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Abstract: In the quasi-one-dimensional (TMTTF)2X compounds with effectively quarter-filled bands,
electronic charge order is stabilized from the delicate interplay of Coulomb repulsion and electronic
bandwidth. The correlation strength is commonly tuned by physical pressure or chemical substitution
with stoichiometric ratios of anions and cations. Here, we investigate the charge-ordered state through
partial substitution of the anions in (TMTTF)2[AsF6]1−x[SbF6]x with x ≈ 0.3, determined from the
intensity of infrared vibrations, which is sufficient to suppress the spin-Peierls state. Our dc transport
experiments reveal a transition temperature TCO = 120 K and charge gap ∆CO = 430 K between the
values of the two parent compounds (TMTTF)2AsF6 and (TMTTF)2SbF6. Upon plotting the two
parameters for different (TMTTF)2X, we find a universal relationship between TCO and ∆CO yielding
that the energy gap vanishes for transition temperatures TCO ≤ 60 K. While these quantities indicate
that the macroscopic correlation strength is continuously tuned, our vibrational spectroscopy results
probing the local charge disproportionation suggest that 2δ is modulated on a microscopic level.

Keywords: charge-transfer salts; (TMTTF)2X; Fabre salts; charge order; strongly correlated electron
systems; extended Hubbard model; bandwidth tuning; partial chemical substitution; negative
chemical pressure; phase transitions; metal-insulator transitions; optical conductivity; vibrational
spectroscopy; FTIR

PACS: 71.30.+h; 78.30.Jw; 75.25.Dk

1. Introduction

Organic charge-transfer salts are model systems realizing electronic correlations and
Mott–Hubbard physics, yielding a plethora of metal–insulator transitions in many different
compounds. Owing to their effectively quarter-filled bands with nominally one electron
per two organic molecules, the quasi-one-dimensional Fabre salts (TMTTF)2X are prone
to charge-order instabilities [1]. Initially, charge order (CO) was suggested as a purely
electronic effect due to intersite Coulomb repulsion. Within the extended Hubbard model,
the ratio of nearest neighbor interaction V with respect to the bandwidth W is a measure of
the correlation strength that can be varied by external pressure or by chemical means [2,3].
Eventually, CO is suppressed completely for sufficiently small V/W, and an insulator–
metal transition takes place, stabilizing metallic and superconducting states. At lower
temperatures, more complex phase transitions to anion-ordered and spin-Peierls phases
result in modifications of the magnetic and structural degrees of freedom, such as the
formation of a spin gap and tetramerization of the TMTTF molecules. Previous NMR
and optical studies of electronically-driven charge order provided consistent results on
(TMTTF)2X with centrosymmetric anions X = PF−6 , AsF−6 , SbF−6 , and TaF−6 [1,4–13] and
tetrahedral anions X = BF−4 , ReO−4 [14,15].
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The wave function overlap t ∝ W and, hence, V/W, can be modified by changing
the lattice parameter through introduction of bigger or smaller anions, or by the use of
organic donor molecules with Se instead of S. Chemical substitution in a stoichiometric
manner allows reaching distinct regions in the phase diagram, with a step size determined
by the chemical properties of the respective molecules. Physical pressure, on the other
hand, enables tuning in arbitrary steps through the phase diagram, at the cost of more
difficult experiments that have to be carried out in a pressure cell. The advantages of both
approaches—flexible tuning and ambient pressure experiments—can be achieved by partial
substitution of the constituents, either the donor molecules [16–29] or the anions [30–33],
as depicted in Figure 1. So far, partial substitution has remained poorly investigated
compared to pressure tuning, but, in addition to bandwidth tuning, it also enables the
study of disorder effects on metal–insulator transitions and superconductivity [29].
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Figure 1. (Color online) (a) (TMTTF)2X with X = SbF6 exhibits larger electronic correlation strength
V/W as the molecules are separated further apart than for X = AsF6. Modifying the intersite
spacing via physical pressure or chemical substitution allows tuning through charge-ordered (CO),
antiferromagnetic (AFM), and spin-Peierls (SP) states in the phase diagram. (b) Partial substitution
of AsF6 anions (red) with larger SbF6 (black) in (TMTTF)2[AsF6]1−x[SbF6]x yields a position between
the two parent compounds, indicated by the dotted blue line in (a).

