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In this paper spectroscopic investigations of GdzGasO12 (GGG) polycrystals, containing Cr®" and intention-
ally doped with Pr3" of concentrations 0.5, 1 and 1.5 mol% are presented. We have measured the steady state
luminescence and luminescence excitation spectra, as well as the time resolved spectra and luminescence kinetics.
The main goal was to investigate the excitation energy transfer from lattice to impurity and between impurities.
We found that relative intensity of Cr3" and GGG lattice luminescence decreased when material was doped with
Pr3*. On the other hand, time resolved spectroscopy and luminescence decay measurements showed that the
Cr** and GGG lattice luminescence decays were independent of Pr3* content. The lifetime of Pr®* luminescence
related to Dy — 3H, and 3Po — 3H, transitions decreased with concentration of Pr3+, which was attributed to the
concentration luminescence quenching. No energy transfer between GGG lattice defects and Cr3*, and Pr3* ions
was observed. We proposed the model of radiative recombination of electron and hole, which took place through
three independent pathways: by GGG host emission that peaked at 12750 cm™!, by Cr®* luminescence that

peaked at 15400 cm ™!, and by Pr3" luminescence.

PACS numbers: 78.55.Hx, 78.60.Kn, 78.70.En

1. Introduction

The gadolinium gallium garnet crystals GdsGasOq2
(GGG) doped with RE3T (RE = rare earth) ions are in-
teresting materials for solid state lasers. The laser action
has been reported in GGG:Nd?**, in the spectral range
1.06-1.42 pm |1, 2| and in GGG:Yb?**, in the spectral
range 1.048 pm [3-5]. The GGG crystals doped with
various rare-earth ions (Eu®*, Pr3* Tb3*, Er** [6] and
Tm?**, and Yb3*t [7]) have been also used for demon-
stration of up-conversion processes. GGG doped with
Cr?* and rare earth have been used as scintillation and
dosimetric materials [8]. Above applications caused the
direction of the research focused on nature of lumines-
cence and mechanisms of the excitation energy transfer
from lattice to luminescence centers.

In this paper spectroscopic investigations of GGG
polycrystals, containing Cr3* and intentionally doped
with Pr3t of concentration 0.5, 1 and 1.5 mol%, are pre-
sented. We measured the steady state luminescence and
luminescence excitation spectra, as well as the time re-
solved spectra and luminescence kinetics. The main goal
was to investigate the excitation energy transfer from lat-
tice to impurity and between impurities.
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2. Experimental

The ceramic samples were prepared by standard ce-
ramic technology such as high temperature solid-state
synthesis. High-purity powders of GasO3 and Gd;Oj3
(99.999% purity on a caution basis) were used as starting
materials. The impurities were entered as ProO3 oxide
(99.99%). The content of Pr impurity varies from 0.5
to 1.5 mol%. Oxide powders were mechanically mixed
in agate mortar till receipt of homogeneous mass. Pel-
lets were formed by uniaxial pressing of the powders in
a steel die (8 mm in diameter) at 150 kg/cm? and heated
for 10-12 h at 1200°C.

Powder X-ray diffraction (XRD) was carried out at
room temperature on a STOE STADI P diffractometer
with the Bragg—Brentano geometry using Cu K, radia-
tion. The diffraction peaks of the powder were identi-
fied as Cd3Gas0O15 phase. XRD pattern of the sample is
shown in Fig. 1. All of the observed peaks are charac-
teristic of Cd3GasO14 garnet phase and no other phases
are detected. The details of GGG synthesis have been
described in [9, 10].

The experimental setup for luminescence kinetics and
time resolved spectra consists of YAG:Nd laser sys-
tem PL 2143 A/SS and the parametric optical genera-
tor PG 401/SH that generates 30 ps pulses, with fre-
quency 10 Hz, in spectral range from 210 to 2700 nm.
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Fig. 1. Luminescence spectra and luminescence exci-

tation spectra (solid curve) of GGG ceramics contain-
ing Cr3" jons at liquid nitrogen temperature. Lumi-
nescence excited with 290 nm is presented by dashed
curve. Luminescence excited with 450 nm (22200 cm™"
is presented by dashed-dotted curve.

