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The Fermi surface of the layered organic superconductor xr-(DMEDO-TSeF)2[Au(CN)4](THF)
has been investigated, where DMEDO-TSeF is dimethyl(ethylenedioxy)tetraselenafulvalene. Band
structure calculations show that the fundamental Fermi surface is not circular, but elliptical with an
eccentricity of 0.76, leading to a large orbital overlap in the extended Brillouin zone. This symmetry
is lowered by a structural phase transition at 209 K where domains form. The magnetic breakdown
orbit is observed in the Shubnikov-de Haas oscillations under the low field region, consistent with
the small energy gap at the zone boundary. The observation of the Shubnikov-de Haas effect shows
that the present compound has a clean electronic system despite of the domain structures.

PACS numbers: 74.70.Kn, 71.18.+y, 74.25.Jb

The k-type molecular arrangement in Fig. 1 is the basis for the highest T, materials among organic superconductors,*
and has been recognized as an almost ideal two-dimensional system. In the x structure, the donor molecules form
face-to-face and head-to-tail orthogonal dimers, where the dimer pairs are approximately 90° with respect to each
other. Recently, a family of k-type organic superconductors of the form x-(DMEDO-TSeF)s[Au(CN)4](Solvent) has
been developed.?? With the solvent tetrahydrofuran (THF), we obtain two phases which have the same chemical
composition, £r- and kp-(DMEDO-TSeF)2[Au(CN)4](THF) as shown in Fig. 1. Most organic superconductors are
clean single crystals; the donor molecules and anions are in ordered states.! Although the THF molecule of the sy
phase (onset T, = 4.8 K) is ordered even at room temperature, THF in the x1, phase (onset T, = 3.0 K) is disordered
due to mirror symmetry. We have determined the structural phase transition in the k1, phase; the orthorhombic
system (Pnma) changes to the monoclinic domain structure with the space group P2;/nll below the distortion
temperature T; = 209 K. In other words, the b axis tilts in the bc plane in real space [Figs. 1(c) and (d)]. The &g,
phase is, to our knowledge, the only organic superconductor with a crystallographic domain structure.

The present paper compares the calculated energy band structure with the experimental results from the Shubnikov-
de Haas (SdH) effect.

Single crystals were prepared by electrocrystallization in RIKEN.2 The energy band structure was calculated on
the basis of the extended Hiickel method and the tight-binding approximation.® The magnetoresistance was measured
by the four-probe method along the b*-axis (the interlayer resistance) with ac current (20 — 200 nA). The SdH
measurements were performed using a superconducting magnet at NIMS, and high field measurements above 18 T
were performed in a resistive magnet at the NHMFL in Tallahassee.

The calculated transfer integrals at room temperature are ty,; = —356.8, tpe = —231.3, t, = —79.6, and t, =
55.8 meV [Fig. 1(b)]. |tne| is larger by a factor of ~ 3 than [t,|, which comes from the Se atoms in the donor molecule
and the large dihedral angle (103.0°) of the donor between dimers; this relation differs from that of k-(BEDT-TTF ) X
superconductors having [tha| ~ |t,],° where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene and X is an anion.
The k-type conductors are reduced to a triangular lattice of dimers with anisotropic transfers ¢ and ¢’ as shown in
Fig. 2(a), where t = (|tp| + |tq])/2 and ¢ = |tp2|/2.7 This model gives a square lattice in the #'/t = 0 limit, but a
one-dimensional chain in the opposite limit (¢'/t = 00). For the x-(BEDT-TTF)2X superconductors, ¢'/t is between
0.58 and 1.1,! and falls in between the square and triangular lattices. Since |tpa| > |t,], the present compound with
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FIG. 1: (a) DMEDO-TSeF and THF molecules. Crystal structure of the k1, phase projected along the molecular long axis both
at (b) T'> Ty and at (c) T' < Ty4. A shaded circle both in (b) and (c) represents a dimer. (d) Schematic representation of the
twinning structure. The domain wall is parallel to the ac plane of the prototype lattice, i.e., the conducting sheet.
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FIG. 2: (a) The dimer model for the x-type conductors. The open circles represent dimers. The energy band structure and
the Fermi surface (b) at room temperature, and (c) at T' < Ty using the modified transfer integrals (¢, = 1.1tp1, the = 1.1tp2,
t, = 0.9tp, and ¢, = 0.9¢tq).

t'/t = 1.71 is located in the highly anisotropic triangular lattice region.