Here, we investigate charge order upon partial substitution of the anions in (TMTTF)2-
[AsF6]1−x[SbF6]x. The stoichiometry x ≈ 0.3 is determined via the intensity of SbF−6 and
AsF−6 vibration modes at 660 and 700 cm−1, respectively. The lack of tetramerization and a
spin gap deduced from optical and magnetic susceptibility measurements indicates the
absence of a spin-Peierls state. Our dc transport results yield a transition temperature TCO
= 120 K and a charge gap ∆CO = 430 K. These values line up with CO in the stoichiometric
(TMTTF)2X compounds, revealing that ∆CO → 0 around TCO ≈ 60 K. Consistent with
the resistivity data, our optical experiments on TMTTF vibrations in the infrared range
yield a splitting of the charge-sensitive ν28 mode below TCO. Despite the higher transition
temperature, the charge disproportionation 2δ = 0.21e (in the limit T → 0) is similar to
(TMTTF)2AsF6. Our findings indicate that the local amplitude of charge imbalance is linked
closely to the nearest anions, while TCO and ∆CO are determined by the macroscopic mix-
ture. This motivates more systematic studies of the role of the anions and the microscopic
properties of CO via partial chemical substitution.

2. Materials and Experiments

CO in (TMTTF)2X has been comprehensively studied in the stoichiometric com-
pounds with octahedral and tetrahedral anions [1,4–15]. For the former, larger anion
size d(TaF−6 ) > d(SbF−6 ) > d(AsF−6 ) > d(PF−6 ) yields a bigger separation of the TMTTF



Crystals 2021, 11, 1545 3 of 10

molecules and, hence, an increase of electronic correlations V/W as the wave function
overlap t ∝ W is reduced more strongly than the intersite Coulomb repulsion V (Figure 1a).
This trend has been continued with the recently synthesized new member with NbF−6 as
counterion, which has similar TCO as (TMTTF)2SbF6 [34]. Accordingly, the compounds
with largest (smallest) anions have the highest (lowest) TCO. Vice versa, physical pressure
reduces the intermolecular distances, decreasing V/W and suppressing CO. However,
the use of stoichiometric compounds confines the available phase space to a few distinct
positions where suitable anions for single crystal growth are available. Reaching the regions
in between two compounds, e.g., between (TMTTF)2SbF6 and (TMTTF)2AsF6, requires
pressure tuning starting from the material with the larger anion, here SbF−6 [1,6,35,36];
increasing V/W in small increments from the position of X = AsF−6 was not achieved so
far. In principle, this region in the phase diagram could be reached by “negative” pressure
which can be obtained by uniaxially applying tensile strain, but not through hydrostatic
pressure.

Here, we perform continuous correlation tuning via partial chemical substitution in
(TMTTF)2[AsF6]1−x[SbF6]x. Single crystals were prepared following the standard elec-
trochemical synthesis procedures [37]. While a mixture of approximately 1:1 SbF−6 and
AsF−6 anions was used, the real stoichiometry upon crystallization can differ from this ratio.
We determined the composition as x ≈ 0.3 by comparing the infrared intensities of the
respective anion vibration modes at 660 and 700 cm−1 in Figure 2. The position in the phase
diagram in Figure 1a is further substantiated by measurements of the magnetic susceptibil-
ity. Our SQUID data in Figure 3 provide solid evidence that (TMTTF)2[AsF6]1−x[SbF6]x
studied here does not exhibit a spin-Peierls ground state, because it lacks a pronounced
drop of χs that would indicate a spin-singlet formation as in the case of (TMTTF)2AsF6 [7].
The data quality at the lowest temperatures prevents the assignment of a possible an-
tiferromagnetic transition, which occurs at TN = 8 K for (TMTTF)2SbF6 [6,35]. Further
characterization of the magnetic ground state is a task for future investigations.
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Figure 2. (a) The vibration modes of the anions SbF−6 and AsF−6 occur in the infrared spectra of
(TMTTF)2SbF6 and (TMTTF)2AsF6 around 660 and 700 cm−1, respectively. (b) The spectral features
of both anion species are present in the spectrum of (TMTTF)2[AsF6]1−x[SbF6]x. Through integrating
the spectral weight SW in the grey and red shaded frequency ranges, we estimate a stoichiometry
x = 0.3 from the ratios between the intensities of the SbF−6 and AsF−6 modes.

