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Magnetotransport studies are made in the title compounds using magnetic fields up to 40 T. The Fermi surface of
BEDT-TTF (bis(ethylenedithiolo)-tetrathiafulvalene) compounds is found to be nearly cylindrical with a weak warping.
Its cross-sectional area is estimated as 13-16% of that of the first Brillouin zone. However, unusual features difficult to
explain in the current model for this family of compounds are found in (BEDT-TTF),KHg(SCN), in the low-tempera-
ture-low-field regime below about 8 K and about 22 T. In (TMTSF (tetramethyltetraselenafulvalene)), ClO, a clear series
of oscillation superposed on the angular dependence of magnetoresistance is found in the metallic and magnetic-field-in-
duced spin-density-wave phases. This new phenomenon is interpreted in terms of a multiple inter-chain transfer.
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Introduction

§1.

(BEDT-TTF),X and (TMTSF),X families of organic
conductors have attracted much attention because of the
electronic low-dimensionality and the possibly strong
Coulomb correlation among conduction electrons. Here,
BEDT-TTF, TMTSF and X denote bis(ethylenedithiolo)-
tetrathiafulvalene, tetramethyltetraselena-fulvalene, and
several kinds of anions, respectively. The gapless super-
conductivity found in both families of compounds®? is
considered to be characteristic of a strongly correlated
electron system. The spin-density-wave (SDW) found in
TMTSF family** is typical of a low-dimensional electron
system having strong Coulomb correlation. For investiga-
tions of possible mechanisms of superconductivity in
these materials it is necessary to clarify basic structures
and properties of electron system.

The purpose of the present study is to find and ex-
amine the topology of the Fermi surface and the
kinematics of electrons in BEDT-TTF and TMTSF
families of compounds by making magnetotransport mea-
surements at low temperatures. Since the Shubnikov-de
Haas (SdH) effect was first observed in (BEDT-TTF),
Cu(NCS),,” several studies of “‘fermiology’’ (Fermi sur-
face topology) of organic conductors have been made to
reveal their electronic structures;®” the Shubnikov-de
Haas (SdH) effect,® and the newly discovered angle-
dependent quantum oscillations of magnetoresistance.5%
We will employ these methods in the present work.

*On leave from Japan Carlit Company, Ltd., Shibukawa, Gunma 377.
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(BEDT-TTF),Cu(NCS),, which has polymeric sheets
of pseudohalide metal anion Cu(NCS);, has first ex-
hibited the superconductivity above 10 K.!® The novel
compound (BEDT-TTF),NH,Hg(SCN), and (BEDT-
TTF)KHg(SCN), to be studied in the present work are
synthesized as  modifications of (BEDT-TTF),
Cu(NCS),."" They have a common layered structure con-
sisting of polymeric sheets of pseudohalide metal anions
and donor sheets of zigzag aligned BEDT-TTF molecules
which form two-dimensional conducting planes (ac
planes). In these compounds, a weak interlayer coupling,
in other words, strong two-dimensionality is expected
since the anion layer thickness is much larger than that of
other BEDT-TTF compounds because of a three-dimen-
sional polymeric structure of the anion sheets.

Although (BEDT-TTF),(NH,)Hg(SCN), has a little
larger interlayer lattice constant than (BEDT-TTF),
KHg(SCN), because of the difference of the ion radius be-
tween NH{ and K™, these two compounds are isostruc-
tural with each other and their lattice parameter is also
nearly the same as each other. Therefore, they are ex-
pected to have similar electronic structures.

(BEDT-TTF),KHg(SCN), shows metallic behaviors
down to 0.5 K with no sign of superconductivity.!>'? On
the other hand, superconductivity with the onset tempera-
ture of 1.15K was recently discovered in (BEDT-TTF),
(NH,)Hg(SCN),." 1t is important to study possible
origins for the difference of superconducting critical tem-
perature between these isostructural compounds.

In this report we will show that (BEDT-TTF),
KHg(SCN), has an anomalous state in a low-
temperature-low-field regime although it is still open to
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questions whether this state is responsible for the absence
of the superconductivity in this compound.

(TMTSF),; X has a very simple and typically quasi-one-
dimensional electron system. The non-degenerate highest
occupied molecular orbital of TMTSF forms one conduc-
tion band resulting from the charge transfer with X, so
that only a pair of sheet-like open Fermi surfaces is pre-
sent. The electronic spectrum is well described by a sim-
ple tight-binding model with the nearest neighbor
transfer integrals along the a, b, and c¢ axes,
taitpit.=300:30:1. The pair of sheet-like open Fermi sur-
faces is parallel to the b*c™ plane (normal to the & axis)
with a weak periodic warping due to #, and #. Since 7, is
too large to be ignored, the electronic system is usually re-
garded as an anisotropic two-dimensional one. Standard
models for the SDW and the field-induced spin-density-
wave (FISDW) are built on this picture that ignores the
effect of finite f. Really the angular dependence of the
threshold field for the FISDW phase obeys a cosine law
expected from the two-dimensional model."?

