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We have obtained X-ray emission spectra of Ga and Ge in Ca3GaxGesOi4, X-ray emission
OKoa-spectra in CazGaxGesO14, CazGazGesO14 + Ce3%, and CazGaxGesO12 + Eud% and X-
ray photoelectron spectra in CazGasGesO14 . Our X-ray spectral studies of the CazGaxGesO14
gallogermanate have shown that the top of the valence band near the Fermi level is formed mainly
by p states of gallium and germanium as well as p states of oxygen, whose intensity is sufficiently
low. The middle of the valence band is formed by gallium 3d states with oxygen 2s states lying
below them. These states are hybridized with 4p states of gallium and germanium because of which
there are K 3”-satellites in the K 32-subbands of gallium and germanium. The bottom of the valence
band is formed by 3d states of germanium, whose contribution to chemical bonding is insignifi-
cant. The X-ray emission bands of Ga and Ge in CazGazGesO14 and the photoelectron spectrum
of the valence electrons of CazGaxGesO14 are in good agreement. The O K a-band changes its fine
structure only slightly upon doping CazGazGesO14 with Ce or Eu. The investigations of intrinsic
luminescence under X-rays excitation of CazGasGesO14 gallogermanate are presented.
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I. INTRODUCTION

In recent years, a family of crystals isomorphic
to calcium galogermanate CazGasGesOq4 with space
group D3-P321 has attracted great interest [1, 2].
A significant feature of this family of crystals is
the disordering of their structure, which, in parti-
cular, is characteristic of the CazGasGesO14 compound.
The disorder of CazGasGeysO14 crystals is associated
with the statistical occupation of 3f tetrahedra and 1la
octahedra by the Ga?t and Ge** cations. The structure
of CazGasGeysO14 was reported in the 1980s [2] and
specified in 2013 [3]. Gallogermanate CasGagsGesO1y4
reveals a unique combination of physical properties
such as luminescent, laser, resilient, piezoelectric, and
acoustoelectronic ones [2-6]. These crystals are opti-
cally positive (n. >n,), optically active and posses a si-
gnificant optical birefringence and liner dichroism. The
disorderd Ca3GasGesO14 compound is known as an
effective material of quantum electronics, which combi-
nes the functions of generation and transformation of
laser irradiation frequency [4-7, 11-13].

Statistical disordering of the cation sublattice results
in a partial disordering of the crystals’ microstructure,
causing, in its turn, some fluctuation of the crystal field
on activator ions. Therefore, the luminescence spectrum
of rare earth ions in the CazGasGesO14 compound is
characterized by broadened lines, which are superposi-
tions of radiative transitions in impurity centers of di-
fferent structures having closely related characteristics of
Stark energy levels splitting. Many papers are devoted to
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the studies of their physical properties and the effect of
various impurities on them. For example, the authors of
Ref. [8] measured and analyzed the absorption spectra,
the spectra of circular dichroism and magnetic circular
dichroism of pure and Cr-doped CazGasGesOq4. The
crystal-field parameters and the transition frequencies of
Cr37 ions are calculated. The location of Cr3* and Cr#+
ions in oxygen octahedra and tetrahedra is confirmed.
The upconversion spectroscopy of CazGasGesO14
5% Er3* crystals at 10 K was studied in Ref. [9].
Fluorescence was observed from the 453/2 and 453/2
multiplets for both resonant and non-resonant exci-
tation of the *Fy/» multiplet with a single DCM dye
laser. Degradations in the expected power dependence
of these upconversion fluorescences can be explained in
terms of the cycling of Er3T ion excitation via cross
relaxation energy transfer. In Ref. [10], circular di-
chroism, absorption and luminescence spectra of single
crystalline manganese doped calcium gallogermanate
CaszGaoGesO14 : Mn were investigated in 300-850 nm
wavelength region in a wide temperature range 8-300 K.
It has been established that manganese ions doping the
crystal matrix of CazgGasGeysOq4 incorporate into lattice
in la octahedral site-positions substituting Ga3* ions.
Nevertheless, the electronic structure of the base
CazGasGesO14 compound has remained unexplored so
far. One of the most fundamental techniques uniquely
describing the density of electronic states over the whole
valence band is certainly the high-energy spectroscopy.
The aim of this paper is to study experi-
mentally the electronic structure of the CazGasGesO14
gallogermanate by high-energy spectroscopy and to
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establish the influence of cerium and europium impuri-
ties on the structure of the OKa band and also the
investigations of X-ray luminescence spectra of undoped
CazGayGeyOq4 crystals.

