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The magnetoabsorption of millimeter-wave radiation by single crystals of the organic metals
a-~BEDT-TTF!2TlHg~SCN!4 anda-~BEDT-TTF!2KHg~SCN!4 has been studied in the frequency range 30–
120 GHz. The experiments reveal two dominant contributions to the magnetoabsorption spectra. The first is
interpreted as the cyclotron resonance of two-dimensional carriers, and is characterized by broad lines
~linewidth/magnetic fieldDB/B;0.5–1!. In addition to a resonance exhibiting a cyclotron massmc;2.8m0 ,
there are two further lines corresponding to frequency-dependent cyclotron masses in the ranges
mc;(1–1.5)m0 andmc;(0.5–0.8)m0 . This frequency dependence is believed to result from many-body
effects. The second contribution to the magnetoabsorption is formed by a series of narrow lines with
DB/B;0.03–0.1 and amplitudes 5–10 times smaller than the features interpreted as cyclotron resonances.
These narrow lines are attributed to a superposition of modes due to antiferromagnetic resonance and
conduction-electron-spin resonance~ESR!. The feature characteristic of antiferromagnetic resonance is the
presence of a mode with a frequency that decreases with increasing magnetic field. The magnetoabsorption
structure attributed to ESR consists of a relatively broad maximum upon which a sharp dip is superimposed.
This behavior is believed to be analogous to the resonant transparency observed in thin metallic films under-
going ESR.@S0163-1829~96!01420-0#

I. INTRODUCTION

During the last decade, the physics of quasi-one-
dimensional~Q1D! and quasi-two-dimensional~Q2D! or-
ganic conductors has generated great interest, as witnessed
by the large number of magnetotransport studies of such
materials~see, e.g., Ref. 1 and references therein!. However,
experimental~e.g., Refs. 2–15! and theoretical16 studies of
the absorption of millimeter-wave radiation by organic con-
ductors have been relatively sparse, in spite of the very valu-
able complementary information that they can potentially
yield. In addition to straightforward electron-spin-resonance
~ESR! experiments,4,5 features attributed to antiferro-
magnetic resonance~AFMR!,2,3,10,11 cyclotron resonance
~CR!,6–11,14,15 and spin-density-wave~SDW! excitations15

have been reported. However, the accounts of suggested CR
are at first sight both complex and, to a certain extent, con-
tradictory.

Most of the reports of apparent CR in organic metals in-
volve charge-transfer salts of the ion BEDT-TTF@bis~ethyl-
enedithio!tetrathiofulvalene#, and in particular the family
a-~BEDT-TTF!2MHg~SCN!4, whereM5K,Tl,NH4.

6–11The

electrical conductivity of the latter systems has a well-
defined Q2D character, and their calculated Fermi surfaces
~based on room-temperature crystallography data! consist of
a closed Q2D pocket and a Q1D open section.17 Moreover,
the variation of the anion componentM changes the low-
temperature ground state from superconducting~Tc'1 K;
M5NH4! to an antiferromagnetic metallic state attributed to
the presence of a SDW~TN;8–10 K; M5K,Tl,Rb! ~see
Refs. 18–23 and references therein!. The observation of
magneto-optical features attributed to CR was first reported
in Ref. 6 for the case ofa-~BEDT-TTF!2KHg~SCN!4. Two
lines, with linewidthsDB;1–2 T and a resonant frequency
proportional to magnetic fieldB, were observed in the fre-
quency rangen5v/2p5316–698 GHz. The positions of
these features corresponded to cyclotron massesmc1;m0
andmc2;0.4m0 , wherem0 is the free-electron mass.

6 Using
the standard formula for the complex conductivitys(v,B)
of charge carriers in a magnetic field,24 the linewidths at
B;10 T ~Ref. 6! yielded (vc1t1);10–15 and (vc2t2);7
~here vc is the cyclotron frequencyeB/mc , and t is the
relaxation time!. Further results were subsequently obtained
for other BEDT-TTF charge-transfer salts;7–11 e.g., in the
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case of a-~BEDT-TTF!2NH4Hg~SCN!4 at frequencies
n545–65 GHz~i.e., much lower frequencies than those of
Ref. 6!, a resonance corresponding to a cyclotron mass
m;m0 , and with (vct);5 was observed.7

However, the interpretation of these features in the
millimeter-wave magnetoabsorption of BEDT-TTF salts as
CR ~Refs. 6–9! is not without problems. For instance, the
BEDT-TTF salts studied possess effective masses derived
from Shubnikov–de Haas and de Haas–van Alphen
measurements which lie in the rangem*;(1.4–
3.5)m0

6–9,18–22,25whereas the magneto-optical features inter-
preted as CR yield cyclotron massesmc;m0 .

6–9 This differ-
ence has been attributed6–9 to electron-electron interactions,
with the mass deduced from CR being identified as the dy-
namical mass~i.e., renormalized only by electron-phonon in-
teractions! and that derived from Shubnikov–de Haas and de
Haas–van Alphen measurements identified as the effective
mass ~i.e., renormalized by both electron-electron and
electron-phonon interactions!. Furthermore, typical Dingle
temperatures of the BEDT-TTF salts studied18–22,25 imply
(vct);1 at n5100 GHz; the lines interpreted as CR in
Refs. 6–9 are therefore a factor;2–5 narrower than ex-
pected. However, differences between Dingle and CR scat-
tering rates of this size are by no means without precedent in
2D systems~the Dingle temperature may contain the effects
of inhomogeneities, whereas CR is a ‘‘local’’ probe of the
Landau-level spacing26,27!, and it might be argued6 that the
relative narrowness of the CR lines could also result from the
smaller value ofmc compared tom* .

