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ESR measurements on Mn(II) ion doped in single crystals of Cd(NH,),Ni(CN),-2C,H, confirmed the struc-
ture of the Hofmann-type clathrate predicted before. Spin Hamiltonian parameters obtained are g=2.0033+
0.0010, A=(—84.941.0)x 10 cm™ (123 K) and (—84.34+1.0) X 10~ cm~! (room temp), D= (67.5+1.0)x
102 ecm~! (123 K) and (17.341.0)x10~*cm™! (room temp), and a=(16.5+1.0) X 10-¢ cm~1. The environ-
ment of Mn(II) ion has a tetragonally distorted cubic symmetry. While the parameter a is independent of tem-
perature, the parameter D is found to be dependent on temperature obeying to Doc( Ty~T)? where T, is 473 K.
The nuclear forbidden lines, Am= +1, were also detected, intensities of which vary in terms of D squared.
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The series of Hofmann-type clathrates has the gen-
cral formula of M(NH;),M’'(CN),-2G, (M-M'-G),
where M is a divalent metal ion such as Mn(II), Fe-
(II), Co(II), Ni(II), Cu(II), Zn(Il), and Cd4(II), and
M’ is Ni(1I), Pd(II), or Pt(II).!1-® G represents an
aromatic molecule such as benzene (Bz), aniline efc.
The inorganic part of the compound, M(NH;),M’-
(CN),, forms a two-dimensional network which
clathrate aromatic molecules between them as shown
in Fig. 1.4-9

X-Ray crystallographic investigations have been re-
ported in cases of Mn-Ni-Bz,% Ni-Ni-Bz," Cu-Ni-
Bz, and CGd-Ni-Bz.®) The compounds have an iso-
morphous structure with a space group of P4/m.

Magnetic properties of the clathrates have been
reported for Mn-Ni-G,® Ni-Ni-G,” and Cu-Ni-
G.19 The HNMR of ammonia molecules, which
coordinate to metal ion M, is also reported in both
diamagnetic!¥) and paramagneticl®!3) compounds.
ESR study of copper(II) has shown the Jahn-Teller
distortion around the copper(II) ion which reveals
that d,, orbital is the ground state.?s14.1%)

The manganese(II) ion in Hofmann-type clathrate
has a high spin d® structure and the orbital angular
momentum is quenched. The purpose of this study
is to clarify the behavior of the paramagnetic man-
ganese(II) ion which will reflect the fundamental char-
acters of Hofmann-type clathrates by means of ESR
spectroscopy.
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Fig. 1. The structure of Hofmann-type clathrates,
M(NH;),M’(CN),-2C¢Hj,.

Experimental

The single crystals of Cd-Ni-Bz which contain 0.19, of
manganese(II) were prepared from an aqueous layer of
an ammoniacal solution containing 1x 10-2 mol dm—% Cd-
(NOgj),, 1x10-%mol dm—2 MnCl,, 1x10-2 mol dm—3 K,Ni-
(CN)y, and 0.5moldm-3 NH,Cl: pH adjusted to 8—9
using ammonia, and an organic layer of toluene containing
benzene. The crystals grew at the interface between the
aqueous and organic layers and on the bottom of the vessel.
The dimension of the single crystal investigated in the present
study is ca. 0.5 % 0.5 X 1.0 mm3 of the form of a square pillar,
having ends in the form of pyramids.

The preparation of the crystals and the measurements
of the ESR were done under a nitrogen atmosphere to pre-
vent manganese(II) ions from being oxidized.

The ESR spectra were recorded using JES-FE-3X spec-
trometer at an X band frequency: 9.2 GHz, and a field
modulation of 100 KHz and modulation widths of 0.4 mT.
The field was calibrated with signals of manganese(II) doped
in MgO. The crystal was rotated about the [001] and
[110] axes and the temperature was varied with a stream
of cold nitrogen, measured by a copper-constantan thermo-
couple.

