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A Gd@C,, single-molecule electret
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Electrets are dielectric materials that have a quasi-permanent dipole polarization. A single-molecule electret is a
long-sought-after nanoscale component because it can lead to miniaturized non-volatile memory storage devices. The signa-
ture of a single-molecule electret is the switching between two electric dipole states by an external electric field. The existence
of these electrets has remained controversial because of the poor electric dipole stability in single molecules. Here we report
the observation of a gate-controlled switching between two electronic states in Gd@C,,. The encapsulated Gd atom forms a
charged centre that sets up two single-electron transport channels. A gate voltage of +11V (corresponding to a coercive field of
~50 mV A-") switches the system between the two transport channels with a ferroelectricity-like hysteresis loop. Using density
functional theory, we assign the two states to two different permanent electrical dipole orientations generated from the Gd
atom being trapped at two different sites inside the C;, cage. The two dipole states are separated by a transition energy barrier
of 11 meV. The conductance switching is then attributed to the electric-field-driven reorientation of the individual dipole, as the

coercive field provides the necessary energy to overcome the transition barrier.

approaching the single atomic or molecular scale', which has

ignited research into single-molecule devices (SMDs). Many
efforts have been made to fabricate SMDs and design functional
devices such as switches’™, diodes’™"’, transistors''~'* and sensors'*%,
which are promising building blocks of future molecular comput-
ers"”. Among these molecules, fullerenes and their derivatives stand
out'"” due to their unique cage-like structures. Cg-based SMDs
have shown numerous interesting physics and striking properties,
such as the Kondo effect’’, quantum phase transition®, supercon-
ductivity” and negative differential resistance’. Furthermore, for-
eign atoms can be introduced into fullerene cages; these electric
charge or magnetic centres can strengthen superconductivity”, or,
like in the case of a caged N atom, show protection of a quantum
information cage with a coherence time of up to 0.23 ms (ref. *). In
addition, cage size has also been shown to have a physical effect. For
example, Cg, has a deformed cage with lower symmetry than Cg,
and RE@C;, species (RE=La, Gd, Tb, Dy, Ho, Er) have been studied
as small and stable memory storage units—*. In particular, Ce@Cs,
(ref.’") has even demonstrated hysteresis in transport characteristics
attributed to nanomechanical rearrangement. Such efforts lead to
interest in molecules with non-superimposable charge centres and
structural centres*>”’, which may form stabilized electric dipoles
in the molecule, exhibiting ferroelectric characteristics without
long-range dipole ordering. This would then realize the long-sought

| he miniaturization of modern electrical devices has been

single-molecule electret (SME). Here we show the gate-controlled
switching between two sets of characteristic single-electron stability
diagrams in the electrical transport of a Gd@Cg,-based SMD. It is
fabricated by a feedback-controlled electromigration break junction
(FCEBJ) method'" and can be operated in a hysteresis loop with a
coercive gate field of ~50mV A-'. Based of density functional theory
calculations, we interpret the switching as the electrical-field-driven
reorientation of a single molecular dipole, thus providing definitive
evidence of a SME switching device.

Single-electron transport in Gd@Cj, transistors
As schematically shown in Fig. 1a, the single Gd@Cy, molecular
transistor is prepared by setting a Gd@Cg, molecule into a pair of
Au electrodes that have a nanometre-scale gap, which is fabricated
according to the details provided in the Methods section. Figure 1b
shows a set of current-voltage (I-V) curves in a typical FCEB] pro-
cedure'’, and the device’s morphology is shown in the inset. Care is
taken during the thermal oxide growth to achieve a satisfactory gat-
ing efficiency and local gating field, which are critical in this Gd@
Cy, study with a sizeable density of states near the Fermi level. We
etch the previously thick SiO, using dilute HF, then regrow a new
layer of SiO, of about 30nm by a dry oxidation method, repeated
twice.

