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Two-photon excitation spectra of divalent europium in cubic perovskite KMgFk;
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Intraconfigurational & transitions of E4" in KMgF; have been investigated by means of two-photon
excitation spectroscopy. A well-resolved Stark structure of%®g,— P, 5p transitions is demonstrated and
interpreted. Additional lines appearing in the excitation spectra are discussed in terms of noncubic perturba-
tions at the substitutional impurity sitef 4excited states of Eii belonging to thé’D multiplet, inaccessible
to single-photon spectroscopy, have been identified in KM{50163-18207)00111-2

l. INTRODUCTION 81, level, which is the lowest component of tié; mani-
fold.

Rare-earth ions in insulating crystals have been exten- On the other hand, in cubic alkaline-earth fluorideand
sively studied with the technique of two-photon excitationalkali halides'? the excited 455d configuration is in a posi-
(TPE) spectroscopy. The electronic properties of these ionition where it completely overlaps even the lowe$f 4x-
impurities are indeed appealing to nonlinear spectroscopyited states, which lie in the near ultraviolet. Only the intense
due to several features: the energy range of the excitingroad bands arising from the electric-dipole allowed
source needs to span the visible and near infrared, where dyé’— 455d interconfigurational transitions can be expected
lasers perform at their best; the two-photon-allowed transiin the one-photon absorption spectrum. These transitions,
tions take place between states weakly coupled to the crysthbwever, are forbidden in second order due to the parity
lattice, yielding unusually narrow ultraviolet excitation lines selection rule, allowing the sharp intraconfigurational 4
[in some cases the linewidth is less than 10 GRef. )]  f’—4f’ transitions to be observed in two-photon absorption
with well-resolved Stark components. Among the rare earthsprocesses. A comprehensive analysis of numerous direct
characterized by the progressive filling of thé ghell of  two-photon transitions of B2 in CaF, and SrF; was per-
their electronic configuration, divalent europium presents théormed by Downer and co-worket$2 In order to interpret
most complicated case of a half-filled shell. In the scheme ofhe relative intensities and the polarization anisotropies of
pure LS coupling, all first-order crystal-field separations of the intrashell transitions, it is necessary to determine the
the f configuration multiplets should vanish. The observedmaximum number of energy levels experimentally. In this
splittings can be ascribed to intermediate coupling which inway, one has the possibility of extracting from the data the
cludes, besides the electrostatic interactions, magnetic cogparameters characterizing the crystal field at the ion and the
plings like spin-orbit, spin-spin and spin-other-orbit. ~ symmetry of the sites, as well as the wave functions of dif-
When the EG" ions are immersed into a crystal lattice, ad- ferent states, which are needed to calculate the intensity of
ditional interactions need to be considered which stronglyoptical transitions.
affect the energy spectrum of the rare-earth ion, the probabil- In the case of E&" ions in KMgF;, the spectra of the
ity of intrashell transitions, and the width of the electronic excited 47 states are partially known. Even if two extensive
levels. sets of data exist for this systeffithey are not completely

Comprehensive experimental data are available about theonsistent with respect to one another: the wave numbers of
energy spectrum of EAI" in different crystals. Thé’Pmm the observed lines, their intensities, and the number and sym-
levels were observed in the one-photon spectrum of'Ea metry of the substitutional sites are interpreted in a some-
KMgF 3,578 alkaline-earth sulfatel,and ternary alkaline- what different way.
earth aluminum fluoride¥ In these crystalsBP7,2,5,2 states In this work we present data concerning the behavior of
occur below the onset of thef%d absorption band edge, Eu?* ions in perovskite KMgk. TPE spectra of high-
and can be seen in absorption and emission as narrow linegiality and previously unattained resolution show rich Stark
corresponding to the transitionS;,—°Py,, 5, Emission  structures for each of th& and °D J multiplets, originated
and one-photon excitation to th8l levels of E¥" in  from the crystal-field splitting for different site symmetries
KMgF ; have also been observBdt is evident that the low- of Eu?" in the unit cell of the cubic crystal. The temperature
est excited #°5d level is in this case situated above the and polarization dependence 8D multiplets found in per-

