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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 (TXIT&fgre X
=CIO,, PR, and Ask in pulsed magnetic fields to 51 T. Of particular importance is the observation of a new
magnetoresistance oscillation f¥r=CIO, 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-weé&BW) state. We discuss a model where, below a
characteristic temperatufé within the SDW state, a magnetic breakdown gap opens.
[S0163-182699)00904-3

A subject of continued interest and controversy is the obquasi-one-dimensional Fermi-surface effects. For high-
servation of oscillations in the magnetoresistance of quasisymmetry anions such aé=AsF; or PF;, there is no anion
one-dimensional organic conductors, specifically the Bechordering, but belowr spy, the Fermi surfaces are nested with
gaard saltd. The nature of the oscillations is shown in Figs. Wave vectorQ. Following the arguments of Ugt al>® (for
1-4. Here, riding on a sometimes very large magnetoresig* = PFs and CIQ) and Kishigi and Machida(for X=NO;

tance are oscillations commonly called rapid oscillations 02" CIQa), thetnew periodigitybintrﬁtcjiuces atnewk B][i"cl’“if[‘
“RO.” At the center of the problem is the expectation, from zone and creates a magnetic breakdown network ot electron

tight-pinding band-structure calculatiohghat the m.etallic 2Sghhgls§(gglat,§zi% Tla,ﬂa)ggioiogrlggiﬁé(rgp 'I?Atg ?;llzgs
Fermi surface of the Bechgaard salts (TMTSKEonsists of  pjace and the Fermi surface reconstructs. Here, further nest-
two warped, open-orbit sheets in the first Brillouin zone, agng may result, either induced by lower temperatures {NO
is shown in Fig. §). Clearly in such a topology there are no or by application of high-magnetic fields (G0 Small
extremal-closed orbits to allow conventional oscillations inchanges in the nesting condition may Change the size of the
the magnetoresistance, i.e., the Shubnikov—de H&ds)  small pockets and density of occupied states, but the area
effect. Nevertheless, a preponderance of evidence suggesissociated with the larger magnetic breakdown paths remains
that these materials exhibit SdH-like oscillations in appliedessentially constant, as depicted in Fi¢h)5
magnetic fields below their respective spin-density-wave The nature of the SDW state has been most extensively
(SDW) transitions, and that these oscillations are periodic irstudied forX=PF;. These include protdnand 7’'Se NMR
inverse field. Furthermore, angular-dependent stddieti-  studies) muon spin studie¥) and theoretical treatments by
cate a quasi-two-dimensional character of the observed SdMamaji!* Montambaux? and Bjelis and Makt® We take
frequency. The two questions that naturally arise in considthe view, based on the Korringa-like behavior’d8e NMR
ering these oscillations are: how do closed orbits arise fronspin relaxation, the characteristic increaseT i,y with in-
open sheets; and if closed orbits do exist, why are their amereasing fiel* and the existence of SdH-like oscillations,
plitudes nonmonotonic with decreasing temperature? In moghat the nesting is incomplete belolp,,. Furthermore, at
cases, below the SDW ordering temperatlieg,, (=<5-12 T*1/T; in ""Se NMR takes on an activated fotrand the
K), the RO amplitude peaks & (~2-5 K), then rapidly magnetization shows a small burhpThese experiments in-
diminishes’ dicate that afT* there is a transition to a new electronic
We argue in this paper that the “RO” are a result of a state, but still, belowl™* only oscillations associated with the
semiclassical treatment of the reconstructed and/or nestddrge breakdown areas are observed.
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FIG. 1. X=AsF;. (a) Temperature-dependent MR. Inset: zero-field resistance and MR at 50 T vs temperature. Intermediate temperatures
are as shown in the insgb) Temperature dependence of the RO amplitudes. Solid lines-LK fits. Curves are offset.

The present study is a concurrent investigation ofdhe
axis (Ryz) magnetoresistance of three of the Bechgaard salts
(TMTSF),X, where X=AsF;, PR, and CIQ, in pulsed
fields to 51 T at the Australian National Pulsed Magnet st
Laboratory and also at the US pulsed field facility at Los
Alamos. Contact to samples was made with Au paint anc 4
thin (10 um) Au wires. Transport measurements in the high- =
field region was via planar transmission lines—a technologys. 4

