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Third Angular Effect of Magnetoresistance in Quasi-One-Dimensional Conductors
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We theoretically and experimentally study a new type of angular effect of magnetoresistance in
guasi-one-dimensional (Q1D) conductors. Itis a kink structure on the angular dependence of interlayer
magnetoresistance when the magnetic field is rotated in the most conducting plane. This effect
originates from the appearance or vanishing of closed orbits on the sheetlike Fermi surface. This
is “the third angular effect” in the Q1D conductors following the Lebed resonance and the Danner-
Chaikin oscillation. [S0031-9007(96)01983-7]

PACS numbers: 72.15.Gd, 71.18.+y, 74.70.Kn

In the past several years two novel angular effects In this paper we theoretically and experimentally study a
of magnetoresistance (MR) have been discovered in thpossible new type of FS topological effect of the Q1D con-
quasi-one-dimensional (Q1D) conductors having a paiductors, say, “the third angular effect.” It is considered to
of sheetlike Fermi surfaces (FS’s). The first angularbe the most plausible mechanism for the new phenomenon
effect, which is called the Lebed resonance or the magifound in (DMET),l ;. By the numerical calculation, we see
angle effect, is a series of resonancelike dip structurethat the semiclassical magnetotransport theory leads to the
on the angular dependence pattern of MR when théhird angular effectin the same way as the Lebed resonance
magnetic field is rotated in the plane perpendicularand the Danner-Chaikin oscillation. To confirm this nu-
to the one-dimensional (1D) axis [1-3]. The secondmerical prediction, we experimentally search for the third
angular effect, called the Danner-Chaikin oscillation,angular effectin the most established Q1D organic conduc-
is the oscillation of MR when the magnetic field is tor (TMTSF),CIO,, in which the other two conventional
rotated in the plane defined by the 1D axis and theeffects have been studied well.
normal of the most conducting plane [4]. These two First, we generally consider the dependence of MR
phenomena relate to the delicate warping features of then the magnetic field orientation in the Q1D conductor
sheetlike FS’s. Basically they can be understood in théiaving a pair of sheetlike FS’'s. We take the following
framework of the semiclassical magnetotransport theoryight-binding band model:

[4—6]. Experimentally they have been studied mainly
in organic Q1D conductors (TMTSEX, where TMTSF
denotes tetramethyltetraselenafulvalene ahe= C10y, (1)
PFg, and NO;.

Recently, Yoshinoet al.observed a different kind
of angular effect in another organic Q1D conductor

(DMET)ls, where DMET denotes dimethyl(ethyle- system by setting, > 1, > t.. In this case the axis

nedithio)diselﬁnadithi?fuI\éalened[7]. It was a sifngle kir;]kand thex-y plane correspond to the conducting 1D axis
structure on the angular dependence pattern of MR Whefy,q he most conducting plane (2D layer), respectively.
the magnetic field was rotated in the “third” direction,

00 : = We locate the Fermi levdly in the range—2¢, + 21, +
that is, in the most conducting plane. They ascribe F g : v

; X t. < Ep < 0, so that the system has a pair of sheetlike
this phenomenon to some change of the electronic state.q: perpendicular to the, axis in thek space.

Nevertheless its origin has still been unclear because In the semiclassical picture, the electron orbital motion

the electronic structure of (DMET); has not been ,,qer magnetic fields is described by the following
established yet. In addition, the relation between theequations of motion:

newly found angular effect and the conventional ones, the .
Lebed resonance and the Danner-Chaikin oscillation, hak = (=e)v X B, v = (1/h) [0E(k)/dk]. 2)
been also unclear since neither of the conventional effect8he conductivity tensor elements can be calculated from
has been reported in (DMET). the electron orbital motion using the kinetic form of the

E(k) = —2t, cosak, — 2t} cOSbk, — 2t. cOSck, — Ef .

Here, a, b, and c are the lattice constants ang, 7,
and ¢. are the transfer integrals along they, and z
axis, respectively. We introduce large anisotropy into the
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Boltzmann equation: cillation. The dependence of the third angular effect on
2e2 df 0 e the magnetic field strength and the relaxation time can
i =y T JE vi(k,0) . vj(k,ne’"dr. (3)  pe seen in Fig. 2. The kink structure becomes sharper as

Here the relaxation time is assumed as a constant (theincreasing the parameter/(i*/2t,a*eB), which is pro-
relaxation time approximation). The resistivity tensor isPortional to the field strength and the relaxation time.
obtained as the inverse of the conductivity tensor. As is well known, the large anisotropy in tlyez plane

