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Metastable state of the photomagnetic Prussian blue analog K ;Co[Fe(CN)g]y.77-3.6H,O
investigated by various techniques
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The thermodynamic properties of the photomagnetic Prussian blue analog K, 3;Co[Fe(CN)glp77 - 3.6H,0,
which exhibits a charge-transfer-induced spin transition (CTIST), are reported. According to the thermal history
of the sample, different low-temperature states are obtained: a quenched high-spin state (Q), a low-spin state (LT)
achieved through the decay of the Q state, and an intermediate state (IM) combining low-spin (LS) and high-spin
(HS) local states. The IM state is obtained by slow cooling and displays a slight kinetic dependence. The long
lifetime of the IM state, which persists up to the vicinity of the CTIST temperature, is unusual and differs from
all metastable states reported so far for photomagnetic Prussian blue analogs. The properties of the different
states and of their photoexcited counterparts are investigated by magnetic and photomagnetic measurements,
calorimetry, diffuse reflectance, and x-ray diffraction. A key feature of the IM state revealed by x-ray diffraction
is the onset of phase separation between a LT-type fraction and a mixed HS-LS fraction (approximately 50 : 50).
X-ray patterns of the IM state obtained during successive cooling and heating stages document irreversible
transformations. The formation and properties of the IM state suggest a self-organization process between low-
and high-spin sites in response to internal structural stresses, and this effect is hindered by irradiation with visible
light. The relaxation kinetics of the Q and photoexcited states are analyzed by using a two-variable model,
which accounts for the onset of correlations due to short-range elastic interactions. A quantitative comparison to
the analogous sodium compound Nay 3,Co[Fe(CN)g]o.74 - 3.4H,O confirms the nonstandard behavior of the title

potassium compound and supports the structural origin of the self-organization processes.
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I. INTRODUCTION

Prussian blue analogs (PBAs) have attracted a great deal
of interest since high-7¢ examples were discovered in 1995
by the Verdaguer group' and the subsequent 1996 report of
photoinduced magnetization in examples by the Hashimoto
group.” The latter property opened the possibility of inte-
grating PBAs into magneto-optical devices and provided an
important new class of switchable molecular materials.>”’
While the electronic mechanism involved in the thermally and
photoinduced transitions has been recently elucidated, the as-
sociated structural aspects remain relatively unstudied. Short-
range structural modifications in A,Co[Fe(CN)s], - zH,O (A:
alkali metal) PBAs were observed in 1998 by extended x-ray
absorption fine structure (EXAFS),%? but complete analysis of
the long-range aspects remains to be investigated. These struc-
tural modifications are obviously involved in the multistability
previously reported for some PBAs,'” and might play a key
role in the control of the photoinduced magnetic phases.
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PACS number(s): 75.50.Xx, 75.30.Wx, 64.60.My, 64.70.K—

The electronic switching in the Co-Fe-based PBAs is de-
scribed as a charge-transfer-induced spin transition (CTIST),?
which occurs between active Co-Fe pairs

Co™(S = 0)-Fe''(S = 0) <
(low temperature)

Co''(S = 3/2)-Fe''(S = 1/2),
(high temperature)

where the Fe>* to Co®* electron transfer is associated with a
low-spin (LS) to high-spin (HS) transition of the cobalt ion.
The electron transfer and spin-state change can not be trivially
disentangled, but can be considered as successive steps for
the photoinduced transition.!""'? The condition for a pair to
be active has been analyzed in terms of the redox potential
difference of the metal atoms and depends on the density of
[Fe(CN)g]*~ vacancies in the system.13

Upon rapid cooling, CTIST PBAs can be quenched and
trapped at low temperature in the high-temperature state. Spin
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FIG. 1. (Color online) Temperature dependences of the yx,,-T
product, obtained with the bulk sample under 0.1 T applied field.
Blue (a) and black (b) curves start from the thermally quenched state.
The red (c) and green (d) curves start from room temperature, at
a controlled temperature scan rate: 1 and 0.1 K/min, respectively.
The different low-temperature states are labeled Q (after thermal
quenching), LT (after relaxation of the Q state), and IM (intermediate
state).

crossover (SC) and PBA compounds have provided examples
of efficient quenching, which can be obtained when the gap
between the thermal transition temperature and the thermal
return temperature, often called Ty gsst (Ref. 14) for the SC
compounds, is narrow enough to prevent sizable relaxation
of the metastable HS state during the cooling process. The
ability of such systems to be thermally quenched in the high
temperature (HT) state makes it possible to investigate the
differences between the thermally quenched and photoinduced
metastable states, previously called multimetastability.!> Tt
is also important to recall that the presence of magnetic
interactions in PBAs leads to large photomagnetic effects at
low temperature,'®'” so low-temperature magnetic data can
be used, as a first approach, for differentiating the various
metastable states of the system.

Efficient quenching was recently observed for Nag s
Co[Fe(CN)slo.74 - 3.4H,0 using magnetic, Mossbauer,”’ and
calorimetric measurements.?! This paper extends these studies
to the potassium analog K¢ 3Co[Fe(CN)g1o.77 - 3.6H,0, which
exhibits an intermediate state (IM) upon slow cooling below
the CTIST temperature. This unusual state has magnetic
susceptibility values in-between those expected for the low-
and high-spin states, with a large hysteresis,”” the kinetic
nature of which is shown in Fig. 1. This paper reports on
photomagnetic, diffuse reflectance, calorimetric, and x-ray
diffraction investigations. For convenience, the discussion
of structural data is restricted to a comparison of the as-
synthesized compound and the IM state, leaving a complete
investigation of the structural aspects to follow in a separate
paper.??