Figure 2(b) shows the calculated energy band structure and Fermi surface at room temperature. In the s-type
compounds, the effective on-site Coulomb repulsion is defined as Ueg = 2|tp1 |.8 The ratio between Uy.g and the energy
bandwidth of the upper band W, is Ueg/W, = 0.91 indicating a strongly correlated electronic system. The energy
bands are degenerate both on the X-U and Z-U lines owing to the crystallographic symmetry. The Fermi surface
consists of overlapping cylinders, which generate the fundamental o and § orbits. The large anisotropy makes the 3
orbit an elongated ellipse with kr./kr, = 1.54. As a result, the cross-sectional area of the overlapping a orbit, S, is
26% of the first Brillouin zone (Sgz), and is considerably larger than the typical value, S, ~ 16% seen experimentally,
in the isotropic £-(BEDT-TTF)2X compounds.®? The 3 orbit, Sz, is exactly the same as Spz.

The degeneracy of the energy bands on the zone boundary occurs when the crystal has glide planes or screw axes
having translational symmetry perpendicular to the boundary.'® Although the low-temperature monoclinic phase
of the present compound has n-glide symmetry that keeps the Z-C zone boundary degenerate in Fig. 2(c), this
symmetry operation creates molecules in another donor layer in the unit cell. The conducting sheet is composed of
two independent dimers, giving rise to eight transfer integrals as shown in Fig. 1(c). Therefore, the energy band splits
into two both at the X-C and Z-C lines as shown in Fig. 2(c) for the low-temperature monoclinic phase. As a result,
the Fermi surface splits at the Z-C line, and the 8 orbit becomes an magnetic breakdown (MB) orbit. We can expect
that the value of the energy gap is quite small, because the deviation angle 6 = 1.21(2)° is extremely small [Fig. 1(d)],
and the change of the transfer integrals should be small.

Figure 3(a) is the magnetic field dependence of the electrical resistance at 35 mK (B || b*). Above 15 T the
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FIG. 3: (a) Magnetoresistance at 35 mK (B || b*). The inset is the SdH signal. (b) The FFT spectrum of the SAH oscillation.

magnetoresistance shows fast oscillating behavior. The oscillatory part (SAH signal) of the resistance represented by
[R(B) — Ro(B)]/Ro(B), rescaled by the nonoscillatory background Ry (B) is shown in the inset of Fig. 3(a). The fast
Fourier transformation (FFT) spectrum based on the SAH signal between 15.2 and 17.8 T shows two peaks a and 3
[Fig. 3(b)]. The observed S, is 24(2)% of Spz, and that of the § orbit is 103(2)%, where Spz is calculated using the
lattice constants at room temperature. The observed large S, verifies the elongated elliptical 3 orbit.

The observation of the SAH oscillation indicates that the present compound has a clean electronic system despite of
the domain formation. Since the domain walls are parallel to the conducting sheet [Fig. 1(d)], the domain structure
will not affect the cyclotron motion.

In order to investigate the slow oscillating behavior of the background magnetoresistance in Fig. 3(a), we have mea-
sured the high field magnetoresistance up to 35 T as shown in Fig. 4. The small dip structure of the magnetoresistance
around 8 T in Fig. 3(a) is found in Fig. 4. However, the second dip structure around 14 T is not found in Fig. 4.
Therefore, the slow oscillation-like behavior in Fig. 3(a) is not the SAH effect. In the high field region above 26 T,
the SAH oscillation coming from the § orbit is observed, but the « orbit is not found in the FFT spectrum based on
the SAH signal between 26.3 and 35.1 T as shown in Fig 4. This indicates that this field region is enough larger than
the MB field By related to the energy gap E4 as By oc Ez.1'12 Although s-(BEDT-TTF),Cu(NCS), shows many
combination frequencies, 3 +na (n = —2, —1,1,2), under high magnetic field (B > 20 T),*315 the present compound
does not show clearly such orbits.

As shown in Fig. 5(a), the SdH frequencies show 1/ cos @ behavior as expected for quasi-two-dimensional electronic
systems. The frequencies obtained are summarized in Table I with the ratios of the cross-sectional area to the first
Brillouin zone. The SdH signals are analyzed in the conventional way using the two-dimensional Lifshitz-Kosevich
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FIG. 4: Magnetoresistance at 0.5 K for different field directions. The inset is the FFT spectrum of the SdH oscillation between
26.3 and 35.1 T for B || b*. The sample is different from that presented in the other figures.

TABLE I: Parameters obtained by the SAH oscillations.

