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Abstract—The results of the study of the shifts of the X-ray Kα and Kβ lines of manganese and copper obtained
for the nanoparticles of the oxides CuO, MnO, Mn3O4, and MnO2 (relative to the corresponding bulk mate-
rials) are presented. The oxide nanoparticles are synthesized in the pores of borosilicate glass with an average
pore diameter of 7 ± 1 nm from the corresponding nitrates introduced into the pores by capillary impregna-
tion. It is found that a small (of about ~0.1 electron/atom) increase in the role of 3d electrons is observed for
the nanocomposites with CuO and Mn3O4, while a small decrease in the participation of these electrons in
the chemical bond is observed for the nanocomposites with MnO2.
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1. INTRODUCTION
The investigation of the properties and structure of

nanoparticles has been attracting close attention in
recent years in view of the development of fundamen-
tally new technologies utilizing ultradispersed materi-
als and composites based on them. By now, it has been
experimentally found that the macroscopic physical
properties and crystal structure of a whole series of
such objects significantly differ from the properties of
similar bulk materials. There are many methods for
obtaining nanoparticles, and the introduction (or
chemical synthesis) of substances into the pores of
natural or artificial matrices is one of them. Thus, e.g.,
new, previously unknown crystal phases have been
found for gallium [1, 2] and indium [3, 4] nanoparti-
cles in nanoporous glass. Nanocomposite materials
(NCMs) obtained based on porous matrices possess a
whole range of macroscopic properties attractive for
practical application such as the high dielectric per-
meability [5, 6], growth in the ionic conductivity [7,
8], expansion of the range of existence of the ferro-
electric phase [9, 10], and sharp increase in the critical
magnetic fields for the superconducting state [11, 12].
It has been found that substantial transformation of
the elementary excitation spectra and a change in the
constants of coercive bonding between atoms occurs
in ultrasmall metal particles [13–16]. Naturally, the

properties of the electron subsystems of ultradispersed
substances were not overlooked as well; thus, it was
shown that, in metal nanoparticles with an average
size of 1–2 nm and in structures of the “core–shell”
type [17–20], a size-induced metal–dielectric transi-
tion occurs, the density of states near the Fermi level
changes, the contribution from the electron subsystem
to the thermal capacity [21] at low temperatures
increases, shifts of the 3d and 4d electron levels occur
[20, 22, 23], etc. It is natural to expect that the reorga-
nization of the electron subsystem will also lead to a
change (a shift) in the energy of the X-ray radiation
lines characteristic for this material. The procedure for
measuring small energy shifts of X-ray lines by crystal
diffraction spectrometry [24, 25] lies in the fact that
this shift of the levels is measured directly and under
the same experimental conditions rather than found as
a difference of two large numbers that correspond to
the measured energies of the X-ray lines for two sam-
ples under comparison. The sensitivity of the method
makes it possible to directly measure the values of the
shifts of the lines of about 10–3–10–4 from their natural
width (i.e., a value of ~1 meV). Earlier, the shifts of the
X-ray K lines in heavy elements (z = 32–74) upon the
transition from one chemical compound to another
(with different valences) which had been considered
experimentally unmeasurable until then were found by
this method for the first time [24]. Moreover, the
method gives the possibility to unambiguously identify† Deceased.
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the type of the electrons participating in the chemical
bond and to determine the occupancies of the outer
(valence) orbitals of the atoms with a high accuracy,
i.e., to microscopically study the electron structures of
atoms because the change in the occupancy of the
valence states in particular leads to a small change in
the energies of the internal X-ray transitions of this
atom [26–28]. Assuming that such small shifts may be
present for nanoparticles and/or nanostructures based
on nanoporous matrices, we decided to apply this
method to the investigation of NCMs as well. The first
results obtained for the nanoparticles of In, Pb, Pd,
and some manganese oxides [4, 29, 30] showed that
the shifts being observed are quite observable and sta-
tistically confident despite their smallness. The aim of
this work was the execution of more detailed studies of
the effect of confined geometry (or size effect) on the
shifts of the X-ray K lines of manganese and copper in
the oxides of these elements in comparison with simi-
lar results for bulk materials.

