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Diffuse reflection, luminescence, and luminescence excitation spectra of double alkali-
aluminum phosphate MAIP,O; (M = Na, K, Cs) crystals doped with chromium ion have been
considered. The reflection spectrum bands have been ascribed to excitation of Cr®* ion in
the crystal lattice. The luminescence spectra include two main bands lying in the green-or-
ange and red spectral regions, respectively. Influence of the alkali metal cation on the
“"red” luminescence band position has been considered. The complex structure of the
"green-orange” band has been shown to be due to superposition of the matrix intrinsic
emission and extrinsic emission of chromium ions included in CrO, 2= groups. The "red”
luminescence band is caused by radiative transitions in Cr3* ions being in octahedral
oxygen environment. Influence of the crystal field, alkali cation type, and the crystal
structure type on its spectral characteristics has been discussed.

TIpoBeneH aHanuU3 CIEKTPOB AUMPPYIHOrO OTPAKEHUA, XAPAKTEPUCTUK JIOMUHECIEHIIUN U
ee BOSOYMIeHUA KPUCTAJNIOB ABOUHBIX (PocdaToB INEJOYHOro MeTalaa U ANIOMUHUA PAa
MAIP,0, (M =Na, K, Cs) nerupoBannbix moHaMu xpoma. IIoJoCEI B CHEKTPAX OTPaXKeHHA
0GycIIoBIeHBl BOBOYKIEHNEM MOHOB XpoMa Cri* B pemrerke kpueranna. CIEeKTPHl JTIOMKHe-
CIIEHIIUH! COCTOSAT M3 ABYX OCHOBHEIX II0JIOC, KOTOPLIE PACIIOJNOMEHLI B 3€JI€HO-OPAHMKEBON U
KpAacHOM 00JacTaX CHeKTPa, COOTBETCTBEHHO. PaccMOTpeHO BAMSHNIE THUMNA KATHOHA IeJou-
HOT'O METAJIJIa Ha I0J0KeHHe KPAacHOH II0JIOoChHl JIoMUHecleHnuu. [[oKa3aHo, 4To CAOMKHAS
CTPYKTypa ' 3€JIeHO-OPaHKeBOI IOJIOCHl JIOMUHECIIEHIINU 00yCJIOBJIeHA CYNepIosuliueiil coo-
CTBEHHOTO CBEUEHUS ManI/IILI)I KPHCTALJIa ¥ IPUMECHLIX MOHOB XpoMa, KOTOPLIe BXOAAT B
COCTAB T'PYIIILI CrO4 "Kpacuaa” moJioca JIOMHUHECIEHIIUU OOYCHAOBJIEHA U3IyUYATENbHBIMU
nepexogamMu B uoHax Cri* B OKTasIpUUECKOM KHUCIOPOLHOM OKDPYIKEHHUU. PaceMarpusaercs
BAMAHNE KPUCTAJNJIUYECKOTO IIOJS, THUIIA KATHOHOB INEJOYHOI'0 METAJJIA U CTPYKTYPHOI'O
THUIIA KPUCTAJIA HA €ro CIeKTPaJbHble XapaKTePUCTUKU.

© 2005 — Institute for Single Crystals

Recently, an increasing interest is ob-
served in investigation of spectral properties
of double phosphates doped with transition
and rare-earth metal ions. This is due to the
possible use thereof as laser materials gener-
ating in a wide spectral range as well as ma-
terials for ionizing radiation sensors. Chro-
mium ions are among most popular activa-
tors. Those are used as generating ions in
laser crystals, effective sensitizers of triva-
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lent rare-earth ion luminescence, ete. [1, 2].
The use of chromium ions in various sen-
sors is known as well [3]. Numerous works
are aimed at study of energy transfer and
redistribution processes in a doped crystal
matrix under interaction with exciting ra-
diation. A great attention is given also to
formation of various luminescence center
types in various nearest neighborhoods. Un-
fortunately, the influence of the crystal
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Fig. 1. Luminescence spectra of MAIP,0,(Cr)
crystals: M = Na (1), K (2). C, = 0.02 mass %,
hoy = 337.1 nm.

structure type on the above-mentioned proc-
esses remains still scarcely elucidated in lit-
erature. In this connection, this work is
aimed at consideration of spectral proper-
ties of chromium doped double pyrophos-
phates MAIP,O; (M= Na, K, Cs) where the
structure depends on the alkali metal cat-
ion. Indeed, the MAIP,O4(Cr) compounds are
not isotypic (although belonging to one and
the same monoclinic system of the P2;/c
space group), but are crystallized in various
structure types. The Na containing crystals
exhibit one type while those with K and Cs,
another. The oxygen coordination of the al-
kali metal cation is different (10 for M=K,
Cs but 8 for M = Na) as well as the arrange-
ment thereof in the channel cavities of the
3D frameworks and the number and shape
of the formed cavities [4, 5]. That is why
just the above-mentioned compounds
MAIP,O; (M=Na - K — Cs) were used as
the materials for doping with chromium
ions.

