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Two-photon excitation spectroscopy of #’—4f’ transitions of Eu?* ions doped in a KMgF; crystal
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Intraconfiguration 4’— 4f7 transitions of E&" in KMgF, have been investigated by two-photon excitation
(TPE) spectroscopy at 10 K. Emission bands due to%Re,—2S,,, and ®1,,,—28S;,, transitions are obtained
by two-photon excitation into thél; (J=7/2,9/2,17/2,11/2,15/2,13/2) arfth; (J=1/2,7/2,3/2,5/2) states.
The TPE spectrum of thél,,—8S,, emission is observed to be different from that of #fe,,—%S,,
emission. This is explained by the relative positions of the lowest crystal-field component®% tHevel and
the lowest level of the #5d configuration for cubic-site and non-cubic-site?Etions. The observed TPE
spectra are satisfactorily interpreted by a suggestion thallthe-28S,,, emission is produced by only cubic-
site EF*, while the ®P5,,—8S;;, emission is produced by both cubic-site?Ewand non-cubic-site Ed .

I. INTRODUCTION The TPE spectra of Eli in KMgF; were studied by
Franciniet al. by monitoring the®P-,, emissior®’ The 4f’

The divalent europium ion B has the 475s?5p°  configuration has the excited statt®; (J=1,%,2), 81, (J
(named 4 hereaftey electronic configuration as the ground =1 9 17 11 15 13y 5446 (J=2 1 7 & 5y To our knowl-
state and #4°5s?5p°5d(41°5d) as the first excited electronic edge, no study of two-photon spectroscopy has been under-
configuration. The interconfigurational electronit’¢°S;,,) taken for the 47 excited states except for tHd,, P,

— 4554 transition is parity allowed, while the intraconfigu- and ®Dy, states studied by Franciwit al®’ Moreover we
rational 47— 47 transition is parity-forbidden and the elec- now of no study of TPE by monitoring th&-,, emission.
tric dipole transition is not allowed. Therefore the optical |, the present paper, we investigate two-photon-excited tran-

absorption bands due to the latter transition are much Weakesritions from the®S,,, ground state to the fd excited states
than the absorption bands due to the former transition. Adby monitoring not only the?P-,,, emission but also thél

dition_ally the 4f'—4f" absorption ba_nds appear close Eo theemission to clarify the & levels of EG* in KMgFs.
very intense bands due to the parity-allowed transitioh. ) i ) 1o
For that reason it is difficult to clarify the high-lying excited ~ BY analogy with the case of isoelectronic B the
states of the # configuration in one-photon spectroscopy. 4’ configuration of E&" has the excited state8P,,
. . . 6 6 6 6 6 6 6 6

Two-photon excitatiof TPE) spectroscopy, however, is use- Psiz, Pz, °l72, “loz, “lizes “lige, “lises “lise,
ful to investigate high-lying levels of thef configuration,  °Doiz, °D1p2, D7, ®Dgp, and ®Dsy, in order of increas-
which are located close to the levels of th&®8d configu-  Ing energy. However, the order has not been established for
ration, because the electric-dipole-forbiddei4-4f7 tran-  the ®li7, %111, ®lisp, and ®l g, levels of EG™ yet, as
sition becomes parity allowed for two-photon transitions. ~ seen in the cases of Euin CaF, SrF, KBr, and NaCF>1*

