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Effective electrons and angular oscillations in quasi-one-dimensional conductors
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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),PF;, 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 resonarioeagic angle¢ effect.
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The relative high crystalline purity of molecular organic effective electrons via their proximity to geometrical inflex-
conductors has led to the synthesis of numerous new mat@&n points on the FS. The role of closed orbits, which indeed
rials in which to study the physics and chemistry of electronsexist for a small angular regime, is more closely associated
in low dimensions. For materials classified as quasi-onewith the ambient magnetoresistance, and plays essentially no
dimensional, a plenitude of new phenomena has been discoyole in the formation of the most obvious observable feature
ered, including recent evidence for  unusualof the third effect, the kink inp,{#). All of the main fea-
superconductivity. Among these are a diversity of angular yyres of our measured resistivity are reproduced in simula-
magnetoresistance oscillatiddMRO) effects, the first of  tjons invoking classical Boltzmann transport, suggesting that
which was the Lebed’ magic aggle effediscovered in the e liquid theory works at this pressure, in apparent con-
molecular metal TMTSF),CIO,.™" There have,been many trast to a report of non-Fermi liquid behavior at higher
proposed explanations of tfie-c plane Lebed" effect, in- os5rdl hut in agreement with a recent analy&isf p,,
cluding some involving interactions between electrons. The}ﬁata at similar pressures. Our analysis is likely applicable to

have been modeled in semiclassical calculations with somg, quasi-two-dimensional BEDT-TTF molecular conduc-
success, but only after the inclusion of a dubious hoppin ors as well, where Lebed’-like features are purported to arise
term? Later, a second resonance effect was discovered ﬁg ' purp

(TMTSF),CIO,, attributed to details of the warped, open ue fo open orbits, af‘d where pez_ik structure in angle-
Fermi surfacé. This a-c plane effect allows one to accu- dependent magnetoresistance experiments was recently re-

rately measure the transfer integral ratjét, in this system, ported to result from closed orbits. , ) i
once the Fermi energiq~t, is known. Planar TMTSF molecules form highly conducting chains

More recently, an apparent third angular effect was de&/0ng thea axis, with these chains moldirgb planes sepa-
tected in a-b plane rotations in(TMTSF),X [X=ClO, rated by an anion laygiX=PF;, ClO,, NO;, etc) along the
(Ref. 7) and Pk (Ref. 8], and perhaps ifDMET)I5.° The ¢C direction. This structure yields a nearly one-dimensional
main feature of this effect is the appearance of a single kinkS consisting of a pair of warped sheetskg+kg. The
in the interlayer magnetoresistance as a function of angl@arping is parametrized by hopping integrajsfor which
when the field is rotated in the most conductimg plane. bandwidths are estimated from numerous experiments and
The authors of Ref. 7 proposed an explanation based on ttg@lculations to be in the ratio t4:4t,:4t;
appearance of closed orbits on the face of the quasi-one=1eV:0.1eV:0.003 eV In this work, a single-crystal
dimensional open Fermi surfa¢€S), and supported their sample of(TMTSF),PF; was mounted inside a miniature
conjecture with conductivity calculations which reproduce apressure celP tuned to 8.3 kbar. The sample assembly was
kink in p,A{¢). This notion of closed vs open orbits had in then mounted on a rotary cryostat in a horizontal magnet,
fact been brought up previously in the context of these mawith internal and external rotators providing dual axis rota-
terials by Danner and co-worketsHowever, in Ref. 7, a tion (6,¢). The interlayer resistand®,(¢) for various val-
satisfactory match between calculation and experintiemt ~ ues ofé at fixedT andH was monitored using A&A current.
similar angles for the kinkwas obtained only after underes- That is, we rotated froma to b with and without a field
timating band parameters. It was recently pointed out byomponent along the direction. In doing so, we were able
Lebed’ and Bagmé? that closed orbits may not be relevant to test the effects of closed orbits and inflection points.
for this third effect when realistic band parameters are used Our main experimental result is shown in Fig. 1, at 7 T
(i.e., whent,>t.). Instead, they suggested the origin lies inand 0.32 K, as a series of rotations from the plane to the
the role of “effective electrons” at inflection point$P’s) on  b-c plane(offset for clarity. The anglesp and 6 are mea-
the warped, open FS. sured from thea-axis and thea-b plane, respectively. The

