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We experimentally demonstrate a mechanism for a new kind of magnetic resonance, the F
surface traversal resonance (FTR). This is caused by the periodic traversal of carriers across
one-dimensional (Q1D) sections of Fermi surface (FS) in an external magnetic field. Owing to
warping of the Q1D Fermi sheets, the real space velocities of the carriers oscillate as they cro
FS, generating resonances in the high frequency conductivity of the material. The results co
information about the FS, including the direction and harmonic content of the warping compon
Using a rotating resonant-cavity system, FTRs have been observed ina-sBEDT-TTFd2KHgsSCNd4.
[S0031-9007(98)06593-4]

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

of
o

ed
e

ts
t
c

ent
n
hs

llel
is
s

1D

s

The Fermi-surface topologies of metals have been stu
ied for many years [1] using techniques such as the
Haas–van Alphen (dHvA) and Shubnikov–de Haas e
fects (SdH) [2], and more recently, angle dependent ma
netoresistance oscillations (AMRO) [3]. However, muc
information can also be gained from high magnetic fie
measurements of the high frequency properties. For e
ample, cyclotron resonance (CR) appears as a modu
tion of the conductivity,ssvd, at the cyclotron frequency,
vc. Interest in the measurement of CR has been stim
lated by the desire to compare the carrier mass measu
in CR experiments (the dynamical mass, renormalized
electron-phonon interactions) with the “bare” band ma
(obtained from band-structure calculations and includin
no interaction renormalizations) and the effective ma
obtained from SdH and dHvA oscillations (which is renor
malized by both electron-phonon and electron-electron i
teractions) [4].

Traditional CR arises only from closed orbits. The rol
played by open orbits in the high frequency propertie
has been considered by several groups and a range
effects has been suggested [5–7]. In this paper w
describe a mechanism responsible for resonances aris
from the traversal of charge carriers across Q1D sectio
of Fermi surface (FS), Fermi-surface traversal resonanc
(FTR), and the first conclusive measurement of the
resonances in the millimeter-wave conductivity of th
organic molecular metal,a-sBEDT-TTFd2KHgsSCNd4.

When a magnetic fieldB is applied to a metal, a car-
rier of chargeq, velocity v , and wave vectork experi-
ences the Lorentz force,̄h Ùk ­ qsv 3 Bd. The velocity,
vskd ­ h̄21=kE skd, is by definition perpendicular to the
surfaces of constant energy. Therefore a carrier on t
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FS follows a path defined by the intersection of the pla
perpendicular toB with the FS. Thus the particle’s rea
space velocity may evolve with time in different ways de
pending on the orientation ofB with respect to the FS.
Using the Boltzmann transport equation, the evolution
the particle’s velocity can be related to its contribution t
the conductivity of the metal [3,7].

Figure 1 shows two possible paths followed by a charg
particle across a section of a simple Q1D FS in th
presence of a magnetic field,B, lying in the plane of the
sheet. In (a), whereB is parallel to the warping axis,
the particle follows a path parallel to the corrugations. I
real space velocity is well correlated with the velocity a
an earlier time; this kind of trajectory contributes to the d
conductivity, and there is a peak in the angle-depend
magnetoconductivity for this magnetic field orientatio
[3,7]. In (b), the trajectory crosses the peaks and troug
of the FS sheet and the component of the velocity para
to the sheet oscillates. An oscillatory component like th
does not contribute to the dc conductivity, but it contribute

FIG. 1. The path taken by a carrier across a warped Q
Fermi surface when (a)B is parallel to the warping axis and
(b) B is at an angle to the warping axis. The small arrow
indicate the real space velocity.
© 1998 The American Physical Society 713
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resonantly to the ac conductivity at the frequency of i
oscillation [7]. This is the origin of the FTR.

The frequency,v1D , of the oscillatory component ofv
is proportional to sinc , wherec is the angleB makes
with the warping axis. In our experiments, the magnet
field is swept while the conductivity is measured at
known fixed frequency,v0. Since Ùk is proportional to
B, the magnetic field at which resonance occurs,Br , is
given by

v0

Br
­ A sinc , (1)

whereA is a constant of proportionality. This character
istic behavior enables the resonances to be identified.

In real systems the warping will be more complicated
We can define a general Q1D FS sheet in an orthorhom
crystal (lattice parametersa, b, andc), given by

E skd ­ h̄yFsjkx j 2 kFd

2
X
m,n

tmn cossRmn ? kk 1 wmnd , (2)

where Rmn ­ s0, mb, ncd are real space vectors which
define the corrugations andwmn are phase factors [3,5].
As the particle crosses this FS, each nonzerotmn generates
an oscillatory component in the velocity. By observin
the resulting FTRs in the high frequency conductivity, on
is measuring the Fourier components of the Q1D FS she
For a nonsinusoidally warped FS, there will be resonan
harmonics, equally spaced inv0yB.

