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3 Institut de Ciència de Materials de Barcelona, CSIC, Campus de la UAB, 08193, Bellaterra, Spain
4 Institute of Problems of Chemical Physics, RAS, 142432 Chernogolovka, MD, Russia

Received 31 October 2006 / Received in final form 17 January 2007
Published online 9 March 2007 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2007

Abstract. The oscillatory magnetoresistance spectrum of the organic metal (BEDO)5Ni(CN)4·
3C2H4(OH)2 has been studied up to 50 T, in the temperature range from 1.5 K to 4.2 K. In high magnetic
field, its Fermi surface corresponds to a linear chain of quasi-two-dimensional orbits coupled by magnetic
breakdown (MB). The scattering rate consistently deduced from the data relevant to the basic α and
the MB-induced β orbits is very large which points to a significant reduction of the chemical potential
oscillation. Despite of this feature, the oscillations spectrum exhibits many frequency combinations. Their
effective masses and (or) Dingle temperature are not in agreement with either the predictions of the
quantum interference model or the semiclassical model of Falicov and Stachowiak.

PACS. 71.18.+y Fermi surface: calculations and measurements; effective mass, g factor – 71.20.Rv Poly-
mers and organic compounds – 72.20.My Galvanomagnetic and other magnetotransport effects

1 Introduction

According to band structure calculations [1], the Fermi
surface (FS) of many quasi-two-dimensional (q-2D) or-
ganic metals with two charge carriers per unit cell origi-
nates from one ellipsoidal hole tube whose area is there-
fore equal to that of the first Brillouin zone (FBZ) area. In
the extended zone scheme, this tube can go over the FBZ
boundaries along either one or two directions leading to
FS with different topologies. Due to gaps opening at the
crossing points, the resulting FS is composed of a q-2D
tube and a pair of q-1D sheets in the former case while,
in the second case, compensated electron and hole tubes
are observed. In high enough magnetic field, both of these
FS’s can be regarded as networks of orbits coupled by
magnetic breakdown (MB) which can therefore be classi-
fied according to two types: the well known linear chain
of coupled orbits [2,3] and the network of compensated
electron and hole orbits [4], respectively.
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In both cases, oscillatory magnetoresistance spec-
tra exhibit frequencies which are linear combinations of
a few basic frequencies. Magnetoresistance oscillations
in linear chains of coupled orbits have been studied,
in particular in the case of the compound κ-(BEDT-
TTF)2Cu(NCS)2 [5,6]. In addition to the frequencies
linked to the q-2D α orbit and the MB-induced β orbit
(which corresponds to the hole tube from which the FS is
built) many combinations that can be attributed to MB
(β +α, β + 2α, etc.) are observed in the Fourier spectra.
Other Fourier components such as β−α [5] or β−2α [6] are
also detected. These latter frequencies are currently inter-
preted on the basis of quantum interference (QI), although
they are also observed in de Haas-van Alphen (dHvA) os-
cillations spectra [7–9].

According to theoretical studies, both the field-
dependent modulation of the density of states due
to MB [2,3,10] and the oscillation of the chemical
potential [11] can also induce frequency combinations in
magnetoresistance and dHvA oscillatory spectra. Never-
theless, the respective influence of each of these contri-
butions on the magnetoresistance and dHvA spectra re-
mains to be determined. Among them, the oscillation of
the chemical potential can be strongly reduced at high
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temperature [11] and (or) for high scattering rate [12].
Nevertheless, small effective masses are required in these
cases in order to observe quantum oscillations with a high
enough signal-to-noise ratio, at low enough magnetic field.

In this paper, we report on magnetoresistance ex-
periments up to 50 T on (BEDO)5Ni(CN)4·3C2H4(OH)2
of which, according to band structure calculations [13],
the FS can be regarded as a linear chain of coupled or-
bits. It is shown that the crystals studied meet the above
cited requirements, namely, high scattering rates and low
effective masses. Nevertheless, many frequency combina-
tions are observed in the oscillatory spectra.