II. CRYSTAL STRUCTURE OF
Ca-GALLOGERMANATE

Ca3GaxGey 014 is a member of the family of
compounds with a Ca-gallogermanate-type structure.
More than 200 langasite-type compounds belonging to
this family have been synthesized [1, 2]. The space group
of these systems is P321 (the point symmetry 32) with
one molecule per unit cell. The CazGasGesOq4 structure
was described in detail in [2, 3, 12]. These crystals belong
to disordered materials and have a layered structure
that is formed by tetrahedral layers perpendicular to
the ¢ axis, between which there are layers of octahedra

(a)a 1742 plane

(1a sites, symmetry D3) and distorted Thomson cubes
populated by large Ca?T ions (3e sites, symmetry C).
There are two types of tetrahedra around the cations at
the 2d and 3f sites (symmetries C3 and Cs, respectively).
The Ga®*t and Ge** cations statistically occupy 1a and
3f sites. The statistics of the filling of 1a and 3f sites wi-
th Ga?T and Ge**t cations depends on the technological
conditions of the crystal growth and varies from sample
to sample.

In the CazGasGeysOq4 crystal structure, two types of
oxygen 6g-sites are distinguished: O(2) and O(3) with
coordination numbers 4 and 3, respectively. Each oxygen
0(2) is surrounded by one Ge'* ion at the 2d site, two
Ca’t at 3e sites, and one Ga’* or Ge** at 3f site. Each
oxygen O(3) is surrounded by one Ca?*(3e), one Ga3*
or Ge**t at 3f site, and one Ga3* or Ge** at 1a site. The
3e sites in the CagGaoGeyO14 lattice can be occupied by
imgurity rare earth ions, such as Ce3t, Lu3™, Tb3t, or
La3t.

[001] Empty-space
a Two layers
-l ¢ \p :ll
[100]

(b) ag-c plane

Fig. 1. Ca-gallogermanate-type structure (a) — perpendicular to the z axis and (b) — perpendicular to the z axis [13]

III. EXPERIMENT

The investigated crystals were grown using the
Czochralski technique in the atmosphere of argon wi-
th adding oxygen using platinum crucible. Appropri-
ate amounts of dried CaCQO3, Gas O3, GeO,, and oxides
Ce203 or Eus O3 (for doping) with purity not less than
99.99% on a cation basis were used as starting materi-
als. The Ce doping level was up 0.3 at. % and the Eu
doping level was up 0.4 at. %. The samples were plates
0.1-0.5 mm thick, cut in a (0001) plane.

The X-ray fluorescence OKa spectra of the
Ca3zGasGeysO14 crystals were obtained using a SARF-
1 vacuum (107 Torr) spectrometer with a single
RbAP crystal (2d = 26.136A, R = 500mm) as a
dispersing element, and Au as the anode material. The
sample holder was water cooled, so the sample surface
temperature did not exceed 60°C. High accuracy of
the measurements of the OK« centroid positions was
achieved by repetition and accumulation of the fast
spectra survey. Such conditions provided the statistical
dispersion of measured values of the order of 0.01 eV.
The energy resolution was about 0.5 eV. The X-ray
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emission spectra (XES) of Ga (Ge) in CagGazGesOq4
were obtained using a tube-spectrometer with an RKD-
01-1 X-ray coordinate detector of original design[14].
The XES were brought to the binding energy scale
relative to the Fermi level using core level peak positions
measured with a Kratos Series 800XPS analytical
spectrometer, which utilizes an Al Ka X-ray source
with a photon energy of 1486.6 eV. All the reported
X-ray photoelectron spectra (XPS) are referenced to the
C 1s (285.0 eV). The samples could charge up during
XPS acquisition followed by the binding energy scale
corrections. The C 1s peaks were single, defined, and
similar in shape for both samples, indicating the absence
of non-uniform sample charging. The energy scale of the
spectrometer was calibrated using well defined binding
energies (Ejp) of electrons in Au 4f7/5 (B, — 84.0 eV);
the full width at half-maximum (FWHM) was 1.2 eV.
The steady-state X-ray luminescence (XRL)
spectra of crystals were measured using the MDR-
12 monochromator. Scanning and recording of the
X-ray luminescence spectra were carried out with a
computerized system. Emission was measured in the
single photon mode using FEU-51 photomultiplier.
X-ray excitation was provided by a URS-55A X-ray
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generator and Mo-target BSV-2 X-ray tube (U=45 kV,
I=10 mA). The XRL spectra were investigated in the
non-polarized light, in the temperature range 80-300 K.

