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We investigate the thermal hysteresis of spin-crossover compounds by using the first-order reversal curve
sFORCd method. By magnetic measurements we have recorded the FORC data for the pure Fe- and Zn-diluted
spin transition systemfFexZn1−xsbtrd2sNCSd2g .H2O, wherex governs, through cooperative interactions, the
width of the thermal hysteresis loop. The wiping-out and congruency properties are obeyed and support the
description of the system by independent spin-like domains. The FORC analysis show, for increasing dilution
parameter 1−x, almost monotonous trends:sid increasing width of the bias distribution,sii d decreasing width of
the coercivity distribution,siii d increasing correlation between the bias and coercivity distribution. The Preisach
distributions finally are expressed in terms ofPsD ,Jd, whereD=energy gap andJ=intra-domain interaction
parameter are the major physical parameter quantities involved in the two-levelse.g., Ising-liked standard
description of interacting spin-crossover units. The physical origin of the distributions is discussed and the
eventualD−J correlation is determined. The pure compound exhibits a negligibleD−J correlation and there-
fore can be considered as made of independent spin domains. The diluted compounds exhibit a sizeableD

−J correlation, which can merely be explained by a small spreading of the composition parameter.
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I. INTRODUCTION

Spin transition compounds are a class of inorganic coor-
dination complexes of transition metal ions with 3d4−3d7

electron configurations, namely FesII d, FesIII d, CosII d,
MnsII d, and NisII d, located in an octahedral ligand field the
strength of which induces the competition between spin
states.1 The diamagnetic low spin statesLSd is the ground
state at low temperature, while the paramagnetic high spin
statesHSd is the stable state at high temperatures, due to its
larger entropy.2 Due to elastic interactions between the spin-
crossover molecular units, the entropy-driven spin-crossover
may result in a first-order thermal transition occurring with
hysteresis. The spin state can be switched as well by pressure
ssome kbard, magnetic fieldstypically 40 T, Ref. 3d, or irra-
diation in the visible at low temperature. The switching re-
sults in large changes in magnetic, optical, and dielectric4

properties which are promising for futuristic applications to
data recording, such as optical memories.

The relevant parameter which characterizes the macro-
scopic state of the system is the high spin fractionnHS, i.e.,
the proportion of spin-crossover units in thesHSd state. Mi-
croscopic parameters involved in the Ising model areD the
energy gap between the spin states of isolated spin-crossover
units,g=gHS/gLS the effective5–9 degeneracy ratio of the spin
state salso accounting for the different densities of vibra-
tional statesd, and J the intra-domain interaction parameter.
The equilibrium value ofnHS is easily derived from the ca-
nonical treatment of the Ising Hamiltonian analysis. The

main results of the mean-field treatment are summarized as
follows: sid an equilibrium temperatureT1/2, at which nHS
=1/2, is obtained irrespective of the interaction parameter:
kBT1/2=D / ln g; sii d above a threshold value of the interaction
parametersJthres=kBT1/2 in the mean-field approximationd,
the spin-crossover occurs with a first-order character. The
width of the thermal hysteresisTup−Tdown is an increasing
function of J; the mean transition temperaturesTup
+Tdownd /2 remains close toT1/2.

In mean-field description, the “effective” interaction in
the diluted system is proportional to the number of spin-
crossover neighbors, i.e., to the composition parameterx.
Below a threshold valuex,0.40 the hysteresis loop was
observed to collapse in the isostructural systems
fFexM1−xsbtrd2sNCSd2g ·H2O where the dilution metal M was
Co or Ni.10–12

