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We present the results of ®7'Ga-NMR measurements on an organic antiferromagnet A-(BEDSe-TTF),GaCl,
[BEDSe-TTF = bis(ethylenediseleno)tetrathiafulvalene], with comparison with reports on A-(BETS),GaCly
[BETS = bis(ethylenedithio)tetraselenafulvalene] [T. Kobayashi er al., Phys. Rev. B 102, 235131 (2020)]. We
found that the dynamics of two crystallographically independent ethylene groups induce two types of quadrupo-
lar relaxation in the high-temperature region. As the ethylene motion freezes, hyperfine (HF) interactions develop
between 7 spin and Ga nuclear spin below 100 K, and thereby, magnetic fluctuations of the 7-spin system are
detected even from the Ga site. The HF interaction in A-(BETS),GaCl, was more than twice as large as in
A-(BEDSe-TTF),GaCly, implying that the short contacts between Cl atoms and the chalcogens of the fulvalene
part are essential for the transferred HF interaction. We propose that NMR using nuclei in anion layers is
useful for studying interlayer interactions in organic conductors, which have not been studied experimentally.
In addition, because the mechanism of the transferred HF interaction is considered the same as the m-d
interaction in isostructural Fe-containing A-type salts, our findings aid in the understanding of their physical

properties.
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I. INTRODUCTION

Most bis(ethylenedithio)tetrathiafulvalene (ET)-based or-
ganic conductors are regarded as quasi-two-dimensional
(Q2D) electronic systems as well as cuprate and iron-
based superconductors. They often exhibit unconventional
superconductivity in the vicinity of magnetically ordered
phases [1]. To further understand these Q2D electronic sys-
tems, the role of the interlayer interaction has been discussed
since long-range ordered states, such as superconductivity
and magnetic ordering, require three-dimensional interaction.
Electron spin resonance measurements in representative k-
type ET salts suggest that the Fermi liquid and Mott insulating
states of these materials are formed below the temperature at
which interlayer electron hopping and exchange interaction
develop, respectively [2,3]. The magnetic structures of two
k-type salts have recently been revealed. Although they had
been considered in the same antiferromagnetic (AFM) phase,
their magnetic structures were found to be different from each
other [4,5]. It is concluded that the difference in magnetic
structure is due to the difference in the sign of the interlayer
magnetic interaction.

Interlayer interactions not only act between the conducting
layers but also between the conducting and insulating layers
when magnetic ions are introduced into the insulating layer.
MA-(BETS),FeCly (BETS represents bis(ethylenedithio)
tetraselenafulvalene [Fig. 1(a)]) exhibits a field-induced

*tkobayashi @phy.saitama-u.ac.jp

2469-9950/2022/106(24)/245103(9)

245103-1

superconductivity above 17 T by the exchange interaction
between the conductive m electron and the localized
3d spin of Fe3t [6-8], which is known as the m-d
interaction. This interaction gives rise to the metal-insulator
transition accompanied by AFM ordering at zero magnetic
fields [9,10]. In addition, the -d interaction causes unusual
multistep magnetization processes in A-(STF),FeCly
and A-(BEDSe-TTF),FeCly [11,12], where STF and
BEDSe-TTF (noted BEST in Ref. [12]) represent
unsymmetrical-bis(ethylenedithio)  diselenadithiafulvalene
and bis(ethylenediseleno) tetrathiafulvalene [Fig. 1(a)],
respectively. These behaviors suggest that interlayer
interactions play a crucial role in the various phenomena
appearing in Q2D organic systems. However, there are few
experimental approaches to evaluate the strength or path of
the interlayer interaction.

Meanwhile, in ET-based organic conductors, the dynam-
ics of the ethylene end groups on donor molecules affect
the electronic states. In «-type organic conductors, it has
been proposed that a bad metal state is realized at high
temperatures because of its dynamics [13,14]. Particularly
in k-(ET),Cu[N(CN),]I, the conformation of the ethylene
groups changes the ground state [15,16]. Moreover, hydro-
gen bonding between protons of the ethylene groups and the
anion has been discussed [17,18]; therefore, the relationships
between the dynamics of ethylene groups and the interlayer
interactions should be addressed.