II. EXPERIMENTAL SECTION

A. Reagents, synthesis, and chemical analysis

Chemical precursors were obtained from Sigma-Aldrich
and used as received. Deionized water was obtained from a
Barnstead NANOpure system. A reddish brown powder was
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obtained by dropwise combination of three different nanopure
water solutions: Co(NO3), - 6H,O (0.005 mol in 50 mL H,O);
K3Fe(CN)g (0.02 mol in 200 mL H,0); and KNO3 (0.1 mol
in 50 mL H,0). The powder was extracted by centrifugation
and then dried in vacuum. Infrared (IR) spectra using KBr
pellets were recorded on a Thermo Scientific Nicolet 6700
spectrometer in order to characterize the Fe-CN-Co vibrations
(vew)-Bands at2155 cm™! (strong), 2114 cm™! (medium), and
2092 cm™! (weak), respectively, are assigned to Fe(III)Co(II),
Fe(II)Co(III), Fe(II)Co(II) pairs.18 Energy dispersive x-ray
spectroscopy (EDS) was conducted on a JEOL 2010F instru-
ment at the Major Analytical Instrumentation Center at the
University of Florida, in order to determine the transition-metal
content (Co/Fe) 56.39/43.57. The K/Co content was inferred
from electro-neutrality, using the room-temperature valence
state Fe(Il)g 0g-Fe(Ill)g 9o from unpublished Mossbauer data.
The C, N, H content was determined by combustion analysis at
the University of Florida Spectroscopic Services Laboratory.
The final formulation was expressed as K¢ 3Co[Fe(CN)glo.77 -
3.6H,0. The calculated combustion analysis percentages for
C4,6H7,2N4,603'6K0.32C01.0F60'77 are C, 185, H, 2.4; N, 21.5.
The measured percentages are C, 18.36; H, 2.06; N, 21.90.

Direct current (dc) magnetization under 0.1 T applied
field was measured by a SQUID magnetometer (Quantum
Design MPMS-5) equipped with an optical fiber. Irradiation
was provided by a 100-W tungsten lamp with 750-nm filter
(50-nm bandwidth). Typical intensity was 15 mW /cm?. For
the photomagnetic measurements, a thin layer of powder
sample was fixed onto a transparent double-stick tape located
at the tip of the optical fiber. The complete photomagnetic
system was described in a previous work.?* The mass of the
thin sample (~0.64 mg) was obtained by comparison to the
room-temperature data of the bulk sample (18.5 mg) used
for measurements in the dark, after systematic correction of
the diamagnetic contribution of the photomagnetic sample
holder.?* Susceptibilities were corrected for diamagnetic con-
tributions by using literature values.?’

Calorimetric measurements were performed using a
differential scanning calorimeter (DSC) Q1000 from TA
Instruments. The low-temperature range was obtained using
a liquid-nitrogen cooling system allowing reaching and
stabilizing 93 K in the sample holder. The measurements were
carried out using around 4 mg of powder sample sealed in
aluminum capsules with a mechanical crimp and at a scan rate
of 1 K/min. The experiment with the quenched sample was
performed after immersing the capsule into liquid nitrogen
followed by rapid transfer to the DSC cryostat, opened at 93 K
under a flow of helium gas. The calibration procedure was
already reported in Ref. 21. The diffuse reflectance device
was described in Ref. 26. The irradiation system was the same
as that used for the photomagnetic measurements.

The synchrotron x-ray powder diffraction (XPD) mea-
surements were performed at Swiss-Norwegian Beam-Lines
(station BM1A) at the European Synchrotron Radiation
Factory (France). The powder sample was sealed in a 0.1-mm-
diameter Lindemann glass capillary. The diffraction patterns
were collected with an imaging plate detector by exposing the
sample for 90 seconds to a monochromatic x-ray beam, A =
0.726 89 A. The as-grown sample was fine enough and gave
a homogeneous intensity distribution in the Debye-Sherrer
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rings. LaBg standard powder (NIST) was used to calibrate
the sample-to-detector distance, the beam center, and the
tilt angle of the image plate detector. For the temperature-
dependent measurements, an Oxford Cryostream N, blower
was used for temperature control between 80 and 300 K. For
quenching, the sample was directly cooled to 80 K from room
temperature. The spontaneous charge-transfer transition and
thermal relaxation processes were investigated with 1 K/min
scan rate.

III. RESULTS AND DISCUSSION

A. Magnetic measurements

The temperature-dependent magnetic response measured
in the dark is shown in Fig. 1. The sample was rapidly
cooled down to ~50 K by fast insertion into the precooled
sample space of the SQUID magnetometer to achieve the
quenched state. It was subsequently warmed (1 K/min) until
thermal relaxation was complete (~200 K) and then cooled
again to achieve the LT state, before rewarming to record
the spontaneous CTIST, observed here at 230 K [inflection
point of the xp-T(T) curve]. The unusual onset of an
intermediate low-temperature state (IM), reported by Park
et al.,’* was reproduced upon slow cooling and was shown
to be sizably dependent on the temperature scan rate. The
slow evolution of the system below the CTIST explains why
the thermal quenching process is rather efficient in spite of the
wide temperature range that separates the CTIST temperature
(~230 K) and the thermal return temperature (~160 K)
(Fig. 1). As it will be shown in the following, the amount
of HT state trapped by rapid cooling sensitively depends on
the heat capacity of the sample holder. Furthermore, detailed
x-ray synchrotron investigations of the system? confirmed
that the first quenching was virtually complete, but following
cycles were not, suggesting some fatigue of the sample gen-
erated by the successive thermoswitching and photoswitching
experiments. A similar aging effect was observed on the Na
compound, presumably arising from the large volume change
AV |V ~9%, which accompanies the spin transition.

