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The magnetic properties of [(H,0),Ni{(OH),Coen,},] (SOy),- 7H,0, [(H,0),Co{(OH),Coen,},](SO,),-
5H,0, [(H;0),Co{(OH),Coen,},](SO,);+ 7TH,0, and [(H,0),Co{(OH),Coen,},](S,04).+ 5H,O were investigated
on powder samples. The paramagnetism of these compounds was considered to be that of the central Niz+ or Co%+

ion.

From the fits of the experimental data with the calculated magnetic susceptibilities and the simulations of the

ESR derivative curves, the ligand field parameters and g-values were determined. The ligand field around the
Co?* ion in [(H,0),Co{(OH),Coen,},](SO,),+ 5H;0 was concluded to be tetragonal and in the other samples the
ligand fields at the central divalent ions were found to be rhombic.

Werner? obtained a series of tri-nuclear [(H,0),Co-
{(OH),Coen,},] salts from the partly oxidized mixtures
of cobalt(II) salts and ethylendiamine. Cambi?
later observed the magnetic susceptibility of the sulfate
at room temperature. The main structure of the
complex ion is considered to be a Co?* ion linked to two
Co3* ions on wings through double OH bridges. Two
other ligand sites for the central Co%" ion are occupied
by two H,;O molecules and four other ligand sites of
each Co®t ion by two ethylendiamines, as shown in
Fig. 1. The magnetic properties of such complex
compounds with mixed valencies are of interest because
the magnetic properties of the mixed valency com-
pounds®% are not well known, except for the double
exchange interaction in mixed compounds of LaMnO,
and BaMnO;.® In the course of this investigation,
a new method of synthesis of this kind of complex
compound was discovered by Mori ef al.® in which
[(H,0),M{(OH),Coen,},]X,-nH,0O, where M-=Ni2+,
Co?+, Mg?+, Zn?*+ or Cd?+, X=80,2-, 5,042~ or S,04*~
and n=>5 or 7, were synthesized. Samples synthesized
by the new method were offered by Mori et al. for the
present investigation.
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Fig. 1. The schema of [(H,0),M{(OH),Coen,},]*
complex ion.

In the present paper, the magnetic properties of
[(H,0),Ni{ (OH);Coen, },] (SO,), - 7H,0, [(H,0),Co-
{(OH); Coen, },] (850,), - SH,O, [(H,0);Co{(OH),-
Coeny},](SO,) ;- 7TH,O and [(H,0),Co{(OH),Coen,},]-
(S50¢): SH,O are examined. Mori et al.®) observed the
reflection spectra of these salts on powder. The d-d
bands of the magnetic central Ni?+ or Co?* ions were
not discernible because of the much smaller absorpti-
vity in comparison with those of the d-d bands of the
trivalent cobalt chromophores. It was, therefore,
impossible to determine the orbital energy levels by

optical measurements.

Experimental

Preparation of Samples. [(H,0),M(II){(OH),Coen,},]
(8Oy);-nH,O with M=Mg, Co, Ni(n=7) and Zn, Cd (n=5)
were prepared according to the method of Mori et al.) The
new procedure gave only this product with seven molecules
of water of crystallization for the salt of M=Co, so that
[(H;0),Co{(OH),Coen,},] (SO,),-5H,O was prepared ac-
cording to the original method of Werner et al. with a slight
modification. One hundred and forty-five grams of cobalt-
(IT)sulfate heptahydrate were dissolved in 180 ml of water, and
300 ml of a 109, ethylenediamine aqueous solution was added
to it. After about four hours, a green precipitate, with a pink
precipitate, was filtered off. From the filtrate a massive
amount of pink silky crystals soon began to precipitate. The
silky precipitate was filtered through a glass filter and washed
with water. Then the precipitate was placed between un-
glazed plates (Ton platten).

The results of the chemical analysis are as follows. For
[(H,0),M(I1){(OH),Coen, },](SO,),+ 7H,0, Found: M=Mg-
(I1), 3.07; Co(III), 14.13%,. Calcd for: Mg(II), 3.02; Co-
(III), 14.13%. Found: M=Co(II), 7.01; Co(III), 13.65%.
Calcd for: Co(II), 7.02; Co(III), 14.04%. Found: M=Ni-
(II), 6.69; Co(III), 13.38%. Caled for: Ni(II), 7.00; Co-
(11I), 13.38%. Found: M=Zn(II), 7.79; Co(III), 13.499%,.
Calcd for: Zn(II), 8.07; Co(III), 14.55%. Found: M=Cd-
(I1), 13.25; Co(III), 13.82%. Caled for: Cd(II), 13.12;
Co(III), 13.75%. For [(H;0),Co{(OH),Coen,},](SO,),
5H,0O, Found: H, 6.21; C, 11.17; Co, 21.33; N, 13.37%.
Calcd for: H, 6.28; C, 11.98; Co, 22.02; N, 13.95%,, and for
[(H;0),Co{(OH);Coen,},](S;04),-5H,0, Found: H, 4.96;
Co, 23.06; N, 12.319,. Calcd for: H, 5.41; Co, 22.96; N,
12.03%,.

The hepta hydrate of [(H,0);Co{(OH),Coen,},](SO,),
prepared from the penta hydrate by the Werner method did
not give good analytical values.

Magnetic Susceptibilities. Magnetic susceptibilities at
liquid helium and liquid hydrogen temperatures were measured
with a Hartshorn alternating current bridge. A Faraday
magnetic balance with a field strength of ca. 9000 Oe was also
employed for magnetic susceptibilities between 4.2 K and
room temperature. The magnetic susceptibility of anhydrous
hexaamminechromium(III) chloride powder was used as a
“thermometer’” which was calibrated at each run to an atmos-
pheric liquid helium temperature with corrections for
the Hg-barometer and gravitational constant following
procedure of Linder.®) The accuracy for all the measure-
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TABLE 1. DIAMAGNETIC PART OF THE MAGNETIC
SUSCEPTIBILITY PER MOLE (cgs emu)
. Calcd by
Compound %tin:;ei Pascal’s
° p rule
[(H,O),Zn{(OH),Coen, },}- _
(5024),-25H20 2 2J2 0.00041 0.00036
[(H,0),Co{(OH),Coens}]- o 0042 —0.00037
4)2° 2
[(H,0);Me{(OH);Coens}s]- g 00031 —0.00038
1)z 1y
[(Hz?)zlﬁ{(omzcmnz}z]' —0.00032  —0.00040
4/2° 2
[0 CiolOR)Coenshal- _0.00033  —0.00040
4/2° 2

ments was not less than 59, in the case of the AC bridge
method and 10% in the case of the Faraday method.

