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We discuss cyclotron-resonance-like behavior in quasi-two-dimensional organic conductors, both from a
theoretical perspective and from an experimental point of view. We demonstrate how the conductivity in the
least dispersive direction can dominate the magnetoelectrodynamic response of highly anisotropic metals.
Consequently, we develop a detailed semiclassical model for the conductivity in this direction, taking into
consideration the unique Fermi surface topologies common to these materials. This can result in multiple
cyclotron-resonance-like features in the conductivity along the least conducting direction, which arise from
periodic motion in a plane perpendicular to the applied magnetic field; we refer to these features as “periodic
orbit resonances.” It is shown that the details of these periodic orbit resonances are highly sensitive to the
precise shape of the Fermi surface; indeed, both quasi-two-dimensional, and quasi-one-dimensional, Fermi
surface sections will contribute to this effect. We also discuss compelling experimental evidence supporting
our model, as well as several other consequences of such a semiclassical treatment; e.g., magnetoresistance and
periodic orbit resonance linewidths. The outcome of this work is a clearer understanding of cyclotron-
resonance-like features observed recently in sever@thidenedithip-tetrathiafulvalene charge-transfer salts.

In light of our findings, we urge caution when analyzing experimental data. In particular, care should be
exercised in experiments on materials possessing both quasi-one- and two-dimensional Fermi surfaces, bearing
in mind that either type of carrier can contribute to the periodic orbit resonaf8@%63-182@07)02708-3

[. INTRODUCTION due to the inherent “three dimensionality” of their
structures’ this leads to interesting angle-dependent effects,

Organic conductors have, in recent years, attracted core.g., angle-dependent magnetoresistance oscillations
siderable interest, largely because of the rich variety of extAMRO).3-1°
otic properties they exhibit* e.g., superconductivity, anti- A precise theoretical understanding of the “fermiology”
ferromagnetism. Many of these properties challenge ouof organic conductors is essential in view of the wider inter-
current theoretical understanding of solid state physics. Aests these materials attract, particularly since such studies
particular attraction to the experimentalist is the possibility,provide important band-structure parameters that may have
through subtle chemistry, to alter the structures of these mamplications for theories of, e.g., superconductiAfy. As
terials and therefore investigate the correlation betweemecent studies on BEDT-TTF salts have shown, the theoreti-
structure and propertiés? As a result, there has been a cal framework describing the SdH and dHVA effects be-
strong bias towards “fermiology” studies, using high mag- comes unreliable at high magnetic fiefds®
netic fields? e.g., measurements of the Shubnikov—de Haas While the magneto-transport properties have been exten-
(SdH) and de Haas—van AlphddHvA) effects, from which  sively studied, relatively few magneto-optical investigations
information about Fermi surfaces may be obtaihed. have been reported=2’ Although optical data for conduct-

In this respect, organic conductors belonging to theing systems can be complicated to interpgeglying on a
(BEDT-TTFH),X family [where BEDT-TTF denotes good knowledge of several key parameters such as the abso-
bis(ethylenedithig-tetrathiafulvalengare ideal: they possess lute conductivity of the material, scattering times, and any
relatively simple quasi-two-dimension&Q2D) and quasi- anisotropy in these numbersthe potential rewards from
one-dimensionalQ1D) Fermi surfaced the quality of these such measurements are tremenddi#§ as we shall demon-
materials is usually extremely high; and they exhibit ex-strate in this paper.
tremely rich pressure, temperature, magnetic field, phase Besides experiment, many theoretical papers have also
diagrams:™ Extensive thermodynamic and transport mea-focused on the dc transport properties of organic
surements in high magnetic fields have been performed inonductors:®1+3-1524owever, there are few cases where
order to characterize the electronic structures of these matéhe precise Fermi surface topology is taken into consider-
rials through quantum oscillations in e.g., the magnetoresisation to explain the optical, or finite frequency,
tance (SdH effecj or, the magnetizatioidHVA effect.>*  responsé??4263°Thjs is surprising, since a semiclassical
Furthermore, although at first sight fairly simple, the Fermitreatment, which has been extremely successful in describing
surface topologies of organic conductors are quite uniqueAMRO,”%1113-19s ng more complicated for the ac case. We
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will show that the consequences of such a treatment for the g) b) )
Q2D BEDT-TTF salts result in some striking predictions k. 1T

. . A 4!-- .
concerning the measurement of cyclotron resona@ie); Z v ,'.n.. N
furthermore, when we consider these predictions in the con- N issg ,'.l.',
text of a real experimental situation, it becomes clear that igss===r‘» ,:.','.l
interpretation of CR data is by no means straightforward. All L =4 Egsssﬁé / H‘{i{g
of the properties discussed in this paper will stem from the \&P‘EEE \\“\3
unique Fermi surface topologies common to these materials N\ NS==- L

. e . o s : NN===
where dispersion in the least conducting direction turns out pNS==

to be of utmost importance. We will also show how several
other properties, which are unique to this class of conductor,
contribute to a novel CR behavior.