2 Experimental

The studied crystals, labelled #1 and #2 in the fol-
lowing, were synthesized by the electrocrystallization
technique reported in reference [13]. They are roughly
parallelepiped-shaped with approximate dimensions (0.6×
0.3 × 0.1) mm3, the largest faces being parallel to the
conducting ab plane. Electrical contacts were made to
the crystals using annealed Pt wires of 20 µm in diam-
eter glued with graphite paste. Alternating current (10
to 100 µA, 20 kHz) was injected parallel to the c* di-
rection (interlayer configuration). Magnetoresistance mea-
surements were performed in pulsed magnetic field of up
to 50 T with pulse decay duration of 0.78 s, in the temper-
ature range (1.5–4.2) K. A lock-in amplifier with a time
constant of 30 µs was used to detect the signal across the
potential leads.

3 Results and discussion

As reported in Figure 1, the zero-field interlayer resis-
tance of the two studied crystals monotonically decreases
as the temperature decreases down to 1.5 K, as it is
the case for the in-plane resistance [13]. The resistance
ratio between room temperature and 4.2 K (RR) is 39
and 36 for crystal #1 and #2, respectively. These values
(which are higher than for the in-plane resistance data [13]
for which RR =16) are much lower than those reported
for other compounds with similar FS such as κ-(BEDT-
TTF)2Cu(NCS)2 [14], (BEDT-TTF)4[Ni(dto)2] [15] and
κ-(BEDT-TTF)2I3 [16], namely, RR≈ 200, 400 and 8000,
respectively.

Magnetoresistance data of the two crystals yield con-
sistent results. In the following, we mainly focus on the
data recorded from crystal #1 which was more extensively
studied. As generally observed for clean linear chains of
coupled orbits, many Fourier components are observed in
the oscillatory magnetoresistance spectra of which the fre-
quencies are linear combinations of those linked to the
closed α and the MB-induced β orbits (see Fig. 2 and
Tab. 1). The measured value of Fβ is in good agreement
with the expected value for an orbit area equal to that
of the FBZ. Indeed, according to crystallographic data at
room temperature [13], Fβ should be equal to 3839 T. Fα

Fig. 1. Temperature dependence of the normalized interlayer
resistance of crystals #1 and #2 (solid symbols). Open symbols
stand for the in-plane resistance data of reference [13].

Fig. 2. Fourier spectra deduced from the magnetoresistance
data displayed in the upper inset, in the field range 32–49.4 T.
In this inset, the magnetoresistance curves are shifted up by
10 Ω from each other for clarity. The lower inset displays the
Fermi surface deduced from band structure calculations [13].

corresponds to a cross section area of 14.4 percent of the
room temperature FBZ area. It is smaller than the value
predicted by band structure calculations [13], namely
20.8 percent of the FBZ area. Nevertheless, the obtained
value is very close to those reported for several compounds
with similar FS such as κ-(BEDT-TTF)2Cu(NCS)2 [17]
and κ-(BEDT-TTF)2I3 [18] for which the α orbit area
amounts to 15 percent of the FBZ area. Band structure
calculations often lead to an overestimation of the area
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Table 1. Frequencies and effective masses (in me units) linked
to the various Fourier components (index i of Eqs. (1) to (4))
appearing in Figure 2.

i Fi (T) m∗
i

α 552 ± 3 1.15 ± 0.05
2α 1104 ± 12 2.30 ± 0.08

β − 2α 2720 ± 40 0.3 ± 0.3
β − α 3278 ± 9 1.68 ± 0.05

β 3837 ± 24 1.80 ± 0.15
β + α 4388 ± 12 3.55 ± 0.15

associated with the α orbit for β′′-BEDO salts with this
type of FS (see for instance Ref. [19]). Because of the
scarcity of results it is not clear at this time if this dis-
crepancy is intrinsic to the theoretical approach used
to calculate the FS when considering BEDO donors, or
due to an unusual thermal contraction behavior of these
salts leading to larger changes than for similar sulfur-
containing donors. However this quantitative aspect is
only of marginal importance for the present study.

