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High-magnetic-field phase diagram of a quasi-one-dimensional metal
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We report the high magnetic-field phase~to 45 T! of the quasi-one-dimensional organic conductor
(TMTSF)2ClO4 in its thermally quenched phase. Termed ‘‘Q-ClO4,’ ’ this phase exhibits a spin-density-wave
~SDW! transition at'5 K which is strongly magnetic-field dependent, and distinct from the phase extensively
studied in the annealed material. The field dependence of the SDW transition is well modeled by the theoretical
treatment of Bjelis and Maki. We discuss theB-T phase diagram of Q-ClO4 in the context of the hierarchy of
low-dimensional organic metals~one-dimensional towards two-dimensional!, and describe the temperature
dependence of the quantum oscillations observed in the SDW phase.
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Quasi-one-dimensional organic metals have the gen
character of a large bandwidth along the molecular stack
~chain! direction, followed by significantly smaller band
widths in the interchain and interplane directions.1 For the
Bechgaard salts these ratios are (ta , tb , tc : 1000, 250, 3
meV!, respectively.2 For sufficiently small transverse band
widths, a one-dimensional conductor will undergo an ins
bility, at a critical temperature, to an insulating ground sta
Following Yamaji,3 this temperature has an anisotrop
bandwidth dependence in terms of the so-called ‘‘imperf
nesting parameter,’’«05tb

2/ta . Hence the more two-
dimensional the material is, the larger«0 will be, and the
lower the temperature where the instability, or ‘‘nesting
will occur. In the case of the Bechgaard salts, a spin-den
wave ~SDW! ground state is formed. For sufficiently larg
«0, the low-temperature ground state remains metallic,
high magnetic fields can effectively reduce«0 ~i.e., drive the
system more one-dimensional!, and a field-induced spin
density wave state~FISDW! can be stabilized.4 This latter
phenomena has been the subject of extensive experim
and theoretical work.1

In this paper we consider a system where«0 is large, but
where an SDW state still forms at a temperatureTSDW
55 K. This allows a unique situation whereTSDW increases
by a factor of 2 in high magnetic fields due to the clo
competition between«0 and the magnetic energy. To accom
plish this we employ the well-studied organic conduc
(TMTSF)2ClO4.1 What is particular to our approach is th
the material has been prepared in a very rapidly~30 K/s!
thermally quenched state~i.e., Q-ClO4) to preserve the high
temperature electronic structure, which is comprised of t
open orbit, warped Fermi surface sheets. Otherwise, if
material is slowly cooled, the tetrahedral anion ClO4 under-
goes an ordering transition around 24 K, the unit cell doub
in the b direction, and the resulting Fermi surface becom
more complex.5 Generally, it is this relaxed state of the m
terial ~hereafter R-ClO4), which has been most extensive
studied. In contrast, Q-ClO4 is in the class of Bechgaar
salts2,6 (TMTSF)2X whereX5PF6, AsF6 , NO3 which form
an SDW state at ambient pressure below a transition t
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peratureTSDW ~12 K for X5PF6 and AsF6, 10 K for X
5NO3, and 5 K for X5Q-ClO4). In these cases a hig
magnetic field improves the nesting condition,7–9 andTSDW

increases with magnetic-field. This field effect was first p
dicted theoretically by Montambaux.10 We present in this
paper the field dependence ofTSDW for Q-ClO4 where the
effect is very dramatic, and exhibits aB-T phase diagram in
the hierarchy of nesting parameters (7 K<«0<22.5 K) in
the Bechgaard salts. We note two early, independent rep
of the magnetic-field dependence of the field dependenc
TSDW for Q-ClO4, one in pulsed fields11 to 50 T, and
another12 to 27 T. Both considered the theoretical framewo
of Bjelis and Maki,13 as discussed below.

