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ABSTRACT: Nano-objects and thin films displaying mole-
cular spin-crossover phenomena have recently attracted much
attention. However, the investigation of spin crossover at
reduced sizes is still a big challenge. Here we demonstrate that
surface plasmon polariton waves propagating along the inter-
face between a metal and a dielectric layer can be used to detect
the spin-state changes in the latter with high sensitivity, even at
the nanometer scale.

A number of (pseudo)octahedral 3d*—3d” transition metal
complexes have been reported to display a molecular bistability
of their high-spin (HS) and low-spin (LS) electron configurations,
which can be reversibly interconverted under external stimuli, such as
temperature, pressure, magnetic field, or light irradiation." This spin-
crossover (SCO) phenomenon is accompanied by a spectacular
change of magnetic, optical, dielectric, and mechanical properties.

In the past 5 years, we have been involved in a strong renewed
interest in the SCO field, inspired by the emergence of nanosized
SCO materials® such as coordination nanoparticles® and contin-
uous or nanopatterned thin films.* In fact, bulk SCO materials
exhibit in many cases strong electron—lattice coupling and asso-
ciated cooperative phenomena, such as first-order phase transitions.
The lowest size limit (assembly dimension) at which these co-
operative effects are maintained turns into one of the key funda-
mental questions in this field. Beside the intriguing size-related
properties, synthesizing thin films and other nanoscale assemblies of
SCO complexes also represents a key step toward their technolog-
ical applications in photonic and electronic devices.

The SCO phenomenon has been investigated by various
physical methods such as magnetic susceptibility and heat
capacity measurements, X-ray diffraction, and Mossbauer, vibra-
tional, and electronic spectroscopies.' These methods combined
with different external stimuli provided a firm basis for under-
standing the physical mechanisms governing the spin-state switch-
ing in macroscopic materials (powder, single-crystal). However,
these techniques become very limited for the investigation of SCO
at the nanometer scale, and the development of new experimental
approaches becomes indispensible.” In the present Communica-
tion, we show that surface plasmon resonance (SPR) is a very
powerful tool to detect—even in nanometric layers—the refrac-
tive index change which accompanies the SCO phenomenon.

The field of plasmonics represents an exciting new area for the
application of surface and nanoparticle plasmons (i.e., collective
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Scheme 1. Dispersion Relation for Surface Plasmon Polaritons
at the Metal — Dielectric Interface (w—k,") Calculated for a Gold
Film in Air (Continuous Line)”
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“The dashed-dotted line is the dispersion relation for the exciting light
wave without the prism, while the dashed line depicts the effect of the
prism on the exciting light dispersion (w—k,"). The coupling of light
with the surface plasmons can be achieved for a given value of w by
adjusting the angle of incidence () in the attenuated total reflection
(ATR) configuration as indicated in the inset.

oscillations of free electrons in metals) in nanotechnology.5 Here
we focus on surface plasmon polaritons (SPPs), which are
guided electromagnetic waves propagating at a metal—dielec-
tric interface under light excitation. The coupling between the
incident light and the plasmon polariton waves requires an
intersection between their dispersion curves, i.e., simultaneous
wavevector and frequency matching (Scheme 1). This can be
achieved by means of a prism in the conventional “Kretchmann
conﬁguration”.6

If the wavelength is fixed (monochromatic light), SPR occurs
at a given incident angle. The creation of the SPP wave causes an
intensity loss in the angular reflectance spectrum of the incident
light; the angle of the curve minimum is called the “plasmon
resonance angle”, Ospr (see Figure 1 for an example). The location
of this angle depends on the optical characteristics and thickness
of the dielectric layer.® This property, together with the fact that
SPPs are strongly bound to the interface (only an evanescent tail
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Figure 1. (a) Calculated and (b) experimental angular reflectance
spectra at selected temperatures for a Ti/Au bilayer (S nm Ti, 45 nm
Au in air, A = 660 nm).

penetrates into the films), provides a very interesting scope to
investigate spin transitions in thin films by SPP-based techniques.

SPR curves were measured by using a custom-designed SPR
setup (Scheme 2). A collimated white light beam is first polarized
and monochromatized. The beam is then focused on the prism—
metal interface. The reflected light beams are detected on different
points of a CCD camera (1280 pixels with full vertical binning)
according to their total internal reflection angle, 6. In a typical
experiment, the spectrum range is A0 = 6.3° and the spectral
resolution is 0.005°, but it is possible to adjust these values by using
different lenses (L4, Ls). Since only light with p-polarization can
excite a SPP, the reflectance curve with plasmon excitation (Rp)
can be conveniently normalized by the reflectance curve with
s-polarization (Rs) (see inset in Scheme 2).

