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The X-ray photoelectron spectra of NiMn,0O4, NiMnZnO,, Mn,TiO,, MnFe,0,, and Mn;0, are re-
ported. The shift and broadening of the Mn-2p, Mn-3s, and Mn-3p lines in NiMn,O,, compared with

those of the other compounds, are

indicative of the charge distribution

24 g 2+
NiZ, Mn;

[N2*Mn3i_,Mni*]10, (v = 0.9). The values of multiplet splitting of the Mn-3 s level also support this

distribution.

Introduction

Some mixed crystals of 3d-transition
metal oxides show characteristic properties
which are determined by the occurrence of
mixed valencies of the metal ions. For in-
stance, if the metal ions are in crystallo-
graphically equivalent lattice sites, a no-
ticeable conductivity can occur because of
the fast exchange of valence electrons be-
tween the ions. A material that demon-
strates this effect is magnetite (Fe;0,),
which crystallizes in the spinel structure
with Fe?* and Fe3* ions on octahedral sites,
which in turn causes the high electrical con-
ductivity (=102 Q! cm™!),

A large group of mixed 3d-metal oxides
crystallizes in the spinel structure. One of
the major problems in the crystal chemistry
of these mixed oxide spinels is the determi-
nation of the valencies and the distribution
of the cations among the octahedral and tet-
rahedral sublattice sites of the spinel struc-
ture. In particular, if two different metals
are present, each of which can adapt more
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than one valence state, the actual valencies
of the cations in the material can be prob-
lematical.

The characteristic properties which are
thought to be caused by the specific valen-
cies of the ions in the compounds are often
used to decide which of the valencies are
present, although some doubt may remain
because of the choice of models.

A typical example of this problem is the
spinel nickel manganite (NiMn,0O,). Bou-
cher et al. (1) reported a temperature-de-
pendent cation distribution parameter v for
this material, with a preference of nickel for
octahedral sites at low temperature. On the
basis of a particular model for the magnetic
structure the same authors (2) proposed the
valencies to be Niit,Mn}*[Ni2*Mn3*,]0.,
i.e. that only trivalent manganese is present
on tetrahedral as well as on octahedral sites
(ions between the brackets). Bhandage and
Keer (3) arrived at the same conclusion,
although they ignored the presence of
nickel in the tetrahedral sites in the inter-
pretation of their experimental data.

0022-4596/83 $3.00
Copyright © 1983 by Academic Press, Inc.
All rights of reproduction in any form reserved.



94

Bongers (4) and Sinha et al. (5) proposed
on the basis of the crystal structure the va-
lence distribution Mn?**[Ni?*Mn**]0,. Lar-
son et al. (6) concluded from electrical con-
ductivity and low temperature magnetiza-
tion that Mn** ions are present on
octahedral sites. Further, from infrared
spectroscopy (7, 8) and electrical proper-
ties (9) strong evidence is found for an ionic
structure that might be presented by

NiZt Mn2*[NiZ*Mn}§_,Mn;*]0, (1)

X-ray photoelectron spectroscopy can be
used as a direct method to determine the
valence distribution in nickel manganite.
Since the core levels of atoms may shift
because of valence changes and different

MnFe,0, — Mn?*[Fe3*]0,
Mn,TiO, — Mn2*[Mn?*Ti**]0,
Mn;0, — Mn?*[Mn3*]0,

ZaNiMnO4 — Zn2T[Ni2*Mn**]0;
NiMn,0, — Ni?",Mn,[Ni2*Mn,_,]O,

As we will show, certain features in the
XPS measurements on these materials
prove the ionic structure of nickel manga-
nite to be as indicated in formula (1).

II. Experimental

The XPS measurements were performed
with a PHI Model 560 ESCA/SAM electron
spectrometer using MgKa radiation. The
carbon 1s binding energy of contamination
carbon, 284.6 eV, was used as calibration.
The reproducibility of the binding energy
values was within 0.2 eV.

X-ray photoelectron spectroscopy is a
surface sensitive method which is per-
formed under vacuum. The total pressure
in the spectrometer ranges from 10710 to
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crystallographic sites, the splitting of core
levels is a direct proof of the presence of
inequivalent atoms (10). Unfortunately, it
is not always possible to find separate
peaks if the shifts are too small, as was re-
ported by Oku et al. (11) for the Mn?* and
Mn?* states in Mn;O4, and the site differ-
ences for Mn** in y-Mn,O;. However,
broadening of the binding energy peaks of
the core levels is still possible, which can be
analyzed by a comparison with the spectra
of compounds containing known species of
ions,

To study the valencies in NiMn,0,, we
have chosen the following reference materi-
als, in which manganese is present as the
species indicated in the following table:

Mn?* in A sites

Mn?t in A and B sites

Mn?* in A sites, Mn** in B sites
Mn** in B sites

Mn valencies uncertain.