2. SAMPLES 
AND MEASUREMENT PROCEDURE

Porous sodium borosilicate glass (PG7) with an
average pore diameter of 7(1) nm fabricated at the
Ioffe Institute was used as the initial matrices. In this
glass, the pores form a multiconnected dendritic
through network of channels; the total porosity of the
used glass was 22–25%. The average pore diameter
was determined by mercury porosimetry. Thin plates
with a thickness of about 1 mm were fabricated from
the porous glass which were used for further filling and
preparation of nanoparticles.

The introduction of manganese oxides (MnO,
MnO2, Mn3O4) and copper oxide (CuO) into the
pores was executed in several stages. The plates of PG7
porous glass were impregnated with saturated aqueous
solutions of Mn(NO3)2 and Cu(NO3)2, respectively,
under the action of capillary forces. Then the samples
were dried and calcinated in air at 250°C for 30 min;
here, nitrates in the pores of PG7 were decomposed to
insoluble oxides (as well as oxo and hydroxo nitrates)
with no defined chemical composition which further
acted as the precursors for the synthesis of the target
substances. The procedures of capillary impregnation
and calcination were periodically repeated to achieve
the required degree of filling of the pores.

To synthesize the target compounds in the pores of
PG7, the samples were calcinated in various gaseous
atmospheres. Thus, the oxides CuO and MnO2 were
synthesized by calcinating the samples filled with the
corresponding precursors in oxygen, MnO, in hydro-
gen, and Mn3O4, in forevacuum (at a partial pressure
of oxygen of ~10–2 Torr). All the calcinations were per-
formed at 400°C for 5 h. The filling of the pores of
PG7 with the oxides was about 30–40% of the total
pore space.
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Prior to the measurement, the plates were ground
to a powder that was placed into special capsules for
the studies. The measurements of the shift of the Kα1,
Kα2, and Kβ1,3 lines for bulk and nanostructured man-
ganese oxides were performed at room temperature on
a crystal diffraction spectrometer of the Johann type
[25] under the same experimental conditions. The rel-
ative shift of the lines between the bulk and nanostruc-
tured samples was determined in the experiments. The
measuring and processing procedure is described in
detail in [25]. The obtained values of the shifts of the
X-ray K lines are presented in Table 1. All the shifts
were determined relative to a reference samples, i.e.,
e.g., the value of the shift for a Mn–Mn2O3 pair
ΔE(Kα1) = EKα1(Mn) – EKα1(Mn2O3), this shift is
denoted as shift(ΔE(Kα1)) in Table 1; the headings of
the columns in this same table, shift(ΔE(Kα2)) and
shift(ΔE(Kβ1,3)), correspond to the shifts of the Kα2
and Kβ1,3 lines. The oxide Mn2O3 served as the refer-
ence sample (hereinafter, Sref) for almost all the bulk
manganese oxides. For the nanostructured Mn
oxides, the corresponding Sref was a similar bulk oxide.
A sample of bulk metal was used as Sref for copper
oxides. Table 1 presents the results averaged by several
series of measurements (generally about ten series).

All the obtained samples were preliminarily tested
on a DRON-2 X-ray diffractometer on a Kα radiation
of copper.

3. RESULTS AND DISCUSSION

3.1. Diffraction Spectra for the NCMs Based on PG7

Figures 1a–1c present the diffraction patterns for
the bulk (the bottom curves in each figure) and syn-
thesized in the pores of PG7 (the top curves) MnO,
Mn3O4, and MnO2.

The experimental results are highlighted in gray,
and the reflections corresponding to the structures of
manganese oxides obtained as a result of fitting are
outlined by the black lines for the illustrative purposes.
It is well seen that the structures of MnO and Mn3O4
in the pores of PG7 (Figs. 1a, 1b) well correspond to
the structures of the bulk oxides. The additional peak
in the region of 2θ ~ 20° is associated with the scatter-
ing on amorphous SiO2 which constitutes a PG7
matrix itself.

