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Triboluminescence spectra have been measured for polycrystalline YSrL,B8aand (Sr,CAl,0O,

doped with Dy*. Sr,_,BaAl,0,:Dy>" with x=0, 0.1, 0.2, and 0.4 and §Ca ,AlI,0,:Dy>"

clearly exhibit triboluminescence caused by thé—4f transitions of Dy'. In contrast,
triboluminescence is barely observed i §a, »Al,0,:Dy*" and S «Ca, Al,0,:Dy*" although

both of them show photoluminescence due to the-4f transitions of Dy'. For the
Sr,_,BaAlL,O,:Dy*" with x=0, 0.1, 0.2, and 0.4 and §Ca;Al,0,:Dy?", the compositional
dependence of the relative integrated intensity of the emission lines is different between
triboluminescence and photoluminescence spectra. We suggest two possibilities to explain this
phenomenon; one of them is the self-absorption by "Dy the case of triboluminescence, and the
other is a situation that a strain is imposed or? Dywhich brings about the triboluminescence due

to the 4f —4f transitions. We speculate that the latter is the main cause for the difference between
triboluminescence and photoluminescence spectra.20@0 American Institute of Physics.
[S0021-897€00)03020-9

I. INTRODUCTION phenomena are attracting considerable attention because they

Rare-earth-containing inorganic solids including crystalsCan be applied to sensing of structural damage and fracture.

18 ;
and glasses exhibit very interesting optical properties pecu- Thef rar_e-elarth-(ljop_ed SE@“ trr]eated by Xuet \;‘}lémis
liar to the electronic states and transitions among them o nown for its long lasting phosphorescence as ne

each of the rare-earth ions. The optical properties of thostP"d lasting phosphorescence is a phenomenon that a solid
solids are important for fabrication of optoelectronics de-fadiated with UV or white light beforehand continues to
vices such as a laser, an optical amplifier, an optical memory?m't light even a_lfter the excitation is cegsed. In particular,
a magneto-optical device, and so forth. Some inorganic crys>"Al204 doped with Ed" and Dy’ shows intense phospho-
tals doped with rare-earth ions exhibit triboluminescencdescence with long lasting time. Although it was reported
with various colors characterized by the electronic transitionéhat the SrAJO, doped with Ed" exhibits tribolumines-

of the rare-earth ions. The triboluminescence is a phenonfence as mentioned above, the atomistic depiction about the
enon that a solid emits photons when it is fractured oreffect of stress or strain on the rare-earth ion still remains
deformed: This phenomenon has been observed in manynclear. In the present investigation, we measured photolu-
kinds of solids including ionic crystals, semiconductors, met-minescence as well as triboluminescence spectra of
als, minerals, glasses, and organic crystatéChapman and Dy®*-doped (Sr,BgAl,O, and (Sr,C#l,0, polycrystals,
Walton** demonstrated that Cafingle crystals doped with and examined the difference between photoluminescence
trivalent rare-earth ions show triboluminescence ascribabland triboluminescence for the purpose of evaluating the ef-
to the electronic transitions of the doped rare-earth ions. Ishifect of fracture or deformation of crystal on the local struc-
hara and co-worket3'®revealed that polycrystalline barium ture and luminescence properties of doped rare-earth ions if
hexacelsians (BaA$i,0g) doped with divalent as well as such an effect is present. A choice of the®Dycomes from
trivalent rare-earth ions show triboluminescence due to thene fact that one can readily estimate the coordination state
4f—4f and 4 —5d electronic transitions of the doped rare- around Dy*, e.g., coordination symmetry and electronic
earth ions. Aklyam&t a|.17 found that intense tribolumines- state of chemical bond between :ijyand a |igand, on the

cence takes place in polycrystalline 8,05:Eu,Dy. XU phasis of the relative intensity of emission lines caused by the
et al’® demonstrated that Srfd,:EL?* exhibits tribolumi-  4f_4f transitions of Dy*.2° In addition, using a solid so-

6 oy
nescence due to thef 4-4f°5d transition of EG*. These | tion such as (Sr,BAl,0, as the host material, one can
vary the ligand field around By systematically. As re-
dElectronic mail: katsu@ipc.kit.ac.jp ported by ltoet al,! there exist wide regions of solid solu-
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TABLE I. Nominal compositior{molar ratig of Dy**-doped alkaline earth T T T T T T T T
aluminate polycrystals prepared in the present study.