We wish to stress from the outset that our approach i
different from that adopted bY G'or’kov and Lgbéﬂ’who warped Q1D Fermi sheet; the warping(in) and(c) has been ex-
also pred'Ct"’_‘ novel CR b_ehawor in QlD organic Condl"CtorSaggerated for the sake of clarity. The thick lines () and (c)
Although their approach is totally justified, we will show that represent quasiparticle trajectories around and/or across these Fermi
the experimental conditions necessary for the observation of rfaces, caused by the application of a magnetic fitld trajec-

Q1D CR, as predicted by Gor’kov and Lebed’, are unlikely tories are constrained to planes perpendicular to this)fieldows
to be realized in the materials that we focus on in this papefmormal to the Fermi surfaces demonstrate how the velocities of

This paper is organized as follows. In Sec. Il, we discussarriers will change as they sweep around/across these Fermi sur-
the motivation for the present study. In Sec. Il we develop &aces.
theoretical model for the conductivity of a Q2D system along

its least conducting direction; in the same section, we go oRyrface, one usually expects no CR from the open sheets and
to examine the imp|icati0nS Of th|S mOde| for CR and mag'on|y a Sing'e CR from the C|osed Cy”nder at a frequency
netoresistance, as well as discussing Q1D CR and resonange=eB/m?®, wherem?® is the effective mass of the Q2D
linewidths. In Sec. IV, we consider a real experimental situ-carriers averaged over the cylinder. However, several recent
ation, illustrating the overwhelming contribution from the st dies have resolved multiplep to threg¢ resonances for
ConductiVity in the least diSperSive direction, to the Very'far'this materiaE1v22v26Attempts to account for these resu'ts in
infrared response of such a sample. Finally, in Sec. V, Weerms of Azbel-Kaner-type resonanc&sand/or Gorkov’
present conclusions and a summary. and Lebed’'s Q1D resonanc&sare most probably incorrect,
for reasons that will be discussed in Sec. IV, where we will
discuss existing magneto-optical data.
Il. CASE FOR THE PRESENT STUDY A breakthrough in the understanding of the very-far-

Just as in the case of dc measurements, correct interpriilfrared response of the Q2D BEDT-TTF salts has come
tation of CR is obviously of immense importance, since ef-2bout via the use of resonant cavity structiffe¥:**-**This
fective mass values and information about scattering mechd2s permitted extremely sensitive measurements on single
nisms are readily available by this technique. This isCrystals, in a controlled environment, where the polarizations
particularly so in the Q2D BEDT-TTF salts, where recentOf the ac electric and magnetic fields are well known. In such
CR measurements indicate effective masses that are subst&xperiments, it is consistently found that measurements of
tially lower than those deduced from dc transportthe interplane conductivitfleast conducting direction which
measurementg)__ZZZS’zGThiS has |ed Severa' Workers to Sug_ we shall refer to as the direction from here Ohy|e|d the
gest that strong electron-electron interactions result in &est result§*?***The recent observation of quantum oscil-

renormalization of the thermodynamic density of states at théations in thez-axis conductivity[o,(w)] is a clear indica-

Fermi level, thereby yielding an energy- or wave vector-tion that these materials really behave like three-dimensional

dependent effective masy;2224-26 metals?*?®**albeit highly anisotropic ones. Even more re-

The first report of CR in the BEDT-TTF family was by Mmarkable is the failure to observe quantum oscillations from
Singleton etal.’® who observed two CRs in the Measurements of the in-plane conductivity(w)].**
a-(BEDT-TTF),KHg(NC9), salt. These early findings were We save an in-depth discussion of in-plane versus inter-
controversial for a number of reasons, not least because ®lane measurements ofw) until Sec. IV. Instead we will
the lower than expected CR mass. Since then, considerabf@cus on thez-axis response, which, from the above experi-
advances in experimental technique have been made, afi@ental considerations, appears to be the most illuminating
several groups have reported findings similar to those in théirection.
earlier report by Singleton and co-workét$224-26How-
ever, even assuming a frequency-dependent effective mass, IIl. THEORY
much of the data remains difficult to interpret in terms of a '
simple CR picture. This is best illustrated by considering The basis for the predictions of this paper relies on the
data obtained for the salty-(BEDT-TTF),NH,Hg(NCS),, fact that we may treat the very-far-infraréchicrowave re-
for which several CR studies have been repofteé??4=26  sponse of these materials semiclassically; we do so by com-

a-(BEDT-TTH,NH,Hg(NCS), is a Q2D metal with a puting the conductivity through the Boltzmann transport
Fermi surface comprising a single closed Q2D cylinder and &quatior®> As mentioned above, several aspects of the dc
pair of Q1D open sheefsee Fig. 18)].3**?For such a Fermi transport have been explained successfully by this method. A

FIG. 1. (@ The two-dimensional Fermi surface of
a-(BEDT-TTF),NH,Hg(NCS), (Ref. 32 and three-dimensional
?epresentations ofb) a warped Q2D Fermi cylinder, an@t) a
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typical approach involves modeling the Fermi surface, then
calculating the group velocity of carriers on the Fermi sur-
face, and finally computing the velocity-velocity correlation
function; arriving at an expression for the conductivity is B.P
then straightforward.

