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Abstract. The electronic structure of the quasi two-dimensional (2D) organic superconductor
B"-(ET)2SF5CH2CF2SO3 was examined by measuring Shubnikov-de Haas (SdH) and angle-dependent
magnetoresistance (AMRO) oscillations and by comparing with electronic band-structure calculations.
The SdH oscillation frequencies follow the 1/cos © angular dependence expected for a 2D Fermi surface
(FS), and the observed fundamental frequency shows that the 2D FS is 5% of the first Brillouin zone in
size. The AMRO data indicate that the shape of the 2D FS is significantly non-circular. The calculated
electronic structure has a 2D FS in general agreement with experiment. From the temperature and an-
gular dependence of the SAH amplitude, the cyclotron and band effective masses were estimated to be
me = (1.9+0.05) me and mp = (3.90 £ 0.05) me/g, where g is the conduction electron g factor and me. the
free electron mass. The band effective mass is estimated to be m{) = 1.07 me from the calculated electronic
band structure.

PACS. 71.18.4+y Fermi surface: calculations and measurements; effective mass, g factor — 74.70.Kn Organic
superconductors

1 Introduction

With various monovalent anions X, the donor mole-
cule bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF
abbreviated ET) forms a number of superconducting salts
(ET)2X [1], with x-(ET)2Cu[N(CN)3]Cl showing the high-
est superconducting critical temperature (7, = 12.8 K
under ~300bar) [2]. In these 2:1 salts, layers of ET?-5F
cations alternate with layers of the anion X, and ET
molecules exhibit a number of distinct packing motifs [1].
Their metallic properties, which originate from the par-
tially filled bands of the cation layers, can be quasi two-
dimensional (2D).

Recently, in a new direction for synthesis in organic
superconductors, several superconducting salts of ET

were prepared with large discrete anions [3-5]. In the
salts of anion M(CF3); (M = Cu, Ag, Au), solvent
molecules (e.g., 1,1,2-trihaloethane) are incorporated
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in the crystal structures, and the loss of these molecules
from a sample lowers the superconducting volume
fraction but not 7. [3]. The new superconductor
B"-(ET)2SF5CH,CF2SO3 [4,5] contains a large anion but
no solvent molecules. According to ac-susceptibility mea-
surements, the superconducting onset temperature of this
salt is ~5.2 K [4,5]. Another ”-phase superconductor
is ,8“—(ET)4HQOF6(CQO4)3'CgH5CN with TC ~ 7K [6],
which exhibits both superconductivity and paramagne-
tism, the latter arising from the Fe atoms in the anion
layer. So far little experimental information is available
about the electronic structures of these superconducting
3" phases. Based on magnetic quantum oscillations, direct
determination of band-structure parameters was possible
for 8”-(ET)2AuBr; [7,8], but this salt is not a supercon-
ductor and is believed to undergo an antiferromagnetic
phase transition at T ~ 20 K. Several electronic band-
structure calculations have been carried out for 3”-phase
salts of ET [5,8-10].
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To determine experimentally the Fermi surface (FS) and
band-structure parameters of 3”-(ET)2SF5CHoCF2SOs3,
we attempted to detect de Haas—van Alphen (dHvA) sig-
nals with the modulation-field technique and with a torque
magnetometer in fields up to 15 T. This attempt was un-
successful, due likely to the low sensitivity of these tech-
niques to small dHvA frequencies. However, we success-
fully observed Shubnikov-de Haas (SdH) signals and angle-
dependent magnetoresistance oscillations (AMRO). In the
present work, we present results of the SdH and AMRO
measurements and discuss these results based on the elec-
tronic band structure of 3”-(ET)2SF5CH2CF2S03 calcu-
lated by use of the extended Hiickel tight binding method
[11].

2 Experimental

A single-crystal sample of 3”-(ET)2SF5CHy;CF5S03 was
grown at Argonne by an electrocrystallization process
which is described in detail elsewhere [5]. Our
measurements were carried out for a sample of size
~ 500x500x 100 pm, a piece chipped from a large (2.4 mg)
high-quality single crystal. The resistance of the sample
was measured in a 3He top-loading cryostat with a stan-
dard low-frequency four-point ac method. Gold wires were
attached to the sample with gold paint, with the current
directed perpendicular to the highly conducting plane of
the sample. Care was taken to avoid heating of the sam-
ple by the applied current. SAH measurements were car-
ried out in magnetic fields of up to 13 T. The sample was
rotated in situ, and the angle @ between the magnetic
field and the c*-direction of the sample was varied with
an accuracy of better than 0.1°.

