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Branching ratio of uv and blue upconversions of Tn?* ions in glasses
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Tm®" doped germanate, tellurite and heavy-metal fluoride glasses were prepared and their upconversion
luminescence spectra were measured to investigate the effect of the host glass on the branchifgafatios,
1D,—%Hg at 0.36 um and 'D,— 3F, at 0.45 um. Because the radiative emission probabilities of these
electric dipole transitions are functions of Judd-Ofelt intensity paramélgend the sets of reduced matrix
elementg||UM|)(t=2,4,6, it was possible to vary thg of both transitions. Theg of 0.45 um luminescence
increases slightly with increasing, parameter, whereg8 of 0.36 um decreased. The ratio ¢@hg/B45 Was
largest in a fluorozincate glass and lowest in a tellurite glass. The result could be well explained by the smaller
0,/Qy ratio in fluoride glasses than those in oxide glasses. The correlation between the luminescence intensity
ratio and the(), parameters shows that we can control the branching ratio by the ligand field design¥br Tm
in glass matrices.

[. INTRODUCTION respectively. The branching ratig,for both transitions from
D, in a fluoride glass were around 40% and 45%,
Solid state compact blue laser materials are required forespectivelys To attain efficient upconversion lasing, it is
higher density in the optical data storage as well as for muldesirable to obtain single line by raising tBef only one of
ticolorization of visible lasers. The frequency upconversion'D ,—°Hg and *D,—3F, transitions. The emission probabil-
by a Tn?* doped fibet has the possibility of a I1I-V semi- ity of electric dipole transitions is dominated by the Judd-
conductor (AlGalnP, ~0.65 um) laser pumped blue laser Ofelt (), parameters, which are functions of crystal field and
without the need of phase matching, which is necessary foradial integral of 4 and %l electrons. The line strength of a
second harmonic generati¢8HG) by anisotropic nonlinear transition between an initighJ) and final|bJ’") manifold is
optical crystals. The glass hosts are attractive materials bejiven by>®
cause they can be fabricated as optical waveguide structures
like a fiber in which the pumping light can be confined effi- o ,
ciently to maintain a high intensity over a long interaction Salbl ]:t:2’4’6 Q(aJjutibd)?, @
length. The upconversion lasing at 451 nm has already been
attained in a fluorozirconate glass fiber by copumping awhere(aJ|U®|bJ’)'s denote the reduced matrix elements
676.4 and 647.1 nm of a krypton ion laddBy investigating  of unit tensor operators for the corresponding transition. It is
the dependence of upconversion efficiency on excitatiorio be noted that the sets of reduced matrix elements of unit
wavelengths of a tunable dye laser, we provided evidence densor operatot)® (Ref. 7) of them (t=2,4,6 have differ-
the excited state absorptioGfESA) mechanisms for TAT  ent features as shown in Table(F'2'D,JU@|[f*23H¢)? is
upconversion shown in Fig. 3L.It is well known that zero, while (f*2'D,|U®@||[f*23F, )? is the largest among
Tm*": 1D, level has two intense transitions T8l and®F,  three. Thus it is expected thatof 450 nm emission can be
levels, the wavelengths of which are near 360 and 450 nngained by enhancing), parameter of Tri{', whereass of
360 nm can be by),.
Although there have been few reports on the controlling

30p . X . C
—. Ip, factors of(), parameters, it has been in own semiempirically
o5 660 nm| %0 ™! 1450 nm that the value of(), is raised drastically by lowering the
‘E“ 20 1G4 symmetry of rare earth ligand fief®. On the other hand, the
B ESA
3 650 nm .
T 15} : 36y 3 TABLE l. Reduced matrix elements
3 z 3Hy (F2(SL)JJUW|F1S'L")I")? of radiative transitions from'D,
:C_.) 10k MER g level. (See Ref. 7. Typical wavelengths are included.
i 3
T Gda  4500m ¢ (SDJ (S'L)I  [U21@ [U@W]@  [UETR  N(um)
L 3
0 Tm?* o p, Hg 0.0 0.3133  0.0934  0.36
°F, 0.5792  0.0968  0.0194  0.45
FIG. 1. Energy level and upconversion mechanisms of Thy Hq 0.0 0.0017 0.0164 0.50

excited state absorption.
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controlling factors of(), s have not yet clarified before we TABLE II. The ), parameters of T ions in the glasses.
have shown the simple correlation between thésshauer
isomer shift and)g in all kinds of glasse$’ The O, ¢ can be Oy

gained by lowering the covalency ef-chemical bond be- Glass 0, (107 cn?) Qs
tween rare earth io_n and ligand ani&ﬁ@ne way to 0t_>tain ZnABCY 183 1.70 112
a large(), is to design an asymmetric field by changing theAIBCY 198 132 107