The polycrystalline samples of MAIP,O,
(M=Na, K, Cs) were synthesized from
melted mixtures of M,0-Al,03-P,0g5 ox-
ides, all the materials were of chemical
purity grade. The activator ions were in-
troduced by adding Cr,O5 to the mixture,
the chromium concentration in the raw
mixture was 0.02 or 0.08 % by mass. The
luminescence was studies at 4.2, 77, and
300 K using a liquid helium or liquid ni-
trogen cryostat, respectively, in the first
two cases. The luminescence was excited
using a ILGI-501 (A,, = 837.1 nm) or LG-22
(M = 632.8 nm) laser. The luminescence
excitation spectra were studied using a
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Fig. 2. Luminescence excitation spectra of
MAIP,0,(Cr) crystals: M = Na (1), K (2). Cg, =
0.02 % (mass), A,, = 740 nm. T = 300 K (a),
77 K (b).

DXeE1-1000 xenon lamp (the exciting wave-
length region 300 to 650 nm). The emission
was extended into spectrum by a DMR-4
double prism monochromator. A DFS-12
spectrometer (reciprocal linear dispersion
10 A/mm) was used to record the lumines-
cence and luminescence excitation spectra.
The differential reflection spectra (for chro-
mium doped samples against undoped ones)
were taken using a SPECORD M40 spec-
trometer.

Under excitation from the 300-650 nm
exciting wavelength region 4, (33000-
14500 em™1 excitation frequencies), the
chromium doped aluminum double pyro-
phosphates show an intense luminescence
within essentially entire visible light re-
gion. The emission spectra comprise two
bands: a short-wavelength one ("green-or-
ange”) in the 350—-650 nm range with the
envelope maximum (A,) about 550 nm at
the sample temperature from 4.2 to 300 K,
and a longer-wavelength ("red”) band in the
700-850 nm range with A, at 730-750 nm.
The position and structure of those bands
depend on the dopant concentration, the sam-
ple temperature, the exciting wavelength and
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Fig. 8. Diffuse reflection spectra of MCrP,0,
crystals: M=Na (I), K (2), Cs (3) and
KAIP,O,(Cr) crystal (Cg, = 0.08 mass %).
T = 300 K.

the alkali metal cation (Figs. 1, 4, 5). Let
the alkali metal cation influence in the
Na - K — Cs sequence on the spectral and
luminescence properties of the MAIP,04(Cr)
be considered in more detail. The short-
wavelength luminescence band asymmetry
and the presence of inflections and maxima
therein (Fig. 1) evidences its complex char-
acter. It consists no doubt of several weakly
distinguishable components. Any effect of
the alkali metal component on the band
structure is not observed. In contrast, as to
the red luminescence band, its maximum is
shifted towards longer wavelengths in the
Na - K — Cs sequence (see Fig. 1). In the
excitation spectra of that band, two broad
bands are present lying in the 550-700 nm
(18180-14300 cm™!, Band I) and 380-
525 nm (26300-19000 cm~!, Band II) as
well as a low intensity band in the UV re-
gion at 280-350 nm (35700-28600 cm™1,
Band III) (see Fig. 2). The Bands I and II
are seen to be complex, 3 to 5 components
can be distinguished therein for each sam-
ple. The whole excitation spectrum for
KAIP,0,(Cr) crystals is seen to shift a little
towards longer wavelengths as the tempera-
ture drops down to 77 K. The temperature
lowering can be noted to result in increased
relative intensity of the Band II for Na-con-
taining crystals and in enhanced separation of
the Band I components for all the samples.
Besides of the luminescence properties of
MAIP,O; (M = Na, K, Cs) crystals, the re-
flection spectra thereof were studied. Fig. 3
presents the reflection spectra of crystal
matrices for double chromium pyrophos-
phates MCrP,O; (M =Na, K, Cs) and
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Fig. 4. Luminescence spectra of MAIP,0,(Cr)
crystals: M=Na (1), K (2), Cs (3). Cg, =
0.08 mass %, T =300 K, %, = 632.8 nm.

