
UNCLASSIFIED 

AD 665  03 3 

FLUORESCENT  ION   INTERACTION   IN   LASER   CRYSTALS 

W,W.   Holloway 

Sperry Rand Research Center 
Sudbury,   Massachusetts 

February  1968 

Processed for... 

DEFENSE DOCUMENTATION CENTER 
DEFENSE SUPPLY AGENCY 

(g[LEÄG30IM@lKK§)y^Il 
FOR FEDERAL SCIENTIFIC AND TECHNICAL INFORMATION 

U. S. DEPARTMENT OF COMMERCE / NATIONAL BUREAU OF STANDARDS / INSTITUTE FOR APPLIED TECHNOLOCY 

UNCLASSIFIED 



GO 
SO 
e 

it 

l^ 

FLUORESCENT ION INTERACTION IN 

LASER CRYSTALS 

by 

W. W. Holloway 

Sperry Rand Research Center 

FINAL REPORT 

FEBRUARY 1968 

Contract No. N00014-67-C-0266 
ARPA Order No. 306 

Reproduction in whole or in part is permitted for 
any purpose of the United States Government. 

This research is part of Project DEFENDER, under 
the joint sponsorship of the Advanced Research 
Projects Agency, the Office of Naval Research, and 
the Department of Defense. 

Prepared for 
OFFICE OF NAVAL RESEARCH 

WASHINGTON, D. C. 

D D C 
aenDHEJ 

FEB 1 5 1968 

bwwJÜ Ü IS 

rSPER^Y RAI\D  RESEARCH CENTER 
SUDBURY. MASSACHUSETTS 01778 

Reproduced by the 
CLEARINGHOUSE 

lor Fedsral Scientilic & Technical 
Inlormsllon Springdeld Vs. 22151 

TU« document hca be«a 
far pubbc wksoso an* icios 11» 
dtettajuBoaia tmlliaifd. 



SRRC-CR-67-67 

FLUORESCENT ION INTERACTION IN 

LASER CRYSTALS 

by 

W. W. Holloway 

Sperry Rand Research Center 

FINAL REPORT 

FEBRUARY 1968 

Contract No. N00014-67-C-0266 
ARPA Order No. 306 

Reproduction in whole or in part is penaitted foi 
any purpose of the United States Government. 

This research is part of Project DEFENDER, under 
the joint sponsorship of the Advanced Research 
Projects Agency, the Off.ce of Naval Research, and 
the Department of Defense. 

Prepared for 

OFFICE Oh NAVAL RESEARCH 
WASHINGTON, D. C. 

'SFER^V RAIND   RESEARCH CENTER 
SUDBUHY, MASSACHUSETTS 0177S 



TABLE OF CONTENTS 

Section Page 

ABSTRACT 1 

I     INTRODUCTION 1 

A, Summary 1 

B  List of Publications Related to this Contract 2 

II     SINGLE CRYSTAL GROWTH 3 

III     ENERGY TRANSFER 3 

IV     COMPENSATING ION EXPERIMENTS 6 

V     REMARKS ON THE TWO COLOR LASER PROBLEM 12 

VI    FUTURE INVESTIGATIONS 14 

APPENDIX A -- "Optical Properties of Cerium-Activated 
Garnet Crystals" 

APPENDIX B - - "On the Fluorescence of Cerium-Activated 
Garnet Crystals" 

in 



LIST OF ILLUSTRATIONS 

Figure Page 

1    Photograph of Y3Al5012
:Lu:Nd laser rods fabricated from 

Czochralski-grown boules and demonstrating the optical 
quality. 4 

2 

3 

Comparison of the Nd  ion F0/2 -• I11/2 Huorescent 
transitions in crystals of ^ÄlsO^ at room temperature.       8 

Comparison of the Nd  ion F3/2 -* ^11/2  fluorescent 
transitions in crystals of -oGarO.p at room temperature.       9 

Comparison of the Nd  ion F0/2 - I11/2 fluorescent 
transitions in crystals of ^AloGapO.p at room tempera- 
ture. 10 

The fluorescence of the Nd  ion Fg/o ■* Iii/2 fluores- 
cence transitions in crystals of Y, CLUQ yrNdQ 75^150^ 
at room temperature. •   •    • ^ 

Fluorescence lifetime as a functior of relative concentra- 
tion of the Nd3+ ion. x3 

iv 



FLUORESCENT ION INTERACTION IN LASER CRYSTALS 

ABSTRACT 

Factors influencing the fluorescence of the neodymium ion 

in garnet crystals (especially YoAKO.«) have been investigated in 

order to improve the laser characteristics of these materials. In 

order to increase the doping levels of the active ions the effect 

of compensating ions on the concentration of neodymium ions for 

given growth conditions has been investigated. Possible deleterious 

effects in the optical properties of the active ion in the presence 

of these compensating ions have also been studied. The major 

degradcition of the laser characteristics is the result of the 

"coring" of the YJUgO^Nd crystals. 

