-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by University of Strathclyde Institutional Repository

'.i-"ﬁ-u'?ﬁil".
€
Universityof ~“~2~"
Strathclyde

Glasgow

Strathprints Institutional Repository

Takagi, Kazuki and Yamaga, Mitsuo and Villora, Encarnacion G. and
Shimamura, Kiyoshi and Hasegawa, Kazuo and Ito, Hiroshi and Mizuno,
Shintaro and Takeda, Yasuhiko and Han, Thomas P J (2016) Energy
transfer from Cr to Nd in substitutional crystal Y3GaxAl5-x 012 codoped
with Nd and Cr. Journal of Luminescence, 169 (Part A). pp. 65-71. ISSN
0022-2313 , http://dx.doi.org/10.1016/j.jlumin.2015.08.044

This version is available at http://strathprints.strath.ac.uk/54517/

Strathprints is designed to allow users to access the research output of the University of
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights
for the papers on this site are retained by the individual authors and/or other copyright owners.
Please check the manuscript for details of any other licences that may have been applied. You
may not engage in further distribution of the material for any profitmaking activities or any
commercial gain. You may freely distribute both the url (http:/strathprints.strath.ac.uk/) and the
content of this paper for research or private study, educational, or not-for-profit purposes without
prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
strathprints@strath.ac.uk



https://core.ac.uk/display/42591921?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk

Energy transfer from Cr to Nd in substitutional crystal Y;Ga,Als O, codoped
with Nd and Cr

Kazuki Takagi®, Mitsuo Yamaga®', Encarnacion G. Villora®, Kiyoshi Shimamura®, Kazuo Hasegawa®, Hiroshi Ito,

Shintaro Mizuno ©, Yasuhiko Takeda ¢, Thomas P, J. Han’

* Department of Mathematical and Design Engineering, Gifu University, Gifu 501-1193, Japan
® National Institute for Materials Science, Tsukuba 305-0044, Japan
“Toyota Central R&D Laboratories, Nagakute 480-1192, Japan

dDepartment of Physics, University of Strathclyde, Glasgow G4 ONG, Scotland, United Kingdom

Keywords : Neodymium, Chromium, substitutional gamet crystal, Inhomogeneous broadening, Energy transfer

*Corresponding author: Tel.:+81 58 2933052; fax:+81 58 2932415.

E-mail address: yamaga@gifu-u.ac.jp (M. Yamaga)

ABSTRACT

Garnet crystals codoped with Nd** and Cr** ions are a candidate for solar-pumped laser materials.
Substitutional disordered crystals Y3Ga,AlsO1, were prepared to improve the pumping efficiency
of Nd** luminescence and energy transfer from Cr’* to Nd** ions. The substitutional disordered
crystal host produced inhomogeneous broadening of the Nd** and Cr* optical spectra.
Enhancement of overlapping between the Cr™* absorption bands and the solar spectrum, and
between the Cr’* luminescence bands and the Nd** absorption lines led to the increases of the
pumping efficiency and the energy transfer rates, respectively. The excitation spectrum of the
Nd* luminescence, the nonexponential decay curves of the Cr’* luminescence, and the quantum
yields of the Cr’* and Nd** luminescence have given evidence on the energy transfer from Cr’* to

3t .
Nd™ ions.



1. Introduction

Neodymium ions doped yttrium aluminum garnet Y3AlsO;, (Nd: YAG) single crystal is one of
the most commercially successful solid-state laser materials [1].  The Nd** absorption spectrum
of Nd:YAG consists of weak and narrow lines in the ultraviolet (UV), visible and near infrared (IR)
ranges because of the parity-forbidden transitions between the intra 4f* multiplets of Nd** ions.
The use of a sensitizer is necessary in order to enhance the efficiency of solar or flash lamp
excitation/pump lanthanide laser systems.  Cr’* ion is one of the best sensitizers because its
absorption spectrum is composed of two intense and broad bands in the visible range from 400 to
700 nm [2]. The energy transfer from Cr** to Nd* strongly depends on overlapping between the
Cr** luminescence and the Nd* absorption spectra [3]. As the “T, excited state of Cr’* in
Nd:Cr:YAG lies about 1000 cm™ above the lowest *E excited state, the contribution of the 4T2
excited state to the energy transfer is dominant at high temperatures up to about 400 K [2].
Since 1980s, the garnet family has extended greatly, including the well-studied gadolinium
scandium gallium garnet codoped with Nd* and Cr** ions (N&:Cr:GSGG) [4-6].  As the energy
separation between the lowest °E and the higher *T, excited states of the Cr** ions in Nd:Cr:.GSGG
is about 100 crn'], the energy transfer from Cr*t to Nd** via the 4T2 excited state occurs efficiently
even at low temperatures [4], compared with that in Nd:Cr:YAG [2].  However, the poor thermal
conductivity of the GSGG material prevents further commercial development of this material [1].
Substitution of dopant ions for lattice ions causes structural and chemical defects.  These
lattice defects lead to reduction of quantum yield of laser materials, whilst internal strains
adversely affect laser operation.  The distribution of defects and strains produces inhomogeneous
broadening of the spectral transition lines [3]. An example of the latter effect is the
substitutional disordered crystals, Y3GayAls.O1,, doped with N a* ions, where Ga®" preferentially
substitutes for AI** occupying an octahedral site [3,7]. As a consequence, the main peaks of the
Nd™ transition lines are blue-shifted when x increased. The line-widths are at their maximum
for the x=2.5 composition [3,7].

