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The wide use of scintillation crystals in
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The optimal conditions for Li,Zn,(MoO,); crystal growth were selected on the basis of
corrected phase diagram. Large undoped and activated by transition metal ions (Cu, Cr,
Fe, Ti) crystals were grown upon these conditions. Charge state and structural position of
transition metal ions were determined by EPR method. Investigations of luminescence
shown that the luminescence with A = 388 nm is observed for undoped crystals at room
temperature. The luminescence lifetime is described by two exponential components, with
relaxation times 1; = 2 ns and 1, = 6 ns. The luminescence with A = 560 nm and lifetime
7=100 nm is observed as for undoped, so as for activated by transition metal ions
crystals at 77 K. Besides, the luminescence intensity with L = 560 nm depends on nature
and concentration of transition metal ions. It is supposed, that cation vacancies, which
ensure the charge compensation of the impurity transition metal ions, are responsible for
the low-temperature luminescence.

Ha ocHoBaHmm OTKOPPEKTUPOBAHHOII (ha30BOM mAuArpaMMbl BbIOPAHBI IIPABUJILHBIE YCIOBUS
pocra Kpucramios Li,Zny,(MoO,); u Beipamens! Kpynabie Kpucraunsr (1o 100 mm) Kak Gecrpu-
MecHBIe, TAK M aKTUBHPOBAHHLIE MOHAMU IepeXoAHBIX MeTayios - Cu, Cr, Fe, Ti. Metomom OIIP
YCTAaHOBJIEHO 3apfAL0OBOE COCTOSHME M CTPYKTYPHOE IIOJIOMKEeHUE MOHOB IePeXOJHBIX MeTaJIJIOB.
IIpoBeseHHBIE HCCIELOBAHNA JIOMUHECIIEHTHLIX CBOMCTB IIOKA3ajM, UTO [IJsA OecIpPHMECHBIX
KPHCTAJIJIOB IPW KOMHATHOI TeMIeparype HalJioJaeTcs JIOMUHecHeHIUA ¢ A = 388 HM c
NBYXOKCIIOHEHIIMAJIbHBIM CIAJ0M JIOMUHECICHIUHA C T; = 2 HCEeK u Ty = 6 Heek. IIpu 77 K xax
IJIs1 GeClIPUMMECHBIX, TaK M I AKTUBUPOBAHHBIX HMOHAMHU II€PEXOMHBIX METAJJIOB KPHCTAJLIOB
HaOJIOmaeTca JIoMUHecHeHua ¢ A= 560 uM u BpemeneM xusHu jgiomuHectnennuu T = 100 Heek,
IIpuYeM HNHTEHCUBHOCTL JIIOMUHECIEHINN ¢ A= 560 HM 3aBHCHUT OT NPUPOALI W KOHIEHTPAIINU
VOHOB II€PEeXOJHLIX MeTaJJIoB. Ilpeamoaraercs, 4To 3a HUSKOTEMIIEPATYPHYIO JIIOMUHECIIEHIIUIO
OTBEUAIOT KATHOHHBLIE BaKaHCHUN, OTBETCTBEHHBIE 34 3apPAJOBYI0 KOMIIEHCAIIMIO IIPHMECHBIX
VOHOB IT€PEXOJHBIX METAJLJIOB.

