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Optical studies of the density wave (DW) salt of «-(BEDT-TTF),KHg(SCN), revealed a pseudo-
gap due to a charge fluctuation below T* ~ 200 K. Moreover, >*C-NMR studies of the DW salt of
a-(BEDT-TTF),RbHg(SCN), and of the superconductivity (SC) salt of a-(BEDT-TTF),NH,Hg(SCN), sug-
gested that the NMR line width of the A site increased and the charge disproportionation in the A column
developed below 7. These phenomena may be due to the development of a horizontal stripe modulation of the
local charge density. However, whether the horizontal stripe modulation develops or not and the relationships
among T* anomalies, the pseudogap, and line broadening, were unclear. In this study, '>*C-NMR measurements
were obtained of the metallic salt of «-(BEDT-TTF),TIHg(SeCN),, and its electronic structure was compared
with those of the DW and SC salts. The NMR line width of the A site and xg/xc in Rb(SCN) and NH,4(SCN)
increased and deviated from that in TI(SeCN) below T*, suggesting the development of the instability of
horizontal stripe modulation in Rb(SCN) and NH4(SCN) and that 7* anomalies could be due to the instability.

DOLI: 10.1103/PhysRevB.100.245107

I. INTRODUCTION

Superconductivity is frequently realized near the insu-
lating phase due to strong electronic correlations. For ex-
ample, charge fluctuations and antiferromagnetic spin fluc-
tuations are thought to contribute to the superconductiv-
ity of cuprate superconductors. The BEDT-TTF family of
organic conductors has also shown superconductivity near
the insulating phase. Half-filled organic superconductors
k-(BEDT-TTF),X are somewhat similar to cuprate super-
conductors and heavy fermion compounds. In the phase dia-
grams of k-(BEDT-TTF),X, the superconducting (SC) phase
is adjacent to the antiferromagnetic insulating phase with a
tuning parameter of effective electronic correlations U /W,
where U and W are the on-site Coulomb repulsion and
bandwidth, respectively. In the x-(BEDT-TTF),X system,
superconductivity may be mediated by spin fluctuation [1]. In
some quarter-filled BEDT-TTF salts, however, superconduc-
tivity is also realized near the ordered state of charge degrees
of freedom. In these quarter-filled systems, V /W, in which
V is the off-site Coulomb repulsion, could be significant
and realizes a spontaneous inhomogeneity such as horizontal,
stripe, and checkerboard charge ordering (CO) (Fig. 1) [2,3].
This instability is considered to mediate the superconductivity
[4,5].

The family of quarter-filled organic conductors,
a-(BEDT-TTF),MHg(XCN), [abbreviated M (XCN), in
which M =TI, K, Rb, or NH; and X = S or Se], is one of the
best candidates to study superconductivity in quarter-filled
systems [6]. «a-(BEDT-TTF),MHg(XCN),s compounds
possess 1D and 2D Fermi surfaces and shows a metal-like
behavior at high temperatures. These compounds differ at
low temperatures, with NH4(SCN) showing the SC state at
about 1.5 K [7,8], whereas TI(SCN), K(SCN), and Rb(SCN)
showed anomalies at about 10 K. Below this temperature,
no enhancement of 1/77T was observed [9,10], and the
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Fermi surface was observed to be reconstructed in angular
dependent magnetoresistance oscillations, suggesting that the
DW state is due to a nesting instability [11-13].

Additional anomalies have been reported around 7* =~
200 K. Optical studies of K(SCN) showed that a pseudogap
developed below T*. This pseudogap may have been due
to a charge fluctuation, which, in turn, may contribute to
superconductivity [14,15].

