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The angular-dependent magnetoresistance in the Bechgaard salts (TMT$® PF;, ClO,, 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 magis 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 “worka“&is
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 superconductioes a quite reasonable job of reproducing the experimental
ors and are among the most remarkable electronic materia#servations. The fit takes the conductivity as the sum of
yet discovered.A single crystal of (TMTSF)PF; is metal- ~ contributions from hopping between chains. These contribu-
lic, semiconducting, insulating, superconductifigplet?),  tions are killed by the application of a field perpendicular to
antiferromagnetic, spin and charge density wave, and exhighe hopping directions. For the-axis conductivity this is
its a cascade of first-order field-induced spin density wavéimilar to a classical resdlbut requires the addition of an
(FISDW) transitions, with a bulk three-dimensional @ahomalous contribution from hopping perpendicular to the
quantum_Ha” effect as temperature, pressure, and magnet%,lrrent. As a description of the transport in all directions, it
field are varied. Much of its unusual properties and grouncdsuggests that the quasi-one-dimensional system is insulating
states result from the chainlike structure and quasi-oneln the absence of interchain transfewen without a density-
dimensional Fermi surface consisting of two warped unconwave distortion and any tunneling that kills the nesting leads
nected planes about/—kg,.° Such a Fermi surface was t0 a metallic state.
expected to exhibit an uninteresting magnetoresistance— N Fig. 1 we show the data and fit for ticeaxis resistance
small for transport along the chains and large and unsatura@f (TMTSF),PF; at a pressure of 9.2 kbar as a function of
ing for Open_orbit electron trajectories a|ong tbeand ¢ angle for several different fieldsThe c axis is the least
axes. Experimenta”y’ there are Striking angu|ar-dependerﬂ0nducting and the magnetoresistance in this direction is the
effects with large dips in the magnetoresistance at “magicasiest to analyze in terms of classical theory. Assuming an
angles.” Equally striking, the temperature dependence is
“metallic” (dR/dT>0) for fields aligned at the magic
angles and “nonmetallic’ @R/dT<0) at other
orientations>® The magnetoresistance at high fields depends
on the orientation of field relative to the crystal axis rather
than the current direction.

Before the experiments, Lebegredicted magnetoresis-
tance peaks when periodic motion aldggandk, was com-
mensurate. These trajectories occur when the magnetic field
is applied along the crystal lattice vectors in thes plane
(i.e., field pointing between pairs of conducting chairx-
perimentally, Lebed magic-angle effects have been seen as
dips rather than peaks in magnetoresistdhoean attempt to
explain these phenomena many theories have been
proposed 1% none of which adequately describes the data.
Some address the scattering rates in the presence of fields ot
and dimensional crossovémthers concern a detailed de- angle {b-c rotation, b=30)
scription of the Fermi surfac¥,and one suggests a transition g 1. Angular dependence of the magnetoresistance of

from Fermi liquid to non-Fermi liquid as field off the magic (TMTSF),PF; at a pressure of 9.2 kbar and a temperature of 1.2 K.
angles decouples the layéfs. The dotted curves are the experimental data taken in fields of
In this paper, we present a detailed study of the angularm.1,0.2,0.3,0.6,1.0,4.0,6.0,7.8 T in order from bottom to top. The
dependentc-axis magnetoresistance as a function of temdight solid lines are a fit to the data using Hg). The data were fit
perature and field and a simple analytic fitting scheme thaat 4 T and other curves are the result of changing the field.

Log(c axis resistance)
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= A A The basic idea is that each contribution is killed by a
-100 -50 0 50 100 perpendicular field and the simplest thing to choose was a
angle (degtees, b-c rgtation, b=9) Lorentzian-type cutoff. Qualitatively even an exponential
cutoff mimics the data(so the exponenta and a’ should

not be taken too seriougiput the plots shown in Fig. 1 were
made explicitly with

tf
o.=7(T
o )( { = 1+ai[Hm<T>]2}
FIG. 2. Data of Fig. 1 are replotted as conductivity. At high field

conductivity remains only when the field is aligned along the direc- ti,
tions connecting the quasi-one-dimensional chains. The cartoon + 1]
shows the TMTSF chains and the directions of field alignment for 1+ap[Hipmp(T)]
the conductivity peaks.