: . : ;
host matrix for the rare earth sit€In this study, Tm" up- iy 573 e 0.08
conversion characteristics in several heavy metal fluorid

and oxide glasses and the effect of composition were inve (‘;rBI;_ 23)?3 t‘%“; %952
tigated on Judd-Ofelf), parameters, and on the branching € ' ' ‘
TeBL 4.23 0.83 0.74

ratio of these ultraviolet and blue emissions.

Il. EXPERIMENT . .
_ phonon sideband measurement, as closed-cycle helium re-
A. Sample preparation frigerator(lwatani CRT-006-2000was used to keep the tem-
The glass compositions employed are listed below: perature of 12 K and the internal xenon lamp was used as an

excitation source. A dye laséBpectra Physics Model 375B
ZnABSY: 40ZnF,-15AIF;-15Bak,-15SrF,-15YF;-0.1TmR;,  pye Lasef excited by a cw Af laser(Coherent innova 70

AIBCY: 40AlF;-22Bak-22Cak-16YF;-0.1Tmk;, was used as a pumping source for upconversion lumines-
ZrBL: 60ZrF,-33Bak- 7LaF;-0.1Tmk;, cence. A propylene carbonate solution of DCM dye
HfBL: 60HfF,-33Bak-7LaR;-0.1TmHR;, (dicyanomethylene-2-methyl-dimethylaminostyryl-#-

TeBZ: 60TeQ-30Ba0 10Zn0-0.1TmQO , pyran was used to obtain tunable range of 630—(_380 nm.
GeBZ: 60GeQ-30Ba0 102“00'1qu‘ . Luminescence decay measurements were carried out with

_ _ o . a pulsed dye lasefSpectra Physics Quanta Ray PDJL-3
High purity reagents were used as raw materials in preparinghich was excited by the SHG light of a pulsed Nd:YAG
the glasses. The glasses obtained were annealed at the errium aluminum garneétlaser (Spectra Physics Quanta
spective glass transition temperatures determined by a diffeRay GCR-1] and a gated integrator and a boxcar averager
ential thermal analysis. The annealed samples were cut angogule(Stanford Research System model SR29e life-
polished into the shape 0b&x1.5 mn. time of *H,—>H, emission at 800 nm was determined by a

least square fitting.
B. Absorption spectra and Judd-Ofelt analysis

Absorption spectrum was measured with a Shimadzu UV-
3101PC Recording Spectrophotometer in the wavelength IIl. RESULTS AND DISCUSSION
range of 300—2200 nm. The density of the samples were

measured by Archimedes method using kerosene as the im- . ) o

mersing liquid and a silica glass as a standard. From the 1he Judd-Ofelt), intensity parameters of Tm in the

molecular weight and measured density, the*Trooncen- ~ 9lasses are shown in Table Il and Fig. 2. The valu€lgin

tration, py was calculated. The refractive index, of the the tellurite glass is much larger than those in the present

glass was measured with an ERMA Abbe refractometerfluoride samples. There exists an increasing tendency of the

From the integrated absorbance, three intensity parametef Parameter with the field strength of network former in the

Q, (t=2,4,6 were determined as follows. present samples. This may Eorrelate with the increased asym-
The line strength of an absorption band between an initiaetry of ligand field of Tri" ion. We previously reported

J manifold|aJ) and final manifoldbJ’), S,, was calculated that in fluorophosphate glasses both fagand quadrupole

