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Abstract: Charge-transfer salts based on bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF or BO for
short) provide a stable two-dimensional (2D) metallic state, while the electrical resistance often shows
an upturn at low temperatures below ~10 K. Such 2D weak carrier localization was first recognized
for BO salts in the Langmuir-Blodgett films fabricated with fatty acids; however, it has not been
characterized in charge-transfer solid crystals. In this paper, we discuss the carrier localization of
two crystalline BO charge-transfer salts with or without magnetic ions at low temperatures through
the analysis of the weak negative magnetoresistance. The phase coherence lengths deduced with
temperature dependence are largely dominated by the electron-electron scattering mechanism. These
results indicate that the resistivity upturn at low temperatures is caused by the 2D weak localization.
Disorders causing elastic scattering within the metallic domains, such as those of terminal ethylene
groups, should be suppressed to prevent the localization.

Keywords: charge-transfer solid crystals; two-dimensional metal; carrier localization; negative
magnetoresistance; phase coherence length

1. Introduction

Since the 1970s, molecular conductors with tetrathiafulvalene (TTF) derivatives have
attracted attention for their rich variety of electronic phenomena such as metal-insulator
transitions and superconductivity [1,2]. Bis(ethylenedithio)-substituted derivative BEDT-
TTF (or ET for short) is especially well known for the production of a variety of supercon-
ductors (more than 40 kinds). Additionally, the bis(ethylenedioxy)-substituted derivative,
BEDO-TTF (or BO for short, Figure 1a), in which the sulfur atoms in the outer six-membered
ring of ET are replaced by oxygen atoms, has also attracted attention as a building molecule.
This donor molecule shows the strong tendency to create complexes of two-dimensional
(2D) layers due to the self-aggregation ability caused by the intermolecular 7- interactions,
along with the C-H:--O hydrogen bonding [2,3]. While most of the BO salts exhibit metallic
conduction, only a few examples are reported to show superconductivity [4,5], in contrast
to the ET complexes.
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Figure 1. (a) The chemical structure of the donor molecule BEDO-TTF or BO, i.e., bis(ethylenedioxy)
tetrathiafulvalene). Crystal structures of (b) B”-(BO);[Co(pdms),](CH;CN)(H,0), and (c) k-
(BO),CF3S05 viewed along a-axis. Each atom is colored as: gray, C; white, H; blue, N; green,
F; navy, Co; red, O; yellow, S.

Applying this peculiarity, metallic Langmuir-Blodgett (LB) films were fabricated by
mixing BO with fatty acids for potential applications in molecular electronics [4-6]. Self-
organization provided a stable 2D BO layer which was sandwiched by the layers composed
of fatty acids such as stearic [6,7] or arachidic [8] acid. Although the LB films exhibited
room-temperature conductivity as high as 100 S cm !, the electrical resistance increased
at low temperatures. Two-dimensional weak localization has been proposed as the origin
of the behavior. The characteristic negative magnetoresistance (MR) under the magnetic
field applied perpendicularly to the 2D layer was observed owing to the destruction of the
constructive interference between waves along a closed loop in opposite senses with equal
probabilities [9,10].

On the other hand, the carrier localization in crystalline charge-transfer salts at low
temperatures [11] has not been mentioned much so far in BO complexes, although resis-
tance upturn at low temperatures has often been found with [12] or without [3,13] magnetic
ions. Clarification on the origin of the resistivity upturn at low temperatures is important
to explore electronic phase transition, such as metal-insulator transition and/or supercon-
ductivity in charge-transfer solid crystals, whether they stem from magnetic interaction
or not.

In this paper, we will discuss two crystalline BO salts with and without magnetic ions to
explore the resistance upturn phenomena in single crystals, f”-(BO)3;[Co(pdms),]J(CH3CN)
(H,0); (abbreviated hereafter as ”-BO3) [14], where Hypdms = 1,2-bis(methanesulfonamido)
benzene, and x-(BO),CF35S0; (abbreviated hereafter as x-BO2) [15]. The crystal structures
of the two materials are shown in Figure 1b,c, respectively, consisting of 2D layers of
BO molecules.

