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Antiferromagnetic ordering and estimation of the exchange interaction in the z-d system
A-(BEDSe-TTF),FeCly studied using *C NMR
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We performed '3C NMR measurements on A-(BEDSe-TTF),FeCl,[BEDSe-TTF = bis(ethylenediseleno)
tetrathiafulvalene] to investigate the antiferromagnetic transition in this material and evaluate the exchange
interaction J;, between the donor molecules and FeCl; anions. Based on the NMR spectrum and the nuclear
spin-lattice relaxation rate, we determined that the antiferromagnetic transition in the donor layers occurs at 25 K.
The structure of the NMR spectra in the antiferromagnetic phase resembles that of A-(BEDSe-TTF),GaCl,. We
used the angle dependence of the NMR shift in the paramagnetic phase and the experimentally determined
demagnetization factor to estimate J,,; of A-(BEDSe-TTF),FeCly as 3.4(7) T/ug . This result shows that the 7 -d
interaction of A-(BEDSe-TTF),FeCly is weaker than that of A-(BETS),FeCly. The different signs of J,, between
A-(BEDSe-TTF),FeCly and A-(BETS),FeCl, could be attributed to the different paths for the 7-d interaction in

the two systems.

DOLI: 10.1103/PhysRevB.108.155112

I. INTRODUCTION

Quasi-two-dimensional organic conductors have attracted
considerable attention because of their rich phase dia-
grams, which exhibit superconducting, magnetic-ordered, and
charge-ordered states, among others [1]. The crystal structure
of these conductors consists of alternating conducting layers
formed by donor molecules, as shown in Fig. 1(a), and in-
sulating layers formed by anions. Introducing magnetic ions,
such as FeCl, with § = 5/2, into the anion layers causes 7-d
interactions between the conduction electrons with § = 1/2
and the localized 3d spins, resulting in the emergence of
fascinating physical properties. Among several -d systems,
A-type salts have attracted interest because of their diverse
physical properties. As shown in Fig. 1(b), the dimerization
of two donor molecules in A-type salts creates in an effective
half-filled system.

The well-known m-d system A-(BETS),FeCl4[BETS
= bis(ethylenedithio)tetraselenafulvalene] exhibits supercon-
ductivity (SC) under a magnetic field. This compound exhibits
an antiferromagnetic (AF) transition accompanied by a metal-
insulator (MI) transition in the absence of a magnetic field
[2-4]. In the early studies, the AF transition was thought
to occur for localized 3d spins and the m-electron systems
responsible for electrical conduction caused the material to
become an insulator. However, specific heat measurements
revealed a Shottky-type anomaly because of the existence of
3d spin degrees of freedom below the transition temperature
[5,6]. This result indicates that the AF ordering is not caused
by 3d spins but 7 spins. Hereafter, this picture is called
the 7 ordering model. Within this model, magnetic ordering
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occurs in the m-electron systems and a similar magnetic tran-
sition should be observed in the isostructural nonmagnetic
A-(BETS),GaCly. However, A-(BETS),GaCly undergoes a
superconducting transition and cannot serve as a reference
system for A-(BETS),FeCly [2,7,8]. The MI transition in
A-(BETS),FeCly complicates the AF transition mechanism.
To study the mechanism of the AF transition, including the
role of the m-d interaction in this transition, it is useful to
compare the behavior of Fe and Ga salts is based on A-type
salts with the same ground state.

A-(STF),FeCly and A-(STF),GaCl4[BEDT-STF (STF) =
bis(ethylenedithio)diselenadithiafulvalene] are insulators over
the entire considered temperature range because of the nega-
tive pressure effect of donor substitution on the MI transition
[9-11]. The m-electron systems of A-(STF),FeCly were in-
vestigated by '3C NMR (nuclear magnetic resonance). The
AF transition in the donor layers was found to occur at
16 K [12]. The 3d spin systems were investigated by >'Fe
Mossbauer spectroscopy, and multistep development of the
hyperfine fields was observed below 16 K [13]. Heat capac-
ity measurements revealed a Schottky-type anomaly similar
to that observed in A-(BETS),FeCly, indicating that the 3d
spins in A-(STF),FeCly also behave as paramagnetic spins
[14]. Unfortunately, A-(STF),GaCl, did not undergo the AF
transition down to 0.3 K [15-17]. In A-(ET),GaCL4L[ET =
bis(ethylenedithio)tetrathiafulvalene] located on the side of
the phase diagram with a more negative pressure, the AF tran-
sition has been observed at 13 K by '*C NMR [18]; however,
A-(ET),FeCly was not been available for use in the present
study.

