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In this work, the electronic, spectral, and structural properties of ferrocene and polyferrocene under
pressure have been investigated using DFT and DFT+DMFT methods taking into account dynamic
electronic correlations. It is found that polyferrocene crystalizes in three different phases with transitions
at 80 and 200 GPa. The calculated DFT+DMFT enthalpy of ferrocene and polyferrocene indicates a
possibility of ferrocene transitioning into a polymerized phase at about 80 GPa. It is demonstrated that
polyferrocene undergoes an insulator-to-metal transition under pressure, closing a gap of 2.45 eV.
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1. Introduction

Since its discovery, ferrocene Fe(CsH;), fascinated researchers
as one of the most unique organometallic compounds due to
its electronic and structural properties. Ferrocene was obtained
accidentally as a byproduct of the synthesis of dihydrofulvalene
in 1951, and its structure was determined by reactivity
analysis® and was confirmed by crystallographic studies
later.®® After its discovery more than half a century ago,
ferrocene, along with other metallocenes and their derivatives,
became one of the main directions of organometallic chemistry
and found many applications in many fields, such as catalysis,
redox, medicine, aerospace materials, medicine, electroanaly-
tical sensing, energy storage, memory devices, etc.°"> Ferro-
cene at room temperature consists of an iron center with the
oxidation state +2 located between two cyclopentadienyl (Cp)
rings with a negative charge each. The six electrons from the
iron ion pair with six electrons from each Cp ring to form an 18-
electron configuration." Following the 18-electron rule, ferro-
cene is a very stable, mild redox complex with predictable and
reversible oxidation properties. Additionally, ferrocene exhibits
a high electron transfer rate due to the stability of ferrocenium
Fe(CsHs)," cations, which can easily be formed as the one-
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polyferrocene which is defined by strongly correlated behavior of Fe ions.

electron oxidation potential versus saturated calomel electrode
is around 0.4 V.'> Due to such properties, the ferrocenium/
ferrocene redox pair serves as a reference system for determin-
ing the redox potential of different systems.'®

Apart from the gas phase, in which the Cp rings are in
eclipsed (Dsy,) conformation,"” ferrocene is known to conform
in four different phases: a phase with monoclinic space group
P2,/n,* which is stable under ambient conditions, for which the
Cp rings are staggered (Dsq), and then at 3.24 GPa, it transforms
into a phase with ordered Cp rings.'®'® At low temperature,
ferrocene transforms into eclipsed phases: to a triclinic phase
at 164 K with almost fully eclipsed Cp rings®® and to an
orthorhombic phase at 98 K with fully eclipsed rings.*" The
noteworthy properties of ferrocene, which contribute to the
stability of the compound, are the low Cp ring rotation barrier*>
and the low energy required for a reversible one-electron
oxidation.”*

Density functional theory (DFT) is a standard ab initio
method for investigating the properties of materials.>* Several
works reveal that DFT is successful in describing the structural,
electronic, magnetic, optical, redox, and other properties of
metallocenes and related compounds.>*® An ab initio study
using the evolutionary structure prediction algorithm USPEX>’
with DFT suggested that at and above 220 GPa, ferrocene forms
metallic polymeric chains.*® In this work, we employ density
functional theory enhanced by the dynamical mean-field theory
(DFT+DMFT)** > to investigate the effects of pressure and
dynamic electronic correlations on the formation of ferrocene
polymer chains.
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2. Methods

The computational scheme of the DFT+DMFT method**™?
employed in this work starts with the self-consistent DFT
calculations. The generalized gradient approximation®® imple-
mented in the Quantum ESPRESSO package®* was used with
dispersion correction to produce a noninteracting Hamiltonian
and then set up a many-body Hamiltonian. Then the DMFT
equations for this Hamiltonian were solved self-consistently.
For the Fe-3d, 3p, 3s, C-2s, 2p, and H-1s orbitals, we con-
structed a basis set of Wannier functions®>*® employing the
projection procedure described in detail in ref. 37. All bands of
the basis set formed by the chosen states were included and
projected on the Bloch functions for these bands.

