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The research involves the crystal growth, optical spectroscopy, and laser meas-
urese. ts related to the evaluation of new materials for tunable solid state las-
ers. The worx focused on 4d and 5d transition metal ions with additional work
done on 3d transition metal ions in a variety of different host crystals. Soe
of the results of major importance fronm this work are: (1) techniques were dov-
eloped for the growth of crystals with 4d and 5d transition metals as dopant ions
(2) techniques were developed to vary the relative amount of d-d fluocescence em-
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ABSTRACT

This report summarizes the research done in the Department

; ;ﬁ of Physics of Oklahoma State University supported by the 0Office
- of Naval Research under SFRC No. NOOO14-82-K~0109 from 1 March =
1982 through 28 February 1985. The research involves the crystal

growth, optical spectroscopy, and laser measurements related to
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the evaluation of new materials for tunable solid state lasers. ;

The work focused on 4d and 3Sd transition metal ions with
additional work done on 3d transition metal ions in a variety of {q
r different host crystals. Some of the results of major importance 2
from this work ares (1) techniQues were developed for the growth
of crystals with 4d and Sd transition metals as dopant ionsi (2)
I techniQues were developed to vary the relative amount of d-d --‘
fluorescence emission compared to charge transfer smission and

(3) tunable stimulated emission was obtained from RbCaFgiRh2*

K crystals.
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I. INTRODUCTION

The goal of the research sPonsored by this contract was to
evaluate the pPotential of a variety of new materials for use as i?
tunable solid state lasers. Currently, operating vibronic lasers

are based on 3d ions such as Cr>%, Ti3*, Cco2*, and Ni2* which @

provide tunable output in limited spectral regions. In order to
increase the the spectral range covered by tunable solid state
h; lasers, it is necessary to search for doped crystal systems based f]
on different ions. The work Proposed on this project involved |

investigating different 3d ions as well as some 4d and Sd

s .-

MO ST LR S R P

oy
b_ transition metal ions. The research has three different aspectss

.-

crystal growth] measurement of optical spectroscopic pProperties)

and determination of laser related pParameters. The iaspartant

»
i

rasults obtained during the three Years of this contract are

briefly outlined in this section and presented in detail in the

1]
. .
RS

remainder of the report.

2]
1.1 Summary of Research AccomPlishments

The research Performed under this contract can be divided
unto two thrust areas. The first is the investigation of the
sPpectroscopic pProperties of 4d and Sd transition aetal ions as
dopants in crystalline hosts. A significant amount of the effort i
in this area involved developing techniQues for crystal gQrowth :?
since 1little work has been done on this in the pPast and no
commercial materials of this type are available. The spectro-
sCoPic survey of tha optical properties of these materials showed
that two tyPes of optical transitions can occur: charge transfer

(CT) transitions and d-d transitions. The former are strong,
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allowed transitions ideal for optical PpPumping in the u.v.
spectral region while the latter are broad bands with lifetime in
the wmicrosecond time regime which are ideal characteristics for gh
tunable vibronic laser amission. Thermal annealing and radiation Eu
techniques were studied to enhance the amount of d-d emission
compared to CT emission. Rh2* was picked as an ion with a high

potential for Producing tunable laser emission and RbCaF3 was

identified as the best host crystal for this ion. Single—pass
gain measurements were found to PpProduce tunable stimulated
emission with a high Peak cross section in the 710 nm spectral :
% r region. fi

E Lf The second thrust area involved a survey of the optical

Ak

sPpectroscopy properties of various 3d transition metal ions in
different host crystals. The material showing the dJgreatest - 4
promise as a possible laser material is Hn28104. This is one of

the +few concentrated manganese systems which exhibits room temp-

| SR

erature fluorescence.

.
i
o el

2’

I.2 Publications and Personnel

.
A

The personnel making major contributions to this work

R
sk

include the principal investigator, Richard C. Powell, the Direct
of the 0SU Crystal Growth Laboratory, Joel J. Martin, and several
student research assistants, 08.J. Quarles, R.H. Schweitzer, G6.C.

Billiland, and Lin Xi. In addition, this research benefited from
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technical assistance in the crystal growth by C.A., Hunt, assis-
tance in the spectroscopy measurements by G.E. Venikouas, and
assistance in interpretation of spectroscopPic properties by W.A.

S8ibley. The sPectrascopic survey of 3d ions in crystals was a

............
..............................
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Joint project with Philips Research Laboratories involving G.M.
Loiaconay, B. Mizell, 8. Colak, and W.K. Zwicker. The Na p"-
alumina crystals were obtained from John Bates of Oak Ridge
National Laboratory.

The work performed during the three Years of this contract
resulted 1in six publications and numerous unpublished pPresenta-
tions at national and international meetings. The students
involved in this research have not yat completed their graduate

programs, but at least one dissertation will be based on this

research. Table I lists the publications from this research.

el i .
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11. SPECTROSCOPIC PROPERTIES OF 4d AND Sd TRANSITION METAL IONS
IN CRYSTALS
Figure 1 shows the d electron configurations for divalent
and trivalent transition metal ions. The ions of Qreatest

interest in this work are the divalent 4d and 3Sd ions. The

optical pProperties of these ions have been studied extensively in

cheamical complexes but very little work has bsen done on thase

ions as substitutional impurities in crystals. To study the

properties of these ions in crystals, we used both BridQeman and

Czocharlski techniQues to grow single crystals of KH9F3, Rbﬂ0F3.

RbCaFyxy KCl, KBr, CsBr, and Bi,4 Gex0,, containing various concen-

trations of Rh2, Ru?*, Pt2*, and Ir2*, 1In addition; a sample of

LiNbD::ha+ was obtained commercially. Also, samples of Na pB"-

alumina crystals were obtained from Oak Ridge National Labor-

atories and ha+ diffused into the material. Results obtained on

this last type of material are described in Sec. II1I.1. Although

the tyPes of host crystals used in this study were a2asy to grow
substituting the

in largde sizes and with Qood optical Quality,

doping ions into the host lattice proved to be Quite difficult.
The chloride starting materials decompose at such low tempera-
tures that the active ions would not go into the melt. Main-
taining a uniform distribution and stable valance state was also
& major problem. The crystal gQrowth problems were solved by
using double enclosed crucibles.

Figure 2 shows the charge transfer absorption bands for some
of these materials. The d-d absorption bands are too weak to be

seen. Nitrogen laser emission is ideally suited to Ppump these

materials in the CT bands as shown by the arrow in the figure.
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DIVALENT & TRIVALENT TRANSITION METAL IONS
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» Fig. 1 d electron configurations for divalent and trivalent j
transition metal ions. —ﬁ
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The following two manuscripts describe the results obtained
on studying the optical ProPerties 4d and Sd transition maetal
ions in crystals. These results are important because they
Provide the first description of the spectral features of these
tYPes of materials, show how to enhance d-d emission through
thermal and radiation treatments, and demonstrate stimulated

enission and tunable gain from one of these materials.
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Spectroscopy of 4d and 5d transition metal ions in alkali halide crystals
Richard C. Powell, Robert H. Schweitzer, Joel J. Marun, George E. Venikouas, and

Charles A. Hunt

Physics Department, Oklahoma State University, Stillwater, Oklahoma 74078

(Received 6 January 1984; accepted 2 April 1984)

The fluorescence spectra and lifetimes of divalent Rh, Ru, Pt, and Ir ions in alkali halide crystals
are measured using pulsed nitrogen laser excitation. Emission from both the charge transfer states
and theexcited d levels is observed. Changes in the relative intensities and lifetimes are monitored
as a function of temperature, annealing, and radiation treatment. The results are interpreted in

terms of the possible application of these materials for tunable solid state lasers. .

I. INTRODUCTION

There is currently a significant amount of interest in
identifying new materials for use as tunablie solid state lasers.
Thus far most of the research and development in this area
has involved either 3d transition metal ions such as Cr, Co,
and Ni in oxide hosts or color centers in alkali halide and
oxide crystals. Another class of ions which may be useful in
this application is the 4d and 5d transition metals and re-
search is underway to survey the spectroscopic properties of
these ions in different types of host crystals. This paper de-
scribes the results obtained on crystals of KCI:Ru®*,
KBr:Rh?*+, KCl:Ir**, and KBr:Pt**. Fluorescence intensi-

ties and lifetimes were measured as a function of tempera-

ture, annealing, and radiation treatment. The results are in-
terpreted in terms of emission from both charge transfer
states and excited d levels.