The present work is devoted to the system
fFexZn1−xsbtrd2sNCSd2g ·H2O. The major thermal hysteresis
loops, derived from magnetic measurements, are reported in
Fig. 1, and the spin state phase diagram insx, Td axes is
shown in Fig. 2. The threshold valuex,0.33, only is in a
qualitative agreement with the Co- and Ni-diluted series data
sx,0.38d. The large variation of the mean transition tem-
perature upon the effect of dilution can be explained by the
large ionic radius of the ZnsII d ion, which roughly matches
the FesII d radius in the HS state. Following the steric argu-
ments used in Ref. 10, 11, and 13, the presence of molecular
units with a large radius stabilizes the HS state of the spin-
crossover units, i.e., lowers the equilibrium temperaturesby
decreasingDd.
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Some time ago, it was suggested that the spin transition
occurs through spin-like domains, including molecules in the
same spin state, responsible for the capability of exhibiting
minor hysteresis loops.14 Based on this assumption
the classical15 and generalized16 Preisach model could
be applied for analyzing the thermal hysteresis of
fFexCo1−xsbtrd2sNCSd2g ·H2O.13,17The Preisach plane was of
course thesTup, Tdownd plane, instead of the magnetic field
switching values for the genuine formalism aiming to ana-
lyze the magnetic hysteresis of ferro-sor ferri-d magnetic
systems.

It is known that the sufficient and necessary conditions for
applying the classical Preisach model18 are the wiping-out
property,16 correlated with the fact that major hysteresis loop
is well defined irrespective of the past history of the system,
and the congruency property which expresses that the shapes
and areas of all minor loops obtained between the same ex-
treme temperatures are the same, irrespective of the location
of the minor loops in the major loop. While the wiping-out
property is so far respected by all known thermal transitions,
the situation regarding the congruency property is different.
Konig et al.19 and Muller et al.20 recorded different minor
hysteresis loops of a spin transition compound, between two
fixed temperatures and measured identical areas. On the ba-

sis of the Everett model21 they deduced that the spin domains
do not interact. The same observation has been made by
Constant-Machadoet al. for the pure spin transition com-
pound fFesbtrd2sNCSd2g ·H2O;13 but it was shown that this
assumption was no longer valid for diluted compounds such
as fFexCo1−xsbtrd2sNCSd2g ·H2O;16 in addition, it was shown
by microprobe technique that the composition Fe/Co was
sizeably inhomogeneous in each crystal of the compound,12

in agreement with the observed correlation between the
mean transition temperature and hysteresis width distribu-
tions. The questions of the compositional inhomogeneity of
the sample and of the independence of the spin domains are
central and will be addressed in the present report.

As a preliminary investigation, we measured a series of
minor loops for our compoundfFe0.6Zn0.4sbtrd2sNCSd2g ·H2O
between the fixed extreme temperatures 108, 114 KsFig. 3d
and we observed that, in the limit of inherent experimental
errors, the congruency property16 is obeyed, so that the clas-
sical Preisach model can be applied.

The FORC method22 was formerly introduced for analyz-
ing magnetic domains.23 The FORC analysis of a spin tran-
sition was very briefly reported in Ref. 24, and we describe
here a more extensive application of the method, aiming to
describe the spin-like domain properties in terms of physical
quantities such as the energy gap and the intra-domain inter-
action. Major issues will be the eventual composition distri-
bution and inter-domain interactions. The comparison be-
tween magnetic and spin-like domain properties will be
briefly addressed.

II. THE FORC METHOD FOR THERMAL TRANSITIONS

The FORCsfirst-order reversal curvesd22–24 are a specific
class of minor hysteresis loops, for which the sweeping pro-
cess of the input parameter is reversed only once. For a ther-
mal transition the warming/cooling modes are to be distin-
guished. The measurements start at a sufficiently high/low
temperature, such that the high/low temperaturesHS/LSd do-
main structure is saturated. Then temperature is lowered/
raised until a given temperatureTB, the reversal temperature,
and afterwards raised/lowered, in the warming/cooling

FIG. 1. Thermal hysteresis forfFexZn1−xsbtrd2sNCSd2g ·H2O,
with x=1 spure compoundd, x=0.8, x=0.6, andx=0.4 from right
swider loopsd to left snarrower loopsd, respectively.

FIG. 2. The dilution-temperature phase diagram of the spin
state.

FIG. 3. Minor hysteresis loops of
fFe0.6Zn0.4sbtrd2sNCSd2g ·H2O. The congruency property is
observed.
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mode, respectively, as illustrated in Fig. 4. During the second
step of the process, the output parametersherenHSd is mea-
sured as a function of the actual temperature,TA. The experi-
ment is repeated for several values ofTB, and the set of
nHSsTA,TBd values forms the FORC data.

