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ot "do»d with Or(III) and lp-ctroucopio properties measured, The efficiency
.. of luminiescance in these glass ceramics was very high compared to glass

-l -

A

‘:umt clnn cnutal ware pnpund in t.ho systen mgo Alao

o
107, Wg0-AL60-810,"'and 200-A1J0L18107 uetng 1407, 200) and P07 as

‘Auclektors, - The n.'lor érystalline phases in these saxples vere lpinol.
nh:iig_g...-@qunnu #01id solutions and petalite-like=phase. These were

senples, viz. ca. %0% in'(quarts, 758 in petalite-like-phase and close
to uniey in g'c_hnito. For presctical purposes the results may be ilmportant
in designing luminescent solar concentrators and lasers bassed on Cr(IIl).

Time-resolved spsctroscopy of Crs‘-dond glasses or spinel-type
¢lass ceramics with titanium and titanium=-sirconium as nucleating agent
allows um to distinguish between the long-lived 23 and short=lived ‘1‘2
states. Tesperature dapendence and time resolution permit us to locate the
various levels and presence of aggregates of crs" in these systens.

Several types of transparent glass-ceramics doped by Cr(III) were '

prepared in 8102-A1z03-l!0 (R = Mg, Ca, 2n) systems. The crystalline phases
obtained after appropriate heat treatzents were determined by X-ray
diffraction. The spectroscopic behavior of Or(1II) allows characterization
of the crystalline phases in which Cr(III) is incorporated by analogy with
crystals.

Nullite glass-ceramics were prepared with varying concentrations of
Cr(1Il). The X-ray absorption, emission and EPR spuctra reveal that the
most defined crystals are forned at the lowsst concentration of COr(III).
The mdcnencion quenching of the luminescence is small and the quantum
efficienciss high as compared with glasses.

\_......> Z_:muu...) 01"&"}

/ltwul




- e e e e

WAMTIW. CHARACTERIZATION AND PROPERTIES OF )
mmrm MS CERANICS :

'rnnlplnnt. clui ceranice were prepared in the systea 1.120 Al.zo3

8103. Ng0- M.zo5 810a ‘ad mo-uzos-ss.oz using 'uo z:-o2 and ’209 as
nucleators. The major crystalline phases in these -uplu vwars spinel, i '
gahnite, P-quarts solid solutions and petalite-like-phase. These were )
‘doped with Or(III) and spestroscopic properties measured, The afficiency
of luminascence in these glass ceramics was very high compared to glass
‘samples, viz, oa. %0¥ in Be-quartx, 755 in petulite-1ike-phass and close
to unity in gahnite. For practical purposes the results may be important
in designing luminescent solar concentrators and lasers based on Or(III).
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1. INTRODUCTION

Blasses containing Cr(111) as potential materials for solar

concontrnors were :tudlod lntcnslvcly [1] The :trong nbsorptlon of
, "nrum qxtdndlng ovar mm tm cntm mlblc smtrum mlm it c

prtorl ) eood undldm for t.ho cnpturo of solar energy. However, tho

e gmsy phno seams to provide a wedium with too low quantum efficiencies
e 'fo. ﬂuomconcc (less then 28% (2-4)), while there are indications of very
“high quantm afficiencies in crystalline phases,

‘Glass coramics in which Cr(181) 1s concentrated in crystallites
dispersed in a glassy phase and having dimensions smaller than the
hﬁhnqth‘of visible radiation, should provide transparent materials of
high quantum efficiencies, from which plates can be mada quite readily.
This was indeed demonstrated qualitatively in transparent glass ceramics
containing mullite [2) malted at temperatures above 1650°C. The main
objective of the present study was to prepars transparent glass ceramics
containing Cr{l1II) in ditferent crystalline phases (temperature of melting
praferably below 1600°C), to determine the absorption and emission
chluctcrmlcl of Cr(II1) in these materials and to compare them with the

- chlractortstlcs of Cr(111) in glasses,

Glasses in the basic Lig0-Al 045105, Mg0-Al 04510, and

In0-Al 204-5i07 systems were prepared. Ti0p was first used as a nucleator,
but when it turned out that it .was causing colouration, it was otimnd
to reduce its quantities. TiOy, Ir0p and POy were then employed as
nucleators, alone or in combination with each other. The crystalline
phases produced in the tranparent glass ceramics were: spinel, gahnite,
#-quartz solid solutions and patelite-like phase. Comparison of the
properties of gahnite and spinel is of Interast since they have the same
spinal type structure, which In gahnite n fons replace all Mg foms.
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During prépmtloq of the sanples for measurenents of the '
spectroscopic propertias it was noticed that some Of the samples were very
Rard. Quantitative measuremnts confirmed these observations.
_ Microhardness measurements were carried out on several modifications in
conpomun of tm glasses and glass cgnmcs. However, these results

Cwit’ not be detailed {n the present paper since certain npcm still need
fumnr elaboration.

2, EXPERIMENTAL

The compositions of 'the glasses lntﬂ‘!did for tha preparétinn of
transparent glass coramics lie on the RO(R0):Alz03+1:1 or on fts Alg0y
side of the high silica end of the diagranm.

The selected compositions are shown in Table 1.

The glasses of the desired comsitlons ware prepared by thoroughly
dry mixing of the batch ingredients by hand, in a porcelain mortsr, for
15.20 minutes, {n batches to yield about 100 grams of glass. The raw
materials were high purity oxides ex‘ipt for L10H.H,0 and NH H,PO, a3
sources of Liy0 and Py0g, respectively. As sources of 5i0; and Aly0y =
Balgian glass sand, “Sibelco® (99.8% $i0;) and of Alcoa A-1658 (599.5%
Ala03) respectively, were used.

Malting of the glasses was done in alumina crucibles at temperatures
of 1560-1880°C, in an electric furnace, for 2.3 hours. The melted glass
was cast into stenl moulds and pressed into plates approximately Sen
thick, Tnese were immediately placed in a furnace at 650°C for annealing;
the furnace was turned off and sample cooled down with.it,
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.. temperature of the second stage (crystallization) was selected to be the

|

!

ta respactively, and soaking times are shown Ln Table 1. iﬂ
}

* compositions after the appropriate heat treatments: ' s-quartz ss (q).

Conditions of further heat treatment wers determined using mass
crystallization {n sn electric furnace. Hest treatment was done in two
stages. The Initial stage varied between 700-800°C (410 hrs), The

ﬁlgm'st possible above which the glass ceramic lost transparency. Heating
rate was 3-50C/min. “Nucleation® and crystallization temperatures, ty and

The crystalline phases present after heat treatment were determined by

X-ray diffraction of powdered samples using a Philips diffractometer with

Cuka radiation with Ni filter.

~ The detalls of the tnstrumentation and splctroséoplc measurements «

absorption, excitetion end emission spectra - are given in references
[3,4).

Linear thermal expansion coefficients were determined using a !
Chevenard Model 50 dflotometer.

3. RESULTS AND DISCUSSION
3.1 Phase sitions

The main crystalline phasos present in the glass ceramic samples are
shown in Table ¢,

Slasses 3 and 7

The original comositions of glasses 3 and 7 represent the highest and
lowest xilica contents, respactivaly, in the cordierite field in the
Mg0-Ala0y-S10z phase diagram. Three crystalline pheses were found In both

spinel (s) and magnesium-aluminotitanate (Mat). (Fig. ). ’




0

-

The similarity in the phases found in the two compositions suggests '
the 11kelihood of a phase separation process (liquation) of the original
glass during heat treatments. In tha process a iugh-mm plassy phase
crysulllzod to form s-quertz ss, mm the hlgh-catlon glassy phm

R mmq spinel and Mit. ‘ e

" 'The.relative quantities of spinel and Mat areapproxinstely the same in

- base glasses'd and.?, but .2 quantity of the s-quartz ss phase is higher
in ~-ginis no. 7. It may be assumed that the high cation glassy phase has

. about the seme composition in both samples; but the high silica phase in
sample no, 7 is enriched with Mg0 and Ala0y, still maintaining the
p-quartz structure; while the same glassy phase in sample no. 3 is
omcﬁnd. with silice, mklhg it less amanable to crystallization. The
transparent glass ceramic no. 3 {3 thus expected to consist of a higher
proportion of pluiy phase.

The linsar thermal expansion coefficients of the two glass ceramic
samples are 37 and 47 x 107 (1/9C) for glass ceramics no. 3 and 7,
respectively.