A back gate of 7-10V can modulate the I-V curve (Fig. 1c). A
nonlinear dependence between the current and the voltage can be
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Fig. 1| Single-electron transport of the Gd@C,, SMD. a, The SMD configuration. A single Gd@Cg, molecule bridges a nanogap in a pair of bow-tie

gold electrodes on top of a 30-nm-thick silicon dioxide layer. b, A typical feedback-controlled electromigration process. The inset is a scanning electron
microscope image of the Au nanoelectrode before it was broken. Scale bar, 100 nm. ¢, Representative /(V) curves for different gate voltages V, after the
electromigration. d, Differential conductance dl/dV plotted against the bias voltage V,, and the gate voltage V,. The blue regions are the Coulomb blockade
areas, and the red lines show peaks in the differential conductance. This shows the operation from N to N +1 electrons.

seen, and there is a current blockade area at low voltage. The gate
voltage can decrease or increase the blockade voltage range, indicat-
ing change in the electrochemical potential. A plot of the differen-
tial conductance dI/dV as a function of the bias voltage V,, and the
gate voltage V, is shown in Fig. 1d. The differential conductance
is derived by numerical differentiation of the current with respect
to the bias voltage. The blue regions are the Coulomb blockade
regions, and the red regions show differential conductance peaks.
For clarity, two black dashed lines are shown in Fig. 1d to indicate
the SMD Coulomb edges. Changing the gate voltage will tune the
chemical potential of the molecule. When the electrochemical
potential is aligned with the Fermi energy of the source and drain
electrodes, the conductance gap will decrease to zero and reach a
degeneracy point (where the two black dashed lines cross), indicat-
ing the successful preparation of a single-electron transistor with a
Gd@C;, SMD. With a larger gate voltage scan, multiple peaks are
observed (Supplementary Fig. 1), indicating that our SMD could
access a series of redox states and degeneracy points. Such multiple
degeneracy points have been previously related to the molecular
energy levels'.

Gate-controlled switching between two electronic states,
and its hysteresis loop

An interesting switching between two molecular states is observed.
We carefully measure the current as a function of the gate voltage
when the source-drain bias is fixed at 2mV (Fig. 2a). The gate volt-
age is swept backward and forward over a large range. In contrast
to the literature'"', the source-drain current shows two sets of
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Coulomb oscillation patterns. The red and green curves are similar,
defined as State 1, and the blue curve is defined as State 2. The two
sets of Coulomb oscillation patterns can be reversibly switched, in
contrast to the previous result in Ce@C;, (ref. *'), when after appli-
cation of a large bias voltage, the Coulomb stability diagram is irre-
versibly changed. Furthermore, the oscillation peaks can be related
to the molecular orbitals (as shown later); hence, we speculate that
the onset of two sets of oscillation peaks means that Gd@C,, may
have two metastable states. Our observation suggests that the struc-
ture of the molecule can be controlled and switched by the external
electric field.

Systematic two-dimensional plots of the differential conduc-
tance are measured over a large range of gate voltages, that is, —13
to 15V. The detailed Coulomb stability diagrams of the two states
are shown in Fig. 2d,e, which shows a distinct difference. First, the
Coulomb degeneracy points are different, corresponding to the
Coulomb oscillations at different gate voltages. Second, the slopes
of the Coulomb edges, that is, the white line in the plots (black
dashed lines are shown in Fig. 2d,e for clarity), are also different. We
investigate these differences between the two states quantitatively
by using a capacitance model to calculate the SMD’s detail param-
eters™. In Fig. 2d, the ratio of the gate, source and drain conduc-
tances (C,/C/Cy) is 1:15.05:133.23, and the gate efficiency factor &
is 0.0067 (where eaV/, is the change in the electrochemical potential
caused by the gate electrode and e is the electron charge). In Fig. 2e,
the C,/C,/C, ratio for the three capacitors is 1:15.34:86.97 and the
gate efficiency factor a changes to 0.0097. The drastic difference in
both gate efficiency and gate capacitances confirms that the SMD
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Fig. 2 | Gate-controlled switching between the two molecular states showing a ferroelectricity-like hysteresis loop. a, The source-drain current is plotted