The measurements reported here were carried out on
samples in 50 T~sample 1! and 60 T~sample 2! pulsed-field
magnets at the Los Alamos National Laboratory. Electri
transport contacts were made via graphite paint and 12mm
gold wires, with a dc four-terminal technique with a curre
of 50 mA. The current was applied transverse to the lay
along thec axis, as were the voltage contacts. The magne
field is also along thec axis. To ensure that the samples ful
quenched, the samples were put in direct contact with liqu
helium from room temperature as rapidly as possible. E
mated cooling rates were of order 30 K/s or greater. The
of graphite paint appeared to greatly enhance the reliab
of the contacts and to reduce degradation~cracking! of the
samples during the rapid cooldowns. Systematic tempera
measurements for each run were performed with a sin
quench to preserve the anion disorder in the samples.

In Fig. 1~a! we show a summary of the magnetoresistan
measurements for sample 1 above 5 K, and in Fig. 1~b! simi-
lar measurements at lower temperatures for both sampl
and 2 are presented. In the inset of Fig. 1~a! the temperature
dependence of thec-axis resistivity is shown at zero
magnetic-field. Here the upturn is the onset of the sp
density-wave transition, as established by, for instance N
studies.6 In Fig. 2 we show an expanded view of the behav
of the magnetic-field-dependent resistance, where the
has been plotted vs the square of the magnetic-field. All d
shown is for temperatures higher thanTSDW (B50). Here
12 680 ©2000 The American Physical Society
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the magnetoresistance remains small, and quadratic in fi
until a critical field~hereafterBSDW) is reached. We have fi
the 10.6 K resistance data in Fig. 2 to the quadratic func
~expected for the case of an open orbit metal! below the
point where the slope changes. Aside from a weak temp
ture dependence, all of the data follow this general functio
dependence until the pointBSDW is reached.BSDW is tem-
perature dependent, and is manifested as a change in the
dependence of the magnetoresistance. This defines
threshold field between the metallic and SDW ground sta
Above BSDW, additional structure appears~hereafterBSDW8 )
where the field dependence of the magnetoresistance cha
again. At higher fields quantum oscillations of frequencyF
5190 T become evident. We will return to these last tw
points in the discussion below.

In Fig. 3 we summarize the dependence ofBSDW and
BSDW8 in terms of the corresponding temperaturesTSDW and
TSDW8 based on the analysis of Fig. 2 and the zero-field va
from the inset of Fig. 1~a!. The new phase diagram, as d
fined by Fig. 3, is the main result of the present work. To p
the new data for Q-ClO4 in perspective, we have include
previous results for AsF6 , PF6, and NO3, ~Refs. 7,8,14! for
the field dependence ofTSDW in terms of the theoretica
framework Bjelis and Maki13 ~see also earlier work o
Montambaux10! which describes the magnetic-field depe
dence ofTSDW in the form

FIG. 1. ~a! MagnetoresistanceDR/R(B50) of thermally
quenched (TMTSF)2ClO4 vs pulsed magnetic field above 5
~sample 1!. Inset: zero-fieldc-axis resistivity vs temperature.~b!
Low-temperature magnetoresistance vs pulsed magnetic field
samples 1 and 2. Arrows indicate the position of structure in
lowest temperature data~see text!.
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Heree05«0 /vb , where«0 is the imperfect nesting param
eter described above, andvb5evFbB. The latter is the ef-
fective cyclotron frequency along theb axis, wherevF is the
Fermi velocity.Jl andC are Bessel and digamma function
respectively, andx15vb/4pTSDW. TSDW0 corresponds to
the transition temperature for perfect nesting. This expr
sion, in an asymptotic form,7 successfully describes the fiel
dependence ofTSDW for (TMTSF)2NO3 Ref. 7 and
(TMTSF)2PF6 Ref. 9. For Q-ClO4, Eq. ~1! is also applied,
but its full ~nonasymptotic! form must be used to obtain
proper convergence at low magnetic fields due to the la
imperfect nesting parameter«0 needed to describe the dat
The fitting parameters for all three materials are listed in
caption of Fig. 3. It is clear thatTSDW ~B 50! decreases with
increasing«0. However, since the general Fermi surface
pology is very similar, all three materials approach a co
mon transition temperature in the high-field limit. Of note
thatvF for Q-ClO4 is half that of the other two materials, bu
this value produced the best fit to the experimental data
this point we cannot tell if this is due to details of the the
retical model vs the data, or if the value ofvF obtained
reflects slight changes in the band structure of the ClO4 ma-
terial in the quenched state~e.g., see discussion of ‘‘RO’’
frequencies below!.

