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The magnetoabsorption of millimeter-wave radiation by single crystals of the organic metals
a-(BEDT-TTF),TIHg(SCN), and a-(BEDT-TTF),KHg(SCN), 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 fieldAB/B~0.5—1). In addition to a resonance exhibiting a cyclotron mags-2.8m;,
there are two further lines corresponding to frequency-dependent cyclotron masses in the ranges
m.~(1-1.5my and m.~(0.5-0.8)ngy. 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
AB/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 resonan@&SR. 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[S0163-182696)01420-7

[. INTRODUCTION electrical conductivity of the latter systems has a well-
defined Q2D character, and their calculated Fermi surfaces

During the last decade, the physics of quasi-one{based on room-temperature crystallography Jdetasist of
dimensional(Q1D) and quasi-two-dimensionalQ2D) or-  a closed Q2D pocket and a Q1D open sectiohloreover,
ganic conductors has generated great interest, as witnesséi¢ variation of the anion componeit changes the low-
by the large number of magnetotransport studies of suctemperature ground state from superconductifg~1 K;
materials(see, e.g., Ref. 1 and references therditowever, M =NH,) to an antiferromagnetic metallic state attributed to
experimental(e.g., Refs. 2—15and theoreticaf studies of the presence of a SDWTy~8-10 K; M=K,TI,Rb) (see
the absorption of millimeter-wave radiation by organic con-Refs. 18—23 and references thejeifhe observation of
ductors have been relatively sparse, in spite of the very valumagneto-optical features attributed to CR was first reported
able complementary information that they can potentiallyin Ref. 6 for the case o&-(BEDT-TTF),KHg(SCN),. Two
yield. In addition to straightforward electron-spin-resonancdines, with linewidthsAB~1-2 T and a resonant frequency
(ESR experiment$;® features attributed to antiferro- proportional to magnetic fiel@, were observed in the fre-
magnetic resonancéAFMR),231%11 cyclotron resonance quency ranger=w/27=316-698 GHz. The positions of
(CR), 111415 and spin-density-wavéSDW) excitations®  these features corresponded to cyclotron massgs-m,
have been reported. However, the accounts of suggested GRdm,,~0.4m,, wherem is the free-electron masdJsing
are at first sight both complex and, to a certain extent, conthe standard formula for the complex conductivitfw,B)
tradictory. of charge carriers in a magnetic figttithe linewidths at

Most of the reports of apparent CR in organic metals in-B~10 T (Ref. 6 yielded (w¢,71)~10-15 and f,75)~7
volve charge-transfer salts of the ion BEDT-TTlis(ethyl-  (here w, is the cyclotron frequenceB/m;, and 7 is the
enedithigtetrathiofulvaleng and in particular the family relaxation time. Further results were subsequently obtained
a-(BEDT-TTF),MHg(SCN),, whereM =K, TI,NH,.5* The  for other BEDT-TTF charge-transfer salts! e.g., in the
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case of a-(BEDT-TTF),NH,Hg(SCN, at frequencies Il. EXPERIMENTAL DETAILS

v=45-65 GHz(i.e., much lower frgquenmes than those of Single crystals ofa-(BEDT-TTF),KHg(SCN), and its
Ref. 6, a resonance corresponding to a cyclotron mass. iuctural analo -(BEDT-TTF),TIHg(SCN), were pre-
m~my, and with @.7)~5 was observed. g 211G 4 P

However, the interpretation of these features in th epared using standard electrochemical mettf§doth salts

- . are known to be in similar metallic antiferromagnetic ground
millimeter-wave magnetoabsorption of BEDT-TTF salts asstates for magnetic fields less thai20 T at all of the sample
CR (Refs. 6—9 is not without problems. For instance, the 9 P

BEDT-TTF salts studied possess effective masses denvetg mperatures used in this stutsee Refs. 18-23 .and refer
. ences therein Furthermore, there is strong evidence that
from Shubnikov—-de Haas and de Haas—van Alphe - . . o
oth salts possess similar reorganized Fermi surfaces in this

: o . o
meas“{?;ﬂge_”ztf ZEWWhICh lie in the rangen” ~(1.4- low-temperature, low-field staf®??In the present study the
3.5)m, hereas the magneto-optical features inter- . . i

millimeter-wave response of the samples was measured at

; . 6-9Thic diffar.
preted as CR yield f:ycltztron Masseg™Mo. T.hls d|ffe_zr temperature§ =4.2 and 1.8 K in magnetic fields of up to 7
ence has been attribufed to electron-electron interactions, . o : ; -

T (i.e., always within the antiferromagnetic ph¥5é3.

with the mass deduced from CR being identified as the dy- One of the primary aims of this work was to make

namical massi.e., renormalized only by electron-phonon in- . :
magneto-optical measurements on single crystals of the

teraction$ and that derived from Shubnikov—de Haas and deBEDT—TTF salts with characteristic sizes<2x0.3 mn?