The 4f7-4f7 transitions of E&" have been intensively Here we try to determine the order of energy levels of Eu
studied in fluoride crystal%;” where narrow excitation lines from the TPE spectroscopy of KMgF
of the 4f” levels are observed in TPE spectra. THé levels In KMgF3, the K* ion with ionic radius of 1.78 A is
of E¥" in KMgF; have been investigated by absorptfon, coordinated by a cubic twelvefold Fon and surrounded by
emissior"® one-photon excitatioh(OPBE), and TPE(Refs.  Mg?* ions with smaller radiug0.86 A).»> The E#* ion
6,7) spectroscopy. Ellenst al. observed two kinds of emis- (1.49 A) substitutes for the singly charged®Kion. This
sion band by OPE with 308 nm radiatidfOne is a band at gives rise to formation of a charge compensating positive ion
around 359 nm; the other is a band with peak at about 322acancy located at one of the'ksites. If such a vacancy is
nm. The 322 nm emission is observed below 20 K, while thdocated close to Eif, this leads to the presence of £uat
359 nm emission is observed even at room temperature. Theoncubic sites, i.e., Bl with tetragonal C,,) and trigonal
322 nm emission has been attributed to thg,—8S;, tran-  (e.g., C,,) site symmetries. If the vacancy is located far
sition and the 359 nm emission to t®,,—8S,, transi-  from EW*", one can assume that such arf Eipn has cubic
tion. The 322 nm emission is called tfé;;, emission here-  site symmetry. The energies of the cubic- and non-cubic-site
after, while the 359 nm emission is called tfie;, emission. EW" ions have been clarified for théP,,, °Ps,, and
By OPE of E&" in KMgF, it was found that the lowest ®Dg, manifolds®’ but not for the other manifolds. Here we
level of the 4°d configuration is situated just above the also investigate the®D; (J=3,%,2,3) and 61, (J

lowest crystal-field component of tHd,, level® =79 5 4 1 13) states by two-photon spectroscopy to
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confirm the presence of the cubic- and non-cubic-sité 'Eu
ions and to clarify the location of their energy states relative
to the 4f%5d level which is located close to tHD ; and °l

012 " "
levels.

II. EXPERIMENTAL PROCEDURE

A single crystal of KMgk doped with EG" ions (0.5 0.06 | 17,2—’857/2
mol %) was grown from the melt in Ar-gas atmosphere by

the Czochralski method at Pukyong National University. The

starting material was prepared by mixing KF and Madf a x10
molar ratio of 1:1, and then was annealed foh at 150 °C 0.00 -
and heated up to the melting temperature in a furnace fillec ™ L™, ., ., . + . . . . |

with Ar gas with a chamber pressure of 1.5 atm. The pulling 320 340 360 380
speed was 5 mm/h and the rotation was 10 rpm. Single crys(a) Emission Wavelength (nm )
tals up to 5 cm in length and 2 cm in diameter were success
fully pulled. The crystal was cut and polished along the crys-
tal axis to a size of ¥5X6 mnt.

The excitation source was a dye lag&pectron Laser
Sys. SL400Dpumped by the second harmori&32 nm of a

Fluorescence Intensity ( arb )

pulsed Nd:YAG (yttrium aluminum garnétlaser (Spectron o 6[
Laser Sys. SL802G The dyes used were R590, R590 &
+ 610, and DCM, which have scanning ranges of 557-572,2
574-590, and 610—660 nm, respectively. The wavelength 0'§
the dye laser output was read by a wavelength m@lexv E 3l
Focus Inc. 7711 with a wavelength accuracy of 0.01 nm. i'é’
The repetition rate of the dye laser output was 10 Hz with 58

about 0.03 cm! at 580 nm. The laser beam was focused 3 g
inside the sample with a cross-sectional area of about 3. mm - 0
The pulse energy was varied up to 15 mJ, which gives a peal 350 362 265 268
power of 100 MW/cr at the irradiated area. The excitation
was performed with a laser beam linearly polarized parallel
to the[010] axis and propagating along th@01] direction of FIG. 1. Two-photon excited emission spectra of2Euin

the crystal. The sample was cooled in a liquid helium flowkmgF, crystal obtained by excitation with 581.48 nm radiation at
cryostat and measurements were performed at 10 K. Theo K. (a) Low-resolution(60 cn %) spectrum in the®P5,—8S,),

fluorescence from the crystal following the excitation wasand 1,,—8S;,, regions.(b) High-resolution(1 cm™ 1) spectrum in
collected in the direction of thELO0O] axis perpendicular to the ®P,,—8S;, region, in which vibronic structure is observed in
the incident laser beam. Suitable filters were used to elimithe spectral range of 360—368 nm.