These differences between the ground states of Fe and
Ga salts have made it difficult to understand the m-d
interaction. Thus, we investigated BEDSe-TTF salts [BEDSe-
TTF = bis(ethylenediseleno)tetrathiafulvalene]. '3C NMR
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measurements on A-(BEDSe-TTF),GaCly showed that the
AF transition occurred at 22 K [19]. We have reported
STFe Mossbauer measurements and magnetic susceptibility
measurements on A-(BEDSe-TTF),FeCl, [20]. Although the
Maossbauer measurements indicated multistep development of
the internal field exerted on Fe sites below 26 K, the mag-
netic susceptibility measurements did not indicate a magnetic
anomaly at this temperature. As the field development was
almost identical to that of A-(STF),FeCls, except for the tem-
perature at which the hyperfine fields started to develop, we
concluded that the AF transition in donor layers occurred even
in A-(BEDSe-TTF),FeCl,. Hence, '3C NMR measurements
need to be performed on A-(BEDSe-TTF),FeCl, to investigate
the magnetism of the 7 electrons because >’Fe Mdssbauer
measurements probe the magnetism of 3d electrons and not
7 electrons.

It is important to evaluate the coupling parameter be-
tween the m and 3d spins, J,4, to understand the m-d
interaction. In a previous study, we compared the strengths
of the m-d interaction between A-(BEDSe-TTF),FeCly and
A-(BETS),FeCly [20]. We observed weak anisotropy of the
magnetic susceptibility in A-(BEDSe-TTF),FeCly [20]. By
contrast, clear anisotropy was reported for A-(BETS),FeCly
and A-(STF),FeCly [3,11]. The weak anisotropy ob-
served in A-(BEDSe-TTF),FeCl; was similar to that in
A-(BETS),FeBr,Cly_, with 0.3 <x < 0.5, and the Weiss tem-
perature of A-(BEDSe-TTF),FeCly of 7.4 K was also smaller
than that of 15 K for A-(BETS),FeCly [21]. These results sug-
gested that the -d interaction in A-(BEDSe-TTF),FeCly is
weaker than that in A-(BETS),FeCly. However, there has been
no quantitative evaluation of J, 4 in A-(BEDSe-TTF),FeCly.

For A-(BETS),FeCly, J;4 could be estimated from the
field-induced superconductivity (FISC), which can be ex-
plained by the Jaccarino-Peter compensation mechanism [22].
Whereas A-(BETS),FeCl; exhibits an MI transition at zero
or small fields, the salt exhibits metallic behavior with in-
creasing magnetic field strength and superconductivity above
18 T [23,24]. When a large external field is applied parallel
to the conducting layers, paramagnetic 3d spins align in the
direction of the external field and exert an exchange field on
the 7 electrons. The magnetic field exerted on the 7 electrons
is canceled out, resulting in the emergence of superconduc-
tivity. The maximum transition temperature is 4.2 K at 33 T
corresponding to complete cancellation of the magnetic field
exerted on the 7 electrons [24].

