model. The calculation from the decoupled thin filmfield, ideally, a thin slab of superconduct(® sandwiched

model (2D), which has a cusp at tHeaxis (zero degre is shown by the SDW insulating phasé), I-S-I structures, reduces

in the insets of botlta) and(b) in comparison with the calculations orbital frustration and thus increases the critical field. Briefly,

from the anisotropic effective mag3D) model. T. is reduced by the kinetic energy of the screening current
in the thin d<<\) slabs and by the surface energy of B«

view near theb axis along with calculated curves for the 3D interfaces,sT=(T,—T)e(d/\)*H?+ y/d, whered, \, and
and 2D models, the latter predicting a sharp cusp atbthe 7y are the slab thickness, the penetration depth, and the sur-
axis. In the classical regime at high temperature and lowace tension energy due to the SDW/superconductor inter-
magnetic field, as shown in Fig(l2, the 3D model fits the faces, respectively. MinimizingT with respect tad gives a
experimental data better than the 2D model. In the uppepower-law dependence of the upper critical field with respect
panel, the data displayed were takeTat0.07 K where the to temperature, that isH ,%(\/y)6T¥2 The slab surface
nearly diverging behavior dfl .,(T) was observed. This was should be oriented parallel to the applied magnetic field but
previously accounted for by the FIDC effect as discussegerpendicular to tha-b crystallographic plane to take a full
above. Our major point lies in the inset of Figag where a  advantage of a large field penetration along #haxis, i.e.,
clear deviation from the 2D model can be sekiRy(6) is  A.~100um,? due to weak screening current along the
expected to have a cusp at theaxis if it originated from  axis. Here, the penetration depth is indexed by the direction
decoupled superconducting layers. Upper critical fields noref the screening current.
malized by thec axis value, essentially the anisotropy ratio  In addition to a large enhancement of the upper critical
Ype, are shown in Fig. 3, where the symbols with open tri-field over the Ginzburg-Landa{GL) estimate and a power-
angles and circles are taken at 0.07 and 0.75 K. The lines ataw temperature dependence, one of the interesting conse-
calculated from the anisotropic effective mass 3D modelguences of the model is that, unlike the GL prediction, it
Again, in contrast to what we would have expected in apredictsH.,(Hlla)~H¢,(HlIb)>H_,(Hlc), which is fairly
conventional superconductor where two sets of data shouldonsistent with the observed angular dependence of the up-
collapse when the anisotropy remained fixed, a deviation iper critical field as shown in Fig. 1. Note that the upper
observed starting near 10°. The interplane anisotropy ratigritical fields are determined by the largest penetration depth
vpe=He2(b)/H¢,(C), decreasesipon cooling(see the inset perpendicular to the applied field, that is, for both Hlla
of Fig. 3. If the layers decoupled with increasing field, the andHllb and A, for Hllc. Moreover, we do not expect to a
anisotropy should increase upon cooling. cusplike angular dependence ldf, where both the critical

It appears that the proposed field-induced dimensiondields(HIlb andHIic) are determined linearly with the appro-
crossover is not responsible for the strong suppression gfriate penetration depth. To attain a critical field of upto 9 T
orbital pair breaking effect. An alternate model for strongas has been observed, we estimate the thickness of the slab to
enhancement ofl., near an insulating phase was recentlybe 0.1 to 1um [from the known parameteps,~ 100 um,?®
suggested® It relies on both the enhancement of critical field and uoH.~ 2 to 4 mT(Ref. 29]. Note that the slabs are still
in a thin film structuré® and the coexistence of supercon- much larger than the interplane spacifgl.3 nm and the
ducting and SDW insulating phagésiear the critical pres- system is therefore still 3D. While the details of the mecha-
sure(for a transition from SDW to superconducting pheise  nism at the SDW/superconductor interface need to be clari-
(TMTSF),PFs. If the system in domain structure is allowed fied, this simple idea appears to be consistent with the angu-
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lar dependence dfl .,, the upward curvature di »(T), and  in these experiments appears to be the close proximity of the

strong enhancement of the upper critical field in all threeSDW phase. Our data are consistent with a new model where

principal axes. SDW and superconducting slabs align parallel to the applied
In summary, the angular dependence of the upper criticafield. The FIDC model may still be appropriate at higher

field has been studied in detail as a test for the fie|d-iﬂduce§ressure, far from the coexisting SDW-superconducting
dimensional crossover suggested as a description for the Uphase.

usual upper critical field behavior found in (TMTSPF;.

The proposed FIDC model would show a cusp in the angular We would like to acknowledge A. G. Lebed for useful
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