Nominal composition of samples SrO BaO CaO ,@ Dy,O,

SrAl,0, Dy*" 0.99 1.005 0.005 (a) Sro 6CagsAl,04
Sty dBag Al 0, :Dy*" 0.895 0.095 1.005 0.005
Sio B2y A1,04 Dy* 0.795 0.195 1.005 0.005 l ‘

Sro.Bag Al,0,:Dy*" 0.595 0.395 1.005 0.005
Sty dCay 1A,0,:Dy* 0.895 0.095 1.005 0.005
Sro.6Ca LAl ,0,:Dy%" 0.795 0.195 1.005 0.005
Sty eCa A0, :Dy** 0.595 0.395 1.005 0.005 (b) SrygCag2AL04

U bk

(€) SrgoCag 1AL Oy

UMt

tion and the lattice parameter varies monotonically with
composition in the SrAD,—BaAlL,O, and
SrAl,0,—CaAlLO, systems.

Intensity (arbit. units)

Il. EXPERIMENTAL PROCEDURE

Polycrystalline (Sr,BRAI,O, and (Sr,C3Al,0, doped b
with Dy®* were prepared from reagent-grade SgGCO
BaCQ;, CaCQ, Al,0O;, and DyO;. These raw materials
were weighed so that the nominal molar ratios listed in Table
| were attained. The slight excess amount of Al compared
with the stoichiometric composition, e.g., Sg®|, corre-

(d) SI'A1204

sponds to the concentration of cation vacancy brought about SO ST Wy VLA .
by the replacement of the divalent alkaline earth ion with 10 20 30 40 50 60
Dy3* (trivalent cation. After the raw materials were mixed 20 (deg)

thoroughly, the mixture was calcined at 1100 °C %h in
air. The resultant powder was pressed under a hydrostatger-C L X;“’(")y di(f::r)agt:"” pat/i’fmos O;r'fg(;"psfil(% S'ng?;@t';%vv(:?
pressure of 10 MPa, and sintered at .1600 °C3d m_ ar. Weogk?i]i'fzﬁ\ai:tigh lines i?ig(;?e)itledzb; ’closed circle a2nd4tr?anéle); are .assigxed to
The polycrystalline sample thus obtained was subjected tgy.al.0,, and DyAIO;, respectively.
x-ray diffraction analysis with CK « radiation to identify
crystalline phases.

The polycrystalline sample was pressed with a pressure
device and triboluminescence spectrum was measured by u

ing a charge-coupled-device detectbtamamatsu Photon- e
ics, C5094 equipped with a multichannel analyzer and Sy Ca 1AlI,0, are very similar to each other. Also, the

(Hamamatsu Photonics, C5967A uniaxial compressive X '&Y diffraction pattern of $(Ca .Al;0, is almost identi-

stress was applied to the sample. The stress required for tf?@l to that of S§gCayAl,0,. A drastic change of crystal

fracture of the sample could not be estimated with our equip§tructure is, in particular, reflected by the intense diffraction

ment. Measurements of photoluminescence spectra were Cévjes St arou dnofl 328280_300; dthSreeCinteglsgdiffr?](_:ltion Iilnes
ried out using a fluorescence spectrophotomékditachi, are observed for SrD, and SpCa:Al;0,, while only

850. The excitation wavelength was 350 nm. Excitation °"€ intense line appears in the patterns qfgSe Al:04

spectra were measured by monitoring the emission at 572§nd Sb.sC&.Al0,. In contrast, as shown in Fig. 2, the

574 nm. The measurements of triboluminescence, photoILrQiUbStitUtion of Sr by Ba in the (Sr,Bal,0, does not change

minescence, and excitation spectra were performed at roofi€ Crystal structure so drastically. Even when 40% of Sr is
temperature in air replaced by Ba, the crystal structure still remains unchanged.

According to the JCPDS carddlos. 31-1336 and 34-379
the x-ray diffraction patterns in Figs. 1 and 2 indicate that the
crystal structure of SrAD,, Sk CaAILO,, and
Figures 1 and 2 show x-ray diffraction patterns of theSr,_,BaAl,O, with x=0.1, 0.2, and 0.4, is mainly mono-
polycrystalline samples in (Sr,g&,0, and (Sr,B#Al,O, clinic, while the crystal structure of $iCa -Al,0, and
systems, respectively. As for the x-ray diffraction pattern ofSr, (Ca,_Al,O, is hexagonal.
SrAlLO, doped with Dy* shown at the lowest side in Figs. Photoluminescence spectra are shown in Fig. 3 for poly-
1 and 2, almost all the diffraction lines are attributable tocrystalline (Sr,B®l,0, and SgCa,;AlI,O, doped with
SrAlLO, although very weak diffraction lines ascribed to Dy®*. The excitation was carried out at 350 nm. All the
DysAls0;, and DyAIO; are observed as indicated by the emission lines observed are ascribable to the 4f transi-
solid circle and triangles, respectively, in Figs. 1 and 2. Ations of Dy*" as indicated in Fig. 3; the emission lines at
comparison of four diffraction patterns shown in Fig. 1 re-around 480, 575, and 660 nm are assigned to the
veals that a drastic change of crystal structure takes plac¥ ¢,—°H s/, *Fgp—"H132, and*Fg,—CH ), transitions of

hen the composition is varied from 3€Ca ;Al,O, to
I sCa Al 0,4, Whereas the crystal structures of S@|