1. Introduction petition between various crystals growth
groups in the world in search for new scin-

medicine, nuclear research and space pro- tillation materials with higher light output,
grammes stimulates and intensifies a com- light emission in a definite wavelength
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range and shorter decay times. The basic
requirements for scintillators by these
spheres of practical application are the fol-
lowing: an increase in luminosity and de-
crease in decay time till 10 ns for enhanc-
ing energy resolution and reducing exposure
doses under using in medical tomography
machines [1]. In the 1990s the scintillating
characteristics of cerium ion-activated
LU28|O5 (LSO), LU28|207 and LUA|O3 crystals
[2-6] have been revealed, that combine a
large effective atomic number, high light
output and a short decay time. The discov-
ery of the new scintillation crystals — ce-
rium-activated lanthanum  halogenides
(LaBrj:Ce, LaCl;:Ce) in 2000 aroused a great
interest [7]. Having a light output compara-
ble with that of Nal:Tl, they provide a con-
siderably higher energy resolution (approx.
3 % at 662 keV) as well as a short decay
time (approx. 15—-25 ns). All the above men-
tioned scintillation materials did not widely
use because of the complexity and expen-
siveness of growing large crystals.
Recently the interest of researchers has
recently shifted to the field of hexavalent
molybdenum oxide compounds, in particular
due to the fact that these compounds pro-
vide a means of solving the problem of re-
cording neutrinoless double beta decay (0v2[3)
[8]. The significant interest to this problem
is connected with determination of neutrino
mass, while 100Mo is one of the most prom-
ising nuclei for 2B-decay experiments due to
its high transition energy Q2B = 3035 keV
[9]- Thus, molybdates monocrystals can be
potentially used as detectors in such experi-
ments. Oxide ecrystals for cryogenic
bolometric detectors of 2p-decay must have
high light output and transparency, a short
afterglow time, a high content of the ele-
ment studied (here Mo) without any radioac-
tive impurities, as well as be diamagnetic
for attainment of low temperatures meas-
urement. Low density and a small effective
atomic number are also desirable for reduc-
ing the y-background. However, tested crys-
tals of simple molybdates MMoO, (M = Pb,
Mg, Ca, Cd) [10—-14] possess a number of
disadvantageous features (presence of natu-
ral radioactive impurities, a high effective
atomic number, low light output etc.),
which stimulates search for new crystals
with suitable composition and properties.
In recent years there have appeared pub-
lications on growing and studying proper-
ties of ZnMoQO, crystals [15, 16] and
Li»Zn,(MoO4); double molybdate crystals
[17, 19]. The authors of the publications
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[17, 19] were only able to grow crystals
using the Czochralski method with dimen-
sions in centimetre range, which seems to
be primarily connected with the problem of
growth of large homogeneous Li,Zn,(M0QO,)s
crystals. Another impeding problem could
have been the possible nonstoichiometry of
this compound, which prevents creating the
optimal conditions for crystal growth and
causes crystal inhomogeneity and formation
of other phases. But this possibility has not
been taken into account before in studying
the phase diagram of the Li,M0O,-ZnMoO,
system [19, 20].

In the present work on the basis of the
results of our new study for the Li;MoO,—
ZnMoO, system phase diagram [21] optically
homogeneous and virtually stoichiometric
Li»Zn,(MoO,), crystals, both pure and doped
with different transition metal ions, have
been grown by the low-gradient Czochralski
method. We also have investigated the elec-
tronic states of the ions-activators and their
lattice location, as well as the crystals’ lu-
minescent properties at temperatures of 77
and 300 K.

2. Experiment

The crystals were grown from a molten
mixture of Li,CO3, MoO3 and ZnO. As lith-
ium zinc molybdate melts with partial de-
composition: Li,Zn,(MoQy)3 — LioMoO, +
2ZnMoQy, a stoichiometric excess of Li,COj
and MoOj; in the amount of 10-15 mol %
was taken to eliminate formation of
ZnMoOy,.

The optically homogeneous crystals were
grown in the conditions of small tempera-
ture gradients (~1 degree/cm) by the Czo-
chralski method [22] with seed crystals ori-
ented along directions [100] and [010] from
a platinum crucible with 70 mm diameter
and 120 mm height. The rate of pulling was
~0.5 mm/h along [100]. For embedding
transition metals ions into the erystal struc-
ture a certain amount of these metals’ ox-
ides was added to the mixture. The elec-
tronic state and lattice location of the tran-
sition metals ions were investigated by EPR
method. EPR spectra were recorded with a
Varian EPR spectrometer E-109 equipped
with an analog-to-digital data signal con-
verter and proprietary software for storing
and processing spectrum data, at tempera-
tures of 77 and 300 K. Optical absorption
spectra were recorded with a spectro-
photometer in the range 200-800 nm. Lu-
minescence spectra and luminescence life-
times were recorded with a FLS920 Edin-
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Fig. 1. The structure of Li,Zn,(MoO,)5 crystal.

burg Instrument spectrometer and with a
flash photolysis machine in Institute of
Chemical Kinetics and Combustion SB RAS.

