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We report on detailed spectroscopic ellipsometry investigations on the thermally induced first-order phase
transition of rubidium manganese hexacyano-ferrate (RbMn[Fe(CN)4]) pellet sample. This switchable solid
shows a cooperative Jahn-Teller distortion coupled with a local charge transfer between Fe and Mn ions.
Optical spectra of the real, &', and imaginary, &”, parts of the complex dielectric constant have been recorded
in the interval of temperature, i.e., 250-350 K, around the transition region and in the optical range of 190-830
nm. Four (two) optical bands have been identified and assigned in the low-temperature (high-temperature)
phase, corresponding to the Fe-CN-Mn'" (Fe-CN-Mn"") state. We performed a quantitative analysis by
fitting our spectra with Gauss-Lorentz (GL) line shapes and determined the energy positions, oscillator
strengths, and widths of individual transitions, as well as their thermal variation. It has been found that the GL
profiles excellently approximate the optical response. Moreover, we observed a significant shift of the metal-
ligand charge-transfer band8 upon the thermal transition and correlated it quantitatively to the volume change
at the transition. We then derived the coefficient of the volumetric thermal expansion of the title compound and
found a=(dV/dT)/V=3.0X10" K~! in the transition region and a/IT‘T24.0 X107 K-! (aI;T=8,7
X 107 K~!) in the low-temperature (high-temperature) region, in very good agreement with the reported zero
thermal-expansion character of this compound. Finally, from the analysis of the integrated absorption spectra,
we derived the thermal hysteresis of the high-temperature fraction, which was found in very good agreement
with that of magnetic data recorded on the same sample.
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I. INTRODUCTION

Very interesting new types of phase transitions occurring
in molecule-based materials are attracting great attention. In
such phase transitions, electrons are directly involved since a
change in the electronic state is strongly coupled with a
change in the lattice. Representative of such exotic phase
transitions are transition-metal cyanides, A'M"[N"(CN)g]
(A=Na, K, Rb, Cs; M=Mn, Co, Cr; N=Fe, Cr),*
which have been extensively studied and are attracting the
renewed interest of materials scientists, because of their ther-
mally induced spin-state transition and their fascinating pho-
tomagnetic properties. It is well known that the structure of
transition-metal cyanides is constituted by central transition-
metal ions surrounded by six cyano (CN-) and forms three-
dimensional—M-NC-N—network analogous to the double-
perovskite-type transition-metal oxides. In addition, most of
the transition-metal cyanides contain considerable nonsto-
ichiometric H,O molecules, making the structural analysis
difficult and affecting in a nontrivial way their physical
properties. ~Among the transition-metal  cyanides,
(RbMn[Fe(CN)¢]) (Refs. 5-14) does not contain extra H,O
molecules and therefore constitutes a suitable example for
accurate studies of the thermal properties of this family
of switchable charge-transfer solids. Previous x-ray
investigations® on the title compound have shown the exis-
tence of a temperature-induced phase transition from the te-
tragonal (D) to a cubic (0O,) phase around 320 K on heat-
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ing. The mechanism of this structural phase transition
involves two processes: (i) a cooperative charge transfer be-
tween Mn and Fe (ii) coupled with a cooperative Jahn-Teller
(JT) distortion. More precisely, the low-temperature (LT)
phase is of type Mn'-Fe!" where Mn!" is high spin (HS) (d*,
§=2) and the Fe is low spin (LS) (d°, §=0).

The Jahn-Teller distortion of Mn-Ng octahedron causes
the tetragonal structure!>~'® of the LT phase at 200 K on
cooling, while at higher temperature, above room tempera-
ture, (RbMn[Fe(CN)¢]) becomes face-centered cubic (Fm:
Z=4),>18 reflecting the stability of the HT phase Mn'l-Fe!'! in
which Mn?* is HS (d°; S=5/2) and Fe** is low-spin (d°; S
=1/2).5 In fact, upon the cooperative charge transfer be-
tween the two metals, at invariant symmetry group, the ob-
tained state is structurally unstable due to the Jahn-Teller
character of Mn ion, which produces a long-range coopera-
tive distortion, leading to a first-order transition, accompa-
nied with a large hysteresis loop. Therefore, the cubic to
tetragonal structural transition in this material is considered
to be driven by a cooperative charge transfer from the Mn**
to the Fe* sites, coupled with the JT distortion of Mn ions.