With regard to the amplitude of the Fourier compo-
nents appearing in Figure 2, the most striking feature is
the small amplitude of the β component with respect to
e.g. that attributed to the MB-induced β + α orbit. In-
deed, in the framework of the semiclassical model (see the
discussion below), the damping factors of the amplitude of
this latter component are smaller than that related to β.
The relatively large amplitude of the β−α component can
also be noticed. We have checked by changing the direc-
tion of the magnetic field with respect to the crystalline
axes that these features, which are also observed in other
organic metals with similar FS [5,19], are not due to spin-
zero phenomenon1.

Let us consider in more detail the field and temper-
ature dependence of the amplitude of the Fourier com-
ponents observed in Figure 2. In the framework of the
Lifshits-Kosevich (LK) model, the oscillatory magnetore-
sistance can be written as:

R(B)
Rbackground

= 1 +
∑

i

Ai cos
[
2π

(
Fi

B
− γi

)]
(1)

where Rbackground is the monotonic part of the field-
dependent resistance R(B) and γi is a phase factor. The
amplitude of the Fourier component with the frequency Fi

is given by Ai ∝ RTiRDiRMBiRSi, where the spin damp-
ing factor (RSi) depends only on the direction of the
magnetic field with respect to the conducting plane. The
thermal, Dingle and MB damping factors are respectively

1 A change by a few degrees of the magnetic field direction
with respect to the normal to the conducting plane leads to a
steep (certainly due to the measured high Dingle temperature,
see below) decrease of both the β − α, β and β + α Fourier
components’s amplitude.

Fig. 3. Temperature dependence of the amplitude of the vari-
ous Fourier components observed in Figure 2, for a mean mag-
netic field value of 38 T. Solid lines are best fits to equation (1).

given by:

RTi =
αTm∗

i

Bsinh[αTm∗
i /B]

(2)

RDi = exp[−αTDm∗
i /B] (3)

RMBi = exp
(
− tiBMB

2B

) [
1 − exp

(
−BMB

B

)]bi/2

(4)

where α = 2π2mekB/e� (�14.69 T/K), m∗
i is the effective

mass normalized to the free electron mass (me), TD is the
Dingle temperature and BMB is the MB field. Integers ti
and bi are respectively the number of tunnelling and Bragg
reflections encountered along the path of the quasiparticle.
Within this framework, high order harmonics of a given
component are regarded as frequency combinations (since
e.g. F2α = 2Fα), which is compatible with the semiclassi-
cal model of Falicov and Stachowiak [3,20] (which predicts
m∗

2α = 2m∗
α, see below) and, in any case, has no influence

on the data analysis.
The effective mass linked to each of the observed

Fourier components, of which the frequencies are in the
range from Fα to Fβ+α, have been derived from the tem-
perature dependence of their amplitude for various field
windows. As an example, data are given in Figure 3 for
a mean magnetic field value of 38 T. It has been checked
that the values (listed in Tab. 1) determined for each of the
considered Fourier components remain field-independent
within the error bars in the range explored, in agreement
with the semiclassical model. It can be remarked that m∗

α

and m∗
β are very low. Indeed, to our knowledge, the low-

est effective masses reported up to now for a linear chain
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of orbits were observed in (BEDO-TTF)5[CsHg(SCN)4]2
[19] for which m∗

α = 1.6 ± 0.1 and m∗
β = 3.0 ± 0.3. In

any case, the measured effective masses are much lower
than in the case of κ-(BEDT-TTF)2Cu(NCS)2 for which
m∗

α = 3.5 ± 0.1 and m∗
β = 7.1 ± 0.5 [5].

