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Abstract

®

CrossMark

Compact domain features have been observed in spin crossover [Fe{H,B(pz), },(bipy)]
molecular thin film systems via soft x-ray absorption spectroscopy and photoemission electron
microscopy. The domains are in a mixed spin state that on average corresponds to roughly 2/3
the high spin occupation of the pure high spin state. Monte Carlo simulations support the
presence of intermolecular interactions that can be described in terms of an Ising model in
which interactions beyond nearest-neighbors cannot be neglected. This suggests the presence
of short-range order to permit interactions between molecules beyond nearest neighbor that
contribute to the formation of largely high spin state domains structure. The formation of a
spin state domain structure appears to be the result of extensive cooperative effects.
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1. Introduction

Spin crossover molecular compounds have attracted wide
attention due to their potential applications [1, 2] in informa-
tion technology. While bistability and low barrier for transition
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of the spin state in those molecules could allow for unprece-
dented device efficiency, we know very little about the spatial
distribution of the spin state, even in simple model systems.
With spin crossover molecular compounds, the bistable nature
is typically evident as hysteretic behavior in the spin state, as a
function of temperature [3—9]. The nature of the spin crossover
transition between the low spin (LS) state and high spin (HS)
state, with bistability, is a competition between the entropy, the
mean spin interaction energy and the ligand field (quantified by
the ligand field parameter) [10—12]. In spin crossover molec-
ular systems, intermolecular interaction is associated with the

© 2022 |OP Publishing Ltd  Printed in the UK
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so-called ‘cooperative effects’, bridging its microscopic and
macroscopic properties [7, 13]. Cooperative effects are known
to drive the hysteretic behavior (i.e. bistability) observed in
thin film systems [9, 14-32].

A simple description to study an entropy-induced phase
transition and other cooperative phenomena is the Ising-like
model with the an activation energy for the transition between
the LS and HS states, and with nearest neighbor interaction [3].
In spin crossover compounds, molecules in the HS state versus
the ones in the low spin state have a difference in bond length
and angles and consequently their size and geometry subtly
changes upon the state switching [12, 13, 33, 34]. A transi-
tion in local spin states can cause a distortion in the lattice,
and this induced elastic strain results in long-range interactions
which can be expressed through an Ising-type Hamiltonian
[3, 12, 13, 34—39]. On the other hand, the short-range interac-
tions are also important and can depend on spin state, due to the
fact that the potential energy function is spin-state-dependent
[3, 40-42]. The phase transition and related cooperative
behavior is a result of both types of interactions [13,20,43,44].
While significant long-range interactions can suppress the gen-
eration of domain structures and favor placing all molecules
in the same spin state, short-range exchange interaction could
favor either pairs of same spin (HS—HS, LS-LS) or pairs with
different spins (HS—LS pair) [13]. In addition to Ising-type
Hamiltonian models of intermolecular interactions [3, 12, 12,
34-39], models including molecular dynamics [45, 46] and
Monte Carlo simulations [47, 48] have been implemented in
an effort to model the spin state transition. In spite of the fact
there is no free electron density and dipolar interactions are
generally weak, magnetic exchange has also been suggested
to play a role in the cooperativity of spin crossover systems
[34, 49, 50].

This work aims to delve into the intermolecular interac-
tions in thin films of the well-studied spin crossover molecule
[Fe{H:B(pz)2}2(bipy)l, (HyB(pz), = bis(hydrido)bis(1H-
pyrazol-1-yl)borate, bipy = 2,2-bipyridine) [1, 2, 9, 12, 33,
51-57]. From the measured spin state domain structure, we
can infer the presence of intermolecular interactions beyond
pairwise interactions. The comparison of the experimentally
determined spin state domain structure with simulation data
suggests not only are nearest neighbor interactions implicated
but next nearest and next-next-nearest neighbor interactions
play a significant role.

