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Thermal spin transition in [Fe(NH,-trz);]|Br, investigated by spectroscopic ellipsometry
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We investigated the thermal hysteresis of a pelleted sample of the spin-crossover compound
[Fe(NH,-trz);]Br, by means of spectroscopic ellipsometry, in the temperature range 264—358 K. The ellipso-
metric parameters (i, A) have been recorded in the optical range 240—1000 nm. The corresponding absorption
and dispersion spectra show temperature-invariant isobestic points located at 240 and 291 nm, respectively. We
found that the high-spin-fraction data, derived from the integrated absorption curves, are in excellent agree-
ment with the magnetic data recorded on the same sample. We also investigated the consistency of the optical
data by application of the Kramers-Kronig relations, which are well obeyed above ~450 nm. All these results
demonstrate that the spectroscopic ellipsometry is well adapted to characterize the spin-crossover transition.
We also expect that this nondestructive technique will be highly relevant to investigate the physical properties
of thin films of switchable molecular solids, involving a change in the electronic properties upon a thermally

or photoinduced phase transition.

DOI: 10.1103/PhysRevB.75.184425

I. INTRODUCTION

In recent years, there has been growing interest in the
field of the spin-crossover (SC) materials, which under vari-
ous constraints, such as temperature variations,' pressure,>*
light irradiation,”™ or magnetic field,'’ show a transition be-
tween low-spin (LS) and high-spin (HS) states.'"!? For ex-
ample, Fe(I) SC materials' are diamagnetic (S=0, LS) and
paramagnetic (S=2, HS) in the low- and high-temperature
phases, respectively. Upon the spin crossover, these Fe(II)
complexes undergo drastic variation of the metal-ligand
bond lengths (=0.2 A, i.e., =10%) and ligand-metal-ligand
bond angles (0.5°-8°),%'% accompanied by important
changes in the electronic (spin-state) structure and orbital
occupancy. Appreciable changes in optical properties result,
for example the color>!>!1® changes from purple to light yel-
low when the title compound undergoes the LS — HS transi-
tion, that is, on heating. Consequently, magnetic and optical
measurements'’?" are the major experimental techniques
used for quantitative investigations of the spin transitions. In
many cases, elastic interactions between the SC units are
strong enough to induce hysteresis at the thermal spin
transition?! which occurs as a first-order phase transition.
Such “switchable” molecular solids are promising in terms
of optical data storage.””> A previous report by Ohkoshi
et al.”® showed the feasibility of spectroscopic ellipsometry
(SE) to measure the refractive index of a photomagnetic
Prussian blue analog (PBA). We report here on the ability of
SE to provide a quantitative determination of the HS frac-
tion, using the example of a SC compound with hysteretic
thermal transition. To demonstrate the potentiality of the SE
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technique for SC solids, we have chosen to use an
[Fe(NH,-trz);]Br, sample,”* which was the first SC system
utilized to demonstrate the potentialities of these materials
in the design of molecular-based memory devices and
displays.? Indeed, this SC sample presents a spin transition
around room temperature, accompanied by a large hysteresis
loop, where both states are stable at ambient temperature.
The transition can also be reproduced many times without
any alteration in the phenomenon. A remarkable color
change is also observed between the LS (purple) and the HS
(white) states upon the spin transition of this sample. Conse-
quently, we expect a sufficient difference between the ellip-
sometric signals associated with the HS and LS phases, lead-
ing to easy characterization. The paper is organized as
follows. In Sec. II, we describe sample preparation, the el-
lipsometric setup, and the methodology of the spectroscopic
ellipsometry; in Sec. III, we give the experimental results; in
Sec. IV, we discuss application of the Kramers-Kronig (KK)
relations. Then we end in Sec. V with a discussion and con-
clusions.