On the other hand, the unusual anisotropy of the
metallic phase magnetoresistance suggests the three-
dimensional nature of the system.>'® The angular
dependence of the magnetoresistance or the FISDW insta-
bility could be affected by this effect.'”'® Boebinger et al.
reported the enhancement of the FISDW structures in
the magnetoresistance of (TMTSF),ClO, at the special
field angles.!” Naughton et al. observed several structures
having no dependence on the field strength in the
magnetoresistance anisotropy in the metallic and FISDW
phases.?”

We will show that these phenomena are explained in
terms of a kind of resonance effect for the field direction
when the effect of 7., i.e., the three-dimensionality, is
taken into account. It is a commensurability effect (com-
mensurate versus incommensurate) between two
periodicities in the electron motion along an open orbit
on the Fermi surface warped by ¢, and ¢..

Moreover one will see that the magnetotransport prop-
erties are understood on the basis of a common model in
both BEDT-TTF and TMTSF families in spite of the ap-
parent difference in the shape of the Fermi surface.

§2. Experiments

High-field magnetotransport measurements were made
under pulsed magnetic fields up to 40 T generated by a
multi-turn solenoid coil. Resistance was measured using
an ac bias current (typically /=200 kHz, lyc=1-0.2
mA) and phase sensitive detection (PSD) to obtain better
signal-to-noise ratio. Measurements using low dc bias cur-
rents were also done to check the accuracy of the ac mea-
surements and to scale the measured ac data. The angle-
dependence of magnetoresistance was measured using a
rotating sample holder in static magnetic fields up to 12
T. Temperature was varied in the range 1.5 K-10 K.

In the measurements of (BEDT-TTF),X four gold lead
wires (25 pm in diameter) were bonded on both (010)
faces (conducting ac plane) of plate-like single crystals by
gold paint. The typical sample size was 1x 0.5 %2 mm’.
Generally, it is difficult to measure the exact in-piane
resistance of this kind of materials, since it may contain
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the interlayer resistance component due to the large
anisotropy of conductivity and the irregular sample
shape. Therefore, in most of measurements, we
measured the inter-layer resistance using the bias current
parallel to the b* axis (perpendicular to the conducting ac
plane).

In (TMTSF),ClO, dc magnetoresistance was measured
with a current of, typically, 100 pA along the a axis (one-
dimensional conducting axis). The typical size of the sam-
ple crystals was 4x0.5%0.3 mm’. The samples were
sustained by four leads of gold (25 pm in diameter) bond-
ed by gold paint. To achieve the ‘‘relaxed state’’ with
sufficient ordering of the orientation of ClO; anions, the
samples were cooled with speeds less than 50 mK/min
near the anion ordering transition temperature, 24 K.

§3. Results and Discussions

3.1 Overall features of the magnetoresistance and the
Shubnikov-de Haas effect in (BEDT-TTF), X
3.1.1 Overall features

Figure 1 shows the high-field longitudinal
magnetoresistance traces at several temperatures under
magnetic fields applied perpendicular to the conducting
ac vplane of (BEDT-TTF),NH,Hg(SCN),.*" The
background magnetoresistance increases monotonically
with increasing magnetic fields tending to saturate above
10 T. Shubnikov-de Haas (SdH) oscillations are clearly
visible above 13 T at 1.5 K. The SdH amplitude grows up
rapidly with increasing fields, and reaches 50% of the
whole magnetoresistance above 30 T at 1.5 K.

The SdH oscillations are perfectly periodic against in-
verse magnetic fields as shown in the inset of Fig. 1. The
spin splitting of each oscillation peak is not visible in the
present temperature and magnetic field ranges. Although
the magnetoresistance of the isostructural compound
(BEDT-TTF),KHg(SCN), shows large decrease and a
sharp kink structure after the saturation,'? this com-
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Fig. 1. The longitudinal magnetoresistance of (BEDT-TTF),(NH,)
Hg(SCN), at various temperatures under the fields applied perpen-
dicular to the conducting plane. The inset shows the SdH oscillation
part as a function of the inverse magnetic fields.
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Fig. 2. The transverse magnetoresistance  of (BEDT-TTF),
KHg(SCN), under the fields applied perpendicular to the conducting
plane. The kink structure is indicated by the large arrow. The oscilla-
tion peaks of the SdH effect are marked by small arrows.

pound shows no anomalous feature in the present field
range.