NMR is a microscopic magnetic probe that is suitable
for evaluating J,,. In addition, J,; of A-(BETS),FeCly can
be estimated from 7’Se NMR measurements [25]. This es-
timate corresponds to |Hexeh| =32+ 2 T. Hence, J;4 of
A-(BETS),FeCly is estimated as -6.6 T/ug . Within this
approach, the estimation of J,,; strongly depends on the
demagnetization factor corrected for the crystal shape. In
the studies on A-(BETS),FeCly; and A-(STF),FeCly, the
demagnetization factor was calculated using the ellipsoid
approximation for a thin rectangular crystal with fixed di-
mensions [25,26]. The demagnetization factor was not taken
into account in a study on x-(BETS),FeBry [27]. The mo-
saic structure of an object crystal could also contribute to
the demagnetization factor. The difficulty of estimating the
demagnetization factor introduces ambiguity into the eval-

BEDSe TTF

FIG. 1. (a) Structures of donor molecules of BETS, STF, ET, and
BEDSe-TTF. (b) Crystal structure of A-(BEDSe-TTF),FeCly. The
dimer is surrounded by a dashed curve. The A and B molecules are
crystallographically independent, and the A’ and B’ molecules
are equivalent to the A and B molecules, respectively, and connected
by inversion symmetry.

uation of J,,. Hence, to the quantitative evaluate J,4, the
demagnetization factor should be determined experimentally.

In this study, we performed '*C NMR measurements
on A-(BEDSe-TTF),FeCly. 13c NMR measurements can
selectively probe m-electron systems. We measured the
temperature dependence of the NMR spectra and nuclear
spin-lattice relaxation rate (1/77) to investigate the magnetic
properties of the -electron systems. To verify the weak 7-d
interaction, we evaluated J,, from the angle dependence of
the >*C NMR measurements using the experimentally deter-
mined demagnetization factor.

II. EXPERIMENTS

Single crystals of A-(BEDSe-TTF),FeCly were prepared
by electrochemical oxidation in a solution of the tetrabuty-
lammonium salt, [# — BuyN]FeCl; in chlorobenzene with
13C-enriched BEDSe-TTF, as shown in Fig. 2(a). To prevent
spectrum splitting by nuclear spin-spin coupling, that is, the
Pake doublet, one of the carbons in the central C-C bond in
the BEDSe-TTF molecules was enriched with a '3C isotope
[19]. The samples were thin black rectangular crystals, where
the ac plane had a well-developed surface with dimensions
of 2 x 0.2x ~ 0.06 mm?, as shown in Fig. 2(b). Next, 13C
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FIG. 2. (a) "“C-enriched BEDSe-TTF molecule. (b) Crystal
shape of A-(BEDSe-TTF),FeCl,.
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FIG. 3. Temperature dependence of the NMR spectra of
A-(BEDSe-TTF),FeCl, under a field with H | b*. The inset shows
the NMR spectrum of A-(BEDSe-TTF),GaCly at 15 K under a field
with H || b*.

NMR measurements were conducted under a magnetic field
of 6.1 T. NMR spectra were obtained using a fast Fourier
transformation of the spin echo signal with a 7w /2-7 pulse
sequence. The typical width of a 7 /2 pulse is 1.5us. 1/T;
was estimated using the conventional saturation recovery
method. The relaxation curves M (t) could be fitted with a
stretched exponential function described as M(¢) = My[1 —
exp(—t/T1)?] [19], where M(t) is the nuclear magnetization,
and M; is the equilibrium nuclear spin magnetization. We
set the parameter B8 to 0.9 as in nonmagnetic Ga salt [19].
The temperature dependence of the spectra and 1/7; were
measured in the direction of H || b*. Spectra below 22 K
were obtained by combining several spectra. For comparison,
the spectrum of the AF phase of A-(BEDSe-TTF),GaCl, was
measured in the same configuration at 15 K. The angle de-
pendence of the NMR shift of A-(BEDSe-TTF),FeCly and
A-(BEDSe-TTF),GaCl,; was measured at 100 K, where the
shifts were determined by fitting the spectra with a Lorentzian
function. Figure 2(b) shows the definition of the angle and the
rotation direction used in this study.

III. RESULTS AND DISCUSSION
A. AF transition at 25 K

Figure 3 shows the temperature dependence of the NMR
spectra from 100 to 10 K obtained under a magnetic field
parallel to the b* axis. In A-type salts, there are two crystal-
lographically independent A and B molecules, as shown in
Fig. 1(b). A’(B’) are equivalent to A (B) molecules connected
by inversion symmetry. Each molecule has two nonequivalent
13 sites, resulting in four crystallographically nonequivalent
3¢ sites.