In this paper, such substitutional disorder system is applied to the gamet crystals Y3Ga,AlsO12
codoped with Nd* and Cr** ions. As the ionic radius of Ga® is larger than that of AI**, the
octahedral crystal field of Cr™* is expected to be weak.  Hence, the substitution of Ga®* for AI**

induces not only inhomogeneous broadening of the Cr** and Nd&* absorption/luminescence



spectra, but also a decrease of the energy separation between the lowest ’E and the higher “T,
excited states of the Cr'* jon.  This reduction of the separation energy leads to thermal
population to the higher *T, excited states at room temperature, SO enhancing the energy transfer
process from Cr'* to Nd™,

2. Experimental procedure

Substitutional yttrium gallium aluminum garnet crystals codoped with neodymium and
chromium ions (Nd:Cr:YGAG) were grown by the Czochralski method. A [111] oriented YAG
single crystal was used as seed. High-purity oxide powders, Y203 (99.99 %), Ga,O;3 (99.99 %),
ALOs (99.99 %), were used as starting materials. Y03, Ga,03, and ALOs powders were
weighed and mixed at a molar ratio of 3: 1 :4.  Impurity concentrations of Nd,Os and Cr,Os
were 1 molar % and 2.5 molar % to Y,0; and Ga,Os/ALOs, respectively.  The composition of
the as-grown crystal was estimated to be Y,97Ndp0Gap2Als6sCro 11012 by the inductively coupled
plasma (ICP) method. The concentrations of Cr* and Nd* ions to AI*/Ga™ and Y ions are
estimated to be 2.2% and 0.67%, respectively.

YAG ceramics codoped with 1% Nd and 1% Cr (Nd:Cr:YAG), and YAG single crystals doped
with 1% Cr (Cr:YAG) or 1% Nd (Nd:YAG) were used in this study as comparison with the
Nd:Cr:YGAG crystal [8].

Optical absorption spectra were measured using a Perkin Elmer Lambda950
spectrophotometer at room temperature. Luminescence and excitation spectra were measured
using a JASCO FP800 spectrofluorometer at room temperature.  Temperature dependence of
luminescence spectra in the range of 8-300 K was measured using the UVSOR facility in the
Institute of Molecular Science at Okazaki, Japan. Decay curves of luminescence were measured
using a Hamamatsu Photonics Quantaurus-Tau C11367 spectrometer, where sample temperatures
from 2 to 300 K were achieved using an Oxford Opticool SRDK-101D.  Quantum yields of
luminescence were measured using a Hamamatsu Photonics Quantaurus-QY C11347 spectrometer

at room temperature.



3. Experimental results

Figure 1 shows the optical absorption spectrum of Nd:Cr:YGAG in comparison with that of
Nd:Cr:YAG at 300 K. The baseline for the Nd:Cr: YGAG spectrum is shifted for clarity. ~ The
sharp lines observed in the UV, visible, and near IR ranges for Nd:Cr:YGAG and Nd:Cr:YAG are
due to the optical transitions from the “Iy» ground state multiplet of the Nd* ion to the excited states
multiplets [2,3,8]. Three broad bands with peaks at 270, 430, and 600 nm are assigned to the optical
transitions from the 4A2 ground state of the Cr’" ion to the 4'1“1(2), 4T1(1), and 4T2 excited states,
respectively [2,3,8]. The absorption coefficients of the two Cr* bands and the Nd** lines in the
range of 740-900 nm for Nd:Cr:YGAG are ~2.5 and ~0.7 times larger than those in Nd:Cr: YAG.
These estimated ratios are nearly equal to the concentration ratios, 2.2 and 0.67, of Crt and N&*
ions contained in these samples, respectively. The differences in the absorption spectra of
Nd:Cr:YGAG and Nd:Cr:YAG in Fig. 1 are (i) inhomogeneous broadening of the Nd™* lines in
Nd:Cr:YGAG caused by substitution of Ga™ for AP and (i1) 5% enhancement of the widths of the
4T1(1) and 4T2 bands, compared with those in Nd:Cr: YAG.

