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Quantum oscillations in quasi-one-dimensional metals with spin-density-wave ground states
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We consider the magnetoresistance oscillation phenomena in the Bechgaard salts (TMTSF)2X, whereX
5ClO4, PF6, and AsF6 in pulsed magnetic fields to 51 T. Of particular importance is the observation of a new
magnetoresistance oscillation forX5ClO4 in its quenched state. In the absence of any Fermi-surface recon-
struction due to anion order at low temperatures, all three materials exhibit nonmonotonic temperature depen-
dence of the oscillation amplitude in the spin-density-wave~SDW! state. We discuss a model where, below a
characteristic temperatureT* within the SDW state, a magnetic breakdown gap opens.
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A subject of continued interest and controversy is the
servation of oscillations in the magnetoresistance of qu
one-dimensional organic conductors, specifically the Be
gaard salts.1 The nature of the oscillations is shown in Fig
1–4. Here, riding on a sometimes very large magnetore
tance are oscillations commonly called rapid oscillations
‘‘RO.’’ At the center of the problem is the expectation, fro
tight-binding band-structure calculations,2 that the metallic
Fermi surface of the Bechgaard salts (TMTSF)2X consists of
two warped, open-orbit sheets in the first Brillouin zone,
is shown in Fig. 5~b!. Clearly in such a topology there are n
extremal-closed orbits to allow conventional oscillations
the magnetoresistance, i.e., the Shubnikov–de Haas~SdH!
effect. Nevertheless, a preponderance of evidence sug
that these materials exhibit SdH-like oscillations in appl
magnetic fields below their respective spin-density-wa
~SDW! transitions, and that these oscillations are periodic
inverse field. Furthermore, angular-dependent studies3 indi-
cate a quasi-two-dimensional character of the observed
frequency. The two questions that naturally arise in cons
ering these oscillations are: how do closed orbits arise fr
open sheets; and if closed orbits do exist, why are their
plitudes nonmonotonic with decreasing temperature? In m
cases, below the SDW ordering temperatureTSDW ~'5–12
K!, the RO amplitude peaks atT* ~'2–5 K!, then rapidly
diminishes.4

We argue in this paper that the ‘‘RO’’ are a result of
semiclassical treatment of the reconstructed and/or ne
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quasi-one-dimensional Fermi-surface effects. For hi
symmetry anions such asX5AsF6 or PF6, there is no anion
ordering, but belowTSDW the Fermi surfaces are nested wi
wave vectorQ. Following the arguments of Ujiet al.5,6 ~for
X5PF6 and ClO4! and Kishigi and Machida7 ~for X5NO3
and ClO4!, the new periodicity introduces a new Brilloui
zone and creates a magnetic breakdown network of elec
and hole pockets@see Fig. 5~b!#. For low-symmetry anions
such asX5ClO4, and NO3, anion ordering~at TAO! takes
place, and the Fermi surface reconstructs. Here, further n
ing may result, either induced by lower temperatures (NO3)
or by application of high-magnetic fields (ClO4). Small
changes in the nesting condition may change the size of
small pockets and density of occupied states, but the a
associated with the larger magnetic breakdown paths rem
essentially constant, as depicted in Fig. 5~b!.

The nature of the SDW state has been most extensi
studied forX5PF6. These include proton8 and 77Se NMR
studies,9 muon spin studies,10 and theoretical treatments b
Yamaji,11 Montambaux,12 and Bjelis and Maki.13 We take
the view, based on the Korringa-like behavior of77Se NMR
spin relaxation, the characteristic increase inTSDW with in-
creasing field14 and the existence of SdH-like oscillation
that the nesting is incomplete belowTSDW. Furthermore, at
T* 1/T1 in 77Se NMR takes on an activated form9 and the
magnetization shows a small bump.15 These experiments in
dicate that atT* there is a transition to a new electron
state, but still, belowT* only oscillations associated with th
large breakdown areas are observed.
2604 ©1999 The American Physical Society
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FIG. 1. X5AsF6. ~a! Temperature-dependent MR. Inset: zero-field resistance and MR at 50 T vs temperature. Intermediate temp
are as shown in the inset.~b! Temperature dependence of the RO amplitudes. Solid lines-LK fits. Curves are offset.
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The present study is a concurrent investigation of thec*
axis (RZZ) magnetoresistance of three of the Bechgaard s
(TMTSF)2X, where X5AsF6, PF6, and ClO4, in pulsed
fields to 51 T at the Australian National Pulsed Magn
Laboratory and also at the US pulsed field facility at L
Alamos. Contact to samples was made with Au paint a
thin ~10 mm! Au wires. Transport measurements in the hig
field region was via planar transmission lines—a technolo
developed for microwave measurements16,17 in explosively
generated fields.500 T. The lines are 9mm thick and 68
mm wide, and thedB/dt pickup to the signal is generall
negligible. Measurements were made withB andI parallel to
thec* ~lowest conductivity! axis. dc currents of 1mA (PF6
and AsF6! and 50mA (ClO4) were used to avoid sampl
heating. The samples were cooledvery quickly~;1 s! from
liquid-nitrogen to liquid-helium temperatures. This is esse
tial to suppress anion ordering inX5ClO4 in order to stabi-
lize the SDW~quenched! state.