By estimating the above formulae we carried out thelfs > fc) is very important for clear appearance of the
numerical simulation of the angular effects of MR in conventional angular effects [5,6]. It was found that this
the Q1D system. We set :#,:7. = 1:0.2:0.05, a = anisotropy is also important for the third angular effect.
b = ¢, andEr = —+/21, in the present calculation. The When the Q1D system has large anisotropy in the plane
value of E corresponds to the quarter filling of the Q1D perpendicular to the 1D axis, the interlayer resistivity
band. Figure 1 shows the calculated angular dependené&éearly shows these three types of angular effects.
of the diagonal resistivity elementg,, and p... In We should mention the 1D axis resistivjty, measured
these diagrams the direction and the distance from th#& most experiments. In the framework of the relaxation
origin indicate the field orientation and the resistivity ime approximationp,. shows no magnetic field depen-
value in logarithmic scale, respectively. The resistivitydence. Therefore, in order to reproduce the observed fea-
is normalized by the factotrabcB/2e. The interchain tures ofp,,, we have to study the scattering mechanism
resistivity p,, in the conducting layer shows monotonousbeyond the relaxation time approximation used in the
angular dependence with no clear structure as seen present work.
Fig. 1(a). In contrast, the interlayer resistivjty, shows Next we consider the physical origin of the third angular
rich angular dependent features as shown in Fig. 1(bgffect. We check the possible FS topological effects
The Lebed resonances, which appear when the field iy studying thek-space orbits on the FS’s. When the
rotated in they-z plane, are successfully reproduced on themagnetic field is rotated in the conductingy plane, the
y-z plane in Fig. 1(b). The Danner-Chaikin oscillations, electron orbits are usually winding and open alongihe
which appear when the field is rotated in the plane, are  direction. The winding amplitude of these open orbits does
also reproduced on thez plane in Fig. 1(b). not exceed the Brillouin zone widtwr /b. Therefore, in

In addition to these conventional angular effects wethe present configuration we cannot expect the Danner-
can clearly see a sharp kink structure on #ag plane  Chaikin oscillations because it is necessary for the Danner-
in Fig. 1(b). We call this newly found angular effect the Chaikin effect that the open orbits are winding over plural
third angular effect. This effect causes a single kink struczones [4]. This fact shows that the third angular effect is a
ture in the angular dependence of the interlayer resistivitperfectly different phenomenon from the Danner-Chaikin
when the magnetic field is rotated in the most conductingeffect.
plane. Essentially the third angular effect is semiclassical When the field angle® measured from the 1D axis
FS topological effect in the Q1D system, since it is leadis small enough, there also exist the closed cyclotron
by the semiclassical magnetotransport theory in the samerbits on the FS’s as shown in the inset of Fig. 2. As
way as the Lebed resonance and the Danner-Chaikin osicreasing the field anglé, these closed orbits decrease

FIG. 1. Calculated angular dependence of the diagonal resistivity elements in the Q1D systéi?/2t,a’eB) = 20 is
assumed. (a) Normalized interchain resistivity in the conducting layef(rabcB/2e). (b) Normalized interlayer resistivity
p../(mabcB/2e). Arrows in they-z, x-z, andx-y plane indicate the Lebed resonance, the Danner-Chaikin oscillation, and the kink
structure of the third angular effect, respectively.

5262



VOLUME 77, NUMBER 26 PHYSICAL REVIEW LETTERS 23 BCEMBER 1996

are known in advance, we can roughly estimatgz,
from the critical angle obtained from the experiment. We
have to notice that it has some ambiguity to determine
the critical angle from the kink position observed in the
experiment.

The third angular effect discussed above is considered
to be the most plausible mechanism for the anomalous
angular dependence of MR observed in (DMAT)[7].
Assuming that the observed kinkét= 15° is the critical
angle of the third angular effect, we can roughly estimate
the anisotropy of the conducting layer of (DMET) as
1:0.2. Although the electronic structure of (DMET)
has not been established yet, this value seems not so bad
considering the relatively small conductivity anisotropy
L | ! | . (10:1) of this Q1D conductor.