as a function of the gate voltage with the source-drain bias fixed at 2mV when the gate voltage was swept backward and forward. The black dashed line
marks several resistance points, indicating that two states are accessed. State 1: the red and green curves, with low current while crossing the dashed line.
State 2: the other curves, such as the blue curve, with high current while crossing the dashed line. An offset is added to each line for clarity. b,¢, Schematic of
the switching process (b). A repeatedly cycled gate voltage switches the SMD between States 1and 2, whose conductance diagrams are detailed ind and e,
respectively. The arrowed blue line indicates the sequence that the gate voltage is applied. The molecule cannot switch between states unless a large enough
gate voltage V; ans—/ Y 1anss IS @pplied to the SMD. This indicates the onset of a coercive gate field and leads to a ferroelectricity-like hysteresis loop as shown
in c. d,e, Colour plot of the differential conductance di/dV plotted against the bias voltage V,, and gate voltage V, over a large voltage range for the device. The
voltage increases from —13V to 15V in d, and does the reverse in e. f, A cut line plot of the stability diagram when the bias is O V. The red and grey lines are
extracted from d and e, respectively. Arbitrary units and an offset are employed for clarity. All the measurements were performed at a temperature T=1.6K.
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Fig. 3 | Simulating a two-resistance-state operation based on the SMD
switching. a, The bottom figure is the gate voltage plotted against time.
The switch gate voltage is +£11V and the test gate voltage is 7.472V, using
a time step of 60's. The top figure is the current plotted against the same
time as used in the bottom figure, with the bias voltage at 2mV. The ‘test’
current switches between the two parts marked ‘low’ and ‘high’. b, The
switch between two molecular states can be achieved using time steps of
60, 10 and 1s. The black and red lines are the gate voltage and bias current,
respectively.

undergoes a significant change of its electronic states. The dif-
ference between these two stability diagrams has its origin in the
order in which the gate voltage is applied. Starting from the state
Fig. 2d (State 1), the gate voltage is first decreased to —13V, and
then increased to 15V, leading to Fig. 2e (State 2). To emphasize
the differences between the two states, two cut lines of Fig. 2d,e
(red and grey curves, respectively) are shown in Fig. 2f when the
bias voltage is zero. Two subsection plots shown in Supplementary
Fig. 2 illustrate the differences between these two stability diagrams.
These two sets of stability diagrams are highly repeatable, reproduc-
ible and stable for more than one month, indicating that the gate
voltage changes the internal structure of the molecule. From the two
Coulomb stability diagrams, we can gain further information about
these two metastable states of GA@C;, with the aid of theory calcu-
lations, as shown below.

Repeatable switching between the two states results in a
ferroelectricity-like hysteresis loop with a coercive gate field of
around 50 mV A", Analysing the data shown in Fig. 2a, we summa-
rize the switching of the SMD (Fig. 2b), where the thin blue-arrowed
line indicates the gate application sequence. We label the diagram
of Fig. 2d as the black arrow (State 1) and the diagram of Fig. 2e
as the orange arrow (State 2). The starting state is initially set to
State 1 when the gate voltage is 0 V. The device maintains State 1
even if we decrease the gate voltage to —10V. We then change the
gate voltage direction. When the gate voltage is increased positively
to over 10.5V, the device was found to switch to State 2. The state
can be set back to State 1 when a large enough negative gate voltage
is applied. Such switching or reversal can be reliably reproduced,
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as seen in Fig. 2b, which can be understood by the state switching
of the molecule driven by the out-of-plane electric field provided
by the back-gate voltage. Figure 2b,c essentially depicts a hysteresis
loop in typical ferroelectricity operations at the single-molecular
level, essentially the evidence of a SME. Another SMD also displays
similar results with reversible switching character (Supplementary
Fig. 3), although the Coulomb degeneracy points are not exactly the
same on different devices, since some small differences in contact
morphology can lead to different quantized orbits. We also carried
out measurements of the temperature and frequency dependence of
the dielectric properties of bulk materials (Supplementary Figs. 4
and 5); we believe the low-temperature relaxation process originates
from the reversal of the dipole.

