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We present a combined experimental and theoretical study on the quasi-one-dimensional organic conductor
(TMTTF),PFg, and elucidate the variation of its physical properties under pressure. We fully resolve the crystal
structure by single crystal x-ray diffraction measurements using a diamond anvil cell up to 8 GPa, and based
on the structural data, we perform first-principles density-functional theory calculations and derive the ab initio
extended Hubbard-type Hamiltonians. Furthermore, we compare the behavior of the resistivity measured up
to 3 GPa using a BeCu clamp-type cell and the ground state properties of the obtained model numerically
calculated by the many-variable variational Monte Carlo method. Our main findings are as follows: (i) The
crystal was rapidly compressed up to about 3 GPa where the volume drops to 80% and gradually varies down
to 70% at 8 GPa. The transfer integrals increase following such behavior whereas the screened Coulomb
interactions decrease, resulting in a drastic reduction of correlation effect. (ii) The degree of dimerization in
the intrachain transfer integrals, as the result of the decrease in structural dimerization together with the change
in the intermolecular configuration, almost disappears above 4 GPa; the interchain transfer integrals also show
characteristic variations under pressure. (iii) The results of identifying the characteristic temperatures in the
resistivity and the charge and spin orderings in the calculations show an overall agreement: The charge ordering
sensitively becomes unstable above 1 GPa, while the spin ordering survives up to higher pressures. These results
shed light on the similarities and differences between applying external pressure and substituting the chemical
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species (chemical pressure).
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I. INTRODUCTION

Organic conductors, whose electric conductivity is carried
by the conduction bands originated from the molecular orbital
of the composing molecules, have been studied as a prototyp-
ical playground of electrons interacting in low-dimensional
systems [1,2]. Their versatility in physical phenomena and
phase transitions into different symmetry-broken states can be
tuned systematically, taking advantage of their capability of
chemically substituting the constituent molecules or counteri-
ons, and also of their structural softness resulting in relatively
large deformation by applying external pressure [3-5]. These
ways of controlling the phases are called chemical and phys-
ical pressure, respectively. As for the latter strategy, aiming
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at continuously varying the governing factors of the physical
properties, techniques using different kinds of apparatus have
been applied [6-10].

Once the variation of physical properties among certain
classes of materials was recognized to be continuous in many
cases, unified phase diagrams have been proposed to summa-
rize them by connecting pressure-temperature phase diagrams
for different salts. There, the chemical and the physical pres-
sures are combined as a common axis, and the sequences
of the observed phenomena and emergent phases are put to-
gether. Such integration is pursued based on the assumption
that the two approaches lead to similar effects, naively, to
tune the volume of the unit cell resulting in the variation of
microscopic parameters while keeping the important ingredi-
ents. Here, we propose a direct way to investigate this issue
without ambiguity, by combining precise experiments and an
ab initio calculation scheme, which can provide feedback to
the design of materials exhibiting novel properties through
qualitative evaluation of a system under pressure.

We focus on an early well-established example, i.e., the
unified phase diagram of the family composed of TMTTF
or TMTSF molecules [5,11,12]. These molecules form a 2:1
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composition with different counter anions, X: they are written
as (TM),X, TM standing for TMTTF/TMTSF. In the low-
pressure side of the phase diagram, strongly correlated physics
is displayed. Owing to the presence of structural dimerization
along the TM chain axis in the 3/4-filled conduction band
leading to an effective 1/2-filling situation, a dimer-type Mott
(DM) insulating state is realized by the on-site Coulomb re-
pulsion (U) within the molecular orbital [13]. Furthermore,
the intersite Coulomb repulsion brings about instability to-
ward charge order (CO) [14-18]. By increasing pressure,
the system turns metallic, and a phase competition between
spin density wave (SDW) and anisotropic superconductivity is
manifested [19-22]. Here the chemical pressure is interpreted
in two ways [23]: (i) TMTTF salts are more correlated than
TMTSEF salts since the spacial extension of molecular orbital
in the former is smaller, leading to smaller transfer integrals
and therefore resulting in effectively larger correlation. (ii)
Smaller counteranion X makes the packing of TM molecules
closer resulting in larger transfer integrals and then in a wider
bandwidth.

On the other hand, to conduct measurements under applied
pressure, different pressure-generating techniques have been
applied, depending on the purpose of the experiment. To fine-
tune the pressure in order to investigate the details of phase
competitions and coexistences within high-precision He gas
pressure technique has been applied [9,24] but is limited to the
small range of pressure. A contrasting motivation is to apply
larger pressure and see, for example, whether the sequence of
the phase diagram is reproduced from the low-pressure side
up to the high-pressure regime such as the superconducting
phase and beyond [6,7,25].

One problem when interpreting the results and compar-
ing them with the unified phase diagram is the lack of
structural data under pressure. Since many of the physi-
cal properties have been discussed based on microscopic
models, mostly using Hubbard-type models, it would be
beneficial to evaluate the model parameters and discuss the
predictions from theory in comparison with the experimen-
tal results [26]. A few attempts to extract such parameters
under pressure have been made, for example, using the cell
parameters under pressure and optimizing the internal atomic
positions by first-principles calculations [27-29]. Neverthe-
less, it is known that structural optimization for molecular
materials has problems itself, such as the choice of van der
Waals potentials.

In this work, to overcome these problems, we fully re-
solve the crystal structure under a wide range of pressure
(0 < P < 8 GPa). Then, using the data, we apply an ab
initio model calculation scheme: for each pressure, we de-
rive the parameters for the extended Hubbard-type model,
i.e., the intermolecular transfer integrals and the Coulomb
interactions from first-principles band calculations, and nu-
merically determine the ground state of the model using a
highly-accurate solver. By comparing the theoretical results
and the experimentally measured temperature dependence
of electrical resistivity, we discuss the implications of the
unified phase diagram of TM,X, especially the similar-
ities and differences between the chemical and physical
pressure effects.

