PHYSICAL REVIEW B 81, 212503 (2010)

Non-Fermi-liquid behavior of the organic superconductor k-(BEDT-TTF)Hg, goBrg
probed by 3C NMR
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An organic salt, k-(BEDT-TTF),Hg, g¢Brg exhibits superconductivity at 4.3 K under ambient pressure
suggesting non-Fermi-liquid (NFL) behavior just above T,. Whereas most organic superconductors are con-
trolled by the bandwidth in the half-filled electron system, this salt realizes a carrier doping away from the
half-filled electron system as well as high-T,. cuprates. In order to investigate the origin of NFL behavior, we
assessed '>C-NMR measurements in this salt and observed the antiferromagnetic fluctuation as same as in an
organic antiferromagnet x-(BEDT-TTF),Cu[N(CN),]Cl with the gap structure. Application of pressure sup-
presses (T,7)~" and shifts its maximum to lower temperatures with (7,7)~! becoming constant above 2 GPa.
These results suggest that applying pressure alters the electron system from NFL to FL state and that antifer-
romagnetic fluctuations contribute to the origin of NFL behavior.
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The physics of organic conductors involve a strongly
correlated electron system, similar to that of high-7,. cup-
rates and heavy-fermion systems.! For example, bis-
(ethylenedithio)-tetrathiafulvalene (BEDT-TTF), together
with inorganic ions, forms many conducting salts, which
have various crystal structures. Although the conducting lay-
ers of all of these salts consist of the same molecule, these
salts show a variety of behavior, from superconductivity to
high-resistance insulator.” These salts can also be classified
by the arrangement of their BEDT-TTF molecules with the
arrangement and the electronic properties being closely re-
lated. In k-(BEDT-TTF),X, two BEDT-TTF molecules form
a dimer and constitute a two-dimensional conducting sheet,
with one electron per dimer.’ Hence «-(BEDT-TTF),X is
regarded as a two-dimensional half-filled electron system.*
Many «-(BEDT-TTF),X salts act as superconductors with
the superconducting and antiferromagnetic insulating phases
being adjacent to or coexisting at low temperatures.>® There-
fore, these salts are ideal for investigating the relationship
between superconductivity and antiferromagnetism.

Carrier doping and applying pressure are complementary
methods for research on the phase diagram. Whereas high-7.
cuprates showed superconductivity after carrier doping,
many organic superconductors showed superconductivity
after applying pressure.” Cuprates and «-(BEDT-TTF),X
show both similarities and dissimilarities. Despite differ-
ences in their ionic and molecular crystals, cuprates and
k-(BEDT-TTF),X have similar properties, in that their su-
perconductive and antiferromagnetic phases are neighboring,
and the order parameter of the superconductivity has d-wave
symmetry.8-13 Just above T, k-type salts show Fermi-liquid
(FL) behavior, as shown by their conductivity, spin suscep-
tibility and (7,7)'>'4!5 whereas high-T, cuprates show
non-Fermi-liquid (NFL) behavior just above T.. To in-
vestigate the origin of those similarities and dissimilarities,
it is important to assess the material that connects cup-
rates and «-(BEDT-TTF),X. Since carrier doping to or-
ganic conductors may occur, Taniguchi et al.'® have fo-
cused on x-(BEDT-TTF),Hg, 3oBrg which was reported by
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PACS number(s): 74.70.Kn, 82.80.Gk, 76.60.—k