Theories explaining SAH oscillations are typically for-
mulated in terms of conductance. Thus, the resistance
data were analyzed as follows: the conductance o was cal-
culated by inverting the resistance, the steady part of the
conductance (gsteady) Was fitted by a polynomial, the rel-
ative conductance oscillations (Ao = 0/0steady — 1) Were
calculated by using the polynomial, and the Fourier trans-
form was applied to these conductance oscillation data.
To be rigorous, calculations of a conductance require the
inversion of a complete resistance tensor. By simply in-
verting the resistance data, our analysis neglected the os-
cillatory part of the Hall resistivity. The latter is believed
to be small in ordinary metals but may play an important
role in 2D systems. However, when © = 0, the current in-
volved in our experiment is parallel to the magnetic field,
so the Hall effect should be zero.

3 Results

The sample showed a monotonic decrease in resistance
from room temperature down to the superconducting
onset temperature, with a residual resistance ratio
R(300K)/R(6 K) = 220. Magnetization measurements of
the sample showed a superconducting transition at
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Fig. 1. Resistance of 3”-(ET)2SF5CH2CF2S03 as a function

of applied magnetic field at @ = 0. The inset shows the Fourier
transform of the relative conductance oscillations (see text).
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Fig. 2. Angular dependences of the SdH frequency F' and the
effective cyclotron mass pgc = mc/me (inset). The solid lines
are fits to the expressions F = Fy/cos © and pc = peo/cos O,
respectively.

T. = 4.5 K. SdH oscillations were observed at fields above
7 T for angles |©] < 62°. Figure 1 shows the resistance of
the sample at T' = 0.44 K when the applied magnetic field
B is perpendicular to the ab plane (i.e., © = 0). A single
frequency is observed without any beating pattern. The
Fourier transform of the relative conductance oscillations
(inset of Fig. 1) reveals the spectral purity of the signal,
i.e., one fundamental SAH frequency (F' = 200T) and its
second harmonic. There is no indication of an anomalously
high harmonic content, although the latter is commonly
observed in other 2D organic superconductors.

When the magnetic field is inclined (i.e., © # 0) the
SdH frequency shifts upward while the oscillation am-
plitude becomes smaller initially. Neither a beating pat-
tern nor a second fundamental frequency was observed
at any angle @. The angular dependence of the SAH fre-
quency is shown in Figure 2. The solid line is a fit using
the expression F' = Fy/cos®, which leads to the value
Fy = (199+2) T. This Fp value corresponds to an extremal
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Fig. 3. Temperature dependence of the A/T term determined
at three different rotation angles ©, where A refers to the SAH
amplitude. The solid lines are fits according to (1) as explained
in the text.

F'S cross section of 0.019 A*2, i.e., 5% of the first Brillouin
zone (based on the crystal structure data at 123 K [5]).
For a quasi-2D FS with a slight warping along its axis,
a beating pattern is expected with a maximum frequency
difference AFy.x = 4Fy(t/er), where ¢t is the inter-layer
transfer integral and ep is the Fermi energy [12-14]. The
absence of beating in a field range between 7 T and 13 T
implies that t/ep < 1/150.

The temperature dependence of the SAH amplitude A
was examined at three different angles, as summarized in
Figure 3. The oscillations were observed at temperatures
up to 2.5 K for ©® = 0. The solid lines are fits to the
Lifshitz-Kosevich (LK) expression [15]

A/T o exp(—aucT/B), (1)

where o = 2m2kpme/eh = 14.69T/K, and p. is the ef-
fective cyclotron mass mc/me. In (1) the hyperbolic sine
term of the original LK formula is approximated by a sin-
gle exponential term [16]. The data are in excellent agree-
ment with the predictions of LK theory over the whole
temperature range and led to the p. values of 1.9 + 0.05,
2.184+0.06, and 2.624+0.14 at © = 0, —28.3, and —45.4°,
respectively. The angular dependence of . is consistent
with the 1/cos © behavior expected for 2D systems (inset
of Fig. 2).