Using a thin-layer sample fixed on the tip of the sample
holder, we repeated identical sequences to form the low-
temperature states: quenched (Q), relaxed quenched (LT), and
slowly cooled (IM) states. Photoexcitation was performed at
6 K at 750 nm, 15 mW/cm?, for 3 h, starting either from
the LT state or from the IM state to produce the LTPX
and IMPX states, respectively (PX indicates a photoexcited
state). We first recorded the thermal variation of the resulting
magnetic moment in the 640 K temperature range to measure
the magnetic ordering temperature [actually, the spin-freezing
temperature of the cluster-glass state'® (see Fig. 2)].

The M-H scans were then recorded at low temperature
(6 K) to determine the saturation magnetization and coercive
field values of the system (see Fig. 3). Finally, the sample
was warmed at constant scan rate (1 K/min) to determine the
thermal return temperatures of the different metastable states
(see Fig. 4).

The main data derived from Figs. 1-4 have been summa-
rized in Table I. The qualitative findings are as follows: (i)
Neither the quenching nor the photoexcitation processes are
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FIG. 2. (Color online) Low-temperature magnetization curves of
the layer sample, recorded after rapid (Q state) or slow (IM state)
cooling, or after photoexcitation (LTPX and IMPX states). The
applied field was 0.1 T. The low-temperature increase of the LTPX
and IMPX curves may be assigned to the nonrelaxed character of the
raw photoinduced state of the system, which departs from the usual
field-cooled state (Refs. 27 and 28). Magnetic freezing temperature
values T¢ are listed in Table I.

complete. The lower efficiency of the quenching process with
respect to the bulk sample (Fig. 1) is explained by the impact
of the heat capacity of the sample holder upon the effective
cooling rate. On the other hand, the HS content of the IM state
in both samples is the same. (ii) The magnetic properties of the
Q state sizably depend on the HS content. (iii) The IM state has
magnetic properties similar to those of the Q state with 55%
HS content. (iv) The Q and LTPX states clearly decay to the
same LT state (this result was confirmed by synchrotron XRD,
see Ref. 23). (v) The thermal decay occurs more progressively
for the photoexcited (PX) states than for the Q state. (vi) The
decay of the IMPX state occurs in two steps, suggesting that
the initial system is somehow heterogeneous. (vii) The decay
of the IMPX state is not complete when the system reaches
the CTIST temperature upon warming.
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FIG. 3. (Color online) M-H curves measured at 6 K of the thin-
layer sample.
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TABLE 1. Properties of the Q, LT, IM, LTPX, and IMPX states, derived from magnetic data. 7¢ is the magnetic ordering (freezing)
temperature determined as the inflection point of the low-temperature M (T') curves. Tyax is the thermal relaxation temperature determined
as the inflection point of the y,,-T(T") curve during the thermal decay of the metastable state. M, is the zero-field extrapolated value of the
M (H) curves, with B, the coercive field. The low-temperature HS content was estimated by comparing the x,,-T values in the low-temperature

plateau with those above the CTIST.

State Tc (K) Tretax (K) M; (emu/g) B. (G) HS content (%)
Q (bulk sample) 14 160 Not measured Not measured 85
Q (layer sample) 11 159 6.62 60 55
LT ~0 ~0
IM (layer sample) ~11 4.00 60 25
LTPX(layer sample) 18 130-140 8.17 830 ~50
IMPX (layer sample) 17 130,150-170 10.49 660 ~60

Magnetic properties of the Q and LTPX states. It is
worth considering the incomplete population of the HS
state in the Q and LTPX states and its impact on the magnetic
and relaxation properties. Due to the long lifetime of the
PX states at low temperature, it must be considered that
photoexcitation is a frontal process mainly limited by the bulk
absorption of light in these highly colored samples. This leads
to a nonhomogeneous state of the sample, with a front part
almost saturated, leaving the part that is almost nonexcited.>*
The situation is quite different for the Q state, the incomplete
character of which results from partial relaxation occurring at
intermediate temperatures during the cooling process. In the
case of a distribution of energy barriers, as reported for the
Na analog,?” relaxation proceeds faster with the switchable
pairs having the lower energy barriers. Consequently, the
final Q state preferably contains pairs having high-energy
barriers. Such selectivity could slightly impact the thermal
relaxation temperature,’=! but this effect is not reflected in
the experimental data listed in Table I. Also, the magnetic
ordering temperature is expected to be sensitive to the HS
content, and indeed this effect is observed here (Table I).
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FIG. 4. (Color online) Temperature dependences of the x,,-T
product obtained with the thin-layer sample under 0.1 T applied
field. The photoexcited states were obtained after irradiation at
750 nm at 15 mW/cm? for 3 h, starting from the LT state (LTPX
curve) or from the intermediate state (IMPX curve). Temperature
scan rate was 1 K/min.

Using a rough linear extrapolation, which overestimates the
result due to the usual shape of the magnetic dilution phase
diagrams, we assign the value of 7¢ ~ 15.5 K to a hypothetical
100% quenched state. On the other hand, the T¢ value assigned
to the LTPX state, Tc ~ 18 K, is certainly underestimated due
to the incomplete transformation of the almost saturated
fraction. Therefore, this analysis suggests a sizable difference
between the T¢ values of the Q and LTPX states, below 16 K
and above 18 K, respectively.