The FORC distribution is defined as the second derivative
of the output parametershigh spin fraction hered:

rsTA,TBd = −
]2nHSsTA,TBd

] TA ] TB
. s1d

In the case of non-interacting domains,se.g., forx=0.6, in
the present systemd the FORC distribution merely is the Prei-
sach distribution, e.g.,PsTdown,Tupd in the warming mode
and PsTup,Tdownd in the cooling mode, whereTup,Tdown are
the switching temperatures of the elementary hysteresis
loopssthe so-called hysterons of the Preisach formalismd. In
such a case the FORC distributions obtained in the cooling
and warming modes are expected to be the same. The major
advantages of the FORC method are:sid it has a purely ana-
lytical character, i.e., it is model-independent,sii d it rules out
the unphysical situation data such asTdown.Tup, i.e., in case
of reversible components,Tdown=Tup is really obtained.

On the other hand, the drawback inherent to the “raw”
character of the data is the need for additional information
for reaching unambiguous conclusions. Fortunately, in the
present study, the congruency property gives direct access to
the Preisach distribution, and allows unambiguous conclu-
sions to be reached.

III. EXPERIMENTAL TECHNIQUES
AND MEASUREMENTS

The samples were prepared at the Leiden University,25 as
small crystals, in the shape of rectangular platelets, little col-
ored sbetween white and yellowd at room temperature and
turning to dark purple at low temperature. After repeated
thermal transitions, self grinding of the crystals occurred and
rapidly the sample was in powder state. Such a preliminary
treatment, following Refs. 12 and 13 was systematically per-
formed, in order to obtain reasonably reproducible major

hysteresis loops. Due to the color change, the spin transition
could also be detected by optical measurements. For the
present study, we have only used magnetization measure-
ments, made using a superconducting quantum interference
device magnetometersMPMS5 Quantum Designd in the
RSO mode. Reflectivity data, which may exhibit some dif-
ferences with respect to the magnetic data,26 will be pre-
sented in a separate report.

In Fig. 5 we present the experimental FORCs of thin
samples offFexZn1−xsbtrd2sNCSd2g ·H2O sabout 5 mgd, de-
rived form the magnetization measurements under applied
field 1000 Oe. Temperature was scanned every 0.5 K for
bothTA andTB. The high spin fraction was derived from the
susceptibility value, considering, respectively, the paramag-
netic and diamagnetic characters of the HS and LS states.
For x=0.6, the measurements were made both in the warm-
ing and in the cooling modes and led to slightly different
FORC distributions, which will be discussed separatelysSec.
VIII d.

IV. EXPERIMENTAL FORC DIAGRAMS

The experimental FORC diagrams, calculated using Eq.
s1d, are represented in Fig. 6. In order to facilitate the dis-
cussion of the results in physical terms, we have chosen the
b=sTA+TBd /2, c=sTA−TBd /2 axes which roughly corre-
spond to the energy gapD and intra-domain interactionJ.
The corresponding axes for magnetic systems would be the
bias and coercivity, respectively. It is worth noting that the
centers of the FORC distributions are situated along a
straight line, which of course is consistent with the phase
diagram already shown in Fig. 2.

A key point is thatD is pressure sensitive,27–29and there-
fore can be modulated by internal stresses due to local de-
fects, or by external stresses mediated by the elastic interac-
tions between spin-like domains. This gives rise to a generic
difference between the magnetic and spin-crossover systems:
the biases in spin-crossover systems cannot be unambigu-
ously attributed to inter-domain interactions. In the present
case, since the congruency property is obeyed, such inter-
domain interactions are de facto ruled out, and the bias effect
has to be exclusively attributed to intra-domain properties.
This is a general property of the thermal transitions, because
the central valuesT1/2d of the input parameter of the hysteron
is not imposed by symmetry, contrary to magnetic systems
which are invariant upon time-reversal. Such a difference is
reflected in the models: the true spins of magnetic systems
are submitted to true magnetic fields while the fictitious spins
of the Ising-like modelsthe key difference with true Ising
model is the degeneracy ratiogÞ1d are submitted to a
temperature-dependent fictitious field30 which goes through
zero at a temperaturesT1/2d which obviously is system-
dependent.