. . 15 . . . .
with the experimental values of the integrated absorbancgPlitting of 'Eu Mossbauer spectra increases with an in-
by crease of phosphate contéhfThese results are ascribed to

the larger electric field gradient by divalent oxide ions than

A. Effects of composition on theQ, parameters

8m3e’\mpn 1[(N?+2)?
fbandkmdh‘ she2i+nyn| o |2 @ co
Tm™
wherek()) is the absorption coefficient at A, is the mean . o
wavelength of the absorption band determined as the center Ng 40 i
of gravity, h is Planck’s constant; is the speed of light, and 80
e is the elementary charge. Thus a least square fitting ap- T30 iy
proach was done with the data pf, n, integrated absor- 2
bance and sets dfuU®[)? (Ref. 5 of 4 bands(H,, 3F, 5 §20 .
1G,, and'D,—3H,) to obtain three intensity parametelds g
(t=2,4,6 by using Egs(1) and (2). S0 | | .

©
[=)

C. Luminescence measurement ]
ZnABSY AIBCY HfBL ZrBL GeBL TeBL

The luminescence and excitation spectra were measured
with a Hitachi-850 Fluorescence Spectrophotometer. For the FIG. 2. Compositional variation o}, parameters in glasses.
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FIG. 5. Relation between measured and calculated intensity of

FIG. 3. Emission spectra of Bli doped glasses. . X :
IS8l P ped g uv and blue upconversions atit}/Q), ratio of Tne* ions.

that by monovalent fluoride ions and also to the covalency of _ :
the chemical bond between rare earth and ligand anions. &N be largely enhanced by the '”.Creg‘sed. valu,oiwhich
The Stokes fluorescence spectra oPEfDy—F o, reflects the asymmetry of ligand field? A different A from

l - . -
transitions in E&" doped glasses with the same composition Dy Igyel results in a d'ﬁere’?t rat|9 o8, because th@ from
are shown in Fig. 3. The intensity ratio dfD,—F,)/  an initial |bJ) state to a termingtJ’) state can be defined as

(°*Dy—F4), R is much larger in oxide glasses than in fluo- AlbJ:cJ']

ride glasses. Because the intensity of the denominator is in- B[bJicd = —MM—, 3
dependent of ligand field owing to the magnetic dipole na- 2 A[bJ:cd']

ture and also because that of the numerator is proportional Y '

simply to the(), parameterR should be a measure i, e . .
parameter of rare earth ions in gld<® The R in Fig. 3 vv_here A[bJ;cJ’] is the spontaneous emission probability
shows a similar tendency to that 6, parameter of T diven b
ions in the corresponding glasses. 6amie?

3N
B. Effect of Q, parameters on the branching ratio of 0.36 3h(23+ 1)\

and 0.45 gm emissions In this equationS[bJ:cJ’] is obtained by Eq(1). Thus the

The Tn?" upconversion luminescence spectra of thefactors dominating the value g&'s from D, to the lower
glasses by 650 nm pumping are shown in Fig. 4. The ordistates are the relative valuesAfwhich are the functions of
nate of each spectrum is normalized by the intensity of théeduced matrix elements of each transition in Table | and
450 nm band. The emission bands at 360, 450, and 480 n@also a set of), parameters of a given ligand field. Since the
can be assigned ﬁﬁ)g_ﬁHG, D,—%F,, and'G,—Hgtran-  values of(JU"[Y*s and\ 2 for the transition to other termi-
sitions, respectivel§* In the fluoride glasses, the intensity of nal states wher’Hg and *F, are negligibly small, the
360 nm emission is comparable to that of the 450 nm emisB['D2;*F 41(=B4s) and B['D,;*Hel(=B3¢) are dominated ap-
sion. The relative intensity of 450 nm emission slightly in- proximately by the values df), and (},. The ratio 834 8,5
creased in the order ZnABSYAIBCY <ZrBL<HfBL [=A34A,5 from Eqg. (3)] obtained from the luminescence
<GeBZ<TeBZ. In the oxide glasses, the emission band ofspectra and that calculated frofly's for the present glasses
'D,—3Hg near 360 nm is quite small. are plotted as a function dR,/Q), ratio in Fig. 5 by open

Because the|U@)|)? of the 'D,—°F, transition is large, circles and closed squares, respectively. The measured
the spontaneous emission probability,of the blue emission  Bs4/ 845 for the tellurite glass is a little lower than that calcu-
lated from{); parameters. This is probably due to the intrin-
sic absorption edge of host glass around 400 nm, which

