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The results of the Judd-Ofelt theory application to Pr3* doped Y,SiO; are presented.
For the first time for this matrix, the Q,, Q,, Qg parameters have been determined and
radiative lifetimes of 3P0 and 1D2 multiplet states have been calculated basing on those
parameters. The lifetimes obtained allow the significant influence of the channels of
nonradiative quenching for the 3P0 state to be revealed. A more precise coincidence of
calculated and observed spectroscopic characteristics can be obtained only when taking into
account the influence of 4f5d electron states on 4f2 electron shell properties that is not
considered in the framework of the Judd-Ofelt theory.

IIpencraBiensl pesyiabraTel mpumeHeHus rteopum [ixagma-Odenta K woHy Ipaseommma,
TONMMPOBAHHOIO B KPHCTAJLJ OKCHOPTOCHIMKATA UTTPHUA. Brepsrie onpeseseHsl napaMeTpsl o,
Qy, Qg nNA TaKOW KPHUCTANLINYECKON CTPYKTYPBI M Ha HMX OCHOBE IIPOBEIEHBI DaCYeTHl
paguanMoHHOTO BpPeMeHU KU3HU 3P0 u 1D2 MYJbTUILJIETHBIX cocTosgHuit. IlolyueHHBIE Bpe-
MeHa TO3BOJIUJIM YCTAHOBUTH CYIIECTBEHHOE BIUAHNE KAHAJOB 0e3BhI3IyUaTeIbHOTO TYIIeHUI
IS 3P0 cocTosgHusA. Bojlee ToOuHOE COBHAJEHMNE PACUETHBIX CIEKTPOCKOMMMYECKUX XapakKTe-
PUCTHUK ¢ HaOJIOJaeMbIMU 3HAUEHUSIMU BO3MOJKHO TOJBKO IIPH yuere BAUAHUA 4f5d diek-
TPOHHBIX COCTOSHMUN Ha cBoiicTBa 4f% bIeKTPOHHOHM OGOJOUKU, KOTOpOE B PAMKAX TEOPHU

M:xanna-Odenta He paccMaTpuBaeTcs.

Trivalent praseodymium ion (Pr3*) in a
solid matrix exhibits a complicated energy
level scheme that results in emission within
different spectral ranges. The features of
spectral characteristics of Pr3* promote its
application in lasers [1], in memory cells of
future optical computers [2], and in IR-vis-
ible up-converters. The spectral coincidence
between one of the optical transitions of
doped Pr3* in a Y,SiOg crystal and an argon
laser generation wavelength 488 nm. Opti-
cal properties of Pr3* are governed by the
inner well-screened 472 electron shell. Elec-
trostatic interaction between electrons in
this shell forms LS terms 3H, 3F, 1@, 1D,
3p, 11, and 1S. Due to spin-orbit coupling,
LS terms are split into J multiplets. The
crystal field causes J multiplet splitting
into Stark components. In a real experi-
ment, we can observe as a rule the emission
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from the Stark components. Symmetry and
crystal field strength of a matrix doped
with Pr3* ions define the details of the en-
ergy levels scheme and metastability of dif-
ferent levels. Each crystal doped with Pr3*
ions exhibits its own features of optical
properties. In particular, such features are
revealed as influence of the inner 5d elec-
tron shell on optical transitions inside the
412 electron shell. In Pr3* ion, the lower
level of the 5d shell, which is split by the
crystal field, turned out to be located below
the 180 level of the 4f2 shell. Such a fact
allows a cascade-like radiative decay of Pr3*
to be realized with an emission more than one
photon at the quantum yield exceeding 1.
The unique properties of Pr3* make it a
prospective object to test theories describ-
ing experiments and to establish the right
way in searching the adequate explanation
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Fig. 1. Absorption spectrum of Y28i05:Pr3+
crystal at the 1H4—3P0,1,2 transitions.