Figure 2 shows an example of the magnetoresistance
traces under magnetic fields perpendicular to the conduct-
ing plane (a-c plane) of (BEDT -TTF),KHg(SCN),.'?
Although the current direction is almost parallel to the ¢-
axis in this case, the measured resistance possibly con-
tains the b*-axis component because of the irregular sam-
ple shape and the large anisotropy of the conductivity.
As shown in Fig. 2, the magnetoresistance exhibits
remarkable features: With increasing magnetic fields, the
magnetoresistance increases sub-linearly and saturates
around 10 T. It shows an unusual negative slope above
10 T. A sharp “*kink structure’’ appears around 22.5 T as
indicated by large arrows in Fig. 2.

SdH oscillations are also seen superposed on this
background magnetoresistance. The amplitude of the
SdH oscillations is largely enhanced above the kink struc-
ture. The field position of the kink structure shows no ex-
plicit temperature-dependence.

The qualitative features mentioned above and the field
positions of the kink and the SdH peaks were the same in
all the samples although the overall shape of the
magnetoresistance trace and the amplitude of the SdH
oscillations were slightly sample-dependent. Neither the
explicit kink structures nor the SdH oscillations were
found when magnetic fields were applied parallel to the
a-c plane.

3.1.2 The Shubnikov-de Haas effect

Temperature dependence of the SdH oscillation
amplitude reflects the Landau level spacing. The
cyclotron mass mc defined by the Landau level spacing
heB/m, around the Fermi level is evaluated by numerical
fitting of conventional formula for the SdH effect. The
Dingle temperature is also obtained from the field
dependence of the SdH amplitude using the theoretical
formula of the SdH effect in the two-dimensional system.
We obtain m./m=2.1 and Tpr=1.4K in (BEDT-TTF),
NH,Hg(SCN),,*Y and m./my=1.4 and Tp=4.0K in
(BEDT-TTF),KHg(SCN),."» These values correspond to
the relaxation time of 7=0.87 ps and the mean-free path
in the conducting plane as /~500 A in the former com-
pound, and 7=0.3 ps and /~350 A in the latter.

(BEDT-TTF),NH,Hg(SCN), is known to be supercon-
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ducting below about 1 K while (BEDT-TTF),KHg(SCN),
is not down to the lowest temperature measured, 0.5 K.
It is reasonable that the former compound having the
larger cyclotron mass shows the superconductivity, since
it has larger density-of-states at the Fermi level. This
mass enhancement possibly originates from an increase
of the self-energy due to large electron-electron interac-
tion.?

The period of SdH oscillations gives the cross-sec-
tional area of the Fermi surface. The period A(1/B)
=0.0018 T™' leads to the area of S=0.053 A2 in
(BEDT-TTF),NH,Hg(SCN),, and A(1/B)=0.0015T"!
evaluated in (BEDT-TTF),KHg(SCN), gives S=0.065
A~ These areas correspond to 13% and 16% of the first
Brillouin zone of the respective compounds above. We
verified that the SdH-oscillation period is dominated by
the field component normal to the two-dimensional
plane. This is characteristic of the cylindrical Fermi sur-
face that is expected from the two-dimensional structure
and the electrical-resistance anisotropy.

Using the above results we discuss basic electronic
structures of (BEDT-TTF),NH,Hg(SCN), and (BEDT-
TTF),KHg(SCN),. Since a unit cell contains four BEDT-
TTF molecules on the same two-dimensional sheet, two
electrons per unit cell are removed from four energy
bands made from the BEDT-TTF molecular orbitals.
The observed metallic behavior suggests the presence of
multiple Fermi surfaces cut by the Brillouin-zone bound-
ary. Mori et al. have made a two-dimensional tight-bin-
ding band calculation. They show the presence of a clos-
ed Fermi surface and a pair of open ones extending
nearly parallel to the c¢-axis in the two-dimensional
Brillouin zone.” The cross-sectional area of the closed
Fermi surface is evaluated as about 20% of the area of
the first Brillouin zone. This band calculation is semi-
quantitatively consistent with the present results.