By analogy with the definition of the carrier mass
measured in CR,mp

CR, given by vc ­ qBymp
CR, which

is a measure of how rapidly a carrier traverses a clos
FS orbit, we can define a Q1D “mass,”mp

1D , which
is a measure of how rapidly a carrier crosses a Q1
corrugation or, equivalently, how rapidly it crosses th
Brillouin zone. Then, for a carrier traversing parallel to
the warping axis,

v1D ­
qB

mp
1D

, (3)

or, mp
1D ­ qyA.

Note that the resonances described here are differ
from the Q1D CRs predicted by Gor’kov and Lebed’ [6]
which occur as a charge carrier moves in and out of t
skin depth at the metal’s surface (cf. the Azbel Kaner C
geometry [8]). The effect described here is an artifact
the bulk conductivity of the metal.

The dc and low frequency properties of the organ
molecular metala-sBEDT-TTFd2KHgsSCNd4 have been
extensively studied. Below about 8 K, the material’s F
is thought to contain very warped Q1D Fermi shee
caused by a spin-density-wave induced reconstruction [
Since very high quality single crystals of this material ar
available, it was chosen as a suitable candidate in wh
to look for FTRs.

The high frequency (i.e.,$10 GHz) properties of or-
ganic molecular metals have proved difficult to measur
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the single crystals are very small and the carrier den
sities are rather high. To address these difficulties, w
have designed a very sensitive system for measuring t
angle-dependent magnetoconductivity of organic molecu
lar metals at around 70 GHz using a rectangular resona
cavity. While cylindrical cavities are simpler to manufac-
ture, the rectangular geometry has important advantages
the measurement of organic molecular metals. The res
nant modes of a rectangular cavity are separated by lar
intervals in frequency space [10]; the number of cylindri-
cal modes is much larger and their relative frequencies a
strongly dependent on the exact proportions of the cavity
The presence of a metallic sample can lead to mixing o
the cylindrical modes, and hence uncertainties about th
sample’s electromagnetic environment [10].

The cavity is of dimensions6 3 3 3 1.5 mm, resonat-
ing in the TE102 mode with a quality factor of 1500 when
empty and about 1000 with a sample present. The hig
frequency field distribution in the cavity is very well de-
fined, and the sample is placed in an antinode of the o
cillatory magnetic fieldH, such thatH lies parallel to the
conducting planes of the sample. The induced curren
then have a component in the direction of low conductiv
ity. The skin depth in this regime is rather larger than the
sample dimensions and the millimeter-wave field pene
trates the sample completely. The currents induced in th
sample dissipate power from the cavity’s millimeter-wave
field; for small changes, the change in the cavity’s qual
ity factor is proportional to the change in the sample’s
conductivity [11,12]. Since the conductivity anisotropy
is very large, power dissipation is almost entirely due to
interplane currents, and it is the interplane conductivity
which is probed by the measurement [11,12].

To measure the angle-dependent high frequency co
ductivity, the sample must be rotated with respect to th
steady magnetic field. However, it is important that the
high frequency field rotates with the sample; if the sampl
moves with respect to the high frequency field, the natur
of the measurement is completely changed. Thus the ca
ity must rotate with the sample through the steady mag
netic field; this is possible in our system, in contrast to
earlier resonant measurements [11,12].

We note that most of the nonresonant measuremen
made on organic molecular metals have used arrays
crystals in an attempt to improve the inherently poo
sensitivity [13,14]. The features reported in the presen
paper are very angle dependent, and it would probab
be impossible to align an array sufficiently accurately
for FTRs to be observable, even if the sensitivity of the
technique used in Refs. [13,14] were high enough.

In our experiment, the external magnetic field,B, did
not in general lie in the plane of the Q1D Fermi sheets
but instead the plane of rotation ofB made an anglef
with the plane of the Q1D sheets (see inset to Fig. 2
The angle whichB makes with the sample,u, and the
angle of rotation of the component ofB in the plane of
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FIG. 2. Cavity transmission as a function of magnetic field
for a range of angles,u. The temperature is 1.4 K.f is 20±.
The traces are offset for clarity. The upper inset shows th
positions of the resonances as a function ofu. The lower inset
shows the anglesc, c0, u, andf.

the Q1D sheet,c , are related by

tanc ­ tanu cosf (4)

and the magnitude of the in-plane component ofB is

Bk ­ B
q

sin2 u cos2 f 1 cos2 u . (5)

Using these relations, we can transform our measureme
coordinates,B and u, into the in-plane coordinates,Bk

andc. The results can then be more easily interpreted
terms of the theory presented above.

The range of reciprocal magnetic field space in whic
magnetic resonances are observable is limited at the low
end by the maximum magnetic field available, 15 T, an
at the upper end by the conditionvt . 1, wherev is
the frequency andt is the scattering time. In addition,
our experimental apparatus had a background absorpt
at a magnetic field of 2 T, which tended to obscur
features due to the sample in this region of field. In
e
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this experiment, the reciprocal field range accessible w
therefore from 0.07 to 0.5 T21.

