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Structural, Magnetic, and Optical Investigation of NigMnO,
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MgMnO; and NigMnOyg, which contain octahedrally coordinated Mg?*, Ni2*, Mn**, and cation vacan-
cies in a cubic lattice with space group Fm3m have been prepared. NigMnOy has been characterized
by means of several techniques. The X-ray powder pattern has shown that Ni;MnOy is isomorphous
to MgsMnOg. The unit cell parameter, a, of NigMnOy is 8.306 = 0.003 A, which, as compared with that
previously found for MgiMnOg (a = 8.381 A), agrees with expectations based on the difference between
the ionic radii for Ni?* and Mg?* in octahedral coordination. The magnetic susceptibility measurements
for NigMnOQjs give the following values: C = 1.35, o = 3.28 BM, § = —65 K, which confirm that Ni
and Mn are in oxidation states of 2 + and 4 +, respectively, and that some antiferromagnetic interactions
are present within the lattice among Ni** and Mn**. The reflectance spectrum performed on NigMnOy
has shown the presence of several bands which have been assigned to the d—d transitions expected for
both Ni** and Mn** ions in octahedral coordination. The six bands in the IR spectra of Mg,MnOg and
NigMnO; compounds have been assigned; the shift toward higher frequencies observed for MgsMnOyg

is in agreement with expectations since Mg?* has a larger ionic radius than Ni
nearest Mn**—O bond shorter and stronger in the magnesium compound.

Introduction

In the last few years a great number of
metallic oxides have been considered as
possible oxygen sensors. So, there is an in-
creasing interest for these compounds,
which could show a better chemical and ce-
ramic stability than the usually employed
710, sensors. Toward this goal, the
M-Mn-0O systems (M = Ni, Mg) have been
recently analyzed (/-3).
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Of the several nickel and manganese
mixed oxides, included in the Ni-Mn-O
system, little is known about the NigMnOg
phase. This compound is related to the mur-
dochite series (CucPbOg and Mg,MnOg), but
unlike these compounds (4-9) there is not
much information available about it.

The crystal structure of the M;M 'Og com-
pounds, which are cubic with space group
Fm3m, may be considered as derived from
the MO (M = divalent cation) rock-salt
structure where six-eighths of the octahe-
dral sites are occupied by the divalent M
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cation, and one-eighth each by tetravalent,
M, cations and by vacancies, the latter or-
dered in the alternate (111) layers. Both M
and M’ cations are octahedrally coordinated
by six oxygens. The octahedron around the
tetravalent M’ jons is generally regular
whereas that around the divalent M ones is
distorted.

This paper reports the results of a struc-
tural, magnetic, and optical investigation
performed on the Ni;MnO; compound. The
related magnesium—manganese oxide phase
has been analyzed for comparative pur-
poses.

Experimental

Preparation. Pure samples of NigMnOy
and MgMnO; were obtained from the re-
spective Ni(II), Mg(II), and Mn(II) acetates
by the “‘precursors’’ technique (10, 11). For
the nickel compound the Ni(II) and Mn(II)
acetates were dissolved in acetic acid (25%).
The mixture of both solutions in stoichio-
metric ratios was boiled and vigorously
stirred. A solution of oxalic acid containing
the equivalent quantity of acid, plus an ex-
cess of 10%, was quickly added. The mix-
ture was then carried to dryness at 378 K.
The powder was finally pelletized and cal-
cined in air at 873 K for 3 hr. The purity of
the bright yellow—brown sample was
checked by XRD, revealing the presence of
the pure desired phase. Also the chemical
analysis, performed by atomic absorption
with a Varian SpectrAA-30 instrument, con-
firmed the formula NigMnOg. The other
isostructural magnesium compound, used
as reference, was obtained according to the
method reported in the literature (5).

IR Spectra. The IR spectra were recorded
with a Perkin—Elmer 580-B spectrophotom-
eter using the KBr pellet technique.

Magnetic susceptibility. Magnetic sus-
ceptibilities were measured by the Gouy
method over the range of temperature
100-300 K. Correction was made for the
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diamagnetism of the sample. A check that
the susceptibilities were independent of
magnetic field strength was made.

X-ray diffraction. The powder diffraction
pattern was obtained with a Philips auto-
mated PW 1729 diffractometer. Scans were
taken with a step size of 0.01°, using CuKa
(nickel-filtered) radiation. The intensities of
the reflections were estimated by evaluation
of the integrated peaks. The unit cell param-
eter for the cubic lattice of NigMnO, was
determined taking into account all reflec-
tions occurring up to 26 = 170° and applying
a least-squares fit procedure on the ob-
served 26 values of the individual reflec-
tions.