The detection part consists of the spectrograph 2501S
(Bruker Optics) and the Hamamatsu Streak Camera
model C4334-01. The time resolved luminescence spectra
were collected by integration of the streak camera pic-
tures over the time intervals, whereas the luminescence
decays were collected by integration of the streak camera
pictures over the wavelength intervals.

Luminescence excitation spectra and steady state
emission spectra were measured using a system consisting
of a Xe lamp (450 W), two monochromators SPM2 (one
in the excitation and one in the detection line) and two
photomultipliers (the first for the luminescence and the
second for reference signal detection). All spectra were
corrected for instrumental response. The same apparatus
has been used to obtain the integrated spectra.

3. Results and discussion

The luminescence and luminescence excitation spectra
obtained at liquid nitrogen temperature are presented
in Fig. 1. One notices that at low temperature the
luminescence band that at room temperature peaked
at 13900 cm~! appeared to consist of three sharper
bands peaked at 13700 cm™!, 13770 cm ™!, 14170 cm ™!
(dashed curve). Additionally, one noticed that this
luminescence can be effectively excited in the region
22200 cm™! (450 nm) and 15400 cm~! (650 nm). The
respective excitation spectrum is presented by solid curve
in Fig. 1. Luminescence excited with 450 nm is pre-
sented by solid curve. The structure of the low temper-
ature emission with peaks at 13700 cm™?!, 13770 cm™!,
14170 cm~! corresponded to the luminescence of Cr3* re-
lated to spin forbidden 2FE — %A, transition accompanied
by phonons induced side band, observed in Cr3t doped
GGG polycrystal [8]. Thus the excitation bands peaked
at 22200 cm~! (450 nm) and 15400 cm~! (650 nm)
can be related to %4, — Ty and %4, — 4T, transitions

in Cr®t ions. The Cr®t ions appeared in the GGG ce-
ramic as the unintended impurity with low, uncontrolled
content. Under excitation with 34500 cm~! (290 nm)
one obtained additional band peaked at 12650 cm™!
(dashed curve) and very broad luminescence extended
from 15000 to 30000 cm~! and peaked at 21000 cm ™!
(475 nm) was observed. We related the emission peaked
at 12650 cm ™! to the GGG host emission and emission
peaked at 21000 cm ™! to F centers, formed by complex
(V@aVo) [11]. The luminescence excitation spectrum for
higher energy consisted of relatively sharp lines peaked
at 31845 cm~! and 32495 cm ™!, related to 857/2 — 6P7/2
and 857 /5 — %P5 /5 transitions in Gd** ion, and two broad
bands peaked at 34500 cm™! and 37000 cm~!. The exci-
tation band peaked at 34500 cmm~! has been considered as
the related to absorption Ga vacancy and oxygen vacancy
complex (Vga Vo) [11]. The band gap of GGG crystal has
been calculated and equals 4.03 €V (32500 cm™') [12]. It
is known that for insulator calculated value of band gap
obtained using local density approximation (LDA) is usu-
ally underestimated by 25-30%, therefore we considered
that band peaked at 37000 cm ™! in excitation spectrum
can be related to band-to-band transition.

The luminescence spectra of GGG ceramic “pure” and
doped with Pr3* with concentrations 0.1, 0.5, 1.0 and
1.5 mol%, excited with wavelength 280 nm are presented
in Fig. 2. The spectra were superpositions of the broad
band related mainly to host emission and Cr®t emis-
sion, and sharp lines related to transitions from 3Py, 3P,
and D, states of Pr®* ion. One noticed that intensity
of lattice luminescence decreased with increase of Pr3+
content.
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Fig. 2. Luminescence spectra of GGG ceramics with-
out Pr®* and doped with Pr3+ with different mole con-
centrations labeled in Figure. Luminescence was excited
at 280 nm.

In Fig. 3a the luminescence spectra of GGG:Pr3+
with Pr3T of 1 mol%, excited with 450 nm, obtained at
room temperature and liquid nitrogen temperature are
presented. The individual spectral lines of Pr3* f—f
emission were attributed to the respective transitions
from 3P, and 'D, states. It was seen that the spectra
were dominated by transitions from the 3P, state that
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Fig. 3. (a) Luminescence of GGG:Pr®*" with concen-
tration of Pr** 1 mol%, at room temperature (solid
curve) and at liquid nitrogen temperature (dashed
curve), excited with 450 nm (22200 cm™'). (b) Exci-
tation spectra of 3Py — 3Hg luminescence monitored at
16400 cm ™', obtained at room temperature.

is higher excited state of Pr3*. In Fig. 3b the lumines-
cence excitation spectrum (luminescence was monitored
at 16400 cm~! (3P — 3Hg transition)) obtained at room
temperature is presented. The spectrum consisted of
sharp lines related to 3H4 — 3Py transition at 21000 cm™*
and band peaked at 35500 cm~! that can be related to
complex (VgaVo) or charge transfer transition.

