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We analyzed the size effect on a first-order spin transition governed by elastic interactions. This study
was performed in the framework of a nonextensive thermodynamic core-shell model. When decreasing
the particle size, differences in surface energies between the two phases lead to the shrinking of the
thermal hysteresis width, the lowering of the transition temperature, and the increase of residual fractions
at low temperature, in good agreement with recent experimental observations on spin transition nano-
materials. On the other hand, a modification of the particle-matrix interface may allow for the existence of
the hysteresis loop even at very low sizes. In addition, an unexpected reopening of the hysteresis, when the
size decreases, is also possible due to the hardening of the nanoparticles at very small sizes, which we
deduced from the size dependence of the Debye temperature of a series of coordination nanoparticles.

DOI: 10.1103/PhysRevLett.110.235701

The fundamental understanding and the control of
physical and chemical properties of phase transition mate-
rials at the nanometer scale are the object of significant
research activity [1]. Decreasing the size of these materials
to the nanometer scale gives rise to new phenomena with
respect to phase stability. These phenomena include a
variety of confinement effects as well as the inexorably
increasing role of the interface energy in the thermody-
namical properties of the material [2-5]. In addition, the
phase transformation kinetics can be also strongly altered
at reduced sizes [6]. The modulation of the phase diagram
when approaching the nanometer scale may be so impor-
tant that new phases with new properties appear which
cannot be observed in the bulk materials [4,5]. Indeed a
number of experimental and theoretical studies confirmed
these ideas, a particularly well documented example being
the melting transition of nanocrystals [2,3].

In this Letter, we focus on an emerging class of nano-
materials displaying the molecular spin-crossover (SCO)
phenomenon. These transition metal complexes exhibit
bistability between the so-called low spin (LS) and high
spin (HS) electronic configurations, which is accompanied
by a spectacular change of the material properties [7]. The
molecular spin state change in the bulk material gives rise
to elastic interactions between the molecules due to the
strong electron-lattice coupling, leading to the emergence
of various cooperative phenomena, such as first-order
phase transitions. We focus here on these cooperative
effects, because they are considered as the key properties
of these smart molecular systems for future applications in
memory and highly efficient switching devices. Indeed, the
recent synthesis and characterization of these coordination
compounds as nanoparticles, nanowires, thin films, and
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nanoscale assemblies have brought new fundamental ques-
tions about the control and the preservation of the cooper-
ativity at the nanometric scale [8,9]. Recent theoretical
investigations using the well-known Ising-like model pre-
dicted a decrease of the spin transition temperature, an
increase of the residual HS fraction at low temperatures,
and the narrowing of the hysteresis width with decreasing
particle size, leading to the ineluctable loss of the hystere-
sis [10—13]. On the other hand, the available rare experi-
mental results remain somewhat discordant. For example,
the size-dependent thermal hysteresis curves reported in
Refs. [14—17] correspond well to these theoretical predic-
tions. In several other cases, however, a somewhat unexp-
ected conservation of the hysteresis loop has been detected
down to particle sizes as small as 3—4 nm [18-23]. Of
course, these differences might just be related to the differ-
ent chemical nature of the particles. In addition, the
mechanical properties of the particles may be also size
dependent. Another potentially important parameter is the
nature of the matrix in which the particle is embedded.
This has been clearly demonstrated by Raza er al
[22], who synthesized core-shell particles with the same
10 nm Fe(pyrazine)[Pt(CN),] core and reported a strong
variation of the hysteresis width as a function of the
chemical nature and the thickness of the shell layer. The
authors proposed that interactions between the nanopar-
ticles may arise and can be modulated by their environ-
ment. Of course, the mechanical properties of the matrix
as well as the physicochemical properties of the particle-
matrix interface may also have a strong influence on the
observed properties [20].

In order to better understand the size dependence of the
spin transition, we present here a combined experimental

© 2013 American Physical Society
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and theoretical study. We developed a thermodynamical
core-shell model in which surface energy as well as elas-
ticity are taken into account. The size effect on the elastic
properties has been analyzed through the experimental
determination of the Debye temperature (®p) by
Mossbauer spectroscopy in three Prussian blue analogue
model compounds with different nanoparticle sizes.