To investigate the interlayer interactions and dynamics
of ethylene groups (ethylene motion), nuclear magnetic res-
onance (NMR) spectroscopy using nuclei in anion layers,
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FIG. 1. (a) Molecular structures of BETS and BEDSe-TTF.
(b) Temperature-pressure phase diagram of A-D,GaCly [21,25].
AFM, PM, and SC denote antiferromagnetic, paramagnetic, and
superconducting phases, respectively.

anion NMR, is suggested. Recently, we conducted %°-"!Ga-
NMR measurements on a superconductor A-(BETS),GaCly
(hereafter A-BETS) [19]. In the high-temperature region,
quadrupolar relaxation, derived from the translational motion
of GaCly, was observed. We suggested that this molecular
motion could be induced by the ethylene motion; however,
study from a structural viewpoint is needed to prove this. At
low temperatures where the molecular motion freezes, mag-
netic fluctuation of the electronic system was observed via
the transferred hyperfine (HF) interaction between the 7 spins
and Ga nuclei. This fact suggests that anion NMR is useful for
evaluating interlayer interactions.

While A-type salts exhibit physical properties derived
from interlayer interactions as seen in A-D,FeCly (D: donor
molecule), their physical properties change by donor molec-
ular substitutions due to the electron correlation effect. In
A-D>,GaCly, D = ET and BEDSe-TTF salts are AFM insu-
lators [20,21]. D = STF salt is a paramagnetic (PM) insulator
without long-range ordering [22] and exhibits superconduc-
tivity under pressure [23]. While D = BETS salt exhibits
semiconducting behavior above 100 K, it becomes a metal
and a superconductor below ~6 K [24]. These properties
can be understood by the universal phase diagram shown in
Fig. 1(b) [21,25]. Note that D = BETS and other salts exhibit
the same semiconducting behavior near room temperature
(RT), but their electrical resistivities significantly differ at
RT, e.g., 0.03 Q2 cm for D = BETS [26] and 10 2 cm for
D = BEDSe-TTF [27]. The difference in U/W can explain
their electrical conductivity [21], where U and W are onsite
Coulomb repulsion and bandwidth, respectively. How molec-
ular substitutions change the interlayer interactions along with
the electronic correlations is also important for a comprehen-
sive understanding of A-type salts, including A-D,FeCly. To
investigate this, *7!Ga NMR is an effective probe because it
can observe the magnetism of A-D,GaCly from the same Ga
site regardless of donor molecule.

In this paper, we report %>7'Ga-NMR measurements
on an AFM insulator A-(BEDSe-TTF),GaCly (hereafter A-
BEDSe) and compare the HF coupling constant of A-BEDSe
with that of a superconductor A-BETS. We can discuss the

path of the interlayer interaction since S and Se atoms in
the BETS molecule are exchanged in the BEDSe-TTF
molecule, as shown in Fig. 1(a). In addition, x-ray diffraction
measurements were conducted to discuss the relationship be-
tween the quadrupolar relaxation at high temperatures and the
ethylene motion.

II. EXPERIMENTS

Single crystals of A-BEDSe were synthesized electrochem-
ically [21]. NMR measurements of ®Ga (nuclear spin I =
5, gyromagnetic ratio 0y /2m = 10.219 MHz/T, and nu-
clear quadrupole moment °Q = 0.171 barns) and "'Ga (I =
27y 2w = 12.984 MHz/T and 'Q = 0.107 barns) were
performed on the central (1 3 < — ) transition under magnetic
fields of 6.083 T. We used a moderately crushed polycrys-
talline sample of ~20 mg, which was randomly oriented
with respect to the magnetic field. The spectra were obtained
via fast Fourier transformation of the echo signal with a
7-m pulse sequence, where the 7 pulse length was typically
3 us. The spin-lattice relaxation tlme T\ was measured using
the conventional saturation-recovery method. Single-crystal
x-ray diffraction data of A-BEDSe were collected using a
Bruker SMART APEX I ULTRA diffractometer with Mo-Ko
radiation (A = 0.71073 A) at the Comprehensive Analysis
Center for Science, Saitama University. The crystal structures
were solved and refined by SHELXT [28] and SHELXL [29],
respectively.