Although the four peaks are expected from crystallo-
graphic considerations, a single peak with fine structures is
observed in the high-temperature range. The four peaks are
merged into one peak because the hyperfine coupling con-
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FIG. 4. Temperature dependence of 1/Th of
A-(BEDSe-TTF),FeCly. The circle and triangle symbols correspond
to the symbols shown in Fig. 3.

stants are almost the same as the A and B molecules are almost
parallel to each other and the two nonequivalent '3C sites
in the molecule are chemically equivalent. With decreasing
temperatures, the spectrum broadens and shifts to a higher
frequency because of magnetization of the 3d spins. Below
22 K, the aforementioned single peak splits into two broad
peaks. This result suggests that the m-electron systems are
antiferromagnetically ordered, generating an internal field at
the '3C sites. The inset of Fig. 3 shows the spectrum of
the AF phase of A-(BEDSe-TTF),GaCl, for the same con-
figuration, which exhibits similar spectral splitting below a
Ty of 22 K. The spectrum consists of two peaks similar to
those of A-(BEDSe-TTF),FeCly. These results indicate that
the AF transition occurs in the m-electron systems as in
A-(BEDSe-TTF),GaCly and the AF phase in both salts has
simple up-down spin magnetic structure.

Figure 4 shows the temperature dependence of 1/7; below
100 K. The symbols in Fig. 4 correspond to those shown
in Fig. 3. 1/T; remains almost constant above 40 K and
increases steeply below 30 K. The emergence of the internal
field and the divergence of 1/7; toward 25 K confirm that the
m-electron systems undergo the AF transition at 25 K.

The peak splitting in the spectra of both the Ga and
Fe salts suggests that the magnetic ground state of the
m-electron systems is the same in A-(BEDSe-TTF),FeCly
and A-(BEDSe-TTF),GaCly. The transition temperature
of A-(BEDSe-TTF),FeCly is 3 K higher than that of
A-(BEDSe-TTF),GaCly. This result might indicate that the
m-d interaction stabilizes the AF ordering of the m-electron
systems. The *C NMR on A-(STF),Fe,Ga, _,Cl, also showed
that the transition temperature of the m-electron systems in-
creases with the Fe content [26].

Figure 5 shows the temperature dependence of the hy-
perfine fields obtained by '*C NMR and °’Fe Mdossbauer
measurements. The closed and open symbols correspond to
A-(BEDSe-TTF),FeCly and A-(STF),FeCly, respectively. In
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FIG. 5. Temperature dependence of the hyperfine fields of
A-(BEDSe-TTF),FeCl, and A-(STF),FeCl, obtained by *C NMR
and ’Fe Mossbauer measurements [12,13,20]. A-STF (#1) and A-
STF (#2) are different samples of the same compound.

he '3C NMR measurements, the hyperfine fields are defined
using the width of the split peaks in the spectrum. In the
two measurements, the development of the hyperfine fields
in A-(BEDSe-TTF),FeCly is similar to that in A-(STF),FeCly,
except for the temperature at which the hyperfine fields
start to develop. Fitting the temperature dependence of the
hyperfine field observed by '*C NMRmeasurements with
Bu(T) =A(1 — T/Ty)? yielded A =0.033 and B =04
for A-(BEDSe-TTF),FeCl; and A = 0.034 and 8 = 0.2 for
A-(STF),FeCly. The values of 8 for A-(BEDSe-TTF),FeCly
and A-(STF),FeCly are very different. This is thought to be
due to the fact that the AF phase of STF salts appears by
introducing 3d spins. Although BEDSe-TTF salts undergo the
AF transition, A-(STF),GaCly did not undergo the AF transi-
tion. The hyperfine fields increase suddenly at 25 K at the 1*C
sites, but exhibits multistep behavior at the 5TPe sites. These
two different magnetization processes were also discussed in
our previous study and are characteristic of insulating A-FeCly
salts [12].