Haas—van Alphen measurements identified as the effective : . .
. . rather than on the mosaics of several crystals used in previ-
mass (i.e., renormalized by both electron-electron and

) ; ) . ous experiment$:®41® The most highly developed
electron-phonon interactionsFurthermore, typical Dingle millimeter-wave techniaue for studving small samoles in-
temperatures of the BEDT-TTF salts studf&d®?® imply 9 ying P

(0,7)~1 at »=100 GHz: the lines interpreted as CR in volves the use of rectangular or cylindrical resonant
Refs. 69 are therefore a facter?.5 narrower than ex- cavities'?*3 An obvious advantage of such an experiment is

) . he fixed geometry of the oscillating electromagnetic fields;
pected. However, differences between Dingle and CR scafh certain very simple cases the sample’s conductivity and/or

tering rates of thls. size are by no means W|thogt precedent IBermittivity tensors may be calculated from the response of
2D systemdthe Dingle temperature may contain the effectSye 5a4ed cavity?1® However, it will become obvious be-
of inhomogeneities, thereas CR is a "local” probe of the |,y that the most important requirement in the identification
Landau-level spacirfy®), and it might be arguédthat the  of the various magneto-optical features observed in BEDT-
relative narrowness of the CR lines could also result from therte sajts is the ability to make measurements over a wide
smaller value ofm, compared tan*. range of closely spaced frequencies; this rules out the use of

In subsequent studies af(BEDT-TTF),KHg(SCN),,'**"  the cavity perturbation technique. Quasioptical experiments
an additional broad feature with the attributes of Q2D CRbased on tunable sources such as backward-wave oscillators
was observed with an apparent cyclotron mags-2.8m,  (BWO’s) do possess almost continuous tunability over a
(i.e., larger than the values* ~ 1.4—2.0n, derived from the  wide frequency rang& however, such experiments require
most prominent series of Shubnikov—de Haas oscillationsather large(>5x5 mn?) transparent samples.
observed in this materid 23, and a relaxation time such Thus both of the well-established millimeter-wave spec-
that (w.7)~2. In the same studies, several very sharp magtroscopic techniques possesses disadvantages in the case of
netoabsorption features were also notA@~0.1 T) at fre-  small, metallic single-crystal BEDT-TTF salt samples. In-
quencies<120 GHz. These were attributed to ESR andstead an alternative nonresonant measurement based on tun-
AFMR rather than CR%!! because their positions did not able BWO'’s was designed, in which the millimeter-wave
depend on the magnetic-field orientation in the manner exradiation is detected by a miniature carbon bolometer of a
pected for Q2D CR; some were excited even when the magzomparable size to the BEDT-TTF salt single crystals. The
netic field was parallel to the conducting plafie&., no 2D  sample under study is fixed to the surface of the bolometer
guantization of orbital motion possibleSome of these nar- using a thin layer of heat-conducting Apiezon grease.
row lines®!lay close to the extrapolated low-frequency po- Millimeter-wave radiation with a frequency in the range 30—
sitions of the two apparent CR with,~my andm.~0.4m, 120 GHz is conveyed from a BWO into the cryostat using
reported in Ref. 6 for frequencies300 GHz. The assign- standard 8-mm rectangular waveguides and then focused
ment of these features as CR in Ref. 6 was thus called intonto the sample/bolometer combination using a beam con-
questiont®t! centrator(a focusing cone of rectangular cross sedgtidie

In order to try to reconcile the results of the variousloaded bolometer was mounted on a sapphire rod in good
magneto-optical experiments referred to above, we have cathermal contact with a bath of liquid helium. Steady tem-
ried out a careful study of the resonant magnetoabsorption gferatures for the sample and bolometer were ensured by us-
single crystals ot-(BEDT-TTF),MHg(SCN), (M =K,Tl) in ing a temperature sensor connected to an electronic stabili-
the frequency range<<150 GHz. Great care has been takenzation circuit which could be used to drive a small heater on
to distinguish between features due to ESR, AFMR, and CRthe rod. In addition, the sample could be maintained in
using various criteria such as characteristic linewidth and itvyacuum or helium exchange gas. The waveguide system was
temperature dependence and the variation of resonance poplaced in a 7-T vertical-axis superconductive magnet. Two
tion with magnetic-field orientation. The results show a sat-experimental geometries were used. In one case the Poynting
isfactory agreement with the early high-frequency stulies,vector of the millimeter waves and the applied magnetic field
and indicate several interesting features which seem to beere both perpendicular to the Q2D conducting planes of the
peculiar to organic molecular metals. samples. In the second case the magnetic field and the Poyn-



12796 S. V. DEMISHEV et al. 53

ting vector were also parallel, but tilted by an angleo the 12 . . , .
normal to the conducting plane of the sampfes.

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 E({3—(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 powér 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 coefficientI” (i.e., the losses in the waveguide are ! I ! I !
neglecte® 0 2 4 6

B (Tesla)

r2 63 GHz

P (arb. units)

P=Po(1-|T)), (1) _
FIG. 1. Magnetoabsorption at-(BEDT-TTF),TIHg(SCN), at
_ =63 GHz; Curve 1: empty measuring unit: Curve 2: measuring
= _ + 4
I'=(2u=2)l(Zu+ Zo), (13 unit loaded with sample. Curve 3: functidd,(B) showing the
whereZ, andZ, are the impedances of the waveguide andProad peak due to absorption by 2D carrigrs., curve 2—curve)l
the measuring unit, respectivel,, includes the impedances Curve 4: functionP,(B)/P,(B) showing magnetic resonances
of the bolometer and the cone and the sample impedénce (marked by arrow)s Curves 1 and 2 are in units 8(B)/P(0), fmd
We assume that the sample and the other impedances act'8§ femperature is 1.8 K. See Eq$)—~(3) and subsequent discus-
though they are in parallel, so that sion for definitions of the variouB functions.