KAIP,07(Cr) crystals. In the reflection spec-
tra of MCrP,05, four (at M = Na, K) or three
(at M = Cs) bands are observed in the follow-
ing spectral regions: 12500-18500 (I),
18500-25500 (1I1), 25500-30000 (III), and
30500-84500 (IV) cm~! (at M=Na, K) and
11500-17500 (I), 17500-26000 (II), and
28000-33300 (III) cm~! (at M=Cs). For
KCrP,0O; crystals, the intensity of the all
four bands is higher, and the III and IV
bands are better separated. The relative in-
tensity of the IV band is increased when
passing from Na to Cs. In the reflection
spectra of MAIP,0,(Cr) crystals, only the
bands I and II have been studied lying in
the same spectral region as the correspond-
ing bands for MCrP,0O,; phosphates. For all
the samples, the I band is seen to be com-
plex and at least three components can be
distinguished therein. The maxima positions
for those components remains essentially
unchanged when passing from Na to Cs. For
KAIP,07(Cr) double phosphate, the values
thereof (shown by arrows in Fig. 3) are
about 15870 (630), 14925 (670) and 14180
(705) ecm™! (nm). Thus, when comparing the
reflection spectra and the luminescence ex-
citation ones, it is to note the general simi-
larity thereof as well a certain similarity in
details such as the Band I structure, etec.
(cf. Figs. 2 and 3).

Let the "red” luminescence band behav-
ior be considered in more detail as the alkali
cation chances in the Na - K —» Cs se-
quence. The long-wavelength excitation
within limits of the Band I of the lumines-
cence excitation spectra initiates the broad
"red” luminescence band. The band maxi-
mum is shifted towards longer wavelengths
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Fig. 5. Luminescence spectra of MAIP,0,(Cr)
crystals: M = Na (1), K (2). Cs, = 0.02 mass %,
hop = 623.8 nm. T = 4.2 K. C, = 0.02 mass %(a),
0.08 mass % (b).

by about 10 nm when passing from Na to K
and by about 20 nm when passing from K to
Cs (Fig. 4). Another feature of the "red”
luminescence band consists in a thin struc-
ture shaped as a narrow peak and a shoul-
der that is observable as the temperature is
4.2 K. The position of those components de-
pends on the alkali metal cation, being
shifted towards longer wavelengths by
about 2 nm when passing from Na to K. So,
the narrow peak is at about 607 and 609 nm
for NaAIP,O,(Cr) and KAIP,O,(Cr) crystals,
respectively. As to the shoulder, it is better
observable for NaAIP,0/(Cr) crystals and less
visible for KAIP,0,(Cr) ones (Fig. 5).

The results obtained show that the lumi-
nescence of chromium-doped MAIP,O, (M =
Na, K, Cs) crystals is similar in charac-
teristics for all the crystals. For example,
the two bands ("geen-orange”™ and “red”
ones) in CsAlIP,04(Cr) crystal luminescence
spectra are similar in position and structure
to the corresponding bands in luminescence
spectra of for NaAlP,0,(Cr) and KAIP,O,(Cr)
ones [6, 7]. Since the changes in
CsAIP,04(Cr) crystal luminescence spectra
caused by variation of temperature, excita-
tion wavelength, and chromium ion concen-
tration are similar to the corresponding
changes observed for Na and K containing
crystals, the emission nature for all three
studied crystal types is no doubt the same.
Thus, the luminescence is due to the erystal
matrix that generates intrinsic emission as
well as to chromium impurity ions inducing
the emission of luminescence centers includ-
ing those ions. The "blue-green” emission of
the matrix may be due to various factors,
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both inherent in the matrix itself and
caused by uncontrollable effects. The ex-
perimental results and literature data avail-
able to date are insufficient for discussion
on that emission. To consider the emission
of extrinsic chromate centers, data are nec-
essary on possible variants of chromium ion
entry to pyrophosphate crystal lattice and
chromium ion spectral properties in oxide
crystals.

Luminescence of octahedrally coordi-
nated chromium ion Cr3* in solids is known
to appear as a broad red band and/or as two
narrow so-called R-lines. The latter, if pre-
sent, should be positioned at the short-
wavelength side of the "red” emission band.
The bands and lines mentioned have max-
ima in the 670-800 nm range that is de-
fined by the strength of crystal field Dq
containing the Cr3* ion [2, 8-10]. The R-
lines are known to be caused by the
2E — 44, transition while the "red” band is
identified to correspond to radiative transi-
tions 4T, — 44, where %44, is the ground
state of Cr3* ion.