Our results are summarized in Figs. 1–3 in terms of
normalized magnetoresistanceRZZ(B,T)/RZZ(0,T) and the
oscillatory magnetoresistanceROSC(B,T). ROSC(B,T) from
c* axis measurements, not seen in some reports,4 is clearly
observed it in all materials we studied.ROSC(B,T) is ob-
tained by dividingRZZ(B,T) by a low-order polynomial fit
to R(B,T). This allows comparison with the convention
description of SdH oscillations in terms of the Lifshit
Kosevich ~LK ! formulation,18 which we have used todi-
rectly fit the oscillatory data. The parameters effective m
m* , Dingle temperature, and oscillation frequency were
tained from the fit. Values were generally in the range
0.5m0 to 1.5m0 for m* , and 2 K to 10 K forTD . Details of
this technique will be reported elsewhere.19

We now discuss our results.~a! The material
~TMTSF!2AsF6 ~Figs. 1 and 4! exhibited a monotonically
increasing zero-field resistance with lower temperatures,
ts,
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FIG. 2. X5ClO4 ~Q state! ~two samples!. ~a! Temperature-
dependent MR. Inset: zero resistance and high-field MR at 50 T
temperature.~b! Temperature dependence of the RO amplitud
Curves are offset. Sample 1:T(K) 55.09, 4.30, 3.78, 3.21, 2.76
2.53, 2.26, 2.25 K; Sample 2:T(K) 54.20, 3.15, 2.37, 2.08, 1.96
1.68 K.
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FIG. 3. X5PF6. ~a! Temperature-dependent MR. Inset: zero resistance and high field MR at 50 T vs temperature. Intermedia
peratures are as shown in the inset.~b! Temperature dependence of the RO amplitudes. Curves are offset.
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a nonmonotonic dependence of the magnetoresistance~MR!
is apparent with a maximum around 3.8 K. Quantum os
lations with a single frequencyF15222 T are observed in
RZZ , also with a nonmonotonic temperature dependenc
the oscillation amplitude, in reasonable agreement with o

FIG. 4. Results of the modified Lifshitz-Kosevich analysis. Le
panels, oscillation amplitudes for the three compounds. Right p
els, oscillation frequencies. Note thatTSDW for ClO4 is ;5 K at
zero field, but may be higher at 50 T based on the finite RO am
tude at 5 K.
l-

of
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reports.4 ~The small spike near 43 T, which appears in hig
resistance samples is due to the pulsed-magnet crowbar! ~b!
For the quenched versionQ-~TMTSF!2ClO4, we observed
entirely new behavior~Figs. 2 and 4!, which has not been
previously reported in any detail. Here a number of indep
dent measurements in this work and other preliminary17,20

and complementary21 work of this state of the material
where the anion ordering is suppressed, clearly show an
bital frequency atQ2F15190 T. This frequency is the re
sult of the nesting of the original Fermi surface by the SD

wave vectorQ( 1
2 , 1

4 ) @similar to PF6 as determined from
NMR ~Ref. 22!#, in contrast to theA02F15265 T fre-

quency, which appears with anion ordering forQ(0,1
2 ,0).

Although the Q-F1 frequency is dominant in highly
quenched samples, theA02F25530 T oscillation, which is
a remnant of the ordered state, appears in at least one
surement. TheQ2F15190 T oscillation amplitude in all
cases is nonmonotonic with a maximum around 3.5 K. W
find also a temperature-dependent phase shifted first
monic. A02F2 also shows a similar dependence, in agre
ment with detailed studies of the ordered state.6 ~c! The be-
havior for X5PF6 is shown in Figs. 3 and 4. We find a
oscillation frequencyF15240 T along with a temperature
dependent phase shifted first harmonic. The zero-field re
tance is activated, and the MR decreases monotonically w
lower temperature. We note structure in the MR above 3
near 30 T. The RO amplitude near 50 T forRzz as shown in
Fig. 4 decreases monotonically from the highest temperat
The estimatedT* is at higher temperature~5 vs 3.5 K! than
that reported4 up to 30 T forRxx . Sample heating or errors in
temperature have been ruled out as the origin of this dif
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PRB 59 2607QUANTUM OSCILLATIONS IN QUASI-ONE- . . .
FIG. 5. ~a! Parameters and test of modified-LK model. For theX5PF6 data fitted,T* 53.2 K with a width of 0.1 K,TD510 K, and a
breakdown gap energy of 12 K. Note that the order parameter alone, and its contribution to magnetic breakdown, are nearly constT* ,
and cannot influence the RO amplitude in this range.~b! Progression of Fermi-surface topology with temperature.~c! Magnetic field
dependence ofTSDW, TMI , andT* from theory and experiment.
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ence. Factors such as the high fields~50 T vs 30 T or less!,
and the component of the resistivity (RZZ) studied, may ac-
count for some differences between this work and previ
studies.

