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Complex changes in structural parameters hidden in the universal phase diagram of the
quasi-one-dimensional organic conductors (TMTTF),X (X = NbFg, AsF¢, PFg, and Br)

Shunsuke Kitou®,': Lidong Zhang,I Toshikazu Nakamura®,? and Hiroshi Sawa'-"
' Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
2Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

® (Received 18 March 2021; revised 3 May 2021; accepted 17 May 2021; published 27 May 2021)

Structural parameters in quasi-one-dimensional organic conductors (TMTTF),X (X = NbFg, AsFs, PFg, and
Br) are investigated by synchrotron x-ray diffraction. The temperature dependences of the crystal structures
differ significantly between octahedral and monatomic anion systems, corresponding to the presence or absence
of a charge-ordering transition. Changes in temperature and chemical pressure control the dimensionality of
the lattice and the degree of dimerization. Furthermore, the antiferromagnetic and spin-Peierls ground states
in this system depend on the spin frustration due to transfer integral paths between the one-dimensional chain

molecules.
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I. INTRODUCTION

Even a molecular conductor with a simple molecular ar-
rangement can be made to exhibit various electronic phases
by controlling the temperature and pressure [1-7], because
quantum parameters such as the transfer integral and the
Coulomb interaction are antagonistic. These parameters can
change in response to even slight alterations in molecular
structure and arrangement. Approximate theoretical models
have succeeded in partially explaining the physical properties
of such systems [8—11]. However, to understand fully their
various physical properties on the pressure-temperature (P-T)
phase diagram, discussions based on precise crystal structures
are indispensable.

Because of the simplicity of its molecular structures and
their arrangement, the quasi-one-dimensional (1D) molecular
conductor (TMTTF),X [12],a %—ﬁlled system, is ideal for dis-
cussing the relationship between electronic correlations and
crystal structure. Here, TMTTF is tetramethyltetrathiafulva-
lene, and X~ is a monovalent anion. The (TMTTF),X salt,
which consists of weak dimers of TMTTF molecules stacked
in the a-axis direction, shows various electronic phases on
the P-T phase diagram: metallic, dimer Mott insulator (DMI),
charge ordering (CO), antiferromagnetic (AFM), spin Peierls
(SP), spin density wave, and superconducting [12-59]. In
particular, it is interesting (1) that the SP phase exists between
the two different AFM phases as the ground state and (2) how
the CO state affects the AFM and SP transitions [Fig. 1(b)].
Previous nuclear magnetic resonance (NMR) studies point
out that the magnetic order patterns are different between the
AFM-I and AFM-II states [37,38].
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The physical and structural properties of this system have
been investigated by transport [13—15], magnetic [16], di-
electric [17-20], optical [21-23], resonance [24-40], and
scattering [12,41-51] measurements, and many theoretical
models have been proposed [60-67]. However, there is no
unified understanding of the order parameters that govern its
physical properties, because it is difficult to determine the
precise structural parameters of a system with such low sym-
metry. In particular, although structural changes associated
with the CO state have been confirmed by high-resolution
thermal expansion measurements [54-56], the precise struc-
tural parameters in the CO phase have been unknown.

Our previous structural study elucidated the CO state
of (TMTTF),PFs not only from the crystal structure but
also from the valence electron density (VED) obtained by
synchrotron x-ray diffraction (XRD) experiments [50]. In
this study, we investigate the detailed structural changes of
(TMTTF),X when the temperature and the anion X are
changed (X = NbFg, AsFg, PFg, and Br). These salts have
different magnetic ground states as shown in Fig. 1(b). We
report a (TMTTF),X salt (X = NbFs); its CO and AFM
transitions were observed by electron spin resonance (ESR)
measurements. High-quality single crystals for precise struc-
tural analysis could not be obtained from the X = SbFj salt,
the physical properties of which have been well investigated.
Therefore, we used the X = NbFg salt to discuss this series
of systems; the CO and AFM transition temperatures of X =
NbFg are similar to those of X = SbFg. Our precise structural
investigations provide insights into the order parameters that
govern the CO and magnetic order states in this system.