In principle, Cr3* ions may also occupy
the positions of other cations in the
MAIP,0; crystal lattice, namely, those of
M ions (M = Na, K, Cs) as well as of P3*,
However, in those cases, the situation is
much more complex than at substitution
Cr3* for AIR* due to inconsistency in
ionic radii and charges. The radius ratios
of Cr3* jon to alkali metal and phosphorus
ones are as follows: R(Cr3*)/R(Na*) = 0.653;
R(Cr3*)/R(K*) = 0.446; R(Cr3*)/R(Cs*) = 0.371;
R(Cr3*)/R(P%*) = 3.62. Nevertheless, the
possibility of Cr3* ion substitution for alkali
metals cannot be excluded completely. In
this case, only the excess charge 2+ must be
compensated, for example, at the expense of
two vacancies of neighboring alkali metal
ions. It is to note also that chromium may
occupy in prineiple the phosphorus ion site,
but in this case, chromium must be in an-
other charge state. Numerous natural and
synthetic compounds are known where chro-
mium is in tetrahedral oxygen environment
and bears +6 charge [11]. In defect-free
MAIP,0- crystals, the are no "pure” tetrahe-
dral groups; however, diphosphate groups
P,O; in that crystal can be considered to be
formed by two PO, groups having one com-
mon oxygen ion. In such groups, phosphorus
ions are surrounded by four oxygen ions.
Thus, the part O3—P-O of the diphosphate
group can be considered as a PO, tetrahedron
distorted in geometry and charge. In this
case, the ratio R(Cr®*)/R(P%*) = 1.76 and is
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relatively acceptable for Cr8* substitution
for phosphorus ion. This variant requires
compensation of effective charge +1, for ex-
ample, at the expense of one alkali ion va-
cancy.

Thus, when considering the variants of
chromium ion entering to the MAIP,0O5 crys-
tal lattice, both the Cr3* ion substitution
for aluminum ion and Cr®* ion substitution
for phosphorus ion in diphosphate croup
with formation of a O3—P—(0O-Cr-0Oj). The
(O-Cr=03) group electron structure is of
course far from that of the ideal CrO,2-
tetrahedron. On the other hand, however, it
is just distorted CrO, tetrahedrons in oxide
crystal matrices have been shown to be the
source of photo- and X-ray luminescence
[12-15]. In fact, when comparing the lumi-
nescence characteristics and excitation spec-
tra obtained in this work for MAIP,04(Cr)
crystals with those of molecular CrO42-
groups present as impurities in various ma-
trices (alkali halide crystals, alkali and al-
kali-earth halide crystals and glasses [12,
13]) or as components of complex oxide
crystals (alkali and alkali-earth chromates,
ete. [14, 15]), it is seen that the long-wave-
length components of the "green-orange” lu-
minescence can be ascribed just to CrO42‘
groups. Moreover, the CrO42‘ group may be
also the core of complex centers emitting in
the 600-800 nm range. The complex emis-
sion centers are formed mainly in crystals
containing defects (oxygen vacancies, posi-
tively charged impurities, and F-centers).
Thus, in chromium-doped crystals, the in-
trinsic "blue-green” emission of the matrix
is supplemented by the “green-orange”
emission of distorted molecular CrO42‘
groups. The emission of complex centers in-
cluding those groups may be responsible
also for the "red” luminescence of the doped
crystals. However, taking into account that
(i) that band differs in the shape from those
observed for complex CrO42‘ centers, (ii)
the formation probability of such centers is
rather low as compared to that of centers
including Cr3* ions, and (iii) the presence of
lines that can be identified as the R-lines of
Cr3* ion luminescence, the "red” lumines-
cence band of MAIP,O,(Cr) crystals is due
mainly (in particular, at low temperatures
such as 4.2 and 77 K) to radiative transi-
tions in Cr3* ions.

The concepts of superposition in lumines-
cence spectra (the intrinsic matrix emission
+ emission of impurity Cr3* ions + emission
of centers including molecular CrO42‘
groups) make it possible to explain the
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changes taking place in the luminescence
spectra depending on the alkali metal cation
and the dopant concentration. Those
changes in the shape, relative intensity, and
maximum position of the “green-orange”
and "red” bands (Figs. 1, 4, 5) seem to be
due to changing contributions of specific cen-
ters to the resulting spectra, depending on
the cation type in the crystal and on the
amount of chromium ions involved in forma-
tion of the emission centers. The short-wave-
length excitation of MAIP,O4(Cr) crystals
within limits of the Band III of excitation
spectra (in particular, at XA, = 337.1 nm)
gives rise to the intrinsic matrix emission
and emission of distorted CrO42‘ groups
that results in formation of the "blue-green-
orange” luminescence band consisting of
several components (Fig. 1).

