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Abstract. We report on the inter-layer oscillatory conductance of the two-dimensional organic supercon-
ductor (BEDO-TTF)2ReO4H20 measured in static and pulsed magnetic fields of up to 15 and 52 T,
respectively. In agreement with previous in-plane studies, two Shubnikov-de Haas oscillation series linked
to the two electron and the hole orbits are observed. The influence of the magnitude and orientation of the
magnetic field with respect to the conducting plane is studied in the framework of the conventional two-
and three-dimensional Lifshits-Kosevich (LK) model. Deviations of the data from this model are observed
in low fields strongly tilted with respect to the normal to the conducting plane. In this latter case, the
observed behaviour is consistent with an unexplained lowering of the cyclotron effective mass. At high
magnetic field, the oscillatory data could have been compatible with the occurrence of a magnetic break-
down orbit built from the hole and electron orbits. However, the increase of the cyclotron effective mass,
linked to the electron orbits, as the magnetic field increases above ~12 T is consistent with a field-induced
phase transition. In the lower field range, where the conventional LK model holds, the analysis of the angle
dependence of the oscillations amplitude suggests significant renormalisation of the effective Landé factor.
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1 Introduction

(BEDO-TTF)2ReO4H>0 is a quasi two-dimensional or-
ganic superconductor, which is known to undergo several
phase transitions. Indeed, as the temperature is lowered
from room temperature, a first order phase transition, cor-
responding to a reorientation of the ReO; anions, takes
place at around 210 K [1-4]. It is also worth to note that
water molecules can be removed from crystals under vac-
uum at room temperature, leading to changes in the crys-
tal structure, with a characteristic time of the order of
one day [5]. This phenomenon, which is reversible and
frozen at lower temperature, induces significant decrease
of the resistivity and suppresses the phase transition at
210 K [6]. As the temperature further decreases another
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phase transition towards a semimetallic state occurs at
a temperature of roughly 30 K [2-4,7-9] (in the follow-
ing, this phase transition will be referred to as the low
temperature phase transition). Finally, the onset of the
superconducting transition takes place at around 2 K.

According to band structure calculations based on
crystallographic data obtained at a temperature of
170 K [1], i.e. below the first order phase transition,
Fermi surface (FS) of (BEDO-TTF);ReO4H20 is com-
posed of two electron tubes and one hole tube with a
cross-sectional area of 2.5 and 5% of the first Brillouin zone
(FBZ) area, respectively (see Fig. 1). Magnetoresistance
data collected at low magnetic field have revealed two se-
ries of Shubnikov-de Haas oscillations, referred to here-
after as S; and Sy. Their respective frequencies, F; and
Fy, correspond to orbit areas of 0.75 and 1.5% of the FBZ
area [4,10-12]. Since Fj is half of F, these frequencies
have been ascribed to the electron and hole orbits, re-
spectively, although there is a discrepancy by a factor of
more than 3 between experimental data and band struc-
ture calculations. According to reflectivity data of [9], the
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Fig. 1. Fermi surface of (BEDO-TTF)2ReO4H20 at 170 K,
according to the band structure calculations of reference [1].
The values of the azimuthal angle ¢ explored in the reported
experiments are indicated.

low temperature phase transition, the nature of which is
still not definitely established, could induce some addi-
tional changes in the F'S topology at lower temperature.
However, these changes cannot account for such a large
decrease of the orbits’ area. Indeed, whereas this phase
transition is suppressed by a low hydrostatic pressure (less
than 1 kbar) [7], F} and F increase continuously only by
7% per kbar [8]. In this context, it should be noted that the
discrepancy could originate from the extreme sensitivity
of the calculated FS to the value of transfer integrals [13].

A change in the spectrum of the transverse magnetore-
sistance oscillations has been observed in the higher mag-
netic field range [11,12]. At magnetic fields higher than
~15 T, the development of oscillations with a frequency
F, twice Fy takes place whilst the amplitude Ay of the
So oscillations decreases. In addition, increasing magnetic
fields applied parallel to the conducting plane induce a
decrease of the transverse magnetoresistance. The atten-
uation of Ay with increasing magnetic field was too rapid
to be attributable to magnetic breakdown (MB) phenom-
ena only; instead, it has been tentatively ascribed to a
field-induced phase transition [11,12].