III. RESULTS AND DISCUSSION

A. Spectra

Figure 2 shows ®7!Ga-NMR spectra of A-BEDSe and
A-BETS [19] at 210 K originating from the central (2 <~ ——)

transition. The spectra with [ = % can be described by the

nuclear spin Hamiltonian as follows:

H = Hy +Ho

—"yhH T+ h6 [312 g(IiHE)}, ()
where n = 69, 71. Here, H7 is the Zeeman interaction with
the reduced Planck constant 7 and the external magnetic field
H. Also, Hq is the quadrupolar interaction with the asym-
metry parameter of electric field gradient (EFG) n and the
nuclear quadrupolar frequency "wq. "wq is defined as "wq =
e"QVzz / 2k, where e and Vz; are the elementary charge and
principal axis of the EFG, respectively. The EFG at the Ga
site is almost zero because the Ga nucleus in these materials
is tetrahedrally coordinated by four CI™ ions. Thus, Hq is
sufficiently smaller than Hz. Two peaks were observed in
69.71Ga-NMR spectra of A-BETS, and the spectral shapes are
determined by the powder pattern due to the second-order
perturbation effect when Hq is treated as a perturbation to
Hz [19,30]. The slightly distorted tetrahedral coordination of
GaClj causes the finite EFG at the Ga site.

Although the Ga site of A-BEDSe is in the same situation
as that of A-BETS, spectral splitting due to second-order per-
turbation was observed only in ®Ga NMR, implying that the
EFG at the Ga site in A-BEDSe is smaller than that in A-BETS
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FIG. 2. ®7'Ga-NMR central spectra of A-BEDSe and
A-BETS [19] at 210 K. Dashed lines are the calculated spectra
with parameters listed in Table I.

because the splitting interval is proportional to a)(z2 [31]. To
discuss the difference in the spectra of the two salts quanti-
tatively, we carried out a numerical simulation to reproduce
them, as shown by the dashed lines in Fig. 2. %7'Ga-NMR
spectra of each salt can be reasonably reproduced by the
parameters shown in Table I, where "wq o "Q. In terms of the
results of A-BETS, the parameters are consistent with those
obtained from simulation of the overall ®*Ga-NMR spectrum
including satellite peaks at 80 K [19]. When the results of both
salts are compared, "wq of A-BEDSe is smaller than that of
A-BETS, resulting in no splitting in the "'Ga-NMR spectra
with smaller Q. Schurko et al. [32] suggested that the EFG
tensor at the tetrahedrally coordinated central atom is sensitive
to the arrangement of the surrounding ions. The difference in
"wq between A-BETS and A-BEDSe is only ~20% despite the
sensitivity to Cl~ ion arrangement, suggesting that GaCl, in
both salts is almost in the same environment.

Figure 3 shows the temperature evolution of 7!Ga-NMR
spectra of A-BEDSe. Whereas the spectral shapes are al-
most unchanged above 40 K, significant line broadening was
observed below 20 K. This behavior is understood as the
development of the internal magnetic field due to the AFM

TABLE 1. Parameters of the calculated %7!Ga-NMR spectra de-
picted by dashed lines in Fig. 2.

A-BEDSe A-BETS
6(’a)Q/ZJI (MHz) 1.35 1.73
"wq /27w (MHz) 0.94 1.20
n 0.43 0.17
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FIG. 3. Central spectra of (a) ®Ga and (b) "'Ga NMR of
A-BEDSe at various temperatures.

ordering of the m-spin system at 7y = 22 K [21]. This ob-
servation suggests that *7!Ga-NMR spectra can detect the
static magnetic properties of the 7 -spin system of A-BEDSe,
although the Ga site is far from the 7 spins.