Taking into account the isomorphism® of the sulfates with
the same number of water molecules of crystallization, the
corrections for the diamagnetic part of the susceptibilities were
performed as follows: for the estimation of the diamagnetic
part of the susceptibility of [(H,O),Co{(OH),Coen,},]-
(SO,),+5H,0, e.g., the diamagnetic susceptibility of a free
Zn?t ion in the literature” was subtracted from the observed
susceptibility at room temperature for [(H,O),Zn{(OH),-
Coen, },](SO,);-5H,0, then the diamagnetic susceptibility
of a free Co?t ion was added. A similar correction for the
heptahydrate salts was made using the observed susceptibility
of [(H,0),Mg{(OH),Coen,},](SO,),- 7TH,O. Table 1 shows
these corrections together with the diamagnetic susceptibilities
calculated from Pascal’s rule.

Electron Spin Resonance. The electron spin resonance of
a powder sample was measured using a Japan Electron Optics
Laboratory Co., Ltd., JES-3 ESR spectrometer at liquid
helium temperatures. X-Band spectra were observed with
an 80 Hz modulation of 15 V. The external magnetic field
was swept to about 23 kOe. Sixty minutes/3000 Oe scans
were usually made.

Results and Discussion

Molar magnetic susceptibilities of [(H,O),Ni{(OH),-
Coen,},](SO,)q* 7TH,O are shown as a function of
temperature in Fig. 2 and Table 2. The compound
was paramagnetic down to 1.3 K, ¢.¢., magnetic interac-
tions between magnetic ions in this complex compound
are negligibly small compared to the thermal energy
except at very low temperatures. The effective Bohr
magneton number of 3.17 in the higher temperature
region shown in Fig. 3 indicates that the paramagnetism
is due to a Ni?t ion, and that the two Co®* ions may be
in low spin states of the complex ion. The Ni%t ion is
surrounded by six oxygen atoms, of which four oxygen
atoms are part of ~-OH- bridges and two oxygen atoms
are part of co-ordinated water molecules, provided we
accept the idea of Werner. No preliminary calcula-
tions of the temperature dependence of the susceptibil-
ity, ignoring the rhombic terms, show any agreement
with the observed susceptibility, and therefore, a rhom-
bic symmetry of the ligand field formed by six co-
ordinated oxygen atoms was assumed for the compo-
nents of the magnetic susceptibility. A temperature-
independent paramagnetic susceptibility, that is, a
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Fig. 2. The molar magnetic susceptibilities of [(H,O),-
Ni{(OH),Coen,},](SO,).+ 7TH,O (cgs emu) as a func-
tion of temperatures (K). (O: Experimental values
corrected for the diamagnetic susceptibility and the
temperature independent paramagnetic susceptibility.
—: Calculated values with parameters, D= —3.0 cm™,
E=—1.0cm™, g=2.25 and 6=0.

TABLE 2. MOLAR MAGNETIC SUSCEPTIBILITIES OF
[(H,0),Ni{(OH),Coen,},](SO,),- 7TH,O

(cgs emu)

Temp Xu Temp Am
K — K -

expt caled expt caled
1.20 (0.5800) 30.0 0.0391 (0.0418)
1.25 0.5799 70.0 0.01885(0.0179)
2.00 0.4589(0.4696) 77.0 0.01672(0.0163)
4.00 0.2909(0.2850) 100.0 0.01262(0.0125)
6.00 0.2084(0.1990) 140.0 0.00922 (0.00898)
10.0 0.1294(0.1237) 180.0 0.00732(0.00699)
14.0 0.0949(0.0888) 220.0 0.00579(0.005719)
16.0 0.0819(0.0779) 260.0 0.00456 (0.004839)
18.0  0.0719(0.0695) 290.0 0.00430(0.004339)
20.0 0.0629(0.0626) 293.7 0.00429

The experimental yy values are corrected for the
diamagnetic susceptibility and the temperature-inde-
pendent paramagnetic susceptibility.

The yy values calculated from Eq. 2, with D=
—3.0cm-1, E=—1.0cm, g=2.25,and 6=—0.1
K, are shown in parentheses.
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Fig. 3. The effective Bohr magneton numbers of [(H,0),
Ni {(OH),Coen,},](SOy)y+ 7H,O versus temperatures.

high-frequency term, was graphically obtained from
extrapolation of the plots of the observed molar mag-
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netic susceptibilities wversus reciprocal temperatures
for 1/T—0. The temperature-independent paramag-
netic susceptibility per mole was 0.0001 cgs emu.,
from which the energy difference between the ground
orbital state and the first-excited orbital state was
estimated to be about 104 cm~1.8 A nickel ion in the
nickel Tutton salts is also co-ordinated by six oxygen
atoms. In this case, the F state of the nickel ion is
split into two triplet and one singlet substates by the
cubic ligand field, and the energy splitting between
the lowest singlet and the lower triplet is estimated to
be about 8000 cm—!. Though it is not known how the
lower triplet is further split by the non-cubic ligand
field, the temperature-independent paramagnetic sus-
ceptibility mentioned above is considered to show a
cubic-field splitting similar to that of the nickel Tutton
salt. The magnetic susceptibility was calculated,
therefore, following the spin Hamiltonian