10~ atm. For NiMn,0O4 and NiMnZnO;,,
which are very sensitive to loss of oxygen
and to the formation of lower valencies in
vacuum, some oxygen was flushed through
the spectrometer; the oxygen pressure was
estimated to be 1071° atm. Using such an
oxygen flow, no time-dependence of the
peak structures was observed during the
XPS measurements.

The specimens of NiMn,O, and
NiMnZnO, were ceramic samples, pre-
pared by sintering spray-roasted mixtures
of the nitrates in 1-atm oxygen at tempera-
tures of 940 and 650°C, respectively. X-ray
diffraction and microscopic investigation
proved the specimens to be single phase
spinels.

MnFe,04, Mn,TiO4, and MniO, were
melt-grown samples, of which the ferrate
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FiG. 1. Comparison of Mn-3p X-ray photoelectron
spectrum of NiMn,0, with that of MnFe,0, and
NiMnZnO,.

and the titanate were single crystals and the
hausmannite a microtwinned crystal (72).

II1. Results and Discussion

In general, the binding energy of core
levels shifts about 1 eV, through a change
of the ionic charge of an atom by one unit,
under the assumption that no other effects
such as covalency are interfering. For
nickel manganite with a distribution param-
eter v = 0.9 (/) (specimen annealed at
400°C in sealed silica tube under vacuum)
the cation valencies may be represented by

Ni§iMng3[Ni5 sMni 510, (a)

or
Ni§ iMng§[NijsMngsMng 510, (b)
In case (a), trivalent manganese is present
on tetrahedral and octahedral sites and the
only effect on the core levels may be
caused by the site differences. As was al-
ready shown by Oku et al. (11) the effect of
Mn3* site difference upon the binding ener-
gies is small and may be of the order of a

few tenths of an electron volt. In case (b),
the main portion of the octahedral manga-
nese ions is tetravalent and the tetrahedral
is divalent, which may result in a shift of
binding energies by about 2 eV. As the li-
gands are oxygen ions for both lattice sites,
covalency effects are supposed to have
only minor effect and the core levels of
Mn?* and Mn** ions must be distinguish-
able.

In Fig. 1 the 3p levels of manganese in
NiMn,0, are shown, together with those in
MnFe,0, and NiMnZnO,. The separation
into 3py;; and 3psp, is not seen either in the
ferrate or in the Zn compound, although the
energy differences for the 3p;, and 3p;; is
~1 eV (I3). The Mn-3p lines have a
FWHM of 1.8 and 2.8 eV for the ferrate and
the zinc compound, respectively, which is
large compared with the instrumental line-
width of about 0.7 eV. The absence of a
clear separation into 3py, and 3ps, for Mn
Fe,0, might be caused by a small broaden-
ing of the XPS lines due to shifting of man-
ganese ions to octahedral sites (14). For the
zinc compound the larger FWHM value of
2.8 eV may be caused by the reduction of
some manganese ions to lower valencies
under the experimental conditions in the
spectrometer. Nevertheless, the majority
of the Mn ions in MnFe,04 and NiMnZnO,
are supposed to be di- and tetravalent, re-
spectively. Comparing the 3p spectra of
manganese in NiMn,O4 with those in Mn
Fe,0, and NiMnZnO,, we can see that the
NiMn,0O, spectrum appears to be a super-
position of the other two spectra. This is
strong evidence for the simultaneous pres-
ence of tetrahedral Mn2* ions (as in Mn
Fe,0,) and octahedral Mn** ions (as in
NiMnZnOy). To be sure that the di- and te-
travalencies are actual and that the site dif-
ferences are not the main cause of the ob-
served shift in NiMn,04, the Mn-3p levels
were also measured on Mn?*[Ti**Mn?*]O,
and Mn2*[Mn3*]Oy, as is shown in Fig. 2. In
both cases, the energy is 48.0 eV with a
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FiG. 2. Mn-3p X-ray photoelectron spectra of
Mn?*[Ti*Mn2*10,, Mn?*[Mn}*]O,, and Mn?>*
[Fe%+]04.