-1_—5-1 -1
Zy =2y 2,7, 2 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,
Eqgs.(1)—(3) appear to reproduce the behavior of the appara-
Y%us when it is loaded with single-crystal samples of BEDT-
TTF salts, and form the basis of a qualitative understanding
(3a) of all of the data in this paper. Typical experimental results

whereZ, is the impedance of the empty measuring unit. In
the present apparatus it is known thatRe-Im Z,, so that
Z, can be considered to be real. Substitutiginto Eq. (1),
and retaining only the terms linear in the sample conductivit
(i.e.,inZ %), we obtain

P=P1+Pa, are shown in Fig. 1, which displays absorbed poRerersus
magnetic field fora-(BEDT-TTF),TIHg(SCN), at a constant
P1~Po(1—[Tq)), (B frequency. When the sample is inserted into the measuring
unit, an additional broad feature in the magnetoabsorption
Po~2P|To|f(Z./1Z0)ReZ.12Z,), (3c)  appearsicompare curves 1 and 2 in Fig) &n the smooth
background. Note that this background dependend# cor-
f(X)~(2+x)/(1—x3), X=Z.1Z,, (3d)  responds to the changing,(B) due to a variation ofZ,

caused by the magnetoresistance of the bolometer; it is prac-

wherePy is the incident powerP; is the power absorbed in tically linear inB. Furthermore, the functiorR(Z./Z,) and
the empty measuring uniti.e., with no sample and f(Z/Z,) are smooth and well behaved. Therefore,
To=(Zo—2Z.)/(Zy+Z;) is its reflection coefficient. The any nonmonotonic variation oP(B) (Fig. 1, curve 2 is
function P, gives additional absorption due to the sample,due to features irP,(B) associated with the insertion of
andf(Z./Z,) describes the change in absorption which takeghe organic metal samplgig. 1, curve 3. Simple calcula-
place when the sample is placed in the measuring unit. ~ tions show that the structure iP,(B) cannot be due

The exact form of the functiori(x) [Eqg. (3d)] can be to features in the dc magnetoresistance of the samples;
obtained only in very simplified modefd.In the present ex- for B<7 T both «-(BEDT-TTF),KHg(SCN, and
perimentsZ .<Z,, so that the insertion of the sample into the a-(BEDT-TTF),TIHg(SCN, possess a monotonically in-
measuring unit will lead to additional absorption becausecreasing magnetoresistance which has no sharp field-
f(Z./Z,)>0. In the interpretation of resonant features in thedependent features save very small Shubnikov—de Haas
magnetoabsorptioR(B), it is important thatf (x) is smooth  oscillations!®~22
over the range of conditions covered in the experiment, and Several narrower lines of smaller amplitude may be per-
that it increases monotonically with Several trial experi- ceived superimposed on the broad featureB.i(B) (see the
ments were carried out with test samples exhibiting well-arrows in Fig. 1. In order to better distinguish between
characterized resonant and nonresonant behavierg., broad and narrow featureB,(B) was coarsely smoothed to
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FIG. 3. The influence of temperature and sample tilt on the
IS 3 P,(B) function for a-(BEDT-TTF),KHg(SCN), at v=38 GHz. The

v ! ' ' 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 plaf®s0°). The po-

FIG. 2. The function®(B) (left-hand curvesandd P/dB (right sitiqns of the cyclotron resonances are marked by dashes, _and mag-
hand curves at various frequencies andT=1.8 K for netic re'_son_ance_s are marked by arrows. Curve 3 was obtained for a
a-(BEDT-TTP),TIHg(SCN),. The horizontal axis represents the magnetlp field tilted byd=44° from the normal to the sample 2D
magnetic field in units of the free-electron mdsse text Dashes ~conducting planes. The cyclotron resonance markers above curve 3
mark the cyclotron resonance lines and arrows mark magnetic resG'® obtained by extrapolating ttée=0° positions using Eq(4).
nances. Points of inflectiaisee textare indicated on the right-hand

curves using tilted lines. The numbers near the curves correspond to ] )
the frequency in GHz. The shapes of the curves in the left-hand part of Fig. 2

_ _ seem to indicate that the broad featurePifB) consists of a
yield P,(B), and then the ratid®,(B)/P,(B) was calcu- superposition of two wide maxima which become better re-
lated. An example of this procedure is shown as curve 4 irsolved in the regionw~100 GHz. In view of the sloping
Fig. 1; three sharp lines which have been labéle8, andA  background behavior dP,(B) (see Sec. )| the true posi-
can be distinguished. The relatively good signal-to-noise rations of the maxima are extracted as follows. First the ex-
tio of the equipment is demonstrated by the systematic deperimentalP(B) curves are smoothed to remove the narrow
tection of featureA, corresponding to some 0.3-0.4 % of magnetic resonances seen in Fig. 1, curve 4, and then their
P,(B), at several frequencies. derivativesdP/dB are calculated. Maxima in absorption