The intensity of the luminescence originating from D5
state decreased with respect to the intensity of emis-
sion from 3P, state when concentration of praseodymium
in the material increased. This effect is seen in
Fig. 4a, where luminescence related to the 'Dy — 3H, and
3Py — 3Hyg transitions obtained for the different concen-
tration of Pr®t are presented. The spectra presented
in Fig. 4 are normalized to the maximum intensity of
3Py —3Hg emission. Since the luminescence was mea-
sured under the same conditions, one can consider the
integrated luminescence intensity as proportional to the
luminescence efficiency of the system. These quantities
are presented in Fig. 4b. One can notice that the sam-
ple with 1 mol% of Pr3* was characterized by highest
luminescence efficiency.

Time resolved luminescence spectra of GGG and GGG
doped with 1 mol% of Pr3* are presented in Fig. 5. The
spectra of GGG without Pr*t and GGG:Pr3* are pre-
sented by dashed and solid curves, respectively. The
spectra changed with time. At time range 0-200 us after
pulse the emission of GGG consists of broad band with
main peak at 13900 cm ™! (related to Cr3* luminescence)
and the bump peaked at 12900 cm™!, related to GGG
host emission. At the time scale 0.2-1 ms the spectrum
is a superposition of two bands: the stronger peaked at
12850 cm~! and the weaker peaked at 13850 cm™!. In
the time scale 1-10 ms only single band is observed that
peaked at 12750 cm™!.

At time range 0-200 us the luminescence of GGG:Pr3+
was dominated by transitions from the higher excited
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Fig. 4. (a) The relative intensity of the 3Py — 3Hg and
Dy — 3H, transition in GGG:Pr®t with different con-
centrations of Pr®". (b) Total integrated intensity of
the whole Pr®" emission at liquid nitrogen and room
temperature are presented. Luminescence was excited
at 450 nm.
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Fig. 5. Room temperature time resolved spectra of

GGG (dashed curves) and GGG:Pr®t with concen-
tration of Pr®*T (0.5 mol%) excited with wavelength
280 nm.

state of Pr3t; 3P,. At time scale 0.2-1 ms the lu-
minescence consisted of broad brad band peaked at
12850 cm ! (GGG lattice emission), smaller band peaked
at 13900 cm~! (Cr3* luminescence) and sharp lines re-
lated to 'Dy — 3H, transition. At time range 1-10 ms
the spectrum is dominated by broad band related GGG
luminescence peaked at 12750 cm™!.

The decays of the luminescence monitored at spectral
range 12000-15000 cm ™! are presented in Fig. 6a and b.
Figure 6a contains emission decays measured in the time
scale 0-10 ms. In Fig. 6b the emission decays measured
in the time interval 0-1 ms are presented. The decays
were decomposed into two exponents according to rela-
tion

I(t) = Ay exp (:) + Ay (Z) . (1)

Calculations were performed independently for all consid-
ered samples, and the results are presented in Table. The
average decay constants were calculated and assumed
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Fig. 6. (a) Luminescence decay profiles of the

GGG:Pr®*" emission for luminescence monitored at
spectral region 12000-13000 cm~! band, for different
concentrations of Pr3T for excitation 280 nm. (b) The
emission decays measured in the time interval 0-1 ms
are presented.

to represent the lifetimes of two luminescence centers of
GGG. Decay constant, 0.169 + 0.003 ms, was attributed
to Cr3* luminescence whereas 6.48 4+ 0.07 ms decay con-
stant was attributed to the GGG host emission. No cor-
relations between decay constants and concentration of
Pr3* were observed. Time evolution of the luminescence
showed that Cr3* emission and GGG host emission de-

J

The decays of the luminescence monitored at spectral range 12000-14000 cm ™

after excitation with 280 nm.