To investigate this charge disproportionation, site-selective
BC-NMR measurements of Rb(SCN) and NH4(SCN) were
performed [16,17]. Because three nonequivalent molecules
were involved, consisting of A, B, and C in «-type salts,
the local electronic properties of each molecule could be
determined. Below T* >~ 200 K, the line width of the A
molecule increased, suggesting the development of a dis-
proportionation in A molecules. This disproportionation in
A molecules, along with infrared vibrational spectroscopy,
suggested that inversion symmetry resulted in the breaking
of A molecules [18]. The inhomogeneity between B and
C molecules also increased with decreasing temperature, a
phenomenon that may be due to the development of horizontal
stripe modulation below T*, which means that B and C
molecules become charge rich and poor sites, respectively,
and A molecules also become charge rich and poor sites
due to the inversion symmetry breaking. Actually, it was
reported from x-ray diffraction (XRD) measurement that the
horizontal stripe CO was realized in o-(BEDT-TTF),I5 and
O-type salts [19,20], which have same and similar BEDT-TTF
molecular arrangement as «-(BEDT-TTF),MHg(X CN)y, re-
spectively. In B8”-SFsRSO; (R = CH,, CHFCF,, CH,CF,,
and CHF), the checkerboard and vertical stripe CO were
observed in R = CH, and CHFCF,, respectively, and the
superconductivity was realized in R = CH,CF,. The V/W
phase diagram was suggested from dc transport and optical
experiments where the superconductivity could be mediated
by the charge fluctuation [21-23]. Theoretical studies also

©2019 American Physical Society
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FIG. 1. Charge patterns of BEDT-TTF salts.

pointed out that a charge frustration enhanced by the checker-
board charge pattern induces the dy,-wave paring supercon-
ductivity at quarter filling [5], suggesting there is the rela-
tionship between a charge pattern and paring mechanism of
the superconductivity. However, because no anomaly due to
the inhomogeneity between B and C molecules was observed
below T* in Rb(SCN) and NH4(SCN), it was unclear about
the charge pattern and whether horizontal stripe modulation
develops below T* [17]. To clarify the relationships among
T* anomalies, systematic NMR evaluation is needed of a
reference salt that behaves as a simple metal on the phase
diagram.

Although universal phase diagrams have been obtained
of ¥, 0, and B”-type salts and of quasi-1D TMTCF salts,
phase diagrams of «-type salts remain unclear. The phase dia-
grams of organic conductors were simply tuned by hydrostatic
pressure or chemical modification, whereas phase diagrams
may be obtained by measuring resistivity under conditions of
uniaxial strain [24]. Assessments of uniaxial strain along the
conducting a-c plane showed that the c-axial strain alters the
DW state of Rb(SCN)to an SC state, whereas the a-axial strain
alters the SC state of NH4(SCN) to the DW state, suggesting
the proposed c/a phase diagram.

However, the uniaxial strain method was unsuitable for
NMR studies on the phase diagram as pressure cells restrict
the direction of the field and prevents the ability to acquire
separated NMR spectra. Chemical pressure may be more
suitable to systematic NMR analyses. Recently, NH4(SeCN)
was found to be in the DW state and to link the X = S system
to the X = Se system [25]. In comparison, TI(SeCN) was
found to be in a simple metallic phase without a DW anomaly
[26]. These findings enable systematic NMR evaluation and
comparisons of the electronic structure of simple metallic
states of X = Se salts with the DW and SC states of X = S
salts.

This present study utilized '*C-NMR measurements of the
metallic salt of TI(SeCN) and compared its electronic struc-
ture with the structures of Rb(SCN) and NH4(SCN). These
comparisons revealed the relationships among 7* anomalies,
including pseudogaps and line broadening.

II. EXPERIMENTAL

A single crystal of the TI(SeCN) was prepared with the
electrochemical oxidation method. In this molecule, one side
of the central C=C bond was selectively enriched with 1*C

to prevent the NMR peak splitting due to the Pake doublet
[Fig. 2(a)] [27]. NMR spectra were obtained using a spin-echo
method with an external magnetic field of 6.1 T. The angular
dependence of the NMR shift was measured with rotation
around b* axis (@ = 0°: a axis, 8 = 90°: ¢’= a x b* axis).
Because the hyperfine coupling constants of A and B, C
molecules are large at 6 = 54° and 6 = 127° [16], the line
widths and NMR shifts of A, B, and C sites were measured
at 6 = 54° and 6 = 127°, respectively. Atomic parameters
of a-type salts, Rb(SCN), NH4(SCN), and T1(SeCN), needed
to estimate local spin susceptibilities from NMR shifts were
assessed with XRD measurements (Rigaku R-AXIS RAPID)
with Mo K-« radiation of A = 0.71075 A.