The reliable switching of the two states leads to a series of pro-
grammable operations. In fact, any gate voltage point in Fig. 2a can
be employed to simulate a two-resistance-state operation and SMD
storage, as long as each point has a different current. We select one
point in Fig. 2a as an example. In one point of the state, the current
is only 2nA because the SMD was in the blockade state, while in
another molecular state the current is 8nA when the blockade is
removed. This operation is shown in Fig. 3a. The switch gate voltage
is +11V and the test gate voltage is 7.472V to read the molecular
state (the bottom panel of Fig. 3a). The corresponding current as
a function of time is shown in the top panel of Fig. 3a, with a bias
voltage of 2mV. The ‘test’ current takes on two values, marked Tlow’
and ‘high’ at the top of Fig. 3a. Different currents (~62% difference)
indicate different molecular states, which can be used in a typical
two-state electret storage device. The time step could be changed
to 10 or 1s (Fig. 3b, in which the red line is the bias current). The
figure shows two obviously different currents at the test gate volt-
age no matter what time step is used, and this observation can be
repeated more than 20 times. This confirms that the single Gd@C;,
molecular device has two metastable states and can be reliably set
and reset by a gate voltage, which we relate to a controlled switching
of SMEs, as shown below.

Theoretical modelling revealing the SME physics
Density functional theory calculations were performed to unveil
the corresponding atomic configurations of the two switchable
states. Details of our calculations can be found in the Methods
and Supplementary Information. While tens of Gd adsorption
configurations were considered (Supplementary Figs. 6-8 and
Supplementary Tables 1 and 2), two of them, denoted configura-
tions Gd-I and Gd-1V, are significantly more stable, by over 400 meV,
than the others. The role of Au electrodes was considered by includ-
ing an Au(111) substrate in further discussion. The reorientation of
the molecular dipole by rotating the C;, cage on the Au electrode
is checked for the electric switching mechanism. Calculations indi-
cate it unlikely to happen under a reasonably strong electrical field
(Supplementary Fig. 9 and Supplementary Table 3). Figure 4a shows
the geometric details of configurations Gd-I and Gd-IV where the
Gd atom sits over two neighbouring C, hexagonal rings as marked
with red and blue coloured hexagons, respectively. Configuration
Gd-IV is ~6.1meV more stable than configuration Gd-I, which
makes it easy to be switched through an external electric field.

The energy levels for these two states could be extracted using
a capacitance model from the data shown in Fig. 2d,e. We have
previously calculated two gate efficiency factors a (see above
discussion for C,:C::Cy), where eaV, is the change in the electro-
chemical potential caused by the gate electrode. The energy dif-
ference between two adjacent states plus the Coulomb energy was
defined as a pair of adjacent degeneracy points'* using the equation
ae(Vg(N) — Vo(N +1)) = eV — ¥ 4 €2 /(C; + Cq + Cy) (where
N is the number of electron charge, a=(C,+C, +C,)/C,). The
molecular energy levels are extracted from the degeneracy
points of Fig. 2e,d and are marked in Fig. 4b,c, respectively.
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Fig. 4 | Density functional theory calculations revealing the SME physics. a, The switching is interpreted as a transition between Gd-1V and Gd-I. The left
and right are the two configurations (Gd-1V, Gd-1), respectively. Two coloured arrows represent the direction of the dipoles. Changing the electrochemical

potential of the Gd@Cgq, SMD by >70 meV transforms the molecule from Gd-IV to Gd-I, which will be maintained until a reverse (negative) shift with a
magnitude >87 meV occurs. This can be simplified as the gate field driven flipping of the electric dipole of a single Gd@Cg, molecule, that is, a SME.

b,c, Differential conductance plotted against the effective molecular orbital gating aeV, with the bias voltage V, at O V. Extracted from the experimental
data of Fig. 2e,d respectively. d,e, Theoretical density of states of occupied states near the Fermi levels (—5.09 and —5.10 eV) of the two configurations
Gd-IV and Gd-|, respectively. The energy (E) is relative to the vacuum level (E,,.). Four characteristic peaks, that is, A to D, are marked in each panel. These
agree well with the experimental data in b and c. f, lonic dipole moments of the two configurations shown in a and the transition state (TS) between them.
We used the value of Gd-1V as the zero reference. g, Transition pathways and associated energy barriers between configurations Gd-I and Gd-1V under
electric fields. The transition barrier might vary in different atomic configurations of contacts.

