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ABSTRACT: Voltage-controlled nonvolatile isothermal spin state switching of a [Fe{H2B(pz)2}2(bipy)] (pz = tris(pyrazol-1−1y)-
borohydride, bipy = 2,2′-bipyridine) film, more than 40 to 50 molecular layers thick, is possible when it is adsorbed onto a molecular
ferroelectric substrate. Accompanying this high-spin and low-spin state switching, at room temperature, we observe a remarkable
change in conductance, thereby allowing not only nonvolatile voltage control of the spin state (“write”) but also current sensing of
the molecular spin state (“read”). Monte Carlo Ising model simulations of the high-spin state occupancy, extracted from X-ray
absorption spectroscopy, indicate that the energy difference between the low-spin and high-spin state is modified by 110 meV.
Transport measurements demonstrate that four terminal voltage-controlled devices can be realized using this system.

Voltage-controlled molecular multiferroics present an
exciting new platform for the exploration of nonvolatile

spin state switching, providing a basis for successful switchable
nanoscale molecular devices.1 While electric field control of
magnetism in oxide-based multiferroics is a well-established
field,2 demonstrated molecular multiferroic phenomena have
recently gained much attention.3−7 The molecular spin state
may be addressed at the nanoscale8−11 and switched with high
cyclability without degradation.12 Switching speed between the
two spin states is potentially in the device-relevant GHz
regime,13 while molecular-based systems are low-cost and can
be produced using high-throughput processes such as stamping
and printing.14,15 These desirable characteristics provide
promising solutions for challenges16−19 faced by the nano-
electronics engineering community.
Spin crossover (SCO) transitions, in Fe(II) molecular

complexes, may be induced by temperature, pressure, light,
magnetic field, or electric field.20−22 The fundamental
mechanism for SCO transition in Fe(II) coordination
compounds resides in the ligand field theory, where the t2g
and eg bands splitting affects low-spin (LS) S = 0 and high-spin
(HS) S = 2 spin state occupancy in a reversable spin transition
phenomenon. The locking and unlocking of the spin state in

[Fe{H2B(pz)2}2(bipy)] molecules have been convincingly
demonstrated in a number of studies.3,7,23−25 This nonvolatile
locking of spin state has been achieved by adsorption of SCO
molecules onto dielectric or polarized surface,3,7,23,25 and the
spin state, in some examples, can be controlled with an external
magnetic field3 or electric field (i.e., an applied voltage in the
latter case).7,23 This switching from LS to HS, or the reverse, is
accompanied by a profound change in conductivity.7 The
ability to sense spin state change by current measurement in
the picoampere regime, and the voltage control of the spin
state via polarization of the ferroelectric substrate, are boons
for engineered applications and make the study of multiferroic
behaviors of this system accessible. When the molecular
environment includes adsorption onto a polarized substrate,
the exact nature of the interactions in play, affecting spin state
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population shifts, is an open question,26 especially as
cooperative and entropic effects are known to have a role in
the spin state bistability.15,20,22,27−31

It has been established that a polar interface, such as a
ferroelectric substrate23,25,32 or the addition of dipolar
molecules,33 may perturb the activation energies for the low-
spin to high-spin state transition. We present, here, a
quantitative study of the energy scale and the accompanying
conductance change associated with spin state switching in a
layered molecular heterostructure with a thin film of the
coordination compound [Fe{H2B(pz)2}2(bipy)], where py =
tris(pyrazole-1-y1)-borohydride and bipy = 2,2′-bipyridine),
adsorbed onto a thin film of ferroelectric polyvinylidene
fluoride hexafluoropropylene (PVDF-HFP). The polarization
of the ferroelectric was isothermally switched to opposite
directions at 298 K through an external applied voltage,
prompting the partial spin state change of the central Fe(II)
ion from HS state S = 2 to LS state S = 0. In this study, a
[Fe{H2B(pz)2}2(bipy)] film thickness of more than 40 to 50
molecular layers (65 nm thick) was chosen so that the
influence of the ferroelectric substrate was diminished but not
completely ineffectual. Here both temperature and voltage
have an influence on the spin state, unlike for [Fe{H2B-
(pz)2}2(bipy)] thin films of less than 20 to 25 molecular layers,
where the ferroelectric interface polarization appears to
dominate, suppressing the influence of temperature.7

