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Two-dimensional electrons realized in a quasi-one-dimensional conductor with anions having finite
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 (TMIFSE);, 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 asReQ,,! strikingly different behavior was found in the angu-
metal-insulator transition superconductivity, spin-densitylar magnetoresistance of (TMTSIPSQ;. We interpret it in
waves, field-induced spin-density waves, etc., have beeterms of Yamaji resonance, rendering (TMTSF$O; the
observed in the Bechgaard salts (TMT&K) (TMTSF  first Bechgaard salt showing a genuine two-dimensional
= tetramethyltetraselenafulvalene X=monovalent anions) electron behavior. We also present a series of additional evi-
when temperature, pressure, magnetic field, or anions weidence supporting the presence of genuinely two-dimensional
varied, all of them could be explained in the context ofelectrons. Finally, a possible mechanism for the formation of
quasi-one-dimensional electron physiegth the Fermi sur- two-dimensional electrons is discussed.
face consisting of a pair of simple weakly warped sheets at The samples were grown using typical electrocrystalliza-
k.~ +ke. X=FSQ; anions are unique in that they carry per- tion techniques. Four 2@-m annealed gold wires were at-
manent electric dipole momerftsThe first studies showed tached to each sample with silver paste to measure the inter-

only a simple pressure-temperature phase diagram in whid@Yer resistance R;). A conventional low-frequency ac
the physical ground states were often not well defiéd. lock-in method was used. The soundness of the present data

However, our recent reinvestigation showed thatis confirmed through three independent experiments at two

(TMTSF),FSO, has a very reproducible and very complex different places involving three samples each using three dif-

) L . ferent pressure cells. Pressure was generated in a self-
phase diagram,which is presumably related to the addi- . . ;
. ) - clamped pressure cell using the 1:1 mixture of the Daphne
tional degree of freedom given by the electric dipole mo-

ts[See Fi 7373 and kerosen oils as a pressure meditiffhroughout

men S'[_ ee ng. 1a):] , . the paper pressure values calibrated at low temperature are
Physical properties of low-dimensional metal are very a4

sensitive to the Fermi surface morphology. Angle-dependent Figure Xa) showsR,(T) on cooling under 6.2 kbar. An

resistance under a constant magnetic field, or angular magmnroximate cooling path is indicated on the phase diagram
netoresistance, is particularly sensitive to the details of the, Fig. 1(b).5 Transition | is known to be arf1/2,1/2,1/2
Fermi surface such as amplitude and direction of warping, o

electronic dimension, etc. For example, Lebed resorfaite

—
2

or Danner-Kang-Chaiki resonance occur in a quasi-one- o5 (TMTSPLFSO, © =N
dimensional electron system like the Bechgaard salts whena & p=6.2kbar 100¢ Foadl P
magnetic field rotates in thle-c or a-c plane, respectively. o 20F 1 _W‘;éx,iwvﬁ*f"w
On the other hand, Yamaji resonafiteccurs for the quasi- g 15 le \! K
two-dimensional weakly corrugated cylindrical Fermi sur- g = 1oL \ |
face such as those of numerous (BEDT-TZXYBEDT-TTF 2 10¢ 1 i
=bisethylenedithiotetrathiofulvalene compounds®~1" A &

m

similar effect has also been found in inorganic two- ] 1 v
dimensional compounds such as,u0, (Ref. 18 and
stage two SbGlintercalated graphit&

In this paper we report on the field-dependent and angle-
dependent magnetoresistance study of (TMLEBD; FIG. 1. (a) R,, versus temperature at 6.2 kbés) Approximate
along the least conducting direction under the pressure cooling path on the phase diagram. Some of transitions are indi-
around 6.2 kbar. Although Lebed resonance has been foungited on the cooling curve. For details of the phase diagram refer to
in at least three sister compoundé=ClO,,%° PR;,1° and  Ref. 5.
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in which 6 denotes the angle that the magnetic field makes
from thec* direction;p andq are small integers; artg c, S,

v, anda* are lattice parametefs. From its nature, Lebed
resonance is present only in quasi-one-dimensional electron
systems such as (TMTSEX.