II. EXPERIMENTS

A. Material and experimental methods

Single crystals of (TMTTF),PF¢ were obtained by a con-
ventional electrochemical technique [11]. The resistivity was
measured along the a axis by the four-probe method, using a
BeCu clamp-type pressure cell up to 3 GPa. Our aim here is
to measure the detailed behavior of resistivity at the pressure
region where the variation of phase competitions and coexis-
tences are argued to take place sensitively, rather than to reach
the superconducting phase at around 4-5 GPa [6,7,25,30].
The applied pressure was determined by the superconducting
temperature of a lead wire, which was placed in the BeCu cell
with the sample. The resistance data were collected at interval
of every 0.3-0.4 GPa by PPMS (Quantum design) with the
sequence procedure of cooling the sample down first and then
heating it up with 0.4 K/min temperature control rate, to avoid
the sample cracking.

On the other hand, single crystal x-ray diffraction (XRD)
measurement under high pressure was performed with Xta-
LAB (Rigaku) AFC11 (RCD3): quarter-chi single diffrac-
tometer. A diamond anvil cell (DAC) was used as the pressure
generator, and the sample was placed in a Re gasket hole
of 300 um x 80 um, in which the pressure-transmitting
medium of Methanol and Ethanol mixture of 1:1 was filled.
The sample size used for x-ray measurement under pressure
was 0.16 x 0.14 x 0.07 mm?>. The applied pressure was cali-
brated by Ruby R; fluorescence line [31].

The x-ray radiation wavelength was 0.71073 A (Mo Ka).
The data were measured using w scans of 0.5° per frame
for 1.0 s, and all data were collected at room temperature.
The XRD patterns were indexed and the total number of runs
and images were based on the strategy calculation from the
program CrysAlisPro (Rigaku, V1.171.41.122a, 2021). The
maximum resolution that was achieved was 6, ~ 29°. The
crystal data was solved with the ShelXT (Sheldrick, 2015)
structure solution program using the Intrinsic Phasing solu-
tion method and by using Olex2 (Dolomanov et al., 2009)
as the graphical interface. The model was refined with ver-
sion 2018/3 of ShelXL 2018/3 (Sheldrick, 2015) using Least
Squares minimization. When refining the crystal structure
under pressure, all bond lengths and angles between atoms
in the TMTTF molecule and PF¢ were not constrained in the
analysis. However, because the use of DAC would result in
insufficient number of reflections to perform a complete struc-
tural analysis, the analysis of the anisotropic thermal factors
of the TMTTF molecule and PFg anion was avoided, and
all atoms were restricted to isothermal factors. The applied
pressures during the XRD measurements and other experi-
mental conditions under several pressures are presented in
Appendix A.

B. Electrical resistivity

Figure 1(a) shows the temperature dependence of the re-
sistivity of (TMTTF),PFg at different pressures, displayed
in the log-log plot; data for 0.4 < P < 3.0 GPa are shown
together with the previously obtained data using a cubic anvil
cell (CAC) up to 8 GPa [25,30]. Although there are minor
differences due to the different pressure equipment setups,
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FIG. 1. The temperature dependence of resistivity o(7T) of
(TMTTF),PFg, under pressures from 0.3 to 3.0 GPa (a) in the log-log
plot and (b) in the form of d(In p)/d(1/T) vs 1/T. In (a), the results
for higher pressure obtained by a cubic anvil cell (CAC) [25,30]
are also shown by the gray dotted lines, showing superconducting
behavior at around 4 GPa. The characteristic temperatures found in
the plot in (a) Tp* and T¢o, and in (b), Tspw; and Tspw, as defined in
the text are shown by arrows.

the behavior is consistent with previous reports [6,7,32]. Let
us analyze them in the following, by comparing to previ-
ous reports and other measurements such as NMR which
has been used to track the phase evolution under pressure
microscopically.

At ambient pressure, from room temperature the resistivity
increases upon cooling, which is attributed to the DM insu-
lator, and the CO phase transition takes place at Tco ~ 70 K
[15,16]. The phase transition was known as the “structureless
anomaly,” where the emergence of charge disproportionation

was detected in NMR [15] and dielectric [16] measurements.
While neutron scattering suggested a slight structural dis-
placement at the CO transition [33], a recent synchrotron
x-ray diffraction study revealed the difference of the two
TMTTF molecules in the dimer owing to CO [34]. By ap-
plying pressure the resistivity monotonically decreases and
at low pressures of about P < 1 GPa similar behavior is
observed. Eventually, a resistivity minimum 7}, appears and
shifts to lower temperature as pressure is increased. This
behavior is interpreted as a metal-insulator crossover owing
to the DM gap [13]. On the other hand, the CO transition in
(TMTTF),PFg does not clearly appear in the resistivity [35] at
ambient pressure, possibly related to the freezing temperature
of rotating PF¢ anions [36].

Here, we identify the characteristic temperatures as fol-
lows: First, at low pressure below 2 GPa, the slope changes
at around 100-200 K [see Fig. 1(a)]. In the a-axis resistivity
at ambient pressure, a minimum (7,,) from a metallic state
on the high temperature side appears [35]. However, in our
result here, the resistivity increases with decreasing tempera-
ture from room temperature, and its slope changes at a certain
temperature, which we denote as Tp*; we consider this to be
the same origin as 7T, i.e., the development of the Mott gap,
judged from their similar pressure dependencies [32].

Next, we attribute the CO transition temperature by refer-
ring to the ambient pressure value Tco = 70 K. The T¢o in
(TMTTF),PF¢ appears slight change in p vs T as shown in
Fig. 1(a), which is less clear than X = AsFg and SbF¢ com-
pounds [35]. To shifts to lower temperature with increasing
the pressure, and disappears at around 1 GPa.