Three distinct samples were fabricated. Device 1, a
multilayered heterostructure illustrated in Figure 1, was used

for the X-ray absorption spectroscopy (XAS) experiments.
Devices 2 and 3, illustrated in Figures 4 and 5, respectively, are
thin-film samples that incorporate interdigitated electrodes for
transport measurements. Shown in Figure 4b, the electrodes
for the transport studies are based on an array of interdigitated
Au electrodes 250 nm thick and 10 μm wide with an intradigit
spacing of 5 μm.
Device 1 was constructed as follows: A bottom electrode

consisting of an 80 nm Ti thin film was deposited on a silicon
substrate by DC magnetron sputtering in high vacuum,
followed by a 20 nm layer of PVDF-HFP produced by
Langmuir−Blodgett (LB) deposition, then a 65 nm layer of

[Fe{H2B(pz)2}2(bipy)] was grown on top of the ferroelectric
PVDF-HFP via thermal evaporation in high vacuum. The
PVDF-HFP thin films were fabricated using layer-by-layer LB
deposition following established methods,34,35 while thermal
deposition of the [Fe{H2B(pz)2}2(bipy)] was performed
following the same procedure as our previous experi-
ments3,7,23−25 and has been adopted by others.36 Poling of
the ferroelectric layer was achieved by placing a removeable
electrode which is a copper plate mounted on a micrometer
stage on top of the sample and applying a voltage (10 V)
across the heterostructure. The applied voltage created an
electric field of ∼120 MV/m perpendicular to the plane of the
structure, which is above the coercive field (∼100 MV/m)
required to create a single, polarized domain for PVDF-HFP.37

X-ray absorption spectroscopy, in total electron yield (TEY)
mode at the Fe L3 edge, was used to probe the unoccupied Fe
weighted eg and t2g molecular orbitals of [Fe{H2B-
(pz)2}2(bipy)], as a function of the ferroelectric polarization
of the adjacent PVDF-HFP thin film. This provided a clear
picture that the spin state of the [Fe{H2B(pz)2}2(bipy)] thin
film depends upon the polarization direction of the PVDF-
HFP layer. Measurements were done at the Advanced Light
Source at Lawrence Berkeley National Laboratory on bending
magnet beamline 6.3.1, with TEY mode configured using
circularly polarized, positive helicity photons with a photon
flux of 1011 photons/sec/0.1%BW. These parameters are the
same as used in prior studies.7,23,25,27 The intensity of the X-ray
beam was tuned in order to limit photoactivation of the
molecule yet maintain an acceptable TEY signal.
In-plane conductance measurements were taken on devices

2 and 3. Device 2, shown in Figure 4c, was fabricated to
measure the conductance as a function of temperature only
and consists of 65 nm of [Fe{H2B(pz)2}2(bipy)] deposited
directly on the interdigitated electrodes, mentioned above.
Device 3 was used to characterize the spin state dependent
conductance attributable to changes in the ferroelectric
polarization, either up or down perpendicular to the plane
(i.e., along the normal), and was prepared as follows: a 65 nm
[Fe{H2B(pz)2}2(bipy)] thin film was grown directly on the
interdigitated electrode array; 20 nm of ferroelectric PVDF-
HFP was then deposited upon this layer, and a top electrode of
80 nm Au was grown by thermal evaporation under high
vacuum to avoid damaging the organic layers. The
heterostructure was polarized by applying a voltage around
10 V between the bottom interdigitated electrodes and the top
Au electrode. Conductance measurements were done using a
two-probe technique with an applied voltage source and
current readout by a pico-ammeter.
Using XAS, we have confirmed the prior observation7,23 that