The use of energy transfer to enhance the fluorescence of 

the neodymium ion has been considered. Energy transfer from the 

cerium ion and from the chromium ion to the neodymium ion has been 

observed. In collateral studies, the optical properties of the 

cerium ion and the chromium ion in garnet crystals have been exten- 

sively investigated. Methods of improving the efficiency of the 

energy transfer in these materials have been considered, 

I.  INTRODUCTION 

A. Summary 

During the reporting period ending 30 November 1967t studies were 

conducted on the factors affecting the fluorescence characteristics and the 

laser characteristics of the neodymium ion in garnet host materials. Com- 

pensating ions have been used to increase the concentration of active ions 

in ^QAICO^. It has been found that the optical properties, such as the 

fluorescent transition linewidth. may be influenced by the incorporation of 

additional ions. Energy transfer from a sensitizing ion to the active ion 
3+ 

(i.e., Nd ) has been used to enhance the active ion fluorescence. The 

transfer of energy from the cerium ion to the neodymium ion has been 
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observed and the optical properties of the cerium ion and chromium ion have 

been investigated. 

The use of compensating ions has been found to  increase the con- 

centration of neodymium ions in YJU50 9.    When large concentrations of 

compensating ions are used,  the optical properties may be altered and a 

broadening of the optical transition may be observed.    The broadening of the 

optical transitions is especially prominent when a large compensating ion 
3+ 3T 3+3+ such as the Gd      ion in the Y      site or the Ga      ion in the Al      site is 

J   I 
j used to expand the average lattice parameters. TUe substitution of a i aller 

3f    3+ 34- 
ion such as Lu  in Y  site to compensate for the larger Nd  ion has been 

j shown to minimize the broadening effects. 

In an effort to increase the pumping efficiency of the excita- 

] tion lamp, sensitizing ions have been used. Energy transfer has been ob- 

served from the cerium ion to the Nd  ion in YJUgO^. The optical proper- 

i ties of the cerium ion in garnet hosts have been studied because of certain 

anomalous features of these properties. Problems which limit the usefulness 

i of energy transfers in these materials have also been considered» 

Preliminary studies have also been conducted using the chromium 

ion as a sensitizing ion. 

B. List of Publications Related to this Contract 

1. "On the Fluorescence of Cerium-Activated Garnet Crystals" 
W. W. Holloway, Jr. and M. Kestigian 
Phys. Letters 25A, 614 (1967) 

2. "Optical Properties of Cerium-Activated Garnet Crystals" 
submitted to J. Opt. Soc. Am. 

3. "Neodymium Ion Concentration Studies in Single Crystals of 
Rare-Earth Aluminum Garnets" 
M. Kestigian and W. W. Holloway, Jr. 
(in preparation) 



II.  SINGLE CRYSTAL GROWTH 

Preliminary single crystal growth experiments were carried out 

by use  of the molten salt solvent method. Rare earth size-compensating 

cation doped yttrium a'uminum garnet single crystals were prepared by 

slowly cooling a high temperature saturated solution. Scandium, ytterbium 

and lutetium were employed as size-compensating cations in these experi- 

ments. Chemical analyses and optical measurements of single crystals that 

were formed revealed lutetium to be the most promising of the size- 

compensating cations investigated. 

Single crystal growth studies utilizing the Czochralskl direct 

melt method were begun using neodymium-lutetium aluminum garnet as the 

dopant in yttrium aluminum garnet. Appropriate quantities of yttrium 

sesquioxide, neodymium sesquioxide, lutetium sesquioxide and aluminum oxide 

were carefully weighed according to the gen;ral formula Y,« 2x)N(1(x)Lu( 1^5^12* 

The samples were ball-milled overnight and calcined in covered platinum 

vessels at 1400 C for 16 hours. The material was then transferred into an 

iridium crucible. The heat source in the direct melt crystal growth ex- 

periments was a 20 kW output rf generator. An rf feedback loop was used 

to control the ^-owth temperature. Rotation rates of 50 to 100 rpm and 

withdrawal rates of 0.0625 to 0.125 inches per hour were normally employed. 

