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Giitlich et al. [Chem. Phys. Lett. 91, 348 (1982)] observed an ‘“‘unusual” two-step high-
spine2low-spin transition in the spin crossover compound [Fe(2-pic);]Cl,-C,HsOH. Recently,
Petrouleas and Tuchagues [Chem. Phys. Lett. 137, 21 (1987)] have shown that the other compound
Fe[5SNO,-sal-N(1,4,7,10)] exhibits a two-step spin conversion with a wider middle step. The mecha-
nism of these unusual spin conversions are studied theoretically on the basis of the cooperative
molecular distortion model [Kambara, J. Phys. Soc. Jpn. 49, 1806 (1980) and Sasaki and Kambara,
J. Chem. Phys. 74, 3472 (1981)]. The couplings of the spin states of the Fe ion with a molecular dis-
tortion and a lattice strain are taken into account in the model. The spin conversion is induced by
the intermolecular spin coupling mediated by the lattice vibration mode and the lattice strain. In
the present model the two inequivalent sites occupied by equivalent iron complexes are assumed in a
unit cell of the lattice. Molecular distortions of a pair of the two complexes occupying the two ine-
quivalent sites couple with each other symmetrically and antisymmetrically. The origin of the two-
step spin conversion (LL—LH—HH) comes mainly from the differences between the effects of the
interpair interaction to the symmetric distortion and on the antisymmetric distortion. Various pat-
terns of two-step spin conversions are obtained by changing the coupling strengths of the Fe ion
with molecular distortion and with lattice strain and also the strength of interpair interaction. The
essential features of the observed thermally induced two-step transitions and also the observed pres-
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sure effect to the transition may be reproduced by the present model.

I. INTRODUCTION

The phenomenon of the thermally and pressure-
induced high-spin (HS)z2low-spin (LS) transitions in
some transition metal compounds has been actively inves-
tigated.! ~® Recently, KSpen et al.* observed an “unusu-
al” spin transition anomaly in the spin crossover com-
pound [Fe(2-pic);]Cl,-C,Hs;OH(2-pic: 2-picolylamine) by
Mossbauer spectroscopy and magnetic-susceptibility
measurements. They observed a two-step spin conversion
in the crossover region with transition temperatures at
120.7 and 114.0 K. Before that observation, only “one-
step” spin transition, that is, continuous and discontinu-
ous LS<HS transitions have been known. Kaji and
Sorai® have shown, based on the heat-capacity measure-
- ment, that there exist two phase transitions in the com-
pound. Petrouleas and Tuchagues® have found that
another compound Fe[SNO,-sal-(1,4,7,10)] shows a
two-step spin conversion with a larger thermal plateau
corresponding to an approximately equal population of
HS and LS species.

We have so far studied the microscopic mechanism of
the various types of the HS<LS transitions in ferrous
and ferric spin crossover compounds and explained the
origin of the one-step or usual spin conversion by using a
model.”® The coupling of the d electrons in Fe ions
with molecular distortions and a lattice strain is taken
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into account in the model. The driving force of the
HS<sLS transition is the intermolecular spin coupling
mediated by the lattice vibration modes and the lattice
strain. The following results have been obtained based on
the model. (i) The calculated temperature dependences
based on the model reproduce all of the essential features
of the observed thermally induced one-step spin conver-
sion phenomena.? 10 (ii) The calculated pressure depen-
dences reproduce the essential features of the observed
various patterns for the pressure-induced HS<sLS transi-
tions of the ferrous and ferric compounds.'!~'* We note
especially that the mechanism of the unusual pressure
effect, which the model has clarified, is that the HS state
with a larger volume is stabilized by pressure. (iii) The
effect of a magnetic field on the HS<LS transition is con-
sidered based on the model.!> We show that the spin
conversion associated with a cooperative molecular dis-
tortion is possible to control by using a magnetic field.
(iv) The effect of partial substitution of the Fe ion with
other transition-metal ions in spin crossover compounds
is also studied based in the model.”!® We clarify the
mechanism of the two types of dilution effects, where the
transition temperature for spin conversion decreases with
decreasing Fe concentration in some spin crossover com-
pounds but the temperature increases in another com-
pound.