Extensive literature exists on the spectroscopic proper-
ties of 3d and 44 transition metal ions in chemical complex-
es.'™* Systematic studies have been performed on the spec-
tral changes that occur with changes in the ligands and the
structure of the chemical complex. Emission has been ob-
served from charge transfer states, spin-allowed transitions
from excited d levels, and spin-forbidden transitions from
excited d levels. The two series of ions exhibit a variety of
broad emission bands throughout the visible region of the
spectrum. However very little work has been done on these
ions as dopants in single crystals.>” The goal of this work is
to begin to understand the properties of 4d and 54 transition
metal ions in crystals and to develop techniques for enhanc-
ing d level emission compared to charge transfer emission.

A. Samples

The crystals used in this project were grown by the
Czochralski method of pulling from the meit. All growth
was carried out in a dry nitrogen atmosphere in an internally
heated furnace. Fisher Scientific reagent grade KBrand KC}
were used for the host starting materials, The PtCl, (99.9%),

RRCl, (99.9%), IrC, (99.95%), and RuCl, (99.9%) anhy-

drous dopants were obtained from the Gallard-Schlesinger

Co. The melts were contained in high purity alumina cruci-

bles. After the crystals were grown, they were slowly cooled

to room temperature over a 16 h period. Samples were

cleaved from the boule perpendicualr to the growth axis so as
. to ensure uniform doping.

Example crystals were analyzed with an EDXA attach-
ment on an electron microscope to determine the concentra-
tion and distribution of the doping ions and to detect the
presence of other impurities. In addition, electron paramag-
netic resonance measurements were made on example sam-
ples to determine the valence of the optically active ions. The
results of these measurements indicate that the dopant ions
are distributed uniformly at concentrations of around 200
ppm. No significant amount of other optically active impuri-
ties or other valence states of the dopant ions were detected.

The ions of interest in this study are Rh2*(4d’),
Ru?*(4d ¢), P**(5d ®), and Ir* *(5d 7). Partial crystal field en-
ergy level diagrams for these d" electron configurations® are
shown in Fig. 1. The figure is restricted to the lowest sets of
energy levels in the strong crystal field region since this area
contains the transitions of interest in interpreting the ob-
served spectra. For each case there is a low lying set of excit-
ed states which can give rise to spin-forbidden transitions to
the ground state and a higher set of states which can produce
spin-allowed transitions to the ground state. Interactions
between the transition metal ion and its ligands result in
charge transfer states which lie at higher energies with re-
spect to the d levels shown in the figure.
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FIG. 1. Portions of crystal feld crystal field energy level diagrams ford ®,d’,
and d * ions in octahedral environments.
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. B. Experimental spparatus

i‘ Measurements of the fluorescence spectra and lifetimes
were made using a pulsed nitrogen laser for excitation. This
. provided a pump pulse at 337.1 nm which was about 10ns in
. duration and 1 A in half-width. The samples were mounted
"in a cryogenic refrigerator capable of controlling the tem-
_ perature between about 10 K and room temperature. The
l fluorescence was focused onto the entrance slit of a 1 m mon-
** ochromator with the slits set for 20 A resolution. The signal
was detected by a cooled RCA C31034 photomultiplier tube
. and analyzed by a boxcar integrator before being displayed
. " on a strip chart recorder.
To measure lifetimes the window of the boxcar was set
u in the scanning mode with a time resojution of about 50 ns.
~ The fluorescence spectra were recorded at fixed times after
the excitation pulse. Both fast and slow emission bands were
_ - observed in these materials and this time-resolved fluores-
.. cence technique can be used to emphasize either one of these
* two types of emissions. Examples of the observed spectra are
presented in the following section. Because of the large dif-
ference in lifetimes, it is difficult to show both types of emis-
sions on the same spectra. To overcome this problem, the
“spectra shown in the figures were obtained at 50 us after the
© - laser pulses using a 1 M £2 load resistance which distorts the
T ' timing of the spectra and allows both types of bands to be
casily seen. Thus the absolute magnitudes of the spectral
.. bands in these figures are not meaningful but the relative
“changes in intensities between samples or with different ex-
perimental conditions are accurate.
In the absorption spectra of these samples, it was not
‘ possible to detect any bands due to the doping ions. Only the
normal absorption edges of the host crystals near 250 nm
-. were observed. Excitation spectra taken with a xenon lamp
~-and 1/4 m monochromator showed the major absorption in
"all of the samples to occur as a triple peaked band between
about 280 and 400 nm. The Ir doped sample exhibited addi-
K tional excitation bands in the 500 to 600 am region of the
- spectrum.
A 2 MeV van de Graaff accelerator was used for radi-
- ation treatment of the samples. i

- .

Ks.v)

. Alnm
" FIG.2. Fluorescence spectra of KBr:Pt after pulsed N, laser excitation. —
300 K, freshly cleaved samples; - - -10 K freshly cleaved sample; - 300 K
) aged sample. (All samples unirradiated.)
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FIG. 3. Temperature dependences of the fluorescence lifetime of the d emis-
sion and the ratios of the integrated intensities of the d and charge transfer
emission for KBr:Pt. See the text for explanation of the theoretical lines.

Il. EXPERIMENTAL RESULTS

.A. KBR:Pt2*

Figure 2 shows the fluorescence spectra obtained for
Pt** in KBr crystals at room temperature and 10.2 K for a
freshly cleaved surface and at room temperature for an aged
surface. There are two distinct spectral regions: the relative-
ly narrow band at 380 nm and the broad, structured band
between about 425 and 850 nm. The former has a fluores-
cence lifetime of less than 20 ns independent of temperature
and is attributed to emission from the charge transfer state,
whereas the latter band has a temperature dependent life-
time in the microsecond time regime and is attributed to
transitions between triplet d levels. The structure in the
broadband shows the presence of several different d to d
transitions split into two major-bands. The relative intensi-
ties of the fluorescence band show that the fraction of the
total emission occurring in the d to d transitions decreases
with respect to that originating from the charge transfer
state as the sample surface ages. At the same time the lower
energy d emission band increases relative to the higher ener-
gy d emission band. These relative intensities also vary with
temperature with the 4 to d emission relative to the charge
transfer emission decreasing as temperature is lowered.

Figure 3 shows the temperature dependencies of the
emission intensities and lifetime for this sample. The ratio of
the total emission from the d levels to that of the charge
transfer level increases with temperature reaching a maxi-
mum at 250 K. Although both major d emission bands in-
crease in intensity with temperature up to 250 K, the higher
energy band increases more rapidly. Above this temperature
the higher energy band decreases while the low energy band

J. Chem. Phys., Vol. 81, No. 3, 1 August 1984
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FIG. 4. Fluorescence spectra of KBr:Rh at 300 K after pulsed N, laser
excitation. - - - untrested sample; —irradiated sample: - - - annealed sample.

continues to increase with temperature. The solid lines in the

_figure represent the best fits to the data using the model dis-

cussed below.

B. KBr:Rh2*
Figure 4 shows the emission spectra of KBr:Rh?* at

" room temperature for an as-grown sample, a crystal that has

been exposed to a radiation dose of 10° rad of electrons, and a
sample that was annealed by heating to 600 *C and fast cool-
ing on a copper block. Again both charge transfer and spin
allowed doublet 4 emission bands are observed. Both radi-
ation and heat treatment enhance the d emission with re-
spect to the charge transfer emission. The former treatment
tends to preferentially increase the lower energy d band

Ty JT'IrII -

& o o =~ o ltd7Kct)

(2]
Y

T (us)

0 e

cemcmmessem "

1} o

A e il bt ————

0 100 200
T00
FIG. 5. Temperature dependencies of the fluorescence lifetime of the d
emission and the ratios of the integrated intensities of the d and charge
transfer emissions for KBr:Rh. See the text for explanation of the theoreti-
cal curve.
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Ka.u.)

A(nm)

FI1G. 6. Fluorescence spectra of KCl:Ir after pulsed N, laser excitation at 10
K(- - -) and room temperature (—) of a freshly cleaved, unirradiated sample.

while the latter preferentially increases the higher energy d
band.

