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Field-induced spin-density wave in(TMTSF),NO4
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Interlayer magnetoresistance of the Bechgaard $MTSF),NOs is investigated up to 50 T under pressures
of a few kilobars. This compound, the Fermi surface of which is quasi-two-dimensional at low temperature, is
a semimetal under pressure. Nevertheless, a field-induced spin-density wave is evidenced at 8.5 kbars above
~20 T. This state is characterized by a drastically different spectrum of the quantum oscillations compared to
the low-pressure spin-density wave state.
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Bechgaard salt§TMTSF),X, where TMTSF stands for perature. Asymmetrical warping of the FS along the less
tetramethyltetraselenafulvalene aXds an inorganic anion, conducting directiorc” has been inferred from the absence
have been widely studied over the past 20 years for theiof Yamaji features in the angular dependence of the magne-
very complex(pressure, magnetic field, temperajuphase toresistance both in the SDWRef. 14 and metallié®
diagrams that involve quasi-one-dimensiof@llD) metal-  states. Unlike other Bechgaard salts, no superconducting
lic, spin-density wave(SDW), superconducting and field- transition has been observed at temperatures down to 0.5
induced spin-density wau@1SDW) states(for a review, see  K.'*!° As it was expected for @-2D metal, no sign of a
Ref. 1). Nevertheless, FISDW phenomenon is still attractingFISDW has been evidenced (fMTSF);NO; for magnetic
experimenta and theoreticdlstudies. In the framework of fields up to 30 T:3!5The absence of a FISDW in this salt has
the quantized nesting modeind its latest refinemenispr-  also been interpreted on the basis of a nested 2D excitonic
bital effects stabilize SDW states in compounds wjthD phase’®
Fermi surfacegFS) at low temperature through the increase As it is the case for other Bechgaard sall®MTSF),NO;
of the 1D character of the electronic movement. Further€xhibits fast oscillations of the magnetoresistance in the
more, it has also been stated that a FISDW can only occUBDW state at ambient pressure with frequency
provided the ground state is superconducting.line with  F;=(248+5 T. Unlike the other Bechgaard salts, a second
both of these predictions, a FISDW has so far only beeroscillation series with frequendy_ =(63+2) T is observed.
observed in Bechgaard salts with both a superconductinghis frequency is very close to the frequency of the magne-
ground state and &g-1D FS, e.g., in slowly cooled toresistance anomalies linked to the FISDW cascade in other
(TMTSPF),CIO, at ambient pressure ¢TMTSF),PF; under  salts. E.g., frequencies of 76 T and 60 T have been reported
pressures of a few kilobars. In contrast, a FISDW has alsfor (TMTSF),PF; at 6.9 kbars(Ref. 17 and 8 kbars? re-
been reported iINDMET-TSFH,AuCl, which remains a-1D  spectively. However, the oscillations observed in
metal at least down to 42 mKIt should also be mentioned (TMTSF),NO; have a clear sinusoidal shal#&® which is
that a field-induced insulating phase, essentially driven byot the case of the magnetoresistance anomalies linked to the
Pauli effects, has been evidencedriphase organic metals FISDW cascade.Fy and F, have been attributed to
with g-2D FS! The aim of this paper is to argue that, at Shubnikov—de Haas orbits linked to AO- and SDW-induced
variance with the above theoretical statements, a FISDWompensated electron and hole tubesespectively, al-
state can be observed in g2D semimetal, namely, though this interpretation is still under debatdn the me-
(TMTSF),NO3 under pressure. tallic state at 8 kbars, only one oscillation series with fre-