In order to make clear the mechanism of the new type
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of spin conversion, that is the two-step HS<LS transi-
tion [(LS)(LS)=(LS)(HS)=(HS)(HS)], we apply the mod-
el to the case where the two inequivalent sites for iron
complexes are included in a unit cell of the lattice con-
structed with equivalent spin crossover complexes.
Molecular distortions of a pair of the two complexes oc-
cupy the inequivalent sites coupled with each other
symmetrically and antisymmetrically. The intermolecu-
lar spin state coupling is mainly induced by the lattice vi-
bration modes arising from the symmetric and antisym-
metric distortions.

The origin of the two-step spin conversion comes main-
ly from the difference between the effect of interpair in-
teraction on the symmetric distortion and on the an-
tisymmetric distortion. The intramolecular coupling of
the Fe ion with the molecular distortion, and the cou-
pling with the lattice strain also affects the pattern of
two-step spin conversion. The observed thermally in-
duced two-step transitions and the observed pressure
effects to the transition'” may be qualitatively reproduced
by the present model.

II. DESCRIPTION OF THE MODEL

The system considered is constructed with one kind of
Fe (11) complex and includes the 2N complexes. We as-
sume that two inequivalent sites for the complexes exist
in the system. These two cases of site inequivalence are
considered. In one case, the complexes are distributed on
two kinds (4 and B) of sublattices such as the NaCl lat-
tice structure, where any site of the A (B) sublattice is
surrounded by six sites of the B ( A4) sublattice. In the
other case, the system has a layer structure and includes
two kinds (‘4 and B) of layers which are arranged alter-
natively. The spin crossover compounds [Fe(2-
pic);1X,-C,HsOH (X =Cl, Br) have a layer structure'®!®
where the complexes in a layer are tightly bound to each
other through the hydrogen bonding due to halogen ions
X.

The Fe (11) ion in each iron molecule is surrounded by
bulky ligand complexes. The ligand field has an ortho-
rhombic or lower symmetry'®!® and gives rise to two pos-
sible ground states, the high-spin state >I'(S =2) and the
low-spin state ' 4 1(S'=0) in each ferrous ion, where T is
the lowest orbital state among the three states of the T,
state split by the low-symmetry ligand field. We take into
account the coupling of Fe ions with the displacements of
ligands with A4,, symmetry, which means a uniform
dilation-contraction Q; of the iron molecule. The 4,,
distortion mode Q; of each molecule is coupled with the
4,, distortion mode of other molecules through inter-
molecular interaction. Since the electric field for the 3d
electrons is changed by the variation of intermolecular
bond distances, we also take into account a coupling be-
tween the Fe ion and the lattice distortion with 4, sym-
metry.

We consider hereafter only the system with the AB
sublattice structure, because the final equations have
similar expressions for both the sublattice and the layer
systems, although the physical meanings of the expres-
sions are slightly different between the two systems.
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The Hamiltonian of the system is represented as
H=H,+Hy,+H;+H,,+H, . (2.1)

The first term H, is the Hamiltonian for the d electrons
of iron ions in the undistorted system, and is given by

N
Hezz 2 {faj+V0a(j)] s

j=la=A,B

(2.2)

where f,; and V,(j) are the Hamiltonian for a free iron
ion and the ligand field, respectively, in the jth molecule
of the a sublattice (a= 4,B). The second term H,, in
(2.1),

2
Hy=}3 PX(K)P, (k)

(k)?QX(k)Q, (k) , (2.3)

NI-—-

g §|~

2
k

is the Hamiltonian for the lattice vibration modes Q,(k)
and Q,(k), where Q,(k) are the normal coordinates of
the modes and are written as
S ik'R; _
Qn(k)—vfﬁ—jngnje 7 (n=12), (2.4)
and P,(k) is the canonical conjugate momentum to
0,(k). Q,; represents the symmetrical coupled distor-
tion mode of the jth pair of 4 and B site molecules,

1
QljZTE(QAj+QBj) (2.5)

and Q,; represents the antisymmetrically coupled mode,

1
Q2j=7§(QAj‘QBj) (2.6)
where Q,; represents the 4,, displacement of ligands

around the Fe ion in the a site molecule of the jth pair.
The third term H; in (2.1),

H, =NC,U? 2.7)

is the elastic energy of the lattice strain U, with 4,
symmetry, where

C,=3BQ,, (2.8)