Standard optical spectroscopic experiments in the mid-infrared range (500–8000 cm−1)
were performed with the light polarized along the a, b, and c crystallographic axes in
a temperature range from 300 K down to 5 K. We focused on evaluation of the charge-
sensitive infrared active ν28(b1u) mode probed for E ‖ c, the resonance frequency of which
follows [1,38]
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ν28(ρ) = 1632 cm−1 − ρ · 80 cm−1/e, (1)

where ρ is the molecular charge and e the charge of an electron. For a characterization
of the conduction properties, plotted in Figure 4a, we measured the dc resistivity in situ
during the optical experiments, revealing a considerable increase of TCO = 120 K from the
transition temperature of (TMTTF)2AsF6 (TCO = 102 K) towards that of (TMTTF)2SbF6
(TCO = 156 K).
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Figure 3. Temperature dependence of the magnetic susceptibility χs(T) for (TMTTF)2X with
X = SbF6, [AsF6]1−x[SbF6]x (x = 0.3) and AsF6 measured by a SQUID magnetometer. In all
cases, the pronounced Curie tail below 6 K has not been subtracted (dashed region). The magnetic
field was B = 0.5 T for the alloy and 1 T for the two pure compounds; the single crystals are oriented
with B ‖ a. The curves of X = SbF6 and [AsF6]1−x[SbF6]x are vertically shifted by a positive offset
for clarity reasons. The spin-Peierls transition in (TMTTF)2AsF6 can be clearly seen at TSP = 13 K,
whereas the antiferromagnetic transition at TN = 8 K is barely visible for (TMTTF)2SbF6. For the
alloy (TMTTF)2[AsF6]1−x[SbF6]x, we cannot identify any transition within the accessible temperature
range (T > 1.8 K).
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Figure 4. (a) Temperature-dependent electrical resistivity of (TMTTF)2[AsF6]1−x[SbF6]x with x = 0.3
(electrical current parallel to a-axis) measured in situ during optical reflection measurements in
the ac-plane. The sharp increase at TCO = 120 K indicates the CO transition. The localization
temperature T0 = 240 K is a little lower compared to the parent compounds (TMTTF)2AsF6 and
(TMTTF)2SbF6 [37], but otherwise the transport properties are qualitatively similar. (b) The Arrhenius
plot yields an approximately constant energy gap ∆/kB = 480 K in the temperature range 40–100 K,
as illustrated in the transport derivative d ln ρ/d(1/T) in the inset.
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3. Results and Analysis

The transition temperature TCO = 120 K agrees with our expectations based on the
stoichiometry, placing (TMTTF)2[AsF6]1−x[SbF6]x with x = 0.3 closer to (TMTTF)2AsF6
than to (TMTTF)2SbF6. Our comprehensive set of experimental results allows us to gain
much deeper insight by evaluating distinctive quantities such as the energy gap associated
with CO, as well as the charge disproportionation 2δ. In order to extract the transport gap,
we plot the resistivity in an Arrhenius plot in Figure 4b. We find an approximately constant
∆/kB = 480 K between 40–100 K which is, again, in line with the gap size of the parent
compounds [37]. The inset, showing the transport derivative d ln ρ/d(1/T), consistently
yields a temperature-independent transport gap below the sharp peak that occurs in the
vicinity of TCO.