Among the members of the Bechgaard salts family,quencyF=190 T has been observed at 0.5 K in magnetic
(TMTSF),NO; exhibits numerous peculiar features. As thefields lower than 19 ¥ This latter frequency, which behaves
temperature decreases, an anion ordefiAQ) transition as expected for &-2D orbit, has been regarded as arising
with wave vector(1/2, 0, Q is observed at ambient pressure from Fy althoughFy, as well asF, is thought to increase
at a temperatur@ o =45 K22 which remains independent under pressure due to the increase of both the first Brillouin
of the magnetic field up to at least 36'%This leads to a zone area and the warping of the FS sheets.
g-2D FS with compensated electron and hole tubest In the following, it is demonstrated théa) a field-induced
lower temperature, a SDW state with incommensurate wavghase transition is observed abov@0 T in (TMTSF),NO;,
vector and imperfect nesting is stabiliz€é8sp,=9.1 K at  starting from theg-2D metallic state obtained under a pres-
ambient pressuié? Under pressure higher than8 kbars, sure of 8.5 kbars, angi) the field-induced phase is charac-
the AO transition is shifted towards slightly higher terized by a spectrum of the oscillatory magnetoresistance
temperaturé$ and a metallic state is stabilized at low tem- strongly different from that observed in the low-pressure
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FIG. 1. Temperature dependence of the normalized resistance of B(T)
(TMTSF),NO;5 at different pressures in zero-fie{dmall symbols 10 ——————— T T
and in finite magnetic field at 8.5 kbaflsrge symbols Solid lines g [ ]
are guides to the eye.
< 8r ]
SDW state. Since the high-pressure oscillatory spectrum and — o4l .
background magnetoresistance are very similar to that of [ P=85kbar ]
(TMTSF),PFs under high pressure, it is inferred that this N S
phase transition is a FISDW. 10 20 30 40 50 60
Magnetoresistance experiments were performed in pulsed Be (T)

magnetic field up to 50 Tpulse decay duration of 0.18.s
Electrical contacts were made to the crystal using anneale
gold wires of 10um in diameter glued with graphite
paste. Alternating currer2 uA, 20 kHz) was injected par-
allel to thec" direction (interlayer configuration A lock-in
amplifier with a time constant of 10@s was used to
detect the signal across the potential leads. As reported iimcreases from 43 K at ambient pressure up to 50 K at 8.5
Ref. 23, and contrary to other Bechgaard salts, the largegtbars. The absence of superconductivity has been confirmed
faces of most of the crystals are not perpendicular tocthe in a different run performed in a dilution refrigerator down to
direction. For this reason, the ambient pressure transversgt mK.
magnetoresistance was first measured with the current in- Magnetoresistance data collected at different temperatures
jected along the most conductive directi@axis) at a tem- ~ are displayed in Fig. (@). For P=8.5 kbars, a sudden resis-
perature of 4.2 K, using a rotating sample holder in order tdance rise is observed at temperatures below 10 K at a thresh-
determine the direction of". Subsequent measurements ofO0ld field B; that increases as the temperature incregses
the interlayer magnetoresistance were performed in the tenfsig- 2(0)]. This behavior is typical of the resistance rise
perature range from 1.6 K to 11 K, under pressures up to g.gue to FISDW transition to th=0 state as it is observed in
kbars in an anvil cel’* Prior to these latter experiments, the (TMTSF),PF; and (TMTSF),CIO,.2527 In that respect, it
pressure dependence of the interlayer resistance was detshould be noticed that no FISDW cascade can be detected in
mined in a pressure clamp at room temperaturdhe temperature range explored. The temperature dependence
[d(In(R))/dP=-0.11 kbaF!] with a manganin piezoresistive Of the resistance at 8.5 kbars and in magnetic fields above
sensor. This parameter was used to determine the pressud T (see solid symbols in Fig.)lis also consistent with
achieved in the anvil cell. As reported in Ref. 24, it is ex-@ FISDW at low temperature. Similar behavior of the
pected that pressure variation during cooling is very smallPackground magnetoresistance is observed at 5.8 kbars but
owing to the cell geometry. at 6.3 K and 7.2 K only, i.e., at temperatures sufficiently
The temperature dependence of the normalized interlayetbove the zero-field SDW transitidif.=5.3 K). Neverthe-
resistance is displayed in Fig. 1. As previously observed fofess, as reported hereafter, the spectrum of the oscillatory
in-plane measuremerdsthe zero-field resistance at ambient magnetoresistance is strongly different from the high-
pressure exhibits a steep rise below 9.5 K related to th@ressure state.
onset of the SDW transition. In the lower temperature range, Fourier analysis of the magnetoresistance data at various
the resistance tends to saturate due to the imperfect nestingfessures is displayed in Fig. 3. As expectgglincreases as
As the pressure increases, the resistance rise is less afit¢ pressure increases. Namaifin(F,,))/dP=0.05 kbar*,
less pronounced and shifts towards low temperaturegvhich is very close to the data for the fast oscillations in the
Finally, at 8.5 kbars, the resistance displays a metallicSDW state of TMTSF),PF; (Ref. 28 (see the inset of Fig.
behavior down to the lowest temperature explored. The AGY. F, also increases with pressure although with a lower rate
transition is preserved under pressure, in agreement witfd(In(F,))/dP=0.02 kbar?, see Fig. 4 At P=8.5 kbars, for
findings of Ref. 13. Indeed o deduced from these data which a metallic ground state is achieved, a drastically dif-