B is the bulk modulus, and Q; is the volume per Fe ion.
The fourth term H,,,, in (2.1),

N

HM:E(XAjQAj+XBjQBj) (2.9)
j=1

represents the interaction between the d electrons and the

molecular displacements Q,;. The electronic operators

X,; are given by
X =[aV,(j) /30,1 (a=
where V,(j) is the ligand field for the Fe ion of a site

molecule of the jth pair. The final term H,; in (2.1),

N
Hy =23 (YU +YpUp),
j=1

A,B) , (2.10)

(2.11)
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is the interaction between the d electrons and the lattice
strain U,. The electronic operators Y, ; are given by

Y, =[3V,(j)/3U,], (a=4,B). (2.12)

In order to obtain the eigenvalues and eigenfunctions
of H, we eliminate the interactions H,,, by a canonical
transformation

P,(k)=P,(k), (2.13)
0,(k)=0,(k)+ X (k) (n=1,2) (2.14)
Qn Qn ann(k)z n b b .
where
1 X ik'R;
%= g B s Kt 2.19

(use + for n =1 and — for n =2). The Hamiltonian H

then is represented as
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I&

Hee‘—‘ - 42J]1(XAJ+‘XBJ)(XAI+XBI)
il

—%ZIKJI(XAI-—~XBJ~ WX 0 —Xp) . (2.18)
J>

Here the electronic coupling strengths J and K between
the jth and /th pairs are given by

o KRR

N K(0) M1‘01(k)2

1 1
K_l:_ [ —
N (o) Myo,(k)?

> (2.19)

—ik-(Rj—Rl) ) (2.20)

We adopt the random-phase approximation to make the
calculation feasible. The operators X,;Xg with (aj7pBI)
in H,, are replaced by

Xoi X=X o Xp) +Xp{ Xy )

—(X,;){Xp) (a,B=A orB), (221

H=H,+H,+H8,+H, +H, , (2.16)  where (X,;) represents the thermal average of the
where operator X,; and does not depend on the suffix j, because
, the average value of X,; is equal for every a site mole-
1 5 5 cule, and it is written as (X, ). Substituting (2.21) into
=1 *(k)P,(k ’ &
ﬁM 2n§1§ M, nOP, (k) (2.18), and using the fact that H,, has the total (A4,,)
2 symmetry, the final form of the electronic Hamiltonian is
+3: 3 IM,0 (k)0 » k)Q,,(k) , (2.17) written as the sum of the Hamiltonian 4; for single pair
n=1k of A and B site molecules,
J
S [foj Vol N+ CLUTH 3K ((X )2+ {Xp )+ Ko (X 1 )(Xp)
a=A,B
—1Ko(X5;+X3)— (K (X 4 ) +K{Xp )X o; —(K,{X ) +K{Xp))Xp;+UY ,;+U Yy, (2.22)
[
where 1 ) 2
) | (Xa)z—“—/'—i‘[Mla)](o) +M20)2(0) ](Qa>
1
K== 3 ——5, (2.23)
2N ¥ =iM,0,(k) —T/l.i-[lel(O)z—Mzwz(O)z](Qﬁ , (2.27)
=1 é —K (2.24) where (a,B)=(A4,B) or (B, A). The molecular field
: M, (0)2 o’ ’ (X_,) is given by the linear combination of the coopera-
n=1 (2 a giv y € p
tive intramolecular distortions (Q ,) and (Qp). There-
1 1 fore, X,; may be interpreted as an operator describing
K,= M. .(0)? - 2M,0,(0)? (2.25) the molecular distortion of the jth molecule at the «a site.
101 203

We consider the physical meanings of the terms includ-
ing X, in (2.22). It is seen from the analogy with the spin
Hamiltonian for antiferromagnetic systems that {(X,)
represents a kind of molecular field at the a site. Since
the thermal equilibrium value of the transformed coordi-
nate (Q,(k)), is zero, that of the real displacement
Q, (k) is obtained from (2.14) as

(X,(k))

(Q,(k))=— . 2.26
2. M,0,(k)? (2.26)