@

The parametergnine independent ongsvere fit to the
data at 4 T. The other plots were made by changing the field.
(The ratios of the parameters for the transfer integrals are

approximate orthorhombic band structure of the for(k) tc{"cb:tc—bitczbitcf’zb1tb=1I0.2.5:0.3310.(.)5:0.95:0.7,. the
= 2t,005@) + 2t,cOSk,b) +2t.cosk.), we can use a variety at0S _Of_ .th.e &S aré acacp:dc-p:Aczp dc-20-ap
of techniques to arrive at the answer than the resistivit)?z 3.5:4:4:2:2:2) All bult Lhe final terfm in EIQ(Z_) are to be
should vary as pe=pe[l+(w,c)?] or 8pelpeo tound lnthadas mode tth a}[tt(;]omes rotm cas_suigl E;)oltzdma}[nn
x(w.7[cos@)])*> where 6 is the angle with the axis and ransport. He assumes that nere are terms in the band struc-

_ : . : ture 2, m2tnp mcCOSkonb+k.ma from hopping in different
w.=eHvgc/h is the frequency with which an electron . hain directi h ina th h .
traverses the Brillouin zone in a magnetic field. Intuitively Interchain directions. The warping they prod_uce on the Fermi

. . : surface contributes to the conductivity and is destroyed by a

the Lorentz forceF=vXB=jXB/ne is zero for field par-

el d : for fiel icul h field as (, 7)2 similar to the elementary Lorentz-force re-
allel to current and maximum for field perpendicular to theg i However, there is no conductivity contribution to the

current. For low fieldgtoward the bottom of Fig.)Jlthatis - ¢ ayis conductivity from the warping alorty The interplane
precisely the behavior seen. However, as the field is interms in Eq.(2) are approximately what would be expected
creased the dips begin to appear at the magic angles and thgm calculations, but the intraplane term is very low com-
“background” takes on a very non-cbshape with a pro- pared to that expected fdraxis hopping(i.e., t.:ty~1:30
nounced minima when the field is perpendicular to the currather thart, :t,~1:0.7). This intraplane term is completely
rent. Note that the positions of the dips do not shift withanomalous. It is difficult to imagine a way in which intra-
field. The fact that thed dependence is not symmetric results plane transfer can strongly effect conductivity in the inter-
from the triclinic (as opposed to orthorhombicrystal struc-  plane direction. The destruction by perpendicular field of this

ture. term is also different from the interplane termd’( rather
In order to understangbr at least fit the data of Fig. 1 we than H?).
can take a sum of resistiviti€as for a scattering rate modlel An in-plane energy that is comparable to the anomalous

or a sum of conductivitieséas when there are contributions term in the fit is the unnesting transfég, . A half-filled
from different regions irk space or different channglsn  tight-binding band has perfect nesting and would undergo a
Fig. 2 we plot the conductivity instead of the resistivity. The density-wave instability. The perfect nesting is destroyed by
plot shows that conductivity is the appropriate quantity. Withmoving off half filling (the present case is quarter-filled
each conductivity peak we can associate a hopping directiodimerized but it is convenient to retain the simpler band
between the chains as indicated by the cartoon and arrowstructure and filling and treat the unnested condition by add-
For high fields the conductivity only persists for alignmenting a term 2,,cos(xb) to the dispersion relation. The
with the magic angles. We see a sharp drop in the individuaFISDW transitions are the result of a perpendicular field
conductivity components as the field is rotated away fromeliminating this unnestin&

the hopping direction. The zero-field conductivity is the sum To proceed further we wanted to see if this fit would also
of the contribution from all hopping directions. The form that work for the temperature dependences previously fGuive.

we chose for the fit is chose the simplest approximation, that there was a single-
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FIG. 4. Angular dependence of the magnetoresistance at 1.2 K
and 7.8 T for three different pressures. The data are fit with(Bq.
Although there are slight modifications to other variables, the main
difference in the fits is the change in the term from 0.4 to 0.7 to
1.6 for 8.5, 9.2, and 10 Kb, respectively.

while in high field off the magic angle it is decreasing like
1/7.

In Fig. 4 we show the angular dependence of the magne-
toresistance of (TMTSEPF; for three different pressures
along with model fits. Although the curves look very differ-
ent the fits are again extraordinary. The main thing that has
Temperature (K) been changed with pressure is the anomalous fit parameter
, that increases with pressure. A similar fit could be done
r (TMTSF),CIO, with a yet smaller value o, .