Consistently, Osawa et al.'® showed that the low-
temperature valence state is HS Mn3* (¢*; $=2)-LS Fe?* (d%;
S=0) based on their x-ray data and optical-absorption spec-
tra. In the next study of the present work, we denote the
high-temperature cubic phase and the low-temperature te-
tragonal phase as HT and LT phases, respectively. Conse-
quently we expect a large difference between the electronic
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states of the HT and LT phases to be evidenced by spectro-
scopic ellipsometry (SE). Indeed, SE is a powerful tech-
nique, well adapted to investigate the electronic and optical
changes?%-?? as well as to measure the thickness of thin films.

A previous report by Ohkoshi et al.>* showed the dielec-
tric constant of (RbMn[Fe(CN)¢]), observed by SE only in
the LT and HT phases and only in the visible region of
400-800 nm. In the present work, we examine the thermal
dependence of the dielectric constant in a large interval of
temperature below and above the transition temperature, in-
cluding the transition region (250-383 K), in the extended
spectral range of 190—830 nm. Our aim is to correlate the
thermal behavior of ellipsometric spectra with the magnetic
and x-ray data and to demonstrate how accurate is SE in the
investigations of the thermal transitions in switchable solids.
Recently, Loutete-Dangui et al.>* showed the first application
of the SE as a relevant technique allowing to investigate the
thermal properties of the spin-crossover (SC) sample
[Fe(NH2—trz);]Br,. In particular, SE was able to find out the
thermal hysteresis loop of the sample, in very good agree-
ment with that obtained by magnetic measurements.

In this paper, we report on the application of the SE on
cooperative  Jahn-Teller switchable solids, character-
izing quantitatively the charge-transfer transition in
(RbMn[Fe(CN)4]) pellet sample, for which there is no vis-
ible change in color between the LT and HT phases. The
paper is organized as follows. In Sec. II, we present the
experimental procedure; in Sec. III, we present the optical
spectra obtained at different temperatures and discuss the
thermal behavior of the dielectric constants in relation with
the cooperative charge transfer leading to a first-order tran-
sition. In particular, we fitted our spectra with Gauss-Lorentz
line shapes and determined the energy positions, oscillator
strengths, and widths of individual transitions at various tem-
peratures in the heating and cooling modes. These results are
discussed in Sec. IV. Section V is devoted to the comparison
of SE data with that of magnetism performed at this end. We
also propose an equation of state for the present phase tran-
sition, leading to find the experimental hysteresis loop. In
Sec. VI, we end with a conclusion.

II. EXPERIMENTAL SECTION

Pellets of (RbMn[Fe(CN)y]) sample with diameter of
5 mm and thickness of ~1 mm were prepared by pressing
the powder under 10 kbar for 1 min using an optical polished
piston in order to avoid problems of scattering of the ellip-
sometric signal, induced by the roughness of the surface. SE
is based on measurements of the polarization of a beam of
light reflected from the surface of the sample at a known
angle of incidence. Two ellipsometric angles, ¢ and A, are
measured as functions of wavelength and the angle of inci-
dence. These parameters are related to the ratio of the reflec-
tion coefficients of the sample, r, and r,, respectively, asso-
ciated with p-polarized (parallel to the plane of incidence)
and s-polarized (perpendicular to the plane of incidence)
lights,?® given by

p=r,/ry=tan()exp(id). (1)

The complex refractive index n=n+ik is derived using the
well-known semi-infinite model,2! well adapted here, due to
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the large thickness of our sample, which gives

1_ 2
n+ ik =ng sin ¢0\/1 + (_p) tan’ ¢, (2)
1+p

where ny (=1) and ¢y=70° are, respectively, the refractive
index of the vacuum and the incidence angle taken here near
the Brewster angle.

The real, &', and imaginary, &”, parts of the dielectric
constant are related to the dispersion and extinction coeffi-
cients given by

e'(N)=n’+k> and £"(\) =2n(N)k(N). (3)

Equations (1)—(3) link the ellipsometric parameters (¢, A)
and the indices n and k or the dielectric constants ¢’ and &”.

SE measurements on a (RbMn[Fe(CN)]) pellet sample
have been performed in the wavelength of 190-830 nm us-
ing a UVISEL spectroscopic ellipsometer, in which the po-
larization of light is modulated through a photoelastic
device.?®?” The light source was a 150 W Xe short arc lamp,
and calcite prism polarizers were used to polarize the inci-
dent beam and to analyze the light beam reflected by the
sample.

