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BC NMR and electrical resistivity

of A—(BETS)ZGaBr0A75CI3Az5

[BETS: bis(ethylenedithio)

tetraselenafulvalene] were simultaneously measured to clarify the electronic state of the insulating phase
near the boundary of the superconducting (SC) phase of A-(BETS),GaCl,. We found the divergent peak in the
nuclear spin-lattice relaxation rate divided by temperature 1/777 with the metal-insulator transition at 13 K,
below which the appearance of internal fields in NMR spectra was confirmed. Results of this study indicate
that A-(BETS),GaBr(75Cl;,5 undergoes spin-density-wave (SDW) ordering. We suggest that the existence
of the SDW phase in the vicinity of the SC phase can explain the unexplainable enhancement of 1/7,7T at
low temperatures observed in A-(BETS),GaCly, and SDW fluctuation plays an important role in the pairing

mechanism of A-type BETS superconductors.
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The effect of electronic correlation on superconductivity
is a central issue in the field of condensed matter physics.
Thus far, organic conductors have considerably contributed
to this field by providing valuable information, because the
superconducting (SC) phase appears near the magnetic or
charge-ordering insulating phase due to the competition be-
tween the Coulomb interaction and bandwidth [1]. Moreover,
these electronic phases can systematically be tuned using
chemical substitution and external pressure. Charge-transfer
salts (TMTCF),X (C =S; TMTTF: tetramethyltetrathia-
fulvalene, C = Se; TMTSF: tetramethyltetraselenafulvalene)
and «-(ET),X [ET: bis(ethylenedithio)tetrathiafulvalene] are
representative organic superconductors whose general phase
diagrams have been extensively studied, where X is a monova-
lent anion. (TMTCF),X shows the SC phase neighboring the
spin-density-wave (SDW) phase [2,3], whereas in x-(ET),X,
the SC phase is adjacent to the antiferromagnetic (AF) Mott
insulating phase [4]. Experimental studies have demonstrated
different electronic properties depending on adjacent phases;
that is, k-(ET),X and (TMTCF),X exhibit Fermi-liquid and
non-Fermi-liquid behavior just above the SC transition, re-
spectively [5-8]. Theoretically, the interplay between super-
conductivity and magnetism is also discussed [9-12]. Thus,
understanding the adjacent insulating phase is key to revealing
the mechanism of unconventional superconductivity.
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Quasi-two-dimensional organic conductors
M- (BETS),MCl, [BETS: bis(ethylenedithio)tetraselena-
fulvalene, M = Ga, Fe] also have rich topics alongside the
systems of (TMTCF),X and «-(ET),X. Novel SC phenomena
have been proposed in A-(BETS),GaCly, such as d-wave SC
gap symmetry [13,14] and Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) states near the upper critical field [15-17]. The
isostructural A-(BETS),FeCly; shows the field-induced
superconductivity at 17-42 T below 1 K [18,19], where the
FFLO phases are adjacent to sandwich the SC phase [20].
A study on A-(BETS),Fe,Ga;_,Cly; demonstrated that the
magnetic fields where the field-induced SC phase appears
decrease with the iron ion continuously [21], indicating
that the SC mechanism of both salts is equivalent. To
understand the SC mechanism of A-type salts, a study on
A-(BETS),GaCly is primarily required; however, the general
phase diagram and properties of the adjacent insulating phase
have not been established.

In the study on A-D,GaCly (donor molecules: D = ET,
STF, BETS), a pressure—temperature (P-7) phase diagram
was proposed with variations in the bandwidth, which was
achieved by substituting the donor molecules with each other
[22-24]. In this phase diagram, the SC and AF Mott insulating
phases stand apart because there is a paramagnetic insulating
phase between the two phases. Meanwhile, Kobayashi et al.
investigated the adjacent insulating phase using the negative
chemical pressure effect by substituting the anion in the series
of A-(BETS),GaBr,Cly_, [25,26]. The temperature depen-
dence of the resistivity of the sample at x ~ 0.7, which is in
close proximity to the SC phase, exhibits an unexplainable
semiconductor-metal-insulator behavior with decreasing tem-
perature. Atx > 1, the resistivity exhibits semiconducting be-
havior in the whole temperature range. Despite these different
electrical properties, the electronic properties of these samples
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are believed to be the same in a nonmagnetic insulating (NMI)
state [26]. Thus, the detailed nature of this phase is unknown.
More interestingly, the increase in the spin-lattice relaxation
rate divided by temperature 1/71T below 10 K was observed
by 13C nuclear magnetic resonance (NMR) measurement for
A-(BETS),GaCly [27]. This behavior is considered to be due
to the spin fluctuation originating from the adjacent insulating
phase; however, the exact details are still being discussed. To
elucidate the aforementioned problems, an understanding of
electronic and magnetic properties in the insulating phase of
A-type salt is required.