H = DS2 + E(S2—S,2) + gBHS, (1

where D and E are axial and rhombic ligand field
parameters, respectively, § is the Bohr magneton and
H the applied magnetic field. In order to obtain a
molar magnetic susceptibility corrected for the di-
amagnetic susceptibility and the temperature-inde-
pendent paramagnetic susceptibility, a fit with a cal-
culated magnetic susceptibility was made assuming
fairly small magnetic interactions. The formula®
used for the calculation, in which the magnetic interac-
tion is considered to be corrected for temperature, is:

1
xpowder = —3—(X_t + xy + xz): (2)
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where
.. D+E
X _ 2Ng2ﬂz smh zm-._—ej
* = "D+E —3E—D DYE °’
—9— exp (Zk_(T—— 0))+2cosh H(T—0)
. D—E
1 _ 2Ngp I 9k (T—0)
v~ "D—E —3E-D\ . . D—E °
T2 P (2'_k(‘T‘ —_‘0)) COSA oK(T=0)
and
. E
x - 2Ng* " RH(T—0)
z E —E

D .
exp (—k(T—B) ) + 2 cosh HT—0)

Assuming isotropic g values, a fairly good fit was obtain-
ed for D=—29——-3.0cm™!, E=—1.0cm™1, g=2.25
and 0=—0.1 K, as is seen in Fig. 2 and Table 2. In
conformity with the above values of D and E, the
X-band ESR of this sample at 4.2 K gave no signal up
to 23 kOe of the applied magnetic field.

The effective Bohr magneton number was 3.17 in the
temperature region above 8 K and at lower tempera-
tures it decreased showing the effect of the rhombic
ligand field and antiferromagnetic interactions among
magnetic complex ions.

The molar magnetic susceptibilities of [(H,O0),-
Co{(OH),Coen,},](SO,),-5H,0, corrected for diamag-
netic susceptibility, are shown in Figs. 4a and 4b and
Table 3. The compound is paramagnetic down to
1.3 K, i.e., the magnetic interactions among the mag-
netic ions are very weak, but the temperature depend-
ence of the susceptibility is not simply that of the Curie-

TasBLE 3. MOLAR MAGNETIC SUSCEPTIBILITIES (cgs emu)

[(Hz0);Co{(OH);Coen,},]-

[(H;0),Co{(OH),Coen, },]-

[(H;0),Co{(OH),Coen,},]-

4/2° Y1l 4)2° /112 206)g+ SHy
Tellinp pé's In péls
—_—— P e —— ——
expt caled expt caled expt calcd
1.0 (1.8972) (1.8782) (2.0084)
1.4 0.960 1.062 0.395
1.5 0.896 (1.2675) 0.890 (1.2255) 0.403 (1.3420)
2.0 0.712 (0.95269) 0.790 (0.94350) 0.4045 (1.0089)
4.0 0.403 (0.48045) 0.451 (0.47616) 0.3205 (0.50914)
6.0 0.283 (0.32303) 0.305 (0.32039) 0.262 (0.34256)
8.0 0.216 (0.24433) 0.265 (0.24250) 0.215 (0.25927)
10.0 0.170 (0.19710) 0.197 (0.19576) 0.181 (0.20929)
12.0 0.144 (0.16562) 0.1685 (0.16461) 0.156 (0.17598)
14.0 0.136 (0.14313) 0.146 (0.14235) 0.136 (0.15218)
16.0 0.110 (0.12626) 0.1252 (0.12566) 0.115 (0.13433)
18.0 0.0988 (0.11315) 0.112 (0.11268) 0.103 (0.12045)
20.0 0.090 (0.10205) 0.1036 (0.10230) 0.0948 (0.10935)
40.0 0.052 (0.055427) 0.0591 (0.055561) 0.0593 (0.059371)
60.0 0.037 (0.039674) 0.0421 (0.039951) 0.0443 (0.042681)
80.0 0.034 (0.031743) 0.0330 (0.032036) 0.0347 (0.034222)
100.0 0.0292 (0.026879) 0.02768 (0.027119) 0.0283 (0.028971)
140.0 0.0225(0.020962) 0.02102 (0.021051) 0.02124(0.022493)
180.0 0.0186(0.017257) 0.01728(0.017253) 0.01700(0.018440)
220.0 0.0152(0.014607) 0.01275(0.014580) 0.01382 (0.015587)
260.0 0.0126(0.012592) 0.01120(0.012582) 0.01180(0.013448)
290.0 0.0112(0.011371) 0.01110(0.011384) 0.01140(0.012163)

The experimental y values are corrected only for the diamagnetic susceptibility.
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Fig. 4a. The molar magentic susceptibilities of [(H,O),-
Co{(OH),Coen, },](SO,)y-5H,O (cgs emu) versus
temperatures lower than 20 K. (O: Experimental
values which were corrected for the diamagnetic sus-
ceptibility. —: Calculated values with parameters,
£,=5915, g,=3.566, a=1.450 and o’'=1.950.
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Fig. 4b. The molar magnetic susceptibilities of [(H,O),-

Co{(OH),Coen, },]1(SO,),-5H,O (cgs emu) versus
temperatures between 20 K and room temperature.
(O: Experimental values which were corrected for the
diamagnetic susceptibility. —: Calculated values
with the same parameters as those in Fig. 4a.

Weiss law. In the case of a Co?* ion co-ordinated by
oxygen atoms in the form of an octahedron, it is known
that the Co?t ion has an effective spin of 1/2 at very low
temperatures, where the spins are populated only in
the lowest energy level. The Weiss constant of from
—0.4 to —0.6 K, which was determined at liquid
helium temperatures, was considered to be mainly due
to the magnetic interaction. The high-frequency
term was graphically obtained from data between 150 K
and room temperature, that is, the extrapolation of the
molar magnetic susceptibility as a function of the
reciprocal temperature for 1/7—0 was about 0.0007
cgs emu per mole. A similar extrapolation of the
molar magnetic susceptibilities for 1/7—0 from data
between 14 and 20 K did not result in the same value,
but it appears that the high-frequency term is not
temperature independent suggesting that there are
some excited levels of low excitation energy. The
high-frequency term cannot be uniquely determined
in these cases. On the other hand, the effective Bohr
magneton number was also temperature dependent as

Magnetic Properties of Mixed Valence Tri-nuclear Complex Salts
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Fig. 5. The effective Bohr magneton numbers of

[(H,0),Co {(OH),Coen,},] (SOy), + SH,O  wversus
temperatures.

shown in Fig. 5. The value was about 5.1 at room
temperature and gradually decreased to about 3.3 at
1.4 K. This decrease is more than that due to the
antiferromagnetic interactions, indicating that the
ground orbital level splits due to the ligand field of low
symmetry.

