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New Kind of Magneto-Optical Resonance Observed in the Organic Metal
a-(BEDT-TTF),KHg(SCN)4
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We experimentally demonstrate a mechanism for a new kind of magnetic resonance, the Fermi-
surface traversal resonance (FTR). This is caused by the periodic traversal of carriers across quasi-
one-dimensional (Q1D) sections of Fermi surface (FS) in an external magnetic field. Owing to the
warping of the Q1D Fermi sheets, the real space velocities of the carriers oscillate as they cross the
FS, generating resonances in the high frequency conductivity of the material. The results contain
information about the FS, including the direction and harmonic content of the warping components.
Using a rotating resonant-cavity system, FTRs have been observed(BEDT-TTF),KHg(SCN),.
[S0031-9007(98)06593-4]

PACS numbers: 76.40.+b, 72.15.Gd, 74.70.Kn, 78.20.Ls

The Fermi-surface topologies of metals have been stud-S follows a path defined by the intersection of the plane
ied for many years [1] using techniques such as the dperpendicular tdB with the FS. Thus the particle’s real
Haas—van Alphen (dHvA) and Shubnikov—de Haas efspace velocity may evolve with time in different ways de-
fects (SdH) [2], and more recently, angle dependent mageending on the orientation d8 with respect to the FS.
netoresistance oscillations (AMRO) [3]. However, muchUsing the Boltzmann transport equation, the evolution of
information can also be gained from high magnetic fieldthe particle’s velocity can be related to its contribution to
measurements of the high frequency properties. For exhe conductivity of the metal [3,7].
ample, cyclotron resonance (CR) appears as a modula- Figure 1 shows two possible paths followed by a charged
tion of the conductivity o (w), at the cyclotron frequency, particle across a section of a simple Q1D FS in the
w.. Interest in the measurement of CR has been stimupresence of a magnetic fiel8, lying in the plane of the
lated by the desire to compare the carrier mass measurstieet. In (a), wher® is parallel to the warping axis,
in CR experiments (the dynamical mass, renormalized byhe particle follows a path parallel to the corrugations. Its
electron-phonon interactions) with the “bare” band masseal space velocity is well correlated with the velocity at
(obtained from band-structure calculations and includingan earlier time; this kind of trajectory contributes to the dc
no interaction renormalizations) and the effective masgonductivity, and there is a peak in the angle-dependent
obtained from SdH and dHVA oscillations (which is renor- magnetoconductivity for this magnetic field orientation
malized by both electron-phonon and electron-electron inf3,7]. In (b), the trajectory crosses the peaks and troughs
teractions) [4]. of the FS sheet and the component of the velocity parallel

Traditional CR arises only from closed orbits. The roleto the sheet oscillates. An oscillatory component like this
played by open orbits in the high frequency propertiesdoes not contribute to the dc conductivity, but it contributes
has been considered by several groups and a range of
effects has been suggested [5-7]. In this paper we
describe a mechanism responsible for resonances arising
from the traversal of charge carriers across Q1D sections
of Fermi surface (FS), Fermi-surface traversal resonances
(FTR), and the first conclusive measurement of these
resonances in the millimeter-wave conductivity of the
organic molecular metaly-(BEDT-TTF),KHg(SCN);.

When a magnetic fiel® is applied to a metal, a car- warping axis

rier of chargeq, velocit and wave vectok experi-
th Lg q,t f yl?(,,— < B). Th Ip it FIG. 1. The path taken by a carrier across a warped Q1D
ences the Lorentz forcétk = g(v )- € VeloCIly,  permi surface when (aB is parallel to the warping axis and

v(k) = 7'V E (k), is by definition perpendicular to the (b) B is at an angle to the warping axis. The small arrows
surfaces of constant energy. Therefore a carrier on thiadicate the real space velocity.
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resonantly to the ac conductivity at the frequency of itsthe single crystals are very small and the carrier den-
oscillation [7]. This is the origin of the FTR. sities are rather high. To address these difficulties, we
The frequencywip, of the oscillatory component of  have designed a very sensitive system for measuring the
is proportional to sigy, where ¢ is the angleB makes angle-dependent magnetoconductivity of organic molecu-
with the warping axis. In our experiments, the magnetidar metals at around 70 GHz using a rectangular resonant
field is swept while the conductivity is measured at acavity. While cylindrical cavities are simpler to manufac-
known fixed frequencyw,. Sincek is proportional to ture, the rectangular geometry has important advantages in
B, the magnetic field at which resonance occuts, is the measurement of organic molecular metals. The reso-
given by nant modes of a rectangular cavity are separated by large
wo ] intervals in frequency space [10]; the number of cylindri-
B, A sings, (1) cal modes is much larger and their relative frequencies are
whereA is a constant of proportionality. This character- Strongly dependent on the exact proportions of the cavity.
The presence of a metallic sample can lead to mixing of

istic behavior enables the resonances to be identified. o i
In real systems the warping will be more complicated.the cylindrical modes, qnd hence uncertainties about the
sample’s electromagnetic environment [10].