The temperature of the sample was controlled by a tem-
perature controller (Linkam TMS 94) with a platinum resis-
tor sensor embedded near the surface of the heating-cooling
stage, allowing accurate (0.1 K) temperature measurements.
The experiments were performed in the temperature range of
225-380 K, and the typical recording times were 3—5 min,
which have been taken in order to accumulate the optical
spectra. The pellet sample was in a chamber under controlled
atmosphere of nitrogen. The light spot on the sample has an
ellipsoidal shape with a size is ~1-2 mm, and it probes
always the same region of the sample. We have checked that
different experiments realized at constant temperature, prob-
ing different regions of the sample, gave the same result,
which excludes the existence of large temperature gradients
during the experiment.

III. RESULTS

We have recorded various spectra of A(\) and W(\) in the
range of 250-380 K in the heating and in the cooling
modes, from which we derived the thermal evolution of the
dielectric constants &’(\,T) and &”(\,T). In Figs. 1(a) and
1(b), we show the respective wavelength dependence of the
ellipsometric parameters A and W (in inset) and that of the
dielectric constants €”(N\) and &’(\) (in inset) in the LT (at
296 K) and HT (at 380 K) phases.

To analyze the consistency of our experimental results, we
first checked in both states, i.e., LT and HT, in which these
quantities obey the Kramers-Kronig (KK) relations?®-39
given by

2 ® rarn !
8,(0))=1+—PJ —ws (wz)dw', 4)
w 0 W —w

and
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FIG. 1. (Color online) (a) Wavelength dependence of the ellip-
sometric parameters A and ¢ (in inset) of (RbMn[Fe(CN)4]) in the
HT (383 K, %) and LT (296 K, ) phases near the pseudo-

(MLCT) Fe! to CN charge transfer of [Fe'(CN)y], (4) d-d
Brewster’s angle (70°); (b) wavelength dependence of the dielectric

transition of Fe', (5) and ligand-to-metal charge-transfer
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() phases derived from (a).
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where P is the Cauchy’s principal value of the integral, and
w is the frequency. Therefore, starting from the experimental
spectra of &”(\), as input data, we have calculated &_,(\)

!

0.3
using relation (4). Good agreement was obtained between the
experimental [8;Xpl()\)] and calculated [e

calc(M)] dielectric 0.0L -~ —— —
constants using KK relation, as shown in Fig. 2. In particular, 200 400 600 800
an absorption band centered around 460 nm is found in both A (nm)
phases. In contrast, a discrepancy between [e,(N)] and
[l (N)] is observed in the range of 240-300 nm, which
does not affect the absorption band in the visible region. This
deviation, which is enhanced in the UV region is attributed
to the light scattering due to the surface roughness of the

pellet sample. A previous ellipsometric study on a pellet of a
spin-crossover sample?* showed a similar effect.

!

FIG. 3. (Color online) Thermal evolution of &”(\) spectra of
(RbMn[Fe(CN)g]) in heating from 296 K (LS) up to 383 K (HS).

Note the energy shift of the MLCT band and the invariance of the

JT band, which is centered around 504 nm. In the inset, shown are

the spectra of the real dielectric constant, &’(\), at the same tem-
peratures. The temperature increment is 4 K.
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(LMCT) transitions, corresponding to CN to Fe'l. We have
studied the absorption line shape of the obtained spectra in
the frame of the Lorentz model.>"3? Such a model is valid in
case of linear dispersive media and describes the dielectric
type as a collection of neutral atoms with elastically bound
electrons to the nucleus, which gives a set of Lorentz oscil-
lators.

Starting from the macroscopic electric susceptibility of

the medium, which writes as
N.e*/m
Xe(®) == 5 (6)

PO w]g +2idiw |

where w; is the resonance frequency of the jth Lorentz os-
cillator, 9; is the associated phenomenological damping con-
stant, and N; is the associated number of resonant electrons
per unit volume interacting with the applied local electric
field. The complex dielectric permittivity e(w) of the me-
dium is given by

b2
ef(w)=1+4my(0)=1-2 —5———— (1)
T —wj+215jw

where b; is the plasma frequency with number density N;.

The complex index of refraction, denoted here 771(w)=n(w)
+ik(w), is related to the dielectric permittivity e(w) as

b2 12
ﬁ(w)=ve(w>=(1—2 TPy ) L®
;T w —wj+215jw

In the present study, we have chosen to analyze the line
shape of the imaginary part of the complex dielectric con-
stant instead of that of the real part, which is less sensitive
to the surface roughness and consequently to scattering
phenomena.

