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We use a semiclassical model to calculate the angle-dependent magnetoresistance os@iMRDS) in
guasi-one-dimensiondlqlD) organic conductors. A number of contrasting models have been proposed to
explain this effect, mainly in the context of tiéMTSF),X (where TMTSF is tetramethyltetraselenafulvalene
andX=CIQ, or PF,) family; some of the models concentrate on the role of electron-electron interactions while
others postulate Fermi-surface hotspots or even field-dependent hopping renormalization. Instead, we have
used a more intuitive semiclassical approach to calculate the angle-dependent magnetoresistance oscillations
for a completely general class of q1D Fermi surfaces. The model demonstrates how the details of the Fermi
surface corrugation give particular features in the experimental data and illustrates the important roles played
by both open and closed orbits. The AMRO observedTiIMTSF) ,CIO, when the magnetic field is rotated
close to thea axis are discussed in this context. The results are particularly applied to the organic charge
transfer sal{ET) ,KHg(SCN) , [where ET is bigethylenedithigtetrathiafulvaleng this material is interesting
because the Fermi surface undergoes a transition from predominantly q1D to quasi-two-dimg&Dbhal
character at-22 T, a result which has been primarily established on the basis of AMRO experiments. Higher
order Fourier components in the corrugation of the Fermi sheet are shown to be essential to explain the
observed AMROSs and the size of the magnetoresistance in this material. The absence of q1D AMROS in most
organic metals with q1D Fermi surfaces is explained, illustrating in particular why q1D AMROs are absent
above 22 T in(ET) ,KHg(SCN) , even though the Fermi surface contains q1D sections. We discuss the failure
of previous models to explain the AMRO effect in this salt and demonstrate the advantages of adopting a
semiclassical approach.

I. INTRODUCTION AMROs can therefore be complementary to SAHOs since the
effect is due to all electrons on the FS, not just those per-
In the last 40 years, magnetoresistafiéR) experiments forming extremal orbits. _ _ N
have been particularly useful in determining the shape of the For example, AMRO studies have provided additional
Fermi surface(FS) of metals! The presence of open and shape information about the warping of cylindrical sections
closed orbits can be easily distinguished by the field deperff the quasi two-dimension&dj2D) FS in organic conductors
dence of the MR while the area of the FS pockets can b&ue to th4esbehaV|or of electrons in closed orbits around these
measured by the frequency of Shubnikov—de Haas oscillafy!inders: In a number of other “quasi-one-dimensional”
tions (SdHOs).Z Recently, these techniques have been apgqlD) conductors, the FS is dominated by q1D sheets across

plied to organic metal®.SdHOs can be used to determine which electrons may also perform open orbits. In these ma-

information concerning the FS geometry because the fre:—]ear\'/aels’aﬁ d(;frfieriﬁnt L)?tpee glfsﬁrl\l/lgc?rsorl; C;Eztfr\r/:g \ggggleml;jrt
guency of each series of oscillations is proportional to theAMROs in mgtalsqwith 242D ES P
area of arextremal orbitof the FS? The orbits which are not q )

extremal do not contribute to this oscillatory sianal but give First studied in this context were the q1D AMRO in the
XU hot contribu IS 0SCI ry sig utgv organic conductor§TMTSF),X (where TMTSF is tetra-
rise to the non-oscillatory background MR. However, this

back d d d quite d icall dh methyltetraselenafulvalene aixg= ClO, or PF;). These ma-
ackground MR can depend quite dramatically ondiec- o515 are of enormous interest because they can exhibit su-

tion of the applied magnetic field, and in some caseserconductivity, a cascade of field-induced spin density
very large angle—depgndent magnetoresistance oscillationg,yes and even the quantum Hall effect, under different
(AMROS) at constant field can be found. conditions of pressure, field, and temperafiie. The
Experimentally, AMROs are measured by rotating aTMTSF salts are highly anisotropic and consist of stacks of
sample in a fixed magnetic field while monitoring the resis-TMTSF molecules along the highly conducting direction
tivity of the sample. AMROs can be observed at much highefalong a); the stacks are assembled into sheets which are
temperatures and in much lower applied fields than SdHOsthemselves separated by the anirayers along the least
SdHOs arise from the movement of well-resolved Landawonducting directiorii.e., alongc). The bandwidths are typi-
levels through the Fermi energy and therefore require thatally in the ratiot,:t,:t.=1:0.1:0.003 eV. Sharp AMROs
the temperature is low enough for the FS to be sharply dehave been observed, consisting of resistance dips at particu-
fined; this restriction does not apply so stringently tolar “magic angles” of the applied magnetic field to the crys-
AMROs since they do not originate from the motion of en-tal axes of these materials' When the magnetic field di-
ergy levels through the FS. The information obtained fromrection is at a magic angle, the electron motion in the q1D
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(b) FIG. 1. (8) Schematic showing electron trajec-
#= constant tories in the kyk, plane. The vectors
' kj=(e/h)wxi and w=veBj+B, V, f are also
shown. The electron motion is along contour
lines of constanth. (b) Types of FS orbits on the
Brillouin zone(represented by a torurbit C is
contractible and corresponds to a closed orbit.
Orbits A andB correspond to open orbits.

