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Violation of Kohler’s rule by the magnetoresistance of a quasi-two-dimensional organic metal
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The interlayer magnetoresistance of the quasi-two-dimensional metala-~BEDT-TTF!2KHg~SCN!4 is con-
sidered. In the temperature range from 0.5 to 10 K and for fields up to 10 T the magnetoresistance has a
stronger temperature dependence than the zero-field resistance. Consequently Kohler’s rule is not obeyed for
any range of temperatures or fields. This means that the magnetoresistance cannot be described in terms of
semiclassical transport on a single Fermi surface with a single scattering time. Possible explanations for the
violations of Kohler’s rule are considered, both within the framework of semiclassical transport theory and
involving incoherent interlayer transport. The issues considered are similar to those raised by the magnetotrans-
port of the cuprate superconductors.@S0163-1829~98!13219-8#
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Currently a great deal of attention is being paid to t
large magnetoresistance of layered materials such as m
netic multilayers1 and manganese perovskites.2 This is moti-
vated by potential applications in magnetic recording and
the challenge of understanding the physical origin of
magnetoresistance, which is very different from that in co
ventional metals.3 The magnetotransport of the metall
phase of the cuprate superconductors also differs sig
cantly from conventional metals.4–6 In this paper we show
that the magnetoresistance of a particular organic metal
also be unconventional.

Layered organic molecular crystals based on the
~ethylenedithia-tetrathiafulvalene! ~BEDT-TTF! molecule
are model low-dimensional electronic systems.7,8 The family
a-~BEDT-TTF!2MHg~SCN!4[ M5K,Rb,Tl# have a rich
phase diagram depending on temperature, pressure, un
stress, and magnetic field: metallic, superconducting,
density-wave phases are possible.9–11 Band-structure calcu
lations predict coexisting quasi-one-dimensional~open! and
quasi-two-dimensional~closed! Fermi surfaces.12 At ambient
pressure these materials undergo a transition at a temper
TDW ~8 K in the M5K salt! into a low-temperature metallic
phase that has been argued to be a density wave~DW!. This
phase is destroyed in high magnetic fields. There is curre
controversy as to whether this phase is a spin-density w
a charge-density wave, or a mixture of both.9,13–16

The following picture of the low-temperature phase h
been proposed.17,18The nesting of the quasi-one-dimension
Fermi surface leads to a density-wave instability atTDW .
Below TDW a gap opens on the quasi-one-dimensional Fe
surface and the associated carriers no longer contribute to
transport properties. The density wave introduces a new
riodic potential into the system resulting in reconstruction
the quasi-two-dimensional Fermi surface. One of the p
posed Fermi surface reconstructions involves large o
sheets.17 Semiclassical transport theory can then explain
large magnetoresistance and its angular dependence in
low-temperature phase.18 The complete field dependence
the resistance can also be explained if magnetic breakd
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g-

y
e
-

fi-

ay

-

xial
d

ure

ly
e,

s
l

i
the
e-
f
-
n

e
the

n

is taken into account.19 However, in this paper we show tha
the temperature dependence of the magnetoresistance
consistent with the above picture. In particular, the mag
toresistance is shown to violate Kohler’s rule,20 raising is-
sues similar to those considered for the cupr
superconductors.4–6

The temperature and field dependence of the magnet
sistance of many metals can be analyzed in terms of Kohl
rule.3 Semiclassical transport theory based on the Boltzm
equation predicts Kohler’s rule to hold if there is a sing
species of charge carrier and the scattering timet is the same
at all points on the Fermi surface. The dependence of
resistance on the field is then contained in the quantityvct,
where vc is the frequency at which the magnetic fieldB
causes the charge carriers to sweep across the Fermi su
Since the resistance in zero field is proportional to the s
tering rate, the field dependence of the magnetoresistanc
samples with different scattering times~either due to differ-
ent purity or temperatureT) can be related by rescaling th
field by the zero-field resistanceR(0,T):

R~B,T!

R~0,T!
5F~vct!5 f S B

R~0,T! D . ~1!

This is Kohler’s rule and the corresponding plots are kno
as Kohler plots. It holds regardless of the topology and
ometry of the Fermi surface.

