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2 )  Department of Chemistry, Faculty of Science, Kanagawa University, Hiratsuka, 
Kanagawa 259-12, Japan 

Abstract The dependency of the magnetic susceptibility on temperature has 
elucidated that the mineral atacsunite Cu,Cl(OH), has the antiferromagnetic 
property. In order to explain this behavior and the spin arrangement derived 
from experimental studies, the ab initio UHF MO and UNO CASCI calculations 
were carried out for the tetranuclear cluster of copper(II), Cu,Cl(OH),, which 
is the constitution in the atacamite crystal structure. The results of the CASCI 
calculations appreciate the relative stabilities among various spin arrangements 
for the tetranuclear cluster, being consistent with the experiments. 

INTRODUCTION 

The d-lc conjugated systems have received continuous interest in relation to their 
unique electronic, magnetic and optical properties, together with potential applications 
to advanced technologies.'-' Among them, the copper complexes have been extensively 
investigated because of several reasons: the high T, superconductivity, spin flustration, 
spin glass,' etc. Previously, the mineral atacamite, CyCI(OH),, was examined with 
magnetic susceptibility for the temperature.' 'According to the results,' it was found 
that the mineral atacamite exhibits the antiferromagnetic property. The crystal structure 
of the mineral atacamite had been already given from X-ray analysis by Wells, et al.' 

Considering this crystal structure? the spin arrangement on Cu(I1) cations of the atacamite 
can be determined so as to explain the antiferromagnetic behavior of the atacamite. In 
this paper, we wish to perform a theoretical study for reasonable explanation of the 
magnetism observed for the atacamite. For the purpose, the simplified model of the 
unit of the crystal structure are treated since it is difficult to consider and calculate 
continuous spin network in the crystal structure. Thus, ab initio unrestricted Hartree-Fock 
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(UHF) MO calculations are first carried out for various spin arrangements, i.e., 
ferromagnetic, antiferromagnetic, and femmagnetic spin structures, which are possible 
for the simplified model, Cu,Cl(OH),. The complete active space (CAS) configuration 
interaction (CI) calculations by use of the UHF natural orbitals (UNO)*-" are successively 
carried out for the singlet, triplet and quintet states of this cluster. The most stable spin 
arrangement calculated by the UNO CASCI will be compared and discussed with the 
spin arrangement expected from experimental studies. Implication of the calculated 
results will be discussed in relation to the magnetic behaviors of copper compounds. 

CRYSTAL STRUCTURE 

The structure of the mineral atacamite is shown in Figure 1, where each Cu(I1) cation 
is numbered as 1, 2, 3 and 4. The atacpi te  crystal is composed of two kinds of Cu(I1) 
cations, which have different atmosphere of the bridged anions; OH and C1 anions are 
considered as bridged anions. One kind of Cu(I1) cations, which are described Cu(II), 
in Figure 1, is bonded to four OH and two C1 anions as bridged anions, and the other, 
Cu(Q, is bonded to five OH anions and one C1 anion though the coordination number 
of both kinds is six. As shown in Figure 1, four Cu(I1) cations and bridged anions 
constitute the distorted cubic unit of the atacamite crystal, and then the layer is made 
as the unit lies two-dimensionally. Distances between Cu(I1) cations were determined 
from X-ray diffraction experiments, and they are summarized in Table I. 

b 

Cu(ll) 

Cu(ll) a 

TABLE I Distances between 
each two Cu atoms. 

Cu(I1) cations distance/A 

1-2 3.009 
I - 3 , l - 4  3.132 
2 - 3 , 2 - 4  3.351 

3 - 4  3.420 

W H  

FIGURE 1 Crystal structure of the atacamite. 
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C 

A - 
C 0 0 

e ’  

- + a  
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0 0 0 

J At3 
B 3 1  

A 

FIGURE 2 Only Cu(I1) cations of the atacamite crystal are written. Here black 
circle is Cu(II), and white one is C~(11)~.  A; This figure is viewed 
along b axis. Relatively small black and white circles are Cu(1I) 
cations on the layer which is under the layer of relatively large black 
and white circles. B; This figure is the tetranuclear cluster of Cu(I1) 
cations. Each Cu(I1) cation is numbered as 1, 2 ,  3 and 4, and the 
spin arrangement on Cu(I1) cations is drawn. Each of J , ,  J2,  J3 and J4 
is the Jh value between two Cu(I1) cations. 

In Figure 2 A, simplified crystal structure is shown, in which black and white 
circles show Cu(II), and Cu(II),,, respectively though bridged ions are omitted for 
simplicity. As described above, it was found with experimental studies that the magnetic 
property of the atacamite is antiferromagnetic. And also the effective exchange integrals 
(Jab) between two Cu(I1) cations have been experimentally presumed, which indicates 
that J ,  and J2 are negative values, and, in contrast, that J3  and J4 are positive values. 
Judging from these results, a spin arrangement on the four Cu(1I) cations is expected as 
shown in Figure 2 B, where the spin arrangement is drawn in terms of the classical 
spin vector model. 