The ESR derivative curve of this sample in powder
form-at 4.2 K is shown in Fig. 6. The signal intensity
was weaker than that for Co(NH,),(SO,),:6H,O
powder at 4.2 K, as shown in Fig. 7, but shapes of
these two signals are quite similar. In Co(NH,),-
(SO,)s+6H,0, each Co?* ion is surrounded by six oxygen
atoms of coordinated water molecules with tetragonal
symmetry and its g-values have been measured for
single crystals by Bleaney and Ingram!® to be g,=
3.060.06 and g,=6.454-0.13. Simulations of the

Arbitrary unit
O
of

o
| ®°) r
0 500 1000 1500 2000 2500 3000

H (O¢)

Fig. 6. ESR derivative curve of [(H,0O),Co{(OH),-
Coen,},](SOy);:5H,O on powder at 4.2 K. —: Ex-
perimental curve. (: Simulation with parameters of
£,=2.900, g,=2.901, g;=>5.80, I=7/2, 4,=21.0 Oe,
4,=22.0 Oe, A;=260.0 Oe and line width=350 Oe.
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Fig. 7. ESR derivative curve of Co(NH,);(SO,),<6H,O
on powder at 42 K. —: Experimental curve. (O:
Simulation with parameters of g,=3.000, g,=3.002,
8,=6.60, I=7/2, 4,=21.0 Oe, 4,=22.0 Oe, 4;=260.0
Oe and line width=350 Oe.
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ESR spectrum of Co(NH,),(SO,),-6H,0O powder with
g-value, hyperfine constant and line width parameters
according to the Kneiibuhl method!) were attempted
to see if simulation is applicable to this sort of compound.
Computations were performed with a FACOM 230—75
computer at Kyoto University using a program of
Kuwada.'® The best fit simulation for Co(NH,),-
(8O,),-6H,0O was obtained with the parameters: g-
values, g,=3.000, g,=3.002, and g;=6.60, hyperfine
constants, A;=21.0, 4,=22.0, and 43=260.0 Oe and
a line width of 350 Oe. The results are plotted in
Fig. 7. The fair agreement between these g-values and
those for single-crystal ESR proves that simulation can
be used to estimate g-values. The hyperfine constants
used are equal to those determined by Bleaney and
Ingram!® in single-crystal experiments. These con-
stants were also used in simulations of [(HyO),Co-
{(OH);Coen,},](SO,).-5H,O, [(H,0),Co{(OH),-
Coen,},](SOy),+ 7H,0 and [(H;0),Co{(OH),Coen,},]-
(8,04)2:3H,0. The line shapes of cobalt ammonium
Tutton salt and [(H,O),Co{(OH),Coen,},](SO,),- 5H,O
are quite similar, and the best fit for the latter was
obtained with g,=2.900, g,=2.901 and g;=>5.80 and
line width of 350 Oe, as is shown in Fig. 6. Thus, the
symmetry of a Co?t ion in [(H,0),Co{(OH),Coen,},]-
(SOy)q-5H,0 was concluded to be tetragonal as for the
cobalt ammonium Tutton salt, though a difference of
0.001 between the values of g; and g, was necessary for
a satisfactory fit. In Fig. 8, an example of simulations
of ESR derivative curves is shown. All the curves were
calculated for the same g, and g; values, that is, g,=
3.060000 and g;=6.450000, but with the g, value
varying from 3.060000 to 5.060000. It is worthwhile
to note that when the anisotropy of the g values are
almost tetragonal, the shapes of the ESR derivative
curves are very sensitive to the anisotropy between the
g, and g, values.

ESR derivative arbitrary unit

0 500 1OIOO 15'00 2600 25I00 3000
H (Oe)

Fig. 8. Simulations of ESR derivative curves, where
£,=3.060000 and g,=6.450000 are kept through all the
cruves, but g, is varied from 3.060000 to 5.060000,
which are written in the graph. The hyper-fine inter-
action is not considered.
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The magnetic susceptibilities of Co?t ions in the
Tutton salts have been calculated by several authors®
on the basis of the theory of Abragam and Pryce.l4
Calculations of the magnetic susceptibilities of [(H,O),-
Co{(OH),Coeny},](SO,),5H,0 were attempted assum-
ing tetragonal symmetry and considering spin-orbit
interaction in order to obtain a fit with the experimental
values. The calculation was performed using the
equations proposed by Bose e¢ al.,'® but with orbital
levels up to the third level taken into consideration.
Some good fits were obtained though the g-values were
not completely equal to those from the ESR simulation.
The best fit to the results are given in Table 3 in paren-
theses and are shown in Figs. 4a and 4b. The parameters
of the best fit are g,=5.915 and g,=3.566 and a=
1.450 and «'=1.950, where —a and —a«' are the effec-
tive axial and perpendicular Landé factors,'¥ respec-
tively, in the spin-orbit coupling terms expressed by the
fictitious orbital angular momentum. The energy
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Fig. 9a. The molar magnetic susceptibilities of [(H,O),-
Co{(OH),Coen,},](SO,);- TH,O (cgs emu) as a func-
tion of temperatures (K) lower than 20 K. (: Ex-
perimental values which were corrected for the di-
amagnetic susceptibility. —: Calculated values with
parameters, B}=—2.00cm~!, B}=75.0cm™!, Bl=
40.0cm™, «,=1.62, «,=1.52, «,=1.35, g,=4.126,
8y,=5.961 and g,=2.690.
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Fig. 9b. The molar magnetic susceptibilities of [(H,O),-
Co{(OH),Coen,},]J(SO,)s - 7TH,O (cgs emu) as a function
of temperatures between 20 K and room temperature.
(: Experimental values which were corrected for the
diamagnetic susceptibility. —: Calculated values
with the same parameters as those in Fig. 9a.
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Fig. 10. The effective Bohr magneton numbers of