Lifshitz—Kosevich theory for SAH oscillations [17] pre-
dicts that the oscillation amplitude A depends on the field
strength B as

A < VBexp(—au.(T + Tp)/B), (2)

where T is the Dingle temperature. The analysis of our
data with use of this expression leads to Tp = 0.6 K. The
rate of electronic scattering calculated from this temper-
ature is 1/7 = 2rkpTp/h = 4.9 x 101 s7L.

The angular dependence of the SdH amplitude for
sweeps between 7 T and 13 T at a fixed temperature
(0.45 K) is shown in Figure 4. Two spin-splitting zeros
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Fig. 4. Angular dependence of the fundamental SAH ampli-
tude A at T' = 0.45 K in a half-logarithmic scale. The solid line
is a fit according to (3) showing two spin-splitting zeros.

occur at |©| = 38.8 and 56.1°. This enables the determina-
tion of the product gup, where g is the conduction electron
g-factor, and py, the effective mass my, /me. This product
is renormalized by electron-electron interaction but not
renormalized by electron-phonon interaction [15,18]. Since
both . and pp are proportional to 1/cos®, LK theory
gives the following relationship

exp (%—FTD)) ‘cos (%)’ . (3

1
os ©
This expression was employed to fit the data points of
Figure 4 treating guy, and Tp as free parameters thereby
leading to the results, gu, = 3.90 + 0.05 (at © = 0) and
Tp ~ 1.5K. This Tp is somewhat higher than the value
estimated from (2) (i.e., Tp ~ 0.6K), which reflects the
uncertainty in the exact determination of this quantity.

The angle-dependent magnetoresistance oscillation
(AMRO) data determined at ~0.4K under magnetic field
7T are presented in Figure 5. So far only one field-rotation
plane, i.e., the plane perpendicular to b* (£3°), could
be investigated. A slightly asymmetric pattern with four
maxima (indicated by arrows) is observed. A quasi-2D
metal can exhibit AMRO when the Fermi cylinder is
slightly warped along its axis [13,14]. From the distance
of the two maxima, the Fermi wave vector parallel to the
plane of rotation is estimated [13] to be kg = 0.24 A:l.
This is significantly larger than the value kp = 0.078 A~!
one may derive assuming that the 2D FS responsible for
Fy is circular. When the 2D FS pocket is approximated
by an ellipse, the Fermi wave vector perpendicular to the
plane of rotation would be kp; = O.IkFH from the ob-
served pocket size. If the rotation plane was such that
kg is not parallel to the long axis of the ellipse, the es-
timated kp, values become even smaller. However, for a
definite determination of the in-plane F'S shape a system-
atic AMRO study is necessary.
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Fig. 5. Angular dependence of the resistance at T ~ 0.4K
under B = 7T. The field was rotated approximately perpen-
dicular to b*.

4 Electronic band structure and discussion

The recent electronic band-structure study of 3”-(ET)2-
SF5CH>CF2SO3 showed that it has two FS’s, a pair of
warped 1D sheets and a distorted 2D cylinder, and that
the cross-section area of the 2D FS cylinder is about 25%
of the first Brillouin zone (FBZ) [5]. The present results
are consistent with this picture, but the observed cross-
section area (5%) is much smaller than predicted. The
extended Hiickel tight binding calculations of Geiser et al.
[5], though reported the use of double-zeta Slater type or-
bitals (STO’s) [19], actually employed single-zeta STO’s.
Therefore, to access a more realistic discrepancy between
theory and experiment, it was crucial to re-examine the
electronic structure of 3”-(ET)3SF5 CHyCF2SO3 with use
of double-zeta STO'’s.

Figure 6a shows the dispersion relations of the four high-
est-lying bands calculated for 8”-(ET);SF5CHyCF2SO3
with use of double-zeta STQO’s. The highest two bands are
partially filled and give rise to the FS’s shown in Figure 6b.
As in the case of single-zeta STO calculations [5], the FS’s
consist of a 2D hole pocket centered at X and a pair of
wavy lines straddling along the Y—M line. With double-
zeta STO calculations, the size of the 2D hole pocket is
considerably smaller (i.e., 14.8% of the FBZ) and hence
is much closer to the experimental value. If the shape of
the 2D pocket is approximated by a rectangle, the ratio
of the long-side to short-side length is calculated to be
~ 2.2. The STO calculations underestimate the ellipticity
and overestimate the FS size by a factor of 3. However,
the direction of the calculated long axis of the 2D pocket
lies only slightly (~ 20°) out of the experimental field-
rotation plane. It remains to be understood why such a
large discrepancy between the calculated and measured
FS is observed.