II. EXPERIMENTS
A. Sample preparation

Pellets of the sample [Fe(NH,-trz);]Br, were prepared
from the powder, and pressed under 10 kbar for one minute.
The pellet diameter is of 5 mm and its thickness is ~1 mm.
To ensure the homogeneity of the surface of the pellet, we
pressed it using an optical polished piston. Preliminary ex-
periments showed that both states are obtained reversibly on
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Linear polarized light

Elliptical polarized light

FIG. 1. (Color online) Schematic illustration of SE measure-
ment. After reflection under an incident angle ® from the sample,
the change in polarization is measured via the ellipsometric angles
¢ and A. E; (E,) and E,;, (E,,) are, respectively, the s- and
p-polarized electric field vectors of the incident (reflected) light.

changing the temperature. Therefore, the application of pres-
sure has not altered the SC phenomenon.

B. Spectroscopic ellipsometry: Method and setup

SE is an excellent technique to investigate the optical
properties of solids. It is a surface-sensitive and nondestruc-
tive technique used not only to determine optical constants of
bulk materials, but also to characterize any layered structures
and surface changes.?®?’ SE is based on measurement of the
polarization of a beam of light reflected from the surface of
the sample at a known angle of incidence (see Fig. 1 for a
schematic illustration). Thus, no reference samples are
needed for calibration. Two parameters (i, A) are measured
as functions of wavelength and the angle of incidence, as
seen in Fig. 1. These parameters are related to the ratio of the
reflection coefficients of the sample, r, and r,, respectively,
associated with p-polarized (parallel to the plane of inci-
dence) and s-polarized light (perpendicular to the plane of
incidence),”® given by

N

p

p=—=tan()e. (1)

=
To derive the complex refractive index n=n+jk, we use a
semi-infinite model,?” which allows us to establish a relation
between the ellipsometric parameters (i, A) and the indices
n and k as a function of the complex reflectance ratio p,
through

2
n+ jk=ngsin CDO\/l +<u> tan® ®,, (2)
1+p
where ny (=\) and ®, are, respectively, the refractive index
of the vacuum and the incidence angle.

SE measurements on a SC [Fe(NH,-trz);]|Br, pellet
sample have been performed in the 240—1000 nm optical
range at an incident angle of 70° (near the Brewster angle),
using a UVISEL spectroscopic phase-modulated ellipsom-
eter. This ellipsometer incorporates photoelastic device?*-"
to modulate the polarization of light, and we have used as
light source a 150 W Xe short arc lamp. Calcite prism polar-
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FIG. 2. (Color online) Wavelength dependences of the ellipso-
metric parameters ¢ (a) and A (b) in the HS state at 353 K (), and
in the LS state at 263 K ([J), near the pseudo-Brewster angle (70°).

izers are used to polarize the incident beam and to analyze
the light beam reflected by the sample. To control the tem-
perature of the sample, we used a temperature controller
(Linkam TMS 94) which allows sample characterization in
the range 77—873 K. This device is adapted for Jobin-Yvon
ellipsometry by a THMS600 heating-cooling stage. The
stage contains a large-area temperature-controlled element
with a platinum resistor sensor embedded close to the surface
for accurate temperature measurements. We could program
this temperature controller in ramps from 260 to 360 K with
a temperature step of 5 K, and time pauses of 3 min in order
to accumulate the optical spectrum. The sample is placed in
a chamber under a controlled atmosphere of nitrogen. It is
simply mounted in direct contact with a highly polished sil-
ver heating element to ensure an efficient heat transfer and
homogeneity. A platinum resistor sensor allows a tempera-
ture measurement with an accuracy of 0.1 K. The light spot
on the sample has a size of ~1-2 mm diameter, and it
probes always the same region of the sample. Different ex-
periments realized at constant temperature, probing different
regions of the sample, have given the same result. This ex-
cludes the existence of large inhomogeneities of temperature
in the sample.