Single crystals of dimensions adequate for fabrication into 

laser rods were prepared. In Fig. 1 rods made from these single crystals 

are shown. 

III.  ENERGY TRANSFER 

The use of energy transfer to lower the threshold for stimulated 

emission is a well-known technique. We have previously demonstrated energy 

transfer from the cerium ion to the neodymium ion in YoA^O^o crystals. 

Because of certain anomalous features in the optical properties of the 

cerium ion in YgAl-O,«, these properties were studied in detail and are 

discussed in Appendices A and B. In addition to energy transfer from the 

cerium ion to the neodymium ionT the cerium ion can be used to sensitize 

the fluorescence of several other rare earth ions, (See Appendix B.) 

I 



FIG. 1 Photogiaph of VßAlsOi^Lu^d laser reds fabricated ^rom Czochralski-grown 
bouies and demonstrating the optical quality. The .concentration of the 
neodymium ion compared to the yttrium concentration in -he riielt varies from 
7/o in the upper crystal to 16% in the bottom crystal. 
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This energy transfer is apparently the result of radiative coupling between 

the fluorescent transitions of the cerium ion and the absorption transitions 

of the other rare earth ions.    Moreover, attempts ij lower the laser threshold 

in crystals of Y3Al5012:Ce:Nd because of the incorporation of the cerium 

ion have not been successful.    We attribute the failure of the sensitizing 

ion to lower the threshold for stimulated emission to the large size of 

both the fluorescent ion site and the neodymium ion with respect to thd 

yttrium ion which is replaced.    As in Sec.  IV, these oversized ions tend to 

distribute themselves in such a manner as to maximize the distance to the 

nearest neighbor ions.    A further indication of such an effect is that for 

given growth conditions the presence of the cerium ion reduces the concen- 

tration of the neodymium ions.    Therefore, the sensitization of the neodymiitn 

ion is the resuU of the relatively ineffif.ient radiative transfer rathev 

than the efficient non-radiative transfer.    (A similar effect has been noted 

by us in previous reports for the Cr     -• Nd     transfer in YJVl-O.,,.) 

Another revealing result occurred when an attempt was made to measure the 

excitation spectrum of ihe Yb      ion in YJUeOp.    Although the fluorescence 

of the Yb     ion (alone) was observed, the excitation spectrum was that due 

to Nd      ion.    We concluded that impuri*y amounts of neodymium ions were 

present and provided a very efficient transfer of excitation energy from 
3+3+ 3+ JJf the Nd     ion io the i'b     ion.    Because th?> Yb     ion is smaller than the Y^ 

3+ 3f ion which it replaces,  the Yb"     ion and the Nd     ion tend to cluster, con- 

sequently providing a very efficient transfer of energy. 

We conclude that these attempts to improve the laser performance 

characerf.sties of YoAle0„:Nd were not successful because the effects due 
6   o id 

to *onic size had not been taken into account. Therefore, the work was 

focused toward neutralizing these ion size effects through the use of -«m- 

pensating ions or through novel sensitizing ions. 

We have juivestigatea the fluorescence of the chromium Ion in 

garnet materials. The intense "rt" lines of the chromium ion are slightly 

dependent on the structure of the garnet host materials. However, these 

transitions do not overlap the absorption lines of the neodymium ion and the 

transfer of energy between these two ions, as reported by others, must 
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originate from the vibronic transitions which lie below the "R" lines. Our 

investigations are attempting to maximize the transfer from the chromium 

ion to the neodymium ion. However, the chromium ion is larger than the 

site wnich it replaces in the garnet materials, and consequently the trans- 

fer is not as efficient as could be achieved with a random distribution. 

IV. rOMPE^SATING ION EXPERIMENTS 

One of the rr^jor problems associated with the inclusion of *he 

neodymium ion in YJUeO.« is the relativelv low concentration of active ions 

which can be incorporated into the Czochralskl-grown crystals. We have 

been unable to prepare crystals of NdJU-012 by any method. Thus, there is 

an intermediate solution of YJVl-O^ — NdJUc-O.p which produces the maxi- 

mum concentration of the Nd**" it>n possible. The difficulty of the ion 

incorporation may be alleviated, but not solved, by extremely slow growth 

rates. A further difficulty arises from the appearance of core strains which 

are caused by or accentuated by the doping ions. The problem appears to be 

the result of the discrepancy in size between the Nd lo^  and the i^ ion 

which it replaces in the YJUt-O,« crystal. The total effect may indeed have 

some advantages. The large size of neodymium ion apoarently causes a repul- 

sion between the oversized active ions, e i., through crystal strain, and 

the ions tend to remain the maximum distance apart consistent with the 

concentration. That is, there is not a random distribution of active ions. 