Lyubovskaya et al.'” As shown in Fig. 1(a), BEDT-TTF mol-
ecules in this salt have the same molecular arrangement as in
x-(BEDT-TTF),X. This salt belongs to a monoclinic system
and BEDT-TTF molecules and Br atoms form an monoclinic
system with the orthorhombic sublattice of Hg atoms.'®
Therefore unlike other x-(BEDT-TTF),X salts, the formal
charge on each BEDT-TTF molecule is greater than +0.5e,
due to nonstoichiometry, and hole doping is realized."
Moreover this salt shows superconductivity at 4.3 K at am-
bient pressure.”’’ From electrical resistivity measurements
under pressure, a superconductive transition was observed up
to 3 GPa.'® In addition, electrical resistivity just above 7.
showed T-linear behavior under low-pressure region and 7?2
behavior under high pressure. Whereas many other
k-(BEDT-TTF),X salts show FL behavior just above T,
these findings indicate that this salt shows NFL behavior
under low pressure but shows FL behavior under greater
pressure.'® Magnetic fluctuation has been regarded as the
origin of NFL behavior in high-7. cuprates and heavy-
fermions systems. It is unclear, however, whether is the NFL
behavior observed in k-(BEDT-TTF),Hg, goBry is the same
as that in high-T, cuprates and heavy-fermion systems. This
question has important ramifications regarding the universal-

outer site

FIG. 1. (Color online) (a) Conducting sheet structure of
xk-(BEDT-TTF) Hg, goBrg (b) BEDT-TTF molecules enriched with
B¢ isotopes on only one side of the central carbon sites (c) Dimeric
structure with site definition of central C=C carbons.
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FIG. 2. (Color online) (a) NMR spectrum of

k-(BEDT-TTF)4Hg, goBrg at ambient pressure (7=210 K) (b)
Temperature dependence of the linewidth and NMR shift at ambient
pressure; inset: spin susceptibility at ambient pressure (Ref. 22).

ity between organics and the other systems. Nuclear mag-
netic resonance (NMR) is the most suitable tool for this pur-
pose. NMR has several advantages over other methods,
including its ability to measure spin susceptibility under
pressure as Knight shift and to observe the magnetic fluctua-
tions from (7,7)"". We therefore utilized '>*C NMR to assess
the electronic state of this salt at ambient pressure and under
pressure, and to investigate the existence of magnetic fluc-
tuations and their pressure dependence.

For most '>C-NMR measurements in BEDT-TTF-based
organic conductors, the molecules are enriched with 3¢ iso-
topes on both sides of the central '*C="C sites. The
dipole-dipole interaction from Bc="1¢, the so-called Pake
doublet, complicates the spectrum. To avoid Pake doublet
difficulties, we used a BEDT-TTF molecule enriched with
Bc isotopes on only one side of the central carbon sites [Fig.
1(b)].2" Single crystals were prepared electrochemically.'®!”
Temperature-dependent NMR measurements were performed
at decreasing temperatures under a magnetic field of 9.4 T
and the spectra were obtained by fast Fourier transformation
of the echo signal with a 7/2— 7 pulse sequence. Spin-lattice
relaxation time was determined by the saturation recovery
method. '*C NMR was performed under ambient pressure
and at 0.45, 0.65, 0.9, 1.2, 1.6, 2.0, and 2.4 GPa, with exter-
nal fields perpendicular and parallel to the conduction layer
at ambient pressure and perpendicular to the conduction
layer under pressure using a clamp cell made of NiCrAl al-
loy. Daphni oil 7373 was used as pressure medium.

The volume of the superconductivity at ambient pressure
has been found not to be bulk whereas bulk superconductiv-
ity was observed at pressures over 0.4 GPa.!® First, to deter-
mine the properties of this salt at ambient pressure, we de-
termined its NMR spectrum and 7;. Since BEDT-TTF
molecules form dimers in the conducting layers, and since
there are two nonequivalent sites, two peaks, one each from
the inner and outer sites, are expected [Fig. 1(c)]. For
H L layer, however, only one peak was observed at all tem-
peratures [Fig. 2(a)], suggesting that the inner and outer sites
have almost the same hyperfine coupling constant in this
configuration. Indeed, two peaks are observed for the
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FIG. 3. (Color online) Temperature dependence under pressure
of the (a) second moment, (b) spin susceptibility, (c) and (7,7)7..

Hlllayer. We found that the NMR shift, §, was proportional
to spin susceptibility, y, with a negative hyperfine coupling
constant [Fig. 2(b)]. From the x-& plot, we determined that
the hyperfine coupling constant A was —1.58 kOe/up and
the chemical shift o was 263 ppm.

