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The X-ray photoelectron spectroscopy of perovskite-type (Nd;_.Ca))MnQO,g (0.5 = x = 1.0) was
measured at room temperature. The integrated intensity of Nd4d linearly decreases and that of Ca2p
linearly increases with increasing x. The binding energies of Nd4d, Ca2p, and Ols decrease with
increasing x. On the other hand, both the integrated intensity and the binding energy of Mn2p are
independent of the composition. The electron transfer of the Mn—O—Mn path is dominant in the Ca-
poor region. With increasing x, the electron transfer of the Mn—O—(Nd,Ca)-O-Mn path also occurs.
However, in the high Ca-rich region, the high electronegativity of Ca prevents the electron transfer of

the Mn-0O—(Nd,Ca)-O-Mn path.

Introduction

(Nd;_,Ca,)MnO, gy has the orthorhombic
perovskite-type structure and exhibits n-
type semiconductor at low temperature in
the range 0.5 = x = 0.9 (I). The electrical
resistivity of (Nd;_,Ca,)MnO, ¢ decreases
with increasing x and reaches a minimum
value at ca. x = 0.9, and then abruptly in-
creases in analogy with (La,_,Ca,)MnO, .,
(2). In the semiconductor region, the elec-
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trical resistivity follows the Mott’s T 14
law indicating the possible occurrence of
variable range hopping of electrons due to
Anderson localization (3, 4).

At high temperature, (Nd;_,Ca,)MnO, g
exhibits a metal-insulator transition. From
the results of DTA and DSC measure-
ments, the metal-insulator transition oc-
curs without the crystallographic change.
On the other hand, the magnetic suscepti-
bility has a deflection point near the metal—
insulator transition temperature. From the
results of the electrical, magnetic, DTA,
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and DSC measurements, the mechanism of
the metal-insulator transition in (Nd,_,
Ca,)MnO, o is explained by the band model
proposed by Goodenough (5).

X-ray photoelectron spectroscopy (XPS)
of perovskite-type CaMnO;_; and (La;_,
Ca,)MnO, g; was measured at room temper-
ature by Taguchi and Shimada (6, 7). In
CaMnQO;_;, the binding energy of Ca2p de-
creases with decreasing oxygen content,
but the binding energy of Ols increases
with decreasing oxygen content. On the
other hand, the binding energy of Mn2p is
independent of the oxygen content. In
(La;—,Ca,)MnQ; ¢, the binding energies of
La3d, Ca2p, and Ols decrease with in-
credsing x, but the binding energy of Mn2p
is independent of the composition.

In the present study, XPS of (Nd;_,
Ca)MnO, 4 (0.5 = x = 1.0) is measured at
room temperature to examine the partial
ionic character of Ca, Nd, Mn, and O.
These results will provide information on
the electrical properties corresponding to
the electron transfer of the Mn—O-Mn path
and the Mn—-O-(Nd,Ca)-O-Mn path in the
perovskite-type manganates.

Experimental

Samples were prepared using a standard
ceramic technique. Powders of Nd,O;,
CaCO3, and MnCO; were weighed in the
desired proportions and milled for a few
hours with acetone. After the mixed pow-
ders were dried at 373 K, they were
calcined in air at 1073 K for 24 hr, then fired
at 1623 K for 24 hr under a stream of pure
oxygen gas. The oxygen-deficient materials
obtained in this way were annealed at 873-
973 K under a stream of pure oxygen gas
for 24 hr.

The phases of the samples were identified
by X-ray powder diffraction with filtered
CuKa radiation. The oxygen content of
each sample was determined by the oxida-
tion-reduction method (8). XPS measure-
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ments were carried out for Nd4d, Ca2p,
Mn2p, and Ols levels of the samples using
MgKa radiation (hy = 1254.6 eV) at room
temperature. The energy calibration was
made against the Audfy, peak, which was
sputtered on the samples.

Results and Discussion

X-ray powder diffraction patterns of all
samples were completely indexed as the
orthorhombic perovskite-type structure.
The oxygen contents of all samples an-
nealed at 873-973 K in a stream of pure
oxygen gas were determined to be 2.99 (6 =
0.01) from the chemical analysis.