We will start by considering a typical BEDT-TTF salt,
subjected to a magnetic field. The field causes carriers to
follow periodic k-space orbits about either closed or open
Fermi surfaces, and can result in complex real-space trajec-
tories; this is due to the weakly warped nature of these Fermi
surfaces along their least dispersive directions, as illustrated
in Fig. 1. Such complex real-space trajectories lead to reso-
nances in the velocity-velocity correlation function when the
magnetic field points along certain “magic” angles; this is
the physical basis for AMRO. For the purposes of this paper,
we shall concentrate on resonances of the high-frequency FIG. 2. Cross sections of the Fermi surface described by .
conductivity, which occur at “magic” frequencies, as op- (a) in the (,.k,) plane, and(b) in the ,.k,) plane; in(a) the
posed to “magic” angles. These resonances, which we shalkarping has been exaggerated for the sake of clarity. The Greek and
refer to as “periodic orbit resonancegPORS9, are closely italicized symbols are explained in the text. The purpose of the
related to CR and arise from the periodlicspace motion. labelsA, A’, B, B’ is to aid discussiorisee text The vectorW
points along the warping axis, which is tilted away from kKyeaxis
by the small angl®. The applied magnetic field points aloBgand
may be tilted away from thk, axis by a small angl&’; the dashed

As a model Q2D Fermi surface, we will consider aline, perpendicular to the field direction, indicates the path of a
weakly warped cylinder with an elliptical cross sect{®tig.  carrier around the Fermi surface. The arrows labeleth (a) and
1(b)]; the cylinder is elongated along tlreaxis (least con-  (b), which are perpendicular to the Fermi surface, represent the
ducting axi$. The precise nature of this warping dependsvelocity of a carrier at the Fermi surface.
intimately on the mechanism by which carriers can “hop”
between adjacent conducting layers of BEDT-TTFexperimentally>!! As a special case, we note that for a
molecules’® Early attempts to model AMRO data assumedFermi cylinder with a circular cross section, the{+d,,)
the simplest possible form for this “hopping,” namely, in Ssymmetry reduces ts-type symmetry.
terms of a small, but finite, interlayer transfer integéal For a more general treatment, we take into consideration a
(<e).”® More sophisticated calculations take into accountslight tilting of the warping axis away from theaxis (cyl-
an additional in-plane “hopping” component, such that theinder axig. In order to calculate the velocities of carriers at
warping direction tilts away from the cylinder axis by somethe Fermi surface, we write down a representation of the
arbitrary angled.® Fermi surface in terms of the cylindrical coordinatgsand

In an attempt to account for what we now understand tob:
be Q1D AMRO, in thea-phase BEDT-TTF salts*!® Yagi

a) w, |

A. Model for a Q2D Fermi surface cylinder

and lyé have considered more complex forms for the inter- ky= K[ 1+ 6xcod (k,— k cosP)c}]cosb,

layer transfer integral, whereb§ depends on the in-plane (2
wave vectork, andk,; their calculations demonstrate that ky=Ks,[ 1+ 6,coq(k,— k cosb)c}]sind.

AMRO are rather sensitive to the explicit dependencé, of . .

on k, andk, . In the above expressiork;, and k;, are the Fermi wave

vectors along th&, andk, axes, s, and g, are the ampli-

tudes of the warping in th&, andk, directions, andx is

related to the tilting angl® such thatk=k;,tand. Equation

(2) assumes that the in-plane component of the warping is

directed alongk, . We shall additionally assume, in our sub-

2o K2 sequent analysis, that the anglds small. Figure 2 shows
—2¢ cogk,c) Y 1) two cross-sectional representations of the Fermi surface de-
z 2 ' scribed by Eq(2) [see also Fig. ()].

o In order to calculate the longitudinal conductivity,, we
where £ (<e;) defines thez-axis bandwidthk;, is the av-  need to know th& components of the carrier velocitigs at
erage in-plane Fermi wave vectan,, andm,, are in-plane the Fermi surface. This is done simply by calculating the
components of the effective mass tensor, and the inter-  z-axis dispersion, i.e.,
layer spacing. Yagi and lye have shown thgf-type warp-
ing produces AMRO that are almost identical to the AMRO h2E Rk
for s-type (k,,k,~independentwarping, when the field is 2= %7\ om + om
rotated in the K, k,) plane'* Therefore, €,+d,,)-type XX Y
warping will produce an AMRO effect, analogous to the substituting fork, andk, from Eq. (2), and then, by taking
s-type case, for rotation in any plane, albeit an anisotropidhe derivativedE,/dk, . In doing so, we obtain the following
AMRO effect; such behavior is, indeed, found expression:

Following the approach of Yagi and Iy&,we will also
assume that{, depends onk, and k,. We choose a
(dyxtdy,)-type warping symmetry, and a simple example
for the energy dispersion relation in this case is given by

72Kk; . 12k
2My, 2my,

E:

: )
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Fermi surface sincalf(k)/dE(k) will be zero elsewhere.
v,=sin(k,c)[(1+A)+(1-A)cos2D] Due to the symmetry of the Fermi surface, we integrate over
the cylindrical coordinate&, and ¢. The velocity-velocity
KC correlation function results in resonancesdp(w) at fre-
- (7) cogk,C)[(3+A)cosP+(1—-A)cos3P],  quenciesw,, 2w, and 3u; as can be seen from the following
final expression:
(4)

where A=,/ 5. In order to arrive at Eq(4), we have ne- 4, = consix

glected terms of ordef? and 55, we have assumed that the

productkc<1 (i.e., the angled is smal), and we have used 1

trigonometric relguonshlps to simplify the.flnal expression. + 16 (1-A)%(3+A%+(1-A?}Q,
We now consider the effects of applying a dc magnetic

field along thez direction. This causes carriers to circulate,

in a plane perpendicular to the applied magnetic figldk, +

plane, in this cagewith a characteristic cyclotron frequency,

w.=eB/m;; B is the applied field strength anm, is the

average in-plane effective mass. We can take this into con-  + >

sideration in Eq.(4), by setting®=(w:+¢), where ¢ is

now the azimuthal coordinate for a particular carrier at time

t=0. In fact, it turns out that the role of the paramekein X{2(3+A2)(1—A)+(1—A2)(3+A)}93}= (6)