Resistance measurements were performed on a si
crystal of a-~BEDT-TTF!2KHg~SCN!4 using a standard
four-wire ac technique with a 10-mA current along theb axis
~the least conducting axis!. Sample contacts were made o
the faces of thea-c planes with 12.5-Mm gold wire attache
via carbon paint. The magnetic field was applied paralle
the b axis. Measurements were performed in a3He cryostat
using a 33-T Bitter magnet at the National High Magne
Field Laboratory in Tallahassee. Figure 1 shows the fi
dependence of the interlayer resistance at several diffe
temperatures. The magnetic field is parallel to the curr
11 854 © 1998 The American Physical Society
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and perpendicular to the layers. The data are consistent
previously published data on this class of materials.16,19,21–23

Given that the current direction and magnetic field a
parallel one expects no Lorentz force on the electrons. T
raises the question of the origin of such a large longitudi
magnetoresistance. Semiclassical theories explain this b
suming that the interlayer hopping also involves a substan
simultaneous hopping parallel to the layers.18 Hill has shown
how such hopping, and the associated warping of the Fe
surface in the interlayer direction, can be used to exp
cyclotron resonance experiments.24 The microscopic justifi-
cation for assuming this type of interlayer hopping is n
clear.

The strong angular dependence of the interla
magnetoresistance10,17,22,25 implies that it is predominantly
orbital in origin. When the field is parallel to the layers or
certain magic angles the magnetoresistance is several t
smaller than when the field is perpendicular to the layers
the magnetoresistance was predominantly due to the
coupling to the spins it should be almost isotropic.

Figure 2 shows a Kohler plot of the data in Fig. 1 as w
as data at additional temperatures. It covers fields up to a
10 T. If Kohler’s rule held all of the curves would collaps
onto a single curve. They do not because the magnetor
tance varies strongly with temperature but the zero-field
sistance is only weakly temperature dependent~Fig. 1!. Note
that there isno field range over which Kohler’s rule holds
This rules out explaining the deviation in terms of quantu
effects or magnetic breakdown.

We now consider five possible explanations for the vio
tion of Kohler’s rule, within the framework of semiclassic
transport theory.~i! The electronic structure varies with tem
perature due to the formation of the density wave. This
explain the temperature dependence between 4 and 1
However, in density-wave systems the electronic energy
varies very little at temperatures less than half the transi
temperature.26 In this system, below 4 K, there is little
change in the zero-field resistance~see Fig. 1!, Hall
resistance,23 Knight shift, and nuclear magnetic relaxatio
rate, 1/(T1T).27 This suggests that the electronic structu

FIG. 1. Magnetic field dependence of the interlayer resistanc
a-~BEDT-TTF!2KHg~SCN!4 at several temperatures. The magne
field and the current direction were perpendicular to the layers,
parallel to the least-conducting direction.
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and density of states does not vary significantly below 4
and so cannot explain the large temperature dependenc
the magnetoresistance.28

~ii ! There is more than one type of carrier and their m
bilities have different temperature dependences. The e
tence of more than one type of carrier in the low-temperat
phase is suggested by the observation of more than
magneto-oscillation frequency29 and more than one cyclotro
resonance frequency.30 To illustrate how this can lead to vio
lations of Kohler’s rule we consider the case of tw
carriers.31 Let n1 andn2 denote the densities andm1 andm2
denote the mobilities of the carriers. The zero-field resista
is r05(n1m11n2m2)21. At low fields the transverse32 mag-
netoresistance is3

Drxx

r0
5

n1n2m1m2~m12m2!2B2

~n1m11n2m2!2 . ~2!

Hence, if m1 and m2 have a different temperature depe
dence so will the resistance and magnetoresistance. To
this clearly consider the particular case whe
n1;n2 and m1@m2 then r0.(n1m1)21 and
Drxx /r0 .(n2m1m2 /n1) B2. Hence, ifm2 has a much stron-
ger temperature dependence thanm1 then the desired behav
ior is obtained.33 However, in this limit the Hall resistance i
RH.m2 /(n1m1) and so should be strongly temperature d
pendent. However, this is inconsistent with observations~al-
beit on a different sample!.23,34

~iii ! The temperature dependence of the scattering
varies significantly at different points on the Fermi surface35