In subsequent studies ofa-~BEDT-TTF!2KHg~SCN!4,
10,11

an additional broad feature with the attributes of Q2D CR
was observed with an apparent cyclotron massmc;2.8m0
~i.e., larger than the valuesm*;1.4–2.0m0 derived from the
most prominent series of Shubnikov–de Haas oscillations
observed in this material18–22!, and a relaxation time such
that (vct);2. In the same studies, several very sharp mag-
netoabsorption features were also noted~DB;0.1 T! at fre-
quencies,120 GHz. These were attributed to ESR and
AFMR rather than CR,10,11 because their positions did not
depend on the magnetic-field orientation in the manner ex-
pected for Q2D CR; some were excited even when the mag-
netic field was parallel to the conducting plane~i.e., no 2D
quantization of orbital motion possible!. Some of these nar-
row lines10,11 lay close to the extrapolated low-frequency po-
sitions of the two apparent CR withmc;m0 andmc;0.4m0
reported in Ref. 6 for frequencies*300 GHz. The assign-
ment of these features as CR in Ref. 6 was thus called into
question.10,11

In order to try to reconcile the results of the various
magneto-optical experiments referred to above, we have car-
ried out a careful study of the resonant magnetoabsorption of
single crystals ofa-~BEDT-TTF!2MHg~SCN!4 ~M5K,Tl! in
the frequency rangen,150 GHz. Great care has been taken
to distinguish between features due to ESR, AFMR, and CR,
using various criteria such as characteristic linewidth and its
temperature dependence and the variation of resonance posi-
tion with magnetic-field orientation. The results show a sat-
isfactory agreement with the early high-frequency studies,6

and indicate several interesting features which seem to be
peculiar to organic molecular metals.

II. EXPERIMENTAL DETAILS

Single crystals ofa-~BEDT-TTF!2KHg~SCN!4 and its
isostructural analoga-~BEDT-TTF!2TlHg~SCN!4 were pre-
pared using standard electrochemical methods.28 Both salts
are known to be in similar metallic antiferromagnetic ground
states for magnetic fields less than;20 T at all of the sample
temperatures used in this study~see Refs. 18–23 and refer-
ences therein!. Furthermore, there is strong evidence that
both salts possess similar reorganized Fermi surfaces in this
low-temperature, low-field state.20,22 In the present study the
millimeter-wave response of the samples was measured at
temperaturesT54.2 and 1.8 K in magnetic fields of up to 7
T ~i.e., always within the antiferromagnetic phase18–23!.

One of the primary aims of this work was to make
magneto-optical measurements on single crystals of the
BEDT-TTF salts with characteristic sizes 23230.3 mm3,
rather than on the mosaics of several crystals used in previ-
ous experiments.6–9,14,15 The most highly developed
millimeter-wave technique for studying small samples in-
volves the use of rectangular or cylindrical resonant
cavities.12,13An obvious advantage of such an experiment is
the fixed geometry of the oscillating electromagnetic fields;
in certain very simple cases the sample’s conductivity and/or
permittivity tensors may be calculated from the response of
the loaded cavity.12,13 However, it will become obvious be-
low that the most important requirement in the identification
of the various magneto-optical features observed in BEDT-
TTF salts is the ability to make measurements over a wide
range of closely spaced frequencies; this rules out the use of
the cavity perturbation technique. Quasioptical experiments
based on tunable sources such as backward-wave oscillators
~BWO’s! do possess almost continuous tunability over a
wide frequency range;29 however, such experiments require
rather large~.535 mm2! transparent samples.

Thus both of the well-established millimeter-wave spec-
troscopic techniques possesses disadvantages in the case of
small, metallic single-crystal BEDT-TTF salt samples. In-
stead an alternative nonresonant measurement based on tun-
able BWO’s was designed, in which the millimeter-wave
radiation is detected by a miniature carbon bolometer of a
comparable size to the BEDT-TTF salt single crystals. The
sample under study is fixed to the surface of the bolometer
using a thin layer of heat-conducting Apiezon grease.
Millimeter-wave radiation with a frequency in the range 30–
120 GHz is conveyed from a BWO into the cryostat using
standard 8-mm rectangular waveguides and then focused
onto the sample/bolometer combination using a beam con-
centrator~a focusing cone of rectangular cross section!. The
loaded bolometer was mounted on a sapphire rod in good
thermal contact with a bath of liquid helium. Steady tem-
peratures for the sample and bolometer were ensured by us-
ing a temperature sensor connected to an electronic stabili-
zation circuit which could be used to drive a small heater on
the rod. In addition, the sample could be maintained in
vacuum or helium exchange gas. The waveguide system was
placed in a 7-T vertical-axis superconductive magnet. Two
experimental geometries were used. In one case the Poynting
vector of the millimeter waves and the applied magnetic field
were both perpendicular to the Q2D conducting planes of the
samples. In the second case the magnetic field and the Poyn-
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ting vector were also parallel, but tilted by an angleu to the
normal to the conducting plane of the samples.30

The nonresonant method adopted allows a wide range of
frequencies to be used, but sacrifices the opportunity of ob-
taining detailed information about the electrodynamical re-
sponse of the sample, as the oscillating electromagnetic
fields around the sample are not of a well-defined geometry.
In our qualitative interpretation of the data we have used the
analytical approximations derived below as Eqs.~1!–~3!, the
validity of which has been tested by measuring samples with
a well-known millimeter-wave response.