For investigating the magnetic properties, NMR spec-
troscopy is a powerful technique which has several advan-
tages over other techniques, including its ability to observe
magnetic fluctuations from the spin-lattice relaxation time 7}
and the magnetic transition directly from the NMR spectrum.
In this study, we measured '*C NMR in conjunction with the
resistivity for A-(BETS),GaBr( 75Cls 55, which is located near
the boundary between the SC and the NMI phases, to examine
the electric and magnetic properties simultaneously.

Single crystals of A-(BETS),GaBr(.75Cls 25 were prepared
by electrochemical oxidation [26]. For 13c NMR measure-
ment, we used *C-enriched BETS molecules in which one
side of the central C=C bond was enriched in accordance with
the literature [27]. The sample size for the resistivity mea-
surement is 1.1 x 0.23 x 0.12 mm?>. The electrical resistivity
was measured in the range from 300 to 4 K by the four-probe
method with the electric current along the thin needle axis of
the crystal (c axis). Gold wires (¢ 10 wm) were attached to the
sample using carbon paste. The size of a single crystal used
for 3C NMR measurement is 8.0 x 0.23 x 0.12 mm?. 13C
NMR was measured under a magnetic field of 6 T. The field
direction of the sample was rotated around the c¢ axis. The
orientation of the magnetic field # was measured from the
magnetic field parallel to the conduction plane. The spectra
were obtained by fast Fourier transformation of an echo
signal with a m/2-m pulse sequence. A /2 pulse width
is 4 and 1.5 us for the measurement at & = 72° and —18°,
respectively. Tetramethylsilane (TMS) was adopted as the
reference material of the NMR shift. 7} was measured using a
conventional saturation-recovery method. Note that the same
single crystal was used for both resistivity and '*C NMR
measurements, which enables us to discuss the electric and
magnetic properties without sample dependence.

Figure 1 shows the temperature dependence of resistivity
of A-(BETS),GaBr(75Cl; 55 (solid blue line with right scale).
The resistivity is normalized by its room-temperature resistiv-
ity value. With a decrease in temperature, the resistivity varies
from a semiconducting to a metallic behavior passing through
a broad maximum at 30 K, indicating the crossover. At 15 K,
the resistivity exhibits clear metal-insulator (MI) transition.
These behaviors are consistent with the previous result of
A-(BETS),GaBr 75Cls 25 [26]. The present result represents
that our sample indeed stands adjacent to the SC phase in the
P-T phase diagram.

The 77 measurement provides information regarding the
spin fluctuation that is crucial for deep understanding of the
magnetic properties. The temperature dependence of 1/71T of
K-(BETS)QG&BI‘OV75C13'25 and )\.-(BETS)QGE[CL; [27] is repre-
sented along the left axis, as shown in Fig. 1. 7} measurement
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FIG. 1. Temperature dependence of 1/T;T of A-(BETS),
GaBr( 75Cl3 5 and A-(BETS),GaCly (left scale) and that of the
resistivity of A-(BETS),GaBr(75Cl; 55 (right scale). The inset shows
the temperature dependence of 1/T1T of A-(BETS),GaBr(75Cls s
measured at 0 = —18°.

of A-(BETS),GaBrg75Cl3,5 was conducted at 6§ = 72° to
obtain the shortest 77 that improves the signal-to-noise ratio of
signals at a short repetition time. At high temperatures, 1/7\T
of A-(BETS),GaBr( 75Cl;3»5 increases with decreasing tem-
perature and shows a kink at approximately 30 K, where the
resistivity shows the crossover from semiconductor to metal.
Similar behavior was observed in A-(BETS),GaCly, in which
1/TiT shows a sharp peak at 55 K with the semiconductor-
metal crossover characterized by the inflection point of the
resistivity [27]. Such a relation between the resistivity and
1/T1T is observed in a k-type superconductor that is situated
close to the Mott AF phase [5,28,29]. Considering these
results and similar intermolecular overlap integrals between
A-(BETS),GaCly and k-(ET),Cu[N(CN),]Br [26,30], the AF
fluctuation at high temperatures in A-type salt originates
from the AF Mott insulating phase. In fact, the isostructural
A-(ET),GaCly shows the AF dimer-Mott insulating phase
revealed by '*C NMR study [24].

