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Using a combination of density functional theory and dynamical mean field theory we show that
electric polarization and magnetism are strongly intertwined in (TMTTF)2-X (X=PF6, AsF6, and
SbF6) organic crystals. Electronic correlations induce a charge-ordered state which, combined with
the molecular dimerization, gives rise to a finite electronic polarization and to a ferroelectric state.
The value of the electronic polarization is enhanced by the onset of antiferromagnetism showing a
sizable magnetoelectric effect which predicts the multiferroic behavior of (TMTTF)2-X compounds.

PACS numbers: 71.30.+h,77.80.-e, 71.45.Lr, 71.20.Rv

I. INTRODUCTION

In the last decade the study of ferroelectric and mul-
tiferroic materials is emerging as a novel frontier in con-
densed matter physics for their wide range of poten-
tial applications1. Ferroelectricity appears when ionic or
molecular distortions break the inversion symmetry and
the coherent orientation of dipole moments creates a net
polarization. Despite the traditional mechanisms of mag-
netism and ferroelectricity are typically incompatible2,
the simultaneous ordering of electrical and magnetic de-
grees of freedom is possible and defines multiferroic mate-
rials. We can classify multiferroics according to the mi-
croscopic mechanism that determines their properties3,
and to the relation between the two orderings. In par-
ticular, we have materials in which ferroelectricity and
magnetism have different origin, but also systems in
which magnetism controls ferroelectricity or even causes
it. These latter multiferroics are promising candidate for
observing sizable room-temperature magneto-electric re-
sponses, which can pave the way to the development of
magnetic devices which can be switched by applying an
external voltage. A further promising direction is the
development of electronic ferroelectrics, in which the po-
larization has a predominant electronic contribution4–6.

An electronic mechanism compatible with both fer-
roelectric and magnetic orderings is based on charge
ordering7. In charge-ordered (CO) systems, the coexis-
tence of inequivalent bonds and inequivalent sites with
different carrier density leads to a ferroelectric state,
which can be multiferroic if the CO state also sup-
ports magnetic ordering. The realization of a similar
mechanism in the Fabre charge-transfer organic salts
(TMTTF)2-X has been hinted7,8 but the interplay be-
tween electric polarization and magnetism has not been
investigated and elucidated so far. As in other molecular
solids, the screened Coulomb interaction is expected to
play a major role because of the narrow bands arising
from the overlap between molecular orbitals.

Here we use a combination of density functional theory

(DFT)9 and dynamical mean-field theory (DMFT)10 to
study the correlation-driven emergence of a ferroelectric
state in (TMTTF)2-X and its interplay with the mag-
netic order evaluating the electronic contribution to the
polarization with a recently introduced method based on
the interacting Green’s functions11. We find that short-
range correlations give rise to a characteristic coupling
between magnetism and polarization and consequently
to a multiferroic state. The family of (TMTTF)2-X or-
ganic salts displays indeed diverse electronic properties
that can be controlled by substituting the counterion X
or by applying pressure and their phase diagram include
various electronic phases such as charge ordering, spin
density wave and antiferromagnetism (AFM)13,14. In
particular, at least three members of the family, X =PF6,
AsF6, and SbF6 develop a low-temperature CO state
with a 4KF modulation, with critical temperature 67,
102, 157 K respectively, which in turn coincides with the
onset of the ferroelectric order15,16. At very low tem-
peratures T . 17K, a spin-Peierls state establishes for
X =PF6 and AsF6 while for X =SbF6 the CO state in
coexist with an AFM phase at T . 8K17. The existence
of localized spins above the ordering temperature is a
signature of Mott localization, whose interplay with CO
and magnetic ordering will be shown to be the key to the
electronic multiferroic behavior. The paper is organized
as follows: Section II introduces our methodology, while
in Section III we turn to describe the results and in Sec.
IV presents our concluding remarks.

II. METHOD

The crystal structure of Fabre charge-transfer or-
ganic salts (TMTTF)2-X is characterized by TMTTF
molecules stacked along the a axis, separated by the X
counterion, and weakly interacting along the b axis, lead-
ing to a quasi-onedimensional bandstructure. In the fol-
lowing we will use the electronic structure of (TMTTF)2-
PF6, for which accurate structural data are available, as
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a baseline for the analysis of the whole family.