0163-1829/97/58.2)/75796)/$10.00 55 7579 © 1997 The American Physical Society



7580 R. FRANCINI et al. 55

ovskite show a significant mixing of the higher excited elec- OPA TPE
tronic states induced by the host crystal. A preliminary as- 6
signment of different Stark components is performed based 41 °5d 4f
. . . . . . 50000
on a simplified calculation of crystal-field influence. In addi-
tion to dominating features ascribed to cubic’Ewenters in
KMgF 3, we have also obtained from the excitation spectra
clear evidence of the existence of trigonal centers. Bffé
and B{®) coefficients of cubic crystal field are fitted to the
experimental P, and ®Ps, splittings in the twelvefold
fluorine environment of E&".
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Il. EXPERIMENT

-l

KMgF 3:Eu?* single crystals were grown from the melt
with the Kyropoulos method in an inert atmosphere, starting
from stoichiometric mixtures of KF and MgFdehydrated
powders added to various amounts of EgChnd subse-
guently temperature annealed to eliminate any trace of y's
Eul*. The single-crystal samples were cut and polished
from the crystal boulega typical diameter of 2.5 cm and a
length of 3 cm along(100) planes, to a final size of approxi-
mately 1X0.5X0.5 cnt. KMgF; crystals belong to the
space grouy,, with the cubic unit cell where the Fions
are located at the center of each face,Vigons are found at
the center of each cube, and thé Kons occupy the vertices
of the cube. E@" ions enter substitutionally into the crystal,
replacing a singly charged cation *Kin the perovskite
lattice® Such a replacement, which is favored by the simi-
larity of the ionic radii of K and EW/* ions, needs an
additional point defect in order to compensate for the excess
of charge. No evidence of the existence of*Euin the lll. RESULTS AND DISCUSSION
sample; we used _in the present work has b_een dgduced from  , Two-photon excitation of
the optical properties, whereas several additional lines appear
in the TPE spectra with increasing Eu concentration in the Figure 1 provides a sketch of the relevant optical transi-
melt. tions discussed in the present work, together with the one-

The two-photon transitions were detected by monitoringphOton absorption spectrum. Two-photon transitions were in-
the luminescence at 359 nm, which follows the excitationduced from the®S;, ground state of the Eii" to the °P,
process. The exciting source was a dye-]aser pumped by amultiplet belonging to the # electronic configuration. In the
excimer laser operating at 308-nm wavelengkeCl gas Same ion, one-photon allowed transitions take place from the
mixture)_ The repetition rate was 20 Hz, with pu|ses of ground state to thefﬁSd excited states, with broad absorp-
8—10-ns duratior{depending on employed dye and wave-tion bands characterized by several structures, due to crystal-
length and peak powers ranging from 200 to 350 kW. Thefield splitting and strong coupling with local vibrations. In
dye-laser oscillator, without intracavity etalon, produces @he KMgF; perovskite the #°5d state lies about 3000
bandwidth of 0.18 cri® at 710 nm, which increases to 0.2 ¢m~* higher in energy than thef4(°P,) multiplet, and the
cm~! at 580 nm. The laser bandwidth sets the lower limit tolowest 4°5d levels are just about 100 crt above the
our measurements of the low-temperature TPE linewidthsAf’(°l) multiplets® Due to rapid, nonradiative decay to the
The laser beam was weakly focused inside the sampldpwest excited # multiplet from all higher states, at low
mounted in a variable-temperatue5—300 K cryostat. The temperature fluorescence is almost entirely emitted from the
luminescence following the two-photon excitation was col- °P7, state, the lowest component of tHP; multiplet.
lected at 90° with respect to the incident laser beam, and/Vhen the temperature is increased, fluorescence has also
after proper filtering with Schott-glass color filters, detectedoeen observed from th&Pg;, component. These emissions
with a single-photon-counting setup. The signal was averare characterized by very narrow linewidtteero-phonon
aged over a number of laser shots varying from 50 to 100 folines) and milliseconds decay-time constants.
each wavelength, and then normalized to the square of the Our TPE measurements of El in KMgF; span the
laser-pulse intensity. The laser-pulse intensity was monitoretenge of the®P; and °D; multiplets. Due to the high reso-
with a fast photodiode, and read shot by shot with a gatedution, each one of the spectra shown in the following figures
digitizing charge integrator. All TPE spectra presented hereovers only a narrow energy region around edchultiplet.
were measured with the laser beam linearly polarized paralleThe TPE spectrum of th&P,, levels showing the fully re-
to the [010] crystal axis and propagating along th@01]  solved Stark structure is reported in Fig. 2. The lines marked
direction. A Soleil-Babinet compensator or a combination ofwith I'g, I';, andI'g are those identified as belonging to the
a Soleil-Babinet compensator and a Glan polarizer allowedon in a cubic environment, where l= % state is split into

