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Electronic structure peculiarities of disordered diphosphate — Mn,_ Co,P,0,-5H,0,
with x =0, 0.6, 1.0, 1.9, 2.0, were studied by XPS and X-ray emission spectroscopy.
Substitution in the different degree of cobalt by manganese leads to a charge redistribu-
tion in the metal sublattice and results in increase of the chemical bond ionicity between
oxygen anions and the metal cations. Such charge redistribution is responsible for forma-
tion of the states laying in the upper part of the valence band.

MeTogaMu PEeHTreHOBCKOU (POTOIJEKTPOHHON M 9MHCCUOHHON CIEKTPOCKOIUHU KCCJIEI0BA-
HBI OCOGEHHOCTM  SJEKTPOHHOIO  CTPOCHUS  HEYIOPAAOUYEeHHBIX  audocharos  —
Mn,_, Co,P,0,-5H,0, rme x =0, 0.6, 1.0, 1.9, 2.0. 3amemienue B PasiIMYHON CTENEHH KO-
faabTa MapratileM OPUBOAUT K MepepaclpemeleHNI0 3JIeKTPOHHOM IJIOTHOCTH B MeTaJIndec-
KOH TofperieTke W K YBeJIUUYEHUIO MOHHOM COCTABJAIONIEN XUMHUUYECKON CBASU MEKIY AHNO-
HAMM KHUCIOPOAA M KATHOHAMMN MeTaJlla, a TaKKe O0YCJOBINBAET (POPMHUPOBAHUE COCTOS-

© 2012 — STC "Institute for Single Crystals”

HI/IIU/I, HaXoOsgIIUXCA B BerHeﬁ YACTH BAJEHTHOH IT0JIOCHI HcCcJaegyeMbIX COEHI/IHEHI/II?I.

1. Introduction

Disordered diphosphates are of scientific
interest in terms of modifying their opera-
tional properties by varying the nature of the
cations and their content in the structure.
Among the phosphates studied for today the
individual hydrated phosphates prevail. How-
ever the information about electronic charac-
teristics of the hydrated diphosphates, in par-
ticular, cobalt and manganese diphosphates is
absent in the literature.

The purpose of the present work was to
study the peculiarities of the electronic
structure of diphosphates on the basis of
transition metals Co and Mn having the fol-
lowing composition: Mn,_,Co,P,0,-5H,0
(x =0, 0.6, 1.0, 1.9, 2.0).

2. Eperimental

X-ray photoelectron spectra (XPS) of
the samples — Mn,_,Co,P,0;:5H,0, where
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x=0, 0.6, 1.0, 1.9 and 2.0 were obtained
on the photoelectron spectrometer of firm
"JEOL" — "JSPM-4610" with using the
non-monochromatic Al K, (1486.6 eV) X-ray
source. The necessity of using an aluminum
anode with a larger width of K, line is
caused by the fact that the source with a
magnesium anode leads to a significant ex-
citation of KVV Auger line of oxygen in the
2p region of cobalt [1]. During the experi-
ment, the vacuum in the analytical chamber
was 1077 Pa, the accuracy of the electrons
binding energy definition — 0.1 eV. The
samples were in the form of dispersed pow-
der deposited on an aluminum substrate.
Since all the investigated samples are in-
sulators, the emission of electrons during
the spectrum acquisition led to the forma-
tion of a positive electrical charge on their
surface and to an essential shift of corre-
sponding lines. Calibration of X-ray photo-
electron spectra taking into account the ac-
cumulated charge, was carried out by the
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binding energy of 1s-level of carbon, which
was accepted equal to 284.4 eV. It should be
noted, however, that the vacuum required
for obtaining the photoelectron spectra and
heating of the samples by X-rays, led to
some loss of water by the crystalline hy-
drate samples during the experiment. Such
a change in the samples structure, appar-
ently, led to the charge redistribution on
the surface during the experiment and to a
significant broadening of C1s line. Thus, on
the basis of the data obtained it is impossi-
ble to reliably determine the binding ener-
gies for all of the samples with the accuracy
required, but changes in the relative dis-
tances between the separate lines of the
spectrum in a series of the investigated
samples, has appeared to be informative
enough in order to determine a changes in
the electronic structure caused by the sub-
stitutions in their structure.

To determine the changes in the valence
band, X-ray emission spectra of the studied
compounds were obtained also. X-ray emis-
sion spectra were measured on the "SARF 1"
spectrometer. During the experiment, the
sample holder was cooled by water, thus
avoiding essential heating of the samples
under the influence of X- rays.

3. Results and discussion

From the structural data obtained for
the studied samples, it is known [2] that the
oxygen atoms of P,0,-groups together with
the oxygen atoms belonging to the water
molecules form an octahedral structure
around the metal atoms.

The crystal field produced by such octa-
hedral environment leads to the splitting of
d-orbitals of the metal atoms. The magni-
tude of the crystal field produced by the
oxygen, as well as the participation of d-or-
bitals in the formation of the chemical bond
influence on the population of the splitted
levels, that leads to the fact that the metal
atoms can be in different possible spin
states, characterized by the number of un-
paired electrons.