Orbit F (T) S/Ssz (%) m*/mo g Tp (K)
a 1.1(1) x 10° 24(2) 4.8(4) 1.5(1) 1.7(2)
8 4.6(1) x 10° 103(2) 6.3(1) 1.67(3) 2.0-2.5

(LK) formula for the FFT amplitude

A x RrRpR.R, (1)
Br = smﬁgﬁm%ﬁﬁﬁm )
Rp = exp[%} (3)
R foos[ 2L L) (@
Ry = exp(%) {1 —eXp<Bf(§)S6.>]bi/2, 5)

where m* is the effective cyclotron mass at 8 = 0°, my is the free electron mass, Tp is the Dingle temperature, g* is the
effective conducting electron g-factor renormalized by many-body effects, K is equal to (2m2kgmo)/(eh) = 14.69 T/K,
By is the magnetic breakdown field, and integers ¢; and b; are respectively the number of tunneling and Bragg
reflections encountered along the path of the quasiparticle.!!12

The temperature dependences of the o and [ oscillation amplitudes divided by temperature, mass plots, are
presented in Fig. 5(b). The effective cyclotron mass ratios, m*/my, thus obtained (and listed in Table I) are large
among the k-type organic supercomductors.9

The probability of the MB tunneling is given by P = exp(—By/B).1''112 The coupled network model shows that
the amplitude of every term concerned is weighted by a breakdown reduction factor.'%1” The reduction factor of
the o orbit is Rp o = 1 — P = 1 — exp(—By/B) from the number of the Bragg reflections (¢; = 0 and b; = 2), and
that of the 8 orbit is Ry 3 = P? = exp(—2By/B) from the number of MB points (¢, = 4 and b; = 0)[Fig. 2(c)].
Therefore, the field dependence of the oscillation amplitude of the a orbit is proportional to A o R7,0RD,aRb,q, and
that of the 3 orbit is Ao gRr gRp gRy 3, where Ag and Ag g are the original oscillation amplitudes of the o and
[ orbits, respectively. A fit to the Dingle plot of the a orbit requires the adjustment of three parameters: Tp, By,
and the infinite-field intercept In Ap . Owing to close functional correlations between Rp and Ry, it is virtually
impossible to uniquely determine T and By using the Dingle plots.!418 Therefore, we estimate Tp and By using the
combination of the Dingle plots, the angle dependence of the oscillation amplitude, and the field dependence of the
oscillatory magnetoresistance.

Figure 5(c) shows the Dingle plots. The curve of the alpha orbit starts to bend down from 16.4 T; this means that
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FIG. 5: (a) Angle dependence of the SdH frequencies. The solid lines show the 1/cosf dependence. (b) Mass plots. The
solid lines are the fits to the data. (d) Dingle plots. The solid lines are the fits to the data. (d) Angle dependence of the SdH
amplitude. The solid and dotted lines are fits to the data. (e) The observed SdH signal (upper) and the calculated one (lower)
with By = 4 T. Residuals values are given by the difference between the observed SAH signal and the calculated one.

the one extreme upper bound of the MB field is By ~ 16.4 T. The Dingle temperature of the alpha orbit is estimated
as Tp,o = 1.7(2) K using the slope of the line in the low-field region. This is the lower bound of T ., because the
MB occurs in this field region. For the 3 orbit, the line fitting gives only K (m}/mo)Tp s + 2B = 222(3) T.

The oscillation amplitude of the § orbit shows a drastic decrease at 6 ~ 20° [Fig. 5(d)]. This decrease is caused by
the Zeeman spin splitting damping factor Ry in the LK formula; R becomes zero when (g*m™*)/(mq cos ) is an odd
integer. For the (8 orbit, g5 = 1.67(3) is smaller than the free electron g factor; this indicates large renormalization
by the many-body effects.!! For the alpha orbit, we treat g* and By as the fitting parameters to analyze Fig. 5(d)
using eq. (1). Although the « orbit behavior is explained using ¢* = 1.5(1), this angle dependence gives the scattered
By between 0.4 and 16.4 T. The Dingle temperature of the 3 orbit is between 2.0 and 2.5 K under the obtained By
region, and this value is reasonable compared with Tp o = 1.7(2) K.

The oscillatory magnetoresistance at § = 0° is expressed using

F.
o (3 —%)], (©)

where F; and v; are the frequency and the phase factor, respectively, of the Fourier component linked to the j orbit,
and the amplitude A; is given by A; = Ay jRr jRp jRs Ry ;. It is difficult to uniquely determine By using this

R(B) - Ro(B) ~~ ,
W_;A]sm




equation, because a fit to the field dependence of the oscillation requires the adjustment of parameters: By, A;, and
;. Figure 5(e) shows the observed SAH oscillation and the calculated result using eq.(6) with the MB field By =4 T,
and the residuals values are not sensitive to the value of By.

The cyclotron motion of the « orbit disappears for B > By, and our estimation satisfies this requirement at
B ~ 30 T (Fig. 4). Although several groups have estimated By for x-(BEDT-TTF),Cu(NCS)2, the values of By are
scattered between 15 and 41 T.13715:19:20 This indicates the difficulty of the estimation of Bj.

In summary, the large area « orbit observed in the SdH oscillations shows that the present compound is located in
the highly anisotropic triangular lattice regime. The observation of the SAH oscillation near B || b* indicates a clean
electronic system in the present compound despite of the domain structures.
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