The substitution of part of tha T103 by Zr0p (in glasses 71 and 3-1)
resulted in a charge in the lfquation process and 1n the composition of
the coexisting glassy phases. In the transparent glass ceramics
petalite-1ike phase (plp), p-quartz ss and Ir0, were found. It is known (5]
that plp appears during the initial stages of crystallization of Ti0,
-containing 1iquated glasses and of glasses in the high magnesium Jow
silica part of the MgO-Al 304510, system located near the liquation field.
It probably . represents s l'mu of solid solutions on the basis of
Wg0 8105 obtained as & result of substitution 281 %*%~a2hi* 4 W% into @
laysred structure, or Introduction of (A104)Mgq g between layers (8).
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Introduction of Zr0p into the composition of the glass promotes the
redistribution of the components during liquation: the structure of the
high silica phase is sim{lar to the one of s-quartz (as in glasses no.3

. and 7); the structure of the high cation phase is similar to that of plp.

Thus, 10 composition no. 3=1 Buquartz ss is the'base crystalline phase, -
and 1n composition no. 72 plp is the base. In butn compositions 1r0,
appur: in the crymllm forn (fip. 1).

The wbstltution of part of the Ti0p by 2r0, and P,0g (gluss no. 7P)
resulted In the transparent glass ceramic. containing only AIPO,. One mey
suppose that the mechanism of crystilllution changes: the liquation of the

glass . doas not take place: P’s+ forms with A13* stable groups which
crysatllize aftar suitable h.m treatnent.

Glngus &4 and § .

“The composition of glass mo. 4 was selected in the systen
In0-Alg04-510, with the purpese of obtaining gahnite-containing
transparent glass ceramic. Part of 200 was substituted by Liz0 (n order
to decratse the melting tompcrltun'. However, s-quartz ss wis found in
1t as the major crystalline phase. Increasing the amount Zn0 and TiD,
(composition no. ’4-1) the phase composition of the transparent glass
ceramic changed and gahnite was found to form the major crystallime phase
with some p-quartz ss as minor phase (fig. 1), This fact suggests that a
liquation mechanism operates as in no. 3: the high silica glassy phase
gives p=quartz ss, while the high cation phase - yields gahnite, having
the same crystallographic structure as spinel. When the Lia0 content was N
increased in the original glass ~ p~quartz ss containing transparent glass
ceranic was fornad (composition no. §). Ti0; and Zrb, steyed in the
residusl glassy phase at these temperatures, The RyOg content in
composition no. § 18 worth noting. The isostructural nature of the

[}
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crystalline phases in the (S151)04 and (AIP)0, ni)m it practically | '_ ﬂ
impossible to dlstlngdlsh between the analogous structures in the two
| chamical systems by powder XRD. It may thus be that part of the
ol b . Bequartz ss may sctually consist of an (ALP)O, afalog of this structure,
© This glass ceranic (without Cr(111)) I3 colourless owing to the low Ti0p
_content and has a practically zero thermal expansion coefficimit.

3.2 Speztroscopic Measulfiants
Detailed absorption, axcitation and emission measurements were
. performed on. samples no. 3, 4%, § and 72, in which the major crystalline
} i s I,p_i}as‘cp ygrc' spinel, gahnite, B-quartz s3 and petalite-like-phase (plp),
. reipectively. Full details of the results and discussion were given

R A ? ‘ elsewhere [3,4). Only the'main results and conclusions will be given ‘
o here, .'

|
R The abserption of tha glasses before crystallization consists of two !
b ‘brosd bands peeking at 450 nm due to the ‘Az -31’1 transition and at '

650 nm due to the fAz-—:Tz transition. The absorption spectrum is very :

similar to that described in datail in ref, [8). The absorption spectra .

of the species hav]ng high concentrations of Ti0, contain additional
= absorption in the region of 300-500 nm, probably due to the presence of
713, which might ba formed during the crystallization process. The glass 1
ceramics samplas In which 2r0; 1s the main nucleating agent are almost
fres from this absorption.

Typical cxcltl'luon spectra of a glass ceramic - consisting of spinel -
is shown in fig. 2. The excitation curves depend on the emission
wavelangth used to measurs it. The curves obtained At amission
wavelengths of 720 and 830 mn are typical to the Cr(I11) in the glassy

phase and those measured at 683 and 708 na are characteristic to the !
Cr(: 11} in the crysatlline phase.
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The emjssion spectra of the four qlau-conﬁié samples are shown in . |

fig. 3. Similar to the excitation spectra the q’l_ulon spectra are '

dependant on the excitation wavelengths. .

The emission spectra of the spinal contalntnn 9ms cerami¢ {no. 3) is ‘ ; ' o ﬁ

' pmontod in f1g. 3a. For excitations at 475 and 627 ma they are composed -
of a structured part at around 680 nm dus to transition from € and &
broad enission in the range 650-950 nm from 47, !

The emission spectrum of the gahnite containing sample (4-1) Is gtvon
in fig. 3b.

Excitation at 475 nm results in a very weak fluorescence |
consisting of four sharp bands batween 670 and 740 nm and a broad emission
up to 950 nm. A similar picture is obtatnad when the sample is excited at
545 nm, however, the fluorescence is mora Intense by a factor of 10 and ! {
the main emission comprises 4 gharp peaks at 675, 689, 697 and 708 nm with L

| 4 very weak broad-band emission at longer wavelengths. When excited at |

boobe 625 nm, only one sharp peak Is obtained at 705 nm and a broad emission
¥ extending up to 950 nm.

Y PSP

.....

The enfssion spectra of p-quartz ss containing sample (B) {s given in
fig. 3¢. Excitations of 625 and 595 nm give rise to a broad emission _ |
peaking around 830 nm due to ‘Tz._tkz and a slight contribution of the

( emission arising from % with two peaks between 625 and 706 nm. This

contribution from 2!. single sites and pajrs, is much less than in the
gahnite and spinel samples. '
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. --The emission spectrum of petalite-1ike glass ceramic (72} is shown in
fig. 3d. Excitation at 475 nm and 625 nm results in a broad em’ssion up
to 950 nm from "2 ‘Az and weak emission from 2E around 698 and 717 nm.
The emission ‘spectrum for excitation at 570 nm s mainly compqsed of the
2 enission peaking at 690 and 720 nm.

The efficiency of the total 1uminescence in gahnite was found to be ~1
at room temperature. The quantum efficlency of Cr(I11) in the glassy
material of the same composition from whiéh the dliss ceramic was obtained
was lower by a factor of 10. This dramatic increase of the quantum
sfficiency in the crystalline phase is a result of the decraase of the
non- radiative de-excitation in the orderad systém.

The quantum efficiencies found for Cr(I1I) in s-quartz was 50% and n
the petalite-1ike phase 75%.

Calculations were also made of the ligand field parameters for Cr(1Il)
in glass ceramics, glasses, crystals and complexes [3]. From these the
following conclusions were drawn about the relative’ strenqth of the ltgand
fields: the highest ligand field is abserved in gahnlte. which is
comparahle to ruby. Spinel and petalite like phase are shbjectéd to
ligand fields similar to alexandrite crystal and Cr-oxalate complex. In
s-quartz Cr(I11) is subject to a field similar to that for yttrium gallium
garnet. '

From the practical point of view, the findings presented here may be

fmportant in designing luminescent solar concentators and lasers based on
cr{lll).
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18102:A1303:Mg0 :L120:2n0 1T10p:2r0p:Pe0g: T

Table 1 The compositions of investigated glasses (mol £), heat treatment
TS ond crystalline phases in transparent glass ceramics.
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Fig. 1 X-Ray diffraction of the transparent glass-ceramics

, $ - spinel, g - gahnite, plp ~patalite-like phase '
, q - B~quartz solid solutions, mat « magnasium-
] . ' alumotitanates, z ~ zirconia
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Fig. 2 Excitation spectra of spinel for various en!ssion "
at room temperature.
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TIME-RESOLVED AND TEMPERATURE~DEPENDENT SPECTRA OF CHROMIUM(III) IN
GLASSES AND SPINEL-TYPE GLASS-CERAMICS

Time~-resolved spectroscopy of Cr3’-dopud glasses or spinel-type
glass ceramics with titanium and titanium-zirconium as nucleating egent
allows us to distinguish between the long-lived % snd short-lived !0.1.2
states. Temperature dependence and time resclution permit us to locate the
various levels and presence of aggregates of Crs' in these systems.