It is known [1, 8] that for 2p lines of
X-ray photoelectron spectra of cobalt being
in different spin states, the existence of
"shake-up"” satellites is typical. The distance
of these satellites to the main peak of the
spectral line, as well as their intensity allow
determining the number of unpaired elec-
trons in the metal atoms and the nature of
the chemical bond with their participation.

For Mn,_,Co,P;07:5H,0 compound with
the value of x = 0.6, having the lowest co-
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Fig. 1. X-ray photoelectron Co 2p spectrum
for Mn,_ Co,P,05-5H,0, x = 1. § — satellite.

balt content in its structure, it is impossible
to resolve the "shake-up” satellites or dif-
ferent states of cobalt in the spectrum of 2p
line of cobalt, while the half-width of ap-
proximately 2.8 eV indicates that cobalt in
this compound is in more than one oxide
state or geometric environment.

Further substitution of manganese by co-
balt leads to appear of a pronounced satellite
in the spectrum of the sample with the value
of x = 1 at the distance approximately equal to
7 eV from the main peak of 2pg /2 line (Fig. 1).

Increase of cobalt content in the sample
with the value of x = 1.9 (Fig. 2) accompa-
nied by an even more pronounced “shake-
up” satellite, and decrease in the distance
between the main 2p3/2 peak and its satel-
lite to the distance equal of about 5.8 eV.

Complete substitution of manganese by co-
balt leads to the fact that spectrum of cobalt
2p line of compound Co,P,0,-5H,0 has a half-
width of ~4 eV, but such a line width and the
presence of satellites do not allow to resolve
unambiguously its individual components.

The structure of the "shake-up” satellites
of cobalt lines, as it is known [1, 3, 5, 6], is
associated with the mechanism of excitation
of the atom, accompanied by the charge
transfer from the ligand (oxygen) to the
metal. Decrease of the distances between
the main peak of cobalt 2p lines and its
satellite, together with an increase of the
satellite intensity, indicates that the charge
transfer from the oxygen to the metal atom
occurs at lower energies and with a higher
probability. That points out on a change in
the nature of the chemical bonding of cobalt
atoms with the surrounding oxygen.

The position of cobalt satellite allows es-
tablishing the changes in the degree of co-
valence of the chemical bond depending on
the content of cobalt in the sample. So the
decrease of the distance between the satel-
lite and the main peak indicates an increase of
covalent component of the chemical bond [1].
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Fig. 2. X-ray photoelectron Co 2p spectrum
for Mn,_ Co,P,0,-5H,0, x =1.9. S — satel-
lite.

Variation in the distance between the sat-
ellite and the main peak indicates also the
change in spin state of cobalt atom. Thus, for
the diamagnetic cobalt Co3* (S = 0) satellites
are weak and located at a distance of about
10 eV. For cobalt Co?*, being in the high-
spin state (S = 3/2), occurred intensive
"shake-up” satellites situated at a distance
of about 6 eV or less. At the same time, the
intensity of the satellites for cobalt in the
state with S = 3/2 is higher than that for
cobalt in the low-spin state with S = 1/2 [3].
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Increase in the number of unpaired elec-
trons of cobalt is also accompanied by an
increase in the distance between 2p3 , and
2pq /9 lines: for the diamagnetic cobalt Cod*
(S = 0) the distance 2p3/2_2p1/2 is 15 eV,
the low-spin cobalt is characterized by the
distance between the lines of about 15.4 eV,
whereas for Co being in the high-spin state,
the distance between 2p3,, and 2p;,, lines
increases to 16 eV [1, 3].

Presence of the pronounced satellite in
2pgz /9 line of cobalt spectrum for compound
Mn,_,Co,P,0456H,0, x=1.9 at a distance
of 5.8 eV from the main peak, together
with the fact that the distance between
2p3 /9 and 2p 5 lines is 16 eV (which for a
given sample can be defined with good accu-
racy) indicates that cobalt ion in this com-
pound has unpaired electrons in the outer shell
[3] and is in the high-spin state with S = 3/2,
that apparently is accompanied by changes
in the geometry of its environment and
must appear in ferro- or antiferromagnetic
properties of the given compound.

Gradual decrease of the distance between
the satellite and the main peak with in-
creasing cobalt content indicates an increase
of the covalent component of the chemical
bond with participation of cobalt atoms as
its content in the structure of the studied
samples is increased.
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Fig. 8. L — spectra of cobalt (a) and manganese (b) for the samples Mn,  Co,P,0,-5H,0 with

different values of x.
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Such a change in the nature of the
chemical bond with participation of cobalt
with increase of its concentration manifest
itself in some shift of L,; o line of cobalt
X-ray emission spectrum to a lower energies
(Fig. 3a) that may also indicate an increase
of negative charge on cobalt.