Figure 5 shows the temperature dependences of the rel-
ative intensities and fluorescence lifetime of the d emission.
The trends are similar to those discussed above for Pt except
that the intensity ratios show 2 more pronounced maximum
near 250 K. The solid line represents the theoretical fit dis-
cussed below while the dashed line simply shows the general

.trend of the intensity ratios. Again the lifetime of the charge

. transfer emission is less than 20 ns and no change with tem-
perature could be observed within the time resolution of our
instrumentation. .

C. KCl:tr2+
Figures 6 and 7 show the spectra and temperature de-

8

4]

8

1d¥Kct)

° 3

TCK)

FI1G. 7. Temperature dependencies of the fluorescence lifetime of the d
emission and the ratios of the integrated intensities of the d and charge
transfer emissions for KCl:1r. See the text for explanation of the theoretical
curve.
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F1G. 8. Fluroescence spectra of KCl:Ru after puised N, laser excitation at
10 K (- « -} and room temperature (—) of a freshly cleaved, unirradiated
sample.

pendencies of the lifetimes and relative intensities for
KCLIF* crystals. The results are similar to those observed
in the other samples except that the d emission intensity is
much weaker in comparison to the charge transfer bands.

D. KCE:Rw3+

Figures 8 and 9 show the results obtained for KCl:RuZ*
crystals. This case shows the weakest d emission compared
to the charge transfer emission at room temperature. Unlike
the other samples, this material shows a slight increase in the
intensity ratios as temperature is lowered.
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FIG. 9. Temperature dependences of the fluorescence lifetime of the d emis-
sion and the ratios of the integrated intensities of the d and charge transfer
emission for KCl:Ru. See the text for explanation the theoretical curve.
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FIG. 10. Simplified single configuration coordinate mode] for interpreting
the experimental results.

_

X

Hi. INTERPRETATION

The spectroscopic results described in the last section
are quite complex and obviously involve dynamic interac-
tions among several different types of charge transfer and d
levels. The exact details of these interactions can not be de-
termined without more extensive experimental results but
the general spectroscopic features can be interpreted in
terms of the simplified single configuration coordinate mod-
el shown in Fig. 10. The manifold of crystal field split charge
transfer states are represented by one potential curve and the

" system of d levels is represented by one ground state and two

excited state potential curves. At low temperatures the ab-
sorption transition is followed by radiationless relaxation to
the bottom of the charge transfer potential well. The major-
ity of the emission occurs from this relaxed state. As tem-
perature is raised, higher energy vibrational levels of the
charge transfer state are occupied and when an energy AE is
reached, crossover occurs to the higher emergy d level.
Transfer to the lower d level occurs at a temperature consis-
tent with 4E, and fluorescence emission occurs from the
bottom of both the d potential wells. At temperatures above
that consistent with an energy 4 E, radiationless decay to the
ground state occurs. i e temperature dependencies of the
relative intensities and ltetimes depend on the energies 4,
4E,, and AE;.

The intensity of the fluorescence emission from each
level is proportional to the concentration of ions in the level,
n,. Representing all of the charge transfer states by one level
and all of the excited d states by one level, the rate equations
of the excited state populations are

dn,/dt=W, —13'n, — g, )
dn,/dt =W, —v; 'n; + Bn,
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.......
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where the W, represent the pumping rates, the 7, are the
fluorescence lifetimes, and £ is the radiationless relaxation
rate between the two sets of levels. These equations can be
solved simultaneously and the resulting expressions for the
time dependences of the excited state populations are direct-
ly proportional to the measured fluorescence intensities.
This procedure provides equations for fitting the experimen-
tal data on the temperature variations of the ﬂuorcscenee
lifetimes and relative intensities.

The temperature dependencies of the ratios of fluores-
cence intensities at a specific time after the excitation pulse
can be expressed as

I/I, =A+Bexp| — AE/KT). 2

The temperature independent coefficients 4 and B contain
factors describing the ratios of the initial pumping rates and
the radiative decay rates of the two types of levels as well as a
correction factor for the detection sensitivity in the different
spectral ranges of the two types of emissions and an exponen-
tial time factor. The exponential temperature dependence
comes from expressing the parameter £ as the ratio of the
rates of absorption and emission of phonons coupling the
charge transfer and d states.

The solid line in Fig. 3 represents the best fit to the
temperature dependent intensity data for KBr:Pt using Eg.
{2) and treating 4, B, and AE, as adjustable parameters. This
fit was obtained for 4 = 1.69, B =240, and AE, =398
cm ™. The simple model used here can not explain the peak
in the intensity ratios at 250 K which is associated with the
redistribution of energy among the several different ct and 4
levels which are present in the sample.

Similar good fits to the observed temperature depen-
dences of the intensity ratios could not be obtained for the
other samples. In the case of KBr:Rh the peak at 250 K is too
dominant to allow the simplified model to be a good approxi-
mation. For KCl:Ir the strong increase with temperature
begins to occur near 300 K. This indicates a higher value of

| 4E, but the measurements do not extend to high enough

.temperatures to obtain an accurate theoretical fit. The tem-
‘perature dependence of the intensity ratios for KCl:Ru is the
opposite of that predicted by the simple model used here
which is probably due to redistribution of the energy among
different types of charge transfer states with different radia-
tive emission rates. Some evidence for this can be seen in the
spectra shown in Fig. 8.

The temperature dependencies of the fluorescence life-
times of the d emission bands can be interpreted by a model
assuming the presence of two d levels with different intrinsic
decay times 7,7 and 7, Separated by an energy barrier,
AE,, and connected by efficient radiationless processes so
that the populations of the levels are in thermal equilibrium.
For this situation the observed fluorescence decay time will
be the weighted combination of the two intrinsic decay times

r= 14+ Gexp(—AE/kT |/{(1/1.y)
+ {1/1,7)G explAE,/kT (}, (3)

where G is the ratio of the degeneracies of the two states. This
equation gives a reasonably good fit to the lifetime data for
ail four samples as shown in Figs. 3, 5, 7, and 9. The solid
lines are obtained treating G, A E,, and the two intrinsic life-
times as adjustable parameters. The numerical results for
these parameters are listed in Table 1. The values obtained
are physically reasonable except for the value of G = 50 for
KBr:Pt. This high value indicates that the structure of the 4
manifold of levels is more complex than the simple model
employed here.

The changes in sample properties after various types of
treatments are associated with the defect structure of the
material. When divalent ions are incorporated in alkali ha-
lide crystals, charge compensation is necessary. Usually this
takes the form of alkali ion vacancies which are not necessar-

_ ily located close to the dopant ions. These defects are mobile

and aging, annealing, and radiation treatments can cause the
formation and redistribution of defect centers. The spectral
changes observed for the samples studied here due to these
types of treatments can be artributed to the effects of the
interaction of the dopant ion with near neighbor lattice de-
fects. The position and shape of the charge transfer potential
well is especially sensitive to changes in the ligand structure
in the environment of the transition metal ion. Shifting this
potential well can significantly change the efficiency of ra-
diationless transfer from the charge transfer state to the d
levels. The spectra shown in Figs. 3 and § indicate that local
charge compensation greatly enhances the crossover to the d
levels. Similar results were observed on other samples such
as KCl:Ru. However, no significant changes in the spectrum
were observed in a sampie of KMgF,:Rh after annealing.
This is due to the fact that the defect mobility in KMgF,
crystals is greatly reduced compared to alkali halides.

