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Two-dimensional electrons realized in a quasi-one-dimensional conductor with anions having finit
electric dipole moments
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Genuine two-dimensional electrons have been realized in the Bechgaard salt, the representative quasi-one-
dimensional electron system. Two-dimensional characteristics such as Yamaji resonance, conventional mag-
netic quantum oscillations, a coherent interlayer magnetoresistance peak effect, and so on were clearly ob-
served in tetramethyltetraselenafulvalene fluorosulfonate (TMTSF)2FSO3, a unique example that has anions
with finite electric dipole moments. The introduction of additional periodic potential due to electric dipole
moments drastically changes the electronic structure.
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Although a variety of physical phenomena such
metal-insulator transition superconductivity, spin-dens
waves, field-induced spin-density waves, etc., have b
observed in the Bechgaard salts (TMTSF)2X (TMTSF
5tetramethyltetraselenafulvalene,X5monovalent anions)
when temperature, pressure, magnetic field, or anions w
varied, all of them could be explained in the context
quasi-one-dimensional electron physics1 with the Fermi sur-
face consisting of a pair of simple weakly warped sheets
kx;6kF . X5FSO3 anions are unique in that they carry pe
manent electric dipole moments.2 The first studies showed
only a simple pressure-temperature phase diagram in w
the physical ground states were often not well defined3,4

However, our recent reinvestigation showed th
(TMTSF)2FSO3 has a very reproducible and very compl
phase diagram,5 which is presumably related to the add
tional degree of freedom given by the electric dipole m
ments.@See Fig. 1~a!.#

Physical properties of low-dimensional metal are ve
sensitive to the Fermi surface morphology. Angle-depend
resistance under a constant magnetic field, or angular m
netoresistance, is particularly sensitive to the details of
Fermi surface such as amplitude and direction of warpi
electronic dimension, etc. For example, Lebed resonance6–11

or Danner-Kang-Chaikin12 resonance occur in a quasi-on
dimensional electron system like the Bechgaard salts wh
magnetic field rotates in theb-c or a-c plane, respectively
On the other hand, Yamaji resonance13 occurs for the quasi-
two-dimensional weakly corrugated cylindrical Fermi su
face such as those of numerous (BEDT-TTF)2X ~BEDT-TTF
5bisethylenedithiotetrathiofulvalene! compounds.14–17 A
similar effect has also been found in inorganic tw
dimensional compounds such as Sr2RuO4 ~Ref. 18! and
stage two SbCl5 intercalated graphite.19

In this paper we report on the field-dependent and an
dependent magnetoresistance study of (TMTSF)2FSO3
along the least conductingc direction under the pressur
around 6.2 kbar. Although Lebed resonance has been fo
in at least three sister compounds,X5ClO4,8,9 PF6,10 and
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ReO4,11 strikingly different behavior was found in the angu
lar magnetoresistance of (TMTSF)2FSO3. We interpret it in
terms of Yamaji resonance, rendering (TMTSF)2FSO3 the
first Bechgaard salt showing a genuine two-dimensio
electron behavior. We also present a series of additional
dence supporting the presence of genuinely two-dimensio
electrons. Finally, a possible mechanism for the formation
two-dimensional electrons is discussed.

The samples were grown using typical electrocrystalli
tion techniques. Four 20-mm annealed gold wires were a
tached to each sample with silver paste to measure the in
layer resistance (Rzz). A conventional low-frequency ac
lock-in method was used. The soundness of the present
is confirmed through three independent experiments at
different places involving three samples each using three
ferent pressure cells. Pressure was generated in a
clamped pressure cell using the 1:1 mixture of the Dap
7373 and kerosen oils as a pressure medium.20 Throughout
the paper pressure values calibrated at low temperature
used.

Figure 1~a! showsRzz(T) on cooling under 6.2 kbar. An
approximate cooling path is indicated on the phase diag
in Fig. 1~b!.5 Transition I is known to be an~1/2,1/2,1/2!

FIG. 1. ~a! Rzz versus temperature at 6.2 kbar.~b! Approximate
cooling path on the phase diagram. Some of transitions are i
cated on the cooling curve. For details of the phase diagram refe
Ref. 5.
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anion ordering transition.21,22Across transition II, resistanc
increases abruptly, but the metallic state is soon recove
under intermediate pressure and an incomplete super
ducting transition is observed~IV ! around 3 K. For the mo-
ment, the detailed nature of transition II is unknown.

Angular magnetoresistance of (TMTSF)2FSO3 under 6.2
kbar and at 1.8 K for five different magnetic fields is show
in Fig. 2~a!. Oscillations are clearly seen superposed o
slowly varying background. Strikingly, their overall featu
is quite different from the Lebed oscillations observed
other Bechgaard salts.8–11 Neither the angular positions o
dips nor those of peaks correspond to the angles predi
for the Lebed resonance~indicated with broken arrows on
the 13.5-T curve!.