Figure 4d,e shows the density of states of occupied states near the
Fermi levels of configurations Gd-IV and Gd-I, respectively, which
qualitatively reproduce the experimentally derived molecular levels.
The experimental positions of the four characteristic peaks and the
energy differences between them were well reproduced by our pres-
ent theoretical results, which thus strengthens the assignment of
configurations Gd-IV and Gd-I as the two experimental observed
states, state 2 and state 1, respectively.

In both the configurations, the Gd atom is prone to adsorb
over Cq rings rather than at the centre of the cage, resulting in
stabilized electric dipole moments, that is, a SME. The calculated
dipole moments of configurations Gd-IV and Gd-I are illustrated
in Fig. 4a, in which red and light blue arrows represent the direc-
tion of the dipole moments in the two configurations, respectively.
Details of the calculated dipole moments are available in Fig. 4f and
Supplementary Table 4. Because a lateral source-drain voltage was
applied to the device, we mainly considered the in-plane dipole
|P,,| under an electric filed. The switching between the two states
can be simplified as an electric-field-driven flipping of the SME of
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Gd@Cy,. Figure 4g plots the calculated transition pathways from
configuration Gd-IV to Gd-I under the electric fields. An electric
field of 16mV A could switch the relative stability of Gd-I and
Gd-1V, with a reduced barrier of 7.6 meV. A field of 50mV A could
further reduce the barrier to zero. All these values are consistent
with our experimentally estimated field of ~33-150mV A-'. Given
the derived gate efficiencies and the transition voltages, we could
infer a potential energy of 87 meV was used by the measured device
in transforming from configuration Gd-IV to Gd-I, while the oppo-
site transition needs a potential energy excitation of 70meV, as
illustrated in Fig. 4a. These electronic excitation energies, that is,
~70-87 meV, are high enough to stimulate the Gd atom, surmount-
ing the theoretically predicted thermal transition barrier of 11 meV,
which explains the onset of the coercive gate field in Fig. 2b.

Either the applied external electric field or its induced charge
doping helps the Gd atom surmount the thermal barrier between
configurations Gd-I and Gd-IV. The estimated coercive field of
~50mV A~ is within range of the experimentally applied field to
observe the hysteresis loop that features ferroelectricity (that is, that
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features an electret), where the transition occurs when ~10-15V
voltages act on a ~10-30-nm-thick gate layer. Since the molecule
stochastically drops into the gap at a random position, the electrical
field cannot always flip the dipole of the molecule once the electric
polarization is perpendicular to the gate electrical field. Although
we achieve the reproducibility of the reversible switch, it is hard to
obtain the same series of Coulomb degeneracy points in different
devices, since small differences in contact morphology can lead to
different quantized orbits.

Conclusions

The physics of a SME differs from that of ferroelectricity in solids,
where the system is stabilized by the exchange coupling between a
large number of dipoles in a large domain. Rather, it is more alike to
the physics of a single-molecule magnet, where spin polarization is
stabilized by the anisotropy energy of individual molecules. Such a
SME is free of any inter-dipole coupling, and has been anticipated by
recent theories® and experimentally tested"’ in long-range ordered
crystals, where, however, the inter-dipole coupling is still possible.
Our experiment demonstrates the SME at the single-molecule level
and thus excludes any inter-dipole coupling, providing convincing
evidence of a SME. The position of the single Gd atom inside the Cy,
cage forms the memory storage information unit and may thus lead
to miniaturized storage devices in future electronics.
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Methods

Molecule preparation. Soot containing GAd@C;, is produced using the direct
current arc discharge method with metal-graphite composite rods in a helium
atmosphere. The soot is extracted with carbon disulfide, and the residue is
extracted further with pyridine under reflux. Gd@Cs, molecules are extracted
from the cleaned soot using a two-stage high-performance liquid chromatography
method. Stage 1 is a preliminary high-performance liquid chromatography process
using a Buckyprep column. This yields a fraction containing Gd@Cs,. The second
stage involves isolation of GA@C;, from empty fullerenes using a Buckyprep-m
column. Sheet samples (1 mm in thickness, 2mm X 4mm in area) for measuring
the dielectric properties are made by applying pressure to the powdered samples;
then the sample is attached with two Au wires and is measured at 2-400K in

a physical property measurement system (Quantum Design PPMS-14T). The
measurements are performed in a frequency range of 40 Hz to 2.00 MHz with
Agilent 4294 AV3. The temperature and frequency dependence of the loss tangent
results shows evidence for the ferroelectricity behaviour and also the SME.