It is assumed that the signal from the bolometer is propor-
tional to the absorbed powerP in what we shall refer to as
the measuring unit, i.e., the cone, bolometer and sample
combination. As no millimeter-wave radiation leaves the
system,P may be expressed in terms of the complex reflec-
tion coefficient G ~i.e., the losses in the waveguide are
neglected!,31

P5P0~12uGu!, ~1!

G5~Zu2Zc!/~Zu1Zc!, ~1a!

whereZc andZu are the impedances of the waveguide and
the measuring unit, respectively.Zu includes the impedances
of the bolometer and the cone and the sample impedanceZs .
We assume that the sample and the other impedances act as
though they are in parallel, so that

Zu
215Z0

211Zs
21, ~2!

whereZ0 is the impedance of the empty measuring unit. In
the present apparatus it is known that ReZ0@Im Z0 , so that
Z0 can be considered to be real. Substituting~2! into Eq.~1!,
and retaining only the terms linear in the sample conductivity
~i.e., in Z s

21!, we obtain

P5P11P2 , ~3a!

P1'P0~12uG0u!, ~3b!

P2'2P0uG0u f ~Zc /Z0!Re~Zc /Zs!, ~3c!

f ~x!'~21x!/~12x2!, x5Zc /Z0 , ~3d!

whereP0 is the incident power,P1 is the power absorbed in
the empty measuring unit~i.e., with no sample!, and
G05(Z02Zc)/(Z01Zc) is its reflection coefficient. The
function P2 gives additional absorption due to the sample,
and f (Zc/Z0) describes the change in absorption which takes
place when the sample is placed in the measuring unit.

The exact form of the functionf (x) @Eq. ~3d!# can be
obtained only in very simplified models.31 In the present ex-
perimentsZc,Z0 , so that the insertion of the sample into the
measuring unit will lead to additional absorption because
f (Zc/Z0).0. In the interpretation of resonant features in the
magnetoabsorptionP(B), it is important thatf (x) is smooth
over the range of conditions covered in the experiment, and
that it increases monotonically withx. Several trial experi-
ments were carried out with test samples exhibiting well-
characterized resonant and nonresonant behaviors~e.g.,

DPPH, films of conventional metals, doped semiconductors,
etc.!, which indicate thatf (x) does indeed behave in this
manner.

In spite of the approximations used in their derivation,
Eqs.~1!–~3! appear to reproduce the behavior of the appara-
tus when it is loaded with single-crystal samples of BEDT-
TTF salts, and form the basis of a qualitative understanding
of all of the data in this paper. Typical experimental results
are shown in Fig. 1, which displays absorbed powerP versus
magnetic field fora-~BEDT-TTF!2TlHg~SCN!4 at a constant
frequency. When the sample is inserted into the measuring
unit, an additional broad feature in the magnetoabsorption
appears~compare curves 1 and 2 in Fig. 1! on the smooth
background. Note that this background dependence onB cor-
responds to the changingP1(B) due to a variation ofZ0
caused by the magnetoresistance of the bolometer; it is prac-
tically linear inB. Furthermore, the functionsR(Zc/Z0) and
f (Zc/Z0) are smooth and well behaved. Therefore,
any nonmonotonic variation ofP(B) ~Fig. 1, curve 2! is
due to features inP2(B) associated with the insertion of
the organic metal sample~Fig. 1, curve 3!. Simple calcula-
tions show that the structure inP2(B) cannot be due
to features in the dc magnetoresistance of the samples;
for B,7 T both a-~BEDT-TTF!2KHg~SCN!4 and
a-~BEDT-TTF!2TlHg~SCN!4 possess a monotonically in-
creasing magnetoresistance which has no sharp field-
dependent features save very small Shubnikov–de Haas
oscillations.18–22

Several narrower lines of smaller amplitude may be per-
ceived superimposed on the broad features inP2(B) ~see the
arrows in Fig. 1!. In order to better distinguish between
broad and narrow features,P2(B) was coarsely smoothed to

FIG. 1. Magnetoabsorption ofa-~BEDT-TTF!2TIHg~SCN!4 at
n563 GHz; Curve 1: empty measuring unit: Curve 2: measuring
unit loaded with sample. Curve 3: functionP2(B) showing the
broad peak due to absorption by 2D carriers~i.e., curve 2–curve 1!.
Curve 4: functionP2(B)/ P̃2(B) showing magnetic resonances
~marked by arrows!. Curves 1 and 2 are in units ofP(B)/P(0), and
the temperature is 1.8 K. See Eqs.~1!–~3! and subsequent discus-
sion for definitions of the variousP functions.

12 796 53S. V. DEMISHEVet al.



yield P̃2(B), and then the ratioP2(B)/ P̃2(B) was calcu-
lated. An example of this procedure is shown as curve 4 in
Fig. 1; three sharp lines which have been labeledL, S, andA
can be distinguished. The relatively good signal-to-noise ra-
tio of the equipment is demonstrated by the systematic de-
tection of featureA, corresponding to some 0.3–0.4 % of
P2(B), at several frequencies.