III. RESULTS AND DISCUSSIONS

A. Site assignment and determination of hyperfine
coupling constant

The a-type salts contain three nonequivalent BEDT-TTF
molecules, A, B, and C [Fig. 2(b)], with the A molecule
located in a general position and B and C molecules located
in the inversion center. Because the carbon atoms of the
central C=C bond on the A molecule are crystallographically
nonequivalent, whereas those on the B and C molecules are
equivalent, the nonequivalent B sites, A,, Ay, B, and C,
appeared as four NMR peaks (Fig. 3, inset). As the NMR
shift is maximal when the external field is parallel to the p,
orbital, these NMR peaks could be assigned by the angular
dependence of the NMR shifts. Figure 3 shows the angular
dependence of the NMR shift of TI(SeCN) around the b* axis
at 250 K. The horizontal axis is the angle of the external field
from the a axis (6 = 0°) to the ¢’ axis (9 = 90°). The curves
for the closed black circles, the red squares, the blue triangles,
and the pink inverted triangles were assigned to the A,, Ay, B,
and C sites, respectively.

The NMR shift can be expressed using the equation §(0)
= Kpin(0) + Kiy(0) + 0 (0), where 6 is the field direction
from the a axis to the c'axis, Kyin(@) is a spin term of the
Knight shift, K,y(6) is a Van Vleck term of the Knight shift,
and o (0) is a chemical shift. As for BEDT-TTF compounds,
the Van Vleck term is negligible because the splitting in the
energy levels between the 2p, orbital of the central C=C bond
(7r) and unoccupied 2py, 2py orbitals (o*) is large and the
secondary perturbation is significant small unlike the cuprate
compounds, which have almost degenerate states due to the
small crystal field [28]. Hence, we can neglect the Van Vleck
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FIG. 2. (a) Molecular structure of BEDT-TTF. The molecule was selectively enriched in '3C to prevent the Pake doublet effect. (b) Donor

layer of «-type salts viewed along the b axis.

term, and the NMR shift is described as () ~ Kpin(0) +
o(0) = AB)xs + o(6), where xs is a local spin susceptibility
and A(P) is a hyperfine coupling constant.

The chemical shift could be estimated from the chemical
shift tensor for (BEDT-TTF)*%3 molecule [29]. The angular
dependence of the Knight shift for each site could be cal-
culated by subtracting the chemical shift from the observed
NMR shift. The temperature dependence of the local spin sus-
ceptibilities, xs, could be determined by measuring a Knight
shift large enough to be observed. The angles 6 most suitable
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FIG. 3. Angular dependence of the NMR shift of the TI(SeCN)
around the b*axis at 250 K. The dashed lines denote the field
direction of the 6 = 54° and 127°. The inset shows the NMR peaks
of each nonequivalent 13C site, A,, Ay, B, and C at 6 =127°.

