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Microscopic modulation of local density of states in superconducting α-(BEDT-TTF)2NH4Hg(SCN)4
studied by site-selective 13C-NMR spectroscopy
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The local electronic state at every crystallographically independent molecular site was separately investigated
in the organic superconductor α-(BEDT-TTF)2NH4Hg(SCN)4 using site-selective 13C-NMR spectroscopy. The
density of states (DOS) at three molecular sites shows independent temperature variation, which is caused
by the long-range Coulomb interaction. Comparing the present results with those for a nonsuperconducting
counterpart α-(BEDT-TTF)2RbHg(SCN)4, we found that the uniform DOS at two of three independent molecular
sites is crucial to induce superconductivity. Taking the site-dependent DOS as a parameter, we constructed a
phase diagram for a superconductor with long-range Coulomb interaction, an α-type BEDT-TTF family, and
summarized the competition between charge instability and superconductivity.
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Unconventional superconductivity has been frequently
found after the suppression of the order in the spin degrees
of freedom. Properties of unconventional superconductivity
near magnetic order have been intensively studied since the
discovery of heavy fermion and cuprate superconductors.
In these systems, superconductivity is induced by mag-
netic critical fluctuations enhanced near the second-order
phase transition. The organic superconductors (TMTSF)2X
(TMTSF: tetramethyltetraselenafulvalene) and κ-(BEDT-
TTF)2X (BEDT-TTF: bisethylenedithio-tetrathiafulvalene)
are also categorized by magnetic-fluctuation-induced super-
conductivity [1,2]. In some BEDT-TTF salts, however, super-
conductivity was found near the order in the charge degrees of
freedom. One of the most intensively studied examples is the
α-(BEDT-TTF)2X family, in which superconductivity appears
after suppressing charge instability by chemical substitution
or application of mechanical pressures [3–6]. Theoretical
studies have suggested that superconducting (SC) pairs can
be mediated by critical charge fluctuations near the charge
ordering (CO), which is caused by a sizable off-site Coulomb
repulsion [7]. The properties of superconductivity near charge
instability should be investigated to understand the diversity
of SC pairing mechanisms.
To reveal the relationship between superconductivity and
charge instability, a phase diagram for various α-type BEDT-
TTF salts has been proposed [5]. In this phase diagram,
the ratio of lattice parameters c/a was used as the tuning
parameter, which modifies the anisotropy of the transfer
integrals in the conduction (ac′) plane. Among the α-(BEDT-
TTF)2X salts, a clear CO transition at TCO = 135 K was
reported in α-(BEDT-TTF)2I3 (I3 salt) with c/a � 0.85 [8].
The uniaxial strain along the c direction decreases the
c/a ratio to induce superconductivity with the transition
temperature Tc reaching 7 K [4]. The resistivity in c axial
strain shows semiconducting behavior before the SC transition,
while a axial strain induces metallic resistivity down to
the lowest temperature without a SC transition. In another
α-type salt, α-(BEDT-TTF)2NH4Hg(SCN)4 (NH4 salt) with a
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larger c/a ratio of 0.987, metallic resistivity was observed in
the entire temperature range, and superconductivity appears
even at ambient pressure below Tc = 1 K [9], which can be
increased up to 6 K by c axial strain [5]. Besides, α-(BEDT-
TTF)2KHg(SCN)4 (K salt) with the largest c/a ratio of 0.99
demonstrates two charge anomalies at TCDW = 8 K [10] and
T ∗CO � 200 K [11–13]. In K salt, superconductivity can be
induced by the application of hydrostatic pressures [14,15].
The previously proposed c/a phase diagram thus cannot
explain the variation of the electronic properties in the normal
state, and the relationship between CO and SC phases. To
universally understand the SC, CO, and charge-density-wave
(CDW) states in α-(BEDT-TTF)2X, electronic states should be
summarized in a phase diagram, for which a parameter directly
connected to the electronic state is used as the horizontal
axis.