On the other hand in case of the cylindrical Fermi surface
with weak modulation along thk, direction, there are spe-
cial angles at which the distribution of the Fermi-surface
cross section disappears completely. The electron eigenener-
gies near the Fermi surface are then fully quantized into Lan-
dau levels and the magnetoresistance is very much
enhanced® More realistic analysis with a consideration of
the general triclinic structure was developed by Kartsovnik
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(b)w_ L p= el_zkf.ar___ o '_ ] et al!* The angles are given in the simplest form when a
gl T=1.8K magnetic field rotates in a plane containing one of major
— — ,14
= sl H=1T | axes, a¥
5 4 ] 1
211 712(IN1-0.495) ¢ ] CkF|tan9N|=7T<|N|—Z)ic(@, @)
0

wherec is the distance between adjacent conducting planes,
ke is the average Fermi wave vector parallel to the major
axis, N is the index of resonance, ay is the angle for the
FIG. 2. (a) Angular magnetoresistance 6FMTSF),FSO, un- Nth peak measured from the axis of the cylindrical Fermi
der 6.2 kbar and at 1.8 K. The angles predicted by @g.are  Surface.C(¢) is a function of azimuthal angle¢ and disap-
indicated with broken arrows. The peak of the 11-T curve aroundPears for the tetragonal system. The Fermi wave velgtor
the b’ direction is enlarged irb). (b) Plot of [tandy| versusN  can be readily determined quantitatively from the égrver-
where 6y are angles for the peaks in angular magnetoresistancsusN plot in Eq. (2).
[solid arrows in(a)]. Parts A and B correspond to the sides for  Surprisingly the angular positions of resistance peaks in
negative and positive, respectively. Lines are the least-square Fig. 2(a) are well fitted by Eq(2), as shown in Fig. @). In
fittings. The point foN=—1 is excluded because its angular posi- fact, the overall angular magnetoresistance is very similar to
tion is difficult to determine precisely. those observed in the textbook examples of quasi-two-
dimensional electron systems such ggBEDT-TTF),X,
anion ordering transitiofi-?2Across transition Il, resistance X=1Br,,** and .*® Figure 2b) reveals some interesting
increases abruptly, but the metallic state is soon recoveref@cts. First, the left side can be fitted with @g=1.712(N
under intermediate pressure and an incomplete supercor-0.0713) and the right side witHtan6y|=1.712(N]|
ducting transition is observedV) around 3 K. For the mo- —0.495). The slopes of two sides agree with each other re-
ment, the detailed nature of transition Il is unknown. markably well and give 0.139 A for the Fermi wave vec-
Angular magnetoresistance of (TMTSFSO; under 6.2  tor. Second, the phases or the intercepts withxtagis of the
kbar and at 1.8 K for five different magnetic fields is shownlinear fittings are very different from the standard Yamaji
in Fig. 2(a). Oscillations are clearly seen superposed on dormula and are strongly asymmetric. This reflects the tri-
slowly varying background. Strikingly, their overall feature clinic structure of this compound for which the corrugation is
is quite different from the Lebed oscillations observed innot symmetric.
other Bechgaard salts!* Neither the angular positions of Another important result suggesting the quasi-two-
dips nor those of peaks correspond to the angles predictedimensional Fermi surface in (TMTSFHSGO,; is the narrow
for the Lebed resonandgndicated with broken arrows on peak of width 4.0°, observed when the magnetic field is
the 13.5-T curve nearly parallel to thé' axis, is shown enlarged in the inset
At this point we need to review briefly the two resonanceof Fig. 2(b). The existence of the small belly due to the third
phenomena of the low-dimensional electrons. Lebed and Ba#lirectional warping of the otherwise two-dimensional cylin-
predicted that quasi-one-dimensional metals would exhibitirical Fermi surface, that is, the coherent interlayer transport,
magnetoresistance peaks at special orientations of the maig-the origin of this peak®=!’ The half width of the peak is
netic field in thebc plane, where the periods of electron related with the transfer integral along the third direction
motions along thek,, and k. directions on an open Fermi- such as
surface sheet are commensufafeThe so-called magic