Finally, we ascribe the development of the SDW state in
the d(In p)/d(1/T) vs 1/T plot, displayed in Fig. 1(b). Above
1 GPa, a peak appears at around 30 K, which becomes pro-
nounced as the pressure is increased. We defined the bases
of the peak as Tspw; (lower temperature) and Tspw, (higher
temperature). Tspwy are higher than the transition temper-
atures in previous reports of the resistivity [32] and NMR
measurements [37], which might be owing to the quasi-one-
dimensional nature of the phase transition; Tspw» is where the
gap starts to open along the TMTTF chains.

The phase transition from the SDW state to a supercon-
ducting state proceeds by an external pressure above 4 GPa,
which is not produced by a usual clamp-type pressure cell.
By the result of resistivity measurement using CAC above
1.8 K, the superconducting phase exists in the pressure be-
tween 4 GPa and 5 GPa, and the maximum 7¢ is 2.5 K at
4.3 GPa [30]. In the case of the result using DAC, the observed
superconducting phase is in 4.18 GPa < P < 6.03 GPa and
the maximum T¢ is 2.25 K at 4.58 GPa [25]. Figure 2 summa-
rizes the pressure-temperature diagram of (TMTTF),PFg, in
which the crossover and transition temperatures obtained by
our resistivity measurement are added to the phase boundaries
in previous reports [15,25,30,32,37].

C. Crystal structure

The lattice parameters of (TMTTF),PFg obtained by the
single crystal XRD measurements up to 8.1 GPa are listed in
Table II (Appendix A), whose data are depicted in Figs. 3(a)
and 3(b), as the lattice compression ratios and angles,
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DM state, Tﬂ*, and transition temperatures to CO and SDW, To
and Tspw, respectively, obtained by our resistivity measurement up
to 3 GPa, are plotted together with the data points from previous
works [15,25,30,32,37]. The transition temperature of DM and CO
at ambient pressure (dark pink circles) are referred to Ref. [35].

respectively. The crystal symmetry remains P1 up to 8 GPa,
whereas a structural transition occurs at 8.5 GPa, above which
the diffraction pattern clearly changes as shown in Fig. 3(c),
which is reported as a triclinic to monoclinic transition [29].
Once the crystal was compressed above 8.5 GPa, the crystal
packing never returned to its original state after the pressure
was released. Up to about 3 GPa, the unit cell volume (V)
is rapidly compressed down to 80% of that at ambient pres-
sure [see Fig. 3(a)]. Above 3 GPa, V gradually shrinks and
becomes 70% at 8 GPa.

Bulk modulus By and its derivative Bj, are evaluated by
fitting of V/V, versus P curve with the Birch-Murnaghan
equation of state [38]. The obtained By and B; are 6.5(2)
GPa and 10.6(5), which are comparable to those reported in
reference [29]. The value of the bulk modulus is almost half
value of (TMTSF),PF¢ (By = 12.7(9) GPa [29]), whose the
superconducting phase appears at 0.9 K and 1.2 GPa [39]. It
should be noted that the (TMTTF),PF is quite soft compared
to typical coordination polymers such as Prussian blue ana-
logues RbCo[Fe(CN)g] and RbNi[Cr(CN)g] [By = 25(1) and
19(2) GPa, B, = 29.0(5) and 20(1), respectively] [40].

As seen in Fig. 3(a), for the whole pressure region, the a
axis is more compressed by external pressure (~10%) than
the b and ¢ axes: Their compression ratios are almost the half
of that of the a axis (~5% for b and ¢ axes). This is because
the PF¢ anions prevent the compression between the TMTTF
chains along the a axis. In the process of compression, while
the angle « is almost unchanged, 8 gradually increases toward
90°, whereas y gradually decreases, whose variations are lim-
ited to low pressures up to about 3—4 GPa. These features are
consistent with the previous reports [28,29].

From the full structural parameters, we estimated the dis-
tances between the adjacent TMTTF molecules depicted in

FIG. 3. Pressure dependence of (a) compression ratio of the lat-
tice parameters and volume with respect to their ambient pressure
values, and (b) unit cell angles, up to 8 GPa in which the space group
remains P1. (c) Diffraction spots observed from a* b* plane under
0 and 8.6 GPa. The white ring outside the clear diffraction spot of
(TMTTF),PFq is diffraction from the Re gasket.

Fig. 4(a), by using the middle coordinates of the central C=C
bonds. Figures 4(b) and 4(c) show the pressure dependencies
of the intrachain (r,; and r,) and interchain (rp, r,4, and
742) distances, all showing gradual decrease with increasing
pressure. It should be noted that r,; (12%) and r,; (11%)
show a higher compression ratio than other distances (less
than 10%); these are related to the pressure dependencies of
the model parameters discussed in Sec. III.

We also plot the shift angle (®) between TMTTF
molecules along a axis, defined in Fig. 4(a), in Fig. 4(d) which
decreases monotonically by applying pressure. This decrease
indicates that the TMTTF molecules move in the interchain
and interlayer directions without an obvious development of
the zigzag arrangement, since the bulky anions are situated in
between the molecules. Furthermore, we estimate the degree
of structural dimerization as ARy = 2(rs2 — ra1)/(Ya1 + 7a2),
plotted in Fig. 4(e). It decreases up to 3 GPa, and above that
pressure, AR, remains almost constant.

Using first-principles methods, we have also obtained the
parameters by structural optimization for the internal atomic
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FIG. 4. (a) Definition of the intermolecular distances between
TMTTFs and the shift angle along the chain direction. Pressure
dependencies of the distance between TMTTF molecules for the
(b) intrachain and (c) interchain directions, (d) the shift angle ©,
and (e) the relative dimerization AR,. For their definitions, see the
text. Dash lines and dot lines are obtained by liner regression and
show that the inclinations of intermolecular and intrachain distances
changes between 2 and 3 GPa.

coordinates, which show similar tendencies but small differ-
ences are seen; the structures are compared in Appendix B.