II. EXPERIMENTS

X-band continuous-wave ESR measurements for a
(TMTTF),NbFg crystal were conducted using a Bruker E500
spectrometer with a *He flow cryostat (Oxford Cryostat
E900). ESR measurements were performed on a single crystal
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FIG. 1. (a) Temperature dependence of the unit cell volumes of
(TMTTF),X. The charge-ordering transition temperatures of X =
NbFg, AsFg, and PFg are marked at 7o = 165, 102 [30], and 65 K
[31], respectively. (b) A schematic pressure-temperature phase dia-
gram of (TMTTF),X, which is drawn with reference to [6,52].

that was set in a quartz rod using silicone grease. The tempera-
ture range was 8—297 K. The spectrum was recorded using the
following parameters: microwave frequency: 9.674 GHz; mi-
crowave power: 4 mW; amplitude modulation: 0.01-0.05 mT.
The XRD experiments using single crystals were performed
on the BLO2B1 beamline [68] at the synchrotron radiation
facility SPring-8 in Japan. A helium gas blowing device was
employed to cool the sample. A two-dimensional (2D) CdTe
PILATUS was used as the detector. The incident energy of
the synchrotron x rays was E = 40 keV. Diffraction inten-
sity averaging and structural analysis were performed using
SORTAV [69] and JANA2006 [70], respectively. To determine
the structural parameters with high accuracy, the structural
refinement was performed using only the high-angle intensity
(sind/A > 0.5 A’l) (i.e., high-angle analysis [50]). Here, A is
the wavelength of the incident x ray, and 6 is the XRD angle.
The transfer integrals of (TMTTF),X were calculated by the
extended Hiickel method [71]. A core differential Fourier syn-
thesis (CDFS) method [72] was used for the electron density
analysis.

III. RESULTS AND DISCUSSIONS

First, we focus on (TMTTF),Br, in which the unit cell
volume is considerably smaller than that of other salts with
the octahedral counter anions [Fig. 1(a)]. The X = Br salt
shows a metal-insulator transition at 100 K and has a wider
metal temperature range than other salts [13]. Previous high-
resolution thermal expansion measurements detected a peak
anomaly that may be associated with the metal-insulator tran-
sition [55]. On the other hand, in the temperature dependence
of the unit cell volume [Fig. 1(a)], there is no obvious anomaly
near the transition temperature. The temperature dependence
of X = Br show a monotonous decrease, which is similar to
the other salts.

The lattice parameters of each salt, where the crystal
system is triclinic, are summarized in Table S1 in the Sup-
plemental Material [73]. The value of the « angle of X = Br
is significantly different from that of the other salts (~10%)
(Fig. 2); this has a strong influence on the values of transfer
integrals between the TMTTF 1D chains, as described later.
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FIG. 2. Anion dependence of the lattice parameters of
(TMTTF),X at 200 and 30 K. The horizontal axis indicates the
charge-ordering transition temperature. The values of X = Br are
temporally plotted at 7o = 0 K.

This difference in the o angle of X = Br corresponds to the
absence of steric hindrance of the octahedron.

Figure 3(a) shows the temperature dependence of the nor-
malized lattice parameters of X = Br. The a axis, which is
the stacking direction of TMTTF molecules, becomes shorter
as the temperature decreases, whereas the b and ¢ axes and
angles show almost no temperature dependence. These depen-
dences can be interpreted as the behavior of the simple %—ﬁlled
salt, which has a 1D stacking structure of dimerized TMTTF
molecules.

