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Is the surface of Hofmann-like spin-crossover {Fe
(pz)[Pt(CN)4]} the same as its bulk?

Alejandro Martínez Serra, a Archit Dhingra, *a María Carmen Asensio,b,c

José Antonio Real d and Juan Francisco Sánchez Royo *a,c

Temperature dependent X-ray photoemission spectroscopy (XPS)

has been employed to examine the spin-crossover (SCO) transition

in the nanocrystals of 3D Hoffman-like {Fe(pz)[Pt(CN)4]}.

Consistent with the existing literature, the temperature-dependent

variations in the Fe 2p core-level spectrum provide unambiguous

evidence of the spin-state transition in this SCO complex. One of

the many possible reasons behind a lack of discernible tempera-

ture-driven shifts in the binding energies of both the N 1s core-

level components could be the immunity of its HS electronic

configuration to thermal fluctuations. The high-spin fraction

versus temperature plot, extrapolated from the XPS measurements,

reveals that the surface of the nanocrystals of {Fe(pz)[Pt(CN)4]} is

in the high-spin state at room temperature, rendering it promising

for room-temperature spintronics and quantum information

science applications.

Introduction

Fe-based spin crossover (SCO) complexes, with Fe in the +2 oxi-
dation state, are materials where the Fe(II) atoms are sur-
rounded by an octahedral ligand field. In these Fe(II) SCO com-
plexes, even some minor external perturbations, like variations
in the magnetic field1,2 or temperature,3–6 can lead to a detect-
able change in their spin state.7–13 Owing to the temperature
sensitivity of the octahedral ligand field splitting (Δoct)
between the t2g and eg orbitals, these complexes tend to
occupy the low-spin state (LS), exhibiting a diamagnetic char-
acter (S = 0), at low temperatures. Conversely, lowering the Δoct

between the t2g and eg orbitals by increasing the temperature,

beyond their respective critical transition temperature Tc,
makes these complexes transition to a paramagnetic high-spin
state (HS) with S = 2.12,14–18 The bistability of these spin
states7,19,20 and the facility with which these spin states can be
transitioned in the Fe(II) SCO complexes6 make these materials
come off as great candidates for nonvolatile memory
applications.21–23 The existence of room-temperature magnetic
moment in these molecules may also be exploited for room-
temperature spintronics24,25 and molecular transistor-based
quantum information science applications.26,27 To elaborate
further, as can be reasonably extrapolated from Bhatti et al.,28

the bistability of the Fe(II) SCO complexes at room temperature
can be capitalised upon for spintronics-based memory, and as
far as room-temperature quantum information science appli-
cations are concerned, such materials can be used for the fab-
rication of scalable molecular transistors (described in great
enough detail in ref. 27).

Usually, investigation of spin-state transitions in the SCO
complexes involves the use of magnetometry (or magnetic sus-
ceptibility measurements). However, since Fe(II) experiences a
considerable electronic change with a spin-state transition29

(Fig. 1a), some popular non-invasive techniques like X-ray
absorption spectroscopy and X-ray photoemission spec-
troscopy (XPS) have been employed to detect these transitions
in the Fe(II) SCO complexes without the application of an exter-
nal magnetic field.6,30–41 In this work, temperature-dependent
XPS has been used to monitor the evolution of the Fe 2p and
N 1s core-level photoemission spectra of the nanocrystals of
3D Hoffman-like {Fe(pz)[Pt(CN)4]} (schematic shown in
Fig. 1b) with temperature. Besides, the highly surface-sensitive
nature of XPS42,43 would allow us to uncover the effects of
thermal fluctuations on the surface magnetization of the {Fe
(pz)[Pt(CN)4]} nanocrystals, which may not be all the same
when compared to the magnetization values in the bulk.
Hence, the physical insights provided by these measurements
could be of high relevance for nanoparticles of Fe(II) SCO com-
plexes with high surface-to-volume ratios.10,44,45 Also, for a
reliable fabrication of nanodevices based on {Fe(pz)[Pt(CN)4]},
the knowledge of the surface of {Fe(pz)[Pt(CN)4]} nanocrystals
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would be quite crucial as the effects of interfacial interactions,
on the device properties of a material, cannot be emphasised
enough.46–49