planes becomes periodic in the reduced zone scheme; away E(k)/h=vF(|kx|—kF)—f(ky,kz). D

from these magic angles, the electron orbits sweep out the ) )

entire Brillouin zone ergodically. It is this principle which is | N€ FS[defined byE(k)=0] consists of two flat sheets at

at the basis of most explanations of the effect, but theoreticafx= = ke which are slightly warped in a manner described

treatments sometimes additionally stress the role of electrofy the ~function f (we assume throughout that

electron interactions, FS hotspots, or non-Fermi liquid be f(ky .k;)|<kev so that the two sheets do not toucfihe

havior, 12-20 velocity v(k) of each electron as a function of momentum
Q1D AMROs have also been studfd??>%in the low K can then be calculated using

temperature phase ¢ET),KHg(SCN),, which is a charge _ a

transfer salt of the organic molecule EWhere ET is bis- v(k)=h " {dE(k)/dk]= Topl = Vi f, )

(ethylenedithigtetrathiafulvalene, known also as BEDT-

TTF). This salt consists of alternating sh&étef ET mol- o . )
direction. (In what follows, we will consider only one sheet

ecules and the anion KH§CN),. For reasons which we : . g .
discuss later, the AMROSs in this particular material may befor which k,~+ kg without loss of generality.The velocity

easier to understand than those in TMTSF salts. Wi”, be t'ime. dependenF since the eleqtron’s momentklm
In this paper, we describe a purely semiclassical approacf2'ies With time according to the equation of motion

to AMROs in q1D metals. The orbits of all electrons on the Ak=—evXB 3)

FS are calculated by considering the Lorentz force

—ev(k) X B, and the conductivity is then calculated by using with the magnetic field given by

the Boltzmann transport equation. Thus electron-electron in- -

teractions are entirely neglected anl-andependent scatter- B=B,i+By. (4)

ing time is assumed.e., no FS hotspofsThus the conduc-

tivity is straightforward to calculate and a comparison with

whererHE(O,a/aky,a/&kz) andi is a unit vector in thek,

This equation of motion implies thatremains perpendicular

to v; this condition ensures that the electron remains on the
. ¥s. For this reason, we need only calculate the equation of
cause a proper examination of the consequences of a semi-tion fork=(0k, ,k,) since thek, component can always

classical modelmay lead to a recognition of its failure to be calculated usin, = ke+ f(k, k,)/u . Therefore we find

describe certain real systems; this could then provide a lethat the equation of motiofEq. (3)] can be written as
gitimate motivation for the use of more exotic mechanisms. '

The use of a semiclassical method to understand AMROs . e .
in TMTSF salts was pioneered by Osaeliaal® Recently, kj=zwxi, )
similar techniques were ingeniously used to explain newly
discovered resonances {TMTSF),ClO, when the mag- where the vector fieldv also lies in the plane of the sheet
netic field direction was rotated close to theaxis>®> Here  and is given by
we aim to relate the geometric structure of the FS, as param-
etrized by the Fourier components of the FS corrugation, W=vgB|+B, Vyf. (6)
directly to features in the angle-dependent conductivity. We e ) : .
also attempt to classify the types of FS orbits induced by thd he vector fieldk| is solenoidal ¥ - k| =V -kj=0) so that
magnetic field and apply our results t8T) ,KHg(SCN),. k| is an area-preserving flofV:the vector fieldw is conser-
This paper is organized as follows: some general considvative (V><W=Vk”><w= 0) so that we can define a scalar
erations and the method of calculation are presented in Sefinction ® such thatw=V® where
II; this method is applied first to a simplified model consist-
ing of a FS with a weak corrugation in Sec. lll, the general O=veB-k+B, f (7)

case being considered in Sec. IV, the results are discussed in L .
Sec. V in the context of recent experiments S0 that the electron motion is along contour lines of constant

® [see Fig. 8)]. In the simple case where the magnetic field
lies in the plane of the sheet8(=0), the vector field
w=veB) is constant so that electrons appear to travel in

Consider the linearized q1D FS described by the follow-straight lines across the Fermi sheet in a direction perpen-
ing energy dispersion relation: dicular toB=B; when viewed along, .

Il. THEORY
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Because of the periodicity of the Brillouin zone, we can lll. WEAKLY MODULATED FERMI SHEETS

identify the state Ky,.k,) W'th states at Ky+ma/ A special case of Eq(9) can be obtained if the only
b'kZ’Ln”/C). (wherem andn are_mteger)sand so the elec- nonzero Fourier components of the corrugation are
tron dynamics across the Fermi sheet can be understood lgM,en:

considering the vector fields andw defined on a toru3? 10"~ 2ty andtg;"=2t,. This mo_del has begn extensively
(the scalar functionb is, however, multiple-valued of?). used to study th€TMTSF),X family of organic conductors

Using the fact that the Euler-Poincacharacteristic of a in which the two sheets are only weakly modulated by a

torus x(T?) is zero, then if the vector fields have only iso- single Fourier component in each of tiieand z directions.
Iat:d )éin ul;r Zoint’s therl1 i m:: be shlown tha\t/t the ZulmbeThe amplitude of the modulation is determined by the tight
9 P ' y inding transfer integral, andt., where in TMTSF salts

of maxima plus the number of minima minus the number Ofiteir ratio is typically given byt, /t.~30. Using our nota-

saddle points inb is equal toy(T2)=0. : ; . . .
Different types of FS orbits are possible. Orbits can betlon, we will therefore now consider the energy dispersion

represented as loops on the torus agzg can be topologicalr)? lation in Eq.(1) with the functionf given by
characterized by twavinding numbers™ (we will denote _
thesez, and 7, ; they describe the number of times the loop Rf(ky kz)=2tpcosbky) +2t.cosck;) (10
winds around the torus in thie, andk, directions, respec- with t, /t.>1. The shape of this FS is sketched in Figa)Za
tively). Three such orbits are shown in Figb} the loopC  more general and more highly corrugated FS is shown in Fig.
is contractible to a poinfit has 7, = 7,=0) and corresponds 2(b) for comparisoh The parameters, andt, are transfer
to a closed orbit; in contrast, the loogs and B are not integrals along thé andc axes’
contractible(they both have one unit winding number: far
ny=1, n,=0, forB 5,=0, n,=1) and correspond to open
orbits. Further open orbits are also possible which can wind
round the torus many times in eithér both directions. With the magnetic field perpendicular to the sheets