According to the coupled network model of Falicov
and Stachowiak [3,20], the effective mass value of a given
MB orbit is the sum of the effective masses linked to each
of the FS pieces constituting the considered orbit. Oppo-
sitely, in the framework of the QI model [21], the effec-
tive mass linked to a quantum interferometer is given by
the absolute value of the difference between the effective
masses linked to each of its two arms. This leads, in the
present case, to:

m∗
kβ±lα = |k × m∗

β ± l × m∗
α| (5)

for MB orbits or QI paths. Oppositely, analytical calcu-
lations of the effective masses related to the frequency
combinations induced by the oscillation of the chemical
potential in dHvA spectra of an ideal two-band electronic
system yield [22]:

m∗
kβ±lα = k × m∗

β + l × m∗
α (6)

which is at variance with the above mentioned predic-
tions for QI paths. The failure of equation (5) in order
to account for the effective mass of the 2nd harmonics
of α has been reported for many 2D compounds [23]. In
contrast, equation (5) is in full agreement with the data
of 2α (see Tab. 1) as it has already been reported for
the 2α [5,24] and 2β [25] components observed in magne-
toresistance data of other linear chains of orbits. However,
according to the data of Table 1, neither equation (5),
nor (6) (which, strictly speaking, is relevant only for dHvA
spectra) account for the effective mass of β − α. This
result is at variance with the magnetoresistance data of
references [5,19,25] for which equation (5) holds2. Op-
positely, equation (5) accounts for the effective mass of
β − 2α, as already observed for other compounds [6,19].
As for β + α, the effective mass reported in Table 1 is
slightly, although definitely, higher than the value pre-
dicted by equation (5). Discrepancies between magnetore-
sistance data relevant to the MB orbits and the predic-
tions of the Falicov-Stachowiak model are also reported
for several other compounds with similar FS [5].

These puzzling behaviours can be further checked by
considering the field dependence of the various compo-
nent’s amplitude. According to equations (1–4), their
temperature-independent part is given by:

Ai

RTi
∝ exp

[
−αTDm∗

i + tiBMB/2
B

]

×
[
1 − exp

(
−BMB

B

)] bi
2

. (7)

The field dependence of this parameter is reported in
Figure 4 for most of the Fourier components considered

2 DHvA data of references [8,9] yield large effective masses
for β − α, although lower than predicted by equation (6).

Fig. 4. Field dependence of the temperature-independent
part of Fourier components deduced from data in Figure 2.
A and RT are the amplitude and the thermal damping factor
of the considered Fourier component, respectively. Solid lines
are best fits of equation (1) to the data.

in Figure 3. It can be remarked first that, as expected
from equation (7), the measured values of Ai/RTi are
actually temperature-independent in the range explored
whatever the considered Fourier component is. An esti-
mation of TD can be derived from the data of Fourier
components for which ti = 0. Assuming a low value
for BMB, namely BMB ≤ 2 T, which is plausible ow-
ing to band structure calculations, data of the α com-
ponent yield TD =(7.0± 0.7) K [TD = (7.9 ± 0.7) K for
crystal #2], which corresponds to a large scattering rate
(τ−1 ≈ 6 × 1012 s−1). It must be noticed that the de-
termined value of TD depend on BMB while the given
error bars only account for the experimental noise and
the uncertainty on the relevant effective mass. However,
the BMB sensitivity of TD is moderate in the considered
case since TD =(6.7± 0.7) K and (6.3± 0.6) K, assuming
BMB = 10 T and 30 T, respectively. These values are very
close to each other and in any case equal within the error
bars. As for the MB field, the parameter Ai/RTi goes to
a maximum at Bmax = BMB/ln[1 + biBMB/(2αm∗

i TD +
tiBMB)], according to equation (7). Bmax should be rea-
sonably less than the maximum field reached in the exper-
iments in order to derive a reliable estimation of BMB [4].
In the present case, the lowest value of Bmax is obtained in
the case of the α component. Unfortunately, the large Din-
gle temperatures reported above lead to values of Bmax

