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Calcium-copper titanate has been thoroughly studied by scientists around the world for several decades due to the manifestation
of colossal dielectric permeability values (¢~10*-10°) in wide frequency ranges (10>-10° Hz) and temperature ranges
(100-600 K), showing neither ferroelectric nor relaxor properties. Due to the unique dielectric characteristics of calcium-
copper titanate (CCTO), materials based on it are promising for the manufacture of multilayer capacitors and microwave
devices. Restrictions on the practical use of CCTO are caused by high dielectric losses. Electrophysical characteristics are
optimized by modifying the CCTO composition, partially replacing copper, titanium and calcium cations. Good dielectric
properties are demonstrated by the CCTO ceramics doped with cobalt atoms. Co-doped CaCu,Ti,O , was obtained by
solid phase synthesis method. The samples are characterized by a grain microstructure; a thin layer of CuO is fixed in the
intergranular space. From the interpretation of the obtained XPS- and NEXAFS 2p-spectra of Co-doped CaCu,Ti,O,, and the
corresponding oxides it can be concluded that in the Co-doped CCTO atoms of copper and calcium have a charge state of +2,
atoms of titanium — +(4 - 9), and cobalt atoms mainly +2 with some fraction of Co (III) in the high spin state. The Co-doped
sample FTIR spectrum clearly captures the absorption bands in the fingerprint area at =408, 488, 539 cm™, which are typical
for CCTO.

Keywords: cobalt, calcium-copper titanate, XPS, NEXAFS and FTIR spectroscopy.
YIK: 537.3, 537.9, 538.9

CHCKTPOCKOHI/I‘ICCKOC NcCIenoBaHne NONNPOBAHHOTO
ko6amprom CaCu,Ti O ,
Kyk H.A.", Vinarosa E. Y%, Makees b. A.°, Hexumnennos C. B.*, Koponesa A.B.,
Kokmaposa JI. A.', Kopones P.J1.!

'ChIKTBIBKapCKIIT TOCYAAPCTBEHHBII yHUBepcnTeT, ChIKThIBKAp, 167001, Poccua
*Mucruryt xumnn Komu HII YpO PAH, CrixteiBkap, 167982, Poccusa
*‘MuctutyT reonoruu Komn HIT ¥pO PAH, CrikTbiBKap, 167982, Poccus
‘Mucturyt ¢pusuxn n marematviku Komu HIT YpO PAH, CeikrsiBkap, 167982, Poccust
>Cankr-Iletep6yprckuit rocyaapcTBeHHslil yanBepcutet, C.-Iletep6ypr, 198504, Poccus

TuTtaHaT KanbUVA-MeAy TIATETbHO M3Y4aeTCs YIeHbIMM BCETO MUpa Ha IMPOTsDKEHNM HECKONbKNX AECATUIETUN B CBA3U
C IIPOsIBTIEHVEM KOJIOCCA/IBHBIX 3HAUEH NI [IUAIEKTPIIeCcKOil mpoHniiaeMocty (€ ~10*-10°) B mmpokom gactoraoM (10?-10° Tix)
U TeMIepaTypHoM puanasoHax (100-600 K). braromapsa yHMKaJIbHBIM [AV9MIEKTPUYECKUM XapaKTepUCTMKaM TUTaHATa
Kanpuyst - ey (CCTO) marepumasnpl Ha €ro OCHOBE IEPCHEKTUMBHBI JIIsI M3TOTOBIEHNSI MHOTOCTIONHBIX KOH/IEHCATOPOB
u ycrporicts CBY. OrpannyeHns Ha IpaKTH4YeCKOe UCIIOIb30BaHye 00YC/IOBIeHbI BBICOKMMIY AVATIEKTPIIECKIMY IOTePSAMU
CCTO. 9nexrpodusnyeckue XapaKTepUCTUKM ONTUMUSUPYIOTCA 38 CYET M3MEHEHUA COCTaBa TUTAHATa KaJIbLA - MeJ,
JaCTMYHOI 3aMeHbI KaTMOHOB Mefy, TUTaHa U KanbLyA. XOpolye JU3TeKTPIIecKye CBOMICTBA IeMOHCTPUPYeT KepaMmKa
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CCTO, nernpopaHHas aroMaMu Kobanbra. B JaHHOIT paboTe MBI IIPECTaBIIAEM Pe3yNbTaThl ICCIeTOBAHNIT 97IeKTPOHHOTO
cocrossaus aroMoB B CCTO, nernpoBannoro xobansrom, metofamu XPS, NEXAFS, a Tawke VIK - Dypbe criekTpockonmmn.