(n2+2)2
9

A[bJ;cd )= SbJ.cl]. 4

'T"‘aﬁDraHs 1Dy, | e7E%0mm makes the color of tellurite glasses yellowiétHowever, as
2r 4/\ j\_1/G4\_)3H6 1 a whole, there is a good correlation between the measured
o ZnABSY and the calculate@sq/B,5 ratios. Thus it can be concluded
8 j\ /\j\ ABCY that we can control the branching ratio of uv and blue up-
g A /\A conversions by designing th8,; parameters; a larg@,s
g HiBL could be attained by selecting oxide hosts with a lower
< N ZrBL ligand field symmetry.

é | "\ GeBZ . e :
( ez C. Luminescence lifetime and phonon sideband spectra
350 7650 550 500 The phonon sidebanPSB cannot be clearly observed
Wavelength (nm) for Tm®" ion in glasses owing to the multiplet Stark split-

tings of its levels as well as inhomogeneous broadening of
FIG. 4. Upconversion luminescence spectra of*Tnuoped transition lines. Thus the measurement was done for the
glasses by 650 nm pumping. Eu®*-doped glasses with the same composition instead. In
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FIG. 6. Phonon sideband spectra ofEwloped glasses. FIG. 7. Fluorescence lifetime of Th:*H,, level as a function of

the phonon energy in the glass.
the excitation spectra of Bi:°D,—'F , emission at 612 nm
in Fig. 6, the PSB associated with the pure electronic .
D, F transitiort® is multiplied by 20 times to study the where theAE is the energy gap to the next lower level and
. . g a function of the electron-phonon interaction. Also the
phonon mode coupled with the rare earth ions. The observe . . . o
: total intensity of two upconversion emissions observed by
phonon energy of the germandi@eBL) glass is near 800 100 mW pumpingJ.. is plotted by an open triangle in the
cm !, the highest, whereas that of the fluorozincate pumpINg/em IS P y P 9

(ZnABSY) is near 300 cm’, the lowest among the present same figure. Apparently, both this intensity andof °H,,
samples. The nonradiativé loss due to multiphonon relax\—NhiCh is the intermediate excited level ft, upconversion
pies. P (Fig. 1), show a similar tendency againsb. Thel ., of the

atio_n, \.NhiCh aﬁeCtS the radiative quantum efficiency and theI'eBL glass is a little lower than the expected value, even
excitation efficiency of the ESA, depends strongly on theIower than that of the GeBL glass. This can be ascri’bed to

P;{Zr}inssgﬁtggé;r: é;lg's?gshé?()%g&ﬁ%;aa?]'gt'r\]lgn?:gi?_/ the s_elf-ab_sorption o_f the Iumi_nescences_ by the tellurite host
tive decay ratéNyg is given by matrix, which was discussed in the previous section. There-
fore, we can conclude that the lower the multiphonon decay
rate is, the more efficiently the upconversion emission is ob-

T t= 2 A+ Wyr= 2 A+W,+Wer. (5  tained.

In the case of an extremely low doping leyet0.3 mol %9,

the W becomes negligibly small and thus tiiég should IV. CONCLUSIONS
be equal tdw, at 0.1 mol % Tmk.'® BecauseA is roughly _ _ 3
proportional to a linear combination 6%, parametersy; is Th(g branching ratio of D,—"Hg (0.36 wm) and
dominated mainly by the value af,, which varies largely "D>—"F, (0.45 um) upconversion |uminesnces of P
with the host. In Fig. 7 the obtainegl of 3H,, level is plotted ~ 10NS can be changed with the Judd-Ofélf parameters,
against the phonon energy estimated from the PSB spec- Which depend on glass compositions. That of 0.4 blue
tra in Fig. 6. We can see that decreases exponentially with €Mission increased with increasifig value, which is a mea-
an increase ohw. This tendency can be explained approxi- Suré of asymmetry of TF‘T ligand field. The intensity of
mately by the following relation for the multiphonon decay 0.36 um ultraviolet luminescence was largest in the fluo-

rate deduced by Miyakawa and Dextér: rozincate glass with a low,/(}, value. The control of
branching ratio is possible by the ligand field design for
W,=W, exp(— aAE/fw), (6) Tm>" ions in hosts.
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