We use the line shape given in Eq. (7), where the sub-
script j runs over four and two Lorentz oscillators in the LT
and HT phases, respectively. In the LT region, corresponding
to 260<T<300 K, the four oscillators—which are shown
in Fig. 4(a)—are localized at 685, 508, 457, and 210 nm. The
absorption at 685 and 508 nm can be assigned to Mn'" d-d
transitions, respectively, associated with the Jahn-Teller
distorted Mn** °B,—°A;, and °B;,—’B,, ’E,
transitions.'>**35 The absorption at 456 nm is identified as
the intervalence Fe'Mn!' electron transfer band, and the
absorption at 210 nm is assigned to the MLCT band of
[Fe’*(CN)4].2> However, a detailed analysis shows that this
band consists in several overlapping subbands due to the
existence of vibronic structure.

In the HT region, associated with the high-symmetry
phase, the dielectric constant is well reproduced using two
Lorentz oscillators, as seen in Fig. 4(b). The observed ab-
sorption peaks are located at 405 and 220 nm, respectively,
assigned to the ligand-to-metal charge-transfer bands of
[Fe**(CN)¢], (LMCT1) and (LMCT2).®> For intermediate
temperatures, the optical spectra consist in a combination of
HT and LT peaks, weighted by Boltzmann probabilities. In
order to analyze the fine structure of the total spectra, we
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FIG. 4. (Color online) Measured (+) and fitted (solid line) spec-
tra of &”(\), obtained using LG profile [Eq. (11)] in (a) the tetrag-
onal (LT phase, T=296 K), (b) the cubic (HT phase, T=383 K),
and (c) at various selected temperatures. The contributions of the
individual bands are shown by dashed lines. The number of experi-
mental points has been strongly reduced for clarity reasons.

have used a least-square-fit procedure in which we vary the
parameters (E b, T j) of each Lorentz oscillator in order to
minimize the difference between the observed and calculated
values of ¢”(E) in the whole temperature range. In each spec-
trum, we have considered 640 points corresponding to a
wavelength step of 1 nm in the interval of 190-830 nm.
More than 48 spectra have been accumulated in heating and
cooling modes from 380 to 260 K. In order to increase the
consistency of our fitting procedure, we have constrained the
values of the resonance energies of the different bands at
their values obtained in the literature,'>?3343 except that of
the MLCT band which shifts with temperature. Practically,
we found that the pure Lorentz model does not allow us to
reproduce accurately the experimental results. Consequently,
we assumed that the resonant energies E; may fluctuate
randomly®® with the Gaussian probability density,
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Po(E) = ——expl(E;— (E)P2TS]. (9)
\"277:[‘6}‘

where (E)) is its mean value and I';; is the standard devia-

tion. These random fluctuations modify the Lorentzian line

shapes, and the resulting Lorentz-Gauss (LG) profiles are

then obtained by convolution as

+00

erg(E)=T——

[ e1(E)PG(Ey)dE,, (10)
\"277]._‘(; _oo

where g, (E) is the Lorentz contribution to the dielectric con-
stant. Substituting &;(E) by its expression given by Eq. (7),
Eq. (10) becomes

2 2
s, Elz wo =B - X120,

e16(E) = £+ >, - dx,
LG j \‘/ZTFGJ _% x2 - E2 - ZZFLJE

(11)

where e, is a dielectric constant arising from higher-lying
transitions, while the dimensionless parameter S ; is the oscil-
lator strength of the jth band.

It is important to notice that the real and imaginary parts
of the dielectric function obey the KK relations and can
be computed efficiently using the complex probability
function.’” We have performed a fitting of the experimental
spectra at various temperatures with GL profiles by allowing
variations of all adjustable parameters of Eq. (11), i.e., S » Ejs
FLj, and FGj. In the LT phase, more than 300 points were
fitted to determine the unknowns, the number of which de-
pends on the state (i.e., LT or HT) of the system. Thus, in the
LT (HT) state, four (two) oscillators are considered, leading
to fit 16 (8) parameters. However, strong correlations exist
between the Lorentzian and Gaussian broadenings, leading
to the lack of precision of the linewidths. Remarking that the
Gaussian widths are more or less independent of tempera-
ture, we fixed them at their averaged value I'~0.23 eV,
obtained from the analysis of all the spectra at different tem-
peratures. In addition, in our fitting procedure, we first fixed
the input values of the transition energies at the values ob-
tained in the literature given by 1.81, 2.58, 2.68, 5.93, and
6.58 eV (3.06 and 5.63 eV) for the LT (HT) phase, except
that of the UV band. It is also remarked that the contribution
of the UV band (MLCT) of the LT phase can be fitted using
a single band, independently of that of the visible region (IT
and Mn'"" d-d contributions) due to the presence of a negli-
gible overlapping. Similarly, the IT band at 685 nm also
shows a small overlapping with the JT Mn™ d-d and there-
fore can be treated independently, which leads to fit only two
parameters (intensity and Lorentz width). Therefore, four fit-
ted parameters (two intensities and two Lorentzian widths)
are analyzed, a method which drastically reduces the strong
correlations existing between the fitted parameters.