III. THEORETICAL ANALYSIS
A. Methods

First, using the experimental room temperature crystal
structures under pressure, we perform density functional the-
ory (DFT) calculations by QUANTUM ESPRESSO (VERSION
6.6) [41]. The positions of the F and H atoms forming
PF¢ and CHj3 in TMTTF molecules were relaxed because
the forces acting on them were excessive within the ex-
perimentally determined structures (see Appendix B). We
choose methods that are commonly used for describing elec-
tronic states of molecular compounds [42]: norm-conserving
pseudopotentials based on the Vanderbilt formalism with
plane-wave basis sets [43,44], and the generalized gradient
approximation by Perdew, Burke, and Ernzerhof [45] as the

exchange-correlation functional. We derive maximally lo-
calized Wannier functions (MLWFs) from the Kohn-Sham
orbitals. The cutoff energies for plane waves and charge den-
sities are set to 70 and 280 Ry, respectively. A Gaussian
smearing method was used with a 7 x 7 x 3 uniform k-point
mesh during the self-consistent loops. From the obtained
transfer integrals between the MLWFs, the Fermi surfaces
and the bare irreducible susceptibilities are obtained using
H-wave [46]. For the latter, we set the lattice size to N, =
N, = 64 and N, = 8, temperature to 7 = 0.01 (eV), and the
range of fermionic Matsubara frequencies as —x T (N, + 1),

-, T (N, — 1) with N, = 1024.

Following the DFT calculations, we evaluate the in-
teraction parameters within the constrained random phase
approximation (cRPA) [47,48], using RESPACK [49]. We note
that previous studies applying the cRPA method to molecu-
lar solids show good agreement between the results for the
derived effective Hamiltonians and the experiments [50-54],
which has recently adopted to the TM salts [23]. Then the
following ab initio extended Hubbard Hamiltonian in two
dimensions is obtained:

H = Ztij(c;acja +Hc)+U Zl’liTl’Lu + ZV,']'IV,'NJ',
ij,o i ij
(1)

where c; and c;, are the creation and annihilation operators of
an electron with spin o at the ith site, respectively. The num-
ber operators are defined as n;, = c}a Cic and N; =njy +nyy.

We solve the ab initio model in Eq. (1) using the many-
variable variational Monte Carlo (mVMC) method using
MVMCI[55]. In the mVMC analysis, to take into account in-
terlayer screening effects, we have subtracted a constant value
Appr = 0.2 eV from the effective Coulomb interactions, fol-
lowing previous studies [56,57]. We employ the following
trial wave functions:

|¥) = ACS,PJ,PGM)pair)a (2

Ne
2

mm=<2m¢&)mx 3)
i,j

where Lg, Pg, and P, represent the total spin projection, the
Gutzwiller factor, and the Jastrow factor, respectively. We note
that the pair-product part |¢p,;;) can describe a wide range of
quantum phases, such as spin/charge ordered phases, super-
conducting phase, and quantum spin liquids. In accordance
with the previous study [23], we use the spin singlet projec-
tion and impose a 4 x 2 sublattice structure to express the
spin/charge ordered phases in the TM salts. We optimize all
the variational parameters simultaneously using the stochastic
reconfiguration method [58] to obtain the ground state.

B. Electronic structure

Figure 5(a) shows the band structure at ambient pressure.
The isolated two bands near the Fermi energy are con-
stituted from the bonding and antibonding combination of
the MLWFs located on the two molecules in the unit cell
shown in Fig. 5(b). As mentioned above, using these ML-
WFs, we evaluate the transfer integrals and the density-density
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FIG. 5. (a) Band structure of (TMTTF),PFs at ambient pres-
sure. The thin solid lines are the DFT results, while the bold lines
are the tight-binding bands obtained using the MLWFs, overlap-
ping the valence bands. We set the Fermi energy to zero (the
dotted line). Here, I' = (0,0, 0), X = (,r,0,0), M = (7, 7, 0), and
Y = (0, m, 0). (b) Drawings of the two MLWFs for (TMTTF),PFg.
(c) Definition of the transfer integrals. The crystal structure and the
MLWFs are drawn using VESTA [59].

interactions, i.e. the on-site and off-site Coulomb interactions
(the exchange interactions are negligibly small, so we omit
them here).

The obtained microscopic parameters are summarized in
Fig. 6. Following previous studies [18,23,60,61], we adopt
the bond indices as shown in Fig. 5(c). A general trend is
that, first, the absolute values of the transfer integrals mono-
tonically increase by pressure [Fig. 6(a)], as expected from
the compression of the crystal leading to the increase of
inter-molecular distances [see Figs. 4(b) and 4(c)]. On the
other hand, the interaction parameters show the opposite
trend, as shown in Fig. 6(b); this is owing to the screening
effect considered in the cRPA method, by the increase of
bandwidths in the bands other than the target bands. In fact,
the bare value of U shows only a small change by the pressure,
and those of the inter-site terms indeed increase as shown in
Fig. 6(c). We emphasize that such a trend under pressure has
been directly demonstrated for the first time, to the best of the
authors’ knowledge.

To discuss the effect of pressure on the electronic struc-
ture, we extract several parameters. Figure 7(a) shows the
degree of dimerization in the chain direction, 81, /7,, where the
difference 8¢, = |t,» — 41| is normalized by the mean value
fu = |(ta1 +t2)/2|. As the pressure increases, surprisingly,
8t,/f, rapidly becomes small and reaches almost 0 above
P = 3 GPa. In contrast, the interchain transfer integrals (nor-
malized by 7,), plotted in Fig. 7(b), i.e., t /14, t41 /1., and tp /1,4,
monotonically increase. A notable point is the large increase
int,1 /1, compared to the others. Figure 7(c) shows the normal-
ized on-site Coulomb interaction U/7,. The pressure severely
affects the value of U/#,, which is at 8 GPa almost half as
small as that at ambient pressure.