Figure 2 shows the normalized luminescence spectra excited at 390 nm and 430 nm in the
i) absorption band of Cr* for Nd:Cr:-YGAG at 300 K.  These spectra consist of intense
sharp lines and weak bands around 700 nm and weak sharp lines around 900 nm.  Excitation at
430 nm produces two distinct R lines at 689 and 694 nm, whereas that at 390 nm produces the
intense R line at 694 nm and the fairly weak R line at 689 nm.  Two bands around 678 and 707
nm are phonon-absorbed and phonon-emitted side bands of cr, respectively [9].  The near IR
luminescence lines are due to the optical transitions from the metastable 4F_o,/z excited state of Nd**
to the “Iy, lowest state [3,89]. The peak wavelength (689 nm) of the R line excited at 430 nm for
Nd:Cr:YGAG s slightly red-shifted, compared with that (688 nm) for Nd:Cr:YAG [2,8].  The
new R line at 694 nm appears only in Nd:Cr:YGAG, but not in Nd:Cr:YAG or Cr:YAG.

Several sharp dips at (676, 685 nm) and (737, 744, 748, 755 nm) in Fig. 2 were observed within
these phonon-side bands. ~ The wavelengths of these dips are coincident with the Nd* absorption
lines due to the “lop — *Fop, *Fyp transitions for Nd:YAG as shown in the top of the figure,
revealing the Cr** luminescence is partly reabsorbed by the Nd** ions.  Both excitations at 390
and 430 nm additionally produce weak near IR luminescence lines from the Nd* ion. The Nd**

luminescence excited at 430 nm is more intense than that at 300 nm.  This observation of the Nd*>*



luminescence excited in the Cr** absorption bands indicates energy transfer from Cr** to Nd**,

Figure 3(a) shows the temperature dependence of the Cr** luminescence excited at 390 nm for
Nd:Cr:YGAG. The baselines of these spectra are shifted for clarity and the intensities are
normalized by their peak intensities. ~ The Cr’* luminescence spectrum with 390 nm excitation at
8 K consists of the R line at 687 nm and the phonon-side bands around 707 and 723 nm.  The R
line observed at 8 K is labelled as R; line because an excited electron of Cr’* is negligibly
distributed in an upper level of the orbital-doublet “E states at 8 K, of which energy separation is
about 20 cm™ [10,11]. However, the line-width is fairly large compared with that in Cr:YAG
crystals. Such broadening of the R line is caused by the substitution of Ga™ for AI*. In
increasing temperatures above 100 K, the new R; and R; lines due to transitions from the doublet
°E excited states appear at around 692 nm and their intensities at 300 K are comparable with that at
688 nm. This fact suggests that when temperatures increase above 100 K, energy transfer occurs
from one Cr’* site associated with the 688 nm R line to another Cr’* site associated with the 692
nm R line.  Above 200 K, the phonon-absorbed side band around 678 nm and the background
spectrum with a fairly large width clearly appears, and are assigned to anti-Stokes shift band and
the transition from the thermally populated “T, excited state, respectively. Figure 3(b) shows the
temperature dependence of the Cr** luminescence excited at 430 nm. These spectra are dominantly
composed of the 688 nm R line and the phonon-side bands. ~ The behaviour is the same as that in
Fig. 3(a) except for the weaker 692 nm R line.

Figure 4 shows the R; lines with high resolution and the 390 nm excitation at 8 K for
Nd:Cr:YGAG. The R lines are classified into two groups positioned at ~688 and ~693 nm,
denoted by numbers (0,1,2,3) and (4), respectively. Dot-dashed curves as a function of
wavelength in Fig. 4 are calculated using Gaussian functions with an assumption that variation of
wave number as an energy unit is approximately proportional to that of wavelength in a fairly
narrow range. The observation of the five R; lines deduces distinct Cr’" centers with different
crystal fields, being created by the substitution of Ga™, for example, for octahedral Al sites and
dodecahedral Y** sites, respectively. The details will be discussed in the following section.

Figure 5 shows the temperature dependence of the Cr** and Nd™* luminescence intensities with
excitation at 430 nm. The Cr’" luminescence spectrum is decomposed into the B component of
the R line and its phonon-side bands, and the 4’1"2 component as the background. The total

intensities of the “E and “T> components of the Cr’* luminescence are integrated over the range of



640-800 nm as shown in Fig. 2, whereas for the Nd* luminescence, it is integrated over the range
of 860-960 nm.  The marked results are as follows; (i) the intensity of the ’E component of the
Cr’* luminescence decreases drastically above 20 K, whereas the 4T2 component increases
gradually above 150 K; and (ii) in increasing temperature, the intensity of the Nd* luminescence
also gradually increases, the intensity at 300 K is ~1.5 times larger than at 8 K. The
enhancement of the intensity of the *T, component is simply represented by the Arrhenius equation.
The detailed analyses will be discussed in the following section.