for the A and the B and C sites were found to be 54° and
127°, respectively (Fig. 3, dashed line). Therefore, to evaluate
local spin susceptibilities, it was necessary to determine the
hyperfine coupling constants at the corresponding angles.
Hyperfine coupling constants were determined with the
following analysis. The anisotropy of the Knight shift mainly
depends on the anisotropy of the hyperfine coupling constant,
which is primarily due to the p, orbital of the BEDT-TTF
molecule. Thus, the amplitude of the Knight shift is likely
proportional to the local spin susceptibility. The ratios of
local spin susceptibility determined from the angular de-
pendence of the Knight shift [30] could be expressed as
xa(250 K):x5(250 K):xc(250 K) = 1:0.66:0.46, with the
amplitude at the A site being the mean of the amplitudes
of the A and Ay peaks, and with the amplitudes of the B
and C peaks. From total spin susceptibilities measured using
a SQUID magnetometer [XSQUID:%XAH:%(ZXA + x8 + xc)l
[25], we estimated the local spin susceptibilities to be xa
(250 K) = 6.7 x 107> emu/mol, xg (250 K) = 4.4 x 107>
emu/mol, and xc (250 K) = 3.1 x 10~ emu/mol. Using
the chemical shift of 59.8 ppm for A site at 54° and those
of 60.2 ppm for the B site and 58.3 ppm for the C site
at 127°, the hyperfine coupling constants of TI(SeCN) were
determined to be Ap,= 15.2kOe/up and Axp,= 19.4 kOe/ g
at0 = 54°, Ag= 18.4kOe/ug, and Ac=17.7kOe/up at 0 =
127°. Because the atomic parameters of Rb(SCN) have not
been determined, the chemical shift for Rb(SCN) was previ-
ously calculated using the atomic parameters of NH4(SCN)
[16]. For systematic comparisons, however, the corresponding
atomic parameters should be used. Hence XRD measurements
for Rb(SCN) and NH4(SCN) were taken, and the chemical
shifts of Rb(SCN) and NH4(SCN) were evaluated using the
following atomic parameters: For Rb(SCN), 59.4 ppm for the
A site at 54°, 60.3 ppm for the B site at 127°, and 58.6 ppm
for the C site at 127°; for NH4(SCN), 59.9 ppm for the A
site at 56°, 62.6 ppm for the B site at 142°, and 68.0 ppm
for the C site at 142°. For Rb(SCN), the hyperfine coupling
constants were determined to be A, = 13.1 kOe/up and
App = 14.8 kOe/up at 6 = 54°, Ag = 14.7 kOe/ug, and
Ac = 14.0 kOe/up at 6 = 127°, whereas for NH4(SCN),
these constants were determined to be Ax, = 12.8 kOe/ug
and Apxp, = 14.2 kOe/up at 0 = 56°, Ag = 13.7 kOe/us,
and Ac = 11.7 kOe/up at 6 = 142°. NMR parameters of
o-(BEDT-TTF),MHg(XCN), are summarized in Table 1.

245107-3



AKIHIRO OHNUMA AND ATSUSHI KAWAMOTO

PHYSICAL REVIEW B 100, 245107 (2019)

TABLE I. NMR parameters of a-(BEDT-TTF),MHg(XCN),.

0 13C site 8 (ppm) o (ppm) K (ppm) ¥ (250 K) ( 10~° emu/mol) A (kOe/ug)
NH,(SCN) 56° A, 441.5[17] 59.9 381.6 16.6 12.8
56° A, 554.0 [17] 59.9 494.1 194 14.2
142° B 368.1 [17] 62.6 305.5 12.5 13.7
142° C 283.0 [17] 68.0 215.0 10.3 11.7
Rb(SCN) 54° A, 426.5 [16] 59.4 367.1 15.6 13.1
54° Ay 540.2 [16] 59.4 480.8 18.1 14.8
127° B 369.2 [16] 60.3 309.0 11.8 14.7
127° C 305.8 [16] 58.6 247.3 9.83 14.0
TI(SeCN) 54° A, 426.7 59.8 366.9 12.6 15.2
56° Ap 526.9 59.8 467.1 14.3 194
127° B 350.9 60.2 290.7 8.83 18.4
127° C 256.3 58.3 198.0 6.25 17.7

B. Temperature dependence of local spin susceptibilities

The temperature dependence of the NMR spectrum of
T1(SeCN) was determined at § = 54°and 127° (Fig. 4). This
spectrum enabled a determination of the temperature depen-
dence of NMR shift for each peak (Fig. 5). The NMR shifts
of A,, Ay, B, and C show different temperature dependence.
Because the NMR shifts mainly reflect the local density of
state [31], this behavior suggests that the B and C molecules
could become the charge-rich and -poor sites due to the
off-site Coulomb repulsion, respectively. Based on the esti-
mated hyperfine coupling constants, the local spin suscepti-
bilities could be determined. We also evaluated the local spin
susceptibilities of Rb(SCN) and NH4(SCN) using reported
temperature dependence of NMR shifts [16,17] and the

hyperfine coupling constants described in Sec. I A.  Fig-
ure 6(a) shows the temperature dependence of total spin
susceptibilities (xan = 2xa + x8 + xc), and Figs. 6(b)-6(d)
shows the ratios of local spin susceptibilities (xi/xan; i = A,
B, and C) of TI(SeCN), compared with those of NH4(SCN)
and Rb(SCN). Here yais the average spin susceptibilities of
the A,and Ay sites, with xa estimated from the NMR shift of
the A site at & = 54°, and xg and yc estimated from the NMR
shifts of the B and C sites at & = 127°. The total spin suscep-
tibilities of TI(SeCN) measured with a SQUID magnetometer
(xsqum) were denoted by black stars in Fig. 6(a). The xaj of
T1(SeCN) was consistent with its xsquip.-