The present data for the Q and LTPX states qualitatively
agree with the previous observations made for the Na
compound.10 The Q state possesses a lower T¢, a higher Tiejax,
and a smaller M value for a comparable HS fraction. Also,
according to the detailed structural investigation,?* the unit-cell
parameter has a smaller value in the Q state. The Q state is
isostructural with the high-temperature phase (cubic, Fm3m
space group), and a recent x-ray investigation®” suggested that
the LT phase has lower (rhombohedral) symmetry than the
high-temperature phase. Following the textbook example of
Fe(ptz)s-based SC compounds,*? it is generally assumed that
photoexcitation at low temperature does not induce structural
changes (although counterexamples seem to be provided
by compounds possessing flexible ligands?*-3!). These two
considerations led us to the simple idea that the decay of the Q
state involves both electronic and structural transformations,
while the decay of the LTPX state only involves an electronic
transformation.

Thermal decay of the Q and LTPX states. In the experimen-
tal curves reported in Fig. 4, the difference in the thermal decay
temperatures is assigned to the presence (Q state) or absence
(LTPX state) of this structural transformation. This suggestion
is supported by the fact that the decay temperature of the Q state
does not sizably depend upon its HS content. The presence
of a structural difference between the Q and LTPX states
will also impact the isothermal relaxation curves reported
below. It is also noteworthy that, during the low-temperature
photoexcitation process, all lifetimes are long and there is no
selectivity among states with different energy barriers. This
absence of selection may contribute to the slight smearing of
the thermal decay curve of the LTPX state.

Nature of the IM state. A crucial experimental feature
is the two-step character of the decay of the IMPX state
(see Fig. 4). These steps roughly coincide with the thermal
return temperatures of the LTPX and Q states. It is therefore
suggested that the IM state is a mixture of Q and LT-like
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FIG. 5. (Color online) Isothermal relaxation curves for the Q state

at 155, 150, 145, 140, 135, and 130 K, from left to right, with best-fit
computed curves. The fitted parameters are given in Table II.

fractions. This simple model is supported by the shapes of
the M(T) curve and M versus H loop of the IM state,
which are strikingly similar to those of the partially relaxed
thin-film-based Q state. Both experimental curves can be
fairly well reproduced by linear combinations of the Q-
and the LT-state data, in respective proportions 42:58 for
the M(T) curve and 62:38 for the M(H) curve. These
proportions lead to final estimates of the HS fraction in the IM
state of 23% and 34%, which roughly agree with the magnetic
data derived from Fig. 1 and listed in Table I. The differ-
ence between these estimates presumably results from the
neglect of possible interactions between the Q-like and LT
fractions.

It is worth noting that the second step of the decay of the
IMPX state is smeared out over a broad temperature range,
from ~150 to ~200 K. This effect can be assigned to local
inhomogeneities, the nature of which will be discussed further
below in the context of the diffraction data. At first glance,
one might expect that IMPX should return to its initial IM
state (LT + Q) after the first relaxation stage (LTPX — LT).
However, the second stage, where the Q-type fraction relaxes,
takes place more efficiently than for the initial IM state, an
effect attributable to physical aging of the IM state.

Isothermal relaxation of the Q and LTPX states. The
isothermal relaxation curves of the Q state, recorded with
the bulk sample, are shown in Fig. 5. The data are nor-
malized to the low-temperature value of the quenched HS
fraction that is close to 1 at + = 0. The isothermal relax-
ation curves of the LTPX photoexcited state are shown in
Fig. 6. These have been rescaled to the initial value of 1
for simplicity, as their almost single exponential character
makes the parameters nearly independent of the scaling
factor.

The shapes of the relaxation curves for the Q and LTPX
states reveal qualitative differences since the Q-state curves
exhibit a marked sigmoidal shape. However, both exhibit
long relaxation tails, which usually can be assigned to
distributions of relaxation times>* or, alternatively, to the onset
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FIG. 6. (Color online) Isothermal relaxation curves for the LTPX
state at 130 K and 140 K, with best-fit computed curves. The noise
in the relaxation data, despite a preliminary smoothing over 10
neighboring values, is due to the very small sample mass used for
the photomagnetic measurements. The fitted parameters are given in
Table II.

of correlations associated with short-range interactions.* To
provide a further insight into these alternative assumptions, we
apply here a model accounting for correlations.*® We recall that
the simple cooperative two-level relaxation model based on the
mean-field approach, and using the Hauser self-acceleration
factor’” kpL(T,nus) = koo exp(—EY/kpT)expl—a(T)nps],
where o = 2zJ/ kT, conveniently reproduces the sigmoidal
shape of the relaxation curves until nyg ~ 0.5, but fails to
overlap the long relaxation tails. As shown in Figs. 5, 6, and 14,
these tails are accurately reproduced by the correlation model
used here.

