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A quantum admixture model for thé donfiguration of the high-spit> low-spin (HS<> LS) transition A

< 2T,) Fe(lll) complex molecules has been established by using the UCFC scheme. The analysis shows that
there exists an indirect spitorbital coupling interaction between the high-spin and low-spin states via the
intermediate-spin states. This interaction may be described approximately by two small matrices (the order
is 25 and 14, respectively) of the Hamiltonian, which involves the electetectron repulsion, the ligand-

field, the spin-orbit coupling, and the Zeeman interactions. By diagonalizing these matrices, the electronic
and magnetic structures of the Fe(lll) molecules in the spin-transition region can be derived. The results
show a sensitive dependence on the ratiag/C. Here( is the spir-orbit coupling coefficient andADg =

Dq — Dqo, while Dq is the ligand-field strength at the spin-transition point. From this model a reasonable
explanation for the temperature-dependent magnetic moment of the Fe(lll) inHB&(i3-SalAPA)]CIO,-

CsHs molecules has been given.

I. Introduction In order to study the HS> LS transitions mentioned above,
) ) ) . we will suggest a new quantum-admixture model based on the

The high-spin—low-spin (HS<> LS) transition fA, <> ?T,) unified-crystal-field-coupling (UCFC) scheri&.The UCFC
of a Fe(lll) complex molecule is such a course that the ground scheme is neither a weak-field scheme nor a usual strong-field
state of the Fe(lll) ion changes from a high-spin st#e (a scheme, although it uses a special strong-field representétion.
state whose whole or major component is of high spin) into & |t has a complete matrix (the order is 252) of the interaction
low-spin state’T; (a state whose whole or major component is - amiltonian, involving electronelectron repulsioties ligand-
of low spin) when the value of the crystal field strength fia|q He, spin—orbit couplingHs, and Zeeman interactiot.
parameteDq changes over a small region, which may be called ; i5 shown from our theoretical analysis by using the UCFC
spin-transition region. A spin transition may be looked Upon as ¢.home that there exists between the stétesand 2T, an

a discontinuous type only if the spin-transition region is Very jqirect spin-orbit coupling interaction, which is caused by the
small. intermediate spin stat€l; and is mainly responsible for this

The magnetic properties of a Fe(lll) molecule in the S~ Hs < |S transition. This important coupling way may be
LS transition region are very different from those in the typical \yritten as®A;—4T;—2T,, and this coupling model may be
high-spin stat€’A; or in the low-spin statéT,. For example,  described by four much smaller matrices, which are obtained
the magnetic moment may vary unusually from &gto 2.0 by a simplification from the complete matrix in the UCFC
us. The interesting spin-transition phenomena had been widely method!6é The results calculated from the small matrices are
studied experimentally and theoreticdily# and had been very close to those from the complete matrix.

attributed to an intra-ionic transfer with a spin flip of the  Tne four small matrices mentioned above will be introduced
transferred electrons. In order to study the temperature depen-uitn detail in section 1. A general study for the electronic

dence of the magnetic moment, a thermal spin-equilibrium gty cture and the magnetic properties of HSLS transition
modet and some quantum-mechanical-mixture motfels Fe(lll) molecules will be given in section Ill. An explanation
have been proposed and some progresses have been madgyot the temperature dependence of the magnetic moment of

_However, _due to the limitation of the v_veak-field scheme used the Fe(lll) in [Fe(3-OEt-SaLAPAY]CIOCeHs molecules will
in the previous quantum-mechanical-mixture models, up to NOW, pe given in section IV.

the physical mechanism and the main interactions that govern

the HS< LS transition have not yet been determined. As for IIl. The Interaction Matrix and the 6A;—4T,—2T,

in refs 10 and 11, the problems treated are difly < “A; Coupling Model
spin-transition ones.