much larger than the maximum field reached in the exper-
iments, whatever the value of BMB is. As a matter of fact,
changing the value of BMB used in the fittings of Figure 4
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(which, otherwise, are obtained with BMB = 10 T) yields
almost indiscernible curves in the magnetic field range ex-
plored. According to equation (7), BMB could also be de-
rived from the data linked to the β component, assuming
the Dingle temperature relevant for this orbit is the same
as for α. However, taking into account the above reported
uncertainty on TD, BMB values compatible with the data
relevant for the α component are in the range from 0 to
30 T which is probably valid but constitutes a very large
uncertainty. Besides, the field-dependent data of Figure 4
for the components β − 2α, β − α and β + α yield values
of TD which are in poor agreement with the data for α
and β3. Remarkably, and at variance with the preceding
feature, data for the harmonics 2α yield TD =(7.1±0.7) K
and TD =(8.2± 1.3) K for crystal #1 and #2, respectively,
which is in very good agreement with the data for the
α orbit.

Finally, the assumption of a negligibly small contri-
bution of the chemical potential oscillation to the oscilla-
tory data can be checked a posteriori. Indeed, according to
[26], the cross-over temperature Tco, above which the influ-
ence of the chemical potential oscillation on the observed
Fourier components of a two-band electronic system be-
comes insignificant, is given by Tco � 3B/αm∗−TD. In the
case of the α orbit, which is the orbit with the lowest effec-
tive mass, Tco is equal to 1.5 K (i.e. the lowest temperature
reached in the experiments) at B =(48± 6) T, for crystal
#1. This value lies very close to the upper boundary of
the field range considered in the experiments which indi-
cates that, in addition to QI, the only non-semiclassical
phenomenon susceptible to significantly contribute to the
oscillatory spectra is the coherent MB-induced modula-
tion of the DOS [2,3,10].

4 Summary and conclusion

The FS of the organic metal (BEDO)5Ni(CN)4·
3C2H4(OH)2 corresponds to a linear chain of orbits cou-
pled by MB. Oscillatory magnetoresistance spectra have
been obtained in the temperature range from 1.5 to 4.2 K
in magnetic fields up to 50 T. The temperature and field
dependence of the Fourier components’ amplitude linked
to the closed α and MB-induced β orbits, analyzed in
the framework of the semiclassical model of Falicov and
Stachowiak yields consistent results. In addition, both
the temperature and field dependencies of the component
linked to the 2nd harmonics of α are in good agreement
with the semiclassical model (same Dingle temperature as
for α and twice as large effective mass). The deduced scat-
tering rate τ−1 ≈ 6×1012 s−1 is very large that, according
to [26], allows for considering that the contribution of the
chemical potential oscillation to the oscillatory magnetore-
sistance spectra is negligible in the explored field and tem-
perature ranges. Despite of this feature, the recorded spec-
tra exhibit frequency combinations. Their effective masses

3 For BMB = 10 T, the Dingle temperatures are (8.1±0.7) K,
(5.1 ± 0.6) K and dozens of K, for β − α, β + α and β − 2α,
respectively.

and (or) Dingle temperature are not in agreement with ei-
ther the predictions of the QI model or the semiclassical
model of Falicov and Stachowiak. It can also be remarked
that their amplitude can be very large. In particular, the
amplitude of the components β−α and β+α is larger than
that of β. These results suggest that additional contribu-
tion, such as the coherent MB-induced modulation of the
DOS [2,3,10], can play a significant role in the observed
frequency combinations.

This work was supported by the French-Spanish exchange pro-
gram between CNRS and CSIC (number 16 210), Euromag-
net under the European Union contract R113-CT-2004-506239,
DGI-Spain (Project BFM2003-03372-C03) and by Generalitat
de Catalunya (Project 2005 SGR 683). Helpful discussions with
G. Rikken are acknowledged.

References

[1] R. Rousseau, M. Gener, E. Canadell, Adv. Func. Mater.
14, 201 (2004)

[2] A.B. Pippard, Proc. Roy. Soc. (London) A270, 1 (1962)
[3] D. Shoenberg, Magnetic Oscillations in Metals

(Cambridge University Press, Cambridge, 1984)
[4] D. Vignolles, A. Audouard, L. Brossard, S.I. Pesotskii,
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