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Effective electrons and angular oscillations in quasi-one-dimensional conductors
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~Received 15 December 1997!

We show via calculation and experiment that a recently observed angular magnetoresistance effect in
low-dimensional conductors can be explained by ‘‘effective electrons,’’ which dominate the conductivity for
magnetic-field orientations near inflection points on a warped Fermi surface. Closed orbits, which form in
certain field orientations, play an insignificant role. In studies of the quasi-one-dimensional molecular metal
~TMTSF!2PF6, we observe, in addition to sharp kink structure of the effect, a series of strong angular oscil-
lations that we ascribe to the Lebed’ commensurability resonance~magic angle! effect.
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The relative high crystalline purity of molecular organ
conductors has led to the synthesis of numerous new m
rials in which to study the physics and chemistry of electro
in low dimensions. For materials classified as quasi-o
dimensional, a plenitude of new phenomena has been dis
ered, including recent evidence for unusu
superconductivity.1 Among these are a diversity of angul
magnetoresistance oscillation~AMRO! effects, the first of
which was the Lebed’ magic angle effect2 discovered in the
molecular metal~TMTSF!2ClO4.

3,4 There have been man
proposed explanations of theb-c plane Lebed’ effect, in-
cluding some involving interactions between electrons. Th
have been modeled in semiclassical calculations with so
success, but only after the inclusion of a dubious hopp
term.5 Later, a second resonance effect was discovere
~TMTSF!2ClO4, attributed to details of the warped, ope
Fermi surface.6 This a-c plane effect allows one to accu
rately measure the transfer integral ratiota /tb in this system,
once the Fermi energyEF;ta is known.

More recently, an apparent third angular effect was
tected in a-b plane rotations in~TMTSF!2X @X5ClO4
~Ref. 7! and PF6 ~Ref. 8!#, and perhaps in~DMET!I3.

9 The
main feature of this effect is the appearance of a single k
in the interlayer magnetoresistance as a function of an
when the field is rotated in the most conductinga-b plane.
The authors of Ref. 7 proposed an explanation based on
appearance of closed orbits on the face of the quasi-o
dimensional open Fermi surface~FS!, and supported thei
conjecture with conductivity calculations which reproduce
kink in rzz(f). This notion of closed vs open orbits had
fact been brought up previously in the context of these m
terials by Danner and co-workers.6 However, in Ref. 7, a
satisfactory match between calculation and experiment~i.e.,
similar angles for the kink! was obtained only after undere
timating band parameters. It was recently pointed out
Lebed’ and Bagmet10 that closed orbits may not be releva
for this third effect when realistic band parameters are u
~i.e., whentb@tc!. Instead, they suggested the origin lies
the role of ‘‘effective electrons’’ at inflection points~IP’s! on
the warped, open FS.

In this paper, we show by detailed calculation and exp
ment on~TMTSF!2PF6 at 8.3 kbar that the third angular e
fect is in fact due to the velocity-preserving nature of the
570163-1829/98/57~13!/7423~4!/$15.00
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effective electrons via their proximity to geometrical infle
ion points on the FS. The role of closed orbits, which inde
exist for a small angular regime, is more closely associa
with the ambient magnetoresistance, and plays essentiall
role in the formation of the most obvious observable feat
of the third effect, the kink inrzz(f). All of the main fea-
tures of our measured resistivity are reproduced in simu
tions invoking classical Boltzmann transport, suggesting t
Fermi liquid theory works at this pressure, in apparent c
trast to a report of non-Fermi liquid behavior at high
pressure,11 but in agreement with a recent analysis12 of rxx

data at similar pressures. Our analysis is likely applicable
some quasi-two-dimensional BEDT-TTF molecular condu
tors as well, where Lebed’-like features are purported to a
due to open orbits, and where peak structure in ang
dependent magnetoresistance experiments was recentl
ported to result from closed orbits.13

Planar TMTSF molecules form highly conducting chai
along thea axis, with these chains moldinga-b planes sepa-
rated by an anion layer~X5PF6, ClO4, NO3, etc.! along the
c direction. This structure yields a nearly one-dimensio
FS consisting of a pair of warped sheets atkx'6kF . The
warping is parametrized by hopping integralst i for which
bandwidths are estimated from numerous experiments
calculations to be in the ratio 4ta :4tb :4tc
'1 eV:0.1 eV:0.003 eV.14 In this work, a single-crystal
sample of ~TMTSF!2PF6 was mounted inside a miniatur
pressure cell15 tuned to 8.3 kbar. The sample assembly w
then mounted on a rotary cryostat in a horizontal magn
with internal and external rotators providing dual axis ro
tion ~u,f!. The interlayer resistanceRzz(f) for various val-
ues ofu at fixedT andH was monitored using 1mA current.
That is, we rotated froma to b with and without a field
component along thec direction. In doing so, we were abl
to test the effects of closed orbits and inflection points.