INTRODUCTION

We have recently shown that Crs‘-dopcd glasses of special composit-
ion can be converted by appropriste thermel treatwent (uay around 1578°C)
to transparent glass-ceramics containing crystsllites much smaller than
the wavelength of visible light [1-5]. The potenticl uses of these
materials in tunable lasers and in lusinescant solar concentrators have
8180 been discussed [6], In order to establish the relative positions of
the "'rz and zn levels and their shifts whon the glassy waterial is
converted to the mainly crystalline glass-ceramic two materials A and B of
the following composition in molar percent were studied:

A, 58,7 sma; 16.7 Alzosz 17.8 Ng0; 6.7 '1‘102; 0.03 Cx-203

B. 9.1 81023 19.7 A1203; 21.9 Ng0; 5.0 '1‘102; 3.2 Zrozs 0.03 0”203'

In what follows the original gluss samples are called Ag and Bg and
the glass-ceramics obtained after thermal treatment Ac and Be.

The preparation of these materials of the spinel typs has been
desoribed [1). For comparison we hava also grown crystals with the
formula:

Spinel mlzo“(cﬂ’)é‘ Ng;T10,(Cr3'),  Mgy(Ts,2ry )0, (0r>),
Mgy, aTig 2Ady, g0y (0r" ).

For the spectroscopic measurement we hava used a quantal YAG-Nd
pulsed laser followad by a tunable dye laser to scan the required wave-
length. The detailed experimental data wers aimilar to those described in
ref. [7]. The temparature of the messurement ranged from 4.4 K to room
texperaturs.
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RESULTS

Fig., 1 presents & comparison of the emission spectra of Ag and Ac

sanples for titanium only under several excitation wavelengths at 4.4 K,
The glassy sample Ag is characterized by two main emission bands, one
peaking at 711 nm due to the ZE->"A2 transition and & broad-band emission
at around 800 nm due to the 'rz-> Az t:-_nm:luon. The poaitions of the two
bands are independent of their excitation wavelength. None of the emission
spactra presented here is corrected for ths spectral response of the
ﬂhoco:ultipuor and the analysing grating: the corrected apoctra of the
'rz-> Az enission are ahifted to longer wavelength. For instunce the
maximum at 800 nm should be shifted to 927 nm at room tespsrature and
to 984 nm at 77 K under S5i4.5 nm Ar excitation by wsing a germanium
photodiode. In the glass-ceramics under similar escitation the brosd-band
exission disappesrs and only the 25 enigsion is present, This emission is
split into ssveral components dus to single and assocoiated ions as
discussed below, '

We alao show in fig. 1 a comparison of the euission spectra between
the glass and glass-ceramica Bg and Bo containing sirconium in addition
to titanium. The main features of thess spactra rasemble Ag and Ac. The
room-temperature emission spectrum of the glass lacks the sharp 25‘
snigsion dus to the fact that the high vibrations of states of 2! is sore
completed population of “'1‘2 which i# the major emitting state at room
tazpetature,

Fig. 2 presents the time-resolved enission spectra of the glassy and
crystalline titanium samples Ag snd Ac. Similar measurements for the
zirconium exhibit identical behavior. As mentioned above, the short-lived
4T2->4A2 transition present in the glassy phase is abrent in the glass-
ceramics at 4.4 K. In addition the glass-ceramics reveal & gredusl tinme-
dependent disappearance of the band peaking at 706 nm and an increase of
the bands at 686.%, 689.7 and 693.5 nm. From this behavior we conclude
that the 706 nm band is due to short=lived pairs or higher aggregates
wvhich are antifarcromsgnetically coupled [1~3) while ‘the long-lived band
around 690 nm is due to 2E->“A2 enisaion from single or* ions. It should
bes mentioned that in the glassy phase the most pronounced band is due to
aggregates.

The decay time of all saaples were measured ut 4.4 K and at room
tezporature. A non-sxponentiasl behavior of the decay curves is observed




in all cases, mainly because of the multiplicity of Cr3* gites. In the
Slaasy sarple the shortsst branch of the decay curve of the uT2->uA2
transition (800 nm) cen be fitted to v = 14 us at 4.4 X and the longer
branch dus to "T,=>"A, has v » U7 us under 660 nm axcitation and t = 140
B8 under 570 nm axcitation dus to the thermalization of ZE and HTZ staten,

The dacay curves at 705 na due to the zE->“A2 transition exhibit a
‘long-time component of about 3 ms,

The lifetiue beshavior of the Ac and Bec samples are presented in fig.
3. At W.4K, 705 nn emission dus to aggregates under 570 and 600 nm
exhibits a long component of 3.4 ms, The 691 nm emisaion under excitation
into 688 nn 2B hus a lifetime of 8.4 ms dus to single ions. At room
tempersture for the Ac a strong contribution of 'l‘z is observed, &s
reflected by shorter lifetime which conaists of two components 50 and
430 ps,

The &tcoonium containing glass ceramics shows a longer decay than
the corresponding titaniuzs doped sampls. The longest lifetime is 16,6 ma
on excitation to 570 nm and emission at 688 nm. This long time srises
from 0,3* single ions positions at high symmetry sites in the titaniume-
sirconiun sasples.

It should be noted that cr3‘ ions in lower symmetry sites have life-
times as short as 6 ms.

A qualitative susmary of these results is given in fig., 4 which
represents Oxj‘ sites for single ions. The al state is above '\2 and ia
unchanged for Grs' in different environments, “’1‘2 may change its pogition
considerably in various environments and it lies above 25 in the erystall-
ine phase and at the sane position or slightly lower in the glaasy phase.
The pairs and more highly associated ions are not vepresented in the
figure: as noted above thoy hava shorter lifetimes than do c:.3* ions in
single positions. A similer result has been found for ruby [8].

A comparative study of 0:-3* behavior in gless-ceramics and in
“real” crystals ¢f similar composition is now in prograas.

¢

This work was parforsed in collaboration with the group of Professor
Georges Boulon at the University of Lyon.
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Figure Captions

Emission spectra of Ag (a) and Ac (b), and emission spectra of
Bg (c) and Bc (d) under various lasar excitations at 4.4 K and
also at room temperaturs for the Bg sample.

Time~resolved aspactra of Ag (a) and Ac (b) under 570 nm laser
excitation at 4.4 X,

D = delay time.

The gate width was 100 us.

Decay curves of Ac (b) and Be {a) for various emission wavelengths
under several laser excitations,

Schematic configurational coordinate curves for 0,3* single ions
in crystallites (a) and in glasses (b).
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TRANSPARENT QLASS~-CERAMIOS DOPED BY CHROMIUM(IIX);
SPECTROSCOPIC PROPERTIES AND CHARACTERIZATION OF CRYSTALLINE PHASES*
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The Hebrew University of Jerusalem, Jerusalem 91904, Israel

and
A, Buch and M, Ish-Shalon
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Abstract

Several types of transparent glass-ceramics doped by Cr(IIl) were
prepared in 8102-A1203"R0 (R = Mg, Ca, Zn) systoms, The crystalline phases
obtained after appropriate heat treatments were dstermined by X-ray
diffraction. The spectroscopic behavior of Or({IIl) allows chavacterization
of the crystalline phases in which Cr(III) is incorporated by analogy with
crystals.