Following the discussions of linewidth in Sec. I, the broadthen correspond to the inflection points of the/dB curves.
features inP(B), which have amplitudes-10%, are tenta- The results of this procedure are shown on the right-hand
tively identified as CR-like excitations of the Q2D carrié?s. side of Fig. 2, with the positions of the maxima marked by
Similarly, the narrow lines with amplitudes2% are tenta- vertical dashes.
tively ascribed to magnetic resonarice., ESR and AFMR In the whole frequency range under investigation, two
The next sections describe the characteristics of the resonafgiatures aroundm,~0.5m; and m.~(1-1.5m, with
magnetoabsorption in more detail, and give additional argufrequency-dependent positions, are obserifgd. 2). In ad-

o
-
N -
w
o
-
N
w

ments which strongly support this interpretation. dition, for frequencies<60 GHz, a weaker resonance with
m.~2.8m, is seen(Fig. 2.
I1l. ABSORPTION OF MICROWAVE RADIATION Very similar features are observed in the millimeter-wave
BY FREE-CHARGE CARRIERS magnetoabsorption af-(BEDT-TTF),KHg(SCN),. Figure 3

shows that, once again, three broad maxima are observed, in
this case corresponding to cyclotron masses~0.8mg,

In the identification of the various resonances, it is in-m;~1.4m,, andm.~2.8m, (Fig. 3, curves 1 and)2Figure
structive to analyze the evolution of the shape of B{@&) 3 also shows the characteristic effects of temperature varia-
curves with millimeter-wave frequency. As an exampletion and tilting the magnetic field on these broad features.
of this, data froma-(BEDT-TTF),TIHg(SCN), atT=1.8 K  For a-(BEDT-TTF,KHg(SCN), at T=4.2 K, the most
are shown in Fig. 2, left-hand side; the-(BEDT-  prominent feature is the resonance with~1.4m,. Lower-
TTF),KHg(SCN), data were qualitatively very similar. In ing the temperature td=1.8 K leads to an increase in the
order to facilitate comparison, the(B) data in Fig. 2 are sharpness of this resonance. However, the most dramatic
plotted against a magnetic-field scale in the unitschanges on lowering the temperature are the substantial in-
eB/2rvm,; a cyclotron resonance representing a constantreases in amplitude of the resonances witi+0.8my and
cyclotron mass would therefore appear at a fixed positiom.~2.8m, (cf. curves 1 and 2 of Fig.)3The latter feature
corresponding to that mass in unitsrof. then has the largest relative amplitude of all of the magneto-

A. General features
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optical features, and its frequency dependence is similar to
that of the corresponding resonance with.~2.8m, in
a-(BEDT-TTF),TIHg(SCN),, which is observed as a broad 3f 1 -
maximum of theP(B) at »<53 GHz (Figs. 2 and 3 and % I i
becomes narrower at=58 GHz(Fig. 2). At higher frequen- HTHT
cies this feature moves outside the magnetic-field range OOy (
available in the present apparatus. z

If the external magnetic field is inclined at an angléo -
the normal to the Q2D conducting plane, all three of the 9 }f
broader resonances shift to higher magnetic fields, or, on the }% } %
renormalized field scale, to higher effective masdgg. 3, . % % % 2
curve 3. Within experimental error® the masses observed

followed the simple relationship 1 | ‘ }‘% }¥ %\ﬁ % }+} %_ 3

Me( 0)=Meo/cog 6) @ 0 | o | 20
v (GHz)
at all tilt angles. This behavior is characteristic of 2D Landau
guantization, dependent only on the normal component ofr_l_
magnetic field* In Fig. 3, the vertical dashes near curve 3
for 6=44° mark the calculated resonance positions derive

from Eq. (4) and the6=0 resonance fields. corresponding to the most prominent magnetoabsorption sk
The temperature and tilt angle dependences of the brogely 5 The curves are guides to the eye, and the error bars are

magnetoabsorption features in(BEDT-TTF),TIHJ(SCNy  derived from the width of the points of inflection @P/dB (see

and a-(BEDT-TTF),KHg(SCN), both strongly support their gig 2 A schematic representation of the experimental geometry is
identification as CR. The variation of the amplitude of theshown in the inset.