FIG. 1. Schematic diagram of the lower-energy levels of Eu
in KMgF; showing two-photon excitatiofiTPE), relaxation, and
recombination luminescence. The one-photon absorptidRA)
spectrum is drawn for comparision on the left-hand side.

for the choice of the laser-beam polarization state and polar-
ization direction, respectively, when the measurements of the
two-photon excited luminescence as a function of the polar-
ization of the exciting beam were carried out.

83,,,—°P; transitions
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855 p to the absolute wavelength calibration of the different experi-
e e mental setup. Assignment of transitions to different irreduc-
T ible representations of the cubic space group, as shown in
Table |1, follows that of Refs. 7 and 14, on the basis of their

r, T, behavior in a magnetic field and under temperature variation.
R N S In order to more deeply analyze the energy levels of the
Eu?® center in KMgR;, we have reproduced in some detail
the calculation scheme originally developed by O’Hare and
Donlar? for the GF™ ion in the cubic crystal field of
CaF,, and later extended to Edi in CaF, and SrF, crystals
by Downer, Cordero-Montalvo, and Crosswhite.
T W T EEE E According to O’Hare and Donlaha good crystal-field
27830 27840 27850 calculation can be performed only with a set of accurate
2 x (Photon Energy) - (em ') intermediate-coupling free-ion-state vectors. As a basis for a
free-ion calculation, the Russell-Saunders states in the
schemdf’7SLJIM;), appropriate for d” shell, can be used.
Starting with the wave functions of all intermediate
coupled states’s, é(P,1,D) for the EW" free ion, the

. . . . . rystal-field splitting of the states can be found. The crystal-
three levels. The intensity ratios of the three lines are in gomﬁeld Hamiltonian forOy, symmetry is

agreement with those expected from the degeneracy of the

final state, and are insensible to a change in Eu concentra-

tion. Other lines appear in the spectra: their relative intensi-

ties depend on the Eu content, and their energy positions are
. ) . . B c®) _ /16 1 6

exactly reproducible. This suggests the existence of different +Bg {Co \/:(04 +C2)}- @

possible sites for the impurity and although the majority ofH c® i i tional t herical h
the divalent europium ions enters substitutionally in the crys- eretq” are tensor operators proportional to spnherical har-

. X X i . (k) .. .. .
tal at a cubic site, other lattice sites of lower symmetry ardnOnicsYyq, andBy” are empirical coefficients determined

-
n

T=15K

o

»
I

Emission Intensity (arb. units)
I
=
3
3
bl

o

FIG. 2. Two-photon excitation spectrum of KMgFEuU?* in
the 8S,,,— %P, spectral range. The laser beam is linearly polarized
parallel to the[010] crystal axis.