Using (2.4)—(2.6) and (2.15), we obtain

Thus, we may interpret each term including X, in (2.22)

as follows: The third term

[K,({X)2+{Xz)?) /2]

corresponds to the elastic energy for the cooperative
molecular distortions. The fourth term indicates a cou-
pling between them, which occurs only when the force
constant M, ,(0)? differs between the symmetrically and
the antisymmetrically coupled pair distortions, as seen
from (2.25). The fifth term

Ko(X%+X3)/2

corresponds to the energy gain due to the individual dis-
tortion of each molecule which does not vanish even at
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temperatures so high that the cooperative distortions
(X,) disappear. The sixth and seventh terms corre-
spond to the energy gain or loss due to the individual
molecular distortion in the molecular fields (X, ) and
(Xz), where the intersublattice interaction terms
(Xp )X 4; and (X 4 ) Xp; occur only in the case of

lel(o)quzMzwz(O)z .

If there is no intermolecular interaction, K, in (2.24) is
zero because w,(k)=w,(0) for any k. That is, the in-
trasublattice interaction terms (X,)X,; arise from the
intermolecular interaction within the a sublattice.

|

E,=Ey—wya’+(1+w,)aq 4 +(1+w,)agy +2bu, ,

E,=gy+Ey—two(1+A%)a?+(1+Aw,)ag 4 +(A+w,)agg +b(1+pu, ,
E;=gq+Ey—twe(1+A%)a+(A+w,)aq . +(1+Aw,)agg +b (1+p)u, ,

2

E=2¢y+E,—wor’a’+(1+w,)Aaq , +(1+w,)ragy +2ubu, ,

where
Eo=1lu}+q]+q3)+wyq,9;5 , (2.32)
€0=<¢aH|faj+V0a(f)|1/’aH)
—Warlfaj T Voulillar ) (2.33)
g4=— (KX ), (2.34)
gp=—(K )" (Xp) , (2.35)
u=(C)"?U,, ‘ (2.36)
a=(K )" (Yo |Xyjlthr) (@=4,B), (2.37)
Aa =K )" Yo | Xgj 0o} (2.38)
b=<¢aL$Yaj|¢aL>/(C1)l/2, (2.39)
b = oy | Yol thop ) /(C)2, (2.40)
wOZ—IIZ—?, w2=%. (2.41)

Since g 4 and g are interpreted as quantities representing
the cooperative intramolecular distortions in the 4 and B
sublattices, respectively, it is seen in (2.28)—(2.31) that the
eigenvalues are determined by the cooperative in-
tramolecular distortions and the lattice strain u; through
the relevant coupling strengths, a, Aa, b, and ub.

III. BASIC EQUATIONS IN THE
THERMODYNAMIC EQUILIBRIUM

The thermodynamic equilibrium state of the system at
constant pressure is found by minimizing the free energy
G with respect to g 4, and g subject to the condition that
the values of g, should satisfy (2.34) and (2.35) self-
consistently. The free energy at constant pressure is

2445

The eigenvalues and eigenfunctions of 4; are calculated
within the four electronic states whose wave functions are

represented as W, =v 4; ¥, , V=9 41 ¥py, V3=¢ 454¥p;
and

Yo=Y .4u¥su »

where ¢,; =|'4,) is the wave function of the low-sin
Y4, state of Fe(m) ion in the a molecule, and
Y. =|"TMg) is that of high-spin °T" state with spin z
component of Mg. The eigenvalues for ¥, (n =1-4) are
written as

(2.28)
(2.29)
(2.30)
(2.31)
[
given by ‘
G=—ksTInY(T,P), 3.1)
v(1,p)=["zmoe " da, (3.2)
& —E, /kyT N
Z(T,Q)=| S ge " : (3.3)
n=1

where P and Q denote the pressure and volume of the
system, respectively, and g, is the degeneracy of the nth
state ¥,,g,=1,8,=5,8;=35,and g,=25.