[(Hz0),Co{(OH),Coen, },](SO,), « TH,O  versus
temperatures.
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Fig. 11. ESR derivative curve of [(H,0),Co{(OH),-

Coen, },](SO,),- 7H;O on powder at 1.3 K. —: Ex-
perimental curve. (O: Simulation with parameters
of £,=2.00, g,=3.00, g;,=4.50, I=7/2, 4,=21.0 Oe,
A4,=22.0 Oe, 4;=260.0 Oe, and line width=400 Oe.

difference between the ground level and the first-excited
level is about 280 £, which is comparable to that of the
Tutton salt.’® If we follow the idea of the hexa co-
ordination proposed by Werner,!) it is reasonable to
assume tetragonal symmetry.

The molar magnetic susceptibility of [(H,O),-
Co{(OH),Coeny},](SO,)o* 7TH,O was close to that of
[(Hy0),Co{(OH),Coen,y},](SO,),5H,0, as is seen in
Figs. 9a and 9b and 10, and Table 3, but the ESR of the
former is much more difficult to observe than that of
the latter. The derivative curves of ESR were quite
different, as is shown in Figs. 6 and 11. Because of the
very broad line width, which seems to be more than
400 Oe, simulations would include numerous ambigui-
ties. A calculated ESR derivative curve with g-values
of 2.00, 3.00, and 4.50 and a line width of 400 Oe is
shown in Fig. 11, this curve being one of the best fits
though the g-values are unexpectedly small. This
anisotropy of the g-values of a Co?" ion in [(H,O),-
Co{(OH),Coeny},](SO,), 7TH,O suggests that the li-
gandation of water molecules is different from that of
penta hydrate. The Weiss constant of —0.6 to —0.7
K, which was obtained in the lowest temperature
region, of the hepta hydrate is a little larger in absolute
value than that of the penta hydrate. However, the
hepta hydrate is, on the whole, considered to be more
dilute for magnetic ions than the penta hydrate, sug-
gesting some changes of the superexchange interaction
paths. It was thought that the symmetry of the ligand
field in the hepta hydrate is lower than that of the
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Fig. 12. ESR derivative curve of [(H,0),Co{(OH),-
Coen, },](8:04):5H,O on powder at 4.2 K. —:
Experimental curve. (O: Simulation with parameters
of 2,=2.30. g,=5.20, g,=5.80, I=7/2, A,=21.0 Oe,
A,=22.0 Oe 4;=260.0 Oe, and line width=600 Oe.

tetragonal from the symmetry of the g-values. On the
other hand, the ESR derivative curve of [(H,O),-
Co{(OH),Coeny}5](S;04)s:SH,O was different from
both the sulfate penta hydrate and the sulfate hepta hy-
drate, as is shown in Fig. 12. The simulation of this di-
thionate penta hydrate gave g-values of g, =2.30, g,=5.20,
and g;=5.80 with a width of 600 Oe. This anisotropy
of the g-values is of the type g,<{g,~g,. A dithionate
ion is larger in size than a sulfate ion, so it was supposed
that [(H;0),Co{(OH),Coeny},](S;0¢),-5H,O would
be magnetically more dilute than [(H,0),Co{(OH),-
Coen,},](SO,),-5H,O. However, the observed mag-
netic susceptibility resulted in a negative Weiss constant
having an absolute value larger than that of the penta
hydrate and with a maximum near 2 K. The magnetic
interactions may be operating via anions and some
water molecules, and the dithionate ion does not result
in a weaker linkage among the complex ions than does
the sulfate ion in this case.

An attempt was made to calculate the magnetic
susceptibilities of the dithionate penta hydrate and the
sulfate hepta hydrate under the assumption of a rhombic
ligand field symmetry. The method of calculation
using the operator equivalents,!% for which octahedral
ligandation of oxygen atoms was assumed, is described
in the appendix. The parameters for the best fit were as
follows: for the dithionate penta hydrate, Ar=8800
cm~l, Bj=2.00cm~!, B%=30.00cm-!, BI=100.0
cm™, «,=1.81, a,=1.74, 2,=0.90, g,=5.044, g,=5.768
and g,=2.286 and for the sulfate hepta hydrate, Ar=
8800 cm~1, B}=—2.00cm~!, Bi=75.00 cm~!, B)=
40.0 cm™, «,=1.62, «,=1.52, «,=1.35, g,=4.126,
g,=5.961, and g,=2.690. The calculated magnetic
susceptibilities of the best fits are shown in Table 3 in
parentheses and Figs. 9a and 9b, and 13a and 13b. As
mentioned above, the dithionate penta hydrate showed
that it has antiferromagnetic interactions, and therefore,
in the lowest temperature region, the observed suscep-
tibilities deviate from the calculated susceptibilities, for
which magnetic interactions between magnetic ions are
not taken into consideration. The discrepancy between
the g-values from the ESR simulation and those from
the magnetic susceptibility calculation is small in the
case of [(Hy0),Co{(OH),Coeny},](S;04)s: 5H;0, how-
ever, the case of the sulfate hepta hydrate cannot be
explained. If it is recalled that [(H,O),Ni{(OH),-
Coeny};](SO,),s 7H,O has a rhombic ligand field for
Ni2t ion, a fairly good fit of the calculated magnetic
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diamagnetic susceptibility. —: Calculated values
with parameters of B}=2.00 cm~!, B:=30.00 cm™
B;=1000 cm™, a,=1.81, a,=1.74, «,=0.90, g,=
5.044, g,=5.768, and g,=2.286.
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Fig. 13b. The molar magnetic susceptibilities of
[(H,0),Co{(OH),Coen,},](S;04); - 5H,O (cgs emu) as
a function of temperatures (K) between 20 K and room
temperature. (): Experimental values which were
corrected for the diamagnetic susceptibility. —: Cal-
culated values with the same parameters to those in
Fig. 13a.

susceptibility for [(HyO),Co{(OH),Coeny},](SOy),: 7-
H,O under the assumption of rhombic anisotropy
appears reasonable.