Next, the (TMTTF),X system with octahedral anions was
investigated. Structural analysis reveals that the crystal struc-
ture of the recently synthesized salt (TMTTF),NbFq is the
same as that of the other members of the (TMTTF),X se-
ries [Fig. 4(a)]. We investigated the electronic states by ESR
measurements. The temperature dependence of the ESR pa-
rameters for (TMTTF),NbF¢ is shown in Figs. 4(b)—4(d).
Figure 4(b) shows the temperature dependence of the spin
susceptibility xqin for a single crystal as an external static
field is applied along the three orthogonal crystal axes. The
g values are explained by the g tensor of the TMTTF radical
and molecular orientation. The g values along the 5" and ¢*
axes show slight temperature changes [Fig. 4(c)].

At around 165 K, the ESR linewidth AH,, ;, shows a hump
[Fig. 4(d)], although no obvious change in g, was ob-
served [Fig. 4(b)]. Also, a hump is observed around 260 K
in Fig. 4(b). However, the experimental accuracy is a little
poor because the high-temperature part is affected by the skin
effect. Furthermore, since the humplike behavior was not re-
producible, we concluded the feature is an experimental error.
Below 150 K, the anisotropy of AH,, gradually changes to
40 K. While AH,, (|| @) and AH,, (|| b') decrease as the
temperature decreases, AHp,, (|| ¢*) is almost temperature
independent down to 40 K. (An abrupt increase of AHp,,
below 30 K for all directions is considered to be a precursor
phenomenon of the AFM phase transition.) The behavior of
the ESR spectra is similar to that of (TMTTF),SbFg [28,36]
and (TMTTF),TaFs [32].
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FIG. 3. Temperature dependence of the lattice parameters of (TMTTF),X. Each value is normalized with values at 300 K.

The CO and AFM transition temperatures of
(TMTTF)szFé are TCO =165 K and TAFM =10 K,
respectively, which are about the same as the values
for (TMTTF),SbFs: Tco = 156 K and Trpy = 8 K [29].
Considering the change in the anion as a change in chemical
pressure, this result is reasonable because the ionic radii of
Nb>* (0.64 A) are slightly larger than those of Sb>* (0.60 A)
[74].

In the X = NbFg, AsFg, and PFg salts, there is no clear
anomaly corresponding to the metal-insulator and CO transi-
tions in the temperature dependence of the unit cell volume
[Fig. 1(a)]. On the other hand, the normalized lattice pa-
rameters show the characteristic temperature dependence
[Figs. 3(b)-3(d)]. The a axis shows a temperature dependence
similar to X = Br, whereas the b and ¢ axes and angles differ
greatly. These behaviors suggest that the structural effect of
octahedral counter anions is important in the phase diagram of
the (TMTTF),X system showing the various electronic states.

FIG. 4. (a) Crystal structure of (TMTTF),NbFs. The tempera-
ture dependence of ESR parameters; (b) xpin. (¢) g value, and (d)
linewidth AH,;, for (TMTTF),NbF.

In fact, the importance of the interactions between donor and
anion molecules is discussed in this system [49,57-59].

In addition, the rate of change of the lattice parameters (a
axis and angles) with respect to temperature increases toward
the low-pressure region, that is, from X = PFg to X = NbFg
[Fig. 1(b)]. The Tro is at the inflection point of the b axis,
which is more noticeable at higher 7¢o. In particular, the
temperature dependence of the b axis in X = NbFg shows a
negative thermal expansion. Because the b-axis direction cor-
responds to the interchain direction in the 2D TMTTF plane
that causes the CO state [50], the characteristic temperature
dependence may be related to the fluctuation toward the CO
transition. In other words, the presence or absence of CO and
its transition temperature greatly affect the anisotropy of the
lattice with respect to temperature changes.