As it was shown by the results of the profile analy-
sis, a PG7 + MnO2 sample (Fig. 1c) is a mixture of
“common” α-MnO2, the same as in the bulk sample,
and, to an even greater extent, a relatively rarely occur-
ring ε-MnO2—the modeled spectra for these two
phases are presented in Fig. 1c at the bottom. Similar
results were obtained (Fig. 2) for bulk copper oxide
(the bottom curve) and a PG7 + CuO NCM (the top
curve).
0
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Table 1. Values of the shifts of the Kα1, Kα2, and Kβ1,3 lines for bulk and nanostructured Mn and Cu oxides as well as the 4s
and 3d facsimile for copper adopted from [28]

Columns 3–5 present the values of the shifts of the corresponding K lines, while column 6 presents the value of the Δ(E(Kβ1,3)–E(Kβ'))
split for the sample–reference sample pairs indicated in column 2.

No. Sample–reference sample Sref shift (Δ(Kα1)), meV shift (Δ(Kα2)), meV shift (Δ(Kβ1,3)), 
meV

split (Δ(Kβ1,3−Kβ')), 
meV

1 2 3 4 5 6

1 Cu, 4s facsimile [28] 189 ± 4 255 ± 3 −148 ± 4

2 Cu, 3d facsimile [28] −110 ± 5 −168 ± 5 114 ± 7

3 Mn(bulk)−Mn2O3(bulk) −106 ± 5 290 ± 5 763 ± 8

4 MnF2(bulk)−Mn2O3(bulk) 236 ± 3 −20 ± 13 851 ± 10 15465 ± 39

5 MnO(bulk)−Mn2O3−(bulk) 194 ± 2 126 ± 4 318 ± 5 14 409 ± 46

6 MnO(nano)−Mn2O3(bulk) 196 ± 3 102 ± 56 419 ± 11 14537 ± 111

7 Mn3O4(bulk)−Mn2O3(bulk) 40 ± 3 46 ± 4 47 ± 6 13970 ± 82

8 Mn3O4(nano)−Mn2O3(bulk) 27 ± 3 51 ± 5 −35 ± 5 13820 ± 166

9 MnO2(bulk)−Mn2O3(bulk) −215 ± 5 −78 ± 5 −445 ± 5 13075 ± 143

10 MnO2(nano)−Mn2O3(bulk) −195 ± 6 −70 ± 6 −394 ± 4 12594 ± 364

11 MnO(nano)−MnO(bulk) 3.4 ± 1.8 −24 ± 3 107 ± 6 14537 ± 111

12 Mn3O4(nano)−Mn3O4(bulk) −65 ± 4 7.7 ± 6.3 −80 ± 6 13820 ± 166

13 MnO2(nano)−MnO2(bulk) 20 ± 8 7.3 ± 7.1 46 ± 6 12594 ± 364

14 Cu2O(bulk)−Cu(bulk) 131 ± 5 142 ± 4 −137 ± 4 2799 ± 236

15 CuO(bulk)−Cu(bulk) 106 ± 3 107 ± 2 −95 ± 4 1724 ± 197

16 CuO(nano)−Cu(bulk) 93 ± 4 98 ± 5 −94 ± 5 1354 ± 184

17 CuO(nano)−CuO(bulk) −15 ± 3 −19 ± 6 1.6 ± 3.8
It should be noted that the diffraction peaks are sig-
nificantly broadened for all the NCMs in comparison
with the bulk materials; we obtained the estimate of
the sizes of the oxide nanoparticles in the pores from
the analysis of this broadening which turned out to be
of 10–12 (for manganese oxides) to 14.5 nm for CuO
in the pores of PG7.

These values are in good agreement with the sizes
obtained from the analysis of the data on the diffrac-
tion of neutrons on these same samples [31, 32]. No
other extraneous peaks were observed in the diffrac-
tion spectra, which gives the evidence of the fact that
the particular compounds of interest to us are present
in the fabricated NCMs.