2. Experiment methods

The spin crossover [Fe{H,B(pz), }»(bipy)] molecule was syn-
thesized and characterized, as noted elsewhere [2, 9, 12, 33,
51-57]. A schematic diagram of the molecule is shown in
figure 1(a). [Fe{H,B(pz),}.(bipy)] is one of the several spin
crossover molecules that preserves its structure upon sublima-
tion [9, 33, 51-57]. In this study, a nominally 15 nm thick
[Fe{H,B(pz), }»(bipy)] molecule thin film was thermally evap-
orated onto a 100 nm nickel cobaltate (NiCo,O4(111)) thin
film, which was grown on an Al,03(0001) substrate by pulsed
laser deposition. The magnetic properties of the NiCo,O4(111)
thin film have been studied systematically, as noted elsewhere

[58, 59]. For the semiconducting NiCo,04(111) grown on
Al,03(001), ferrimagnetism occurs below 7. = 330 K with a
coercivity about 1000 Oe [58]. These experimentally advanta-
geous parameters make the NiCo,O4(111)/A1,05(001) system
very suitable as a substrate for the subsequent fabrication of
[Fe{H,B(pz),}»(bipy)] thin films. Prior studies have shown
that a [Fe{H,B(pz), }.(bipy)] film on oxides [33], NiCo,04
included [53], favors occupancy of the LS state for thin films
with thickness of 10 to 15 nm. This occurs for temperatures
well above the spin state transition temperature of 167 K when
the molecule originally favors the HS state.

The x-ray absorption spectroscopy (XAS) and x-ray pho-
toemission electron microscopy (PEEM) measurements on
[Fe{H,B(pz),},(bipy)] thin films were performed at the
Advanced Light Source at Lawrence Berkeley National Lab-
oratory using beamline 6.3.1 and the PEEM-3 instrument at
beamline 11.0.1 [60]. The x-ray beam spot was 25 microns
vertically, and about 100 microns laterally due to the grazing
incidence of 30 degrees. The sample was temperature cycled
between 100 K and 350 K multiple times before imaging at
room temperature (297 K). Images are shown with a 16 pym
field of view.

3. Results and discussion

3.1. Mapping of the surface spin state

X-ray PEEM has been used here to probe the two-dimensional
spin state domain structure across the thin film. Figure 1
presents a PEEM image of a 15 nm [Fe{H,B(pz), }.(bipy)]
thin film on top of NiCo,04. X-ray absorption spectra (XAS)
are derived from PEEM image stacks acquired with energy
steps of 0.1 eV across the Fe L, 3 absorption edges. This probes
transitions between the core level states and empty valence
states. It is not only element specific but also sensitive to the
chemical environment and molecular spin state [ 12,33, 51-53,
55-57,61,62]. While x-ray PEEM is commonly used to image
structural and magnetic domains [60, 63], we are using spec-
tromicroscopy to derive a map of the spin states across the film
surface.

At each photon energy point, an image was acquired and
the images are combined in a stack where each ‘pixel’ is an
absorption spectrum of the Fe L3, edges. The pre-edge image
(at 700 eV imaging x-ray energy) is shown in figure 1(b).

The PEEM image, figure 1(b), exhibits considerable het-
erogeneity. While the interpretation of intensity variations on
the basis of a single x-ray energy would remain ambiguous,
the spin state can be determined from spectroscopic data. The
spectrain figure 1(c) are derived by integrating pixel intensities
over the areas marked by circles in figure 1(b) for each energy
in the image stack. XAS and near-edge x-ray absorption fine
structure (NEXAFS) have been shown to directly provide dis-
tinct signatures of the LS state and the HS state of Fe (I) spin
crossover molecular compounds [9, 12, 33, 51-53, 55-57, 61,
62] They are a facile means for assessing the fraction of the
HS state and the LS state. The HS and LS state fraction can be
extracted from the XAS spectra by interpolating peak ratios
of the L3 sub-peaks between 705 eV and 715 eV with those of
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Figure 1. (a) The schematic drawing of the spin crossover molecule [Fe{H,B(pz), }»(bipy)] and thin film on NiCo,0y substrate. SCO stands
for spin crossover molecule. (b) The pre-edge (700 eV) x-ray PEEM image for 15 nm of [Fe{H,B(pz), }»(bipy)] thin film on top of

NiCo, 0y, showing compact grain features (A, B) around seas of the flat region (C, D). (c) The Fe L3,2 edge x-ray absorption spectra for the
marked area, indicating the grain features where the high spin (HS) state or low spin (LS) state for is more dominant (although not 100%).