Below the crossover temperature in the metallic state,
A-(BETS),GaCly shows the Fermi-liquid behavior character-
ized by the temperature-independent 1/777 [27]. However,
1/TT'T of A-(BETS),GaBr(75Cl3,5 increases again below
25 K and diverges at 13 K, while the resistivity exhibits
MI transition. Different from the AF transition in the Mott
insulator, these results indicate that the magnetic transition is
accompanied by a MI transition. Indeed, the spin susceptibil-
ity of A-(BETS),GaBry7Cls 3 for a powder sample shows a
slight decrease below 15 K [25].

To clarify the mechanism of spin fluctuation below
25 K, the NMR spectrum provides significant informa-
tion for magnetic transition. Figure 2(a) shows the Bc
NMR spectra at several temperatures at 6 = 72°. In
A-(BETS),GaBr( 75Cls 25, which has almost the same crystal
structure as A-(BETS),GaCly [26], there are two crystallo-
graphically nonequivalent BETS molecules in a unit cell, and
each molecule has two nonequivalent '3C sites, resulting in
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FIG. 2. Temperature evolution of NMR spectra of the
A-(BETS),GaBry75Cl35 at (a) 6 =72° and (b) 6 = —18°.
The arrows at 6 K indicate discrete peaks due to the appearance of
the internal field. Dashed lines are guides to the eye.

four independent peaks. At 100 K, the four sites are merged as
they have nearly the same hyperfine coupling constant; hence,
there is one sharp peak at approximately 160 ppm. Although
1/ T diverges at 13 K, the peak becomes slightly broadened,
and the peak position barely changes with decreasing tem-
perature, implying that the magnitude of the internal field is
small.

For a more detailed spectrum study, we searched for an
angle where the shift would change significantly and mea-
sured the temperature evolution of the NMR spectrum at
6 = —18°, as shown in Fig. 2(b). At 100 K, two sharp peaks
were observed at 219 and 429 ppm which are consistent with
the NMR spectra of A-(BETS),GaCly [27]. Judging from the
intensity ratio between two peaks as discussed in Ref. [27],
three sites are merged into a low-frequency peak owing to
nearly the same hyperfine coupling constant. Below 20 K,
two peaks are superposed, and the linewidth increases on fur-
ther cooling. The asymmetrical spectra change symmetrically
around the chemical shift position at 6 K. The spectra have
a shoulder structure (marked by dotted arrows) in the center
peak with several additional symmetrical discrete peaks (solid
arrows). To verify whether the center broad peak below 13 K
originates from the magnetically ordered or metallic part of
the sample, we measured 1/7;7T at 8 = —18° as shown in
the inset of Fig. 1. 1/T;T shows a peak behavior at 14 K and
drastically decreases down to 8 K. This behavior is consistent
with the result at 6 = 72°; therefore, we conclude that the
center peak originates from the magnetic ordering state. These
results suggest the development of multiple internal fields
with different magnitudes, which cannot be understood by a
simple up-down magnetic structure.

The present NMR results of diverging in 1/77T and the
existence of several discrete NMR peaks, including the center
peak with small internal field, were similarly observed in the
13c NMR study of (TMTTF),Br [31,32], which undergoes
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FIG. 3. Phase diagram of A-(BETS),GaBr,Cl,_, as a function of
bromine content x [26]. (1/T1T )xink> Pmin> Pmax> X » and T, are defined
by the temperatures exhibiting the 1/7,T maximum, metal-insulator
transition, broad resistivity maximum, considerable decrease in spin
susceptibility, and SC transition, respectively.

a commensurate SDW transition below 13 K [33,34]. In the
commensurate SDW, distinctly separated spectra were ob-
served, while in the incommensurate SDW represented by
(TMTSF),PF¢ [35], a characteristic U-shaped spectrum was
observed. In A-(BETS),GaBr75Cls 55, although the precise
magnetic structure cannot be determined due to limited spec-
tral resolution, the spectral shape was observed to be close
to that expected in the commensurate SDW. In addition,
1/Ty of (TMTTF),;Br demonstrated temperature dependence
of the thermal activation type in the commensurate SDW
state [31,32], whereas 1/T} of (TMTSF),PF¢ followed the
power-law behavior below the transition to the incommen-
surate SDW state [35]. The drastic decrease in 1/7;T below
13 K in A-(BETS),GaBr( 75Cl3 5 is similar to the behavior
of (TMTTF),Br, suggesting that A-(BETS),GaBrg75Cl3 25
exhibits the commensurate SDW state.