The interaction matrix for the quantum impurity model was
parameterized by the values of the Coulomb repulsion para-
meter U and Hund exchange parameter Ji in the density-
density approximation. The interaction parameters were calcu-
lated using the self-consistent constrained DFT approach®®*™*;
the Fe-3d Coulomb repulsion parameter is U = 7.1 eV, and the
Hund parameter is Jiz = 0.9 eV.

The continuous-time quantum Monte Carlo hybridization-
expansion solver from the AMULET*! package was employed to
solve the effective DMFT quantum impurity problem.*? Some
code from the ALPS Project was used for the calculations.** The
ELK** code was used for charge self-consistent DMFT calcula-
tions as implemented within the AMULET package. The pre-
sented spectral functions were calculated from real frequency
lattice Green’s functions G(w) using the Pade approximants®
for the analytical continuation to the real energy axis, as
implemented in the AMULET package. The DMFT calculations
were performed at an electronic temperature of 7= 1000 K for
computational efficiency, while several calculations at various
volumes were performed at an electronic temperature of 7T =
300 K to ensure that no significant changes in the magnetic,
electronic, or spectral properties occur at higher 7.

The available published crystal structure data for poly-
ferrocene reported by Gain et al.,*® which are used in this work,
were obtained with the evolutionary USPEX algorithm in VASP
using PBE functionals including corrections for van der Waals
forces in the form of Grimme’s DFT-D2 corrections. To remain
consistent with the published results, for the ferrocene struc-
tures, we employed PBE functionals and included Grimme’s
DFT-D2 corrections. To obtain the crystal structure of ferrocene
under pressure, we performed variable-cell relaxations with
constrained pressure parameters as implemented in Quantum
ESPRESSO.

The total energies from DFT and DFT+DMFT were fit using
the Rose-Vinet equation of state*®:

1
Y\
(1)
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For systems with complex phase behavior, it is necessary to
fit multiple equations of state at once to detect phase transi-
tions. To this end, we combine several equations of state using
some step function, Gauss error function erf in this case. Then
the final equation to fit was

Ecombined (V) = %{ [1 + erf(%)}El(V)

()]

where both E; and E, had four of their own vaiables to fit (E,,
Vo, By, and B;)). Additionally, parameters p and w, which act as
the position and width of the step function, were also uncon-
strained and the variables of the minimization problem. In
practice, we are limited not only by the number of calculated
volume points but also by a stochastic noise from the DMFT
algorithm. Thus, for the stability of the algorithm, we used two
equations of state in the minimization problem, solving them
for data of different volume ranges to find and fit all present
phases correctly.

3. Results

Our DFT+DMFT calculations were performed for ferrocene and
polyferrocene structures under pressure. For the polyferrocene,
we used published structures by Gain et al,”® which were
predicted using the evolutionary structure prediction algorithm
USPEX along with density functional theory calculations.
The polyferrocene structures were used as is, and no further
modifications were made by the authors. For the ferrocene
under pressure, we started with the published experimental
structure’” and performed structural optimizations as
explained in Section 2.

3.1. Spectral properties

First, we examine the spectral properties of poly-Fc and Fc as
predicted by DFT+DMFT calculations. The DFT+DMFT spectral
functions A(w) of poly-Fc C-p and Fe-d states are presented in
Fig. 1. Both C-p and Fe-d spectral functions become metallic,
and an insulator-to-metal transition is observed under pressure
in poly-Fc at about 140 A®. Ferrocene, on the other hand,
remains insulating at all considered volumes. The calculated
DFT+DMEFT spectral gap of poly-Fc is presented in Fig. 2. At
ambient pressure, the calculated gap is 2.0 eV, increases to
about 2.55 eV at 170 A?, and afterward drops to 2.45 eV at
140 A®. At a volume of 136 A® and lower, the spectral gap closes
and the poly-Fc becomes metallic. Here, mainly due to effects of
temperature, we define the gap as a distance between Fe-d band
edges. Furthermore, Pade approximants of local Green’s func-
tions of the uncorrelated states that are far from the Fermi
energy retain their integral properties and reproduce imaginary
part of Green’s functions, but usually lack some fine details on
the real axis. It is a known shortcoming of an analytic con-
tinuation. In particular, it may appear that C-p states are wide
and encroach on the Fermi level at ambient pressure, far closer
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Fig. 1 Spectral functions A(w) of C-p and Fe-d in poly-Fc under pressure
obtained via DFT+DMFT calculations. The Fermi energy is zero.
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Fig. 2 Spectral gap of poly-Fc under from