nate noise due to the scattered laser radiation. The TPE spec-

tra were recorded by monitoring the fluorescence at 322 andm *. When we measured the emission spectrum under
359 nm. The fluorescence was dispersed by a 75 cm mondrigher resolution of 1 cm?!, the 359 nm emission was esti-
chromator (Acton Research Corp. Pro-76@nd observed mated to have a bandwidth of 14 cih[see Fig. 1b)], while

with a photomultiplier tub€PMT) (Hamamatsu R928The  the 322 nm emission was too weak to estimate the bandwidth
slit width of the monochromator was set to a spectral resoprecisely. As shown in Fig.(b), the 359 nm emission band
lution of about 60 cm® for the measurements of the TPE is observed to consist of at least four components and vi-
spectra. The signal from the PMT was fed into a digitalbronic structure is observed at the low-energy ditethe
oscilloscopgLeCroy 9310 and then the data were stored in region of 360—368 nm Not only the splitting of the main

ns duration. The typical linewidth of the dye laser output was o I J

(b) Emission Wavelength ( nm )

a personal computer. 359 nm emission band but also the vibronic structure are
consistent with those observed by Elleesal. at 4.2 K>
Il EXPERIMENTAL RESULTS although their spectrum is better resolved than our spectrum,

which was measured at 10 K. TH®,, state is located at
Figure 1a) shows the two-photon excitation spectrum 34 380—34 400 cm* above the®S;,, ground stat®’ which
that was obtained by the excitation with 581.48 nm radiationmeans that the 581.48 nm radiatithe corresponding pho-
Two emission bands are observed at 359 and 322 nm. Thesen energy is 17 197 cnt) excites the Ef" ions into the
emissions agree with those obtained by OPE with 308 nnfD, level by a two-photon process. It is concluded that the
radlatlon the 359 and 322 nm emissions are fie;, and  observed 322 and 359 nm two-photon excited emissions are
®I,, emissions, respectively. The 322 nm emission is muclproduced after a nonradiative decay process to®thg and
weaker in intensity than the 359 nm emission: the intensity’P-,, levels, respectively, from the upp€Dg, level.
of the former emission is about 1/68 that of the latter. The Figure 2 shows the TPE spectra in the spectral range of
spectrum was obtained under low spectral resolution of 6@he 8S,,—°Dy, transition obtained by monitoring the 322
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2 x Excitation Energy (cm ") transitions from thé’S,, state to the differenfD levels are indi-

cated.
FIG. 2. TPE spectra in the spectral range of fi8,—°Dg,
transition for the®l,, emission(shown in the lower part of the 35300-35450 cm'. These line positions are about 500
figure) and the®P-, emission(upper part at 10 K. cm™ ! above the corresponding Eulines that are observed
in Cak.!® The observed levels thus are attributable to the
%xcited levels of the & configuration as indicated in Fig. 3.
It is noted that the line due to th#S,,,—°®D-/, transition is

and 359 nm emissions. We note that the TPE spectrum f
the 815, emission(lower part of Fig. 2 is different from that
for the ®P-,, emission(upper part of Fig. 2 The latter con- ; : t
X _ much more intense than the other lines. Figure 5 shows the
sists of four lines at 34 384, 34 399, 34 412, and 34 434%tm ; 6
. Pe : TPE spectra in the spectral range of tA&;,—°; (J
(namedA, B, C, and D, respectively, as indicated in the _ 7 ¢ 17 11 15 13 ¢ it btained b itorina th
figure). The TPE spectrum for th& ., emission consists of .5 22’ 22" 2) transitions_obtained by monitoring the
: . 772 . 322 and 359 nm emissions. The enlarged TPE spectra in the
the sameB, C, andD lines but not theA line. The lines of the spectral range of the?S;,—°l 83, 6] 83,
TPE spectrum for théP,, emission are broader than those 2o C 12

for the 61, emission. The TPE spectrum for the 359 nmﬂellm.’ 88.7’2H6I11’2’ and 8S7,ZH6I15,2,13_,2transitions are
T2 o T shown in Figs. 6, 7, 8, 9, and 10, respectively. The TPE lines
emission(i.e., °P;,, emission is similar to the spectrum ob-