Figure 6 shows the excitation spectra of the R lines at 689 and 694 nm and the Nd*
luminescence line at 885 nm for Nd:Cr:YGAG at 300 K.  The excitation spectrum of the cr*t
luminescence at 689 nm is composed of the 4Tl(l) and 4Tz broad bands of the Cr** ion where each
band has double peaks, whereas that of the 694 nm luminescence consists of the 4T1(1) and 4T2
single broad bands. The latter bands are relatively narrow and blue-shifted, compared with the
former bands.  The excitation spectrum of the 885 nm luminescence lines of Nd** is the
superposition of the cr*t absorption bands and the Nd* absorption lines. 'The observation of the
Cr** bands in the Nd** excitation spectrum gives evidence on the energy transfer from Cr** to Nd™*.
The two double-peaked excitation bands of the 689 nm luminescence can be decomposed into two
bands using those at 885 and 694 nm, denoted by dotted and dot-dashed lines in Fig. 6, respectively.
The result supports the existence of two crt groups, as shown in Fig. 4. The peaks of the (1)
and *T, bands in the excitation spectrum of the 885 nm luminescence in Nd:Cr:-YGAG are in
agreement with those in Nd:Cr:YAG [8]. The widths of the 4T1(1) and “T, bands are a little
enhanced with about 4% and 9%, respectively, compared with those in Nd:Cr:YAG [8].
However, the Cr’" excitation bands of the 694 nm luminescence are blue-shifted so that this new
Cr** center is expected to have a larger crystal field than that for Nd:Cr: YAG [8,9].

In addition, both excitation spectra of the Cr** luminescence at 689 and 694 nm show several
dips around 530 and 580 nm in the *T, band of Cr**.  The positions of these dips are completely in
agreement with the peak wavelengths of the Nd* absorption lines for Nd:YAG due to the optical
transitions from the 419/2 ground state to the 4G7/2 and 4G5/2 excited states, as shown in the top of Fig.
6. Such dips around 530 and 580 nm may be produced by reduction of the Cr’* luminescence
through the simultaneous sharp Nd* absorption overlapping with the crt absorption band as
shown in Fig.1.

Figure 7 shows the decay curves of the 689 and 694 nm luminescence of the Cr’* ion with



various excitation wavelengths for Nd:Cr:YGAG at (a) 2.5 K and (b) 300 K.  The decay curve of
the 688 nm R line for Cr:YAG observed at 300 K is added for comparison purpose. The decay
curve of the 689 nm luminescence at 2.5 K is very similar to that of the 694 nm luminescence,
because the 694 nm R line excited at 390 nm is hardly observed at 8 K as shown in Fig. 3(a) and
the dominant luminescence intensity at 694 nm is due to the phonon-side band of the 689 nm R
line.  The decay curves of the 689 nm R line excited at 451 and 633 nm, and the 694 nm R line
excited at 370 nm at 300 K as shown in Fig. 7(b) is represented by multi-exponential functions.
Markedly, the dominant slow component of the 694 nm R line gives a decay time of 2.8 ms, that is,
longer than the 1.7 ms observed for Cr:YAG. The changes in the decay rate of the lowest excited
state of Cr3+, when compare to the intrinsic radiative decay rate of Cr in YAG, indicate the
efficiency of the energy transfer process between the Cr* jons and the Nd* ions. ~ The larger the
negative difference, the more efficient the energy transfer process.

The analyses of the decay curve including the energy transfer were developed by Inokuchi and
Harayama [12].  Their theory is based on energy transfer rates that are strongly dependent on
separation distances between sensitizers and activators, leading to a continuous distribution of the
decay rate of the luminescence emitted from the sensitizers. In the previous paper [8], the decay
curves of the Nd** and Cr** luminescence in YAG ceramics were simply decomposed into
temperature-independent and temperature-dependent components. The former or latter component
corresponds to energy transfer from a Cr**ion positioned at the origin to a Nd** ion substituting for
one of the first nearest neighbour yttrium dodecahedral sites, or near yttrium ions beyond within a
sphere with an approximate radius of less than 0.8 nm, respectively [8].  However, the
calculation of the decay rate of the Cr’ luminescence in substitutional disorder crystal,
Nd:Cr:-YGAG, includes both distributions of the Cr**-Nd™* distance and the Cr**-Ga™" distance, so
that the energy transfer theory becomes more complicated. As a consequence, it is very difficult
to apply the Inokuchi-Harayama’s theory to substitutional disordered crystals including such
distributions.