DFT+DMFT Fe-d spectral functions A(w).

pressure calculated

than Fe-d states. In the momentum-dependent spectral func-
tions A(k,w) which are calculated using self-energy instead, C-p
states appear to be more defined: they are centered at about
4.4 eV and range from 3.5 to 5.1 eV. The spectral functions of
the correlated Fe-d states obtained from local Green’s functions
are accurate. In contrast to DFT+DMFT, the DFT calculations
predict the gap to be about 2.62-2.5 eV up to 165 A%, then at
lower volumes, the gap decreases and an insulator-to-metal
transition occurs at about 140 A®>® Optical and spectroscopic
measurements report that a HOMO-LUMO gap in ferrocene is
about 2.73-2.93 eV at ambient pressure.*®*°

The DFT+DMFT results show a strong density renormaliza-
tion due to the dynamic electronic effects that we account for in
DMFT. In Fig. 3, we present the DFT+DMFT momentum-
dependent spectral function A(k,w) and the DFT+U band struc-
ture for 136 A® when poly-Fc becomes metallic. At ambient
pressure, poly-Fc can be characterized as a non-magnetic
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uncorrelated band insulator; the DFT+DMFT calculations at
volumes down to 136 A point to a lack of dynamic correlations
in poly-Fc. The DFT results indicate the occurrence of transition
from the band insulator to the metal at 136 A®. Furthermore,
the DFT+U calculations result in an insulating band structure
at all considered volumes, indicating that accounting for Cou-
lomb interactions in a static form within the DFT+U method is
not sufficient to correctly describe the electronic structure of
poly-Fc under pressure. On the other hand, the obtained
DFT+DMFT momentum-resolved spectral functions show not
only a metallic state but also a strong density renormalization
with significant changes in the electronic structure, which is
indicative of strong electronic correlations.

3.2. Phase transitions

Next, we analyze the structural stability and bulk properties of
poly-Fc and ferrocene. The observed behavior of spectral prop-
erties under pressure in poly-Fc is quite complex, so that a
single equation of state could be insufficient for a proper
description of poly-Fc behavior. We employed a method of
fitting multiple equations of state at the same time with a
blending function in-between from a whole set of data points.
The calculated DFT+DMEFT free energy and the resulting fits are
presented in Fig. 4. As a result, from the DFT+DMFT free
energies, we were able to distinguish three different phases of
poly-Fc under pressure; these will be designated as poly-Fc I
from 394 to 200 A®, poly-Fc II from 200 to 144 A%, and poly-Fe III
from 136 A® and lower. These poly-Fc phase distinctions are
consistent with the dynamics of the optical gap we have shown.
It is important to note that the calculated total energies of Fc
indicate no significant effect from accounting for Coulomb
correlations.

The parameters for the Rose-Vinet equation of state are
presented in Table 1. Within DFT, which lacks strong electronic
correlations, the parameters for poly-Fc are misleadingly simi-
lar to those of ferrocene. Our DFT and DFT+DMFT calculations
for ferrocene, due to its uncorrelated electronic structure,
resulted in the same values of parameters, albeit for a static
shift in the total energy of about 4.5 eV due to Coulomb
corrections.