Investigation of the influence of the orientation of
the magnetic field with respect to the conducting plane
may yield information on the respective contributions of
Zeeman spin splitting and orbital effects to the oscillatory
part of the magnetoresistance. A first attempt was pre-
sented in reference [12] where only data about the Sy se-
ries could be derived. In addition, most of the above men-
tioned magnetoresistance experiments were performed on
lengthened platelet shaped crystals, for which the current
was injected along the most conducting direction a (in-
plane configuration). Only a few interlayer magnetoresis-
tance experiments involving short platelet shaped crystals
(with the same monoclinic structure as lengthened platelet
shaped crystals) have been reported thus far [10]. The aim
of this paper is to explore more thoroughly the magnetic
field magnitude and orientation dependence of the oscil-
latory inter-layer magnetoresistance up to high magnetic
fields.
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Fig. 2. Temperature dependence of the zero-field interlayer

resistance of sample #1 recorded at decreasing (filled circles)
and subsequently increasing (empty circles) temperatures.

2 Experimental

The crystals studied were platelets with typical dimen-
sions of (0.7 x 0.3 x 0.05) mm3. The largest faces of the
crystals were parallel to the conducting ab-plane and had
a parallelogram shape with the longest sides parallel to the
a-direction. Magnetoresistance measurements were per-
formed by the standard four-probe method in pulsed mag-
netic fields of up to 52 T in Toulouse (sample #1) and in
static field of up to 15 T in Oxford (sample #2). Electri-
cal contacts were made to the crystals using annealed gold
wires of 20 pm in diameter glued with graphite paste. Al-
ternating current (40 pA, 50 kHz and 1 or 10 pA, 333 Hz
for pulsed field and static field experiments, respectively)
was injected parallel to the c¢*-direction. In the following,
the orientation of the magnetic field with respect to the
crystallographic directions is defined by the angle 6 be-
tween the field direction and the normal to the conducting
ab-plane and by the azimuthal angle ¢ between the crys-
tallographic a-axis and the projection of the field direction
onto the conducting plane (see Fig. 1). For sample #1, the
magnetic field was rotated in the plane corresponding to
¢ = 90° while for sample #2, two azimuthal angles were
explored, namely ¢ = 100° and 110°. In order to avoid
frozen air within the sample holder at low temperature,
the experimental insert was pumped at room tempera-
ture before cooling, afterwards helium gas was admitted.
As mentioned in the Introduction, water molecules can be
extracted from samples by pumping at room temperature.
This was prevented by keeping the pumping time at the
least (~1 min). No resistivity change was detected during
pumping indicating insignificant water loss.

3 Results and discussion

As shown in Figure 2, the temperature dependence of the
inter-layer resistance of sample #1 in zero field displays
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Fig. 3. Field-dependence of the interlayer resistance of sample #1 at 1.7 K and ¢ = 90° for different orientations of the magnetic
field (Fig. 3a). The oscillatory part of the conductance derived from the data of Figure 3a and normalised by the monotonic

part of the conductance is displayed in Figure 3b.

a hysteretic first order phase transition around 220 K,
as already reported [3,7]. As the temperature further de-
creases, a resistance hump with an onset at 28 K and a
maximum at 20 K, due to the low temperature phase tran-
sition, is observed. It is worth noting that the hump in the
resistance data in Figure 2 has a much smaller amplitude
than when measured with the current injected along the
a-axis, as mentioned in preliminary investigations [14]. Fi-
nally, the onset of superconductivity is observed at 1.5 K.

The inter-layer magnetoresistance of this sample, mea-
sured in pulsed fields for ¢ = 90° and for different values
of 0, is displayed in Figure 3a. The oscillatory part of the
data in Figure 3a, normalised by the field-dependent part
of the monotonic conductance is plotted versus 1/Bcos(d)
in Figure 3b. Much larger oscillation amplitude (by a fac-
tor of 10) and better signal-to-noise ratio than in previous
experiments [11,12] are obtained. At present, it is difficult
to determine the respective influence of either the config-
uration of measurement or the sample quality in the ob-
served discrepancy. At low field, the two oscillation series
S1 and So, linked to electron and hole orbits are observed.
Their respective frequencies, F;(6 = 0) = (39.1+0.5) T
and F»(0 = 0) = (77.9 £ 0.4) T, are in agreement with
previous magnetoresistance data [4,10-12]. It has been
checked that both of the frequencies follow the orbital
behaviour expected of quasi-two-dimensional F'S sections
(i.e. F;y(0) = F;(0 = 0)/cos(f)). The value of the fre-
quency ratio (Fy(0)/F1(0) = 1.99 £+ 0.04) is in agreement
with the picture of a quasi two-dimensional compensated
semimetal, as predicted by band structure calculations [1].