III. RESULTS AND DISCUSSION
A. Thermal characterization of HS and LS states

The wavelength dependences of ¢ and A in the HS and
LS regions are displayed in Fig. 2. The HS and LS states
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FIG. 3. (Color online) Extracted wavelength dependences of n
(a) and k (b) using data of Fig. 2 and Eq. (2) in the HS state, at
353 K (%), and in the LS state at 263 K (OJ), near the pseudo-
Brewster angle (70°).

were respectively characterized at 353 and 263 K. The ob-
tained spectra clearly show that the ellipsometric responses
in the LS and HS states are very different, indicating that SE
well characterizes the two spin states. Indeed, ¢ versus
wavelength in the LS state shows the existence of an elec-
tronic resonance, located around 300 nm, while it disappears
in the associated spectra of the HS state. Starting from the
experimental results of Fig. 2 and using Eq. (2), we derive
the wavelength dependence of the indices n and k in the HS
and LS states. The results are shown in Fig. 3. It is worth
mentioning that at 263 K, i.e., in the LS state, one absorption
band is observed in the extinction coefficient k, at 298 nm.
We assign this band to metal-ligand charge-transfer
transitions*” (MLCTs) from the 'A, level to the T, level in
the LS state. This transition is not found in the HS state (at
353 K). It is well known that the absorption coefficient k is
weakly affected by the scattering processes. However, the
refractive index n is more sensitive to the change in the
roughness of the surface caused by the SC transition. There-
fore, we expect a dependence of the associated spectra on the
mechanical stress at the surface. The latter can be tempera-
ture dependent, due to the volume change upon the spin-
crossover transition, as observed in Fig. 3(a), where the base-
line of the spectra shifts with temperature.

In order to check the accuracy of the SE ellipsometry
data, we have also investigated the absorbance properties on
the same system using uv-visible absorption measurements.
We performed the experiment on KBr pellets using a Varian
CARY 5E double-beam spectrophotometer, equipped with a
Eurolabo cryostat (Model No. 21525) and a Specac tempera-
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FIG. 4. (Color online) Spectrophotometer absorption spectra of
[Fe(NH,-trz);]Br, diluted in KBr, in the LS (263 K, [J) and HS
(353 K, *) states. The obtained transition band at A=300 nm in the
LS state, is in very good agreement with SE results [see Fig. 3(b)].

ture controller (Model No. 20120). The measured spectra at
265 and 315 K, corresponding, respectively, to the LS and
HS states, are presented in Fig. 4. To compare SE predictions
with those of the present absorption data, we first determined
the absorption coefficient « from the extinction coefficient
k(\) [see Fig. 3(b)] using the textbook relation a(\)
=4ak(\)/N. We found that SE allows us to reproduce the
main qualitative features of the optical spectra. In particular,
the transition band at 300 nm is in very good agreement with
that observed by SE, depicted in Fig. 3(b). In addition, the
isobestic point located at 240 nm is well reproduced by both
methods. The quantitative comparison between the two ex-
perimental methods is not made in the present work, for the
following reasons: (i) spectrophotometer experiments are
done in transmission and not in reflection as in the SE mea-
surements; (ii) the sample used for spectrophotometry inves-
tigations is diluted with KBr and then pressed in order to
have a transparent pellet. Despite these differences between
the two experimental procedures, the results are qualitatively
similar. Therefore, we will use the extinction coefficient
k(\) as a reference point, weakly dependent on scattering
processes, in order to correct the experimental refractive
index n.

B. Thermal evolution of the HS fraction

Now, we investigate the thermal properties of our SC pel-
let sample by means of SE at different temperatures. To de-
rive the HS fraction, that is, the fraction of molecules in the
HS state, we use the extinction coefficient k(\) which is less
affected by scattering than the refractive index n(\), as we
previously explained. The thermal evolutions of the refrac-
tive index spectrum n(\) and that of the extinction coeffi-
cient k(\) at different temperatures between 263 and 358 K
are shown in Fig. 5, in the warming process. There, we have
evidenced that the spectra follow a regular and monotonic
behavior with temperature, with the existence of two
isobestic points around ~230 and ~290 nm. Moreover, on
the associated spectra of n(\), the baseline moves from n
=1.70 (LS) to n=1.65 (HS). We interpret this shift as an
indication of the existence of scattering effects. In contrast,
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FIG. 5. Thermal evolution of the absorption spectra k(\) of a
pellet sample of [Fe(NH,-trz);]Br; in the heating process from 263
(LS) up to 358 K (HS). An isobestic point at A=240 nm and a
MLCT band at A=300 nm are evidenced. In the inset is depicted
the thermal evolution of n(\).

and in agreement with our previous predictions, this effect
remains quite small in the thermal evolution of the absorp-
tion spectra k(\). Remarkably, the absorption spectra also
show an isobestic point at =240 nm, which remains invari-
ant in the cooling and warming processes.