We performed DFT calculations in the Perdew-Burke-
Ernzerhof (PBE)19 scheme using Quantum Espresso20.
A two-dimensional tight-binding representation of the
bandstructure is built using Wannier9021. This mapping
from DFT electronic structure to the localized Wannier
molecular orbitals of X=PF6 is representative of all the
members of the charge-transfer (TMTTF)2-X as indeed
changes in the hopping parameters along the series are
rather small.

The low-energy electronic structure of all the members
of the family (TMTTF)2-X is characterized by two bands
arising from TMTTF HOMO orbitals18. The conduction
bands arise from the highest occupied molecular orbital s
of the two inequivalent TMTTF molecules and they have
a width W ∼ 1.0 eV8. The ratio 2:1 between cations
(TMTTF molecules) and anions (PF6 group) in the unit
cell leads to a commensurate band filling of 3/4 which
leads to a metallic state within PBE18. We then include
the interactions as described by the Hamiltonian

H =
∑

〈i,j〉σ

tij(ξ)c
†
iσcjσ + U

∑

i

ni↑ni↓ + V
∑

〈i,j〉

ninj , (1)

where ciσ and c†iσ are annihilation and creation operators
for electrons at site i with spin σ, tij denotes the hopping
parameters. The hopping is two-dimensional, while the
non-local repulsion is restricted to sites along the same
chain. For the sake of clarity, we parameterize the distor-
tion in terms of the deviation of the hoppings along the
one-dimensional chains with respect to their undistorted
value of t0 = 0.21 eV. When we approach the actual
dimerized structure, the two inequivalent hoppings be-
come t± = t0 ± ξ, with ξ = 0.01 eV in the fully distorted
structure. U is the on-site Hubbard repulsion and V is
an inter-site repulsion between TMTTF sites along the
stacking direction. We mention here that the inclusion of
interchain hopping parameters does not affect the inter-
play between CO and magnetism, while it is important
to determine the actual two-dimensional magnetic and
charge pattern22.

The change of electric polarization of a material in re-
sponse to an inversion-symmetry-breaking distortion has
two contributions, one purely ionic and one from the elec-
tronic responses. In the CO state the crystals preserve
the centrosymmetric structure18 despite the molecular
dimerization, suggesting a small ionic contribution to the
polarization. Therefore, we do not consider the ionic part
here. The electronic part can be obtained by integrating
the bulk transient current as the system adiabatically
evolves from a centrosymmetric structure to the polar
structure. In the presence of the electronic correlations
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FIG. 1: (Color online) Spectral density of states calculated
in the paramagnetic state for U=2.2 and V=0.325 within
DFT+DMFT scheme. Insets: (Left) Charge arrangement of
poor (P) and rich (R) sites in the CO paramagnetic state
along the stacking direction a at ξ=0.01 ; (Right) Charge gap
∆ as function of V.

it is given by11,12
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where β is the inverse temperature, k0, k1, k2 ∈
{ki, iωm, ξ} and G

(ξ) denotes the interacting single-
particle Green function.
We perform DMFT calculations for different lattice

distortions (or ξ) to obtain the electronic structure and
consequently the electric polarization. The interaction V
is treated in the Hartree approximation and the DMFT
equations are solved with a zero-temperature exact-
diagonalization impurity solver23,24 using an Arnoldi al-
gorithm. We allow for charge- and spin-ordering intro-
ducing four independent sites. For each of them we de-
fine an impurity model and we compute a local dynam-
ical self-energy. In order to identify the relative role of
the two interaction terms, we vary U and V respectively
in a range around previous estimates of U=2.2 eV8 and
V=0.4 eV25.

III. RESULTS

Ferroelectric and multiferroic materials are character-
ized by insulating ground state as in a metal electric field
are expected to be screened. In order to describe the
ferroelectric and multiferroic properties of (TMTTF)2-
X we start investigating their electronic structure and
to show the interplay between magnetic and ferroelec-
tric orders we will compare the values of the ferroelectric
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polarization in the non-magnetic and magnetic states.
In the following part our results concerning the proper-
ties of electronic structure are meant to show that we
have a proper starting insulating ground state to calcu-
late the ferroelectric polarization since the ground state
properties of (TMTTF)2-X have been already discussed
in many other papers26.