Egs.(2) and(4) may equally represent a tilting of the applied

magnetic field away from the direction; this is also de- whereA is the ellipticity of the Fermi surface, given by the

picted in Fig. 2, where the field is tilted away from thexis,  ratio k,/K;,, and

alongk, , by a small anglel. Due to approximations made

8f5XC

1
E{2(1+Az)(3+A2)+(1—A2)(1—A2)}QO

c 2
5 {(B3+A?)(3+A)%+2(1-A?)(3+A)}Q,

KC)Z
r (1-4)

in the derivation, Eq(4) is only valid provided that the angle [ 1ti(w—no)T 1+i(o+no) T

(6—¥) is small. In the case of a tilted field, the following "1+ (0—nwy)?7] |1+ (w+nwl)? @
modifications should also be made to E@): m—

(m/cos?¥) and k=kg,tan(6—V). Figure 3a) shows a simulation of the real part of (w),

Now we can see the remarkable properties of thexiz  plotted as a function of magnetic fielthormalized to
velocity, namely, that if we apply a magnetic field in tke m,w/e), for several values of the anglé—¥). According to
direction, thez-axis velocity changes with tim&.In fact, it Egs.(1) and(2), and for the purposes of the simulations, we
contains oscillatory components, not only at a frequeagy have assumed that=AZ2 Furthermore, in order to generate
but also at &, and 3v,. Furthermore, if the field is applied meaningful results, we have chosen input parameters that
parallel to the warping axigi.e., if 6=¥) and provided correspond to a real system, namely the Q2D Fermi surface
6,# 6, the only oscillatory component has a characteristioof (BEDT-TTF);NH,Hg(NCS),. These parameters are: an
frequency of 2, rather thanw,. Even in the case where ellipticity of A=0.65, and values for the Fermi wave vectors
6= 06, v, will still oscillate at a frequency ofs, provided  of k¢, ~(m/c) andks,~(2m/3c :1132\ve also chose a value of
that the warping direction is not coincident with thexis; if ~ w7=15 for the data in Fig. @.
these directions do coincide, then contains no oscillatory As predicted, three resonancesdn,(w) can be seen in
components. The physical origin of this effect is the periodicFig. 3a), one at the fundamental “periodic orbit resonance”
motion of carriers about the Fermi surface, coupled with th POR) position, together with second and third harmonics. It
ky,k, dependence of the-axis dispersion. is apparent from Fig. @) that, up to at least 5°, the POR

To see what effect this has on the frequency-dependeriehavior is dominated almost entirely by the second har-
conductivity[ o, {w)] we appeal to the Boltzmann transport monic. As the field is tilted away from the warping direction,
equatiort® the fundamental resonance gains strength and a third har-

monic becomes apparent on the low-field side of the strong

2e? [ . df(k) second harmonic.
o w)= v f d°k| — dE(K) vo(k, 1=0) Figure 3b) shows further simulations of the real part of
o, w), this time, for different ellipticitiesA; the warping
0 , axis is tilted 5° away from the axis and the field is applied
X f_mvz(k,t)exp{[(l/r) ~lw]tidt, ) parallel to thez axis for the purpose of these simulations, i.e.,

#=5° and ¥=0°. Figure 3b) demonstrates that, even for
where the first integral is a summation overkafitates, while  ellipticities close to unity, a strong second harmonic contri-
the remainder of the expression is the so-called velocitybution to the POR is still expected.
velocity correlation function, representing the correlation be- We contrast POR behavior with CR, since the latter is a
tween the velocity of a carrier at a general timewith its  direct consequence of the cyclotron motion, both in real
velocity att=0; df(k)/dE(k) is the derivative of the Fermi space and itk space, while the former is an indirect conse-
function andr is the scattering time. We substitute for the quence of the cyclotron motion i space resulting in peri-
z-axis velocity from Eq.(4) and, since we are interested in odic motion in real space. In this respect, the origins of the
dealing only in the low-temperature limit of, (w), we can first and second POR harmonics are quite different. The sec-
greatly simplify the problem by considering only states at theond harmonic results from thei(,+d,,) symmetry consid-
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S 10¢r As we shall discuss in the following sections, PORs are not
° limited to Q2D Fermi surfaces, i.e., cyclotron motion is not a
3 Fundamental prerequisite.
Yo
5 0.5+ . :
+ resonance B. Longitudinal dc magnetoresistance
(]
e k An interesting aside is to consider the effect of
§ 0-%'0 015 1fo 15 (dyx+dy,)-type warping on the longitudinal dc magnetore-

sistance f,,=1/o0,,) of the BEDT-TTF salts; byp,,, we
imply the z-axis (interplang resistance, with the magnetic
field also applied along this direction. For a long time, it has
been a puzzle why,, always exhibits a considerable mag-

magnetic fieldnormalized tam;w/e), as a function ofa) the angle  petoresistance effect, as well as SdH oscillations at high
(6—¥), assumingA=0.65, and(b) the ellipticity, A, assuming  fjg|qs3°