B”-BO3 has a 1/3 band filling with the p”-type molecular arrangement, according
to the classification for ET salts, showing a metallic state down to 15 K [14]. This salt
was synthesized in order to develop the possible interaction between the conduction
electron and single ion magnet, exhibiting typical frequency dependence of ac magnetic
susceptibility due to the bistable spin state of Co?*. This is a sister compound of B"-
(BO)4[Co(pdms),]-3H,0, (abbreviated hereafter as p’-BO4), which was grown using the
same molecules but with a different solvent, which exhibited ferromagnetic interaction
at low temperatures between BO and Co(pdms); ions [16]. The MR of p”-BO4 cannot be
understood by the weak localization model, showing contribution from the 7—d interac-
tion [16]. On the other hand, the —d interaction with the BO layer in the f”/-BO3 was
considered to be weak in view of the band structure calculation [14].

x-BO2 has a 1/4 band filling with the x-type molecular arrangement according to the
classification for ET salts. This is a BO analogue salt of the ET salt with the same structure,
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x-(ET),CF3503 [17], which is a Mott insulator at ambient pressure but shows metallic
behavior by applying a pressure above 1 GPa, and the superconducting transition occurs
at 4.8 K under 1.1 GPa [18]. Although semiconducting behavior is observed from room
temperature in the first report of xk-BO2 [15], here, a metallic conduction was observed down
to around 10 K, below which electrical resistance increases. The change in the resistive
behavior may be ascribed to the effect of grease (weak pressurization on crystals by cooling)
and slow cooling in the present study.

In terms of common features, the low-temperature MR measurements showed that
both f”-BO3 and x-BO2 salts have a negative MR, similar to those observed in LB films.
Here, we analyze the negative MR of the two different types of BO salt with the 2D
weak localization model. The phase coherence lengths are deduced with temperature
dependence largely dominated by the electron—electron scattering mechanism. These
values are comparable to those of other type of materials, such as LB films and polymer
poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), implying a common
origin of the inelastic scattering. These results indicate that the resistivity upturn at low
temperatures is caused by the 2D weak localization, which confirms the 2D nature of the
conduction layer made of BO molecules. Disorders causing elastic scattering within the
metallic domains, such as those of terminal ethylene groups, should be suppressed to
prevent the localization.

2. Materials and Methods

The single crystals were prepared by galvanostatic electrooxidation according to the
literature [14,15]. The electrical resistivity was measured with the four-probe method by
attaching annealed platinum wires on sample surfaces with carbon paste. We measured
three samples for p”/-BO3 (#1, #2, #3) and k-BO2 (#1, #3 for intralayer direction and #2 for
interlayer direction). For intralayer measurement, the current was applied along b-axis for
B"-BO3 and along c-axis for k-BO2. For x-BO2, interlayer resistivity was also measured for
the sample #2 along b-axis direction; however, p”’-BO3 crystals were too thin to measure
the interlayer resistivity reliably.

Electrical resistivity from room temperature to 2 K and MR under magnetic fields up
to 9 T were measured using physical property measurement system, QUANTUM DESIGN,
with a cooling rate of 0.2-0.3 K/min. A low measurement current of 10 pA was used to
suppress self-heating. The sample was coated with Apiezon N grease to suppress the
discontinuous jumping of resistance which has been often observed in charge-transfer
complexes, possibly caused by microcracking [1]. A gentle pressure of 0.03 GPa was
applied to the sample after being wrapped in Apiezon N grease and cooled down to low
temperature [19]. The sample was rotated in the magnetic field to adjust the sample position
using a horizontal rotator when the magnetic field was perpendicular and parallel to the
2D layer.

3. Results

Figure 2a shows the temperature dependence of the intralayer resistivity along the
b-axis of B”-BO3 down to 2 K. The resistivity decreased at ambient pressure down to
10~15 K, below which it began to increase, as shown in Figure 2b [14]. Figure 2c shows
the plot of the intralayer conductivity in the InT scale. In the temperature range of the
resistivity increase, the conductivity followed the InT dependence asymptotically.