when the ferroelectric PVDF-HFP is polarized up (schemati-
cally shown in Figure 1a), the [Fe{H2B(pz)2}2(bipy)] prefers
the HS state with S = 2, and when the ferroelectric PVDF-HFP
is polarized down (schematically shown in Figure 1b), the LS
state with S = 0 is favored. Yet, we find that for
[Fe{H2B(pz)2}2(bipy)] films 65 nm thick, the spin state
occupancy is not only dependent upon the direction of
ferroelectric polarization but also is temperature-dependent.
The switching of HS to LS states at room temperature,
through a voltage control, is clearly evident in the XAS
measurements, as shown in Figure 2. In the absence of external
electric stimuli, [Fe{H2B(pz)2}2(bipy)] is naturally in the HS
state at 298 K, and the typical reported T1/2 from the HS state
to LS state is around 167 K.27,40 Figure 2a shows the

Figure 1. Configuration for multilayered thin-film samples (device 1)
used to characterize the spin state of the [Fe{H2B(pz)2}2(bipy)]
(red) when coupled to the polarization of a ferroelectric PVDF-HFP
layer (blue). From bottom to top, the structure is silicon substrate,
bottom electrode of 80 nm titanium, 20 nm PVDF-HFP, and 65 nm
[Fe{H2B(pz)2}2(bipy)].
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temperature-dependent XAS data for [Fe{H2B(pz)2}2(bipy)]
thin films deposited on a ferroelectric PVDF-HFP substrate
when PVDF-HFP is polarized “up”, i.e., toward the SCO layer,
as schematically illustrated in Figure 1a, while Figure 2b shows
the data when PVDF-HFP is polarized “down” or away from
the SCO layer, as schematically illustrated in Figure 1b. When
[Fe{H2B(pz)2}2(bipy)] is in the LS state, the 3d electrons
occupy the t2g in pairs, leaving the eg molecular orbital empty.
This unoccupied eg molecular orbital is observable in the 2p3/2
(Fe L3) XAS spectra as a major peak, at a photon energy of
about 710 eV. In the high-spin state, the eg is partially
populated with the t2g orbitals subsequently partly depopu-
lated. This leads to a signature of the t2g in the XAS spectra at
the Fe L3 (2p3/2) edge with features appearing at photon
energies of 704 and 708 eV, while the feature at 710 eV,
characteristic of the eg molecular orbital, decreases.
There are significant differences in the XAS spectra for

[Fe{H2B(pz)2}2(bipy)] when the PVDF-HFP substrate is
polarized “down” versus polarized “up”. Figure 2b shows the
temperature-dependent XAS data for [Fe{H2B(pz)2}2(bipy)]

deposited on a ferroelectric PVDF-HFP substrate when PVDF-
HFP is polarized “down” or away from the SCO layer, as
illustrated in Figure 1b, and the signature of the eg unoccupied
molecular orbital (at a photon energy of 710 eV) remains
strong at all temperatures. This indicates that the sample can
be locked mostly (but imperfectly) into the LS S = 0 state
above the powder transition temperature of 167 K.4,27,40 As
shown in Figure 2a, when PVDF-HFP is polarized “up” or
toward the [Fe{H2B(pz)2}2(bipy)] thin-film layer, as sketched
in Figure 1a, the signature of the eg orbital dominates the XAS
spectra only below 150 K. When the sample temperature is
raised beyond 150 K, when the ferroelectric substrate is
polarized “up” or toward the [Fe{H2B(pz)2}2(bipy)] thin film,
a distinct peak is evident in the region of the photon energy of
708 eV, accompanied by a small shoulder at 704 eV,
characteristic of the t2g unoccupied molecular orbitals, as
noted above, and a signature of the S = 2 HS state.
Considering the evolution of density of states for t2g and eg