Having characterized the shape of the FS orbits for a partB;=0) a combination of open orbits and closed orbits is
ticular orientation of the magnetic field, the conductivity canallowed. The fraction of closed orbits can be easily calcu-
be calculated using the Boltzmann transport equation: lated as

0
vi(k,O)J vi(k,t)e' dt.

eZ
2
(8

This is an integralover all states at the F®f the velocity-
velocity correlation function for each FS orbit. This can
change dramatically as the direction of the magnetic field is
changed, because this alters the paths of all the FS orbits.

We can also express a general g1D FS by expressing tt
function f(k, ,k;) in Fourier components:

A. Classification of orbits

dfo(k)
~ 9E(K)

S

S

E(k)=fivg(|kd —ke) = X [the"cogmbk +nck,)
m,n

+t9%¢ sin(mbk,+nck,)1, 9)

where the parameter$'" and t%% are the even and odd

Fourier components of the corrugation of the Fermi sheets (b) 15555 K, ) ky
As will be described later, in certain situations the “geomet- ’;:f E:iii i:
ric structure” of the orbits can have little bearing on the :Eiiiiﬁiiii EE
magnetoresistance. When the magnetic field is in the plane « i:i;:ig :ii:'u‘ p ;i
the q1D sheets, then in some “resonant” field directions the iiliiﬁ"‘““‘_‘, jes i ’,.;;‘E_,’;
orbits may be periodic on the reduced Brillouin zone, while :ii“\\:"“‘é:ii sees i eer/rags
at a “general” direction they will instead ergodically fill the 1588 't",‘é,\‘,?ii,’;’ fase 285
whole Brillouin zone. The contribution of such a resonant \‘\"‘H“ %5551;/’!’7}5:5’ ,,t'f[ 885 Ky
orbit is governed by a particulas,, and will produce no “5:5,,7,’,’,"[;‘:’! :Elii :’,’;’:’i"“‘\\\'ﬁi‘ﬁ
conductivity resonance if,,,=0. We stress that it is thge- ’;,’;:,’n’g’i;ii ;Eigi :‘I‘g‘."‘f“. i’;ii
ometryof the Fermi sheet, parametrized by the Fourier com- H iiii E:E" "-':E'l 5 iii
1 )
),

S

VL YA B ALY
AN N

ponentst,,, of the corrugation which entirely controls the
AMROs with this field direction. However, with other field
directions, the geometric structure of the orbit can play ¢
major role.

Before considering the general FS of Ef), in the fol-
lowing section we study in detail a special case. FIG. 2. (a) The FS of Eq(10). (b) A more general FS.

., v i v T VA TR R T U
R R A TR
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JEb/tC FIG. 4. The fraction of closed orbits as a function of the direc-

tion of the applied magnetic field for different valuestgft.. We
FIG. 3. The fraction of closed orbits as a functiortgft. . Also have chosen B”:B“IZ. All the orbits become open when
shown is an approximation to the exact result which is valid forB/B, =2ct./hve. Inset: the orbits for t,/t;=3 and
largety,/t;. Inset: the orbits fott, /t.=3 (which are contours of Bjfvg/(2¢t.B,)=0.25. The regions of closed orbits are shaded.
constant®). The region of closed orbits are shaded.

2 frlc ¢ 8 Considering Fig. &), we can therefore say that orbAsand
it dk COS—l( 1— —C(1+COSk c)) ~ C each have an amplitude of 1 since they navigate around
szo ‘ ty ‘ 7ty /1) isolated islands of closed orbits adjacentBrillouin zones
in the k, direction; orbitB has an amplitude of 2 since it
for ty>tc (11) travels across a further Brillouin zone in thgdirection. We

(see Fig. 3so that the fraction of closed orbits decreases a$lénote this amplitude by, and note that it is necessarily an
t,/t. increases. This fraction is independent of the strengthnteger.
of the applied magnetic fiellB|. The inset to Fig. 3 shows  In general, orbits of amplitudé, and {,+1 coexist. We
the orbits fort,/t.=3 (the orbits are contours of constant find that{, decreases as the in-plane magnetic field compo-
®); the closed orbits have zero winding number, the operfent increases. We plot the maximum of the two amplitudes
orbits have unit winding number. 7% (=¢3"+ 1) for various values of,/t; and By in Fig.

As the magnetic field is rotated into the plane, the fractions(b). This figure shows thaf)'® decreases at particular tran-
of closed orbits decreases. When the parallel component @iition points which depend on the ratig/t;. In the limit
the magnetic field is sufficiently large in comparison with thethat the applied field is entirely in plane along thdirection,
perpendicular component, all the orbits are open. We wilthe orbits are all straight lines along tkg direction.
consider the case whesy=(0,0,B)). All the orbits then be-
come open when

ﬂ> 2ct,

BL/ flU;: (12)

(whent,/t.>1). This behavior is shown in Fig. 4: the inset
shows the orbits for a particular choice of/t. and
B/B, .