of phenomena observed. In this connection,
the Judd-Ofelt theory (J-O) [4, 5] is a very
effective tool to determine radiative charac-
teristics of doped RE ions. In this work,
using the J-O theory, we have obtained the
experimental parameters Q,, Q4, Qg for
Pr3* doped in Y,Si05 and estimated the rate
of nonradiative transitions from metastable
states in relation to the rate of radiative
transitions in this crystal matrix.
YZSiOS:Pr?’+ crystals were grown by Czo-
chralski technique at the Institute for Sin-
gle Crystals, National Academy of Sciences
of Ukraine. Y28i05:Pr3+ crystal structure
belongs to the monoclinic syngony and has
B2/b space group. Entering the crystal lat-
tice, Pr3* ions substitute isomorphically yt-
trium ions and form two optical centers [6].
These crystal sites are characterized by a
low symmetry and lack of central symme-
try, so that the J-O theory can be applied to
this crystal. In this work, only the first
type optical center [6] has been considered.
Absorption spectra of the Y28i05:Pr3+ crys-
tals were recorded at nitrogen temperature
in the 400 nm—1.2 um spectral range. Most
lines of Pr3* multiplet transitions are lo-
cated within the 430—490 nm spectral range
(Fig. 1). The absorption spectrum of
YZSiOS:Pr?’+ crystal is difficult to interpret
due to the fact that Pr3* ions form two
optical centers in the crystal matrix. How-
ever, the lines observed in the absorption
spectrum were ascribed to multiplet transi-
tions of each optical center [6]. Another
group of the spectral lines is located within
570-610 nm and associated with the transi-
tions from the lower Stark components of
the 3H, multiplet to sublevels of the 1D,
multiplet (Fig. 2). The most available group
of lines in the IR range is located near
1 um and associated with transitions be-
tween the levels of 3H,~1G, multiplets (Fig. 3).

16

K, a.u
1,2 3H4-1D
oor
06l

0,31

oo

610 A,nm

0,01
1 1 1 1
560 570 580 590 600

Fig. 2. Absorption spectrum of YZSiOS:Pr3+
crystal at the 1H4—1D2 transition.
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Fig. 3. Absorption spectrum of YZSiOS:Pr3+
crystal at the 1H4—1G4 transition.

The observed radiative transitions of RE
ions in solids are mainly of electro-dipole
character and become allowed due to admix-
ing of the 4" 15d electronic shell quantum
states to wave functions of 4f2 electron
shell. Such a possibility appears due to ex-
istence of the external crystal field. There
are two main approaches in the J-O theory
to consider such systems:

1. All 4f"~15d states are degenerate (i.e.
have the same energy).

2. The energy difference between the 4f"
configuration levels is much less than the
difference between these energies and the
4fr15d state energy.

The use of such statements simplifies
considerably the theoretical problem and
leads to the "simple"” expression describing
the intensity of electro-dipole transitions
between initial J and final J' multiplet
states in the following form:

2
Sy =Y Ol <armu®@aszss. @
£=2,4,6

However, to use this expression for pra-
seodymium ions, it is necessary to deter-
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mine how the states with the same J are
mixed in the crystal matrix. This is con-
nected to the fact that the wave functions
obtained at the same J but from different
LS terms do not diagonalize the spin-orbit
interaction matrix that has the following
form for 4f2 electrons [7]:

(472LSJ |H g |4f2L'S'J) = 2

2n(—1)5’+L+J+1\/%(zm1)(2L’+1)(23+1)(2s’+1)x

X{s LJH 3L3H1/z L 1/2}
L's1|L'381[) s le1 [

Using Slater parameters obtained for
Pr3* ions in Y,SiOs, we have written and
diagonalized the energetic matrix taking
into account the spin-orbit interaction [8].
The diagonalizing basis obtained is pre-
sented in Table.

The known weight coefficients provide

2
the value U(k) = |@r2[J1[UP|472[J'D]” to be
determined after the calculation of reduced
matrix elements of one-electron operators [9]:

ALSW(UPIaf2 LSy =
— S(S,S’) . (_1)S+L’+J+L %
2V(2J+1)(2J"+1)(2L+1)(2L'+1) x

“ L kL Il L1 ) 3)
JS J L'l E

Such calculations are to be carried out
for Pr3* in each specific crystal matrix. The
weight coefficients obtained for Pr3* in

other crystal matrix cannot be used.
Using U(k) values and absorption coeffi-
cients within the multiplets, we can deter-
mine Q,, Q4 and Qg parameters (Eq. 1) [10]:

8n3e2 Nor (n2+2)2 4)
3hc 2J+1 9n “II°

[ kOyar =

absorption
line

where k(L) is the absorption coefficient at
A wavelength; A, the mean wavelength that
corresponds to the multiplet transition; n,
the refractive index of the crystal at the
absorption wavelength; N, the multiplet
population.