3.1. Universal Relation between Charge Gap and Transition Temperature

The bare value of the transport gap, however, does not reflect the CO state only,
but involves also contributions from Mott localization that cause the upturn of resistivity
below T0. These individual contributions add in quadrature establishing the total value
of ∆(T). To that end, we determine the CO contribution from the temperature-dependent
energy gap ∆(T) = T ln ρ, following the procedure applied in [37]. ∆(T) of (TMTTF)2-
[AsF6]0.7[SbF6]0.3 is shown in Figure 5a, together with the energy gaps of (TMTTF)2X with
X = PF−6 (here we show the deuterated compound with TCO= 90 K from [39]), AsF−6 ,
and SbF−6 [37]. Note that the data have been shifted vertically and in all cases ∆(T0) = 0
by definition. ∆CO is determined from the increase of ∆(T) below the respective TCO,
i.e., ∆CO =

√
∆2

max − ∆2(TCO), as indicated by the double arrows and dashed lines in
respective colors in Figure 5a. From our present transport results, we obtain ∆CO = 430 K
for (TMTTF)2[AsF6]0.7[SbF6]0.3.
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Figure 5. (a) Temperature-dependent energy gap of (TMTTF)2[AsF6]1−x[SbF6]x for x = 0 [37], 0.3,
and 1 [37], and for deuterated (TMTTF)2PF6 with TCO= 90 K [39]. The total gap size, measured

by the resistivity, increases as ∆CO adds up in quadrature ∆(T) = T ln ρ =
√

∆2
CO + ∆2(TCO) in

the CO state. The increase from ∆(TCO) to ∆max is indicated by double arrows and dashed lines
in respective colors. The curves have been vertically shifted; by definition ∆(T0) = 0. (b) ∆CO of
(TMTTF)2[AsF6]1−x[SbF6]x (blue star) is plotted versus TCO together with the data (solid squares)
of (TMTTF)2X with X = PF−6 , AsF−6 , SbF−6 and ReO−4 [37]. Open squares indicate measurements
on pristine and deuterated PF−6 and SbF−6 compounds [39]. The data follow an approximately
linear relationship until ∆CO vanishes for TCO ≤ 60 K. Alternatively, this universal behavior can be
interpreted as a negative ∆CO for TCO → 0.

In Figure 5b, we plot ∆CO as a function of TCO for the data shown in (a), i.e., (TMTTF)2-
[AsF6]1−x[SbF6]x with x = 0.3 (star) and PF−6 , AsF−6 , SbF−6 , together with ReO−4 (solid
squares) [37]. Included are also additional datasets for pristine and deuterated compounds
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from [39], indicated by the open squares. As we find, all data points fall on a universal
line that yields ∆CO = 0 around TCO = 60 K. It is tempting to relate this temperature scale
with D/kB ≈ 60 K reported in Figure 8b of [14]. In that work, deuteration was found to
contribute an energy D in quadrature to TCO, suggesting that interactions between anions
and the TMTTF donors via the hydrogen atoms interfere with the CO mechanism: TCO
is smaller in the protonated compounds compared to the heavier, less-mobile deuterium
isotopes. Our results on (TMTTF)2[AsF6]1−x[SbF6]x provide an additional piece of evidence
for the importance of anion-TMTTF interactions and motivate further research in this
direction. More precise evaluation of the anion modes and vibrations of the methyl
endgroups, possibly supplemented by calculations, may be a first step in this direction.

While assessing the universal behavior in Figure 5b, one could also consider that
∆CO has a negative offset for TCO → 0, meaning that the repulsive interactions turn
into attractive charge fluctuations as correlations diminish. This mechanism has been
vividly discussed as a potential candidate for the pairing glue in the quasi-2D molecular
superconductors nearby a CO instability [40–45]. This notion also calls for further scrutiny
of the CO phenomenon by means of continuous correlation tuning, as presented here.