FWHM of 2.4 and 3.0 eV, showing a much
smaller effect in broadening and shifting
due to site differences. The same effects
were also observed for the 2p;; and 2p,
levels, as can be seen from the energy val-
ues in Table 1. The values of the 2p levels
for the Mn** ions in NiMn,O, and
NiMnZnO4 were shifted by 1.5-1.9 eV to
higher values with respect to the 2p levels
of the Mn2* ions in the other spinels. The
2psp and 2py, are separated by about 12 eV
from each other; a complete splitting within
these lines due to the presence of non-
equivalent ions (such as Mn** and Mn?*)

TABLE I
Mn-2p LEVELS AND FWHM FOR THE MANGANESE
SPINELS
2p3/2 FWHM Zpuz FWHM
NiMn,04 641.1-642.6 4.5 652.8-654.3 4.5
NiMnZnO, 642.5 2.8 654.4 3.0
MnFe,0, 640.8 2.8 — —
Mn,TiO4 640.6 3.0 652.6 3.0
Mn;0,4 641.3 3.0 653.0 3.2

« The value of 2p,, for MnFe;O, could not be determined
because of interference with the Auger lines of iron.

was not observed. However, the presence
of these ions in nickel manganite can be
deduced from the FWHM value of 4.5 eV,
as compared with ~3 eV for the other com-
pounds, where no combinations of Mn**~
Mn?* ions are present.

Aside from the core levels of manganese
in nickel manganite, the levels of nickel
also point to the proposed model; i.e., only
Ni?* ions are found to be present. In Table
II the 2p and 3p core level energies for Ni in
NiMn,04 and NiMnZnO, are given; a com-
parison of the 2pi, values with those for
Ni?* or Ni** in other oxides (15) provide an
indication that in our materials nickel is
present as divalent ion.

The use of the chemical shift of the core
levels as a proof for differences in valencies
can be erroneous in some cases because of
the charging effect of the substrate during

TABLE II
CoRrE LEVEL ENERGIES OF NICKEL, MEASURED oN NiMn,O, AND NiMnZnO,

NiMn;O, FWHM NiMnZnO, FWHM Nit* (15) Niv* (15)
3[)3/2 67.1 66.9
31 68.2} 25 68.0} 2.0
2P 855.0 2.0 855.1 2.0 854.9 857.1
pysat 861.3 2.5 861.5 2.5 862. 1¢ 863.0
Wi 872.1 2.0 872.3 22
pisat 8881 25 888.0 25

7 The 2p1, level for Niz+ and Ni** with oxygen as ligand is taken from the literature (/5), and is referred to the

4 f1 line of gold (83.8 eV).
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FiG. 3. Mn-3s XPS spectra of NiMn,0O,, MnFe,O,,
Mn,TiO,, and Mn;0,.

the measurements and the influence of co-
valency effects upon the shift of the levels.
As was stated before, the last effect is sup-
posed to be small because we deal with ox-
ides. The charging effect can also be ne-
glected because the two different
“‘species’” of manganese in nickel manga-
nite are subject to the same influence of
charging, and the same occurs in Mn:O,
and Mn,Ti10Q,. Furthermore, corrections are
made for charging effects, using the C-1s
level as a standard.

Additional evidence for certain valencies
can be obtained by checking for the pres-
ence of satellites or for multiplet splitting in
the spectra. The satellite structure for the
manganese 2p and 3p levels was not very
pronounced in our spectra; the multiplet
splitting of the 35 level of manganese, how-
ever, was very clear.

In Fig. 3 the 3s level for manganese is
shown. Unfortunately, the Mn-3 s spectrum
of NiMnZnO, reveals no clear multiplet
splitting, because the Zn-3p levels are in-
terfering in the same energy range. The 35
multiplet splitting which can be deduced
from the spectra (AE = E 3s(1) — E 35(2)) is
now 6.8, 6.5, and 5.5 eV, for MnFe-O,,

Mn,TiO,4, and Mn;0,, respectively. The 3¢
spectrum of NiMn,O, again shows broaden-
ing of lines (FWHM ~ 4 eV), which has
been analyzed in first approximation as be-
ing the superposition of two spectra caused
by two species of Mn ions; the multiplet
splittings deduced from this range from 4.5
to 6.5 eV. Shirley (/6) has shown that the
experimental values for 3s multiplet split-
ting in 3d-transition metal compounds de-
pends on the number of 34 electrons, being
maximal, ~7 eV, for 34° ions and decreas-
ing ~1 eV per electron if the number of
electrons is changed. The multiplet split-
tings reported by Shirley for Mn?* (3d°),
Mn** (3d¥), and Mn*"(3d°) are in good
agreement with the values we have found in
the manganese spinels. The broad 3s lines
in NiMn,0, again point to two different va-
lencies for manganese, the range of the de-
duced multiplet splitting (4.5-6.5 eV) pro-
viding strong evidence for the coexistence
of di- and tetravalent manganese.

From the reported XPS spectra it might
be concluded that the valency distribution,
which was earlier proposed (9) to explain
the electrical properties of NiMn-Oy, is cor-
rect and may be represented by the formula

Nij ", Mn2*[Ni2"Mn3"5,Mn? 10, (v = 0.9).
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