Crystal
KCLRu KBr:Rh KCQuir KBr:Pt
Parameter 4d 4 47 (5d7) 54Y
4,(nm) $88 650 660
Al (mi 268 270 216
r{us 46 28 23
o, uo-" %) 1.16 2.10 2.50 3.7
AE,(cm") 278 355 700
Torl 49 9 20 110
Turl p8) 19 13 124 13.7
G 2.5 S0

s 375
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V. DISCUSSION AND CONCLUSIONS

Table I summarizes the spectral properties of the four
samples studied in this work. The results indicate that the
energy levels and dynamics of 4d and Sd transition metal
ions in alkali halide crystals are quite complex. The spectra
shown in Figs. 2, 4, 6, and 8 show structure indicating the
existence of several different types of excited state levels and
the significant changes observed with variations in tempers-
ture or different types of sample treatment indicate that the
population dynamics of these levels is extremely sensitive to
the local environment of the dopant ion and to lattice vibra-
tions. The simplified configuration coordinate model pro-
posed here is useful in interpreting some of the general spec-
tral properties but additional, systematic studies are
necessary to gain a complete understanding of these materi-
als,

The identification of the peaks appearing in the near
UYV spectral region as being due to charge transfer transi-
tions and the peaks in the visible spectral region as being due
to spin-allowed d—d transitions is somewhat arbitrary. How-
ever these assignments are consistent with the observed
strengths of these peaks in absorption and with their fluores-
cence lifetimes as compared to the values of these parameters
generally measured for these different types of transitions. In
addition, the overall spectral properties of these materials
are similar to those observed for these ions in chemical com-
plexes'~ where much work has been done to unambiguously
identify the bands belonging to charge transfer and 4 tran-
sitions. A similar definitive assignment for the materials in-
vestigated here must await further experiments to provide
conclusive information about the local structure and ligand
interactions in these crystalline environments. Since the ma-
terials investigated here contain lattice vacancies necessary
for charge compensation of the doping ions, and since radi-
ation treatment is used to alter the spectral characteristics of
the samples, it is important to note that the spectral proper-
ties of color centers in these alkali halide host crystals are
well known,® and none of the reported spectral features are
consistent with color center transitions.

The general location of the charge transfer bands is ap-
proximately the same for both of the 4d and both of the 5d
transition metal ions in the two types of alkali halide host
crystals. However, the exact peak positions, widths, and
structure of these bands are different for each sample. For
example, the ct bands in both Kl samples appear as two
extremely narrow transitions, whereas in both KBr samples
they are broader, single transitions. This demonstrates the
general similarity of the host-impurity ion systems and the
effects of different ligands on the spectral details. These re-
sults are again similar to those obtained on chemical com-
plexes of these ions. '™

For a detailed spectral analysis of these 44 and 5d tran-
sition metal ions in solids, it would be desirable to obtain
specific information on the local crystal field at the site of the
iops. In this case it is difficult to do for two reasons: the very
weak d-d absorption transitions and the lack of complete
crystal field diagrams for these types of ions. The Sugano-
Tanabe diagrams such as those shown in Fig. 1 work well for
jons of the 3d transition metal series but the increased spin-
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orbit interaction causes a breakdown of the Russell-
Saunders coupling for 4d and 5d ions. Although some work
has been done in treating these types of ions in an intermedi-
ate coupling scheme,'® complete crystal field energy level
diagrams are not yet available ford %, d ’, and 4 * jons. There-
fore the diagrams in Fig. 1 are used to estimate the values of
Dg but the results should be taken as only rough approxima-
tions to be used for comparative purposes. Considering that
the broad, overlapping bands give only approximate values
for the energy level positions, that the Stokes shifts of the d
levels between absorption and emission are unknown, and
that local charge compensation produces a strong deviation
from an octahedral crystal field, it is not possible at the pres-
ent time to do a more exact theoretical analysis of the specific
systems investigated here.

Only the structure of the spectra of Pt* and Rh?* in
Figs. 2 and 4, respectively, is detailed enough to use in crystal
field analysis. The free ion Racah parameters B for theseions
are 699 cm ' for Pt*>* and either 438 or 458 cm ™' for Rh?*
depending on the wave functions used in the calculations. '
The structure in the spectra of Fig. 2 can be interpreted as
due to transitions from the components of the 3T, and °T,
split by spin-orbit interaction and low symmetry contribu-
tions to the crystal field. The average value of the three low-
est energy peak positions can be used as an estimate of the
position of the *T;, energy level in an octahedral field. Divid-
ing this energy by B provides a value for £/8 to use the
crystal field diagram for d * ions shown in Fig. 1. This leads to
a cubic crystal field parameter of Dg = 1188 cm~'. A simi-
lar analysis relating the structure of the Rh?* spectra to
transitions from the split components of the *T, and T,
levels results in a value of Dg = 1230 cm ~'. The only pub-
lished value of Dq for Rh** is 1600 cm ™" in ZnWO, crys-
tals.!! This is consistent with the lower bound, Stokes shifted
value of Dq given above. More acurate crystal field analysis
of these materials requires samples with higher concentra-
tions of doping ions so that the positions of d-d absorption
transitions can be accurately determined.

The broad d emission bands for these matenials are at-
tractive possibilities for tunable laser applications. One criti-
cal parameter for this consideration is the peak emission
cross section given by

o, = {0.024 9}/ {n*dvr,}, {4)

where A, is the peak wavelength of the emission band and dv
is its frequency half-width. 7 is the quantum efficiency. The
latter quantity is difficult to determine accurately since no
temperature dependent intensity quenching is observed in
the temperature region studied. In calculating o, a value of
0.5 was used for n which should be a good approximation in
comparison to previous results on chemical complexes of
these ions. The values obtained for the cross sections are
listed in Table I and are all of the order of 10! cm ™' which
is similar to o, for 3d ion transition metal vibronic laser
materials. The lifetimes of the order of tens of microseconds
indicate that fast laser pumping would be berter than flash-
lamp pumping of these materials. This type of pumping
should be very efficient since these materials have strong
charge transfer absorption band coincident with the N, laser
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wavelength. To test these materials as lasers, crystal growth
techniques are being developed to incorporate an order of
magnitude higher concentration of dopant ions in the host
crystals. No evidence for emission from the low energy states
with spin forbidden transitions was observed in these host:
crystals. There is some evidence that intersytem crossing to
these levels is more efficient in oxide crystal hosts® and sam-
ples of this type are under preparation. These transitions
should have millisecond lifetimes and be better suited for
flashlamp pumped laser applications.

In conclusion, this work demonstrates the existence of
both charge transfer and d level fluorescence emission from
4d and 5d transition metal ions in alkali halide crystals. It
also shows how the d emission can be enhanced through
thermal or radiation treatments resulting in broad fluores-
cence bands thoughout the visible region of the spectrum.
These materials may be useful in tunable laser applications if
samples can be prepared with high enough levels of doping.
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11.2

STIMULATED EMISSION AND TUNABLE GAIN FROM Rh2* 10NS '{
k X o IN RbCaFy CRYSTALS “_
A Richard C. Powell, Greg J. Quarles, Joel J. Martin,
; X Charles A. Hunt and William A. Sibley
h l Department of Physics, Oklahoma State University, | -4
& Stillwater, OK 74078 A
:
- Stimulated emission was detected in RbCanthz+ crystals : ':

through the observation of power depPendent shortening aof the
g ' fluorescence lifetime and narrowing of the emission band with a
distinct threshold. In addition, single pass gain was observed

S to be tunable between about 700 and 720 nm.
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Tunable solid state lasers are pPotentially i{mportant for

various electro-optic systems applications. This has Qenerated

significant interest in developing new vibronic laser materials.1

Most research in this area has centered around 3d transition
metal ions.2-7 However, it was shown recently that the spectro-

scopic properties of 4d and Sd transition metal ions make them

possible candidates for vibronic'lasers.B We report here the

first tunable laser action in materials of ¢this type using

RbCaF3:Rh2+ as an example.
The Rh-doped RbCan crystal was grown by the Bridgman method

in the 0OSU Crystal Growth Laboratory. Stoichiometric amounts of
“Optran zone refined” RbF and CafFgy and 0.1 at. % of 99.9 % RhCly
were loaded in the platinum crucible. The growth run was done {n
a Qgettered Ar. atmosphere. The host crystal has a cubic Perov—
skite structure at room temperature? and the Rh2* {ons substitute

for the C12+ ions with no charge compensation or size mismatch

problems. Thus they occupy a site with Oh symmetry and six-fold

coordination of the F~ ligands. The sample used for this work

was cleaved from the houle alang (100) planes and was about 1.0
cm in diameter and 0.45 cm thick. It contained a high density of

scattering centers which do not greatly affect its use in sPec-—

troscopic studies but do Produce significant losses which affect

the accurate dutermination of laser parameters.

ha+ ions have a 4d7 electronic configuration. Previous

spPectroscopic investiqationse have demonstrated the existance of

strong charQe transfer absorption bands in the near u.v. spectral

region between 300 and 400 nm. The flucrescence emission can

occur either from the Stokes shifted charge transfer transition
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or from d-d transitions after intersystem crossing., The relative

importance of these two types of emission depends on the specific

environment of the ha+ ion in the host crYstal.e In RbCaF3

crystals the Rh2* emission comes entirely from spin allowed d-d

transitions.