Similar ideas about ‘‘hot spots’’ have been proposed to
plain the magnetotransport in the cuprates36 and quasi-one-
dimensional organic metals.37,38 A different temperature de
pendence for the resistance and magnetoresistance a
because the former is related to the inverse of the averag
the scattering time over the Fermi surface and the latter~at
high fields! is related to the average of the scattering r
over the Fermi surface.38 Alternatively, the magnetoresis
tance can be shown to be the variance of the Hall angle o

of

.,

FIG. 2. Kohler plot of the magnetoresistance. The temperatu
of the curves shown are~from top to bottom! 0.5, 1.5, 3.0, 3.5, 4.2,
5.0, 6.0, 7.0, 8.0, and 10.0 K. If Kohler’s rule held then all t
curves would lie on top of on one another.
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the Fermi surface.4 The nonuniform scattering rate also lea
to a temperature dependence of the Hall resistanceRH since
it is given by39

RH5
1

ne

^t2&

^t&2 , ~3!

where ^•••& denotes an average over the Fermi surfa
However, again this explanation requires the Hall resista
to vary significantly below 4 K. However, this is not ob
served.

~iv! The scattering times associated with the magneto
sistance and the zero-field resistance are distinct and
different temperature dependences. This hypothesis6 has
been proposed to explain the unusual temperature de
dence of the magnetotransport~including the violation of
Kohler’s rule! in the metallic phase of the cupra
superconductors.4,5 Distinct scattering times are associat
with the decay of electric and Hall currents and denoted
t0 andtH , respectively. The zero-field conductivitysxx(0)
;t0 , the magnetoconductivitysxx(B)2sxx(0);B2t0tH

2 ,32

and the Hall conductivitysxy;Bt0tH . Consequently, this
explanation also requires the Hall resistance
a-~BEDT-TTF!2KHg~SCN!4 to vary significantly below 4
K. Measurements suggest that it does not.23,34

~v! The scattering timet is field dependent in a way tha
t(B,T)/t(0,T) is temperature dependent. Several calcu
tions have considered the electron-electron scattering ra
the quasi-one-dimensional Bechgaard salts~TMTSF!2X and
suggested that it is field dependent.40 Alternatively, if the
scattering is due to local magnetic moments, possibly a
ciated with a spin-density wave, then that will vary wi
field.2 Although these explanations for the violation
Kohler’s rule are possible it should be stressed that if th
are correct then the origin of the magnetoresistance in th
materials is quite different from what has been proposed.17,18

The possible failure of semiclassical transport theory
describe the interlayer magnetoresistance raises the que
Is the interlayer transport incoherent, i.e., does the concep
Bloch states~on which the Boltzmann equation depend!
have meaning?

For this class of materials Yoshioka41 has proposed an
explanation for the magnetoresistance and its angular de
dence that does not involve coherent interlayer transp
Yoshioka’s model assumes that there is a periodic poten
due to a density wave in each layer. A magnetic field th
produces a periodic potential whose period along theb axis,
i.e, perpendicular to the layers, isincommensuratewith the
interlayer spacing. If the magnitude of this potential is larg
than the interlayer hopping rate then all the states along thb
axis will be localized.42 The strength of the incommensura
potential increases with field and makes the states more
.
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calized. Hence, the interlayer resistance increases with
creasing field. The incommensurability of the potential v
ies as the field is tilted. At certain angles the potential w
become commensurate, the states will no longer be local
and the magnetoresistance will vanish. The model corre
predicts these angles.41 Although all the states are localize
the conductivity should be nonzero at finite temperature
to variable range hopping. As the temperature is lowe
variable range hopping becomes harder and the resist
increases.43 Hence, in this model the temperature depe
dence of the magnetoresistance is unrelated to that of
zero-field resistance and Kohler’s rule would not be expec
to hold. However, this model would predict that, contrary
what is observed, the magnetoresistance does not satura
the temperature is lowered.44

The issue of incoherent interlayer transport has rece
been considered for the cuprate superconductors45,46 and for
the layered organic crystal~TMTSF!2PF6 , which under pres-
sure is a quasi-one-dimensional metal. Its magnetoresist
strongly violates Kohler’s rule and only depends on the co
ponent of magnetic field perpendicular to the layers.47 Al-
though there are some similarities there are also differen
to the material studied here. For example, in~TMTSF!2PF6 ,
the angular dependence of the magnetoresistance has a
mum when the field is perpendicular to the layers wher
for a-~BEDT-TTF!2KHg~SCN!4 it is a maximum.10 Al-
though it would be interesting to apply the ideas in Ref. 46
the data presented here it is not clear how to do so.