In the following, the oscillatory data are analysed in
the framework of the conventional Lifshits-Kosevich (LK)
model, taking into account the first harmonic of each of

the two oscillation series only:
Ao Fi (9 = 0)
—=— A; 2| ——= — v 1
= X e (i )] O
1=1,2
where:

" Tme; (0 =0)/ | Bcos(6) |™
"% Sinh | uoT'me; (6 =0)/B cos(6) |

X exp _ uoTbimei(0 = 0) cos
| Bcos(6) |

Tgimei(6 =0)
2 cos(0)

, (2)

me; is the cyclotron effective mass, g/ is the effective
Landé spin splitting factor; Tp; is the Dingle tempera-
ture, 7; is the Onsager phase factor and wug is equal to
14.694 T/K. The exponent n is equal to 1 and 1/2 in the
two- and three-dimensional case, respectively. In agree-
ment with Shoenberg [15], this equation assumes that (i)
the same cyclotron effective mass m,; is involved in both
the spin damping term and the temperature and mag-
netic field dependence of the oscillation amplitude, (ii)
me; follows the orbital dependence on the field direction
expected for a quasi-two-dimensional FS and (iii) the ef-
fective Landé spin splitting factor g¢; is independent on
the field direction. At high values of T/B, equation (2)
reduces to:

TG

A cos(0)

3)

1 (67
© X TBeos(d) |» P <_| Bcos(d) |) cos

where a; = uo(T + Tp;)mei (6 = 0°) and p; = gime (0 =
0°)/2.

Equation (2) or (3) can be used to derive physical pa-
rameters, provided it has been checked that the above
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Fig. 4. Oscillatory part of the conductance of sample #1 at
1.7 K and # = 0° (Fig. 4a). The upper full line in Figure 4a
is the best fit of equations (1) and (2), in the two-dimensional
case, to the data in the field range below 14 T. The contribution
of the two oscillation series S; and S» is also shown. Marks la-
belled S4 stand for the oscillation series with frequency Fj (see
text). Fourier transforms of the data in Figure 4a are shown in
Figure 4b.

model accounts for the oscillatory data wversus tempera-
ture and field magnitude and orientation. Note that equa-
tion (2) can fail to account satisfactorily for the oscillatory
data in good quality crystals of strongly two-dimensional
organic compounds, recorded in the high magnetic field
and very low temperature ranges. Indeed, under such ex-
perimental conditions, the oscillations present a harmonic
content larger than predicted by the LK model; further-
more, attempts to derive the cyclotron effective mass from
such data can often lead to an apparent field-dependent
mass [16].

Figure 4a displays the oscillatory data at § = 0°. A
very good agreement between data and two-dimensional
LK model (Egs. (1) and (2) with n = 1) is observed at
low magnetic field. By contrast, and in agreement with
previously reported analysis of the data in the in-plane
configuration of measurements [11,12], some discrepancies
appear at high magnetic field (typically, above ~15 T).
In part, these arise from the fact that oscillations with a
frequency Fy, twice F», appear in the high field range (see
Fourier transforms in Fig. 4b). The possible reasons for
this behaviour are examined below, through the field and
temperature dependence of the oscillation amplitude A;.
In the following, A; is determined by Fourier transforms
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Fig. 5. Magnetic field dependence of the cyclotron effective
mass of sample #1 at 1.7 K and 6 = 0° for S; and Sz series.