Our main experimental result is shown in Fig. 1, at 7
and 0.32 K, as a series of rotations from thea-c plane to the
b-c plane~offset for clarity!. The anglesf and u are mea-
sured from thea-axis and thea-b plane, respectively. The
bottom trace has zero tilt alongc, and so is a purea-b
rotation. A pair of distinctive kinks forming local minima ar
observed atf5618.5°. This is the ‘‘third angular effect.’’
7423 © 1998 The American Physical Society
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7424 57BRIEF REPORTS
The other traces have varying field tilts alongc. There are
two features of note: the main set of local minima nearf
518° persists for all tiltsu, and a series of AMRO appear
for finite u, growing in size with increasingu. The angular
positions of all the AMRO peaks and valleys are independ
of both temperature and field strength, suggesting that t
are associated with the FS topology.

Recently, Osada and co-workers7 interpreted a similar
a-b plane kink in ~TMTSF!2ClO4 as due to electron orbit
changing from closed to open asf is increased, at a critica
anglefc5tan21(2tbb/\vF). We submit that this formula doe
not describe the open-closed angle, but rather the inflec
angle at which the external field is aligned normal to a t
gent plane at an IP on the FS. Since the FS is corrugated
amplitudes 4tb /\vF and 4tc /\vF alongkx , the creation of
the closed orbit relies ontb /ta as well astc /ta . When tb
@tc , as is the case for these quasi-one-dimensional syst
the anglefCO at which the closed orbit vanishes is in gene
quite different from the IP anglef IP . For example, for
ta /tb58.5 @appropriate for~TMTSF!2PF6# our simulations
show that fCO;6.5° for tb /tc530, while the inflection
angle isf IP520.15°60.10°, as we discuss later. While th
difference betweenfCO and f IP can be smaller, unrealisti
anisotropy ratios are required to getfCO up to 20°, some-
thing like ta /tb;tb /tc;4. Using the velocity-velocity corre
lation function in a semiclassical treatment, electrons t
form these closed orbits, initially near (ky ,kz)5(0,0) and
(p/b,p/c), can be shown to provide little or no contributio
to thec-axis conductivity, since they have close to zero i
tial velocity alongc.

Straightforward evidence against the role of closed or
in the kink structure can be found when the orientation of
field has a third angular component, as in Fig. 1. Theor
cally, a field tilt towardc as small asu51.1° eliminates all
possibility of closed orbits anywhere on the FS. Thus, a
features associated with closed orbits should disappear

FIG. 1. Angle dependence of the interlayer resistance
TMTSF2PF6 for various tilts u out of the a-b plane. The third
angular effect, seen most clearly in the purea-b rotation atu50°,
persists for finiteu, where Lebed’-like oscillations emerge.
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a very small tilt. On the contrary, the local minimum ne
f;18° in Fig. 1 persists even with a considerable amoun
u tilt. To understand these features, thez-axis conductivity
was calculated using a dispersion relation for a quasi-o
dimensional system with pair of sheetlike FS’s:

E~k!522tacos~kxa/2!22tbcos~kyb!22tccos~kza/2!

2EF . ~1!

Here,EF52&ta is the Fermi energy in a14-filled band, and
a, b, andc are lattice constants. An electron in a magne
field can be described by the equation of motion,\dk/dt
5ev3B5evkE(k)3B/\. Using the Boltzmann transpor
equation, the conductivity alongciz can be calculated as

szz5~e2/4p3!E dktvz~k,t50!^vz~k,t !&] f /]E. ~2!

Here f is the Fermi distribution function, a constant scatte
ing time t is assumed, and the average velocity is

^vz~k!&5E
2`

0 dt

t
et/tvz~k,t !. ~3!