In conclusion, the temperature dependence of the in
layer magnetoresistance of the quasi-two-dimensional m
a-~BEDT-TTF!2KHg~SCN!4 cannot be explained in term
of existing theoretical models including,~i! semiclassical
transport on a single Fermi surface with a single scatter
time18 and ~ii ! Yoshioka’s model41 involving incoherent in-
terlayer transport. We suggest several directions for fut
work. Experimentally, Kohler’s rule should be tested outs
the low-temperature phase and in other metals based on
BEDT-TTF molecule. Hall resistance and magnetoresista
measurements should be done on the same sample to
pletely rule out the ‘‘hot spot’’ and two scattering time hy
potheses for these systems. Theoretically, we need calc
tions of the magnetoresistance for models45,46 involving
incoherent interlayer transport.

We thank S. Hill, B. Kane, A. G. Lebed, and J. Singlet
for helpful discussions. Work at UNSW was supported
the Australian Research Council. J.S.Q., S.Y.H., and J.S
were supported in part by NSF Grant No. DMR 95-1042
Work at the National High Magnetic Field Laboratory wa
supported by NSF Cooperative Agreement No. DM
9016241 and the state of Florida.
*Electronic address: ross@newt.phys.unsw.edu.au
1M. A. M. Gijs and G. E. Bauer, Adv. Phys.46, 285 ~1997!.
2T. Kimura et al., Science274, 1698~1996!.
3A. B. Pippard,Magnetoresistance in Metals~Cambridge Univer-

sity Press, Cambridge, 1989!.
4J. M. Harriset al., Phys. Rev. Lett.75, 1391~1995!.
5T. Kimura et al., Phys. Rev. B53, 8733~1996!.
6P. W. Anderson, Phys. Rev. Lett.67, 2092 ~1991!; P. Coleman,

A. J. Schofield, and A. M. Tsvelik, J. Phys.: Condens Matter8,
9985 ~1998!.



ls

ic
,

ns
na

,

en
ed
io
ibl

one
duc-

reas
nce.
we

par-
on-

e at
the
are
st

h.

s to
h
ngle

ses
he

vari-
A.

c-
il-
n in
own

-

ett.

57 11 857BRIEF REPORTS
7For a review, T. Ishiguro and K. Yamaji,Organic Superconduct-
ors, 2nd ed.~Springer-Verlag, Berlin, 1998!.

8J. Wosnitza,Fermi Surfaces of Low Dimensional Organic Meta
and Superconductors~Springer-Verlag, Berlin, 1996!.

9J. S. Brookset al., in Physical Phenomena at High Magnet
Fields II, edited by Z. Fisket al. ~World Scientific, Singapore
1996!.

10J. S. Brookset al., Phys. Rev. B52, 14 457~1995!.
11C. E. Camposet al., Phys. Rev. B52, 7014~1995!.
12H. Mori et al., Bull. Chem. Soc. Jpn.63, 2183~1990!; L. Ducasse

and A. Frisch, Solid State Commun.91, 201 ~1994!; R. Rous-
seauet al., J. Phys.~France! 6, 1527~1996!.

13F. L. Prattet al., Phys. Rev. Lett.74, 3892~1995!.
14G. J. Athas, Ph.D thesis, Boston University, 1996.
15R. H. McKenzie, cond-mat/9706235~unpublished!.
16T. Sasaki and N. Toyota, Synth. Met.70, 849 ~1995!.
17M. V. Kartsovnik et al., J. Phys. I~France! 3, 1187 ~1993!; J.

Phys.: Condens. Matter6, L479 ~1994!.
18Y. Iye et al., J. Phys. Soc. Jpn.63, 674 ~1994!; S. J. Blundelland

J. Singleton, Phys. Rev. B53, 5609~1996!.
19R. H. McKenzieet al., Phys. Rev. B54, R8289~1996!.
20Magnetoresistance data onb9-~BEDT-TTTF!2AuBr2 @M.

Doporto et al., Phys. Rev. B 49, 3934 ~1994!#,
~BEDT-TTF!4~Mo6Cl8!Cl6.xCH2Cl2 @A.-K. Klehe et al., Synth.
Met. 86, 2003 ~1997!#; and ~BEDO-TTF!2ReO4•H2O @A. Aud-
ouardet al., Europhys. Lett.34, 599 ~1996!# suggest that they
may also violate Kohler’s rule. In contrast, only small deviatio
from Kohler’s rule are observed in the quasi-one-dimensio
organic metal,~TMTSF!2ClO2. @M.-Y. Choi, P. M. Chaikin, and
R. L. Greene, J. Phys.~Paris!, Colloq. XX , C3-1067~1983!; L.
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