This may serve to minimi?? the magnitude of the non-radiative interactions 

between the neodymium ions. This result would be consistent with additional 

effects which have l-ten  observed in the transfer of energy. 

Two solutions have been considered to increase the concentration 

of neodymium ions and to facilitate active ion assimilation during the 

growth of YJU-O^ doped with neodymium. The first solution would be to 

expand the average lattice parameters by the inclusion of larger ions in 

th^ yttrium site or in the gallium site. Although substitution in either 

site is possible, there appears to be the fundamental limitation that too 
Ik- 

large an ion or too high a concentration substituted in the Y  ion site 

wil] not allow formation of crystals, (e.g., as was pointed out with 



NcUAlgOjg). On the other hand, the substitution in the aluiülnura site by a 

larger ion is more promising because it is found t ^t, crystals In the 

entire ranee of solid solutions of Y„Alc0,o — Yr,GaJ),n  can be formed. 

The second possibility for increajing the concentration of neo- 

dymium ions is to attempt to compensate for the large size o£  the neodymium 

ioi by an ion smaller than the yttrium ion. The physical picture would be 

that the lattice strains caused by the oversized neodymium ion would be 

•elieved by the smaller ions. 

Both of these methods have been tried and indeed both appear, 

from samples prepared from the flux melt method, to increase the concentra- 

tion. These crystals were found to contain flux ions, however, and there- 

for the results ere not clear-cut, since the flux inclusion may act as a 

compensating ion. Preliminary results with pulled crystals indicate that 

the addition o the Lu  ion does in fact permit a larger concentration of 

neodymium ions to be incorporated for given growth conditions, .^n  addi- 

tional benefit which results from this type of compensation Tould oe the 

diminuation of the so-called "propeller"-type cores which are o».served in 

Czochralski-grown, neodymium-doped Y^Al^O^ ci/ystals. 

One additional effect, however, is observed with the use of com- 

pensating ions. Figures 2 and 3 show the room temperature fluorescence 
4     4 

spectra of YgAl-O.^Nd and YgGa.-O.gtNd, respectively, for the F«^ "* lii/2 

transition. In Fig. 4, -he fluorescence spectrum of this transition 

for mixed crystals of YgAlcGa^O.^rNd is shown. Here the linewldth of the 

transitions is seen to be considerably broadened. This effect is seen for 

other lattice-expanding, or oversized. Ions. This fluorescence broadening 

would of course be detrimental to the characteristics for stimulated 

emission. Figure 5 shows the fluorescence spectra for the room temperature 
4     4 F3/2 "* Ill/2 transition i" Yi gNd 7eLu -JU-O.ptNd. This broadening does 

not appear nearly as pronounced In the case of the smaller compensating 

Ion. These experiments were performed with flux-grown crystals. The effects 

of the flux material inclusions in the lattice are still under Investigation. 



V50/2 Nd 

ICWJM lOtOf I060M I050M 

FIG. 2 Comparison of the Nd  ion F3/2 - Iii/2 fluorescent transitions 
in crystals of Y^AKO-g at room temperature. 
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I080A t 070/1 1060/i 1090/1 

Wovelength 

FTG. 3 Comparison of the Nd  ion F3/2 - Ill/2 fluorescent transitions 

in crystals of ^2Ga5^l2  at r00m temPerature' 



y3AI3 Oa^ M 

UXCIfi lorofi 060' I0S0/I 

FIG.  4 
O i A A 

Comparison of the Nd  ion Fß^ "• I11/2 fluorescent transitions 
in crystals of Y3Al3Ga20i2 at room temperature. The broadening 
of the fluorescence transitions of the solid solution 
Y3Al50i2 aRd Y3Ga5012 is clearly demonstrated. 
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i 080/1 