Figure 1 shows the XPS spectra of the
Nd4d level. The Nd4d peak is broad, and
the integrated intensity of the Nd4d peak
linearly decreases with increasing x. Figure
2 shows the XPS spectra of the Ca2p level.
The Ca2p,, and Ca2p,, peaks are sharp,
and the integrated intensities of the Ca2p,;
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Fic. 1. XPS spectra of the Nd4d level in the system
(Nd1,XCa,)MnOZ_99.
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and Ca2p;;, peaks linearly increase with in-
creasing x. In Fig. 2, the peak of ca. 353 eV
is assigned to Audds, sputtered on the sam-
ple. The satellite peaks on the high binding
energy side of the Ca2p peaks are separated
from the main peaks by ca. 1.0 eV, and this
value is independent of the composition. In
(La;-.Ca,)Mn0O,4;, the energy difference
between the Ca2p peak and the satellite
peak is ca. 1.2 eV, which is also indepen-
dent of the composition (7). On the other
hand, in CaMnO;_;, the energy difference
between the Ca2p peak and the satellite
peak increases fromca. 1.2 eV toca. 2.0eV
with decreasing oxygen content (6). From
these results, the energy difference be-
tween the Ca2p peak and the satellite peak
is considered to be strongly influenced by
the oxygen content in the perovskite-type
manganates.

Ca 2p,,;

x=1.0

x=0.9

I S W SR S T W S L2 a2 2 A 2 4 & )

350 360 350
BINDING ENERGY JeV

360

Fi1G. 2. XPS spectra of the Ca2p level in the system
(Nd,_,CaMnO; g.
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Fi6. 3. XPS spectra of the Mn2p level in the system
(Nd;..Ca)MnO; .

Figure 3 shows the XPS spectra of the
Mn2p level. Both the Mn2p,, and Mn2ps;
peaks are broad. Both the integrated inten-
sity and the binding energy of Mn2p are
independent of the composition. The bind-
ing energy of Mn2p;, in LaMn**O; and
Mn?**tO, is ca. 642.0 and 624.4 ¢V, respec-
tively (9, 10). These values are also shown
in Fig. 3. Kowalczyk et al. (11) reported
that the Mn2ps, peak in MnF, was broad
and asymmetric toward the high binding en-
ergy site, and this asymmetry was dis-
cussed in terms of multiples splitting. From
these results, the broad Mn2p peaks in
(Nd,_,Ca,)MnO; g are considered to be due
to the mixed valency of both Mn’* and
Mn** ions and the multiplet structure in
analogy with MnF,.

The composition dependence of the bind-
ing energies of the Nd4d, Ca2p, Mn2p, and
Ols peaks is shown in Fig. 4. The binding
energy of Mn2p is independent of the com-
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F1G. 4. The binding energy of Nd4d, Ca2p, Mn2p,
and Ols levels vs composition in the system
(Nd,;-,Ca)MnO; g.

position. On the other hand, the binding en-
ergies of Nd4d, Ca2p, and Ols decrease
with increasing x. Carver et al. (10) dis-
cussed the relationship between the binding
energy and the calculated charge on metal
in the transition metal compounds. The
charge on the metal in various compounds
was calculated as follows (12). The calcu-
lated charge (g) on the metal equals the sum
of the partial ionic character of the metal-

ligand (L):
q= z I;
L

I, is related to the electronegativity differ-
ence between the bonded atoms by the
Pauling equation (/3):