At this point we need to review briefly the two resonan
phenomena of the low-dimensional electrons. Lebed and
predicted that quasi-one-dimensional metals would exh
magnetoresistance peaks at special orientations of the m
netic field in thebc plane, where the periods of electro
motions along thekb and kc directions on an open Ferm
surface sheet are commensurate.6,7 The so-called magic
angles are given for the triclinic lattice by

tanu5
p

q

b sing

c sinb sina*
2cota* , ~1!

FIG. 2. ~a! Angular magnetoresistance of~TMTSF!2FSO3 un-
der 6.2 kbar and at 1.8 K. The angles predicted by Eq.~1! are
indicated with broken arrows. The peak of the 11-T curve arou
the b8 direction is enlarged in~b!. ~b! Plot of utanuNu versusN
where uN are angles for the peaks in angular magnetoresista
@solid arrows in~a!#. Parts A and B correspond to the sides f
negative and positiveN, respectively. Lines are the least-squa
fittings. The point forN521 is excluded because its angular po
tion is difficult to determine precisely.
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in which u denotes the angle that the magnetic field ma
from thec* direction;p andq are small integers; andb, c, b,
g, anda* are lattice parameters.8,9 From its nature, Lebed
resonance is present only in quasi-one-dimensional elec
systems such as (TMTSF)2X.

On the other hand in case of the cylindrical Fermi surfa
with weak modulation along thekc direction, there are spe
cial angles at which the distribution of the Fermi-surfa
cross section disappears completely. The electron eigene
gies near the Fermi surface are then fully quantized into L
dau levels and the magnetoresistance is very m
enhanced.13 More realistic analysis with a consideration
the general triclinic structure was developed by Kartsov
et al.14 The angles are given in the simplest form when
magnetic field rotates in a plane containing one of ma
axes, as13,14

ckFutanuNu5pS uNu2
1

4D6C~f!, ~2!

wherec is the distance between adjacent conducting plan
kF is the average Fermi wave vector parallel to the ma
axis,N is the index of resonance, anduN is the angle for the
Nth peak measured from the axis of the cylindrical Fer
surface.C(f) is a function of azimuthal anglef and disap-
pears for the tetragonal system. The Fermi wave vectokF
can be readily determined quantitatively from the tanuN ver-
susN plot in Eq. ~2!.

Surprisingly the angular positions of resistance peaks
Fig. 2~a! are well fitted by Eq.~2!, as shown in Fig. 2~b!. In
fact, the overall angular magnetoresistance is very simila
those observed in the textbook examples of quasi-tw
dimensional electron systems such asb-(BEDT-TTF)2X,
X5IBr2,14 and I3.16 Figure 2~b! reveals some interestin
facts. First, the left side can be fitted with tanuN51.712(N
20.0713) and the right side withutanuNu51.712(uNu
20.495). The slopes of two sides agree with each other
markably well and give 0.139 Å21 for the Fermi wave vec-
tor. Second, the phases or the intercepts with thex axis of the
linear fittings are very different from the standard Yam
formula and are strongly asymmetric. This reflects the
clinic structure of this compound for which the corrugation
not symmetric.

Another important result suggesting the quasi-tw
dimensional Fermi surface in (TMTSF)2FSO3 is the narrow
peak of width 4.0°, observed when the magnetic field
nearly parallel to theb8 axis, is shown enlarged in the inse
of Fig. 2~b!. The existence of the small belly due to the thi
directional warping of the otherwise two-dimensional cyli
drical Fermi surface, that is, the coherent interlayer transp
is the origin of this peak.15–17 The half width of the peak is
related with the transfer integral along the third directi
such as

p

2
2uc5

2m* tcc

\2kF

, ~3!

where uc is the critical angle above which the resistan
increases rapidly.15 Using the values ofm* andkF obtained
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by the temperature dependence of amplitudes
Shubnikov–de Haas oscillations~see below! and the fitting
to Eq. ~2!, respectively, we havetc.1.0131023 eV, which
can be compared with values reported by Danneret al.12

from the fitting ofrzz of (TMTSF)2ClO4 in the ac rotation.
The third argument that supports the idea of a tw

dimensional Fermi surface in (TMTSF)2FSO3 is the tem-
perature and field dependence of Shubnikov–de Haas o
lations. Oscillations arising from conventional closed orb
are in general well interpreted with the Lifshitz-Kosevic
formula.23 In a simplified form in which only the first har
monic is considered and the spin-splitting effect is ignor
the Lifshitz-Kosevich formula states that the oscillation a
plitude DR/R can be represented as

DR/R}T exp~2lmTD /H !/AH sinh~lmT/H !, ~4!

where l52p2kBm0 /e\514.7 T/K, m is the effective cy-
clotron mass in relative units of the free-electron massm0,
and TD the Dingle temperature. Although Shubnikov–
Haas-like oscillations are frequently observed in magneto
sistance of other (TMTSF)2X, they do not arise from close
electron orbits but from a complex interplay between m
netic breakdown and Bragg reflection between the war
open Fermi surfaces.24 While they are also periodic in 1/H
such as the conventional Shubnikov–de Haas oscillatio
the temperature dependence of oscillation amplitude has
or two maxima and the oscillation eventually vanishes
very low temperature. Application of the Lifshitz-Kosevic
formula has never worked for them.

