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perturbed by delocalization effects only when orbital overlap
between the sites is appreciable and should be unaffected by
changes in the orbital pathway involved if delocalization is
slight.
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Some years ago, Jeter et al.! reported the results of in-
vestigation on the antiferromagnetic properties of the complex
Cu(NH,),CO,. As shown in Figure 1, the structure of this
complex®? consists of chains of copper(I1) ions. The super-
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Figure 1. The structure of Cu(NH;),CO;. The four cluster spins
S1, §,, S5, and s, assigned to each Cu®* ion are also shown.
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Figure 2. Variations of the reduced magnetic moment {u) vs. H/T
calculated for various sets of values of J and J’and with g = 2.18.
Numerical values in the parentheses denote the values of J and J’
in units of cm™,
exchange interactions are thought to be operative through the
bridging carbonate ligands or through incipient bond formation
between pairs of copper ions in adjacent chains. Jeter et al.
have analyzed their magnetic susceptibility measurements of
a powdered sample based on two models: (A) the anisotropic
Ising model of infinite chains of s = !/, ions assuming that
the spin-spin interactions are only operative through the
bridging carbonate groups and (B) the dimer model assuming
that pairs of copper ions in neighboring chains interact and
give rise to singlet and triplet states only.

Model A turned out to be a rather poor approximation of
the observation with the parameters g = 2.20, the Landé factor,
and J = -6.2 cm™!, the intrachain exchange coupling constant.
On the contrary, model B with the use of the modified equation
by Kubo et al.* gave a somewhat better fit with g = 2.19 and
J’=-4.5 cm™!, the interchain exchange coupling constant. By
using the value of 2J/, the energy separation between the singlet
and triplet spin states, the magnetic moment in the dimer
model B can be calculated by the Brillouin function for a
system with S = 1. In an attempt to clarify the cooperative
magnetic phenomenon, Jeter et al.! have also analyzed their
magnetization data, comparing them with the above Brillouin
function. However, the variation of the experimental magnetic
moment (u) vs. H/T showed a marked deviation from the
theoretical curves each calculated with g = 2.19 and g = 2.0.
Thus it is evident that neither model A nor model B is suf-
ficient to describe the magnetic behaviors of the present
complex. Rather, both models should be reconciled to the
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Figure 3. Comparison of the present calculation of the magnetic
moment with the experimental data of Jeter et al. shown by solid
circles. The results giving the best fit by the cluster model and by
the modified effective field model are shown by the dotted and solid
lines, respectively.

model in which the intra- and interchain exchange interactions
are equally taken into consideration.

Let us consider a cluster of four spins sy, s,, 83, and s, as
shown in Figure 1 and take into account the intrachain ex-
change interaction between spins s; (s,) and s; (s4) and the
interchain exchange between spins s, and s,. Other spin—spin
interactions operating through the bridging carbonate groups
(i.e., along the chains) will be considered as an effective
molecular field afterward. The spin Hamiltonian of the
Heisenberg exchange interactions in the present four-spin
cluster under an external magnetic field is given by

4
T = =2J(s;'8;) — 2JT(sys3) + (s289)] + gl-"BH;szi (1

Here, we have neglected the antisymmetric exchange
interactions® which may coexist with the intrachain exchange
interactions.

The conventional vector-model approach to the cluster spin
system cannot be applied for the present spin Hamiltonian (eq
1), because the composite spins S =s; + s,, 6; = §; + 83, and
6, = 8, + s, are not diagonalized simultaneously. For con-
venience, we choose the basis wave functions which diagonalize
the second term of eq 1. Then the 16 X 16 secular matrix for
the Hamiltonian (eq 1) breaks up into two 1 X 1, two 4 X 4,
and one 6 X 6 submatrices.

With the use of spin wave functions y(s,) which are either
a or 8 when s = +!/, or -1/, respectively, the basis wave
functions ¥(s;) ¥(s3) ¥(s;) ¥(s,) for each submatrix are given
as follows:

. anao

6066 }('" =2

(ccaB £ aafo)/2! 2

(aPaa + ﬁaaa)/2”2} (m=1)
(BBof * BBBa)/2”2}( 1)
(BB + Papp)/2'"?

aofiB

BBac

(aBef + offa + foaf + fafa)/2
(aBaf t affa — Boaf F fafa)/2

(2

(m =05
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m is the z component of the total composite spin and has the
dlefinite diagonal elements in each submatrix. The eigenvalues
of each secular submatrix are obtained as a function of ex-
change parameters J and J’ and the magnetic field A.
With the eigenvalues ¢,,;, the magnetic moment can be

calculated by

M = Ngup2m exp(=€y,/kT) /2 exp(=€x;/kT) (3)

For comparison with the experimental data, the numerical
calculation has been done for g = 2.18, for the field strengths
of 10.0, 12.5, and 15.0 kOe, and for various sets of values of
Jand J’, The calculation has been performed by the FACOM
M-190 computing facility of Kyushu University. The reduced
magnetic moment (u) = M/(Nup/2) as a function of H/T
should be compared with the experimental data by Jeter et
al. The variation of {u) = f(H/T) for various sets of values
of J and J’ are shown in Figure 2. The fitting procedure, in
consideration of these data, has resulted in the values J =
+2.34 cm™! and J’ = +2.52 cm™ which are both ferromagnetic
contrary to the estimates of Jeter et al. As shown in Figure
3, the calculation of the magnetic moment with this set of
values gives far better agreement with the experimental
magnetic moment than those of the dimer model.

The intrachain exchange interactions other than those
considered in the present cluster model result in an effective
molecular field. Then the reduced magnetic moment may be
modified in the first approximation as

(w) =fH/T)/(1-0/T) 4

The fitting procedure with the use of this modified expression
gives a quite excellent agreement with the variation of the
experimental magnetic moment as shown in Figure 3. The
values of the parameters in this case have been estimated as
J=-20cm™,J’=+1.0cm," and © = 1.5 K. For negative
values of J’ the fitting procedures were unsuccessful, as in the
case of the linear-chain model by Jeter et al. In view of the
copper—carbonate—copper angle (119°), the ferromagnetic
intrachain exchange coupling may be reasonable.5 These
values are also quite reasonable for the interpretation of the
behavior of the magnetic susceptibility which is antiferro-
magnetic in nature. Thus, the present exchange model of a
four-spin cluster provides a much improved analysis of
magnetic interactions for diamminecopper(I1) carbonate, and
s0 may be a more realistic model than the antiferromagnetic
linear-chain model or the dimer model previously proposed
by Jeter et al.

Registry No. Cu(NH,;),CO;, 21710-50-9.
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Trivalent metal~ion complexes which contain the squarate
dianion (I, Sq) with general formula M(Sq)(OH)(H,0), were
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