* gupported by US Army Contract DAJA L5-85-C-0051
## Enrique Berman Professor of Solar Energy
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Introduction ]

The importance of transparent ylass-ceramics doped by Cr(III) as
potential new materials for LBC (luminescent solar concentrators) and
tunable lasers has been recently reviewed (1,2).In a2 number of papers
[3-8) using absorption and steady state luminescence,it has been shown

that Cr(III) exhibits exceptionally high quantum efficiency of luminescence

, ab oompnrod to that in glasces of the same compositions.
In octahedral symmetry.d3 systems like chromium(III) have three excited
quartet (total spin guantum number B5=3/2) states above the groundstate ‘Az

ghqﬁ large number of excited doublets (8=1/2).The first excited state is

either ‘Tz in "low-field" situations,where the sub-shell energy difference

[& between the two strongly anti-bonding d orbitals (e) and the three
roughly non-bonding orbitals (t ) is lower than the energy difference
( Jetween “E and 4A2 determined by effects of interelectronic repulsiong
or it is g in the "high-field" sgituation,where Aﬂlis larger than the
latter éxpression for spin-pairing energy.This distinction is relatively
clear-cut in absorption spectra,but is modified by the Franck=Condon
principle in lum’nescence,where the sub-shell configuration (t2)2(¢)1

of ‘Tz containing one anti=bonding electron has an energy above the
groundstate 4A2 dependent oh the 18 internuclear distances between the
chromium nucleus and the 6 nearest-neighbour nuclei.In particular,the
scaling of all internuclear distances by the same factor slightly above
1 qorresponds to a lower value of {\ and a lower excitation snergy above
4A2 On the other hand, E has to a high precision the same sub=-shell
configuration (tz) as the groundst “h A, and provides roughly parallel
Jotential surfaces and a mincr Stokes shift of the luminescence [1].
Hence,simultaneous emission may occur from 25 and from 4T2 at an energy
considerably lower than the maximum of the broad absorption band,Also
the time-evolution (decay curve) of the luminestence may deviate strongly
from exponential behaviour,becauvse energy is stocked in the 2E state
having life-times typically in the 10" s range,whereas the oscillator
strength £ (usually a few times 30"4) of the spin-allowed transition
from 4T2 to 4A2 corresponds to a radiative life-~time in the 10'53 range.
The observed life-time of the 4T2 luminescence (if detected at all) may
be much ghorter,due to non-radiative relaxation processell‘

Comparison of the [k valves in Table ' shows that the ligand field

of Cx(I1I) in the crystalline phase of the glass-ccramics is higher than
in the glassy phase or in glasses,and its value is comparable td that of
Cr(III) in ruby and alexandrite.The °E level 1is some 1000 to 3000 en”!
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below the miniinum of the ‘Tz potential surface,Such a situation permits
thermal eguilibration between two levels,as has been found previously in

e s,

many complexes and crystals,also such containing lanthanides and bismuth (111),

Later,it was shown (9] by time resolved spectroscopy of Cr(I1II) doped
spinel and petalite-like phase types of glass-ceramics,that this method
enables a more precise distinction of ;he 2E and ‘Tz energy levels of Cr(I1I)
nndi the equlibrium between the populations of the two levels.

In the present work,a systematic study of the dynamic behaviour of Cr(Ill)
luminescence was performed and an attempt to relate the spactroscopic
prépnrtinn of Cr(Ill) and the structure of the surrounding crystalline
phdlcl,wli'madi.
1.Exparimental procedure and results

1 A.preparation of glass-ceramjgs

The uta:ﬁng compositions of the glasses from which glass-ceramics were
frcparcd,lre given in Table 2.

1102 and z:o2 were used as nuc;eatorl,loparately or in combination.In
theocase of sample M, Cr2 3 iteelf plays the rdle of nucleator,not needing
any additional Tio or 2ro, +The Cr 0, concentrations,given in Table 2 in
mole percent, correspond upproximately to 1.1 1019 Cr(111) ions/cm .

The raw materials were high purity oxides with the exception of NH Po‘
used am source of ons.aolgian glass sand Sibelco (99.8 wt § bioz) and
Alcoa A-168G (greater than 99,5 wt 1 A1203) were used as 5102 and Alz°3'

The glasses were melted in A1203 crucibles at 1550 to 1560 °C in an
electric furnace for 2 tu 3 hours,The melts were cast into steel moulds and
pressed into plates approximately 5 mm thick,These were immediately placed
in a furnace at 500 °C for annealing;the furnaca was turned off and the
.amples were cooled at the cooling rate of the furnace.

The addition of '.I'io2 produces a greyish-yellowish shade of the usual
green colour of Cr(11l) doped glasses.We also prepared glasses of the same

" compositions,except for absence of Cr(IXX).The refractive indices of the

!

Table 2.

glasses varied within the interval 1.63 to 1.65,

Conditions for further heat treatment were determined,using mass
crystallization in an electric furnace.The heat treatment was carried out
in two stages.The initial stage (nucleation) was carried out for 10 hours
at 730 to 800 °C.The temperature just balaw which the glas-ceramics loses
itz transparency was selected for the second stage (crystallization).The

heating rata for each stage wag 3 to 5 *C/min.The nucleation temperatures
t1,th| crystallization temperatures t, 4nd the scaking times are shown in
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A1 the samples were transparent after heat treatment and the colour of most
of them became more grayish, The 710, = including samples darkened to & varying
extent. depending on the Ti0, concentration., It is caused either by the possible
formation of Ti3*; or by some other process [10] which is not well understood.

Identical heat treatments were performed on the undoped samples.
The refractive indices after heat treatment varied within 1,66-1,68.
I8 X-ray diffraction measurements

The crystalline phases prasent after heat treatment were determined by x-
ray diffraction of powdered samples using Cuk, tube with Ni=filter in a Phillips
diffractometer. The x-ray diffraction spectrs given in fig. 1 were interpreted
using the ASTM diffraction file.
The crystalline phases obtained are indicated in Tables 2 and 3. In
each sample, in addition to crystalline phases, residual glass was also observed,
IC Spactrescopic measurements
Square samples of 10mm edge and 3mm thickness were cut from all the undoped
and doped glasses and glass-ceramics. The surfaces as wall as one narrow adge
wore polished for optical measurements,
The details of the spectroscopic measurements (absorption, excitation and
emission spectra) have been given in [3,4].
_Absorption spectra .
Absorption spectra of samples were measured on a Cary-219 spectrophotometer,
S.mples of glass and gla:s-coram\cs doped with Cr?+ viere measured, using as
blanks 1dentical undoped semples of glass or 91ass-cfram1cs respectively
It should be noted that glass-ceramics containing titanium Yons become darker,
after hest treatment, than the corrasponding glasses. The absorption st wavelength
shorter than 500 nm in samples without Cr'* may be due to Ti3* to which Ti4*

could be reduced during the heat treatment. These samples were also used as




blanks for messurements of the absorption spectra of Cri* in glass~-ceramics

P

gontaining Ti.
-Absorption speétra of three glassas and glass-ceramics having different

i e i

concentrations of Ti0, are shown in Fig,  2(a-b):, Absorption spectra of five samples
qfc given in Fig. 3 (a-e), - The samples.of millite glass and glass-ceramics N
were measured against ordinary undoped glass because 1t was impossible tc . |
prepare identical glass-ceramics without Cr,0,.

Optical absorption data are presented in Table 3.

Emission and excitation spectra

Emission and excitation spectrs were measured using an Oriel xenon dc 150W |
lamps an Oriel 7240 monochromator with a resolution of 6nm/mm blazed at 500nm

LT

S

R

for excitatfon of luminescence; a Spex 1704 analyzing motochromator and an RCA §
7102 cooled photomultipiier for registration  and a PAR 189 selective amplifier
and PAR 128 Yock=in amplifier for amplification of emission.

Tt

B =

A1l samples were measured in an identical position, namely, when the exciting
Tight fell on the surface of the sample 3mm from the front polished edge. The K
luminescence was registered from this cdge at right anglas to the excitation.

ANl fluorescence spectra were corrected for the spactral response of the
instrument by means of a special computer program. =
Measurements and calculations of quantum yield were sorfornnd by comparison

with a standard material of known efficiency [11]. An LLP glass ssmple of the same

[N,

dimensions as the messurad glasses, and doped with 0,058 W% of Cr,0, was used as
a standard. Quantum efficiency of -Cr,0, in this glass was 0.23 [12,13],
In order to eliminate errors connected with the {nscabidity of the measuring

PO SIS

system the spectra of the standard samples ware recorded {mmediately before and
after recording the spectra of the measured samples, Luminescence spectra were

Lo e

taken for different excitatien wavelengths.
The spectra of the glasses and glass-ceramics are given in Fig., 4 (a-e)

* T1ithium 1anthanum phosphate
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and the quantum efficiency data in Table 3.
The quantum efficiency of Cr**, defined as the numbar of photons emitted
. by Cr** {ons divided by the number of photons absorbed by these fons, s highar

-thiri-th!-pfficimiu. measured in samples containing high titanium concentrations,

Tt T i

‘i’ho {nfiuence of the amount of Ti0, can be seen in Table 3. In order to
circumvent the perasitic absorption of Ti3* {4t {s advisable to reduce the amount
of 110, to a minimum, or to oxchanﬁo it entirely, whenever possible, by 2

R Ty

nonabsorbing nucleator.