The coercivity, associated with the width of the thermal
hysteresis loop, is not expected to sensitively depend on in-
ternal stresses, since pressure experiments on spin transition
compounds27–29do not show a rapid variation of the thermal
hysteresis width. Coercivity should be related mainly to the
dilution parameterssee the phase diagramd and presumably

FIG. 4. A FORC curve in the warming mode. Starting for the
saturated HS domain state, temperature is loweredsmajor loop
branchd and then raisedsFORC datad.
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to the domain size, according to an intuitive analogy to the
dynamic properties of magnetic nano-particlessamazingly,
the problem of nano-size spin-transition crystals has not been
really addressed so far, to the authors’ best knowledged.

V. THE BIAS-COERCIVITY CORRELATION

Before proceeding to the detailed statistical analysis, it is
convenient to control the normal character of the distribu-
tions. We therefore introduce the separate distributions:

Psbid = o
j

Psbi,cjd, Pscjd = o
i

Psbi,cjd. s2d

We show in Fig. 7 some typical data which illustrate the
normal character of the experimental distributions. The
shapes of all experimental distributions are close to Gauss-
ian, and we have summarized in Table I the application of
the usual statistical criterion.

A crucial point for joint probability distributions is the
correlation between parameters, quantitatively expressed
through the dimensionless coefficient:

FIG. 5. Experimental FORCs in the warming mode forsad the
pure compoundsx=1d; sbd for x=0.4; scd for x=0.6; sdd for x=0.4.

FIG. 6. FORC diagram for different concentrations in the bias-
coercivity sb,cd plane.

FIG. 7. Experimental bias and coercivity distributions,Psbd and
Pscd obtained forx=0.8 with fitted Gaussian distributionssparam-
eter values listed in Table Id.
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rsb,cd =
covsb,cd
ssbdsscd

=
oi j

sbi − bdscj − cdPsbi,cjd

hsoi j
sbi − bd2Psbi,cjddsoi j

scj − cd2Psbi,cjddj1/2,

s3d

where the summation is performed over all possible values
of the parameters:sbi .0d and scj .0d fbecauseTA.TBg.

Due to the normal character of the distributions, the joint
probability can be modeled by

Psb,cd , expX− S sb − b0d2

2sb
2 +

sc − c0d2

2sc
2 − r

sb − b0dsc − c0d
sbsc

DC ,

s4d

wherer ssuch asr2,1d merely is the correlation parameter
rsb,cd defined by Eq.s3d and sb, sc are input parameters
derived from the standard deviation valuesssbd, sscd, ac-
cording to

sb = ssbdÎ1 − r2, sc = sscdÎ1 − r2. s5d

The statistical analysis data of thePsb,cd distributions are
collected in Table II, which are slightly distinct form those
reported in Table I, due to different calculating algorithm
sdirect summationd. The Gaussian form of Eq.s4d gives the
contour plots of the joint distributions elliptical shapes in
excellent agreement with the experimental results. The el-
lipse axes are rotated with respect to thesc,bd axes by an
anglea sdefined modulop /2d expressed through

tan 2a = 2r
sbsc

sc
2 − sb

2 = 2r
ssbdsscd

sscd2 − ssbd2 . s6d

The pure compound exhibits a negative, but relatively small
sb,cd correlation. Diluted systems with increasing Zn content
exhibit a larger correlation between bias and coercivity, as
shown by the obvious rotation of the contour plots in Fig. 6,
as well as by the clear distortion of the major hysteresis loop.
The latter effect is illustrated by adequate simulations,
in Fig. 8.