: 7 : , .~ corresponding to the®S;,—81,,, &S, —Clg,, 8
tained by Francinet al. using a laser beam linearly polarized °f ©>P°NcNg 7 S7’§ " Srz"lon, “Sie
172, °Szo—"l112 @nd °Szj— "l 1515 131 transitions are

parallel to the[010] crystal axis, which is the same as our _,
laser beani.However, there is a difference between FranciniObserved at 31250-31360, 31560-31620, 31690-31770,
et al’s spectra and ours. The intensity of the 34 384 ¢m
line (A line) is almost the same as that of the 34 399 ¢m 8 6
line (B line) in our spectrum, while the former is abohitof S;2— Dy,
the latter in Francinet al’s spectrum.

The lifetimes of the®P;, and °l,,, emissions were mea- g
sured at different excitation lines at 10 K. The temporal evo-® [~
lution of all the fluorescence exhibits a single-exponential
decay curve. The lifetimes of th¥,,, emission by the exci-
tation at theB, C, andD lines were estimated to be 3rs,
which is consistent with the result of one-photon excitation
by Ellenset al. (see Fig. 8 of Ref. b For the®P5,, emission,
the lifetimes were obtained as 6.9 ms and 5.2 ms by excita:
tions at theB, C, andD lines and by the excitation at the
line, respectively.

Figure 3 shows the TPE spectra in the spectral range o
the 8S,,-°D, (J=3,%,%,3) transitions obtained by moni- Y U S P S
toring the 322 and 359 nm emissions. The enlarged TPE 35080 35120 35160 35200
spectrum in the spectral range of tA8;,— °D-, transition
is shown in Fig. 4. The TPE lines corresponding to the
83,,—5D1)p, ®D7p, Dy and 8D, transitions are ob- FIG. 4. Enlarged TPE spectra of Fig. 3 in the spectral range of
served at around 34 990, 35 100-35 190, 35 200—35 250, anie 8S,,—°®D-, transition.

ty

Fluorescence Intens

2 x Excitation Energy ( cm K )
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FIG. 5. TPE spectra in the spectral range of 8,1, (J FIG. 7. Enlarged TPE spectra of Fig. 5 in the spectral range of

e L. . 8 6 P
=19 11 U 15 13y yransitions for the®l ., emission(shown in the e "Srz— "o transition.

lower part of the figureand the®P,,, emission(upper partat 10 K.

The transitions from théS,,, state to the differenfl; levels are IV. DISCUSSION
indicated.

The 322 nm emission is observed to be much weaker than
31780-31840, and 31 90032 020 chirespectively. Like the 359 nm emission. As one of the reasons for the relatively
the 8S,,,°D, t,ransitions, these line positions are about 50 weak intensity of the®l,,, emission, nonradiative transition

cm ! above the corresponding Eulines in Cap.*® IS c%ncewable. The energy gap betwieleri fhﬂz level and
We note that the linewidths observed in the TPE spectrunir:s, 1P‘?'/t21ulzvtf1le(wzlczalr? bag sr? d67e?j Em f?vels r?obr?(;]r:szt?ggause

in the range of the887,2_—>6IJ_transitions are cc_)nsiderably the hi hest hor?or? eneray of Kf\J/I h‘s)é30 crl?Tl“ indicat-

narrower than the TPE lines in tfS,,,—°®D; region. Inall 9 P energy of rvig ’

the spectral ranges of tHS;,— 1, and ®D; transitions the 19 t:]at ﬁhe nlcc)jnt;amanve mgllt'phoﬂoﬂ de%ay rat% from the
; - I1» level could be comparable with the radiative decay rate

nur_nb_er OT lines observed in the TPE spect_rur_n for the, fr07r/r21 the 615, level to thg 83,,, level. According to Sytsr);a

emission is smaller than that for tH#,, emission. Ellens 12 = . /2e6 AN i

et al. observed lines at 31269, 31287, 31307, and 31 328! al, the intensity ratio of the’ly;, emission t0 the*Py;,

cm~* and several weak lines below 31 250 chin the OPE ~ SMission is given by, /Wy, whereW, and Wy, are the

spectrum for thé?P-,, emission in theS,,,— 61, transition radiative and _nonrgldlatlve decay probab_llltles from Bhe,

region at 4.2 K Lines corresponding to the 31269, 31307, level, resp§0t|vely}. In the case of Gtf n YO.Cl’ Wherg