measured in benchmark spectra for the pure high-spin and pure
low-spin states: in the LS state of [Fe{H,B(pz), }.(bipy)], well
below 160K [9, 12,33,51-53,55-57, 61, 62], the 3d electrons
occupy the ty, orbitals in pairs and the e, orbitals are empty.
This is generally observed in the Fe L edge (2p3) XAS as a
major feature at photon energy around 708 eV. By comparison,
in the HS configuration, the e, orbitals are partially populated
while the ty, orbitals subsequently become partly depopulated,
which corresponds to the XAS spectra with a decreasing inten-
sity of the peak at 708 eV and an increase of the t,, peak around
706.5 eV. The spectra of the LS state and the HS state from
the temperature dependent spin crossover transitions are good
‘fingerprints’ of the spin states, and can be used to infer the
percentage of HS and LS state occupancy.

Figure 1(c) presents the characteristic XAS spectra of the
various dominantly HS state and LS state regions of the spin
crossover thin film [Fe{H,B(pz), }»(bipy)] on NiCo,O4(111).
Regions A and B denote grain-like features of the thin film
while regions C and D represent more homogeneous parts
of the thin film with flat contrast. The Fe L; NEXAFS in
figure 1(c) reveals the fact that spectra A and B correspond
to the HS state of the [Fe{H;B(pz), }.(bipy)] molecule, and
spectra C and D correspond to the LS state. This indicates that
molecules in the grain-like regions on the thin film tend to have
an overall higher spin state occupation compared to their flat
domain counterparts.

The asymmetry A of to, and e, peak at L3 edge is a good
indicator of the HS occupation, and can be expressed as:

A = Mo P
h’Zg + heg

The peak intensities hyp, and hg, indicative of the ty,
and t., unoccupied states have been determined by fitting
the spectrum at the Fe-L; edge spectrum at a given pixel
with two Lorentz peaks after linear background subtrac-
tion. We have extracted the asymmetry mapping of the
[Fe{H,B(pz),},(bipy)] thin film based on the PEEM data;

Asymmetry HS%
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0.4  83.33%
0.2 66.67%
0.0 50%

-0.2 33.33%
-0.4 16.67%
-0.6 0%
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Figure 2. The extracted peak asymmetry map of the 15 nm thick
[Fe{H,B(pz), }»(bipy)] thin film on NiCo,0y,, with corresponding
high spin (HS%) occupancy. The majority of the film is in the LS
state, while HS grains with fraction around 2/3 to the fully HS state
has been observed.

the result is presented in figure 2. Conversion of asymme-
try to the percentage of material in the HS state (HS%)
has been done by scaling to reference spectra obtained from
[Fe{H>B(pz), }»(bipy)] thin films residing in pure LS and pure
HS.

From the mapping result, it is clear that the majority of the
thin film is in the LS state (blue), which corresponds to the
flat region of the thin film. Closer to the HS state domain fea-
tures, the spin state occupancy rises, with HS state dominant
near the center of the grains. It should be noted that in the spin
state mapping data shown in figure 2, the HS state domains
(red) are not close to 100% HS state occupancy, but rather
high-spin and low-spin states are mixed in a 2:1 ratio. A sin-
gle molecule can only be in the definite HS state or LS state.
The separation of the film into areas of pure LS state and areas
that exhibit the 2:1 spin state ratio points to the formation of
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Figure 3. The Monte Carlo Ising model simulation lattice results corresponding to various interaction parameter strength and length. The
infinite decay rate corresponding to N; is shown in the row ‘strong nearest-neighbor interaction’, the quadratic decay rate for N3 is shown in
the row ‘some nearest-neighbor interaction’, and the linear decay rate for N3 is shown in the row ‘beyond nearest-neighbor interactions’.
The linear decay in interaction length gives rise to compact HS dominated domains as seen in the experimental PEEM image.

triplets of two spin crossover molecules in the HS state and one
in the LS state. Clusters with the composition of a molecular
triplet (2 HS and 1 LS or 2 LS and 1 HS) seem to be energeti-
cally preferred over arbitrary spin state ratios. The presence of
clusters with this particular packing reveals that cooperative
effects dominate the formation of domains to reduce overall
free energy.