In conclusion, the magnetic properties of the [(H,O),-
M{(OH),Coeny},]**+ ion, where M=Ni?+ or Co?*, can
be explained by those of the central divalent ion, that
is, roughly speaking, the Co3t ions in the wings are
diamagnetic. In the solid state, the magnetic proper-
ties of the [(H,0),M{(OH),Coen,},]** ion are not
independent of the anion and crystalline water mole-
cules, that is, the ligand field of sulfate penta hydrate
was concluded to be tetragonal while those of sulfate
hepta hydrate and dithionate penta hydrate were
found to be rhombic, and the superexchange interactions
were also to some extent dependent on the anions and
crystalline water molecules.
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Appendix

Orbital energy levels, g-values of the lowest orbital level and
molar magnetic susceptibilities for a *F state ion with a rhom-
bic ligand field were calculated using the method of operator
equivalents.’® The operator equivalent method is based on
the fact that, within a multiplet, the matrix elements of the
potential function of the ion are proportional to the matrix
elements of the appropriate polynomials of the orbital angular
momentum operator.

The ligand field potential V that has been considered is

V= VK + Vrz + VM + Vlez
= 20A4(x4-|-y4+z4———§—f4) + A:(322—r%)
+ A3(3520— 30222+ 3r%) + Ai(x2—)?), 3)

where V is the cubic potential function, Vr, and Vy, are the
second- and fourth-order tetragonal potential functions,
respectively, and Vj, is the second-order rhombic potential
function. 4,, A4, A}, and A4: are the coefficients of these
potential functions, Vi, Vys, Vs and Vi, respectively. Vi
is assumed to be much larger than Vi,, Vi, and Vi, so that
the contributions from the latter terms can be treated as a
perturbation. The matrix'® of the cubic potential Vy for the
orbital states |M, > (M, =43, +2, 41, 0) is

3 0 0 0 155 0 0
0 -7 0 0 0 5 0
0 0 1 0 0 0 .i5
60B,x| O O 0 6 0 0 0 | (4
JI5 0 0 0 1 0 0
0 0 0 0 -7 0
0 0 550 0 0 3

where B;=-24,<r*>/315. The eigenstates of this secular
matrix are the singlet Iy and the triplets I'y and I',, for
which the wave functions are

0 = J%1_1>+J%l+3> = Iy 1D,
—]0> = ]r49 O>,Av

5 3
J§|—3>+J§I+l> = |y, =1,

P2

Il

Ps
o= oi-1- 318 = I 1,
tr= (D +=2) = I, 0,
ga= o~ 3-8 = Iy, —1),

and

1= 7(D=1-2) = %, 0.
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/ 6B%+ 13583 0 6B; —3,/15(B3+5B}) 0 /15B% N
0 —12B¢+ 3608 0 0 2,/15B3 0
6B} 0 6B9+ 1358} /1583 0  —3,/15(B2+5BY)
—3,/T5(B3+5B3) 0 JI5BY  105B3+4r 0O 0 ; ®)
0 2,/15B% 0 0 —420B3+Ar 0
K /1583 0 —3,/15(B3+5BY) 0 0 105B+Ap P,

Following the process introduced by Abragam and Pryce™®
for the case of ligand fields of low symmetry, we take into
account the orbitals I'y and I'5, but neglect the contribution
from the I', orbital.

The matrix elements of Vg, Vi4, and Vi, based on {¢;}
and {¢;} (i=1, 2, 3) are, if we set Bi=-24%r%>/105, Bi=
~24%r25[105, and B=-24%Xr*)/315, ‘
where Ap is the separation between the I', and I'; levels and
is equal to 480|B,|.
diagonalization of (5) are shown in Fig. 14.

The components of the orbital angular momentum L based
on {¢;} and {¢;} (i=1, 2, 3) are represented as follows,

-3 15
o vz o 0 J3 o
-3 -3 15 15
FvE 0 Fvr oy oo Ay
o Buz o o JB5 o
L =1 2 2
T 2 . — >
15 N2
o —Jy o 0 % oo
15 Jﬁ VZ VZ
«/2 0 2 2 0 2
15 N2
o —Jy 0 0 oo
-3 __ \/T_E
0o ST o 0~y O
3 5 =3 «/E _JE
V2 0 5w g 0 2
o 2,7 o o JEB o
[ o=t 2 2
2 i VT oo
o =Jy o 0 =¥t oo
15 YL SR ;
7 0 2 2 0 3
15 ~2
0 2o 0 ¥ o
-3 15
S 0 0 Y2 0 o0
o 0 0 0 o0 0
0 0 % 0 o0 ‘“2/15
and L, = - . . (6)
5 0 o L oo o
o 0 0 0 0 0
—A/15 1
0 2 0 2

The lowest three orbital states &, &,, and &; in matrix (5) are
given by

§1= 1 + '3 + iy + V' Py, Ex = tapy + Vo,
and §5 = g0, + p5'Ps + Vs + V' 7

The orbital levels obtained by the

)

£360B%) Ee
+6B%)

(+£RQ
b2 e e

4)
(-12B9)
Vk V12 V74 Vpy LSS

Ei

Fig. 14. Orbital energy level splittings of a 4F state in a
field of rhombic symmetry.