Following this method, the number of fitted parameters
(b; and TI;;) in the LT (HT) phase reduces
to 8 (4). Once this first step achieved, we set free the energies
and we fit them. The procedure is repeated until to obtain
the lowest value of X2=2§\71[s" (E;)-¢"  (E,)]?, where

expt calc
Eexp(Ei) [exp(E))] is the calculated (experimental) dielectric
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constant. The results of the fit in the case of LT and HT
phases, are shown in Figs. 4(a) and 4(b). It is evidenced from
Fig. 4(c) that the LG model well reproduces the experimental
results at all temperatures in the cooling and heating modes.
The obtained parameters values with their standard deviation
are listed in Table I.

IV. DISCUSSION

Several informations can be derived from the present
study. On decreasing temperature, a pronounced decrease in
the Lorentzian widths is observed, as seen in Fig. 5, which
summarizes the temperature dependences of the oscillator
strengths and that of the transition energies.

The broadening of the absorption bands described by the
Gaussian and Lorentzian widths may have several physical
origins. In addition to the finite temperature-independent
lifetime of excited states, which reflects the Heisenberg un-
certainty principle, the broadening can be assigned to the
existence of local disorder of various origins: existence of
water molecule coordinated with Fe atom, instead of cyanide
bridge.®® It is worth noting that such disorder causes the
inhomogeneous broadening of the lines (expected to be tem-
perature independent) and may affect the relative energy gap
between the LT and HT states. Moreover, a homogeneous
broadening can be induced by thermal noise due to lattice
and bond-length fluctuations. In the present case, the
temperature-dependence analysis of the band widths showed
a typical homogeneous broadening, the amplitude of which
reaches the value 0.13 eV at ambient temperature, where the
total width including inhomogeneous broadening is esti-
mated as 0.8 eV. The thermal dependent part of the effective
width originates from Doppler effect, due to the Boltzmann
distribution of the velocities, as seen in Fig. 5(a), where the
temperature dependence of the central absorption peak width
follows the usual Doppler law Ave \s’?, where T is the abso-
lute temperature. However, the large observed value of the
amplitude (0.13 eV) leads to unrealistic atomic velocities,
suggesting that the total homogeneous width is made up of a
superposition of several Lorentzian lines.

We additionally depicted in Fig. 5(b) the temperature-
dependence of the oscillator strengths associated with the
different line shapes. There, we found that the oscillator
strengths of the IT and Mn'" d-d bands, which constitute the
“fine structure” of the central band located at 2.65 eV (468
nm), are decreasing functions of temperature and well repro-
duce the present first-order transition with its hysteresis loop.
The decreasing dependence of the oscillator strengths
of IT (Fe"-NC-Mn™— Fe"-NC-Mn™ transition) and JT
(Mn'" d-d) peaks with temperature reflects the Boltzmann
population of the HT phase, which is made of Fe'™-NC-Mn'",
Therefore, these two peaks can be used to estimate the ther-
mal evolution of the HT fraction, as it will be done in Sec. V.

While the central peak does not show significant shift of
temperature, it is remarked that the MLCT bands located at
210 nm in the HT phase leads to a blueshift on decreasing
temperature. This behavior is mainly due to the large thermal
contraction of the metal-ligand distance due to the enhance-
ment of orbital overlapping at low temperature. Conse-
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TABLE 1. The least-square fit parameters derived from GL analysis ”(\) spectra of (RbMn[Fe(CN)¢])

for selected temperatures.