In the following, we consider a spherical nanoparticle
with a radius R constituted of a bulklike core, which is
connected to a surface S, the so-called core-shell approach
(Fig. 1, inset). This type of model is often used to
account—in a simple manner—for the fact that the chemi-
cal and physical properties of nanomaterials are not homo-
geneous [2,11]. The total Gibbs free energy per mole of a
nanoparticle in contact with a thermal bath at the tempera-
ture T can be expressed as

G= ancHS + (1 - nHS)GLS - T(Sh + 5

mix mix)

+ S[ousnys + ors(1 — nfig) ]+ Tngs(1 — nys), (1)

where nys = c’nfiq + ¢*nfjg stands for the total mean
number of molecules in the HS state, the so-called HS
fraction, while Gyg and Gpg correspond to the Gibbs
energy of the HS and LS phases, respectively. It is impor-
tant to note that the introduction of surfaces leads to the
loss of the extensive character of G and its derivatives. In
the approximation of a spherical nanoparticle where V,, and
Sy are the unit-cell volume and surface, respectively, the c*
and c” coefficients are, respectively, ¢* = (3V,)/(RS,) and
b =1—¢* with ¢*, ¢® €[0,1]. S2. and S% . are the
mixing entropies of the bulk and the surface, respectively.
The next term in Eq. (1) gives the energy cost for the
creation of an interface with a surface HS fraction njg.
The quantity o; (i = HS, LS) is the surface (interface)
energy, which can include surface stress, due to the curva-
ture of the interface separating the nanoparticle and the

1 T T T | T
Ac = —-0.1Tm?2

0.8 / B
" 0.6 B
&
0.4 B
0.2 / B
0 Bul\k I I J__—Q-/\ |
160 180 200 220 240 260 280 300 320
T (K)

FIG. 1 (color online). Thermal evolution of the total HS frac-
tion for different nanoparticle sizes calculated with the thermo-
dynamic model. Parameters used (see also Supplemental
Material [28]): AH=18000J-mol™!, AS=61J-K ' mol™!,
Aoc=-0.1T-m 2, Tys=5143T-mol™!, I'\g = 6857 J - mol !,
and I' = npglys + (1 — ngg)lis.

surrounding medium [24]. The last term in Eq. (1) corre-
sponds to the intermolecular interactions, whose strength is
effectively governed by the phenomenological I" parameter
[25]. This thermodynamical approach can be directly
related to elastic mesoscopic models in the framework of
continuum mechanics. In particular, it has been shown that
I" has a linear dependence with the elastic bulk modulus
K in the mean field (MF) approach: I" « K [26]. In the
effective medium approximation, the elastic bulk modulus
is assumed to be uniform and homogeneous in the nano-
particle: K = nygKys + (1 — nys)Krs, where Kyg and
Kj g stand for the bulk modulus of the HS and LS phases,
respectively. This excludes clustering process, in agree-
ment with the intrinsic MF assumptions dictated by our
thermodynamical model. The bulk modulus is accessible
either from high pressure x-ray diffraction or, as in the
present case, can be derived from the Debye temperature
Op of the particles [27]. The stationary solutions are given
by the two relations G /dnls = 0 and dG/dnf;s = 0, and
a unique couple (nfq, n%) exists for a given temperature T
(for more details of the model see the Supplemental
Material [28]). The thermal evolution of the total HS
fraction nyg is depicted in Fig. 1 for different nanoparticle
sizes. A decrease of the transition temperature 7' /, as well
as an increase of the residual HS fraction at low tempera-
ture is observed by lowering the size of the system in
agreement with experimental observations reported in
Refs. [14,15]. These two effects arise due to the presence
of the surfaces, which can be seen as local modifications of
the ligand field and/or the surface stress, attributed to
chemical bond differences at the surface, a lowering of
coordination number, and possible interactions with the
external environment. The magnitude of these size effects
is directly related to the difference between the HS and LS
surface energies Ao = oyg — o [Fig. 2(a)]. If Ao <0
(respectively, Ao >0), the HS state (respectively, LS
state) is favored at the surface and the transition tempera-
ture shifts to lower (respectively, higher) temperatures.

