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Simple fit for magic-angle magnetoresistance in„TMTSF …2PF6

E. I. Chashechkina and P. M. Chaikin*
Department of Physics, Princeton University, Princeton, New Jersey 08540

~Received 10 April 2001; published 30 November 2001!

The angular-dependent magnetoresistance in the Bechgaard salts (TMTSF)2X (X5PF6 ,ClO4, etc.! is char-
acterized by sharp dips when the field is aligned along lattice vectors. Although magic-angle effects were
originally predicted by Lebed, they remain largely unexplained. Here we present detailed interplane transport
data and show that a simple model involving conductivity contributions from transfers between neighboring
chains, which are individually destroyed by a perpendicular field, fits mostc-axis data remarkably well. The
fitting illustrates what can be explained by classical transport and what cannot—a dominant term from hopping
perpendicular to the current direction. Combined with the observation that the fitting also ‘‘works’’ fora-axis
data, this suggests a different interpretation: The quasi-one-dimensional system is insulating and any unnesting
transfer makes it metallic.
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The Bechgaard salts were the first organic supercond
ors and are among the most remarkable electronic mate
yet discovered.1 A single crystal of (TMTSF)2PF6 is metal-
lic, semiconducting, insulating, superconducting~triplet?2!,
antiferromagnetic, spin and charge density wave, and ex
its a cascade of first-order field-induced spin density w
~FISDW! transitions, with a bulk three-dimension
quantum-Hall effect as temperature, pressure, and mag
field are varied. Much of its unusual properties and grou
states result from the chainlike structure and quasi-o
dimensional Fermi surface consisting of two warped unc
nected planes about1/2kFa .3 Such a Fermi surface wa
expected to exhibit an uninteresting magnetoresistanc
small for transport along the chains and large and unsatu
ing for open-orbit electron trajectories along theb and c
axes. Experimentally, there are striking angular-depend
effects with large dips in the magnetoresistance at ‘‘ma
angles.’’4 Equally striking, the temperature dependence
‘‘metallic’’ ( dR/dT.0) for fields aligned at the magi
angles and ‘‘nonmetallic’’ (dR/dT,0) at other
orientations.5,6 The magnetoresistance at high fields depe
on the orientation of field relative to the crystal axis rath
than the current direction.

Before the experiments, Lebed7 predicted magnetoresis
tance peaks when periodic motion alongkb andkc was com-
mensurate. These trajectories occur when the magnetic
is applied along the crystal lattice vectors in theb-c plane
~i.e., field pointing between pairs of conducting chains!. Ex-
perimentally, Lebed magic-angle effects have been see
dips rather than peaks in magnetoresistance.4 In an attempt to
explain these phenomena many theories have b
proposed,8–10 none of which adequately describes the da
Some address the scattering rates in the presence of fi
and dimensional crossover,9 others concern a detailed de
scription of the Fermi surface,10 and one suggests a transitio
from Fermi liquid to non-Fermi liquid as field off the mag
angles decouples the layers.11

In this paper, we present a detailed study of the angu
dependentc-axis magnetoresistance as a function of te
perature and field and a simple analytic fitting scheme
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does a quite reasonable job of reproducing the experime
observations. The fit takes the conductivity as the sum
contributions from hopping between chains. These contri
tions are killed by the application of a field perpendicular
the hopping directions. For thec-axis conductivity this is
similar to a classical result8 but requires the addition of an
anomalous contribution from hopping perpendicular to
current. As a description of the transport in all directions
suggests that the quasi-one-dimensional system is insula
in the absence of interchain transfer~even without a density-
wave distortion! and any tunneling that kills the nesting lea
to a metallic state.

In Fig. 1 we show the data and fit for thec-axis resistance
of (TMTSF)2PF6 at a pressure of 9.2 kbar as a function
angle for several different fields.6 The c axis is the least
conducting and the magnetoresistance in this direction is
easiest to analyze in terms of classical theory. Assuming

FIG. 1. Angular dependence of the magnetoresistance
(TMTSF)2PF6 at a pressure of 9.2 kbar and a temperature of 1.2
The dotted curves are the experimental data taken in fields
0.1,0.2,0.3,0.6,1.0,4.0,6.0,7.8 T in order from bottom to top. T
light solid lines are a fit to the data using Eq.~2!. The data were fit
at 4 T and other curves are the result of changing the field.
©2001 The American Physical Society05-1
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approximate orthorhombic band structure of the forme(k)
52tacos(kxa)12tbcos(kyb)12tccos(kzc), we can use a variety
of techniques to arrive at the answer than the resisti
should vary as rc5rc0@11(v'ct)2# or drc /rc0