The complete matrix of the interaction Hamiltonian that

" This project was supported by National Natural Science Foundation INVOIVES only Hee + He + Hso of & cubic d ion has been
of China. established by Zhou et &l.in the spin-orbit coupling repre-
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TABLE 1: Elements of the Upper Triangle Part of the Symmetric
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Matrix M} (14 x 14)

Ea Ui
T, A1 T, i 2T5(10)
—25B + 6C
—10Dq + 5£/12 0 —H(s — g/3) V5 gH(1/3)V/5 0
—(*s — 59/6) H
—35B+ (Y,) gH 0 —&2 0
—25B + 6C
—10Dq + &/6 + (Y15 + 11g/30) H —(30— 39/5) H z'
—25B+ 6C
—10Dq — &/4 + (Y10 + 3g/10)H -27
V+Z
(L — gE/2)H
TABLE 2: Elements of the Upper Triangle Part of the Symmetric Matrix M 5 (25 x 25)
E'a" U'v
5A; 4Ty 2T, (10) 5A; Ty T, 2T, (10)
—358
(%) gH -2 0 gH(2/3)/5 0 0 0
—25B + 6C
—10Dq — /4 z'v/10 0 H(Y¥10 — g/5) V5 H(1s + g/5)2/5 0
—(6 + g/2)H
vV -2z
—(2L/3 + gE/6) H 0 0 0 —H(L/3+ gE/3) v/2
—35B
+(*Ye) gH 0 —&V2 0
—25B + 6C
—10Dq + &/6 —(10— 9/5)H z'
—(¥s + 11g/10)H
—25B + 6C
—10Dq — /4 -27
+(Y30+ 11g/10)H
V+Z

sentationSI” ST"y" with a standard basis that is always used in
the UCFC method>16 This big matrix may be reduced into
eight small matrice$® those may be denoted respectively as

E'y' (20x 20) ' =d,p
EII‘}/I (22 X 22) yl — al',ﬁ'l
Uy' (42x42) Yy =Kk, A u,v 1)

Each of them, since its basis functignsSI" STy’ Care grouped
and queued according to cubic termF, $s a block matrix
constructed by B blocks.

Now, considering an applied magnetic fieldl along the
z-axis, the Zeeman interactidtyy = ug (L, + geS)H should
be introduced in the Hamiltonian, whege = 2.0023. In this
case, thd"y' terms are coupled to one another by then Zeeman
effect and then led to four matrices as follows (the number in
parentheses represents the order of the matrix or the block):

M.(62)= ES ’élzeou%ents E'M ,1?1162?8”&:
T i i
M,(64) = 'Er'\rnagl(: ri)ents E ’Mve(:llezr;ents'
- [ el

WhenH = 0, the diagonal™y' blocks are just the matrices in
(2); this leads toM; = M, andM 3 = M 4. WhenH = 0, Zeeman
elements may occur in all diagonal and off-diagonal blocks,
leading toM; = M, andM3 = M.

—(L/3— gE/6)H

Each of the matrices in (2) is still constructed 8y blocks.
This makes it very convenient to analyze the influences of the
qguantum states having various spin or group symmetry on the
calculated spectral and magnetic results and especially conve-
nient to study spin-transition phenomena.

In order to reveal the major mechanism of the HSLS
transition and to establish a simple physical model, we have
analyzed the spinorbit interactions among the different strong-
field termsSI" in eachl™y' term. It is well-known, that the spin
orbit coupling should obey the selection ruls = 0, +1.
Obviously, no direct interaction can occur between the high-
spin §= %) and the low-spin$% = ;) states. However, it is
shown from our analysis that there exists an indirect coupling
6A1—4T1—2T,, which is mainly responsible for this transition.
Then, by taking in use only the relevant tertf&,(t3 €?),
4T,(t; €') and2T, (taking all the 10 configurations &), the
matrices in (2) can be simplified into four much smaller ones
and denoted respectively as

M’ (14 x 14),
MY (25 x 25),

M}, (14 x 14),

M} (25 x 25) 3)
WhereM; and M3 are given respectively in Tables 1 and 2,
and they will change respectively indd’, and M}, when each
diagonal Zeeman element is multiplied byX). The notation
E in Tables 1 and 2 express a %010 unit numerical matrix.
While Z is the 10x 10 matrix of the spir-orbit interaction
Hsoin the?T, term,Z’ is the 1x 10 matrix ofHs, between the
terms“T; and?T,, L is the 10x 10 matrix of the operatok,

in the 2T, term, V is just the matrix of Kee + Hy) in the 2T,
term given by Griffith!” The upper-triangle matrix elements of
V are listed in Table 3, while the nonzero upper-triangle matrix
elements oZ, Z', andL are listed in Table 4.
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TABLE 3: Upper Triangle Part of the Symmetric Matrix V (10 x 10)

o o

—(4B+C)

