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We report the molecular dipole effect on conduction electrons in the title superconductor. The angular-
dependent magnetoresistance has a peak for fields nearly parallel to the conducting layer, and the peak
width scales as the field component perpendicular to the layer, indicating incoherent interlayer transport.
However, two closed Fermi surfaces are observed in quantum oscillation. Accordingly, crystallograph-
ically independent layers have different charge densities in a bulk single crystal. The electric dipole of
tetrahydrofuran gives rise to interlayer charge disproportionation.
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Typical layered organic superconductors are composed
of organic donor and inorganic anion molecules, and
donors (anions) form conducting (insulating) layers. How-
ever, some organic superconductors contain another
chemical component, a neutral solvent molecule, in their
anion insulating layer [1]. When polar solvent molecules
are involved, a permanent electric-dipole moment poten-
tially affords a profound effect on conduction electrons in
conducting layers. However, the effect of a molecular
dipole on conduction electrons in layered superconductors
has not been clarified yet.

Layered conductors have another interesting problem,
interlayer coherency. The interlayer coherency of layered
conductors has been investigated by many research groups
[2-9]. If interlayer coupling is strong, namely, the inter-
layer hopping rate 7| /h, where ¢, is the interlayer transfer
integral and % is the Planck constant, is sufficiently larger
than the intralayer scattering rate 7~ !, interlayer electronic
transport is coherent and described by the warped cylin-
drical Fermi surface (FS) [Fig. 1(a)]. In another limit,
h/T > 1|, incoherent interlayer transport is expected. In
this case, interlayer conductivity is proportional to the rate
of tunneling between two adjacent layers, and the FS is
defined only in the plane of the layers [Fig. 1(b)]. Since
most of the layered conductors investigated so far show
coherent transport, a study of an incoherent system is of
fundamental interest.

We can naively expect that an organic conductor
with thick anion layers potentially has a small inter-
layer interaction. Two organic superconductors with
the same chemical composition, i.e., kp- and
ku-(DMEDO-TSeF),[ Au(CN)4|(THF) [where DMEDO-
TSeF is dimethyl(ethylenedioxy)tetraselenafulvalene and
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PACS numbers: 74.70.Kn, 71.18.+y, 72.15.Gd

THEF is tetrahydrofuran] as shown in Figs. 1(c) and 1(d),
have been developed [10]. The «; phase (onset
T, = 3.0 K) has a disordered solvent molecule THF, and
shows an orthorhombic-monoclinic distortion phase tran-
sition at T; = 209 K [11-13]. The low temperature struc-
ture consists of two monoclinic domains. By contrast, THF
in the «y phase (onset 7. = 4.8 K) is ordered. THF is a
polar molecule and exhibits ferroelectric-like ordering
in the insulating layer of the ky phase, even at room
temperature [Fig. 1(d)]; the relationship between the insu-
lating layers is antiferroelectric-like. Moreover, there are
two crystallographically independent conducting layers (A
and B) and both layers have a «-type structure [Figs. 1(c)
and 1(d)]. The kg phase is expected to have a strong
interaction between the permanent electric-dipole moment
of THF and conduction electrons. This is reminiscent of
Ginzburg’s mechanism of superconductivity because its
conducting layer is sandwiched by dielectric insulating
layers [14]. The ky phase is a two-dimensional super-
conductor confirmed from the angular dependence of the
upper critical fields and the small interlayer coherence
length, £, = 3.1(3) A [15]. This indicates a possibility
of an incoherent interlayer transport system for the xy
phase. In the present Letter, we report the angular-
dependent magnetoresistance and the Shubnikov—de Haas
(SdH) oscillations of the «p phase. The results reveal that
the xy phase is an incoherent system and that the charge
transfer degrees of the donor layer A differs from that of
B in a bulk single crystal.