Ill. RESULTS
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FIG. 3. Photoluminescence spectra offDydoped(a) St Bay Al,0,, (b)
FIG. 2. X-ray diffraction patterns of DY -doped(a) St éBao.Al,0s, (B)  Sp, Bay,AlL0;, (C) SiodBa1AlI,0;, (d) STALO,, and(e) St ¢Cay:Al,0,.
St gBag Al,04, and(c) SrAl,O, polycrystals. Very weak diffraction lines  The excitation wavelength is 350 nm. The emission lines are assigned to the

indicated by closed circle and triangles are assigned tgAR®;, and 4f—4f transitions of Dy*, as indicated in the figure.
DyAlOg, respectively.

for SrAlL,O,:Dy*" is somewhat shifted to a shorter-

Dy3+ velv. It is found in Fig. 3 that th lati wavelength side compared with the other two crystals. The
y™", respectively. It is found in Fig. 3 that the relative qigerence  in photoluminescence  spectra between

intensity of the 480 nm emission compared with the 575 n"SrAIZO4'Dy3+ and Si_,CaAl ,0,:Dy3* with y=0.2 and
emission varies with composition; the relative intensity °f0.4 is coincident with )t/he discrepancy in crystal structure

emission line at 480 nm INCreases monotomcglly W't,h the‘mdicated in Fig. 1. Furthermore, it should be noted that tri-
substitution of Sr by Ba. In Fig. 4 are shown t”bomm'nes'bquminescence was barely observed in

cence spectra of (Sr,Bal,O, and SpCa ,AlI,O, doped 3+ 3+
with Dy3p+. The er(nission2 Ii?les dueﬁioa?h%é::,zjeHls,z, Sto.sCa A1204:Dy™" and SgeCap Al204:Dy™
4Fg/p—H 13, and‘_‘F9,2—6H 1112 transitions of Dy* are ob- V. DISCUSSION
served. A comparison between Figs. 3 and 4 reveals that the
compositional dependence of intensity ratio of 480 to 575 As mentioned above, the intensity ratio of the 480 to 575
nm emission is different between photoluminescence and trirm emission is smaller in the triboluminescence spectra than
boluminescence. In other words, the intensity ratio of the 480n the photoluminescence spectra for (SyMa0,:Dy>*
to 575 nm emission is almost independent of the compositioand Sg Ca, ;Al,0,:Dy>". One possible origin for this phe-
in the triboluminescence spectra, whereas the relative intemomenon is the self-absorption. In other words, because the
sity of the 480 nm emission changes with composition in thephotons are emitted from the rare-earth ions within the bulk
photoluminescence as mentioned above. In addition, it seensample in the case of triboluminescence, some of the photons
that the intensity ratio of the 480 to 575 nm emission isare readily reabsorbed by the other rare-earth ions until the
smaller in the triboluminescence spectra than in the photoluphotons come out of the sample. In contrast, the photolumi-
minescence spectra. These phenomena are discussed bela@scence is measured only for the rare-earth ion suited near
Figure 5 shows photoluminescence spectra of DAl the surface of the sample, so that the self-absorption cannot
Sr.sCay ,Al,0,, and Sg Cay Al,O, doped with Dy*. The take place. For instance, it is clear that the self-absorption is
excitation was carried out at 350 nm. As for the emissiona cause for the difference in triboluminescence and photolu-
line at 480 nm, the profile for $§Cay,Al,0,:Dy>" is al-  minescence spectra at a short-wavelength ra@d@e©—500
most identical to that for $gCa4Al,O0,:Dy°", while nm or s9 for BaAl,Si,Og:E?".?? In order to ascertain
SrAlL,O,:Dy** manifests an appearance different from thewhether or not the smaller relative emission intensity at 480
other two crystals. In addition, the emission line at 575 nmnm in the triboluminescence spectra is attributable to the
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(c) SrooBag AlL,O,