orbitals as a function of changing temperature, in the different
electric field orientation as produced by the polarized
ferroelectric layer, the energetics involved in the electric
field-induced transition between the HS and LS states may be
examined. As shown in the inset between panels a and b in
Figure 2, the resolved peaks of HS and LS states for all the
spectra taken at different temperatures with two opposite
polarization directions indicate that comparable LS to HS state
ratios ( LSγ ) exist at 200 K for the ferroelectric substrate
polarized “up” while a similar ratio is observed at 298 K for the
ferroelectric substrate polarized “down”. The spin state
occupancy, as a function of temperature and ferroelectric
substrate polarization, is summarized in Figure 3. The LS-to-
HS state ratio data in Figure 3a and the HS state occupancy in
Figure 3b consistently show that the choice of substrate
polarization creates a temperature difference between the
relative HS-to-LS state occupancies. Considering the LS-to-HS
state ratio LSγ = 1, we can clearly observe that the SCO
transition takes place in the temperature region of 170 K for
“up” and 250 K for “down” or a temperature difference of
around 80 K in assessing the effect of the substrate polarization
(toward or away from the SCO molecular layer, i.e., polarized
up or down) on the high-spin state occupancy.
The phase transition between HS and LS states of SCO

molecules can be simulated by an Ising-like model, where the
two discrete values correspond to the HS and LS states,
respectively.38 In order to understand the mechanism of how

Figure 2. X-ray absorption spectra showing the changing intensities of
the eg and t2g features for [Fe{H2B(pz)2}2(bipy)], as a function of
temperature and substrate ferroelectric polarization. In panel a, the
PVDF-HFP substrate is polarized “up” or toward the SCO layer. In
panel b, the PVDF-HFP substrate is polarized “down” or away from
the SCO film as unoccupied states of the eg orbital above the
transition temperature are observed, indicating that the sample can be
locked into the low-spin S = 0 state above the transition temperature
of 167 K. Each spectrum is deconvoluted into HS dominant (red
curve) and LS dominant (blue curve) peaks, shown in the inset
between panels a and b.

Figure 3. Comparable ratios of low-spin (LS) state to high-spin (HS) state for different temperatures and polarization, as measured by XAS on
device 1. Figure 3a is a plot of LSγ (LS/HS ratio) as a function of temperature for two different polarized directions, as derived from the XAS
spectra; the red data curve is for the ferroelectric PVDF-HFP polarized up, and the blue data curve is for PVDF-HFP polarized down. HS fraction
as a function of temperature is plotted in panel b, with the modified Monte Carlo Ising model simulation superimposed.
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the electric polarization affects the transition temperature in
the molecular [Fe{H2B(pz)2}2(bipy)]/PVDF-HFP bilayer
system, we use a two-dimensional Monte Carlo Ising
model39,40 simulation to generate the theoretical data shown
in Figure 3b. The typical Hamiltonian expression for a SCO
transition is

i
k
jjjj

y
{
zzzzH J S i j S i j

k T
g S i j( , ) ( 1, 1)

2 2
ln ( , )

i j i j( , )

B

( , )

∑ ∑= − ± ± + Δ −

where J is the interaction between molecules, the HS and LS
take +1 and −1 for spin operator S i j( , ), Δ is the energy
difference between HS and LS states of isolated molecules, and
ln g is the ratio of HS degeneracy to LS degeneracy. Simulation
data, shown as the dashed lines in Figure 3b, indicates that the
energy difference Δ between HS and LS states is approximately
88 meV when the ferroelectric substrate is polarized up while
parameter Δ increases to approximately 198 meV when the
polarization is switched to the opposite direction. The energy
difference in the Δ, between HS and LS states, as a result of
the different substrate ferroelectric polarizations, is approx-
imately 110 meV. This ferroelectric substrate polarization-
dependent energy difference Δ is indicative of significant
changes within the [Fe{H2B(pz)2}2(bipy)] thin film that are
clearly substrate dependent. While the substrate has been seen
previously to affect the spin state bistability,7,23−25,27 here the
results show that the polarization direction, of the ferroelectric
substrate, plays an important role. Considering that the
electrical dipole moment in [Fe{H2B(pz)2}2(bipy)] is 4.7 D
for the LS state,25 we estimate the electrical field generated
from the polarized ferroelectric PVDF-HFP is at least
4.9 109× V/m, at the interface, when the field is parallel
with the [Fe{H2B(pz)2}2(bipy)] dipole moment. In general,
these two vectors are unlikely to be perfectly aligned in parallel,
implying that the actual electric field due to the polarization of
the PVDF-HFP may be much higher than this estimated value.
This result is in agreement with our previous study for PVDF
thin films.38 The crystallization of the PVDF-HFP layer is
crucial to observing this polarization effect, where lack of
crystallization will result in the random distribution of dipole
moments and diminish the net interface dipole. Improved
order and crystallization of β-phase PVDF-HFP thin films41