Thus, the HS fraction, denoted by nyg, can be determined
using different approaches: (i) in the first approach, nyg is
assumed as proportional to the area of the absorption spectra
k(\) relative to the HS state (see Fig. 6); (ii) in the second
attempt nyg can be assumed as proportional to the intensity
of the absorption peak located at A=300 nm at different tem-
peratures; and finally (iii) the HS fraction can also be ex-
tracted from the examination of the refractive index n(\), by
using the same protocol.

In this work, we consider the first approach. Let us denote
by A(T) the area situated between the absorption spectra at
temperature 7 and the absorption line of the HS state (see
Fig. 6). The HS fraction nyg is then calculated as
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FIG. 6. Thermal evolution of the SE absorption band
(240-400 nm) of [Fe(NH,-trz);]Br, in the heating process from
263 (LS) to 358 K (HS). The temperature change between two
neighboring curves is 5 K. Note that all the curves merge at the
isobestic point located at A=240 nm.
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FIG. 7. (Color online) Thermal hysteresis loops of

[Fe(NH,-trz);]Br, sample. The magnetic measurements are de-
picted by O for the powder sample and by [ for the pellet. SE
measurements on the same pellet are shown by *.
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where A;g is the surface associated with the LS state, ob-
tained at T=263 K. In practice, the analysis is made in the
range of wavelengths going from 240 to 400 nm.

The thermal evolution of the HS fraction, illustrated in
Fig. 7, obtained after integrating the previous spectra of Fig.
6, clearly shows the existence of a thermal hysteresis loop
centered around 293 K, with an associated width of 8 K.

To check the accuracy of the SE technique, we compare
quantitatively the present results with those obtained by
magnetic measurements. As for the magnetic experiments,
we have characterized both powder and pellet samples. The
thermal dependences of the obtained HS fractions are de-
picted in Fig. 7. A hysteresis loop, with an associated width
of =8 K, is obtained in both cases. A very good agreement is
found between SE and magnetic data on the same pellet
sample. However, both hysteresis loops are shifted to higher
temperature, when compared with that of the powder sample.
This behavior denotes the existence of a residual pressure
inside the pellet sample. Based on a simple theoretical
approach,3! it is easy to demonstrate that the effect of pres-
sure P on
the transition temperature is given by T,,(p)=T;,(0)
+p|AV|/AS, where T,,(0) is the transition temperature of
the powder sample, AV is the volume change, and AS is the
entropy change at the transition. The ratio |AV|/AS can be
obtained from the study of the phase diagram (7,p) of the
system,’? using reflectivity measurements. Typical values of
20 K/kbar are obtained for the previous ratio in the case of
SC and PBA.3* Evaluating the shift in the transition tempera-
ture as equal to 8 K, we find a residual pressure of 0.4 kbar
in the pellet sample, which is small in comparison with the
applied pressure of 10 kbar, used to prepare the pellet
sample. It is worth noting that the pressure effect on SC
solids is not always trivial. Indeed, in many SC systems, it
was observed that applied pressure may induce a nonmono-
tonic shift® in the transition temperature. In addition, it also
acts on the shape of the thermal transition curve.

For example, on the sample [Fe(btr),(NCS),]-H,0, ex-
perimental data resulting from reflectivity measurements un-
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der pressure’*3* yields to an upward monotonic shift of the
hysteresis loop. In contrast, recent x-ray studies*® evidencing
for the first time the formation of spinlike domains upon the
spin-crossover transition have shown, in accordance with
magnetic measurements performed by the authors, that the
same compound embodied in vacuum grease leads to a
downward shift of the whole hysteresis loop by 2 K, in com-
parison with the grease-free sample. The nonlinear effect of
pressure has also been reported in quasi-one-dimensional SC
solids,?”® in which the transition temperature first increases
for low applied pressures and then starts to decrease from
some threshold value of applied pressure.