Changes in L,; 9 — spectrum of manga-
nese (Fig. 3b) are much more pronounced.
In addition to the shift of L,; o line to

lower energies with increasing amounts of
manganese atoms, indicating the decrease of
negative charge on the manganese, signifi-
cant changes in the line shape are also take
place. For the samples with low concentra-
tions of manganese, the line is asymmetric,
having bigger shoulder located in a low-en-
ergy region, while for the samples with
higher content of manganese, a shift of the
asymmetric shoulder towards higher ener-
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Fig. 4. X-ray photoelectron O1s spectra for

Mn,_ Co,P,05-5H,0: 1) x =2.0, 2) x=1.9,
3) x=1.0,4) x=0.6, 5) x=0.
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terized by the presence of the broad intense
line corresponded to the structural and ad-
sorbed water on the sample surface, as well
as by the line related to the oxygen of
P,O,-groups.
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The oxygen atoms belonging to P,0-
groups may form a various bonds with the
surrounding elements, such as P-0O-P,
—P=0, P-O-M, where M — atom of the
metal cation. Since the biggest change in
the nature of the chemical bond occurs with
the oxygen atoms being in the immediate
vicinity of the metal atoms, the substitution
of cobalt with manganese should be re-
flected in the O1s spectra in the energy
area, which is characteristic for the oxygen
forming P—-O-M bond.

From the two possible bonds P-O-P and
P=0, P-O-P bond is more covalent and is
located towards higher energies in O1s oxy-
gen spectrum with respect to the bond of P=0
[4], whereas the energy position of 1s-level of
oxygen participating in P-O-M bond depends
on the cation type and ionicity degree of the
chemical bond O-M. Hence, in the sample
Co,P,0,-5H,0, with the hundred-percent co-
balt content, the rightmost peak (Fig. 4.1) ob-
tained in the result of deconvolution refers to
the forming the double bond of oxygen with
phosphorus P=0, while a much more inten-
sive lines reflect the energy state of oxygen
forming the bonds P-O—-P and P-O-M.

Substitution of cobalt by manganese
leads to an increase of the feature located in
the region corresponding to oxygen forming
P=0O bond in the sample Co,P,0,:5H,0,
therefore, 1s line of oxygen participating in
the chemical bond with manganese falls to
the region of lower binding energy in com-
pare to oxygen forming the chemical bond
with cobalt. An essential increase in the in-
tensity of the given feature (Fig. 4), located
in the region of low binding energies on
O1s spectrum, with increasing manganese
content indicates the decrease of 1s-elec-
trons binding energy of oxygen and, conse-
quently, an increase of an electron density
on oxygen atoms belonging to P,0,-groups

and taking part in formation of the chemi-
cal bond with the atoms of the metal.

Thus, the substitution of cobalt by man-
ganese is accompanied by an increase of the
ionic component of the chemical bond O-M
of manganese atoms with oxygen, mean-
while the increase of electron density on
oxygen leads to a shift of valence electrons
energy levels, being observed in L, spectra
of manganese (Fig. 3b).

4. Conclusions

The data obtained allow us to suggest that
the substitution of manganese by cobalt is
accompanied by both the redistribution of the
electron density between the atoms of the
metal sublattice, proceeding in accordance
with their electronegativity values, and the
change in the chemical bond nature between
the metal atoms and the surrounding oxygen.

Increase of cobalt content leads to an in-
crease of the covalent component of the
chemical bond in the overall charge balance.

Substitution of cobalt by manganese is
accompanied by an essential increase in the
electron density on oxygen atoms involved
in formation of the chemical bond with the
metal atoms that leads to the formation of
states laying in the upper part of the va-
lence band of the investigated samples.
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Oco6auBOCTI €JIEKTPOHHOI OyTOBH HEBIOPATKOBAHUX
nugocdaris Mn i Co

B.JI.Kapé6iecokuil, C.C.Cmonax, 10.0.3azopodnii,
B.X.Kacianenko

MerogamMu peHTreHiBCHLKOI (POTOEIEKTPOHHOI Ta eMiciliHoi cireKTpocKoIii mociimxeHo 0cob-

JIMBOCTL €JIeKTPOHHOI OyJM0BM HEBIOPAAKOBaHUX mudocdarTis

- Mn,_,Co,P,04-5H,0, ne x =0,

0.6, 1.0, 1.9, 2.0. 3amiuieHHs PisHOro CTYNEHIO KOGAIBLTY MAPraHileM IIPU3BOAUTHL IO IIepepos-
HOJiJy eJNeKTPOHHOI IYCTUHM y METAJeBHUX IiArparax Ta g0 30iibIIeHHA IiOHHOI CKJIaI0BOI
ximiuboro 3B 8Ky Mis aHiOHaAMMI KHCHIO i KaTioHaMM MeTany, a TakoK o6yMoBIIOE (GOPMYBaH-
Hs CTaHiB, K1 SHAXOIATHCHA Y BEPXHIM YACTHHI BAJEHTHOL CMYTH CIIOJYK, IO TOCIIIKYIOTHCH.
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