The “c”-axis transport described above is, therefore, con-
sistent with a contribution from classical-band effects but
with an additional anomalous contribution from a term that is
destroyed by a field perpendicular to th@xis. When com-
scattering time. We then fit the model at zero field to thepared with the other terms this anomalous contribution is of
measured zero-field resistance and extracted the temperatute order of unnested bandwidth and varies with pressure
dependence of. This value was then used with the fixed as might be expected for such a term. The effect of a mag-
parameters from the 4 T, 1.2 K fit above to produce thenetic field perpendicular to the plane is well known in the
dashed lines in Fig. 3. The solid lines are the experimenta$tudies of the FISDW. A8l , ,, is increased, the susceptibil-
data. Although the fit is not quantitatiieeing off by more ity toward a density wave increases and at a threshold there
than a factor of 2 in placesall of the essential features are is a transition to a spin density waveHigher fields lead to
there. In particular, all magic-angle traces look metallic anda cascade of transitions associated with quantum-Hall states.
decrease at low temperature, while off the magic angles thtn fact, in our data, we observe the FISDW fér-||c at 1 K
resistance increases at low temperature. The reason is cleat,7.8 T(see Fig. 3. However, we observe the same transi-
the conductivity at the magic angles is increasing like tion temperature foH||c (a magic angleand for H||c*

t
FIG. 3. (a) Temperature dependence of the resistance at 4, 6, anfg
7.8 T for different field orientationgb) Solid lines are 7.8 T data,
from (a) dashed lines are the result of Eg).
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=H, ,p). In the former case the resistance is decreasing behe one-dimensional correlated insulating state persists in
fore the FISDW, while in the latter it is increasing. In both two dimensions as long as there is perfect nesting,ds
cases the FISDW is sharp, indicating that the resistance inrenormalized by a factor of 6%.
crease for the nonmagic angle is not simply a fluctuation |n conclusion, we have demonstrated that thaxis
effect from the approaching FISDW. magnetotransport is well modeled by a sum of conductivity
The Lebed magic-angle dips are also observed for trangontributions from transfers along directions perpendicular
port along thea (Ref. 4 and b (Ref. 6 directions. Along {5 the quasi-one-dimensional chains. Each of these con-
the a direction _there is no c_IasswaI reason for the large dipgriputions is progressively killed by application of a field
nor does the field rotation in the perpendicular b*-c* planeperpendicular to the tunneling direction. Similar model-
kill any hopping term parallel to the current. However, theing holds for a-axis transport. Most of the conductivity
model written in Eqs(1) and(2) works surprisingly well as  components for the-axis (interplang transport are expected
is for a-axis transport and the fits become almost perfect ifrom classical models, however, there is an anomalous
the anomalous term s instead taken af/[1 in plane contribution that changes with pressure and domi-
+(H,p 7)Y?]. Since, the conductivity fits a sum of terms nates the shape of the angular-dependent magnetoresis
corresponding to hopping from one chain even for transportance. If this contribution were understood, the problem
along the chain, an explanation cannot be in terms of classeould be viewed as largely solved. On the other hand, since
cal transport. the modeling “works” for all directions it suggests a more
Instead we consider the following scenario. In the absenceteresting scenario: The interacting nested two-dimensional
of any interchain hopping the system is insulating, with a gamjuarter-filed band system is insulating and gappeden
and no states at the Fermi energy. When interchain hoppinign the absence of a density-wave distorjioiThe effect
is turned on, states appearegt (in proportion to the square of any hopping that competes with the two-dimensional
of the interchain hopping?In fact the quarter-filled dimer- nesting adds conducting states inside the gap. Each of
ized chains should be correlated insulators and several mothese contributions is killed by a perpendicular magnetic
els suggest that the effect of interchain transfer is precisely téield.
introduce states ai- rather than to close the gapOur data We acknowledge useful discussions with A. Lebed, S.
tend to support this picture. However, the relevant transfer irondhi, P. W. Anderson, and G. Gruner. Research was par-
the b direction appears to big, rather thart,,. Thus, either tially supported by NSF Grant Nos. 9809483 and 9976576.
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