The band effective mass mj, associated with the 2D FS
pocket can be calculated by use of the expression

s
b7 o de’

(4)
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Fig. 6. (a) Dispersion relations of the four highest occu-
pied bands calculated for 8”-(ET)2SF5CH2CF2SO3, where the
dashed line refers to the Fermi level, I" = (0, 0), X = (a*/2,0),
Y = (0,0*/2), and M = (a*/2,b*/2). (b) FS’s calculated for
B"-(ET)2SF5CH2CF2S0s. The closed pockets located at X
and its equivalent points are hole surfaces, and the wavy lines
straddling along the Y — M direction are electron surfaces.

where S is the area of the 2D pocket in the FBZ. From
the calculated electronic structure and (4), mj, is esti-
mated to be 1.07m,. This value is considerably smaller
than ~1.9 m, obtained from the temperature dependence
of the SAH amplitude (cf. Fig. 2).

The effective cyclotron mass m. ~ 2me (for © = 0)
which lies within the range usually found in organic metals
[12] is obviously enhanced by many-body interactions. In
organic metals both electron-electron and electron-phonon
interactions are important. Based on the BCS mechanism
of superconductivity electron-phonon coupling constants
A of the ET-based superconductors are estimated to be
of the order 0.5 to 1.5 [1,20]. Enhanced g factors are fre-
quently observed in magnetic quantum oscillation stud-
ies of organic superconductors and indicate the impor-
tance of electron correlations in these materials [21]. The
m. enhancement due to electron-phonon (A) and
electron-electron (Aee) interaction may be written as
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me = (14+X)(1+Aee)my, = (14+X)my, [15,22]. The g value in
(3) is then given by g = grsr/(1+ AL..), where grsr ~ 2 is
the g value from ESR measurements and M., is the renor-
malization due to electron-electron interaction which is
different from Aee and usually is small and negative [15].
From the magnetic quantum oscillations alone the values
of A and A¢e cannot unambiguously be extracted. However,
the value A = 1.1+£0.1, estimated from recent specific-heat
measurements [23] would indicate only a minor renormal-
ization of m. due to electron-electron interaction, but a
strong renormalization of g ~ 3.9. In an alternative ex-
treme, one may assume that electron-electron interactions
do not cause any g factor enhancement. Then Ae ~ 0.9
and A = 0 would be estimated which, however, is in con-
trast to the specific-heat result. It is most likely that g
and m. are both renormalized by electron-electron inter-
actions.

The observation of AMRO’s indicates that the Fermi
cylinder is slightly warped along its axis [14]. Such a warp-
ing means that there are two extremal cross sections of the
FS, which can give rise to a beating pattern in the SdH
or dHvA oscillations as observed, e.g., in fg-(ET)2I5 and
B-(ET)2IBrs [12,21,24,25]. Since no beating was observed,
the warping and hence the transfer integral between the
highly conducting planes must be very small. This is re-
lated, most likely, to the large interlayer separation result-
ing from the large anion and the resulting packing motif

[5].

5 Concluding remarks

We have presented the first magnetic quantum oscillation
study of the newly synthesized organic superconductor
B"-(ET)2SF5CHyCF2S03. The SAH oscillation frequen-
cies follow the 1/cos©® angular dependence expected for
a 2D FS, and the fundamental frequency corresponds to
5% of the FBZ. The observed AMRQO’s indicate that the
2D FS has the shape of a rounded rectangle. These exper-
imental findings are in general agreement with the calcu-
lated 2D FS although considerable quantitative discrep-
ancies are found. The effective masses derived from mag-
netoresistance measurements are m, = (1.940.05)m, and
mp = (3.94+0.05)me/g. Both the g and my, terms may be
renormalized by electron-electron interactions. It remains
a challenge to disentangle the two contributions.

B"-(ET)2SF5CHyCF2S03 exhibits transport proper-
ties and electronic structures similar to those found for
the a-(ET);MHg(SCN)4 (M = K, Rb, Tl, NHy4) phases
[26-28]. B"-phase salts of ET are interesting candidates for
further systematic investigations for the interplay between
FS parameters, many-body interactions and the different
ground states in organic metals. It is of interest to fully
characterize the AMRO’s of (”-(ET);SF5CHyCF2S03
and examine whether this salt undergoes a magnetic
breakdown or a FS reconstruction under high magnetic
field.
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