MR Amplitude
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developed for microwave measureméfi€ in explosively ¢ | °°[ ". RO #1
generated fields>500 T. The lines are &m thick and 68 & X m Ro#2]
um wide, and thedB/dt pickup to the signal is generally & A 20 3T»0(K)4-0
negligible. Measurements were made vBtland| parallel to Q-Cio,

thec* (lowest conductivity axis. dc currents of LA (PF; Wie*, Blfc*

and Ask) and 50 A (ClO,) were used to avoid sample o e

heating. The samples were coolegry quickly(~1 s from
liquid-nitrogen to liquid-helium temperatures. This is essen-

tial to suppress anion ordering ¥= CIO, in order to stabi- 1% =

lize the SDW(quenched state. 0 10 2 gm 40 50
Our results are summarized in Figs. 1-3 in terms of the (b) ©

normalized magnetoresistan& ,(B,T)/R,,(0,T) and the 120 Ak © Bamplo#d' | 13f Sample#2 ' | |

oscillatory magnetoresistané®,sd B, T). RosdB,T) from
c* axis measurements, not seen in some refjdeslearly
observed it in all materials we studieBqosdB,T) is ob-
tained by dividingR,»(B,T) by a low-order polynomial fit
to R(B,T). This allows comparison with the conventional
description of SdH oscillations in terms of the Lifshitz-
Kosevich (LK) formulation® which we have used tali- 509K, 1~
rectly fit the oscillatory data. The parameters effective mass 25 30 35 40 45 50 B 30 (T‘)‘O 45 50
m*, Dingle temperature, and oscillation frequency were ob- BM

tained from the fit. Values were generally in the range of g 2. X=ClO, (Q stat9 (two samples (a) Temperature-
0.5m, to 1.5m, for m*, and 2 K to 10 K forTp . Details of  dependent MR. Inset: zero resistance and high-field MR at 50 T vs
this technique will be reported elsewhéfe. temperature(b) Temperature dependence of the RO amplitudes.

We now discuss our results(@ The material Curves are offset. Sample T{K)=5.09, 4.30, 3.78, 3.21, 2.76,
(TMTSF),AsFg (Figs. 1 and % exhibited a monotonically 2.53, 2.26, 2.25 K; Sample Z(K)=4.20, 3.15, 2.37, 2.08, 1.96,
increasing zero-field resistance with lower temperatures, but.68 K.
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FIG. 3. X=PF;. (a) Temperature-dependent MR. Inset: zero resistance and high field MR at 50 T vs temperature. Intermediate tem-
peratures are as shown in the inge). Temperature dependence of the RO amplitudes. Curves are offset.

a nonmonotonic dependence of the magnetoresistiBe  reports? (The small spike near 43 T, which appears in high-
is apparent with a maximum around 3.8 K. Quantum oscil+esistance samples is due to the pulsed-magnet crowbar.
lations with a single frequencl,=222T are observed in For the quenched versio@-(TMTSF),CIO,, we observed
R;7, also with a nonmonotonic temperature dependence aéntirely new behaviofFigs. 2 and 4 which has not been
the oscillation amplitude, in reasonable agreement with othepreviously reported in any detail. Here a number of indepen-
dent measurements in this work and other prelimihzty
and complementafy work of this state of the material,
where the anion ordering is suppressed, clearly show an or-

z:z_ AsFe ¢ bital frequency aQ—F;=190T. This frequency is the re-

0l qet@® ®e sult of the nesting of the original Fermi surface by the SDW

ol ® i wave vectorQ(3,3) [similar to Pk as determined from

w0k . . B NMR (Ref. 22], in contrast to theAO—F,=265T fre-
quency, which appears with anion ordering 19¢0,3,0).

240 - LB 7840 Although the Q-F,; frequency is dominant in highly

---m
220 - AO-F,” " 520
QF,
200 == 500
00p0® “wo ®
Lo “&, d

quenched samples, t0—F,=530T oscillation, which is
a remnant of the ordered state, appears in at least one mea-
surement. TheQ—F;=190T oscillation amplitude in all

480

Oscillation Amplitudes (arb. units)
Oscillation Frequencies (T)
8

L, 9%, 1% cases is honmonotonic with a maximum around 3.5 K. We
260 E - find also a temperature-dependent phase shifted first har-
uso | FF, o monic. _ A0— F_2 also sh_ows a similar dependence, in agree-
. e o o ment with detailed studies of the ordered sfate) The be-
aorTe 8 ] havior for X=PF; is shown in Figs. 3 and 4. We find an
230 - 1 oscillation frequencyF;=240T along with a temperature-
2200 4 A dependent phase shifted first harmonic. The zero-field resis-
¢z 3 4 3 tance is activated, and the MR decreases monotonically with