3.2 Angle-dependent  magnetoresistance and the
topology of the Fermi surfaces

Warped-cylindrical Fermi surface of (BEDT-

TTF),X

Figure 3 shows the dependence of magnetoresistance in
(BEDT-TTF),NH,Hg(SCN), on the direction of applied
magnetic fields of several fixed strengths. The field direc-
tion is measured by the angle 6 between the magnetic field

3.2.1
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Fig. 3. The angle-dependence of magnetoresistance of (BEDT-TTF),
(NH,)Hg(SCN), when the field is tilted from the b* axis tothe a’+¢
direction at several fixed field strengths.
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and the b* axis (normal to the conducting plane). The
magnetic field is tilted from the b* direction to the a’ +¢
direction (the @’ axis is perpendicular to both the b* axis
and the ¢ axis). It is seen that a large angle-dependent
oscillation is superposed on the background
magnetoresistance  having  more moderate  field
dependence. The angle-dependent oscillation appears as
a series of peaks and the angle 0=01is one of the angles of
minimum resistance. The oscillation is perfectly periodic
against the tangent of the angle 6.

The angle-dependent oscillation of magnetoresistance
was discovered in 6-(BEDT-TTF),L;¥ and B-(BEDT-
TTF),IBr,® independently. The angle dependence of
magnetoresistance observed in the present experiment is
very similar to those observed in the above two com-
pounds.

Yamaji found that this oscillatory phenomenon could
be ascribed to the warping of the cylindrical Fermi sur-
face characteristic of two-dimensional electron
systems:2¥ The energy spectrum of the quasi-two-dimen-
sional system with a weakly warped cylindrical Fermi
surface under magnetic fields is composed of a set of Lan-
dau subbands with some dispersion along the field direc-
tion. When the magnetic field is tilted from the normal to
the two-dimensional plane, the Landau-subband width
near the Fermi level oscillates against the tilting angle.
This leads to an oscillation of conductivity along the field
direction because the transport along the field direction is
dominated by the Landau subbands.” This model is very
similar to that for the new type of quanium magnetic
oscillations discovered recently in the two-dimensional
electron gas formed in a GaAs/Al,Ga,-As heterostruc-
ture with a weak lateral periodic potential.*>*”

Recently, a semi-classical calculation of
magnetoresistance was made for this type of Fermi sur-
face using Shockley’s tube integral formula.”® The
calculated interlayer magnetoresistance reproduces
satisfactorily the observed angle-dependence.

Assuming this model, we can directly obtain the Fermi
wave number kr from the oscillation period for each
direction in the two-dimensional plane; A(tan 8)=mn/ bke
in the measurements along principal axes of a Fermi sur-
face’s elliptical cross-section. Here b denotes the in-
terlayer spacing.

Our results tell that the cross section of the Fermi sur-
face is nearly circular, and that its radius, kr is about
0.13 A1 in (BEDT-TTF),NH;Hg(SCN),. This is consis-
tent with the cross-section of the cylindrical Fermi sur-
face evaluated from the Shubnikov-de Haas effect.

In the other compound, (BEDT-TTF),KHg(SCN)s, we
found anomalous features in the angle-dependent
magnetoresistance: Figure 4 shows the dependence of
magnetoresistance on the direction of the magnetic field
measured at several temperatures. The pattern of the
angle-dependent oscillation is found to be temperature
dependent: Above about 8 K the pattern is similar to that
of (BEDT-TTF),NH,Hg(SCN), but in the lower tempera-
ture regime it appears to be reversed upside-down. A dip
in the high temperature regime turns into a peak in the
low temperature one.

Also as functions of the field strength the oscillation
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Fig. 4. Angle-dependence of magnetoresistance of (BEDT-TTF),
KHg(SCN), measured at several temperatures. The magnetic fields
were rotated in the b*-a’ plane.
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Fig. 5. Field-dependence of magnetoresistance of (BEDT-TTF),
KHg(SCN), measured at several tilting angles from the b* axis. The
inset shows the angle dependence derived from these data evaluated
at 12T and 30 T.

pattern changes into the similar one to (BEDT-TTF)
,NH,Hg(SCN), when the field is higher than about 20 T
as shown in Fig. 5.

Thus, one can say that (BEDT-TTF),KHg(SCN})4
shows anomalous features in the low-temperature-low-
field regime below about 8 K and 20 T.

Keeping the above problem in mind, we can tentatively
evaluate the Fermi wave number ky from the oscillation
period at the high temperature regime, kg, ~0.13 AL It
is the same as that of (BEDT-TTF),NH,Hg(SCN), within
the experimental error.

It is to be noted, however, the oscillation period of
(BEDT-TTF),KHg(SCN), depends on the direction to
which the field is tilted from the normal. We found that
kr measured along the c-direction is about a half of that
described above, which was measured along the @’-direc-
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tion. Therefore the cross-sectional area of the Fermi sur-
face of (BEDT-TTF),KHg(SCN), estimated from kr, and
k. is a half of that evaluated from the Shubnikov-de
Haas effect although these two methods give the same
result in the case of (BEDT-TTF),NH,Hg(SCN),.

