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Abstract: In this work we present a detailed study showing the importance of the Kubelka-Munk
(KM) correction in the analysis of diffuse reflectivity measurements to characterize spin crossover
compounds. Combined reflectance and magnetic susceptibility measurements are carried out as a
function of temperature or time to highlight the conditions under which this correction becomes
critical. In particular, we investigate the influence of the color contrast between the two spin states on
the reflectance measurements. Interestingly, the samples’ contrast seems to play an important role on
the spin-like domain structure as suggested by the symmetry of the FORC diagrams. These latest
results are discussed within the framework of Classical Preisach model (CPM).

Keywords: spin-crossover; cooperativity; diffuse reflectivity; Kubelka-Munk model; FORC

1. Introduction

Spin crossover (SCO) materials represents a special class of molecular materials with
very interesting properties that could be used in a new generation of nanoelectronic
devices with tunable properties [1-3]. These materials exhibit a spin transition between
a low-spin (LS) and a high-spin (HS) state which can be induced by an external stimulus
such as temperature, pressure, magnetic and electric field or by light [4-6]. During the
spin transition, the SCO complexes undergo drastic changes of their physical properties,
allowing for the design of smart devices with tunable magnetic, electrical, dielectric,
optical or vibrational response. Due to the color change that usually accompanies the spin
transition (e.g., from colorless at room temperature to dark purple at low temperature
for some Fe(Il) SCO complexes), the fraction of complexes in the high-spin state has
frequently been monitored by optical measurements using diffuse reflectivity (reflectance)
as many of these compounds are obtained in the form of powders. [7-16]. Reflectivity
is particularly suited to the characterization of photoexcited states in the case of highly
absorbing compounds, in order to have a good matching between the thickness probed
and the layer that gets photo-converted. In addition, techniques based on the use of optical
fibers have been shown to provide a robust and inexpensive alternative to integrating
spheres for measuring diffuse reflectance [17,18] under different sample environments
(temperature, pressure, solvent vapors, etc.). In the field of spin transition solids, the first
reflectance studies assumed a linear dependence of the remittance with the fraction of
complexes in a given spin state. However, very often the reflectance measurements did
not fully reproduce the data obtained from alternative techniques, for example magnetic
susceptibility data. In early literature, these differences were omitted or attributed to
the fact that the reflectance data are collected from the surface of the sample while the
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magnetic measurements gives access to the volumetric behavior of the sample. If in some
cases, for example in the analysis of the major hysteresis loop, these differences between
optical and magnetic data do not change the interpretation of the physical phenomenon,
it is no longer the case of the more intimate properties, such as relaxation behavior or
inter-domain interactions of the spin-like domains, where the raw reflectance data can
lead to wrong conclusions. In order to overcome this, we propose a correction method
based on Kubelka-Munk theory for monitoring the spin-crossover properties using the
diffused reflectivity [19].

2. Kubelka-Munk Model for Spin Crossover Compounds

Originally, the Kubelka-Munk model was developed to analyze materials such as
paint films, papers and powders in their neat state [19]. When a material is illuminated, part
of the impinging radiation penetrates the sample and part is reflected from the surface. For
an inhomogeneous material, the fraction that penetrates the sample is either absorbed or
scattered at a large number of points on its path and the resulting radiation that comes back
out of the sample is the diffusely reflected component (see Figure 1). This component is
theoretically described by the widely used Kubelka-Munk (KM) theory. In this theory, one
considers two light beams propagating in opposite directions inside a coating of thickness
X on a substrate, semi-infinite in order to neglect the boundaries’ influence.

A4

Figure 1. A diffusing medium of thickness X and reflectance R on a sample holder. At a distance
x from the bottom surface of the sample, there is a thin lamina of thickness dx and the incident
light that is scattered is traveling through it both upwards and downwards with intensities i(x) and
j(x) respectively.

Let’s consider i(x) as the light beam going downwards and j(x) the ascending light
beam at depth x. If K denotes the fraction of the light beam which is absorbed (absorption
coefficient per unit thickness) and S the fraction of the beam which is diffused (diffusion
coefficient), by counterbalancing the crossing light beam passing through an infinitesimal
thick layer at the altitude x, a linear differential equations system with constant coefficients
can be derived. The crossing of the infinitesimal layer at x is accompanied for the j(x) flux
by a reduction given by K - j(x) through absorption and S - j(x) through diffusion and by
an increase given by S - i(x) (see Figure 1). The same applies to the flux i(x) in the opposite
direction, which leads to the following system:

)

N2

{dﬁ=m+wm—ww'
YD) — (K + 9)j(x) + Si(x)

The mathematical solution of this system can be found, for example, in Ref. [19]. If
the thickness of the sample is considered infinite, one obtains the Kubelka-Munk function
expressed as:

K (1—Rw)* e-c

FRw) =5 =""%p. =5

where: F(Re) is the Kubelka-Munk function,
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Reo = Il—g is the reflectance (Iy is reflected beam intensity and Iy is the incident
beam intensity).