T E; S; Iy Lg; X

(K) (eV) (eV (eV)
[\ (nm)]

296 (LT) 1.81 (685) 0.24 (8) 0.1 (1) 0.24 0.041

2.44 (508) 0.81 (5) 0.23 (3) 0.184
2.71 (457) 1.86 (3) 0.156 (5) 0.24
5.93 (210) 0.444 (6) 0.228 (5) 0.77

318 1.81 (685) 0.21 (2) 0.29 (5) 0.24 0.016
2.44 (508) 0.7575 (7) 0.17 (1) 0.184
2.71 (457) 1.641 (2) 0.227 (6) 0.24
3.06 (405) 0.012 (2) 0.152 (1) 0.202
5.93 (210) 0.342 (5) 0.220 (1) 0.77

328 1.81 (685) 0.20 (6) 0.47 (1) 0.24 0.0086
2.44 (508) 0.48 (6) 0.15 (5) 0.184
2.71 (457) 1.15 (3) 0.25 (1) 0.24
3.06 (405) 0.04 (2) 0.154 (1) 0.202
5.93 (210) 0.267 (2) 0.211 (1) 0.77

333 1.81 (685) 0.17 (5) 0.7 (1) 0.24 0.0085
2.44 (508) 0.34 (3) 0.12 (4) 0.184
2.71 (457) 0.84 (3) 0.26 (6) 0.24
3.06 (405) 0.06 (2) 0.16 (1) 0.202
5.93 (210) 0.242 (2) 0.208 (1) 0.77

383 (HT) 3.06 (405) 0.21 (2) 0.7 (1) 0.202 0.018

5.63 (220) 0.145 (2) 0.17 (1) 0.6

quently, no isobestic point is observed in this system,
contrary to the spin-crossover [Fe(NH,—trz);|Br, solid pre-
viously studied®* by SE and in which there is no charge-
transfer, or x-ray, studies, available in the literature. We have
reported the energy shift of this band in Fig. 5(c) and ob-
tained a hysteresis behavior.

We now establish a direct correlation between the shift of
the experimental MLCT band and the volume expansion
upon the transition. Knowing that the unit cell of the title
compound contains four Mn ions and its volume in the LT
and HT phases, derived from x-ray diffraction analysis,'>*°
is, respectively, 1057 A3 and 1169 10\3, we derive a relative
expansion AV/V=10% upon the thermal transition. This
value is in very good agreement with the obtained relative
energy shift AE/E=~12%, deduced from Fig. 5(c) in the
transition region.

The effect of the strain on the electronic structure of the
MLCT band can be interpreted in terms of the deformation-
potential theory.*? Considering only the hydrostatic compo-
nent of the strain tensor, which affects the energy gap lin-
early with the strain, it is expected to have AEx AV, where
AE (AV) is the energy (volume) change. Such relation is also
expectable form a vibronic model in the case of isostructural
transition. In the present case, we easily derive from Fig. 5(c)
that AE/E=12% in the transition region; the value which is
in very good agreement with the relative volume jump
AV/V=10% reported in literature.>!> Therefore we adopt

the relation AE/E=~AV/V which is also valid in the LT and
HT phases. Consequently, the coefficient of the volumetric
thermal expansion, «, can be easily deduced from the ellip-

sometric data as a=(dV/dT)/V=(JE/JT)/E.

We have evaluated from Fig. 5(c) the expansion coeffi-
cient a(T) and obtained of'=4.0x10 K and o'
=8.7X 107 K~! in the LT and HT phases, respectively.
Such values are in very good agreement with the zero
thermal-expansion character of this family of solids, as re-
ported in literature.*! Indeed, when comparing the above val-
ues to that of the SC compound,*> Fe(phen),(NCS),, for
which we found o5'=1.6X10"* K and of'=16
X 107 K7, it is evidenced that the RbMnFe(CN) is more
rigid than the SC compound in both HT and LT phases. The
zero thermal expansion of the solid in the LT and HT phases
allows us to write the temperature dependence of the unit-
cell volume as V(T)=nyréV+Vyy, where 6V=Vyr—Vir
~28 A%and V;1=1057 A3 is the volume of the unit cell in
the LT phase.

It is also worth remarking that our spectra exhibits two
different thermal behavior of the peak positions between the
of MLCT (210 nm) and JT optical band (504 nm). Indeed,
while the latter shifts with temperature, the energy of the
former remains invariant in the cooling and heating mode.
We explain the behavior of the JT band by the localized
nature of the transition energy, which is exclusively centered
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FIG. 5. (Color online) Temperature dependences determined by
SE of the width of (a) the experimental central band localized at
468 nm, (b) the oscillator strengths of the IT and Mn™ d-d bands,
and (c) the energy shift of the MLCT band.

on the Mn ion, while it is environment dependent for the
MLCT band.