Gaussian-shaped spectra were observed below 20 K,
whereas the spectral shapes above 40 K are dominated by
the powder pattern due to the second-order perturbation. To
phenomenologically evaluate the linewidth, we estimated the
square root of the second moment: (fana)"/? = [[I(f) (f —
N2 Af/ [IC) df12, where (f) = [ f 1) df/ [1(f)df
is the first moment and /(f) is the spectral intensity as a
function of frequency f. Figure 4 shows the temperature de-
pendence of (fong)'/? of 7'Ga-NMR spectra, (°7! f0q)'/2.
(9071 £5,4)1/% increase sharply below ~40 K owing to the
magnetic fluctuation of the 7 spins. In addition, (*° f5,q)'/?
> (7! fonq)'/? at high temperatures; however, the relationship is
reversed at low temperatures. This indicates that the second
moment is dominated by the quadrupolar interaction at high
temperatures (*Q > 71Q) and the magnetic interaction at low
temperatures ("'y > ®y). The inset of Fig. 4 shows that the
isotopic ratio of {f>nq)'/? below 18 K is almost identical to
71, /69

In %7'Ga-NMR spectral measurements, we observed
spectra with the typical shapes generated by the
finite EFG at the Ga site in the high-temperature
region as well as A-BETS and confirmed the
line broadening due to the AFM ordering of the
m-spin system despite the Ga site being far from the &
spins. Thus, the spectral study enables us to discuss the static
properties of both the EFG and magnetic field at the Ga site.
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FIG. 4. Second moment (7! £, 4)!/2 of A-BEDSe as a function
of temperature. Inset shows the temperature dependence of the iso-
topic ratio of {f>nq)'/?. The arrow represents the value of "'y /®y.

B. Dynamics of molecular motion in high-temperature region

T\ measurements allow us to evaluate the magnetic and
EFG fluctuations and to distinguish which is dominant us-
ing the difference in the properties of the two isotopes.
The recovery curves for the central (2 pas ——) transition
were fitted using the following function; 1 — M (t) /M(c0) =
0.1exp[—(t/T1)?1 + 0.9 exp[—(6t/T1)?], where M(t) is the
nuclear magnetization at time ¢ after the saturation, M (0c0) is
the nuclear magnetization at equilibrium (¢ — o00), and 8 is
the stretch exponent. The recovery curves above 100 K were
well fitted by the function with § = 1, whereas § decreased
toward Ty at low temperatures, as discussed in Sec. III C.

Figure 5 shows the temperature dependence of ®7'7,™"
(T;" of ¥7'Ga NMR) of A-BEDSe above 100 K. Here,
®7~! > 7'77" in the high-temperature range, and the
ratio corresponds to the ratio of Qz, indicating that the
quadrupolar relaxation mechanism is dominant. Above 150 K,
69'717"1’1 strongly depend on temperature and exhibit shoul-
derlike anomalies at ~230 K. Similar behavior was also
observed in 7!T,7! of A-BETS (inset of Fig. 5) [19], which
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FIG. 5. ®"'T"! of A-BEDSe above 100 K as a function of tem-

perature. Inset shows ®7'7,7! of A-BETS [19]. Solid lines are the
fitting curves by Eq. (2) with the fitting parameters listed in Table II.

TABLE II. Parameters for ®*7!'7,~" above 100 K fitted by Eq. (2).

A-BEDSe A-BETS
i=1 i=2 i=1 i=2
Ea.i/ks (10° K) 2.0(1) 3.2(7) 1.9(1) 2.9(2)
70 (10713 5) 43(16)  0.5(14) 3.8(17)  1.6(9)
(Pwd )'?/2n (kHz)  281(12)  353(8) 215(4)  348(4)
("wg )'? /27 (kHz) 176(7) 220(5) 134(2)  218(2)
"QT‘ (s") 0.52(7) 0.61(9)
7‘T.n1 (O 0.84(12) 0.98(14)

was explained by the Bloembergen-Purcell-Pound (BPP) for-
mula [33]. We conducted the same analysis with slight
modification [34] for 7! 7,7! of .-BEDSe and A-BETS. "7,
(n =69, 71) with I = 3 can be written as [30,35,36]

sz Te,i 1
nT1 Z 1 +nw + nTl,m, (2)

where "wy is the Larmor frequency (Y /27 = 62.16 MHz
and "'y /27m = 78.99 MHz). An effective root-mean-square
quadrupole coupling frequency ("wp, ;)'/? originates from the
modulation of EFG at different equilibrium positions. Since
it is proportional to "Q, the isotopic ratio of (¥w é .)1/ % to
(Mg )" is fixed to ®Q/"'Q. 7. is the correlation time
described by Arrhenius-type temperature dependence, 7.; =
70.i €Xp(Ea,i/ksT ), with a prefactor 7y ;, activation energy of
molecular motion E, ;, and Boltzmann constant kg. ”Tl’n}l
is a parameter that originates from the magnetic fluctua-
tion of the m spins in the low -temperature region Where
we assumed the constant "7} and the ratio 71T /69 Im