0 10 20 30 However, the magnetotransport behaviors of
Angle @ (deg.) (DMET),l; are not necessarily consistent with the
. present model for the third angular effect. As mentioned
FIG. 2. 2Deper21dence of the third angular effect on the Parampafore neither the Lebed resonances nor the Danner-
eter 7 /(h*/2t,a’*eB). The field angle is measured by the an- . o .
gle 6 between the 1D axis and the magnetic field direction.Ch_"’lIkln O_SC'”at'onS haV(_e been observed in (DME-E'),
Dashed line indicates the critical angfe calculated by (5). This fact is hardly explained by the present model since
Inset: Semiclassical electron orbits on the sheetlike FS's undethe Q1D system showing the third angular effect should
the magnetic field. also show the other two angular effects. So there are
still other possibilities on the origin of the angular effect
and finally vanish at a critical anglé.. In the case of observed in (DMET)l;. In this sense (DMET,) 3 is not
large anisotropyr, > 1, > t.), 0. is given by the best material to study the third angular effect itself.
_ In order to obtain the clearer experimental evidence of
tande = 21,b/hv . “) the third angular effect, we searched for this phenomenon
in another organic Q1D conductor (TMTSEJO,. In
contrast with (DMET)l;, (TMTSF),CIO, has a well
(5) established electronic structure and shows both of the
N Iq a Lebed resonance and the Danner-Chaikin oscillation. So
since vp = +/21,a/k. Around this critical angled., (TMTSF),CIO, is a more suitable material to study the
some kind of structure is expected to appear on théhird angular effect.
angular dependence of MR. In fact, the kink structure We measured the interlayer MR of (TMTSEIO, as
in Fig. 2 locates just below the critical angle calculateda function of the magnetic field direction. The single
from (5). Strictly to say, the critical angle correspondscrystal samples were cooled down slowly to reach the
not to the kink angle but to the angle below which the“relaxed state.” The magnetic field was rotated in the
MR deviates from the monotonous dependence. The thirchost conductinga-b’ plane. The field direction was
angular effect physically originates from the vanishing (ormeasured by the anglé between thea axis (1D axis)
appearance) of the closed cyclotron orbits on the FS’s. and the field direction. The current direction was parallel

The above mechanism should work also for the to thec™ axis perpendicular to the conducting plane. The
plane rotation where the Danner-Chaikin oscillations areneasurements were performed at 1.7 K under the fields
observed. In fact, Danneet al.found a narrow peak up to 12 T. In this experimental condition, the system
structure inp,, at the angle where the field direction lies in the normal metallic phase.
is parallel to the 1D axis [4]. They ascribed this peak Figure 3 shows the angular dependence patterns of the
to the resistance enhancement due to closed orbits amaterlayer MR of (TMTSF}CIO, at several field values.
reproduced it by numerical calculation. Blundel andAt low magnetic fields the MR shows monotonous angu-
Singleton have also referred to this effect [8]. This effectlar dependence. As the field strength is increased, kink
is completely analogous to the third angular effect in thestructures around = *=10° become visible and sharper.
x-y plane rotation. In the third angular effect, the peakThese features are similar to those of Fig. 2. The ob-
structure is much wider and its edge is well defined by theservation of the kink structure in (TMTSE}O, which
kink structure. shows the other two angular effects is very consistent with

We can utilize the third angular effect to estimate thethe numerical prediction that the anisotropic Q1D con-
band anisotropy in the most conducting plane in the Q1luctor should show the third angular effect in addition to
conductors. If the lattice parameters and the band fillinghe Lebed resonance and the Danner-Chaikin oscillation.

T [ T T T

Resistivity p,, /(mbcB/2e)

Herevr is the Fermi velocity. If a quarter of the band (1)
is occupied, (4) becomes

ty b
tand. = V2 2 =,
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] In conclusion, we have theoretically and experimentally
B=12T established the third angular effect of MR as a novel
FS topological effect in the Q1D conductors. By the
] numerical calculation we have shown that the three
R BT angular effects, the Lebed resonance, the Danner-Chaikin
] oscillation, and the third angular effect, appear on the
interlayer MR in the anisotropic Q1D conductor . We
have experimentally proved this fact using the most
studied organic Q1D conductor (TMTSEIO, The
third angular effect originates from the appearance or
vanishing of the closed cyclotron orbits on the sheetlike

—_

°
o

(TMTSF),ClO, |

Interlayer Resistance (Ohm)

T=17K ] FS of the Q1D conductors.
oof b v v . . This work is supported by the Grant-in-Aid for Scien-
90 60  -30 0 30 60 90 tific Research on Priority Area (No. 253) from the Mini-
Angle 6 (deg.) stry of Education, Science and Culture of Japan.

FIG. 3. Angular dependence of the interlayer MR in
(TMTSF),CIO, when the magnetic field is rotated in the
most conducting planea¢b’ plane). Arrows indicate the kink

structures due to the third angular effect.
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