3. Resultls and discussion

3.1. Pure LiyZny(MoOy)5 crystals

Large (up to 100 mm) optically homoge-
neous LinZny(MoO,); crystals have been
grown by the Czochralski method. The X-ray
diffraction studies have yielded the follow-
ing results. Composition: Liy_5,ZN5,,(M0QO,)s
(0<x<0.28) at 600°C. Melting point: 885°C
(incongruent). Syngony: rhombic. Structural
formula — Liy_pZNs,,(M0O,)3. Space group —
Pnma, lattice parameters: a = 5.1100(2),
b = 10.5070(6), c = 17.6474(10) , Z = 4, R = 0.0227.
According to the data obtained, there are
three possible zine ion locations in
Li»Zn,(MoQy)s structure (see Fig. 1). The
conducted absorption spectra studies of the
pure Li;Zny(MoQ,); crystals have shown that
the crystals are transparent in the range up
to 300 nm. Study of the luminescent prop-
erties of Li;Zn,(MoQ,); crystals has demon-
strated that upon band-to-band excitation
(300 nm) at room temperature luminescence

with A,,,, =388 nm is observed (see Fig.2
curve I).
Furthermore, luminescence decay at

room temperature reveals a biexponential
dependence with 7y =2 ns and 15 = 6 ns.
Such values of luminescence lifetimes are
unique in the range of the known scintilla-
tors and exceed requirements for the new
scintillators generation.

At 77 K the luminescence spectrum shifts
to the long-wave region with A,, = 560 nm
(see Fig. 2 curve 2). The luminescence ob-
served at 77 K is characterized by lifetime
T = 100 ns, which is also a better value in

370

lium, Q.U 388

20000

15000

10000

5000

560

oF

1 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 A,nm

Fig. 2. Luminescence spectra of pure
LipZn,(MoO,); crystal: I —at 300 K, 2 — at 77 K.
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Fig. 8. Angular dependence of Cr3* ions EPR
spectrum in Li,Zny(MoQ,)5:Cr crystal.

comparison with the widely used BGO crys-
tals. The data obtained on luminescence of
lithium zinec molybdate crystals charac-
terizes them as promising scintillators for
high-energy particles.

3.2. Li22ﬂ2(MOO4)3.'CI’3+

In EPR spectra of Li,Zn,(MoQ,)s crystals
doped with chrome ions (0.01 and
0.1 mol.%) there is an anisotropic EPR
spectrum observed with an effective spin
Seff= 1/2 and g-factors g = 1.9646 and
g, = 3.9394 (Fig. 8).

The observed parameters correspond to
the case of a strong crystal field (hy < D)
for the actual spin state of Cr3* ions with
S =3/2 and gj=1.9646 and g, = 1.9696.
Study of the angular dependence has shown
that there are two magnetically unequiva-
lent positions in the spectrum. Besides, the
angle between them is 7°, which is equiva-
lent to the angular orientation of the
prisms in the oxygen surrounding of zinc
ions M3. I.e. this data allows us to state
that chrome ions occupy zinc M3 location.
Possibility for LiZny(MoQ,); structure to
have lithium and zinc ions in the varied
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M1-M3 locations enables embedding of tri-
valent ions into the crystal structure, pro-
viding charge compensation by means of re-
placing zinc with lithium in the adjacent
oxygen octahedron. Crystals activated by
chrome ions at room temperature and at
77 K exhibited luminescence in the form of
a broad line with a maximum at A,,, =
560 nm, just like in the case of the pure
crystal (see Fig. 2).

3.3. LipZny(MoO,)3:Cu?*

The conducted studies of angular depend-
ence of the EPR spectrum have shown that
copper ions replace zinc ions primarily in
the one of three possible lattice locations —
M2, and these ions have 3d° ground state
with electron spin § = 1/2. The EPR spec-
tra are characterized by the following spin
Hamiltonian parameters: g = 2.88, g, =
2.06, A =116 G, A| =0 G [23]. The vec-
tors of the principle values 8| and A” coin-
cide and correspond to the oxygen-oxygen
direction in the oxygen octahedron of zinc
ions M2. And their values are characteristic
of the octahedral oxygen surrounding of
copper ions.