Flvorescence Vifatime measurements

Cr3* fluorescence lifetimes were measured using a tunable dye laser, Molectron

e

L)
DL=200, pumped by & pulsed N, Taser Molectron UV 14, with a pulse duration of Bni,
~ Suveral dyas were used for different excitation wavelengths: for 525-550nm

. exc-C485; for 555-5650m-C495; for 595nm=REG; and for 620-645nm-RB, ,
e The emission ppssad through a monochromator and was detected with a R928 '

JEINRPS U SINE-CUG v S ST

Hamamatsu photomultiplier. The signal was recoverad with a Biomation 8100 digitizer

and averaged with Nicolet 178. The signal was observed simultaneously on the
SN Nicolet screen and then recorded on an x~y YEW 3086 recorder,
L e . The first and the second exponential 1ifetimes 1.1 and 1.2(def1ncd as »
‘ : o . the times during which intensity of the Tuminescence decreases by a factor of
. . ' e and ¢*) were calculated using a computer program (Tables 3),
| L The integreted 1ifatimes, defined as:
-
_ f:.!(t)dt -
/ .l(t)dt

where t « ¢ime and I « emission intensity, were also calculated. Using these {
14fetimes, exponentia) curves were reconstructed. Some of these Are represented f

in Fig. & (dotted curves) as compared to measured lifetimes (fl'm curves).
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As can be seen from this figure, the diffarence betwaen the measured and the

exponential curves {s much higher in glass-ceramics.
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11, Discussion f
"The absorption bands of Cr3* in the crystalline state in the observable “A,+*T, [
i
!
!

transition are shifted to higher energy as compared to the glassy state [3,4],
The. oscillator strangth in the crystalline phase i3 generally lower by a factor

of two than in the glassy phase. This 13 not surprising since in the glassy
state Cr'* resides in a symmetry Yowsr than in the crystalline, thus allowing
more parity-forbidden 3d-3d transitions,

Spinel-typa glass ceramics T-51

Thi enission spectrum of Cr** in the T~81 spine) type glass-carsmics (Figy.
4(b))y . as well as in the other spinel type glass-ceramics [D,4], differs in
shape from the smission spectrum of the starting glass (see Fig., 1 of [9]).

The emission spectrum 18 composed of the *E+*A, emission, which §s character-
{atic for Crd3* {n the crystals with a large fie)d strength, and of the wide
*Ty+'A, emission in the glass and Tow field crystalline sites, The 2E+*A,
! smisiion reveals a complex structure, which 15 well resolved at 4 K [B]. In

! : order to understand the origin of various bands we need to know the crystalline
| structure of spinels and sites into which Cr3* can enter.
‘ The usual “normal spinel” formula is A[‘Ja,t6]x~. where A-divalent cation,
i B=trivalent cation, and X-divalent snion, The symbo} [4) designates - tetrahedral
' coordination and [6] - vetahedral coordination. However spinels are known to
undergo inversion, the formula of "inverse spinel® being B[‘]tthISJX.. The degres
of the inversion depends on the conditions of crystallization. Usually 1t is much
larger in synthetic spinels than 1n natural spineis [143:

In the spinel structure the Cr?* impurities occupy octahedral cation -
positions| [15)) . Actually, almost 211 Cr** complexes in solutions as well as

the solids compounds are known to show the coordination numbar N«6 with octahedral
symmetry [1].

e e T T
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Iho spfnnls MgAl.o, undqryo inversion to some extent when heated between |
760°-900° {and higher temperatures) without annealing [14]. i?
The inversion must occur to a considerable degres in our samples as evident {
from the appearance of additional 1ines in the spectrum due to 2E+'A, emissions
~-which are the result of changes in the positions of the Cr2* energy levals in the
{nverted versus normal sites. This behavior fn crystals was profoundly studied by
N Mikanda et o). [14-18),

i The intrinsic 3E+*A, tuminescence (R-Yine) has lower intensity, typical for i
' strictly octahedral symmetry, than the Crd+ luminescence in inverted sites [14]. i
This {s not surprising since the parity forbidden transitions become partially

a11owed when the high syrmetry 1s lowered.

Tha R-1ine intensfity increases whan Cr3* {ons are excited at shorter wavelengths,

A wedk Tine at ~680nm 1n the emission spactrum of T-61 Jlass~ceramics at 655nm
| excitation 1s the R 1ine (Fig. 4(b)).This Yine is missing at 622nm excitation,
i “Tue naxt most ntensive Vine at ~690-695n: arises from Cri+ in one of the distorted
| ‘ €0, octahedrons, the most common in our sample. The intensive but simost hidden
, Yine at 706nm [the Ny=11ne [15,!7] {3 due to the exchange-coupled Cr?* jons
(emiss.on of Cr?+ pairs, 14ke the R 1ine, changes its place only a Tittle in the 3
spectra of different spinels snd many uther crystals). The origin of this Vine :
from the Cri+ pairs is deduced from Vifetime measurements and time-resolved spectro- !
scopy at low temperatures [9). _
. The broad emission at 200~ 1000nm s from Cr3* in th'n low crystal field (in
L glass or c|rymh) « M,+%, emission, Its intensity increases mnt‘ivo to the
SE+'A group when the excitation 1s at 622nm. The maximum of the ‘T,+'A, emission 1t
shifted to a shorter wavelangth relative to a simple glass (Fig. 3(a) )similarly
to absorption; that 13, thare 13 a stronger crystal field around Cr?* fons in the
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glass-ceramics. T-51.

With increasing Cr*+ concentration the possibility increases that two Cro¢
tons will be in nearby sites interscting entiferromgnetically and creating ex-
change coupled pairs with characteristic Tuminescence 1ines from the *E level [8).

The significant exchange patrs Cr¥*emission in crystals ordinarily appears
when concantration of the dopant is 0.3 mole § [15,18]. In our starting g)ass
the Cr** concentration is Tow = only 0.02 mole %. Even at this concentration i
we observed thi Ny ine from pairs in the spine) glass-ceramics. This may be
due to the fact that the Cro* 4ons are distributed unevenly between crystalline
and glassy phases, the crystalline phases being enriched by Cr3* fons. This
phenomenon s under further investigation by the ESR method.

The weakness of the R-1ine in T-51 glass-ceramics may r.uu'lt from energy
transfer from single 1ons to patrs. Energy transfer was al3o evident from 1{fetime
measurements, The luminescence in T-51 shows high nunexponentiality of the decay
curves (Fig.sb and 5¢) indicating efficient energy transfar in different time
regions betweenvarious Juminescent centers; in glass, the luminescence is close
to exponentfal (191 (Fig. &a),

The decay of the R-1ine emizsion at 680nm (Table 4 ) is very steep in the
initia) time region (1.‘) becausy of energy transfer to other Cri+ u;ecin.
Howevar the duration of Yuminescence lasts nesrly 5ms st room temperature and
Tonger at lower temperatures [9).

The Vifetimes of Cr** fons in distorted sites are usually shorter than for
the R-1ine due to higher transition probabitity. In our case the Vifetime of 696nm
luminescence 13 sImost the same as for the R-1ine, the R,}ine Vifetime baing the
rate-determining step in this process, governed by energy transter!

While the high nonexponentiality and duration of the decay curves tell about
complicated energy transfer processes between single sites, the same 13 also true
for Cri* pafrs ot emission of 706nm, The 1.' and Te, times are much shorter than
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for the R-1ine. Here we can expect thermalization of the *E energy level of |
pairs with the higher crysta) field ‘T, Teve), [1], distribution of energy }
and shortening of 11fetimes. j l
While the highest Cr** quantum efficiency in glasses is ~0.23, it is much j
higher in 915;:-corcmics [3,4). This fact, combined with an inexpensive produc- S
tion process, makes glass-ceramics suitable candidates for laser rods and LSC. %
The quantum efficiency of Cr* in the T-81 glass-ceramic is »1 at 622nm
and n0.6 at 555nm excitation (Table 3 ), when the effect of Ti3* absorption is

apparent ;
axcludad. The negative influence of Ti on thohquuntum afficiency of Cr** (Table N

e B B ek

'3 ) {3 due to the absorption of Tid*, We therefors conclude that samples of
high efficiency should contain a minimum amount of fitania.