Yl5Nd075LuO75A'5Oi2 

1070 Jl 

Woveieng'h 
1060/x 1.090/1 

FIG.  5 The fluorescence of the Nd  ion F3/2 - I11/2 fluorescence 

transitions in crystals of Yi.5Luo.75Ncl0.75A15012 at room 

temperature. The fluorescence spectra are similar to the 
fluorescence spectra of ^AlrO.p shown in Fig. 2. 
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The lifetimes of several pulled crystals, not necessarily of 

optical quality, have been measured as a function of concentration. The 

results of these measurements are shown in Fig. 6. The concentration of 

the neodymium ion was determined from the absorption. (Samples are current- 

ly being anuly?ed in order to relate the measured absorption to concentration 

and to allow us to plot an absolute scale in this figure.) The most heavily 

doped crystal of Fig. 6 corresponds to a neodymium concentration on this 

scale of about 0.73. At this concentration ^here is evidence of the 

deterioration of the fluorescence lifetime. ?he decrease in lifetime is 

the result of non-radiative interactions betweei. pairs of neodymium ions 

which cause the excitation energy to be wasted, .^e optimum composition 

for lasers will have been achieved when the increment of power increase 

which would result from an increase In concentration of active ion is com- 

pensated by the degradation rjf the neodymium fluorescence by the increasing 

strength of the ion pair interactions. The results of Fig. 6 suggest that 

an 80% increase in concentration over the amount of neodymium for which 

optical-quality crystals have already been obtained will yield the optimum 

composition. Efforts are in progress to grow laser crystals with this 

concentration of neodymium ions. 

In the crystals of Fig. 1, preliminary laser characteristics 

have been measured. These results, still incomplete, demonstrate that the 

advantages of the higher concentrations have not been utilized. The reason 

apparently is the result of the "cores" which have not been effectively 

eliminated. Work is continuing in an effort to minimize these "cores". 

V.  REMARKS ON THE TWO COLOR LASER PROBLEM 

In the previous sections, it was shown that the size of the 

active ion relative to the ion which it replaces, and the sizes of the 

compensating or sensitizing ions relative to the ions which they replace, 

influence the properties of these materials. That is, oversize active ions, 
3+ such as the Nd  ion In YJU-O,«, appear not to assume a random distribu- 

tion, but rather tend to remain as far apart as the equilibrium growth 

conditions will permit. This feature, while severely limiting the 

12 - 
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FIG. 6 Fluorescence lifetime as a function of relative concentration 
of the Nd3+ ion. The relative concentration was determined 
from the absorption band intensities of various single crystals. 
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concentration for given growth conditions, has the advantage of minimizing 

the Ionic interactions. We speculate therefore that the host LuJU-O..,, 

would be a likely candidate in which to observe stimulated emission at 

two wavelengths, i.e., from two different rare earth ions, or the so-called 
3+ 

tvjo color laser. The Lu  ion is the smallest of the rare earth ions 

and therefore any pair of rare earth ions substituted in the lattice would 

tend to remain as far apart as the growth conditions would permit. Even 

if the energy levels of the ions are such 9f,  to allow interactions through 

the relatively efficient noü-radiative process, the radial dependesice of 

such an interaction is proportional to r '' (where r is the average distance 

between the interacting Sons) and this interaction would be minimized in 

this system. We point out that the incorporation of active ions m this 

small lattice would be correspondingly more difficult than th« similar 

procedures in YJUj-O,«. In spite of potential problems, we suggest that 

the host LUoAlr0,2 would be a likely candidate in which to observe stimu- 

lated emission from two ions. 

VI. FUTURE INVESTIGATIONS 

A. Size-compensating ions will be used to grow single crystals of YAG:Nd 

with Nd  concentration up to the amount where the non-radiative 

interactions neutralize any advantages of an increased concentration. 

The goal seems attainable because our results show that the concentra- 

tion need be increased by less than a factor of two beyond the level 

which has already been achieved by this technique. Attempts will be 

made to reduce or completely eliminate the problem of "coring" in the 

doped crystals. For example, the cores will be cut from the rods, and 

lasers will be fabricated from regions where coring is not observed. 

B. The crystals will be evaluated by optical measurements. 

C. Optical-quality crystals will be prepared which incorporate the optimum 

concentration of neodymlum Ions and various concentrations of sensitiz- 

ing ions. Methods of reducing the size effects of the sensitizing ions 

will be investigated. 