A brief discussion of the parameter values leads to the
qualitative conclusion that dilution increases the number of
local defects responsible for the bias distribution but weak-
ens the average effective interaction, so that finally increas-
ing dilution reduces the coercivity distribution. The positive
correlations observed for the diluted compounds can be ex-
plained by the effect of a small distribution of the composi-
tion parameterx, which would tend to expand thePsb,cd
contour plots along the line representative of the average
phase diagramsstraight line in Fig. 6d. The quantitative dis-
cussion of the correlation requires one to express the distri-
butions in terms of physically relevant parameters, a problem
which will be addressed in the next section.

VI. JOINT DISTRIBUTIONS OF THE RELEVANT
PHYSICAL PARAMETERS „D ,J…

We now turn to the description of the joint distributions in
terms of relevant physical parameters. Due to the two-
dimensional character of the Preisach plane, we have been
led to select two physical parameters: the energy gapD and
the intra-domain interactionJ. The degeneracy parameter,
correlated to the entropy change upon transition, was dis-
carded in a first approach. Such a choice resulted from the
assumption that the distributions were due to internal
stresses, which at first approach27 only affect the energy gap,

TABLE I. The statistical data for the normal character of the experimental distributions, and fitted
Gaussian parameters.

x csKd sscdsKd xc
2 bsKd ssbdsKd xb

2

0.4 1.63 1.13 0.0015 102.74 2.27 0.0003

0.6 5.19 1.51 0.0007 113.14 1.79 0.0012

0.8 7.77 1.52 0.0005 122.66 1.81 0.0005

1.0 12.84 1.99 0.0009 136.44 0.81 0.0069

TABLE II. The statistical data and distribution input parameters derived from the experimental distribu-
tions of bias,b=sTA+TBd /2 and coercivity,c=sTA−TBd /2 using direct summation.

x b ssbd c sscd rsb,cd sb sc a

sKd sKd sKd sKd sKd sKd sdegd

0.4 102.53 2.32 1.61 1.03 0.45 2.07 0.92 177

0.6 111.58 1.65 5.05 1.28 0.52 1.41 1.09 158

0.8 122.61 1.71 7.74 1.47 0.25 1.65 1.42 160

1.0 134.56 1.03 10.81 1.24 20.26 1.00 1.19 228
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and to domain size effects, supposed to act only on the hys-
teresis width, thus neglecting further effects known to be
essential for magnetic nanoparticles, such as surface
effects.31

We use here the Ising-like model, introduced in Ref. 5
for spin-transitions. Each spin-crossover molecular unit is
represented by a fictitious spin, a two-level operator with
energy gapD=DH /R=EHS−ELS.0, and degeneracy ratio
g=expsDS/Rd=gHS/gLS@1.

The Ising-like Hamiltonian can be written in a “true”
Ising equivalent formsdegeneracy ratio51d by considering
a temperature dependent energy gap,6 i.e., a fictitious effec-
tive field written Def f=D−kBT ln g, acting on the fictitious
spins. AtT1/2, Def f=0.

Straightforward canonical treatment of the Ising-like
model, in mean-field approximation, was performed in order
to derive the relationshipsTA= fsD ,J,gd, TB= fsD ,J,gd. The
data computed for a giveng value have been plotted in Fig.
9. According to the calorimetric data of the system12 the
relevantg values are:g=8000 sx=1d, g=4000 sx=0.8d, g
=2000sx=0.6d, g=1000sx=0.4d. It should be kept in mind
that the shapes of the hysteresis loops computed in the mean

field approximation usually depart from the experimental
shapes. However, in most cases the experimental loop is
nearly square-shapedssee Refs. 30 and 32 for a discussion
and models beyond the mean-field approximationd, and sup-
port the recourse to the square hysterons involved in the
Preisach analysis.

It is clear from Fig. 9 that the correspondence between the
sD ,Jd plane, restricted toJ.D / ln g, and the bias-coercivity
plane, sb,cd, is bi-univocal. This is obviously true for the
sTA,TBd plane, restricted toTA.TB. The transformation of
the joint distributions is straightforward using the Jacobian
transformation:

PsD,Jd = PsTA,TBdU ] sTA,TBd
] sD,Jd

U = Psb,cdU ] sb,cd
] sD,Jd

U , s7d

where the Jacobian values u]sTA,TBd /]sD ,Jdu
=2u]sb,cd /]sD ,Jdu are numerically derived from the set of
computed data used for Fig. 9.