=1 : W,=398 s! and W,,=4730 s the intensity ratio is
and 31 320 cm* lines are observed in the present TPE spec- . nr ; L o
tra, but the other lines are not observed, as shown in Fig. 6e_st|mated to be 1/11.9. This value is quite different from our

8
—_ S —
S, —°L, o L

Fluorescence Intensity ( arb )

Fluorescence Intensity ( arb )

WIS R

1 L 1 1 1 1 1 1

31250 31310 31370 31680 31700 31720 31740 31760

2 x Excitation Energy (cm ™) 2 x Excitation Energy (cm ™)

FIG. 6. Enlarged TPE spectra of Fig. 5 in the spectral range of FIG. 8. Enlarged TPE spectra of Fig. 5 in the spectral range of
the 8S;,— °l, transition. the 8S;,,— 81, transition.
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spond to the values of 7.3 and 5.8 ms reported by Ellens
g .9 et al. The lifetimes obtained by us are shorter than those of
" ue Ellens et al. This difference is due to the difference of the
- crystal temperature. We measured at 10 K, while Ellens
et al. measured at 4.2 K. It is conceivable that 8eC, and
D lines are due to Bl at the cubic site, while tha line is
due to EG™ at the noncubic site. This is consistent with the
assignment by Francimit al®’ The 6P, emission spectrum
- was observed to consist of at least four compongses Fig.
1(b)]. The appearance of such components is caused by the
presence of Bl ions with different site symmetriesAc-
cordingly, the presence of cubic- and non-cubic-sité¢Eu
ions is confirmed from not only the TPE spectrum but also
the emission spectrum.
TheB, C, andD lines due to cubic-site B are observed
in the TPE spectrum for th8 ;,, emission, but thé line due
2 x Excitation Energy (cm ) to non-cubic-site E&i" is not observed. Thé line is ob-
_ ) served in the TPE spectrum only for tAB, emission. This
FSIG. 9.6Enlarged TPE spectra of Fig. 5 in the spectral range 0fg explained as follows. According to the results of OPE
the "S7;,— 7114, transition. spectroscopy by Ellerst al.> the 61, level is located about

_ o 50 cm ! below the lowest #%5d level for cubic-site E&" in
ratio of 1/68 although thé&l ;,, emission is much weaker than KMgFs. According to Franciniet al., the 5P, and P,

the °P, emission in both samples. It is suggested that thgevels of non-cubic-site Ed with trigonal symmetry are
nonradiative decay probabilit,, is much higher for E&"  shifted slightly toward lower energy compared to those of
in KMgF; than for Gd* in YOCI. Therefore it is under- cypic-site E4*.5 Such a low-energy shift is also expected
standable that the 322 nifi, emission is much weaker for the o1, level of non-cubic-site Eif . On the other hand,
than the 359 nnfP-;, emission. Another reason for the dif- 4 |arger low-energy shift is expected for the lowe$f3d
ference of the ratio is that theP,, emission is caused by |evel than for the®l, level because thedselectron is much
both cubic- and non-cubic-site Eubut the®l;, emissionis  more strongly influenced by the crystal field than the 4
caused by only cubic-site Et as mentioned below. electron of the inner shell, which enhances the splitting of

Ellenset al. reported the lifetimes of 7.3, 5.8, and 6.7 M the 5d level with increasing crystal field. For that reason we
for the "P7, emission at 27836.9, 27833.1, and 27 820.3gyggest that, unlike the case of cubic-site? Euthe 14,

cm™*, respectively, obtained by high-resolution emissionjeve| is above the lowest f45d level for non-cubic-site
spectroscopy at 4.2 K under OPE with 308 nm radiation. EW?*, as shown in Fig. 11.