_0:5°. Up to three resonances can be seen at po;itions correspond- Figure 4 shows a simulation of the normalized dc magne-
Ing to the fundamental, second and third harmonics. toresistance for several different ellipticities plotted as a
ered for thez-axis dispersion; due to the symmetry betweenfunction of e (<B); for the purposes of these simulations,
points at=k (e.g., pointsA andA’, or B andB’, in Fig. 2, eand.‘P_are taken to be zero. It can be seen from Fig. 4, that
the z-axis velocity undergoes two cycles during one cyclo-an elliptical Fermi surface pr_oduces a S|gn|f|cant.magnetore—
tron period. Meanwhile, the fundamental POR occurs beSistance effect. Magnetoresistance is also predlcte_d for the
cause of a tilting of the warping axi@=W), and is very case of a Fermi surface having circular cross section, pro-
similar in origin to the AMRO effect. Therefore, one might Vided A#1, i.e., 6,# &, . However, the most remarkable re-
expect the intensity of the fundamental POR to show oscilSult for A#1, is that magnetoresistance is predicted no mat-
lations similar to the AMRO, whereas the second harmonid€r what direction the magnetic field is applied.
should be relatively insensitive to rotati¢at least for small Any modulation of thez-axis velocity will lead to mag-
angles.®® The third harmonic is an interference between thehetoresistance in this direction. The reason this occurs for
fundamental and second harmonics. our model Fermi surfac&see Fig. 2whenA#1, is because

Up to this point, we have considered a relatively simplethe z-axis velocity is different’ at pointsA and A’ than at
2D cross section for the Fermi surface, yet we see up to thre0ints B and B’ [see Fig. 2)], even for the case where
POR harmonics. If we consider a more general shape for thé=¥=0. For s-type warping symmetry, no magnetoresis-
Q2D Fermi surface, including deviations from a perfect el-tance is predicted when the magnetic field direction is coin-
lipse, then Eq(2) should be rewritten as a Fourier series in ¢ident with the axis of warping, e.g., whef=¥; this is
powers of co® and sirb. This will lead to higher and higher Pecause the-axis velocity is unchanged by applying a mag-
order POR harmonics; in particular, one might expect to segetic field, i.e., thez-axis dispersion is the same at poits
a second harmonic of the second harmonic, i.e., a fourth'» B, andB’ [see Fig. 2o)]. This feature of the magne-
harmonic. toresistance is the most compelling evidence supporting our

Our model has demonstrated that PORs are a general fegoice of a lower symmetry of warping.
ture in the high-frequencyz-axis conductivity for Q2D
BEDT-TTF salts. This behavior arises because of the finite
dispersion in the least conducting direction. The details of Having worked through the case for a Q2D Fermi cylin-
the resulting PORs are found to be extremely sensitive to thder, we now consider the role of Q1D carrigcOmmon to

5

Magnetic field (in units of mjw/e)

FIG. 3. Simulations of the real part ef,{w) plotted against

C. Q1D periodic orbit resonances
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most BEDT-TTF saltsin the z-axis response. Clearly, any PORs are a subset. The resonance linewidth is governed by
periodic modulation of the component of the group veloci- the scattering timer in Eq. (7). This scattering time may
ties of carriers on such a Fermi surface will lead to PORs ircontain many different contributions from, e.g., impurities,
o, w). It is quite easy to envisage such a modulation fromhoundaries, electron-phonon scattering, electron-electron
inspection of Fig. 1. However, choosing an appropriate funcscattering, eté®> However, this scattering time is not neces-
tional form for the warping of a Q1D Fermi surface sheet iSsarily the same as the one which is deduced from SdH or
not quite so straightforward, and is beyond the scope of thigHya experiment$>® Furthermore, the temperature depen-
paper.® Nevertheless, if the-axis bandwidths are compa- gence of CR/POR is expected to be completely different

rable for the Q1D and Q2D Fermi surfaces, then both typegom the temperature dependences of the SdH and dHVA
of carrier should produce similar POR effetigjistinguish- effects.

able only by their fundamental “cyclotron” frequencies. The The criteria for the observation of quantum oscillatory

term “cyclotron” frequency is used loosely here to representeffects(i.e., SdH and dHvA are far more stringent, being

the frequency with which carriers return to the same point in overned by so-called “phase smearing” factdrahis

the (k,,k,)-plane; in the Q2D case this occurs because thé’ o . .
carriers execute closed orbits, whereas, in the Q1D case, car r:Ease 2'3 co(rjnplete:y dgferen; from the pf;a@;pbpeannlg d
riers continually sweep across thé,(k,)-plane, periodi- in Eq. (2), and is related to the area enclosed by a close

cally Bragg scattering back to the same point. The frequenc{'Pit in k space. In this regard, it is not only the scattering
with which Q1D carriers traverse thek,(k,)-plane say, ime 7, which is important, but also any other processes that
from +kq, to —Kqy, is given by lead to a distribution of this phase, when averaged over all

carriers in the crystal. The main phase smearing contribu-
tions come from the effects of finite temperature, scattering,
and sample inhomogeneitigsAs a result of this, quantum