resonances with temperatu(gig. 3) probably reflects the
temperature dependence of the relaxation tirdue to the Equations(1)—(5) show thatP,~Reo(w,B). In conse-
thermal excitation of low-energy phonons. In contrast, thequence, it can be seen that CR in BEDT-TTF salts is rather
widths of the narrow features tentatively attributed to mag-more closely related to CR in semiconductor systems than to
netic resonance show little temperature dependence betwegnt in conventional metals; in semiconductors, the absorp-
1.8 and 4.2 K; magnetic dipole transitions such as ESR argon coefficient is also proportional to Re(w,B)} (see also
generally less strongly coupled to lattice vibrations than areéhe discussion in Ref. 6, where the same point was inferred
electric dipole transitions such as CR. from the qualitative behavior of the resonancd$e experi-
The physical picture of CR in charge-transfer salts ismental form of the functioiP(B) is in good agreement with
likely to be rather different from that in a conventional metal. this suggestioriFig. 1).
In the latter case, carriers move in an inhomogeneous oscil- |n such cases, the Drude-Lorentz model can be used to
lating electric fieldE.**** However, in contrast, the large derive the complex conductivity at angular frequereynd
skin depthdin organic metalsthe skin depth of the-phase  magnetic fieldB,?*
BEDT-TTF salts is estimated to b#&-20 um from conduc-
tivity data®® considerably larger than skin depths of conven- e’n i(o—wy)+1ir
tional metaly and the experimental geometry used in this (w,B)= m (0—wy)?+ (17?2
work (Sec. 1) imply that for each Q2D conducting plane ) .
E=const, and that no movement of carriers through an elec¥herew=eB/m, is the cyclotron frequency; is the relax-
tric field gradient takes place. Nevertheless, the magnitude d¥tion time, ance andn denote the charge and concentration
the electric field will decrease with increasing distance fromof the carriers, respectively. Consequently, asbecomes
the surfacesee Fig. 4, inset, which schematically represents®®, Reo(w»,B)—0, and soP,—0. Therefore, the addi-
the experimenta| geometry for CR in Organic m@ta's tional absorptlon.du.e to CR will Only be Iarge over a I|m|ted
In order to discuss this point further, let theaxis be  range of magnetic field, as observed experimentalée Fig.
parallel to the normal to the sample surfdte., perpendicu- 1, curves 1 and )2 In summary, all evidence presented thus
lar to the Q2D plangs assuming that increases into the far therefore strongly suggests that the broad magneto-
sample we can writ€(z) = E(0)exp(~ 2/ 8). As the electric  Optical features irP(B) (Figs. 1-3 are due to CR of free
field is constant in each Q2D conducting plane, the connecQ2D carriers in the charge-transfer salts.
tion between current density and electric field becomes local,
i.e., ] (z)=oE(2). Under these conditions the expression for B. Frequency-dependent cyclotron masses
the sample impedance becomes

FIG. 4. Experimental cyclotron masses fos-(BEDT-
F),TIHg(SCN, (black dot$ and a-(BEDT-TTF),KHg(SCN),

white dotg. The set of points labeled 1 represent the high-field
esonance, while 2 and 3 are the frequency-dependent branches

(6)

The frequency dependence of the cyclotron masses
derived from the positions of the broad features in
7 E(0) —(8) 5y P(B) for a-(BEDT-TTF),TIHg(SCN, and a-(BEDT-
7 foaj(z)dz 7 ' TTF),KHg(SCN), is shown in Fig. 4. In addition to the CR
with m,~2.8m, (Fig. 4, curve ], two branches with
whered is the sample thickness; in deriving the expressiorfrequency-dependenim.(w), corresponding to the main
for Z, we have taken into account the conditidgr 6. features of the absorptiofsee Fig. 2 are observedFig.
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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- [ X

nance with a frequency-independent cyclotron mass M
m.=(1.4-2.0)n,, i.e., identical to the effective mass de- I

rived from the most prominent series of Shubnikov—de Haas X

oscillations in a-(BEDT-TTF),TIHg(SCN), and a-(BEDT- X 10 s A
TTF),KHg(SCN),.28-2222However, it is known that descrip- ~ " — 105
tions within a Drude-Lorentz model of the experimental re- | | [
flectance spectra of highz superconductors and heavy & I I | 100
fermion systems require frequency-dependent carrier masses § — A 95
and relaxation time¥! This behavior is believed to result g IL s | A %
from strong Fermi-liquid effects. The data obtained in L | I |

this work for a-(BEDT-TTF),TIHg(SCN), and «-(BEDT- 0 M\/W 85
TTF),KHg(SCN), (Fig. 4) suggest that similar phenomena - }\ i | "

take place in BEDT-TTF charge-transfer salts. However, it .
should be noted that in contrast to the results reported in Ref. | S (A 73
34, evidence of frequency-dependent carrier mass in the '

present work follows from direct measurements of features M[L|\I\/Ix____§3
in o(w,B) (Figs. 1-3; i.e., the frequency-dependent masses (\-\'S |A 63

are calculated from the CR condition72=eB/m(w), Ls N

. - . _ A
and not just as fitting parameters in a description of the con- __\Ms
o A iN
ductivity. S 1A 53
The data in this work suggest that the generalized Drude- | I | | | |
Lorentz model[Eq. (7)] with frequency- and temperature- 0 1 2 3 4 5 6 7
dependent relaxation times and frequency-dependent effec- B (Tesla)