Single crystals were prepared by electrocrystallization
[10]. The energy band structure was calculated by the
extended Hiickel method and tight binding approximation
[16]. Interlayer resistance (I || a*) was measured by the
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FIG. 1 (color). Fermi surfaces of (a) coherent and (b) incoher-
ent layered systems. For the incoherent layered system, the
cylindrical FS with no dispersion along the k, direction is
independently defined within each layer. The stack structure of
independent cylindrical FSs is schematically depicted in the right
panel of (b), where c is the layer distance in real space. (c) Crystal
structure projected along molecular long axis and (d) projection
onto ac plane of ky-(DMEDO-TSeF),[Au(CN),](THF). The
shaded circles in (c) represent dimers, and the bold arrows in
(d) denote the polarization vector P of THF molecules. (e) Band
structure and FSs. The transfer integrals calculated are f,; =
—355.9, ), = —234.0,t, = —76.7, and t, = 62.3 meV for the
layer A, and 7,,) = —348.8, 1, = —242.1,¢t, = —73.3,and 1, =
57.1 meV for the layer B.

four probe method with ac current (0.01-0.3 nA). A
bridge circuit was used to accurately measure the peak
structure of angular-dependent magnetoresistance. The
angular-dependent magnetoresistance measurement was
performed using a 35 T resistive magnet at NHMFL in
Tallahassee. The SdH measurement was performed using a
20 T superconducting magnet at NIMS.

The calculated band structure and FSs are shown in
Fig. 1(e), where we assume that the charge transfer degree
from the donor to anion is 0.5 per molecule for both A
and B. The FS consists of overlapping cylinders, which

generate the fundamental « and B orbits. The FSs obtained
are similar to that of the «; phase. The energy bands are
degenerate on both BD and DY lines of the first Brillouin
zone (BZ), owing to the crystallographic symmetries.
When a dimer has one hole for both layers, the cross-
sectional area of the a-orbit is about 25% of the first
Brillouin zone Sz, and that of the B-orbit, Sg, is exactly
the same as Spz for both layers.

Figure 2(a) shows the angular-dependent magnetoresis-
tance at 1.2 K for various magnetic fields. The field ori-
entation is defined by a tilt angle 6 between the field
direction and the a*-axis. Although a common shape of
the angular-dependent interlayer magnetoresistance has a
minimum at # = 0° and a maximum at § = 90° in a quasi-
two-dimensional system [7,9], the present results show
an opposite behavior at 12.5 T. This unusual behavior
suggests that the present compound is not a coherent
system [8].

The magnetoresistance of a conductor with a cylindrical
FS for magnetic fields nearly parallel to the conducting
plane, i.e., 8 = 90°, has a peak structure. Hanasaki et al.
have demonstrated that the magnetoresistance peak
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FIG. 2 (color). (a) Angular-dependent magnetoresistance at
1.2 K for various magnetic fields. The fast oscillating behavior
at approximately # =< 20° under high fields is the SdH oscilla-
tion. The resistance dip at # = 90° at 10 T shows superconduc-
tivity surviving owing to the anisotropic upper critical fields.
(b) The peak structure at approximately 6 = 90° scaled by
B cosf. The inset shows the definition of the critical angle 6..
(c) Magnetic field dependence of the critical angle. Solid and
dotted lines are fitted to the cos™!(B,/B) dependence.
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structure, which we call the 90° peak, is ascribed to the
closed orbits formed on the side of the corrugated cylin-
drical FS [17]. McKenzie and Moses have shown that the
90° peak is one indication for the coherency of interlayer
transport [3,4]. In the model of Hanasaki et al., this peak
width is related to the interlayer transfer integral ¢, as
[(/2) — 6.] = 2m*t, d)/(h’kg), where 6. is the critical
angle defined in Fig. 2(b), m* is the effective cyclotron
mass, d is the interlayer spacing, and k. is the Fermi wave
number. This means that the critical angle is independent
of magnetic field. The present compound shows that the
peak width clearly decreases with increasing magnetic
field, and that the magnetoresistance at approximately
6 = 90° is scaled by B cos# [Fig. 2(b)]. The critical angle
exhibits #, = cos™!(B,/B), where By is a characteristic
magnetic field and the only fitting parameter [Fig. 2(c)].
The obtained B, is independent of temperature; B is
1.09(4) Tat 1.2 K; it is 1.07(9) T at 0.5 K.

Kennett and McKenzie have proposed a new model for
the 90° peak in the angular-dependent magnetoresistance
[18]. They have considered quantum correction to the
semiclassical conductivity in the incoherent layered sys-
tem, and found that the 90° peak appears owing to the
weak localization effect. If the 90° peak comes from the
localization effect for the two-dimensional electron sys-
tem, magnetoresistance is scaled by B cosf. This means
that a negative magnetoresistance appears under a mag-
netic field perpendicular to conducting layers below Bj;
this is a type of Anderson localization. Unfortunately, we
cannot observe such a phenomenon because the present
compound is a superconductor.