For comparison, the values for (TMTSF),PF¢ at 0 GPa
[23], that situates near the right end of the unified phase

@ 42
fal tql
01 lag —A— lp—5—
tb —— v.fv_‘v—\*/——\?—\?%
FF— ¥
‘W
/>\ 0d R
o
B-0.1} -
@
C
L
0.2 8
-0.3%
_0-4 L L L Il
(b) 3 T T T T

N
T
I

Energy (eV)

—
In
X T
g
]
1
Ul
g
qll
d
1

Screened Coulomb interactions

,-\
)
o

Bare Coulomb interactions

Pressure (GPa)

FIG. 6. Pressure dependence of (a) the transfer integrals, (b) the
screened, and (c) the bare Coulomb interactions, obtained by using
the MLWFs obtained by the DFT calculations.

diagram, are shown as dotted lines. If we focus on Figs. 7(b)
and 7(c), the chemical pressure from (TMTTF),PFq to
(TMTSF),PF¢ corresponds to an applied pressure of around
1.5 GPa. However, in Fig. 7(a), the degree of dimerization be-
tween the two is similar at ambient pressure, and by applying
pressure to (TMTTF),PF; it rapidly decreases as mentioned
above. This indicates a clear difference between the physical
and chemical pressure effects. Figure 8(a) shows the change
in the band structure by applying pressure. As P increases,
the bandwidth increases whereas the dimerization gap, i.e.,
the gap between the two bands at the X point, is almost un-
changed. Although the in-chain dimerization ét,/7, decreases
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FIG. 7. (a) Difference in the alternating transfer integrals along a
axis (8t, = |ty — ta1l), (b) ty, 141, t42, and (c) the on-site Coulomb in-
teraction (U) for (TMTTF),PF¢ (square symbols) and (TMTSF),PF¢
(dotted lines) [23]. Each value is normalized by the mean a axis
transfer integral, 7, = |(t,; + t)/2|.

down to almost 0 as we mentioned above, at high pressure the
gap reflects the difference between 1, and 7,,. The increase
of the bandwidth in the interchain direction is pronounced,
which is also consistent with the trend in the interchain pa-
rameters. In Fig. 8(b), the Fermi surfaces at different pressures
are shown. One can see that the shape of the Fermi surfaces
is open and warped throughout the whole pressure range,
and as pressure is applied, it becomes more asymmetric with
respect to the k, axis up to about 2 GPa, and then more or less
unchanged above that pressure. This asymmetry is owing to
the increase in #,; and #,,.

The nesting vector is an important quantity in the insta-
bility towards density-wave states, and associated with the
periodicity of the SDW state in this system. We can detect
it by the peak(s) in the bare irreducible susceptibility. Fig-
ure 8(c) shows the momentum (q) dependent susceptibilities
x2(q), defined as the combinations x2(¢) = x?(q) £ x5 (q)
where Xg,s (g) are the matrix elements in the site representa-

tion, for different pressures. Here, Xg(f)(q) corresponds to the
inter(intra)-dimer fluctuation in the noninteracting system. It
can be seen that there is a peak near Q* = (7, 7, *) (the peak

does not depend on ¢,) at ambient pressure, and changes to an
incommensurate value in the y direction as Q" = (7, )™, *).

We show the nesting vector Q* where x°(g) has the max-
imum value in Fig. 8(b). Considering previous studies for
(TMTSF),PFg indicating an incommensurate nesting vector
to be close to (w, /2, *) [3], the periodicity of the SDW
state under pressure in (TMTTF),PFg discussed in Sec. II is
suggested to be close to that in (TMTSF),PFs.

C. mVMC analysis

Finally, we show the results of the mVMC calculations
of the two-dimensional ab initio model in Eq. (1), for the
parameter sets at 6 different pressures (including the ambient
pressure) up to those at 3.7 GPa. In Figs. 9(a) and 9(b), charge
and spin structure factors which are defined as

1 o

N(g) = M le(]vl. .Nj)ezq-(r,—rj)’ 4)
— i .. S. iq-(ri—r;)

S@) = le<s, Sjle , )
are shown, for the parameters at 1 GPa. Here, N; = N; — (N)
and (N) = (1/N;) ) _; N;. Note that we map the original lattice
with a dimer structure onto the Ny = L, x L, lattice. We find
that the charge (spin) structure factors have a peak at g, =
(m,0) [qpeak = (7 /2, )], whose schematic picture of the cor-
responding ordered phase is shown in the inset of Fig. 9(b).
These features are similar to our previous results at ambi-
ent pressure [23], which we have quantitatively confirmed as
the same. This confirmation is achieved by performing the
mVMC calculations for the effective Hamiltonians derived
from the structural data obtained in this study. However, the
peak values are reduced in the 1 GPa case. The peak in
the charge (spin) structure factor is about 20% (50%) of its
ambient pressure value [see Figs. 9(c) and 9(d)]; the reduction
is more pronounced in the charge sector.

We show size dependence of N(gpeuc) and S(gpey) for
different pressures in Figs. 9(c) and 9(d). By increasing pres-
sure, the peak value of the charge structure factors suddenly
decreases while that of the spin structure factors gradually
decreases. Although the size dependence of N(g.,) is not
smooth, it is probable that the CO almost vanishes in the
thermodynamic limit for P > 1 GPa. On the other hand, the
thermodynamic limit values for S(g,,) are small but finite
up to 2.6 GPa. We note that the 24 x 12 results were excluded
in the extrapolating because they exhibited exceptional behav-
ior, which we speculate to be related to the shift of the nesting
vector that we find in the irreducible susceptibilities discussed
in the previous subsection.