With the resulting parameters of the equations of state, we
calculate the volume versus pressure dependence of poly-Fc, as
presented in Fig. 5a. We observe a small volume collapse of
about 5% between poly-Fc I and poly-Fc II phases. The calcu-
lated DFT+DMFT enthalpies of poly-Fc and ferrocene (see
Fig. 5b) show that ferrocene can transition into the poly-Fc II
phase at about 80 GPa, skipping the poly-Fc I phase. Only at 290
GPa, the poly-Fc III phase overtakes the ferrocene structure. It is
interesting to note that, according to our calculations, the poly-
Fc II phase remains more energetically favorable than the
ferrocene structure or the poly-Fc III phase at higher pressures.
According to the DFT calculations, which were the basis for
structure relaxation, poly-Fc II and poly-Fc III follow the same
equation of state, and the transition occurs between 219 and
257 GPa. However, when accounting for strong electronic and
dynamic correlations in poly-Fc III, the transition pressure
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Fig. 4 DFT and DFT+DMFT free energy of poly-Fc under pressure. The
dashed lines represent each separate component of the Rose-Vinet fit of
an equation of state and correspond to each phase of poly-Fc, respec-
tively. Symbols show the free energy obtained from the calculations. Inset:
DFT and DFT+DMFT free energy of Fc under pressure.

Table 1 Parameters of Rose—Vinet equations of state of ferrocene and
poly-Fc obtained by DFT and DFT+DMFT

Phase E, (eV) Vo (A%) B, (GPa) B,
poly-Fe-I —314.638 351.975 16.4063 7.8961
poly-Fe-II —313.099 275.445 134.84 2.53602
poly-Fe-IIT —353.047 276.3 127.897 3.69985
poly-Fc (DFT) —319.039 346.693 20.8265 6.39281
Fc (DFT) —320.391 346.164 20.2524 6.72189
Fc —315.618 347.672 19.9725 6.73963

range is much wider: between 180 and 290 GPa. The predicted
phase transition pressure indicates that poly-Fc would be
almost incompressible at a pressure of 110 GPa. Within DFT,
these poly-Fc structures have the lowest energy at a
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DFT+DMFT momentum-dependent spectral functions Ak,w) (a) and DFT+U band structures of poly-Fc (b) at 136 A®. The Fermi energy is set to

corresponding volume, but once we take into account strong
electronic correlations and dynamic effects, it appears that the
structures are no longer favorable, and thus the anomaly in
poly-Fc II to poly-Fc III transition is observed.

3.3. Electronic structure

Our calculations show that the poly-Fc III phase exhibits the
most peculiar properties. Only at 136 A* (about 300 GPa), in the
phase poly-Fc III, poly-Fc forms two additional C-C bonds
between neighboring Cp rings. The formation of two extra C-
C bonds is a structural effect due to the distortion of the
cyclopentadienyl rings. We have calculated electron localization
function (ELF) for poly-Fc at 136 A® (see Fig. 6). The ELF for
poly-Fc demonstrates strong electron localization at the bonds
between the closest carbon atoms of the neighboring Cp rings,
similar to localization between the carbon atoms in the ring. At
this volume, the Cp ring has bond lengths of 1.37, 1.40, and
1.44 A, and the distance between the closest C atoms of the two
rings is 1.45 A. At the same time, even the extreme compression
of ferrocene (down to 75 A%) shows no such localization outside
of ferrocene molecules. Evidently, the formation of the two C-C
bonds has a crucial effect on the electronic structure of poly-
Fc III.

We have conducted DFT+DMFT calculations for the poly-Fc
III structure at higher volumes of 395, 333, 272, 211, and 150 As.
The obtained poly-Fc III spectral functions of C-p and Fe-d
are presented in Fig. 7. In contrast to poly-Fc I and II,
the spectral functions of the poly-Fc III structure are metallic
at all pressures due to the C-p density. Furthermore, the
Fe-d ion undergoes a Mott-like transition. To show that, we
present the calculated electronic configurations of the Fe-d
quantum impurity of poly-Fc in Fig. 8. At ambient pressure,
the Fe-d quantum impurity of poly-Fc I has an occupancy

This journal is © the Owner Societies 2025
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(a) DFT and DFT+DMFT equations of state of poly-Fc under pressure. The dashed lines represent each phase corresponding to the Rose—Vinet fit

of an equation of state. (b) DFT+DMFT enthalpy of poly-Fc with respect to the enthalpy of Fc (dashed reference line at zero). The solid lines represent
each phase corresponding to the fit of an equation of state. The thick dashed line represents the total combined poly-Fc enthalpy. The cross symbols are
the data points we excluded from the equation of state minimization problem.