FIG. 2. (a Magnetic-field-dependent resistance of
TMTSF),NO; at different temperatures foP=5.8 kbar (gray
lines) and P=8.5 kbars(black lines and (b) semimetal-FISDW
phase transition deduced from the dataPat8.5 kbars. The solid
line is a guide to the eye.
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FIG. 4. Pressure dependence of the frequenEjggdown tri-

FIG. 3. Fourier analysis of the oscillatory magnetoresistance an9'€$: FL (up triangle, and F. (circles discussed in the text.
different pressures. The black and gray lines correspond to data &°lid symbols are deduced from Fig. 3. Open triangles and circle
4.2 K and 1.6 K, respectively. The magnetic-field range is 10-36 T&'€ from Refs. 19ambient pressure SDW statend 15(metallic
in (). In (b), the magnetic-field range is 15-50 T for pressures up toState, respectively. The inset compares the pressure dependence of
6.5 kbar. ForP=8.5 kbar, the magnetic-field range is 22-50 T the frequencyF to the pressure dependence of the fast oscillations
(since no oscillation can be detected below 22 T in (TMTSF),PFs. Open squaresSDW stat¢ and solid square

(FISDW state are from Refs. 28 and 2, respectively. The dotted
ferent behavior is observed since only one frequenc}“l’les mark the transition between SDW and meta(iic the main
F.=(214+5 Tis observed in the Fourier spectrum ab@e  frame or superconductingin the inset ground states. Solid lines
This feature is a strong indication that a phase different fronfi'® guides to the eye.
the low-pressure SDW phase is induced abBye

It should be noted that the observed pressure dependen
of the oscillatory spectrum is at variance with the behavior o

(TMTSF),PF; and (TMTSPF),CIO, for which only one fre- the metallic state below 20 T, at a pressure of 8 kbars but at

guency is observed whatever the pressure is. In the formea{ lower temperaturéT=0.5 K).15 Finally, it is interesting to

salt, the oscillation frequency increases monotonously as thﬁote that, at the pressure of 6.5 kbaFs, Fy, and F, are
pressure increases so that no significant disruption betwee ' P ) ' c

SDW and FISDW states is observegbe the inset of Fig.)4 dhserved simultaneously in the oscillatory spectfsee Fig.

In the latter salt, depending on the considered FISDW sub:—)’)' This may be the signature of some precursor effects,

phase, either one o two out-of-phase series with the sa rather than phase mixing induced by some pressure inhomo-

m .
. . eneity.
frequency are observed in the FISDW sté# while only 5 In cyonclusion at variance with the idea that a FISDW
one series is observed in the metallic sfdtdn short, !

whereas the oscillatory spectrum ¢TMTSF),PF; and state can only be observeddnlD superconductors, we have

. . evidenced a FISDW state in@2D semimetal. As demon-
(TMTSF)ZCIO“ qloes hot evidence abrupt changes in _thestrated by the measured pressure dependence of the oscilla-
different (metallic, SDW, or FISDW phases, a drastic

pressure-induced modification of the spectrum is observet v _spectrum, the(presumablyN=0) FISDW state is
! - ) . _ trongly different from the ambient pressure SDW state. A
in (TMTSF),NOs. Besides, the oscillation amplitudd) at gy b

S : new model, explaining FISDW im-2D metals is clearly
8.5 kbars continuously increases as the temperature dggpeded.

creases and follow the LK behavior. This is at variance

with the behavior observed in the FISDW state of We are indebted to Hélene Bouchiat, Sophie Guéron,
(TMTSF),CIO, (Refs. 26, 27, 29, and 3@&nd in the SDW and Richard Deblock for having made available their
state of(TMTSF),NO; for which A goes to a maximum at a dilution refrigerator and for their assistance. We wish to ac-
temperature of a few kelvins. The present study does ndtnowledge Geert Rikken and Denis Jérome for stimulating
display any oscillation in the metallic state down to 1.6 K discussions.

fid belowB.. Nevertheless, it can be remarked tifatis
close to the frequenciF==190 T) that has been reported in
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