Sasaki et al. have found an antiferromagnetic state in
the above low-temperature-low-field regime of (BEDT-
TTF),KHg(SCN),.*” This state may be responsible for
the anomalous features found in this compound. We
have found, however, no satisfactory explanation to
ascribe the anomalies in magneto-transport measure-
ments to the magnetic state. This problem is left for
future studies.
3.2.2  Quasi one-dimensional corrugated Fermi surface

(TMTSF),ClO, is known to be a quasi one-dimen-
sional conductor, whose one-dimensional axis is a. For
magnetic fields rotated in the ac* plane, the
magnetoresistance anisotropy in the metallic phase
almost obeys a cosine law. The c¢* component of the
magnetic field dominates the magnetoresistance. This is
characteristic of quasi one-dimensional conductors.

However, when the magnetic fields are rotated in the
b*c* plane, which is perpendicular to the conducting a
axis, the magnetoresistance shows a large deviation from
a cosine law as reported already.!s!9

Figure 6 shows a plot of the angular dependence of the
a axis resistance at 1.5 K for several fixed magnetic fields.
The field direction in the b*c* plane is measured by the
angle 6 between the ¢* axis and the field direction. At this
temperature, the system undergoes the transition from
the metallic phase to the field-induced spin-density-wave
phase. It occurs with the steep increase of
magnetoresistance at the threshold field B, =6.1 T under
fields along the ¢* axis (6=0°). In Fig. 6, the results in
the metallic phase are plotted by closed circles and those
in the field-induced spin-density-wave phase by open
circles. The threshold angles that separate the metallic
phase and the FISDW phase are indicated by large
downward arrows. Their positions satisfy the cosine law
Bcos 0=Bu(0=0)=6.1 T as expected for two-dimen-
sional systems.' ‘

As is found in the 4 T and 6 T curves in Fig. 6, the
resistance in the metallic phase shows the unusual
angular dependence deviating from the cosine law: It

Resistance R (Q)

Fig. 6. Magnetoresistance anisotropy of (TMTSF),ClO, at several
field values. The filled and open circles stand for the data in the
metallic and FISDW phases. The downward and upward arrows in-
dicate the FISDW threshold and the fine structures.
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takes local minima for the fields along the b’ (#=90°)
and ¢’ (60=5°) axes, where b’ and ¢’ are the projections
of the b and ¢ axes onto the b*c* plane. In addition, we
find weak dip structures indicated by the small upward ar-
rows at about 48° and 65° in Fig. 6. The position of these
fine structures is independent of the strength of magnetic
fields. It is contrastive to the threshold structure of the
field-induced spin-density-wave transition. The dips at
about 48° are considered to be the same ones observed by
Boebinger et al. and Naughton er g/,

We concentrate on these fine structures of
magnetoresistance anisotropy. In addition to the struc-
tures marked by arrows, much weaker undulating struc-
tures are superposed on the curves in Fig. 6. By taking
the second derivative of these curves, one can find these
fine structures more clearly as a series of peaks as shown
in Fig. 7. The hatched peaks correspond to the threshold
for field-induced spin-density-wave and transitions be-
tween its subphases. Evidently the positions of the fine
structures are independent of the field strength. In addi-
tion, even in the FISDW phase the fine structures also ap-
pear at the same positions as in the metallic phase.

These facts suggest that the fine structures originate
neither from the field-induced spin-density-wave transi-
tions nor from the ‘“‘fast oscillations’ peculiar to
(TMTSF), X, but from some type of topological effect
related to the electronic structure.

We find that the fine structures appear when the frac-
tional condition tan §=1.1 p/q is satisfied, where p and
q are integers. Here, we set P=g=1 for the largest peak
at 48°. In Fig. 7, each peak is labeled by the fraction p/q.
The right inset of Fig. 7 shows the tangent of the peak
angles plotted against the assigned fraction p/q.

Why does the magnetoresistance show a dip structure
at these ‘“magic angles”’? The well-known oscillatory

(arb. units)
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Fig. 7. Second derivative traces of the anisotropy patterns of
(TMTSF),ClO, at different field values. The data in the FISDW
phase are plotted by the open circles. The hatched peaks correspond
to the FISDW transitions. The angles that satisfy tan 0=1.1p/q are
shown. The right inset shows the plot of the tangent of peak position
versusthe fraction p/q. The semiclassical electron motion on the FS
is also shown in the left inset.