The xa/xan showed almost the same temperature
dependence, whereas xay showed different temperature
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FIG. 4. NMR spectrum of TI(SeCN) with 6 = 54° and 127° at several temperatures.
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FIG. 5. Temperature dependence of the NMR shift of TI(SeCN). The NMR shift of the A,and A, sites were measured at & = 54° and those
of the B and C sites at § = 127°. The error bars indicate the uncertainty of the fits.

dependences. At low temperatures, xp/xan ratios of
NH4(SCN), Rb(SCN), and TI(SeCN) differed significantly,
with the xg/xan ratio of TI(SeCN) being the smallest. The
Xxc/ xan ratio showed the opposite behavior at the B site, with
the xc/xan ratio of TI(SeCN) being the largest.

Previous '*C-NMR studies suggested that the xp/xa ra-
tio at low temperature could tune the ground state of «-
type salts [17]. The xg/xaof TI(SeCN) was 0.7, much
smaller than those of Rb(SCN) and NH4(SCN), which
were 0.9.
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FIG. 6. Temperature dependence of (a) total spin susceptibilities (xan = 2xa + xs + xc) and (b)—(d) ratios of local spin susceptibilities
(xi/xan; i = A, B, and C). The black stars denote the spin susceptibility of TI(SeCN) evaluated by SQUID measurements (xsquip). The results
of NH4(SCN) and Rb(SCN) were calculated using the temerature dependence of NMR shifts in the literature [16,17].
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FIG. 7. Temperature dependence of the line width of the NMR
shifts of the A, B, and C sites in TI(SeCN) normalized relative to
those at 300 K. The error bars indicate the uncertainty of the fits. The
inset shows the temperature dependence of the line widths of the A
sites in NH4(SCN) [17], Rb(SCN) [16], and TI1(SeCN).

C. Temperature dependence of the NMR line width

Figure 7 shows the temperature dependence of the line
widths of the NMR shift of the A, B, and C sites in TI(SeCN)
normalized relative to those at 300 K. The normalized line
widths were 1.0 & 0.1 in the range from room temperature to
200 K and showed similar behaviors. The line widths gradu-
ally increased below 100 K; however, this increase would not
be related with 7 *anomalies and would be attributed to the lat-
tice degree of freedom rather than the charge disproportiona-
tion because there is no site and sample dependence. The inset
shows the temperature dependence of the line widths of the A
sites in NH4(SCN), Rb(SCN), and TI(SeCN). In NH4(SCN)
and Rb(SCN), these line widths showed an anomaly at 230 K,
with the line width of the A site gradually increasing below
T* ~200 K.

In contrast, the line widths of the B and C sites did not show
anomalies at 7* ~ 200 K. Because A molecules are located in
a general position and are connected by inversion symmetry,
the line broadening of A molecules may be attributed to
the instability due to the breakage of inversion symmetry
at 200 K, a finding also observed by infrared vibrational
spectroscopy [18]. In TI(SeCN), however, the line width of
the A site did not increase below 7* ~ 200 K and remained
as sharp as the line widths of the B and C sites, suggesting
that the instability was suppressed and there is no anomaly in
TI(SeCN). From the inset of Fig. 7, the anomaly of NH4(SCN)
and Rb(SCN) is expected to develop at 230 K.

D. The anomaly at T*

The behavior of T1(SeCN) was consistent with the absence
of the anomaly at 7* ~ 230 K, a line broadening observed in
Rb(SCN) and NH4(SCN). Optical studies reported additional
absorption by the DW salt of K(SCN), and the linear thermal
expansion coefficient of NH4(SCN) shows a weak maximum,
which could represent a pseudogap in charge fluctuation

51 ® NH,SCN) A
Rb(SCN) |
A ¢ TI(SeCN)
<
RO 3+ .
X po0e,
R @ e
>

-
T

3

*
*
*

0 50 100 150 200 250 300

Temperature(K)
FIG. 8. Temperature dependence of xg/xc in TI(SeCN),
NH,(SCN) [17], and Rb(SCN) [16].