As the fraction of the open orbits increases, the character
of these orbits changes in a very marked way. When the
magnetic field is out of the plane, they lie along thedi-
rection(see the inset to Fig.)3o0 that their winding numbers
are n,=0 and#,=1. However, as soon as the field acquires

a no.nzero component along taedirection, a transition im- FIG. 5. (a) If the field acquires a nonzero component along the
mediately occurs andy, =1, 7,=0. However, although the , jirection, the orbits are extended along thedirection and ex-
or_b'ts are_therefore now extended alonglkbd're?t'ony they  hipit a large degree of movement in the direction. Each open
still exhibit a large degree of movement in thedirection as ot has an amplitude in tHe, direction which can be measured by
illustrated in Fig. $a). The open orbits must navigate around the number of isolated closed-orbit islands which are crossed. Or-
isolated islands of closed orbits and each open orbit has afits A andC each have an amplitude of 1; orfithas an amplitude
amplitude in thek, direction which can be measured by the of 2 (see text (b) The maximum of amplitudes of open orbits for
number of isolated closed-orbit islands which are crossediarious values of, /t, andB .

al
0.5 1
BJl/(2ctBL(Pve) ™)
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n=--43 2 1 B,/By=2t,c/hvgm(n—1/4) 14

to/te= whenB, /B,>2t.c/fivg, i.e., when the condition for the de-

5 —ee--- struction of closed orbits is substantially exceeded.
These features are illustrated in Fig. 6 which shows simu-
............... lated resistivity for this FS (with parameters
evpTbB/A=20 and 2,c/hive=0.3) for three values of
t,/t; as indicated. The existence of closed orbits is possible
whenB,/B,<2t./#vg and is accompanied by an increase in
resistance in this region which is related to the fraction of
closed orbits possibleeompare with the behavior in Fig).4

W] 1
§2tbc/(th w(n=1/4)),

o

B,)

pzz/pzz(B
w

W/t=6015 5

..... T Resistance peaks are indeed observed when(E.is
0 § 2tec/hv satisfied for integen. However, the positions of the peaks
0.0 0.1 0.2 0.3 for t,/t.=5 do not agree well with this prediction because,
B, / B, in this case, B /Avg is too large and thus the condition

B,/B,>2t.c/fivg is not well satisfied. A increases, the

FIG. 6. Simulated resistivity for the weakly modulated FS with heights of successive resistance peaks decrease; eventually
parameterevthB/Ai =20 and 2,c/five=0.3 for three values of the effect is swamped by the extremely efficient averaging
ty/t; as shown in the legend. In each case, closed orbits exist Onlprovided by the presence of the closed orbits.
when B,/B,<2t;/five as indicated by the arrows. Resistance  The strength of the magnetic fie|| serves only to in-
peaks occur  when B,/B,=2t,c/hvem(n—1/4) when  crease the intensity of all of these features, but does not alter
B,/By>2t.c/five and these points are indicated by the vertical their individual positions. This is typical of AMROs in that
lines at the top of the figure. The horizontal dotted linepis  {he opserved structure in the resistivity always depends on
=p2AB=B,). the orientation of the field but not on its magnity@s. The
strength of the magnetic field affects only the resolution of
the structure.

The transitions between different types of orbits which we  AMROs which are very similar to those shown in Fig. 6
have considered in the previous section are related thave been experimentally observed (RMTSF),CIO, by
changes in the conductivity. These transitions are manifestebanner, Wang, and Chaikin by rotating the magnetic field
in two particular ways. close to thea axis?® Their work was the first to show that

First, we expect a larger resistance when there are closefiMROs could occur by this mechanism in such a simple FS.
orbits present since these are more efficient in averaging the |f the magnetic field lies in the plane of the sheets
velocity. Consequently, the resistance should change wheB=(0,B sing,B cos)], the result of the argument outlined
the condition in Eq(12) is satisfied and all orbits become in the next sectiofiEq. (29] can be used to show that
open.

B. Conductivity: Danner-Wang-Chaikin oscillations

Second, we expect an enhancement of the velocity aver- p,4B)—p,£0) [B\2
aging(peaks in the resistancassociated with the transitions .0 = (B—) , (15
between the different open orbits considered in the previous pzd 0

section. Those transitions were based purely upon the ge
metrical structure of the orbits; however we now wish to find
the orbits which maximise the velocity averaging. Crudely,
this will occur whenever the amplitude of the open orbit in
thek, direction equals an integer timesr2c. This condition
can be written

WhereBozﬁ/(eercsinB). Therefore, as the magnetic field
is rotated in the plane of the sheets, this model predicts no
fine structure and the resistance only changes smoothly. If
the FS defined in Eq(10) is believed to be a reasonable
representation of the FS in most TMTSF salts, then one
would therefore conclude that a semiclassical model could
_ not account for the sharp features and dramatic AMRO be-
®ky ko) =Bk +mlb,k, + 2nmlc) 13 havior which have been observed in these materidfs.
because electron trajectories are on curves of consbant However, there is some evidence that the simple picture
and this reduces tB,/B,=2t,c/Aivemn wheren is an inte- of TMTSF salts described by Eq(10) may be an
ger. A more exact treatméntshows that oversimplificatiort®3° so the applicability of this model to

