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Evidence for fast oscillations vanishing at the spin-density-wavemetal transition
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We have studied two Bechgaard salts (TMToEwith different anion geometry, namely octahedral (
=PF;) and triangular X=NOy), in pulsed magnetic fields up to 37 T at ambient pressure in the temperature
range 3-13 K. The temperature and magnetic-field dependence of the amplitude of the magnetoresistance
oscillations have been studied. For both salts, the results unambiguously demonstrate that fast oscillations are
limited to the spin-density-wave state. In addition, a recent model based on Fermi-surface reconstruction of the
(TMTSF),PF; salt cannot account for the magnetic-field dependence of the fast oscillation amplitude.

I. INTRODUCTION recorded on (TMTSF),PR;,%’ (TMTSF),ClO,® and

Bechgaard salts (TMTSEX, where TMTSF stands for (TMTSF)ZN.O3'9 In (TMTS'.:)ZP.F& the FS reconstructipn
tetramethyltetraselena-fulvalene aXds an inorganic anion model predicts that the oscillations should appear only in the

. SDW state. INTMTSF),NO;, FO have been associated with
(such_as Pg AsFs, NG;, CIO,...), ar_ewell "”OWT‘ quast  hona fide closed orbits, induced by the anion ordering, which
one-dimensional conductors. By varying the applied Pressure. e reconstructed by MB in the SDW stat&s a conse-

or the magnetic field, their low-temperature state cal? be ez ence, these oscillations should also be visible in the me-
metallic or ajic state, as suggested in Ref. 9.

ther spin-density wavéSDW), superconducting,

fieId—inFiuced SDW. In some of t.hes:e salts, Shubnikov—de |, (TMTSF),PF, and (TMTSF),NO,, FO were observed
Haas-like(SdH)* conductivity oscillations were observed at at low temperaturé<8 K) within the SDW state. Up to now,
low temperature and high magnetic field. De Haas—van Alng additional data are available to decide if these oscillations
phen(dHVA) magnetization oscillations were also observedare connected with the SDW state, or if they could be visible
in the relaxed TMTSF),CIO, salt, only” These oscillations, in the metallic statas it is the case dfTMTSF),CIO, (Ref.
usually called fast oscillationgFO), have a frequency of 2)].
around 200 T. In order to solve this problem, we have thoroughly stud-
In Bechgaard salts for which the anion possesses an oct@ed the temperature dependence of the FO in the Bechgaard
hedral geometry, only one series of FO is observed at lowa|ts(TMTSF),PR; and (TMTSF),NO up to 37 T, at ambi-
temperature. Their frequency exhibits an anion volume deent pressure, in the range from 2 to 14 K, i.e., in both the
pendencégfrom 230 T for Pls down to 170 T for SbE(Ref.  SDW and metallic states. Weefinitely showthat, for both
5)]. Due to the triangular geometry of the N@nion, the  salts fast oscillations of the magnetoresistance are limited to
(TMTSF),NO; salt undergoes an anion orderitO) tran-  the SDW stateln addition, the FS reconstruction model is
sition from a metallic to a semimetallic state at 41 K. In this discussed through the temperature and magnetic-field depen-
salt, two series of oscillations have been observed in th@ence of the FO amplitude.
magnetoresistanceOne of them, which rises up at16 T
with a frequency of 245 T, corresponds to the FO. The other Il EXPERIMENT
one, with a frequency of 64 T, can be observed at lower field
and has been associated with residual pockets resulting from The experiments were carried out in the Toulouse pulsed
the imperfect nesting of the Fermi surface at the SDW tranmagnetic-field facility. The pulses are characterized by a
sition. long decrease timé~1 s and a maximum field of 37 T.
At present, there is no clear interpretation of the FO pheContacts on the sample were done on pre-evaporated gold
nomenon, since the conventional Landau quantization mode&lontacts with graphite paint using k#n gold wires. Resis-
for the SdH and dHvVA effects cannot account for the ob-tance was measured using the standard four-contacts tech-
served frequencies. Recently, fermiological approachenique, with a lock-in amplifier at a frequency of 20 kHz. The
based on Fermi-surfadgS) reconstruction and taking into current, of low enough amplitude to avoid non-Ohmic ef-
account magnetic breakdowfMB) and Bragg reflection fects, was injected through the needle along déhaxis. A
phenomena have been proposed in order to interpret the datatating sample holder allowed us to rotate the magnetic field
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in the plane perpendicular ta The magnetic field was ori- 2
ented parallel tdy' (the projection ofb onto the plane per- -2
pendicular toa) using the anisotropy of the magnetoresis-
tance at liquid-helium temperature, which exhibits a deep
minimum for this field direction. A 90° rotation allowed the
c* axis to be aligned along the magnetic field.