We approximate the integration in (3.2) by using the
maximum value of the integrand and obtain

pa¥
Y(T,P)=Z(T,0%)e * " arq , (3.4)

where the most probable volume Q* is determined by

P=kyT3InZ(T,Q*)/30* . (3.5)

The volume ( is assumed to stay in the region around Q*

and is then given by
Q=NQy(1+(3/C)"%u,), (3.6)

where € is the volume in case of no lattice strain. Then
the equilibrium values of the cooperative intramolecular
distortions g , and gz are obtained from 9G /dq 4, =0 and
9G /9gp =0. The results are represented as

3.7)
(3.8)

g4=—alp,tpy)—Aalpstp,),
gp=—alp;tp3)—Aalp,+p,),
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where p, is the population of the nth level and is given by

4
prn=8n,exp(—E,/kpT)/ 3 g,exp(—E, /kpT). (3.9)
m =1
By substituting (3.3) into (3.5) and using (3.6), we obtain
the equilibrium lattice strain u#; under the pressure P. It
is represented as

uy=—(3/C)'"2PQo—b[2p,+(1+u)py+p3)+2up,] -
(3.10)

If the values of the internal parameters g, a, b, A, u,
w,, and w, and of the external parameters T and P are
given, we obtain the values of the cooperative intramolec-
ular distortions, q 4, g, and the lattice strain u, by using
(3.7), (3.8), and (3.10).

The dependences of the high-spin fraction py on tem-
perature T and pressure P are calculated by

Pu=1iprtipst+p, . (3.11)
We obtain a linear relation between py and u,; from
(3.10) and (3.11) as

u,=2b(1—p)py—(3/C))"*PQy—2b . (3.12)

IV. CALCULATED RESULTS FOR
THE SPIN STATE TRANSITIONS

A. The values of relevant parameters

In order to further the calculation, we need the values
for the internal parameters €y, a, b, A, u, wy, and w, as
well as the external parameter PQy(C,)!/2. The values
for the energy separation g, between the !4, and T
states are of the order of 1000 cm ™! for many iron com-
plexes.’’ The values of b,u, and PQ,/(C,)'/? have been
estimated in previous papers,”!"1?:and the reasonable re-
sults for temperature and pressure dependences of one-
step HS=2LS transitions have been obtained by using
those values. The coupling parameters b (2.39) and ub
(2.40) between an Fe ion and the lattice strain in the low-
spin state and in the high-spin state, respectively, have
been estimated”!! such that the value of b is in the region
of —10-10 cm™ /2 and p takes a value in the range from
1 to 3 for b <0 and from —1 to 1 for b >0, respectively.
We have had no reasonable estimation yet for the in-
tramolecular coupling parameters a (2.37) and Aa (2.38)
between the d electrons and the intramolecular dilation
Q, in the low-spin state and in the high-spin state, re-
spectively. In order to estimate the magnitudes of a and
Aa, we evaluate them for an octahedral Fe (11) L cluster
in the point charge approximation.” The results are

a/(K)?=—1.5X10° cm~ /R,
and

Aa /(K )V?=—3.1X10° cm™ /R, ,
1 0

where R is the length of bond (Fe—L). Then A is near
to 2. The shift of the bond length (Fe—L) induced by
the HS<LS is estimated by (Q,)us—{Q,)1s» Where
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(Q,us and (Q, )¢ correspond to the thermally aver-
aged shifts of bond length in the complete high-spin and
low-spin states, respectively. It is seen from (2.27) and
(2.34) that

(Q.)=~{q.) /12K )*Mw(0)?] .

The values of (g, in the complete low-spin and high-
spin states are obtained from 0E,/dq,=0 and
dE,/dq,=0, respectively, and are {g,)is~—a and
(g, us= —Aa. Thus, the bond shift AR is approximated
as

AR =~(1—M)[a /(K )'?1/[V2Mw(0)*] .

When we take AR =0.2 A and Ry=2 A as observed for
[Fe(phen),(NCS),1,>! M®(0)? becomes of the order of 10°
g/s2. Since the values of K, are estimated to be around
1/[5M a)(O)Z] from the consideration mentioned below, a
and Aa become of the order of 10 cm™!/2. Furthermore,
we have estimated® !” the values of the coupling parame-
ter (Aa) for the intramolecular distortion with E, symme-
try. The values are of the order of 10 cm ™2 Therefore,
we estimate that the value of a is in the region of
—50~0 cm™ /2, and the ratio A takes a value around 2.