(a)
K, /B

S

FIG. 7. (a) If magnetic field lies in the plane of the g1D sheets all orbits become straight lines when projected ok, tipéane. For
a given Fourier component of the corrugation, the velocity is more effectively averaged when el@utramsnot traveling along the axis
of the corrugation thaiic) when they are.
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the resistivity observed in these materials is very much an m=0 m=1 m=2
open question. We will return to this point in Sec. V. / 4

IV. GENERAL Q1D FS

A. Introduction ’ # 7 1
/ i

When the magnetic field lies in the plane of the qlD ; ;
sheets[B, =0 so that the magnetic fiel® is given by ! 7 n=2
B=(0,B sing,B cos)], all orbits become straight lines when / cl/ /
projected on to thé,—k, plane, all lying in a direction per- : , i :
pendicular to the magnetic fie[dee Fig. 7a)]. This case is / / b
particularly simple to analyze and analytic results can be / i / /
obtained for the conductivitfsee below for any general y e
g1D FS. The AMROs in this case arises from the fact that for

any Fourier component of corrugation, the velocity is more g g Each Fourier component of the corrugation can be as-

effectively averaged when electrons are not traveling alongociated with a vectoR,,, defined on an oblique grid as shown.
the axis of the corrugatiofiFig. 7(b)] than when they are This illustrates the definition df, ¢, andd.

[Fig. 7(c)]; thus sharp resistance minima are obtained when

the orbits r_un along_a F_ourler component of the corrug.atlonto the equation of motioh k= — evx B. Thus, the in-plane
The B, =0 case is simple because the electron orbits are ts of thé are aiven b
determined only by the field direction and not by the preciseComponen S0 are given by
shape of the F§parametrized by thg,,,). Thus the shape of . 1
the FS only enters the calculation at the final stage, in calcu- ky=eBh“vg sgrik,)cost, (18)
lating the conductivitygiven the electron orbits. WheB .
#0, thet,,, control both the orbitandthe resultant conduc- k,= —eBsing# v sgr(k,)sind. (19
tivity so that the situation is much more complicated.
The B, =0 calculation was first performed in Ref. 18, Hence,

showing that there should be resistivity dips when

tand=(m/n) x (b/c) wherem andn are nonzero integers. ky(t)=k,(0) +eBf vt sgr(k,)cos, (20
This treatment therefore made three predictions: first, that
resistivity dips in ta® should be observed at fractional val- k,(t)=k,(0)—eBA ~lvgt sgr(k,)sing, (21

ues ofb/c, as well as at integer valu¢ahenn=1); second, ) _ _ )
there should be a missing dip @t=0; third, the oscillations and the electrons move in straight line@shen projected on
should be symmetric in tah Experimentally it is found that to the ky—k, plang along contours of constant

for (ET) ,KHg(SCN), the dips occur at ®=veB|-k;. The electron velocity(t) is given by
tanf=am+ 3, (16) vy=vg sgnky), (22

where a and B are constants, and

m=...,-2,-1,01.2,. ... Therefore, fractional effects are Uy:ﬁ—lz (mb+nd)[t&5ina (1) — t°%%0srmn(t)],

not observed, there is no missing dipmat=0 and the sym- m,n

metry in tard is broken by an offsett?? (23)

These differences with prediction can be understood if the
Fourier components of the corrugation are defined on an ob- 1 ever. od
lique lattice, rather than a rectangular one. The g1D FS in v,=h % NCLthnSiNama(t) — thnCostma(t)],  (24)
Eq. (9) should therefore be further generalized as '

where
E(K)=fve(|Ky| —ke) — > [t8T0g Ry ki)
(Il =)~ 2 [t bosRon kg () =R K|(0) + Gryyet sgrik)  (29)
+ tonsin(Renn- Ky, 1D and
whereR,,,=(0,mb+nd,nc) are lattice vectors on this ob- 5
lique lattice (see Fig. 8 We settSe™=t54%=0 since these Gmnze—[(mb+nd)coa9—ncsin0] (26)
- :

terms only produce a shift in the Fermi energy.

i Substituting these equations into the Boltzmann transport
B. Calculation of p for the case ofB, =0 equation[Eq. (8)] we find that
For the FS defined in Eq.17), the velocityv of each
electron as a function of momentuacan then be calculated oy =€°g(Ep)viT (27
using v(k)=% " dE(k)/dk] and will be time dependent
since the electron’s momentuknvaries with time according andoy,= o= 0,= 0,,=0 but
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Oyy Oy e? (m'b+n’'d)(mb+nd) (m’b+n’d)nc
Oy Oy :Wm:n = (mb+nd)n’c n’nc?
afo(k
X dak(o) - ot [tf},"ﬁ’binamn(O)—t%d,?commn(O)]
FS JE(k)
0
><fﬁm[tfn",in,sinam,n,(t)—t;d,':],comm/n,(t)]e“fdt. (28)

After some algebra, we arrive at

%y 9z g(Ep)etr (mb+nd)?2  (mb+nd)nc 2 ’s
- T+ (Guoror)?’ 29

O Oz = 32 (mb+nd)nc (nc)?

wheret? = (t&)2+ (t59) 2. The ¢ dependence is contained tang=(M/N) x (b/c)+d/c for all values of the integer.