20

angles are given for the triclinic lattice by T 2m*t.c
5= )
2 h2ke
tangzgﬂ_cota*, (1)  Where ¢ is the critical angle above which the resistance
g csinBsina* increases rapidly? Using the values om* andkg obtained
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by the temperature dependence of amplitudes of
Shubnikov—de Haas oscillatiorisee below and the fitting
to Eq. (2), respectively, we have,=1.01x 10 2 eV, which
can be compared with values reported by Daneeal!?
from the fitting of p,, of (TMTSF),CIO, in the ac rotation.

The third argument that supports the idea of a two-
dimensional Fermi surface in (TMTSFHSG; is the tem-
perature and field dependence of Shubnikov—de Haas oscil-
lations. Oscillations arising from conventional closed orbits
are in general well interpreted with the Lifshitz-Kosevich
formula?® In a simplified form in which only the first har-
monic is considered and the spin-splitting effect is ignored,
the Lifshitz-Kosevich formula states that the oscillation am-
plitude AR/R can be represented as

AR/RxT exp( —AuTp/H)/VH sinh A T/H),  (4)

where A =2m%kgmy/eh=14.7 TIK, u is the effective cy-
clotron mass in relative units of the free-electron mags
and Tp the Dingle temperature. Although Shubnikov—de
Haas-like oscillations are frequently observed in magnetore-
sistance of other (TMTSEX, they do not arise from closed
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electron orbits but from a complex interplay between mag- _(d) o
netic breakdown and Bragg reflection between the warped
open Fermi surface$.While they are also periodic in H/
such as the conventional Shubnikov—de Haas oscillations,
the temperature dependence of oscillation amplitude has one
or two maxima and the oscillation eventually vanishes at
very low temperature. Application of the Lifshitz-Kosevich
formula has never worked for them.
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FIG. 3. (a) MagnetoresistancR,(H) at temperatures 0.2, 1.0,
1.6, 2.0, 2.7, and 3.5 K from below. Inset shows the high-field data
Magnetoresistance of (TMTSH}SO; at several tempera- up to 33 T.(b) FFT spectrum of the data at 0.2 K, and the plot of the
tures is shown in Fig. @). The fast Fourier-transfortFFT)  two lowest harmonic frequencies versus the angle between the mag-
spectrum of the data between 6.25 and 18 T at 0.2 K is alspetic field and thec* axis in the inset. Solid lines are fittings to
shown in Fig. 8b). The fundamental frequency of oscilla- nHy/cosé. (c) Fitting to the Lifshitz-Kosevich formula withu
tions is 130.3 T. The amplitude of the second harmonic is as=1.39 as a function of temperaturA=AR/R is the oscillating
large as 20% of the fundamental. We present the oscillatioamplitude of resistance normalized by background resistance at
amplitudeAR/R as a function of temperature and magnetic15.43 T.(d) Fitting to the Lifshitz-Kosevich formula as a function
field in Figs. 3c) and 3d). Lines in the figures are fittings to of 1/H at 0.2 K.
Eq. (4) which revealsu=1.39 and Tp=2.5 K. Angular
variation of oscillation frequency, showing the l/ébbe- absent But the absence of field-induced spin-density waves
havior of the oscillation frequency up to 70° from thec* is natural if (TMTSF}FSO; has two-dimensional electrons
axis [inset of Fig. 3b)], is another typical characteristic of instead of quasi-one-dimensional electrons. In addition, an
the Shubnikov—de Haas oscillations arising from the cylin-unusually high superconducting critical temperatire of
drical Fermi surface. (TMTSF),FSQ;, abou 3 K rather tha 1 K typical in other
Determined from the frequency of Shubnikov—de HaasBechgaard salts, may also be due to the two dimensionality
oscillations, the cross-sectional area of the cylindrical Fermgince theT, in two-dimensional organic superconductors is
surface is 1.24 10" cm™2 corresponding to about 1.6% of usually higher than that in quasi-one-dimensional supercon-
the first Brillouin zone. To conciliatég previously deter- ductors.
mined in Fig. 2, we consider a Fermi surface section that is Now let's consider the mechanism that induces two-
strongly elongated along tHe, direction. dimensional electrons in the Bechgaard salts. Figu® 4
The fourth argument favoring the two-dimensional elec-shows that the normalized magnetoresistand®|R, is very
trons is absence of the field-induced spin-density waves up tsimilar between 5.6 and 6.2 kbar, suggesting that the elec-
a magnetic field as high as 33[ihset of Fig. 3a)]. It was  tronic structure is almost the same while the number of car-
suggested that the presence of superconductivity at zero fieliers changes substantially between two pressures. To the
is prerequisite to the field-induced spin-density waves undecontrary, the characteristics of two dimensionality deteriorate
magnetic field?® While this argument has been supported byquickly on increasing pressure furthiéfig. 4(b)]. These ob-
(TMTSF),NO; it fails for (TMTSF),FSO; where the super- servations rule out the simple argument that the two-
conducting transitioiftransition IV in Fig. 1, insetis readily ~ dimensional Fermi surface results from the optimized nesting
observed, whereas the field-induced spin-density waves atsetween open Fermi surfaces by pressure. It seems that struc-
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@) T T T T O s ers on the two-dimensional Fermi surface. Then, the overall
T H=lsT 1 15 —e—135T resistance increases while keeping the whole structure of
ool © 6.2kbar§ﬁ30' o Yamaji resonance. Nondiverging and then metallic ther-
— 5 L. mopower below transition Il at low pressure support this
g AN hypothesis.
< 5o0k F oot O i In summary we report that genuine two-dimensional elec-
@ trons can be realized in the Bechgaard salts which have been
regarded as a representative of quasi-one-dimensional elec-
100 e 0 25 90 005 e 0 45 90 tron systems. (TMTSRJFFSO; showed the characteristics of
Angle ¢ (degree) Angle ¢ (degree) typical quasi-two-dimensional Fermi surface such as the