K-is the absorption coefficient.

S-is the scattering coefficient.

e—is the absorbance.

c—is the optical centers concentration (herein the concentration of the absorbing
SCO molecules).

From Equation (2), one sees well that the Kubelka-Munk function gives a relation
between the volume concentration of the optical centers and the reflectance which is
obtained starting from a measurement at the surface. In addition, for the optical centers
concentration the following expression can be obtained:

C_(1waﬁs
€

R ®)

When reflectance measurements are carried out at a wavelength characteristic of the
absorption of the LS species, the concentration of the optical centers is equal to the low
spin fraction. The high-spin fraction is then easily derived from:

(4)

2
s =1 c=1 U=FaS

2R

If we assume that the S/e ratio remains constant during the spin transition, it can be

assimilated to: S R
LS
(5) - ;s o
€/e=1  (1—Rps)

where R} s represents the reflectance of the materials measured in the LS state.
Thus, the high-spin fraction writes as:

1— Reo \2Rys
”HS—1_<1_RLS> Ry’ (6)

where R} s can be expressed according to the following: R;g = %1—8 where C is defined as a
contrast parameter depending on the spin state. This assumes that the light is absorbed
only by the low spin centers, i.e., Rys = 1.

3. Experimental Part

The [Fe1xZny(btr),(NCS),]-HyO (btr= 4,4'-bi-1,2,4-triazole, x = 0.0; 0.5) powder sam-
ples analyzed in the present paper were synthesized following the procedure detailed in
Ref. [20]. The Fe(Il) ion is located in a distorted FeNg centrosymmetric octahedral sur-
rounding of two NCS and four btr ligands. The latter act as bidentate ligands, giving rise
to a two-dimensional layer structure. These 2D layers are connected to each other by van
der Waals interactions and weak hydrogen bonds through the non-coordinating water
molecule and the N(22) atom, yielding high cooperative interactions. The spin transition is
closely related to a structural phase transition without symmetry change, characterized by
a large anisotropic cell parameters contraction. In order to obtain reproducible hysteresis
loops for the thermal spin transition, the samples were cycled several times from room
temperature to 77 K prior to measurements. This procedure is supposed to induce some
cracks within the crystallites due to the large volume change that accompanies the spin
conversion (up to AV /V = 5% for x = 0.0 [21]), and modify the final grain morphology.

To measure the reflectivity, this original set-up described in Ref. [7] was modified to
perform combined and quasi-simultaneous magnetization and reflectivity measurements
using a commercial SQUID magnetometer (Quantum Design MPMS-5). To briefly recall
the basic set-up, a multi-branch Y-shaped multimoded silica fiber is used to both illuminate
the sample (using a Quartz Tungsten Halogen lamp powered with a stabilized current
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source) and collect the reflected radiation. The Y-shaped multimoded silica fiber is then
terminated by a cm-length silica rod onto which a thick layer of powder is attached with
double-adhesive tape. A second silica rod is used to provide a symmetric extraction signal
from the pick-up coils (second-order gradiometer geometry).

The incident and reflected beam intensities are separately monitored by two pho-
todiodes to correct the remittance, R, from fluctuations of the light source. Both signals
are corrected from the contributions of the gain and of the offset from the zero of the
amplification system. The offset value was fixed in such a way that the response of the
amplifier is linear. A non-reflecting black baking sample holder is used to avoid that any
transmitted flux is backscattered and propagate again through the layered sample. Since
the size of the particles is of the order of the wavelength, a rough interface is expected, so
that the major component of the reflected radiation is due to multiple or diffuse scattering.
In addition, particles are randomly oriented and much smaller than the thickness of the
layer itself. The reflectance of the background holder is thus usually neglected in the data
treatment. The typical absorption spectra of Fe(II) complexes show well-separated bands,
centered at 550 nm in the LS state (spin-allowed 1A —1T; transition) and 800 nm in the HS
state (°T,—7E transition) [10]. For the reflectivity measurements, an interference filter with
50 nm bandwidth was used to provide a monochromatic beam of 550 nm mean wavelength,
with an incident power density ranging between 0.3 and 3 mW-cm~2. This parameter
is particularly important in the low temperature regime where LS—HS photoexcitation
effectively competes with thermally activated relaxation. To limit such photoexcitation, the
incident power density was reduced, and the light was chopped (5 mHz, 6 s illumination
time). This procedure also helps avoiding considerable heating of the sample.