tive masses may be sufficient to describe the millimeter-
wave magnetoabsorption of BEDT-TTF charge-transfer FIG. 5. Magnetic resonances in(BEDT-TTF),TIHg(SCN), at
salts. The possibility of CR witm,=m(®) in organic met- T=1.8 K. The figures near the curves denote the frequency in GHz.
als has been previously sugges{éaﬁ but we believe that The n_otation for the resonances is consistent between Figs. 1-3 and
the present data form the first direct evidence for this effect>=7 i-€., the same resonances are marked by the same letters. The
The frequency dependence of the two lower cyclotronmagnet'c field is perpendicular to the sample Q2D planes.
mass branchedig. 4, curves 2 and)3corresponding to the ,
main broad magnetoabsorption pedkg. 2, has two inter- often consist of one or more small _Q2D pockets and also
esting trends. One might expect that in the limit:0 one of ~Magnetic breakdown orbits of a considerably Ia_rlgep?ce
the m(w) branches would tend to the effective mass deter@'€a with very small characteristic breakdown fiefti$? It _
mined from the Shubnikov—de Haas or de Haas—van Alphef$ therefore not unre.asonable to expect more than one CR in
effects. The quantum oscillations observed in the antiferroth® magnetoabsorption.
magnetic phases ofa-(BEDT-TTF),TIHg(SCN, and
a-(BEDT-TTF),KHg(SCN), are rather complex in form, and IV. MAGNETIC RESONANCES
the effective masses deduced vary somewhat depending on
the method of extractiorisee, e.g., Refs. 18—-20 and)22
however, the most prominent series of oscillations yields ef- In this section we shall consider the narrow lines of
fective masses in the range 1.4—8{ Inspection of Fig. 4 relatively small amplitude superimposed on the broad
reveals that the central bran¢burve 2 is indeed tending CR features(Fig. 1, curve 4. Typically, this class of
toward a value in this range as—0. In the opposite limit, resonances possesses half-widB at half-maximum of
w—, the two lower branches in Fig. 4 appear to be ap-AB/B~0.03-0.1, whereas for the CR'aAB/B~0.5-1
proaching the valuesn,~my and m.~0.4m, observed in (Figs. 1 and 2 According to the literaturé;* such narrow
the high-frequency studies of Ref. 6. This strongly suggesttines in the millimeter-wave magnetoabsorption of organic
that the assignment of the magneto-optical features reportetetals can arise from magnetic-resonance phenomena such
in Ref. 6 to CR is correct. as AFMR and ESR. Preliminary investigationse@{BEDT-
Finally, we must remark that the form of the Fermi TTF),KHg(SCN), reported in Ref. 10 appeared to show that
surface of the antiferromagnetic states of(BEDT-  up to ten such modes, some very weak, might be present,
TTF),TIHg(SCN), and a-(BEDT-TTF),KHg(SCN), remains  depending on the frequency and the sample orientation in
somewhat controversiglsee, e.g., Refs. 18—23It would  the field. In the present publication we shall restrict our-
therefore be premature to attempt to assign the observed Cfelves to describing the stronger lines which can be unam-
to particular Fermi-surface pockets. Similarly, in the absencéiguously detected at all frequencies when the magnetic field
of a reliable Fermi-surface model, one cannot comment oiis applied perpendicular to the sample Q2D planes.
the possibility that Q1D CR® caused by open sections of ~ Figures 5 and 6 show examples B§(B)/P,(B) (see
Fermi surface, might give rise to one of the resonanceSec. 1) for a-(BEDT-TTF),TIHg(SCN), and a-(BEDT-
observed® However, the Fermi-surface models proposed toT TF),KHg(SCN),. In addition to the modes which possess a
explain the magnetotransport and de Haas—van Alphen datasonant frequency increasing with magnetic fidides A

A. General features
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FIG. 6. Magnetic resonances in(BEDT-TTF),KHg(SCN), at FIG. 7. Positions of the different resonant modes as a function

T=4.2 K. The figures near the curves denote the frequency in GH2f magnetic field(field applied perpendicular to the sample Q2D
The notation for the resonances is consistent between Figs. 1—3 aidfnes. Black dots show data fag-(BEDT-TTF),TIHg(SCN),, the
5-7, i.e., the same resonances are marked by the same letters. TM@ite dots data for-(BEDT-TTF),KHg(SCN),.

magnetic field is perpendicular to the sample Q2D planes.

tively, many of the data resemble the AFMR lines expected
andN), there is a modéline L) which has a frequency that when an external magnetic field is applied parallel to the
decreasesvith increasing magnetic field. The shape of llne easy axis of a uniaxial antiferromagretr this type of
is rather asymmetri¢Figs. 5 and § eventually acquiring a magnetic ordefwith the easy axis perpendicular to the Q2D
characteristic triangular form at higher frequencies. A furthemplanes has been proposed to explain the low-temperature
resonance(line S) with a complex shape is observed in magnetic susceptibility of)z-(BEDT-TTF)ZKHg(SCN)4.39 In
P,(B)/P,(B) close to the expected ESR position atthis interpretation, the characteristic frequenay=2my, at
g~2.01° Finally, in the frequency range=110 GHz, extra B=0 is the AFMR frequency. The application of finite mag-
lines (L’ and X) were found in the magnetoabsorption of netic field causes the main AFMR mode to split into two
a-(BEDT-TTH),TIHg(SCN), (Fig. 5). As will be seen below, componentsp, andw_ , differing in the direction of preces-
linesA,L,L',N, andX appear to have a common origin, and sion of their magnetization vectors. The frequeagyis ex-
so are discussed together in Sec. IV B. The form of e pected to increase with magnetic field, whereas should
somewhat different from the other modes, and so it will bedecrease. In the experimental dékg. 7), linesL’ andL
dealt with separately in Sec. IV C. thus appear to correspond to the AFMR modegsand w_,
respectively. This identification is supported by the similarity
of the shapes of lines andL’, both of which are “triangu-
lar” in appearanceéFig. 5. At some higher applied magnetic