In order to simplify such relaxation processes, including the above both distributions, the decay
curves are assumed to be approximately decomposed into, at least, three components [8,13], and
the origins of three components are deduced, taking accounts of the distributions. ~ The decay

curve is given by
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where 7; (i=1, 2, 3)is adecay time, and I; (1 =1, 2, 3) is an initial intensity at t = 0.

The decay curves of the 689 and 694 nm at 2.5 K in Fig. 7(a) fit to solid lines calculated using
Eq. (1) with fitting parameters of (t1(ms), T,(ms), T3(ms))=(0, 1.95, 5.5) and (0, 1.95, 6.0),
respectively. Their parameters are very close to each other except for their initial intensity. The
fitting parameters (7;(ms), T,(ms), T3(ms)) of the decay curves with (1,,(nm), A,,,(nm))
=(451, 689), (633, 689), and (370, 694) at 300 K as shown in Fig. 7(b) are also given by (0.13, 0.58,
2.2), (0.11, 0.35, 0.76) and (0.13, 0.54, 2.8), respectively. In comparison, the decay curve of the
688 nm R line excited at 633 nm for Cr:YAG fits well to a single exponential function with the
decay time of 1.7 ms.

Decay curves of the R lines at 689 nm for Nd:Cr:YGAG and at 688 nm for Cr:YAG were
measured at several excitation wavelengths in the ‘T 1(1) and 4T2 absorption bands of the Cr* ion at
300 K.  Figure 8 shows the decay times as a function of excitation wavelength for Nd:Cr:YGAG
and Cr:YAG. The three decay times, 74, T, T3, for Nd:Cr:YGAG are denoted by open circles
and that for Cr:YAG is denoted by solid circles. The decay time (1.7 ms) for Cr:YAG is
independent of the excitation wavelengths. The decay times, 7;, 75, for Nd:Cr:YGAG are
shorter than that for Cr:YAG, whereas 73 is longer than that for Cr:YAG except for the 633 nm
excitation. The decay times are shortened at each 4T1(1) or 4T2 absorption band tail at ~450 and
~630 nm, respectively. - The large reduction of the decay times from that of Cr:YAG is due to
both distributions of distances between Cr’* and Nd** and between Cr’* and Ga™, namely, the
distributions of the energy transfer rate and the crt crystal field strength. The details will be
discussed in the following section.

Figure 9 shows the temperature dependence of the decay times of the Cr** luminescence at 689
nm and 694 nm excited at 451 nm and 370 nm, respectively, in the temperature range of 2.5-300 K.
Although the decay curves below 30 K fit to two exponential functions, the same as in Fig. 7(a), the
curve fitting above 30 K requires, at least, three exponential functions. ~ The decay times of the
three decomposed components decreased gradually with an increasing temperature.  The three
decay components of the 694 nm luminescence excited at 370 nm below 150 K are almost in

agreement with those of the 689 nm luminescence with the 451 nm excitation. 'This result is



consistent with that of Fig. 3(a), where the 694 nm R line with the 390 nm excitation is very weak
below 100 K.  However, when the temperature increases above 150 K, their decay times can be
distinguished. ~ The longer decay time 73 (2.8 ms) of the 694 nm R line at 300 K corresponds to
Cr** centers (number 4) with no energy transfer from Cr** to Nd™*.

Figure 10 shows the quantum vyields of the Nd** and Cr’* luminescence measured at 300 K
with the excitation range of 370-690 nm for Nd:Cr: YGAG, being denoted by open and solid circles,
respectively. Here, the Nd** quantum yield is calibrated using the observed Stark branching ratio
(0.3:0.56:0.14 : 0.01) of the optical transition from *Fx; to *I; (J = 9/2, 11/2, 13/2, 15/2) of Nd** in
YAG at room temperature, respectively [14]. The Nd* quantum yield (26%) with the crt
excitation for Nd:Cr:YGAG is almost equal to that (22%) with the direct Nd** excitation (808 nm)
for the same crystal. In the case of Nd:YAG, the value of the quantum yield of the Nd*
luminescence excited at 807 nm is 54%.  The Nd** quantum yield of Nd:Cr:YGAG is 0.4 times
lower than that of Nd:YAG. The large reduction of the Nd** quantum yields for Nd:Cr:YGAG
suggests poor quality of the YGAG single crystal.  This is primarily due to lattice distortion in the
Nd:Cr: YGAG crystal as the result of the substitution of Ga®* for AI™* or Y** ions.