Because the scattered light flux is measured over a finite solid angle much less than

27 sterad, the remittance R, has to be defined relative to a signal recorded in the same

conditions for a non-absorbing standard: R}, = I;ample /Igandard In this way, data are also

corrected from the contribution of an eventual cap placed in between the sample and the
optical fibre in conventional reflectivity set-ups. As a calibrant, we used BaSO4 powder
(Aldrich, 99%) with a morphology comparable to that of the samples under study. It is
worth noting that deviations from Equation (3) may arise from the use of relative values R},
instead of absolute values Re, of the remittance [22]. In addition, the very small absorption
of the standard cannot be neglected, and this is particularly true at low sample absorption.
Therefore, here we are taking 0.98 for the remittance R, of our standard. The optical
measurements of the minor cycles have been recorded by using a homemade plateform
described in Ref. [7] in the same conditions as we described above.

4. Results and Discussion

Reflectance measurements have been widely used in the past to characterize the
switching properties of SCO compounds, assuming a linear relationship between the
remittance, R and the fraction of SCO complexes in a given spin state. Equation (6)
suggests a different dependence, but the associated shift of the critical temperatures for
the thermal hysteresis loop is not significant after Kubelka-Munk correction or is lower
than the possible kinetic effects). However, this correction becomes very important in
the case of more complex studies, like First Order Reversal Curves (FORC), higher order
hysteresis curves (MORC, minor cycles), or relaxation process, significantly modifying the
interpretation of the measured data. Below, some experimental results are presented in
order to highlight the importance of the KM correction.

4.1. Selected Results

As a first example, Figure 2 illustrates the impact of this correction in the case of
a thermal transition (a) and an isothermal relaxation after photoexcitation (b) for the
[Feg5Zno5(btr),(NCS),]H,0O compound. The HS-LS conversions were simultaneously
recorded from magnetic susceptibility and reflectance measurements. The curves were
renormalized between 0 and 1, by assuming proportionality between the magnetic sus-
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ceptibility, or the reflectance, and the fraction of high-spin SCO complexes. In addition
to an upward shift of the thermal conversion, the relaxation curve directly derived from
the reflectivity measurements displays a rather exponential shape, whereas the high-spin
fraction, nys, obtained from magnetic susceptibility exhibits a sigmoidal shape. It worth
noting herein that the exponential shape of the relaxation curves is associated with the
relaxation process of spin crossover system with weak intra-molecular interactions, while
the sigmoidal shape is obtained in strongly interacting molecular systems. In contrast,
when nyg is calculated from the remittance, R within the Kubelka-Munk approximation,
both the temperature at mid transitions and the sigmoidal shape of the relaxation curves
get closer to what is expected from the magnetic measurements.

T T T T T T T T T T T
1OF — KM model e I 0 [Fe, Zn, (btr),(NCS),JH,0] 7
—e— SQUID iz . = sQuUID =3
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Figure 2. (a) Major hysteresis loop obtained from simultaneous reflectance and magnetic suscep-
tibility measurements for the [Feg 5Zng 5(btr), (NCS);]-H,O compound (H = 2000 Oe, continuous
illumination, 0.3 mW-cm™~2 incident power density); (b) Relaxation curve recorded at 48 K after a
preliminary photoexcitation at 10 K using a HeNe laser (532 nm, ~20 mW-cm™2). The isothermal relax-
ation was measured with a chopped light (5 mHz, 6 sec illumination, 0.3 mW-cm~2 incident power).
The high spin fraction was estimated from magnetic susceptibility or reflectance measurements
assuming proportionality, or alternatively using the Kubelka-Munk formalism.