The manifestation of an SDW state requires the nesting
instability of the Fermi surface. In A-type salt, this effect is
expected because the Fermi surface comprises a closed pocket
and two sheets of the Fermi surfaces with flat parts [36,37].
In addition, A-(BETS),GaCly and A-(BETS),FeCl, show the
FFLO state [15-17,20], the stability of which is intimately
related to the nesting condition of the Fermi surface [38].

The result that the SDW phase is adjacent to the SC
phase of A-(BETS),GaCly modifies the P-T phase diagram
of A-(BETS),GaBr,Cly_, determined by the resistivity and
spin susceptibility measurements, as shown in Fig. 3 [26].
This SDW phase certainly affects the electronic properties
of A-(BETS),GaCly because 1/T7T of A-(BETS),GaCl, in-
creases below 10 K when the superconductivity is suppressed
by the magnetic field [27]. Similar behavior was observed
in (TMTSF),PFq, which exhibits SDW ordering at ambi-
ent pressure and superconductivity under pressures. 1/T7T
shows Curie-Weiss behavior due to SDW ordering at ambient
pressure. Applying pressure suppresses the enhancement of
1/TiT at low temperature; however, Curie-Weiss behavior
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indicating SDW fluctuation still remains until superconduc-
tivity disappears [8]. Resistivity also exhibits non-Fermi-
liquid behavior at the corresponding pressures [7]. Applying
pressure in (TMTSF),PFg corresponds to the decrease in
the bromine content in A-(BETS),GaBr,Cls_,. As discussed
in (TMTSF),X [11], SDW fluctuation is suggested to play
an important role in the occurrence of superconductivity in
A-(BETS),GaCly. In fact, Fermi surface nesting has been
considered to discuss the SC gap function theoretically in
)\.-(BETS)zGaCLl [39]

The discovery of SDW ordering in A-(BETS),GaBr,Cly_,
might unravel the mysterious AF ordering with MI transition
in A-(BETS),FeCly. It is uncertain whether the AF ordering
originates from the Fe 3d spins or m spins of the BETS
molecules, which is triggered by the observation of excess
specific heat below 8 K, indicating the paramagnetic spin state
of Fe 3d spins even in the AF state [40,41]. Considering that
the isostructural A-(BETS),GaCly is a superconductor with
SDW fluctuations, Fe 3d spins may stabilize the SDW state in
K—(BETS)QFGCM.

A-(BETS),GaBr(75Cls»s shows the SDW ordering
with MI transition; however, when x increases in
A-(BETS),GaBr,Cly_,, the system exhibits semiconducting
behavior in all temperature ranges and shows a decrease in the
spin susceptibility below 30 K without anisotropy [26]. These
results indicate that the electronic properties are evidently
different between x ~ 0.7 and x > 1.0 (Fig. 3). However,

more detailed studies have not been conducted on the NMI
phase, including even whether the phase is really nonmag-
netic. Therefore, further investigation is required to obtain a
better understanding of the A-(BETS),GaBr,Cls_, system.

In summary, to investigate the nature of the in-
sulating phase that is adjacent to the SC phase of
A-(BETS),GaCly, we measured the '3C NMR and resistivity
of A-(BETS),GaBr(75Cls 25. An increase in the 1/77T upon
cooling is exhibited in the semiconducting state, indicating the
development of the AF fluctuation due to the AF Mott insu-
lating phase. With the crossover from semiconductor to metal,
1/T1T shows a kink and increases again toward 13 K even
in the metallic state. Considering the divergence of 1/T;T at
13 K and the split into several peaks symmetrically in the
NMR spectrum, A-(BETS),GaBr( 75Cls 25 exhibits the SDW
ordering. These results suggest that the increase in 1/7|T just
above the SC transition in A-(BETS),GaCl, originates from
the SDW fluctuation, which should be considered as a pairing
mechanism of superconductivity.
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