The extrapolated data are summarized in Fig. 9(e), where
we plot the thermodynamic limits of the peak of the
charge/spin structure factors, which are defined as

C = N{ij)nooN(qpeak)/Ns (6)
M = 1im S(gpey)/Ns. )
Ny— 00

This result indicates that charge and spin ordering are
very sensitive to the pressure. In the low-pressure region
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FIG. 8. (a) Band structures, (b) Fermi surfaces, obtained from first-principles DFT calculations, and (c) irreducible susceptibilities Xi (q),
defined in the text, of the tight-binding model for (TMTTF),PF; at different pressures. Here, I' = (0,0, 0), X = (,7,0,0), M = (7, 7w, 0),
and Y = (0, &, 0). The nesting vectors Q* = (ir, g™, *) are about q;,‘“‘" =m, 9/16m, 13/327, 3/8nw, w/4at P = 0.0, 1.0, 2.1, 3.0, 4.4, and

y
8.1 GPa, respectively.

(1 GPa < P < 2 GPa), it is subtle whether spin- and charge-
ordered states survive in the thermodynamic limit, but at least
their stability is significantly suppressed.

IV. DISCUSSION

First, we discuss the relationship between the transfer
integrals obtained from first-principles calculations and the
distances between the TMTTF molecules obtained from
experiments. As shown in Figs. 4(b) and 4(c), increasing pres-
sure uniformly decreases the distances between the molecules.
This is consistent with the calculation in Fig. 6(a) showing
the uniform increase in the absolute values of the transfer
integrals.

b
) S(q)/Ngx10?
2

Mg)/Ngx10?
2 P=1.0GPa

P=1.0 GPa

q,/m

However, if we focus on the degree of the dimerization,
a different aspect appears, i.e., the effect of the anisotropic
shape of the molecular orbital. Experimentally, we estimated
the structural dimerization AR, from their intermolecular dis-
tances as in Sec. II C, and its pressure dependence is shown
in Fig. 4(d). It decreases monotonically but saturates around
3 GPa to a finite value around half of its ambient pressure
value. In clear contrast, the degree of dimerization in the
transfer integrals, §t,/f,, as shown in Fig. 7(a), also decreases
monotonically up to about 3 GPa and then saturates, but to
almost 0 with no dimerization. The reason for the loss of
dimerization here is ascribed to the change in angle between
the TMTTF molecules, as shown in Fig. 4(e) leading to the
different behavior from the simple distance effect. In the

+ 0.0
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8t O 21
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6 Vv 37
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FIG. 9. (a) Charge [N(q)] and (b) spin [S(g)] structure factors at 1 GPa for L, = 32, L, = 16. Size dependence of the peak value of
(c) charge and (d) spin structure factors for several pressures. (e) Pressure dependence of the order parameters of the charge and spin orderings.
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previous study [23] with comprehensive calculations for
ambient pressure structures of a number of TM salts,
no compound displays such a small dimerization. Even
(TMTSF),PFg, in the right hand side of the unified phase
diagram, which is considered to be weakly dimerized, shows
8t,/t, ~ 0.1. This result indicates a clear difference between
the effect of the chemical pressure and that of the physical
pressure in TM,X .

The anisotropy of the molecular orbital clearly affects the
transfer integrals as well. In Fig. 4(c), throughout all the pres-
sure range, the relation between interchain distances between
TMTTF molecules rp» > r, > ry holds and their reductions
are more or less uniform. The interchain transfer integrals
show slightly more complicated behavior as seen in Figs. 6(a)
and 7(b). At low pressure, |f,2| < |t41] < |#| holds, which is
not in the same order as in the distances above. While #; and 7,
show similar pressure dependence, #,; increases rapidly than
them. This results in the change to [t,2| < |#| < |£41] above
P = 4 GPa. We note that this was the reason for the variation
of the Fermi surfaces and the resulting nesting vector dis-
cussed in Sec. III B. It is therefore clear that two elements, the
distance and the in-plane tilt, are crucial for the considerations
of the electronic structure.

The pressure dependence of the bare intersite Coulomb
interactions, on the other hand, almost follows that of the
intermolecular distance by assuming that they are inversely
proportional to the distances. This gives a justification for
simplifying the intermolecular distances by taking the middle
of the central C=C bonds and estimating the ratio of the
Coulomb interactions (which requires integration over the
MLWFs) by the inverse of these distances. The estimated dis-
tances in Figs. 4(b) and 4(c) show ry > rp > ry1 > 141 > I'a2,
consistent with the intersite Coulomb repulsions with the rela-
tion Vo > Va1 > V1 > Vp, > Vi, as shown in Figs. 6(b) and
6(c), throughout the whole pressure range. As discussed in
the literature [18,60], the stabilization of the pattern of CO
is mostly determined by the relative strength of the intersite
Coulomb interactions. The CO in the chain direction is first
stabilized due to the large V,; and V,;, and then the larger
value of V,; compared to V;, and V, leads to stabilize the
in-phase alignment resulting in the ferroelectric pattern of CO.
Note that, in general, the nondimerized state is more favorable
for CO stabilization, but the pressure-induced decrease in U
and V is so large that the resulting decrease in Coulomb
interactions is considered to have caused CO to disappear.

As for the screened Coulomb interactions, as emphasized
in Sec. III B, they all decrease by the application of pressure.
This is the screening effect by the increase of the bandwidth
and is only captured by considering the electronic structure in
the solid state, but cannot by taking the isolated molecule(s)
and calculating the electronic state, e.g., by quantum chem-
istry calculations.

Finally, let us compare our mVMC results in Sec. III C with
the experimental phase diagram displayed in Fig. 2. Note that
the calculation uses parameters derived from the crystal struc-
ture at room temperature but computes the zero-temperature
ground states. Although the temperature effect is known to
impact the properties of this class of materials, we can still
obtain a reasonable agreement, as follows. The most notable
point in the mVMC calculation is that the charge and spin

ordering in the thermodynamic limit, stabilized at ambient
pressure, is rapidly suppressed under pressure, even at P = 1
GPa. The suppression is significant in the CO, while, although
there are ambiguities [see the error bars in Fig. 9(e)] it is
more moderate in the spin ordering. These are consistent with
the experiments, where the signature of CO in the resistivity
becomes hard to track above P =1 GPa, while the SDW
phase survives up to higher pressures. We note that the CO
phases in (TMTTF),AsF¢ and (TMTTF),SbF¢ are shown to
be unstable under the same order of magnitude of pressure
[36,62].