In order to explain the magnetic property of the atacamite, it is reasonable and 
appropriate to consider the spin arrangement of the tetranuclear cluster of Cu(II) cations, 
Cu,Cl(OH),. In the next section, we consider possible spin structures for the cluster, 
and perform theoretical calculations for them. 

THEORETICAL BACKGROUND 

The spins i n  the mineral atacamite are localized on the Cu(I1) ions.’ Generally, 
exchange coupling between localized spins in niolecular systems has been described 
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by the total spin form of the spin Hamiltonian, i e . ,  Heisenberg model, 

where Jab is the effective exchange integral between the metal sites with total spin 
operators Sa and &. Then the exchange split energy levels E(HB) between transition 
metal dimers are given by7-’ 

( 2 )  
where S, and Sb are the magnitudes of spins Sa and S,, and s is the magnitude of the 
total spin operators of a whole system, which is given by 

(3) 
The Heisenberg model indeed explained the magnetic behavior of the atacamite.’ The 
Jab values between two Cu(I1) cations are determined as shown in Figure 2 B. Thus, 
with the usage of the Kambe vector coupling method,’’ the energies of the spin states 

H(HB)=-2x J,,S;S, (1) 

* ‘+‘E( HB) = - JOb[s( s + 1) - So (So + 1) - S, (S,, + l)] 

s = (So - s, I,( sa - s,, ) + 1,. . . , ( sa + S, ) . 

The total energies for several spin states were calculated in an exact quantum 
manner using Equation (4), and they are expressed in terms of the Jab values as 
summarized in Table 11. The energy differences between the spin multiplets are also 
derived from energies calculated by the ab initio UNO CASCI method to determine 
these Jab parameters (see Table IV). 

The spin arrangement on four Cu(1I) cations is also studied in terms of the 
classical spin vector model. Then the energy of the system is given by 

where S,.S, between Cu, and Cu, is determined as below. 
E,c,,o, = -2 J ,S ,  . S, - 2 J2S,  . S, - 2 J2S ,  , S, - 2 J,S, . S, - 2 J,Sz . S, - 2 J,S,  . S, (6) 

a) Si . S, = 1 / 4 for ferromagnetic interaction between Cu, and Cuj. 
b) Si ‘ S .  = -1 / 4 for antiferromagnetic interaction between Cui and Cuj. J 

Therefore, the energy expression of each spin arrangement is easily derived from the 
classical spin vector model as shown in Table 11. 

In order to determine the Jab values in Equation (6) ,  the ab initio UHF solution 
was constructed for each classical spin arrangement, and the energy differences among 
the spin arrangements were used (see Table VI). 
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TABLE I1 Energy expressions by the classical spin vector and Heisenberg models. 

unit model (2s+l )  Energy (Classical spin vector) Energy (Heisenberg) 

model 1 3 
model 2 1 
model 3 1 
model 4 3 
model 5 5 
model 6 3 
model 7 3 
model 8 1 

J ,  12-1- J 2 -  J ,  - J41 2 
J , l 2 + J 4 1 2  
J ,  12 + J412  
J ,  1 2  - J2 i- J , -  J41 2 

-J, I 2  - J, - J3 - J41 2 
-5, 1 2  + J41 2 
-JI 1 2  i- J4/ 2 
-5, 1 2  i- J2 +J3-  J41  2 

3 J , 1 2  + 35, -J3 - J41 2 
3 J ,  I 2 + J ,  + Js + 3J412  
3 J , 1 2 + J , + J , + 3 J 4 1 2  
3 J , l  2 - J2 + 3J3 - J41 2 
- J ,12  - J ,  - J ,  - J4 1 2  
- J , 1 2 + J 2 +  J 3 + 3 J 4 1 2  
- J i l  2 + J ,  + 5' + 3J41 2 
-Ji 1 2  i- 35, + 35,- J41 2 

model 4 model 2 model 3 

t+t t+t f+ ++t model 8 

model 5 model 6 model 7 

FIGURE 3 Simplified unit models of the atacamite and the spin arrangement 
presumed theoretically. The notation of Cu(I1) cations is the 
same as it in Figure 2 B. 

AB INITIO CALCULATIONS FOR THE MODELS 

As shown in Figure 3, eight kinds of the spin arrangements of the simplified unit 
model, which is composed of two black circles as Gu(II), cations and two white ones 
as Cu(II), cations, are considered. Here, bridged anions are not drawn for simplicity. 
The spin arrangement expected from experiments is identical with the unit model 1. 
The ab initio UHF and CASCI calculations were carried out for the unit models in 

order to get the total energy of each unit model. The basis set used here for Cu atom is 
the Tatewaki-Hujinaga basis set 533315315.'2 The UHF natural orbital analysis showed 
that the ten active orbitals ten electrons { l0,lO) is necessary for CAS. The calculations 
were carried out by using GAUSSIA"' and HONDOi4 program packages. 