3.2. Monte Carlo simulation of the domain feature

The PEEM image in figure 1(b) shows compact, circular HS
dominated domains surrounded by uniformly distributed LS
and mixed spin state domains. We have performed simulations
have to determine what conditions lead to this domain struc-
ture. Previous studies [18, 57] have successfully employed the
Ising-like Hamiltonian to represent the spin crossover system:

H= —le gi0j — Jzz ;0 — 132 oio] + LLZ g
(N3) i

(Ny) (N2)

where J is the interaction parameter and o is the fictitious
spin operator taking values +1. We consider the film to be
thin enough for the spin state to vary only very little over its
thickness of 15 nm. For this work, we assigned the LS state
to the —1o operator value and the 2/3 HS triplet state to the
+10 operator value as the PEEM data does not exhibit a fully
HS domain. We also considered the sum over the next-nearest
neighbor N, and next-next-nearest neighbor N3 interactions in
addition to the nearest neighbor N interactions on a square
lattice for a total of 12 neighbors considered. The fourth term
refers to the mean field term:

(A kT

where T is temperature, A is the energy difference between
the HS and LS states, k, is the Boltzmann constant, and In(g)
is the degeneracy ratio between the HS and LS states.

Next, we consider the unitless ratios of interaction param-
eters R' = J,/J, and R” = J;3/J; and impose a decay relation
between them:

R(Ny) = alrgi )",

where r(;; is the distance between kth-order neighbors in
neighborhood Ny on the square unit lattice and « carries the
units.

We then let R = R(N») and R” = R(N3). Three cases for
R were considered: the first of these three models consid-
ers strong nearest-neighbor interaction, yielding an infinitely
steep decay (n = o0) in interaction strength between the ith
site and neighbors in N, N3 such that R" = R” = 0; this is
equivalent to the commonly considered nearest-neighbors N
interactions. The second case brings some nearest-neighbor
interaction, yielding a quadratic decay 1/r with constants R’ =
1/2 and R” = 1/4. The third case considers interactions
beyond nearest-neighbors, yielding a linear decay 1/r such that
R =1/ V2 and R” = 1/2. For each decay rate we can deter-
mine a maximum effective coupling value: Jo, = 1.000/,
Jquadratic = 1.750]1, and Jlinear = 2207]1

A Monte Carlo Ising model simulation using the metropo-
lis algorithm [64] was implemented with the goal of deter-
mining conditions that lead to the domain structures observed
in the PEEM image in figure 1: a compact, HS domain with
smooth edges surrounded by predominantly LS/mixed state
background. Our simulations used a 300 by 300 square lattice
with periodic boundary conditions, and experimental values
T =297 K, In(g) = S/p where S = 83.9 J mol ! K~! [65] and
pis the gas constant 8.314 J mol~' K~! with free parameters A
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and J;. To study the effect of increased cooperativity between
neighbors, first a physically plausible background with ~1/3
HS state, thus matching experiment, was achieved by letting
a pure LS state evolve using nearest-neighbor N; coupling,
then the cooperativity was increased through the order of the
neighborhood and the R’ ratios until domains appeared. To
interpolate lattice values between 0 and 1, the lattice was then
downsampled by averaging over a 3 by 3 pixel neighborhood.
The downsampled results of the selected simulations are pre-
sented in figure 3 for best-fit parameters J| = [47.5,48,48.5] K
and A = [3000.0, 3000.5, 3001.0] K.

To determine which simulation results are most comparable
to the experimental results, the background was removed from
both the PEEM and simulated data with an adaptive thresh-
old so that only domain structure remained. The simulated
data was interpolated to contain the same number of points
as the experimental PEEM data. The results were then com-
pared using the structural similarity (SSIM) index [66] with a
default Gaussian kernel size of 11 by 11 and SSIM radius of
1.5. The SSIM index compares the local means and variances
for a neighborhood of pixels within each of the two images
and is therefore a metric for comparing domain shape [66].
For each set of parameters we compared ten simulations to the
experimental data to obtain the corresponding SSIM index on
an absolute scale of 0 to 1.

To observe high degrees of SSIM, beyond nearest-neighbor
interactions need to be included in the simulation. Figure 4
shows SSIM indices between experimental data and simula-
tions obtained with varying ranges of interaction. Linear decay
simulation results reaching beyond next-next-nearest neigh-
bors achieve a SSIM index around 0.64 (0.6354 4- 0.0063 for
J =475K, 0.6511 4 0.0057 for J = 48 K, and 0.6646 +
0.0063 for J = 48.5 K) in relation to experimental PEEM data.
Limiting the interaction range to next-next-nearest neighbors
or less leads to SSIM indices around 0.35 or below 0.1 for inde-
pendent thermally activated spins. We therefore conclude that
these longer range cooperative effects need to be included to
capture the relevant physics of this spin crossover system.