Figures 1 and 2 show the fluorescence emission sPectra and

lifetimes obtained at room temperature after excitation by the

frequency tripled output of a mode-locked Y2A15012=Nd laser. The

excitation was at 354.7 nm with a 30 ps pulse. Similar results

were obtained using a nitrogen laser which pProvides a 10 ns pulse

at 337.1 nm. A f/4-m monochromator with a PAR' silicon diode

array detector " and oPtical multichannel analyzer were used to

monitor the emission spectras while the lifetimes were detected

with an RCA C31034 phototube and photographed on a storage oscil-

liscape. For law energy excitation, the fluorescence spectrum

appears as a broad band peaked at 710.0 nm with a full width at

half maximum of about 14 nm and a fluorescence decay time of 9.0

Hs, At high energy excitation, the position of the emission band

remains unchanged but the halfwidth narrows to about 7 nm and the

lifetime shortens to about 0.13 us,
The abrupt lifetime shortening and sPectral narrowing at a

specific threshold pump enerQy are indicative cf the onset of

stimulated emission. 1In corder to directly measure the effects of

this "laser action®, sinQle Pass fain measurements were Performed

using the experimental setup illustrated in Fig@. 3I. The tripled

output from the Y2A15012:Nd laser operating above threshold wis

used as the pump source and the output from a nitrogen laser-
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pumped tunable dye laser was used as a pProbe beam. The dye used
was a mixture of rhodamine 610 and oxazine 725 since this
provided the ability to tune across the entire fluorescence
emission band. A storage scope was used to measure the change in
the probe beam iniensity when the pump beam was turned on. Gain
was observed in the tuning range from approximately 700 to 720 nm
as shown in Fig. 1.

The results described above give the fundamental laser
properties of RbCanaRh2+ summarized in Table 1. The peak gain
coefficient was measured to be y=0.34 cm~1. This can be used to
determine the population inversion at threshold +rom the
expression

AN=BxAvTynZ/A2, S (1)
Here Avy T, Qnd A are the half-widthy radiative lifetime, and
peak position of the fluorescence bandy respectively. Using the
measured values for these Parameters Yields AN=3.4x1017 cm~S,
This number can be independently verified from the measured value
of the pulsed pumping threshold energy density, Eg,=0.063 J/cmS,
which is related to the thresﬁold popul ation inversion by

AN=E, . /hv. (2)
From this approachy a value of AN=2.3x1017 cm™3 is determined
which is consistent with the value obtained from gain measure-
ments. For simplification, an intermediate value of AN=3x1017 i
listed in Table I and used to calculate the peak stimulated
emission cross section from the relationship

op=Y/AN. (3
This is also given in the table., The value of the cross section

obtained from these measurements {s consistent with the value
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Predicted from spectral parameters using the eqQuation

oe=Ap2/lBxcn2AiT, ], (4)

The exact values of the laser parameters listed in Table 1

must be considered as only roudh estimates due to several

factors. These include Perturbations associated with scattering
losses because of poor sample Quality, feedback due to cleaved

sample faces,; and unknown broperties such as the exact value of

the Quantum efficiency. Despite these uncertainties, the
measured values of galn and cross section are very favorable
compared to those of other vibronic laser systems based on 3d
transition metal ions. fhe symmetric shape of the emission band
and tuning curve indicates that excitgd state absorption does not
effect the stimulated emission praperties of this material.

The results reported here are unique in two aspects: This is
the first observation of stimulated emission and tunable gain in
a crystal with a 4d transition metal as the active ions, and the
first solid state laser system pumped through a charge ¢transfer
band. This suggests that many different 4d and 5d transition
metal ions as well as other charge transfer molecular ions in
solids may be useful in tunable solid sfate laser systems.a The
future potential of these materials depends on the development of
1mpro§¢d crystal quality which should reduce scattering 1losses
and increase the fluorescence lifetime. When such samPles are

obtained, an attempt will be made to flashlamp pump the system.
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, TABLE 1. Spectral and Laser Parameters for RbCanth2+ Crystals
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Spectral Parameters Laser Parameters

3y
Ap(nm)=710 E¢n (J/em™)=0,063

— o o ot 4
D
Vot

8Ay o (nM)=17 AN, (em™S)=3x1017

T4 (HS)=9.0 ytem~1)=0.54 }

c.(cm2)=1.1x10‘18 Up(cm2)=1.8x10—18

Tuning Range:
700-720 nm
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FIGURE CAPTIONS

F1G. 1. Room temperature emission spectra and gain of a
RbCansha+ crystal. The solid line is the fluorescence
emission with peak pumping Ppulse enerqQyY density below
threshold while the dashed broken curve is the fluorescence
after pumping above threshold. The circles are the results
of single Pass gain measurements.

F1G. 2. Room temperature fluorescence decayY time of RbCanth2+
as a function of pPeak Pumping pulse energy at 354.7 nm.

FIG. 3. Block diagram of expPerimental setup for single Pass gain

measurements,
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I11. SPECTROSCOPIC PROPERTIES OF OTHER TRANSITION METAL ION-

DOPED CRYSTALS

The following three sections describe the results of a
survey of the oPtical properties of several Ppotential laser
materials. The Na f"-alumina material is an attractive host
because of its high ionic conductivity. This means doping ions
can be diffused into the hosts after growing undoPed crystals.
Although this has PpProven to be successful ¢or NoS*  laser
crystals, our attempts to doPe this material with transition
matal ions resulted in poor optical Quality sasPles. Most of the
other host crystals investigated had Problems with Quality. The
Bi  ,6e30;5 crystals exhibited sever laser dasage pProblees. The
only material which appears to have a high Potenti»l for Possible
tunable laser applications is Mny8i0,. The oPtical properties of
this material are summarized in Sec. I1I.3. The saaples
available during this investigation contained a siQniéicant
amount of defects which made them unsuitable for laser studies.
We are currently attempting to obtain crystals of higher oPtical

quality to continue research and developsent on this saterial.
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IIl.1 Na f“-Alumina as a Host Crystal

Bata aluminas are well known as solid slectrolytes because
of their high ionic conductivity (e.Q.y J.B. Bates, et al.,
Physics Today 3IJ.46 (1982)). Recently it has been shown that
this type of material can be used as a host for various lumines-
cant {impurity ions (B. Dunn and 8.C. Farrington, Solid State
Ionices 2Ki10,s 223 (1983)) and laser action has been obtained in a
Nd3* doped sasple (M. Jansen, et al., Opt. Lett. 2, 119 (1984)).
The sain interest in this type of material for a laser host
crystal is due to the ability to diffuse high concentrations of
dopting ions into the oPen Planes of the crystal and have very
woak ion-ion interaction. We attempted to produce crystals of
this material doPed with Cr3* or with Rh2* for possible tunable
lsser aPPlications. The sPectrascopic properties of these
samPles are described in this section.

Several single crystals of Na; ,7M9g, 7Rl10, 33017 were
obteined from Dr. J.B. Bates of Oak Ridge Naticnal Laboratory.
"Thees were in the form of Platelets a few millimaters sqQuare and
sbout a aillimeter thick. They had excellent optical Aquality.
Two sethods were attempted to diffuse ions into these crystals.
In the first msethod, the undoPed crystal was Placed in a crucible
and surrounded by a Powder containing the desired dopPing ions.
The crucible was then heated to 700 C for several hours. The
second aethod was similar except the crystal was suspended on a
wire above the melt instead of being immersed in 1it. In beth
cases the crystals colored deeply indicating a high percentage of
fon exchange. The Cr3* doPed samPles turned green and the Rh2*

sasPles red.
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The absorption spectra for Rh2* and Cr>* jons in Na p%-
alumina crystals are shown in Fig. 1. The Rh2* absorption is
again a charge transfer band in the near u.v. spPectral region
while the Cr3* doped crystal exhibits a broad structured absorp-
tion band peaking around 670 nm.

The fluorescence spactra at two times after the nitraogen
laser excitation pulse at both 300 K and 10 K are shown in Figs.
2 and 3. The spectra of both samples consists of broad, double
Peaked emission bands. For Cr3* the maxima occur at about 700
and 820 nm while for Rh2* the maxima are at about &00 and 700 nm.
The spPectral dynamics of both systems can be exPlained in terms
of the configuration coordinate diagram model shown in Fig. 10 of
Sec. 1lI.1.