A second example that emphasizes the importance of the Kubelka-Munk correction
relates to measurements of the minor cycles between two fixed temperatures which pro-
vide important physical information concerning the intensity of interactions between
spin-like domains. For example, if the minor loops measured between the same temper-
ature limits are congruent (known also as congruency property), then this may indicate
the existence of virtually no inter-domain interactions. This analysis has been made on
[Fe(btr),(NCS);]-H,O complex. We have recorded minor cycles between two fixed tem-
peratures by both reflectance and magnetic measurements. The two sets of measurements
are presented in Figure 3a,b. As in the case of the relaxation process significant discrep-
ancies are observed. In the magnetic measurements, the congruence property is virtually
respected (the variation of surface area with npg being lower than 4%) while in reflectance
measurements the surface of the minor cycles varies significantly with the high spin frac-
tion. As shown in Figure 3¢, after KM correction one obtains a behavior much closer to that
observed by magnetic measurements.

The examples presented above show that after KM correction, the reflectance mea-
surements are in much better agreement with the quantification of the high-spin fraction
provided by the magnetic measurements. In order to have further insights on the impor-
tance of this correction, we have also studied its impact on FORC diagrams. The results are
discussed within the framework of Classical Preisach model (CPM).
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Figure 3. Major and minor cycles obtained from: (a) magnetic susceptibility measurements; (b) re-
flectance measurements after normalization and (c) KM - corrected reflectance measurements, respec-
tively recorded on [Fe(btr),(NCS),]-H,O, with a temperature rate of 0.5 Kmin~1.

4.2. Theoretical Approach

The goal of this section is to understand the effect of KM correction on various samples,
with different values of the spin dependent parameter C, hereafter termed contrast, to see in
which studies the correction changes significantly the interpretation of the measurements
and when this correction is negligible.

The Preisach model adapted to spin domains was presented in Ref. [23]. In the present
study, we use a Gaussian distribution of temperatures representative of the transition of
the different domains without any supplementary supposition.

From Equation (6) the reflectance can be defined according to the high-spin fraction
nys as:

Ripe —
V2R
where: A = nys(1 —2Rps) + R%S(nHS -1)—-1,

B = (Rps —1)*[n%;g(R%s — 2Rps + 1) + npys (2R3 — 2) + R3¢ + 2Rys + 1].

Only the first solution, R = —ﬁ(A + v/B) has physical significance and will be
considered in the following. Figure 4 shows the dependence of the reflectance as a function
of the high-spin fraction for various values of the contrast C.
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Figure 4. Dependence of the reflectance on the high-spin fraction for various contrasts between the

high-spin and the low-spin states.

Starting from the high-spin fraction obtained from the Classical Preisach model CPM
we simulated the major hysteresis loop (MHL), the FORC diagrams and the minor cycles,
in coordinates R = f(T), with T: temperature, for various values of C.
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4.2.1. KM Correction on the MHL

In Figure 5 we have represented the major hysteresis loop obtained in the Classical
Preisach model (CPM) and the major hysteresis loops corrected in the KM approximation
for 4 different values of the sample contrast parameter (C = 0.67, 0.43, 0.25, 0.11).

1.0 T 1.0

0.8

0.6
=
I
»
0.4

—O—CPM
—*—C=0.67| 0.2
—%—C=0.43

C=0.25
—o—C=0.11

» 0.0
110 120 130 140 150 160 170

Figure 5. Thermal hysteresis loops simulated for various color contrast values.

To be able to make a comparison between these different MHLs, we normalize the
values of the reflectance, so that R varies between zero and 1 (see Figure 6a), by applying

the formula:
_ R—Rys

Ry, =—-7—=.
" 1—Ryg

®)

1.0

—o—CPM
—o—C=0.67

0.8. —o—C=0.11 0.8

0.2 o
ﬂ,.-—-*"’/ (b)
0.0 pe——""" " A
0 1 2 3 4 5 6 7
AT(K)

Figure 6. Influence of the Kubelka-Munk correction on the thermal hysteresis loop (a) and the
switching temperature shift, AT, with the high-spin fraction for C = 0.67 with respect to CPM (b).

Figure 6b shows the variation of the temperature correction with the high-spin fraction
for the major hysteresis loop. As a partial conclusion one can say that the absence of KM
correction artificially shifts the transitions to high temperature, in good agreement with
the experimental observations of Figure 2a. In addition, the abruptness of the branches is
modified as illustrated by Figure 6b, which leads to the loose of the congruence property.
The same study was conducted by using the FORC diagram method.