- 14 



D. Studies of the chromium ion and its roles as a sensitizing agent in 

garnet materials will be completed. 
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APPENDIX A 

OPTICAL PROPERTIES OF CERIUM-ACTIVATED 

GARNET CRYSTALS 

(submitted to J. Opt. Soc. Am.) 
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Optical Properties of Cerium-Activated Garnet Crystals 

W. W. Holloway, Jr. and M. Kestigian 
Sperry Rand Research Center, Sudb-iry, Massachusetts 

Abstract 

The optical properties of cerium-activated garnet 

crystals have been investigated. In the garnet crystals 

showing luminescence, a bright yellow fluorescence has 

besn observed. This fluorescence exhibits structure at 

low temperatures, and wavelength maxima of the fluores- 

cence spectrum profile- are found to be host-dependent, 

Eneigy transfer has been observed from the cerium ion to 

the neodymii-m ion. 

Introduction 

The optical spectra of the rare earth ions in garnet crystals have 

been extensively Investigated because of the suitability of these materials 

in laser applications.  In a previous note, we have reported preliminary 

data on the fluorescence of cerium-activated garnet crystals, A bright 

yellow fluorescence was observed in several garnet host materials. These 

fluorescence profiles were shown to be host-dependent, and at low tempera- 

tures the fluorescence profile was partially resolved into two components. 

In this paper, we report additional measurements of fluorescence spectra of 

the cerium ion in garnet materials. In addition, absorption data have been 

measured for these materials in an effort to clarify the nature of the 

fluorescent site. 

_ 1 _ 



Experimental 

The crystals were prepaid by the flux solvent method. The con- 

3 
ce  nions given for the crystals are ^hcse of the starting ingredients, 

A Czounralski-grown, cerium-doped Y,jAlrO,.„ crystal was prepared for compari- 

son with the flux-grown crystals. 

The absorption measurements were recorded on a Beckman DK-2 

Hecording Spectrometer (for the visible and ultra-violet ranges) and by a 

Perkin Elmer 337 Crating Infared Spectrometer (for the infrared data^. 

The fluorescence data were taken with a Perkin Elmer 112 Record- 

ing Spectrometer with a CaF0 prism. The output of the spectrometer was 

detected with an EMI 999ü (S-20 response) photomultiplier. No attempt was 

made to correct for the response of this tube. 

Results 

The absorption bands observed in several ceriuin-doped garnet 

crystals are shown in Figs. 1 and 2. A pair of absorption bands are ob- 

served at anproxirately 2.65 u, and 2.85 u, and a second pair are observed 

at 420 nu and 380 nu.  In addition, an absorption line due to the flux inclusion 

is observed at 260 nu. The rarnets with larger cell cr.ist .t-s appear to 

assimilate the flux impurities easier than those with smaller lattice con- 

stants. 

The fluorescence profiles of several garnet hus* inat?rials con- 

taininq cerium are shown in Figs. 3 through 7. Figure 3 shows the fluores- 

cence profiles of several garnet materials taken at room tempevuture in 

3+ 
crystals where there has been a par'ial substitution for the Al  ion in 

3+ 
YJilj-O^'.Ce. The substitition of a larger ion for the Al  shifts the 
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FIG. 1 Infrared absorption spectra oi . .veral cerium doped garnet crystals. 
Two prominent absorption transitions are observed at approximately 
2.65 ^ and 2.85 ^. The wavelength of the transition maxim'i vary 
slightly with host material. The absorption transitions observed 
at approximately 4.8 ^ are also observed in undoped crystals. 
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FIG.  2b   The    uv    absorption transitions of YßAlsO^iCe (flux), Gdi^Y^sAlsO^Ce, 
and Gd3Al50i2:l'e'    ^wo prominent absorption transitions are observed at 
approximately 420 m^, and 330 mp,.    The absorption transition at 2fl ma, 
apparently due to the inclusion of flux in the crystals, is also jbserved 
in the flux-grown YgAlsO^Ce samples. 
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FIG. 3 Comparison of the fluorescence of cerium doped YaAlsO^ with the 
fluorescences observed in cerium doped garnet crystals where the 
Al«^ ions have been replaced by Ga3+ or Sc3+ ions. These fluores- 
cence profiles were measured at room temperature. 
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FIG. 4 Comparison of the low temperature fluorescence of cerium doped 
YßAlsOj? with the fluorescences observed in cerium doped garnet 
crystals where the Al3+ ions have been replaced by Ga^ or Sc^+ 