Experimental details

The nanocrystals of 3D Hoffman-like {Fe(pz)[Pt(CN)4]} were
prepared using a synthesis procedure described in the
literature.50–52 The procedure consists of the preparation of a
K2[Pt(CN)4] solution in water with constant stirring followed by
a subsequent addition of a stoichiometric Fe(BF4)·6H2O and
pyrazine solution in MeOH/H2O (1 : 1). The precipitate was sep-
arated by centrifugation, washed with ethanol, and then dried
under air at ambient temperature. The product {Fe(pz)[Pt
(CN)4]}·2H2O was dehydrated at 400 K for more than 2 h under
reduced pressure (<10−2 Pa) to produce yellow, anhydrous,
microcrystalline solids of {Fe(pz)[Pt(CN)4]}.

The temperature-dependent variation of the spin-state occu-
pancy in {Fe(pz)[Pt(CN)4]} nanocrystals was probed through
temperature dependent XPS measurements. These measure-
ments were performed in a SPECS GmbH system (base
pressure 1.0 × 10–10 mbar) equipped with a PHOIBOS 150
2D-CMOS hemispherical analyzer. Photoelectrons were excited
with the Al-Kα line (1486.7 eV) of a monochromatic X-ray
source μ-FOCUS 500 (SPECS GmbH) and the pass-energy for
these measurements was set at 20 eV.

Results and discussion

The temperature-dependent photoemission spectra of the Fe
2p and N 1s core levels of {Fe(pz)[Pt(CN)4]} collected over a

range of temperature are shown in Fig. 2a and b, respectively.
As described elsewhere,6 the ligand-to-metal charge transfer
(LMCT) will get weaker, due to the elongation of Fe–N bonds,
as the temperature is increased; therefore, as before,6 the HS
electronic configuration is assigned in the XPS peak at the
higher binding energy, whereas the LS electronic configuration
is assigned in the XPS peak at the lower binding energy. This
assignment of the XPS peaks is also consistent with the elev-
ated effective nuclear charge experienced by the Fe 2p elec-
trons in the HS configuration.12,30–40 Based on the peak ratios
of the fitted N 1s core-level components in Fig. 2b, it is clear
that the N 1s features with greater peak areas and lower
binding energies (N1) correspond to the nitrogen atoms in “Pt
(CN)4”, whereas the N 1s features observed at higher binding
energies (N2) correspond to the nitrogen atoms in “pyrazine”.
As can be seen from Fig. 2b, there are no discernible changes
in the binding energy of either of the N 1s core-level com-
ponents of our microporous coordination SCO complex, indi-
cating that the HS electronic configuration of {Fe(pz)[Pt(CN)4]}
is quite stable.

The quantification of high-spin state occupancy in these
systems is achieved by extracting the LS and HS peak areas
from the temperature dependent XPS of the Fe 2p core-level of
these materials (Fig. 2a) and then plotting the high-spin frac-
tions of these molecules as a function of temperature, as
shown in Fig. 3. Upon comparing the temperature dependence
of the high-spin fractions of {Fe(pz)[Pt(CN)4]} extrapolated
from the XPS measurements (solid black and hollow blue tri-
angles) with the temperature dependence of the ones obtained
from the magnetic susceptibility measurements53 (red curve),
an apparent difference between the two kinds of measure-
ments, stemming from the fact that XPS is a highly surface-
sensitive technique (with penetration depths less than
10 nm 42,43), is observed. Such a disagreement between the
results obtained from the two kinds of measurement tech-
niques is not something contradictory, because it simply
implies that the surface of this material is different from its
bulk, which is to be expected since usually the coordination
number of the atomic species at the surface is significantly
different from that of the atomic species in the bulk. In other
words, as a highly likely possibility, the pronounced difference
between the results of the abovementioned measurements elu-
cidates that the HS tends to stabilize at the surface of {Fe(pz)
[Pt(CN)4]} not only at room temperature but also at tempera-
tures well below the transition temperature for the whole mole-
cule. Correlating with a lack of noticeable temperature-depen-
dent shift in the binding energy of both the N 1s core-level
components of this material (refer to Fig. 2b), as mentioned
above, this fact can be attributed to the reasonable difference
between the coordination numbers of the molecules at the
surface of {Fe(pz)[Pt(CN)4]} and those in its bulk. Such a differ-
ence between the coordination numbers of the molecules at
the surface and the bulk of {Fe(pz)[Pt(CN)4]} can potentially
lead to the steric inhibition of the Fe(II) coordination
environment,54,55 and manifest itself as the analogous differ-
ence between the Ising-like antiferromagnetic superexchange