Results and Discussion

The ESR spectra were recorded at various tem-
peratures and at various angles, 0 and ¢; 0 is the
angle between the field and the [001] axis of the crys-
tal and ¢ is that between the field in the (001) plane
and [110] axis.

Figure 2 shows the ESR spectra recorded at various
angles, 0, at 123 K. The spectral change when the
magnetic field rotated about [001] axis at 123 K
reveals the fourfold symmetry, on the other hand that
about [110] axis reveals the twofold symmetry. The
symmetry indicated above confirms the structure of
the Hofmann-type clathrates.

It is reasonable to assume that the manganese(II)
ions are located at the same positions as the cadmium-
(II) ions in Cd-Ni-Bz crystals. The X-ray crystal-
lographic investigations have shown that the environ-
ment of manganese(II) in Mn-Ni-Bz® as well as that
of cadmium(II) in Cd-Ni-Bz® has D,, symmetry.
The detailed structural parameters, the lattice con-
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Fig. 2. ESR spectral change on angle 0 at 123 K and ¢=0°.
L [Mym>=1/2,5]2> | —1/2,5/2>, 2: | M;m>=]1/2,5/2>«3/2,5/2>, 3: | M,m>
=13/2,5/2>«>|5/2,5/2>. Arrows in the spectrum at 6=30° indicate the nuclear

forbidden transitions: see text.
stants and the metal-nitrogen distances, are quoted
in Fig. 1 to compare both compounds.®:®

The comparison of the metal-nitrogen distances has
permitted us to assume the conservation of symmetry
D,, about manganese(II) ions doped in Cd-Ni-Bz.
Thus the magnanese(II) ion was treated as having
a nearly cubic but slightly tetragonally distorted struc-
ture of a weak crystalline field, and the assumption
was revealed to be good.

The explanation of the spectra and the spectral
changes can be made with a spin Hamiltonian of
the form:

F# = pH-g9-8 + D[S; —S(S+1)/3] + E(Sz—S5)

+ —é—al:S; +84+8¢ —%S(S+ 1)(35%+35— 1)}

+ 8- AT — g, H-T, (1)

where D and E are axial and rhombic distortion param-
eters, respectively. The quantity a is a cubic param-
eter of the fourth order. Other symbols have their
ordinary meanings.

The fields of the allowed transitions that are used
for a high spin d® system of manganese(II) assuming
the spin Hamiltonian (1) are calculated by the fol-
lowing equations:1® it is also assumed that g and
A are isotropic according to the results shown later.
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where M and m mean electron and nuclear(®*Mn)
magnetic quantum numbers respectively, and p=1—
5(I2m?+m2n2+n?l%) and [, m, and n are direction cosines
of the magnetic field with respect to the x, y, and
z axes, respectively. The last terms correspond to
a hyperfine splitting for the transition |M>«|M—
1>, Am=0, to be expressed as;

() - (i)

X [%5— —m2+m(2M—1)]. (3)

SAM,m) =
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Tasre 1. Spin HAMILTONIAN PARAMETERS
Parameters T/K
&(gn=21) 2.00330.0010

A(A,=A)jem™ (—84.9+1.0)x10- 123

(—84.3+1.0) x10-4 room
Dfcm—1 (67.5+1.0) x10* 123
(17.3+1.0) x10-* room
Efcm™! 0
a/cm—1 (16.5+1.0) x10-4

In Fig. 2, the most intense sextet is assigned to be
| —1/2><]1/2> transition, the middle ones are
|+£1/2><|*£3/2> transitions and the weakest are
| £3/2>«<|£5/2> transitions.

The Hamiltonian parameters were obtained from
the spectra both at room temperature and at 123 K
and are listed in Table 1. The shifts of signal posi-
tions versus angle 6 arise from D and ¢ terms and those
versus @ only from a term. The g value and the hy-
perfine constant A are isotropic namely g=g/=g,
and A=A4=A1 within the experimental error.