] . ) oscillations are generally not observed in BEDT-TTF salts
where mqyp is the average effective mass of carriers on &gy temperatures above 4.2 K and magnetic fields below 5
Q1D Fermi surface defined blg,~+k3'°, andb is the T3 Meanwhile, most of the available magneto-optical data
lattice constant in the/-direction. Therefore, for a system clearly show CR-like features at fields well below $4T25

with both Q1D and Q2D Fermi surfaces, a separate SeqUen¢&,rthermore, some groups claim to observed CR features in
of Q1D POR harmonics may be expected in taxis CON-  gEpT_TTF salts at temperatures above 285 finite tem-

ductivity, in addition to the Q2D POR. ferature merely redistributes carriers among states close to

eB
wOlD: Kk

Q1D
s K8 ®

This type of resonant effect should not be restricted to th he Fermi energy, thus, for a parabolic band, the “cyclo-

BEDT-TTF salts; indeed, it should be a general feature o " . :
: . . . .- tron” motion remains unaffected. The only way the tempera-
highly anisotropic conducting systems. In Sec. IV, we will : o
re can have an effect on this motion is indirectly, through

discuss some of the experimental criteria for observing PO d q ¢ ) hani h
features in the conductivity along the least dispersive directn® temperature dependence of scattering mechanisms suc

tions in low dimensional conductors. However, the point wedS €l€ctron-phonon, or electron-electron. ,
wish to emphasize here, is that it is along the least conduct: ASide from the temperature dependence, the scattering

ing directions that we expect to observe these effects; thiimes deduced from SdH and dHvA measurements can be
contrasts the Gorkov and Lebed’ resonarmiwhich are mlsleadmg, smcelthe.y do not necessarily reflect the true scat-
predicted for measurements along the high conductivity axid€Ng time. This is because the effects of sample
of Q1D organic conductors such as TMTSF (where inhomogeneitied on SdH, or dHVA oscillation amplitudes
X=PF,, ClO,, AF,, and TMTSF denotes tetramethyl- '€ indistinguishable from the effects of real scattering
tetrasgienafu?\}alet)%, processes. Typical scattering times deduced from available
We have demonstrated that interpretatiorogf(w,B) is magneto-optical data indicate values @f in excess of 15

: —11 .22 4o
by no means straightforward. In particular, PORs are ex{@t50 GH3, i.e., 7~4X10"""s;*"this compares to a value of

—12
pected from both Q2D and Q1D Fermi surfaces. Further@P0ut 2¢10°° s deduced from dHvA measuremeRtSo

more, these PORs will come in sequences of harmonics, p&/ace this in perspective, we note that a scattering time,
riodic in 1/B, where the periodicity is related to the effective 7—4<10 ~ s, is still an order of magnitude shorter than

masses of either the Q2D or Q1D carriers. Due to the simithe scattering times found for the highest quality artificial
larity between PORs and AMRO it should be possible tosemiconductor deviceéd.We also note that a similar scatter-

distinguish between the Q2D and Q1D POR contributiond"9 time of 7=5x10 "''s, has recently been reported
from their angle dependence. From the relative strengths dfo™ CR measurements on another organic conductor,
the POR subharmonics, one could, in principle, obtain infor{PM&-DCNQD,Cu: _ _
mation about the precise deformations of the Q2D and Q1D, ' N€ factor of 10, or so, difference between the scattering
Fermi surfaces. This offers an exciting method for determinimes deduced from magneto-optical studies, and from SdH
ing the fermiology of low-dimensional conductors. or deA. measurements, raises some important issues. In par-
ticular, it suggests that the dominant SdH/dHVA “phase
smearing” occurs as a result of sample inhomogeneities
(over a macroscopic length scyfé rather than impurity

We end this section by discussing the linewidths and temscattering. Inhomogeneities may occur during the growth
perature dependence of the POR behavior described abovgrocess. Crystal growth typically takes place over several
There is often confusion regarding the mechanisms that leagleeks, and as the samples grow in size, the growth condi-
to a broadening of cyclotronlike resonances, of which thetions change. Recent attempts have been made to monitor

D. Discussion of resonance linewidths
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TABLE I. A list of key parameters that govern the electrody- \. However, the net outcome will be that the condition

namic response of a typical BEDT-TTF salt. (r/8>(wn? becomes even harder to satisfy. Therefore, it

is highly unlikely that CR of the kind normally seen in met-

Resistivity anisotropy-py :py :p; (Ref. ) ”111:101 . als, be observed under these conditions.

In-plane conductivity—; (Ref. 43 ~1¢° 0" em Case (ii) Under these conditions,>\, and we can adopt
In-plane skin depth-& (currentil plang ~1 um a simple “classical” approach to the problethFurther-
Interplane skin depth-8; (currentL plang ~50 pm more, because of the large interplane skin dépih which
Cyclotron radius at 1 F-rg . ~1 pm is comparable to the smallest sample dimension, we can as-
Mean-free pathh=v7 (assumingr=4x10"""s) ~5 um sume that the bulk of the carriers in the sample contribute to
Typical sample size £1x0.2 mn?

the electrodynamic response. In this case, the energy ab-
sorbed from the electromagnetic radiation will simply be
roportional to the dissipation in the sample, which is, in

rfurn, proportional t,, [=1/0,(w)]. Hence, we see the im-

this growth process, and then to control the growth rate i
order to achieve a greater degree of uniforrfifty.