We can define a general Q1D FS sheet in an orthorhomb o ) :
The cavity is of dimensioné X 3 X 1.5 mm, resonat-

crystal ga(l;tzl)ce:p;:ar(rr:tlerf Z ;’:mdc), given by ing in the TR, mode with a quality factor of 1500 when
AT F empty and about 1000 with a sample present. The high
frequency field distribution in the cavity is very well de-
fined, and the sample is placed in an antinode of the os-
cillatory magnetic fieldd, such thatH lies parallel to the
conducting planes of the sample. The induced currents
As the particle crosses this FS, each nonzgroyenerates f[hen have a Component_in thg dirgction of low conductiv-
’ ity. The skin depth in this regime is rather larger than the

f;]ne (r)ggﬂllzgoryF'(I:'ORrgriJr??r?gthimhtPrZ \:Je;ﬁg'tyéon%%&?\ztervc')nngesample dimensions and the millimeter-wave field pene-
9 9 d Y Y, irates the sample completely. The currents induced in the

IS measuring the'Fourler components of th? Q1D FS shee ample dissipate power from the cavity’s millimeter-wave
For a nonsinusoidally warped FS, there will be resonance - tor small changes, the change in the cavity’s qual-

ha|r3r;102:10;633u\?vli%sg?é:egem{t%n of the carrier mass ity facto_r .is proportiona_l to the change |n the ;ample’s
measured in CRyix, given by @, — gB/mig, which ponductmty [11,12]. _Smpe jthe .conduct|V|ty anisotropy
is a measure of hc()j\llev, rapidly a cairrier travéers’es a closeff, oV large, power d|SS|pqt|on |s_almost entirely dug to
FS orbit, we can define a Q1D “massji’y, which I tgrplgne currents, and it is the interplane conductivity
is a mer;lsure of how rapidly a carrier crt)Ds’ses a Ql[yvhICh is probed by the measurement [11,12].

; ; . . To measure the angle-dependent high frequency con-
corrugation or, equivalently, hO_W rapidly It crosses theductivity, the sample must be rotated with respect to the
{?;]rllloum zone.. Then, for a carrier traversing parallel to steady magnetic field. However, it is important that the

€ warping axis, high frequency field rotates with the sample; if the sample

- Ztmn COiRmn : k|| + Qomn)a (2)

m,n
where R,,, = (0,mb, nc) are real space vectors which
define the corrugations angd,,, are phase factors [3,5].

wp = q*B , (3) moves with respect to the high frequency field, the nature
. mip of the measurement is completely changed. Thus the cav-
or,mip = q/A. ity must rotate with the sample through the steady mag-

Note that the resonances described here are differenktic field; this is possible in our system, in contrast to
from the Q1D CRs predicted by Gor'’kov and Lebed’ [6], earlier resonant measurements [11,12].
which occur as a charge carrier moves in and out of the We note that most of the nonresonant measurements
skin depth at the metal’s surface (cf. the Azbel Kaner CRnade on organic molecular metals have used arrays of
geometry [8]). The effect described here is an artifact otrystals in an attempt to improve the inherently poor
the bulk conductivity of the metal. sensitivity [13,14]. The features reported in the present

The dc and low frequency properties of the organicpaper are very angle dependent, and it would probably
molecular metalkv-(BEDT-TTF),KHg(SCN); have been be impossible to align an array sufficiently accurately
extensively studied. Below about 8 K, the material's FSfor FTRs to be observable, even if the sensitivity of the
is thought to contain very warped Q1D Fermi sheetdechnique used in Refs. [13,14] were high enough.
caused by a spin-density-wave induced reconstruction [9]. In our experiment, the external magnetic fieR, did
Since very high quality single crystals of this material arenot in general lie in the plane of the Q1D Fermi sheets,
available, it was chosen as a suitable candidate in whichut instead the plane of rotation & made an angleb
to look for FTRs. with the plane of the Q1D sheets (see inset to Fig. 2).

The high frequency (i.e. =10 GHz) properties of or- The angle whichB makes with the samplg}, and the
ganic molecular metals have proved difficult to measureangle of rotation of the component & in the plane of
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this experiment, the reciprocal field range accessible was

= ° % oo therefore from 0.07 to 0.5 T!.

| 04 e ol The transmission of the cavity containing the sample
1.08 ~o3 %2 ° 1 was measured as a function of magnetic figdd,for a

Q y range of cavity angles?, and for two azimuthal angles,

— ¢ = 20° and40°, corresponding to rotation of the sample

inside the cavity. Figure 2 shows the transmission of the
cavity versusB for several values of with —10° < 6 <

25°. A fall in the cavity transmission corresponds to an
increase in the sample’s conductivity. The temperature is
1.4 K and the measurement frequency is 70.7 GHz.