V. SUMMARY

We investigated the pressure dependence of structural and
electronic properties of an organic conductor (TMTTF),PF,
by x-ray diffraction, electrical resistivity measurements, and
ab initio calculations. We obtained the full crystal structure
data up to 8 GPa by single crystal x-ray diffraction measure-
ments at room temperature using the diamond anvil cell, and
from them, we evaluated the microscopic parameters of the
effective model using first-principles DFT calculations. The
derived extended Hubbard model was numerically solved with
high accuracy by the many-variable variational Monte-Carlo
method and the pressure dependence of charge and spin order-
ings is compared with the experimental phase diagram, espe-
cially up to 3 GPa where the detailed behavior of the resistivity
was investigated using the BeCu clamp-type pressure cell.

The crystal was drastically compressed up to about 3 GPa
and then showed gradual shrinkage of the unit cell down to
70% of the ambient-pressure volume at 8 GPa. The calcu-
lated parameters also show steep change at the low-pressure
region. The strength of correlation, measured by the screened
on-site Coulomb repulsion U normalized by the mean intra-
chain transfer integral 7, reaches the value of (TMTSF),PF¢
at around 1.5 GPa. A difference in the physical pressure
compared to the chemical pressure is found in the degree of
dimerization: It steeply decreases by the external pressure and
almost disappears above 3 GPa, while it always exists for all
the members of (TM),X at ambient pressure. The ground state
estimated by mVMC shows agreements with the experimental
phase diagram, which both show a rapid destabilization of
charge ordering by pressure, and a rather slower disappear-
ance of the antiferromagnetic SDW state.
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TABLE I. Measurement condition and crystallographic data of (TMTTF),PFg under several pressures.

P (GPa) Ormin Ormax Total Independent Reflection Number of wR, Ry Goodness
Reflection Reflection with I > 2(1) Parameters of fit
0 (without DAC) 2.993 29.888 15735 3450 2796 165 0.1109 0.0417 1.072
0 (with DAC) 2.987 29.126 5300 848 510 74 0.3338 0.1194 1.354
1.0 2.932 29.236 4221 730 516 67 0.2541 0.0913 1.114
1.6 3.193 25.357 3771 660 448 87 0.3285 0.1393 1.28
2.1 2.982 25.356 3261 637 505 74 0.1828 0.0672 1.138
2.6 3.003 25.373 3218 611 490 74 0.1932 0.0656 1.126
3.0 3.28 25.317 3283 615 503 74 0.2185 0.0669 1.134
37 3.303 25421 2982 602 463 74 0.2146 0.0772 1.127
44 3.062 25.349 2914 587 464 74 0.188 0.0681 1.095
5.1 3.08 25.371 2721 574 453 75 0.1898 0.0627 1.018
5.8 3.356 25.262 2711 562 431 74 0.2431 0.0927 1.04
6.5 3.372 25.298 2837 565 470 74 0.1404 0.0505 1.094
7.0 3.381 25.32 2594 540 438 74 0.1682 0.0624 1.046
7.5 3.391 25.378 2667 554 464 74 0.1565 0.0573 1.108
8.1 3.398 25.45 2427 532 389 74 0.2478 0.0911 1.078
DATA AVAILABILITY error for ‘0 GPa with DAC’ is larger than ‘0 GPa without

Input and output files of theoretical calculations and
Crystallographic Information File (CIF) formatted files are
uploaded to the ISSP Data Repository [63].

APPENDIX A: MEASUREMENT CONDITION
AND CRYSTALLOGRAPHIC DATA OF (TMTTF),PF,

Table I indicates measurement conditions of the single
crystal x-ray diffraction under pressures for (TMTTF),PFg
(C20H24F6PS8). The minimum and maximum angle (res-
olution); Omin and 6., total reflection, Independent re-
flection, Reflection with I > 2(1), wR,, wR(I > 2(I)) and
GOD(goodness of fit) from O to 8.1 GPa are listed. The x-ray
diffraction measurements under the pressures were carried out
at room temperature (293 K). The crystal system was triclinic
and the space group was P-1 under all measurement pressures.
The x-ray absorption parameter u mm~' (Mo K ) at ambient
pressure was 0.773 mm~! without DAC and 0.771 mm~' with
DAC, respectively. The experimentally determined lattice pa-
rameters and angles depicted in Figs. 3(a) and 3(b) are listed
in Table II.

Pressure dependence of bond lengths C=C, C-S, and C-C
in TMTTF molecules is shown in Fig. 10. The data were
obtained without constrains on the bond lengths and an-
gles during structural analysis. The data indicates that the
TMTTF molecular frame hardly shrinks under pressure up
to 8 GPa. The bond lengths in TMTTF at ambient pressure
at room temperature without DAC are C=C: "1’ 1.361(4) A,
147 1.344(3) A, 15" 1.342(3) A, C-S:’2° 1.735(3) A, ’3°
1.731(3) A, °4 1.736(3) A, 5> 1.734(3) A, °6* 1.749(3) A,
"7 1.748(3) A, °8” 1.751(3) A, °9” 1.746(3) A), and C-C:’ 10’
1.491(4) A, "117 1.496(4) A, *12° 1.498(4) A, *13’ 1.498(4)
A. The bond lengths in TMTTF at room temperature and
4 K for (TMTTF),X (X = PFg and AsFg) were reported in
Refs. [64,65].

The bond lengths and angles of the TMTTF molecule for
0 GPa with and without DAC are compared in Fig. 11. The

DAC’: the electron density on the S;C = CS, backbone is
determined with a relatively small error, and the -CH3 bond
at the end of the TMTTF molecule has larger error than other
bonds due to the large thermal movement of -CHj (10-13).
The data agree well each other.
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TABLE II. Lattice parameters of (TMTTF),PF, under different pressures: Lattice constants a, b, c, angle @, 8, y, and volume V. The
ambient pressure data are listed for the conditions with and without the diamond ambient cell (DAC).