For completeness, the phase diagram of R-ClO4 is also
shown5 in Fig. 3. A point that must be clearly made is th
the Q-ClO4 phase diagram is very different from that studi

or
e

FIG. 2. Detail of the resistance of sample 1 vs the square of
magnetic field for different temperatures. The solid line is a fit
the high-temperature~10.4 K! resistance to a quadratic field depe
dence.BSDW (TSDW) is defined as the point of deviation of th
resistance from a quadratic behavior in field~open circles!, and
BSDW8 (TSDW8 ) is a second change in the field dependence~see ar-
rows! of the resistance at higher fields.~Complete temperature la
bels, left to right, are 5.5, 6.45, 6.5, 6.54, 7.25, 7.52, 7.90, 8.5, 8
9.0, 10.0, and 10.6 K.!
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in the R-ClO4 case. For R-ClO4 the Fermi surface topology
involves double open orbit sheets due to the anion order
the imperfect nesting is so large that at zero field the sys
is metallic, even superconducting (Tc51.2 K), and the
maximum field-inducedTSDW is less than 6 K. Another fac
tor which distinguishes Q-ClO4 from R-ClO4 is that the
quantum oscillation frequency in the magnetoresistanc
190 T, as confirmed by this~see below! and previous inde-
pendent studies.9 In contrast, for R-ClO4 the frequency is
250 T. This confirms that the Fermi surface topologies
fundamentally different. Returning for a moment to the o
servation of theBSDW8 feature~Figs. 2 and 3!, it is not clear
what assignment to make to it~i.e., a SDW subphase fo
instance!. It falls outside the prediction of Eq.~1! since there
only one transition (BSDW) is predicted. Hence further ex
perimental and theoretical work will be needed to fully u
derstand the significance ofBSDW8 .

We next turn to the nature of the oscillations in the ma
netoresistance which appear aboveBSDW ~see Fig. 1!. The
oscillatory component of the magnetoresistance, plotted
DR/R vs inverse magnetic field is shown in Figs. 4~a! and
4~b! for representative temperatures.~HereR is the nonoscil-

FIG. 3. Temperature vs magnetic-field phase diagram of Q-C4

based on the values ofTSDW vs BSDW ~alsoTSDW8 vs BSDW8 ) obtained
from Fig. 2. The solid lines are fits of the theoretical expression
Bjelis and Maki from Eq.~1! with the parametersvF , T0, and«0

for X5AsF6 (vF52.43105 m/s; «057 K; T0511.5 K), X
5NO3 (vF52.43105 m/s; «0513 K; T0511.0 K), and X
5Q-ClO4 (vF51.13105 m/s; «0522.5 K; T0513.0 K; see text
for discussion ofvF). The dashed line is a polynomial fit toTSDW8
vs BSDW8 . The lower phase diagram is for R-ClO4 after Ref. 5. The
finely dashed line is the main second-order phase boundary bet
the metallic and FISDW phases. The other two phase linesTH and
TR delineate subphases~see Ref. 5!.
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latory background magnetoresistance.! The oscillation am-
plitude increases until about 5 K, but then rapidly vanishe
lower temperatures. In Fig. 4~c! we show the amplitude o
the oscillations~normalized byR) as a function of tempera
ture. Such oscillations, commonly called ‘‘rapid oscill
tions’’ or ‘‘RO’’ appear in a number of the quasi-one
dimensional organic salts, including the Bechgaard salts1 and
the (DMET-TSeF)2AuCl2 salts.15 These oscillations are pe