The background absorption can be seen at 2 T. This
feature is present in the absence of a sample; it is
independent of cavity orientation and temperature. At
25T, a very sharp absorption can be seen. This is
spin resonance of the charge carriers, corresponding to
a g factor very close to 2. The field resolution of the
apparatus is insufficient to study this absorption in detalil,
and its size is dependent on the rate at which the magnetic
field is swept. At high fields, oscillations appear which
are periodic inl/B. These are the SdH oscillations in the
high frequency magnetoconductivity [11,12].

At intermediate fields, two resonances are apparent.
Their positions are strongly dependent on the cavity angle.
One moves up iB and the other moves down @sis
varied; they cross each other whér= 10°. The inset in

1.06

1.04

Normalized cavity transmission

0.96

0.94r N Fig. 2 shows the positions of the resonances in reciprocal
NS75 magnetic field as a function of. It is immediately
&= apparent that their positions follow the form expected for
0o 2 4 6 8 10 12 14 the new Q1D resonances described earlier [see Eq. (1)],
Magnetic field (T) with each of the two “arches” corresponding to a warping

component in the Q1D Fermi sheet.
FIG. 2. Cavity transmission as a function of magnetic field In Fig. 3 the same resonances are plotted in terms of
for a range of angles). The temperature is 1.4 K¢ is 20°.  the in-plane coordinates3; and ¢, together with the

The .”acesf "ﬂe offset for clarity. . The ”pF]’(erhi”fet shows thgespnances observed at the second azimuthal angle. The
pOSItlonS of the resonances as a functior® of The lower inset solid lines are fits to the equation

shows the angleg, ¢, 6, and ¢.
1

A .
3 o sin(yr + i), (6)
the Q1D sheety, are related by I 0

with A and ¢, as free parameters. In this modification

tang = tané cos¢ ) of Eq. (1), corresponds to the direction of the warping
and the magnitude of the in-plane componenBa6 component generating the resonance.
_ . Table | contains the values df and, obtained from
B) = B\/S'n20C°§¢ + cos 6. ) the fits of Eq. (6) in Fig. 3. There is good agreement

Using these relations, we can transform our measuremebetween the values obtained from each of the azimuthal
coordinates,B and 6, into the in-plane coordinate®};  angles,$. These results imply that there are two warping
andy. The results can then be more easily interpreted itomponents in the Q1D Fermi sheet, with axe$4t® =
terms of the theory presented above. 3°and26° = 1°to the crystab direction (the direction of
The range of reciprocal magnetic field space in whichow conductivity). The values ofi}p, defined in Eq. (3),
magnetic resonances are observable is limited at the loware0.63 = 0.05 and0.86 = 0.01, respectively, in units of
end by the maximum magnetic field available, 15 T, andn,, the free electron mass.
at the upper end by the conditionT > 1, where w is SdH and dHVA experiments indicate that the FS also
the frequency and is the scattering time. In addition, contains quasi-two-dimensional (Q2D) sections [9]. It
our experimental apparatus had a background absorptias interesting to note that no cyclotron resonances were
at a magnetic field of 2 T, which tended to obscureobserved arising from the Q2D sections, for whiafi;
features due to the sample in this region of field. Inwould be expected to vary d¢ cosf. This is probably

715



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

0.6 TABLE |I. Parameters obtained from the fits of Eq. (6) in
i Fig. 3.
0.5 ] b — 20° b — 40°
i Warping
0.4 . component  A/wq b Alwg o mip/me.
J One 0.51 141 0.58 146 0.73 £ 0.05
0.3 | Two 0.46 23 0.46 27  0.86 = 0.01
02 1
I\'”Z ] a-(BEDT—'I_’TF)zKHg(SCNM can be explained by careful
— 01 consideration of the material's FS topology, rather than
M 0.6 by exotic mechanisms.
~ _ In summary, we have presented a new mechanism
T 05k | generating resonances (Fermi surface traversal resonances
| or FTR) in the bulk high frequency conductivity of
04 | metals containing open Fermi surface orbits. We have
) demonstrated that resonances arising from this mechanism
1 are observable and that they contain a great deal of
0.3 information about the sections of Fermi surface from
1 which they arise. Q1D Fermi surfaces are present in many
0.2 1 metals of reduced dimensionality which exhibit strong

1 conductivity anisotropies. We believe that this technique

1 ) L . could be a very powerful tool for FS studies, and hope
-135 -90 -45 0 45 90 135 that others are stimulated to investigate its potential.
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