They assigned the 27 836.9 chemission to E&' at the The broadA TPE line due to non-cubic-site Etl is ob-
cubic site'in view of t.he longest lifetime of 7.3 ms and the ggryed at the low-energy side of the narr@line due to
smal_lest linewidth. It is sugg_ested that the values_of 6.9 Mg pic-site E&" in the 83,,,—°%D), region(see Fig. 2 That
obtained for theB, C, andD lines and 5.2 ms obtained for g o say, one broad band due to non-cubic-sité"Eappears
the A line in the TPE spectrum for theP,,, emission corre- ¢ the low-energy side of the lowest-energy line due to cubic-
site EE*. Itis noted that such a phenomenon is observed not
- only in the 8S;,—%Dg, region but also in all the other re-
sm_.(’lw2 857 9 gions. For example, in thél,,, region (see Fig. 6 a broad
" e line due to non-cubic-site Eli appears at 31248 cm,
which is on the low-energy side of the lowest-energy cubic-
site EF™ line at 31 258 cm®. This indicates that the redshift
in the 6P, and ®Pg, levels of non-cubic-site B, which
has been theoretically deriv8ds also true for all the®D,
and °l; levels.
When non-cubic-site Ei ions are excited into théD

and °l; levels, the excited B ions rapidly relax to the
lowest °P-,, level of the °P; manifolds through nonradiative
relaxation into the lowest-energyf%d level, and then de-
cay radiatively to the®S;,, ground level, giving rise to the
6p.,, emission. On the other hand, when cubic-sit¢ Eu
M T M ions are excited into th€D; and °I, levels, they nonradia-
31950 32000 tively relax to the lowest #°5d level and then to thél,

2 x Exchation Energy (cm ™) Ie_vgl, fr_om Whicrg some _ion_s relax to tH&s;, g_round Ievel_

giving rise to the®l,, emission, and the other ions nonradia-
FIG. 10. Enlarged TPE spectra of Fig. 5 in the spectral range ofively relax to the®P, level and then give rise to th&P,,

the 8S;,— 5115/ 1352 transitions. emission. Two kinds of emission are thus observed after ex-

Fluorescence Intensity ( arb )

31780 31810 31840

Fluorescence Intensity ( arb )

L 1 L
31900
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E ponents of the low-lyind’l 5/, manifold, while the five high-
energy lines at 31968, 31970, 31974, 31989, and 32008
cm ! are attributable to the Stark components of the high-
lying °l,5,, manifold. The average energy of th;s, mani-

. fold is 31930 cm?!, while that of the ®l,3, manifold is

D 31982 cmil. The difference is 52 cmt, which is consistent

v with the case of Gt (e.g., 38, 39, and 25 cnt in LaCl,,
%/7 GdCk and Lak, respectivel§~19 although the difference is
é 6 a little wider than for Gd*.
Following these suggestions, we identify the lines of the
TPE spectra observed in the spectral ranges of &g,
_>6DJ (‘]:%v%vgrg) and 8S7/2_)6|J (JZ%,%,§,%,%,%
8P transitions. In Table | the energies of the Stark components

are summarized for each of th®, (J=3,%,%,2,3) and 1,

(J=1,2,3 3% 5 13) manifolds of cubic- and non-cubic-site
EW™, which are estimated from Figs. 2—10. In this table the
322nm St?rlg-component ehergies are alsp shown for tRg (J
=1,2) levels of cubic- and non-cubic-site £y taken from
the results of Francirét al® As shown in the table, the num-
A [ 3%9mm 353nm ber of spectral lines obtained for cubic-site’Elagrees with
that of the Stark components determined from group theoret-
= ical analysis for each manifold except for tAB,/,, ®Ds/,,

and °l 4, manifolds. For example, six and four Stark compo-
nents are observed for tfé&;;, and ®l ;;,, manifolds, respec-
tively, which agree with the theoretically determined energy

(cm'

35000

T
o

30000

25000

sS \J 4 L 88 level splittings for EG* with cubic symmetry. Regarding the
0 Vi2 w— 2 D,,, manifold, the TPE signal is too weak to give the loca-
_ . . . tion exactly. Regarding théD,, manifold, only one broad
ren . cubic cubic site band is observed rather than the expected two besgisFig.
site 3). It is assumed that two bands overlap with each other and

FIG. 11. Energy level diagram of cubic- and non-cubic-siteform the observed broad band. Regarding ‘ihﬁZ manifold

EW**" in KMgF,;. Two-photon excitation, relaxation, and emission (see Fig. 7, it is not clear at this moment why only two
are indicated by arrows. bands are observed, contrary to the expected three bands.