We now consider the values of w, and w, as defined in
(2.41). First, we estimate the reciprocal force constants
of the lattice vibration modes, K, (2.23), K, (2.24), and
K, (2.25). K, is the reciprocal force constant averaged
over the symmetric and antisymmetric modes and over
all the k space, it is always positive. K, is the difference
between the reciprocal force constants of the I' point
(k=0) and the value averaged over all the k space.
When the dispersion curve w,(k) is concave (convex)
around the I' point, K; may become positive (negative).
Since the frequency dispersion Ico,,(k)—a)m(O)l, of the
lattice vibration mode increases as the strength of inter-
molecular interaction increases, K; becomes larger with
the intermolecular interaction. We assume that the
width of the dispersion,

|0y (Kpy) =@, (O] ,

ranges from ®,(0)/10 to w,(0). Then, as is seen in
(2.24), the values of K, range from 1/[10Mw(0)*] to
1/[Mw(0)*]. Since the values of K, are of the order of
1/[Mw(0)3, the values of |w,|=K,/|K,| range from 1
to 10. K, is the difference between the reciprocal force
constants for the symmetric mode and those for the an-
tisymmetric mode at I' point. We assume that the
difference between M, ®,(0)* and M,w,(0)? is at largest
M,®,(0)2/10. Then it is seen from (2.25) that K, is less
than 1/[10M,®,(0)*]. Since |w,|=|K,/K,| is less than
1, we take a value between — 1 and 1 for w,.

The external parameters are temperature 7 and pres-
sure P. We change the value of T from O to 400 K. Since
the pressure is included in a form of (3/C,;)!'"?PQ, in
(3.10), we define a new parameter as

p=(3/C)'?PQ, . (4.1)

The value of p is changed from 0 to 330 cm™!'/2, where

the range corresponds to that of P from O to 200 kbar.!!



B. Temperature dependences of the
cooperative molecular distortions q , and g
and of the high-spin fraction py for P =0

We study how the pattern of temperature dependences
of g4, qp, and py change with the values of the coupling
parameters especially giving attention to the condition
for the appearance of the two-step spin conversion.” The
temperature dependences of the equilibrium cooperative
molecular distortions g 4 and gg with 4, symmetry, the
lattice strain #, and the high-spin fraction py are calcu-
lated as functions of the energy difference g, and the cou-
pling parameters a, b, wy, and w,. The equilibrium
values of g4, gp, and u, are obtained from (3.7), (3.8),
and (3.10), respectively.

In this subsection we consider only the case of P =0.
The temperature dependences of g , and g5 are shown in
Fig. 1 as a function of the difference w, between the re-
ciprocal reduced force constants of the symmetric and
antisymmetric vibration modes, where £,=2950 cm™ !,
a=—18 ecm %, b=—4 cm™ 2, wy=5.0, A=2, and
pu=2.0. When w, is positive, no discontinuous transition
appears, and the 4 and B site molecules contract symme-
trically. On the other hand, when w, is negative and the
strength is not so strong ( —0.3 <w, <0), the discontinu-
ous transition occurs at the two definite temperatures, 7',
and T,,. At lower temperature T <T,,, the cooperative
molecular distortions of 4 and B site molecules are equal
(g 4=qp) and increase with temperature. At the first
transition temperature T,;, the molecular distortion of
one of the two sites molecules, g4, increases abruptly
while that of the other site molecule, gp, slightly de-
creases. In the temperature range of T,,<T <T,, q4
decreases and g increases gradually with increasing tem-
perature; that is, g, and gp change antisymmetrically.

2.0
‘i& ‘ 1.8+
a
1.6t
i}
a
1.4}
1.2+
1.0
" L s : 1 "
0 50 100 150 200 250 300
T (K)
FIG. 1. The calculated temperature dependence of the

cooperative molecular distortions g, and g5 as functions of w,,
where €,=2950 cm™!, a=—18 cm %, b=—4 cm ',
wo=5.0, A=2.0, and u=2.0. The dot-dashed and dashed
curves represent |g 4 /al| and |q /a|, respectively, and the solid
curve denotes |g, /a| and |g /a| in the case of |g .| =|qz|. The
figures at the side of the transition lines (dot-dashed lines)
denote the values of w,.
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At the second transition temperature 7., the abrupt
change in the molecular distortions occurs again and for
T>T,, q, becomes equal to gz once more; that is, 4
and B site molecules distort symmetrically. In the case of
—0.5<w, = —0.4, the first transition at T, is discon-
tinuous, but the second transition becomes continuous.
When w, is negative and w, is large enough, there is no
two-step transition and the continuous low-spinsshigh-
spin transitions occur.