Fig. 6 Electron localization function of poly-Fc Il at 136 A®. The two extra
bonds between cyclopentadienyl rings are marked with dashed lines.

of ngeq = 6.8 electrons, as a combination of N =6, 7, and 8 low-
spin states, corresponding to the d° configuration of the Fe ion,
with a local magnetic moment of \/{.2) = 1.44p. On the other
hand, at ambient pressure, the Fe-d quantum impurity of the
poly-Fc III structure is in the d® configuration and has an
occupancy of nge.q = 6.16 electrons, which consists of high-
spin N = 6 and 7 states and has a local magnetic moment of

v/ {12y = 3.69up. Poly-Fc IIT undergoes a spin transition when
compressed to volumes between 200 and 150 A® (60 and
150 GPa, respectively). At 136 A®, the value of the Fe-d local

magnetic moment 4/ (u.?) in poly-Fc III is 1.69ug, with the Fe-d
quantum impurity exhibiting a mix of low and intermediate
spin states and an occupancy of nge.q = 6.97.

At first glance, the arrangement of bonds between the Cp
rings resembles a mixed-valence complex biferrocenium, where
two ferrocene molecules are connected by one extra C-C bond,
resulting in one of the iron ions being in the d° configuration.>
In our calculations, we observe a decreased occupancy at

This journal is © the Owner Societies 2025
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Fig. 7 Spectral functions of the poly-Fc Ill phase under pressure: (top) C-
p and (bottom) Fe-d spectral functions. The Fermi energy is set to zero.

ambient pressure: 6.16 electrons in poly-Fc III versus 6.8 elec-
trons in poly-Fc I; however, the Fe ion remains in the d°
configuration.

4. Conclusions

We employed the DFT+DMFT method to investigate the elec-
tronic structure and structural stability of ferrocene and poly-
ferrocene under pressure. We calculated the equations of state
and found three distinct phases in polyferrocene: poly-Fc I from
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Paper

100%

poly-Fc 1(394 A) N=75,=, mm—m
N=6 S,=0 m—
N=8 S,=0
N=6 S,=1
80% N=8 S,=1
= N=7S,=%, m—
Lo 3
3 6 S
poly-Fe 111 (394 A%) N=6 S,=2
£ 60% N=75,-%, mmmm
2 N=6 S5,=1 mmm—m
I
£
s oly-Fe 111 (136 A%) N=7 S,=V/,
& 0% pey No6 Gt
& N=6 S,=0
] N=7S,=%
N=8 5,=1 mmmm
20% N=8 S,=( m—
N=55,=Y, m—
0%
poly-FeI (394 A% poly-Fe I11 (394 A% poly-Fe I1I (136 &%)
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DMFT.

AP to 80 GPa, poly-Fc II up to 200 GPa, and poly-Fc III at higher
pressures. At 80 GPa, we found that ferrocene can undergo a
structural transition into polyferrocene. We found that the
insulator-to-metal transition in polyferrocene under pressure
is caused by a structural transition from insulating poly-Fc I
and poly-Fc II phases, with spectral gaps of 2.0 and 2.55 eV,
respectively, to a strongly correlated poly-Fc III phase which is
metallic at all pressures. Our findings indicate that polyferro-
cene is a system where electronic correlations are in extrema: at
lower pressures, the structure experiences almost no correla-
tions and can be quite adequately described by DFT. On the
other hand, under high pressure, the effects of strong electro-
nic correlations are so important that it is crucial to take them
into account during structural optimization for the correct
evaluation of phase transitions. The calculated enthalpy shows,
that, due to strong electronic correlations in the polymerized
poly-Fc III phase, poly-Fc II still remains more favorable under
high pressure.
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