As was mentioned in the publication [23]
increase of copper ions concentration (0.01,
0.083 and 0.05 mol. %) causes growth of
560 nm luminescence intensity. Dependence
of the line width on the angle between the
direction of the magnetic field vector and
the principle values of g and A-tensors con-
stitutes a specific characteristic of the EPR
spectra observed. Moreover, such a depend-
ence of line width in the EPR spectra is
accompanied by deviation from equidistant
line splitting in the hyperfine structure
spectrum. At the same time, near the prin-
ciple values of A and g-tensors line broaden-
ing is also accompanied by increase of line
splitting (Fig. 4a,b). The studies performed
at temperatures of 77 and 300 K have
shown that line width and line splitting did
not depend on the temperature. Accidental
off-orientation of oxygen octahedra contain-
ing copper ions due to lattice distortion by
other defects could be a possible cause of
such peculiarities in the EPR spectra. Judg-
ing by the structure of lithium =zinc
molybdate crystals itself we can state that
it originally permits lithium and zinc non-
stoichiomentry.

As lithium and zinc ions are differently
charged, this in its turn leads to formation
of cationic vacancies. Embedding bivalent
and higher valence ions of transition metals
into the lattice leads to imbalance of lith-
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Fig. 4. EPR spectra of Cu?* ions in
Li,Zn,(MoO,)5:Cu crystal: a — at g =2.38, b
— nearly to g, = 2.06. The arrows show dis-

placements of EPR lines due to changing of g
and A values.

ium and zinc ions ratio, which generates an
additional number of cationic vacancies in
the localization region of the transition
metal ions for charge compensation. On the
assumption that cationic vacancies in differ-
ent lattice locations randomly distort the
adjacent oxygen surrounding of copper ions
we have conducted a model study of influ-
ence of such distortion on EPR spectra. It
emerged that in this case the reverse situ-
ation occurs near the extreme points of an-
isotropy of g-factor and hyperfine interac-
tion. Lines in small fields for g ~ g,,, in
the spectra modelled prove to be the most
broadened, meanwhile the experimental
spectrum gives lines of minimum width in
small fields and the shortest distances be-
tween transitions (Fig. 4a). In the experi-
mental spectrum for HFS with g=~g,,;, for
quartet transitions in a higher magnetic
field both the line width and line splitting
decrease (Fig. 4b). However the reverse
situation is observed for the spectrum mod-
elled on the assumption of scattering of the
vectors directions of the principle values of
g and A — tensors. Thus, such model pro-
vides no explanation for the peculiarities
observed in the EPR spectrum. On the other
hand, the presence of a cationic vacancy
close to the copper ion as well as varied
distance between the vacancy and the oxy-
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gen octahedron of the copper ion primarily
affect the charge distribution in the oxygen
octahedron and, as a result, values of g-fac-
tors and HFS constants.

At the same time, an increase of the HFS
constant A,, is virtually always observed
along with a decrease of g,,. Such a scatter
of the parameters results in transition lines
less affected by disturbances in small fields
for g,, and remaining narrow. The transi-
tion lines (within one HFS quartet) broaden
in high fields and the distance between
them increases. Moreover, g-factor wvari-
ations cause a shift of all the lines in the
quartet of the copper ion hyperfine struc-
ture. And a variation (decrease) of the HFS
constants leads to a situation when the lines
shift depends on the value and sign of the
projection of the nuclear magnetic moment.
Consequently, this results in a different
shift of the transition lines and non-equidis-
tance between them (see Fig. 4a). For the
EPR spectrum near g,,, g,y an analogous
situation occurs: the transition lines remain
narrow in high fields and along with mag-
netic field decrease the EPR spectrum lines
broaden and the distance between them in-
creases (Fig. 4b). This data provides direct
evidence that there are cationic vacancies
close to the copper ion location. And it is
their random distribution in the structure
exactly that leads to scatter of the values of
g-factors and HFS constants.