The resistivityrzz51/szz was calculated by solving Eq
~2! numerically for 1681 initial momentum states on the F
~i.e., 41341 sites! and integrating numerically the velocity
velocity correlation function over the FS. A ‘‘stiff Gear’
algorithm was used to solve the differential equation
which each momentum statekx , ky , andkz evolves with a
different rate over time. We used an orthorhombic appro
mation to the true triclinic structure, with lattice constan
a56.980,b57.581, andc513.264 Å, reported for PF6 at 7
kbar and 1.7 K.16 The band parameters employed,ta /tb
58.5, tb50.0311 eV,tb /tc560, andt56.3310212 s, were
determined froma-c plane rotations on the same sample17

in the manner of Ref. 6. The role of the inflection angle
szz was examined by numerically solving the dispersion
lation ~1! for kx . The inflection angles on the warped FS~see
Figs. 2 and 3!, measured between thea axis and the norma
to the tangent plane at the IP, have bothu andf components,
as detailed in Fig. 2~c! for tb /tc530. Notice that for a pure
a-b rotation (u50), there are two possible inflection angle
one nearf520.05° and the other atf520.25°.

In order to describe the roles of inflection angles a
closed orbits, we show in Fig. 2 the calculated angular
pendence of the time-averaged velocity^vz(k,t)& for elec-
trons initially located at various points on the FS when t
field was turned on. When the field is aligned at an inflect
angle, electrons in the vicinity of the IP near (p/2b,p/2c)
preserve in time their initial z-axis velocity, and thus domi-
nate the conductivity. These electrons exhibit a peak in^vz&
nearf IP;20°, and become very effective, even if they d
not lie on the IP line in the inset to Fig. 2~c!. This is shown
in Fig. 2~a! for electrons 1 and 2, with initial momentum
components at and away from, respectively, the po
(ky ,kz)5(p/2b,p/2c). Electron 1 is at (ky* ,p/2c), and
electron 2 at (ky* ,0.7p/c). Here,ky* is very nearly, but not
exactly,p/2b. For such purea-b plane rotations, electron 3
near another IP at (ky* ,p/c) will give no contribution to the
conductivity atf IP;20°, for it has zero average velocit

n
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there,and is therefore ineffectivewith regard to the 3rd an
gular effect; likewise for electrons at (ky* ,0). In this regard,
our analysis differs from that of Ref. 10, which had electro
near these latter two IP’s being most effective. We rem
the reader that, withu50°, the field has no possibility o
aligning normal to the IP tangent plane for the electrons n
site 1 @refer again to the inset in Fig. 2~c!#. However, their
proximity to this IP makes these electrons effective still, a
creates a peak in̂vz& at an angle smaller than the actual
angle. This explains why the full conductivity peak in Fi
2~c! occurs below the actual inflection angle, consistent w
our data in Fig. 1.

When the field is aligned along thea axis (u5f50),
highly symmetric closed orbits form at (ky ,kz)5(0,0) and
(p/b,p/c), with average velocity zero as shown for electr
4 atf50 in Fig. 2~b!. As the field is tilted away froma, this
orbit becomes elongated alongky and develops positive av
erage velocity. Finally, the orbit becomes open and stretc
alongkz at the critical anglefc56.5°, just past the peak in
trace 4 as indicated. Near another effective electron sit
(0,p/2c), the electron trajectory stretches across many B
louin zones~BZ’s! along kz while covering a small portion
of one zone alongky , for a small tiltf. For such electrons
exemplified by trace 5 in Fig. 2~b!, all closed orbits vanish
by f54.5°. These orbits provide peaks in^vz& toward f

FIG. 2. Calculated angle dependence of velocity for open-o
electrons at various points on the Fermi surface, forB57 T and
tb/tc530 ~f is measured fromkx to ky!. In ~a!, trace 1 represents
an effective electron at inflection point (ky,kz)5(ky