I = 1 — exp(—0.25(xm — x0)%,

where xus and x; are the electronegativities
of the metal and ligand, respectively.
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According to the results reported by
Carver et al. (10), the chemical shift of
Mn2p;, peak linearly increases with in-
creasing calculated charge on Mn. As for
the Ca and Nd compounds, the relationship
between the chemical shift and the cal-
culated charge on the metal have not been
reported. The chemical shift and the calcu-
lated charge on Nd and Ca is shown in Fig.
5. In the present calculation, results both of
the binding energy of Ca2p in Ca, CaO,
CaCO0;, CaS0O,, CaCl,, and CaF, reported
by Wagner (I14) and of the electronegativi-
ties of CO%™ and SO}~ reported by Huheey
(15) are used. The chemical shift of Ca2ps;,
linearly increases with increasing the calcu-
lated charge on Ca in analogy with Mn2p;p.
On the other hand, there is little to report
concerning the binding energy of the Nd
compounds. We used the binding energy of
Nd4fin Nd, Nd,0;, and NdF; (16) and that
of Nd4d in Nd,O; and Ndy(SOy); (17). Al-
though the number of Nd compounds
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F1G. 5. The chemical shift of Nd4d, Nd4f, and Ca2p
vs the calculated charge on Nd and Ca.
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shown in Fig. 5 is little, it is expected that
the chemical shift of the Nd peak linearly
increases with increasing calculated charge
on Nd.

According to the results reported by
Haber et al. (18), the binding energy of the
Ols peak in the transition metal oxides lin-
early decreases with increasing oxidation
state of the transition metal. The decrease
of the binding energy of the Ols peak
shown in Fig. 4 is also explained by the
increases of oxidation state of Mn. Since
the calculated charge on Nd, Ca, and Mn
equals the sum of the partial ionic character
of the metal-ligand bonds as described pre-
viously, the present results on the composi-
tion dependence of the binding energy
shown in Fig. 4 suggest that the constancy
of the binding energy of the Mn2p peak is
due to the invariance of the partial ionic
character in Mn. On the other hand, the
decrease of the binding energy of the Nd4d
and Ca2p peaks is due to the decrease of
the partial ionic character in Nd and Ca.

In the perovskite-type (Nd,-,Ca,)
MnO, g structure, two paths of the electron
transfer are considered: One is Mn—-O-Mn
and the other is Mn-0O-(Nd,Ca)-O-Mn.
Takano et al. (19) reported that the electron
transfer of the Mn—O-Sn path is dominant
in the system (Ca,Sr)Mng¢9SngO; from
Mossbauer measurement. From the results
of XPS measurements of (Nd;_,Ca,)
MnO, g, the partial ionic character of Mn is
considered constant in the range 0.5 = x =
1.0. Since the ionic character of both Ca
and Nd is high in the Ca-poor region, the
chemical bonding of (Nd,Ca)-O is ionic
and it is difficult for the electron transfer of
the Mn-O-(Nd,Ca)-O-Mn path to occur.
The electron transfer of the Mn-O-Mn
path is dominant in the Ca-poor region.
With increasing x, the partial ionic charac-
ter of both Nd and Ca decreases and the
chemical bonding of (Nd,Ca)-O becomes
covalent. The electron transfer of the Mn~
O~(Nd,Ca)-O-Mn path occurs in analogy
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with that of the Mn—-O-Mn path. However,
in the high Ca-rich region, the covalency of
the (Nd,Ca)-O bond decreases and the
electron transfer of the Mn-O-(Nd,Ca)-
O-Mn path is prevented with increasing x,
because the electronegativity of Ca is larger
than that of Nd (20). Consequently, the
electrical resistivity has a minimum value at
ca. x = 0.9.

In conclusion, the integrated intensity of
Nd4d linearly decreases and that of Ca2p
linearly increases with increasing x. The
binding energies of Nd4d, Ca2p, and Ols
decrease. Both the integrated intensity and
the binding energy of Mn2p are indepen-
dent of the composition. The variation of
the binding energy is due to the partial ionic
character of Nd and Ca. The decrease of
Ols is due to an increase of the oxidation
state of Mn. In the Ca-poor region, the elec-
tron transfer of the Mn—-O-Mn path is dom-
inant. With increasing x, the electron trans-
fer of the Mn—O—(Nd,Ca)-O-Mn path also
occurs. In a high Ca-rich region, the high
electronegativity of Ca prevents the elec-
tron transfer of the Mn-0O-(Nd,Ca)-O-Mn
path. The electrical properties are strongly
influenced by these paths of the electron
transfer.
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