Fig. 1 (a) [Ar]3d6 electronic configuration in an octahedral ligand field
of the Fe(II) ion in the LS and HS states, and the (b) ball-and-stick model
of the 3D Hofmann-like spin-crossover porous coordination polymer
{Fe(pz)[Pt(CN)4]}, where pz = pyrazine. Atom codes: Fe (orange); N
(blue); C (green); Pt (gray); H (white).
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interaction Hamiltonian (generally given as J
P

k
mi;kmi;kþ1)

56 of

its surface and bulk, respectively.

Conclusions

In summary, further physical insights into the spin-state tran-
sitions of the 3D Hofmann-like spin-crossover porous coordi-
nation polymer {Fe(pz)[Pt(CN)4]} are obtained by employing
temperature-dependent XPS measurements. In agreement with

the existing literature, temperature-driven variations in the Fe
2p core-level spectrum of {Fe(pz)[Pt(CN)4]} clearly evidence the
expected spin-state transition in this 3D SCO system.
Furthermore, the absence of detectable temperature-depen-
dent shifts in the binding energies of the two N 1s core-level
components (i.e., the nitrogen atoms in “Pt(CN)4” and the
nitrogen atoms in “pz”), among quite a few possibilities, may
indicate that the HS electronic configuration of this molecule
can fend off thermal fluctuations. Even though, regardless of
the choice of the measurement technique, the nanocrystals of
{Fe(pz)[Pt(CN)4]} are found to be in the high-spin state at
temperatures in the vicinity of 300 K, drawing a direct com-
parison between the high-spin fractions extrapolated from the
temperature-dependent XPS and the magnetic susceptibility
measurements requires special attention due to steric inhi-
bition effects. Therefore, the high value of room-temperature
HS occupancy especially at the surface of the {Fe(pz)[Pt(CN)4]}
nanocrystal, and its great immunity to thermal fluctuations,
opens new pathways for room-temperature spintronics and
quantum information science applications. Overall, our results
elucidate that the use of XPS to study the differences between
the surface and bulk magnetic character of SCO materials is
not limited just to a certain kind of SCO complex,6 but it can
rather be employed to investigate the aforementioned nature
of a wide range of SCO complexes.

Author contributions

JFSR conceived the idea and coordinated this work. JAR super-
vised the sample preparation and structural implications of
photoemission results. AMS performed photoemission
measurements and MCA, AD, and JFSR analysed and inter-

Fig. 2 Temperature-dependent photoemission spectra of the (a) Fe 2p and (b) N 1s core levels of {Fe(pz)[Pt(CN)4]}. The raw spectra in blue depict
lowering of temperature while the ones in black represent the increase in temperature. The fits in green indicate the LS, and the fits in orange rep-
resent the HS.

Fig. 3 Normalised high-spin fraction of {Fe(pz)[Pt(CN)4]}, extrapolated
from XPS (solid black and hollow blue triangles) and magnetic suscepti-
bility measurements (red curve), as a function of temperature. The red
curve, showing the magnetic susceptibility data, is extracted from ref. 53
and is included here to draw a comparison with the results of our XPS
measurements.
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