NI | -El ectronic Library Service



The Japan Soci ety of Applied Physics

386 JIAP Series 7 Mechanisms of Superconductivity

phenomenon in magnetoresistance anisotropy is ob-
served in the metals having a multiply connected Fermi
surface. Another phenomenon is found, as discussed
above, in the quasi two-dimensional (BEDT-TTF), X hav-
ing the warped cylindrical Fermi surface.®” The fine struc-
ture found in (TMTSF),ClO, is different from them
because (TMTSF),ClO, has only sheet-like Fermi sur-
faces.

Lebed and Bak have first presented a theory to explain
this magnetoresistance anisotropy.'® Beyond the relaxa-
tion time approximation, they estimated the electron
relaxation time assuming the following; a three-dimen-
sional band model with two interchain transfer integrals
1, and t., and an electron-electron scattering. Their theory
could reproduce the overall anisotropy such as local
minima for the fields nearly parallel to the 5" and the ¢’
axes, but lead to peak structures at magic angles instead
of the dip structures observed experimentally.

We propose another model to understand possible
origins of local minima and dip structures at the magic
angles: We employ the relaxation time approximation
and consider the following band model with multiple in-
terchain transfers near the Fermi level of a quasi one-
dimensional system.

E(k)=hve(ke—Kke) = 2m n tmn €OS (mbk,+nck.), €]

where b and c are interchain distances along y and z direc-
tions. £, represents the interchain transfer integral associ-
ated with the lattice vector R,.,=(0, mb, nc), and
tomen=1lmn. Only several f,, with small m and n have
finite values and other ¢, are negligibly small. The Fermi
energy is assumed to be larger than 2% ntom, SO that
there exists a pair of sheet-like open Fermi surfaces
perpendicular to the one-dimensional axis (x-axis) as
shown in Fig. 8(a).

First, we consider the electronic state under the
magnetic fields. Semiclassically, under the magnetic
fields, an electron moves along the edge of the Fermi sur-
face cross-section perpendicular to the magnetic field in
the k space as shown in Fig. 8(a). It carries out a corre-
sponding orbital motion in the real space as in Fig. 8(b).
When a magnetic field B(0, B sin 6, B cos 0) is applied in
the yz-plane perpendicular to the one- dimensional axis,

S. KAGOSHIMA et al.

Fig. 8. (a) Sheet-like open Fermi surfaces of the quasi-one-dimen-
sional system in the extended k space. It show the semiclassical elec-
tron trajectories when the magnetic field is applied parallel to the lat-
tice vector Rp. (b) Open orbit motion of the electron in the real
space. The orbit b carries the current along the field direction.

Here, Gmn=eB(mb cos §—ncsin N/ h, x(t)=sign(ks)
vet, and k=(ky, ky, k) is the electron position in the &
space at t=0.

For general field directions, the electron around the
Fermi level carries out an open orbit motion with the ve-
locity vr along the one-dimensional axis in the real space
as the orbit ¢ in Fig. 8(b). This open orbit motion con-
sists of the (m, n) Fourier components oscillating in the
R,., direction with the wave number G, (or the frequency
veGmy) and the amplitude proportional to FonRon | Goan-
The wave numbers G,., of these components are general-
ly incommensurate to each other.

However, the transverse (y-z) component of v takes a
non-oscillatory constant value causing a drifting motion
in the x-B plane (x-R,, plane) when the field direction
satisfies ‘‘the resonant condition,”

G,,=0 (ortan §=pb/qc) 4)

for a certain (p, g) with a finite #,,. This means that the
open-orbit motion makes the electron drift in the y-z
plane when the magnetic field B is parallel to one of the
lattice vectors R,, with the finite £,,.

As described below, this motion can carry the electric
current along the B direction, causing the resonant in-
crease of the dc longitudinal conduction. For example,
the real space orbit b in Fig. 8(b) has a finite average ve-
locity in the B direction in contrast to the orbit a. The
wave numbers Gmn, where (m,n)#(p,q), of the
oscillatory (m, n) components of the open orbit are com-

the semiclassical equations of motion, v=(I /h)  mensurate with each other leading to a periodic open or-
dE(k)/dk, h(dk/dt)= —evx B lead to bit.
. N=si ; , This can be described in the quantum mechanical
velk, )=sign (kxve, @) words as the followings. The effective Hamiltonian in the
vk, 1) . mb Landau gauge 4=(0, Bx cos 6, —Bxsin 0) is written as
=2 (tam/ 1)
Uz(k, Z) m,n ne
X sin { Gpux(t)+mbk,+nck.}. €}
H.e=hve(—id/dx—ke)— 2 nlnn COS {Gpnx+mb(—id/dy)+ ne(—id/dz)}. %)
We neglect the Zeeman term. The eigen energy and the envelope function are obtained as
Ex=hve(Ky— k)= S nbun c0s (mDK,+ncK:), )
Fr(r)y=V "2 exp {iK-r+isign (K) Zin (L] Bvr G $i0 (Gunx +mbK,+ncK:)}. @)

where K=(K,, K,, K,) is the quantum number under the magnpetic fields. The summation in (6) is taken for (m, n)
which satisfies G,,=0, and that in (7) is for (m, n) which does not satisfy G,,,=0. The derivative of the dispersion Ex,
i.e., vg=(1/mydEx/dK gives the group velocity of the open orbit motion, and it corresponds to the non-oscillatory
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part of the semiclassical velocity v(K, ¢) in (2) and (3).