0
0

~()B 6
—()B V6

2B
0
0

—()B6
¢1)B /6

4B+ 2C
0

—()BV2
G)B 2

2B/3

—(Y)B6
(B V6
—16B + 8C

0

B+/6
—3B

—10Dg — 8B + 9C

-386

—20Dq — 20B + 10C

B3
4B+ 2C
-2B

B

o o

—(Y,)B V6
—()BV2
—()BV6

@B /6

—3B

©)B V6
G)B 2
¢1)B V6
C)B /6

—-C

10B /3

—2B/3
—12B+ 8C

—10Dq — 188 + 9C

0

2B+ 12C

—6B + 10C

10Dq — 188 + 9C

6

-386
20Dq — 208 + 10C

10Dq — 8B + 9C

Xiao-Yu and Kang-Wei

TABLE 4: Nonzero Elements of the Matrix Z' (1 x 10) and
Those of the Upper Triangle Part of the Symmetric Matrices
Z (10 x 10) and L (10 x 10) in Mj_,, where Z refers to
(T 1|Hso 2T L) Z refer to [AT,|Hs?To0) and L refer to

AT ,|L,2To0
Z; (in unit ¢) Z; (in unit £) Ljj

Z(1,1)=1/2 Z(1,1)=—+/30/10 L(.1)=1
Z(1,2)= /6/12 Z(1,2)= —+/5/20 L(1,2)= V6/2
Z(1,3)= —/6/4 Z(1,3)= +/5/20 L(1,3)= v6/2
Z(2,2)=—1/6 Z'(1,4)= —+/30/60 L(2,2)=—-1/2
Z(2,3)=1/4 Z(1,5)= +/10/10 L(2,4)= —/6/4
Z(2,4)=5v6/24 Z(1,6)= —+/30/20  L(2,6)= —/6/4
Z(2,6)= v/6/24 L(2,7)=6/2
2(2,7)= —/6/12 L(3.3)=1/2
Z(3,4)= v/6/24 L(3,4)= —/6/4
Z(3,5)= /214 L(3,5)= v2/2
Z(3,6)= —/6/8 L(3,6)= —/6/4
Z(4,8)= —/6/24
Z(4,9)= —5v6/24
Z(5,7)=v/3/4
Z(5,8)= —/2/4
Z(6,8)= /6/8
2(6,9)= —/6/24
2(7,9)= —/6/12
2(8,9)= —1/4
Z(8,10)= /6/4
2(9,9)=1/6
Z(9,10)= —/6/12

2(10,10)= —1/2

A lot of numerical calculation results show that such a set of
simplified matrices in (3) is a very good approximation of the
set of matrices in (2), the error in the magnetic moment
calculated in the spin-transition region is always less than 1%.
Therefore théA;—*T;—2T, coupling model and the simplified
matrices can well be applied to study the electronic and magnetic
structures of the spin-transition Fe(lll) molecules mentioned
above.

[ll. Electronic and Magnetic Structure in the
Spin-Transition Region

(i) Qualitative Studies. The ground-state properties of a Fe-
(1l molecule depend on two opposite physical interactions,
i.e., the electrorrelectron repulsioilee and the ligand-fieldH..

The Hee makes a parallel arrangement of the electronic spins;
Hc splits the d orbits and makes an antiparallel arrangement of
the electronic spins. When the two interactions are comparable,
an electron in the highest suborbital may transfer into the lowest
suborbital and changes its spin direction. Therefore the ground
state of the Fe(lll) molecules can change from high-spin state
6A; into low-spin state?T, or reversely when increasing or
decreasing the crystal-field strength paramBgrSuch a spin-
transition phenomenon can be seen in the well-known Sugano
diagrant® from the crossover of the two energy levéls and

6A;. In this case the crossover point is just the spin-transition
point and may be called the critical point. Such a spin transition
is obviously of a discontinuous type. It should be indicated that
the Sugano diagrath gives only a rough description of the
energy levels, it cannot reflect the fine structures of the levels
and the magnetic properties, especially within the spin-transition
region, since it is obtained from energy matrices without a-spin
orbit coupling mechanism.