in Gy, and maxima in the conductivity are observed when-For example, this means that we cannot determinenth®

everGy,=0, i.e, Fourier componentsyo, but only the sun;,___t3,.
Considerable qualitative agreement with the form of the

experimental data ifET),KHg(SCN), (see, e.g., Ref. 22

can be obtained using E§29), as shown in Fig. 9. As is

discussed below, the component shown in Fig. 9 is the rel-

in agreement with the empirical result in E46) if the only  evant experimental quantity. Substantial changes in the shape

significantt,, occur whenn=—1,0,1. If this last condition of the AMRO dips and AMRO background, together with the

is not fulfilled, we would expect to see significant fractional character of the maxima, can be achieved by adjusting the

AMRO peaks(i.e., atm/n=1/2,1/3,2/3,3/2, . ., etc). We  parameters,,.,.

will discuss the significance of this condition in the follow-  This model can also be used to make predictions about the

ing section. ) .. MR observed as a function of field for various orientations of
The orbits corresponding to these “resonant” directionsine applied fieldsee Fig. 10 For small applied fieldsy,, is

are periodic on the reduced Brillouin zoriee., the tOruUs |inear in B, but at higher fields it either rises & at an

T?) with periodn (if m andn are relatively prime andh ARG maximum or rises very much more slowly at an

#0). Or_bits_at a “general” dire.ction ergodically ﬁ”. the AMRO minimum (although at very high fields this will also
whole Brillouin zone. However this fact has little bearing on rise asB?). This is because the conditioB,,ver>1 is
. mn

the resistance in this model since the contribution of such alached very much more quickly at an AMRO maximum
orbit is governed by,,, and will produce no resonance if (where NG, is smal) than at an AMRO minimum in

tmn=0. Thus_ thegeometryof the Fermi sheet, _parame_trized which the conductivity is strongly dominated by a term for
by the Fourier components,, of the corrugation, entirely

controls the AMROs in this case.

The termst?, /[ 1+ (Gmnrve)?] in Eq. (29) are most im- 32 0 123
portant in governing the appearance of the AMRO minima. | ”,"!
IncreasingB=|B| or 7 (i.e., increasings,ve7<B7) makes
each resonance sharges is observed experimentéfy, the ‘
relative height of each peak is strongly influenced Qy. As
noted above, the observed features depend only on the ori-
entation of the field and not on its magnitutig/, which
affects only the resolution of those features.

The total conductivity is a surfeppropriately weighted
of terms associated with each Fourier component and is &
therefore dominated by any large term. Therefore, as dis- —-90 -45 0 45 90
cussed above, each AMRO minimum can be associated 9
with a particular Fourier component of FS corrugation, the
velocity being more effectively averaged when electrons i 9. Simulated AMROs using parameters chosen to mimic
are not traveling along the axis of this Fourier componentnose fitted from experimental data (BT) ,KHg(SCN), for differ-
of corrugation than when they af&igs. 4b) and 4c)]. It ent values of the magnetic field. We have used:d=1.3:1:0.4,
is important to realize that a large number of Fourierthe magnetic field isevBr/%=2.5,5,7.5,10. The only nonzero
components may contribute to the same AMRO peak sinC&ourier components ang;=1 andty,=1/(1+m?). The form of
the terms with m=rM and n=rN resonate when the AMROs are relatively insensitive tg, in this case.

m b d
tand= —X—+ — (30
n c ¢

pZZ
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FIG. 10. Simulated MR using the same parameters as in Fig. 9
and considering the central main AMRO maximufior which
6~—10°, see Fig. Pand them=1 AMRO minimum (for which
6~20°, again see Fig.)9Also shown as dotted lines are the func-
tional formsp,,*B and p,,<B2.

which G,,,=0. This behavior is entirely consistent with the -90 —-45 0 45 90

“sublinear” and “superlinear” MR observed at AMRO

minima and maxima well below the kink transition in 0

(ET),TIHg(SCN) 4,3 which is expected to have a very simi- . .

lar FS to(ET),KHg(SCN) ,. FIG. 11. Azimuthal dependence of the AMROSs using the same

parameters as in Fig. 9 and settieg-B /% = 10.
C. Magnetic field out of the q1D planes

If the magnetic field acquires an out-of-plane component&Nd: Py extension, for any q1D metal. It was first argued that
the calculation presented above cannot be so simply rdhe periodic motion of the electrons at magic angles reduces
peated. The electron orbits are no longer straight lines, buf'e effecthels dimensionality of the electron-electron
follow contours of constantb=vB-k;+B, f. However, |nterac§|0n§' Thls “one-dimensionalization” prowdes a
we can neglect the last term in this expression ifStrong increase in the electronjelectron scattering, producing
B/B, > (b/fivE)Zmntmn SO that the magnetic field has a resistance peaks at the magic angfe¥. In experiments
significant in-plane component in comparison with the cor-however, resistancdips are observed, rather than peaks. It
rugation. For a very weak corrugation, this will hold well has therefore been necessary to refine this model, consider-
until the field is close to perpendicular to the Fermi sheeting an altered FS, to provide agreement with observafioh.
Therefore, in this case it is sufficient to use E2P) with the  Another recent explanation of the effect is based upon the
value of the magnetic field replaced by its in-plane compo-proposal that the magnetic field renormalizes the coherent
nent. part of thec-axis hopping to zero:” hopping parallel to the