3.2. Charge Disproportionation Determined by Vibrational Spectroscopy

We investigate CO in (TMTTF)2[AsF6]0.7[SbF6]0.3 in more detail by assessing the
optical response of molecular vibrations in the midinfrared frequency range [1,38]. The
charge-sensitive ν28(b1u) mode probed for E ‖ c exhibits a similar splitting in the CO phase
(T = 20 K < TCO) as in the two parent compounds (Figure 6). According to Equation (1),
the separation of the two main peaks corresponds to the charge disproportionation 2δ
between charge-rich and charge-poor molecular sites, which increases from x = 0 to x = 1.
Overall, the ν28 mode for x = 0.3 very much resembles the spectrum of x = 0, in agreement
with the chemical composition, placing the alloy closer to (TMTTF)2AsF6 in the phase
diagram (Figure 1a). We also assessed the optical reflectivity parallel to the stacks (E ‖ a,
see inset of Figure 6) and observe no significant activation of the ν4 mode that is sensitive
to tetramerization of the TMTTF molecules [1,36]. Therefore, we find no evidence for a
spin-Peierls transition in (TMTTF)2[AsF6]0.7[SbF6]0.3 based on our optical data, in line
with the magnetic susceptibility measurements shown in Figure 3. The suppression of
the spin-Peierls state is in agreement with pressure-dependent experiments on (TMTTF)2-
SbF6 and (TMTTF)2AsF6, where antiferromagnetism rapidly replaces the spin-gapped
phase [6,35,36].

Figure 7a presents the optical conductivity of the ν28(b1u) vibration in (TMTTF)2-
[AsF6]0.7[SbF6]0.3 for various temperatures above and below TCO. Consistent with our
transport results in Figure 4, the line exhibits a splitting at T ≤ 120 K. For a quantitative
analysis, we determined the charge disproportionation 2δ from the resonance frequencies
of the peak splitting according to Equation (1), as shown in panels (b) and (c). On first
glance, 2δ exhibits a similar mean-field-like increase upon cooling below TCO. While the
transition temperature is higher than in the parent compound (TMTTF)2AsF6 [1,12], the
charge disproportionation reaches a rather similar value of 2δ = 0.21e in the limit T → 0.
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Figure 6. The ν28 mode in (TMTTF)2[AsF6]1−x[SbF6]x with x = 0.3 is plotted at T = 20 K and
compared to the parent compounds (TMTTF)2SbF6 and (TMTTF)2AsF6 [1,12]. The overall low-
temperature spectrum is very similar for x = 0 and 0.3, with a smaller line splitting ∆ν28 than for
x = 1. For better comparison of the peaks, the data were scaled and shifted by a vertical offset. Inset:
Comparing the reflectivity for E ‖ a at 5 K and 20 K yields no enhancement of the ν4 mode [1,36]; two
distinct measurement runs of the same (TMTTF)2[AsF6]1−x[SbF6]x sample are shown. The absence
of tetramerization indicates that the spin-Peierls phase is suppressed for a substitution x = 0.3, which
is taken into account in Figure 1a.
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Figure 7. (a) Temperature dependence of the ν28 mode in (TMTTF)2[AsF6]1−x[SbF6]x for x = 0.3;
the spectrum is very similar to (TMTTF)2AsF6 [1,12]. While the charge-rich, low-frequency peak
can be identified clearly, the charge-poor, high-frequency peak is spread out more broadly. The data
have been shifted vertically. (b) Peak frequencies from (a). (c) The charge disproportionation below
TCO = 120 K approaches a similar value towards T → 0 as for (TMTTF)2AsF6. The temperature
evolution of 2δ upon CO is compared among (TMTTF)2X with X = PF−6 , AsF−6 and SbF−6 (data taken
from [1,12]).