To investigate the origin of the low-temperature upturn of the resistivity, the an-
gle dependence of MR was investigated in a magnetic field (B) oriented perpendicular
(0 =90°) and parallel (¢ = 0°) with respect to the 2D layer. MR is defined by the increase of
resistivity by the magnetic field: MR (%) = [p(B, T) — p(0, T)]/p(0, T) x 100%, where p is
the resistivity. Figure 3a shows the MR of f”"-BO3 at 2 K for 6 = 0° and 90°. Positive MR of
metals was observed for the high field region above 4 T for both magnetic field directions;
however, clear negative MR was observed up to 4 T only when the magnetic field was
applied perpendicular to the 2D layer (6 = 90°). No negative MR was observed when the
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magnetic field was applied parallel to the 2D layer (8 = 0°). This behavior is typical for
the weak negative MR caused by weak localization within the 2D conducting layer [9,10],
as was observed for the LB films. The MR can be understood without considering any
contribution from the magnetic anion layers, in sharp contrast to the case of p”’-BO4 salt [16].
As shown in Figure 3b, the negative MR at 6 = 90° was observed up to ~15 K, where the
InT dependence in the temperature dependence of resistivity disappeared and turned to
show a metallic behavior.
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Figure 2. (a) The temperature (T) dependence of intralayer (b-axis) resistivity (p) of ”-BO3 (sample
#1). (b) Intralayer resistivity in the low temperature region. (c) Intralayer conductivity as a function
of InT. The broken line represents the relationship of o « InT.
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Figure 3. (a) The MR (current along b-axis) of ”-BO3 (sample #1) at 2 K under magnetic field B
parallel (8 = 0°) and perpendicular (8 = 90°) to the 2D layer. Clear negative MR was observed when
6 =90°. (b) The MR for the perpendicular field in the temperature range of 2-20 K.

Figure 4a shows the temperature dependence of the electrical conductivity of x-BO2
in the direction parallel (sample #1, along c-axis) and perpendicular (sample #2, along
b-axis) to the 2D layer. From room temperature down to ~10 K, the electrical resistivities
decreased; however, the intralayer resistivity increased below 10 K, as shown in Figure 4b.
Figure 4c shows the plot of the intralayer conductivity of the sample #1 in the InT scale; the
conductivity follows the InT dependence asymptotically below 8 K, similar to ”-BO3. The
interlayer resistivity (sample #2) also increased at low temperatures but very weakly below
4 K. The anisotropy of electrical conductivity reached 1 x 10°, which is high compared to
its ET counterpart, x-(ET),CF3503 [18], implying the strong 2D nature of the conduction
in k-BO2.
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Figure 4. (a) The temperature (T) dependence of the electrical resistivity (p) of x-BO2 in the direc-
tion parallel (sample #1, along c-axis) and perpendicular (sample #2, along b-axis) to the 2D layer.
(b) Intralayer resistivity of the sample #1 in the low temperature region. (c) Intralayer conductiv-
ity of the sample #1 as a function of InT. The broken line represents the relationship of o o InT.
(d) Interlayer resistivity of sample #2 in the low temperature region.

Figure 5a shows the MR of ¥-BO2 under magnetic fields parallel and perpendicular
to the 2D layer. The negative MR for x-BO2 was obvious at B < 2 T only under the
perpendicular field, similar to f”/-BO3. Figure 5b shows the MR of x-BO2 at different
temperatures (2-10 K) under the perpendicular field. The negative MR diminished at 10 K.

(b) 34

B (T) B (T)

Figure 5. (a) The MR (current along c-axis) of x-BO2 (sample #1) at 2 K under magnetic field B parallel
(6 = 0°) and perpendicular (8 = 90°) to the 2D layer. Clear negative MR was observed when 6 = 90°.
(b) The MR for the perpendicular field in the temperature range of 2-10 K.

4. Discussion

For both BO salt crystals, the intralayer resistivity increased asymptotically with InT at
low temperatures. Negative MR was observed under a magnetic field perpendicular to the
2D layer. Under the magnetic field parallel to the 2D layer, there manifested no negative MR,
but only positive MR. These features are characteristic of 2D weak localization [9,10]. The
elastic scatterings of electrons by disorders or imperfections occur several times within a
metallic domain in which phase coherence of the wavefunction is preserved. Then, a closed
loop can be formed within the metallic domain and the constructive interference between
waves in opposite senses with equal probabilities causes the carrier localization [9,10].

To further investigate whether the negative MR showed weak 2D localization, the
changes in MR with respect to temperature and magnetic field were examined. The time-
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reversal, symmetry-breaking perturbations, such as magnetic field, applied perpendicular
to the closed loop destroyed the interference and, thus, suppressed the localization to
cause the negative MR. The negative MR is formulated as the increase in the electrical
conductivity o due to the magnetic field (magnetoconductance, MC) based on the Hikami-
Larkin—Nagaoka (HLN) expression [10]:

B Ab() oD o

where A1, Ay, Bj and « are fitting parameters. 1 is a digamma function. The first term
represents the contribution from the 2D localization. The second term represents the nega-
tive MC (i.e., positive MR) of a metal which increases when the magnetic field increased.
The exponent of o is in the range 1~2. The strength of the negative MR can be scaled with
the ratio of A; and Aj,. The characteristic magnetic field B; is associated with the phase
coherence length A, in which the phase coherence of the carrier wavefunction is preserved

between each inelastic scattering;:
| h
A= 2
4€Bi ( )

where 7 is the reduced Planck constant and e is the elementary charge.