The lattice constants are not the best parameters because
the band structure is determined by a combination of trans-
fer integrals between three crystallographically independent
BEDT-TTF molecules A, B, and C. In the conduction plane
of α-type packing, two A molecules are connected with
inversion symmetry, and the B and C molecules locate on
the inversion center, as shown in Fig. 1(a). The A molecules
and B,C molecules stack along the c direction to form a
columnar structure, and the A and B-C columns alternate along
the a direction. Despite the columnar structure along the c
direction, band calculation suggested a quasi-one-dimensional
(1D) Fermi sheet perpendicular to the a direction in K, Rb,
and NH4 salts [16], which results in the highest conductivity
along the a direction. In addition to the 1D Fermi sheet,
α-(BEDT-TTF)2X salts also possess a two-dimensional (2D)
Fermi surface. As the local transfer integrals for every site are
responsible for the determination of band structure, we should
utilize a parameter that directly reflects the local electronic
states to construct the phase diagram.
The crystal and band structures of K salt are similar to
those of NH4 salt. In the ground state, however, NH4 salt shows
superconductivity, while K salt shows a CDW state, which was
found as a small hump on the metallic conductivity [10]. The
difference in normal-state electronic properties would lead us
to reveal the origin of SC pair formation. The high-temperature
electronic properties in K and NH4 salts have been investigated
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FIG. 1. (Color online) (a) Molecular arrangement of α-(BEDT-
TTF)2NH4Hg(SCN)4 in the conduction plane. Three crystallographi-
cally independent molecules A, B, and C form the A and B-C columns
along the c direction. (b) The 13C-NMR spectrum obtained at room
temperature. The observed four separate peaks were assigned to each
13C site, as denoted in the figure from the angle-resolved NMR
measurement. A(a) and A(b) are two independent 13C sites on the
A molecule.
from optical and x-ray diffraction measurements. In K salt,
the x-ray diffraction measurement detected diffuse scattering
associated with CDW coherence below T ∗CO � 200 K [12,17].
At a corresponding temperature, the pseudogap behavior was
observed in the optical conductivity, and was attributed to
the effect of critical charge fluctuation [11]. This charge
fluctuation would be related to the SC pairing mechanism in
α-type salts. However, the pseudogap behavior is masked by a
dominant Drude contribution in SC NH4 salt. Similar pseudo-
gap behavior was clearly observed in the optical conductivity
for β ′′-type superconductors with charge instability near β ′′-
(BEDT-TTF)2SF5CH2CF2SO3 [18]. By comparing the results
for the non-SC counterpart β ′′-(BEDT-TTF)2SO3CHFSF5,
Kaiser et al. suggested the importance of charge fluctuations
for SC pair formation. The charge fluctuation in NH4 salt
should be investigated to attest the charge-fluctuation scenario
for superconductivity in α-type BEDT-TTF members.
The high-temperature charge instability at T ∗CO has been
studied by the site-selective 13C-NMR experiment on α-
(BEDT-TTF)2RbHg(SCN)4 (Rb salt), which shows essentially
identical electronic properties with K salt, except for a slightly
high TCDW = 10 K. Although the 13C-NMR experiment is
sensitive only to the magnetic properties, the broadening
of the 13C-NMR spectrum due to static charge modulation
was observed at the A site below T ∗CO � 200 K [13]. This
result is consistent with weak intracolumn charge modulation
on the A column detected by infrared spectroscopy at a
corresponding temperature [19]. As we have confirmed that
the NMR linewidth can detect the local charge instability,
the effect of charge instability on superconductivity should be
explored in NH4 salt using a site-selective NMR measurement.
However, a NMR study on NH4 salt was performed only on
the polycrystal [20].
In this Rapid Communication, we measured the
13C-NMR signal on the single crystalline α-(BEDT-
TTF)2NH4Hg(SCN)4 salt, which was grown by the electro-
chemical oxidation technique. 13C was selectively enriched for
one side of the central C = C bond [21]. The asymmetrically
13C enriched molecule eliminates the NMR spectral splitting
due to nuclear spin-spin coupling at the C = C bond (Pake
doublet) [22], and enables us to execute an unambiguous
site assignment even for a complicated α structure with
three independent BEDT-TTF molecules. The nuclear spin-
lattice relaxation rate T1 was measured at each line using
the conventional saturation-recovery method. We applied an
external magnetic field of 9.4 T to the direction, for which four
NMR lines are sufficiently separated.
As shown in Fig. 1(b), the 13C-NMR spectrum consists of
four NMR signals from four independent 13C sites. According
to the site symmetry, B and C molecules possess only one 13C
site at the central C = C bond, and the A molecule has two
nonequivalent 13C sites. The four NMR lines were assigned to
each 13C site on the basis of an angle resolved NMR experiment
[23].