[15,32]. However, because line broadening of the A site was
not so large [16,17] and whether the disproportionation in
A column develops or not was unclear, the relationships
among T *anomalies, pseudogaps, and charge disproportion-
ation were unclear.

Figure 8 shows the temperature dependence of xg/xc in
TI(SeCN), NH4(SCN), and Rb(SCN). At room temperature,
xB and xc were almost identical in all ¢-type salts, suggesting
no charge disproportionation in the BC column of Fig. 2.
Because the A sites are crystallographically equivalent and
because charge disproportion is not observed in the A column
at room temperature, no a-type salt shows significant charge
disproportionation at room temperature.

The xp/xc ratio gradually increased with decreasing tem-
perature. Because ya/xan is almost temperature independent
in all a-type salts (see Sec. III B), no a-type salt showed evi-
dence of vertical stripe disproportionation, with the increase
in xp/xc indicating a develop of inhomogeneity between
B and C molecules. However, the B and C molecules are
crystallographically independent, such that their develop of
inhomogeneity did not require a disruption of symmetry.
Hence the association between anomalies at 7* ~ 230 K and
increases in xg/xc was unclear.

Although the xp/xc ratios of Rb(SCN)and NH4(SCN)
continued to increase with decreasing temperature, the xg/xc
ratio of T1(SeCN) deviated below T* ~ 230 K and decreased
at low temperatures. As the temperature of 230 K is consistent
with the temperature of line width anomaly at A site, the
temperature dependence of yp/xc suggests an association
between T* anomalies and the develop of inhomogeneity
between B and C molecules in both DW and SC salts. The
greater inhomogeneity between B and C molecules observed
in Rb(SCN) and NH4(SCN) at low temperatures suggests that
the line broadening in A sites corresponds to the instability
of the horizontal stripe modulation. Note that the horizontal
stripe modulation might not be the static modulation but the
fluctuated modulation. The line broadening in A sites is not
so drastic, suggesting that the inversion symmetry between A
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molecules would not completely be broken and this modula-
tion would be fluctuated.

DW and SC salts showed the development of horizontal
stripe modulation below T* ~ 230 K, suggesting that the T*
anomalies, pseudogaps, and line broadening in the A column
were due to horizontal stripe modulation. The instability due
to horizontal stripe modulation may contribute to supercon-
ductivity.

The xs/xc of NH4(SCN) deviated from that of Rb(SCN)
below 120 K and had a broad maximum around 50 K. This
difference is that may have been due to the effects of NH;
rotation on electronic properties. 2D-NMR measurements
suggested a change in motion of NH; at 130 K and an order-
disorder like transition in the anion layer at 25-40 K [33].
However, the spin susceptibility of NH4(SeCN) indicated that
the motion of NH; had no effect on its electronic properties
[25]. A detailed study of NHZr in NH4(SCN) and NH4(SeCN)
is required to reveal its effect on electronic properties.

IV. CONCLUSION

The electronic structures of the metallic salt of TI(SeCN)
were compared with those of Rb(SCN) and NH4(SCN) by

3C-NMR measurements, revealing relationships among T*
anomalies, pseudogaps, and line broadening. Although xan
showed different temperature dependences among the DW,
SC, and metallic salts, the xa/xan showed almost the same
temperature dependence, suggesting that no «-type salts
showed evidence of vertical stripe disproportionation. The
NMR line width of the A sites and the yp/xc ratios in
Rb(SCN) and NH4(SCN) increased, deviating from those
in TI(SeCN) below T* ~ 230 K. These results suggest the
instability of the horizontal stripe modulation develops below
230 K and the pseudogap observed in an optical study is due
to the formation of the horizontal stripe modulation. Below
T*, the instability of the horizontal stripe modulation could
contribute to superconductivity.
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