The flucrescence lifetime of the 820 nm band of the Cr=*
doped samPle is about 5S4 Us and independent of tempPerature
whereas the lifetime of the 700 nm band decreases from 2.3 ms at
10 K to about 1.2 ms at 300 K.

The sharper band near 700 nm is probably due to emission
from the 2E level of Cr3* (R-lines) broadened significantly by
the random distribution of different types of crystal field sites
in this tyPe of crystal. The broad 820 nm band can be attributed
to Stokes shifted emission from the 4T2 level. The variation of
the relative intensities of thess bands with temperature and with
time after the laser pPulse and the tamperature dependence of the
fluorescence lifetimes can all be attributed to the rearrangement
of the occupancy of these levels in thermal equilibrium.

A similar analysis can be used to explain the spPectral
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o Fig. 2 Fluorescence spectra of cr3* in Na p“-alumina. TOP:

oy T=300 K} solid line for 25 Us after excitation Pulse} broken
line for 200 Hs after excitation pulse. BOTTOM: T=10 K}
broken line for 25 Ms after the excitation pulsej solid line

for 200 Hg after the excitation pulse.
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properties of the Rh2+ doped sample. The 700 nm emission band

B T TR
,
1

has fluorescence decay time of about 8 ms independent of tempera-
ture which is consistent with a spin-forbidden d-d transition.
The lifetime of the 600 nm band decreases from 192 to 48 us
between 10 and 300 K. This is consistent with a spin—-allowed d-d
transition. The observed temperature and time dependences of the

relative spectral emission intensities can be attributed to re-

ALt UL

distributing the excited state popPulation between these two

|
EY ) PO

levels.

The fluorescence efficiencies, lifetimes, and bandwidths of
} ! both Cr3* and Rh2* doped Na P*-alumina crystals indicate they -
aight be useful as tunable, solid state Platlet lasers. The
g adjaor Pprodblem in developing these materials for lasers is sample
_E l Quality. For baoth dopants, the ton exchange process greatly ,"4
degraded the opPtical Quality of the original crystals. We
believe the Pproblee i1nvolves size aitsmatches of the doPing ions
i | in the lattice. T s Produces internal stress which causes the

Surt+eace® lavyers tc ¢f.a @ 24¢ the samPle. Solving this problem

’ . .
POV I U SR

will reQuire a signiéicanrt amount of materials science develop-

® mant on this type of crystal.
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SPECTROSCOPIC SURVEY OF SOME NEW TRANSITION
METAL ION-HOST STRUCTURES

8. Colak, G.M. Loiacono, G. Mizell, W.K. 2wicker
Philips Laboratories, 345 Scarborough R3,, Briarcliff Manor, NY 10510

R.C. Powell
Oklahoma State University, Stillwater, Oklahoma 74074

Abstract

A number of luminescent ion-host crystal combinations were grown and preliminary
spectroscopic studies on these crystals were done, This survey involves most of 3d
transition metal ions, and some other ions of different series in various crystal sites.
The host crystals are Bi,Ge;0;,, KTiOPO,, Cs;NaBiClg, Mn,SiQ,, and V(PO3);. The results
of this preliminary survey are given in the form of transmission and luminescence spectra,

and electronic level assignments.

Introduction

During the recent years there has been increasing interest in finding and studying new
solid state laser hosts for laser ions, especially transition metal (TM) ions. Due to the
lack of a unified predictive model for TM ion behavior in different hosts, the information
on these ions still has to be collected from experiments. The purpose of the present work
is to broaden our experimental knowledge on TM ion-host combinations in order to ease the
future predictions in this field. In the following paragraphs, we will describe the
growth of, and preliminary spectroscopic work on some new ion-host structures, and try to
identify their behavior by comparing them to, and extrapolating from previously studied

cases.

Experiments and Results

During this work we have tried to prepare a number of ion/h?st compounds such as all 3d
ions and Pd, Os, Ce, Sm, Tb, in Bi;Ge,0;, (BGO): cri+, v3+, To’* in KTiOPO, (KTP); Ni, Ru,
P4, Os, in Cs,NaBiClg (CNBC); and studied fully concentrated Mn;SiO, and V(PO;); crys-
tals. The transmission spectra of the polished samples from these crystals were studied
between 200 nm and 2500 nm, with some studies extending up to 10 um. The luminescence was
studied in the visible and in the near IR. The energy level assignments of the d-electron
bands were done either by using published data, or with the help of Tanabe-Sugano dia-
grams"‘ by using extrapolated rough values for the crystal field parameter, Dg, and

interelectronic repulsion parameter B.

Bi;Ge,0O;; (BGO) crystals were grown by Czochralski method at around 1000°C under an
oxygen atmosphere in a _ platinum crucible. BGO has been previously studied for its
electro-optic properties3. scintillation propetties“. its intrinsic luminescence’ due to
Bi, and also as a laser host for mainly rare earth ions® possibly with energy transfer’'.
The impurity ion content in the crystals grown here were less than 1%. Crystals grown
with Ti, Pd, and Os had no indications of any absorption peaks within our range up to 2.5
vm. Cu, Fe and Ni doped samples showed very broad and weak absorption bands which were
difficult to distinguish from the background. Clear gray colored Co:BGO had well defined
absorption peaks in the visible, and some weak broad bands in near IR which were difficult
to identify. The absorption bands of V, and Cr in BGO were well defined, but no
luminescence was observed although various pump wavelengths at different temperatures were
tEied. The transmission spectra of vanadium ip BGO given in Figure 1 can be fit best ;o
Vv'+* in tetrahedral Ge site with Dg = 1000 cm™' as extrapolated from Dg = 900 of VCL, .
The band between 300-500 nm is assigned to charge transfer (CT) transétions due to its
strength. Previous studies on vanadium in tetrahedral sites of GaAs’, and 17-yyl0-12
compounds show that this ion is either in Vvt or vl+ form with varying Dg and B
parameters. In our case,extrapolated Dg and B values for vi+ and V'* require additional
absorption bands which we could not detect. An spproximate fit to the spectra of chromium
doped BGO given in Figure 2 can be found by assuming Cr°*, Dg = 800 em-!, and B -~ 500
cm=}. No luminescence was detected from this material either., We have not observed any
indication of photochromic effects as reported for Bi,,Ge0,p:Cr’*, cr’* '*.  BGO with
manganese is the only sample in this group which luminesced. The transmission spectra
given in Figure 3 can be identified with Mn“*, Dg = 1400 cm~', B = 700 cm~'. The emission
spectra is shown in Figure 3 and the nonexpotential decay time is between 3.5 and 9 usec.
The possibility that the emission is due to Bi excited by double photon absorption is

179

¢

i




LT TRETR SE ERE VRIS ot s .
IR SN SIS SN I I I SR PRI IR R R R
-~ ’y

r
/
S /
2|/
B
F Figure 1. Transmission spectra of
Z2 | 8GO - v 0.5% vanadium in Bi,Ge30;,. Dashed
€ | : curve indicate host transmission.
| CT £ = 10mm
il 300°K
1]
L‘ 2 J i
500 1000 1500 2000 2500
Alnm) 41
e
1
// *
8 47,
@ ! .
al BGO : Mn*
5 g | £=05mm
7] b4
& 211 300
: 2l
2 ' z
£ ’ 2
i 7]
| b
w
500 10001500 2000
500 1000 1500 2000 ‘ Anm)

A(nm)

Figure 2. Transmission spectra of 0.5%
chromium in BGO.

Figure 3. Transmission and emission
spectra of 0.5% manganese in BGO.
Shaded band indicate emission with
decay time between 3 usec and 9 usec.

excluded because Bi decay is faster®s’ than values given above. Ce in BGO gave a charge
transfer band between 300 nm and, 450 nm, and another narrow band around 3 um which can be
?ssxgned7t “F states of Ce’*. Tb in BGO gave typical Tb'* spectra with a strong
--> "Fg bran2h1ng ratio and lifetime of °D, was about 1.5 msec. Similarly Sm in BGO
showed typical sm’+ peaks, with emission most probably originating from ‘Gs/z states.