The components of the angular momentum based on {¢;}
(=1, 2, 3) are

. ( 0 . 0

L,= 7 Pz 0 Pz’ |

0 o,/ O

[ 0 o 0

L,= :2;1 —p,/ 0 Py |»
L0 —p O J
[/ O Pz ]

and L= 0 0 0 |, (8)

L e 0 0 ]

where p,, p,/, and p,” (v=4x, 3, 2) are, using (7),

37 15
Pz = — ;/ s2(a+ 1) + N/?{Va(ﬂ1+ﬂ1')—ﬂz("1+v1')}

+ «—/2-2“’2("1 +v),

s _ =32 , 15
o = ;/ Ha(us+415) +\/“2‘{"2(113"‘113’)—ﬂz("a'i‘vs/)}

+ %Vz (vs+vy),
W2 15
Py = %"ﬂz (#s—us’) + \/ ?{Vz (s —ps') + pa(va—vy') }

+ 'N‘/2—2Vz (v3—vy"),

, W2 15
o = ‘g ﬂz(—ﬂ1+ﬂ1’)+J7{Vz(—ﬂ1+ﬂ1’)

+ﬂz(—v1+v1’)}+“/22 va(—v +vy),
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-3 1y ! H 1oy ! 1y
Pz = —2‘{»“1#3—”1 1)+ ?(ﬂﬂ’s"‘”lﬂa“lll vy’ — vy 1ts")
1
2 (vy¥3—71"v5),

3 - 1
o) = 2 (1 — a'®) + 4/ 15 (par — p'v') — ‘2‘("1’ —n?),

-3
2
The solution of the secular equation shows that p,’=p;,»,"=p;,
Ms'=— 3, and vy’=—w, in the case of orthorhombic ligand
fields, and therefore,

&1 = i (P1+¢s) + vi(Pr+s),
§2 = ey + Voo,

_ 1
and p,” = (1s® — 1152) + A/ 15 (usvs — 1s'vs") —?("s’ —»y'3).

and &3 = Us(P1—3) + va(P1— ). 9
If we define the o, (v=x, y, 2) as follows
— 32 15 2
Oz = —2—%‘ = Ng Hlly “\/ 9 {t1vs— a1} “'%‘"’1"2,
32 15 2
Gy = ’EZL = «g Halis + J 7{”2#3 + ”8”2}'*‘%""’2"3»

and o, = —p, = 3ty —a/T5(uyvs+v1ts) + vavs, (10)
and it is known that

Pz = 91/, =p/ =9/ =0,
then the components of the angular momentum can be written
as follows,

o 1 07

L, = —az| 1 0 0= —ayl,
0 0 0]
ro 0 07

Ly=—a|0 0 i|=—ai,
0 —¢i 0]
(0 0 17

and L,= —0o, 0 0 0] = —al, (11)

1 o0 o]

where L2402+ L2 =01+]1) =2, (I=1).
The «,, a,, and o, indicate the contributions from the I';
orbital level. When there is no contribution from the I';
level, that is, when the lowest triplet I'; state consists of only
the wave functions {¢,}, &, ,, and «, are
oy =0y = o, = 1.5.

The potential function (3) is replaced by the equivalent

angular momentum operators'® as follows,
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V= [71( + 171'2 + 171'4 + I}nz
= B,(03+50)) + B30? + B0} + Bj03,  (12)

B, = (L|BILyAr,

B} = <L|| LyA4r®,

By = <L|BIL>AiKr,
and B} = (L|o| Lyd3r®).
<L|«|L> and < L|B|L> are the proportional coefficients,!®
-2/105 and -2/315, respectively, and <[r;>> is the average of r;
over the radial part of the wave function. 0%, 0% 03, and
04 can be written using the orbital angular momentum
operator L, thus

09 =3L2 — L(L+1),

where

03 = 5 (LA+L3),

0 = 35L,% — 30L(L+1)L2 + 25L2
— 6L(L+1) + BLA(L+1)2,

and 0t = —;—(L+4+L-4). (13)

Using the «,, «,, and o, mentioned above and /=1, the Vy,,
Vrs, and Vi, (in Eq. 12) can be written as follows,

5 1
Vps = Z‘Bgan

I}TA = 2Q2’
Pea = —-B3QS, (14)
4
where Q8 = (8,2 +2p)[,2 — 4p — ¢(I,2+1_2),
Q9 = ul? + uy(1,241.2) + ug,
Q3 =p(,2+12) — 2ql,® + 4q,
b=+ “ys;
g =0a® —ab

wy = B, — 122 + 192 + 3p — 24 + S,

3
Uy = ? (—'g——‘l‘“zz—-l),
and u3 = 3p(p—2).

The first-order perturbation Hamiltonian containing the
spin-orbit interaction is

# = BI0L+ BIQ + L BIQ}
— Aol oSy + oyl Sy + adS,). (15)
When the rhombic symmetry is taken into account, m(=1I,+

S,) is not a good quantum number. The secular matrix of
Eq. 15 represented in the basis set of |7, S, is

3 —1 —1 1 _3
L I-L5D LD L 5 0, 5> 0, 5>
—3 1 —3 1 _1 3
1, —2—> 1, ‘2—> [—1, T} [—1, ?> 0, “2—> 0, *2—>
T,+R,+%a,ﬁ. 0 %(pBg—qu)+2ung 0 =50 0
0 T,+R,—%oczl 0 —21—(pB§—qB‘z’)+2u232 ‘*2/ 23 :%—6—11
1 3 —2/6
5 (bBI—gB) +2uB 0 Y 0 ;t/ s 0 "
0 %(pBg—qu)+2uaBg 0 Tf+R,+%aczl 224-24/1 “fj 61
—VE 3 —VE VT
4 A 2 sA ——4——31 2 7 0 0
0 = 6.2 0 “‘{ 65 0 0
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where T;= (20:,“’+%[))B‘2’ + u,BY,
R, = 1 B
f —'f‘q 25
=0y + oy,
and S =0y — 0y

The six Kramers doublets, which are deduced from the
lowest orbital triplet, are obtained through the diagonaliza-
tion of (16). The energy levels of the six Kramers doublets
are expressed as E; (i=1, 2, ..., 6) and their wave functions
as &, (1=1,2, ...,6). Then