Changes in the red luminescence band shape
and width (Figs. 4, 5) at A,, = 632.8 nm are
explainable in part by temperature depend-
ence of electron vibration interaction at the
4T, — 4A, transition responsible for the
"red” band. As the temperature drops, the
electron vibration interaction becomes weak-
ened, thus causing the band narrowing.
Moreover, the occupancy of the 2E level in-
creases considerably as the temperature de-
creases while that of the 4T2 one drops.
These factors result in appearance of the
spectrum details that are concealed at high
temperatures, in particular, of the narrow
R-lines of 2E — 4A2 transition.

The red shift of the "red” luminescence
band maximum at the passage from Na to
Cs as well as the similar shift in the "red”
luminescence excitation spectra at low tem-
peratures is explained as follows. It is
known that the electron transition energies
and the positions of corresponding bands in
the reflection and luminescence spectra are
calculated for Cr3* ions within the crystal
field theory where those are defined by the
crystal field parameter Dqg and the Rack
parameter B. The ionic radius increase in
the Na —» K — Cs sequence (0.095, 0.133, and
0.167 nm, respectively) seems to result in re-
duction of the Dq/B value that, in turn, ac-
cording to the Tanabe-Sugano diagram, must
cause a reduction of the 4T2 - 4A2 transi-
tion energy that defines the "red” lumines-
cence band, that is, its red shift.

To conclude, the luminescence of
MAIP,0O; crystals (M = Na, K, Cs) doped with
chromium ions is a superposition of the in-
trinsic matrix emission and emission of cen-
ters including chromium ions. The "green-
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orange” luminescence (450—650 nm range)
is due to the intrinsic matrix emission
(short-wavelength components) and the
emission of molecular CrO42‘ groups that
are responsible mainly for the long-wave-
length components of that band. The "red”
luminescence band of MAIP,04(Cr) crystals
and narrow peaks at its short-wavelength
wing are caused mainly by Cr3* impurity
ions that substitute the lattice AI3* ions and
are in octahedral oxygen environment. The
influence of alkali metal cations in the
Na —» K — Cs sequence overcomes the effect
of the crystal structure type change on the
spectral and luminescence properties of
MAIP,0, crystals.
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OnTuyHi Ta CHEKTPOCKOIIIYHI XapaKTepHUCTHKH
noaBinHENX ¢ocdariB JyKHUX METAJNIB Ta aJIOMiHIiIO,
JETOBAHUX 10HAMH XpOMY

C.Hedinvko, O.'omenwk, I''Y maneysv, H.Cmyco,
M.Cnobodanux, B.Boiixo, B.lllenydvro

ITpoBemeno amamnis cuekTpiB gudysHoro BigOuBaHHSA, XapaKTepPHUCTUK JIOMiHecHeHIil Ta ii
30yKeHHA KpucTaliB moasifiEmx Qocdarie myuoro merany Ta amominino paxy MAIP,O,
(M = Na, K, Cs) gerosaunux ionamu xpomy. CMyru y crnexrpax BifOUBAHHS MOSCHIOTHCA AK
Taki, 1o 3yMOBJeHi s36ymskeHHAM ioHiB xpomy Cre* y rparmi xpmerasa. CrexTpw moMine-
CIleHITi1 CKJIaJalThCA 3 JBOX OCHOBHUX CMYT, AKi 3HAXOJAATHCA y B3€JeHO-OPaHIKEeBIil Ta
YyepBOHiH 00JaCTAX CHEKTPY BiAmoBigHO. PO3radgHyTO BIJIWB THUNY KaTioHA JYIKHOTO METANY
Ha TOJIOMKEHHA UePBOHOI cMyru mioMimecrientiii. Ilokasamo, 1o cKJIagHa CTPYKTypa — 3ele-
HO-OPAHMKeBOI CMYTH JIIOMiHecIleHI[ii 3yMOBJIeHa CYIEPITO3UIIiC€I0 BJIACHOTO CBiUeHHA MAaT-
puIi Kpucrajga Ta JOMIIIKOBUX 10HIB XpoMy, IO BXOZATH 4O CKJIALY TPYIH CrO42‘. "Yepso-
Hy" cMyry JOMiHecHeHNiI 3yMOBJIEHO BHIPOMIHIOBAIBHAMU IepexojzamMu B iomax Cro* s
OKTaeIPUYHOMY KHCHEBOMY oOToueHHi. Poarigmaerbcs BIJINUB KPUCTANIYHOIO [OJH, TUILY
KaTioHIB JIy’KHOI'O MeTajJy Ta CTPYKTYPHOrO THUIIY KPHCTAjla Ha HOro CIEeKTpPaJIbHI xapakre-

PUCTHUKH.
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