IV. DISCUSSION

The comparison of the XES of Ga and Ge with
the photoelectron spectrum of the valence band of the
Ca3GagGesOq4 crystal was performed in the unified
energy scale using the energies of the 2p3 /5 core levels of
Ga and Ge, respectively, and the energies of their X-ray
Koy photons (Fig. 2). The X-ray emission K (35 5-band
of Ga has a fine structure, which is normally absent from
intermetallic compounds.
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Fig. 2. The X-ray emission spectra of O, Ga and Ge, as well
as the X-ray photoelectron spectrum of valence electrons in
Ca3Ga2Ge4014

We found in [15] that the Kfs-subband of Ga
is a superposition of emissions from two Ga atoms,
which in R3Gas0;2 compounds occupy two mnon-
equivalent crystallographic sites, namely, octahedral,
and tetrahedral. In the above compound, Ga occupi-
es preferably the octahedral, crystallographic site.
Therefore, there is no additional maximum in its K fo-
band in the main maximum region.

The K35 5-band of germanium in CazGagGesO14 has
no fine structure as in a pure semiconductor, which
is associated with a considerable width of the K-level
scanning (~2 V). Unlike the K f3; 5-bands of 3d transi-
tion metals, in germanium it comprises two distinct K -
and K fs-subbands. The energy distance between them

is 22.6 ¢V. The KfBs-subband of germanium (peaks E
(XES) and D (XPS)) reflects the distribution of d states,
and one can make conclusions about the participation
of 3d electrons in chemical bonding from the changes
in its parameters. In the CazGasGesO14 compound, the
K B>-subband shifts toward low-energies, resulting in the
increase in the overlapping of Ge p and Ge d wave functi-
ons. The comparison of the K/f;5-bands of germani-
um with the photoelectron spectrum of the valence
electrons shows that the peak L of the distribution of
Ge p states coincides in energy with the peak A’ of the
X-ray photoelectron spectrum, while the main peak K of
the Ga K [;-band coincides with the XPS peak A. The
XPS peak A also reflects the contribution of oxygen 2p
states. As can be seen from Fig. 3, the XPS peak B coi-
ncides with the peak F of the Ga K f5-subband. In our
opinion, the most probable reason for the appearance of

the XPS peak C'is that the oxygen 2s states are in the
valence band.
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Fig. 3. X-ray emission OK a1 2-spectra of CazGazGesO12+ 4
at. % Eu®t and CazGasGesO1a garnets
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Fig. 4. X-ray emission OK a; 2-spectra of CazGaxGesO14 + 3
at. % Ce®t and CazGasGesO1a gallogermanate

To establish the effect of doping with a rare earth
(RE) element on the structure of the valence band
of compounds, we investigated OKa; o-bands of un-
doped CazGasGe 014 , CazgGapGe 014 + 3 at.% Ce?t,
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CazGagGey01o + 4 at. % Eu*t, and Figs. 3 and 4 show
the OK a2 X-ray emission spectra of the investigated
samples. According to the dipole selection rules for XES
and due to the localized character of the initial core state,
they reflect the valence band distribution of occupied O
2p electronic states. Oxygen does not have an X-ray band
that could be used as an internal standard to determine
the density of valence O 2p orbitals. However, shifts of
OKay 2-bands can be used as a characteristic sensitive
to the changes of this density. As can be seen, the energy
position of the main OK a4 2-band peak does not change
in all the spectra.