The absolute signs of the parameters were deter-
mined by considering the angular dependency of the
signal positions according to Egs. 2 and 3, where
the second order approximation was dealt with. If
D-4<0, for the sextet of the transition of M>O0,
the splitting caused by Eq. 3 is smaller, and the posi-
tion at 6=0° is at a lower field than that of M <0
or vice versa. This is the case. The change of the
signal positions on angle § make it clear that the param-
eters D and a have the same sign. When 4 is as-
sumed to be negative, as general, the sign of & is posi-
tive being consistent with Watanabe’s theory.l” The
signs of the parameters thus obtained are shown in
Table 1. Other sets of signs do not explain the change
of the signal positions.

The thirty angular dependence curves calculated
according to Eq. 2 using the parameter values in
Table 1 are in a good agreement with the experimental
results shown in Figs. 3 and 4, where the assignments
are indicated.

Temperature Dependency of the Fine Structures. As
reported in many cases of manganese(II) ESR, the
parameter D has non-zero values also in the Hofmann-
type clathrate, though g and A4 are isotropic. Here,
it is noteworthy that the D value is dependent on
temperature. The changes of the signal positions due
to temperature are shown in Fig. 5 in the temperature
region from 123 to 433 K. Above room temperature
the signals were irreversibly broadened because of an
escape of benzene molecules from the surface of the
crystal.

While the signal positions of the sextet M=|1/2>
—|—1/2> do not vary with temperature, those
of the sextets M=|=£1/2>«|£3/2> and M=|=%3/2>
«|£5/2> shift outwards with decreasing tem-
perature. The values of the parameters D and a
are plotted in Fig. 6.

As shown clearly in Fig. 6, the cubic parameter
a is independent of temperature. Since the param-
eter a relates closely with the strength of the cubic
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Fig. 3. Angular dependence of ESR signals on angle
¢ at 0=90°.
Hy=3274x10*T. Dots are the experimental re-
sults and the solid lines are calculated curves. using
the parameter values at 123K in Table 1. The
signal positions are assigned at ¢=45°. a: |M>=
[1/2> | —=1/2>, b: |[M>=|—1/2><|=3/2>, c:
|M>=|1/2> 32>, d: |[M>=]|—-3/2>e
| —5/2>, e: |M>=|3/2><]5/2>. As for m, the
lowest is assigned to be m=—5/2 and the highest
5/2 for all five sextets.

(-1 )x10% /1

Fig. 4. Angular dependence of ESR signals on angle
0 at ¢=0°.
H,=3274x 104 T. Dots are the experimental re-
sults and the solid lines are calculated curves using
the parameter values at 123 K in Table 1. The
signal positions are assigned at 6=0°. a: |[M>=
112> —1/2>, b: [M>=|—1/2><|—=3/2>, c:
|M>= 12> |3/2>, d:i |M>=]|-32>«
| —5/2>, e: |[M>=|3/2><]5/2>. As for m, the
lowest is assigned to be m=—5/2 and the highest
5/2 for all five sextets.

crystalline field parameter Dg, as indicated by
Watanabe,'”) the constancy of the parameter a sug-
gests that the crystalline field does not vary as the
results of the structural change around manganese-
(II) ions in the temperature region studied here.
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According to Watanabe,1? the crystalline field param-
eter Dg is estimated to be 1407 cm—1. Unfortunately
the spectroscopic data was not available for com-
parison with the theoretical value in this stage.
On the other hand, the parameter D increases with
decreasing temperature as shown in Figs. 6 and 7.
In Fig. 7 the square root of D is plotted and has a
linear relation to temperature. Thus the temperature
dependency of D was found experimentally to be
D(T) = KT, —T)*, 4
where T is the absolute temperature and 7T, and
k were found to be 473 K and 5.2,x10-8 cm~1 K-2
respectively.
The temperature dependence of D has been found
for example in cases of nickel(II) ESR in NiSnClg-
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Fig. 5. Temperature dependence of the ESR signals
at 6=90° and @=0°
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Fig. 7. Temperature dependence of D parameter.
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6H,0,1® and NiSiF;-6H,0,' manganese(II) ESR in
K,80,,29 and iron(III) ESR in BaTiO4;?) in the
latter two cases the changes of D are attended on
phase transitions. However the clear elucidation of
these phenomena has not been given until now. In
the case of manganese(II) in the Hofmann-type
clathrate, any structural change has not been reported
in the temperature region studied here and more-
over the invariability of the parameter a does not
suggest any phase transitions. Though the reason for
the temperature dependency cannot be elucidated in
this stage, this phenomenum would add a new char-
acteristic feature on the Hofmann-type -clathrates.
Further investigation of the structure will be necessary.