The transmission of the cavity containing the samp
was measured as a function of magnetic field,B, for a
range of cavity angles,u, and for two azimuthal angles,
f ­ 20± and40±, corresponding to rotation of the sampl
inside the cavity. Figure 2 shows the transmission of t
cavity versusB for several values ofu with 210± , u ,

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

The background absorption can be seen at 2 T. T
feature is present in the absence of a sample; it
independent of cavity orientation and temperature.
2.5 T, a very sharp absorption can be seen. This
spin resonance of the charge carriers, corresponding
a g factor very close to 2. The field resolution of th
apparatus is insufficient to study this absorption in deta
and its size is dependent on the rate at which the magn
field is swept. At high fields, oscillations appear whic
are periodic in1yB. These are the SdH oscillations in th
high frequency magnetoconductivity [11,12].

At intermediate fields, two resonances are appare
Their positions are strongly dependent on the cavity ang
One moves up inB and the other moves down asu is
varied; they cross each other whenu ­ 10±. The inset in
Fig. 2 shows the positions of the resonances in recipro
magnetic field as a function ofu. It is immediately
apparent that their positions follow the form expected f
the new Q1D resonances described earlier [see Eq. (
with each of the two “arches” corresponding to a warpin
component in the Q1D Fermi sheet.

In Fig. 3 the same resonances are plotted in terms
the in-plane coordinates,Bk and c , together with the
resonances observed at the second azimuthal angle.
solid lines are fits to the equation

1
Bk

­
A

v0
sinsc 1 c0d , (6)

with A and c0 as free parameters. In this modificatio
of Eq. (1),c0 corresponds to the direction of the warpin
component generating the resonance.

Table I contains the values ofA andc0 obtained from
the fits of Eq. (6) in Fig. 3. There is good agreeme
between the values obtained from each of the azimut
angles,f. These results imply that there are two warpin
components in the Q1D Fermi sheet, with axes at143± 6

3± and26± 6 1± to the crystalb direction (the direction of
low conductivity). The values ofmp

1D, defined in Eq. (3),
are0.63 6 0.05 and0.86 6 0.01, respectively, in units of
me, the free electron mass.

SdH and dHvA experiments indicate that the FS al
contains quasi-two-dimensional (Q2D) sections [9].
is interesting to note that no cyclotron resonances we
observed arising from the Q2D sections, for whichmp

CR
would be expected to vary as1y cosu. This is probably
715
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FIG. 3. Resonance positions in in-plane coordinates defin
in Eqs. (4) and (5). In (a)f ­ 20± and in (b)f ­ 40±.

because orbits around the Q2D sections do not lead t
large oscillatory modulation of the real space velocity i
the direction of low conductivity [7,12,15].

None of the earlier millimeter-wave and far-infrared
studies of this material have included comprehensi
measurements of the angle dependence [13,14,16].
is possible that FTRs are responsible for the suppos
cyclotron resonances reported in Refs. [13,14,16]. T
very strong angle dependence of these resonances wo
account for the discrepancies between effective mas
reported through slight sample misorientations.

Finally, we remark on the relationship between FTR
and AMROs in a-sBEDT-TTFd2KHgsSCNd4. The
AMROs have been explained either by semiclassical mo
els [3] or by incoherent interlayer tunneling [17]. It is
unclear as to how the latter mechanism could genera
FTRs, with their distinct field-orientation dependence [se
Eq. (1)]; the field orientations at which features in th
magnetoresistance occur should be frequency indep
dent in the incoherent interlayer tunneling approach.
contrast, the model used to explain the FTR data in t
present paper is a natural extension of the semiclassi
AMRO mechanism to higher frequencies [7]. This sug
gests that many of the features of the magnetoresistanc
716
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TABLE I. Parameters obtained from the fits of Eq. (6) in
Fig. 3.

f ­ 20± f ­ 40±

Warping
component Ayv0 c0 Ayv0 c0 mp

1Dyme
One 0.51 141± 0.58 146± 0.73 6 0.05
Two 0.46 25± 0.46 27± 0.86 6 0.01

a-sBEDT-TTFd2KHgsSCNd4 can be explained by careful
consideration of the material’s FS topology, rather than
by exotic mechanisms.

In summary, we have presented a new mechanism
generating resonances (Fermi surface traversal resonan
or FTR) in the bulk high frequency conductivity of
metals containing open Fermi surface orbits. We hav
demonstrated that resonances arising from this mechanis
are observable and that they contain a great deal o
information about the sections of Fermi surface from
which they arise. Q1D Fermi surfaces are present in man
metals of reduced dimensionality which exhibit strong
conductivity anisotropies. We believe that this technique
could be a very powerful tool for FS studies, and hope
that others are stimulated to investigate its potential.
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