3.2. X-Ray Spectroscopy of the Chemical Shifts 
of the K Lines of the Oxides

The method for shifting X-ray lines (differential
X-ray emission spectroscopy) developed in [33] is uni-
versal and possesses high selectivity, which makes it
possible to unambiguously and independently identify
PHY
the type of the electron (s, p, d, f ) participating in the
chemical bond; this method also makes it possible to
determine the occupancies of valence orbitals with a
high accuracy (up to 0.01 electron/atom). Another
advantage of this approach is the fact that the obtained
results refer to the entire volume of the samples and
not only to its surface. When a valence electron is spent
for the formation of a chemical bond, a small but, as it
has been shown in [26, 33], quite measurable energy
shift of the Kα1,2 (1s–2p), Kβ1,3 (1s–3p), and Kβ2,4 (1s–
4p) lines occurs. It was shown in this same review that
the electron state of an element in a compound can be
characterized by an original “facsimile”—a set of the
shifts of the diagram X-ray lines relative to the corre-
sponding metal. In a general case, the value of the shift
(facsimile) depends on the valence, degree of ionicity
(covalency) of the element in the compound, and spin
state of the d shell. The closeness of the facsimile of
any element in two its compounds evidences the iden-
tity of the electron configurations (valence, ionicity,
and covalency) of this (under study) element in these
compounds.
SICS OF THE SOLID STATE  Vol. 62  No. 10  2020
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Fig. 1. (a, b) Experimental diffraction spectra of bulk and
nanostructured manganese oxides and (c) spectra for α-
MnO2 and ε-MnO2.
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Fig. 2. Experimental diffraction spectra for bulk and nano-
structured copper oxides. The background is subtracted in
the case of bulk copper oxide.
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A pertinent question arises what shifts of the X-ray
lines can be expected in the case of ultradispersed
nanoparticles and/or compounds which are under the
conditions of confined geometry. First of all, it should
be noted that a large fraction of surface atoms (up to
30%) is characteristic for such samples (let us assume
so far that the matrix does not participate in the mod-
ification of the properties of the introduced materials
but only forms the conditions of confined geometry)
depending on the shape of the nanoparticles. Second,
it has been found [13, 14, 34] that the local symmetry
in the surface layers of a nanoparticle (up to the third
coordination sphere inclusive) can strongly differ from
the symmetry characteristic for the bulk material,
which leads to, e.g., significant modification of the
phonon spectra [13–16], and, here, the dependence
on the size of the nanoparticles is clearly seen [13, 14].
Naturally, this may (and will) lead to the distortion of
the wave functions of the outer electrons of the atoms
in the near-surface layers of the nanoparticles. More-
over, in the case when such distortions of the elemen-
tary cells are relatively large and spread to a noticeable
depth, a change in the symmetry of the crystal lattice
is possible which may lead to a change in the mutual
PHYSICS OF THE SOLID STATE  Vol. 62  No. 10  202
positions of the levels of the valence orbitals and
zones, which, in turn, will cause the redistribution of
the electrons between the zones in the metals and
change in the covalency in the insulators. In these
cases, noticeable effects of the shifts of the internal
levels and X-ray lines are possible. In the case of sig-
nificant distortion of the symmetry of the crystal lat-
tice (i.e., a change in the internal crystal field as well),
a change in the spin state of the atoms is also possible
which can be observed by the change in the split of the
Kβ1,3 and Kβ' lines Δ(E(Kβ1,3) –E(Kβ')) which is
denoted as Split(Kβ1,3 – Kβ') in Table 1 for the studied
pairs of samples presented in column 2.

3.2.1. Shifts of the K lines in copper oxides. Accord-
ing to the electron structure, there is one 4s electron in
addition to the filled 3d shell in metallic copper,
because of which the values of the shifts of the K lines
of copper (relative to the metal) provide the 4s facsim-
ile for a monovalent compound with high ionicity, and
3d facsimile, for a bivalent compound. These two
parameters were earlier determined in [28]. Figure 3a
presents the measured ΔE(Kα1), ΔE(Kα2), and
ΔE(Kβ1,3) shifts for bulk CuO and Cu2O and a CuO +
PG7 NCM, and the inset at the bottom, the differ-
ences ΔE(CuOnano – CuObulk) for the Kα1, Kα2, and Kβ1,3
lines. Figure 3b presents the facsimile for the 4s and 3d
electrons of copper and, for comparison, nickel [28].