Device preparation. The ~50-nm-wide gold nanowires are deposited on top of a
silicon gate electrode that has previously been oxidized in an oxygen atmosphere
to give a SiO, layer (~30 nm thick) to act as a gate dielectric. The electrodes and
SiO, insulator are patterned using an ordinary photolithography procedure, but
the nanowire is defined by electron-beam lithography (Fig. 1b inset). When the Au
nanowires are prepared, to make sure the chip is clean, the electrodes are cleaned
further using oxygen plasma. Then the device containing the Gd@C;, is cooled

to 1.6 K, and a nanogap is produced using the FCEB] method''. The current is
monitored while the applied voltage between the source and drain is increased.
The voltage is decreased to 10mV as soon as the current drops by 1%. The cycle is
repeated until the resistance is >1 M when the voltage is 20mV.

Density functional theory calculations. Our density functional theory
calculations are performed using the generalized gradient approximation and the
projector augmented wave method’” as implemented in the Vienna ab-initio
simulation package’®. The kinetic energy cut-off is set to 400eV. An 18 x 18 X 18 A®
supercell is used to model the isolated Gd@C, molecule, which ensures a
separation of at least 7.5 A between the molecule and its images. This separation, as
previously demonstrated, is sufficient to appreciably reduce the image interactions.
The I" point is used for sampling the first Brillouin zone in all calculations. All
atoms are allowed to relax until the residual force on each atom is less than

0.01eV A~ Dispersion interactions are considered at the van der Waals (vdW)
density functional level*-*!, with the optB86b functional for the exchange potential
(optB86b-vdW), which has proven accurate in describing the structural properties
of layered materials and is adopted for structure-related calculations**. Transition
pathways and energy barriers are revealed by the climbing image nudged elastic
band method**, which locates the exact saddle point of a reaction pathway.
Electric dipole moments of the Cg, molecule system are calculated on the basis of
the classical definition:

P= % (78 Zj Zjuj> + /rp(r)dr (1)

Here e is the electron charge, V'is the cell volume, Z; and u; are the atomic
number and the position of the jth atom and p(r) is the electronic charge density at
a given location r in real space. Dipole correction is considered in all calculations
to correct the error introduced by the periodic boundary condition and balance
the vacuum level differences on the different sides of the polarized molecules*.
All electronic structures are calculated using the Perdew-Burke-Ernzerhof
functional®® with inclusion of spin-orbit coupling on the basis of the optB86b-vdW
revealed structures. An on-site Coulomb interaction energy of 6¢eV is added to the
forbitals of the Gd atom according to the values reported in the literature®->.

Analysis of structures. We first consider seven adsorption sites of a single Gd
atom adsorption on the inner wall of a Cg, molecule (Supplementary Fig. 5 and
Supplementary Table 1). In all of these structures, the C,-Hol site, where a Gd
atom sitting over a C, hexagonal ring, shows superior stability; its energy is over
1 eV more stable than that of the other two six-carbon-ring sites, and the adsorbed
configurations of the other sites transform into the C,-Hol site (Supplementary
Table 1). There are six inequivalent C, rings of a Cy, molecule (Supplementary
Fig. 7); we next double-check the relative stability of these six configurations. The
relative total energy and the height of the adsorbed Gd atom at every site are listed
in Supplementary Table 2. We denote the C,-Hol configuration we previously
obtained as configuration Gd-I, while others are represented as configurations II to
VI (Supplementary Fig. 7). Configurations Gd-I and Gd-IV are significantly more
stable, while other configurations are at least 400 meV less favoured. We notice that
there are three inequivalent C, rings and also check the stability of being adsorbed
on these previously unconsidered C; rings. These rings do not offer a more stable
configuration (Supplementary Fig. 8).