When spir-orbit coupling is taken into account, each?db
and ®A; will split into two levels E' and U, and the
spin-transition will occur with out any level crossover, as can
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TABLE 5: Components in the Quantum—Admixture Ground State Calculated within the Spin-Transition Region for a Set of
Values of ADg, Where ADq = Dq — Dgp and Dqp = 1637.311 cm?, Cs stands for the components ofA;, and C, stands for the
components of?T ,2

ADg(cml)  —60 —40 —20 0 20 40 60

Cs 0.9885672 0.9844002 0.9661484 0.4880420 0.0211308 0.0052051 0.0021871
C 0.0021539 0.0051456 0.0210014 0.4880413 0.9616079 0.9800188 0.9844192
a(cnt?) 1.8677 3.1665 7.2646 57.2286 384.6172 648.3824 655.6670

@ The calculated values of the zerfield splitting parameter a are also listed below.

) 1200
U('n)
1000 }

E(*1Ty) 600

point. The HS-LS transition occurs substantially betweeth E
(6A1) and E'(?T). It can also be seen that the splitting between
the two curves of the 4-fold degenerated substaté@\y) and
U'(%T,) reaches the minimum at the poindDq = 35 cnT?,
which is just the spin-transition point for these two substates.
It should be indicated that though the spirbit coupling
betweerfA; and?2T; is realized indirectly througHT, but that
the mechanism of the H& LS transition is the mixture oiT,

UC4) /E(C4y)

UCTy)

U4y), EXCay) D ECTy) and®A; instead of*T; and®A,, the latter is very small.

6 Now let us turn to the study of the magnetic properties.
260 PRSP First, we have obtained the lowest lying six Zeeman levels

30 20 -0 0 10 20 30 40 50 6 by diagonalizing the matrices in (3) with various valuedf
ADg (cm ) the results show that some of the levels are flexural and intersect

Figure 1. Lowest lying four levels of the Fe(lll) ion in theA;—2T, each other. However, whet is small, e.g.ugH < 0.1 cm,
spin-transition region. all the levels are straight. Therefore, we can well calculate the
magnetic moments in this region.
be seen in our calculation result (Figure 1). Wipincreases To calculate the effective magnetic momemndy, under the

(with fixed B, C, and{) in this situation, the ground state will  \yeak magnetic field condition, we have used the well-known
change its ratio of components gradually from the casé’fat  \/5n Vieck formuld’

is dominant into the case thaf, is dominant. Thus the spin-
transition point (critical point) is of course the point at which . o —Whi Wi
these two components reach equality. The corresponding value eff — 3kT{[Z le(')/ KT — 2W(i)]e WO(l)/kT}/ z e MONT
of Dq is called the critical crystal-field strength and denoted as ' : (5)
Dqo. Such a sort of spin transition is of the continuous type.

(i) Numerical Calculation. In the following calculations, where Wo(i), Wi(i), and Wa(i) are the Zeeman coefficients
the values OB, C, and@ are determined aCCOfding to the Curie Corresponding to thé&h eigenva]udz(i) of our matrices and
method® by defined by the Zeeman energy expansion