The two-variable correlation model of Ref. 36 is based on
the pair approximation method, which includes short-range
fluctuations of the Co’>*(HS)-Fe’* fractions by explicitly
taking into account short-range correlations. The stochastic
treatment of this problem yields two coupled differential
equations governing the HS fractions nys(f) and the fraction
of HS-LS pairs, denoted nyy (¢), where HS is representative
of the Co?*-Fe* pairs and LS the Co*-Fe?* pairs. We show
here, for simplicity, the shorter expressions suitable for the
HS — LS relaxation process:

ditus _ TS gED I ms— 1) At ks T Inie)]
dt 279
vy nyr . !
x | e Plsor 12 = sinh(B Jgnort) QY
nys
and
A _ s s - ot i)
dt 2‘L’o
_ NHL
% (6 BJshort + 2—COSh(ﬂJshorl))
nHs

qg—1
x (e—f“shm + 2”ﬂsinh(ﬂJshm>) 2)
nys
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TABLE II. Refined parameters for the isothermal relaxation
curves of Kg3Co[Fe(CN)glo.74 - 3.4H,0O shown in Figs. 5 (Q state)
and 6 (LTPX state) using the two-variable correlation model (Ref. 36)
(due to the tight correlation between E, and 1, parameters, the
fixed value E, = 5000 K was used to make 7, values essentially
independent of temperature. The crude choice of E, has no impact
on the other parameters). Underlined values were fixed during the fit.

Scaling HS
State T (K) 1/79(s™") J (K)  Jgor (K) factor residual
Q 130 0.246 x 10" —2.1 64.9 0.853 0.135
135 0.301 x 10! —57.2 105 0.946 0.024
140  0.276 x 101 —72.7 109 0.954 0.021
145 0.289 x 10" —88.1 127 0.919 0.032
150 0.203 x 10! —84.8 114 0.910 0.052
LTPX 130 0.539 x 10" —55.4 0 1.02 —0.05
130  0.551 x 10! 0 —12.1 1.01 —0.04

140 0.436 x 10! —26.7 0 0.93 0.07
140 0.438 x 10" 0 —-62 093 0.07

with 8 = 1/kgT and J and Jgnor are the long- and short-range
interaction parameters, taken as temperature independent for
simplicity; g is the connectivity of the system, taken equal to 4
considering the partial occupancy (0.77) of the Fe sites in the
3D lattice and accounting for (unpublished) Mossbauer data,
which show that only ~80-90% of the iron atoms participate in
the charge-transfer process. E° (noted E, in the following) is
the activation energy of the symmetrical double-well system
and the frequency factor 1/7j is equivalent to k, (given in
Hauser equation). 2A is the energy gap and g is the effective
degeneracy ratio of the HS and LS states, determined from
calorimetric measurements as Ing = AS/R, where R is the
gas constant. When the above equations are completed with
the LS — HS process, the model also provides the quasistatic
behavior of the system at the thermal transition. Fits to the
relaxation curves based on the above equations are shown
in Figs. 5, 6, and 14, and the fitting parameters are listed
in Table II. To get better agreement, we also introduced a
multiplicative scaling factor and a residual value of the HS
fraction, which mainly compensate for minor errors of the
normalization procedure of the experimental data. The fitted
data reveal an unexpected thermal variation, which will be
addressed in the discussion section in the light of the relaxation
data obtained with the Na analog.

The values of E, and 19 were determined by refining
an Arrhenius plot of the values obtained at different tem-
peratures for the frequency factor (1/t9) exp(—E,/kgT).
We obtained E, = 4850 (200) K, with the frequency factor
In(1/79) = 23.(2) leadingto 1 /7y ~ 1.0 x 10" s~ Tt is worth
remembering that the barrier selectivity associated with the
quenching process is expected to slightly overestimate the
frequency factors, and the data for the PX state lead to slightly
smaller values £, = 4610 K and 1/7p ~ 2.8 x 10° s7L.

The data derived from the relaxation of the Q state
reproduce the CTIST properties rather well, as shown in
Fig. 7 (curve Q). The problem of the quantitative consistency
between the relaxation and thermal transition data previously
addressed®” seems to have a minor impact here. The quasiex-
ponential relaxation data of the LTPX state does not lead to a
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FIG. 7. (Color online) Computed thermal relaxation and thermal
transition curves of the K compound, using kinetic and interaction
parameters derived from the analysis of the relaxation curves (black
full lines). The red line corresponds to the Na-analog data. The energy
gap values have been determined (3450 and 2688 K for the K and Na
compounds, respectively) so as to match the experimental transition
temperature ranges.

cooperative thermal transition. For the needs of the coming
discussion, we also present in Fig. 7 the transition curve
computed in a similar way, that is, using the relaxation data of
the Q state, for the Na analog, which does not reproduce the
~20-K-wide experimental hysteresis.

Finally, we briefly address the problem of the energy
barrier distributions. In previous work?" using a spin-crossover
compound,*~3! we demonstrated that ligand field distributions
efficiently compete against the interaction parameters, and
reduce the effective cooperativity of the system, manifested
in the sigmoidal character of the relaxation curves and the
width of the thermal hysteresis loop. As for the Na analog,
a distribution of energy gaps can be assigned to different
CoNg_, O, environments known to exist in the K compound,
associated with the change in ligand field strength on H,O
substitution and possible local distortions generated by the
random occupancy of the Fe(CN)g sites. However, these
distributions are also present in the Q state and would hardly
explain the striking difference between the relaxation of the
Q and LTPX states. Instead, we assign this difference to the
structural change, which occurs during the decay of the Q state.