(FT) calculated with an elevated cosine window in a given
field range from By t0 Bmax and is determined by the
ratio of the amplitude of the FT to (1/Bumin—1/Bmax)-

The cyclotron effective mass has been determined for
S; and Sg series in the temperature range 1.5 K to 4.2 K
for different mean values of the magnetic field. According
to equation (2), two- and three-dimensional LK models
yield same values. As displayed in Figure 5, m.o remains
almost field-independent (me2 = 0.75 + 0.04) over the
whole magnetic field range covered. Below ~12 T, m;
is also field-independent (m. = 0.82 % 0.05), however,
it significantly increases as the magnetic field increases
above 12 T.

Figure 6 displays Dingle plots for S; and Sy oscilla-
tion series deduced from the data in Figure 3. Solid lines
in this figure are best fits to equation (2) for the two-
dimensional case. As evidenced in the inset of Figure 6b,
a good agreement between the two-dimensional LK model
and the data for Ay is observed up to the highest magnetic
fields. In that respect, it must be kept in mind that As is
determined through Fourier transforms involving 4 oscil-
lations in the present case, which amounts to a large field
window at high field. This point likely hamper the obser-
vation of the abrupt, although less pronounced than in the
case of previous experimental data [11,12], damping of A
evidenced in Figure 4a. Nevertheless, a slight downward
deviation of A, from the three-dimensional LK model is
observed in the inset of Figure 6 at high magnetic field.
In this latter case, the damping of A, could have been
consistent with the development of a MB orbit involving
the two electron tubes adjacent to one hole tube. Such
a MB orbit should lead to oscillations with a frequency
Fy = 2F) + F, (i.e. twice Fy as displayed in Fig. 4) and
to a MB reduction factors Rypi = [1 — exp(—By/B)]'/?
(RmB2 = [1 — exp(—By/B)]) for A; (Asz) since the elec-
tron (hole) orbit involves one (two) Bragg reflections. This
assumes that the transmission probability between neigh-
bouring electron orbits is negligible due to the large gap
(see Fig. 1). The MB field By deduced from the data at
6 = 0° is of the order of 10-50 T.
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Fig. 6. Dingle plots of the data in Figure 3b for S;
(Fig. 6a) and S2 (Fig. 6b) series, in the framework of the two-
dimensional model. Full lines are best fits of equation (2) to
the data. The inset displays an enlarged view of the data at
0 = 0° in the case of the two- (n = 1) and three- (n = 1/2)
dimensional models. The dash-dotted line is the best fit to the
data, including a magnetic breakdown reduction factor with a
breakdown field of 30 T (see text).

Since the reported oscillatory behaviour does not
seems to be consistent, in the framework of the two-
dimensional LK model, with the development of a MB
orbit, a field-induced phase transition is more likely to be
considered to account for the data. Indeed, it should be
borne in mind that the low temperature semimetallic state
of (BEDO-TTF)3ReO4H-0 is strongly sensitive to exter-
nal parameters [7]. Namely, hydrostatic pressure induces
a strong increase of m¢; in the first few kilobars, followed
by a decrease as the pressure further increases, while mco
monotonically decreases vs. pressure [8]. In this context,
the observed increase of m.; as the magnetic field increases
(see Fig. 5) could be the signature of a field-induced phase
transition. Nevertheless, several points may hamper reli-
able data analysis for S oscillation series at high magnetic
field. Indeed, (i) the magnetic field magnitude reaches val-
ues close to the quantum limit for this series and (ii) the
LK model might not describe conveniently the tempera-
ture dependence of the oscillation amplitude at high mag-
netic field, owing to the two-dimensional character of the
FS. Regarding point (i), F1/B indeed goes down to 0.75
at 52 teslas which is within the quantum limit for the S;
series. However, m.; starts to increase at 12 teslas which
corresponds to Fy/B = 3.3. In addition, the oscillatory
data of charge density wave compounds with small or-
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Fig. 7. Angle dependence of d[In(A;B)]/d(1/B) deduced from
slopes of Dingle plots of S; (Fig. 7a) and S (Fig. 7b) series
in the field range where equation (3) accounts for the data.
Filled and open symbols correspond to samples #1 and #2,
respectively. Lines are best fits of equation (3) to the data.
Dashed line in Figure 7a stands for the S; series in the high
angular range (see text).

bit area have been satisfactorily accounted for by the LK
model up to magnetic field as large as B = F/0.63 and
B = F/0.62 for KMogO19 and NbSes, respectively [17].
Deviations from LK model due to the two-dimensional
character of the FS (point (ii)) arise when the scatter-
ing rate becomes much smaller than the cyclotron fre-
quency, which is actually not the case. In addition, while
at low field m.; and m.s have close values and Dingle tem-
perature T is significantly lower than Tpy (see below),
meo remains field-independent, in agreement with the LK
model. The observed variation of m.; could then reflect
an actual increase of the cyclotron effective mass.

