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Abstract—We investigate the use of endohedral fullerenes
and 6-(Ferrocenyl)hexanethiol cation as molecular non-volatile
memory devices. We demonstrate stable encoding of the
information in the geometry and dipole moment of these
molecules. The write operation can be performed with external
programming electric fields that drive the switching of the
molecule conformation. The read operation can be performed
by reading the dipole moment through the generated electric
fields. Moreover, the dipole moment encoding enables the
integration of proposed memories with molecular Field-Coupled
Nanocomputing logic. The capability to realize compatible and
purely molecular memory and logic devices paves the way for
molecular MemComputing, with new possibilities for nanoscale
computing paradigms.

I. INTRODUCTION

Molecular computing is one of the most attractive pro-
posals for future digital electronics. The nanometric size of
molecules enables the realization of highly dense devices for
low power consumption at ambient temperatures [1], [2].

While the research community is pushing toward realizing
devices with the smallest size, researchers are also studying
architectural techniques to boost the speed of future proces-
sors. In particular, MemComputing, sometimes referred to
as Logic-in-Memory [3]-[5], is one of the most effective
paradigms. MemComputing bypasses the fetching operation
by inserting logic in the memory array, thus permitting
fast logic operations on memory data. Fig. 1(a) shows a
basic example of a MemComputing cell: the logic device
performs the comparison between an input (x) and a memory
bit (M) through the XOR operation. Fig. 1(b) shows the
MemComputing XOR operation applied to a memory array,
where the stored 32-bit word (M) is compared with a specific
input pattern (x). The complexity is increased w.r.t. a standard
memory, yet, the fast access of the memory permits reducing
the power consumption [6].

This work investigates the implementation of highly minia-
turized molecular MemComputing architectures. Molecular
logic circuits have been proposed with technologies such as
Molecular Field-Effect Transistors (MolFET) and Molecular
Field-Coupled Nanocomputing (MolFCN) [7]-[9]. In con-
trast, only a few molecular devices have been investigated
to realize memories [10], [11].
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Fig. 1. (a) Basic MemComputing cell. (b) MemComputing array

While technology advances rapidly to implement molec-
ular control [12], molecular device fabrication is still in
its infancy. Nevertheless, the scientific community pushes
toward realizing molecular devices [13], and a few molecular
devices have already been proposed [14], [15]. In contrast,
the analysis methods are mature enough to study novel
computing architectures. This work demonstrates that molec-
ular phenomena can be exploited to create single-molecule
memories. We present two concepts based on the endohedral
fullerene and the 6-(Ferrocenyl)hexanethiol (FcC6SH). We
demonstrate with ab initio calculation that both molecules
may encode information in the geometrical and electronic
properties of the molecules. The results motivate further
research in integrating proposed memories with molecular
computing devices and standard CMOS technologies.

II. METHODOLOGY

Endohedral fullerenes, indicated as X@C,, are formed of
an element X encapsulated in a fullerene cage C,, possibly
fabricated, e.g., with molecular surgery [16]. We consider
the T4 conformation of the C,g fullerene since it is the
smallest and most stable one at room temperature [17].
We optimize with QuantumATK [18] (v. S-2021.06-SP2)
several geometries of the Cpg with several elements (X) in
the cage center to select the most stable (X@C,g). We use
DFT method with GGA, PBE functional, DZP basis set and
with D2 correction [19], [20]. We calculate the X@C,g self-
consistent total energies E;,:, and we select the most stable
one (lowest Eyq¢).

To serve as a molecular memory, the most stable X@Cyg
should encode binary information in the X atom position in
the Cpg cage. Therefore, starting from literature initial guesses
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Fig. 2. System used to study the 6-(Ferrocenyl)hexanethiol cation under the
influence of an external switching electric field (Esq,) generated by positive
and negative point charges. The -SH group is constrained in the geometry
optimization procedure to emulate the anchoring of the molecule with a
possible substrate.

[21], we find the two most stable positions of the X atom
inside the C,g cage, that we indicate with I-X@C,g and II-
X@C,g corresponding to logic 0 and 1, respectively. Then,
we analyze [-X@C,g and II-X@C,g by calculating their
Mulliken Atomic Charge (MAC), and Electron Localization
function (ELF) [22], [23]. We express the MAC as an electric
charge normalized to the elementary charge e. The ELF is a
IR?® — IR function, with a value between O (free electron) and
1 (localized electron). We calculate the encapsulation energy
Eenc:

Eenc,i = Ei_xac2s — (Ecas + Ex) )]

where E'x and FEcog are is the FE;,; of the isolated X
atom, and isolated C28, respectively, and the F;_xacos
with i=I, II, are the - X@C,g and 1I-X@Cyg FE,,;. Finally,
we suppose to read the position-based molecular memory
through its dipole moment. The reading operation differs
from literature-proposed molecular memory devices, in which
the reading operation is usually performed by measuring
the current in the two states. Nevertheless, to monitor the
memory cell current, electrical contacts are needed, with
the difficulty of technological fabrication at the nanoscale.
The advantage of our proposal is that contacts should be
used only as chip I/O, while internal logic and memory
operations may rely on purely molecular devices with real
nanometric size. We thus optimize [-X@C,g and II-X@Cyg
geometries with refined computational chemistry methods
to accurately calculate their dipole moments. We employ
DFT/UKS method with ORCA [24], [25] with the B3LYP
functional, def2-TZVP basis set [26], and the D3 correction
[27], [28]. The same computational method is also used to
determine the FcC6SH cation geometry.