Finally, we note that the scattering times deduced fromPortance here 0&22(“’): ) i ) ,
published CR data show a considerable sample dependence, & should reexamine cagg at this point, since we can-
as can be seen by comparing line widths obtained by differhot cpmpletely rule" out dlss[patlon effects S|m|I'a'r to those
ent groups, for the a-(BEDT-TTF),NH,Hg(NCS), considered for caséi) above, i.e., we are not sufficiently far
salt?0-2224-26These differences again reflect a distributioninto the anomalous regime where we can ignore “classical”
of sample quality. electrodynamic effects. The electrodynamic response under
these conditions has been treated elsewfareterms of the
surface impedance of the sample. Therefore, it should be
possible to observe conventional CR under these conditions.
A. The relevance ofo;,,(w) to real experiments However, the predicted CR line shape is highly unusual in

In this section, we consider the experimental implicationsthis case, as observed, e.g., recently in the organic conductor
of our model foro,(w). As a starting point, Table | lists (DMe-DCNQ),Cu?” and in semimetallic systems such as
some of the key parameters that govern the electrodynamigismuth™® The symmetric Lorentzian resonances reported
response of a typical BEDT-TTF salt. We again choosdor BEDT-TTF salt§®-*°are reminiscent of the type of CR
a-(BEDT-TTF),NH,Hg(NCS), as an example, and the pa- behavior observed for semiconducting systems. This fact,
rameters in Table | are based on 4.2-K data. alone, suggests that the resonances observed in the Q2D salts

We can immediately rule out the likelihood of observing must be due largely to theaxis response, since the conduc-
Azbel-Kaner CR® and, therefore, Gorkov-Lebed’ CR, tivity is so much lower in this direction, i.e., these are PORs
from inspection of the above numbers. Observation of eitheand not CR.
of these effects requires that the cyclotron radius and mean- Finally, we ask the question as to how it is that so many
free path be considerably longer than the skin depth. In factexperiments pick up the-axis response and yet they seem to
the condition (r/8)>(wn ™ should strictly be satisfied in e insensitive to the in-plane conductivity. The reason turns
order to observe these effects, whegeis the cyclotron ra-  out to be relatively straightforward. All of the reported ex-
dius ands the skin deptff* periments are set up so that the ac electric and magnetic

Next, we consider the following two situation$) an ex-  radiation fields act in a plane parallel to the conducting
periment where only in-plane ac currents are excited,(@hd BEDT-TTF layers. Due to the experimental constraints asso-
an experiment where only interplane ac currents are excite¢iated with performing experiments at low temperatures and
In either case, we shall assume that we are in the reIaxatiqﬁigh fields, standing waves become a problem. In order to
limit, i.e., o7>1, and that the magnetic field is applied nor- control these standing waves, resonant cavities have been
mal to the conducting planes. The exact details of how waised by some groups=?22426-29n this way, one can chose
perform these experiments will be given below. to place the sample eithéh) at an electricmagnetis field

Case (i).Under these conditiong<\, and we are on the antinode(node or (Il) at a magneticelectrig field antinode
verge of being in the anomalous skin effect regime, whergnoda.?® Case(l) corresponds to cagé above, since the ac
the mean-free patth) should be much greater than the in- electric field will drive currents within the highly conducting
plane skin deptt(5).** In this regime, the relationship be- BEDT-TTF layers. Casél) causes currents to circulate in a
tween the current density and the local electromagnetic fie|@|ane perpendicular to the Q2D conducting layers; however,
is not straightforward, thus “classical” electrodynamic theo- since the resistivity is highly anisotropic, dissipation will
ries no longer hold; here, we use the term “classical” topredominantly be due to inter-plane currefithience, case
contrast the anomalous skin effect regime. Consequently, th@l) corresponds to cadéi) above. As noted in Sec. Il, no
penetration depth must be redefined according to SdH oscillations are observed in ca$g suggesting that it is

extremely hard to measure the conductivity in this direction.

Furthermore, when care is taken to position the sample at a
' © magnetic field antinode, very clear POR features are invari-

ably observed. For measurements where cavities are not
where g, is the “classical” skin depth and is a constant of used!®?%2*%control over the electromagnetic environment
order unity?®#* Equation(9) is not strictly valid in this par- in the vicinity of the sample is impossible, and observation
ticular case due to the fact thatis not “much greater” than of PORs is, therefore, fortuitous.