Next, we compared the crystal structure of each salt. Struc-
tural analysis confirmed the occurrence of structural changes
corresponding to the CO state at 30 K for X = NbFg, AsFg,
and PF¢. On the other hand, we could not confirm a clear
tendency of the CO state, i.e., the breaking of the inversion
symmetry, at 30 K for X = Br from the structural analysis.
However, previous dielectric constant, ESR, and NMR mea-
surements have confirmed anomalies that may be associated
with CO [17,28,39]. The reason why the clear CO was not
observed at 30 K in X = Br by the XRD experiment may
be that the measured temperature is insufficient to detect CO
and/or the amplitude of CO is quite small. The space group
in the CO phase of X = NbFg, AsFg, and PF¢ is P1, and the
same CO pattern indicating a 2D Wigner crystal state [S0] was
confirmed.

To investigate the change in the interactions between
TMTTF molecules with respect to X and temperature, the
transfer integrals ¢+ were evaluated. Each value is summarized
in Table S9 in the Supplemental Material [73]. Figure 5(b)
shows the transfer integrals at 200 K (DMI phase). The values
of t,; and 7, in the stacking a-axis direction are approximately
an order of magnitude larger than those in the interchain
direction [#1 (= 2) and #,1], which suggests that this system
is quasi-1D.

Figures 5(c) and 5(d) show the temperature dependence
of the dimensionality #4/fz and the degree of dimerization
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FIG. 5. (a) Definition of intermolecular transfer integrals ¢ of
(TMTTF),X. The black solid and red dotted lines indicate the
unit cell and the TMTTF dimer, respectively. (b) Anion depen-
dence of the transfer integrals at 200 K in the dimer Mott insulator
phase. The horizontal axis indicates the charge-ordering transition
temperature. Transfer integrals of X = Br are temporally plotted
at Tco = 0 K. Temperature dependence of (c) the dimensionality
and (d) the degree of dimerization. Here, t4 = (|f,1] + |t,2|)/2 and
tg = (tp1] + |ts2| + |tp1] + 2,21)/4. (e) Anion dependence of the am-
plitude of charge-ordering éco in the TMTTF dimer at 30 K. (f)
Spin frustration factor |t |/|¢,1| between the one-dimensional chain
molecules at 30 K.

of t,0/t.1, respectively. Here, t4 = (|t41] + |#:2])/2 and tp =
(Itp1] + Itp2] + l2p1] + tp21)/4. The X = Br salt has almost no
temperature dependence on ?4/tp and f,,/t,;. On the other
hand, in salts with octahedral anions, these parameters show
large changes with temperature. As the temperature decreases,
ta/tg becomes smaller (i.e., the interchain interactions be-
come more pronounced). In fact, because the charge-rich and
charge-poor TMTTF molecules are so arranged by the inter-
site Coulomb interaction V to avoid each other in the CO
phase [50], it is reasonable that two-dimensionality would
increase at low temperature (LT).

There is a clear correlation between 7, /t,1 and t4/tp
[Figs. 5(c) and 5(d)]: the weaker the dimerization, the stronger
the two-dimensionality. When the dimerization is weakened
in the salts with octahedral anions, the V between molecules
becomes more effective. As a result, the CO state stabi-
lizes and the two-dimensionality increases in LT. This result
corresponds to previous XRD studies [47] and theoretical
calculations [66]. On the other hand, the X = Br salt is more
conductive [13] and has larger transfer integrals [Fig. 5(b)]
than other salts with octahedral anions. As a result, because
the effect of V is weaker due to the Thomas-Fermi shielding,
the CO transition temperature of X = Br may be lower and/or
the amplitude of CO may be smaller than other salts with
octahedral anions.