In this paper, we show by detailed calculation and experibottom trace has zero tilt along, and so is a pura-b
ment on(TMTSF),PF; at 8.3 kbar that the third angular ef- rotation. A pair of distinctive kinks forming local minima are
fect is in fact due to the velocity-preserving nature of theseobserved aip=+18.5°. This is the “third angular effect.”
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a very small tilt. On the contrary, the local minimum near

50} ,o0s ¢~18° in Fig. 1 persists even with a considerable amount of
o tilt. To understand these features, th@xis conductivity
was calculated using a dispersion relation for a quasi-one-

40l dimensional system with pair of sheetlike FS's:

0=16 E(k) = —2t,coqk,a/2) — 2t,cog kyb) — 2t.cogk,a/2)
30fF e=12°

1 —Eg. (1)

R,. @)

0=9°
I Here,E-= —v2t, is the Fermi energy in &filled band, and
20 g a, b, andc are lattice constants. An electron in a magnetic

9=4‘5W field can be described by the equation of motidmik/dt
. ] =evXB=evE(k)XB/%. Using the Boltzmann transport
1ol 3 W i equation, the conductivity alonglz can be calculated as

(TZZ=(82/4773)f dk7v,(k,t=0){v(k,t))df/IE. (2)

9=6°

% 30 A5 0 15 30 45 . T .
¢ (degree) Heref is the Fermi distribution function, a constant scatter-
ing time 7 is assumed, and the average velocity is
FIG. 1. Angle dependence of the interlayer resistance in q
TMTSF,PF; for various tilts # out of the a-b plane. The third 0 dt
angularzeff?ect, seen most clearly in the pard rF())tation ate=0°, (vo(K))= Jlm - e’ (k,t). (3
persists for finited, where Lebed'-like oscillations emerge.
The resistivityp,,= 1/0,, was calculated by solving Eq.
The other traces have varying field tilts along There are  (2) numerically for 1681 initial momentum states on the FS
two features of note: the main set of local minima near (i-€., 41X 41 siteg and integrating numerically the velocity-
=18° persists for all tiltsd, and a series of AMRO appears velocllty correlation function over the. FS. A “stiff G(_aar”_
for finite 6, growing in size with increasing. The angular @lgorithm was used to solve the differential equation in
positions of all the AMRO peaks and valleys are independenhich each momentum stakg, k,, andk, evolves with a
of both temperature and field strength, suggesting that the§fifferent rate over time. We used an orthorhombic approxi-
are associated with the FS topology. mation to the true triclinic structure, with lattice constants
Recently, Osada and co-workérmterpreted a similar a=6.980,b=7.5861, anct=13.264 A, reported for Rfat 7
a-b plane kink in(TMTSF),CIO, as due to electron orbits kbar and 1.7 K The band parameters employe,/t,
changing from closed to open dsis increased, at a critical = 8-5,t,=0.0311 eVt /t;=60, andr=6.3x10"** s, were
angle .= tan X(2t,b/fivg). We submit that this formula does determined frome-c plane rotations on the same samflle,
not describe the open-closed angle, but rather the inflectiof the manner of Ref. 6. The role of the inflection angle in
angle at which the external field is aligned normal to a tanozz Was examined by numerically solving the dispersion re-
gent plane at an IP on the FS. Since the FS is corrugated witation (1) for k, . The inflection angles on the warped fsge
amplitudes 4, /v and 4./#%vg alongk,, the creation of Figs. 2 and 3 measured between tleaxis and the normal
the closed orbit relies on,/t, as well ast./t,. Whent, o the tangent plane at the IP, have bétind ¢ components,
>t,, as is the case for these quasi-one-dimensional systen@$ detailed in Fig. @) for t,/t.=30. Notice that for a pure
the angleg o at which the closed orbit vanishes is in general@-b rotation (¢#=0), there are two possible inflection angles,
quite different from the IP anglepr. For example, for One near=20.05° and the other ab=20.25°.
t,/t,=8.5 [appropriate for(TMTSF),PF] our simulations In order_ to describe _the_roles of inflection angles and
show that ¢co~6.5° for t,/t.=30, while the inflection closed orbits, we _show in Fig. 2 the calculated angular de-
angle is¢;p=20.15°+0.10°, as we discuss later. While the Pendence of the time-averaged velodfty,(k,t)) for elec-
difference betweemrbco and ¢ can be smaller, unrealistic trons initially located at various points on the FS v_vhen 'ghe
anisotropy ratios are required to géto up to 20°, some- field was turned on. When Fh_e field is aligned at an inflection
thing like t,/t,~t, /t.~4. Using the velocity-velocity corre- angle, electrons in the vicinity of the IP near/@b, m/2c)
lation function in a semiclassical treatment, electrons thaPréserve in time their initial zxis velocity and thus domi-
form these closed orbits, initially neakyk,)=(0,0) and nate the conductivity. These electrons exhibit a peajvif
(m/b,lc), can be shown to provide little or no contribution Ne&r ¢p~20°, and become very effective, even if they do
to thec-axis conductivity, since they have close to zero ini- "ot lie on the IP line in the inset to Fig(@. This is shown
tial velocity alongc. in Fig. 2@ for electrons 1 and 2, with |n|t!al momentum
Straightforward evidence against the role of closed orbit§omponents at and away from, respectively, the point
in the kink structure can be found when the orientation of theKy k) = (m/2b,7/2c). Electron 1 is at Kj ,m/2c), and
field has a third angular component, as in Fig. 1. Theoreti€lectron 2 atkj,0.7w/c). Here,ky is very nearly, but not
cally, a field tilt towardc as small a®=1.1° eliminates all ~exactly,7/2b. For such pure-b plane rotations, electron 3
possibility of closed orbits anywhere on the FS. Thus, anynear another IP alkc ,7r/c) will give no contribution to the
features associated with closed orbits should disappear wittonductivity at ¢,,~20°, for it has zero average velocity
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FIG. 3. Calculated resistivity at 7 T,/t;=60, for several tilt
angles(offset as in Fig. 1. The third angular effect, reproduced in
o (degree) the minimum at+ ¢=18.3° for =0°, persists for finite tilh, where
new oscillations develop. The dots represent angles where Lebed’
FIG. 2. Calculated angle dependence of velocity for open-orbitminima are calculated to occur.