Co-neruposannbiit CaCu,Ti,O ,

HONy4eH MeTomoM TeepodasHoro cumHTesa. OO6pasubl XapaKTepU3YIOTCA 3epeHHOI

MUKPOCTPYKTYPOI; B M&XK3€PEHHOM NPOCTpaHCTBe pasnuyuM ToHKuit cnoit CuO. V3 nnrepnperanum XPS- 1 NEXAFS
2p-cnexktpoB CaCu,Ti O, ,, mernpoBaHHOTO KO6ANTBTOM, 1 COOTBETCTBYIONINX OKCUJIOB, TPUIUTA K BBIBOJLY, YTO MOHbBI MeN
¥ Ka/IbIIVA VIMEIOT 3aps/J0BOe COCTOSTHME +2, IOHBI TUTaHa +(4 —§), a MOHBI K0Oa/IbTa, B OCHOBHOM, +2 C HEKOTOPOIT 1o71eil
Co(III) B BblcokocnmHOBOM cocTosiHuM. B VIK cmekTpe o6pasiua, nermpoBaHHOTO KOOambTOM, (PUKCUPYIOTCSA IOIOCHI
HOIVIOIIeHNMA B 00/IaCT OTIIEYaTKOB IajblieB Ipu 408, 488, 539 cM™', xapaKkTepHble /s TUTAHATA Ka/IbLVs- ME.

KnroueBble cnoBa: ko6anbt, TutaHat Kanbiusi-meny, XPS, NEXAFS u VIK-cnekrpockons.

1. Introduction

Calcium-copper titanate has been thoroughly studied by
scientists around the world for several decades due to the
manifestation of colossal dielectric permeability values
(e~10*-10°) in wide frequency ranges (10°-10° Hz)
and temperature ranges (100-600 K), showing neither
ferroelectric nor relaxor properties [1-3]. A great number
of researches are devoted to finding out the reasons of the
abnormal behavior of calcium-copper titanate and its related
compounds. The most probable model for describing the
unique properties of calcium-copper titanate is the model
of the internal barrier layer capacity (IBLC). It is based
on the assumption of the heterogeneous composition of
CCTO ceramics, in which the stoichiometry and electrical
properties of micro-grain boundaries differ significantly
from the properties of internal non-conductive areas [4,5].
Meanwhile, the giant dielectric responses observed in
CCTO single crystals without grain boundaries indicate
that the cause is in other internal effects [6]. It is believed
that oxygen deficiency in CCTO is compensated by the low-
value Ti** and Cu* ions present in ceramics [7]. The mixed
valence structure Cu*/Cu* and Ti**/Ti", correlated with
oxygen vacancies, can be an internal mechanism of the giant
dielectric response of CCTO [6,7]. Confirmation of the
presence of ions Ti** and Cu* was mainly obtained from the
interpretation of XPS spectra CCTO [6-9]. Meanwhile, a
NEXAFS-study of undoped CCTO and Ni-doped CCTO did
not give confirmation of this; in the spectra are not shown
low-valence ions [10,11]. The origin of the giant dielectric
behavior of CCTO remains controversial.

Due to the unique dielectric characteristics of calcium-
copper titanate (CCTO), materials based on it are promising
for the manufacture of multilayer capacitors and microwave
devices. Restrictions on the practical use of CCTO are caused
by high dielectric losses [12]. Electrophysical characteristics
are optimized by modifying the CCTO composition [13,14].
Good dielectric properties are demonstrated by the CCTO
ceramics doped with cobalt atoms [15-18]. For example,
CaCu, Co Ti O, filmsdemonstrategooddielectricfrequency
stability, e=~3143-3146 and low tan §=0.016-0.017 [16].
Improved dielectric properties are observed in a sample with
a Co 5% alloy (CaCu, Co TiO,)): e=7.4x10* and dielectric
losses tan § =0.034 at room temperature and 1 kHz. The low
dielectric losses of CCTO were due to high intergranular
resistance and increased dosing vacancy rates [17]. It is
shown that with increasing cobalt content, the proportion
of Co (III) increases, which is distributed in position Ti(IV).
Cobalt cations are mainly located in the copper position that

is shown in [19] C. Mu et al [20]. concluded that cobalt may
exist in the states +2 and +3 and may take positions of Cu?**
and Ti*, depending on its degree of oxidation. An increase
in dielectric permeability and other low-frequency relaxation
due to the presence of an impurity phase is observed in
CaCu,Ti, Co ,0,,. However, Fang et al [21] have found that
the dielectric response of CCTO doped with cobalt is exactly
the same as that of CCTO. The ceramic CaCu, ,Co ,Ti O,
exhibits high dielectric permeability values (e =25400
synthesized at 1000°C and e =111000 (at 1050°C)) at low
frequencies (50 Hz) is shown in [22].