As shown in Fig. 2(b), the linewidth of the peak, evalu-
ated as second moment, increases rapidly with decreasing
temperature. Since the spin-spin relaxation time, 75, is al-
most constant at 0.79 ms, the increase in linewidth is due to
the inhomogeneity of the spin susceptibility. As the Raman
spectrum of this salt, which is sensitive to the charge on the
molecule, did not broaden at all temperatures, this was not an
inhomogeneity of charge. Hence this broadening was likely
due to the inhomogeneity of the spin magnetization. This salt
acquires a random potential from its sublattice of Hg atoms.
Therefore, the random potential causes an inhomogeneity of
the conducting electrons. Considering the temperature de-
pendence of the linewidth, we hypothesize that broadening
of the linewidth may be due to the formation of an inhomo-
geneity by impurities. The inhomogeneity of the spin pre-
vents the emergence of bulk superconductivity at ambient
pressure. The effect of this inhomogeneity must be consid-
ered when assessing the anomalous behavior of this salt un-
der ambient pressure.

This inhomogeneity causes by the competition between
the random potential and the band width. The presence of
this inhomogeneity may prevent bulk superconductivity. Fig-
ure 3(a) shows the temperature dependence of the linewidth
under pressure. We found that the increase in inhomogeneity
is suppressed at pressures above 0.45 GPa, suggesting that
the application of pressure causes the inhomogeneity of the
spin susceptibility to disappear. Since this salt shows bulk
superconductivity above 0.4 GPa,'® the suppression of the
inhomogeneity and bulk superconductivity are likely related.

Generally, it is difficult to investigate spin susceptibility
under pressure, due to background signals from the pressure
cell. NMR, however, enables the investigation of these spin
susceptibilities without such difficulty. Spin susceptibility
can be calculated by dividing the Knight shift by the hyper-

212503-2



BRIEF REPORTS

fine coupling constant A. After measuring the NMR shift
under pressure, we could calculate spin susceptibility from
the hyperfine coupling constant A and the chemical shift o.
Figure 3(b) shows the temperature dependence of the spin
susceptibility, as determined by Knight shift under pressure.
Application of pressures suppress the decrease in spin sus-
ceptibility at low temperature and spin susceptibility shows
an almost temperature-independent behavior above 0.45
GPa. Thus these results suggest that this salt shows Pauli
susceptibility without inhomogeneity above 0.45 GPa.

Our main purpose is to assess the magnetic properties of
this salt under bulk superconductivity conditions. The behav-
ior of this salt in the bulk superconductivity region suggested
a connection between NFL behavior and magnetic fluctua-
tion. Figure 3(c) shows the pressure dependence of (7,7)~'.
While spin susceptibility became almost constant under pres-
sure, (T,7)"! increases with decreasing temperature, suggest-
ing the development of antiferromagnetic fluctuation ob-
served in k-(BEDT-TTF),Cu[N(CN),]Cl salt.3 (7,7)" also
shows a gaplike behavior at around 7-9 K under 0.45 GPa
and (T,T)"" is suppressed and its maximum shifts to a lower
temperature under greater pressure. Finally (7,7)~' becomes
constant above 2 GPa. Due to the temperature-independent
behavior of the spin susceptibility and (7,7)~! under high
pressure, the FL state probably occurs above 2 GPa. These
results suggest that the electron system changes from NFL to
FL in response to increase pressure and the reduction in an-
tiferromagnetic fluctuations.

Whereas the gap behavior of (T,T)"! is observed in am-
bient and low-pressure region, the decrease in spin suscepti-
bility at low temperature is only observed under ambient
pressure. Hence the decrease in spin susceptibility under am-
bient pressure is thought to be connected not with the gap
behavior of (7,7)~" but rather with the inhomogeneity.

Taniguchi et al.'® suggested high-T,. phase in NFL state
below 2 GPa and low-T. phase in FL state above 2 GPa. Our
results suggest that this salt is an organic superconductor that
shows NFL behavior just above 7. due to antiferromagnetic
fluctuations below 2 GPa.