The frequencies and magnetic fields of theL, L', N, field, the antiferromagnet will undergo a spin flop-38at
and X modes ina-(BEDT-TTF),MHg(SCN, (M=K, TlI)  which point the frequency of the_ mode should go to zero.
are shown in Fig. 7. Note that the positions of likeA, and  Inspection of Fig. 7 suggests that the spin flop corresponds to
N are not, within experimental error, affected by the changeB.. At fields above the spin flop, a further modg should
of the componenM from K to TI. This lack of variation is be observed, with a frequency which increases with increas-
possible evidence of the similarity of the antiferromagneticing applied field and which extrapolates to zero at the spin
ground states af-(BEDT-TTF),TIHg(SCN), anda-(BEDT-  flop field*~*¥From Fig. 7 we conclude that th¢ line prob-
TTF),KHg(SCN),. ably corresponds to the; mode.

The frequencies{B) of modesA, L, N, X, andL’ Thus an analysis of the experimental déays. 5—7 sug-
cannot be extrapolated to the valug{B—0)=0. Figure 7  gests that many of the small, sharp features in the experimen-
shows that mode& andN extrapolate back to finite thresh- tal magnetoabsorption spectra are caused by AFMR. Such
old fields as the frequency tends to zero. Moreover, line good qualitative agreement is perhaps surprising, given the
appears to originate from the same threshold fiBjdas fact that the magnetic order im-(BEDT-TTF),TIHg(SCN),
mode N at zero frequency(Fig. 7), strongly suggesting and a-(BEDT-TTF),KHg(SCN), is thought to be due to
that moded. andN are related. At higher frequencies, it is spin-density-wave formatiotf>® whereas the theoretical
evident that moded. and L’ extrapolate to a similar treatment of AFMR is derived for a two-sublattice
frequencyr,~110 GHz in the limitB— 0 (Fig. 7). Together, antiferromagnéf—># (see, however, Refs. 2 and 3, in which
these features indicate a common mechanism for linds,  similar treatments are also applied successfully to spin-
andN. density-wave systemsFurthermore, even in the framework

The behavior of some of the features of Fig. 7 can beof the two-sublattice model, the identification of the resonant
interpreted using existing models of AFMR:*6~*®Qualita-  modes and hence the interpretation of the experimental data

B. Possible antiferromagnetic resonance
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depend strongly on the type of magnetic anisotropy. In gen- g-factor
eral, the magnetic anisotropy may be intermediate between 25 20 1.5
pure cases of uniaxial and easy-plafehence the corre- I |
sponding mode structure may be different from the simple s7mm o) BRI,
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 and X (Fig. 7) poses problems for the uniaxial
interpretation, as modes with such behavior do not exist in
such a schem® 38 The easy-plane ca%&3*~38is even less
helpful in this respect, as it cannot explany of the lines
observed in the experimental data. In particular the easy-
plane scheme predicts the appearance of a major branch
originating from the pointw=0, B=0. Such a mode is not .
observed in the data.

In summary, many of the lines observed in the mag- B
netoabsorption spectra possess the attributes of AFMR.
However, a full interpretation of the apparent AFMR T T
behavior of a-(BEDT-TTF),TIHg(SCN), and «-(BEDT- 8 10 12 14
TTF),KHg(SCN), may require the development of models Ba (T mm)
which take into account the band nature of the antiferromag-
netic order in these materials. Such a model is beyond the FIG. 8. Resonant absorption of millimeter wave radiation close

3.8 mm

78 GHz . (BEDT-TTF) TIHg(SCN),

3.3 mm N
90 GHz

S5

N

/'\_’__

Absorbed power

15

scope of the present paper. to the predicted position of ESRT=1.8 K). The upper curve
shows data forw-(BEDT-TTF),KHg(SCN),, and the other curves
C. Electron-spin resonance data fora-(BEDT-TTF),TIHg(SCN),. To aid comparison, all data

are plotted against reduced magnetic field. The figures near the

y We now consider the structure of the magnetic resonancg,es correspond to the wavelenatand frequency:. The dashed
(line S) close to the predicted position of ESRig. 5. ESR  iye is a guide to the eye, and represents schematically the magne-

in a-(BEDT-TTF),KHg(SCN), has been analyzed in detail 5aps0rption in the absence of the resonant transparency eféect
using traditional resonant cavity techniqige reveal that eyt for details.

g=~2.01, and that the resonance is anomalously narrow at

helium temperatures, withB~3x107° T. the linesis conduction-electron ESRthe nature of the other