ions. These profiles were measured at 77QK. 
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FIG. 5 Comparison of the fluorescence of cerium doped Y3Al50i2 with the 
fluorescences of cerium doped garnet crystals, where the Y^1" ions 
have been replaced by Lu3+ ions, Lap*  ions or Gd«**" ions. These 
fluorescence profiles were measured at room temperature. 
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where the Y^ iors have been replaced by Lu3+ ions, La^ ions 
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fluorescence band toward the blue. In Fig. 4 are shown fluorescence profiles 

of the crystals in Fig. 3 measured at low temperatures. These spectra show 

two partially resolved components in addition to the shift of the bands toward 

the blue. The fluorescence transitions are shown in Fig. 5 for crystals 

3+ 
where a substitution for the Y  ion has taken place in YJVl-O.ojCe. The 

substitution of the smaller Lu  ion shifts the bands toward the blue while 

3+     3f 
the substitution of the larger La1  and Gd  ions shift the bands toward the 

red. The fluorescence profiles of Fig. 6 show the result of measuring the 

fluorescence transitions of the crystals of Fig. 5 at low temperature. A 

partial resolution of these bands into two components is again observed for 

3<- 
some profiles. Figure 7 shows profiles where substitutions in both the Y 

3+ 
and Al  sites have taken place, 

A number of other experiments have been performed on these mate- 

rials. The lifetime of the fluorescence decay has been determined to be 

less than 1 ^sec. Crystals of Y^Ga-O.-cCe do not exhibit fluorescence, and 

the intensity of the fluorescence appears to diminish for concentration of 

gallium greater than YJUpCaoO^iCe. In addition, crystals of YJUpGagO.-.jiCe 

and YJU. -Ga« eOin^'- exhibit phosphorescence which persists for several 

seconds after the removal of the ultraviolet excitation source. 

Powder samples of these materials yield results identical to those 

reported above for the crystal samples when the compounds are prepared under 

oxidizing conditions. When the powder samples are prepared under reducing 

conditions, a blue fluorescence is observed, usually in addition to the 

yellow fluorescence. Unsuccessful attempts were made to observe structure 

at low temperature in this blue fluorescence component.  It was not clear 

- 3 - 



whether this structure was  ibsent or masked by other effects,  such as inter- 

ference from the yellow fluorescence component. 

A broadband yellow fluorescence component of the cerium ion in 

these garnet materials overlaps absorption bands of several rare earth ions 

of interest in laser applications,   (e.g.,  the Nd     yhown in Fig. 8).    This re- 

sult suggests that energy may be transferred from cerium ions to   the other 

rare earth ion.    Such a transfer is indeed found for the cerium - neodymium 

as is shown by the excitation spectrum in Fig, 9.    The transfer appears to 

be principally composed of (the relatively inefficient) radiative transfer, 

i.e., the emission uf a real photon   by   the cerium ion and the absorption 

of that photon by the neodymium ion.    Because of the overlap, however,  non- 

radiative transfer may also take place. 

Discussion 

The observed fluorescence does not appear to originate from the 

Ce      site.    Although the low temperature structure shown in Figs. 4 and 6 is 
2 

reminiscent of the results of Kroger and Bgkker,    and attributed by them to 
34. 

the Ce      ion fluorescence,  both the absorption and fluorescence transitioi:b 

of the garnet crystals are shifted far toward the red.    In addition,  the 

3+2 2 infrared absorption band of the Ce      ion ( F_/2 -   Fr^»  which should be 

present at approximately 2200 cm" ,   is not observed.    The absorption band 

which is observed in this  region is also found in undoped crystals and 

3+ therefore does not result  from a transition of the Ce      ion.    The two ab- 

sorption bands, which are observed in the infrared at 3500 cm"    and 3600 cm    , 

3i- cannot be identified on the basis of   the Ce     energy levels.    Our results 

with powder samples,  however,  do shew that the cerium-doped garnet 

- 4 
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materials have a blue fluorescence when prepared under reducin conditions. 

3+ We attribute this to the Ce  ion. The yellow fluorescence, observed 

when the samples are prepared under oxidizing conditions, is identical to 

that reported above for garnet crystals, and we believe this fluorescence is 

4+ due to the presence of the Ce  ion. Similarly, the yellow fluorescence 

observed in the garnet crystal samples is the result of the presence of the 

4+ 
Ce  ion. The actual fluorescence, however, may originate from associated 

4+ 
lattice sites needed to compensate for the valence of the Ce  ion in the 

lattice. 