It is seen from the figure that the chemical bond in
Cu2O is executed by 4s electrons, and the ionicity is
not high here because the shifts for Cu2O are signifi-
cantly smaller in magnitude when compared to the 4s
facsimile. In the process of further oxidation (forma-
0
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Fig. 3. (a) Experimental shifts of the K lines for copper oxides and (b) facsimile of the 4s and 3d electrons of copper adopted
from [28]. 
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tion of CuO), the remaining 4s electrons are addition-
ally gathered, and 3d electrons become involved in the
bond in accordance with the ionicity. The total effect
is relatively small due to the opposite signs of the fac-
similes (shifts) of the 4s and 3d electrons (Fig. 3b).
Indeed, if one 4s electron and one 3d electron were
fully spent for the formation of the chemical bond in
CuO, the shift being observed (according to the fac-
similes of these electrons) should have been, e.g., for
Kα1, ΔE(Kα1) = 189 – 110 = 79 (5) meV. In the experi-
ment, we observe a shift of 105.5 ± 3.1 meV, i.e., no
full involvement of the 3d electron into the chemical
bond occurs.

As is seen from Fig. 3a, the shifts of the K lines of
copper in a CuO + PG7 NCM are somewhat lower
than in bulk CuO, i.e., the negative contribution
becomes greater due to the 3d electron. Here, the dif-
ference of the shifts ΔE(CuOnano – CuObulk) (the fac-
simile of a “pure” ultradispersion effect (Fig. 3a,
inset)) is very similar to the 3d facsimile in shape. The
change (the degree of involvement of the 3d electron)
can be estimated as ΔE(CuOnano – CuObulk)/ΔE (the
3d facsimile of Cu) using the data for Kα1 and Kα2,
which gives the value of Δn(3d) = 0.13 ± 0.03 el/atom.
PHY
This means that by 0.13 ± 0.03 3d electron/atom more
participate in the chemical bond in a CuO + PG7
NCM when compared to bulk CuO. It should be
noted that the facsimiles used henceforward have been
experimentally obtained, and the ionicities and/or
covalencies of the compounds being used have not
been taken into account during the calculation, while
these factors may change the values of the presented
“facsimile” shifts, i.e., the estimates of Δn(3d) as well,
apparently, up to 20–30%. Let us emphasize that the
greater in magnitude shifts of the K lines of copper for
the NCM in comparison with the bulk material by no
means mean higher valence. The valence and oxida-
tion state of Cu in CuO was and remains to be two, just
the ionicity (in other words, degree of covalency and
hybridization) of this chemical bond changes.

3.2.2. The shift of the K lines for manganese oxides.
Figures 4a–4c present the experimental shifts of the
X-ray K lines of manganese depending on the type of
the lines, valence of Mn, and split of Kβ1,3–Kβ' lines for
the oxides MnO, Mn3O4, and MnO2.

It is seen from Fig. 4a that the shifts being observed
for manganese oxides are substantially different in
shape when compared to copper oxides (Fig. 3a) but
SICS OF THE SOLID STATE  Vol. 62  No. 10  2020
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Fig. 4. Experimental dependences of the shifts of the X-ray K lines of manganese on (a) type of the lines and (b) valence as well

as (c) split of the Kβ–Kβ' lines for bulk and nanostructured oxides MnO, Mn3O4, and MnO2.
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similarly depend on the valence—an increase in the
valence leads to the negative shifts of all the lines.
Here, both the shifts of the K lines and split of the
Kβ1,3–Kβ' lines almost linearly depend on the value of

the valence of manganese in these compounds, which
is determined by the relationship of these parameters
with the occupancy of the 3d orbitals. Note that the
high values of the split of the Kβ1,3–Kβ' lines give the

evidence of the high-spin state of the atoms (ions) of
manganese in these oxides which is confirmed by the
published data on the magnetic moments of manga-
nese and splits of the Kβ1,3–Kβ' lines and 3s level of

similar atoms [35–39].