For the Y,SiOg crystal the mean refrac-
tive index is —1.795. The conducted calcula-
tions and least-squares fitting of calculated
and measured in the experiment absorption
coefficients provide the Judd-Ofelt intensity
parameters for Pr3* ions in Y,SiOg crystals:

Q, =5.83 - 1020cm2,
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Table. Weight coefficient values

[/] Linear combination of wave functions
[3H,]|0.984|3H,) + 0.169|!G,) - 0.085|3F,)
[°H;] |2Hy)

[3Hg] 0.997|3H) — 0.069|1I) [3F,]

[3F3] |3F)

[®F,1 | 0.861|3F,) - 0.49|1G,) + 0.115[3H,)

'G,] | 0.82|'G,) + 0.507|3F,) — 0.128|3H,)
['Dy]10.922|1D,) - 0.845[3P,) - 0.173|3F,)
[1I4] |1Ig)

[3Py] 0.99(3P,) + 0.103|1S,)

[3P;1 |3P))

[3P,] |0.938]3P,) + 0.343|1D,) — 0.043|3F,)

['So] 0.994|1S,) — 0.103|3P,)

Q, =0.73-10720cm2,

Qg =1.48 - 10 20cm2.

The values obtained exhibit a spread
within 15 % that is a characteristic feature
of praseodymium ion and is associated with
the influence of 5d electron shell states.
The crystal field causes a splitting of this
electron shell states so that the lower state
energy becomes comparable with 3P1 and
higher-lying multimplet state energies [11].
Such a distribution of the energy states is
not considered within the J-O theory. More-
over, the obtained values of intensity pa-
rameters exceed those obtained for praseo-
dymium ion in LaFz; matrix [12], but are
smaller than those obtained in silicate
glasses [13]. That indicates the intermediate
covalence degree of the Y,SiOg matrix.

Using J-O parameters, the spontaneous
radiative emission rates can be calculated
using the following expression [10]:

Ao = 64m3e2  n(n2+2)>2 g (5)
ST Bhe(2J+1)8 9 JI
The total radiative rate is calculated as
6
JV

The calculations provide radiative life-
times for 3P0 and 1D2 multiplet states that
are 23 ps and 134 ps, respectively. The cal-
culated radiative lifetime of the 3P, multi-
plet state is much longer than that observed
in experiment. For the Y,SiOg crystal, the
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experimental radiative lifetime is 5 ps at
nitrogen temperature and is temperature-
dependent. At the same time, the experi-
mental radiative lifetime of the 1D2 multi-
plet state is 110 ps. It slightly differs from
the calculated value and is almost tempera-
ture-independent.

Thus, it has been shown that the radia-
tive lifetimes calculated using the Judd-
Ofelt intensity parameters reveal a good
correlation with the lifetimes observed in
experiments and allow channels of non-ra-
diative relaxation to be estimated with a
high probability. However, the calculation
of absorption coefficients for higher-lying
multiplet states gives a significant spread
of Q,, Q,, Qg parameters that evidences a
strong influence of the 4f25d electron
states. The obtained experimental parame-
ters provide any spectroscopic charac-
teristics of a specified optical center in
Y,SiOg5:Pr3* crystal to be determined after
the calculation of the transition intensity
by Eq. 1 using Eq. 3 and data presented in
Table. The experimental parameters are of
great importance for foreign ions doped in
nano-scale crystals, because their determi-

nation in such matrices presents some diffi-
culties.
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o Ot

3actocyBaHHa Teopil l:xkanma-Odenra mo iona
npa3eoauMy y KPHCTAJi OKCiOpTOCHIIKATYy iTpiro

I1.H.;KEmypin

IIpencrasieno pesyabratu 3acrocyBanHsi Teopii :kamma-Odenra mo ioma mpaseogumy,
IOIIOBAHOI'O0 y KPHCTAJ OKcioprocuiikary irpiro. Bmepiie BudHaueHo mapamMerpu IS TaKol
KpucTaaiyHoil CTPYKTYypH i Ha iX OCHOBiI IIPOBEIEHO PO3PAXYHKH pPaIialliiflHOro 4dacy KHUTTS
MYJbTUIJIETHUX CTAHiB 3P0 Ta 1D2. OrpuMani yacu LO3BOJIMJIN BCTAHOBUTH iCTOTHUI BILIUB
KaHaJiB Oe3BUIIPOMIHIOBAJBLHOI'O TaCiHHS IJs CTaAHy 3PO. Tounimuit 30ir po3paxyHKOBUX
CIIEKTPOCKOIIIYHNX XapPaKTEPUCTHUK i3 CIIOCTEPE:KYBAHUMU SHAUEHHAMH MOMKJIUBUUA TiIbKU
IPpU BPaxyBaHHI BIIMBY €JEKTPOHHMX CTaHiB 4f5d Ha BJIACTHUBOCTI €JI€KTPOHHOI OGOJOHKU
4f2, axe B pamrax rteopil M:xkaxma-Odesra HEe POSIIAALAETHCH.
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