Table 111 summarizes the total energies calculated by the ab initio UHF(5D and 
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6D) and UNU CASCI ( 10,10) methods. The spin multiplicity (2s+l) of the system is 

also summarized in Table 111. The total energies for the models 2 and 3 are equivalent 
under the UHF approximation, and the situation is the same for the models 6 and 7. 
Here, the UHF (6D) calculations for the unit models 4 and 7 were carried out, but the 
resulting total energies were indeed the same as that of the unit model 1. Therefore, 
the CAS ( 10,lO) for models 4 and 7 were not obtained under the 6D approximation: it 
is noteworthy that we performed the CASCI using the 6D basis set in the HUNDO 
program package.14 

CALCULATIONS OF THE EFFECTIVE EXCHANGE INTEGRALS 

Judging from the total energies calculated by the UHF method, the unit model 5 with 
the quintet spin structure has the most stable spin arrangement. However, in this model 
the value J, must be positive because of the ferromagnetic spin arrangement between 
Cu(I1) cations although the magnetic measurements have indicated the antiferromagnetic 
behavior. Thus, the results from the calculations by the UHF method are not appropriate 
to discuss the spin arrangement of the atacamite. On the other hand, the total energies 
calculated by the UNO CASCI method indicate that the unit model 1, which is expected 

TABLE III Total energies of each unit model (a.u.). 

unit model multiplicity UHF (5D) UHF (6D) CASCI { 10,lO) 

model 1 
model 2 
model 3 
model 4 
model 5 
model 6 
model 7 
model 8 

-7237.5243 1686 
-7237.52431 178 
-7237.52431 180 
-7237.52435488 
-7237.52455654 
-7237.52445634 
-7237.52445620 
-7237.52440432 

-7237.53953965 -7237.54960020 
-7237.53953800 -7237.5483449 1 
-7237.53953687 -7237.54828598 
-> model 1 
-7237.53977126 -7237.54872856 
-7237.53967633 -7237.54529309 

-7237.53962547 -7237.54724778 
---> model 1 

TABLE IV Energy differences by CASCI and Heiseberg model (cm-I). 

unit model Energy difference (CASCI) Energy difference (Heisenberg) 

model 1 0.0 0.0 
model 2 +275.6 -25, + W, + 2J4 
model 3 +288.6 -2J, + 2.71 + 2J4 
model 5 +191.4 -2J1 - 45, 
model 6 +945.2 -2JI - 25, + 25, + 2J4 
model 8 +5 16.4 -25, +4J, 
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ATACAMITE (6251139 

from the experimental studies, has the most stable spin arrangement. 
The energies calculated for each unit model by the CASCI method are 

resummarized as in Table IV in terms of the difference from the energy of the unit 
model 1. Each Jab value was evaluated from energies in Table IV with the energy 
equations of Heisenberg. Similarly the energy differences from the quintet spin model 
5 were calculated from the UHF total energies as shown in Table V, in combination 
with the energy expressions based on the classical spin vector models. Table VI 
summarizes the calculated Jab values and also the values from experimental ~tudies .~ 

From Tables PI-VI, the UNO CASCI calculations can reproduce the experimental 
result that J, and J4 should be negative and positive, respectively. Judging from the 
signs of J, and J3, the exchange integrals by the CASCI calculations predict that the 
model 4 should be the most stable, though we could not obtain the CASCI { 10,lO) 
result for the model 4. The model 4 is consistent with the antiferromagnetic behavior 
of the atacamite. It is however noteworthy that the J2, J3 and J4 values were not 
determined respectively from experimental studies, but an absolute value was derived 
as the average value of them. The calculated I J, I integral is rather small, and therefore 
its sign should be sensitive to the structural deformation. Probably this is the origin for 
the spin glass behavior of synthetic atacamite investigated previously. ' 

On the other hand, the UHF (5D and 6D) calculations showed that all the J,-J4 

TABLE V Energy difference by UHF and classical vector model (cm-'). 
~~ 

unit model (UHF: 5D) (UHF: 6D) Energy difference (Classical) 
~ ~~ 

model 1 +52.67 +50.9 1 Jl + 2J, 
model 2 +51.13 J1 + J, + J3 + J4 

model 5 0.0 0.0 0.0 
model 6 +2 1.95 +20.85 J,  + J, + J4 
model 8 +33.36 +32.04 2 J, + 2J, 

model 4 +44.33 Jl + 2, 

TABLE VI Calculated Jab in terms of classical vector and Heisenberg model, and 
experimental Jab values (cm-I). 

J,(APUHF: 5D) J,,(APUHF: 6D) J,,(CASCI) experimental Jab 

+31.83 +30.28 -331.6 -98.0 
+10.43 +10.32 +I 17.9 

J4 +5.26 +4.83 +295.7 
(J2+J,+JJ3 +7.32 +6.95 +125.6 124.6 I 

J, 
5 2  
J3 +6.26 +5.70 -36.7 
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values are positive (ferromagnetic). The UHF calculations by use of the minimum 
basis set overestimated the stability of the high-spin states for the cluster Cu,Cl(OH), 
because of overestimation of the spin polarization effect; CU(II)(~')-OH(&)-CU(II)(?).~ 

In conclusion, the UNO CASCI (10,10] calculations provide the reasonable 
effective exchange integrals for the tetranuclear copper cluster, Cu,CI(OH), in the 
mineral atacamite. They can explain the spin glass behavior of the synthetic atacamite.' 
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