(b)

ys

0
0 02 04 06 08 1 200 250 300 350 400
e T(K)

FIG. 2 (color online). (a) A couple of solutions between njg
and ”’})Is for different values of Ao (varying from —0.04 to
+0.04 along the arrow). (b) The symbols display the spin trans-
ition for the bulk material. The lines show the transition for an
8 nm nanoparticle with different surface tensions, respectively,
from the left to the right: Ao=-0.1J-m™2, —0.005J-m~2,
0J-m™2,40.005J-m~2, and +0.1 J- m~2,
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Therefore, the surface molecular state can be partially
“fixed” either in the LS or in the HS states. Actually, the
surface energy does not fix the spin state of the molecules
at the surface but instead changes locally the transition
temperature. Therefore, the occurrence of multistep tran-
sition cannot be excluded, attributed to the transition of the
core and the surface(s) of the nanoparticle. On the other
hand, surface energy depends also on the bulk modulus of
the nano-objects [24]: Ao = f(AK), where AK = Kyg —
Kj 5. Itis well known that the LS phase is more rigid than the
HS phase, leading most of the time to a negative value of
Ao. Tt can be interpreted as a negative pressure which is
only active on the surface [12], resulting for SCO nano-
particles in a shift of 7', to lower temperatures and in an
increase of the residual HS fraction. In the limit Ao — — oo,
the surface is totally fixed in the HS state, i.e., njjg — 1 [see
Fig. 2(a)], and an analytical expression for the equilibrium
temperature 7' />(R) of nanoparticles with size R can be
established, assuming AK/K < 1 (see demonstration in
the Supplemental Material [28]):

1 3V,
Ti(R) = Tipp(%0) = % 5, AOS T, )

where T ,(00) corresponds to the transition temperature in
the bulk material and AS stands for the entropy difference
between the two states. This limit situation is equivalent to
the recent numerical investigation of size effects in SCO
nanoparticles using the Ising-like model with fixed bound-
ary conditions, which constitutes a particular case of our
present approach [11]. The 1/R dependence of the transi-
tion temperature with the radius of the nanoparticle is a
well-known result, which can be derived from the Laplace-
Young equation and which has already been observed in
other finite size first-order phase transitions such as the
melting process [2,3].

It is important to note that a complete spin transition
may be obtained even for very small particles by tuning the
physical (additive stress) or chemical (modification of the
ligand) properties at the surfaces. For example, the dimi-
nution of |Ao|, as shown in Fig. 2(b), allows one to recover
the bulk transition for an 8 nm particle. This effect
have been already observed experimentally by modifying
the surface of SCO nanoparticles [22]. In other words, a
careful engineering of the particle-matrix interface may
allow one to tune the spin-crossover properties of the
particles and preserve the bistability even at very small
sizes. Figure 2(b) reveals also the possibility to observe an
increase of the transition temperature and an increase of
the residual LS fraction with decreasing particle size for
the case of Ao > 0. If now we consider a nonspherical
nanoparticle, then different surfaces may also have differ-
ent interfacial energies. In this case, both HS and LS
residual fractions could be observed in the same nano-
particle, such as reported in Refs. [14,18].

In the previous simulations, the decrease of the hys-
teresis width, i.e., the loss of cooperativity, was obtained
for a fixed value of the parameter I' (see Fig. 1). However,
the elastic properties of a nanoparticle can be very differ-
ent from the elasticity of the bulk material. The tendency
of the variation of elastic properties with the size of the
particles depends a lot on the material. For example, in
the case of noble metal nanoparticles, a higher stiffness
was reported when compared to the bulk material [29].
In general, the elastic modulus of ultrasmall (< 5-10 nm)
nanoparticles is enhanced [4,29], yet a diminution is
also possible [5]. Therefore, a more precise analysis of
the size-dependent mechanical properties of coordination
nanoparticles becomes essential. To this aim, we have
studied a series of nanoparticles (in polymer matrix) of
three model compounds (Fey[Fe(CN)g], Nis[Fe(CN)gl,,
and Cus[Fe(CN)g],), which do not display any spin
transition. These compounds are structurally very close
to bistable systems, such as CsCo[Fe(CN)g] [30], which
exhibit bistability and can thus be used as structural
models but without the complications which may arise
due to the presence of multiple (HS and LS) phases in
various proportions in the different particles. We synthes-
ised nanoparticles with different sizes [Fig. 3(a), inset]
with a similar crystal structure and environment (for more
information see the Supplemental Material [28]). The size
dependence of the stiffness variation of these ‘‘structural
models” provides thus information on the size depen-
dence of I' in bistable analogues. For a quantitative
comparison of the stiffness of the particles, we have
determined their Debye temperature from the temperature
dependence of the total area of their >’Fe Mdssbauer
spectra (see Supplemental Material [28] for further infor-
mation). For large particles no significant difference
between the Debye temperature of the bulk and the
nanoparticles can be detected, but for very small particles
(2-3 nm diameter) O, increases for the three compounds
which signifies a hardening of the material [Fig. 3(a)].
For the Fe,[Fe(CN)g] system, the slight increase of the
Debye temperature at very low size may be attributed to
the difference of stiffness between the bulk and the
surface. In the Nis[Fe(CN)4], compounds, the increase
of @p is more spectacular (=40 K). A possible expla-
nation may be the occurrence of a reduction from Fe!l!
to Fell at the surface of the particles as inferred from
the Mossbauer (see Supplemental Material [28]), Raman,
and IR spectroscopy analysis. A similar conclusion
was reached with the Cu;[Fe(CN)g], analogue (see
Supplemental Material [28]).