A Au(111)-7 X7 parallelogram supercell was adopted to model the adsorption
of Gd@Cy, on the Au(111) surface, which ensures a separation of at least 12 A
among image molecules. We considered nine contact configurations, including

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

six inequivalent C; rings and three inequivalent C, rings (denoted as Cq,-C4-I to
-VIand C,-C;-a to -c, respectively), of the Cy, cage on the Au substrate, as shown
with colour-filled hexagons and pentagons in Supplementary Fig. 9. The Gd atom
inside the C,, cage was placed at the two previously identified most-stable sites,

that is, Gd-IV and Gd-1. Two contact distances representing physisorption and
chemisorption were also considered. We ruled out some apparently less stable
configurations according to our physisorption and preliminary chemisorption results
and listed the relative chemisorption energies of the rest in Supplementary Table 3.

It shows that adsorption configuration Cg,-C-1I is at least 120 meV more stable than
the other configurations. The transition barriers among them are even larger than
this value, indicating that the reorientation of the molecular dipole by rotating the Cg,
cage is unlikely under a reasonably strong electrical field. Given the superior stability
of these two Gd sites relative to the others (that is, hundreds of meV), we concluded
that Gd-1@Cy,-C,-1I and Gd-IV@C,-C,-1I (shown in Supplementary Fig. 9 and
simplified as configuration Gd-I and Gd-1V in the manuscript) are the two most
stable configurations among all our considered configurations.

Data availability
The data shown in the paper are available at https://doi.org/10.6084/
m9.figshare.12720392. Source data are provided with this paper.

Code availability
The density functional theory program used to analyse the results is available from
the corresponding author on reasonable request.

References
36. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953-17979 (1994).
37. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758-1775 (1999).
38. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B 54,
11169-11186 (1996).
39. Lee, K., Murray, E. D., Kong, L., Lundqvist, B. I. & Langreth, D. C. Higher-
accuracy van der Waals density functional. Phys. Rev. B 82, 081101 (2010).
40. Dion, M., Rydberg, H., Schroder, E., Langreth, D. C. & Lundqyvist, B. L.
Van der Waals density functional for general geometries. Phys. Rev. Lett. 92,
246401 (2004).

. Klimes, J., Bowler, D. R. & Michaelides, A. Van der Waals density functionals
applied to solids. Phys. Rev. B 83, 195131 (2011).

42. Hong, J. et al. Exploring atomic defects in molybdenum disulphide
monolayers. Nat. Commun. 6, 6293 (2015).

43. Qiao, J., Kong, X., Hu, Z. X,, Yang, E & Ji, W. High-mobility transport
anisotropy and linear dichroism in few-layer black phosphorus. Nat.
Commun. 5, 4475 (2014).

44. Qiao, J. et al. Few-layer tellurium: one-dimensional-like layered elementary
semiconductor with striking physical properties. Sci. Bull. 63, 159-168 (2018).

45. Zhao, Y. et al. Extraordinarily strong interlayer interaction in 2D layered PtS,.
Adv. Mater. 28, 2399-2407 (2016).

46. Zhao, Y. et al. High-electron-mobility and air-stable 2D layered PtSe, FETs.
Adv. Mater. 29, 1604230 (2017).

47. Sheppard, D., Terrell, R. & Henkelman, G. Optimization methods for finding
minimum energy paths. J. Chem. Phys. 128, 134106 (2008).

48. Sheppard, D., Xiao, P,, Chemelewski, W., Johnson, D. D. & Henkelman, G. A
generalized solid-state nudged elastic band method. J. Chem. Phys. 136,
074103 (2012).

49. Neugebauer, J. & Scheffler, M. Adsorbate-substrate and adsorbate-
adsorbate interactions of Na and K adlayers on Al(111). Phys. Rev. B 46,
16067-16080 (1992).

50. Ding, W. et al. Prediction of intrinsic two-dimensional ferroelectrics in In,Se;

and other III,-VI; van der Waals materials. Nat. Commun. 8, 14956 (2017).
. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

52. Petersen, M., Hafner, J. & Marsman, M. Structural, electronic and magnetic
properties of Gd investigated by DFT+U methods: bulk, clean and H-covered
(0001) surfaces. J. Phys. Condens. Matter 18, 7021-7043 (2006).