There are three types of magnetic interactions in A-FeCly
salts,: Jr, Jra, and Jy. Jyn and Jy; are the coupling
parameters between m spins and between 3d spins, respec-
tively. The same order of magnitude is expected for |J;/kp|
in A-(BEDSe-TTF),FeCly as for A-(BETS),FeCly because

é@ W "c.:‘» W
BT g AT ek

FIG. 6. Antiferromagnetic structure with ¢ = Q (J44-0) and
the ferromagnetic structure with ¢ =0 (J74,4=0). The two-headed
arrows between a dimer and anions represent the 7 -d interaction.

the nearest Fe-Fe distance is almost the same. Assuming
a |Jua/kg| of 0.64 K, as suggested by the theoretical cal-
culation on A-(BETS),FeCly, yields an estimated transition
temperature of 3.73 K based on mean-field theory [28]. This
temperature is considerably lower than 25 K. Hence, the de-
velopment of the hyperfine fields at the Fe sites at 26 K does
not result from the spontaneous magnetization of the 3d spins,
but from the passive polarization of the 3d spins through
the m-d interaction of the antiferromagnetically ordered m-
electron systems.

B. Estimation of J,; in A-(BEDSe-TTF),FeCl,

We measured the angle dependence of the NMR shift
of BEDSe-TTF salts in the paramagnetic state to examine
the weakened m-d interaction in A-(BEDSe-TTF),FeCly, as
suggested by the magnetic susceptibility under low magnetic
fields. Figure 6 shows the two types of m-d interaction that
are generally possible. The first type J;4 4—¢ is defined as the
AF structure with the wave vector ¢ = Q, and the second type
Jra 4=0 is defined as the ferromagnetic structure with g = 0.
Jza,4=0 contributes to the FISC. In the paramagnetic state, the
magnetic moments of Fe ions are parallel to the external field
and the 7 -d interaction corresponds to Jr g 4—o.
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FIG.7. Angle dependence of the NMR shift of

A-(BEDSe-TTF),GaCl; and A-(BEDSe-TTF),FeCl, at 100 K.
The solid lines are fits to the experimental data.
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FIG. 8. Angle dependence of § fg,. The solid line is the fit using
the Eq. (3). The inset shows the calculated angle dependence of the
chemical shifts of the A and B molecules.

Figure 7 shows the angle dependence of the NMR shift of
A-(BEDSe-TTF),GaCly and A-(BEDSe-TTF),FeCl, at 100 K.
As the spectrum consists of four signals with slightly different
hyperfine coupling constants, the error bar is not the standard
deviation in the fitting parameter but is defined as one-fifth of
the full width at half-maximum of the NMR spectrum.

The angular dependence of the resonance frequency of
A-(BEDSe-TTF),GaCly(fg,) is described as

fea = vAz (@) xxH + y[1 +0(0)]H, ey

where y and x, are the gyromagnetic ratio and the magnetic
susceptibility of the 7 spins, respectively; A, (@) is the hyper-
fine coupling constant of a  electron; and o () is the corre-
sponding chemical shift. We can use A-(BEDSe-TTF),GaCly
as a reference to evaluate the hyperfine coupling constant
for the  spins (A, (6)). As a chemical shift depends on the
molecular structure and valence of a molecule, the chemical
shift tensor of a-(BEDT-TTF),I3 is used [29]. There are two
crystallographically independent molecules in A-type salts,
but their chemical shifts are almost the same, as shown in
the inset of Fig. 8. Hence, we used the mean value of the
calculated chemical shifts for the two molecules. Subtracting
the chemical shift from fg, yields § fg, as,

8fca = yAz(0)x=H + yH. @)

Here, yH is determined from the resonance frequency of
tetramethylsilane (TMS). § fg, reaches a minimum at approx-
imately 70°. Figure 1(b) shows that the 70° corresponds to the
angle parallel to the molecular plane (perpendicular to the p,
orbital). As A, (0) consists of isotropic (Ai;") and anisotropic
(Aj‘,“iso) terms, & fg. is described as follows:

8fca = VAR xxH + yAT* O)x=H + yH
= FEM°5in(20 — 2a) + F2. 3)

o
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FIG. 9. Angle dependence of § fr.. The solid black line is the fit
to the experimental data using the Eq. (6). The dashed red and blue
lines represent the sine and cosine components of the fit, respectively.
The inset shows the angular dependence of the dipolar shift.

