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Evidence from "’Se Knight shifts for triplet superconductivity in (TMTSF),PFg
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We present ’Se nuclear magnetic resonari®MR) Knight shift (K) studies in pressurized (TMTSFBF;
with a magnetic field aligned along tHe axis, perpendicular to the conducting chains but parallel to the
conducting plane. On cooling deep into the superconducting state, no observable chirfgeninboth spin
echo and free induction decay signal was found. This strongly suggests triplet superconductivity in
(TMTSF),PF;.
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Following the discovery of superconductivity in the lay- temperature decreases well below the critical temperature
ered, quasi-one-dimensional charge transfer salf.. With magnetic field aligned along thie-axis, the ex-
(TMTSF),PFR; (Ref. 1), there was extensive discussion of pected average shift for the inequivalefiSe sites is ap-
the symmetry of the ground state. For example, triplet superproximately 310 ppm upon cooling from the normal state to
conductivity and the spin-density way8DW) phase of the a singlet superconducting phase. However, we conclude from
one-dimensional electron géas described bg-ology?) are  our measured spectra that no change is observed within
adjacent to each other, analogous to the (TMTL8R) sys-  6K,=0z20 ppm uncertainty. To ensure that the pressurized
tem where superconductivity is only observed after eliminatsample was superconducting while acquiring the NMR data,
ing the SDW phase with applied pressure. Further, the supsye conducted transport measurements time synchronous
pression of superconductivity by defects produced bywith the application of the radiofrequency pulses. Details of

irradiatior™* and by chemical substitutidfiled to early sug- the experimental setup can be seen in Ref. 21.
The issue was revived by recent measurements of the upper 3.0

(Iimi;ing field for singlet superconductorswhen the field ?s spin echo

applied in the plane of the molecular layers. Even with a 600 mK
field-induced dimensional crossover, which greatly increases 20

Bechgaard salts (TMTSEX (X=PF;, CIO,, Askg, etc).

gestions O'b-wave Symmetr%However, Specific hegtther_ Our principal result is shown in Flg 1. The lower set of
critical field H., with substantially improved accuracy in
. . . e . 340 mK
the orbital critical field:>® an additional mechanism, such >
The lack of evidence for a first order phase transition that FID \\\/‘—va
occurs between a LOFF state and a uniform superconductor, 8 1.01% 1100k 71
the observedi ,>4H, and the recent theoretical analysis of \
the in-planeH ., anisotropy argue strongly against the LOFF 50K

.

|
e

studie$®! had indicated conventional, BCS-like pairing. | |
tivity persists to more than four times the Pauli liflit , 2.5 \
triplet superconductivity, is required to exceet}, in the 1.5

sorption (arb. units)

mal conductivit? and resistive upper critical field SPectra was collected as free induction decdy®'s), and
angular alignment and lower temperatute$® Superconduc-

as the formation of the inhomogeneous LOFF $taf&or

state’®>?° Direct evidence of triplet superconductivity came 0.5

from recent NMR Knight shift experiments where Lee
et al?! found an absence of resonant frequency shift when
the system passes through the superconducting state with the 00 1 I | |
magnetic field aligned along thee axis, parallel to the con- 2000 1000 0 1000 2000 3000 4000
ducting chains. The present NMR Knight shift study, which
is done at a pressure of 6.4 GPa with a magnetic field aligned
along theb axis perpendicular to the chains but parallel to  F|G. 1. 7Se spectra collected at a press@re 0.64 GPa and
the ab-conducting plane, is then additional strong evidenceyarious temperatures with the magnetic fi@e-2.38 T oriented
supporting triplet superconductivity. parallel to the molecular layers. The two solid lines mark the mea-
In general, a singlet superconducting ground state leads tured first moment, and the expected first moment for a singlet
a vanishing of the spin contributiolg in the total K as  ground state.

relative frequency shift (ppm)
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s (10 emu/mole) FIG. 3. (a) Interlayer resistancR vs temperature at zero applied

) . o . magnetic field and at th€Se measuring field d8=2.38 T applied
~ FIG. 2. NMR shiftsK vs the spin susceptibilitys for magnetic  parallel to theb axis. (b) Time synchronous resistance measure-
fields applied along thé axis at ambient pressure. The symbols ments triggered and recorded simultaneous with the rf pulses for the

indicate the NMR shift from four inequivalent Se sites with the NMR measurements. The batbquilibrium) temperature was &
applied field. The filled circles are obtainedTat 4 K. The dashed —q.1 K.