B. Calorimetric data

DSC measurements at 1 K/min upon cooling from room
temperature and subsequent heating are reported in Fig. 8.
They refer to the HT < IM transformation and show atypical
features. The C, anomaly on cooling is significantly smaller
than the one on heating, and below the temperature of the
anomaly, the slope of the cooling branch is much different
from that of the heating branch. These features agree with
the nonequilibrium character of the HT <> IM transformation
as suggested by the kinetic effects seen in Fig. 1. Also, the
cooling curve is single peaked, while the heating branch
appears doubly stepped. The data obtained starting from the
quenched sample is reported in Fig. 9. The decay of the Q state
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FIG. 8. (Color online) DSC measurements performed at 1 K/min:

cooling from room temperature and subsequent heating, associated
with the HT < IM transformation.

is also single peaked, but the peak of the LT — HT transition
is again multistepped. The quantitative data are summarized
in Table III and reveal that the AH of the IM — HT
transformation is roughly half of that measured at the LT —
HT transition, which is consistent with the description of the
IM state in terms of a nearly equal mixture of Q and LT states.
Also, AH of the Q — LT transformation is much less than for
the LT — HT transition, due to the incomplete character of
the quenching process (~50% yield). The C, peak on heating
occurs at ~160 K, which agrees with the value ~159-160
K determined by magnetic measurements at the same
scan rate.

The complex shapes of the C,, anomalies of the LT — HT
and IM — HT transitions agree with the idea that multiscale
processes take place involving both electronic and structural
transformations, and that other factors are also at play, such
as internal stresses created by the large volume change upon
the CTIST transition (AV/V ~9%). However, the Q —
LT transformation, which also involves both processes, does

Heat flow (mW)

2 1 1
100 120 140 160 180 200 220 240 26

Temperature (K)

FIG. 9. (Color online) DSC measurements performed at 1 K/min:
starting from externally quenched sample, associated with the Q —
LT (1 to 3) and LT — HT (4 to 6) transformations.
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TABLEIII. Characteristic temperatures (7,,), enthalpy (AH), and
entropy (AS) values determined from the calorimetric measurements
corresponding to the CTIST (IM <> HT and LT <> HT) and relaxation
(Q — LT) transitions. [The starred value AS (Q — LT) includes
entropy creation due to irreversibility.]

HT - IM IM— HT Q- LT LT - HT
T, (K) 230 230-235 160 235
AH (kJ mol~") ~3 8.7 7.1 18.0
AS(Jmol 'Ky  ~I3 37.3 44.5(%) 76.2

not result in such a complex shape of the C,, anomaly. We
imagine that the various factors involved in these two kinds
of solid-state transformations may differ due to the different
temperatures at which these transformations take place. Also,
the impact of defects that can hinder electron transfer may
depend upon temperature.

According to Table III, the measured AH and AS values
for the LT — HT transition are ~25% larger than for the Na
analog, despite a similar proportion of active Co-Fe switchable
pairs (~80% in both cases according to the Mossbauer data).
This presumably results from a larger contribution of the struc-
tural processes. As in previous work,2! we determined the en-
tropy change associated with the complete switching of a mole
of Co-Fe pairs as AS(corrected) = AS(measured)/0.77/0.8 ~
125 JK=! mol~! per mole, leading to the degeneracy factor
value In(g) = AS/R ~ 15 to be used in the Ising model
calculations. Accordingly, the value of the electronic gap in
the model may be derived from the AH value reported to one
mole of switchable pairs 2A ~ AH(corrected)/N = 3510 K,
where N is the Avogadro number.

C. Diffuse reflectance

The powder sample was initially cooled within a few hours
in the dark down to 80 K and then irradiated overnight at
750 nm. We then recorded the diffused intensity under constant
irradiation for temperature sweeps up to room temperature and
then back to 80 K, at scan rates close to 0.2 K/min (Fig. 10).
The data reveal striking features: (i) a drastic reduction of
the kinetic effect associated with the onset of the IM state;
(i) the presence of a light-induced thermal hysteresis'*3%3
(LITH) at lower temperature, revealing that cooperative
relaxation efficiently competes against photoexcitation; and
(iii) the coincidence of the heating and cooling branches in
the plateau temperature interval (150-200 K). It should be
kept in mind that we previously concluded that the LT state
was obtained after the decay of both IMPX and LTPX states.
Consequently, the heating branch of the plateau has to be
assigned to the LT state. However, it overlaps the cooling
branch, which was expected to be in the IM state. To elucidate
the possible role of light in these experiments, we performed
snapshot measurements that minimize the impact of light on
the photoswitchable samples (Fig. 11). We compared two sets
of data, on cooling, starting from either the HT or from the
LT state. It is shown that cooling in the dark from the HT
state effectively induces the IM state, although the difference
with the LT state is smaller than expected from the magnetic
measurements.
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FIG. 10. Diffuse reflectance data under constant irradiation,
obtained after photoexcitation overnight at 80 K. Effective scan rates
were 0.18, 0.25, 0.20, 0.004, and 0.18 K/min for sections 1 to 5,
respectively.

Due to the small difference in reflectance observed for
the IM state in the dark and the plateau values in Fig. 11,
we suggest that light may hinder the onset of the IM state.
Also, the reduction of the kinetic hysteresis of the thermal
transition, relative to the magnetic measurements in the dark,
might reveal a light-induced acceleration of the HT — LT
relaxation, a point that is addressed further in the discussion
section.