The structure, which is observed in the low temperature spectruir., 

c^n be assigned to fluorescence transitions leaving the level at — 420 np 

and terminating at the levels at ~ 3.6 u and 2.8 p.. The differences be- 

tween these transition energies and the observed fluorescence transition 

energies can be identified with the Stokes shift of the fluorescence. There- 

fore, the replacement of Al  or "  ions chang ^ the lattice parameters 

dete: lining the amount ol the Stokes shift and accounts for the shifts of 

the fluorescence profiles observed in Figs. 3 through 7. 
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* 
On the Fluot^scence of Cerium-Activated Garnet Crystals 

W. Hi. Holloway, Jr. and M. Kestigian 
Sperry Rand Reseavch Center, Sudbury, Massachusetts 

The optical properties of rare-earth doped garnet materials have 

been extensively investigated because of the importance of these hosts in 

laser applications.  In this note we report measurements of the fluores- 

cence of '"•ystals of Y3Al50.o:Cet LuJUJ) 0:Ce and Y3AloGa3012:Ce. In 

these cerium doped garnets, a bright broadband fluorescence has been ob- 

served which exhibits doublet structure at low temperature. This structure 

2 
is reminiscent of the spectra reported by Kroger and Bakker except the 

fluorescence is shifted toward the rod. The fluorescence profile varies 

with the garnet host material and this change may be easily observed by 

the luminescence color under uv excitation. This fluorescence does not 

appear to originate from the Ce  ion incorporated in these hosts. 

The fluorescence spectra of YJVl5012:Ce, '.uJU-O „-.Ce and 

YJU^Ga-O.^Ce (taken at room temperature) are shown in Fig. 1. In this 

figurt the difference between the fluorescence spectra of the samples is 

clearly seen. Under uv excitation, the fluorescence of YJUeO^iCe appears 

vellow while the fluorescence of YJU2Ga„012:Ce apnears green. 

At low temperatures the fluorescence in these materials shows 

evidence of structure.  In Fig. 2 the fluorescence spectra of Y„Al50,2:Ce, 

LuJUj-O.^Ce and YJV^GaJ)^tCe are shown to be parti Uy resolved into 

two components at 770K. The positions of the two lines are found to vary 

with the host. 

Several additional experiments fave been perxormed on these 

materials. The lifetime of the fluorescence of YJU-O 2:Ce has been 
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found to be less than 1 p,sec. Fluorescence was not observed in crystals 

of Y„Ga,012:Ce and the fluorescence intensity in mixed crystals of the 

type YoAl,- Gs 0 „rCe diminished markedly for n>3.  In addition, the crys- 

tals of YoA12Ga„012:Ce exhibit a phosphorescence which persists for several 

seconds. The role of impurities taken up by the crystals from the flux 

has not been determined. 

The absorption spectrum of Y„Al-0 2:Ce obtained from Czochralski- 

grown crystals shows two absorption bands at approximately 440 mu and 

340 mu. The flux-grown crystals of YJU-O.^Ce showed an additional ab- 

sorption band at approximately 265 mu, apparently due to the inclusion of 

some of the flux solvent material in the lattice. Absorption bands have 

been observed in the infrared at 2.6 y, and 2.8 u,. 

The samples used in the experiments described above were prepared 

3 
by the flux solvent method.  The concentrations are those of the starting 

materials. Crystals of YJU-O.^Ce were also prepared by the Czochralski 

3 
technique for comparison. The fluorescence of the crystals was excited by 

commercial long-wavelength uv sources. The fluorescence profiles were 

recorded on a Perk in Elmer Type 112 recording spectrometer. An S-20 response 

photomultiplier tube was used to detect tlie <. , . of the spectrometer. 

The rapid decay time and large linewidth of this fluorescence 

suggest that these bands are not the f -• f transitions observed in rare earth 

3f 
ions. The infrared absorption bands cannot be asrigned to the Ce  Ion, 

2     2 
which should have one group of lines corresponding to the Fe/2 "* ^7/0 

transitions at approximately 4.5 y,. The two components observed in the low 

temperatui1 fluorescence spectra of these materials may be due to the two 

_ 2 - 



absorption lines showing a Stokes shift. (These results are similar to 

those of Kroger and Bakker except that the apparent Stokes shift in our 

materials is much larger than for the materials which they measure.) The 

optical spectra do not appear to originate from the Ce  ion and instead 

may be due to cerium ion pairs or to a cerium ion of a different valence 

or its associated compensating site. The interpretation of these data is 

still incomplete and further experiments are in progress to clarify these 

results. 
1 j 
i 
I • 
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