We will now consider the field range below 12 teslas,
in which Dingle plots of Figure 6 are linear, according to
equation (3). Regarding oscillation series Sz, good agree-
ment with equation (3) is observed in the whole angular
range covered by the experiments and the angle depen-
dence of the slope of the Dingle plots is satisfactorily ac-
counted for by the orbital behaviour predicted by equa-
tion (3). This is shown in Figure 6b where data for differ-
ent values of # lie on nearly parallel curves. By contrast,
the slope of the Dingle plot of the S; oscillations at 6 = 61°
is much lower than for the data at € = 0° and 21° whilst a
bend is observed in the field dependence of A, at 6 = 44°
(see Fig. 6a). These features can also be observed in Fig-
ure 7 where the angle dependence of d[In(A;B)]/d(1/B),
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Table 1. p; values deduced from the angle dependence of the oscillation amplitude and «; values deduced from magnetic field
(As(B), see Fig. 7) and angle (Ai(6), see Fig. 8) dependence of the oscillation amplitude. a; and y; parameters are defined in
equation (3). ay values are deduced from the data in the angular range below 60° (see text).

Sample #  9(°) ar (1)

A1(B) A1(0)

B az (T) th2
Az(B) Az(0)

1 90
2 100
2 110

39.2+1.3
50+ 4
47+ 3

60 £ 12
44 +10
38+ 14

0.53 £ 0.02
0.52 £ 0.01
0.52 £ 0.02

295+1.0 71+£12 0.55£0.03
34+2 50+ 12 0.54 £0.03
34+2 39+10 0.58+0.04

deduced from Dingle plots in the low magnetic field range,
is displayed for the data collected in pulsed fields (sample
#1) and in static fields (sample #2). Lines in this figure
are best fits to equation (3). A good agreement is observed
in the whole angular range covered by the experiments for
As and for 0 values lower than ~60° for A;. The dashed
line in the figure is the best fit of equation (3) to the data
determined in the high angular range. The «; values de-
duced from the fits of the field dependence of A; in the
angular range below 60° and of Ay (solid lines in the fig-
ure) are given in Table 1. Using the values of the cyclotron
effective mass reported above, the deduced Dingle temper-
atures are Tp; = (1.6 £0.3) K [Tp; = (2.5 £ 0.6) K] and
Tpz = (1.0£0.2) K [Tp2 = (1.3 £ 0.3) K] for sample #1
[#2]. Tp values deduced from the three-dimensional LK
model are lower by few tenth of a kelvin when compared
to those deduced from the two-dimensional model. In the
high angular range, the field dependence of A; can be ac-
counted for by ay = (15 £ 3) T. Such a low value can
only be interpreted, in the framework of the LK model,
by assuming that the cyclotron effective mass is lower for
0 >~ 60° than for 0 <~ 60°.

Let us now consider the analysis of the angle
dependence of the oscillation amplitude, which may
yield values of u;. In that respect, it is worth re-
calling that, the conventional LK model has been
successfully applied to the analysis of the angle de-
pendence of the oscillation amplitude of several 2D
organic conductors such as k-(ET)2Cu(SCN)y [18], a-
(ET),TIHg(SCN)4 [18], a-(ET),NH,Hg(SCN), [18,19],
a-(ET),TIHg(SeCN)y [20,21], 5-(ET)2IBry [22] or G-
(ET)oSF5CH2CF2SO03 [23,24]. However, since Fy(0) and
F5(0) are commensurate to F5(6) and F;(0), respectively,
the harmonic ratio procedure, frequently used in order to
derive the physical parameters of interest [18,22,25] can-
not be used in the present case. Due to the unconventional
behaviour of the field dependence of A; reported above,
the explored angular range was restricted to 6 values lower
than 60° for the S; series. In addition, due to the ob-
served deviations of the data from the LK model at high
magnetic field, an intermediate value of the mean field,
namely 7.5 T, was considered. As discussed above, the
low field approximation of the oscillation amplitude given
by equation (3) holds for both series in this field range.
Results for samples #1 and #2 are displayed in Figure 8
where solid lines are deduced from the two-dimensional
LK model. It has been checked that both two- and three-
dimensional LK models account for the data. Contrary
to the case of numerous ET salts [19,20,22-24], no clear
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< 0.005