6
‘I’u = j};lncucj,

and ®_, = j}_,fwlci,c,*, (17)

where {{} is the base of the secular matrix (16) and its
coefficient of linear combination, C;; can be determined
from the solution of the secular equation. The g factors of the
lowest Kramers doublet are given as follows:

8z = 2<¢+1_]: “zlx+ 2Szl¢‘—1>

= =2/ 2 %2(C11Gi6+ C1oC15+ C13Cig+ C14Ci5)
+44/ 73 (C11C1a+ C15C15+ Ci5Cy6) + 8C12Cra +4C55%,
2D, 1]~y +25, 101>
-2y 3 %y (= C11Ci6— C12Cy5+ Cy3Cig + €14 C5)
+44/ 3 (C11C1a+ C1aCra — C15Che) — 8G15Cra +4Cy3,
&: = 2<q)+1' —al,+ 2Sz|q>+1>

8y

= 2[(Cy2+ C1o? — C1s® — C1a®) 2, + 3(C1 % + i3 — Gy g?)
=Gy~ G+ Gs?). (18)
The magnetic susceptibility per mole is given by
Nﬂ /u) —
X, = 7 <kT+2G (v=x, », 2)
=3 —(E—E)
where G’ = EIG;;’ exp T
G} = gl(‘bttl _“vlv+2sv|¢'ﬂ>lz’
8 —(E;—E.
" _— an{ exp ( ]:T 1) )
/1) =
12‘5)0 W
|<¢’:ttl - “ulv+ 2Sv|¢’:tj> I2
Yy —
¢% =X E,—E, ’
= 2% exp —(Ei—Ey)
and Z = 2§1exp T
The G} and G'}; are

Gf = 2[ =4/ 20x(Cy1 Cye + C;zcts +Cy3Ci6+ C1aCis)
+24/73 (C1Cpa+ Cy3Cia+ C5Cq) +4C30Cos +2C5212,

= 2[A/ 20y (C;1C;q+ Cy2Cis — Cy5Cig — G4 Cis)
+24/73 (Cy1Cia+ Ci3Cia— Cy5Cig) —4C;2C1a +2C;5%0%,
Gi = 2[at,(Cpy2 + Cyo® — Cps® — Cy®) + 3(Cyr® + Cps® — Cie?)
—Ci?*—C P+ G715

2 __

Glfl = Ej _ E‘ [‘\/ 3 (CHCM + Cqul + C{ijs + C{stg
2

+Cy5C1e+ C16Cys) —%—“z(cucjs +Cy6Cj1+ Cp2Cy5

+Cy5C)a+ Cy3Che+ CyoChs+ CiuCrs + Ci5Ca)
+2(CpeCpa+ CaCpa+ Cy5Cy5) 1%,
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2 _
G = 5k [/ 3 (Cin Gyt CiaChy + CpoCly + Ci3Ca
i—E

— CuCin = CuaC) +Y (G + CaaCn+ ConC

+C35C 52— C13C 56— C16C 3 — CiaCys —
-2 (Cizcj4 +C14Cja— C5Cy5) 1%,

[“z(CuCﬂ +C;2Cha— C3Cjs— CHCJA)

CisCa)

G% =
E/

+ S(Cilcjl + Ciacja - Ciﬁcj6> - Ctzcjz - C'“Cj4
+ GGy 12

We must estimate the error in the operator equivalent
method used in the above calculation. The method is valid
for the lowest multiplet 4F. The effect of mixing with the
upper state of a different multiplet, e.g., the I, state arising
from 4P can be estimated from the matrix element of Vm—{—

Vya+ Ve between the lowest and the excited multiplets.
Roughly, the contribution of the mixing with the upper mul-

s T | T | ]
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Fig. 15. o, as a function of B}.

for Ar=8800 cm™,
cm™L,

The graph is calculated
B}=2.00cm™, and B;=30.0
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Fig. 16. «, as a function of B, where 4r=8800 cm1,
B=100 cm~! and B{=2.00 cm~! were used.
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Fig. 17. g, as a function of B} where 4r=28800 cm?,
=2.00 cm™1, and B3=30.0 cm~! were used.
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Fig. 18. «, as a function of B}, where 4r=28800 cm-1,
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Fig. 19. «, as a function of B, where 4r=8800 cm1,
B}=40.0 cm~1, and B}=—2.00 cm~! were used.
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Fig. 20. g, as a function of BY, where A4,=8800 cm-1,
BY=—2.00 cm™! and B%=75.0 cm~! were used.

0.0

tiplet to Ae, the difference between a, and 1.5, will be of the
order of the ratio of the matrix element </L=3| Vot Voot
VRZIL#3> to the energy difference between the multiplets.
Within the lowest multiplet, the more the I'; level is separated
from the I', level, the less the deviation of «, from 1.5. The
case of a,=1.5 has been analyzed by Uryii e al.1? who dealt
with CoCl,-6H,O. The same g-values as those of the Co
Tutton salt® are found with the following parameters: a,=
oy=a,=1.5, B}=2.00cm™!, B}=-—70.0cm-!, and Bi=
0.00 cm—1.

In Figs. 15 and 16, «,, (v=%, 3, 2), is plotted as a function of
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B3 and B3, respectively. In Fig. 17, g,, (v=x, 9, 2), is shown
as a function of B}. In Figs. 15—17, the functions are cal-
culated using the parameters, 4p=_8800 cm~1, B?=2.00 cm-1
and B}=100cm= or BZ=30.0 cm-1, that is, those which
showed the best fit for [(H,0),Co{(OH),Coen,},](S,04),*
5H,O. In Figs. 18—20, similar calculations are shown using
the parameters, Ar==8800cm=?, BJ=-—2.00 cm-!, and
B}=40.0 cm~! or B=75.0 cm™1, that is, those which showed
the best fit for [(H20).‘,Co{(OH).“Coenz}z](SO4)2 7H,0.

Numerical computations in the appendix and those of the
magnetic susceptibilities were performed with a FACOM
230—45 computer at the Computer Center of Kyushu Uni-
versity.
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