D. X-ray diffraction data

We focus here on the properties of the IM state. A more
complete structural analysis of the multistable states will be
reported separately.”® Figure 12 shows a typical diffraction

0781 ' ' o]
0.77] -
0.76 |
0.75 ]
0.74]
0.73]
0.72]
0.71]
0.70 L

Reflectance

100 150 200 250 300
Temperature (K)

FIG. 11. (Color online) Reflectance data obtained as snapshots
under slow cooling from the HT state to generate the IM state (full
triangles) or after relaxation of the PX state in the dark to generate
the LT state (full circles). Both data sets are obtained on cooling. The
data recorded under permanent light are shown for comparison (full
line). Note that the snapshots around 200 K after relaxation in the
dark accurately match the full line.
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FIG. 12. (Color online) X-ray diffraction pattern of the K com-
pound at 80 K in the cooling branch of the IM state, with comparison
to those of the LT and Q states. Inset: Zoom of the most resolved
lines, with analysis into Gaussian doublets (A = broad, B = narrow).

pattern of the IM state, taken at 80 K on cooling. The IM
lines are split into a broad component, here labeled IM-A
and a narrow component, IM-B, establishing the biphasic
character of the IM state. The observed phase separation
is specific to the slowly cooled IM state, and it is worth
noting that all other states, except the IMPX state, exhibit
a single pattern with narrow lines, typical for homogeneous
single-phase materials. The lattice parameter of the broad
component IM-A is 10.095 A, corresponding to a ~48 : 52
mixture of HS and LS states, based on the Q state (10.263 A at
80 K) and LT state (9.937 A at 80K) parameters, whearas the
narrow peak labeled IM-B corresponds to a lattice constant
of 9.979 A, which is close to that of the LS state. The
diffraction data unambiguously assign the A and B fractions to
the partially relaxed Q (with ~50% HS fraction) and LT states,
as already suggested by the magnetic data. The broad character
of the IM-A lines results from a distribution of HS and LS
sites in this phase. The slight increase of the lattice parameter
values of the IM-B lines with respect to the pure LT state can
be attributed to elastic interactions between microphases. The
Q : LT proportions are ~60 : 40, in rough agreement with
the magnetic data. It is important to note here that the HS
content of the Q state, as well as the composition of the IM
state, sensitively depends on the cooling rate, and may differ
between the x-ray experiment, which employs faster cooling,
and the photomagnetic experiments.

In a further step, we systematically analyzed the patterns
using Gaussian lineshapes and interpreted the data using the
Stokes and Wilson formula:*>*!' [B cos(8)]> = [27 sin(6)]* +
(r/€)?, where B and 26 are the width and positions of the
diffraction lines, and n and € are the heterogeneity ratio and
coherence length value. The unknown parameters 1 and €
are determined by linear regression of the experimental plots
of B cos(9) versus sin(8). The peak broadening is given by
B* = B2, — Bj» Where Bexp and ffy are the experimental peak
widths and those of a reference sample (LaBg NIST standard)
averaged over the same 6 interval. The resulting values are
reported in Fig. 13, together with the variations of the lattice
parameters and the proportions of the A and B components.
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FIG. 13. (Color online) Structural data of the IM phase during thermal cycling: (a) temperature dependence of the lattice parameter value in
Q, IM-A, IM-B, LT, and HT phases; (b), (c), (d) temperature dependence of the relative population (b), coherence length (c), and heterogeneity
factor (d) of the IM-A (circles) and IM-B (triangles) states determined by application of the Stokes and Wilson formula. Solid (open) symbols

stand for cooling (heating) runs.

The IM-A phase has a coherence length of ~50 nm at 180 K,
corresponding to ~50 unit cells and is more clusterlike than the
IM-B phase, with a coherence length of ~200 nm through the
whole temperature range. The former values compare to those
previously reported upon rapid cooling of the sodium analog
Nag.4,Co[Fe(CN)glo7s - 4.64H,0, which were observed to be
in the range 10-50 nm.*?

IV. DISCUSSION

A. Comparison to the Na analog (relaxation properties)

First, we show the relaxation data of the Na analog, in
Fig. 14, with best-fitted curves using the same model as that
applied to the K analog. The agreement with the experimental
data is excellent, even to long times. The fitting parameters
are listed in Table IV. An Arrhenius plot leads to E, = 4600
(70)K and ko, = 1/79 ~ 1.0 x 10° s~! and a barrier energy of
Ey (nys = 1/2) = E, — A ~ 3260 K in fair agreement with
the value ~3420 K reported by the previous analysis using a
mean-field model based on a distribution of relaxation times.?

Using these parameters, we computed the transition curves
for the Na analog shown in Fig. 7, but failed to reproduce the
20-K-wide experimental hysteresis. A possible explanation is
based on the structural data reported in Ref. 10, which shows
that the Q state undergoes an electronic relaxation toward
a Q-relaxed state prior to the structural relaxation toward
the LT state. The cooperativity associated with this latter

transformation is missing during the electronic transformation
observed by magnetic measurements. This explanation does
not exclude the presence of distributions effects as assumed in

1.0

Na-compound

0.8 Q-state 7

0.6

HS fraction

0.4

0.2

0.0

100000 150000

Time (s)

o F

50000

FIG. 14. (Color online) Isothermal relaxation curves for the Q
state of Nag3,Co[Fe(CN)glp74 - 3.4H,0 at 150, 145, 140, 135, and
130 K, left to right, adapted from Ref. 20 with best-fit computed
curves using the present model. The fitting parameters are given in
Table IV.
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FIG. 15. Thermal transition hysteresis loop of Nag3,Co[Fe(CN)glo.74 - 3.4H,O, from magnetic measurements (a) and from calorimetric

measurements (b). Adapted from Refs. 20 and 21, respectively.

Ref. 20, but they probably act to a lower extent since they are
expected to be similar in the two analogous compounds.