Following the discussions of linewidth in Sec. I, the broad
features inP(B), which have amplitudes;10%, are tenta-
tively identified as CR-like excitations of the Q2D carriers.30

Similarly, the narrow lines with amplitudes<2% are tenta-
tively ascribed to magnetic resonance~i.e., ESR and AFMR!.
The next sections describe the characteristics of the resonant
magnetoabsorption in more detail, and give additional argu-
ments which strongly support this interpretation.

III. ABSORPTION OF MICROWAVE RADIATION
BY FREE-CHARGE CARRIERS

A. General features

In the identification of the various resonances, it is in-
structive to analyze the evolution of the shape of theP(B)
curves with millimeter-wave frequency. As an example
of this, data froma-~BEDT-TTF!2TlHg~SCN!4 at T51.8 K
are shown in Fig. 2, left-hand side; thea-~BEDT-
TTF!2KHg~SCN!4 data were qualitatively very similar. In
order to facilitate comparison, theP(B) data in Fig. 2 are
plotted against a magnetic-field scale in the units
eB/2pnm0 ; a cyclotron resonance representing a constant
cyclotron mass would therefore appear at a fixed position
corresponding to that mass in units ofm0 .

The shapes of the curves in the left-hand part of Fig. 2
seem to indicate that the broad feature inP(B) consists of a
superposition of two wide maxima which become better re-
solved in the regionn;100 GHz. In view of the sloping
background behavior ofP1(B) ~see Sec. II!, the true posi-
tions of the maxima are extracted as follows. First the ex-
perimentalP(B) curves are smoothed to remove the narrow
magnetic resonances seen in Fig. 1, curve 4, and then their
derivatives dP/dB are calculated. Maxima in absorption
then correspond to the inflection points of thedP/dB curves.
The results of this procedure are shown on the right-hand
side of Fig. 2, with the positions of the maxima marked by
vertical dashes.

In the whole frequency range under investigation, two
features aroundmc;0.5m0 and mc;(1–1.5)m0 with
frequency-dependent positions, are observed~Fig. 2!. In ad-
dition, for frequencies,60 GHz, a weaker resonance with
mc;2.8m0 is seen~Fig. 2!.

Very similar features are observed in the millimeter-wave
magnetoabsorption ofa-~BEDT-TTF!2KHg~SCN!4. Figure 3
shows that, once again, three broad maxima are observed, in
this case corresponding to cyclotron massesmc;0.8m0 ,
mc;1.4m0 , andmc;2.8m0 ~Fig. 3, curves 1 and 2!. Figure
3 also shows the characteristic effects of temperature varia-
tion and tilting the magnetic field on these broad features.
For a-~BEDT-TTF!2KHg~SCN!4 at T54.2 K, the most
prominent feature is the resonance withmc;1.4m0 . Lower-
ing the temperature toT51.8 K leads to an increase in the
sharpness of this resonance. However, the most dramatic
changes on lowering the temperature are the substantial in-
creases in amplitude of the resonances withmc;0.8m0 and
mc;2.8m0 ~cf. curves 1 and 2 of Fig. 3!. The latter feature
then has the largest relative amplitude of all of the magneto-

FIG. 2. The functionsP(B) ~left-hand curves! anddP/dB ~right
hand curves! at various frequencies andT51.8 K for
a-~BEDT-TTF!2TIHg~SCN!4. The horizontal axis represents the
magnetic field in units of the free-electron mass~see text!. Dashes
mark the cyclotron resonance lines and arrows mark magnetic reso-
nances. Points of inflection~see text! are indicated on the right-hand
curves using tilted lines. The numbers near the curves correspond to
the frequency in GHz.

FIG. 3. The influence of temperature and sample tilt on the
P2(B) function fora-~BEDT-TTF!2KHg~SCN!4 atn538 GHz. The
temperatures are curve 1, 4.2 K; curve 2, 1.8 K; and curve 3, 1.8 K.
Curves 1 and 2 correspond to the case when the magnetic field is
perpendicular to the sample 2D conducting planes~u50°!. The po-
sitions of the cyclotron resonances are marked by dashes, and mag-
netic resonances are marked by arrows. Curve 3 was obtained for a
magnetic field tilted byu544° from the normal to the sample 2D
conducting planes. The cyclotron resonance markers above curve 3
are obtained by extrapolating theu50° positions using Eq.~4!.
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optical features, and its frequency dependence is similar to
that of the corresponding resonance withmc;2.8m0 in
a-~BEDT-TTF!2TlHg~SCN!4, which is observed as a broad
maximum of theP(B) at n<53 GHz ~Figs. 2 and 3! and
becomes narrower atn558 GHz~Fig. 2!. At higher frequen-
cies this feature moves outside the magnetic-field range
available in the present apparatus.

If the external magnetic field is inclined at an angleu to
the normal to the Q2D conducting plane, all three of the
broader resonances shift to higher magnetic fields, or, on the
renormalized field scale, to higher effective masses~Fig. 3,
curve 3!. Within experimental errors,30 the masses observed
followed the simple relationship

mc~u!5mc0 /cos~u! ~4!

at all tilt angles. This behavior is characteristic of 2D Landau
quantization, dependent only on the normal component of
magnetic field.24 In Fig. 3, the vertical dashes near curve 3
for u544° mark the calculated resonance positions derived
from Eq. ~4! and theu50 resonance fields.