For general field directions, the spectrum Ex degenerates with respect to K, and K. This means that all the open or-
bits are equivalent since one trajectory runs through all points on the Fermi surface in the reduced zone scheme. Since
Ey depends only on K,, vy has only the x-component. This corresponds to the open orbit motion restricted in the x-
direction. However, at the field directions satisfying the resonant condition (4), the spectrum has also the K, K.-disper-
sion along the B direction, so that v, has also a component in the B direction. This means that the electron can move in
the x-B plane by the open orbit motion.

The velocity operator v=(1/i A)[r, H.] is given by replacing x(¢) with the operator x in (2) and (3). The matrix
elements of v, and v, connect Fx and Fi+ ¢, where G, = (G, 0, 0), since <K’ exp (i GunX)K > =0y x+ G, At the reso-
nant angles, v, and v, have diagonal matrix elements and they coincide with the y and z components of the group veloc-
ity vy.

Next, we consider the magnetoconductivity in the quasi one-dimensional system. The complex conductivity is
calculated semiclassically by the kinetic form of the Boltzmann equation assuring the constant relaxation time 7,

agy(w)=Qe*/ VYL A —df(k)/dE(k)}vi(k, 0yv;(k, t) e/ dy, ®)
or quantum mechanically by the Kubo-type formula,
: JU)~[(K") 1

i =(=2ihe*/ V) 2k xw {Kv K’ XK' v, K . 9
Tu(@)=(2he V) T CKoiK K 0K = o e ©)

The real part of the complex conductivity elements at low temperatures obtained from (8) or (9) are
G =N(Ep)(eve)t/{1+(wt)*}, (10)

Oy Oy ) [ mPb? mnbc) T

=N(Eg) 2, (elwn/ h) , 11
(az‘y o‘zz) ( [)%1( ) (mnbc n*ct | 1+ {{w—v:Gp)T}? (1

where N(Erp)=4/2nhvsbe is the density of states per unit
volume at the Fermi level. The other elements (a.,, o,.,
Oz, and o) are zero, so that no Hall effect is expected in
the present model. The resistivity along the one-dimen-
sional axis p=a5n shows no field dependence and,
therefore, no magnetoresistance. The inter-chain conduc-
tivity (11) shows the resonance-like peaks at the frequen-
cies w=vr G, These peaks correspond to the ““open or-
bit cyclotron resonance’’.

The dc (w=0) interchain conductivity is the summa-
tion of the tails of these resonances. At the field direc-
tions that satisfy the resonant condition (4), one of the
resonant frequencies (vrG,,) is zero (dc). Therefore,
when B is rotated in the yz-plane, the angular
dependence of the dc¢ interchain conductivity shows
resonance peaks at the field angles satisfying (4). This
resonant increase in the dc conductivity corresponds to

0.5 L T L e e e e T
s |
%
g
2
s 7
]
=3 -
'g |
5 0 j —
£ g, GuT =10 1
200r | &z v “/@y ty/to=1 ]
-3 TN
) / {2 ) N\
N N N )
N e 127 @\
. e 0 i N
2 — e e -
B o= S N
3 PN e
& i f’yz T
1. 1 ! ] 1 1 L I il J. 1
-850 60 =30 0 80 B0 90
Angle 8 (deg)
Fig. 9. Calculated dependence of the inter-chain conductivity and

the drifting motion of electrons in the B direction only at
the field angles satisfying (4).

Conditions for the resonance peak concerning R,, in
the dc conductivity to be visible are, (i) the large enough
transfer integral ¢,,, and (ii) the mean free path v being
larger than the period of the (p, g) component of the
open orbit motion:

(eBR,,/Wvrt>1. (12)

Figure 9 shows an example of the angular dependence
of the calculated dc interchain conductivity and resistiv-
ity. They are normalized by the z-axis conductivity p,.(0)
and resistivity ..(0) at zero magnetic field, respectively.
Here, to obtain clear structures, we set »=c and assume
the sufficiently large mean free path Gurr=(eBb/h)
vet=10. As for the transfer integrals, we simply set
tin=1/(m*/ty+n*/t.) for —5<m, n<5, where t,=t,

_.02
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resistivity on the magnetic field direction.

oy =1/(m?] t,+n*/ 1), where t,=tyg, t,; =1y and —5<m, n<5, Gv.t=(eBb/h)vy7=10, and b=c were assumed. Dip struc-
tures on p,, are indicated by arrows and labeled by p/q. (&) Isotropic case (#,==.). {b) Anisotropic case (t,/1,=10).
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and #.=#y. The anisotropy in the yz-plane is assumed as
fb/ fo= 10.