Let us now discuss in more detail the magnetic and SE
data of Fig. 7 corresponding to the pellet sample. Remark-
ably, SE ellipsometry was able to find two important aspects
of this SC sample: (i) the first aspect concerns the thermally
bistable character of this SC solid, for which SE well repro-
duces the shape and the width of the associated hysteresis
loop; (ii) the second aspect is the location of the transition
temperature, which is also well reproduced.

Here, it is also important to mention that the magnetic and
SE measurements were performed using different tempera-
ture kinetics. In the SE experiments we changed the tempera-
ture using a rate of 0.7 K/min, while in the superconducting
quantum interference device SQUID we used 0.3 K/min.
Therefore, we expect a larger hysteresis from the SE data
due to the kinetic effect. However, the small discrepancy
observed in Fig. 7 shows that magnetic hysteresis is wide
and less regular than that obtained by SE. Moreover, it is
admitted that SE provides information from the surface of
the sample, while magnetic measurement is a volume re-
sponse. However, remarkably, the two hysteresis loops
match each other quite well. Thus, it becomes interesting to
discuss the reason of this unexpected good agreement. It is
worth noticing that SE collects information on sample layers
situated in some penetration depth S(\), given in a first ap-
proximation by 8(\)=1/a(\)=N/47k(\), where a(\) is the
absorption coefficient of the sample. In the region corre-
sponding to the maximum of the ellipsometric signal, that is,
the region N\ €[250 nm:350 nm], we evaluate &=50 nm.
Knowing that the distance between two atomic layers in SC
solids, that is, the distance between two consecutive iron
atoms, is ~1 nm, it follows that for the present sample the
SE probes more than 50 atomic layers for the wavelength
used of A=300 nm, which corresponds to a mesoscopic
scale. Therefore, we can consider this result as a plausible
reason for the good agreement between SE and magnetic
data. Moreover, recent results’® have shown that SC nano-
particles of 50—60 nm size give the same magnetic response
as macroscopic samples, which is in good agreement with
our SE results. Finally, the hysteresis loop obtained by SE is
not due to kinetic effects, but it really reflects the interactions
between the SC units.

IV. APPLICATION OF KRAMERS-KRONIG RELATIONS

To prove that scattering phenomena are present in the
uv-visible region, due to surface roughness, we use the well-
known KK equations, which establish a connection between
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the real and imaginary parts of the complex index 7. These
relations are also known as dispersion relations, which were
first introduced by Kronig,*! and are a direct consequence of
the causality principle. In the present case, the real and
imaginary parts of the complex index satisfy the KK

relations,*>*3 given by
2 @ /k !
n(w)=1+ —Pf %dw’, (4)
T Jy, 0w
and
2 “nlw) -1
k(w) =— 2P J M), (5)
T Jy, o —w

where P is the Cauchy principal value of the integral, and w
is the frequency. Combining the KK relations [Egs. (4) and
(5)] with the experimental spectra of the absorption coeffi-
cient k(\) in the LS and HS sates as input data, we calculate
the refractive index ny., in both states and compare it with
the experimental data, given in Fig. 3(a). The results are
summarized in Figs. 8(a) and 8(c), where we distinguish two
regions in both states (LS, HS). In the visible region, the
calculated refractive index ng,.(\), reproduces very well the
experimental data ne,,(\). In contrast, an important discrep-
ancy is observed in the uv region, where it is enhanced at
short wavelengths, for which we expect that surface effects
are predominant in the SE signal of n(\).