Using the equation presented above to fit the dfg, data
yielded F2Ms° = 0.0268(8) MHz, o = 114.8(7)°, and F2° =
65.1200(6) MHz (Fig. 8).

The angular dependence of the NMR shift of
A-(BEDSe-TTF),FeCly contains an additional 3d spin
contribution, and the resonance frequency (fg.) can be
described as

Jre = YAz (0) Xz (H + Jza,q=0Ma) + y[1 +0(0)IH
+ V[Hdip(g) + Hdemag(e)]’ (4)

where My, Hgip(6), and Hgemag(6) are the magnetization of
the 3d spins, dipolar fields from the surrounding 3d spins,
and demagnetization contribution that depends on the crystal
shape, respectively [25,26]. The magnetic moments of Fe
ions, M, which are parallel to the external field, H, produce
an exchange field on the 7 electrons through J;4 ,—o. The
external field and exchange field polarize the 7 electrons
corresponding to the first term in Eq. (4). In addition, the mo-
ments generate the dipolar field, Hgi,, and the demagnetization
field, Hyemag corresponding to the third term in Eq. (4). The
phase difference between the Ga and Fe salts originates from
the third term.

The dipolar field generated by 3d spins can be calculated
using the Lorentz method [25]. Hyip(6) was estimated by sum-
ming the dipole fields generated by the 3d spins in the Lorentz
sphere with a radius of 30 A. We found that Hyip(6) reznains
almost unchanged for Lorentz sphere radii above 30 A and
the four crystallographic independent sites have practically
identical values of Hgip(0). Hence, we used the mean Hyi, (0)
over four sites as Hy;p(6). We assumed M, follows the Curie’s
law with § = 5/2 [20]. Using M,; = 0.4761 pg at 100 K, we
calculated Hgp(6) with a standard deviation as the average
of the dipole fields exerted on the four crystallographically
nonequivalent '3C sites shown in the inset of Fig. 9.

Our crystals were not perfect but mosaic. However, as the
mosaic grain was considerably larger than 30 A, we were
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able to use Hgi,(0). Subtracting the chemical shift and dipolar
shifts from Fg. yields the following equation:

8fre = YA (0) X (H + Jrrd,q:OMd) + VHdemag(e) +yH.
Q)

The first term is in phase with the Ga salt. Hyemag(0) signifi-
cantly affects the estimate of J,4 4—o. Figure 2(b) shows that
the rotation axis is the long axis of the thin rectangular crystal
and 8 = 0° corresponds to the direction parallel to the crystal
plane. As the demagnetization contribution depends on the
crystal shape, the anisotropic part of y Hgemae(6) is in phase
with cos26.

As a result, we were able to fit § fg. using the following
equation.

8 fre = F2M°sin[2(0 — 114.8)] + FAm° c0s26 + Fi°

demag Fe+demag*
(6)
We obtained F2"s° = 0.034(1) MHz, Fdae‘}l‘faf’g = 0.010(1) MHz,
and F}é;idemag = 65.1069(5) MHz as the fitting parameters
(Fig. 9).

Here, we examine the validity of our demagnetization pa-
rameters. In the previous studies, the demagnetization factor
was not determined experimentally but roughly estimated as
Hgemag (0) = 4 M (1/3 — Nycos?0 — Njsin’6), where N,
and Nj- are form factors, with (N, + Ny ~ 1), by approxi-
mating the crystal outline as a rotating ellipsoid [25,26].

For A-(BETS),FeCly, Ny = 0.2 and Ny = 0.8 were used
for a long thin rectangular crystal [25]. However, we estimated
the factor by using the experimentally determined angle de-
pendence of the shift of A-(BEDSe-TTF),FeCly. The fitting
parameter of Fda‘}n‘ifg = 0.010(1) MHz corresponds to N, =
0.35 and Ny = 0.65, which are semiquantitatively consistent
with the values for a long thin rectangular crystal.