In the present experiments, the external magnetic fielgine remains obscure, as does the reason for the larger than
and the high-frequency magnetic field were mutually perpenexpected width of both featurdsf. Ref. 5.
dicular (SeC. |D Thus the selection rules for ESR were ful- |nstead, we Suggest that |i®represents the Superposi-
filled, and so the appearance of an absorption ar@m@  tjon of a broad maximum and a narrow dip. The position of
was expected. In FIgS 5 and 6, the vertical lines close to thﬂ]e dip corresponds within the experimental errorgte2
S labels correspond to the calculated position of ESR withFig. 8). In the theory of “conventional” metals, such struc-
g=2. The data in Figs. 5 and 6 appear to indicate that, in th@yres are interpreted as the result of resonant transparency in
regiong~2, the width of the absorption line is much wider thin metallic fims undergoing ESf. In this model, the
than that derived from ESR eXperimentS carried out USing Hroad maximum Corresponds to ESR of conduction elec-
resonant cavity technigieMoreover, in this region, a com- trons, and the narrow dip is caused by resonant transparency
plex structure consisting of several close maxima arises igue to the relatively slow damping of magnetic momentum
certain frequency rangeéFig. 5. Note that a similarly jnside the film*® The behavior predicted by the theory is in
broadened ESR line was observed in Ref. 4; in that case ﬂ"@bod qualitative agreement with the form of the data in Fig.
organic conductor in question was very different from theg However, it is necessary to remark that in Ref. 40 the main
BEDT-TTF salts, but the experimental configuration wasreason for the slow damping is assumed to be the diffusion
very similar to that used in the present work. of electrons in the direction perpendicular to the metal sur-

The typical shape of the resonant magnetoabsorption iface. This type of motion is obviously more difficult in a
the vicinity of g=2 is shown in Fig. 8 on an enlarged field Q2D organic metal than in the conventional case. However,
scale. To assist in the comparison of the data, the field axis ighe carriers do possess dispersion in the interplane direction
in units of BA, where\ is the wavelength of the radiation; (indeed, the magnetoresistance of BEDT-TTF salts can be

hence features corresponding to a constafiactor should  measured with the current flowing in this directidn so that
occur at the same horizontal position. Figure 8 shows that thghe proposed mechanism is not unreasonable.

single ESR peak is absent, and in the region closg=+@

(g=2 is denoted by the vertical solid line characteristic V. CONCLUSION

“double-peaked” structure is observed. In the first accounts

of this observatiorf’ the complex line shape was interpreted  This paper has described a study of the magneto-
as a superposition of the two close lines, one of which wasbsorption of millimeter-wave radiation in the organic
assumed to be due to ESR of conduction electrons. Howevemetals «-(BEDT-TTF),TIHg(SCN, and «-(BEDT-
neither of the two peaks occurs in the position expected fronT TF),KHg(SCN), over the frequency range 30—-120 GHz.
the g factor determined in ESR experiment&ven if the  The experimental magnetoabsorption data appear to display
interpretation of Ref. 10 is assumed to be vdlié., one of two distinct classes of spectral line. The largest features
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(~10% of the signalare interpreted as the cyclotron reso- transparency of the type observed in thin metallic films.
nance of free 2D carriers. These resonances are characterizedThe experimental data raise a number of questions. For
by broad linewidths AB/B~0.5-1), and seem to be ad- example, the physical mechanisms that lead to frequency-
equately described by the generalized Drude-Lorentz modetlependent cyclotron masses are unclear, and the antiferro-
The observation of three features suggests the possible presagnetic resonance model used to account for some of the
ence of three groups of 2D charge carriers. Furthermore, atarrow lines in the data certainly requires modification to be
least two of the corresponding cyclotron massesapplicable to an antiferromagnet with a spin-density-wave
[m.~(0.5-0.8my, m,~(1-1.5m,, and m.~2.8m,] are  ground state. Finally, a detailed identification of the three
frequency dependent, indicating the importance of manyeyclotron resonance features must await a reliable model for
body effects. At higher frequencies, two of the cyclotronthe Fermi surfaces ofa-(BEDT-TTF),TIHg(SCN), and
masses tend toward the values observed in the far-infrareg-(BEDT-TTF),KHg(SCN), in their antiferromagnetic
(i.e., submillimeter wavelengttexperiments of Ref. 6. ground states.
The second type of resonance in the magnetoabsorption
spectra appears as a series of narrow lines with fractional
linewidths AB/B~0.03—0.1 and amplitudes 5-10 times
smaller than those of the features interpreted as cyclotron This work was supported by INTAS programmes INTAS
resonance. The experimental data suggest that the collecti®38-2400 and INTAS 94-1788, and by EPSRUIK) and the
of narrow lines results from the superposition of various an-Royal Society(UK). Some aspects were also supported by
tiferromagnetic resonance modes and the electron-spin restite  Programmes of the Russian Ministry of Science
nance of conduction electrons. The presence of antiferromag¥ullerenes and atomic clusters” and “Microwaves.” M.V.
netic resonance is suggested by the observation of a line witk. and A.E.K. acknowledge the partial financial support
a frequency which decreases with increasing magnetic fieldrom the International Science Foundation, Grant No.
The absorption interpreted as conduction-electron-spin resdRES300. The authors are very grateful to D. Shoenberg, B.
nance consists of the superposition of a narrow dip on &. Volkov, L. A. Falkovskii, S. A. Sharov, and A. A. Volkov
relatively broad maximum, possibly caused by resonanfor invaluable discussions.
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