Therefore, we confirm that our suggestiice., the °l,
citation into the®D; and °1; manifolds. This suggests that emission is produced by only cubic-site Ey while the
the %15, emission is produced by only cubic-sittEywhile  °P-;, emission is produced by both cubic-site and non-cubic-
the 8P, emission is produced by not only cubic-site?’u  site Ef*) is reasonable although there is one exception re-
but also non-cubic-site Ed. garding the®l 4, manifold.

Of the ®P,, °l;, and ®D; manifolds, it is unknown The TPE spectra in the range of tA8;,—°l; transition
whether the®l s, level is lower in energy than thél,5,  have been observed in KBr and NaCl by Casalbetrél*
level or not, as for E&* in CaR, and Srk.*® The same is and in Cak and Srk; by Downeret al*® These spectra were
true for isoelectronic Gt in Cs,NaGdC}.*"'® The reason recorded by monitoring emission from the lowest®3d
is that the crystal-field splittings of these manifolds overlaplevel to the S;, ground state because tH®; levels are
each other and we are unable to make a defihitssign-  situated above the lowestf%d level. The TPE lines ob-
ment. However, considering that tf,5, level of G#* is  served in alkali halides are very broad, while those observed
observed to be higher than t%;s, level in various mate- in alkaline-earth fluorides are relatively narrow but broader
rials such as LaG/®**we assume the same is also true forthan those observed for cubic-site “Euin KMgF;. Only
EW** in KMgFs, although Carnalkt al. have indicated the cubic-site E&" ions are present in alkaline-earth fluorides,
reverse for GdGl 6H,0.2° while non-cubic-site E&" ions are present in alkali halides,

Ten sharp lines are observed in the TPE spectrum for theince divalent E%" occupying a monovalent alkali ion site
6|, emission in the range of th&S,,—° s, and ®1,5, has a charge-compensating vacancy at the nearest
transitions (see Fig. 10 Of the ten lines, five are at the neighbor®** Accordingly, taking into account that relatively
high-energy side of a broad line at 31 909 ¢hand another broad TPE lines are also observed for non-cubic-site’ G
five lines are at the high-energy side of another broad line akMgFs, it is concluded that non-cubic-site Eugives much
around 31936 cm'; these two broad lines are observed inbroader TPE lines than cubic-site Eu In the case of non-
the TPE spectrum foPP5,, emission. Therefore, taking into cubic-site EG*, the symmetry-breaking phonon gives rise to
account that both thél s, and 1,5, states split into five strong mixing of the 4’ levels with the 4°5d levels even at
Stark components for Eii with cubic crystal-field symme- low temperature, resulting in relatively broad lines. In Fig.
try, the five low-energy lines at 31914, 31915, 31923,12 we show the average width of lines observed in each of
31942, and 31956 cnit are attributable to the Stark com- the °l; and °D; manifolds. The linewidth has a tendency to
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TABLE |. Energies of the Stark components of the excited states in thednfiguration for the cubic-
and non-cubic-site Ed ions obtained from the TPE spectra, and nuntbefthe Stark components expected
from group theory.
Peak position (cm?)
Manifold n Cubic-site EG" Non-cubic-site E&"
P, 3 27840.3 27845.8%, 27847.3 27826.07 27834.07 27835.07
27836.8% 27841.5° 27843.7%
27849.8
P, 2 28267.(F, 28270.5% 28261.07, 28262.3°, 28269.7%
28271.3
5P, 1 28670°
81, 3 31257.6, 31319.5, 31353.4 31248.2, 31254.2, 31305.5
31310.3, 31323.3, 31338.9
®lor2 3 31579.4, 31604.1 31562.2, 31572.6, 31587.3
31595.4
814171 6 31700.6, 31702.9, 31711.9 31692.4, 31694.1, 31696.4
31744.8, 31756.3, 31762.8 31706.2, 31708.9, 31734.8
31749.0
81112 4 31795.3, 31806.8, 31820.2 31785.8, 31809.8
31829.7
51 15 5 31914.1, 31915.2, 31923.3 31902.5, 31905.4, 31909.3
31941.9, 31955.7 31911.6, 31917.7, 31919.7
31931.7
I 132 5 31967.7, 31970.2, 3197.2 31960.1, 31963.2, 31965.5
31989.0, 32008.1 31972.3
5Dy, 3 34398.7, 34412.1, 34434.4 34385.1, 34418.8
5Dy 1 34992.1
D4, 3 35143.3, 35148.0, 35175.7 35130.1, 35161.4
Dy 1 35235.1 35211.7
Dy 2 35366.9 35329.8
@0btained by Francinet al. (Ref. 6.
®Obtained by Altshuleet al. (Ref. 4.
increase as the energy of the manifold increases. This indi-
cates that mixing of the  levels with the 5l state becomes
stronger for higher-lying #' levels. A similar result has
been reported for the linewidths off 4 levels of EG* in
[ SrF, and Cak by Downeret al!® They suggested that the
100 | higher 47 levels vibrationally couple more strongly to
g neighboring sextet levels off8d than the lower levels to
- o neighboring octets.
~ 10 _ o It is observed that cubic-site Eli in KMgF; has much
'-E 3 o narrower and better-resolved TPE lines in each of the
S s manifolds than cubic-site Eii in CaF, and Srk, and more-
£ i o over the TPE lines belonging to one manifold are separated
= 1F o@ from the TPE lines belonging to othét; manifolds. As a
é’ o) result, unlike the cases of alkaline-earth fluorides, there is no
s o difficulty in identifying the observed lines in each of tfg,
0.1 k manifolds in KMgk.
F A different TPE spectrum was obtained in the range of the
R S B T 83,,,—°Dg, transition by Franciniet al® than by us(see
30000 32000 34000 36000 Sec. ll): Franciniet al. observed that the TPE line at 34 385