f

en

FIG. 4. Temperature dependence of the quantum oscillat
~normalized by the background magnetoresistance!. The frequency
is 19065 T. ~a! Low-temperature behavior~sample 2! below 5 K.
~b! High-temperature behavior~sample 1! above 5 K.~c! Plot of the
amplitudes vs temperature in the range 30 to 50 T for both sam
measured. The solid line is a fit of the data to the standard Lifsh
Kosevich formula for quantum oscillation amplitudes aboveT*
(53.75 K), and to an activated behavior~dashed line! below T*
~see text!.
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riodic in inverse field, with a frequency of between 190 a
250 T. If considered as closed orbits, they represent ab
3% of the first Brillouin zone. A general observation is th
they only occur when the original open orbit Fermi surfa
has undergone a reconstruction. This can happen by an a
ordering transition16 and/or nesting of the Fermi surface.9 In
many cases where a spin-density-wave ground state is s
lized, the amplitude of the rapid oscillations first increas
with decreasing temperature, but below a characteristic t
peratureT* ~typically between 2 and 4 K!, the amplitude
attenuates exponentially forT→0. These oscillations hav
been described as a magnetic breakdown phenomena9 in an
imperfectly nested Fermi-surface topology. However, bel
T* there is an improvement of the nesting condition, su
that more of the reconstructed Fermi surface becom
gapped, and the magnetic breakdown becomes less prob
As shown in Fig. 4~c!, and following Ref. 9, this behavio
may be modeled by the standard Lifshitz-Kosevich desc
tion for quantum oscillations aboveT* , and an exponentia
attenuation belowT* . Here the parameters of the model i
volve an effective massm* 51.2 m0, a Dingle temperature
TD57 K, a T* 53.75 K, and a low-temperature magne
breakdown gap of 10 K.

The Dingle temperature associated with the quantum
cillations discussed above gives insight into the nature
carrier scattering, and therefore disorder, in Q-ClO4. Typi-
cally for ‘‘clean’’ organic metals where strong quantum o
cillations are observed,17 TD is of order 1 K. For Q-ClO4 it is
considerably higher~7 K!. Since anion disorder is necessa
to stabilize the Q-ClO4 state, this could be a possible sour
for the enhanced scattering. However, similar studies of
quantum oscillations in AsF6 and PF6 anion systems,9 where
there is no disorder involved, show a similar value ofTD .
Furthermore, given that the SDW state, which should be s
sitive to disorder, readily develops in Q-ClO4, we speculate
that in spite of the anion disorder, the material is in so
sense still relatively clean, and the large value ofTD may be
, a
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characteristic of the SDW~antiferromagnetic! nature of these
systems.

One other feature of the low-temperature data is show
Fig. 1~b!. Below about 3 K there are two distinct change
~shown by the arrows! in the magnetoresistance, one
around 12 T, and the other around 30 T. At present we h
no explanation for these features. One possibility is that
behavior is related to theT* mechanism in some manne
Another is that these changes are some vestige of the an
ordered state that only shows up when the resistivity of
predominantly quenched state is sufficiently high.~The char-
acteristic fields are close to some of the major FISDW ph
boundaries in the R-ClO4 compound.18!

In summary, the present work shows the evolution of
metal-to-spin-density-wave transition for open orbit, qua
one-dimensional metals with changes in their nesting par
eters. By mapping the magnetic-field dependence of the s
density-wave transition, we provide a description of t
field-dependent ground state of the material (TMTSF)2ClO4
where its low-temperature anion ordering transition has b
suppressed. The theory of Bjelis and Maki provide an exc
lent framework to describe the general field-dependent
tures of these systems. New aspects of the Q-ClO4 ground
state include the full description of the temperature dep
dence of the quantum oscillations in the spin-density-wa
phase, which attenuate exponentially below 5 K, and a ne
quadratic field dependence of the resistance in the lo
field, high-temperature metallic phase of the system. So
evidence is also present for additional subphase structur
the B-T phase diagram, but further work will be needed
make accurate assignments to these features.

We are indebted to K. Maki for testing the convergence
Eq. ~1! at low fields, and to D. Agterberg who gave us val
able advice on the computation involved. Support from NS
DMR 95-10427 and 99-71474~J.S.B.! and a cooperative
agreement between NSF-DMR95-27035 and the State
Florida ~NHMFL! is acknowledged.
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