L]

In the glass=ceramic 3-1 Cri* reveals properties which are characteristic
both for high and Yow field strengths. The main crystalline phases in this type
are high (B)-quartz solid solution and petalite-1ike phave,

The g-quartz 1s built from 5i0, tetrahedra, connected in spirel chains
(<o, The only way for Cri* to enter this phase 18 to occupy interstices
in the open quartz structure while A1** replsces Si** in the tetrahodra. In
such a way Cr?* fons are situsted similarly to ordinary glasses; ﬁowcvcr. they are
subjected to a higher surrounding crystal field strength. The absorption and
tuninescence spactra of Cr** in g-quartz glass-ceramics are very similar to
those in glasses (only shifted to higher snergies), and the *E luminescence
band 18 slightly more pronounced in the spectrum [3], L.

The patalite-11ke phase 4t & phase with an x-ray pattern similar to that
of natural petalite,LiA184.,054 [21]). The structure of the ratural petalite
consists of S10,/A10, tetrahedra leyers with Li* ions in four-fo)d coordination

between them. There sre no sites whore Cr3* can enter this structure, However,

{n the petalite-1ike phuse, Mg'* fons replace Li*, and becsuse Mg** prefers
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octqhtdrol coordination, the petalite-1ike phase structure may be very distorted
from the structure of the natural petalite, allowing entrance of Cr3* fons.

In the system MgU-A),0,-510, in which we are working (Table 2 ), the
pure Yow quartz does not crysg;lh}ig.oput 8 whole series of metastable solid
s0lutions which are based on high quartz structures are formed [22). From these
solutions, after longer pariods of heating, more stable crystalline phases are
gradually formed, Together withhigh-quartz s01id solution a metastable petalite-
1ike phase, probably with the pyroxene structure, crystallizes [21,23), In this
structure Mg?* ions are in six-fold coordination [24]y and may be replaced
by Cr?*, In this manner, Cr?* ifons may occupy different crystalline sites in
different crystalline phases of 3-1 glags-ceramics, and raveal characteristic
spectroscopic properties with diffused emission bands,

The origins of tha various emission bands can be obtainad by analogy with
the yorks of W. Mikends et &), li4.17 ).

The emission band st A676-680nm (Fig. 4(c))., can be attributed to the
undistorted R-1ine with the highest energy and the band at 705nm to the
emission of the pairs of Cr3* {ons from the same sites. The large concentratinn
of such pairs 15 deduced from the intensity of this amission, Tha most intensive
1ine at AE90nm is from the Crd* {ons in other crysta)line sites, while emission
at A715nm  originates from the corresponding Cr?t pairs with a

. much Jower concentration..The brosd *7, - “A, emission is weak at 550nm
excitation and {ncresses with longer wavelength excitations, It 15 also shifted
%0 the higher energies on comparison with starting gluss (Fig. 4(c) ).

The 1ifetimes of Cr* in the 3-1 glasc-ceramics are shorter than in T-51
{Table 4 ) and lasts only 2 msec at room temperature. The R-1ine Vifetime
12 shortensd becsuse of poasidble energy transfer to Cr3* pairs. The lifetimes
of the 690nm and 705nm emissions are similar, while that of tht "15nm emission
is much shorter. It raveals decreasing Vifetimes of the patrs but very likely
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may be caused by thermalization with the closely situated ‘T, level, The life-
time of T, 1tse)f is of the ordinary velue- about 10ps.

“The quantum efficiency of Cr3* in petalite-l1ike glass ceramics {s high:
up to 0.8-0,9, while Cr2* efficiency in the starting glass is only 0.2 (Table 3 ).

KTho T4 absorption decresses the efficiency of Cr'* Tuminescence to 0.5-0.7 but {t

is sti)) large. It is also possible to decrease the amount of T10, ¥ the

system, which upon crystallization gives petalite-quartz type glass-ceramics,

We can consider this type of glass-ceramics suitable for LSC and Yaser purposes

because of 1ts high quantum efficiency and intensive broad luminescence.

Zirconia type glass-cersmics Z-1 and 1-44

In the glass-ceramics 2-1 and T-24, Zrd, crystallizes tetragonally (T)(25],

o The coordination

number of 2r+ 15 8. ilicre are no fon sites with coordination number 6, Also

we cannot see any interstitial site with such a coordination. The conclusion

is that in this glass-ceramics there is no space for Cr?*, requiring coordination

number 6. During crystallization, Cr?* {ons must remain in the residual glassy

phase. This means that Cri+ fons are exposed to low field strength in zirconia

glass-ceramics as confirmed by broad low intensive luminescence from the *T, level

1dentical to the “T,+"A, Cr** 1luminescence in glasses (Fig. 4d ).Also the

luminescence 1{fetimes are the same (Table 4 ) as {in glasses,

The considerable change of colour followed by decrease of optice) denisty
and oscillator strength in this glass-ceramics, as compared to ¢lass, d4s not
understood, It could be perhaps due to partial) oxidation of Cr3+ to Cré*, Al}
the abova discussion concerns T-24 glass-ceramics, The Jarge concentration of Cr,0,
in this sample gives the glass and glass-ceramics 8 dark colour, ‘decresses the
luminescence efficiency and shortens the 11fetimes, '

Mullite type glass-ceramics. M
The conditions of preparation and the composition range for mullite glass-

cersmics 1n which Cr>* has an intensive emission were studied 4n the excellent

i
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works of Beall aet. al. [26-28]. In this paper we present for the first time
detadled spectroscopic measurements and analysis of Cr®* doped mullite glass-
ceramics.

The crystalline phase of the glass-ceramics M has the stoichiometric formula
2‘1,0.'810.. Aluminium fons occupy both tetrahedral and octahedra) sites [29)
sach type forming chains. Usually mullite {s not a pure compound and dissolves
varifable amounts of 510, and other substances.

Chromium fons enter octshedral sites replacing A3+, Emission of Crd* ;
(Fig. ~ 4e) 1s very broad and intensive with one distinct peak at 697nm, '
obviously this emission originates from the Cr'* ions situated in different sites
of high field strength (2E+*A,) as well as low strength (fT.*“A,). By comparison
with spinels 1t was concluded that 683nm emissfon originates from undistorted
Cri* sites (the Reline). 697 emission is from Cr3+ in the most frequently met
distorted sites, having 1ifetimes longer than 1ifetimes of tha R-1ine (Table 4 ).

The other 1ines, due to pairs, are obscured by the broad emission from the
T, level, which also shifts to shorter wavelengths comparative to glass.

The Yifetime of Crd* in the starting glass fs usual for the *T, emission - :
6us (Table 4 ), and very long in the glass-ceramics with duration of luminescence
up to Sms,

The nonexponentiality of all decay curves indicates slow enargy transfer
betwesn various centers. e, and T, of the R 1ine is shurter than for the 697
1ine bacause of energy transfer to the exchange coupled pairs in this higher
(r2+ doped sample (Table z ). The Vifetimes of the emission at 728nm (where
there 1 no distinct line) sre shorter - 1t may be *E umission of Cri* in
high diitortod sites, which are known for shorter 1ifetimes, and s1so emission
from ‘T, in a sufficiently large field, which is in thermal equilibrium with
the *E leve). The lifetimes are shortened for the 750nm emission (T,) and also
for the larger wavalengths' excitations (665nm, 625nm).
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The gquantum efficiency of Cr3* in the starting glass is 0.14 (Table 3 ). P
It t3 the usual value for 0.1 moYe¥ Cr3* in glass, The quantum efficiency of &
Cro* 4ons 1n mullite glass-ceramics 15 as high as ~1,0. This fact togoether é
§

with width of emission and qesenco of T10, makes mullite glass-ceramics one
of the most suitable for LSC and lasers,

111. Presant and Futurs Work

o=l

The main conclusion which we can infer 13 that glass-ceramics represent

high potential media for the introduction of Cri+ fons, which is very interesting

from both the theoretical and practical points of view. Glass-ceramics of definite

spinel types, petalite and mullite types, already daserve more detailed investiga- -
tion for their possible utilizetion. The others meanwhile. require more precise
laboratory work. We think that the present and future work must consist of the
following points:

1. ESR {nvestigation of the samples. This will help to determine the Cr*
distribution batween residual glass and crystalline phases and also revesl
different Cr3* sites in the different glass-ceramics types.

2. Exclusion of T10, in the glass-ceramics by other nucleator agents, such as
2r0, and better, by P,0,. Investigation of systems which may give transparent
glass~cersmics only by phase separation processes without introduction of
nucleators (mullite types. for example).