While the microscopic origin of the size-dependent
variation of stiffness may be different from sample to
sample (surface relaxation, surface redox process, etc.)
the overall conclusion is the same: The surface atoms differ
from the bulk, and their weight on the global elastic
properties of the particle increases with decreasing size.

235701-3
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FIG. 3 (color online).
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(a) Evolution of the Debye temperature for Ni;[Fe(CN), ] Prussian blue analogue nanoparticles as a function of

their average size (2 nm, 35 nm, 70 nm, 115 nm, bulk) determined from 5TFe Mossbauer spectroscopy data. Inset: The cubic Prussian blue
analogue structure (the presence of alkaline ions and vacancies have been omitted for clarity). (b) Thermal evolution of the total HS
fraction for different nanoparticle sizes calculated with the thermodynamic model. The 4 nm nanoparticle has a K; g = 40 GPa and a
Kys = 38 GPa; the other sizes have a Kj g = 24 GPa and a Kyg = 18 GPa.

The influence of this increased rigidity on the spin tran-
sition behavior may be important. Figure 3(b) shows a
series of size-dependent spin transition curves by taking
into account the enhanced stiffness of the small particles.
The increase of I' with the diminution of size leads
to stronger interactions between the molecules, resulting
in the reopening of the hysteresis loop. This finding may
well explain the unexpected large hysteresis observed
experimentally in ca. 3 nm SCO particles [18,20,23].
This result opens up new questions about the notion of
cooperativity and intermolecular interaction strength when
the system reaches a nanometric size. Indeed, cooperativity
corresponds to collective effects of entities connected
between each other, while the strength of intermolecular
interactions depends on the nature of the connections
between molecules. The decrease of the size leads to a
decrease of the number of connections. If the strength of
intermolecular interactions is constant when the size
decreases, the system loses the bistability and hysteretic
behavior. However, if the intermolecular interactions
become stronger at low size, a competition may exist
between the two effects and the hysteresis can reappear
at very low sizes.

In summary, our results highlight that the cooperativity
in nanoscale spin transition materials depends on various
surface phenomena. A simple “‘effective’ surface energy
term can take into account in a phenomenologic way the
differences between the bulk material and particles with
high surface to volume ratio. The difference of opg and
o1 surface energy leads to a residual fraction at the
surface, a shift of the transition temperature, and a loss
of cooperativity. In addition, experimental results brought
out an enhancement of the elastic modulus of coordination
nanoparticles. If this observation is taken into account in
the model, we can conclude that it is even possible to
recover the hysteresis at very low sizes (< ca. 5-10 nm),
due to an enhancement of the elasticity. We shall note that

this model was used to investigate spin transition materials,
but the fundamental conclusions are readily extendable for
a broad family of phase transition materials displaying
strong spin-lattice or electron-lattice couplings [31] as
well as polymorphism [32]. The common feature of these
materials is the central role of the elasticity and a signifi-
cant volume change upon the phase transition.

It would be very interesting in a further work to
develop the surface energy in different terms, i.e., chemi-
cal, mechanical, and electrostatic. In addition, specific
kinetic aspects such as the heterogeneous nucleation
mechanism should also be taken into account [33].
Further experimental work along the predictions of our
model will also be necessary and should lead to the
development of a new class of phase change materials
based on “‘interface engineering” and/or adjustable me-
chanical properties.
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