Emission intensity (arbit. units)
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1
400 500
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|
i L
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) ) FIG. 6. Excitation spectra of By-doped (a) St BayAl,0,, (b)
FIG. 4. Triboluminescence spectra of Dydoped(a) S, Ba, ,Al,0,, (b) Sty B3 Al,0,, (©) Sty Bag 1AIL0,, (d) SFALO,, and(e) Sty (Cay,Al,0,.
St B8 AI204, (€) Sto By 1AI04, (d) STALO,, and(e) Sip.dCay1AI0;. ' - - ' ' -
The emission lines are assigned to thfe-4f transitions of Dy*, as indi-

cated in the figure. . . . . .
lines. Figure 7 shows emission or absorption line at around

480 nm (°H;5,—%Fg, transition in triboluminescence
self-absorption, we carried out measurements of excitatioiclosed circles photoluminescencésolid line), and excita-
spectra. The results are shown in Fig. 6. An absorption bantion (open circles spectra of SrAl0,:Dy*". It is found that
due to the®H ,5,—*F g, transition is observed at around 475 an overlap of photoluminescence and excitation spectra is
nm, although the intensity is weak compared with otherpresent at around 475 nm. However, it is difficult to compare
quantitatively the intensity of these emission and absorption
lines because the accurate number of photons emitted or ab-
sorbed was not obtained in the measurements. Hence, at this

SrA1204:Dy3+
(a) Sro6Cag4ALO,

6 4
Hisp- Fop

4 6
Fop—"His

/L 4F9/2_’6H| 12

(b) SrpgCag,AL0,

Intensity (arbit. units)

Emission intensity (arbit. units)

(c) SrAlLO,

460 470 480 490 500 510 520
400 500 600 700 Wavelength (nm)

Wavelength (nm) FIG. 7. Triboluminescencélosed circles photoluminescencésolid line),
and excitatior(open circle spectra of SrAJ0,:Dy®*. Emission or absorp-
FIG. 5. Photoluminescence spectra offhydoped(a) Sty Cay Al,0,, (b) tion line at around 480 nm, which is brought about by it :,—*Fg),
Sry.eCa ,Al,0,, and(c) SrALO,. The excitation wavelength is 350 nm. transition of Dy, is shown.
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moment, we cannot rule out the possibility of self- ' ' T
absorption, which can cause the smaller relative emission 061 SrgsBag |
intensity at 480 nm in the triboluminescence spectra, al- o St B o
though the degree of contribution by the self-absorption is g 085302 o
thought to be small, as discussed below. 0 SrosBao

Another possibility is the effect of the ligand field g 0.4 - Sre i
around Dy " on the emission intensity. It is known that the g Sr0oCao | ®
radiative transition probability among thé 4evels in a rare- S -
earth ion is closely related to the characteristics of the ligand N o %o °
field around the rare-earth ion. According to Judd-Ofelt 0.2 °© .
theory?>?*the line strengttS(aJ:bJ’) corresponding to the
electric dipole transition betweeja) and |b) states is ex- I
pressed as follows: | | .

155 160 165 170
S(aJ:bJ)= ;46 Qt|<aJ||U<t)||bJ’>|2, (1) Mean ionic radius (pm)
t=24,

FIG. 8. Integrated emission intensity rati¢480 nm)/ (575 nm), as a func-
where J and J' denote the total angular momentum, andtion of mean ionic radius of alkaline earth in the crystals. Open and closed

<aJ||U(t)||bJ’> and(), are called the reduced matrix element circles correspond to the triboluminescence and photoluminescence, respec-
and ) parameter, respectively. The reduced matrix elementve:
can be calculated for each electronic transition of rare-earth

ions. On the other hand, tl& parameter is dependent on the sition. In contrast, the behavior df(480 nm)l (575 nm)

ligand f|e_ld aroun_d a rare-ea_rth on. Thus, S|_nce the “r_]eobserved for the triboluminescence indicates that the coordi-
strength is proportional to the integrated intensity of lines in

. : o nation symmetry for DY, which brings about the tribolu-
optical absorption and emission spectra, Reparameter

minescence, is independent of the kinds of crystals. In addi-

corresponding to the characteristics of the ligand field is "®ion. the small value of (480 nm)4 (575 nm)  in

flected by the integrated intensity of absorption and emiSSiOE‘riboluminescence spectra suggests that the coordination