It is worth noting that the reversible part of the Preisach
distributions does not fulfill the conditionTA.TB. In other
words in absence of hysteresis the model fails. Such a situ-
ation occurred with the most diluted samplesx=0.4d, see Fig.
10, the small reversible contribution of which was dropped
when determiningPsD ,Jd.

The calculated distributions in thesD ,Jd plane are re-
ported in Fig. 11. The statistical parameters associated with
the joint probability densitiesPsD ,Jd are listed in Table III.
The statistical criterion we used for testing the independence
of the random sD ,Jd variables was defined asxindep

2

=oi,jsoij −eijd2/eij , whereoij is observed value andeij is ex-
pected value. The probabilityPindep for sD ,Jd to be indepen-
dent is derived from thexindep

2 value, accounting for degrees
of freedom of the problemshere : 5045 number of indepen-
dent datad, according to statistical tables from Ref. 33. This
probability is found to be high for the pure compound, and
low for the diluted compounds. Consequently:sid the sD ,Jd
parameters are not correlated in the pure compound, so the
distribution shall be assigned to different physical processes.
The small negative value of the bias-coercivity correlation is
explained by a generic property of the two-level system,

FIG. 8. Set of major hysteresis loops computed using the corre-
lated joint distributionfEq. s4dg, with parameter values:sb=7, sc

=3, rsb,cd=0, 0.5, 1.

FIG. 9. The bi-univocal correspondence between thesD ,Jd and
sb,cd planes, computed for the degeneracy ratiog=1000, illustrated
by the intersect of the curvesJ=Jx ssolid lined andD=Dx sdashed
lined.

FIG. 10. The FORC diagram offFe0.4Zn0.6sbtrd2sNCSd2g ·H2O,
determined in the warming mode exhibiting a small reversible
component.
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which states that, at constantJ andg, coercivity is a decreas-
ing function of the transition temperaturesit even vanishes at
a critical temperature30d; sii d in the present study, thesD ,Jd
correlation is tightly associated with the dilution of the com-
pound.

VII. DISCUSSION: AN ADDITIONAL COMPOSITION
DISTRIBUTION

Upon dilution the spreading of energy gapsD increases at
once, while the spreading of interaction parameterJ first in-
creases and then decreases. These simple conclusions of

course agree with the previous observations concerning the
bias and coercivity distributions.

More informative is the discussion concerning theD−J
correlation, which is obviously associated with the diluted
state of the system. A single glance to Fig. 11 shows a com-
mon orientation of the contour plots along the curve repre-
senting the variation of mean properties of the system as a
function of dilution, i.e., theD−J line derived from the mean
b−c line in Fig. 6. The simple idea of a sizeable spreading of
the dilution parameter obviously follows, as indeed it already
was experimentally observed in the isostructural Co-diluted
system.13

We now introduce the possible spreading of the composi-
tion parameter. Due to the congruency property, the system is
represented by independent domains, each of them character-
ized by the set ofsx,D ,Jd values. For a givenx value, the
central values of the uncorrelatedD−J distribution are gov-

FIG. 12. FORC diagrams forx=0.6 in the coolingstopd and
warming sbottomd modes.

FIG. 11. The PsD ,Jd distributions of the system
fFexZn1−xsbtrd2sNCSd2g .H2O, x=1, 0.8, 0.6, 0.4, determined from
the FORC data in the warming mode.

TABLE III. The statistical data derived from the experimental distributionsPsD ,Jd; x2 and Pindep are the criterion and statistical
probability for theD−J independence;sx, sD, sJ refer to the model developed in Sec. VII. The valuex,0.008 reported for the pure
compound illustrates the statistical inaccuracy of the data.