line is the mean slope of the four solid lines; it is used to estimate

the spin contribution to the shiKg at P=0.64 GPa from the known . . . .

reduction ofy, (to 0.97x 10~* emu, marked with a bowtie symbol ~ clear choice for the Knight shift experiments.

with the applied pressure. Figure 2 shows the paramagnetic shifts in the normal state

as a function of the spin susceptibility f&ilb. The dashed

the upper as spin echoes. Spectra were recorded at variolfa€ IS the mean slope. This type of pld{ { x) is often used
temperatures, for a magnetic field aligned parallel to the Iaylo separate shifts of orbital and chemical origin from shifts
ers to within 0.1° and parallel to theaxis to within a couple ~ Ks originating from the hyperfine coupling, and therefore
of degrees. To within the experimental uncertainty, it is ob-Proportional toxs. The absolute value ofs was extracted
vious that there is no change in the first moment. The twdrom Miljak et al,?” who obtained a strong temperature de-
vertical lines mark the measured first moment and the expendence that probably results from a combination of lattice
pected position of the spectrum if the spin susceptibility hadcontraction and low-dimensional correlation effects. Thus,
vanished. The lack of any observable difference between thigist as for the recent study identifying RuQ, as a triplet
spectra as the temperature is varied indicates that the systegperconductdt; temperature is an implicit parameter relat-
is not a singlet superconductor. Below, we establish the relang K to xs. The shiftsK are measured at an ambient pres-
tionship between the spin susceptibility and the Knight shift,sure relative to the NMR lin¢at v,) of "’Se in Se(CH),.
and define a critical temperature and spontaneous heatinghat is,K=(v—vq)/vy. We are interested in comparing our
effects due to an applied rf pulse. measured results to the expected chasigdrom the normal
There is an extensive literature related to NMR work onstate shift for a singlet superconductor wh&rgvanishes.
(TMTSF),PF;, in both the ambient pressure spin-density To evaluatedK, we first corrected for the effect of the
wave phas® and the pressurized metallic ph&38*For the  applied pressure by reducings by 30%2° from 1.38
most part, the previous work includes studies of the localx 10~ * emu to 0.9% 10”4 emu(marked as a bowtie symbol
magnetic environments of either the protons in the methyfor identification purposes Since the hyperfine constant is
groups or'*C spin labeled on the various inequivalent sites.not likely altered by the applied pressure, the sensitivity of
Another possibility is’’Se. Its abundance is 8%=3, and the measurement is reduced by the same amount, 30%. The
"Ty=8.129 MHz/T. There are reports 6fSe spin-lattice re- 310 ppm difference betweeik(4 K, P=0.64 GPa) and
laxation rate measurements in the metallic state for powK(xs=0) is from the hyperfine coupling to the spin and is
dered samplés and single crystal&’ but very little spectros- the expected chang&K for a singlet superconducting
copy that we know of® However, it is generally known from ground state. It is indicated in Fig. 2 by the large bracket; the
band structure calculations as well as EPR studies that thwvo vertical lines in Fig. 1 allow for comparison to the line-
largest spin densities associated with the conduction band areidth. As an aside, we note that the shifts are significantly
closely linked with molecular orbitals originating with the greater with the field aligned along tlaeaxis.
selenium atom& For these reasons, tH&Se nucleus was a In Fig. 3(@), we show the interlayer resistanBevs tem-
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perature forB=0T, and the’’Se measuring field oB 100
=2.38 T along theb axis. There is a sharp reduction at L 20
T.(B=0T)=1.18 K, followed by a resistive tailprobably i
related to sample or pressure inhomogeneltgfore resis- L eso®e
tance vanishes to zero at-0.8 K. L 15 ?é%g@ TK -° oo ]