IV. EXPERIMENT

8= 63

A
a
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10 . . . . V. SUMMARY AND CONCLUSIONS
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In this paper, we have discussed several aspects of the
magneto-electrodynamic response of Q2D BEDT-TTF salts,
both from a theoretical perspective, and from an experimen-
tal point of view. In particular, PORs are predicted for both
Q2D and Q1D Fermi surfaces. These PORs will be observed
] as sequences of harmonics, periodic in 1/B, where the peri-
odicity is related to the effective masses of either the Q2D or
Q1D carriers. We go on to demonstrate how the conductivity
5 - in the least dispersive direction can dominate the electrody-
0.5 19 L5 290 25 30 namic response of highly anisotropic conductors. We have

Magnetic Field (tesla) discussed compelling experimental evidence supporting our
. o ) model, e.g., the observation of several CR for the simple

FIG. 5. Normalized transmission through a mosaic of jatg a-(BEDT-TTF),NH,Hg(NCS),, and the success of
a-(BEDT-TTF);NH,HQ(NCS), crystals, from Ref. 22, the tempera- o,q,rements designed to probe the interplane response of
ture is 1.2 K. Three resonances can be seen, labeled R1 to R3. TR’% . . . .
inset displays the resonance positions plotted against inverse fielé. € Sam.e material. In VIe_W of this, W_e urge caution when
interpreting magneto-optical data, since our models for
o, {w) indicate a nontrivial POR behavior in this direction,

We have shown, in this section, haw,(e) can dominate being highly sensitive to the precise shape of the Fermi

the electrodynamic response of a Q2D conductor. Clearly, jpUrfaces—both Q2D and Q1D. _ _
would be nice to be able to probe the pure in-plane conduc- We also discuss other aspects arising from a semiclassical

tivity by this technique and, therefore, to observe convenireatment of CR/POR, in particular, effects that lead to a
tional CR. In principle, this should be possible, providedbroadening of resonances. Differences between the scattering
interplane currents can be entirely eliminated. Further refinetimes deduced from magneto-optical and SdH and/or dHvA
ments of experimental technique are required to check thigneasurements, suggest that sample inhomogeneities play an

1FField (testa™)

1.05

1 2
Resonance number

R1
1.00 |-

v =65.3 GHz

Normalized transmission

&
&

and are currently under development. important role in the fermiology of organic conductors. Ad-
ditionally, we have demonstrated thatad(+d,,) warping
B. Discussion of existing magneto-optical data symmetry leads to dc magnetoresistance for current parallel

to field, irrespective of whether the warping axis is tilted

As a conclusion to this experimental section, we Showaway from the cylinder axis.

some real experimental data from Ref. 22. Figure 5 shows The outcome of this work is a clearer picture of CR/POR

the transmission through a ”.‘03""‘0 comprising about terfh the BEDT-TTF salts. We avoid drawing too many conclu-
o-(BEDT-TTF),NH,HgINCS), single crystals. Three reso- sions from existing experimental data and, instead, point the

nances can be seen in Fig. 5, labeled R1 to R3; these reS\?fay to future experiments. These experiments should be per-

{;\a?ﬁ:irgﬁgﬁﬁgggnsrtﬁrgud'ﬁsﬂ"g t?:n:rﬁgsméss‘z%n'Cc'?‘r:eegug:]'(jgrmed on small single crystals in a well controlled electro-
9 P P agnetic environment. It is also desirable to have a means to

to an increase in the reflectivity of the mosaic and, therefor.er.'o,[ate the samplin situ, with respect to the applied dc mag-

ﬁgﬁggrﬁji; t:oen?iggﬁtllCtla:/sltc{igfetthhizgrpeﬂteusrelg izecr';?(i?(')cn_etic field, whilst maintaining the same controlled electro-
’ y y rﬂnagnetic environment. Of particular interest will be the tem-

l'kiﬁgha\?g’ reégc')’nzgczss. in Fio. 5 cannot be exolained i erature dependence of the resonance line shapes, which
9- P ay hold important information about quasiparticle scatter-

:ﬁg:j Sefsﬁnzmg: grs gi'fﬁg:eélge;?f%gbwsoﬁiung;?t%g mechanisms. It will also _be _important to differentiate_
natelv. no detailed studies of the anale d nden : f th Yetween Q2D and Q1D contributions to the electrodynamic
Y > angle dependence o e?gsponse, thereby, enabling an unambiguous determination
features have been reported, so it is not possible to determi & effective masses. Due to the similarity between PORs and
the precise origin of each of the resonances. In one repor MRO., it should b'e possible to distinguish between the

however, it is speculated that Q2D carriers are responsibl& A :

. : . 2D and Q1D POR contributions from their angle depen-
fnortR%), ar:\;j ghﬁ;[ tthlD (t:a(;ners are responsible for’RR s dence. From the relative strengths of the POR subharmonics,
ot observe s study. . one could, in principle, obtain information about the precise

The inset to Fig. 5 displays the resonance positions PIOtaeformations of the Q2D and Q1D Fermi surfaces. This of-

a straight line and are, therefore, periodic in 1/B; the period—ﬁerS an exciting method for determining the fermiology of

icity is 0.222 T 1, which corresponds to an effective mass oflow-d|men3|onal conductors.
1.9m,. The periodicity in 1/B suggests that the resonances
originate from the same POR sequefeither Q2D or Q1D.
However, the field positions are in the rat$3:3), implying

that the fundamental resonance is absent; this is not incon- This work was supported by the National Science Foun-
sistent with the simulations in Sec. Ill. Clearly, further ex- dation under Grant No. NSF-DMR 95-10427. The authors
perimental studies are necessary to clarify the origin of eackould also like to thank Professor J. S. Brooks, Dr. S. Uji,
resonance in Fig. 5. and P. S. Sandhu for useful discussion.
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