The growth techniques of the KTiOPO, (KTP) crystals will be reported elsewhere. This
material has previously been studied!" for its nonlinear optical properties. Cr, V, and
Tb were incorporated ig this material at levels less than 18. The transmission, and emis-
sion spectra of KTP:Cr°* sample is shown in Figure 4. Peak absorption cross section of at
650 nm is estimated to be in the 10~!% cm range. This high value may be due to the dis-
tored octahedral lattice site of the nost. The absorption spectra can be fit by using Dg
« 1600 cm~' and B = 800 which is very similar to the situation in other hosts. The life-
time of “T, emission is 5 usec at 300°K, and 95 usec at 10°K with similar band shapes at
both temperatures. The transmission spectra of vanadium doped KTP samples below 1 ym was
very similar to Cr doped samples, and it could be_identified with v+, Dg « 1700 em~', and
B ~ 850 om~! The absorption bands of KTP: :v3+ also fits to the s?ectr? given for
Al,0;:V’*+ 15 except that we could not detect any !T,,'E lines around 10 Although
we have observed near IR luminescence from KTP:V°* samples, addjtional- experxments are
necessary to determine that this emission is not related to cri+ 1mpur1t1es which has
similar emission spectrum and decay times. Only weak luminescence from v+ has been ob-
served pr;viously in Al;0,5:V Ie 06— with b?th narrow line and broad band forms at various
energies Tb doped KTP showed typical Tb°* spectra with SD“ decay times in the order of

10° seconds.

A set of elpasolite crystals with Cs;NaBiClg (CNBC) composition'”='? were grown by the

Bridgeman method. This crystal has an absorption edge at about 400 nm, and is water
soluble. The incorporation of Ni, Ru, Pd, and Os ions in the crystal were done at about
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! w/o level. 1Incorporation of Ni produced pink transparent Crystals with yweak and broad
absorption bands in the visible and in near IR. Ru doping resulted in plack crystals
because of a featureless strong absorption band between 400 and 650 nm yhjen is most
probably due to charge transfer transitions. P4 doping resulted in yellowigh crystals
with a small shoulder near the intrinsic absorption edge of the material. wNo other bands
in this material could be detected in the visible and near IR region. The Os doped
samples showed distinct absorption bands as seen in Figure S5, This spectra cap be fit
best to the extrapolated form of Tanabe-Sugano diagram for d° with B = 300 em-!, rhis

Nt A A At A L e S M i v s e e R aRaeee e en an mmean o

suggests 0s®* in octahedral site with Cl neighbors. Although the possibilities of 0s“*
and 0s°* can not be excluded totally, the fits for them are not as good. The preliminary

experiments did not show any visible or near IR luminescence from any of these samples.

KTP: Crd*
f= 1mem
300°%K

o
<
g :
<
3
2 i
&
= |
z !
400 600 800 1000 _ S5 io60 3500 3060
A(nm) X tom)
Figure 4. Transmission and emission Figure 5. Transmission spectra of
spectra of about 0.1% Cr’+ in RTiOPO, . Osmium (< 1%) in Cs,NaBiClg.

The lifetime of emission is about 5 usec.

Absorption band for Mn?siou shown in Figure 6 fits Mn?* in octahedral site with Dq =
870 em=! and B = 720 em~'. As shown in Figure 6 the material luminesces around 700 nm
with a decay time of about 3.6 usec at 300°K. The 77°K emission spectra is similar to
300°K spectra, and the luminescence decay at 77°K is a double exponential with 0.76 and
1.3 msec decay times. The Mn‘* ion in 2Zn,Sj0, is a well known green phosphor with
emission decay times in the order of 10-? seconds?'. Slightly different crystal
structures in Mn,Si0O, is the cause of the emission shift, and the lifetime decrease is
expected due to high Mn?* concentration. In fact at fully concentrated materials, one
would expect total gquenching of luminescence at room temperature due to efficient
collective excitatiop transfer?? among ions toward traps. This rapid energy  transfer
might also be used to energy transfer similar to the case in Cr’*, Nd°*+ doped
garnets??®. Mn;Si0, has been studied previously for its materials propertiesz“'zs.

The samples of V(PO3)3; showed v3+ absorption structure which fit to Tanabe-Sugano
diagrams with Dg = 1600 cm~' and B = 800 cm~ in octahedral site symmetry as seen in
;igute 7. The luminescence was detected only at 10°K from ( E,sz) and (IA,) to ground

T, states with approximately 10 nsec decay time. The splitting S" the emission lines may
be due to either collective behavior?? of highly concentrated V’* ions, or ground state
splittings as was observed with a different structure for v3+:R1,0; case'’.

Conclusions

Our survey study on the incorporation of 3d ions, and Pd and Os in Bi,Ge;0;; did not
result in any promising luminescence from these materials. Only in the case of Mn some
weak luminescence peaking around 850 nm could be found. These findings support the
results of an independent study on a similar germanate host’® doped by a variety of
d-electron ions. The present, and earlier studies indicate that transition metal ions
(especially 34 series) prefer the tetrahedral Ge site in this host.

181

Tee e et tatema e e
C ot . el RIS AR S L e e TR AR Y St e At
PR IR PP P P L S I S L PR A L N N IS AT

g PRy . N AN
BRI . " .
EON TR P Thant M ORI S T W W

'y

LR
‘alalatatl

. .
fea tal I.'. PP R

'D/n’n‘ ‘4
! .

1
-— Al T ta

.
2l

I NP S SI

ML ERAAAY
PRI

'

) 'y
bt




T T N R T T R T Y Y L W Y TS Y e Ty T T T

MngSiO,
4= 33mm
300°%
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] —— 703 ‘ §
L . 200 400 600 800 1000 w l
:l' . A (nm) : .
« Figure 6. Transmission and emission spectra Figure 7. Transmission and emission
of Mn,;SiO. due to Mn’*. Shaded band indi- (10°K) spectra of V(PO;);.

™~

cate emission.

KTiOPO,, seems to accept 34 ions (cri+, vi+) readily in the distorted octahedral Ti
site. Cr°* showed luminescence with about 5 usec decay around 840 nm. Vv’* containing
samples showed similar luminescence, but the origin of this luminescence is yet unknown.

The preliminary studies on Ni, Ru, Pd, and Os doped Cs,NaBiClg crystals did not show
any luminescence at room temperature. Except for Os, the other three ions in this host
resulted in broad and/or weak absorption bands which were difficult to identify.

PO A LIBSL SR e s g
LS > PRI N
. “ R

Mn,Si0, seemed ;o be the most promising candidate for further studies due to the strong
luminescence of Mn“* around 700 nm, with 3.6 usec lifetime even at this fully concentrated
limit, Crowded absorption band structure of Mn2+, however, may cause an excited state
absorption problem at high excitation conditions, This material may also be useful to
host rare earth ions for lasing where Mn’* is used for efficient energy transfer.

V(PO; )3 showed i+ absorption bands and some luminescence could be detected from the
samples only at 10°K.

A crude extrapolation technique was developed and used to find possible ranges for
unknown Dq and B parameters for some ions. This helped to identify some of the spectra in
this work, and it is expected to be useful for other new ion-host structures.
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T Appendix
. Extrapolations for Unknown Dg and B Parameters.