The temperature and tilt angle dependences of the broad
magnetoabsorption features ina-~BEDT-TTF!2TlHg~SCN!4
anda-~BEDT-TTF!2KHg~SCN!4 both strongly support their
identification as CR. The variation of the amplitude of the
resonances with temperature~Fig. 3! probably reflects the
temperature dependence of the relaxation timet due to the
thermal excitation of low-energy phonons. In contrast, the
widths of the narrow features tentatively attributed to mag-
netic resonance show little temperature dependence between
1.8 and 4.2 K; magnetic dipole transitions such as ESR are
generally less strongly coupled to lattice vibrations than are
electric dipole transitions such as CR.30

The physical picture of CR in charge-transfer salts is
likely to be rather different from that in a conventional metal.
In the latter case, carriers move in an inhomogeneous oscil-
lating electric fieldE.30,32 However, in contrast, the large
skin depthd in organic metals~the skin depth of thea-phase
BEDT-TTF salts is estimated to bed;20 mm from conduc-
tivity data,33 considerably larger than skin depths of conven-
tional metals! and the experimental geometry used in this
work ~Sec. II! imply that for each Q2D conducting plane
E5const, and that no movement of carriers through an elec-
tric field gradient takes place. Nevertheless, the magnitude of
the electric field will decrease with increasing distance from
the surface~see Fig. 4, inset, which schematically represents
the experimental geometry for CR in organic metals!.

In order to discuss this point further, let thez axis be
parallel to the normal to the sample surface~i.e., perpendicu-
lar to the Q2D planes!; assuming thatz increases into the
sample we can writeE(z)5E(0)exp(2z/d). As the electric
field is constant in each Q2D conducting plane, the connec-
tion between current density and electric field becomes local,
i.e., j (z)5sE(z). Under these conditions the expression for
the sample impedance becomes

Zs5
E~0!

*0
dj ~z!dz

'~sd!21, ~5!

whered is the sample thickness; in deriving the expression
for Zs we have taken into account the conditiond@d.

Equations~1!–~5! show thatP2;Res(v,B). In conse-
quence, it can be seen that CR in BEDT-TTF salts is rather
more closely related to CR in semiconductor systems than to
that in conventional metals; in semiconductors, the absorp-
tion coefficient is also proportional to Re$s(v,B)% ~see also
the discussion in Ref. 6, where the same point was inferred
from the qualitative behavior of the resonances!. The experi-
mental form of the functionP(B) is in good agreement with
this suggestion~Fig. 1!.

In such cases, the Drude-Lorentz model can be used to
derive the complex conductivity at angular frequencyv and
magnetic fieldB,24

~v,B!5
e2n

m

i ~v2vc!11/t

~v2vc!
21~1/t!2

, ~6!

wherevc5eB/mc is the cyclotron frequency,t is the relax-
ation time, ande andn denote the charge and concentration
of the carriers, respectively. Consequently, asvc becomes
@v, Res(v,B)→0, and soP2→0. Therefore, the addi-
tional absorption due to CR will only be large over a limited
range of magnetic field, as observed experimentally~see Fig.
1, curves 1 and 2!. In summary, all evidence presented thus
far therefore strongly suggests that the broad magneto-
optical features inP(B) ~Figs. 1–3! are due to CR of free
Q2D carriers in the charge-transfer salts.

B. Frequency-dependent cyclotron masses

The frequency dependence of the cyclotron masses
derived from the positions of the broad features in
P(B) for a-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4 is shown in Fig. 4. In addition to the CR
with mc'2.8m0 ~Fig. 4, curve 1!, two branches with
frequency-dependentmc(v), corresponding to the main
features of the absorption~see Fig. 2!, are observed~Fig.

FIG. 4. Experimental cyclotron masses fora-~BEDT-
TTF!2TlHg~SCN!4 ~black dots! and a-~BEDT-TTF!2KHg~SCN!4
~white dots!. The set of points labeled 1 represent the high-field
resonance, while 2 and 3 are the frequency-dependent branches
corresponding to the most prominent magnetoabsorption peak~see
Fig. 2!. The curves are guides to the eye, and the error bars are
derived from the width of the points of inflection indP/dB ~see
Fig. 2!. A schematic representation of the experimental geometry is
shown in the inset.
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4, curves 2 and 3!. If the CR in these organic metals
were purely a single-particle effect, one might expect a reso-
nance with a frequency-independent cyclotron mass
mc5(1.4–2.0)m0 , i.e., identical to the effective mass de-
rived from the most prominent series of Shubnikov–de Haas
oscillations ina-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4.

18–20,22However, it is known that descrip-
tions within a Drude-Lorentz model of the experimental re-
flectance spectra of high-Tc superconductors and heavy
fermion systems require frequency-dependent carrier masses
and relaxation times.34 This behavior is believed to result
from strong Fermi-liquid effects. The data obtained in
this work for a-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4 ~Fig. 4! suggest that similar phenomena
take place in BEDT-TTF charge-transfer salts. However, it
should be noted that in contrast to the results reported in Ref.
34, evidence of frequency-dependent carrier mass in the
present work follows from direct measurements of features
in s(v,B) ~Figs. 1–3!; i.e., the frequency-dependent masses
are calculated from the CR condition 2pn5eB/m(v),
and not just as fitting parameters in a description of the con-
ductivity.