}„vct@cos(u)#…2 where u is the angle with thec axis and
vc5eHvFc/h is the frequency with which an electro
traverses the Brillouin zone in a magnetic field. Intuitive
the Lorentz force,F5v3B5 j3B/ne is zero for field par-
allel to current and maximum for field perpendicular to t
current. For low fields~toward the bottom of Fig. 1! that is
precisely the behavior seen. However, as the field is
creased the dips begin to appear at the magic angles an
‘‘background’’ takes on a very non-cos2 shape with a pro-
nounced minima when the field is perpendicular to the c
rent. Note that the positions of the dips do not shift w
field. The fact that theu dependence is not symmetric resu
from the triclinic ~as opposed to orthorhombic! crystal struc-
ture.

In order to understand~or at least fit! the data of Fig. 1 we
can take a sum of resistivities~as for a scattering rate mode!
or a sum of conductivities~as when there are contribution
from different regions ink space or different channels!. In
Fig. 2 we plot the conductivity instead of the resistivity. T
plot shows that conductivity is the appropriate quantity. W
each conductivity peak we can associate a hopping direc
between the chains as indicated by the cartoon and arr
For high fields the conductivity only persists for alignme
with the magic angles. We see a sharp drop in the individ
conductivity components as the field is rotated away fr
the hopping direction. The zero-field conductivity is the su
of the contribution from all hopping directions. The form th
we chose for the fit is

FIG. 2. Data of Fig. 1 are replotted as conductivity. At high fie
conductivity remains only when the field is aligned along the dir
tions connecting the quasi-one-dimensional chains. The car
shows the TMTSF chains and the directions of field alignment
the conductivity peaks.
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sc5t~T!S H (
i

t i
2

F11S H' i

Hi0
D aG J 1

tb8
2

F11S H'b8

Hb80
D a8G D .

~1!

The basic idea is that each contribution is killed by
perpendicular field and the simplest thing to choose wa
Lorentzian-type cutoff. Qualitatively even an exponent
cutoff mimics the data,~so the exponentsa and a8 should
not be taken too seriously! but the plots shown in Fig. 1 were
made explicitly with

sc5t~T!S H (
i

t i
2

11ai@H' it i~T!#2J
1

tb8
2

11ab8@H'b8tb8~T!#1D . ~2!

The parameters~nine independent ones! were fit to the
data at 4 T. The other plots were made by changing the fi
~The ratios of the parameters for the transfer integrals
tc :tcb :tc2b :tc2b :tc22b :tb51:0.25:0.33:0.05:0.05:0.7, th
ratios of the ai ’s are ac :acb :ac2b :ac2b :ac22b :ab
53.5:4:4:2:2:2.! All but the final term in Eq.~2! are to be
found in Osada’s model that comes from classical Boltzma
transport. He assumes that there are terms in the band s
ture Sn,m2tnb,mccos(kbnb1kcmc) from hopping in different
interchain directions. The warping they produce on the Fe
surface contributes to the conductivity and is destroyed b
field as (v't)2 similar to the elementary Lorentz-force re
sult. However, there is no conductivity contribution to th
c-axis conductivity from the warping alongb. The interplane
terms in Eq.~2! are approximately what would be expecte
from calculations, but the intraplane term is very low com
pared to that expected forb-axis hopping~i.e., tc :tb'1:30
rather thantc :tb'1:0.7). This intraplane term is complete
anomalous. It is difficult to imagine a way in which intra
plane transfer can strongly effect conductivity in the inte
plane direction. The destruction by perpendicular field of t
term is also different from the interplane terms (H1 rather
thanH2).

An in-plane energy that is comparable to the anomal
term in the fit is the unnesting transfertb8 . A half-filled
tight-binding band has perfect nesting and would underg
density-wave instability. The perfect nesting is destroyed
moving off half filling ~the present case is quarter-fille
dimerized! but it is convenient to retain the simpler ban
structure and filling and treat the unnested condition by a
ing a term 2tb8cos(2kyb) to the dispersion relation. The
FISDW transitions are the result of a perpendicular fie
eliminating this unnesting.12

To proceed further we wanted to see if this fit would al
work for the temperature dependences previously found.6 We
chose the simplest approximation, that there was a sin

-
on
r

5-2



h
at
d

th
nt

e
n
th

cle

e

ne-
s
r-
has
eter
ne

n-
ut

t is

of

ag-
he
l-
ere

tes.

si-

a
,

.2 K

ain

BRIEF REPORTS PHYSICAL REVIEW B 65 012405
scattering time. We then fit the model at zero field to t
measured zero-field resistance and extracted the temper
dependence oft. This value was then used with the fixe
parameters from the 4 T, 1.2 K fit above to produce
dashed lines in Fig. 3. The solid lines are the experime
data. Although the fit is not quantitative~being off by more
than a factor of 2 in places!, all of the essential features ar
there. In particular, all magic-angle traces look metallic a
decrease at low temperature, while off the magic angles
resistance increases at low temperature. The reason is
the conductivity at the magic angles is increasing liket

FIG. 3. ~a! Temperature dependence of the resistance at 4, 6,
7.8 T for different field orientations.~b! Solid lines are 7.8 T data
from ~a! dashed lines are the result of Eq.~2!.
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while in high field off the magic angle it is decreasing lik
1/t.