Now, we investigate the difference in the coefficients of the
first terms, Fléle“iso and Fé;‘is". The ratio of the coefficients of the
first terms is expressed below.

Finiso H + Jog —0My
F(z}l:iso = H :

)

We used the ratio to determine the exchange magnetic
field Jrgq—0My as 1.6(4) T at 100 K and Jr44—0 in
A-(BEDSe-TTF),FeCly as 3.4(7) T/ug . The absolute value
of |3.4(7)] T/ug is smaller than that of A-(BETS),FeCly,
(] —6.6] T/ug ), which is consistent with the prediction in
our previous study.

C. Path of the n-d interaction

Figure 10(a) is a schematic of J;,, J4, and Jy; in 7w-d
systems. Here, J < 0 corresponds to an AF interaction and
J > 0 corresponds to a ferromagnetic interaction. A m-d
system generally consists of two spin systems interacting
with J,4, an § = 1/2 system interacting with J,,, and an
S =5/2 system interacting with J ;. The AF transition in
A-(BEDSe-TTF),FeCly is confirmed to occur in the donor
layers, as in A-(BEDSe-TTF),GaCly, and Jy; is expected to
be smaller than J,,, [28].

Figure 1(a) shows that the inner and outer chalcogen atoms
in BEDSe-TTF molecules are S and Se atoms, respectively.

8_5/2 Jdd(<<J7m) S=5/2 Jdd(<<er) S= 5/2 Jdd(<<J7m)

FIG. 10. Schematic of J,., Jy4, and Jy; in (a) w-d systems,
(b) A-(BETS),FeCly, and (c) A-(BEDSe-TTF),FeCly. Molecules and
anions are represented by thick lines and circles, respectively.

This placement of chalcogen atoms is reversed from that in
the BETS molecules. There are two m-d interaction paths:
through the inner chalcogen atoms and through the outer
chalcogen atoms. The shortest S-Cl contact is usually shorter
than the shortest Se-Cl contact because the ionic radius of
S is smaller than that of Se. However, as for the path of
the 7-d interaction shown in Fig. 11, the Se-Cl contact in
A-(BETS),FeCly of 3.4691(10) A is shorter than the S-CI
contact in A-(BEDSe-TTF),FeCl, of 3.5678(13) A [20,30].
By contrast, the distance between the outer chalcogen (Se)
and Cl in A-(BEDSe-TTF),FeCl, is 3.2421(8) A and smaller
than the corresponding distance of S-Cl in A-(BETS),FeCly
of 3.3855(10) A. These results suggest that the Se-Cl contacts
are the main contribution to the -d interaction. Hence, the
dominant interaction path is through the inner chalcogen atom

3.5678(13) A 3.4691(10) A

»-(BETS),FeCl,

)-(BEDSe-TTF),FeCl,

FIG. 11. Short contact between Cl and
and the angle formed by Fe---Cl.--
A-(BEDSe-TTF),FeCl, and A-(BETS),FeCl,.
molecules are defined in Fig. 1(b).

the chalcogen
chalcogen atom in
A, B, and B’
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in A-(BETS),FeCl, and through the outer chalcogen atom
in A-(BEDSe-TTF),FeCly because the 3d spins of Fe are
expected to interact with molecular dimers through Fe-CI-Se
contacts.

We discuss the relationship between J;4,4—0 and J4 4—0
in A-FeCly salts. Based on the discussion in Sec. III B, we
should use the J;4 4—¢ and not J;4 4o for the AF state under
the low fields. However, in A-FeCly salts, the paramagnetic
3d spins are not attached to the S = 1/2 system via the
multipass J,4 interaction, but to the nearest dimer via the
single-pass J;4 through the short Se-Cl contact, as shown in
Figs. 10(b) and 10(c), because the Fe-Cl-Se contacts dominate
the interaction path. Hence, J;4 40 can be approximated as
Jrdg=0 ~ J;Z'Cl and |Jzq,4=0| is almost equal to |J7§§’Cl|.
Here, J;Z'Cl is the exchange interaction between FeCl, and
the connected dimer with a short Se-Cl contact. Namely, the
units in which the 7 spin on a dimer are connected to the 3d
spin via J 4 interact with each other via J, modeled in the =
ordering scenario. The difference between A-(BETS),FeCly
and A-(BEDSe-TTF),FeCly is that FeCl, ions interact with
different dimers.