lower temperature. We note structure in the MR above 3 K

FIG. 4. Results of the modified Lifshitz-Kosevich analysis. Left €ar 30 T. The RO amplitude near 50 T &y, as shown in
panels, oscillation amplitudes for the three compounds. Right panFig. 4 decreases monotonically from the highest temperature.
els, oscillation frequencies. Note th@itp,y for ClIO, is ~5 K at ~ The estimated™ is at higher temperatur® vs 3.5 K than
zero field, but may be higher at 50 T based on the finite RO amplithat reportedjup to 30 T forR,,. Sample heating or errors in
tude at 5 K. temperature have been ruled out as the origin of this differ-
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FIG. 5. (a) Parameters and test of modified-LK model. For ¥we PF; data fitted, T* =3.2 K with a width of 0.1 K,T;=10K, and a
breakdown gap energy of 12 K. Note that the order parameter alone, and its contribution to magnetic breakdown, are nearly @énstant at
and cannotinfluence the RO amplitude in this rangé) Progression of Fermi-surface topology with temperatucg.Magnetic field
dependence of gpyw, Ty, andT* from theory and experiment.

ence. Factors such as the high fie(8® T vs 30 T or less tively. The influence ot, is characterized by the parameter
and the component of the resistivitR4,) studied, may ac- eo=t2/t,x1.4, which gauges the degree of imperfect
count for some differences between this work and previousesting. Mald® has extended the treatment of thgp,y for-
studies. mation to include the improvement of the nesting condition
Although all three systems share a common Fermi-surfaceith high-magnetic fields, and Audouard and AskerfAzy
topology, and SDW ground state, there is no clear relationhave successfully applied this treatment to the cas« of
ship between the magnetoresistance, the zero-field resistanceNO;. Importantly, Yamaji's model predictéwo transi-
and the RO amplitudes, as shown in the insets of Figs. 1-3ions, Tgpy into a semimetallic SDW, and a second transi-
For Q-ClO, this may be due to residual anion order, as istion at lower temperatureT(,) into an insulating SDW.
evidenced by the presence of thg orbit, and also by the How closeTy, is to Tgpyw depends crucially on,. Forty
weakly metallic(weakly insulating nature ofR(0). But for =0.012eV, Ty, and Tgpy coincide [this is the case of
X=AsF; and PF, there is a difference in the temperature AO-CIO, (Ref. 25], but fort,, twice this value(as prelimi-
dependence of the MR, even thouB0) rises rapidly at narily reported for norAO state®), T, lies well below
low temperatures. The relationship of the various transporTgpy. Indeed, foreq=7 K, Ty, andT* would coincide.
parameters remains an open question. However, the anomalous behavior of transport properties be-
Theoretical treatments of the possible transitions in thdow T* cannot simply be explained in terms of a completely
SDW ground state, as illustrated in Figch originate from  gapped Fermi-surface(FS). We therefore consider a
Yamaji's treatment of the formation of the SDW statkin modifiedLK description of the RO amplitudes. In our analy-
terms longitudinal and transverse hoppipgandty,, respec-  sis, we follow rigorously the LK treatment of Ut al®®
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aboveT*. However, belowT*, the amplitude seems to be pendent synthesis labs, supports this interpretation. The tem-

exponentially dependent on temperature. This suggests thafp@rature dependence of tige ClO, oscillation amplitude is

magnetic breakdown gap opens. We consider, therefore, @nmonotonic, as in other (TMTSFX materials where an

simple, heuristic model closely following the behavior of theambient SDW phase exists in the absence of pressure or

'Se NMR results, which show a rapidctivated decrease magnetic field. In reference to Fig(&, we find that this

in relaxation rat® below T*. This model simply introduces temperature dependence beldwap,, is well described by a

an activated prefactor to the LK formula beloWi, assum-  Lifshitz-Kosevich description with magnetic breakdown and

ing a finite transition width of order 0.1 K. As shown in Figs. Bragg reflection points on the reconstructed Fermi surface.

4 and 5, this model provides an excellent description of theBelow the second transition*, a model where a magnetic

temperature dependenceRyscfor the present and previous breakdown gap opens up gives an accurate account of the

results. observed temperature dependence. We note that the connec-
To summarize, we have examined the anomalous tention of T* and Ty, is suggestive, and further theoretical

perature dependence of the rapid oscillations in the SDWvork is needed.

state of (TMTSF)X compounds. By thermally quenching

the X=CIO, compound, anion ordering is suppressed and The authors are indebted to discussions with K. Yamaiji.
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