The low-energy part of the O Ka-band mainly reflects
the states of the Ge (Ga)-O bonds, whereas the high-
energy part represents the Ca (RE)—O bonds. The range
of medium energies is formed by the states that mainly
correspond to the oxygen sub-lattice. As can be seen from
Figs. 3 and 4, the OKa-band changes its fine structure
only slightly with the changes in the chemical composi-
tion of the studied gallogermanate and garnet crystals.

The spectrum of the steady-state X-ray luminescence
(XRL) of undoped Ca3GasGesO14 single-crystals at
80 K is a wide asymmetric band in the spectral regi-
on of 2-4.2 eV with a maximum near 3.2 eV (Fig. 5).
On the higher energy slope of this band, a shoulder at
3.7-3.4 €V is observed. Asymmetry of the luminescence
band of the XRL spectrum of un-doped CazGasGesO14
demonstrates that it is a superposition of several
elementary bands. The analysis of the spectrum composi-
tion shows that experimental XRL curves can be fitted
with three elementary bands with maxima at 3.51 eV,
3.1 eV, and 2.55 eV, which strongly overlap with each
other and the correlation of intensities between which
depends on the temperature of investigations. The fitti-
ng of XRL band on elementary components was carried
out using the Alenceva—Foka method.

The shape of the complex luminescence band and
the position of its maximum strongly depend on the
temperature. The maximum of the XRL spectrum shi-
fts to 2.9 eV at 300 K. Furthermore, the same XRL
bands are observed in CazGasGeysOq4 crystals doped
with Ce®t. However, the activator luminescence bands
are not observed in CazGasGesO14: Ce3t crystals. The
temperature dependence of the UV and blue lumi-
nescence intensity is presented in Fig. 6. As can be seen
from Fig. 6, the UV and blue luminescence is almost
quenching in the temperature range of 120-240 K. The
decrease in this intrinsic luminescence intensity near
200-250 K may be related to non-radiative relaxation
of electronic excitations and their re-capturing by defect
centers.

The temperature dependence of the 2.55 eV lumi-
nescence band differs from the temperature dependence
of the UV and blue bands. This band has a low lumi-
nescence yield at 80 K and its relative intensity increases
when heated to 300 K. At higher temperatures, a
decrease in the intensity and complete quenching of
the 2.55 eV luminescence band is observed. The lumi-
nescence band with maxima near 2.55 eV is weakly exci-
ted by photons with energies that match the band-to-
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band transitions. This band, in contrast to the bands in
the UV region, is characterized by an excitation maxi-
mum in the transparency region of the crystal, peaki-
ng at 4.92 eV. It should be noted that similar intrinsic
luminescence bands and their temperature behavior were
observed in the chemical composition of CazgGasGezOqo
of garnet crystals [18, 20]. Perhaps this is due to the simi-
larity of the structure valence bands of these compounds.
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Fig. 5. XRL luminescence spectra of un-doped
Ca3GazxGesO14 crystals. The dashed lines show the

elementary components of the luminescence band (red line

— UV band with maximum at 3.51 eV; green line — blue

band with maxima at 3.1 €V; blue line — luminescence band
with maxima near 2.55 eV)
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Fig. 6. Temperature dependence of the XRL luminescence of
un-doped Ca3zGazGesO14 crystals

It is known that the existence of intrinsic luminescence
bands is typical of other complex oxide crystals, in which
oxygen ions occupy low symmetry sites. There are several
points of view in literature regarding their nature, e.g.
[16-20]. Often, low-temperature luminescence bands are
interpreted as radiation decay of self-trapped excitons,
which are formed by the relaxation of large radius exci-
tons and trapped exciton emission or in recombination
of electrons with holes, localized on their own or impuri-
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ty defects of the crystal lattice. Some bands of intri-
nsic luminescence in oxides correspond to the emission of
anti-site defects or recombination luminescence of active
structure defects such as vacancies and others.