53. Tao, K. et al. Self-consistent determination of Hubbard U for explaining the
anomalous magnetism of the Gd,; cluster. Phys. Rev. B 89, 085103 (2014).

54. Harmon, B. N., Antropov, V. P, Liechtenstein, A. I, Solovyev, I. V. &
Anisimov, V. I. Calculation of magneto-optical properties for 4f systems:
LSDA + Hubbard U results. J. Phys. Chem. Solids 56, 1521-1524 (1995).

4

—

5

—

Acknowledgements

We gratefully acknowledge the financial support of the National Key R&D Program of
China (2017YFA0303203, 2018YFE0202700, 2018 YFA0306004 and 2016YFA0300101),
the National Natural Science Foundation of China (U1732273, 21973038, 91961101,
61761166009, 11522432, 11574217, U1732159, 61822403, 11874203, 11904166,


https://doi.org/10.6084/m9.figshare.12720392
https://doi.org/10.6084/m9.figshare.12720392
http://www.nature.com/naturenanotechnology

ARTICLES

NATURE NANOTECHNOLOGY

11622437, 61674171, 11974422, 21721001, 91961112, 11227904, 61521001 and
61801209), the Strategic Priority Research Program of Chinese Academy of Sciences
(grant no. XDB30000000), the Fundamental Research Funds for the Central
Universities, China, and the Research Funds of Renmin University of China (grants
no. 16XNLQO1 and 19XNQO025), the Fundamental Research Funds for the Central
Universities (020414380082, 020414380127, 020414380150 and 020414380151) and
the opening Project of the Wuhan National High Magnetic Field Center. C.W. was
supported by the Outstanding Innovative Talents Cultivation Funded Programs
2017 of Renmin University of China. Calculations were performed at the Physics
Lab of High-Performance Computing of Renmin University of China and Shanghai
Supercomputer Center. S.-ES. acknowledges support from NSF Career Grant DMR-

1945420 and NYSTAR through Focus Center-NY-RPI contract C150117. We thank H.-L.

Cai from Nanjing University for stimulating discussions. We also thank S.-T. Zhang from
Nanjing University for preparing bulk materials.

Author contributions

ES. conceived the research and B.W,, WJ,, S.-Y.X,, S.-ES. and M.A.R. co-supervised the
project. M.Z. performed the bulk material measurements. C.W. and W.J. performed and
analysed the density functional theory calculations. Z.B. designed and fabricated the
devices. K.Z. performed the SMD measurements. F-EX. performed high-performance

liquid chromatography for purification of the molecular materials. Y.-Z.T. participated
in the separation of the molecular materials. S.-Y.X. prepared the molecular materials.
X.T. and D.P. assisted in the device fabrication. Y.G. and J.W. assisted with the density
functional theory calculations. K.Z., C.W,, ES., WJ. and M.A.R. wrote the paper. K.-]J.H.,
L.C,S.Z,LK,]J.C,PW,XW,].L,Y.S. and G.W. participated in discussions on this
manuscript. All authors discussed the results and commented on the manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
$41565-020-00778-z.

Correspondence and requests for materials should be addressed to ES., W], S.-Y.X,,
S.-ES. or M.AR.

Peer review information Nature Nanotechnology thanks Sadafumi Nishihara and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology


https://doi.org/10.1038/s41565-020-00778-z
https://doi.org/10.1038/s41565-020-00778-z
http://www.nature.com/reprints
http://www.nature.com/naturenanotechnology

	A Gd@C82 single-molecule electret

	Single-electron transport in Gd@C82 transistors

	Gate-controlled switching between two electronic states, and its hysteresis loop

	Theoretical modelling revealing the SME physics

	Conclusions

	Online content

	Fig. 1 Single-electron transport of the Gd@C82 SMD.
	Fig. 2 Gate-controlled switching between the two molecular states showing a ferroelectricity-like hysteresis loop.
	Fig. 3 Simulating a two-resistance-state operation based on the SMD switching.
	Fig. 4 Density functional theory calculations revealing the SME physics.