The data in this work suggest that the generalized Drude-
Lorentz model@Eq. ~7!# with frequency- and temperature-
dependent relaxation times and frequency-dependent effec-
tive masses may be sufficient to describe the millimeter-
wave magnetoabsorption of BEDT-TTF charge-transfer
salts. The possibility of CR withmc5m(v) in organic met-
als has been previously suggested,11,35 but we believe that
the present data form the first direct evidence for this effect.

The frequency dependence of the two lower cyclotron
mass branches~Fig. 4, curves 2 and 3!, corresponding to the
main broad magnetoabsorption peak~Fig. 2!, has two inter-
esting trends. One might expect that in the limitv→0 one of
them(v) branches would tend to the effective mass deter-
mined from the Shubnikov–de Haas or de Haas–van Alphen
effects. The quantum oscillations observed in the antiferro-
magnetic phases ofa-~BEDT-TTF!2TlHg~SCN!4 and
a-~BEDT-TTF!2KHg~SCN!4 are rather complex in form, and
the effective masses deduced vary somewhat depending on
the method of extraction~see, e.g., Refs. 18–20 and 22!;
however, the most prominent series of oscillations yields ef-
fective masses in the range 1.4–2.0m0 . Inspection of Fig. 4
reveals that the central branch~curve 2! is indeed tending
toward a value in this range asv→0. In the opposite limit,
v→`, the two lower branches in Fig. 4 appear to be ap-
proaching the valuesmc;m0 andmc;0.4m0 observed in
the high-frequency studies of Ref. 6. This strongly suggests
that the assignment of the magneto-optical features reported
in Ref. 6 to CR is correct.

Finally, we must remark that the form of the Fermi
surface of the antiferromagnetic states ofa-~BEDT-
TTF!2TlHg~SCN!4 anda-~BEDT-TTF!2KHg~SCN!4 remains
somewhat controversial~see, e.g., Refs. 18–23!. It would
therefore be premature to attempt to assign the observed CR
to particular Fermi-surface pockets. Similarly, in the absence
of a reliable Fermi-surface model, one cannot comment on
the possibility that Q1D CR,16 caused by open sections of
Fermi surface, might give rise to one of the resonances
observed.35 However, the Fermi-surface models proposed to
explain the magnetotransport and de Haas–van Alphen data

often consist of one or more small Q2D pockets and also
magnetic breakdown orbits of a considerably largerk-space
area with very small characteristic breakdown fields.18–22 It
is therefore not unreasonable to expect more than one CR in
the magnetoabsorption.

IV. MAGNETIC RESONANCES

A. General features

In this section we shall consider the narrow lines of
relatively small amplitude superimposed on the broad
CR features~Fig. 1, curve 4!. Typically, this class of
resonances possesses half-widthsDB at half-maximum of
DB/B;0.03–0.1, whereas for the CR’sDB/B;0.5–1
~Figs. 1 and 2!. According to the literature,2–4 such narrow
lines in the millimeter-wave magnetoabsorption of organic
metals can arise from magnetic-resonance phenomena such
as AFMR and ESR. Preliminary investigations ofa-~BEDT-
TTF!2KHg~SCN!4 reported in Ref. 10 appeared to show that
up to ten such modes, some very weak, might be present,
depending on the frequency and the sample orientation in
the field. In the present publication we shall restrict our-
selves to describing the stronger lines which can be unam-
biguously detected at all frequencies when the magnetic field
is applied perpendicular to the sample Q2D planes.

Figures 5 and 6 show examples ofP2(B)/ P̃2(B) ~see
Sec. II! for a-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4. In addition to the modes which possess a
resonant frequency increasing with magnetic field~lines A

FIG. 5. Magnetic resonances ina-~BEDT-TTF!2TlHg~SCN!4 at
T51.8 K. The figures near the curves denote the frequency in GHz.
The notation for the resonances is consistent between Figs. 1–3 and
5–7; i.e., the same resonances are marked by the same letters. The
magnetic field is perpendicular to the sample Q2D planes.
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andN!, there is a mode~line L! which has a frequency that
decreaseswith increasing magnetic field. The shape of lineL
is rather asymmetric~Figs. 5 and 6!, eventually acquiring a
characteristic triangular form at higher frequencies. A further
resonance~line S! with a complex shape is observed in
P2(B)/ P̃2(B) close to the expected ESR position at
g'2.01.5 Finally, in the frequency rangen>110 GHz, extra
lines ~L8 and X! were found in the magnetoabsorption of
a-~BEDT-TTF!2TlHg~SCN!4 ~Fig. 5!. As will be seen below,
linesA,L,L8,N, andX appear to have a common origin, and
so are discussed together in Sec. IV B. The form of lineS is
somewhat different from the other modes, and so it will be
dealt with separately in Sec. IV C.

B. Possible antiferromagnetic resonance

The frequencies and magnetic fields of theA, L, L8, N,
and X modes ina-~BEDT-TTF!2MHg~SCN!4 ~M5K, Tl!
are shown in Fig. 7. Note that the positions of linesL, A, and
N are not, within experimental error, affected by the change
of the componentM from K to Tl. This lack of variation is
possible evidence of the similarity of the antiferromagnetic
ground states ofa-~BEDT-TTF!2TlHg~SCN!4 anda-~BEDT-
TTF!2KHg~SCN!4.