Knowledge about the energy level structure of a TM ion in a host gives some informatjon
about the possible radiative and nonradiative processes. The first order electronic
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states and approximate energy levels of an ion can be identified from Tanabe-Sugano
diagrams if DG and B parameters are known, As generally accepted this approach neglects
other secondary parameters of ligand field theory, and_is less acceptable for 44, and Sd4
ions, or for cases where a molecular orbital approach is more appropriate due to less
localized d-electron wave functions. . However, it is believed here that even a very rough
knowledge on the energy levels with an extrapolated set of Dg and B can be useful where no
information is avajlable. To make such extrapolations one can start from the approximate

{

'
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{
factorizations developed for a number of ions and ligandsza. These are iﬂ
-
Dg = fg/10 -
(M) ~
B = B/By = 1 - hk <
where, h, f, g, and k are emgirical parametersz.zg. and Bg is the free ion ;
interelectronic repulsion parameter‘’. These parameters vary in an organized fashion, as )
one scans the periodic table within transition metal ions, and within nearest 1ligand )
ions. These variations can be approximated mostly with linearized values for neighboring .
ions in the periodic table . A set of unknown (Dqg),, (B), parameters can be found from .
kxnown neighboring (Dq);., (B), parameters by using
(Dg); = (DQ); (1 + Ap) (2a) -
B2 = 8; - nagl1 - 8y} {2b)
where 8, = (B);/(Bo), and 8, = (B),/(Bo)i- If (Bl cannot be found from published :
tables than its value also can be extrapolated by using g
(Bg)z = (Bg)y (1 + 4g) ' (2c) '
Ap, 4B, and Apg are fractional variations as one scans the periodic table in defined K
directions and their values are tabulated in Table 1. 1In the table, g is TM ion charge; N .
is the quantum number n for the open d-shell; M is the guantum number n for the neighbor -
host atom open shell; and e, and E are the number of missing electrons in the open shells &
of the transition metal ion and the host ion, respectively. n is an empirical function o
which can be taken as unity if B/Bg = R is close to unity, otherwise one can use
3(1-8,)3 |a ‘
% =1 + l B'
(8y=0.1)(Ry-0.1) .
The (Dq); and (B), extrapolations can be repeated forward, or backward by iteration,
and examples of the results obtainable with such computations for octahedral sites are
shown in Table 2. Table 2 also contains the results obtained by using Eg. (1), and the -
published experimental values obtained from various sources.
TABLE 1*. Extrapolation Parameters for Dy and B.
’p by 8o
0.8 1.7
- = 1 0.1
2= T¥2(q, =27 F3ITq, =27
-1 -
ion N;-Np = 1 0.4 - 0.2 0.1+ (5-Ny)
=2 x(4-N;) x 0.15]
e;-e; = 1 = 0.0 + 0.2 0.05
My-M; = 1 - 0.1 9.5 0
(My = 1)?
host
E;-E; = 1 -~ 0.1 - 0.2 0
* See Appendix for parameter definitions, .
N
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TABLE 2. Examples of Extrapolated Dg and B from Eq. (2) (in 10° om-!).

(a) ) (b) (c)
Oct. Eq. 1 Experimental Eq. 2 Eq. 2

Ion Host bg B Dq B Dq B bq B
Co?+ 0 0.93 0.85 [(a)] 0.93 | o0.90 - - 1.06 | 0.90
crd+ 0 1.60 0.70 |(e)] 1.65 | 0.65 1.67 | 0.7¢ | 1.91 | 0.76
Mn* + F 2.10 0.64 {(f)] 2.20 { 0.60 1.91 | 0.76 | 2.18 | 0.72
Rh3+ c1 2.20 0.29 [(g)f 2.10 | 0.32 1.90 | 0.35 | 2.17 | 0.34
Re“ * c1 2.80 - (£)] 3.30 | 0.36 2.90 | 0.35 - -
ost+ F - - (£)! 3.60 | 0.40 4.14 | 0.45 | 4.74 | 0.38

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
1.
12,
13.
14.
t5.
16.

: 17,
® 18.

< 19.
20.
21,
22.

Iy

23.
- 24.
D 25.
- 26.
T 27.
R 28.
X 29.
- 30.
{ 31.

(e) Ref. 30.
(f) Ref, 8,
(g) Refs. 8 and 31,

(a) h,k,f,g taken_from Ref. 2,

(b) start from Co“* in 0 host.

(c) Start from Re“* in Cl host.
(d) Refs. 2 and 29.
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SPECTROSCOPIC EVALUATION OF Mn,Si04 AS A -
POSSIBLE TUNABLE LASER MATERIAL —

Lin Xi, Robert H. Schweitzer, and Richard C. Powell

Physics Department, Oklahoma State University .
' Stillwater, OK 74078 i
and s

G.M. Loiacono and G. Mizell
Philips Laboratories
Briarcliff Manor, NY 10510

Abstract
Mn 5104 is a concentrated manganese system exhibiting broad-
band fluorescence at room temperature. Time-resol ved spectros- .
copy results were cbtained as a function of temperature and are o

analyzed to determine the ion-ion interaction and radiationless -
Quenching properties of this material. ©

Mn2* ions in crystals are known to have broad <fluorescence SN
emission l:ar\cls.i'4 The transition producing this emission is —
between the 4T1 and 6A1 levels of the 3d electron config- -«
uration shown in ?10. 1. Since this involves a redistribution of -
electrons between the crystal field split d states, the trans-
ition energy is sensitive to crystal field modglation and thus
appears as a broad vibronic band. In normal Mn<* doped crystals, -
the oscillator strengths of the absorption transitions are so e

small that the system can not be efficiently optically PpPumped. . g
One way to overcome this problem is increasing the concentration e
cf manganese ions. However, concentrated manganese systems }j

generally exhibit strong radiationless Quenching which leads ¢to
the disappearance of fluorescence at room temperature.*”

Figure 2 shows the room temperature fluorescence emission of -
L . some concentrated manGanese crystals whose spectral pProperties ;
s have not been Previously characterized. The appearance of rela- "
e tively strong room temperature fluorescence indicates weaker -
- - radiationless Qquenching than is present in other stoichiometric o
b - manQanese crystals. To evaluate the potential usefulness of Ty
these materials in optical applications it is important to char- .
acterize the comPlete spectral dynamics of the system. The S
results of our investigation of the properties of MNyS10,
crystals are summarized below. The laser—excited, time-resclved e
L sPectroscopy setup used for this work has been described ST
' Previously. . s

b

I :
'j - The fluorescence emission of MnoSi0,; after pulsed laser "
ISR excitation evolves in time from a band pPeaked at 700 nm to a band

e e Peaked at 800 nm. The time evolution of the ratio of the fluor-

5 escence intensities of the two bands at 150 K is shown in Fig. 3.

P !

...................................
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The relative intensities of the two bands vary sigQnificantly with "
temperature. The fluorescence lifetime of the 700 na band -
decreases from about J3.17 ms at 10 K to about 1.33 s at room
temParature. The 800 nm band has a lifetime of about 700 us at
S0 K and about 1.93 Us at room temperature. In addition the long R
wave length band exhibits a rise time in its emission Ppattern Y
which decreases from about 107 s at S0 K to about 1.21 us at 3
room temperature.

The time and temPerature dependences of the sPectral S
dynamics described above can be interpreted using the model shown L
in Fig. 4. This is based on the concept of having an+ ions in
two noneQuivalent typPes of sites in the lattice. The first are
ions in normal lattice sites. These form an exciton band and
directly absorb the pump light. At low temperatures, lattice
relaxation around the excited ions causes a self-trapping of the
exciton and fluorescence is emitted as the 700 nm band. At
higher temperatures the exciton can bacome thermally activated .
and hopP through the lattice until it becomes trapPpPped at a an+ -1
ion with perturbed energy levels due to a neighboring chemical or v
structural defect. lons in this type of site are the orgin of .
the 800 nm fluorescence. Using the Parameters shawn in Fig. 4, o
rate equations can be written to describe the time dependences of
the concentrations of mobile and trapped excitons. The
solutions of these equations are proportional to the flucrescence
intensities from ions in the two types of sites. These eQuations
can be fitted to the observed experimental data with the energy
transfer rate, thermal Quenching rate, thermal activation
energies, and fractional concentration of defect sites treated as
adjustible parameters. In addition, the rise time data pProvides

-the information necessary to separate the total transfer rate
into its individual components representing the exciton diffusion
rate and the trapping rate.

.va“vv T—

The parameters obtained from the model and fitting approach
discussed above are summarized in Table I. The important conclu-
sions from this analysis are: (1) The thermal GQuenching temPpera-
ture of Mn<* jons in normal lattice sites in this material is
above room temperature. (2) Fluor.s:enc; Quenching occurs
because of efficient energy migration to Mn * ions in trapPping
sites. In the samples of Mn 8104 presently available, the con-
centration of trapping sites is Quite high. 14 future develop-
mants in materials preparation are successful in decreasing the
amount of chemical and structural defects in the crystals, it
should be pPossible to produce concentrated manganese materials
with spectral Properties favorable for use in tunable solid state
laser applications.
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TABLE I. Summary of Results
?5‘3-3. 17 os . ’ 1'3367 ns
779=0.70 ms T@=21 ns
kp~1(150 K)=76 us ky~1=4.0 us
AEgp=612 cm™1 AEp=15 cm~!
AEQ=938 cm~1 Ny/Ng=0. 1
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