4. Discussion and Outlook

The dichotomy of TCO (and ∆CO) and 2δ(T = 0), where the former increases upon
anion substitution x in (TMTTF)2[AsF6]1−x[SbF6]x while the latter remains unchanged
(see Figure 6), is surprising in view of the monotonous increase of both quantities in the
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stoichiometric compounds. A priori, from the empirical trend (see Figure 4 in [14]), one
would expect a 20% larger value of 2δ based on TCO= 120 K. Possibly, the molecular
charge arranges according to the closest anion: 2δ is larger nearby SbF−6 anions and smaller
around AsF−6 , where the latter constitute the majority of anions. The local increase of
charge disproportionation around SbF−6 sites can be gradual as it depends on the structural
extent of the lattice distortion, resulting in a distribution of 2δ. Indeed, the ν28 lines are
broadened and more smeared in the spectrum of x = 0.3 compared to x = 0 (Figure 6).
Note that, while our spectroscopic data are consistent with a microscopic modulation
of the local CO amplitude, our transport data reveal only a single TCO = 120 K, and the
crystal as a whole does not exhibit two transitions. Structural phase separation is further
ruled out as χs (Figure 3) does not exhibit a distinct drop at TSP = 13 K expected for
volume fractions of pure (TMTTF)2AsF6. This shows that the macroscopic CO transition
is a 3D bulk phenomenon that requires substantial coupling among the one-dimensional
TMTTF chains—through/with the anions. To that end, the abovementioned TMTTF–anion
interactions via the hydrogen atoms are crucial ingredients to CO, opposite to the original
notions about a structureless transition. Certainly, the microscopic charge disproportiona-
tion should be studied in more detail by assessing different values of the substitution x
and by complementary methods, such as NMR or other local probes. Magnetic resonance
measurements are also required to investigate the magnetic ground state: studying the
borderland of antiferromagnetic and spin-Peierls phases is of particular interest to the field
of frustrated magnetism and quantum spin liquids [46].

Using partial substitution of the anions, it will be interesting to inspect the length
scales of long-range correlations and short-range CO modulations and associated disorder
effects—in particular in the deuterated compounds where CO is affected from a change in
TMTTF–anion coupling [14,39]. In addition, the interplay of CO and anion order can be
studied via mixing of octahedral and tetrahedral anions, which can possibly stabilize novel
forms of structural order at commensurate stoichiometries. We further suggest to partially
introduce anions, that are not regularly used for single crystal growth, into “established”
systems which provides another knob to tune through unexplored phase space.

Moreover, it is intriguing to compare the continuous correlation tuning methods of
physical pressure and partial chemical substitution. While the former truly modifies the
interactions locally, in the latter case, the microscopic mixture of distinct constituents yields
a change of correlation strength on a macroscopic level, i.e., “on average”. We expect
fundamental differences between (super)conducting systems with itinerant charge carriers
in the vicinity of the Mott transition [24,26–29,31] and the fully insulating Fabre salts
inspected here. Clearly, partial chemical substitution is a powerful tool that enables us to
put new spin on metal-insulator transitions.

5. Summary

We report transport and optical spectroscopy experiments on partially substituted
(TMTTF)2[AsF6]1−x[SbF6]x with x = 0.3, which is equivalent to “negative” pressure ap-
plied to (TMTTF)2AsF6. The transition temperature TCO = 120 K and charge gap ∆CO
= 430 K indicate that this alloy is between the parent compounds (TMTTF)2AsF6 and
(TMTTF)2SbF6, a little closer to the former in agreement with the stoichiometry. This demon-
strates the powerful capabilities of partial anion substitution for continuous bandwidth
tuning. Upon plotting ∆CO as a function of TCO for various (TMTTF)2X salts exhibiting CO,
all data points fall on a universal line. We find that ∆CO vanishes around TCO = 60 K—a
value similar to the contribution to CO upon deuteration (D ≈ 60 K reported in [14]).
While the macroscopic CO transition and its underlying electronic correlation strength are
tuned continuously, our measurements utilizing the local probe of vibrational spectroscopy
indicate that the charge disproportionation adheres to the closest anion on a microscopic
level, yielding a short-range modulation of the CO amplitude around the substituent sites.
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