Although all three systems share a common Fermi-surf
topology, and SDW ground state, there is no clear relati
ship between the magnetoresistance, the zero-field resist
and the RO amplitudes, as shown in the insets of Figs. 1
For Q-ClO4 this may be due to residual anion order, as
evidenced by the presence of theF2 orbit, and also by the
weakly metallic~weakly insulating! nature ofR(0). But for
X5AsF6 and PF6, there is a difference in the temperatu
dependence of the MR, even thoughR(0) rises rapidly at
low temperatures. The relationship of the various transp
parameters remains an open question.

Theoretical treatments of the possible transitions in
SDW ground state, as illustrated in Fig. 5~c!, originate from
Yamaji’s treatment of the formation of the SDW state1,11 in
terms longitudinal and transverse hoppingta andtb , respec-
s

e
-
ce,
3.
s

rt

e

tively. The influence oftb is characterized by the paramet
«05t b

2/ta31.4, which gauges the degree of imperfe
nesting. Maki23 has extended the treatment of theTSDW for-
mation to include the improvement of the nesting conditi
with high-magnetic fields, and Audouard and Askenaz24

have successfully applied this treatment to the case oX
5NO3. Importantly, Yamaji’s model predictstwo transi-
tions, TSDW into a semimetallic SDW, and a second tran
tion at lower temperature (TMI) into an insulating SDW.
How closeTMI is to TSDW depends crucially ontb . For tb
50.012 eV, TMI and TSDW coincide @this is the case of
AO-ClO4 ~Ref. 25!#, but for tb twice this value,~as prelimi-
narily reported for non-AO states25!, TMI lies well below
TSDW. Indeed, for«057 K, TMI , and T* would coincide.
However, the anomalous behavior of transport properties
low T* cannot simply be explained in terms of a complete
gapped Fermi-surface~FS!. We therefore consider a
modified-LK description of the RO amplitudes. In our analy
sis, we follow rigorously the LK treatment of Ujiet al.15
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2608 PRB 59J. S. BROOKSet al.
aboveT* . However, belowT* , the amplitude seems to b
exponentially dependent on temperature. This suggests t
magnetic breakdown gap opens. We consider, therefor
simple, heuristic model closely following the behavior of t
77Se NMR results, which show a rapid~activated! decrease
in relaxation rate9 below T* . This model simply introduces
an activated prefactor to the LK formula belowT* , assum-
ing a finite transition width of order 0.1 K. As shown in Fig
4 and 5, this model provides an excellent description of
temperature dependence ofROSCfor the present and previou
results.

To summarize, we have examined the anomalous t
perature dependence of the rapid oscillations in the S
state of (TMTSF)2X compounds. By thermally quenchin
the X5ClO4 compound, anion ordering is suppressed a
the resulting reconstructed Fermi surface is similar in top
ogy to that forX5PF6 and AsF6. The observation of a rapid
oscillation frequency at 190 T forQ-ClO4, which is repro-
ducible in independent experiments with samples from in
s
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pendent synthesis labs, supports this interpretation. The
perature dependence of theQ-ClO4 oscillation amplitude is
nonmonotonic, as in other (TMTSF)2X materials where an
ambient SDW phase exists in the absence of pressur
magnetic field. In reference to Fig. 5~a!, we find that this
temperature dependence belowTSDW is well described by a
Lifshitz-Kosevich description with magnetic breakdown a
Bragg reflection points on the reconstructed Fermi surfa
Below the second transitionT* , a model where a magneti
breakdown gap opens up gives an accurate account of
observed temperature dependence. We note that the con
tion of T* and TMI is suggestive, and further theoretic
work is needed.

The authors are indebted to discussions with K. Yam
This work was supported by NSF-DMR 95-10427~J.S.B.!
and by NSF-DMR-95-27035 in cooperation with the State
Florida ~NHMFL!. The NPML is supported by the Austra
lian Research Council.
d

t,
.
d

,

,

.
,

.