As it can be seen from Fig. 4c, ultradispersion of
manganese oxides does not lead to any change in the
spin (i.e., magnetic as well) state of the Mn atoms
because the values of the split of the Kβ1,3–Kβ' lines of

NCMs and similar bulk samples are in fact within one
measurement error. Note that, in fact, the effect of the
change in the spin state is very great, thus, e.g., the
change in the high-spin state of bivalent manganese in
PHYSICS OF THE SOLID STATE  Vol. 62  No. 10  202
MnO (the total spin S = 5/2) to the medium-spin state
(S = 3/2) would have led to a decrease in Split(Kβ1,3–

Kβ') from ~14.5 to ~13 eV (Fig. 4c). Indeed, it would

have been impossible not to notice such changes. The
commentary concerning the spin state is presented in
part 3.2.3 of this work.

The manifestation of ultradispersion is clearly seen
in Fig. 4a—the shifts for the NCMs and bulk samples
noticeably differ in almost all the points. To obtain a
pure effect, we performed direct measurements of the
shifts ΔE (nano–bulk), the results of which are pre-
sented in Fig. 5a. As it can be seen from Fig. 5a, statis-
tically significant changes in the shifts of the X-ray
K lines of Mn, with different directionalities in a gen-
eral case, are observed for manganese oxides upon the
transition from bulk to nanostructured samples. To
clarify the physicochemical sense of such changes,
they should have been compared to the facsimile of the
4s and 3d electrons of manganese but there are none
yet, and those available for Cu and Ni (Fig. 3b) would
hardly be suitable due to the range of the distance from
0
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Fig. 5. Change in the shifts of the K lines of manganese in

the case of the (a) ultradispersion of its oxides and (b)

change in the valence of manganese. 
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Mn to Cu and actually oppositeness of the spin (mag-
netic) states.

However, as it was indicated above, all the changes
in the valence state in the oxides under consideration
are determined by the occupancy of the 3d orbitals
only. Because of this, it can be assumed that the
changes in the chemical bond upon ultradispersion
will also be determined by the degree of participation
of the 3d electrons in particular in it. Therefore, just
the facsimile of the 3d electrons of manganese will be
sufficient for us which can apparently be obtained
from the difference of the shifts of the K lines of man-
ganese of two oxides with different valences. Such dif-
ferences ΔE(Mn3O4 – MnO) and ΔE(MnO2 –

Mn3O4) are presented in Fig. 5b, from which it can be

seen that they are similar in shape with good accuracy,
and the ratio of the shifts ΔE(MnO2 – Mn3O4) to

ΔE(Mn3O4 – MnO) is r(ΔE) = 1.71 ± 0.07. Since the

ratio of the differences of the valences r(Δ ) =
Δ (MnO2 – Mn3O4)/Δ (Mn3O4 – MnO) =

1.33/0.67 = 2, apparently, it can be stated that the dif-
ference of r(ΔE) from two is determined by the
decrease in the ionicity of the manganese atoms with
the increase in its valence in the oxides. This gives the

v

v v
PHY
ground to set, in the first approximation, the curves in
Fig. 5b as the facsimile of the 3d electrons of manga-
nese with respect to the shape but underestimated with
respect to the value. It can apparently be concluded
from the comparison of the curves in Figs. 5a and 5b
that the facsimile for the NCMs with Mn3O4 and fac-

simile of the 3d electrons of manganese have close
(Λ-like) shapes, from where it can be concluded that a
large fraction of 3d electrons participates in the crys-
tallochemical bond in a Mn3O4 + PG7 NCM in com-

parison with the bulk material. From the ratios of the
shifts of these curves, the estimate of this fraction is
Δ3d(Mn3O4) = 0.21 ± 0.06 electron/atom. Let us

remind that such facsimiles of the 3d electrons of man-
ganese have an underestimated value, i.e., the obtained
value of Δ3d(Mn3O4) is most likely overestimated. The

same also refers to other cases. In the cases of MnO and
MnO2, the facsimiles of the difference between the

NCMs and bulk samples are reciprocal in shape to the
facsimiles of the 3d electrons (V-shaped), which corre-
sponds to a decrease in the participation of the 3d elec-
trons of manganese upon the ultradispersion of these
oxides. The estimates of the values of these changes are
Δ3d(MnO) = –0.05 ± 0.09 electron/atom and

Δ3d(MnO2) = –0.11 ± 0.01 electron/atom, and the

large error of the estimate in the first case is to a signif-
icant extent associated with the noticeable difference
in the shape of the curves for MnO in Fig. 5a and fac-
similes of the 3d-electrons in Fig. 5b.