* ,p/2c), with
ky

* 'p/2b. Electron 2 at (ky
* ,0.7p/c), though not at the IP, also

becomes effective. Electron 3 starts at an IP at (ky
* , p/c), but is

less effective, sincêvz& passes through zero. In~b!, electron 4 at
~0,0! has a closed orbit only out tof56.5°; likewise for electron 5
at (0,p/2c) to 4.5°. If the field is tiltedu51.2° towardkz, all
closed orbits vanish, as seen in trace 58, which is electron 5 in the
tilted field. Panel~c! shows the full conductivity. Notice that th
closed orbits produce no discernable features ins~f!, while the
effective electrons yield the peak atf518.3°. Also shown iss~f!
for tb/tc560, and the allowed angular range of inflection points
ky5ky
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50, and without them the angular dependence would foll
trace 58, which is the dependence of electron 5 with a fie
tilt toward kz of u51.2°. This demonstrates that electrons
different locations on the FS become effective in differe
orientations, as the field is swept away from thea axis—
electrons near (0,6p/2c) become effective with a small til
while those near (6p/2b,6p/2c) will shape the conductiv-
ity near the inflection angle. Since the position of the dip
the measured resistance is sensitive to the bandwidth
ta /tb , as are the primary peaks in thea-c resonance, very
accurate estimations of this ratio can be made. One poin
would like to stress here is that competition between eff
tive electrons on different sections of the FS is respons
for all aspects of the magnetoresistance, including tha
angles far from any inflection angle.

Adding up the contributions from all sampled electro
across the FS yields the total conductivityszz, Fig. 2~c!, and
hence the resistivityrzz, shown in Fig. 3. Close similarity
can be found between theory~Fig. 3! and experiment~Fig.
1!, starting with the purea-b rotation. In the calculated re
sult, the main minimum is found atf0518.3°, close to our
experimental observation off0518.5° ~recall that the pa-
rameters which yielded the calculated value are consis
with a-c rotation experiments, Ref. 17!. When thea-b rota-
tions have a third field component, rich oscillations appea
addition to the kink of the third effect, again similar to da
in Fig. 1. We can test whether the Lebed’ resonance play
role in the oscillations in Figs. 1 and 3. The calculated po
tions for magic angle minima appear as dots in Fig. 3,
commensurability ratio p/q up to 4, using tana
5(p/q)(b/c), with a measured fromc to b.2,3 There is
strong correlation between these positions and the minim
the calculation. We can also recast the measureda-b rota-
tions with finite tilt in Fig. 1 as projections onto theb-c
plane, using tana5sinf/tanu, as shown in Fig. 4. Magic
anglesp/q50 – 9 are shown by the dotted lines. The res
tance dips line up very well with the magic angles, such t
the Lebed’ description seems convincing. Thus, a mixed
persion term is not required to reproduce this effect, in c
trast to previous reports.5 It seems that the Lebed’ effect ca

FIG. 3. Calculated resistivity at 7 T,tb/tc560, for several tilt
angles~offset! as in Fig. 1. The third angular effect, reproduced
the minimum at6f518.3° foru50°, persists for finite tiltu, where
new oscillations develop. The dots represent angles where Le
minima are calculated to occur.it
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7426 57BRIEF REPORTS
be explained and modeled with the conventional, sim
band structure of Eq.~1!, at least when one calculates th
conductivity in rotationsout of the b-c plane. A puzzling
situation still exists, however, as it appears that the ma
angle resonances are still not reproduced in calculations

FIG. 4. Data of Fig. 1 replotted vsb-c plane anglea, via
tana5sinf/tanu. Magic angles up to commensurability ratiop/q
59 are indicated. At the top is a conventionalb-c rotation, with
minima observed only upp/q53.
ple
e

gic
for

rotations in the plane, where the effect is thought to be s
gest.

The normal configuration for observing the Lebed’ e
appears in Fig. 4~a!. Interestingly, many more minima app
in the off-axis data of Fig. 4~b! than in this directb-c rota
tion. Our simulations show that forf rotations with finiteu,
electron motion becomes distorted and asymmetric, wi
electron’s path covering one side of the BZ much more
the other as the magic angle indexp/q increases. If on
invokes Chaikin’s hot spot scenario18 and locates a region
the BZ where electron-electron scattering is enhance
electron at a high magic angle is able to cross the ho
less often than one at a lower magic angle. The one
reduced chance of crossing the hot spot is more like
result in a resistance dip. While this may play a role in
plaining why we detect more magic angles in off-axis
compared to on-axis, rotations~Fig. 4!, it is not yet clear th
the mechanism can be justified.19

In summary, we have demonstrated theoretically an
perimentally that ‘‘effective electrons’’ on different secti
of a quasi-one-dimensional Fermi surface are responsib
the so-called third angular magnetoresistance effect. C
orbits play a minimal role, contributing only to the ba
ground nearHikx . Rich oscillations observed in out-
plane rotations were reproduced in calculations and a
ated with the Lebed’ effect. The theoretical aspect was
entirely within Fermi-liquid theory.

This research was supported by the National Sc
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