This paper presents the results of studies of the electron
state of atoms in Co-doped CCTO using XPS, NEXAFS
methods, and FTIR spectroscopy..

2. Materials and methods

The solid solution samples (CaCu,Ti, , Co, O, ;, x<0.06)
were obtained via the standard ceramic procedure from
“special pure” grade CaCO, and Co(II), Ti(IV), Cu(II)
oxides using staged calcination at 650, 850, 950 and 1050°C
for 50 hours. The phase composition of the studied samples
was controlled by X-ray phase analysis (DRON-4-13, Cu,-
radiation) and scanning electron microscopy (a scanning
electron microscope Tescan MIRA 3LMN, an energy
dispersive spectrometer INCA Energy 450), the unit cell
parameters of the solid solutions were calculated using the
CSD software package [23].

Fourier transform infrared (FTIR) spectra were recorded
on a IRPrestige-21 Shimadzu (Japan) spectrophotometer
equipped with a DLATGS detector in the wavenumber range
0f 400 - 4000 cm™" with a resolution of 4 cm™. Before analysis,
the samples were mixed and grinding with KBr (2% of a
sample by weight). The transmission spectra were obtained
using the diffuse reflection mode. The data were processed
using Shimadzu software.

Samples of cobalt-doped calcium-copper titanate
were studied by NEXAFS spectroscopy using synchrotron
radiation from a BESSY II Storage Ring (Berlin, Germany).
NEXAFS spectra were obtained by recording the total
electron yield (Total electron yield, TEY) [24].

XPS-research was carried out using the equipment of the
resource center of the Scientific Park of St. Petersburg State
University “Physical methods of surface investigation”. XPS-
analysis was carried out on a Thermo Scientific ESCALAB
250Xi X-ray spectrometer. An X-ray tube with Al radiation
(1486.6 eV) was used as an ionizing radiation source. To
neutralize the charge of the sample in the experiments the
ion-electronic charge compensation system was used. All
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peaks were calibrated relative to the Cls peak at 284.6 eV. The
processing of experimental data was carried out using the
software of the ESCALAB 250 Xi spectrometer.

3. Results and discussion
3.1. Phase composition and microstructure of samples

Ceramic preparations of CaCu,Ti, , Co, O, , were
studied in a limited concentration range at x<0.06. It was
established by X-ray phase analysis (Fig. S1, Supplementary
material) that Co-doped CCTO crystallizes in the structural
type of double perovskite (sp. gr. Im3). The X-ray analysis
of the samples show hardly visible reflexes of copper oxide
(II), which is confirmed by the data of scanning electron
microscopy.

As a result of calculating the parameters of the solid
solutions cell it was established that for the samples of
CaCu,Ti, , Co, O, ; the parameter is close to the parameter
of calcium-copper titanate, showing a tendency to increase:
from 0.73926 nm (x=0.01) to 0.73962 nm (x=0.06)
(R(CO(HD)c_n=6<h$_>=0-0545 nm; R(Co(HI))C_n:m_S):0.061 nm;
R(Co(H))Cn:G(h_SA)=0.065 nm; R(Co(II))mZG(LS)z0.0745 nm))
[25]. Pictures of crystalline powders of the synthesized
preparations are shown in the Fig. S2 (Supplementary
material).

The dissolution of cobalt oxide in the ceramics of
calcium-copper titanate is confirmed by the data of EDS
spectra and microprobe analysis (Fig. S2, Supplementary
material). As can be seen from microphotographs, samples
are characterized by a grain microstructure; the sizes of
rounded, slightly melted grains vary in the range of 2-10 um.
In microphotographs, copper oxide (II), distributed in the
intergranular space, as a layer between the grains of ceramics,
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is clearly visible. Apparently, the presence of impurities
copper oxide (II) in ceramics is caused not only by the partial
distribution of cobalt (II) ions in the copper (II) position, but
also by the thermal dissociation of CaCu,Ti, , Co, O, , [26],
which can be evidenced by the rounded shape of ceramic
grains and a thin uniform copper oxide layer, typical for the
cooled melt.