The frequenciesnres(B) of modesA, L, N, X, and L8
cannot be extrapolated to the valuenres(B→0)50. Figure 7
shows that modesA andN extrapolate back to finite thresh-
old fields as the frequency tends to zero. Moreover, lineL
appears to originate from the same threshold fieldBc as
mode N at zero frequency~Fig. 7!, strongly suggesting
that modesL andN are related. At higher frequencies, it is
evident that modesL and L8 extrapolate to a similar
frequencyn0'110 GHz in the limitB→0 ~Fig. 7!. Together,
these features indicate a common mechanism for linesL, L8,
andN.

The behavior of some of the features of Fig. 7 can be
interpreted using existing models of AFMR.2,3,36–38Qualita-

tively, many of the data resemble the AFMR lines expected
when an external magnetic field is applied parallel to the
easy axis of a uniaxial antiferromagnet;36–38 this type of
magnetic order~with the easy axis perpendicular to the Q2D
planes! has been proposed to explain the low-temperature
magnetic susceptibility ofa-~BEDT-TTF!2KHg~SCN!4.

39 In
this interpretation, the characteristic frequencyv052pn0 at
B50 is the AFMR frequency. The application of finite mag-
netic field causes the main AFMR mode to split into two
components,v1 andv2 , differing in the direction of preces-
sion of their magnetization vectors. The frequencyv1 is ex-
pected to increase with magnetic field, whereasv2 should
decrease. In the experimental data~Fig. 7!, lines L8 and L
thus appear to correspond to the AFMR modesv1 andv2 ,
respectively. This identification is supported by the similarity
of the shapes of linesL andL8, both of which are ‘‘triangu-
lar’’ in appearance~Fig. 5!. At some higher applied magnetic
field, the antiferromagnet will undergo a spin flop,2,3,36–38at
which point the frequency of thev2 mode should go to zero.
Inspection of Fig. 7 suggests that the spin flop corresponds to
Bc . At fields above the spin flop, a further modev1 should
be observed, with a frequency which increases with increas-
ing applied field and which extrapolates to zero at the spin
flop field.36–38From Fig. 7 we conclude that theN line prob-
ably corresponds to thev1 mode.

Thus an analysis of the experimental data~Figs. 5–7! sug-
gests that many of the small, sharp features in the experimen-
tal magnetoabsorption spectra are caused by AFMR. Such
good qualitative agreement is perhaps surprising, given the
fact that the magnetic order ina-~BEDT-TTF!2TlHg~SCN!4
and a-~BEDT-TTF!2KHg~SCN!4 is thought to be due to
spin-density-wave formation,18–23 whereas the theoretical
treatment of AFMR is derived for a two-sublattice
antiferromagnet36–38 ~see, however, Refs. 2 and 3, in which
similar treatments are also applied successfully to spin-
density-wave systems!. Furthermore, even in the framework
of the two-sublattice model, the identification of the resonant
modes and hence the interpretation of the experimental data

FIG. 6. Magnetic resonances ina-~BEDT-TTF!2KHg~SCN!4 at
T54.2 K. The figures near the curves denote the frequency in GHz.
The notation for the resonances is consistent between Figs. 1–3 and
5–7, i.e., the same resonances are marked by the same letters. The
magnetic field is perpendicular to the sample Q2D planes.

FIG. 7. Positions of the different resonant modes as a function
of magnetic field~field applied perpendicular to the sample Q2D
planes!. Black dots show data fora-~BEDT-TTF!2TlHg~SCN!4, the
white dots data fora-~BEDT-TTF!2KHg~SCN!4.
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depend strongly on the type of magnetic anisotropy. In gen-
eral, the magnetic anisotropy may be intermediate between
pure cases of uniaxial and easy-plane;36 hence the corre-
sponding mode structure may be different from the simple
case which has been used to interpret the data in this work.

Finally, it must be noted that the presence of the AFMR-
like lines A andX ~Fig. 7! poses problems for the uniaxial
interpretation, as modes with such behavior do not exist in
such a scheme.36–38The easy-plane case2,3,36–38is even less
helpful in this respect, as it cannot explainany of the lines
observed in the experimental data. In particular the easy-
plane scheme predicts the appearance of a major branch
originating from the pointv50, B50. Such a mode is not
observed in the data.

In summary, many of the lines observed in the mag-
netoabsorption spectra possess the attributes of AFMR.
However, a full interpretation of the apparent AFMR
behavior of a-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4 may require the development of models
which take into account the band nature of the antiferromag-
netic order in these materials. Such a model is beyond the
scope of the present paper.

C. Electron-spin resonance

We now consider the structure of the magnetic resonance
~line S! close to the predicted position of ESR~Fig. 5!. ESR
in a-~BEDT-TTF!2KHg~SCN!4 has been analyzed in detail
using traditional resonant cavity techniques5 to reveal that
g'2.01, and that the resonance is anomalously narrow at
helium temperatures, withDB;331025 T.