allows for more uniform polarization and thus higher electric
field.42 This does not exclude the possibility that interactions at
the interface between the PVDF-HFP layer and the [Fe{H2B-
(pz)2}2(bipy)] propagate through the [Fe{H2B(pz)2}2(bipy)]
thin film and this interaction also depends on a high degree of
crystallinity. The electric field is similar in magnitude for a
ferroelectric polarization toward or away from the SCO
[Fe{H2B(pz)2}2(bipy)] layer, but the interface termination
changes from largely hydrogen termination at the interface,
with the PVDF-HFP layer poled toward the SCO [Fe{H2B-
(pz)2}2(bipy)] molecular layer, to a fluorine termination for a
polarization away from the SCO [Fe{H2B(pz)2}2(bipy)]
molecular layer. When initially adsorbed onto the substrate,
SCO may have a preferential orientation with respect to the
PVDF-HFP, and it is sterically hindered from molecular
rotation when the ferroelectric polarization is then reversed.
This has some effect, because the intrinsic [Fe{H2B-
(pz)2}2(bipy)] dipole is then perturbed differently as the
interface electric field changes sign. However, presently there is
no direct evidence as to the mechanism for the ferroelectric

substrate polarization perturbation of the [Fe{H2B-
(pz)2}2(bipy)] spin states.
These XAS data, supported by the 2D Ising model

simulations, suggest a profound interaction between the
[Fe{H2B(pz)2}2(bipy)] spin crossover layer and the ferro-
electric at the interface. The lack of a more complete adoption
of the high-spin state at 200 K, when PVDF-HFP is polarized
“up” (Figure 2a), and the signatures of partial occupancy of the
low-spin state throughout the measured temperature range,
when PVDF-HFP is polarized “down” (Figure 2b), is the result
of a thicker [Fe{H2B(pz)2}2(bipy)] spin crossover film. In
some prior studies, where the [Fe{H2B(pz)2}2(bipy)] film was
only a few molecular layers23 (less than 12 nm) of
[Fe{H2B(pz)2}2(bipy)], the HS and LS states were more
strongly favored over a broad range of temperatures when the
ferroelectric substrate was polarized “up” or “down”,
respectively. Cooperative and surface effects are known and
could also influence the measured spin state occupancy.27

Conductance changes, associated with the different spin
state change, are well-documented in SCO materials12,22,43−54

and can be used to induce conductance changes in an adjacent
graphene layer.55 Yet nonvolatile changes in the conductivity
of SCO molecules, associated with a static polarization of an
adjacent ferroelectric layer, have just recently been charac-
terized.7 The conventional approach to induce the SCO
transition from HS to LS is through temperature control, and
this holds for the SCO [Fe{H2B(pz)2}2(bipy)] as well. As
shown in Figure 4a, the I−V curves for temperatures 298 and

150 K are plotted. Data for the 298 K measurement clearly
show a nonlinear response, well above the spin transition T1/2,
at 167 K. Below the spin transition T1/2, at 150 K, a dramatic
decrease in conductance, by about 2 orders of magnitude, is
observed, which is consistent with the larger highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO) gap [Fe{H2B(pz)2}2(bipy)]