Figure 3(a) shows the magnetic field dependence of
interlayer resistance at 0.04 K (B || a*). Above 11 T, mag-
netoresistance shows an oscillating behavior. The oscilla-
tory part (SdH signal) of resistance represented by
[R(B) — Ry(B)]/Ry(B), rescaled by the nonoscillatory
background R (B), is shown in the inset. The fast Fourier
transformation (FFT) spectrum based on the SdH signal
shows three peaks: B, B,, and 283, [Fig. 3(b)]. The
obtained frequencies are summarized in Table I, and the
uncertainty of the SdH frequencies in Table I is given by
the full width at half maximum of the peak in the FFT
spectrum. The observed S, is 98.0(7)% of Sgz, and that of
the 3, orbit is 108.2(7)%, where Sy is calculated using the
lattice constants at room temperature. Both Sz and Sz, are
assigned to the large cross section estimated from the band
calculation [Fig. 1(e)]. The second-harmonic orbit of the 3,
orbit, 231, is also observed. The degeneracy of the bands on
the DY line of the first Brillouin zone in Fig. 1(e) is
consistent with absence of the a-orbit, F, ~ 1100 T.

The SdH signals are analyzed using the two-dimensional
Lifshitz—Kosevich formula for FFT amplitude [19]. SdH
frequencies show a 1/ cosf dependence and have no ten-
dency to cross each other [Fig. 3(c)]. This indicates that the
both B, and 3, orbits are two-dimensional FSs and that the
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FIG. 3. (a) Magnetoresistance at 0.04 K (B || a*). The inset

shows the SdH signal. (b) FFT spectrum of SdH oscillation.
(c) Angle dependence of SAH frequency. Solid lines show the
1/ cosf dependence. (d) Mass plots. (e) Dingle plots. (f) Angle
dependence of SdH amplitude. Solid lines in (d), (e), and (f) are
fits to the data.

energy band of the B3, orbit differs from that of the 3, orbit.
The temperature dependencies of oscillation amplitude
divided by temperature, i.e., mass plots, are presented in
Fig. 3(d). The determined effective cyclotron mass ratios
m* /mg (my is the free electron mass) are listed in Table I,
which are large for k-type organic superconductors [20].
The Dingle temperatures Tp, simply determined from the
field dependence of oscillation amplitude [Fig 3(e)], are

TABLE 1. Parameters obtained by SdH oscillation.
obit F(T)  §/Spy (%) m*/my Tp (K) g
B 4405(32) 98.0(7) 545@8) 1.252) 1.82(3)
B> 4866(33) 108.2(7) 6.9(1) 1.333) 1.71(3)
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also shown in Table I. We can estimate the average mean
free path from T}, as [5 = 758(16) A for the B,-orbit and
as lg, = 591(14) A for the B,-orbit. The in-plane coher-
ence length & = 530(20) A [15] is smaller than the mean
free path (I/ &) > D); this indicates that the present com-
pound is a clean superconductor. Finally, the angular depen-
dence of oscillation amplitude shows a spin-splitting zero
state at approximately 6 = 25° [Fig. 3(f)]; this gives the
effective electron g-factors (Table I). The values obtained are
smaller than the free electron g-factor, which indicates a
large renormalization induced by many-body effects [19].

The present SdH oscillations indicate that two funda-
mental closed orbits exist. If the FS is a warping cylinder in
a coherent layered system, there are two extreme areas,
corresponding to the neck and belly orbits [Fig. 1(a)]. We
cannot use this picture, because the present compound is an
incoherent layered system. Two closed FSs observed are
explained by two crystallographically independent con-
ducting layers, A and B [Figs. 1(c) and 1(d)]. If the charge
transfer degree from the donor molecule of A to the anion
differs from that of B, the cross-sectional area of the FS of
A differs from that of B. This is a type of charge dispro-
portionation, i.e., an interlayer charge disproportionation.
This originates from polar THF molecules in insulating
layers. A polarized THF makes the anion [Au(CN),]~ a
polarized anion. The anion with four crystallographically
nonequivalent CN units is in agreement with the polari-
zation. As a result, the degree of charge transfer from
the donor molecule in A to the anion differs from that in
B. The total charge transfer degree does not change, be-
cause the anion is [Au(CN),]~. Therefore, we can estimate
that the differential charge transfer degrees between A and
B is Ap = 0.051(5)e per donor molecule, where e is the
elementary electric charge, from the difference between
the SdH frequencies. The charge transfer degree of A
should be larger than that of B, because the electron-rich
CN units of the anion are opposite the layer A. The charge
transfer degree of A is p4, = (1 + Ap)/2 per donor mole-
cule and that of B is pg = (1 — Ap)/2. This indicates that
energy band filling deviates from the effective half filling
for both layers. Thus, we obtain FSs on the basis of
magnetoresistance, as shown in Fig. 4(a). Although the
band dispersion does not change from Fig. 1(e), the
Fermi level Er of A decreases but that of B increases.
For the present compound, two nonequivalent FSs alter-
nately stack [Fig. 4(b)], where the cross-sectional area of
B is smaller than that of A.