"y /%)%, As represented by the solid lines in F1g. 5, the
fitting by Eq. (2) reproduces the temperature dependence of
69717 =1 well, including the reported results of A-BETS [19].
The obtained fitting parameters for both salts shown in
Table II are similar to each other, indicating that the quadrupo-
lar relaxation in the high-temperature region can be explained
by the same mechanism. This mechanism has been interpreted
as the translational motion of GaClj ions, resulting in the EFG
fluctuation at the Ga site [19]. In addition, the nearly identical
Ea; and 719; between A-BETS and A-BEDSe show that the
donor molecular substitution effect on the timescale of the
molecular motion is negligible.

In Eq. (2), we assumed two components of the BPP for-
mula (i = 1, 2), as shown in Table II. The components of i =
1 and 2 correspond to the shoulderlike structures at ~230 K
and the further enhancement above 250 K of **7'7,~! (the
latter corresponds to the peak at 300 K in 69’71Tl_1 of A-
BETS shown in the inset of Fig. 5 [19]), respectively. These
results indicate that there are two types of molecular motion
with different parameters. Moreover, the translational mo-
tion of GaCl] can be induced by the conformational motion
of ethylene groups near anion layers, as mentioned in the
previous ®-7'Ga-NMR study on A-BETS [19]. To further
clarify the relationship between the observed ®7'7,"! and
the ethylene motion, x-ray structural analysis was performed

245103-4



DYNAMICS OF ETHYLENE GROUPS AND HYPERFINE ...

PHYSICAL REVIEW B 106, 245103 (2022)

110 K

FIG. 6. Donor molecular structures of A-BEDSe at room tem-
perature (RT) and 110 K. The area surrounded by round dashed lines
represents the disordered ethylene groups.

at RT (293 K) and 110 K [37]. Figure 6 shows the crystal-
lographically inequivalent molecules I and II extracted from
the crystal structure of A-BEDSe. At RT, the ethylene groups
at one end of both molecules I and II are disordered, occu-
pying staggered and eclipsed conformations with a ratio of
occupancy 0.636(6) : 0.364(6) (molecule 1) and 0.131(11) :
0.869(11) (molecule II). At 110 K, molecule I still has
disordered sites with the occupancy of 0.797(5) : 0.203(5),
whereas molecule II is completely ordered in the eclipsed
conformation. Therefore, the ethylene motion of molecule I
that remains disordered at lower temperatures is assigned to
the i = 1 component in Eq. (2), contributing to quadrupolar
relaxation on the low-temperature side, and that of molecule
I is assigned to i = 2 component. This relationship between
the two components in the quadrupolar relaxation and the
ethylene groups on the two crystallographically independent
molecules is considered to hold also in A-BETS [19].

In addition to the fact that A-BETS has two types
of ethylene motion [19], the x-ray structural analyses of
A-(BEDSe-TTF),FeCl; show that the ethylene groups at the
same sites are disordered [12], implying that a similar de-
gree of ethylene motion commonly exists in the A-type salts.
These results will aid our understanding of the mechanisms
that cause w-d spin correlations and dielectric anomalies that
develop at low temperatures where ethylene motion freezes,
as reported for A-(BETS),FeCly [38,39].

C. HF interaction between Ga nuclear spin and 7 spin

Figure 7 shows the temperature dependence of 69'71Tl_1 of
A-BEDSe below 100 K. Above 40 K, 97! 7,™! are independent
of temperature, but below 40 K, they rapidly increase and
show the divergent behavior toward Ty = 22 K. The diver-
gence of 69’71Tl_1 can be attributed to the magnetic transition
since the line broadening around 7y is also magnetic, as
shown in Fig. 4. In addition, the stretch exponent 8 depends
on temperatures below 100 K, as shown in Fig. 8(a). With a
decrease in temperature, 8 decreases from 1 to a minimum

200

T T T T T T T T T T
i ® %Ga
m "'Ga 1
2r A BC[21]
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FIG. 7. ®7'T! (left axis) and BT (right axis) [21] of
A-BEDSe as a function of temperature.

at Ty = 22 K, and B approaches 1 as the temperature further
decreases.