We previously reported that the m-d interaction
of A-(BEDSe-TTF),FeCl, is weaker than that of
A-(BETS),FeCly [20]. As the 3d spins are paramagnetic, the
absolute value of J,; results in an internal field being exerted
on FeCl; and affects the magnetism under low fields. Indeed,
A-(BEDSe-TTF),FeCly exhibits the same magnetization
behavior as A-(BETS),FeBr,Cly_, with a weakened J,4. The
result of |Jr44=0lBETS > |J7d,q=0|BEDSe—TTF 1S consistent
with previous speculation.

There is an extremely short distance between Se (the
outer chalcogen atom) and Cl in A-(BEDSe-TTF),FeCly,
whereas there is a short distance between Se (the inner
chalcogen atom) and Cl in A-(BETS),FeCly. Considering
with |J7Td,q=0|BETS > |Jnd,q=O|BEDSe7TTF’ the interaction path
through the inner chalcogen is essential for the m-d inter-
action. Theoretical calculations also suggest that the contact
between the inner chalcogen atoms and Cl is important for the
7-d interaction [28].

Next, we discuss the difference in the signs of J4.
The FeCl; anion mainly interacts with different dimers
in A-(BETS),FeCly and A-(BEDSe-TTF),FeCly. As shown
in Fig. 11, the angle of Fe---Cl--. (the inner chalcogen
atom) in A-(BETS),FeCly is 162.35(3)° [30]. By compari-
son, the angle of Fe---Cl--- (the outer chalcogen atom) in
A-(BEDSe-TTF),FeCly is 123.99(4)° [20]. As the sign of the

exchange interaction depends on the angle of the interaction
path, the difference in the angles could explain the difference
in the signs of J4 [31].

Numerous salts containing S-based donors and magnetic
ions have been synthesized, but no distinct 7-d interactions
have been reported. This result suggests that the introduction
of Se increases both the dimensionality of the conduct-
ing layer and the strength of the interaction between donor
molecules and counteranions as evidenced by the extremely
short Se-Cl contact compared to S-Cl contact. TMTSF and
BEDSe-TTF salts containing Se, as well as BETS salts,
are potential candidates for investigating w-d systems. Our
quantitative J;4 evaluation, including the demagnetization
contribution, could be applied to various w-d systems. The
Bechgaard salts have a rich phase diagram including spin
density wave (SDW) and SC, with PF, and CIO; as anions
[32]. Our results suggest the possibility of extending the m-d
interaction to the well-studied Bechgaard salts, and the inter-
actions of the d-electron with the SDW and SC will be of
interest.

IV. SUMMARY

We performed '3C  NMR  measurements on
A-(BEDSe-TTF),FeCly. Spectral splitting and the divergence
of 1/T; toward 25 K suggest that the AF transition in donor
layers occurs at 25 K. The magnetic structure in the AF phase
resembles that of A-(BEDSe-TTF),GaCls. We experimentally
determined J,; for A-(BEDSe-TTF),FeCly as 3.4(7) T/ug
from the angle dependence of the NMR shift of the
paramagnetic phase. The absolute value of J,; is smaller than
that of A-(BETS),FeCly, which is consistent with our previous
conclusion based on the anisotropic magnetization at low
fields. The sign of J,; in A-(BEDSe-TTF),FeCly is opposite
to that of A-(BETS),FeCly. The differences in the absolute
value and sign of J,; may originate from the difference
in Fe-ClI-Se contacts between A-(BEDSe-TTF),FeCly and
A-(BETS),FeCly.
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