We show typical examples of the fitting of MC under the perpendicular magnetic field
with respect to Equation (1) in the supplementary materials, Figures S1-S3 for ”-BO3 and
Figures 54 and S5 for k-BO2. Corresponding fitting parameters are given in Tables S1-55 in
the supplementary materials, respectively. For B”/-BO3, the curves are fitted to Equation (1)
up to 6 T because the fitting to the metallic MC A;B* with single exponent o up to 9 T is
rather inappropriate and the exponent « seems to change to a smaller value above ~6 T,
especially at the lowest temperature of 2 K.

Figure 6 shows the temperature dependence of A deduced by the analysis in terms of
Equations (1) and (2) on a logarithmic scale in the temperature range where the negative
MR was observed for ”-BO3 and «-BO2, together with those found for LB films [6-8].
The intralayer coherence length was far larger than the conducting 2D layer thickness of
1.5~2.0 nm, indicating the 2D nature of the conduction. The coherence length increased
with lowering temperature. The temperature dependence of the phase coherence length A
followed the relation AT /2, in which p ~ 1 and p ~ 2 were associated with the situations
in which phase-breaking inelastic scatterings occurred due to electron—electron [20] and
electron—phonon [21,22] interactions, respectively. In the present case of the BO solids and
LB films [6-8], the exponent was rather close to p ~ 1. The mechanism of the inelastic
scattering in these BO solids and LB films may be understood mainly as the electron-
electron interactions.

The result indicates that the negative MR for the crystalline BO salts is well under-
stood in terms of the weak 2D localization model, as in the case of the LB films reported
previously [6-8]. The observation of the weak 2D localization is also shared by the recent
report for polymer PEDOT:PSS, which shows high crystallinity and a 2D nature with a
similar range of phase coherence length [23]. PEDOT also has terminal ethylene groups at
the end of EDOT moiety, which may cause elastic scattering similar to the BO cases.
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Figure 6. Temperature dependence of the phase coherence length A for f”/-BO3 (sample #1, #2, #3),
x-BO2 (sample #1, #3). The broken lines represent the temperature dependence following AT /2
withp=Tlorp=2.

5. Conclusions

We have studied the low-temperature carrier localization of the charge-transfer salts
of BO. The resistivity upturn in the two BO salt crystals can be ascribed to the 2D weak
localization with the observation of the negative MR. The present study implies that the 2D
weak localization was universally observed in BO charge-transfer salts, regardless of the BO
packing and band filling. The electron—electron interaction is considered to be the dominant
mechanism for the inelastic scattering. The phenomena demonstrate the formation of the
robust 2D metallic state in the BO salts. However, the carrier localization may mask the
possible electronic transition such as superconductivity of BO salts. Disorders causing
elastic scattering within the metallic domains, such as those of terminal ethylene groups,
should be suppressed to prevent the localization.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cryst12010023/s1, Figure S1: A typical fitting result for the magnetoconductance of ”-BO3 #1
along the weak 2D localization model under the perpendicular magnetic field. Figure S2: A typical
fitting result for the magnetoconductance of f/-BO3 #2 along the weak 2D localization model under
the perpendicular magnetic field. Figure S3: A typical fitting result for the magnetoconductance of
B"-BO3 #3 along the weak 2D localization model under the perpendicular magnetic field. Figure S4:
A typical fitting result for the magnetoconductance of k-BO2 #1 along the weak 2D localization model
under the perpendicular magnetic field. Figure S5: A typical fitting result for the magnetoconductance
of k-BO2 #3 along the weak 2D localization model under the perpendicular magnetic field. Table S1:
Parameters obtained by the fitting shown in Figure S1. Table S2: Parameters obtained by the fitting
shown in Figure S2. Table S3: Parameters obtained by the fitting shown in Figure S3. Table S4:
Parameters obtained by the fitting shown in Figure S4. Table S5: Parameters obtained by the fitting
shown in Figure S5.
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