In Fig. 4 we show the angular dependence of the mag
toresistance of (TMTSF)2PF6 for three different pressure
along with model fits. Although the curves look very diffe
ent the fits are again extraordinary. The main thing that
been changed with pressure is the anomalous fit param
tb8 that increases with pressure. A similar fit could be do
for (TMTSF)2ClO4 with a yet smaller value oftb8 .

The ‘‘c’’-axis transport described above is, therefore, co
sistent with a contribution from classical-band effects b
with an additional anomalous contribution from a term tha
destroyed by a field perpendicular to theb-axis. When com-
pared with the other terms this anomalous contribution is
the order of unnested bandwidthtb8 and varies with pressure
as might be expected for such a term. The effect of a m
netic field perpendicular to the plane is well known in t
studies of the FISDW. AsH'a,b is increased, the susceptibi
ity toward a density wave increases and at a threshold th
is a transition to a spin density wave.12 Higher fields lead to
a cascade of transitions associated with quantum-Hall sta
In fact, in our data, we observe the FISDW forH;uuc at 1 K
at 7.8 T~see Fig. 3!. However, we observe the same tran
tion temperature forHuuc ~a magic angle! and for (Huuc*

nd

FIG. 4. Angular dependence of the magnetoresistance at 1
and 7.8 T for three different pressures. The data are fit with Eq.~2!.
Although there are slight modifications to other variables, the m
difference in the fits is the change in thetb8 term from 0.4 to 0.7 to
1.6 for 8.5, 9.2, and 10 Kb, respectively.
5-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 012405
5H'a,b). In the former case the resistance is decreasing
fore the FISDW, while in the latter it is increasing. In bo
cases the FISDW is sharp, indicating that the resistance
crease for the nonmagic angle is not simply a fluctuat
effect from the approaching FISDW.

The Lebed magic-angle dips are also observed for tra
port along thea ~Ref. 4! and b ~Ref. 6! directions. Along
the a direction there is no classical reason for the large d
nor does the field rotation in the perpendicular b*-c* pla
kill any hopping term parallel to the current. However, t
model written in Eqs.~1! and~2! works surprisingly well as
is for a-axis transport and the fits become almost perfec
the anomalous term is instead taken astb8

2 /@1
1(H'b8t)1/2#. Since, the conductivity fits a sum of term
corresponding to hopping from one chain even for transp
along the chain, an explanation cannot be in terms of cla
cal transport.

Instead we consider the following scenario. In the abse
of any interchain hopping the system is insulating, with a g
and no states at the Fermi energy. When interchain hop
is turned on, states appear ateF ~in proportion to the square
of the interchain hopping?!. In fact the quarter-filled dimer
ized chains should be correlated insulators and several m
els suggest that the effect of interchain transfer is precise
introduce states ateF rather than to close the gap.13 Our data
tend to support this picture. However, the relevant transfe
the b direction appears to betb8 rather thantb . Thus, either
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the one-dimensional correlated insulating state persist
two dimensions as long as there is perfect nesting ortb is
renormalized by a factor of 60.13

In conclusion, we have demonstrated that thec-axis
magnetotransport is well modeled by a sum of conductiv
contributions from transfers along directions perpendicu
to the quasi-one-dimensional chains. Each of these c
tributions is progressively killed by application of a fie
perpendicular to the tunneling direction. Similar mod
ing holds for a-axis transport. Most of the conductivit
components for thec-axis ~interplane! transport are expecte
from classical models, however, there is an anomal
in plane contribution that changes with pressure and do
nates the shape of the angular-dependent magneto
tance. If this contribution were understood, the probl
could be viewed as largely solved. On the other hand, s
the modeling ‘‘works’’ for all directions it suggests a mo
interesting scenario: The interacting nested two-dimensio
quarter-filled band system is insulating and gapped~even
in the absence of a density-wave distortion!. The effect
of any hopping that competes with the two-dimensio
nesting adds conducting states inside the gap. Each
these contributions is killed by a perpendicular magne
field.
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