The temperature dependence of the lattice strain u, is
shown in Fig. 2 as a function of w, in the case where the
values of gy, a, b, wy, A, and u are the same as in Fig. 1.
The discontinuous transitions of #; occur at the same
temperatures for g, and qz. The dependence of transi-
tion pattern of u; on w, is equivalent to those of g , and
qp. The temperature dependences of the high-spin frac-
tion py are obtained from the temperature dependences
of u, by using (3.12). The results are shown as a function
of w, in Fig. 2, where the parameter values are the same
as those in Fig. 1. The two-step spin state transition con-
sisting of two discontinuous transitions, from the low-
spin to the medium-spin states at T,; and from the
medium-spin to the high-spin states at T,, occurs for the
values of w,, which are negative but not very small,
where —0.3 <w, <0 in the case of Fig. 2. The medium-
spin state means the state in which the 4 site molecules
are in the high-spin state and the B site molecules are in
the low-spin state.

The two-step spin state transitions occur according to
the following procedures. At very low temperature all of
the molecules occupy the low-spin state with a smaller
volume and with energy which is lower than that of the
high-spin state. As temperature increases, some mole-
cules occupy the high-spin state with larger volume and
with degeneracy that is larger than that of the low-spin
state. Then the cooperative molecular distortions g 4, and
qp, which are induced by the lattice vibration modes Q,
and Q, increase gradually as seen in Fig. 1. At T, the
contribution of the antisymmetric mode Q, becomes
dominant. Then all 4 site molecules dilate and are in the

1.0 4.0
i —_—

. -

o8 ! | /__ 35
i L

0.6 | | /

-0.1 -0.
i
0.4r 1 1
Lo
Lol
by

0 ' : ' - 2.0

0O 50 100 150 200 250 300

T (K)

FIG. 2. The calculated temperature dependences of the
high-spin fraction py and the lattice strain u, as functions of
w,, where the values of gy, @, b, wy, A, and u are the same as in
Fig. 1. [u, is represented by py through the relation (3.12)].
The number on each curve denotes the values of w,.
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high-spin state, and all B site molecules contract and are
in the low-spin state as seen in Fig. 2. Although the con-
tributions of the symmetric mode Q, and the elastic
strain u; increase with increasing temperature, the nearly
equal population of the high- and low-spin states is main-
tained due to the strong contribution of the Q, mode.
However, at T, the contributions of Q; and u; overcome
that of O, and the difference between the cooperative dis-
tortions g 4 and g vanishes as seen in Fig. 1. Then all of
the molecules are in the high-spin state as seen in Fig. 2.
We will now consider the dependence of spin state
transition on the intramolecular coupling strength a be-
tween the Fe ion and molecular distortion. The thermal
variations of high-spin fraction py are shown as a func-
tion of a in Fig. 3 for £,=2950 cm™!, b =—4 cm™!/2,
wy=5.0, w,=—0.2, A=2.0, and u=2.0. For the strong
coupling, |a|>18.3 cm™!/2, the system stays in the
high-spin state. The two-step spin conversion becomes
possible for the values of a within a very small range

17.8 cm™'?<|a|<18.2 cm™!/2 .
For the weaker coupling
la]<17.7 ecm™ 1%,

the system shows a continuous transition from low-spin
to high-spin states. When g, decreases, the values of a in-
ducing the two-step spin conversion also decrease. For
g£o= 1500 cm ! the values are in the region of

—12.9-—12.6 cm™ /2.

The temperature dependence of py is calculated as a
function of the energy separation g, between the low-spin
and the high-spin states in the isolated molecule. In the
case where the other parameter values are fixed, only the
high-spin state exists in the system for smaller values of
go. For larger values of g, only the continuous low-
spinsshigh-spin transition occurs. The two-step spin
conversion may take place for values of €, within a rather
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FIG. 3. The calculated temperature dependences of py as a
function of the intramolecular coupling strength a between the
Fe ion and molecular distortion. The parameter values are
£=2950 cm™ !, b=—4 cm™ 2, wy=5.0, w,=—0.2, A=2.0,
and ©£=2.0. The numbers on the curves denote the values of a
in units of (cm™")!72,
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narrow range. Then, the transition temperatures T,; and
T,, increase with increasing g,. Since the effect of w, is

taken into account by replacing £, with
80_';—1400()\,2—' 1 )(12

in (2.28)-(2.31), the effect of increasing w, is equivalent
to that of decreasing g,.