Imez. t;l’ he physical mer? nmglt@ ﬁ?ramh(iterstha:cls bteet?n ar- symmetry for Dy, which contributes to the tribolumines-
gued by many researchers. It is thought thtreflects the cence, is low. These results lead to speculation that the emis-

coor(ljmanonf tsa/mrrr:etry 0]; tl)lgagdbs t?Nrﬂ‘a is related tt(r)] the  sion of photons from DY placed in a distorted site, such as
covaiency ot the chemical bond between a rare-earth 1on ang tractured surface and/or the vicinity of a crack tip, is ob-

a ligand®2® i ) : ) ;
. . . . served as the triboluminescence irrespective of the kinds of
As for the Dy**, the integrated intensity ratio of 480 to crystals P

575 nm emission correlates wifhg /Q),, suggesting that the Figure 9 indicates a direct comparison of the 575 nm
integrated emission intensity ratio bezcoomes small when thgrniSSion line(*F g,—5H 13, transition between tribolumi-
F:oordmanq symmetry fc_)r DY is low.™ We evaluated the nescencéclosed circlesand photoluminescendeolid line)
integrated intensity ratiol (480 nm)l(575nm) for the of SrAlLO,:Dy3*. This emission line is composed of two

present polycrystalline se}mples on the ba5|s.of the trIbOIUmIE:omponents at least due to the splitting of energy levels
nescence and photoluminescence spectra in Figs. 3 and 4.

The results are shown in Fig. 8. In Fig. 8, the mean ionic

radius of alkaline earth in the crystals is plotted as the ab- L L B DAL R
scissa. In calculation of the mean ionic radius, the values of SrALO,Dy*"
ionic radii proposed by Shannthnfor 12-coordinated alka-
line earth ions were adopted because the coordination num-
ber for BZ* in hexagonal BaAlO, was reported to be 12,

and the molar fraction of alkaline earth ions in the crystals
was simply taken into account. In Fig. 8, open and closed
circles represent triboluminescence and photoluminescence,
respectively. Two features are found in Fig. 8. First,
[(480nm)4 (575 nm) increases monotonically with an in-
crease in the mean ionic radius in the case of photolumines-
cence, whereag(480 nm)4 (575 nm) is almost independent

of the mean ionic radius for the triboluminescence. Second,
the values of (480 nm)4 (575 nm) for the triboluminescence
are smaller than those for the photoluminescence. According
to the above argument, the tendency observed for the photo-
luminescence reflects the variation of the ligand field around Wavelength (nm)

3+ i i e
Dy with the composition of crystal. Namely, the lumines FIG. 9. Comparison of 575 nm emission lin&¢,—5H 4, transition be-

: . i . .
cence cent_ers, l.e., By ions, with different atomm configu-  yween triboluminescendelosed circlesand photoluminescendsolid line)
rations or ligand fields, are formed depending on the compospectra of SrAIO,:Dy**.

4 6
Fon— Hysp

Emission intensity (arbit. units)

450 500 550 600

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4074 J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Tanaka et al.

caused by the crystal field, and the relative intensity of oneence, which was caused by thé-4f transitions of Dy*

component at the longer-wavelength side is larger in the trigs well, took place only in $r BaAl,O,:Dy3* with x
boluminescence spectrum than in the photoluminescenceg 0.1, 0.2, and 0.4 and §Ca, ;Al,0,:Dy3*; tribolumi-

spectrum. Similar phenomena are observed for othepescence was barely observed i @, ,Al,0,:Dy3* and
samples, as shown in Figs. 3 and 4. It is clear that this difSro Ca AlL,O,:Dy3*. This phenorﬁenoh is presumably as-
ference cannot be attributed to self-absorption because theggipaple to the difference in crystal structure among these
is no absorption band at around 575 nm considering the eleq,fompounds_

tronic levels of Dy*. Qualitatively speaking, this difference The dependence of relative emission intensity on the
in relative emission intensity reflects a difference in CryStalcomposition of crystal observed in the triboluminescence
field, and hence, the result shown in Fig. 9 supports that thepectra is different from that in the photoluminescence spec-
state of the ligand field around the By, which gives rise to  tra_ Two possible origins are proposed for this phenomenon.
the triboluminescence, is different from that relevant to thegne of them is the self-absorption due to®Dy which may
photoluminescence, i.e., the second possibility describeghe place in the triboluminescence. The other is the situation
above. Thus, the difference in the ligand field is presumablynat the 4 —4f transitions of Dy* placed in a distorted site,
the main reason and the self-absorption mentioned above ig,ch as a fractured surface and/or the vicinity of a crack tip,
the minor reason for the difference between triboluminesyyrings about the triboluminescence. We speculate that the
cence and photoluminescence spectra. latter is the main reason for the difference between tribolu-

The fact that SrAlO,;, SheCaiAl0s, and  minescence and photoluminescence spectra.

sr,_,BaAl,O, with x=0.1, 0.2, and 0.4 doped with By
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