To implement the FcC6SH memory cell, one can imagine
the cation anchored on a gold substrate through S-Au cova-
lent bonding, e.g. by creating a Self-Assembled Monolayers
[29], and we hypothesize the application of electric fields
force the molecule to bend on the substrate. The binary in-
formation corresponds thus to the FcC6SH bending direction.

We use Constrained Optimization (COPT) on the system
schematically depicted in Fig. 2. The -SH group is con-
strained on the cartesian coordinates to emulate the molecule
anchoring. Following the procedure reported in [30], we

TABLE 1
TOTAL ENERGY FOR VARIOUS ENCAPSULATED ELEMENTS.
geometry  Fiot (eV) geometry  Fiot (eV)
Be@Cyg -4933.90 Br@Cyg -4969.89
Ca@Cyg -5609.16 Cl@Cyg -4991.11
F@Cyyg -5223.35 Hf@Cyg -6093.40
K@Cyg -5367.89 Li@Cyg -4753.32
Mg@Cyg -6172.00 Na@Csg -5799.48
Rb@Cyg -5280.86 S@Cyg -4846.42
Zr@Cyg -5936.24 Ti@Cyg -6177.1
I Ti@Cy  -6177.841 | II-Ti@Cypy  -6177.109

generate an electric field by positioning the molecule within
sixteen point charges (Q;) with absolute value |Q;|=0.4¢ at
a distance of 3 nm from the molecule. The field at any space
point can be precisely calculated with electrostatic equations.
For a rough estimation, denoting with ey the vacuum permit-
tivity, the switching field (Fs,,) can be calculated as:

b1 16xQi
T dreg (3% 1079)2

We also exploit the Aggregated Charge (AC) definition
to analyze molecule electrostatics [9]. First, we exploit
the CHELPG paradigm [31] to evaluate the atomic charges,
normalized w.r.t. e, by fitting the ab initio electrostatic
potential. Then, we obtained the AC by individually summing
the atomic charges of the ferrocene and the hexanethiol.

~ 1 V/nm

III. RESULTS
A. The endohedral C,g

TABLE 1 reports the FE;,; of the considered X@Cyg
configurations. The most stable configuration is the Ti@Cg,
thus we choose it to realize the molecular memory. We
find two stable positions of the Ti atom inside the Cog
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Fig. 3. Optimized geometries (a), MAC (b) and ELF (c) analyses for isolated
ng, I-Ti@ng and II-Ti@ng.



TABLE 11
DIPOLE MOMENT OF THE [-T1@C,g AND II-T1@C»pg.
geometry px (au)  py (au)  pg (au)
I-Ti@Cyg 0.36837 -1.14476  -0.06499
II-Ti@Cyg 0.92062 0.77307 -0.05983

cage, named [-Ti@C,g and II-Ti@C,s. Their total energies
are still lower than the other X@C,g ones - TABLE 1. I-
Ti@Cyg and II-Ti@Cyg differ by and energy of 732meV. At
room temperature (~ 300 K) we expect energy fluctuations
of the order of kT ~ 26 meV <« 732meV (kg is the
Boltzmann constant and 7' the temperature), thus Ti@Cyg
can be considered temperature-robust at room temperature.

Fig 3(a) reports the Cyg, the [-Ti@C,g and the II-Ti@Cyg
geometries. It is interesting noticing that I-Ti@C,g and II-
Ti@C,g are quite symmetric. The encapsulation energies are
respectively: Feper = —8.12eV and Eeye ;1 = —8.05¢V.
Such energy values are typical of covalent bonds, indicating
a strong chemical interaction between the Ti atom and the
Cys cage in both cases. Interestingly, Eeyc,r and Fey. 11 are
lower than the Cr@C,g ones obtained in our previous work
[32], meaning that the Ti atom has a more marked stabilizing
effect on the Cyg than the Cr. Fig. 3(b) reports the MAC
analysis. The Ti atom is slightly positively charged, while
the Cyg cage is slightly negatively charged w.r.t. isolated
Cyg. Thus the Ti atom acts as an electron donor. The ELF
analysis in Fig. 3(c) shows that the Ti donated charge is
uniformly distributed over the C,g cage. Indeed, greater
electron delocalization is present in the Cyg cage in both the
I-Ti@Cyg and the II-Ti@C,3 compared to the isolated Cos.