Her=B6™{Co"+ Via(CEV+Cliy}

available to europium. by the charge distribution of the surrounding lattice and by
Figure 3 shows the TPE spectrum for tfs, multiplet, ~ the radial integrals of thé” electrons. _
where the symmetry assignmeffines marked with", and The resulting crystal-field matrix was decomposed into a

I'g) is again that appropriate for a cubic site. The peak posid2X 12 matrix for the twofold representatidi, a 11x11

tions detected in the TPE spectra of Euare compiled in Matrix for the twofold representatioh;, and a 2 22 ma-
Table | for the®P5;, 5, multiplets. The luminescence data by {rix for the fourfold representatiolis of cubic group. These
Altshuler, Livanova, and Stoldvand the one-photon excita- Mmatrices can be dlggonallzed and the crystql—fleld parameters
tion lines by Ellens, Meijerink, and Blassare reported for derived from the fit of the (_:alculated energies for the _Star_k
comparison. All intensities are relative to the strongest linecomponents with the experimental data. This program is st
in each transition, i.e., thEg component. Because the values IN Progress because, at the present time, we do not have the
reported by Ref. 7 refer to emission intensities and are teriull et of data for the’l multiplet, in view of its complicated
perature dependent, whereas those reported by Ref. 8 reflegfucture. Therefore we confine ourselves here only to the
one-photon transition probabilities, both sets of intensity data P Multiplet. Table Il Sh°W36 the experimental and fitted en-
are not directly comparable to our TPE values. Small wavergies for both théP-;, and °Ps;, multiplets and the values

number discrepancies of the peak positions can be ascribél crystal-field parameter8§" and Bf” used for the cubic
site of ELP" in KMgF 5. As can be seen from Table Il, the

5P, multiplet is well adjusted by the chosen set of crystal-

‘o S, Py, field parameters, yvhich are cI(_)se to th_ose cited _in Ref_. 14
2 To15K r r, The total crystal-field sphttmg is small in comparison with
Sosl | | L0 that observed for EX" in MeF, (where Me stands for an
g r ™ T Tr alkaline-earth metaland it is determined by the structure of
o6 the field at the site of E2i" in perovskite KMgF: its electric
Z component is weak due to partial compensation of contribu-
§0.4 tions from different coordination spheres, and the resultant
i C effect is mainly determined by the exchange interaction.

s 02p
':gj 0.0 B. Identification of trigonal europium in KMgF 5
N P B IR

28260 28265 28270 The number and energy position of the measured main
2 x (Photon Energy) (cm’') components of théP; multiplet indicate a crystal field of
cubic symmetry and of low intensity. This is in good agree-
FIG. 3. Two-photon excitation spectrum of KMgFEu?* in  ment with the hypothesis that was at the basis of the previous
the 8S,,— 5P, spectral range. The laser beam is linearly polarizedinterpretation of EG™ ions substituting for K ions in the
parallel to thel010] crystal axis. KMgF ; lattice. Substitution of the Mg" ion is ruled out by
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TABLE |. Wave numbers of Stark lines of Eli in a KMgF; crystal for the transition§s7,zﬂ5P7,2'5,zy3,2. Values in cm X, Wave
numbers marked with an asterisk are lines observed in emission, while the symbol Tr denotes a transition assigned to a trigonal site-
symmetry.

Reference 7 Reference 8 Present work
Peak Relative Relative Peak Relative Peak Relative
position intensity intensity position intensity position intensity
T=4.2K T=77K T=4.2K T=15K
5p.,, multiplet
27 825.2 50 10 27 822.9 8 27 826.0 5
27 824.5
27 832.3 9 27 834.0 1
27 834.5* 5 15 27 833.1 19 27 835.0 5 Tr
27 836.3* 50 20 27 836.8 13 Tr
27 839.8* 50 T 25 27 836.9 15 27 840.3 21 Ty
27 841.1* 0 5 27 838.5 9 27 841.5 4 Tr
27 843.7 1
27 845.2* 35 Ty 50 27 843.1 50 27 845.8 50 Tg
27 847.0* 15 T, 30 27 844.7 32 27 847.3 27 T,
27 849.5* 0 15 27 847.0 17 27 849.8 5 Tr
5P, multiplet
28 251.1* 10 28 248.6
28 261.0 5 Tr
28 260.6* 20 28 258.2 28 262.3 14 Tr
28 265.2* 0 B 50 28 262.9 28 267.0 50 B
28 269.7 18 Tr
28 268.7* 0 r, 25 28 266.9 28 270.5 32 r,
28 271.3 14