0.000 0.0000

0.03 | 0.0015

0.02 [, 4 0.0010

Ao

0.01 | 0.0005

0.00 | 0.0000
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Fig. 8. Angle dependence of the oscillation amplitude for the
S1 (Fig. 8a) and the Sy (Fig. 8b) series for a mean magnetic
field value of 7.5 T. Filled and open symbols correspond to
samples #1 and #2, respectively. Full lines are best fits of
equation (3) to the data, restricted to the angular range 6 <
60° for the S; series.

zero can be observed in Figure 8. As a matter of fact,
experimental data for both series cannot be reproduced
by using equation (3) if it is assumed that a zero takes
place below 60°. This does not allow for u; values either
in the range 0.25 to 0.5 or larger than 0.75. Solid lines in
Figure 8 are best fits to the data, obtained with a; and
1; values reported in Table 1. As it is the case for the q;
values deduced from Dingle plots, the three-dimensional
LK model yields «; values lower by few teslas when com-
pared to the two-dimensional model whereas the deduced
1; values are independent of the model used in the anal-
ysis. The large uncertainty of «; values deduced from the
data analysis is due to the lack of sensitivity of the fits to
this parameter. It can be noticed that, in some cases (in
particular for sample #1), large values of a; are deduced
from the angle dependence of the oscillation amplitude.
Similarly, large values of a; have also been derived in the
case of 3”-(ET)2SF5CH2CF2S03 [23].
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For both samples and both oscillation series, p; is equal
to ca. 0.55 (see Tab. 1) which accounts for the lack of zero
in the angle dependence displayed in Figure 8. This value
is significantly lower than the cyclotron effective masses
linked to each of the oscillation series. This suggests that
the effective Landé factor g is strongly renormalised by
interactions as discussed in [15].

4 Conclusion

Most of the features observed in the previous in-plane
magnetoresistance data of (BEDO-TTF)2ReO4H20 are
again encountered in the inter-layer magnetoresistance
data. In particular, at low magnetic fields perpendicu-
lar to the conducting plane, the oscillatory conductance
exhibits two oscillations series S; and Ss, linked to elec-
tron and hole orbits, respectively. The decrease of the am-
plitude of Sy oscillations, concomitant with the appear-
ance of an oscillation series with a frequency of twice Fj
at high magnetic field is also detected. Nevertheless, due
to a better signal-to-noise ratio in the present case, new
features have been observed, mainly regarding S; oscil-
lation series. Indeed, while the cyclotron effective mass
Mmeo, linked to the So series remain field-independent, an
increase of the cyclotron effective mass m.; is observed as
the magnetic field increases above ~12 T. This behaviour
is likely to be ascribed to a field-induced phase transition,
owing to the fact that pressure-induced increase of mec1,
linked to phase transition, have been observed in (BEDO-
TTF)2ReO4H0 [8]. Nevertheless, thermodynamic mea-
surements are needed in order to check this statement.

When the orientation of the magnetic field is changed
with respect to the conducting plane, the orbital be-
haviour of the amplitude of Sy oscillations, predicted by
the Lifshits-Kosevitch model, is observed. As a contrary,
the amplitude of S; oscillations is larger than predicted for
magnetic field strongly tilted with respect to the normal
to the conducting plane which could be due to a lowered
cyclotron effective mass. Nevertheless, a detailed investi-
gation of this feature is required. In that respect, a sys-
tematic study of the field, temperature and angle (both
and ¢) dependences of the oscillatory conductance might
be useful. Finally, the analysis of the angle dependence of
the oscillation amplitude of both series yield u; values (see
Eq. (3)) significantly lower than the effective cyclotron
mass values. This suggests a significant renormalisation of
the effective Landé factor due to interactions.
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