These behaviors are qualitatively different from
those of other band width controlled superconducting
k-(BEDT-TTF),X salts, wherein the development of mag-
netic fluctuations is suppressed at characteristic tempera-
tures. The maximum of (7,7)~! shifts to higher temperature
when pressure is applied and spin susceptibility is decreased
and the electrical conductivity is significantly increased.>!>24
In contrast, there was no significant anomaly of spin suscep-
tibility and the electrical conductivity at that temperature in
this salt.

The NFL behavior of «-(BEDT-TTF) Hg, 3oBrg sug-
gests the pairing mechanism intermediated by the anti-
ferromagnetic fluctuation with Q vector observed in
k-(BEDT-TTF),Cu[N(CN),]|Cl. In other band width
controlled superconducting k-(BEDT-TTF),X salts, the
antiferromagnetic  fluctuation with Q observed in
k-(BEDT-TTF),Cu[N(CN),]Cl is suppressed at around 50 K
(Refs. 23 and 25) and shows FL behavior just above 7.5
Therefore the connection between the superconductivity and
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FIG. 4. (Color online) Temperature dependence of (7,7)" at (a)
H L layer and (b) Hlllayer at ambient pressure; inset: recovery pro-
file of each configuration at several temperatures.

antiferromagnetism is not clear.'"'> These noteworthy differ-
ences are expected to originate in the difference between the
band-width control and carrier-doped control to the antifer-
romagnetic insulator.

From the conductivity measurement under pressure, T
showed a maximum at around 0.6 GPa and decreased with
further pressure.!® The correlation between T, and the gap
temperature is expected. The decrease in (7,7)~' might be
due to fluctuations of superconductivity, even in a high mag-
netic field of 9.4 T. In a quasi-two-dimensional electron sys-
tem, the parameters of the superconductivity, A and & should
differ greatly in the HIl and L layers. If the fluctuation arises
from the superconductivity of this material, we should expect
different behavior of (7,7)~! in the Hl/layer. Indeed the large
anisotropy were observed as —dH',/dT=100 kOe/K and
—dH5/dT=18 kOe/K.? Figure 4 shows the results in the
H 1 layer and Hlllayer. The result in the H 1 layer [Fig. 4(a)]
is similar to that in the Hlllayer [Fig. 4(b)]. These results
suggest that the fluctuation of superconductivity is unlikely
and the gap behavior in (7,7)! is expected to be due to the
magnetism of the conducting electrons. Applying pressures
up to 2 GPa, the gap temperature in (7,7)~! shifts to 0 K and
FL state is realized. The relationship between FL behavior
and the superconductivity is important. While in strongly
overdoped cuprates, FL state emerges and the superconduc-
tivity is absent,”27 this salt shows the superconductivity
above 2 GPa. However, the contactless 7. measurement by
LC-tank circuit suggested that 7. is rapidly decreasing with
applying pressure.?® To confirm low-7,. phase above 2 GPa,
and clarify similarities and dissimilarities between organics
and cuprates, reliable 7, measurements are desired. Recently,
NFL to FL crossover behavior in quasi-one-dimensional or-
ganic superconductors, (TMTSF),X has been reported from
resistivity measurements under pressure and discussed the
comparison with inorganic systems.?

In summary, we performed '*C-NMR measurements on
xk-(BEDT-TTF),Hg, goBrg. We observed that, as the tempera-
ture was decreased, the linewidth of peak increased due to
spin inhomogeneity. This inhomogeneity prevents the emer-
gence of bulk superconductivity at ambient pressure. Above
0.45 GPa, at which the inhomogeneity is suppressed, a
temperature-independent Pauli susceptibility is observed.
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However (T,7)"! shows large antiferromagnetic fluctuations
just above T, with a gaplike behavior. When pressure is in-
creased, (7,7)~" is suppressed and its maximum shifts to
lower temperatures. Finally (7,7)~!' becomes constant above
2 GPa. These results suggest that the application of pressure
changes the electron system from NFL to FL state and that,
similar to high-7, cuprates, antiferromagnetic fluctuations
contributes to the origin of this NFL behavior.
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