Reflectance spectra. The diffuse re-
flectance spectrum was carried out by using
a Cary 2300 spectrometer equipped with a
diffuse reflectance accessory, in the wave-
lengths range from 200 to 2500 nm, covering
the UV, visible, and near-infrared regions.

Results and Discussion

As shown in Table I the X-ray powder
pattern of Ni,MnOyg is similar to that re-
ported in the literature for the parent com-
pound Mg,MnOy (5, 6, 12). The lattice pa-
rameter, a, for the cubic unit cell of
NigMnOy is 8.306 = 0.003 A, with a volume,
V, equal to 573.03 = 0.01 A*. By comparing
the above results with those found for
MgMnO;, a = 8.381 A and V = 588.69
A3 (12), it may be noticed that the volume
shrinkage by going from the magnesium
compound to the nickel containing one is in
agreement with expectations based on the
difference of octahedral ionic radii for Ni**
and Mg?* (equal to 0.69 and 0.72 A, respec-
tively) (I13).

From the linear behavior observed at
higher temperatures (168-294 K) in the 1/
Xm VS T (Table II) plot of the magnetic mea-
surement the following values have been de-
termined: Curie constant, C = 1.35; mag-
netic moment, w = 3.28 BM; Weiss
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TABLE 1

X-Ray PATTERN OF NigMnOg: MILLER INDEXES,
INTENSITIES, OBSERVED, d,, AND CALCULATED, d_,
SPACINGS

NigMnOg MgMnOy
hkl I d, d, d, I

111 25 4800 4809 4.84 60
200 14 4162 4.161

220 13 2940 2939

311 13 2506 2505 253 15
222 65 2399 2399 242 11
400 100 2.077 2077 2.10 100
331 2 1906 1906 1.923 5
420 10 1.858  1.858

422 9 1.69% 1.69

333-511 10 1599 159 1.613 9
440 45 1.468  1.468  1.482 50
531 9 1.404 1404 1417 9
600442 5 1.385 1384

620 2 1313 1313

533 25 1.267 1267 1.278 1
622 2 1253 1.252  1.263 9
444 20 1.199  1.199 1.210 16
711-551 2 1163 1163 1.174 5
640 2 1152 1.152

642 2 1.110 1.110

731-553 2 1.082 1.081 1.091 3
800 13 1.038 1.038 1.048 7
733 1 1.014 1.015

644-820 2 1.007  1.007

660-822 1 0979 0.9789

751-555 14 0959 0.9591 0.9677 3
662 1 09535 09528 0.9614 5
840 25 09291 0.9287 0.9370 20
911-753 209122 09117 0.9199 3
842 1 0.9065 0.9063

664 1 0.881 0.8854

931 2 0.8703 0.8707 0.8786 3
844 20 0.8478 0.8477 0.8554 20
933-771-755 2 0.8351 0.8348 0.8423 3
860-1000 1 0.8305 0.8306

862-1020 2 0.8144 0.8145

951-773 1 0.8027 0.8030 0.8102 7
666-1022 1 0.7992 0.7992 0.8065 9
953 1 0.7746 0.7815 9

0.7745

Note. The X-ray pattern of the reference MgiMnQOq
compound is also reported (ASTM 11-31).

temperature, # = —65 K. By taking into
account the values of the Curie constants
expected for N#** in octahedral coordina-
tion (C = 1.28 for Ni**/MgO, Ref. (I14)) and
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for Mn** in MgiMnOq (C = 1.94, Ref. (5)],
and considering the relative molar fractions,
X, of Ni (0.857) and Mn (0.143) present in
our sample the averaged value of the Curie
constant, C, may be evaluated from the ad-
ditivity law:

C = Cni  Xni + Cy * X

The calculated value of 1.37 is in
agreement with the observed value of 1.33;
this confirms the presence of Ni** and Mn**
species in NigMnQg. It may be added that
the value of —65 K found for the Weiss
temperature implies that some antiferro-
magnetic interactions occur within the solid
among the Ni** and Mn*" paramagnetic
ions.