Typical Monte Carlo Ising model simulations consider
only the four nearest-neighbors and a mean field term in the
Hamiltonian; the nearest-neighbors represent the short range
interactions and the mean field represents the long range inter-
actions. At the critical temperature and above, these typical
Monte Carlo Ising model simulations develop uniformly dis-
tributed domains with irregular borders [68]. Nakada et al fur-
ther showed that implementing a crossover from short-range to
long-range interactions in the Hamiltonian does not affect the
uniform distribution of domains or the cluster size [68], with
the implication that interaction length alone cannot account
for the observed domain structure in figure 2. As shown in
figure 3, we find that compact minority-state domains arise
due to increased interaction (cooperativity) between adjacent
lattice sites when the interaction term J decays linearly as a
function of distance over the twelve nearest-neighbors.

In the spin crossover Hamiltonian, the mean field term
arises from the elastic interactions that cause lattice distortion
and has an infinite interaction length [67] while the short-range

SSIM Scores

0.8F
0.6
0.4

0.2

Figure 4. Structural similarity indices between measured domain
distribution data and simulation results with different interaction
length scales. Areas patterns in bars represent typical HS domain
distributions from the respective simulations (color bar as in
figure 3).

terms containing J;, 3 correlate with intermolecular interac-
tions and have a finite interaction length dependent on the size
of the neighborhood. Binder and Landau showed the impor-
tance of the ratio between interactions of higher-order neigh-
bors in critical point behavior and phase transitions [68, 69],
while Nicolazzi et al included a Lennard—Jones potential in
the spin crossover Hamiltonian to demonstrate the effect of
distance on spin crossover intermolecular interactions [40].
Here, we report a lower bound of N3 for the short-range inter-
action length and a linear decay in interaction strength as a
function of distance. Restricting the neighborhood to N, with
these constants did not yield the desired results. These results
agree with Nicolazzi’s description of a distance-dependent
anharmonic model for SCO intermolecular interactions [40].
Although these simulation results cannot be directly mapped
onto experimental results, particularly since we consider a
square lattice and the simulated value of the interaction param-
eter J; is a gross estimate of the undetermined experimental
value [40] our findings suggest that in addition to interaction
beyond nearest-neighbor interactions, the compact domain
shape arises from electrostatic-like interactions.

It is possible to improve the SSIM index result by changing
the scale of the simulation and forcing a larger domain size
with respect to the final image (as seen in figure S1 (https://
stacks.iop.org/JPCM/34/295201/mmedia) in the supplemen-
tary information with the 72 by 72 size lattice), but this has
been avoided to not misrepresent the clustering for an effec-
tively infinite lattice. The simulations are also agnostic to any
effect that morphological inhomogeneities may have on the
nucleation or pinning of spin crossover domains.

4. Conclusions

We have observed of spin state domains in a
[Fe{H;B(pz), }»(bipy)] spin crossover molecular thin
film. We find that the film separates into domains that favor
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LS state, or a mixed spin state with HS occupation around 2/3
relative to the pure HS state, and this is evident in x-ray PEEM
spectromicroscopy. There are domains residing largely in the
HS state that are highly compact. Corresponding Monte Carlo
simulations support the presence of beyond nearest-neighbor
interactions and the role these interactions play in governing
the formation of domain structures with the observed compact
shape. Simulations limited to nearest-neighbor interactions in
SCO thin film are insufficient to explain the domain structure.
Only by including beyond nearest-neighbor interactions does
it become possible to reproduce the experimentally observed
domain structures with the Monte Carlo simulation of this
model. This work shows that nearest neighbor, next-nearest
and next-next-nearest neighbor interactions all play a signif-
icant role in establishing cooperative effects. This extensive
interaction beyond nearest neighbor is compelling evidence
for cooperative effects in [Fe{H,B(pz),},(bipy)] SCO thin
films that have been indicated in compact HS state domain
structures shown here and suggested by the evidence for
cooperative effect previously discussed elsewhere [9].
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