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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 metBEDT-TTF),KHg(SCN), 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 superconductarS0163-182008)13219-9

Currently a great deal of attention is being paid to theis taken into accourl However, in this paper we show that
large magnetoresistance of layered materials such as matie temperature dependence of the magnetoresistance is in-
netic multilayer$ and manganese perovskifeShis is moti- ~ consistent with the above picture. In particular, the magne-
vated by potential applications in magnetic recording and byoresistance is shown to violate Kohler's réferaising is-
the challenge of understanding the physical origin of thesues similar to those considered for the cuprate
magnetoresistance, which is very different from that in con-superconductor&®
ventional metal$. The magnetotransport of the metallic  The temperature and field dependence of the magnetore-
phase of the cuprate superconductors also differs signifisistance of many metals can be analyzed in terms of Kohler's
cantly from conventional metafs® In this paper we show rule3 Semiclassical transport theory based on the Boltzmann

that the magnetoresistance of a particular organic metal magquation predicts Kohler’s rule to hold if there is a single
also be unconventional. species of charge carrier and the scattering tirigethe same
Layered organic molecular crystals based on the bisat all points on the Fermi surface. The dependence of the
(ethylenedithia-tetrathiafulvalene (BEDT-TTF) molecule  resistance on the field is then contained in the quaatity,
are model low-dimensional electronic systetfighe family =~ where o, is the frequency at which the magnetic field
a-(BEDT-TTF),MHg(SCN,[M=K,Rb,T]] have a rich causes the charge carriers to sweep across the Fermi surface.
phase diagram depending on temperature, pressure, uniaxiaince the resistance in zero field is proportional to the scat-
stress, and magnetic field: metallic, superconducting, antgring rate, the field dependence of the magnetoresistance of
density-wave phases are possﬂ'ﬂg—_ Band-structure calcu- Samples with different scattering timésither due to differ-
lations predict coexisting quasi-one-dimensiotapen and ~ ent purity or temperatur&) can be related by rescaling the
quasi-two-dimensionaklosed Fermi surface$? At ambient ~ field by the zero-field resistand®(0,T):
pressure these materials undergo a transition at a temperature
Tow (8 K in the M =K salf) into a low-temperature metallic R(B,T)
phase that has been argued to be a density WdW). This —
phase is destroyed in high magnetic fields. There is currently R(O,T)
controversy as to whether this phase is a spin-density wave,
a charge-density wave, or a mixture of b6 This is Kohler's rule and the corresponding plots are known
The following picture of the low-temperature phase hasas Kohler plots. It holds regardless of the topology and ge-
been proposet!:® The nesting of the quasi-one-dimensional ometry of the Fermi surface.
Fermi surface leads to a density-wave instabilityTaty . Resistance measurements were performed on a single
Below Tpy a gap opens on the quasi-one-dimensional Fermérystal of «-(BEDT-TTF),KHg(SCN), using a standard
surface and the associated carriers no longer contribute to tHeur-wire ac technique with a 1A current along thé axis
transport properties. The density wave introduces a new pdthe least conducting ajisSample contacts were made on
riodic potential into the system resulting in reconstruction ofthe faces of tha-c planes with 12.5-Mm gold wire attached
the quasi-two-dimensional Fermi surface. One of the provia carbon paint. The magnetic field was applied parallel to
posed Fermi surface reconstructions involves large opetheb axis. Measurements were performed ifflde cryostat
sheetd’ Semiclassical transport theory can then explain thaising a 33-T Bitter magnet at the National High Magnetic
large magnetoresistance and its angular dependence in théeld Laboratory in Tallahassee. Figure 1 shows the field
low-temperature phasé.The complete field dependence of dependence of the interlayer resistance at several different
the resistance can also be explained if magnetic breakdoweemperatures. The magnetic field is parallel to the current

@

=F(w,7)=f (—R(O,T)) .
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FIG. 1. Magnetic field dependence of the interlayer resistance of FIG. 2. Kohler plot of the magnetoresistance. The temperatures
a-(BEDT-TTH,KHg(SCN), at several temperatures. The magnetic of the curves shown argrom top to bottom 0.5, 1.5, 3.0, 3.5, 4.2,
field and the current direction were perpendicular to the layers, i.e5.0, 6.0, 7.0, 8.0, and 10.0 K. If Kohler’s rule held then all the
parallel to the least-conducting direction. curves would lie on top of on one another.