In order to test scintillation properties of
Li»Zn,(MoO,); crystals, their cathode-lumi-
nescence has been studied. The studies per-
formed have revealed that cathode-lumines-
cence is also observed with the maximum at
560 nm. And intensity of cathode-lumines-
cence of a copper-doped Li,Zny,(MoO,); sam-
ple as well as of luminescence in the range
of 560 nm grows along with temperature
decrease. Such a dependence of the photolu-
minescence and cathode-luminescence inten-
sity on the copper ion concentration gave us
grounds to suggest that the copper ions are
responsible for the low-temperature lumi-
nescence with A, = 560 nm [23]. How-
ever, as further studies of both pure crys-
tals and crystals doped with other transi-
tion metal ions demonstrated, the
luminescence with 2,, = 560 nm is not
primarily connected with embedding of cop-
per ions into the structure of Li,Zn,(MoQ,);
crystals.

3.4. Li22ﬂ2(MOO4)3.'F93+

Incorporating 0.01 mol. % of iron ions
into the structure of LipZny(MoO,)s crystals
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imparted a grey colour to the ecrystals and
significantly deteriorated transmission spec-
tra in the visible wavelength range. More-
over, an intensive absorption band appeared
in the range of 500 nm in optical spectra.
Crystals activated by iron ions also demon-
strated luminescent properties. Unlike with
copper ions, here maximum luminescence
was observed at 520 nm. Study of the EPR
spectra in the range 9.5 and 35 GHz has
shown that iron ions occupy lattice location
M2 in Li,Zny,(MoQy,)3 crystal with the charge
state Fe3*. Analysis of the angular depend-
ence of EPR spectra using the program [24]
allowed us to calculate the fine structure
parameters for Fe3*, which respectively
equal the following values: S = 5/2, g = 2.00,
D =1800 G and E =16 G. EPR spectra of
iron ions in lithium zinc molybdate crystals
are characterized by variation of the line
width depending on the crystal orientation
from 200 to 500 G. But at the same time,
the line width does not depend on the tem-
perature, just like in the case with copper
ions. The effects observed in the copper
EPR spectra give an insight into the factors
causing such broad lines in the iron EPR
spectra. The dependence of charge distribu-
tion on the distance from a cationic vacancy
determines the scatter of the crystalline
field parameters D and E. This leads to the

situation when for the angle ¢ = 54°
ZDi(Scos2(p — 1) goes to zero and the EPR

spectrum line width equals 200 G. And as
the angle deviates from 54° the set of pa-
rameters D; leads to a visible broadening of
the EPR spectrum lines.

3.5. LinZny(MoO,)5: Ti**

LioZn,(MoOy); crystals doped with Ti4*,
just like pure crystals, were grown in the
conditions of small temperature gradients
(~1 degree/cm) from a molten mixture with
a stoichiometric excess of Li,CO5; and MoO4
in the amount of 10-15 mol %, with seed
crystals oriented along [010]. For the dop-
ing TiO, was added to the mixture. The
growth rate of the homogeneous crystals
doped with titanium in the amount up to
several percent was found to be virtually
the same as that of the pure crystals:
~0.5 mm/h, which appears to be determined
by isostructurality of LisZny(MoO,); and
Li3Tig 75(M0Q,)5 crystals (Fig. 5).

In the absorption spectra of
Li»Zn,(MoO,), crystals activated by 0.02 and
0.2 mol. % of titanium additional lines did
not appear in the visible region. No tita-
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8

Fig. 5. As-grown
doped by Ti** ions.

Li,Zn,(MoO,); crystals,

nium spectra are observed in the EPR spec-
tra of the crystals. This means that tita-
nium is diamagnetic and is embedded in
Li,Zny(MoO,); structure in the state Ti%*.
Owing to absence of EPR spectra it’s diffi-
cult to speak about the lattice location of
the titanium ions. Probably they occupy the
molybdenum location. In this case however
the luminescence intensity with A = 560 nm
has to decrease along with growth of tita-
nium concentration, because an excessive
amount of bivalent zinc is required in lith-
ium locations for charge compensation. Ex-
perimentally the reverse dependence is ob-
served, i.e. along with growth of titanium
concentration in the growing medium the
luminescence intensity with A = 560 nm in-
creases. At the same time titanium-doped
crystals grow well only with an excess of
lithium ions in the growing system, which
substantiates our assumption that titanium
ions occupy zinc locations. The studies of
luminescent properties of Li,Zny(MoQ,);
crystals activated by titanium ions reveal a
more intensive luminescence with A = 560 nm
in comparison with crystals activated by
other ions. This gives us grounds to assume
that, like in the case of other transition
metals ions, titanium ions primarily occupy
zinc location generating additional cationic
vacancies. In Fig. 6 luminescence spectra of
LirZn,(MoQy,)s crystals are shown for differ-
ent titanium concentrations at room tem-
perature and 77 K. The same as in the case
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Fig. 6. Luminescence spectra of
Li,Zn,(MoO,)4+Ti crystals: I — doped by
0.2 % Ti, T=77K; 2 — doped by 0.2 % Ti,
T=300K; 3 —0.02%Ti, T=77TK; 4 —
0.02 % Ti, T = 300 K.