,

*Author to whom correspondence should be addressed. Pre
address: NHMFL/Department of Physics, Florida State Unive
sity, Tallahassee FL 32310. FAX: 1-850-644-5038. Electronic a
dress: brooks@magnet.fsu.edu

1T. Ishiguro and K. Yamaji,Organic Superconductors~Springer-
Verlag, Berlin-Heidelberg, 1990!.

2P. M. Grant, J. Phys. C44, 3 ~1983!.
3J. P. Ulmet, A. Narjis, M. J. Naughton, and J. M. Fabre, Phy

Rev. B55, 3024~1997!.
4M. J. Naughton, J. P. Ulmet, I. J. Lee, and J. M. Fabre~unpub-

lished!.
5S. Uji, J. S. Brooks, S. Takasaki, J. Yamada, and H. Anzai, So

State Commun.103, 387 ~1997!.
6S. Uji, T. Terashima, H. Aoki, J. S. Brooks, M. Tokumoto, N

Kinoshita, T. Kinoshita, Y. Tanaka, and H. Anzai, Synth. Me
86, 1909~1997!.

7K. Kishigi and K. Machida, Phys. Rev. B53, 5461~1996!.
8T. Takahashi, Y. Maniwa, H. Kawamura, and G. Saito, J. Ph

Soc. Jpn.55, 1364~1986!.
9S. Valfells, P. Kuhns, A. Kleinhammes, J. S. Brooks, W. Mou

ton, S. Takasaski, J. Yamada, H. Anzai, and S. Uji, Phys. Rev
56, 2585~1997!.

10L. P. Le, A. Keren, G. M. Luke, B. J. Sternleib, W. D. Wu, Y. J
Uemura, J. H. Brewer, T. M. Riseman, R. V. Uspani, L. Chian
W. Kang, P. M. Chaikin, T. Csiba, and G. Gruner, Phys. Rev.
48, 7284~1993!.

11K. Yamaji, J. Phys. Soc. Jpn.51, 2787~1982!.
12G. Montambaux, Phys. Rev. B38, 4788~1988!.
13A. Bjelis and K. Maki, Phys. Rev. B45, 12 887~1992!.
14N. Biskup, S. Tomic, and D. Jerome, Phys. Rev. B51, 17 972
ent
r-
d-

s.

id

.

s.

-
B

,
B

~1995!.
15S. Uji, J. S. Brooks, M. Chaparala, S. Takasaki, J. Yamada, an

H. Anzai, Phys. Rev. B55, 12 446~1997!.
16B. E. Kane, A. S. Dzurak, G. R. Facer, R. G. Clark, R. P. Starret

A. Skougarevsky, N. E. Lumpkin, J. S. Brooks, L. W. Engel, N
Miura, H. Yokoi, T. Takamasu, H. Nakagawa, J. Goettee, an
D.G. Rickel, Rev. Sci. Instrum.68, 3843~1997!.

17J. S. Brooks, J. S. Qualls, L. W. Engel, R. G. Clark, A. S. Dzurak
B. E. Kane, O. Tatsenko, V. Platinov, M. Dolotenko, C. M.
Fowler, J. C. Solem, J. King, W. Zerwekh, D. Rickel, J. Goettee
L. J. Campbell, M. Tokumoto, N. Kinoshita, T. Kinoshita,
Y. Tanaka, H. Anzai, N. Miura, and H. Yokoi, Los Alamos
Report LA-UR 96-3472~unpublished!.

18D. Shoenberg,Magnetic Oscillations in Metals~Cambridge Uni-
versity Press, Cambridge, 1994!.

19J. S. Brooks, J. O’Brien, R. P. Starrett, R. G. Clark, S.-Y. Han, J
S. Qualls, S. Takasaki, J. Yamada, H. Anzai, C. H. Mielke
L. K. Montgomery, and I. B. Rutel, Synth. Met.~to be pub-
lished!.

20J. S. Brooks, R. G. Clark, R. P. Starrett, R. Newbury, R. H
McKenzie, A. V. Skougarevsky, N. Kinoshita, T. Kinoshita, Y.
Tanaka, H. Anzai, S. Takasaki, J. Yamada, M. V. Kartsovnik
A. I. Schegolev, G. J. Athas, and P. Sandhu, Physica B216, 380
~1996!.

21C. H. Mielke ~private communication!.
22J. M. Delrieu, M. Roger, Z. Toffanoet al., J. Phys.47, 839

~1986!.
23K. Maki, Synth. Met.55–57, 2808~1993!.
24A. Audouard and S. Askenazy, Phys. Rev. B52, 700 ~1995!.
25G. M. Danner, W. Kang, and P. M. Chaikin, Phys. Rev. Lett.72,

3714 ~1994!.