A. Paramagnetic solutions

We start our investigation from the paramagnetic
(PM) state, where we inhibit magnetic ordering. We
find however a CO solution with a charge pattern char-
acterized by alternate charge-poor (P) and charge-rich
(R) TMTTF molecules along the stacking direction a as
shown in the inset of Fig. 1. The sum of the occupation
of two neighboring sites is always three, and the charge
disproportionation δ = n+ − n− (n+ and n− being the
occupancy of the two non-equivalent sites) is such that
the R sites approach n+ = 2 and the P sites approach
half-filling. In this light, the present CO state can be
interpreted as a Mott-like state27. In Fig. 1 we show
the spectral function A(ω) = −1/πImG(ω) for the PM-
CO phase in the distorted structure with ξ = 0.01 which
shows an insulating behavior with a charge gap ∆. For a
fixed value of U , ∆ increases as a function of V (see inset
of the Fig. 1). For the smallest values of V for which the
system is insulating, the theoretical value of ∆ is close to
the experimental value28.
We also performed Hartree-Fock calculations in which

the Hubbard interaction is treated at mean-field level,
and we find that the PM solution has metallic nature,
clearly demonstrating the strongly correlated nature of
the insulating state and the need to use DMFT to prop-
erly account for dynamical correlations. An insulating
solution is found in Hartree-Fock only allowing for si-
multaneous AFM and CO broken symmetries. On the
other hand, within DMFT we find a sharp first-order
transition from a CO correlated metal to a Mott insulator
with charge ordering by increasing V, as obtained for the
quarter-filled model in Ref.27. The value of the dispro-
portionation parameter are immediately large (δ ≃ 0.6)
as soon as V is sufficient to enter the insulating state.
These values are most likely overestimated by the he
mean-field treatment of the inter-site repulsion in our
single-site DMFT approximation, where only the local
dynamical fluctuations are treated exactly. A possible
strategy to overcome this limitation would be to use clus-
ter extensions of DMFT. In these methods, however, the
mirror symmetry with respect to each site is broken even
in the case where the hopping is uniform for even number
of sites in the cluster. Therefore we preferred to consider
the single-site DMFT which does not introduce a bias in
favor of distortion.
The comparison with experiments confirms the expec-

tations, as all the experimental estimates are smaller
than our values. It should however be noticed that
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FIG. 2: (Color online) Charge disproportionation δ (a), (b)
and electronic contribution to the polarization P (c), (d) as
function of lattice distortions ξ at different values of V and U

in the paramagnetic CO state.

nuclear magnetic resonance (NMR) systematically pre-
dicts larger values with respect to infrared or Raman
spectroscopies. More precisely, NMR gives δ = 0.2829

for X=PF6, 0.33
30 and 0.531 for X=AsF6 and 0.532 or

0.5533 for X=SbF6, while IR gives 0.16, 0.21 and 0.29
respectively34. We remark here that the value found in
our DMFT paramagnetic calculations for δ is overesti-
mated but it would not change the main conclusions of
our paper. Indeed our DMFT calculations of the value of
the ferroelectric polarizations in the paramagnetic case
are instrumental to compare them with the magnetic
values in order to gain insights about the strength of
magneto-electric coupling and they are not meant to im-
prove the description of the ground state properties in
this family of organic materials respect to previous mean-
field theoretical investigations26, in which however the
interplay between ferroelectric polarization and magnetic
ordering so far has not been discussed.

The paramagnetic solution we have found displays si-
multaneous CO and dimerization which break the inver-
sion symmetry and induces an electric polarization in
the a lattice direction15. In Fig. 2a and 2b we show
the computed charge disproportionation δ and electronic
contribution to the polarization, P as a function of V (P
is plotted as a function of ξ, and different V are com-
pared). Interestingly, P decreases when we increase V
thereby increasing δ. This trend is related to the sym-
metry of the dimerized ferroelectric state which changes
from a bond-centered ordering (favored by ξ) towards a
site-centered ordering (favored by V ). Note that ξ = 0,
in which site-centered ordering is the ground state has
by definition P = 0.