p,;, multiplet
28 670.0*

the larger ionic radius of E&f, with respect to that of emission spectra and the relative intensities of the observed
Mg?2*, and by the observation that the Mg site of octahe- components are temperature dependent. In our low-
dral symmetry should experience a much stronger crystalemperature TPE spectra all the components offfg, and
field. The cubo-octahedral symmetry of the"Hon sur-  8p_, multiplets for different site symmetries show up fully
rounding produces a smaller crystal-field splitting, but in thisresolved. This allowed us to carry out a number of trial cal-
case a positive-ion vacancy or other defects are necessary #lations on the basis of an electrostatic model for a crystal-
order to compensate for thg qhgrge differencg. The presengge field of lower symmetry around the Bt ion. As a

of a defect bound in the vicinity of the Bu ion should  regyit of these calculations we conclude that two kinds of site

lower the local symmetry, inducing a further splitting of the gy mmetry are consistent with our data: trigonal and ortho-

6 . . . .
P, multiplet as measured in europium-doped alkali . :
hal‘;desp,lg,)ls In KMgF 5, emission Iinesporiginat?ng from rhombic. The calculated centers of gravity of the 7 and

Eu?* ions at noncubic sites have been meastfealthough 3 m_anifolds are shifted to energies lower than those of the
at low temperature some of the lines are missing from th&ubic centers. The set of spectral features in Table | labeled
with Tr is ascribed to a trigonal site for the Eu ion, in
TABLE Il. Wave numbers of théP,, 5, Stark components and  Close analogy to the centers described by Stérand Gil-
crystal-field parameters for Eti in the K’MgF3 cubic site. Values fanovet al!® in MeF,. Possessing a symmetry nearly cubic

incm™1, with a small axial distortion along th€, third-order axis,
these centers reveal a relatively small crystal-field splitting,
Bg‘&): —384.2 resulting in four lines for thed= I manifold and three lines
op Bo"=448.5 op for the J=3 manifold as shown in Table | and in Figs. 2 and
Exoeri 2 5 3. The increase in oscillator strength for one phateitran-
xperimental Calculated Experimental Calculated ~.. . L . .
sitions, at sites lacking inversion symmetry, might account
27 840.3 27 840.4 28 267.0 28 267.0 for the observed photoluminesence intensities, in spite of the
27 845.8 27 8455 28 270.5 28 279.8 low concentration of trigonal E&i centers.
27 847.3 27 8475 In addition to the electronic transitions described, one can

observe also a line at 278251 cm™ ! that accompanies
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8g —# 6 8D, multiplet completely overlap the energy range of the
e o2 intense 455d one-photon-allowed absorption, and can thus
be observed only by means of two-photon spectroscopy. We
succeeded in this observation, and Fig. 4 shows the TPE
spectra offS;,,— %Dy, transitions of EG* in KMgF 5 in the
range of 34 360—34 440 cnt. There exist good reasons to
assign a number of these lines to the Stark components of the
lowest in energy of théS;,,— °®D ; multiplets, namely, to the
83,,,—%Dy, transitions. Indeed these lines are about 6600
cm™! higher than the®P,, multiplet, and about 3200
cm™! higher than the®l ; multiplet® The total crystal-field
splitting for the °1; multiplet, even in significantly stronger
e || [010] fields, as in the case of Eii in MeF,, is about 500 crm?,
and has to be smaller in the KMgFperovskite. Therefore
the observed lines around 34 400 ¢cannot be the high-
est components of this multiplet. Moreover the calculated
position of the lowest component of th® 4, multiplet rela-
tive to its center of gravity, as determined by the Stark split-
ting, is about 270 cm? in CaF,, but the experimentally
detected level is found at even higher enerdfe3aking