of other transition metals ions, here the lumi-
nescence intensity with A = 560 nm increases
along with temperature decrease.

4. Conclusions

Large crystals, both pure and doped with
different transition metal ions — Cu, Fe,
Cr, Ti, have been grown by the low-gradient
Czochralski method. The conducted studies
of LizZny(MoQy,); allowed us to determine
the charge state and lattice location for Cu,
Fe, Cr ions. It has been found that lumines-
cence with very short lifetimes is observed
in pure Li,Zny(MoO,); crystals, that allows
us to speak about the crystals as a promis-
ing scintillation material. It has been deter-
mined that low-temperature luminescence
with A,,. =560 nm depends on both the
nature of transition metals ions and their
concentration. It is assumed that low-tem-
perature luminescence is defined by cationic
vacancies providing charge compensation of
transition metals ions.
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Zavodskaya

Boaue moMilmIKOBHX i0OHIB mepexifHMX MeTaJiB Ha
JIOMiHecIleHTHiI BiaacTuBocTi kpucraxis Li,Zn,(MoO,);

B.A.Hadonrunnwii, A.A.Ilaénwr, A.A.Padyn, A.A.Tpugonos,
C.® Conodosnuxos, 3.A. Conodosénurxoea, 0.C. 3onomosa,
B.®. Ilnocnun, M.I.Paxmanoéa, €.I''bozycnaécoxuil

Ha ocHoBi oTkoperoBanoi (asoBoi miarpamMu BHUOpPaHO NPAaBUJBHI YMOBHU POCTY KPUCTAJIB
Li,Zn,(MoQ,); i Bupomeno Benuki xpucranmu (o 100 mm) sk Gesgmomimikosi, Tak i axrusoBami
iomamu nepexigamx meraxis - Cu, Cr, Fe, Ti. Merogom EIIP BcTaHOBIEHO 3apsagoBHMil cTaH i
CTPYKTYPHE MOJIOXKEHHS i0HiB mepeximumx merasis. IIpoBemeni mociimsKeHHs JIOMiHECIIEHTHHX
BJIACTHUBOCTEH IIOKAa3aju, M0 AJs 0e3JOMIIIKOBMX KPHCTAJIIB IpU KiMHATHIiII TemmepaTypi cioc-
Tepiraersca goMiHecmeHnnia 3 A = 388 HM 3 JBOEKCIOHEHI[IAJbHUM CIAZOM JIOMiHECIeHITil
3 T = 2 HCeK u Ty = 6 mecek. Ilpu 77 K sk maa GesmomimrKoBuX, TaK i AIA aKTHBOBAHUX
ioHamMu mepexigHUX MeTaNiB KPUCTANIIB crocrepiraerbes JoMiHecieHiisa 3 A= 560 um i vacom
sKuTTA JoMiHecieHnii T = 100 Hcexk, mpuyoMy iHTEHCHUBHIiCThL JOMiHecieHIil 3 A= 560 um
3aJIeKUTh BiJg mpupoxu i KoHmeHTparil iouiB mepeximuux meraxais. IIpunmyckaerbes, 110 3a
HHU3bKOTEMIIEPATYPHY JIIOMiHECIeHI[il0 BimmoBigaioTh Kariomui Baxkancii, BigmoBimananui 3a
3apsAJ0BYy KOMIIEHCAIil0 JOMIIIKOBUX iOHIB mepeximHmxX merasis.
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