The reflectance spectrum of NigMnOg, re-
ported in Fig. 1, shows the appearance of
five bands in the region 1400-350 nm
(7150-28,600 cm ~'). By analogy to the spec-
tra reported in the literature for Ni?™ (14—17)

TABLE 11

MOLAR MAGNETIC Sus-
CEPTIBILITY X, (erg - G2~
mole™!) As MEASURED AT
DIFFERENT TEMPERA-
TURES (K) FOR NigMnOq

Xm (X 103) T
7.25 107
7.22 113
7.20 118
7.08 124
6.87 131
6.70 137
6.43 144
6.18 149
5.54 160
5.28 165
5.14 168
5.08 171
4.95 177
4.79 190
4.69 196
4.54 207
3.70 294
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Fic. 1. Reflectance spectrum of NigMnQy. The insert shows, in an enlarged scale, the three bands

occurring in the range from 600 to 800 nm.

and Mn** (5) in octahedral coordination the
following assignments have been made:

(i) the large band (a) centered at 1150 nm
(8700 cm ") is attributed to the *A,, — T,
d—d Ni** transition;

(i) the small bands (b), (¢), and (d) (shown
in an enlarged scale in the insert of Fig. 1)
at 750 nm (13,300 cm 1), at 718 nm (13,900
cm™!), and at 630 nm (15,900 cm ™), respec-
tively, are assigned to the spin forbidden
Ay, — ’Ey, *Ay, — Ty, and Ay, — T,
Mn*" transitions;

(iii) the strong band (e) centered at 430 nm
(23,200 cm ™ !) is due to the superposition of
three bands, one coming from the *A,, —
*T\,, Ni?* transition (it occurs at 370 nm,
27,000 ¢m, in Ni2*/MgAl,0,, (17)), and two
from the ‘A,, — *T,, and *A,, — *T), Mn**
transitions (they occur at 490 nm, 20,400
cm~!, and at 410 nm, 24,400 cm~', in
MgMnOj (5)).

We may finally report and discuss the re-
sults obtained from the IR spectra. It should
be recalled that, according to the crystal
structure of the M M'Oy parent com-

pounds, both the bi- and tetravalent cations
are octahedrally coordinated by six oxy-
gens, although the environment around the
M?* cation is slightly distorted. The number
and symmetry of the vibrational modes in
the MMnO; spectra can be obtained by a
factor group analysis (I8, 19). Table III
gives the correlation for the M;MnO; com-
pounds, which is obtained considering the
atomic positions for the Fm3m space group.
The irreducible representation of the optical
modes in the crystal lattice is:

F :6Flu+A1g+Eg+F1g +2F2g+A2u

+ E, + 3F,,,

opt

where only the F;, modes are IR active. The
Ay, E,, and F, vibrations are active in the
Raman effect, whereas the remaining modes
are inactive,

According to these results six bands must
be observed in the IR spectrum and only
four in the Raman effect. The latter spec-
trum is very difficult to obtain in our case
mainly because of the darkness of the
samples.
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TABLE III
FacToR GROUP ANALYSIS OF THE MMnQ; LATTICE (SPACE GROUP Fm3m)

Atom Number and position  Aj, Ay, E, Fy, F,, Ay, Ay, E, F, F,,

Mn la
M 6d
O 2¢
Oy 6e

Total (3N = 45)
Acoustic (3) 1

—-—co o
o oo oo
-c oo
—-—o oo
—_—_—o o
cCo o
co =0

—
—
—
[3S]
—_
—

Figure 2 shows the IR spectra of both
MgMnOj; and NigMnO; compounds. Asitis
possible to observe, the six predicted bands
(whose frequencies in cm ™! are reported for
both compounds) appear in the IR spectra.

Although the M?*-Mn*" atomic dis-
tances are approximately 3 A, the existence
of important coupling effects between both
MO polyhedra in the lattice is evident. So,
all the atoms can contribute to each vibra-
tion. A similar behavior has been observed
in some other oxidic systems such as the
TeM**Og compounds (20, 21). However,
the highest frequency bands (although not
pure vibrations) might be associated with
the Mn** polyhedra (22). By comparing the
IR spectra of the two compounds a slight
shift toward higher frequencies is observed
for the Mg sample. This is in agreement with
the M2* ionic radii (0.69 and 0.72 A for Ni2*
and Mg?*, respectively (13)) whose effect is
to shorten and reinforce the Mn—-O bond in
the magnesium compound.

The strong band located between 400 and
450 cm~! may be assigned to the
M?»*—O-Mn** stretching—shrinking mo-
tions which appear at higher frequencies 662
than those observed in other related oxidic
systems (23). The bands below 400 cm™! :
are associated with the M?* Qg and Mn** O S LY Uil W
bendings. 700 500 (cm’ 300

. . . cm’)

It is also interesting to remark that IR

spectroscopy allows one to follow the  pyg. 2. IR spectra: (a) MggMnOy; (b) NigMnOy. Fre-
NigMnO; thermal behavior. We have ob- quencies, cm™', are reported for each band.

T(%) —
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served that the decomposition process
starts at 1073 K with a clear segregation of
NiO and NiMnO; . A modified IR spectrum,
with a very strong and broad band centered
at 452 cm ! and a marked shoulder at 580
cm™!, is generated by a superposition of the
NiO and NiMnO, spectra.
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