On the other hand, the quantum yields for the Cr** jon in Nd:Cr:YGAG and Cr:YAG are 7%
and 88% , respectively. The large reduction of the crt quantum Yyield suggests an efficient
energy transfer from Cr* to Nd™. A shallow dip at 510 nm and decreases below 380 nm and
above 670 nm in Fig. 10 correspond to the valley and the tails of the “T;(1) and “T, bands in Fig. 1.
Such decreases may be due to low resolution of an equipment or loss of light scattering in a limited
case of the weaker absorption and the weaker emission. Thus, the Cr’* and Nd™ quantum yields
may be approximately independent of the wavelengths of the “T}(1) and *T; absorption bands.

4. Discussion

The basic requirement for solar-pumped laser operation using Nd* and Cr* codoped garnet
crystals are (1) laser materials absorb efficiently the solar energy in the visible and near IR ranges;
and (ii) energy transfer from Cr’* to Nd** occurs efficiently. ~ Substitutional disordered garnet

crystals possess a possibility to match the above requirements.  We discuss these points below.



4.1. Substitution of Ga* and inhomogeneous broadening of Cr** and Nd** optical spectra

The 4T1(1), 4'1“1(2), and 4T2 excited states of Cr** strongly interact with phonons so that the
optical transitions to these excited states form broad band structure in the visible range. ~ The full
widths at half maximum (W) of the 4T1(1) and ‘T, absorption bands (energy unit : cm'l) for
Nd:Cr:YGAG and Nd:Cr:YAG are estimated to be (W(*Ty(1)), W(*T5))=(3400, 2150) and (3250,
2090), respectively. The 4T1(1) and 4T2 absorption coefficients integrated over the wavelength
(A) are calculated to be (AC‘Ti(1)), A(‘'T2))= (1663, 1207) and (673, 451) for Nd:Cr:YGAG and
Nd:Cr:YAG, respectively. The former indicates that the W value for Nd:Cr:YGAG is 5% larger
than that for Nd:Cr:YAG. The latter estimates that the ratio of the integrated 4T1(1) (‘T )
absorption coefficients of Nd:Cr:YGAG to Nd:Cr:YAG is 2.5 (2.7) and ~10% (~20%) with an
experimental error of +5% larger than the ratio, 2.2, of the Cr’* concentration of Nd:Cr: YGAG to
Nd:Cr:YAG. These results suggest that the substitution of Ga™ for AI’* produces inhomogeneous
broadening of the Cr’* optical absorption bands, and slightly breaks the selection rule on the
parity-forbidden 3d-3d transitions of the Cr** jon.

Such substitution also produces a distribution of the crystal field strength of the Cr’* ions.
Figure 4 shows the existence of various R lines corresponding to the discrete Cr’* crystal fields.
These R lines in Fig. 4 are classified into two groups, number (0-3) and number (4). These two
groups are associated with the substitution of Ga™ for two different lattice sites. Although Ga™
ions prefer to occupy AI’* octahedral sites, they could also substitute for Y>* jons in dodecahedral
sites.

We consider the origin of the first group (number 0-3) of the Cr'*ion. We assume that Cr’*
and Ga®* ions substitute preferentially for the octahedral AI** jons and that Ga™ ions occupy the
first nearest neighbor octahedral sites with the Cr’* ion positioned at the origin. There are eight
equivalent first nearest neighbor Al*sites.  The formation probability, P,, of complex CrGa,Alg.,
including the first nearest neighbors composed of nGa and (8-n)Al are calculated by

By, = gCpc™(1 - C)S_C @
where c is the probability that a Ga™ ion occupies an octahedral Al site and ¥8 oP,=1. The
ratio of Py: Py: P2: P3: P4: Ps: Pg: P7: Pgis calculated to be 0.39: 0.39:0.17:0.04 :~0:~0:~0:

~0 using Eq. (2) and c=0.11 estimated from the composition of Y, ¢7Ndy2Gag22Als68Cro,11012.
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The integrated intensity ratio for the observed R lines numbered 0, 1, 2, and 3 in Fig. 4 was 0.21 :
048:0.22:0.09. The observed ratio is very close to the calculated one.

Let’s consider the second group of numbered 4 corresponding to the 694 nm R lines. A
Jump from 689 nm to 694 nm cannot be explained by the substitution of Ga’ for the octahedral
Al jons. A possible model is proposed that a Ga®* ion substitutes for a dodecahedral Y>* ion.
Such substitution may produce a large Cr** crystal field through the lattice compression because the
jonic radius of Ga™ is smaller than that of Y>* [14]. This is consistent with the Cr’* higher crystal
field corresponding to the 694 nm R lines, that is, the blue-shift of the 4T1(1) and 4T2 excitation
bands as shown in Fig. 6.

This substitution also affects the Cr** crystal field, which determines not only energy levels of
the 4T1 (1) and 4T2 excited states, but also the decay rate from the ’E lowest excited state. In the

following subsection, the decay process is discussed, including energy transfer from Cr** to Nd™.