In our opinion, the most reasonable interpretation of
the low temperature UV band with a maximum at 3.51
eV in Ca3GasGe 014 crystals is the radiation emission of
self-trapped excitons. It can be suggested that the self-
trapped exciton is formed as a result of the primary self-
trapping of a hole with subsequent capture of an electron
by it. This is indirectly confirmed by the fact that in
the CazGasGeysO1q4 crystals irradiated by ultraviolet or
X-rays, O-hole centers were revealed by EPR [21]. More
longwave and intensive low temperature intrinsic emi-
ssion bands with maxima at 3.1 €V can be associated
with radiation exciton annihilation, located on impurity
or intrinsic defects. The luminescence occurs as a result
of the radiation annihilation of these excitons.The XRL
luminescence with maxima at 2.55 eV, which is effecti-
vely excited inthe transparency range, may be associated
with the recombination luminescence of donor-acceptor
pairs, which include F centers. Given the fact that the
oxide compounds can have a noticeable concentration of
anion vacancies, the investigated crystal can be consi-
dered to have F-type luminescence centers.

V. SUMMARY

Our X-ray spectroscopic studies of CazGasGesO14
show that the top of its valence band near the Fermi
level is formed mainly by Ga and Ge p states as well as
O p states, whose intensity is sufficiently low. The mi-
ddle of the valence band is formed by Ga 3d states, with
O 2s states lying below them. These states are hybridi-
zed with 4p states of Ga and Ge, because of which there
are K 3"-satellites in the Ga and Ge K 3-subbands. The
bottom of the CazGayGeyO14 valence band is formed by
Ge 3d states, whose contribution to chemical bonding is
insignificant.

The X-ray emission bands of Ga and Ge in
Ca3GasGesOq14 and the photoelectron spectrum of
the valence electrons of CazGasGesO14 are in good
agreement.

The OK a-band changes its fine structure only slightly
upon doping CazGasGes0O14 with Ce or Eu.

The low temperature UV-blue bands with maxima,
at 3.51 eV and 3.1 eV revealed in the Ca3GasGesO14
compound are similar in nature to those found in close
in chemical composition of CazGagsGesO12 garnet crystal
and other oxide crystals. The possible nature of the lumi-
nescence bands in Cas3GasGe 014 have been discussed.
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PEHTI EHIBCBHKI CIIEKTPOCKOIIIYHI BJIACTUBOCTI TA EJIEKTPOHHA CTPYKTVYPA
Ca3GaQGe4014

I. JI. Ilep6a’, JI. B. Kocrux!, JI. B. Bekenos?, M. Pyuko!, 1. Yekokosiu®, I. Hora?, P. M. Biauxk?,
B. M. dmux’, B. A. Ternc’
L Tveiecorut nayionarvrut yrieepcumem imeni Isana Ppanxa, Yxpaina
2 Incmumym memanodizury im. I B. Kypdomosa HAH Vrpainu Yepainu, Kuis, Yxpaina
3 Inemumym mexnivnus nayx CACA, Beaepad, Cepbis
4 Inemumym mezxnonozii, edazozivnud yrisepcumem, Kpawis, IToavwa
5 Tvsiscokutl Hayionaivhutl yrisepcumem eemepunaphot meduyury ma Giomernosozit, Yrpaina

Kpucramu 3i crpykrypoto Ca-ramorepMaHary € HepCIeKTUBHUMHU MaTepiaaaMu jis KBAHTOBOI ejie-

KTPOHIKHU, JATYUKIB BUCOKOI Temmeparypu toio. [IpocropoBoio rpymoio mux cucrem € P321 3 oxmmieio
MOJIEKYJIOI0 Ha eJleMeHTapHy KoMmipky. Lli kpucramm HameXarh J0 HEBMNOPSIIKOBAHWX MaTepiasiB i Ma-
IOTh MIAPYBaTy CTPYKTYPY, IO YTBOPEHA TETPACJIPUIHUMHE TTapaMu, MEePIEHIUKYIAPHAMHA JI0 OCL ¢, MixK
AKIMHE € IMapH OKTaeapiB Ta cHoTBopeHmX Ky6is Tomcoma, 3acemennx semmkmmu fomamu Ca?t. € apa
THIN TeTpaeapis HaBKoJIO Karionis y micnax 2d i 3f Karionn Ga3t i Ge*t crarucruuno saiimators la- i
3f-cTaHu, CTATUCTUKA 1X 3aMOBHEHHS 3AJI€KUTH BiJl TEXHOJOTIYHUX YMOB BUPOIIYBAHHS KPUCTAJIB.