Changes in molecular spin states can be induced most
conveniently by changing the temperature of the material. In
our SPR setup, this is achieved by bringing the SCO layer in
contact with a Peltier device, in which a hole was drilled in order
to keep air as the last dielectric layer. First we checked if the
thermal variation of the optical constants of the prism and metal
layers (Ti, Au) had an influence on our measurement. Figure 1
displays the calculated and experimentally observed temperature
dependence of the reflectance spectra of a bilayer of titanium—
gold in air for an interval of 60 K. The theoretical curves were
calculated using the Fresnel equation and the conventional
transfer matrix method (see the Supporting Information (SI)
for further details).’ The optical constants of gold were taken from
ref 7. The calculated and theoretical curves are in good agreement
and indicate a negligible temperature dependence of the plasmon
resonance angle within the investigated range (293—353 K).

In the next step we prepared a multilayer composed of 5 nm
Ti, 45 nm Au, and 30 nm of the SCO complex [Fe(hptrz);]-
(OTs), (hptrz = 4-heptyl-1,2,4-triazole and OTs = tosylate) on a
glass substrate, which was mounted on the “SPR prism” using an
index-matching oil. We chose this SCO complex because its spin
transition occurs just above room temperature, thus simplifying
the study of the properties.® (The structure of the complex as well
as the synthesis details are provided in the SI.) AFM images
(Figure 2) of the spin-coated films of [Fe(hptrz);](OTs), reveal
a homogeneous and smooth surface covering. The good quality
of the films is an important asset so as to avoid spectral broad-
ening and associated loss of resolution in the SPR measurements.

Figure 3a displays the angular reflectivity spectra recorded at
two different temperatures, 303 and 336 K, for the multilayer

Scheme 2. Schematic Diagram of the Experimental SPR Setup”
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Figure 2. AFM image of a 30 nm thick [Fe(hptrz);](OTs), film surface.
The inset shows a photograph of the film on the glass/Ti/Au substrate.

glass/Ti (S nm)/Au (45 nm)/[Fe(hptrz);](OTs), (30 nm).
A clear shift of the “SPR dip” can be observed. The tempera-
ture dependence of the plasmon resonance angle is shown in
Figure 3b. This curve is the result of two phenomena, thermal
expansion and SCO, which are superimposed. On one hand, the
thermal expansion of the complex leads to a decrease of the
refractive index and thus the resonance angle decreases as well. In
anot too large temperature range, heating of the material leads to
alinear decrease of Ogpy (see SI for further details). This is indeed
what we observe in the low- and high-temperature sides in
Figure 3b. One can notice that the slopes dOspr/dT are different
at low and high temperatures, which reflects the fact that the
volumetric coefficient of thermal expansion (a = 1/V[9VIT])
is not the same in the LS and HS phases. On the other hand,
most importantly, the thermal variation of Ogpr reveals also a
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Figure 3. (a) Angle-dependent reflectance spectra of a glass/Ti (5nm)/
Au (45 nm)/[Fe(hptrz);](OTs), (30 nm) multilayer at 303 K (LS state)
and 336 K (HS state) (4 = 660 nm). (b) Temperature dependence of the
plasmon resonance angle (reflectance minima) of the multilayer in the
heating and cooling modes (dT/dt = 2 K/min). (c) The same data as in
(b), but after correction for thermal dilatation and normalization. (d)
Temperature dependence of the LS fraction of the bulk complex.

discontinuity around 320 K accompanied by a ~3 K wide
hysteresis loop, which we can clearly assign to the spin transition.
By subtracting the linear slopes, the SPR data can be normalized
to obtain a curve which reflects solely the SCO phenomenon:

enormalized(T) = [Gmeasured(T) - 0HS(T)]/[0LS(T) - GHS(T”

The normalized curve in Figure 3c displaying the SCO
behavior of the film can now be compared to the transition
curve of the bulk microcrystalline sample (Figure 3d) measured
by magnetometry. In both cases, the transition is first-order and
accompanied by a hysteresis loop, but the transition tempera-
tures and hysteresis widths are somewhat different (T} .} = 321 K,
T, 2% = 318 K for the film and T} ,t = 311 K, T /»} = 300 K for the
bulk). These differences may be attributed to either size reduction
effects (increased surface-to-volume ratio) or slight alterations in
the degree of hydration. Hydration of the sample leads to a shift of
the transition temperature. This phenomenon is difficult to
control because the sample is very hygroscopic. Moreover, the
hydration rate of the bulk is certainly different when compared
with that of the thin film; this is another fact that makes the
bulk—film comparison difficult. A detailed study of the size
reduction effects as well as the moisture sensing properties has
been undertaken, but these questions are out of the scope of the
present paper.