3.2. NEXAFS, XPS and FTIR spectroscopy

To determine the charge state of cobalt atoms, the samples
were examined by NEXAFS-spectroscopy using a BESSY-II
synchrotron source. All NEXAFS spectra (Fig. la-d) were
recorded in total electron yield (TEY) [24]. Fig. 1d shows the
absorption spectra of cobalt atoms in CCTO and the Co,0,
and CoO spectra [27]. As can be seen, the cobalt spectra
in calcium-copper titanate are the closest in intensity and
energy position to the main peaks with the corresponding
details of Co2p,, CoO spectra and are less similar to the
Co,0, spectra. Cobalt atoms in CoO are bivalent, i.e. they
have the charge state of Co*", while in mixed Co,O, oxide
cobalt atoms are present in the oxidation degrees (II) and
(III). It should be noted that the cobalt spectrum in Co,O,
can be considered as a superposition of the cobalt spectra
in the charge state of Co?+ and Co’+, with a more intense
peak in the region of 782 eV being responsible for the Co’*
contribution, and a low-energy band (779-780 eV) for
the Co** contribution, which correlates well with the CoO
spectra.

When looking at the spectra in detail, the following
differences can be seen. The absorption line component at
779 eV in CaCu,Ti, , Co, O,, ; is strongly blurred in contrast
to the CoO spectrum; the intensity ratio of the spectrum
components at 781 and 779.5 eV in the CaCu,Ti, , Co, O, ;
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Fig. 1. (Color online) NEXAFS Ti2p-spectra of the CaCu,Ti, , Co, O, ; and titanium oxides (a); NEXAFS Cu2p- spectra of the

CaCu3Ti Co, O

4-4x 4x  12-8

and copper oxides (b); NEXAFS Ca2p-spectra of calcium in CaCu,Ti, , Co, O

e Cao and atomical calcium (c);

NEXAFS Co2p- spectra of the CaCu,Ti, , Co, O,, , and cobalt oxides (d).
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spectrum is slightly lower than for CoO and, in general,
the CaCu,Ti, , Co, O, , spectrum is wider and diffuse in
comparison with the cobalt oxide (II) spectrum. This suggests
that the Co-doped CCTO spectrum is a superposition of
the Co(II) and Co(III), with less content of the latter. If
we compare the calculated spectra for the octahedron-
coordinated cobalt ions given in [28,29] and obtained by
us, it is most likely that the high spin Co (III) ion replacing
the Ti(IV) position will take place in the form of the Co2p
spectrum for CaCu,Ti, , Co, O, ;and its energy position.

NEXAFS-spectra of titanium, calcium and copper ions
in CaCu,Ti, , Co, O, ; and oxide spectra are shown in the
Fig. 1a—c. NEXAFS-spectra of titanium, calcium and copper
ions in CaCu,Ti, , Co, O, ,are discussed in detail in [10,11].
It remains to emphasize that doping with cobalt does not
change the main characteristics of their spectra. This allows
us to interpret spectral characteristics of atoms of calcium,
copper and titanium in a similar way. In particular, from
the interpretation of the obtained NEXAFS 2p spectra, it
can be concluded that in the considered CCTO compounds
the copper and calcium atoms have the charge state +2, the
titanium atoms — +(4—9).

In order to clarify the charge state in the Co-doped
CCTO researches by XPS-spectroscopy method (Fig. 2) were
conducted.

For comparison, the CCTO spectra obtained and
interpreted by us earlier [11], as well as spectra of CoO [27]
and Co,O, oxides are presented. When considering the
obtained spectra, we can conclude that in the considered
CCTO compounds copper and calcium atoms have a
charge +2, which coincides with the results of the analysis of
NEXAFS spectra conducted above. As for titanium atoms,
in spite of the fact that their XPS spectra in CCTO and
Co-doped CCTO have almost complete similarity with TiO,
spectra both in form and in mutual arrangement of the main
parts, it is necessary to note the energy shift =0.8 eV towards

lower energies, which manifests itself at reduction of effective
positive charge [10,11,31]. This allows us to conclude that
titanium atoms in the Co-doped CCTO have the same
effective charge +(4-9), i.e., are in equivalent positions in
the CCTO.

XPS spectra of cobalt atom absorption are shown in
Fig. 2e. Spectra of CoO [27] and Co,0, oxides are given
for comparison. The energy position of the main peaks in
all three given spectra is practically the same (Table S1,
Supplementary material). Thus, in spectra of CCTO and
CoO there are strongly expressed satellite peaks that is
characteristic feature practically for all XPS 2p-spectra of 3d
atoms in divalent state [32].