3.2.3. The spin state. In a general case, the 3d atoms
in compounds have a magnetic moment. The mag-
netic states of an atom are divided to high-spin (e.g.,

the 3d(↑)5 electron configuration, magnetic moment
SICS OF THE SOLID STATE  Vol. 62  No. 10  2020



THE EFFECT OF ULTRADISPERSION ON THE CHEMICAL SHIFTS 1843
μ ≈ 5 μB for MnO), medium-spin (3d(↑)43d(↓)1, μ ≈

3 μB), and low-spin (3d(↑)33d(↓)2, μ ≈ 1 μB) with

respect to its value. The high- and low-spin states of
the 3d atoms are even visibly distinguishable by the
shape of the spectrum in the region of the (Kβ1,3–Kβ')

lines (Fig. 6); their quantitative evaluation
(Split(Kβ1,3–Kβ')) can also be obtained from the suit-

able approximation of this spectrum. It is most often
considered that this split is determined by the
exchange interaction between the 3p and 3d shells.
Because of this, the value of the split is exclusively
associated with the total spin, i.e., magnetic moment,
of the atom. The macroscopic (cooperative) state of
matter (ferromagnetic, antiferromagnetic, paramag-
netic, etc.) has almost no effect on Split(Kβ1,3–Kβ').

4. CONCLUSIONS

It has been shown that the crystal structure of the
oxides MnO, Mn3O4, and CuO in the bulk state and

NCMs based on PG7 is almost the same; a mixture of
phases, α-MnO2 generally intrinsic to the bulk mate-

rial and quite exotic ε-MnO2, is observed in the case of

a PG7–MnO2 NCM. It has been found from the anal-

ysis of the shifts of the X-ray K lines that a small (of
~0.1 electron/atom) increase in the role of the 3d elec-
trons in the chemical bond is observed in the NCMs
with CuO and Mn3O4, while a small decrease in the

participation of the 3d electrons in the chemical bond
is observed in a PG7 + MnO2 NCM. The situation

with the NCMs containing MnO nanoparticles is still
ambiguous and requires further investigation and
analysis because it is impossible to rule out a signifi-
cant change in the covalency in comparison with the
bulk sample. The common trend of the values of the
shifts of the K lines for bulk oxides corresponds to
those expected in the case of a change in the valence of
manganese from 0 to +4 based on the approach pre-
sented in [24]. Here, the values of the shifts of all the K
lines linearly depend on the valence of manganese,
and the negative value of the inclination of these
straight lines clearly evidences that the increase in the
oxidation state of Mn is determined by the decrease in
the occupancy of the 3d orbital. The differently
directed shift of the K lines of manganese upon the
transition from the metal to the monoxide is well
explained by the fact that, in this case, the chemical
bond is executed by a mixture of 3d and 4s states. It is
also well seen from Table 1 that a significant statisti-
cally confident difference in the energy shifts of the K
lines is present between nanostructured and massive
manganese oxides with the same valence. It should be
emphasized that these effects have no regular depen-
dence on what electron is spent for the formation of
the bond. Apparently, the occurring reorganization of
the electron system is associated not only with the
ultradispersion (with the size of the nanoparticles) but
also with the characteristic features of the interaction
PHYSICS OF THE SOLID STATE  Vol. 62  No. 10  202
of the nanoparticles of manganese oxides (possibly,
copper as well) with the matrix itself. Here, it should
be noted that the used method gives the results aver-
aged throughout the volume of the nanoparticles. At
the same time, it is natural to assume that the electron
properties of the internal areas of the nanoparticles do
not differ from the properties of the bulk materials,
and all the differences are observed in the interface
layer. The thickness of this surface layer with the envi-
ronment changed in comparison with the bulk mate-
rial can be set equal to the radius of the third coordi-
nation sphere according to [13, 14, 34]; in such a case,
in our NCMs (taking into account their diffraction
size), up to 30% atoms can be present in these layers.
Because of this, the obtained values should be consid-
ered the lower-bound estimates.
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