B. On the multistep character of the thermal transition

The two-step character of the IMPX — LT relaxation, and
of the HT — IM and LT — HT transformations of the K
compound, was mentioned in the previous sections. A detailed
inspection of the thermal transition in the Na analog reveals
a similar double-step character (Fig. 15). It is worth noting
that the shape of the thermal loop in the magnetic data of the
Na compound is reminiscent of the kinetic distortion due to
the onset of the IM state in the K compound. The multistep
character of the C, anomaly at the LT — HT transformation
of the K compound (Fig. 9) shows that this transformation is
more complex than the simple succession of an electronic and
a structural process.

C. The interaction parameter values

We turn now to a detailed inspection of the interaction
parameters for the Q state of the K and Na analogs (Tables 11
and IV). The two compounds exhibit similar values of the
short-range parameter, but very different values of the long-
range parameter, which is close to zero in the Na analog and

TABLE IV. Refined parameter values for the isothermal relax-
ation curves of the Q state of Nag 3,Co[Fe(CN)glo.74 - 3.4H,0 shown
in Fig. 14, using the correlation model with fixed value E, = 5000
K.

Scaling HS
State T (K) 1/79 571 J (K)  Jgorr (K)  factor residual
Q 130 0.262 x 10" 11.8 78.0 0.995 0.006
135 0.236 x 10" 3.6 73.9 0.994 0.010
140  0.209 x 10" 2.3 86.7 0.991 0.010
145  0.205 x 10" —10.7 86.1 0.991 0.013
150 0.165 x 10" —26.2 779 0.993 0.012

mainly large and negative in the K compound. In addition, the
data for the K compound exhibit large thermal dependences
for both parameters, with some degree of correlation between
them, while those of the Na analog remain almost temperature
independent. We think that these different features result from
the different natures of the processes. The complex behavior
of the Q state of the K compound should be associated with
the twofold aspect of the process, electronic and structural,
which in principle should involve two order parameters. It is
conceivable that these two order parameters are governed by
different activation energies and/or time scales and may result
in a sizable temperature dependence of the average parameters
presently used. Conversely, the approximate temperature
independence of the fitted data for the Na analog suggests
a relaxation process governed by a single order parameter that
is electronic in nature. An alternative explanation might arise
from the elastic nature of the interaction parameters, possibly
leading to sizable thermal variations. Such is the case in the
spin-Peierls transition,*>** for example, in which the exchange
interaction is modulated by the gradual dimerization of the
lattice. Another important point is the opposite signs obtained
for the short- and long-range interactions in the K compound.
It is well known that the presence of opposite interactions
may lead to cluster formation, although whether or not this
peculiarity is correlated to the creation of the IM state remains
an open question.

D. On the possible origin of the IM state

‘We now discuss the physical properties of the IM state. The
kinetic onset of the IM state and its short-range character imply
a self-organization process. The driving force for this onset
presumably originates from elastic stresses that are associated
with the volume change upon the CTIST transformation.
The short coherence length of the IM-A phase suggests the
presence of strongly inhomogeneous stresses, which compete
against the cooperative character of the transition. These
stresses finally result in a smooth transformation over a
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wide temperature range, yielding a slow relaxation regime
upon cooling before the CTIST is completed. A similar
effect of internal stresses upon a spin transition was recently
illustrated in the spin-crossover compound Fe(bbtr);(ClO4),
using optical microscopy. The inhomogeneous character of
the transition in large crystals, due to the presence of internal
stresses, resulted in large shifts (~—20 K) of the transition
temperature in the stressed regions of the material.*>*® Such
a stress-based mechanism was able to explain the impact
of the sample’s thermal history upon the spin transition
temperature.47

The self-organization process giving rise to the IM state
certainly derives from elastic stresses resulting from the
volume change associated with the CTIST process. We suggest
that the growth of the IM state is a key factor affecting
the stabilization of the quenched component, which would
normally rapidly relax to the stable LT state, as it does in the
Na compound and other photomagnetic Prussian blue analogs.
The onset of the microstructure presumably induces stresses
that slow down the relaxation of the Q state. The coupling
between the electronic and structural transformations involved
in the CTIST process may also take part in this complex
mechanism. Finally, as suggested by diffuse reflectance data,
the self-organization process may be hindered by illumination,
which is expected to randomize the distribution of HS and LS
states in the lattice.

V. SUMMARY AND CONCLUSION

The unusual properties of the intermediate (IM) state
obtained by slow cooling of the photomagnetic Prussian blue
analog K 3Co[Fe(CN)glo.77 - 3.6H,O have been described,
while characterizing the magnetic properties of the different

PHYSICAL REVIEW B 84, 144102 (2011)

low-temperature states, including the quenched (Q), slow-
cooled (IM), and low-temperature (LT) states, along with the
corresponding photoexcited states LTPX and IMPX. From the
relaxation properties of the metastable Q, LTPX, and IMPX
states, it is inferred that the IM state is a mixture of the
Q-type and LT phases. This conclusion is confirmed by x-ray
diffraction. Further investigations show the fragile character of
the IM state with respect to fatigue and irradiation by visible
light. Calorimetric data support the complex character of the
thermal transition, which was previously observed for the
Nag 3,Co[Fe(CN)glo.74 - 3.4H,0 analog. For both compounds,
the relaxation curves have been analyzed using a two-variable
correlation model, which nicely predicts the experimental
data. On the other hand, whereas the model reproduces the
thermal hysteresis of the Na compound, the agreement is less
for the K analog, further illustrating the complex character
of the transformations in the title compound. The origin of
the IM state is attributed to a self-organization process, and a
complete structural investigation of the system will be reported
separately.
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