V. COMPARISON BETWEEN ELLIPSOMETRY
AND MAGNETISM

Magnetic data recorded on the pellet sample are shown in
Fig. 6, where we reported the thermal dependence of the HT
fraction, which is the fraction of Mn?* [Fe**(CN)]. The ob-
tained results clearly indicate a shift of the hysteresis loop at
higher temperature, in comparison with that of the powder
sample,!>*34 which is the signature of the existence of a
residual pressure in the pellet sample, similar to that ob-
served in the SC solid [Fe(NH,—trz);]|Br,.>* Knowing the
entropy change at the transition, this residual pressure can be
evaluated using the Clapeyron’s relation giving the pressure
dependence of the transition temperature as T,(p)=T;,,(0)
+pAV/AS, where AV (AS) is the volume (entropy) change
upon the transition. The ratio AV/AS is derived from the
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FIG. 6. (Color online) Thermal hysteresis of (RbMn[Fe(CN)¢])
with HT fraction derived from magnetic data (O) of the powder
sample and of the pellet ((J) compared to SE measurements on the
same pellet (x). The dashed line is the theoretical curve derived
from an Ising-type approach.

phase diagram of the powder sample, obtained by reflectivity
measurements under pressure, which was found
~24 K/kbar.*® This ratio can be also determined from the
combination of heat-capacity and x-ray measurements. Re-
cent heat-capacity experiments gave an entropy change AS
=54 JK'mol™"¥ and the volume change in the
molecule—that is, the volume change per Mn ion at the tran-
sition was measured =28 A3 (Refs. 15 and 39)—finally
leading to AV/AS=30 K/kbar, a value in good agreement
with that reported above. The observed shift of the transition
temperature is positive, which denotes the presence of a re-
sidual pressure inside the pellet sample, stabilizing the LT
phase which has a smaller volume. Quantitatively, we found
AT, =T ,(p)—T,,(0)=35 K, giving rise to a residual pres-
sure p=0.19 kbar. To compare quantitatively magnetic and
ellipsometric data, we followed the thermal dependence of
the surface of the central experimental absorption band lo-
cated around A=468 nm (JT and IT bands). Assuming a
linear dependence between the HT fraction and the absorp-
tion area A(T) at temperature T, we write the HT fraction as
nur(T)=[A(T)~AL1]/ (Agr—ALr); where App (Ayr) is the
A(T) values in the LT (HT) phase. The obtained results are
reported in Fig. 6, which clearly indicates an excellent agree-
ment with the magnetic data. A similar procedure, also lead-
ing to very good agreement, was used to derive the HT frac-
tion from the thermal evolution of the intensity of the central
experimental band I(T) as ny(T)=[I(T)—=1I; 1]/ Igr—1IL1),
where I; 1 (Iyy) is the value of I(7) in LT (HT) phase. It is
also worth mentioning that simple renormalization of the
thermal evolution, of the oscillator strengths of the IT and
Mn™ d-d bands, or of the energy shift of the UV band also
reproduces properly the thermal dependence of the HT frac-
tion.

One of the most informative quantities extracted from the
hysteresis loop is the interaction strength between the mol-
ecules, which monitors the existence and the width of the
hysteresis loop. Usually to extract such quantity a fitting of
the hysteresis loop is made. Here, we want to present a
simple method leading to evaluate analytically the interac-
tion parameter, denoted here as J, without any fitting of the
data.

We start from the well-known Ising-type mode
which is not the most adapted model to describe this struc-

L 17,48
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tural first-order transition. Indeed, the present phenomenon
requires a two-order-parameter description, respectively, as-
sociated with the cooperative charge-transfer process and the
symmetry change. If we accept the sacrifice of use of the
simple Ising-type Hamiltonian, which accounts only for the
change in the electronic properties and ignores the structural
changes, then the electronic configurations Fe'-Mn'" (LT)
and Fe™-Mn" (HT) can be, respectively, associated with a
two-state fictitious spin operator, c=—1,+1. In such simple
model, the equation of state giving the relation between the
HT fraction, nyt, and temperature writes in the mean-field
(MF) approximation®® as

1 kgT
myr =+ tanh B J(2nHT—1)—A+2LRAS . (12)

0| =

where AS is the molar entropy change, A is an energy gap,
B= ﬁT, kg is the Boltzmann constant, and R is the perfect gas
constant.