4.2.2. KM Correction on the FORC Diagram

The FORC diagram method has been proved a very sensitive tool for the characteriza-
tion of the hysteretic properties of spin transition materials as it gives more information
about the spin-domain structure which influences the material’s behavior inside the hys-
teresis loop [24,25]. Figure 7 shows the FORC diagrams obtained within the framework
of the CPM where the contour plot has a circular shape and for four other values of the
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sample contrast parameter C, expressed in reversal-measurement temperature coordinates.
In the Preisach model, the FORC distribution is identified as the relative population of
domains having T,, T}, as switching temperatures.

C=0.67
160 -
150 -
140 -
~ C=043 ~
160 — \
150 -
140 -
1 C=025_
g 160 N
Q0 ]
2 150
140 -
~ C=0.11
160 2 X
- (@
140 -
~ CPM ~
160 -
150
140 -
III L]

|

110 120 130 140
T (K
LK)

Figure 7. FORC diagrams obtained for different contrast values.

From this study one can note that FORC diagrams calculated from uncorrected re-
mittance do not change significantly for weak contrasts. However, for samples showing
a high contrast, the shape of the FORC diagram is strongly distorted which leads to an
unrealistic interpretation of the experimental data. These differences can be better seen
from the statistical analysis of the FORC diagrams presented in Table 1. The joint proba-
bility distributions have been analyzed in terms of standard deviation ¢, mean values of
the switching temperatures T and the dimensionless correlation parameter r defined as
r= cov(T,, Tp)/ (0(Ta)o(Ty)).

Table 1. Statistical analysis of the diagrams from Figure 7.

Contrast T, T, o(T,) o(Ty) r
0.67 131.6 154.6 5.0 5 —0.56
0.43 130.3 152.4 52 52 —-0.27
0.25 129.6 151.7 53 53 —0.15
0.11 129.2 151.3 53 5.3 —0.08

CPM 126 148 4.5 4.5 0.00
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The statistical analysis confirms that by increasing the samples’ contrast, an upward
shift of the switching temperatures is expected, but more importantly, the increase of the

contrast induces a correlation between the joint distributions as an artefact.

4.2.3. KM Correction on the Minor Cycles
The Classical Preisach Model considers a distribution of independent domains, which

implies that the congruence propriety is respected (see Figure 8) [26,27].

1.0 4 __:D:j,-_.,_._:_.'_.'_l)_!_.-,'_ IDBID! 'A:Eg;.u.ll.'l).u.).
CPM 6.5-_ R o

- prs
veana gl

o7

i
el

T
160 170

= T T
130 140 150

Figure 8. Minor cycles obtained between two different temperatures (T; < Ty), simulated in the

framework of CPM model.
When we move to reflectance-temperature coordinates, the calculations yield the

same behavior than the one observed experimentally, i.e., congruence property artificially

disappears, as presented in the first section (see Figures 3 and 9).

1.0 P = T . _
™ ‘a0 Va
P4 § y
08 ] £ 08 “9 F
: / / §
g .; § _os f{_ f
3 [ o : g / 3
s : ; 3 / é
Sos & ! I e R
Jem=if /= ;
% S-" ; ;
e
=
s
[
[+ 4

Figure 9. Sets of minor cycles simulated in reflectance-temperature coordinates for various values of
the contrast parameter: (a) C = 0.67; (b) C =0.43; (c) C=0.25 and (d) C = 0.11.

If the KM correction on the major hysteresis loop and on the FORC diagram for weak
contrasts might be considered as negligible, this correction leads to considerable changes
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in the interpretation of the reflectance measurements in the case of minor cycles obtained
between two fixed temperatures as it introduces an inter-domain coupling which is not real.

5. Conclusions

Diffuse reflectivity measurements proved to be an efficient tool for the characterization
of spin transitions associated with an absorption contrast between the high-spin and the
low-spin states, especially in bulky environments including pressure cells or confined space
through the use of optical fibers. It also benefits from time resolution with respect to mag-
netization probes using aperiodic flux extraction methods such as SQUID magnetometry
or quantification of the fraction of transformed molecules from diffraction studies using
laboratory x-ray sources coupled to 0D /1D detectors. Even though the reflectivity method
has been successfully applied to the investigation of thermal and pressure-induced hystere-
sis loops, the technique shows its limits in the case of more complex analyses related to
the inter-molecular interactions such as relaxation process or higher order reversal curves,.
In this work we showed the applicability of the Kubelka-Munk correction for a correct
description of the reflectance measurements in the characterization of the molecular spin
crossover materials which can be extended to other thermo- and piezo-chromic materials.
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