The temperature dependence of the resistance R(T) in
k-type organic superconductors has a broad peak at ap-
proximately 100 K; this is considered to reflect the profile
of the Mott phase boundary [21]. Moreover, the k; phase
also has a broad peak [10]. By contrast, the resistance of
the «y phase decreases monotonically with decreasing
temperature despite its k-type structure [10,15]. This is
further evidence of interlayer charge disproportionation
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FIG. 4 (color online). (a) FSs calculated on the basis of mag-
netoresistance. (b) Alternate stack structures of A and B (left
panel), and of corresponding FSs with different cross sections
(right panel).

in the ky phase. In semiconductor superlattices, two-
dimensional conducting layers with different charge den-
sities, where both layers are well separated by a barrier,
have been built using molecular beam epitaxy [22]. Our
results show that such an interesting electronic structure
can be realized in a bulk single crystal.

In summary, our observation of a clear angular-
dependent magnetoresistance of ky-(DMEDO-TSeF),
[Au(CN),](THF) proves the incoherent interlayer trans-
port properties. We have found a clear field dependence
of the critical angle of the magnetoresistance peak at
approximately # = 90° as cos™!(B,/B), which indicates
that the origin of the peak is a weak localization effect.
SdH oscillation showing two closed orbits indicates that
crystallographically independent donor layers have dif-
ferent charges; interlayer charge disproportionation oc-
curs in a bulk single crystal. Interlayer charge
disproportionation is realized for an incoherent layered
system including antiferroelectric-like insulating layers
with polarization vectors perpendicular to conducting
layers.

The authors thank M. Kibune, H. Yoshino, H. Cui, and
T. Tokumoto for assistance. This work was partially sup-
ported by a Grant-in-Aid for Scientific Research on
Innovative Areas (No. 23110709) from MEXT, a Grant-
in-Aid for Scientific Research (C) (No. 24540364) from
JSPS, the JSPS Core-to-Core Program (No. 18003), NSF
Cooperative Agreement (DMR-0084713 and DMR-
0602859), the State of Florida, and the DOE.

*kawamoto@o.cc.titech.ac.jp
[1] T. Ishiguro, K. Yamaji, and G. Saito, Organic
Superconductors (Springer, Berlin, 1998), 2nd ed.
[2] N. Kumar and A.M. Jayannavar, Phys. Rev. B 45, 5001
(1992).

147005-4


http://dx.doi.org/10.1103/PhysRevB.45.5001
http://dx.doi.org/10.1103/PhysRevB.45.5001

PRL 109, 147005 (2012)

PHYSICAL REVIEW LETTERS

week ending
5 OCTOBER 2012

(3]
(4]
(5]

[6]

(71

(9]

[10]

[11]

R.H. McKenzie and P. Moses, Phys. Rev. Lett. 81, 4492
(1998).

P. Moses and R.H. McKenzie, Phys. Rev. B 60, 7998
(1999).

J. Singleton, P. A. Goddard, A. Ardavan, N. Harrison, S.J.
Blundell, J. A. Schlueter, and A. M. Kini, Phys. Rev. Lett.
88, 037001 (2002).

J. Wosnitza, J. Hagel, J. S. Qualls, J. S. Brooks, E. Balthes,
D. Schweitzer, J. A. Schlueter, U. Geiser, J. Mohtasham,
R. W. Winter, and G. L. Gard, Phys. Rev. B 65, 180506(R)
(2002).