R(Q)

Ill. RESULTS

As already reported, a single FO series is observed for the
(TMTSH),PF; salt, while two series arise, respectively, at
low and high (~16 T) field for (TMTSF),NO;. For
(TMTSHF),PF;, Fourier transforms show a very small second
harmonic(less than 5% which allows us to directly mea-
sure the peak-to-peak FO amplitude. FOMTSF),NO;, a
direct measurement of the FO amplitude is not possible due
to mixing of the two series at high field. In this latter case,

In(A/T) (arb. units)

0.04 0.05

the oscillation amplitude has been measured using Fourier 0‘031/3 (m -
transform. -12 T —— 7

The temperature and field dependences of FO amplitudes 2 4 6 8 10 12 14
have been analyzed in the framework of the conventional T(K)

Lifshitz-Kosevich (LK) model: o )
FIG. 1. Temperature dependence of the fast oscillation ampli-

R(B)—R E tude at 32.2 T for théTMTSF),PF; salt. Solid and dotted lines are
( ) background . . .
TR E (=1)"Acoq2mn B8 7]) (1) best fits to Egs(1) and(2), respectively. The horizontal dash stands
background n for the noise level for the measurementTat 12.6 K. Upper inset:
temperature dependence of the resistance in zero field and at 30 T;
lower inset: fast oscillations vs inverse field at the temperatures

. UgTmy(n/B)*? p(_uoTDnmc) indicated.

=A ex
Sh(uoTmen/B) B be explained by the transition from the SDW state into the

A, is a constantuy=2m?kgmg/he=14.694,m, is the ef- metallic one. Indeed, the insets of Figs. 1 and 2 show the

fective cyclotron mass img units, T is the Dingle tempera- temperature dependence of the resistance at 0 and 30 T. Such

ture, n is the harmonic order, ang is the Onsager phase data allow us to derive the field dependence of the transition

factor. Figures 1 and 2 display the temperature dependenéemperature Tspw).****> At 30 T data yieldTspw=12.5K

of the FO amplitude fofTMTSF),PF, and (TMTSF),NO,;,  and 10.6 K for(TMTSF),PF; and (TMTSF),NO;, respec-

respectively. In these figures, conventional plots oM

versus temperature are presented. In Fig. 1, data for the os- 1 3 5 7 9 1

cillation at B=32.2T are considered. In Fig. 2, data from ' T T L 3T ]

three different samples are presented, with a window field N 10 &)

covering three oscillations centered at 26.6 T. In addition, . v T 1

the lower inset to Fig. 1 shows oscillatory magnetoresistance @ ! 41

for the PFK salt, where the FO can be seen to vanish at high ]

temperature.

Full lines in Figs. 1 and 2 are best fits to Ed). A good
agreement between fit and experimental data is obtained in
the temperature range 4-9 K1 K) for (TMTSF),NO;
[(TMTSF),PF;]. The effective cyclotron mass is field inde-
pendent in the range 22—32.2 T for both salts, namaly, -9.0 -
=0.44+0.05 for the NQ salt and 1.350.05 for the Pk
salt. It can be remarked that, contrary to FO, the measured
effective cyclotron mass of the slow oscillations in the NO
salt is field dependerifrom 0.45 to 0.75 in the range 8.3 T -10.0 , — :
to 13.7 T).1° A downward deviation from the LK model can 1 3 5 7 9 1
be observed both in the lower and the higher temperature T(K)
ranges. The decrease of the FO amplitude below 4 K, which
IS a quite common charactgrlstlc of the Fould be due to FIG. 2. Temperature dependence of the fast oscillation ampli-
an additional phase transition at low temperature, as SUgude, deduced from the Fourier transform, centered at 26€e@
gested by specific hédtand ’Se NMR (Ref. 13 measure-  texy for the (TMTSF),NO; salt. Data collected on three samples,
ments. The steep decrease of the FO amplitude in the tenmpeled by three different symbols, is displayed. Solid line is best fit
perature range close to the SDW transition temperaturé Eg. (1). The inset displays the temperature dependence of the
cannot be a consequence of the thermal damping, and hasrssistance in zero field and at 30 T.