electrons at various points on the Fermi surface,Ber7 T and B .
ty/te=30 (¢ is measured fronk, to k). In (a), trace 1 represents =0, and without them the angular dependence would follow

trace 3, which is the dependence of electron 5 with a field
tilt toward k, of #=1.2°. This demonstrates that electrons at
different locations on the FS become effective in different
orientations, as the field is swept away from theaxis—
electrons near (&; w/2c) become effective with a small tilt

s S T N while those near € #/2b, £ 7/2c) will shape the conductiv-

at (0,m/2c) to 4.5° If the field is tilted9=1.2° towardk,, all v hear the inflection angle. Since the position of the dip in
closed orbits vanish, as seen in tracewhich is electron 5 inthe o measured resistance is sensitive to the bandwidth ratio
tilted field. Panel(c) shows the full conductivity. Notice that the t,/t,, as are the primary peaks in taec resonance, very
closed orbits produce no discernable featuresri), while the 0 ate estimations of this ratio can be made. One point we
effective electrons yield the peak @t=18.3%. Also shown isr(d) ;o1 |ike to stress here is that competition between effec-
for t,/t;=60, and the allowed angular range of inflection points for /o alectrons on different sections of the FS is responsible

an effective electron at inflection poink)(,kz):(k;,w/ZC), with
ky~/2b. Electron 2 at k;,0.7m/c), though not at the IP, also
becomes effective. Electron 3 starts at an IP k@t (w/c), butis
less effective, sincév,) passes through zero. liv), electron 4 at
(0,0 has a closed orbit only out $=6.5°; likewise for electron 5

ky:k;- for all aspects of the magnetoresistance, including that at
] . o angles far from any inflection angle.
there,and is therefore ineffectiveith regard to the 3rd an- Adding up the contributions from all sampled electrons