The amplitude of CO §co in the TMTTF dimer was es-
timated from the bond length in the TMTTF molecule. A
formula, g = —15.55 + 20.42r, is given for empirically cal-
culating the valence of a TMTTF molecule in Ref. [75]. Here,
q is the valence of the TMTTF, and r(= a/b) is a ratio of the
central (a) C = C bond and (b) C-S bonds length. The amount
of charge transfer dcp in the TMTTF dimer is calculated as
dco = (qhole—poor - qhole—rich)/ 2. Figure 5(e) shows the anion
dependence of dco calculated from the bond length. We also
estimated §co by electron density analysis using the CDFS
method. Almost no differences were observed in the appear-
ance of the VED distributions of TMTTF molecules in X =
NbFg, AsFg, PFg, and Br (Fig. S2 in the Supplemental Mate-
rial [73]) because the amount of charge transfer (6co < 0.5¢)
was too small compared to the number of valence electrons
in a TMTTF molecule. By considering the number of valence
electrons in the atomic basin of the respective atoms in the
TMTTF molecule calculated by Bader’s topological analysis
[76], 8co was determined from the VED, producing almost
the same numbers as the estimation from the bond length
[Fig. 5(e)].

The dco of X = AsFg is larger than that of X = PFg¢ [77],
which is consistent with the estimation from infrared [22],
Raman [23], and NMR [27,30,31] spectroscopy. However, the
dco of X = NbFg is smaller than that of X = AsFg, although
the Tco is higher. Assuming that the amplitude of 7o in X =
NbFg has about the same values as X = SbFg, this tendency
is not consistent with the results of infrared measurements
[22]. However, the decrease in §co toward the AFM phase
transition temperature is observed in X = SbF¢ from NMR
measurements [29,34]. Therefore, this tendency in X = NbFg
may be related to the AFM fluctuations.

Finally, we discuss the magnetic ground state, which gen-
erally depends on the anisotropy and magnitude of the transfer
integrals. If (TMTTF),X were simply a 1D system, it would
be impossible to explain why there are two different AFM
phases on both sides of the SP phase [Fig. 1(b)]. However,
since the four (TMTTF),X salts are more 2D in the LT phase
[Fig. 5(c)], carefully investigating the interactions between
the 1D-chain molecules can help to understand the magnetic
ground state.

In X = Br, the effect of V is weaker than other salts with
octahedral anions as mentioned above. In addition, this salt is
2D even at high temperature [Fig. 5(c)]. From these facts, it
is reasonable to stabilize the AFM state in X = Br because of
the theoretical prediction in Ref. [63].

The situation is more complicated for salts that cause
the CO transition. There is not much difference in two-
dimensionality among the CO phases of X = NbFg, AsF,
and PFg [Fig. 5(c)]. However, Yoshimi et al. pointed out
that not only the two-dimensionality [63] but also the spin
frustration (i.e., anisotropy of transfer integrals between the
1D-chain molecules) [64] affects the magnetic ground state
in the CO phase. Therefore, we investigated the interchain
transfer integrals (7,1 and #,1).

Figure 5(f) shows the spin frustration factor |t1]/[f,1] in
the interchain direction at 30 K. Although all salts that cause
the CO transition have large values of |f;]/|¢,1|(= 6-17) at
200 K (DMI phase) (Table S9 in the Supplemental Material
[73]), the values approach 1; that is, #,; and 7, antagonize
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at 30 K (CO phase) [Fig. 5(f)]. At 30 K, [t1|/|tp1] > 1 in
X = PFg and AsFg, which show the SP order, but [t51]/]tp1] <
1 in X = NbFg, which shows the AFM order. This result is
consistent with the previous theoretical prediction [64], in
which the large #,; contribution stabilizes the AFM state in
the CO phase. In other words, because the salts with different
magnetic ground states have different [#;]/|¢,1| characters, the
spin frustration may be a key parameter for understanding the
SP and AFM states.

IV. SUMMARY

We have investigated the precise crystal structures of
(TMTTF),X using synchrotron XRD experiments. The X =
Br salt has a simple quasi-1D structure, but forms a rela-
tively stronger 2D electronic state than other salts. In the
(TMTTF),X system with octahedral anions, the structural
parameters are anisotropically variable with temperature be-
cause of the effect of steric hindrance of the octahedron. In

these salts, since some quantum parameters antagonize, vari-
ous electronic phases are realized on the P-T phase diagram.
Our study provides important information for discussing com-
plex interactions in a simple system.
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