It is important to notice here that the MF theory gives the
same equilibrium states as an Ising-type Hamiltonian with an
infinite long-range interactions (Husimi-Temperley model).
Thus, the MF approximation misses the correlations between
the molecules. In addition, in such description, the interac-
tion parameter J is introduced phenomenologically and as-
sumed to be constant, while it certainly depends on the de-
formation of the molecular units.*® Indeed, usually the elastic
interactions, and particularly the dipole-dipole interactions
(<1/77) play an important role in the crystal and even they
can attractive or repulsive depending on the relative orienta-
tion of the elastic dipoles.

To treat the self-consistent Eq. (12), in order to extract
analytically the interaction parameter, J, it is necessary to
express the temperature 7 against the HT fraction, nyp. In
such case, the upper and lower “transition” temperatures,
limiting the width of the hysteresis width, are obtained ex-
perimentally. The derivative d7/dnyr, leads to the following
relation:

AS J(anT—])—A

+— |-

2R| 1-Qnyr-1)?
(13)

T
=J| arg tanh(2nyr— 1)
ﬁnHT

Combining Egs. (13) and (12), and the experimental slope
dT'/ dnyr at the transition temperature, we arrive to the fol-
lowing formula, connecting the interaction parameter J, with
the other parameters of the model as

J= kT, + (AT X AS (14)
BE12 4RAnHT '

There, T,,=2A/(AS/R)=280 K is the transition tempera-
ture, AT=100 K is the hysteresis width, and Anyr=0.9 is
the jump of the HT fraction at the transition temperature.
These values extracted from Fig. 6 lead to an enthalpy
change at the transition 2A =1930 K. Using these values in
Eq. (14), we find the interaction parameter value, /=547 K.
Inserting, these parameter values in Eq. (12), we calculate
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the theoretical hysteresis loop of Fig. 6, which is found in
good agreement with the experimental data. Although the
value of J seems to be consistent (J>T),), it important to
remark that the shape and the width of the obtained hyster-
esis loop are model dependent. Indeed, going beyond the
mean-field approach, by using Bethe-Peierls, cluster varia-
tional methods or Monte Carlo simulations will lead to a
different value of the interaction parameter J. On the other
hand, the probable existence of short- and long-range (elas-
tic) interactions in the system lead to consider the obtained
value of J as the lower limit value of the interaction strength.
Therefore, the present model must be seen as a minimal
model allowing to describe simply the cooperative Jahn-
Teller transition in RbMnFe(CN)g.

VI. CONCLUSION

Detailed studies of the thermal properties of
(RbMn[Fe(CN)4]) by means of SE have led to a complete
understanding of the observed structural first-order transition
in this cooperative Jahn-Teller system. This phase transition
is accompanied by a metal-to-metal charge transfer from
Mn'" to Fe'! and is coupled with a Jahn-Teller distortion of
the produced Mn'" ion. Accumulating the SE spectra in heat-
ing and cooling modes, we derived a thermal hysteresis loop
is from the analysis of the surface of the absorption spectra
and found it in excellent agreement with that derived from
magnetic measurements.

The spectra were fitted using GL line shape and the dif-
ferent contributions were assigned. Thus, in the LT phase, we
have distinguished four oscillators, located at wavelengths
210, 457, 508, and 685 nm, corresponding, respectively, to
the MLCT of Fe?*(CN)q, IT, and Mn3* d-d JT transitions. In
contrast, in the HT phase, we distinguished two oscillators at
220 and 405 nm, respectively, attributed to metal-to-metal
(Fe-Mn) CT transitions. Remarkably, we also found that the
thermal dependence of the oscillator strengths of the IT and
Mn'" d-d bands show a bistable character in excellent agree-
ment with that of magnetic measurements. We have also ana-
lyzed the thermal evolution of the energy shift the MLCT
band (UV region), which expresses the change in symmetry
of the lattice, and subsequent orbital overlapping. We have
also established that it also constitutes a direct observation of
the volume change with temperature. Indeed, the obtained

relative change of energy AE/E well correlates with the rela-

tive change in volume of the unit cell AV/V, which is de-
rived from x-ray data. We then estimated the volumetric ex-
pansion factor in the LT and HT phases, as well as in the
transition region, and the obtained results were found in very
good agreement with available data in the literature.

In conclusion, this study demonstrates the relevance of
the SE as a very accurate and nondestructive technique al-
lowing to probe optical, mechanical, and thermodynamical
properties of switchable photochromic solids. An extension
of the present study including the investigations of the opti-
cal properties of the thermally quenched and the photoin-
duced metastable states by means of SE in also in progress.
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