The Nuclear Forbidden Lines. The arrows in the
spectra in Figs. 2 and 8 indicate the nuclear forbidden
lines, Am==1. The intensities of these lines found
here do change with temperature. The number of
theoretically predicted forbidden lines is thirty, but
in this case we could find the relatively intense five
doublets that appear among the sextet of allowed
transitions |1/2><|—1/2>, and others that are
barely recognizable outside the intensive allowed sig-
nals near §=50°. In Fig. 4, the dots aside from the
solid lines mark the positions of the forbidden lines.

The forbidden lines appear when the magnetic field
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Fig. 8. Nuclear forbidden lines at §=>55° and ¢=0°,
and at 113 K. The spectrum is a second derivative
curve. Five doublets are assigned to be M=|1/2> —
|—1/2>, Am==1, and the arrow at the lowest
field indicates the one not assigned.

(Relative Intensi’cy)l/2

20 40 60
p/1074em™t

Fig. 9. Relation between D and intensity of the for-
bidden lines: AM==+1 and Am=+1.
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is rotated about the [110] axis, disappearing at 6=
0° and 90° and not observed when the field is rotated
about the [001] axis. The signals have maximum
intensities near 0=>55°. Unfortunately the precise
determination of the change of intensity with rota-
tion was impossible since the strong signals of the
allowed transitions superimpose on the forbidden lines.

The relative intensity increases with decreasing tem-
perature, suggesting that it is related closely with the
D value. Figure 9 shows the relation between the
intensity of one of the pairs of the doublets and the
axial parameter D at §=55°, at which angle the for-
bidden lines clearly appear separated from the allow-
ed transitions. The intensity is proportional to D?2;

I(1/2) = k(6) D%, (©)

where I(1/2) is the intensity of the forbidden line
M=|1/2><]—1/2>, and £(6) is a function of
angle 0.

The intensity of the forbidden lines will vary as
A-D2(sin 20)2+B-a?(sin 40)%, when the parameters D
and e have non-zero values.?%23) However the rela-
tion revealed in this compound between the intensity
and the parameter D suggests that the mixing of the
energy states may arise from the second order per-
turbation only with the D term, and those with the
a term would be too small to be detected here.

The positions of the forbidden lines M=|1/2>«
| —1/2> and the separations of the doublets were
independent of temperature. The separations of dou-
blets obtained experimentally are 18.;, 20., 23.,, 23.,,
and 25.;X10%cm™ for m=|—5/2><|—-3/2>, m=
| =3/2><|—1/2>, m=|—=1[2><|+1/2>, m=|1/2>
<|3/2>, and m=|3/2><|5/2>, respectively. The
calculated values according to Bleaney and Rubins22
are 18.5, 20.;, 22.5, 23.5, and 25.4X10-* cm~1, respec-
tively. The detailed work about the seperation will
give the precise values of g, and Q (quadrapole mo-
ment) of %Mn.

Conclusion

From the parameter values obtained, manganese-
(II) ion has a g value which is almost the same as
that of a free electron, and slightly tetragonally dis-
torted cubic symmetry, Dg. It is noteworthy that
the axial parameter D is dependent on the temper-
ature. This suggests a new characteristic feature in
this compound, while the cubic parameter a does

Taku Nakgano

[Vol. 55, No. 5

not change. The forbidden transitions arise from the
D term and are also dependent on temperature.

The work was supported by a Grant-in-Aid for
Scientific Research No. 474265 from the Ministry of
Education, Science and Culture.
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