The isotopic ratio of 7,7',7' 7,7'/%T,!, also confirms
that the low-temperature relaxation is due to magnetic fluc-
tuations. Figure 8(b) shows the temperature dependence of
97! Above 150 K, "', /9T values coincide
with (7'Q/%°Q)?, as mentioned in Sec. III B, depicting the
dominance of EFG fluctuation. Below 150 K, 71Tl_l /69Tl_1
deviates from ("'Q/%°Q)? and approaches ("'y /%°y)?, indi-
cating that the magnetic fluctuation becomes dominant as the
temperature decreases.

The observed magnetic fluctuation originates from the spin
fluctuation of the m spins in the donor layer since the Ga
ion is nonmagnetic. The temperature dependence of Tl_1 of
I3cNMR, 13Tl_l , is also plotted in Fig. 7 for comparison [21].
Both 717" and 37,™" qualitatively have the same tempera-
ture dependence. Thus, the magnetic fluctuation of the 7 -spin
system was probed by *7'Ga NMR in A-BEDSe as well as
in A-BETS [19]. These magnetic fluctuations were observed
by the suppression of EFG fluctuations as the ethylene motion
freezes.

When the magnetic relaxation is due to the spin fluctu-
ation of an electronic system, Tl_1 is generally written as

(@) e - (0) : .

1.0—} . ¢ A
[ i.g§£§£§*-‘_2_ ¢ (71/69)2_
E?' [ i o}; L _% _______ vV
8 |48
= 0.5F ] ‘L‘—»]_ s i
e ¥Ga | %%
L] 71Ga ____________ ... .
(71Q/69Q)2 M’
0.0"2020 60 80100 0 100 200 300
T (K) T (K)

FIG. 8. (a) Stretch exponent 8 of %7'!Ga NMR below 100 K
and (b) "'T,7'/®T' of A-BEDSe as functions of temperature.
Dashed and dotted lines represent the isotopic ratio of y2 and Q2,
respectively.
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FIG. 9. Temperature dependence of "'7,™' /13T"! of A-BETS and
that of A-BEDSe in the region where the spin fluctuation is dominant.
They are obtained from the present and reported data [19,21,43].
Dashed lines represent the average values of 7'7,7'/B3T,™' of
both salts.

follows [40]:

1 2"y?keT S |2x”(q)
"T yen ey

, 3

q

where y, is the gyromagnetic ratio of the electron, "A is the
wave vector q-dependent HF coupling constant, and x”(q)
is the imaginary part of the dynamic susceptibility. Ga sites
feel the transferred HF and dipole fields from the donor sites.
First, the dipole field from the donor molecules can be calcu-
lated electromagnetically [41] and is of the order of several
10 Oe/uy. This estimate can be confirmed from %*-"!Ga-NMR
spectra in the AFM state. Because the external field in the
present experiment is larger than the spin-flop field as ex-
pected from the typical ET-based antiferromagnet [42], the
line broadening of %7!Ga NMR is dominated by the dipole
field. As can be seen in (! fo,4)!/? (Fig. 4), the line broadening
by AFM ordering is ~14 kHz, which corresponds to 11 Oe.
This is consistent with the calculated value. Next, we compare
the calculated HF interaction from the dipole field with experi-
ments. For simplicity, the following discussion uses the results
for 777" with larger y. In 7'7;"" and BT, the Y, x”(q)
part in Eq. (3) should be the same since the same magnetic
fluctuation appeared. Therefore,

71V2 Zq |71Aq|2/71wL A
- 132 Zq|]3Aq|2/13wL. @
Figure 9 shows 71Tl_l/13Tl_] below 100 K in the
PM state, where the magnetic fluctuations dominate.
As depicted by the dashed line, an average value
of T'T7'/BT ' is 0.015(5) in A-BEDSe, resulting
in (3, "MAql?/ X 1PAgIH'? = 0.112). Here, A is
~5kOe/ug, referring to the A-BETS results [43]. Applying
the same magnitude of '3A to A-BEDSe (details below) and
neglecting the q dependence of the HF coupling constant, the
observed HF coupling constant of 7'Ga NMR is estimated
to be 5kOe/ug x0.11 = 550 Oe/ug. This is an order of
magnitude larger than the value of the dipole field, indicating

71p—1
T,

1371
T,

that the transferred HF interaction is dominant as the HF
mechanism.