B=BN  C=CN'  (=(N (@) EG) = Wy(i) + H'W, (i) + H2W() + ... (6)

whereBy = 1050,Cy = 3806, andy = 440 cnt! are the values
for a free Fe(lll) ion andN is the average covalence coefficient.
The change oN affects strongly the spin-transition poibgy
but affects very little the shape of the diagram of the lowes
lying levels. Therefore, to get a general understanding for the )

changing fashion of the lowest lying levels, we need only take W(i) = Ejp

for N a typical value, e.gN = 0.9. This value is just suitable N . . _

for the special molecule that will be studied in section IV. In Wi(i) = [4(E;, — Eo) — (B, — Eg)l/i2h

whereH' = ugH. Omitting the high-order terms in (6) and taking
H' = 0, h, and2h (h = 0.001 cnT?) in turn and denoting the
t correspondind=(i) asEio, Ei1, andEj,, respectively, we obtain

g::qsifase the calculated spin-transition poirDgy = 1637.311 Wi(i) = [(E, — Ep) — 2(E,; — EiO)]/2h2 @)
The calculated results show that the spin-transition region is .
around—30 cnT! < ADg < 60 cnT, whereADg = Dq — Our analyses shows that the Zeeman coefficients for the lowest

Dgo and Dgo = 1637.311 cm. The length of the region is lying 12 eigenvalues (they are listed in Table 6).are suff!cient
close to that obtained by Maltempo et'&k for the 6A,—4A, for ca'I(.:uIatanI the magnetic moments of'%sgistem in Fhe spin-
spin-transition. Our energy level diagram is shown in Figure 1. transition region. The calculated effectlv_e magnetic moments
The variation of the components in the ground state is shown for such Fe(lll) complex molecules are listed also in Table 6.
in Table 5. It can be seen from Table 5 and Figure 1 that at the It is interesting, as can be seen from our calculated results
critical pointADg = 0 the quantum mixture of the ground state for variousDq andh, that the first order Zeeman coefficients
is show some “total symmetry” (i.e., they always h@’él Wi(i)

= 0) and that the sum of the second-order Zeeman coefficients

48.8% PA,) + 48.8% (T,) + 2.4% (T,) is a constant about 0.003.
In the spin-transition region, the temperature dependence of

i.e., the two components &#; and?T, are equal to each other, the effective magnetic moment for a set of values oADq
and the gap between the two curves Of(81) and E'(?Ty) is shown in Figure 3, while thADq dependence afex for a
reaches to the minimum. This is just the criterion of the critical set of values of temperature is shown in Figure 4.
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TABLE 6: Zeeman Coefficient Wj(i) and the Effective Magnetic Momentu.s for Fixed By = 1050, Cy = 3806, and{y = 440
cm~! and a Set of Values ofADg, Where ADg = Dq — D¢ and Dgo = 1637.311 cm?2

ADq (cm™Y), uest (us)