23 and the
resulting low conductance in LS states noted elsewhere.7

Here the temperature-dependent conductance of SCO
[Fe{H2B(pz)2}2(bipy)] thin film is mediated by the ferro-
electric substrate polarization as well as temperature; Figure 5
shows the polarization-dependent conductance data measured

Figure 4. Differences in conductance for [Fe{H2B(pz)2}2(bipy)] thin
films for the high-spin (HS) dominated state versus the low-spin (LS)
dominated state. Panel a shows the conductance measured across
device 2 at room temperature (298 K) and below T1/2, the transition
temperature (150 K). Interdigitated electrodes with a spacing of 5 μm
were used as the basis for all transport measurement, as shown in
panel b. As shown in panel c, device 2 consists of a [Fe{H2B-
(pz)2}2(bipy)] thin film deposited directly on interdigitated electro-
des.
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at 298 K for the multilayer system of the [Fe{H2B-
(pz)2}2(bipy)]/PVDF-HFP thin-film heterostructure, as de-
scribed in the configuration of device 3. When the polarization
of the ferroelectric layer is polarized toward the [Fe{H2B-
(pz)2}2(bipy)] layer, the HS state is dominant, and a higher
conductance is observed. The conductance of the [Fe{H2B-
(pz)2}2(bipy)] thin film is clearly mediated by the polarization
of the ferroelectric PVDF-HFP substrate, which in turn can be
controlled by a gate voltage and is nonvolatile, creating a
straightforward route toward a three terminal molecular
device.1

These studies clearly demonstrate that a bistable isothermal
switching of the spin state and conductance in [Fe{H2B-
(pz)2}2(bipy)] thin films may be controlled by the application
of an external voltage when adsorbed onto a ferroelectric
substrate. Insight into the switching mechanism is gained
through XAS and theoretical modeling, further unveiling the
mechanism of switching. Broadening of the energy gap
between the HS and LS states, as characterized by XAS and
examined with theoretical modeling, gives an energy change
for this process of about 110 meV. Moreover, the bistable spin
transition is accompanied by a measurable change in transport
properties around 2 orders of magnitude between the HS and
LS states on devices where the SCO is triggered by an applied
external voltage. This nonvolatile voltage controlled switching
of the molecular spin state supplies an intriguing, feasible
platform for the design of gated voltage-controlled molecular
spintronic devices.
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(9) Shepherd, H. J.; Molnaŕ, G.; Nicolazzi, W.; Salmon, L.;
Bousseksou, A. Spin Crossover at the Nanometre Scale. Eur. J.
Inorg. Chem. 2013, 2013, 653−661.
(10) Piedrahita-Bello, M.; Martin, B.; Salmon, L.; Molnaŕ, G.;
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Demont, P.; Molnaŕ, G.; Salmon, L.; Carrey, J.; Tricard, S. Spin
Crossover in Fe(Triazole)-Pt Nanoparticle Self-Assembly Structured
at the Sub-5 Nm Scale. Nanoscale 2020, 12 (15), 8180−8187.
(12) Lefter, C.; Rat, S.; Costa, J. S.; Manrique-Juaŕez, M. D.;
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In our recent publication, Figure 5 was published without
adequate due diligence. The correct TOC Abstract graphic

and Figure 5 are contained here in this correction. The correct
on to off current ratios are in the range of 4 to 5, not 100 and
the signal to noise ratios are far less than previously shown.

Figure 5. Change in conductance observed with different ferroelectric
polarization directions. Transport measurements were taken across a
device with the ferroelectric layer adjacent to the SCO layer.
Polarizing the ferroelectric toward the [Fe{H2B(pz)2}2(bipy)] layer
results in HS S = 2, and a larger conductance. Polarization of the
ferroelectric away from the [Fe{H2B(pz)2}2(bipy)] layer gives the LS
S = 0 state and lower conductance. Device type 3 is schematically
illustrated.
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