On the other hand, both δ and P are not sensitive
to U in the range considered in our calculations. It is
worth mentioning that however U cooperates with V in
opening the insulating gap, confirming the Mott nature
of the insulator.
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FIG. 3: (Color online) Spectral density of states calcu-
lated in the AFM state for U =2.2 and V =0.325 within
DFT+DMFT. Insets: (Left) Charge and spin arrangements
of poor (P) and rich (R) sites in the AFM CO state along
the stacking direction a at ξ=0.1 ; (Right) Charge gap ∆ as
function of V.

B. Magnetic solutions

The charge localization introduced by electronic corre-
lations leads to the formation of local magnetic moments
which are typically expected to arrange in some ordered
state to minimize the exchange energy. We therefore re-
lease the constraint to paramagnetic solutions to study
the interplay between ferroelectric and magnetic orders.
The spin pattern we obtain is depicted in the inset of
Fig.3. The charge-rich sites have an occupation which
approaches two and a small magnetic moment, while the
nearly half-filled charge-poor sites have a large moment.
Within each dimer (thick line in the inset of Fig. 3),
the two spins are ferromagnetically aligned, while neigh-
boring dimers display antiferromagnetic ordering of the
spins. This magnetic structure corresponds to have one
effective spin per dimer with an antiferromagnetic inter-
dimer coupling and what it has been found in Ref.17

for X=SbF6. As a consequence of the exchange interac-
tions the spin-minority states at the charge-poor sites can
be occupied by minority electrons jumping from charge-
rich site creating exchange striction of the same kind
found in novel inorganic multiferroic materials. When
V is reduced the difference between the magnetization at
charge-poor and rich sites increases, thereby enhancing
the magnetic striction and the electronic polarization (see
Fig. 4c). The spin and charge orders found in our calcu-
lations are consistent with the experimental evidence of
charge15 and spin17 orderings in TMTTF salts.

In Fig. 3 we show the DMFT spectral function in the
AFM-CO phase, which is naturally insulating, with a gap
∆ again increasing upon increasing V , and very close to
its paramagnetic value (see inset Fig. 3). Fig. 4a) and
4b) show that the disproportionation and the large mag-
netization mP = n↑P −n↓P of the charge-poor sites both
increase as V increases while the small magnetizationmR
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FIG. 4: (Color online) Charge disproportionation δ (a), (b)
on-site magnetization of rich and poor sites mR, P and (c) P
electronic contribution to the ferroelectric polarization func-
tion of lattice distortions ξ at different values of V in the AFM
CO state.

of the charge-rich sites decreases.

We can therefore conclude that the magnetic ordering
is controlled by the charge disproportionation which un-
derlies the ferroelectric behavior. Indeed, the AFM phase
favors the formation of a mixed bond-centered/site-
centered polar charge ordering. By comparing panel(a)
of the Fig. 2 and Fig. 4, one can see that the charge
disproportionation is smaller in the AFM phase than in
the PM phase and the difference between δ in the two
phases decreases upon increasing V at fixed U . In the
other words, the onset of the AFM phase shifts the cen-
ter of negative charge toward the center of bonds with
a larger value at smaller V and leads to a larger electric
polarization (see Fig. 2b and 4a).

We remark here that in the magnetic phase the charge
disproportionation gets closer to the experimental val-
ues and it is in good agreement with previous theoretical
investigations26. Smaller values of V might to be used
to get even closer but we do not go further in this di-
rection because the paramagnetic solutions get metallic
and it would not be possible to evaluate the ferroelectric
polarization. Indeed a value of V= 0.3 eV give a charge
disproportionation δ=0.35 e.