3. -Achieval of greater amounts of crystalline phases by minor changes in compo-
sitions and heat treatment. It will help to determine Cr3+ sites in these
phases more precisely and also optimize luminescence intensities,

4, Chpnqp of Crd* concentrations, It {s necessary to invest{gate possible limits

of Cr3* concentration, in which Cr*+ absorption incresses wfthout causing

concentration quenching. 7t will reveal the optimum concentrations accompanied
by the most intensive emission, On the other hand increasing concentrations
will help to study different crystalline sites occupied by Cr** fons,

% luminescent solar concentrator
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TABLE 1

Ligand Field Parameter A (in the unit 1000cm=*) for Crith0, in Glass Ceramics

(g.c), Solids and Complexes in Solution,

Spinel-type g.c. original glass

=do, ~ glassy micro=phase
~do. - ~ micro-crystallites
g~qusrtz g. ¢ glassy micro-phase
-do, - micro-crystallites
petalite-1ike g.c. orfginal glass

~do, = glassy micro-phase
~du, - microecrystallites

various silicate glasses

lithium lanthanum phosphate glass -
Aexendrite Al,., Cr,Be0,

Spinel MgMz_xCrxo..

Spinel-type MgAlCr0,

Ruby Alz_xCrxo,(x<0.04)

greyish pink Al, (Cry .0,

Gr(Czou)3'3 {oxalats complex)

15.5
15.95
17.256
16,0
6.8
15.6
16.0
17.5
16.2-16.8

© 15.45

17.3%
18.2
17.65
18.9
17.55
17,5

e et o it e S et

j
]
i
i
i
}
i
i
|




. o
=
: -5
b .
T
Appevobeayzy - 1 .,
U013IN{0S PL{OS - ST o
|}
: e - a1 2 905 ot 06 S¥0°0 210°0 - - 9°€ - -~ - 81 SEl 0°E9 W
J {1)*04z 2 006 ot O0S. 820°0 - 8§ 0°9 - - 96l - - 961 0°6¢ 97-!
- (1)%042 ot 0L 620°C - SL - - (6L - - - 0 T 1-2
. (1)%6:Z
Iseyd SS
M -31{PId  Taenb-g 2 026 0 98L 923°0 - 0°E L€ - - - 88U - 191 L85 I-f
==(1)°04Z . :
»5S T3senb-g {auidg L4 056 CH 0S5, 920°0 =~ 8°t 98 - - - 561 - ¥61 [£°8By 1S-1
- 1
_ L0uLy soley _?:N.S {30.)34m i {u)amLd {(3,)a4m |
SSimeaao-sse[b i WIIR0S| -e43dws) (bulyeos |-esadwo) | p43| “0sv| “047) 01t /o™ |ouz {0ed|0bm| 078} 07 Lv| Ots
~ ut saseyd sui|[PIsAa) UYOLIRZL {1 PISALT) HOLYeR | Iny SSe(D UL SIPIXO JO (X|0N) SIWNOEY |SSe{9
SOJEEAa] SSB|Y PId0Q 1) Y UL SASPYY Buy]|BISAI) PUP SIUMNQEIA] IPSY °SUDLY1SO0ND? 2 vy
¥ .
-y .
i
i




snm§1| Phases after
- heat treatment
T-51 (g.) -
(g.c.) Bpinel
zroz(w)
\
3"1 (gu) -
tg.c.) B-quartz;
petaliteo~
like phase;
ZIOE(T)
Z2=1 (g-’ -
‘g.c.) Zroz(l‘)
T-24 (g.c.) 2ro,(r)
M {g.) -
(g.¢.} mullite;
residual

glass

- 44 -

TABLE 3

‘spectral characteristics and quantum efficlencies N of chromium(III)
in glasses (9.) and glass-ceramics (g.c.).The molar extinction coefficient
€ i»s given for absorption maxima,and the oscillator strength f of the
‘Az-‘Ta(derlved from the absorption hand area)is given in the unit 10°
Y\&E"rqtorp to the quantum efficiency evaluated for the absorption in
4Re Cr(111) only,and Mepepy the smaller value obtained,taking into
account the absorption by simultaneously presant titanium.

Absorption
a(nm) g £
€60 37,3 2.48
600 15,0 2.6
680 1.0 1.46
490 23.9
680 7.8 -
490 3.9
660 24.8 2.12
395 7.5 .
665 10,9 0,78
395 18.1
665 8.6 3.8
445 ~215
620 0.1 3.48
410 28,2
620 15,6 3.3

Luminescence
2exc:("m) "Cr
622 ~ 1.0
585 0.60
625 ~ 0,2
625 0.90
550 0.33
625 0.20
633 0.21
62% 0.14
625 ~™1.0
592 0.56

'\Crori

0.32
0.24
~ 0,18

0070
0.51
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TABLE 4

Life=time Data on Chromium(1I1I) in Glasses and Glazs~Ceramics.

Wave-lengths of emission 'Xem and ’Aexc arae given in nm.The life-times

W? and q; {in microseconds) refer to the time where the intensity is
1/e and 1/02 of the intensity immediately following the exciting flash.

The duration (in milliseconds) refer to the (much longer) time,when the

luminescence still can be detected (corresponding to energy storage in
the long-lived 2y state)

_Sample Main phases Nen Mexe T3 T,  duration
LLY  glass " 830 625 22 28 0.1
T=51 spinal 677-680 555 200 488 5
696 555 220 437 5
706 555 117 330 5
712 555 a8 151 2.5
3-1  f~quartz; 675-680 595 48 98 1
minor amounts685-690 550 58 160 2
?fx?;ﬁi:“ 595 90 174 2.5
708 550 74 159 2
715 595 26 48 1
765 595 12 17 0.1
625 4 6 0.05
2-1,9lass 835 625 16 19 0.1
2=1, zroztwa 697 625 12 17 0.1
150 625 9 14 0.1
820 625 7 12 0.1
M,glass 835 625 6 7 0.1
M, mullite 683 525 298 470 &

565 124 204

625 as 160
697 525 366 650

565 160 248

625 134 200
728 525 160 254 !
750 565 42 66

625 8BS 130
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FIGSURE CAPTIONS

Fig.,1. X-ray diffraction of the translucid glass-ceramics samples.
11 T=51, 2: 2-1; 3: "PR4; 4: 3-1; 5: M.

On the curves: z: Zroz(T); s: spinel; aq: P-quartz; p: petalite-
like phase; m: mullite.

Fig.2. Absorption spectra of undoped glasses and glass~ceramics
with different amounts of Tioz.Tho mole percent is 1.5 on part a,
and 6 and 10.8 on part b.

Fig,3.Absorption spectra of chromium(IIl) in Qifferent glasses and
glass=-ceramice containing 0.05 mole percent Crzoa.Tho parts are
as T=51; bt 3=1; ci 2=13 d: T=24; er M,

Fig.4. Emission spectra of chromium(III) in different glasses and
glags-ceramics containing 0.05 mole percent Crzos.Tho life-times
indicated are the second-fold exponential life-times -Tz.The parts are
a: LLP glass:; b: T-51; ct 3=1; ds 2=-1 and T=24; e: M.

Fig.5. Decay curves of samples containing 0.05 mole percent Crzoa.
The full curves are mesasured;the curves with small black circles

correspond to purely axponential curves with the same integrated
life-times.The parts are

a: LLP glass excited at 625 nm,emission measured at 830 nm,
bt T=-51 glass-ceramics excited at 555 nm,emission measured at 696 nm.

ct Also T=51 glass-caramics excited at 555 nm,but the emission
measured at 712 nm,
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Mullite plass-ceramies were prepared with varying concaniraiions of Ce(111). The X.ray absorption, emission and EPR specira
revaal that The most defined Arystals are formed a1 the lowest concentration of Ce(l1}). The concentration quenching of the lumis
nestence Is small and the quanium eMciencies high as compared with glasss.

1. Introduction

it has been shown in a number of recent papers
that quantum efMiciencies of Cr(111) at room lemper-
ature in transparent glass-cersmics are much higher
than in corresponding slasses [1-7). This fact is
attributed to small probabilities of non-radiative
relaxation in more organized giass-ceramics. Simi.
[urly the concentration quenching of fluorescence of
the *Ty=‘A; emission is high in glasses (8-10) and
much lower in glasssceramics. It is the purpose of the
present work 10 study the influence of Cr{I!!)doped
mullite glass-coramics [3~$) and 10 verify the contlu.
sions by paralie] study by X-ray diffraction and EPR
measuremients. The knowledye accumulated on
speciroscopy in ruby (11) is helpful in the interpre-
sation of our results,

2. Exparimental
The glass-ceramics were prepared by the usual
method of thermally treating a precursor giass. A glass

of basic composition {4) war used: 4380,
208,04:25A10,:9.95K,0:0,05A4,0, (sll quantities

¢ Supporied by UB Army Comtract No. DAJA 45.83.C-0081,
! Enrique Besman Professor of Solar Rnetyy.