We now discuss the magnitude of the transferred HF inter-
action for A-BETS and A-BEDSe from the ratio of the values
of Eq. (4). All data used in the following discussion were
measured in the same conditions, and values other than the
HF coupling constant cancel out. We obtained the following
equation:

(T /3T Dpers ~ (""A/BAY prs ~ " Aders )
T /BT Deepse (MA/PA)epse 'ARgpse

where the donor molecules are indicated as subscripts. The
donor molecular substitution effect on '3A was ignored in
the latter approximation since A-D,GaCly are isostructural
and the local environments around the '*C nucleus are
similar. Actually, BAgrr and PBAggrs are of the same
order [22,43], where '3Agrr is the HF coupling constant in
A-(STF),GaCly. Therefore, Eq. (5) allows us to compare
the magnitude of the HF interaction between A-BETS and
A-BEDSe from Tl_1 measurements. As shown in Fig. 9,
the average values were obtained as ("'7,"' /"7, " )prs =
0.098(9) and ("'7;7'/3T; Mgepse = 0.015(5), resulting
in 7'Aggrs/”'Agepse = 2.6(4). This result implies that the
magnitude of the transferred HF interaction in A-BETS
is more than two times larger than that in A-BEDSe. The
difference in the magnitudes between A-BETS and A-BEDSe
suggests that the proton-ClI contacts are not dominant for the
transferred HF interaction.

The variation in physical properties due to the donor
molecular substitution in A-D,GaCl,; has been discussed in
terms of chemical pressure effect [25], with the A-BEDSe
compound located at the most negative position on the pres-
sure axis [Fig. 1(b)] [21]. Our findings indicate that replacing
BETS or STF molecules with a BEDSe-TTF molecule causes
a negative-pressure effect on not only intralayer but also
interlayer interactions, which may be necessary for a compre-
hensive understanding of their physical properties.

Some Se/S—Cl contacts shorter than van der Waals
distances (Se-Cl: 3.7 A, S-Cl: 3.6 A [44]) exist in
A-BETS [26] and A-BEDSe [21], as shown in Fig. 10, which
significantly contribute to the transferred HF interaction. The
short Se—Cl contact would contribute more to the interac-
tion than the S—Cl contact since the atomic radius of Se is
larger than that of S. Although the number of short Se—Cl
contacts in A-BEDSe is greater than that in A-BETS with an
extremely short Se—Cl contact of d, = 3.2601(8) A, in this
paper, we demonstrated that the transferred HF interaction of
A-BEDSe is smaller than that of A-BETS. Therefore, the paths
through the inner chalcogens and Cl are more essential for
the transferred HF interaction. The inner chalcogens in the
ET molecule have larger coefficients of the highest occupied
molecular orbital proportional to the electron density than the
outer chalcogens [45], which could be why the paths through
the inner chalcogen and Cl are crucial.

As discussed above, the coupling constants between
electrons and the Ga nuclear spins were obtained by combin-
ing the results of ®*7!Ga-NMR and '>C-NMR measurements.
This enables us to explain the coupling between the conduc-
tion layers via the anion layer, although such a discussion
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‘f B4
A-BEDSe

FIG. 10. Short contacts between Cl and chalcogens in A-BEDSe
and A-BETS. Blue (red) dashed lines represent short contacts
between S (Se) and Cl within the van der Waals distances of
3.6 A (S=CI) and 3.7 A (Se~Cl): A-BEDSe: d; = 3.5978(13) A,
dy =3.2601(8) A, dy = 3.5230(11) A, ds = 3.5139(9) A, and d5 =
3.6301(8) A; A-BETS: d] = 3.5144(12) A, d; = 3.4084(12) A, d} =
3.5699(15) A, d, = 3.6006(14) A, and d} = 3.5540(12) A.