Crektpu pentreniBcbkoro sumpowminioBamas Ga i Ge B CazGayGesOy4 orpumano ma TyOyc-

CIeKTpOMeTpi 3 peHTreHiBCchbkuM KoopaumHatHuM gerekTopom PKJI-01-1 opurimambHOI KOHCTPYKIIii.
OK o-cuextpu penrreniscpkoro sumpowminioBanusa B CagGasGe Oy , CagGasGesOiq + 3 at. % Cet,
CagGapGesz01s + 4 at. % Eu®t orpmvano ma CAP®-cnextpomerpi. Ha pentremichkomy oToese-
KTPOHHOMY crekTpomerpi dipmu “Kparoc” BUMIpSHO CHEKTpU OCTOBWX DIBHIB Ta BAJEHTHOI 30HU B
Ca3GasGesOq4. Hami penrrenisebki cuekrpasbhi gociimkenns rpagary CazGasGeysOq4 nokasanu, 1mo
BepIIUHA BaJEHTHOI 30HU 100au3y piBHa Pepmi yrBOpeHA HMEPEBAKHO P-CTAHAMH CAJII0 TA T€PMAHIo, a
TaKOXK P-CTAHAMHU KHCHIO, IHTEHCHBHICTh SKUX € IOCTATHHO HI3BKOW. CepeanHa BaJEeHTHOI 30HU yTBO-
peHa 3d-craHaMu TaJIii0, HUXKYE KOTPUX PO3TAINOBaHi 2s-cranu KucHO. Li cranu ribpuamsyorsbes 3 4p
cTaHaMM Tajiilo Ta repMmasiio, depes mo B K [Sy-migeMmyrax rafiio Ta repmaniio sunukaiors K 8”-carenitu.
JlHO BasieHTHOT 30HH YTBOPEHO 3d-CTaHAME MePMAHII0, BHECOK AKHUX y XiMiuHuil 38’430K He3naunuit. Cmy-
ru perTreriBcbkoro sunpominoBanaa Ga i Ge B CazGasGe 014 i doTOCNTEKTPOHHN CIEKTD BAJEHTHUX
enekTpoHiB CazGasGey Q14 meMOHCTPYIOTH XOporry BiamosizuicTh. O K a-cMmyra Jnine HE3HAYHO 3MiHIOE
CBOIO TOHKY cTpPYKTypy miz gac JjeryBanus CazGasGeyO14 Ce abo Eu.

IMomamo moctizKeHHsT BJIACHOT JTIOMIHECIIEHINT i1 Yac 30y/I>KeHHsT PEHTI'€HIBCHKUMU MPOMEHSIMU KPU-

crasiB CazGaoGeyO14 rammorepmanary. Y @-dioserosi cmyru 3 makcumymamu 3a 3.51 eV i 3.1 eV, BusiB-
steri B cionyni CazGasGeysO1y, 1 3a €BOEIO NpHUpOIOI0 HOMIOHI 40 THX, 110 BUSBJILAIOTLCA B OJM3BKOMY 3a
ckmagom rpanari CagGagsGesO1o Ta inmux okcugaux Kpucraiax. OOroBopeHo MOXKJIUBY HPUPOMLY CMYyT
mominecenmii B CasGasGesOqy.

Kurro4oBi cjioBa: CIeKTpU PEHTI'eHIBCHKOTO BUnpoMinoBanus, Ca-rajorepManar, eJIeKTPOHHA, CTPY-

KTypa, JIIOMiHECIIEHITist
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