In an AMRO experiment, resistance is recorded as a funcmagnetic field is unaffected, so that the dips are predicted
tion of angleé at various azimuthal angles describing the  when the field points along a real space lattice vector.
plane of rotation;¢»=0° represents rotation abok and There have been three approaches to explain the effect in
increasing values of represent angular displacement of the 3 purely semiclassical way. In the first, Osastaal % have
rotation axis in the,—k, plane towards th&, axis; rotation  considered a band structure consisting of weakly corrugated
about thek, axis then corresponds ¥=90°. Experiments 1D sheets across which electrons travel in open orbits in

are usu_all¥ p:grfordmeﬁ by first.settikr:g at a particular fixed \yhich the higher order effective interchain transfer integrals
magpnetic field and then rotating the sampirying 6) in 4 510 assumed to be significant. In the same way as shown

that tic field. Using th imation d ib dt
at magnetic Tield. Jsing In€ approximation describ€dyp,q, e they find that at particular directions of the applied

rameters used for Fig. 9 yielding the simulation in Fig 116'51;?9%'[;]C field(;here ?re Iﬁrge resonancefs in thg con%uctivifty
. A - . ~~"when the condition for the existence of periodic orbits o
(This approximation is valid fof¢| sufficiently below 90, ghfficiently small period is satisfied. A second apprdéch

The simulation bears a strong resemblance to experiment . i .
data in (ET) ,KHg(SCN) ;.22 It is also possible to numeri- considers only the first-order transfer integrals but assumes

cally calculate these curves using the equations of motiof1at intersheet scattering is very high at paricular “hot spots”
directly (thus avoiding the necessity of invoking the approxi- On the FS; the resistance is then determined by the rate at
mation which fails as¢| approaches 90%ut this is compu- which electrons find these spots; at a magic angle, the peri-

tationally much more demanding. odic electron motion in the reduced zone scheme allows
some fraction of the electrons to miss the hot spot; at
V. CONSEQUENCES FOR EXPERIMENTAL unmagic angles, the electron trajectories are incommensurate
OBSERVATIONS and ergodically sweep out the whole FS, all electrons scat-

tering strongly at the hot spots. A third motfetonsiders
A. TMTSF salts only nearest neighbor transfer integrals but uses a nonlinear-
In the last decade or so, there has been an intensive searized band model, so that the corrugations are included im-
to find an adequate explantion for AMROs in TMTSF saltsplicitly. All three approaches predict resistance dips.
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ke with the current across the plangsarallel to theb* direc-

tion) than with it in theac plane. In a transport experiment
on this material, resistance is measured with voltage contacts
placed on bottac (conducting planeplatelet faces?? Since
theb* axis lies along the q1D FS produced by the nesting, it
is convenient to take this as ttzeaxis and thusp,, is the
relevant experimental quantity that is of interest.

Figures 9 and 10 show that the presence of a strongly
warped q1D FS, produced by nesting, results in a large posi-
tive MR away from the AMRO minima. The large tempera-
ture dependent MR that are observed in ET salts with SDW
groundstategfor example, compar€ET) ,AuBr, (Ref. 36

FIG. 12. Candidate Fermi surfaces ferET,KHg(SCN) 4: (a)

Calculated Fermi surfac@fter Ref. 33 consisting of a 2D closed )
hole pocket and a pair of 1D planar FS sheets. This is believed to b nd(ET) ,KHg(SCN 4 (Ref. 22 with (ET) ,CUNCS), (Ref.

probably valid abovd or in fields greater thar- 22 T. (b) Below 7] may be partly due to the highly corrugated FS which
Ty, the Fermi surface is thought to be nested by a SDW as showﬁesuns[anq the-refore reflect_s the temperature dependence of
(nesting vectoRQ) resulting in the destruction of the 1D planar Fs the scattering time strongly influencing the MR through the
sheets and the formation of new inclined open sheets and smd®rms Gmua7ve in Eq. (29)], but spin-disorder scattering is

closed pockets from the 2D closed pocket in the original&@ger  also likely to be important.
Ref. 34. Returning to the high field behavior, the AMROs clearly