cm ! (i.e., theA line in Fig. 2 is rather smaller in intensity
than the line at 34399 cnt (B line), while we observe the
FIG. 12. Average widths of TPE lines observed in each of thefWo lines with almost the same intensity. TAdine is due to
83,51, and °D transitions for cubic-site B plotted against non-cubic-site Et' because it is observed in the TPE spec-
the energy of thé®l ; (open circlg and éD, (closed circlg levels.  trum for the ®P, emission but not observed in the TPE
Similar results were obtained for non-cubic-site?Eu spectrum for the®l,,, emission. Another difference was ob-

Energy (cm ™)
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served between the OPE and TPE spectra in i8¢, by the parity-allowed #°5d absorption band and thus not
—81,, transition region as mentioned in Sec. lIl: some lines,observable by one-photon excitation spectroscopy. The TPE
observed in the OPE spectrum by EI.IEEI.’ISEII.5 are not ob-  spectrum of the®l,, emission is observed to be different
served in our TPE spectrum. The different results are obfrom that of the®P;;, emission. This is ascribed to the loca-
served ngen the excitation spectrum is measured by montion of the 4f°5d state below the’l,, level for non-cubic-
toring the °P, emission. Observation of théP, emission  sjte E#*; as a result thél ;,, emission is produced by only
gives information on the non-cubic-site Euions as men- . pic-site E&*, while the 8P, emission is produced by not
tioned above. There are several kinds of non-cubic-sife Eu only cubic-site E&4* but also non-cubic-site Eti. The ob-
ions with symmetries of &, , Cs,, etc., depending on the o eq TPE spectra give information on the position of the
location of the charge-compensating vacahdhe ratio of 5 _ 7 9 17 11 15 13 d D —21735) |evel

. . : . . . 3 J=3%,3,%,%,%,%) an 1 (3=%,3,5.5,3) levels
populations among these ions with different site symmetries -~ both cubic- and non-cubic-site Eil
is expected to be different among different samples, resulting )
in the different experimental results of Francit al. and

Ellenset al. compared to ours.
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