and perpendicular to the layers. The data are consistent wittnd density of states does not vary significantly below 4 K
previously published data on this class of matert&fs:?122  and so cannot explain the large temperature dependence of
Given that the current direction and magnetic field arethe magnetoresistané®.
parallel one expects no Lorentz force on the electrons. This (i) There is more than one type of carrier and their mo-
raises the question of the origin of such a large longitudinaPilities have different temperature dependences. The exis-
magnetoresistance. Semiclassical theories explain this by atnce of more than one type of carrier in the low-temperature
suming that the interlayer hopping also involves a substantig?hase is suggested by the observation of more than one
simultaneous hopping parallel to the lay&#fill has shown ~Magneto-oscillation frequen&yand more than one cyclotron
how such hopping, and the associated warping of the Fernfesonance frequen€’9.To illustrate how this can lead to vio-
surface in the interlayer direction, can be used to explaifations of Kohler's rule we consider the case of two
cyclotron resonance experimeffsThe microscopic justifi-  carriers®* Let n; andn, denote the densities ang; and u,
cation for assuming this type of interlayer hopping is notdenote the mobilities of the carriers. The zero-field resistance
clear. is po= (N1 1+ Nouy) L. At low fields the transver$émag-
The strong angular dependence of the interlayenetoresistance is
magnetoresistant®!’?2%implies that it is predominantly

orbital in origin. When the field is parallel to the layers or at Ap NNy ol fg — ) 2B2
XX

certain magic angles the magnetoresistance is several times 5 (2
smaller than when the field is perpendicular to the layers. If Po UEVERAIPYEY

the magnetoresistance was predominantly due to the field

coupling to the spins it should be almost isotropic. Hence, if u; and u, have a different temperature depen-

Figure 2 shows a Kohler plot of the data in Fig. 1 as welldence so will the resistance and magnetoresistance. To see
as data at additional temperatures. It covers fields up to abothis clearly consider the particular case where
10 T. If Kohler's rule held all of the curves would collapse n;~n, and u;>u, then po=(niuy) "t and
onto a single curve. They do not because the magnetoresidpyy/po=(Nat12/Ny) B2. Hence, ifu, has a much stron-
tance varies strongly with temperature but the zero-field reger temperature dependence thanthen the desired behav-
sistance is only weakly temperature dependEig. 1). Note ior is obtained®® However, in this limit the Hall resistance is
that there isno field range over which Kohler's rule holds. Ry=pu,/(nix1) and so should be strongly temperature de-
This rules out explaining the deviation in terms of quantumpendent. However, this is inconsistent with observati@ts
effects or magnetic breakdown. beit on a different samp)eé>>*

We now consider five possible explanations for the viola- (iii) The temperature dependence of the scattering rate
tion of Kohler’s rule, within the framework of semiclassical varies significantly at different points on the Fermi surfite.
transport theory(i) The electronic structure varies with tem- Similar ideas about “hot spots” have been proposed to ex-
perature due to the formation of the density wave. This camplain the magnetotransport in the cuprafeand quasi-one-
explain the temperature dependence between 4 and 10 Kimensional organic metaf$:® A different temperature de-
However, in density-wave systems the electronic energy gapendence for the resistance and magnetoresistance arises
varies very little at temperatures less than half the transitiodecause the former is related to the inverse of the average of
temperaturé® In this system, below 4 K, there is little the scattering time over the Fermi surface and the lagter
change in the zero-field resistandsee Fig. 1, Hall  high field9 is related to the average of the scattering rate
resistancé® Knight shift, and nuclear magnetic relaxation over the Fermi surfac&. Alternatively, the magnetoresis-
rate, 1/(T;T).?’ This suggests that the electronic structuretance can be shown to be the variance of the Hall angle over
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the Fermi surfacé The nonuniform scattering rate also leadscalized. Hence, the interlayer resistance increases with in-
to a temperature dependence of the Hall resist&csince  creasing field. The incommensurability of the potential var-

it is given by* ies as the field is tilted. At certain angles the potential will
) become commensurate, the states will no longer be localized
_i ﬂ 3) and the magnetoresistance will vanish. The model correctly

H ne(n? predicts these anglé$ Although all the states are localized

the conductivity should be nonzero at finite temperature due
to variable range hopping. As the temperature is lowered
A L Yariable range hopping becomes harder and the resistance
to vary significantly below 4 K. However, this is not ob- increase$® Hence, in this model the temperature depen-

served. dence of the magnetoresistance is unrelated to that of the

. (iv) The scattering t|r_nes asspmated with t_he magnemreiero—field resistance and Kohler’s rule would not be expected
sistance and the zero-field resistance are distinct and ha