Similarly to the PM-CO state the electronic polar-
ization decreases with the charge disproportionation δ
at the molecular sites and it is linear in the dimeriza-
tion (see Fig. 4a and 4c). As pointed above, mag-
netism cooperates with the dimerization to go toward a
bond-centered/site-centered charge density. This mecha-
nism is similar to the multiferroic Zener-polaron phase of
La1/2Ca1/2MnO3

35. Therefore, the fact that ferroelectric
polarization increases almost by a factor 2 in the mag-
netic state is a prediction of the magneto-electric cou-
pling in (TMTTF)2-X crystals. Our results show that
the magnetic state changes following the ferroelectric
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phase transition which can be varied by applying elec-
tric field and inversely, the ferroelectric polarization can
be manipulated by applying high magnetic fields. This
peculiar magnetoelectric effect in (TMTTF)2-X will be
also combined with the magnetoelastic effect that mod-
ifies both the superexchange interaction and the molec-
ular bonding. The enhancement of the electronic con-
tribution to the ferroelectric polarization at the onset of
antiferromagnetism appears therefore as a common fea-
ture of half-filled correlated insulator11,36.
Our calculations predict an electronic polarization P ≃

0.2 µC/cm2 for the actual structure of (TMTTF)2-PF6.
The ionic contribution is expected to be smaller because
of the centrosymmetric crystal structure. A quantitative
calculation of the electronic polarization, which is still to
be determined experimentally, potentially requires the
inclusion of more molecular orbitals, non-local quantum
fluctuations and a fully microscopic account of the struc-
tural distortions. However our conclusions about the
magnetoelectric effects are expected to be robust, as they
are based on a generic properties of correlated systems
with charge and magnetic ordering. We believe that the
mechanism we present to be relevant for a wider family of
charge-ordered ferroelectric systems as k-(BEDT-TTF)2-
Cu[N(CN)2]Cl

37 and β’-(BEDT-TTF)2ICl2
38. Further-

more, the same magneto-electric coupling we proposed
for (TMTTF)2-X may also describe materials in which a
low-temperature multiferroic state is replaced at higher
temperature by ferroelectric ordering, as observed in
other Mn-based multiferroic material39,40.
We now comment on the reason to use the

present Green’s function-based approach within the
DFT+DMFT framework to compute the polarization of
strongly correlated materials as (TMTTF)2-X . First-
principles studies based on DFT and DFT+U have
proven to be tremendously helpful to shed light on the
microscopic origin and on the quantitative evaluation of
the electric polarization in organic and inorganic ferro-
electrics and multiferroics using the so called Berry-phase
approach41. Our choice to use DFT+DMFT is motivated
by the ability of this method to take into account the elec-
tronic correlations and to correctly yield an insulating so-
lution for (TMTTF)2-X also in the absence of magnetic
ordering, while Hartree-Fock calculations can only sta-
bilize the insulating AFM-CO solution and describe the

paramagnetic system as a metal. Therefore, a Hartree-
Fock calculation accurately reproduces the groundstate
of the system and its polarization, but it does not capture
equally well the non-magnetic solution, thereby overesti-
mating the magnetoelectric effect. Besides, the accurate
evaluation of the polarization in a state without mag-
netic ordering can be the only way to theoretically de-
scribe the high-temperature paramagnetic ferroelectric
phase of multiferroics, like BiFeO3 in which the mech-
anism leading to ferroelectricity in the low-temperature
AFM structure has been already understood from DFT
calculations42.

IV. CONCLUSIONS

In conclusion, using DFT+DMFT and a recent method
based on Green’s function formalism to calculate the
electronic contribution to the polarization we investigate
the ferroelectric and multiferroic phase of (TMTTF)2-
X molecular crystals. We show that (TMTTF)2-X are
strongly correlated insulators developing a charge or-
dered state which, combined with molecular dimeriza-
tion, gives a ferroelectric state as experimentally ob-
served. The same correlation effects also drive and
antiferromagnetic ordering. By comparing the values
of electronic polarization in the paramagnetic and an-
tiferromagnetic magnetic structure we show that mag-
netic and ferroelectric orderings are strongly intertwined.
These findings establish (TMTTF)2-X to belong to the
class of electronic-driven multiferroic materials, and that
strong electron-electron correlations is the driving force
behind charge-ordering, polarization and magnetic order-
ing. This kind of Mott state which hosts both charge or-
dering and antiferromagnetism provides us with a mech-
anism to overcome the apparent incompatibility of ferro-
electric and magnetic ordering.
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