Finally, we consider the effects of the coupling parame-
ter b between an Fe ion and the lattice strain on the two-
step spin conversion system. In the cases of b >0 the
low-spin state is stabilized by the lattice strain u, but the
state is destabilized by u, in the case of b <0. The two-
step spin conversion may occur for values of b in a com-
paratively wide range. For example, the range is

—6.5cm ™ ?<b <2 cm™17?

in the case where £,=2950 cm™!, a=—18 cm™!/?

wy=5.0, w,=—0.2, A=2.0, u=2.0 for b<0 and
un=0.5 for b >0.

The thermally induced two-step spin conversion seems
to occur only for special iron complexes, because the spin
conversion becomes possible for rather narrow regions of
values of the intramolecular parameters €, and a. When
the above intramolecular conditions are satisfied, the
two-step spin conversion is driven by w, which arises
from the difference between the frequency w,(0) of the
symmetrical molecular distortion mode and that w,(0) of
the antisymmetrical distortion mode.

C. Dependences of ¢ 4, g5, and py on pressure

We now consider how the patterns of spin conversion
may be changed by pressure. Since the bond length be-
tween Fe and ligand ions is much shorter in the ' 4, state
than in the 3T, state, the low-spin state is usually stabi-
lized by pressure. We show the pressure dependence of
the high-spin fraction py at six temperatures 25, 50, 75,
100, 125, and 150 K in Fig. 4, where the values of param-

FIG. 4. The calculated pressure dependence of py as a func-
tion of temperature 7. The parameter values used are £,=2950
cmLa=—18cm™ 2, b=—4.0cm™ 2, wy=5.0, w,=—0.2,
A=2.0, and £=2.0. The numbers on the curves denote the
values of T"in K.
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eters are £,=2950 cm !, a=—18 cm 2, b=—4

cm ™12, wy=5.0, w,=—0.2, A=2.0, and £=2.0. The
thermally induced two-step spin conversion occurs
without pressure in the case of these parameter values,
where T,;=48 K and 7,,=90 K.

For the temperature range of 90 K <T <135 K the
system is in the high-spin state at zero pressure. When
the pressure is increased, the system changes the spin
state discontinuously from the high-spin to the medium-
spin states at a definite pressure p.,. With a further in-
crease of pressure the spin state changes discontinuously
from the medium-spin to the low-spin states at p.,. This
is the pressure induced two-step spin conversion.

It is seen by substituting the strain », of (3.10) into the
eigenenergies E, of (2.28)-(2.31) that the effect of pres-
sure is represented by the replacement of g, with
go—b(u—1)p in the energy separation between the low-
and the high-spin states. Therefore we may adjust
effectively the value of the energy separation ¢, in the iso-
lated molecule by changing the pressure so that the two-
step spin conversion is induced thermally. The transition
temperatures T,; and T,, increase with increasing pres-
sure, because the low-spin state is stabilized by pressure.
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V. CONCLUDING REMARKS

We compare the qualitative features of the two-step
spin conversion derived in the basis of the present model
with the observed results for [Fe(2-pic);]Cl,-C,H;OH*
and Fe[SNOZ-sa'l-N(l,4,7,10)].6 The observed tempera-
ture dependence of the high-spin fraction py for the
former compound is qualitatively equivalent to the calcu-
lated dependence for @ =—17.8 cm™!/? in Fig. 3. The
qualitative feature of py observed for the latter com-
pound is quite similar to the calculated result for
a=—18 cm~ "2 in Fig. 3.

The pressure effect on the temperature dependence of
py has been observed!” for [Fe(2-pic);]Cl,-C,H;OH. It
has been shown that the transition temperatures T,; and
T,, are shifted toward high temperature by pressure.
This is also the case in the present model.

Thus, the present model may reproduce qualitatively
the essential features of the observed two-step spin con-
versions. However, before we make a detailed quantita-
tive comparison of the model with the experimental re-
sults, we require detailed knowledge about the values of
the various parameters for the compounds in which the
two-step spin conversion occurs.
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