S. Mahlik et al.

cayed independently with two different decay constants.
This effect led to conclusion that there was no excitation
energy transfer between the GGG luminescence center
and Cr3T. The independence of lattice luminescence ki-
netics of Pr®* provided the argument for the lack of en-
ergy transfer between the centers responsible for GGG
lattice emission and Pr®* ions. Thus GGG:Pr3* excited
with 270-290 nm relaxed either to Pr3* or to GGG lu-
minescence centers, or to Cr3t.
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Fig. 7. Luminescence decay profiles of the 3Py — 3H,
transition obtained for GGG:Pr3T for different concen-
trations of Pr®* under pulse excitation 280 nm.

TABLE
1

Aq 71 [ms] As 7o [ms] |A1/(A1 4+ A2)|Az/(A1 + A2)
GGG 30331 0.175 10250 6.47 0.75 0.25
GGG:Pr(0.1%) 17296 0.168 4585 6.26 0.79 0.21
GGG:Pr(0.5%) 19054 0.164 2054 6.64 0.90 0.10
GGG:Pr(1%) 4335 0.162 1075 6.52 0.80 0.20
GGG:Pr(1.5%) 9760 0.174 620 6.49 0.94 0.06
average lifetimes 0.169 £ 0.003 6.48 +0.07

Decays of the luminescence related to 3Py — 3H, tran-
sition monitored at 20500-20800 cm ™' are presented in
Fig. 7. It was found that for all Pr3* concentrations lu-
minescence decays almost exponentially with the lifetime
that slightly decreased with increasing praseodymium
concentration. We calculated the average lifetime accord-
ing to the formula

t-I(t)dt
L Je1w o
[I(t)dt
and obtained 22 us, 20 us and 18 us for concentrations
of Pr3* 0.1, 05 and 1, and 1.5 mol%, respectively.

Luminescence decays of the emission related to 1Dy —
3H, transition are presented in Fig. 8. Similarly like for
3Py — 3H, emission the 'Dy — 3H, luminescence decayed
almost exponentially with the lifetime that decreased
with increasing praseodymium concentration. We cal-
culated the average lifetime according to the formula (2)
and obtained 165 us, 153 us, 113 ps and 99 us for Pr3+
concentrations equal to 0.1, 0.5, 1.0, and 1.5 mol%, re-
spectively.
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Fig. 8. Luminescence decay profiles of the Dy — 3H,
transition obtained for GGG:Pr3T for different concen-
trations Pr3T under pulse excitation 280 nm.

4. Conclusions

Luminescence of GGG and GGG doped with Pr3* was
measured. The GGG lattice luminescence band with
peak at 12650 cm ™! and excitation peaked at 37000 cm™*
(270 nm) was measured and was characterized by lifetime
equal to 6.48 £+ 0.07 ms. Time resolved spectra showed
that GGG lattice luminescence is observed also when
material was doped with Pr3*. The large Stokes shift
between absorption and emission of lattice luminescence
suggested that the GGG lattice luminescence was created
by excitation of free hole or/and electron in the bands.
The GGG lattices luminescence decreased when material
was doped with Pr3*. This effect was not accompanied
by diminishing of their lifetimes. Luminescence band
in the spectral region 1370014200 cm~! characterized
by excitation bands peaked at 34500 cm~! (290 nm),
22200 cm~! (450 nm) and 15400 cm~! (650 nm), and
lifetime equal to 0.169 & 0.03 ms was related to Cr3*
luminescence. Pr3t luminescence related to Dy — 3Hy
and 3Py — 3H, transitions was observed, and the respec-
tive luminescence lifetimes decreased with concentration
of Pr3t, which was attributed to the concentration lu-
minescence quenching. After excitation with wavelength
shorter than 290 nm the GGG:Pr3*t relaxed either by
GGG lattice defects luminescence or by Cr®+, or by Pr3+

luminescence. No energy transfer between GGG lattice
defects and Cr®t, and Pr3* ions was observed. This
allowed to conclude that radiative recombination of elec-
tron and hole took place through three independent path-
ways: by GGG host emission that peaked at 12750 cm ™!,
by Cr3* luminescence that peaked at 15400 cm ™! and by
Pr3* luminescence. The emission related to recombina-
tion through the F' centers is weak when material is doped
with Pr3+.
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