This confirms the above conclusion based on the analysis
of NEXAFS spectra, that doped cobalt atoms in the CCTO
mainly have the charge state +2. It may be noted that the
main peaks of Co2p-spectra have the stretched high-energy
ending, which the authors [15,22] interpret as the presence
of Co (III). With this in mind, our findings correlate with the
results of the study of CCTO samples doped with cobalt atoms
prepared both by the traditional sintering method [17,19]
and for thin sprayed films [15,16]. At the same time, it can be
noted that in [15-19] studied samples of CaCu, Ti,Co O,
and it is concluded that cobalt atoms are introduced into the
copper position. In [19] it is noted that the introduction of
cobalt atoms in the copper position is typical only for small
concentrations of the drug (up to x=0.05), and at higher
values of the index x it is possible to introduce cobalt atoms
in both copper and titanium positions.

From the interpretation of the obtained XPS and NEXAFS
2p-spectra, it can be concluded that in the Co-doping CCTO
atoms of copper and calcium have a charge state of +2, atoms
of titanium — +(4-9§), and cobalt atoms mainly +2 with
some fraction of Co (III), probably in the high spin state.

The samples of the Co-doped CCTO, CCTO and CoO
were characterized by using infrared spectra with Fourier
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transform. The FTIR spectra of the samples are recorded
in a matrix of potassium bromide in the frequency range of
400-4000 cm™* (Fig. S3, Supplementary material).

The figure shows fragments of FTIR spectra of three
samples of the CaCu,Ti, ,Co, O, (x=0.06), CoO,
CaCu,Ti, O, composition. The attribution of the observed
absorbance bands is based on the literature data [33 -38],
and the Co-doped CCTO are reproduced with the data given
in the literature. Three absorption bands in the fingerprint
region at =408, 488, 539 cm™' are clearly recorded on
the spectra of CCTO samples, associated according to
the data [33] with valence oscillations of TiOTi (410),
Cu-O (=489) and Ca-O bonds at 540 cm™ in CCTO. The
authors [34,35] connect the absorption bands at 540 and
489 cm™ with the valence oscillations of TiO bond in
the octahedron TiO,. The wide diffuse absorption band
in the region of 600-1200 cm™', typical for CCTO and
Ni, Co-doped CCTO, observed earlier in works [36,37],
attracts attention. On its background, the maximums at
1094-1105, 802-860 cm™, which can be associated with
vibrations of CuO,, TiO, groups, are clearly seen [37].
In the spectral area of 400 - 600 cm™ valence oscillations of
Co-0O appear. According to the literature, at 548 - 570 cm™'
the absorption band of valence oscillations of Co (III)-O
bond is fixed in the octahedron CoO, [38], and in the region
653-663 cm™ the band is responsible for oscillations of
Co (IN)-O bond in the tetrahedron CoO,. In the spectrum
of compounds, the frequency range of 400-600 cm™ is
overlapping with the characteristic CCTO absorption bands;
therefore, Co(II)-O oscillations on their background are
not reliably identified. However, when comparing the CoO
and Co-doped CCTO spectra, the absorption band in the
=681 cm™' and 702 - 716 cm ' range is observed, the presence
of which indirectly indicates the presence of Co (II) atoms in
the structure of solid solutions.

4. Conclusions

Samples of CaCu,Ti, , Co, O, , (x<0.06) were synthesized
using standard ceramic technology. According to XRD
analysis data, copper oxide (II) reflexes are fixed as an
impurity phase in trace amounts. Copper oxide (II) is
distributed in intergranular space as a uniform thin layer.
From the interpretation of the obtained XPS- and NEXAFS
2p-spectra of atoms in the Co-doped CaCu,Ti,O , and the
corresponding oxides it was concluded that in ceramics
the copper and calcium atoms have a charge state of +2,
the titanium atoms have a slightly lower charge than +4,
and cobalt atoms have mainly a charge of +2 with some
fraction of Co (III) ions in the high spin state. The Co-doped
CCTO sample spectrum clearly captures the characteristic
absorption bands in the fingerprint area at =408, 488,
539 cm™ associated with valence oscillations of TiO, TiOTi,
Cu-O and Ca-O bonds. Against their background, the
absorption bands of the valence oscillations of the CaO bond
are not identified satisfactorily.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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