TABLE II reports the dipole moments of I-Ti@C,g and
I[I-Ti@Cys. They are similar in magnitude (1.20432 for I-
Ti@Cyg vs. 1.20364 for II-Ti@Cyg), but the y component
changes its direction, meaning they are reversed in direction.

Fig. 4 reports the Ti@C,g molecular memory operating
principle. At room temperature, there is no spontaneous
transition between [-Ti@C,g and II-Ti@Cyg. An extra energy
Err—; should be provided to switch from II-Ti@Csg to I-
Ti@Cyg, while and energy Err—.; + 732 meV should be pro-
vided to switch from [-Ti@Cyg to II-Ti@C,g. The switching
energy can be supplied by an external electric field [11]. The
results demonstrate the stable information encoding in the
Ti position and corresponding molecular dipole moment. In
particular, the dipole moment encoding can generate electric
fields that can be used as input for molecular FCN logic
devices [33], making MemComputing possible.

TABLE III
DIPOLE MOMENT OF THE 6-(FERROCENYL)HEXANETHIOL CATION
Esw (V/nm) | pux (au) py (au)  pz (au)
FcC6SH 0 -0.29818 0.16191 4.59715
I-FcC6SH -1 1.64085 -3.82979 2.51510
II-FcC6SH +1 -1.11990 4.08046 2.41983

1-Ti@C,g

Fig. 4. Operating principle of the Ti@C,g-based molecular memory.

B. The 6-(Ferrocenyl)hexanethiol cation

Fig. 5 reports the FcC6SH cation equilibrium geometry
obtained through geometry optimization. A single-point cal-
culation provides energy Ei,; = —62160.46eV and dipole
moment p =4.60965 a.u.. TABLE III reports the dipole
moment components. A clear polarity of the molecule on the
z-axis highlights a charge localization in the ferrocene. As a
confirmation, the evaluated ferrocene AC is 0.9581. Consider-
ing the cationic nature of the molecule (i.e. normalized total
charge +1), the AC analysis denotes a charge aggregation
in the ferrocene. When exposed to an electric field, we
expect the ferrocene will play a crucial role in the molecule
dynamics. On the contrary, the alkyl chain (AC is 0.0419)
can be seen as a rigid link between the electrostatically active
ferrocene and the substrate.

Fig. 5 shows the results of the COPT calculation with
positive and negative switching fields (Egy ). As expected,
the field acts on the molecule by pushing the electrostatically
charged ferrocene in the Egyy direction. In addition, the
cartesian constraint emulating the anchoring of the molecule
forces the FCC6SH cation to bend in the Egyy direction. The
two bent configurations encode binary information. When the
ferrocene bends along the —y direction, the configu ration is
named I-FcC6SH, and the cation encodes logic ‘0’. Con-
trarily, the II-FcC6SH configuration, with ferrocene bending
along the +y axis, encodes logic ‘1’. TABLE III reports
the dipole moment in all the evaluated configurations. The
dipole moment y component (y,) is consistent with the field
direction. Therefore, the logic information is encoded both in

Esw=-1V/nm
~e——

Esw =+1V/nm
———

II-FcC6SH

Fig. 5. Geometry of the 6-(Ferrocenyl)hexanethiol when exposed to positive
and negative 1 V/nm switching electric fields (Es.,). The cation bends in
two directions. The bending direction encodes logic information.



the bending of the molecule and in the dipole moment, con-
firming the expectations. Also, the dipole moment encoding
can be eventually exploited to interface with molecular FCN
logic devices [33] and enable MemComputing.

Notice that, in this calculation, the substrate is emulated
and not explicitly considered. It is possible to verify experi-
mentally that the FcC6SH generally lies on the substrate [29].
Therefore, if the molecule is exposed to the electric field, the
substrate accentuates the bending. The molecule will lie on
the substrate in ideal conditions when the electric field is
switched off, providing non-volatile memory capabilities.

IV. CONCLUSION

We demonstrate the capability of endohedral Ti@Cyg
fullerenes and 6-(Ferrocenyl)hexanethiol cation to store
logic information. Both molecules provide binary encoding
through two stable states distinguishable in geometry and
dipole moment and are promising for realizing miniaturized
molecular memories. The write operation can be performed
through the application of external electric fields. Since
the information is encoded with stable geometries (at room
temperature), the proposed molecules are also suitable for
implementing non-volatile memories. The read operation is
supposed to be dipole-based by reading the generated electric
fields. In this way, the stored logic state can be used as input
for molecular FCN circuits, which can perform logic opera-
tions, thus completing the MemComputing architectures. The
obtained results motivate further research on the integration
with molecular FCN circuits, which is here avoided for
brevity and since considered out of the scope of this work.
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