Magnetoresistance of (TMTSF)2FSO3 at several tempera
tures is shown in Fig. 3~a!. The fast Fourier-transform~FFT!
spectrum of the data between 6.25 and 18 T at 0.2 K is
shown in Fig. 3~b!. The fundamental frequency of oscilla
tions is 130.3 T. The amplitude of the second harmonic is
large as 20% of the fundamental. We present the oscilla
amplitudeDR/R as a function of temperature and magne
field in Figs. 3~c! and 3~d!. Lines in the figures are fittings to
Eq. ~4! which revealsm51.39 and TD52.5 K. Angular
variation of oscillation frequency, showing the 1/cosu be-
havior of the oscillation frequency up to670° from thec*
axis @inset of Fig. 3~b!#, is another typical characteristic o
the Shubnikov–de Haas oscillations arising from the cy
drical Fermi surface.

Determined from the frequency of Shubnikov–de Ha
oscillations, the cross-sectional area of the cylindrical Fe
surface is 1.2431014 cm22 corresponding to about 1.6% o
the first Brillouin zone. To conciliatekF previously deter-
mined in Fig. 2, we consider a Fermi surface section tha
strongly elongated along thekb direction.

The fourth argument favoring the two-dimensional ele
trons is absence of the field-induced spin-density waves u
a magnetic field as high as 33 T@inset of Fig. 3~a!#. It was
suggested that the presence of superconductivity at zero
is prerequisite to the field-induced spin-density waves un
magnetic field.25 While this argument has been supported
(TMTSF)2NO3 it fails for (TMTSF)2FSO3 where the super-
conducting transition~transition IV in Fig. 1, inset! is readily
observed, whereas the field-induced spin-density waves
07310
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absent.5 But the absence of field-induced spin-density wav
is natural if (TMTSF)2FSO3 has two-dimensional electron
instead of quasi-one-dimensional electrons. In addition,
unusually high superconducting critical temperatureTc of
(TMTSF)2FSO3, about 3 K rather than 1 K typical in other
Bechgaard salts, may also be due to the two dimensiona
since theTc in two-dimensional organic superconductors
usually higher than that in quasi-one-dimensional superc
ductors.

Now let’s consider the mechanism that induces tw
dimensional electrons in the Bechgaard salts. Figure 4~a!
shows that the normalized magnetoresistance,DR/R, is very
similar between 5.6 and 6.2 kbar, suggesting that the e
tronic structure is almost the same while the number of c
riers changes substantially between two pressures. To
contrary, the characteristics of two dimensionality deterior
quickly on increasing pressure further@Fig. 4~b!#. These ob-
servations rule out the simple argument that the tw
dimensional Fermi surface results from the optimized nes
between open Fermi surfaces by pressure. It seems that s

FIG. 3. ~a! MagnetoresistanceRzz(H) at temperatures 0.2, 1.0
1.6, 2.0, 2.7, and 3.5 K from below. Inset shows the high-field d
up to 33 T.~b! FFT spectrum of the data at 0.2 K, and the plot of t
two lowest harmonic frequencies versus the angle between the m
netic field and thec* axis in the inset. Solid lines are fittings t
nH0 /cosu. ~c! Fitting to the Lifshitz-Kosevich formula withm

51.39 as a function of temperature.Ã5DR/R is the oscillating
amplitude of resistance normalized by background resistanc
15.43 T.~d! Fitting to the Lifshitz-Kosevich formula as a functio
of 1/H at 0.2 K.
1-3
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tural ordering of anions around 90 K is not important eith
A preliminary x-ray analysis confirmed that the almo
temperature-independent transition line I is due to the~1/2,
1/2,1/2! anion ordering, and showed that~1/2,1/2,1/2! and
anion ordering is present at 20 K both at the ambient p
sure and under 7.2 kbar.22 Then, it is probable that transitio
II in the phase diagram is responsible for the formation of
two-dimensional Fermi surface, possibly by the ordering
the electric dipole moment. At low pressure, the large an
ordering gap at high temperature limits the number of ca
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In summary we report that genuine two-dimensional el
trons can be realized in the Bechgaard salts which have b
regarded as a representative of quasi-one-dimensional
tron systems. (TMTSF)2FSO3 showed the characteristics o
typical quasi-two-dimensional Fermi surface such as
Yamaji resonance in the angular magnetoresistance, the
ventional Shubnikov–de Haas effect following the Lifshit
Kosevich formula rigorously, the magnetoresistance p
due to the presence of belly orbits, and the absence of fi
induced spin-density waves, while all other Bechgaard s
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the pressure dependence of the two-dimensional nature
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