sense a FS reconstruction (BT) ,KHg(SCN) , as the kink
As shown in Sec. IlI, if one does not assume the existencéeld is exceeded. Two serious problems with this interpreta-
of higher order transfer integrals it is not possible to explaintion can reasonably be posed.
the “in-plane” AMROs in TMTSF salts using our approach First, above the kink field, the FS probably contains q1D
or that of Osadat al, although this can be done using the sections as well as q2D sectidit$g. 12a)], while below the
method of Ref. 20. However, the current picture of the bandkink field, g2D sections must occur for SdHOs to be
structure of TMTSF salts described by Efj0) is called into  observed? in addition to the q1D sections which we believe
question by a number of experimental observations, chieflflominate the AMROs, and are indeed present in the nested
the rapid oscillation phenomen@ri®and apparent cyclotron FS in Fig. 12b). If both types of FS occur above and below
resonanc¥ both of which imply the existence of closed FS the kink, why is a transition in the AMROs observed?
pockets. That a semiclassical description may be relevant in A second problem concerns the parametgys; these
these materials is supported by the observation and semiclagre often related to the transfer integrals associated with
sical explanation of the “out-of-plane” AMROs discovered the lattice vector Ry,,.*® Simulations of AMROs in
by Danner, Wang, and Chaikif® (ET),KHg(SCN), require these to decay relatively slowly
with increasingm and n in order to model the dafZ,
whereas one might expect anything other than the nearest
B. (ET)2KHQ(SCN), neighbor and next-nearest neighbor overlaps to be negligibly
The case of(ET),KHg(SCN), is rather different from small.
that of (TMTSF),X. The predicted FS consists of a 2D The resolution of these problems is extremely instruc-
closed hole pocket and a pair of 1D planar shé&f[Fig.  tive. The absence of “higher order overlap&’e., signifi-
12(a)]. However, it appears that at low temperatures, belowsant t,,, for large m and n) is precisely why no AMROs
the Neel temperaturdly, a spin density wavéSDW) nests  due to glD sections of the Fermi surface are generally
the FS so that only some small pockets and a q1D section @bserved in many q1D metals, and in particular, why none
the FS remains; this q1D section is thought to be inclined ajs gbserved above the kink transition (BT),KHg(SCN),.
~21° to the crystallographib*c plane[Fig. 12b)]. The  The salt a-ET,NH,Hg(SCN), is isostructural with
nested FS shown in Fig. #& may not be correct in every (ET),KHg(SCN), and is believed to have a FS identical with
detail but probably gives a good indication of the sort ofthat in Fig. 12a).2* This salt undergoes no low field SDW
ground state that occurs. This reconstructed gI’OUﬂd state caynsition [and thus no consequent FS reconstrugtiand
be destroyed by temperatufaboveTy) or magnetic field hence shows only q2D AMROs. Therefore, although q1D
(above abouB,;,~22 T, at the so-called “kink” transition  sheets are present in-ET,NH,Hg(SCN), (and also in
so that the FS reverts back to the form shown in Figal® a-ET,KHg(SCN), above the kink transitiop 1D AMROs
This picture is supported by AMRO experiments: the ob-agre not seen from them because they are insufficiently cor-
served AMROs are found to be 1D in the nested regiortugated. The AMRO is then dominated by the q2D sections.
(T<Tn and B<Byiy) and g2D outside it T>Ty or However, below the kink ir-ET,KHg(SCN) 4, the nest-
B>Byini) 124 ing of the FS removes the weakly corrugated q1D sections of
This salt consists of a sandwich structure of alternate layFs and “cuts up and glues together” pieces of g2D FS. The
ers(alongac plane$ of ET molecules and KH$CN), an-  reconstructed FS then consists of a very highly and irregu-
ions. The ET molecules are linked to each other in thesgarly corrugated Fermi sheet since it consists of a periodic
planes by overlap of their molecular orbitals and they assembly of cylindrical sectiorisee Fig. 1&)]; the corru-
stack alongside one another. They are separated i*the gation thus has a very high harmonic content. In conse-
direction by sheets of the anion KKBCN), , to form a 2D quence, the,, should not be interpreted here as transfer
conductive network. The resistance is therefore much greaténtegrals so much as Fourier components of the corrugation.



5618 S. J. BLUNDELL AND J. SINGLETON 53

This fact has been pointed out in Ref. 18. Although some AMROs observed ifTMTSF),CIO, when the magnetic
g2D pockets are also formed in the reconstructed FS, thedeld is rotated close to the axis are of a different character
do not contribute to the AMROs. This is perhaps becausand reflect the evolution of particular types of open and
they themselves are irregularly corrugated; the g2D AMRCclosed orbits. The q1D AMROSs are absent in most organic
effect relies on cylindrical sections of FS with relatively metals with q1D Fermi surfaces because they are not suffi-
weak and regulacorrugation. Because the q1D Fermi sheetciently corrugated. Weakly corrugated q1D sheets will not
is automatically much more irregularly corrugated in onecontribute significantly to the angle-dependent MR and will
direction than in the other, this provides a natural explanatiomot give rise to any sharp features. Because q1D AMROs
for why the contributing Fourier components have all valueswill therefore only be seen when the q1D sheets are highly
m but onlyn=—1,0,1, so that only integer, rather than frac- corrugated, lack of g1D AMROs cannot be taken as proof of
tional AMROSs, are observed. The obliqueness of the latticanesting of 1D parts of FS. The form of the corrugation of the
on which the corrugations are definete Fig. 8reflects the qlD sheets deduced from AMRO data (&T),KHg(SCN),
structure of the glD Fermi sheet which is at an angles consistent with the model of the nested FS which has been
(~21°) to the (triclinic) crystallographic axes in proposed to explain the low field, low temperature ground
(ET),KHg(SCN) 4 (specifically, theb* ¢ plane. It is impor-  state.
tant to emphasize that the information obtained from AMRO The results of AMRO experiments can therefore be ex-
experiments about the vectdrs,, concerns the geometry of tremely useful in trying to understand the electronic structure
the corrugations of the Fermi she@roduced by the SDW of organic metals. Not only can they probe the warping of
nesting, and is not primarily related to the crystallographic 2D sections of FS, but they can measure the Fourier compo-
geometry. nents of the corrugation of highly irregular sections of q1D
FS, such as are found in density wave ground states. In con-
VI. SUMMARY trast to SdHo, the effect is due to all electrons on the Fermi

) . . surface, not just those performing closed extremal orbits, and
We have described a semiclassical approach to calculagn therefore give unique information.

the AMROs for a completely general class of q1D Fermi
surfaces. Higher order Fourier components in the corrugation
of the Fermi sheet are essential to explain the observed AM-
ROs and the size of the MR iET) ,KHg(SCN),. Our ap-
proach stresses the geometrical structure of the corrugated We are grateful to the EPSRC and the Royal Society for
FS as parametrized by Fourier componenjs; these com- financial support and to K. M. Blundell for helpful comments
ponents should oftenot be interpreted as overlap integrals. on the manuscript.
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