. . . & hold. However, this model would predict that, contrary to
different temperature dgpendences. This hypothelsiss what is observed, the magnetoresistance does not saturate as
been proposed to explain the unusual temperature depe

. : A the temperature is loweréd.
dence,of the magnetotranspd_mcludlng the violation of The issue of incoherent interlayer transport has recently
Kohler's rule in the metallic phase of the cuprate

e PHas : been considered for the cuprate superconduttdtand for
superconductord® Distinct scattering times are associated b P

: . the layered organic crystaTMTSF),PF;, which under pres-
with the decay of (_alectnc and Hall currents an(_:i _denoted b3§ure is a quasi-one-dimensional metal. Its magnetoresistance
79 and 7, respectively. The zero-field conductivity,,(0)

- o "3\, strongly violates Kohler’s rule and only depends on the com-

~ 7o, the magnetoconductivity,(B) = oxx(0)~B"771,™  yonent of magnetic field perpendicular to the layBral-

and the Hall conductivityr,,~B7o7y . Consequently, this 4,91 there are some similarities there are also differences

explanation also ~ requires the _H"?‘I_l resistance 01Eto the material studied here. For example(TMTSF),PF;,

a-(BEDT-TTF),KHG(SCN), to vary significantly below 4 he angular dependence of the magnetoresistance has a mini-

K. Measurements suggest that it does fiot. _ mum when the field is perpendicular to the layers whereas
(V) The scattering time is field dependent in a way that ., a-(BEDT-TTF),KHg(SCN), it is a maximum'® Al-

7(B,T)/7(0,T) is temperature dependent. Several calculayyqgh it would be interesting to apply the ideas in Ref. 46 to
tions have considered the electron-electron scattering rate e gata presented here it is not clear how to do so.

the quasi-one-dimensional Bechgaard s@ltITSF),X and In conclusion, the temperature dependence of the inter-

suggested that it is field depend_é?]tAIternatively, if the  |ayer magnetoresistance of the quasi-two-dimensional metal
spattermg is due.to Ioca_l magnetic moments, possmly ""_SSOd-(BEDT-TTF)zKHg(SCI\IM cannot be explained in terms
ciated with a spin-density wave, then that will vary with ¢ eyisting theoretical models includingi) semiclassical

. 2 . . .
field.” Although these explanations for the violation of yanqhort on a single Fermi surface with a single scattering
Kohler's rule are possible it should be stressed that if they;me!8 ang (i) Yoshioka's moddt involving incoherent in-

are correct then the origin of the magnetoresistance in thesg javer transport. We suggest several directions for future

materials is quite different from what has been propdsed. yorc Experimentally, Kohler’s rule should be tested outside
The possible failure of semiclassical transport theory e |ow-temperature phase and in other metals based on the

describe the interlayer magnetoresistance raises the questigfpT_TTE molecule. Hall resistance and magnetoresistance

Is the interlayer transport incoherent, i.e., does the concept 9f,oasurements should be done on the same sample to com-
Bloch states(on which the Boltzmann equation depends pletely rule out the “hot spot” and two scattering time hy-

have megning? . . potheses for these systems. Theoretically, we need calcula-
For this class of materials Yoshidkahas proposed an iions of the magnetoresistance for modf€ involving
explanation for the magnetoresistance and its angular depe[ycoherent interlayer transport.

dence that does not involve coherent interlayer transport.

Yoshioka’s model assumes that there is a periodic potential

due to a density wave in each layer. A magnetic field then We thank S. Hill, B. Kane, A. G. Lebed, and J. Singleton
produces a periodic potential whose period alongttleis,  for helpful discussions. Work at UNSW was supported by
i.e, perpendicular to the layers, iiscommensuratsvith the  the Australian Research Council. J.S.Q., S.Y.H., and J.S.B.
interlayer spacing. If the magnitude of this potential is largerwere supported in part by NSF Grant No. DMR 95-10427.
than the interlayer hopping rate then all the states along the Work at the National High Magnetic Field Laboratory was
axis will be localized® The strength of the incommensurate supported by NSF Cooperative Agreement No. DMR-
potential increases with field and makes the states more 18016241 and the state of Florida.

where (---) denotes an average over the Fermi surface
However, again this explanation requires the Hall resistanc
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