Figure 2(a) shows the static susceptibility measured at
each molecular site. The details of the analysis to derive
site-selective spin susceptibility from NMR shift data are
presented in the Supplemental Material [23]. A spin dispro-
portion between the A and B-C column exists already at room
temperature, and the disproportion between B and C molecules
develops at low temperatures. This behavior resembles the
site-dependent susceptibility for Rb salt, which is shown as
the open symbols in Fig. 2(a) [13]. The susceptibility of A and
B sites χA and χB for NH4 salt deviates from those for Rb salt
below 100 K. A continuous increase in χA and χB suggests
a larger density of states (DOS), which would be essential
to suppress the CDW state and induce superconductivity at
low temperatures. Contrastingly, susceptibility of the C site
χC decreases to a small value in both salts. As the static
electronic properties for the C site are identical between
NH4 and Rb salts, and the contribution of electrons at the
C molecule to the Fermi surface is small, the difference in
the ground state should be raised from the electrons at other
sites.
The charge disproportionation between the B and C sites
indicates that the electronic state in NH4 salt is affected by
a strong off-site Coulomb interaction. We explored the high-
temperature charge instability on the A column from the NMR
spectrum for the A site, and observed an increase in linewidth
below T ∗CO � 180 K, as shown in Fig. 2(b). This linewidth
broadening suggests that the SC NH4 salt exhibits the same
weak CO on the A column as those observed in Rb and K salts.
As the collective charge excitation observed in K salt is related
to this high-temperature CO [11], we suggest the relationship
between charge excitations and the SC pairing mechanism in
NH4 salt.
To figure out the origin of superconductivity that is induced
in NH4 salt, we have measured the nuclear spin-lattice
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FIG. 2. (Color online) (a) Temperature dependence of local spin
susceptibility at each site in NH4 salt (solid symbols) and Rb salt
(open symbols [13]). The same symbols for each 13C site were used
throughout this work. The difference in static susceptibility between
NH4 and Rb salts was observed only below 100 K. (b) The NMR
linewidth determined at each peak. The line broadening at A sites
below 180 K indicates that the charge instability reported in Rb salt
exists also in the SC NH4 salt.
relaxation rate 1/T1 at each molecular site, and estimated the
local DOS. In Fig. 3(a), 1/T1T measured at each 13C site is
displayed together with the results for Rb salt. We note that
1/T1T at the C site becomes small for both salts, in accordance
with the static susceptibility results. The small values of 1/T1T
at the C site suggest that the electrons at the C molecules
hardly contribute to the electronic properties. The temperature
dependence observed above 200 K at the C site is ascribed to
the slow molecular dynamics, which does not directly couple
to the conduction electrons.
When electron-electron correlations are weak enough not
to violate the Fermi liquid state, 1/T1T is written as
1
T1T
= 4πkB
�
A2hfN (EF)
2, (1)
where N (EF) is the DOS at the Fermi energy. The hyperfine
coupling constant Ahf is expressed using the hyperfine field
Hhf and gyromagnetic ratio γn as Ahf = γn�Hhf/N . The
temperature-independent Fermi liquid behavior observed at
all sites below 100 K confirms that magnetic excitations near
magnetic instability are absent in this salt. We can exclude the
magnetic scenario for SC pair formation. In the Rb salt, 1/T1T
decreases abruptly below 12 K due to the CDW transition,
while NH4 salt is in the Fermi liquid state down to the lowest
temperature measured (4 K). The DOS at the Fermi surface
vanishes in the CDW state, and becomes comparable to the
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FIG. 3. (Color online) (a) Temperature dependence of (T1T )−1
measured at each 13C site. The results for Rb salt (open symbols) are
displayed together for comparison [24]. The temperature-independent
Fermi liquid behavior was observed between 4 and 100 K. (b) Local
DOS for each site estimated using Eq. (1) (see text). The DOS at the
A and B sites becomes almost equivalent at low temperatures in NH4
salt, while in Rb salt the DOS of the B site decreases to the values
of the C site. (c) The local DOS for α-(BEDT-TTF)2I3 at ambient
pressure [25]. The DOS at the B site is comparable to that at the C
site. The low-temperature data below 135 K were not obtained due
to a CO transition.
value for the C site, which confirms the small local DOS at the
C site.