D ssDd J ssJd sx sD sJ sJ/J

x sKd sKd sKd sKd rsD ,Jd xindep
2 Pindep sKd sKd sKd

0.4 665 13.9 123 8.0 0.62 2563 ,0.001 0.020 10.9 6.3 0.051

0.6 836 13.2 159 10.2 0.79 2603 ,0.001 0.025 8.1 6.2 0.039

0.8 1028 14.5 195 10.4 0.56 2970 ,0.001 0.021 12.0 8.6 0.044

1.0 1225 8.8 235 8.3 0.16 192 .0.999 0.0008 8.7 8.2 0.035
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erned by the phase diagram. The joint probability, assuming
Gaussian distributions, is expressed as follows:

PsD,J,xd , expX− S sx − x0d2

2sx
2 +

sD − D0d2

2sD
2 +

sJ − J0d2

2sJ
2 DC .

s8d

where the functionsD0sxd, J0sxd follow the averageD−J line
drawn in Fig. 11. Straightforward analytic calculations based
on the Gaussian expression of thePsx,D ,Jd joint probability
enable calculating theD−J correlation resulting fromsx,
once sD, sJ and the slopesb=dD0/dx, g=dJ0/dx are
known,

ssDd = ÎsD + b2sx
2, ssJd = ÎsJ + g2sx

2,

rsD,Jd =
bgsx

2

ssDdssJd
. s9d

In other words, once the statistical valuesssDd, ssJd,
rsD ,Jd have been measured, and usingb,930 K, g
,190 K the standard deviationsx values are immediately
derived. The complete sets of parameter values are reported
in the right three columns of Table III.

Obviously, i.e., according to the shapes of the major hys-
teresis loops, the Zn- diluted system exhibits a small spread-
ing of the composition parameter, compared to that of the Co
systems. This is possibly due to the ionic radius of ZnsII d,
which exactly matches that of the FesII d in the HS state, and
allows the room-temperature crystal growth of the mixed
system to occur in the best steric conditions.

Once accounting for the composition distribution, the “in-
trinsic” sD values of the diluted compounds show a reduced
increase with respect to that of the pure compound. It is
concluded that presumably dilution induces structural defects
which specifically contribute to the spreading of the physical
parameters. This conclusion is supported by the second “in-
trinsic” spreading parameter, considered in relative value,
sJ/J, which is observed to increase for increasing dilution.
The latter effect can be explained by an increased spreading
of domain sizes, associated with the increased dilution; such
an effect might be enhanced on approaching the collapse
threshold of the hysteresis loop. However, as already said,
the size effects remain so far speculative in the field of spin-
crossover solids.

VIII. COMPARISON OF WARMING AND COOLING
MODES

The FORC distributions obtained in the warming and in
the cooling modes, forx=0.6, are shown in Fig. 12; the
results of the statistical analysis are reported in Table IV. The
two distributions are not equivalent, in clear disagreement
with the congruence property. The sizeable difference in the
correlation parameter values is related to the difference in the
shapes of the major hysteresis loops. Of course such a dif-
ference cannot be assigned to different composition spread-
ings, in other words the differences insx values listed in
Table IV should not be considered as significant. At the
present time, we presumably assign such an effect to a struc-
tural effect, probably associated with interplay between the
spin transition and a structural transition in the pure
fFesbtrd2sNCSd2g ·H2O system, inferred from pressure
investigations28,29 and which might be responsible for the
systematic shifts of the major hysteresis loop reported since
the previous works10–12 upon repeated thermal cycling
through the spin transition.

IX. CONCLUSION

To summarize, the FORC approach has proved to be trac-
table in the case of spin-crossover solids. Experimental data
on the system under study are consistent with the very
simple picture of independent spin-like domains character-
ized by their equilibrium temperature and internal interaction
parameter. In the diluted system, a narrow distribution of
composition can explain the observed correlation between
equilibrium temperatures and internal interaction parameters.
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TABLE IV. The statistical data forx=0.6, comparison of the warming and cooling modes.

D ssDd J ssJd sx sD sJ sJ/J

x sKd sKd sKd sKd rsD ,Jd xindep
2 Pindep sKd sKd sKd

0.6 836 13.2 159 10.2 0.79 2603 ,0.001 0.025 8.1 6.2 0.039

0.6cooling 841 12.0 157 9.3 0.59 2085 ,0.001 0.019 9.7 7.5 0.048
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