A-BETS

has been difficult until now. In addition to the difference in
the electronic states between A-BEDSe and A-BETS, in this
paper, we reveal that the interlayer interaction is smaller in
A-BEDSe. Thus, we demonstrate that an anion NMR exper-
iment is a powerful method for investigating the interlayer
interactions. The contribution of such interactions has also
been suggested for «-type organic antiferromagnets. Since x-
(ET),Cu[N(CN),]Cl and deuterated «-(ET),Cu[N(CN),]Br
salts are isostructural, the same magnetic structure is expected
from the anisotropy resulting from dipole interactions. How-
ever, magnetization measurements and numerical simulations
have recently revealed that the magnetic structures are differ-
ent between them [4,5]. In organic magnets, which are like
Heisenberg spin systems, interlayer coupling could be par-
ticularly important for three-dimensional order. Anion NMR
will be helpful for clarifying this issue and the development
of interlayer coupling upon cooling [2,3].

Finally, we discuss the relationship between the trans-
ferred HF interaction in A-D,GaCly and the 7-d interaction
in A-D,FeCly. The transferred HF interaction is between the
7 spin and the Ga nuclear spin, whereas the -d interaction
is between the 7 spin and the 3d spin of the Fe3* ion. In
this paper, we experimentally revealed the importance of the
path through the inner chalcogen and Cl for the transferred HF
interactions. Mori and Katsuhara [46] also reported that the in-
teraction via short Se—Cl contacts has the largest contribution
to the 7 -d interaction in A-(BETS),FeCly from the calculation
of the intermolecular overlap integrals. Therefore, the trans-
ferred HF and m-d interactions can be attributed to the same
mechanism. The reported A-D,FeCly salts are D = BETS,
STF, and BEDSe-TTF, which are antiferromagnets with
Ty = 8.5, 16, and 25 K, respectively [10-12]. Among them,
A-(BETS),FeCly is expected to have the largest w-d in-
teraction, and A-(BEDSe-TTF),FeCly is expected to have

the smallest w-d interaction due to the weak interac-
tion between inner S and Cl [12]. The magnetic sus-
ceptibility of A-(BEDSe-TTF),FeCly; does not show an
anisotropy [12] as well as that of A-(BETS),FeBr,Cly_,
for 0.3 < x < 0.5 [47], whereas those of A-(BETS),FeCl,
and A-(STF),FeCly show an anisotropy below 8 K [10,48].
Akutsu et al. [47] claimed that the m-d interaction in A-
(BETS),FeBr,Cl,_, for 0.3 < x < 0.5 is weaker than that in
A-(BETS),FeCly. Thus, A-(BEDSe-TTF),FeCl, has been re-
ferred to as a weaker -d system, which is consistent with our
findings.

IV. SUMMARY

We performed ®7'Ga-NMR and x-ray diffraction mea-
surements on an organic antiferromagnet A-BEDSe. The
spectral measurements revealed a powder pattern due to fi-
nite EFG at high temperatures and a spectral broadening due
to AFM ordering at low temperatures, indicating that the
static nature of EFG and magnetic fields can be detected
even by NMR at Ga sites far from the electron system. In
the 7} measurements, we observed the quadrupolar relax-
ation described by the BPP formula with two components in
the high-temperature region. By x-ray structural analysis, it
was revealed that the two components were assigned to the
two crystallographically independent ethylene groups. In the
low-temperature region where the ethylene motion freezes,
the magnetic fluctuation of the m-spin system was observed
through the transferred HF interaction between the m spin
and the Ga nuclear spin, as in the case of A-BETS. We dis-
covered that A-BETS had a larger transferred HF interaction
than A-BEDSe. This finding enables us to conclude that the
short contacts between the chalcogens of the fulvalene part
of the donor molecules and the Cl of anion molecules are
the most significant contributors to this interaction. The trans-
ferred HF interaction in A-D,GaCly and the 7-d interaction
in the isostructural A-D,FeCly can be derived from the same
path. Therefore, we also evaluated the 7-d interaction in the
A-type m-d system. In this paper, we reveal that anion NMR
measurement is an effective tool for studying the interlayer
interaction for which experimental approaches are limited in
Q2D organic conductors.
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