P (GPa) a(A) b(A) c(A) a(deg) B(deg) y (deg) V(A%)

0 (without DAC) 7.1513(3) 7.5756(3) 13.2083(6) 82.616(4) 84.701(4) 72.424(4) 675.42(5)
0 (in DAC) 7.1586(10) 7.5828(10) 13.209(3) 82.62(2) 84.72(2) 72.566(12) 677.3(2)
1.0 6.8456(11) 7.3768(11) 12.905(3) 83.28(2) 86.54(2) 71.232(14) 612.6(2)
1.5 6.7535(10) 7.3257(10) 12.828(3) 83.51(2) 87.05(2) 70.861(13) 595.6(2)
2.1 6.6816(8) 7.2793(8) 12.754(3) 83.637(19) 87.395(19) 70.604(10) 581.50(16)
2.6 6.6178(7) 7.2368(7) 12.690(3) 83.789(17) 87.698(17) 70.409(9) 569.19(15)
3.0 6.5660(7) 7.2041(7) 12.655(3) 83.870(18) 87.937(18) 70.249(10) 560.16(15)
3.7 6.4961(9) 7.1573(9) 12.592(3) 83.93(2) 88.12(2) 70.072(12) 547.29(17)
4.4 6.4361(7) 7.1196(7) 12.542(3) 83.988(19) 88.354(18) 69.904(10) 536.73(14)
5.1 6.3799(8) 7.0834(9) 12.503(3) 84.11(2) 88.57(2) 69.787(12) 527.39(17)
5.8 6.3304(9) 7.0528(9) 12.463(3) 84.13(2) 88.65(2) 69.664(12) 518.99(17)
6.5 6.2854(7) 7.0224(7) 12.422(3) 84.167(19) 88.847(19) 69.534(10) 510.97(14)
7.0 6.2542(8) 7.0027(8) 12.393(3) 84.151(19) 88.89(2) 69.468(11) 505.58(15)
7.5 6.2246(8) 6.9819(8) 12.374(3) 84.155(19) 89.01(2) 69.392(11) 500.64(15)
8.1 6.1956(10) 6.9617(11) 12.336(4) 84.00(3) 89.09(3) 69.353(14) 495.1(2)

APPENDIX B: COMPARISON
WITH DFT-OPTIMIZED STRUCTURES

As mentioned in Sec. IIT A, to perform the theoretical anal-
ysis we first examine the relaxation of atomic potions with the
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FIG. 11. The bond lengths and angles in the TMTTF molecule
for ‘0 GPa without DAC’, ‘0 GPa with DAC’. (a) The bond lengths
C=C, C-S and C-C and (b) angles in TMTTF molecule. The num-
bers correspond to the specific positions of the bond lengths and
angles.

first-principles DFT method, because the forces acting on H,
and F atoms forming PFs and CH3 were high (0.25 Ry/Bohr)
within the experimentally determined structures. In general,
C-H and C-F bond lengths determined by x-ray diffraction
are shorter than the DFT-optimized structure (the optimized
distances of P—F and C—H are 1.65 and 1.09 A, respectively)
[66]. Therefore, we performed the relaxation for C, H, and
F atoms with the lattice parameters at each pressure fixed by
experimental data. Figure 12 plots the pressure dependence on
the intermolecular distances, together with the results when all
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FIG. 12. Pressure dependencies of the distance between TMTTF
molecules, for the (a) intrachain and (b) interchain directions, (c) the
shift angle ®, and (d) the relative dimerization AR;. The raw data
represents experimental data. The distance when all internal coor-
dinates are relaxed using first-principles calculations is shown as
all_opt, and the results when only the atomic position of C, H, and F
atoms are relaxed is shown as opt_CHF. The definitions of distances
between molecules are the same as those shown in Fig. 4(a).
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FIG. 13. (a) The transfer integrals and (b) the screened Coulomb
interactions for TM,X (TM = TMTSFE, TMTTF, X = NbFg, AsFg,
Br, and PFs) at ambient pressure obtained by using the MLWFs and
the DFT calculations [23].

the internal coordinates are relaxed. By performing structural
optimization, the pressure dependence of the intermolecular
distance became smoother. Specifically, the discontinuous be-
havior observed at pressures below 2 GPa was eliminated
[see Figs. 12(a) and 12(c)]. However, the relative dimerization
ratio AR; shown in Fig. 12(d) does not match the experi-
mental results when the optimized structure is at 2 GPa, and

shows an unnatural behavior. This discrepancy is caused by
the limited ability of GGA functional to accurately account for
van der Waals forces, leading to a longer interdimer distance
[67].

APPENDIX C: CHEMICAL PRESSURE DEPENDENCE
ON MODEL PARAMETERS AT AMBIENT PRESSURE

Figure 13 shows the transfer integrals and (b) the screened
Coulomb interactions for TM,X (TM = TMTSE, TMTTE,
X = NbF¢, AsFg, Br, and PFg) at ambient pressure ob-
tained by using the MLWFs and the DFT calculations in
Ref. [23]. The transfer integrals, as in the physical pressure
to (TMTTF),PFs reported here, basically tend to increase
with increasing chemical pressure. However, in addition to
the dimer nature remaining in the case of chemical pressure
as described in Sec. B, the differences from the physical
pressure are, in the TMTSF salts, 7,5 is almost zero and the
relationship f, < t;; remains unchanged. As for the Coulomb
interactions, although it tends to decrease with in both cases of
chemical and physical pressure, it can be seen from Fig. 6(b)
that the physical pressure has significant effects. On the other
hand, the relationship V,» > V1 > V1 >V, > Vo remains
satisfied, similar to the physical pressure, indicating that in
all cases the ferroelectric CO pattern is favored.
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