where

7.0+

-8.0

In(A/T) (arb. un
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tively. Tspw lies in the range where the FO vanish, which 0.25 T T
demonstrates that the FO are restricted to the SDW state in
these Bechgaard salts. As a consequence, the FO cannot be 0.20 4 81K
linked to the 2D orbits induced by anion ordering in
(TMTSF),NO;3 unless the transition into the metallic state
induces a dramatic decrease of the carrier mobility. In that
respect, it has been suggested that umklapp electron-electron
scattering strongly decreases the quasiparticle mean free path
of the metallic state of théeTMTSF),PF; salt® It should be
noted that Kanget al!’ reported quantum oscillations with a
frequency of 190 T in the pressure-induced metallic state of
the (TMTSF),NO; salt. Keeping in mind that the FO fre-
guency is 246 T these oscillations cannot be accounted for
by the fermiological model of Kishigi and Machiddndeed,

the pressure effect is to increase both the first Brillouin-zone —
area and the amplitude of the warping, thus leading to an 15 20 25 30 35
increase of the area of the two-dimensiof2D) tubes in- B (T)

duced by anion ordering. In our opinion, the frequency ob-

served in Ref. 16 might correspond either to the slow fre- dFIGt' 3_.ﬁMagtnct-:\tic-fieldtdepe?detn%?wc_:_fstheIiant othi%tion elx_rgpli-
quency F=64T at ambient pressurer to an additional ude at different temperatures for th F)2PFs salt. The sol

series. lines are obtained keeping., Ty, andByg fixed, while for the

Uji et al. have proposed an interpretation of the FO jn dotted lines, onhBys varies.
(TMTSF),PF; based on a fermiological approach, taking into  If the Fermi surface reconstruction model is correct, it
account a Fermi-surface reconstruction due to the SDVW¢hould also work for the field dependence of the FO ampli-
transition® This model allows to calculate the evolution of tudes, which is shown at various temperatures in Fig. 3. Data
the FO versus temperature and magnetic fiaklit has been analysis has been made in two way$) keepingm., Tp,
done recently by Brookst al. up to 9 K (Ref. 7] using an  andByg fixed at values for 4.2 K an(2) keepingm; andTp,
LK formula modified by the probability of four magnetic fixed, and lettingByg vary. The soliddotted lines in Fig. 3

breakdowns and two Bragg reflections: are best fits to Eq(2) for case 1(case 2. Extremely poor
reproduction of data is found between E#) and data for
uoTme(n/B)*? F{ UoTpMe

4 ) case 1, and only rough agreement is achieved for case 2. As

OSh(NUg T /B) 5 |P"1=P)% (2} it was the case for the temperature dependence of the FO
reported above, the Eq2) parameters involved, in either

Here, the probability of a single magnetic breakdown is ex-case, cannot be determined unambiguously. In principle,
presses aB=exp(—Byg/B). The LK model can be further case 2 should be considered the more physically meaningful
modified by taking into account the temperature dependencaf the two, since the magnetic breakdown field is expected to
of the magnetic breakdown field due to the gappening at  change withT through the gap variatiofi.e., Byg~A2, and
the SDW transition. This is done by usily(T) as deter- A=A(T)]. However, theB,z value used in case 2 is found
mined in usr measurements by Let al,'® and the fact that to change by almost a factor of 1000 from 4.2 to 8.1 K. This
Bug is proportional toA2.%° The dotted line in Fig. 1 is the huge variation cannot be accounted for by Théependence
best fit of Eq.(2) to our data, usingn,=1.2 andTgp,y  Of the SDW gap, which should lead to a change of the order
=12.5K. It should be mentioned that, due to the lack ofof 10% in Byg over this temperature range. This excludes
sensitivity of the fit to the value dBy;, a meaningful value the FS reconstruction modehs a consistent explanation of
for this latter parameter cannot be deduced unambiguousithe field-dependent data.
from the fit. At this point, we can only say that the good In summary, the main point of this paper is that the fast
agreement between this model and the experimental data scillation phenomenon in the quasi-1D (TMT$K)mate-
the temperature range higher than 4 K suggests that thigals X=PF; and NG, is a property of the SDW state only,
modelcouldbe compatible with the temperature dependencevith the FO vanishing aTspy, where the transition to the
of the FO amplitude, in particular at the SDW transition un-nested metallic state occurs. We also analyzed the field
temperature. As mentioned above, an increase of the scattatependence of the FO amplitudes in the SDW state, and
ing rate at the SDW transition may also account for the osfound that a proposed Fermi-surface reconstruction model
cillation amplitude damping. cannot explain the data.
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