A quantitative analysis of the N dependence of the differ-
ence (Mexp—7cye) between the experimental and the calcu-
lated refractive indices (using the KK relations), gives rise to
the following empirical relation between gy, Ncar, and the
wavelength N, which is valid at all temperatures,

nexpl()\) = ncalc()\) + (6)

AN-b’

It is worth noting that the parameters a and b involved in
Eq. (6) have the dimension of the wavelength \. Here, the
quantity b represents the cutoff in wavelength of the optical
spectra, for which the calculated refractive index diverges
due to the presence of a huge absorption around A=190 nm.
Therefore, we expect this value to be temperature indepen-
dent. The parameter a accounts for the discrepancy between
NexpN) and ng(N). Actually, when a=0 we have ney,(N)
=ngy.(N). Thus, we consider the parameter a as related to the
mean value of the roughness at the surface, which we denote
by R,. To derive this important quantity, we investigated the
surface topography of the pellet sample using atomic force
microscopy (AFM) measurements and we found R,=19 nm
in a scan area of 5 X 5 um? at ambient temperature in the LS
state. It is important to mention that the ratio R,/A~0.1
remains quite small, even in the uv region.

The best agreement between the calculated and the ex-
perimental curves is then obtained for 5=192 nm. Indeed, as
shown in Figs. 8(b) and 8(d), the same empirical law was
able to show the scattering effect in the LS and HS states.
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FIG. 8. (Color online) Wavelength dependence of the experi-
mental (1., (1) and the calculated (r2., *) refractive index in the
LS (a) and HS (c) states. In both states LS (b) and HS (d), the
wavelength dependence of the inverse of (nexpt—ncﬂlc) (+) follows a
linear behavior. The dashed line is the best fitting.

Table I, summarizing the results obtained at different tem-
peratures, shows that the parameter a>R, depends on the
spin state (HS, LS) and therefore on the volume change upon
the spin-crossover transition. Actually, we found a=11.5

PHYSICAL REVIEW B 75, 184425 (2007)

TABLE I. Numerical values of the parameters a and b at differ-
ent temperatures. Both parameters are extracted from the analysis of
the experimental curves of the refractive index n, following Eq. (6).

Temperature (K)

Parameter 263 (LS) 278 293 308 353 358 (HS)
a (nm) 115 s 11 11 10 10
b (nm) 191.5 192 192 192 192 192

(10) nm in the LS (HS) state, in quite good agreement with
the volume expansion of the SC molecules, which affects the
morphology of the surface, by changing its roughness. How-
ever a more rigorous quantitative analysis of roughness ef-
fects needs temperature-dependent AFM investigations on
thin films of SC materials, which is beyond the scope of the
present paper.

V. CONCLUSION

Spectroscopic ellipsometry at different temperatures was
used to investigate the thermal properties of a pellet sample
of the spin-crossover compound [Fe(NH,-trz);|Br,. This
sample was first analyzed by magnetic measurements in its
powder and pellet forms, and we found the existence of a
residual pressure of 0.4 kbar in the pellet form, which shifts
the hysteresis loop by 8 K at higher temperature. From the
wavelength dependence of the SE angles ¢ and A, and using
a semi-infinite model, we extracted the wavelength depen-
dence of the refractive index n and that of the extinction
coefficient k at different temperatures. There, we found that
the LS state presents a strong absorption at 300 nm, related
to the existence of a MLCT band in the uv region of k(\).
We used this band as a LS marker, and we evaluated quan-
titatively the HS fraction by integrating the absorption spec-
tra. We then derived the thermal behavior of the HS fraction,
which we found in excellent agreement with the magnetic
data on the same sample. We also investigated the global
consistency of the optical data by application of the KK re-
lations, which are well obeyed above 450 nm. In contrast, at
lower wavelengths we observed large discrepancies, which
are discussed in terms of sample roughness. We found that
they can be modeled using a simple empirical formula, in-
volving the lower cutoff in wavelength of the optical spectra
and the average surface roughness. Finally, this work clearly
shows that SE is a useful technique for characterizing and
evaluating the HS fraction in SC solids. These results show
that SE is also sensitive to mechanical stress and constitutes
a very promising technique of investigations of thermo- and
photoswitchable solids under external constraints, such as
pressure, light, magnetic field, etc. In particular, we expect
that this technique will be relevant to investigate the physical
properties of thin films and nanoparticles dispersed in gel,
for example, of thermo- and photochromic switchable mate-
rials, such as SC solids, Prussian blue analogs, or even or-
ganic charge transfer crystals.**
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