In the present experiments, the external magnetic field
and the high-frequency magnetic field were mutually perpen-
dicular ~Sec. II!. Thus the selection rules for ESR were ful-
filled, and so the appearance of an absorption aroundg52
was expected. In Figs. 5 and 6, the vertical lines close to the
S labels correspond to the calculated position of ESR with
g52. The data in Figs. 5 and 6 appear to indicate that, in the
regiong'2, the width of the absorption line is much wider
than that derived from ESR experiments carried out using a
resonant cavity technique.5 Moreover, in this region, a com-
plex structure consisting of several close maxima arises in
certain frequency ranges~Fig. 5!. Note that a similarly
broadened ESR line was observed in Ref. 4; in that case the
organic conductor in question was very different from the
BEDT-TTF salts, but the experimental configuration was
very similar to that used in the present work.

The typical shape of the resonant magnetoabsorption in
the vicinity of g52 is shown in Fig. 8 on an enlarged field
scale. To assist in the comparison of the data, the field axis is
in units of Bl, wherel is the wavelength of the radiation;
hence features corresponding to a constantg factor should
occur at the same horizontal position. Figure 8 shows that the
single ESR peak is absent, and in the region close tog52
~g52 is denoted by the vertical solid line! a characteristic
‘‘double-peaked’’ structure is observed. In the first accounts
of this observation,10 the complex line shape was interpreted
as a superposition of the two close lines, one of which was
assumed to be due to ESR of conduction electrons. However,
neither of the two peaks occurs in the position expected from
the g factor determined in ESR experiments.5 Even if the
interpretation of Ref. 10 is assumed to be valid~i.e., one of

the linesis conduction-electron ESR!, the nature of the other
line remains obscure, as does the reason for the larger than
expected width of both features~cf. Ref. 5!.

Instead, we suggest that lineS represents the superposi-
tion of a broad maximum and a narrow dip. The position of
the dip corresponds within the experimental errors tog52
~Fig. 8!. In the theory of ‘‘conventional’’ metals, such struc-
tures are interpreted as the result of resonant transparency in
thin metallic films undergoing ESR.40 In this model, the
broad maximum corresponds to ESR of conduction elec-
trons, and the narrow dip is caused by resonant transparency
due to the relatively slow damping of magnetic momentum
inside the film.40 The behavior predicted by the theory is in
good qualitative agreement with the form of the data in Fig.
8. However, it is necessary to remark that in Ref. 40 the main
reason for the slow damping is assumed to be the diffusion
of electrons in the direction perpendicular to the metal sur-
face. This type of motion is obviously more difficult in a
Q2D organic metal than in the conventional case. However,
the carriers do possess dispersion in the interplane direction
~indeed, the magnetoresistance of BEDT-TTF salts can be
measured with the current flowing in this direction21!, so that
the proposed mechanism is not unreasonable.

V. CONCLUSION

This paper has described a study of the magneto-
absorption of millimeter-wave radiation in the organic
metals a-~BEDT-TTF!2TlHg~SCN!4 and a-~BEDT-
TTF!2KHg~SCN!4 over the frequency range 30–120 GHz.
The experimental magnetoabsorption data appear to display
two distinct classes of spectral line. The largest features

FIG. 8. Resonant absorption of millimeter wave radiation close
to the predicted position of ESR~T51.8 K!. The upper curve
shows data fora-~BEDT-TTF!2KHg~SCN!4, and the other curves
data fora-~BEDT-TTF!2TlHg~SCN!4. To aid comparison, all data
are plotted against reduced magnetic field. The figures near the
curves correspond to the wavelengthl and frequencyn. The dashed
line is a guide to the eye, and represents schematically the magne-
toabsorption in the absence of the resonant transparency effect~see
text for details!.
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~;10% of the signal! are interpreted as the cyclotron reso-
nance of free 2D carriers. These resonances are characterized
by broad linewidths (DB/B;0.5–1), and seem to be ad-
equately described by the generalized Drude-Lorentz model.
The observation of three features suggests the possible pres-
ence of three groups of 2D charge carriers. Furthermore, at
least two of the corresponding cyclotron masses
@mc'(0.5–0.8)m0 , mc'(1–1.5)m0 , and mc'2.8m0# are
frequency dependent, indicating the importance of many-
body effects. At higher frequencies, two of the cyclotron
masses tend toward the values observed in the far-infrared
~i.e., submillimeter wavelength! experiments of Ref. 6.

The second type of resonance in the magnetoabsorption
spectra appears as a series of narrow lines with fractional
linewidths DB/B;0.03–0.1 and amplitudes 5–10 times
smaller than those of the features interpreted as cyclotron
resonance. The experimental data suggest that the collection
of narrow lines results from the superposition of various an-
tiferromagnetic resonance modes and the electron-spin reso-
nance of conduction electrons. The presence of antiferromag-
netic resonance is suggested by the observation of a line with
a frequency which decreases with increasing magnetic field.
The absorption interpreted as conduction-electron-spin reso-
nance consists of the superposition of a narrow dip on a
relatively broad maximum, possibly caused by resonant

transparency of the type observed in thin metallic films.
The experimental data raise a number of questions. For

example, the physical mechanisms that lead to frequency-
dependent cyclotron masses are unclear, and the antiferro-
magnetic resonance model used to account for some of the
narrow lines in the data certainly requires modification to be
applicable to an antiferromagnet with a spin-density-wave
ground state. Finally, a detailed identification of the three
cyclotron resonance features must await a reliable model for
the Fermi surfaces ofa-~BEDT-TTF!2TlHg~SCN!4 and
a-~BEDT-TTF!2KHg~SCN!4 in their antiferromagnetic
ground states.
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