445

in weight per cent). The various amounts of Cry0,
wers added 10 this basie mixture as given in table 1,

In order 16 prepars the glasses 100 § portions of
mixtures were melted in alumina crucibles in an
electrical furnace heated 10 1600°C, then poured into
asteel mold and put in a furnace preheated to 650°C
for annealing, The furnane was immediately tumed
off and glasses were cooled at the cooling rate of the
furnace,

In the preparation of the mullite gluss-ceramics
three Cr(111) concentrations were used. The concen-
trations are Jisted in table 1; they are derignated by
symbols 3B, 25B and 26B. The heat trentment was
performed in two seps as follows: First heating a1
700-750°C for 2 h and then a1 800°C for 4 h. The
heated glasses were cooled at the cooling rate of the
furnace. Plates of 10%10x3 mm dimensions were
cut and polished. X.ray diffraction specira were
measured on & Philips diffraciometer using Cu Ka
radiation with a Ni filier. Absorption. emission and
excitation specira and quantum efficiencies were
measured as in refs. {1,2]. EPR spectra ware waken at
room temperature on a Varian E-12 EPR speciro-
photometer a1 9.17 GHz with 10 mW power. The
magnetic fleld was varied from 300 10 4500 G.

0 005.2614/86/5 03.50 ©Elsvier Science Publishens B.Y.
{North-Holland Physics Pyblishing Divison)
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Table |
$Speciroscopic properiies of Cellll) in mullite plans-cersmics containing different ameunis of Cr.0,
Agtignment Conceniration of AMOrpiUn Emistion
Cl’|°|
W M% wavalengih oD wavelength of quanm
Alnm) {for | mm) excitation (nm) afficiency
» 0.08 0.02¢ s [} 0.00 62 0.19
s 600 0.014 838 0.3
otam. 390 0.014 560 1.00
25 (] 0.047 tha 0 0.09 (11} 0.0?
thu (] 0.030 823 0N
cenam, 0 0.026 360 09!
218 02 0.008 g 630 0.120 818 very low
s 600 0.086 628 0.6
ceam, w 0.087 560 004

3. Results and discussion

The X-ray diffraction spectra are in fig. 1. Char.
acteristic peaks due to mullite crystals can be seen
distinctly. At higher concentrations of CryO, the X-
ray patierns are more diffuse than at low concentra:
tion. This Sehaviour is oppowity 1o that of Ce(t1l)
doped spine) glass-ceramics [6,12). In the Iatter case
Cr:0, stabllizes spinel erystaly and may Le vaed as 2
nucleator when it Is sdded in sufficiently large
amounts. We succeeded also in preparation of mul:

V' Jite glasgsceramics of the sama composition undoped

i by CH{I11). The crystallites were bigger: afer the same
' heatireaiment the glass-ceramics were a little opales-
cent. The conclusion is: in the case of mullite glass.
ceramics the crystatlization continues immediately

Fig. 1. Xeray diffraciion spectrs of mullive containing glars
ceramics with various amounts of Cr,O\ mm mulline.

afier liquid-liquid phase separation without the
nucleation step [13).

On the other hand, Cr,0, is known as one of the
mont active surface apents for lowering the surface
tension [14,15), Cr,O, additions tooriginal undoped
mullite glass-ceramics may decrease surface tension
on the border of two liquid phases. decrease interna!
energy. change mual liguid phase distribution and
finally cause a decrease of the crysalline size.

The position and intensities of absorption peaks of
Cr(111) depand on the degres of crystallization. In
glanses the absorption of the ‘A;~*T; wramition
peaks st 630 nm and the optical density of a | mm
thick plate Is about twice that of the glass-ceramics
of identical thickness and concentration {1able |).

The resulting absorbunce in gluss-ceramics s the
sequence of many factors, such as Cr,O, distribution
between glasses and crystalline phases, shift of
absorbance bands to shoiter wavelength in glass-
ceramict as & result of stronger ligand field. and
decrsase of oscillator strength for higher symmetry.
In the glass-ceramics 3B the absorption spectrum is
movad (o shorter wavelengths than in the sample 268
which resembles the glass,

Emission spectra are shown in fig. 2 for twe excis
tation wavelengths: 623 and $60 nm. The dominant
smission at $60 nm excitation in the glass-ceramics
3B {s the smission at 698 nm from the E energy level.
1t oceurs at longer wavelengths than is known for
Cr{l11)sdopad crystals: ruby [11,16), alexandrite{17)
and differsnt spinels {3,18), and may be a conse-

447

e




bl -
Volume 129, number § CHEMICAL PHYSICS LETTCRS 12 Seprember 1986
N4 g * Him undoped 9lass
i - Y& {1]
s n p— L—-ﬁ
5 N -
a‘ N e W
K} N~
(1% ] ]
14
5 il < .l‘”'
G -l
g w
w i Z 28
[ = _ﬁﬁ_‘—
A ; ]
- e
e '
el (L] H
(1]
M S o ——
WAVELENGTH [nm)
A ‘; L ¥ L
Pig. 3. Emission speeira of mullite glasseteramics. doped to dif: so0 P

ferent concentration by Cr{ll)). g.= glass, p/c w glasscoramics.

quence of lowsr symmetry. The pant of “T; emission
is also essential. Jn the 25B and 26B samples the *T,
emission is more and more pronounced. This behav-
{our {s more notable at 6§23 nm excitarion, when the
T, level is directly excited. For this excitation *T,
emission is dominant in glass-ceramics 26B. In all
thete cases emission intensities are much larger than
for ordinary Cr{ll!)«doped glasses.

EPR behaviour (flg. 3) is less obvivus than emnis.
sion. Mullite glan-coramics lack high-symmetry sites
a3 spinel and gahnite [1,3) and subsequently Iack the
characteristic signal a1 nearly 1580 O. The signal at
1460 O originates from Fed* (12]: it appears also in
undoped gl :ssas and glass-ceramics (fig. 3). The con.
centration increase s clear in glasses as well as in
plass-ceramics. In the crysiallized samples the lef
sides of the wide eignal are alightly decreased and the
rightspeak signal is much snlarged, Bt is known from
rel. |12] that the Fa'* signal does not change afier
crystallization, s0 such a behaviour must reflact a
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Fig. 3. EPR derivative specita (measured st v= 9.1 OH1) of
vnheatsireaied glasses and muilive glass-ceramics, doped to difs
forent concenirations by Crilil). gw ghass, p/cw pisrs-ceramics.

change of derivative in consequence of Cr(l111) enter.
ing ino the crystalline phases. This change becomes
les and lets pronounced Wt larper Cr(ll})
toncentravions.

The mont important question is concentration
quenching and quantum efficiencies at larger con-
cenirations of Cr,0,. It is shown in wable ). The
quantum efficiencies of Cr,Oy in glasses are given for
comparison. The strongest cenceniration quenching
is in glasses. Quanium eMciencies of Cr(Ill) in mul.
lite glass-ceramics are very high (see also ref. {3]). It
is } nt 360 nm excitation in sample 3B, a linle smaller
for sample 23B, On the other hand, efficiency a1 623
nm excitution is even higher in the second plan-
cerumics sample. However, they both decraase in the
next sumple, containing 0.2 Wi (n 0.1 M%) Cr,0,.

A
K gl
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Although there s onl; a small decrease in quantum
efficicncies. the decrease stanis already at a Jow con-
centration. 1t is obvious that the cause of it is in the
decrensing concentration.of Cr(11]) in the crystaliine
phase together with a general decrease of amounts of
this phase. Therefore it s not like the common
behaviour for uther types of glass-ceramicy. In such
‘ypes of glass-ceramics as gahnite, spinel, petalite in
which Cri0, stabilizes the erynailine phase, the con-
centration threshold may be very high. It {s also worth
noting that the observed concentration quenching
doss not reject the potential utilization of mullite
glags-ceramics: together with this srnail decrease of

! quanium efficiencies the Cr{111) absorbance increases

significantly, 50, the overall emission also increases.
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