gular effect; likewise for electrons akj(,O). In this regard, across the FS yields the total conductiwity,, Fig. 2c), and
our analysis differs from that of Ref. 10, which had electronshence the resistivity,,, shown in Fig. 3. Close similarity
near these latter two IP's being most effective. We reminccan be found between theoffig. 3) and experimentFig.
the reader that, wittf=0°, the field has no possibility of 1), starting with the pura-b rotation. In the calculated re-
aligning normal to the IP tangent plane for the electrons neagult, the main minimum is found at,=18.3°, close to our
site 1[refer again to the inset in Fig(@]. However, their experimental observation ap,=18.5° (recall that the pa-
proximity to this IP makes these electrons effective still, andrameters which yielded the calculated value are consistent
creates a peak ifv,) at an angle smaller than the actual IP with a-c rotation experiments, Ref. L”When thea-b rota-
angle. This explains why the full conductivity peak in Fig. tions have a third field component, rich oscillations appear in
2(c) occurs below the actual inflection angle, consistent withaddition to the kink of the third effect, again similar to data
our data in Fig. 1. in Fig. 1. We can test whether the Lebed’ resonance plays a
When the field is aligned along the axis (f=¢=0), role in the oscillations in Figs. 1 and 3. The calculated posi-
highly symmetric closed orbits form ak(,k,)=(0,0) and tions for magic angle minima appear as dots in Fig. 3, for
(w/b,m/c), with average velocity zero as shown for electroncommensurability ratio p/q up to 4, using tam
4 at$=0 in Fig. 2b). As the field is tilted away froma, this = (p/q)(b/c), with « measured fronc to b.?® There is
orbit becomes elongated alokg and develops positive av- strong correlation between these positions and the minima in
erage velocity. Finally, the orbit becomes open and stretchegie calculation. We can also recast the measuardx rota-
alongk, at the critical anglep.=6.5°, just past the peak in tions with finite tilt in Fig. 1 as projections onto thec
trace 4 as indicated. Near another effective electron site gflane, using tam=sin ¢/tan 6, as shown in Fig. 4. Magic
(0,7/2c), the electron trajectory stretches across many Bril-anglesp/q=0-9 are shown by the dotted lines. The resis-
louin zones(BZ's) alongk, while covering a small portion tance dips line up very well with the magic angles, such that
of one zone along, , for a small tilt ¢. For such electrons, the Lebed’ description seems convincing. Thus, a mixed dis-
exemplified by trace 5 in Fig.(B), all closed orbits vanish persion term is not required to reproduce this effect, in con-
by ¢=4.5°. These orbits provide peaks {n,) toward ¢ trast to previous reporfslt seems that the Lebed’ effect can
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rotations in the plane, where the effect is thought to be stron-
gest.

The normal configuration for observing the Lebed’ effect
appears in Fig. @). Interestingly, many more minima appear
in the off-axis data of Fig. @) than in this direct-c rota-
tion. Our simulations show that fap rotations with finite,
electron motion becomes distorted and asymmetric, with an
electron’s path covering one side of the BZ much more than
the other as the magic angle indgtq increases. If one
invokes Chaikin’s hot spot scenatfand locates a region in
the BZ where electron-electron scattering is enhanced, an
electron at a high magic angle is able to cross the hot spot
less often than one at a lower magic angle. The one with
reduced chance of crossing the hot spot is more likely to
result in a resistance dip. While this may play a role in ex-
plaining why we detect more magic angles in off-axis, as
compared to on-axis, rotatioiBig. 4), it is not yet clear that

; SR ] the mechanism can be justifiéd.
9% 0 30 0 0 60 90 In summary, we have demonstratgd theoretically and ex-
o (degree) perlmenta_llly that_ effe(_:nve electr_ons on different sections
of a quasi-one-dimensional Fermi surface are responsible for
the so-called third angular magnetoresistance effect. Closed
orbits play a minimal role, contributing only to the back-
ground nearHIlk,. Rich oscillations observed in out-of-
plane rotations were reproduced in calculations and associ-
ated with the Lebed’ effect. The theoretical aspect was done
entirely within Fermi-liquid theory.

be explained and modeled with the conventional, simple This research was supported by the National Science
band structure of Eq(1), at least when one calculates the Foundation, under Grant No. DMR-9258579. We would like
conductivity in rotationsout of the b-c plane. A puzzling to thank T. Osada and A. G. Lebed’ for beneficial commu-
situation still exists, however, as it appears that the magi@ications and E. Chashechkina and P. M. Chail®@MR-
angle resonances are still not reproduced in calculations foP510248 for use of the pressure cell.
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FIG. 4. Data of Fig. 1 replotted vb-c plane anglee, via
tane=sing/tand. Magic angles up to commensurability ragdq
=9 are indicated. At the top is a conventiormic rotation, with
minima observed only up/q=3.
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