Yamaji resonance in the angular magnetoresistance, the con-
FIG. 4. (a) Comparison of angular magnetoresistance under 5.&/entional Shubnikov—de Haas effect following the Lifshitz-
and 6.2 kbar. In spite of the tenfold increase of resistance the overalfosevich formula rigorously, the magnetoresistance peak
structure is the saméb) Only remnants of the resonances and thedue to the presence of belly orbits, and the absence of field-
90° peak are present under 8.3 kbar. induced spin-density waves, while all other Bechgaard salts
exhibit typical quasi-one-dimensional characteristics. From
: . . . . the pressure dependence of the two-dimensional nature, we
tural °Fde_“”9 of anions arou_nd 90 K is not important either. oy te the two dimensionalization to a new phase transi-
A preliminary x-ray analysis confirmed that the almostijon (possibly, the line Il and suggest that it is closely related

temperature-independent transition line | is due to (@, {4 the existence of finite electric dipole moments on anions.
1/2,1/2 anion ordering, and showed thét/2,1/2,1/2 and

anion ordering is present at 20 K both at the ambient pres- This work has been supported by the Korea Science and
sure and under 7.2 kb&rThen, it is probable that transition Engineering Foundation under Grant No. R01-2000-000-
[l in the phase diagram is responsible for the formation of thedD0036-0. A part of this work was performed at the NHMFL,
two-dimensional Fermi surface, possibly by the ordering ofwhich is supported by the National Science Foundation
the electric dipole moment. At low pressure, the large aniorCooperative Agreement No. DMR-0084173 and by the State
ordering gap at high temperature limits the number of carri-of Florida.
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