The results shown in Figure 3 prove clearly that SPPs can
detect the SCO phenomenon in nanoscale thin films. Concern-
ing the origin of the effect of SCO on the SPR signal, one should
note that [Fe(hptrz);](OTs), has a very low absorption coeffi-
cient in the visible range in both the HS and LS states (see SI for
spectra). Moreover, around 660 nm—the wavelength used in the
SPR measurements—the absorbance of the complex is the same
in the two states. On the other hand, the change of the film
thickness upon the SCO is expected to have an opposite effect on
the SPR angle (see SI for further details). Therefore, the main
parameter governing the reflectivity changes is the variation of
the real part of the refractive index brought about by the SCO.
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Figure 4. (a) Resonance angle shift associated with the SCO (A6 ;) asa
function of the thickness of the [Fe(hptrz);](OTs), layer calculated for
different wavelengths and support metals. (b) Calculated reflectance spectra
(A = 400 nm) of a glass/Ti (S nm)/Ag (45 nm)/[Fe(hptrz);](OTs),
(5 nm) multilayer in the HS and LS states.

Using spectroscopic ellipsometry, we determined the refractive
index of [Fe(hptrz);](OTs), at room temperature (ns60 nm =
1.5704). Using this value, we extracted from the room-tempera-
ture SPR data the thickness of the [Fe(hptrz);](OTs), layer
(32 £ 3 nm). The good agreement with the AFM thickness data
(30 & S nm) provides strong proof for the validity of our SPR
data treatment. The change of n associated with the spin-state
change, Anyy; ~ 0.01, was also determined from the SPR data
(see SI). Since the electronic transitions in our compound have
very weak oscillator strengths in the visible—near-infrared
ranges, the electronic polarizability change of the cation upon
the SCO must be rather small. Therefore, Any gy should be traced
back primarily to the volume change accompanying the SCO
(AVy4), and the wavelength dependence of Anyyy is expected to
be relatively small in this case.

It is important to notice that the plasmon resonance angle is
proportional to the refractive index of the SCO film, but the
relationship between this refractive index and the HS/LS frac-
tions (Yns/Yrs) is not that simple. We used the Maxwell—
Garnett effective medium approximation” to determine the rela-
tive fraction of the two spin states (see SI). However, in the case of
abrupt, discontinuous transitions, as for the present sample, the
normalized SPR curve can be obviously assimilated with the
71s(T) curve.

Using the experimentally determined value of Anpy, we
carried out a series of theoretical simulations to determine the
lowest size limit where the SPR technique can be used to detect
the SCO phenomenon in this compound. Figure 4a displays the
calculated plasmon resonance angle shifts (A y) due to the
SCO as a function of the film thickness at different excitation
wavelengths for both gold and silver metal layers. This shift is
simulated by the change of the refractive index of the SCO
material. From these simulations it is clear that one cannot define
a set of optimum SPR parameters, but a few general rules can be
sketched. For example, thick SCO layers should be studied using
near-infrared excitation and gold support, while the investigation
of ultrathin layers requires a silver layer and lower wavelength
excitation.

As an example, Figure 4b shows the calculated reflectivity
spectra for a S nm [Fe(hptrz);](OTs), layer in the HS and LS
states using a 45 nm silver support and 400 nm light excitation.
The observed shift is around 0.3°, which is easily measurable with
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our experimental setup. We shall note that with silver one can use
lower excitation wavelengths with less penetration depth and
thus higher surface sensitivity, and also the resonance peaks are
sharper due to the smaller damping factor.’ On the other hand,
silver is chemically less inert than gold, which might reduce its
applicability in certain cases.

In summary, we have demonstrated experimentally that sur-
face plasmon polaritons can be used to detect the spin-crossover
phenomenon in nanometric thin films. The observed SPR angle
shift was traced back to the refractive index change, which occurs
primarily due to the volume change accompanying the SCO.
This principle provides thus a generic detection method, which
should be applicable for most SCO compounds and also in the
case of other switchable molecular materials exhibiting a volume
change (e.g,, charge-transfer or Jahn—Teller switch). Using theo-
retical simulations, we have also shown that, by optimizing the
experimental conditions, it should be possible to detect the spin-
state changes down to at least 5 nm. One should note, however,
that several SCO compounds show intense charge-transfer transi-
tions in the visible range, and in such cases the strong absorbance
change shouldlead to even lower SPR detection limits and also to a
strong wavelength dependence. Vice versa, another interesting
perspective of the present work is the possibility to use SCO thin
films to modulate the propagation of electromagnetic waves in
plasmonic or other type of guided wave devices. Potential
applications include switches, tunable filters, mirrors, and chemi-
cal sensors.
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