42. Energy transfer from Cr’* to Nd**
We consider a single Cr-Nd pair with a fixed separation distance R without a distribution of the

crt crystal field. The observed decay time (7'c,) of the luminescence from a Cr’* center in
Nd:Cr:YGAG 1s given by,

1 1 4 1 3)
TICr Tcr Tir '

where 1/t;,- 1s an energy transfer rate from Cr** to Nd*, and 1/7¢y, is the decay rate of the intrinsic
Cr* luminescence [3,8,9].

The energy transfer rate, 1/1,., in Eq. (3) can be represented by a power function of R,

()
L =£" 5=63810, @)

Ttr R

where B is the microscopic interaction parameter between Cr** and Nd™ ions of the pair, and n
has the value of 6, 8, or 10, for dipole-dipole, dipole-quadrupole, or quadrupole-quadrupole

interaction mechanisms, respectively [3,9,12]. When the separation distances are distributed, the

11



energy transfer rates also distribute. Inokuti and Hirayama formulated the rates assuming an
uniform distribution of the sensitizers and activators in materials [12].
The decay rates (1/7c,) of the intrinsic Cr’* luminescence in Cr:YAG and Cr:YGAG without

Nd** ions as a function of temperature, T, are formulated in the form of [3,8,9],

143 ()
1 TE TT exp kBT
— = . )
T

where Tg and 71 are the intrinsic decay times from the ’E and *T, excited states of Cr’* to the
Ay ground state, respectively, and A is the energy separation between the ’E and “T, excited states.
The values of 7, 71 and Ain Cr:-YAG were obtained to be 8 ms, 23 s and 945 cm™ from the
temperature dependence of the decay times, respectively [8].  The intensities of the decomposed
’E and T, components of the Cr* luminescence proportional to the decay rate of each component

of ’E or *T, in Eq. (5) are given by [15,16],

Jy = ——0 )

1+ exp (_k;LT)

RIGEICY

"= 1 +exp(—kBAT)

()

The *T, component of the Cr’* luminescence intensity in Nd:Cr:YGAG calculated using Eq. (7)
and the energy separation of A=630 cm”, fits well to the observed integrated intensities of the “T>
component in Fig. 5 (a).  The result that the energy separation of A=630 cm’” for Nd:Cr:YGAG
is smaller than that (945 cm™) in Cr:YAG implies a decrease of the crt crystal field strength.
Next, 7¢r in Eq. (5) is calculated to be ~0.5 ms using the parameters of Tg(=8 ms), T1(=23
us), A=630 cm™) and T(= 300 K). This calculation is very close to that (0.4-0.6 ms) of 7, for
Nd:Cr:YGAG at 300 K observed in Figs. 8 and 9 and larger than that (0.1-0.16 ms) of ;. This

result suggests that first approximation of the decay rate is given by the distribution of the Cr*
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crystal field, followed by the energy transfer.

Let’s consider the faster decay rate, 1/7,. The difference in the decay rates of 1/7'¢,
(=1/ty)and 1/7¢, in Nd:Cr:YGAG is equal to the energy transfer rate, 1/7,.,inEq.(4). The
ratio of 1/74 to 1/7¢, at room temperature is roughly estimated to be ~3:1.  This calculation
suggests that approximate 75 % amount of the fast component in the Cr** decay curve is associated
with the energy transfer to Nd**.

On the other hand, the decay time (~2.8 ms) of the 694 nm R line at 300 K is larger than that
(1.7 ms) of the 688 nm R line at 300 K for Cr:YAG.  This fact suggests that the decay rate
includes neither the energy transfer term in Eq. (3) nor the contribution of the *T, excited state in Eq.
(5) because the separation energy is expected to be larger than that (945 cm™) of YAG.

Finally, we discuss the rapid decrease of the ’E intensity of the Cr** luminescence above 20 K.
The temperature dependence of the B component calculated using Eq. (6) with A=100 cm’ fits
well to the observed measurement in Fig. 5(a).  The calculated value (A=100 cm’) is fairly
smaller than that (A=630 cm™) estimated for the “T, component in Fig. 5(a). This result suggests
that the excited electron of the lowest “E excited state at low temperatures relaxes not through the
*T, higher excited state, but to the higher “E vibronic state, lying about 100 cm™ above the “E
zero-phonon energy level. The vibronic energy level of Cr'tis completely coincident with that
the *Fop multiplet of Nd* as shown in Fig.2. The enhancement of the Nd* luminescence occurs
through the energy transfer via this vibronic energy level of Cr’*. Furthermore, the Nd**
luminescence intensity increased gradually with increasing temperature above 150 K as shown in
Fig. 5(b).  Such additional enhancement occurs through another energy transfer path via thermal
population of the “T, excited state of Cr™".