In the normal state above 12 K, the absolute value of 1/T1T
for the B site is significantly different between NH4 and Rb
salts. The local DOS at each site was determined by using
Eq. (1) and the results of 1/T1T . Details of the analyses to
determine Ahf for each site is presented in the Supplemental
Material [23]. As shown in Fig. 3(b), the local DOS for the
B site is significantly different between SC and non-SC salts.
In NH4 salt, the local DOS for the A and B sites converges
to a single value at the lowest temperature, while in Rb salt,
the DOS at the B site goes toward a value that is as small
as that for the C site. The site-selective χ measurement also
yields a similar result, that is, a uniform DOS at the A and
B sites for NH4 salt, and a nonuniform DOS for Rb salt. It is
worth noting that static susceptibility at high temperature (T >
150 K) shows the same behavior between NH4 and Rb salts.
We suggest that the low-temperature electronic state should
be investigated to reveal the SC mechanisms in α-type BEDT-
TTF salts.
In addition to the NH4 and Rb salts, we analyzed the
electronic state in I3 salt at ambient pressure. The local DOS at
each molecular site can be estimated by applying the present
041107-3
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FIG. 4. (Color online) A phase diagram for α-type BEDT-TTF
salts. The ratio between local DOS at B and A sites NB/NA was used
as the horizontal axis. This ratio parametrizes the homogeneity of
local DOS along the a direction. In this phase diagram, the charge
ordered state in I3 and Rb salts appears on the same side of the SC
state. The crystal structure in the figure denotes a schematic image of
the local DOS at each molecular site.
analyses to the published data [25]. Even though the absolute
values are different from those in NH4 and Rb salts because
of the difference in band structure, we can clearly conclude
that the local DOS at the B site is much smaller than that
at the A site, and comparable to the value for the C site, as
shown in Fig. 3(c). We confirmed from the site-selective NMR
experiment on three different salts that SC salt has a uniform
DOS between the A and B sites while non-SC salts have large
inhomogeneity. This qualitative difference between the SC
and non-SC α salts will add an important constraint on the
theoretical model.
As it has been revealed that a uniform DOS is required to
induce superconductivity, we depict a phase diagram in Fig. 4,
taking the ratio of DOS at the B and A sites NB/NA as the
tuning parameter. In this phase diagram, I3 and Rb salts with
charge instability are both on the left side of the SC phase.
From the ambient pressure results on three α-type salts, we
suggest that NB/NA is a useful parameter to understand the
relationship between charge instability and superconductivity.
On the basis of this phase diagram, we speculate that the a axial
strain on I3 salt would increase the local DOS at the B site,
which results in metallic conductivity [4]. The site-selective
13C NMR experiment under uniaxial strain is now in progress.
The modification of the band structure by c axial strain and
hydrostatic pressure brings I3 salt away from Rb and NH4 salts,
so as to induce a semiconducting state and a Dirac electron
state, respectively.
Now, we discuss a possible interpretation for the tuning
parameter NB/NA. The ratio close to unity indicates a uniform
electronic state at the A and B molecules, that is, the electronic
wave function expands toward the a direction to increase
the transfer integrals. As the high conductivity along the a
direction is associated with the 1D Fermi sheet, the uniform
DOS at the A and B sites could be related to the 1D Fermi
sheet. In fact, as the 1D Fermi sheet is absent in I3 salt, the
local DOS is most strongly modulated along the a direction.
These results suggest the importance of the 1D Fermi sheet in
addition to the collective charge excitations on the A column
to realize superconductivity.
In summary, we have performed a site-selective 13C-NMR
experiment on SC NH4 salt, and revealed that the A column
shows a weak charge modulation below 180 K, as was
observed in Rb salt with a CDW ground state. We also
confirmed that magnetic excitations near magnetic instability
are absent in NH4 salt from the 1/T1T measurement. These
results suggest a possibility that superconductivity in NH4
salt is induced by charge fluctuations, in accord with optical
conductivity measurements. In addition to the observation
of charge instability at high temperature, we found that the
large local DOS at the B molecule is crucial to induce
superconductivity, which addresses the importance of the 1D
Fermi sheet. We depicted a phase diagram taking NB/NA as
the tuning parameter, and summarized the SC, CO, and CDW
states observed in α-type BEDT-TTF salts. This phase diagram
could be compared to the theoretical calculations, and will help
understand superconductivity near charge instability.
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