These assumptions mean that the one-dimensional con-
ducting chains aligned along the y-direction make the
conducting layer dominated by the large transfer 7.
These layers are weakly combined by the small interlayer
transfers ., {11, f21, etc. Compared to the isotropic case,
the interlayer transfer integrals 7y, %, - are not so
small compared to the nearest neighbor interlayer
transfer integral /.. Since the intralayer transfers f,0 do
not contribute to the z-axis conductivity o, the resonant
structures concerning the interlayer transfers give main
contribution 10 & ..

Since @y, » gy, 0,.(=0,), we obtain p.=ay, /
(0)y0:—0,.0,)=1/ 02, and D2z Pyys Py =Py
Therefore, on the angular dependence of p., the
resonance-like clear dip structures appear corresponding
to the interlayer transfers. On the other hand, the in-
tralayer resistivity p,, obeys almost the cosine law, reflec-
ting the large intralayer contribution.

Except the current direction perfectly paraliel to the
xy-plane, the interlayer resistivity p,. gives dominant con-
tribution to the measured resistance because of the large
anisotropy of the resistivity p,. » p,, > py. [n this way, the
large anisotropy makes it easy to observe the present
resonance effect.

We shall apply this model to the magnetoresistance
anisotropy of (TMTSF),X. We identify the observed
local minima and dip structures as the resonant struc-
tures discussed above. The transfer integrals between the
nearest neighbor TMTSF molecules along the crystal
axes have been estimated as 7,=300 meV, 7,=30meV,
and 7.< 1 meV.Y This large anisotropy (7,>7.) is of great
advantage to observe the dip structures. The conductivity
anisofropy ratio has been reported as
GuOp0.=25:1:1073 at B=0.% Although the current direc-
tion was almost parallel to the g-axis {one-dimensional
axis) in the experiments, the measured resistance must
contain some interchain components because of the large
anisotropy and the irregular sample shape. Really we
could obtain a series of much stronger dip structure as ex-
pected from the present model by making a direct
measurement of the c-axis resistance anisotropy. Thus we
consider that the resonance mechanism discussed above
is responsible for the observed magnetoresistance
anisotropy.

§4. Conclusion

In conclusion, we observed both the large SdH oscilla-
tions and the angle-dependent quantum oscillations in
the quasi two-dimensional organic superconductor and
its family BEDT-TTF)L(NH,)Hg(SCN), and (BEDT-
TTF),KHg(SCN)4. The result suggests the strong two-
dimensionality and the presence of the cylindrical Fermi
surface with weak warping. The cyclotron mass
m.=2.1my, of (BEDT-TTF),NH,Hg(SCN), is heavier
than that, m.=1.4my, of (BEDT-TTF)KHg(SCN},
showing no superconductivity. The observed magne-
totransport features of the former compound are very
“‘normal’’ as expected in a typical quasi two-dimensional

S. KAGOSHIMA et al.

system, compared to (BEDT-TTF)KHg(SCN), that
shows anomalous features in the low-temperature-low-
field regime below about 8 K and 20 T.

In the quasi one-dimensional superconductor
(TMTSF),ClOs we observed fine structures in the
magnetoresistance anisotropy as a fractional series of
dips in the both metallic and field-induced spin-density
wave phases. The field angles of the fine structures ob-
tained experimentally satisfy the fractional condition.
They coincide with the magic angles expected from the
commensurability condition that the two periods in an
open orbit become commensurate.

We find that this phenomenon is ascribed to multiple
interchain transfers: The situation is, say, a zero-fre-
quency limit of the ““open orbit cyclotron resonance.”” It
is caused by the resonant occurrence of longitudinal con-
duction by the electron open-orbit motion in the field
direction. The appearance of this effect in (TMTSFE),
ClO, suggests the importance of the three-dimensional
nature of this compound.

This picture is common to both the quasi two-dimen-
sional and the quasi one-dimensional conductors studied
in the present work. The experimentally observed
magnetoresistance is explained in terms of this picture
when it is combined with an experimental situation that
the largest resistance, i.e., the interlayer or the interchain
one, dominates the measured resistance in anisotropic
materials.
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