43. Quantumyields of Cr** and Nd** luminescence

The quantum yields of the Nd** luminescence excited at 430 and 808 nm for Nd:Cr:YGAG
are obtained to be 24% and 22%, respectively, whereas that of the N d’* luminescence excited at
808 nm for Nd:YAG 1s 54%. The large reduction of the quantum yields of the Nd* luminescence
from 54% to 22% may be due to degradation of the YGAG crystalline quality.  On the other hand,
the quantum yields of the Cr** luminescence excited at 430 nm for Nd:Cr:YGAG and Cr:YAG are
7% and 88%, respectively. Assuming that the extent of the YGAG crystalline degradation is
equal to the ratio of ~04 of the Nd** quantum yield for Nd:Cr:-YGAG to that for Nd:YAG, the
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reduction of the Cr** quantum yield from 88% to 7% for Nd:Cr:YGAG deduces that about 80% of
Cr™ transfers resonantly to Nd*.  This value is nearly equal to that (75%) estimated from the
decay rate (1/t) of the fast component in the cr* decay curve observed for Nd:Cr: YGAG.

5. Conclusions

The Ty(1) and “T, optical absorption bands of Cr** in Nd:Cr:-YGAG are broadened by the
electron-phonon interaction. The substitution of 5% Ga™ jons to AI** ions in the YGAG crystal
further causes inhomogeneous broadening of the Cr’** absorption bands. The enhancement of
their band widths is about 5%. A further increase of the Ga concentration leads to not only larger
inhomogeneous broadening of the Nd* and Cr** absorption spectra, but also the degradation of the
crystalline quality. In order to apply the substitutional disordered garnet crystals to the
solar-pumping laser system, it is required to optimize the Ga concentration or seek other suitable

substitutional elements, for example, Lu or Gd for Y and Sc for Al
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Absorption spectra observed for Nd:Cr: YGAG and Nd:Cr:YAG at 300 K.  The base line
for Nd:Cr:YGAG is shifted for clarity.

Luminescence spectra of Cr** and Nd™* excited at 390 nm and 430 nm for Nd:Cr:-YGAG
at 300 K. Spectra are normalized by the maximum intensities. ~ Top of the figure is
the absorption spectrum for Nd: YAG.

Temperature dependence of the Cr** luminescence spectra for Nd:Cr: YGAG excited at (a)
390 nm and (b) 430 nm.

R; lines with high resolution and 390 nm excitation at 8 K for Nd:Cr:YGAG. The
dot-dashed lines numbered 0-3 are calculated using four Gaussians.

Temperature dependence of integrated intensities of (a) the Cr** luminescence composed
of the ’E and “T, components, and (b) the Nd** luminescence intensities with the 430 nm
excitation.

Excitation spectra of the Cr’" luminescence at 689 nm and 694 nm and the Nd**
luminescence at 885 nm in Nd:Cr:YGAG at 300 K.  All spectra are normalized by the
maximum intensities.  Top of the figure is the absorption spectrum for Nd: YAG.

Decay curves of the 689 and 694 nm luminescence of Cr’* excited at 370, 451 and 633
nm for Nd:Cr:YGAG at (a) 2.5 K'and (b) 300 K, compared with that excited at 633 nm for
Cr:YAG. Solid lines are calculated using Eq. (1) and fitting parameters in the text.

Three decay times (74, T, T3) of the 689 nm luminescence of Cr’ in Nd:Cr:YGAG and
the 688 nm luminescence of Cr** in Cr:YAG as a function of excitation wavelength at 300
K, being denoted by open and solid circles, respectively.

Temperature dependence of three decay times (T4, T, T3) of the Cr’* luminescence at 689

nm and 694 nm excited at 451 nm and 370 nm.

Fig. 10. Quantum yields of the Nd** and Cr* luminescence for Nd:Cr:YGAG at 300K as a

function of excitation wavelength, being denoted by open and solid circles, respectively.
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Fig. 1
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Fig.2

Absorption of Nd”*in YAG
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Fig.3
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Fig.4
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Fig.6

Absorption of Nd*in YAG
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Fig.7
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Fig. 8
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Fig.9
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Fig. 10
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Highlights

1. Substitutional disordered garnet crystals Y3GayAls<O;2 codoped with Nd* and Cr** ions are
candidates of solar-pumped laser materials.

2. The substitution produces inhomogeneous broadening of the Nd* and Cr’* optical spectra.

3. Inhomogeneous broadening of the Cr** absorption bands and energy transfer from Cr** to Nd**

enhance the solar-pumping efficiency of Nd™.
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