In addition to confirming the superconducting state, Do
situ transport measurements along with NMR provide a cru- .~ 21 ! L oPoag ° 1
cial diagnostic tool at the lowest temperatures, since the &
sample itself can be used as an excellent thermometer in th~ _ °®
middle of the superconducting transition. We found that the "~
thermal time constant of the samgf@us surrounding fluids ¢
and NMR coilg was approximately 1 ms. The NMR spectra ™
are acquired on a time scale of 126. The duty cycle for the
rf pulsing was kept very low, so that the average heating was o i A‘ f §:$3§°GG
negligible. A resistance measurement with short time con- e 0.001 A 1
stant made the heating by the rf pulses observable and there AT
fore controllable. An example of the time-synchronous trans- 01
port measurements, recorded under the same conditions ¢ 1k L4yl L4
the data which give the spectra in Fig. 1, is shown in Fig. 01 ¢ 3 45678 1 2 3 45878
3(b). The resistance is measured using a standard four prob temperature T(K)
lock-in technique at a frequency of 3.14 kHz. We verified
that the electronic time constant was about 0.3 ms. The FIG. 4. 7’SeT;! vs temperature foB=2.38 Tib axis. In the
pulses used for the FID experiments were of durationsl lower inset are shown the results of field-cycféd T; * measure-
using power levels less than 10 mW. At a recycle time of 1ments; at the top, the detailed temperature dependenck, oj (*
sec, the time-averaged power is somewhat less 10 nW. Inmear the superconducting transitiohi= 0.7 K) is depicted.
mediately after the pulse, the sample resistdtemperaturg
begins to rise, reaching a maximum at about GA0later. 5,4 smal| cracks, etc., which could result the resistance tail
Afterward, an exponential decay Is obser\{ed with the time, 5 ;¢4 fielgd may influence the electrical transport under
constant of 1 MSec. The shape of the heating curve sugges[}?e applied magnetic field. We also note that dynamic pro-
that the NMR caoll, not the sample, is the source of the heat- ! . X
) ) . . . . cesses related to flux motigwhen the sample is cooled in a
ing. Since the Knight shift measurement is completed in less L ) !
than 100us, it is possible that the sample experiences ndnagnetlc field could mfluencg both resistance aigl mea-
heating in this time. The high limiting value of the sample surements. A related issue is the general tendency for the
heating is obtained by extrapolating the exponential part ofelaxation ratg to approach the normal state value. Well be-
the heating curve back to the time of the pulse. The resisl®W Tc(H) in a strong type-ll superconductor, Tl/
tance and temperature at this time are an upper bound to tie(H/Hc2) T because of the normal fraction in the pinned
heating effects. These upper bounds are the temperatures ti@itex cores and the Korringa relatidhin fact, 17T, for
we quote in the rest of the paper. They are indicated as thefTMTSF),PF; appears to be extraordinarily sensitive to
open circles in Fig. @) and are those labeling the spectra in magnetic field, which we demonstrate by way of field-
Fig. 1. The main objective here is to make sure that ourcycling experiments using the methyl group protons as a
NMR K, measurements were done in both the normal angrobe. Shown in the lower inset to Fig. 4 are experiments on
well inside the superconducting state. another sample with slightly higher pressu@e7 GPa at B

To obtain an independent and bulk measure of the super12.8 mT andB=232 mT. The behavior at the lower field
conducting transition, we recorded the spin-lattice relaxatioris similar to that observed by Takigave al,>? for field-
rates 1T, for ’Se that are shown in Fig. 4. Plotted in this cycledH relaxation in superconducting (TMTSEIO,. At
way, the results look generally similar to what is expected forthe resonance field of 232 mT, the fast drop df,1is nearly
the normal state of pressurized (TMTSPF; (Refs. 23, 24 absent, although there is a distinct change in slopd at
A distinct peak that we associate with the onset of supercon=1 K. Remarkably, the applied fiel3=232mT atT
ductivity is evident in T;T) ! nearT=0.7 K (see upper =0.5K is far below characteristic values fbt,, observed
insed. Unlike previously reported a-axis relaxation by Leeet al’® or in earlier studies. There are two aspects of
measurements, a small enhancement of relaxation rate nearthe spin-lattice relaxation that we would like to emphasize.
T. was not detected. However, considering that a large apFirst, from the’’Se relaxation rates and electrical transport,
plied field destroys such an enhancement effectve have observed a clear onset for superconductivity at tem-
(Hebel-Slichtei® pea, it is not too surprising that we have peratures well above those where our NMR Knight shift
not observed the effect hereB=2.38 T. We note that there measurements were performed. Second, even though the
is a discrepancy in critical temperature determined from thespin-lattice relaxation rates are high in the superconducting
electrical transport T.=0.5K) and the relaxation T,  state, they are not simply related to the volume fraction of
=0.7 K). We cannot rule out a possibility that some othernormal cores.
causegsuch as pressure inhomogeneity having twin crystal In conclusion, our present studyaxis Knight shift ex-
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