M. Kuraguchi, E. Omichi, T. Osada, and Y. Shiraki, Synth.
Met. 133-134, 113 (2003).

T. Osada and E. Ohmichi, J. Phys. Soc. Jpn. 75, 051006
(2000).

M.V. Kartsovnik, D. Andres, S.V. Simonov, W.
Biberacher, 1. Sheikin, N.D. Kushch, and H. Miiller,
Phys. Rev. Lett. 96, 166601 (2006).

T. Shirahata, M. Kibune, and T. Imakubo,
Commun. (Cambridge), 15 1592 (2006).

T. Kawamoto, T. Mori, T. Kakiuchi, H. Sawa, T. Shirahata,
M. Kibune, H. Yoshino, and T. Imakubo, Phys. Rev. B 76,
134517 (2007).

Chem.

[12]

[13]
[14]
[15]

[16]

[17]
(18]
[19]
[20]

(21]
[22]

147005-5

T. Kawamoto, T. Mori, Y. Takahide, S. Uji, D. Graf, J.S.
Brooks, T. Shirahata, M. Kibune, H. Yoshino, and T.
Imakubo, Phys. Rev. B 83, 012505 (2011).

T. Kawamoto, T. Mori, T. Shirahata, and T. Imakubo,
J. Phys. Soc. Jpn. 80, 054706 (2011).

V.L. Ginzburg, Contemp. Phys. 9, 355 (1968).

T. Kawamoto, T. Mori, Y. Takahide, T. Terashima, S. Uji,
T. Shirahata, and T. Imakubo, Phys. Rev. B 85, 014504
(2012).

T. Mori, A. Kobayashi, Y. Sasaki, H. Kobayashi,
G. Saito, and H. Inokuchi, Bull. Chem. Soc. Jpn. 57,
627 (1984).

N. Hanasaki, S. Kagoshima, T. Hasegawa, T. Osada, and
N. Miura, Phys. Rev. B 57, 1336 (1998).

M.P. Kennett and R.H. McKenzie, Phys. Rev. B 78,
024506 (2008).

D. Shoenberg, Magnetic Oscillations in
(Cambridge Univ. Press, Cambridge, 1984).

T. Kawamoto and T. Mori, Phys. Rev. B 74, 212502
(2000).

K. Kanoda, J. Phys. Soc. Jpn. 75, 051007 (2006).

J.P. Eisenstein, T.J. Gramila, L. N. Pfeiffer, and K. W.
West, Phys. Rev. B 44, 6511 (1991).

Metals


http://dx.doi.org/10.1103/PhysRevLett.81.4492
http://dx.doi.org/10.1103/PhysRevLett.81.4492
http://dx.doi.org/10.1103/PhysRevB.60.7998
http://dx.doi.org/10.1103/PhysRevB.60.7998
http://dx.doi.org/10.1103/PhysRevLett.88.037001
http://dx.doi.org/10.1103/PhysRevLett.88.037001
http://dx.doi.org/10.1103/PhysRevB.65.180506
http://dx.doi.org/10.1103/PhysRevB.65.180506
http://dx.doi.org/10.1016/S0379-6779(02)00322-3
http://dx.doi.org/10.1016/S0379-6779(02)00322-3
http://dx.doi.org/10.1143/JPSJ.75.051006
http://dx.doi.org/10.1143/JPSJ.75.051006
http://dx.doi.org/10.1103/PhysRevLett.96.166601
http://dx.doi.org/10.1039/b516940b
http://dx.doi.org/10.1039/b516940b
http://dx.doi.org/10.1103/PhysRevB.76.134517
http://dx.doi.org/10.1103/PhysRevB.76.134517
http://dx.doi.org/10.1103/PhysRevB.83.012505
http://dx.doi.org/10.1143/JPSJ.80.054706
http://dx.doi.org/10.1080/00107516808220090
http://dx.doi.org/10.1103/PhysRevB.85.014504
http://dx.doi.org/10.1103/PhysRevB.85.014504
http://dx.doi.org/10.1246/bcsj.57.627
http://dx.doi.org/10.1246/bcsj.57.627
http://dx.doi.org/10.1103/PhysRevB.57.1336
http://dx.doi.org/10.1103/PhysRevB.78.024506
http://dx.doi.org/10.1103/PhysRevB.78.024506
http://dx.doi.org/10.1103/PhysRevB.74.212502
http://dx.doi.org/10.1103/PhysRevB.74.212502
http://dx.doi.org/10.1143/JPSJ.75.051007
http://dx.doi.org/10.1103/PhysRevB.44.6511