N B R e
circular
T=15K polarization

-
T

(=

Emission Intensity (arb. units)

e

S T these considerations into account, we conclude that the ob-
34380 34400 34420 34440 served spectrum is generated Bg;,— %Dy, transitions.
2 x (Photon Energy) (cm™) According to symmetry arguments this= 3 manifold has to

be split into ?I'g, “I'§", and *I'?). The unambiguous as-
FIG. 4. Two-photon excitation spectrum of KMgFEu2* in signment will be performed after the fit of theoretical results
the spectral range of th&s;,,— %Dy, transitions for two different  With experimental data which we will obtain for thel
polarizations of the exciting laser beam. manifold. However it is clear by now that the spectrum of
83,,—%Dy), transitions also demonstrates the presence of

each spectrum of B in KMgF3. This line is observed the europium ions in different site symmetries. The data
even aff = 4 K in luminescencé,and should be ascribed to available for EG* in KMgF 5 for the °l ; and °D; multiplets

a nonidentified E&* center or a complex including the ion. are compiled in Table Ill.
Temperature and polarization measurements have been

) . : carried out for all spectral features under investigation. They
C. Detection of the states hidden by single-photon-allowed gy 4 strong azimuthal dependence for a linearly polarized
41°5d transitions (*S7,—"Der) exciting laser beam in practically all Stark components of the
For EW?" in KMgF 5 the onset of the #5d excitation 6Dy, multiplet. The transition intensities are approximately
band is immediately above the lowe$t; component. The the same when the polarization of exciting light changes
reason for such high-energy position of the center of gravityirom linear to circular, in contrast to th#s,,—°P; transi-
of the 4f°5d levels was discussed in Ref. 8, and connectedions which experience an order of magnitude change. The
with the ionic character of the fluorine ions and the veryspectral positions of the Stark components®&fy, multi-
small crystal-field splitting for the B in the K* site. In  plet, their full widths at half maximum, and the line shapes
this case factors such as the cubic twelvefold coordinationare strongly influenced by temperature. These effects of crys-
the large distance between the rare-earth ion and the Ftal environment are far more dramatic f8®;,— %Dy, than
ligands, the presence of a small Rigion in the second for 8S,,—®P; transitions, and their interpretation is still ob-
coordination sphere, which make the cage of thé Eion  ject of investigation. They demonstrate only the high sensi-
even larger due to a shift of Fligands toward the M§" tivity of the terms to matrix truncation and the possible reso-
ions, provide conditions for the raising in energy of thenant transfer of energy between th; and the overlapping
4£%5d levels in perovskite, as compared with the Mafase.  4f5d electronic states. Indeed at all temperatures the mea-
However, the higher levels ofl ; multiplet and the whole sured half-width of all the lines of thé€Dy, multiplet is at

TABLE lIl. Experimental peak positions for thél; manifold and for the®Dg,, manifold. Values in

cm

51, manifold, T=4.2 K, Ref. 8

31141 31164 31188 31219 31269 31287 31320

6DJ manifold, T=15 K, present work

34 384 34 398 34412 34 434
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least five times larger than that of t®; lines. These data coefficients for the cubic crystal-field Hamiltonian are ob-
as well as the results of measurements in the spectral rangained.

of 8S;,—°1; transitions will be discussed in more detail The ®Dg, multiplet, not accessible to one-photon spec-
elsewhere. troscopy in this system, has been identified and its polariza-
tion anisotropy measured. The overlapping in energy of these
levels with the broad #5d states is clearly reflected by the
relatively larger linewidths of the associated transitions. The

Two-photon excitation spectra of Bl in cubic perov- unambiguous assignment of the components of tbg,
skite KMgF; have been measured in the energy range of thenultiplet, together with a theoretical fit of the peak energies,
8S7/7—®P 712,52 and 8S;;,—°Dygy, transitions. Compared to will be possible only after detailed measurements of the
emission spectra or one photon excitation spectra, our TPE) ; excited states.
data on intraconfigurational transitions are of higher resolu-
tion, with linewidths smaller than 0.5 cit, and give infor-
mation on all components of each Stark multiplet. The low- ACKNOWLEDGMENTS
temperature TPE spectra point to the existence of several
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