—30, 5.8508 —20,5.7729 —10, 5.6051 0, 5.2663 10, 4.7209 20, 4.0780 30, 3.5461
Wo(1) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Wo(2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Wo(3) 4.5187 7.2646 15.0065 57.2286 204.3066 384.6172 562.4875
Wo(4) 4.5187 7.2646 15.0065 57.2286 204.3066 384.6172 562.4875
Wo(5) 4.5187 7.2646 15.0065 57.2286 204.3066 384.6172 562.4875
Wo(6) 4.5187 7.2646 15.0065 57.2286 204.3066 384.6172 562.4875
Wo(7) 583.1613 398.8369 224.6391 119.7159 225.2770 399.7247 584.3610
Wo(8) 583.1613 398.8369 224.6391 119.7159 225.2770 399.7247 584.3610
Wo(9) 1238.4470 1050.8081 868.3109 720.6186 678.5651 672.1752 678.4236
Wo(10) 1238.4470 1050.8081 868.3109 720.6186 678.5651 672.1752 678.4236
Wo(11) 1238.4470 1050.8081 868.3109 720.6186 678.5651 672.1752 678.4236
Wo(12) 1238.4470 1050.8081 868.3109 720.6186 678.5651 672.1752 678.4236
Wy(1) —1.659143 —1.652752 —1.626106 —1.421882 —1.221828 —1.196581 —1.190462
Wa1(2) 1.659143 1.652753 1.626106 1.421882 1.221828 1.196581 1.190462
Wa(3) —3.658891 —3.657133 —3.654280 —3.648916 —3.636291 —3.591796 —3.176400
W1(4) —0.998009 —0.997594 —0.996941 —0.995753 —0.993058 —0.983899 —0.901498
Wa(5) 0.998009 0.997594 0.996941 0.995753 0.993058 0.983899 0.901498
W1(6) 3.658892 3.657133 3.654280 3.648916 3.636291 3.591796 3.176400
Wq(7) —1.195361 —1.201037 —1.226963 —1.430459 —1.629778 —1.654279 —1.659644
W1(8) 1.195361 1.201037 1.226963 1.430459 1.629778 1.654279 1.659644
W1(9) —0.280777 —0.280406 —0.280261 —0.280639 —0.282514 —0.290843 —0.407063
W1(10) —0.071974 —0.070824 —0.068558 —0.063767 —0.051707 —0.007773 —0.372403
Wiy(11) 0.071974 0.070824 0.068558 0.063768 0.051707 0.007772 0.372402
W1(12) 0.280777 0.280406 0.280261 0.280639 0.282515 0.290843 0.407062
Wo(1) —1.939713 —1.195498 —0.551506 —0.083908 —0.007864 —0.004753 —0.004378
W,(2) —1.953480 —1.200778 —0.552665 —0.083939 —0.007921 —0.004776 —0.004350
W(3) 1.953274 1.200280 0.549670 0.015319 —0.373339 —0.548745 —0.345723
W,(4) 0.000033 —0.000015 —0.000060 0.000011 —0.000019 —0.000012 —0.000568
Wo(5) —0.000025 0.000008 —0.000070 —0.000020 —0.000005 —0.000110 —0.000541
W,(6) 1.939526 1.195051 0.548507 0.015248 —0.373804 —0.549872 —0.346122
Wo(7) —0.004085 —0.003810 —0.001306 0.064250 0.377152 0.548653 0.317928
W,(8) —0.004106 —0.003799 —0.001316 0.064172 0.376586 0.547405 0.317507
W,(9) —0.000609 —0.000557 —0.000614 —0.000529 —0.000652 —0.000475 0.031740
W,(10) 0.003278 0.003372 0.003329 0.003398 0.003861 0.005192 0.000052
Wo(11) 0.003335 0.003367 0.003345 0.003472 0.003769 0.005186 0.000088
W,(12) —0.000624 —0.000581 —0.000616 —0.000541 —0.000630 —0.000481 0.031771

aW(i) is calculated by formula 7 with = 0.001 cnm?; ue is by formula 5 with T= 300 K.

6

ADg(ca™)

w

Hefr(bp)

0 50 100 150 200 250 300
TK)
Figure 2. Theoretical curve for the temperature dependence of the

magnetic momentex for a Fe(lll) ion in a [Fe(3-OEt—SaLAPA)]- 2 e
ClO4CeHs molecule. 0 30 60 9 120 150 180 210 240 270 300
T®)
IV. Temperature Dependence of the Magnetic Moment of Figure 3. Temperature dependence of the effective magnetic moment
[Fe(3-OEt-SalAPA)]CIO 4-C¢Hs in the Sipn-Transition uerr for variousADq within the spin-transition region.

Reglon As a simulation of the magnetic properties of such a
The variable-temperature experiments reported by Timken compound with ouPA;—4T;—2T, quantum mixture model and

et al® show that the [Fe(30Et—SalAPA)]ClO4CsHe com- according to the bond lengths and bond angles given in ref 6,

pound undergoes a gradual but complete spin-crossover transwe may approximately treat the coordination surrounding of

formation (as shown in their Figure 1) and that there are equal the F(Ill) ion as a cubic symmetry. Then, we may adopt the

populations of high-spin and low-spin complexes at 205 K.  values ofB, C, and{ used in section Il for the Fe(lll) molecule,
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T(K) been established on the basis of the UCFC method. By means
of this model and the corresponding Hamiltonian matrices, a
general study for the dependence of the molecular magnetic
moment on the crystal-field strength, within the spin-transition
region and for the temperature from 0 to 300 K, has been carried
out. A simulation for the temperature dependence of the effective
magnetic moment of [Fe(30Et—SalAPA)]CIO4-CgHg mol-
ecules in the thermo-induced HS LS transition phenomenon
has been carried out. The theoretical results are consistent with
the experiments. This shows that our quantum-admixture model
is suitable for this case.

300
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