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Selective laser excitation of the H&"-La®* dimer center in CaF, crystals
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A single heterogeneous dimer center occurs inQafstals double doped with 0.45 mol % Y'aand 0.005
mol % HG** ions. The center exhibits up-conversion fluorescence. The crystal-field energy levels derived for
each of the four multiplets of this center lie lower than those of th&"Hay,, -symmetry center but higher than
corresponding levels of the homogeneous dimer center. The center’s fluorescence lifetimeDfontitéeplet
is comparable to that for the homogeneous dimer ce[Br163-182009)06225-9

[. INTRODUCTION laxations of the coupled heterogeneous ions and possible
mechanisms for energy transfer can then be deduced.
Dielectric relaxation studies show that a variety of homo- The results presented here are from a laser selective exci-
geneous trivalent rare-earth ion cluster centers occur i, Cafation study of the heterogeneous Hda®" dimer center
crystals—® Relaxation peaks associated with cluster center§resent in Caf0.45% L&":0.005% HJ* crystals. Incor-

are apparent for rare-earth ion concentrations above 0.0ROration of the L&’ ions is ensured by the higher concen-
mol% and they grow in intensity with rare-earth tration. Since the L¥ ion has the xenon-core structure, it is

concentratiorf:® optically inactive and therefore not suitable for study of ion-

In optical studies, cluster centers have been reported iR&Ir relaxation processes. The ion is, however, ideal for
CaF, crystals for several trivalent rare-earth elements, inStudying the effects of changes in the crystal field induced by
cluding EP*,58 Ho3* %10 g+ 1112 gng PP 13 For one dopant ion at the codopant ion site. For the present case,
CaFy:0.2% E2* 7 4 total of 16 centers with two or more &NY interaction between the taion and the H&" ion

Er*" ions per center were reported. The’Ecluster centers would be apparent as energy shifts, on the'Harystal-field

were characterized by shorter fluorescence lifetimes Coml_eivels, induced by a changed crystal field at the*Hen

pared to the single Ef ion centers and by up-conversion The spectral appearance and temporal behavior of the
fluoresc_ence. In cgntrast, only three cluster centers were OlP—lo“—La?’* center are found to be similar to those for the
served in CafHo>" crystals for both 0.1 and 0.2 mol % homogeneous Hd-Ho** C center® though the transition
Ho®* concentrationS:'® Mujaji and Comins® assigned all energies and intensity distributions are distinctly different.
three cluster centers as Fodimer centers arising from ag- The center exhibits some up-conversion fluorescence. Given
gregation of eithelC,, or C3, symmetry monomer centers, the low Ho'" content(0.005 mol % in the crystal, the L&

with possible rearrangement of lattice Fons or additional jon must facilitate some strong coupling between relatively
interstitial F~ ions. Hamers, Wietfeldt, and Wrightidenti-  distant H3* ions resulting in the observed up-conversion
fied only two Ed* cluster centers in CagF.1% EG* crys-  fluorescence. None of the centers in the pure £aB05%
tals. From a subsequent study, Cirillo-Penn and Wight Ho®* crystalé' exhibit any up-conversion fluorescence.
concluded that the two B cluster centers were associated Crystal-field energy levels for four multiplets of the
with a dimer and a trimer aggregation of Huions. Mean- Ho®*-La®" center are derived. The energy-level positions are
while some 20 cluster centers were observed in aE%  compared with those of the Hb C,, symmetry(A) center

P crystalst® and the homogeneous Fodimer C center.
In both optical measuremefi!* and statistical
calculations-**® dimerization is found to precede trimer and L. EXPERIMENT

higher-order clustering; dimer centers occur extensively for
trivalent rare-earth ion concentrations in the range 0.01-0.5 The Cak:0.45% L&":0.005% HJ' crystal was pro-
mol % while centers with at least three trivalent rare-earthvided by Dr. G. D. Jones, Dr. R. J. Reeves, and Dr. J. P. R.
ions per center become dominant above 0.25 m&Fds. Wells of the University of Canterbury, New Zealand. The
Dimer centers comprising heterogeneous trivalent rareerystal was grown in an oxygen-free atmosphere.
earth ions occur readily in double-doped GaF The equipment for selective laser excitation comprised a
crystals>111316-205ch centers are of particular interest in Spectra-Physics 375 dye laser pumped by the 514.5-nm laser
the study of ion-pair relaxation processes. In these studiesadiation from a Spectra-Physics 171 argon-ion laser. The
the laser is set to excite one of the constituent ions’ absorpRhodamine 64Qperchloratg dye used for this work is ap-
tion transitions while the fluorescence spectra and temporadropriate for exciting th&(°lg)— D (°F5) transitions of the
transients of the other ion are measured. Models for the re-o®* ion.
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A 81s FIG. 2. Excitation spectrum of th® (°Fs) multiplet of the
Ho®"-La®" dimer center in Caff0.45% L&":0.005% HG" crys-
Y 8L tals as measured at 10 K, monitoring tBg—Z4 transition at

15497.0 cm?. The transitions originating from the ground state
(Z,) are identified by numerical labels for energy levels of bhe
0 B Z ——— 5], multiplet. The transition being monitored is shown by Transi-
tions marked* do not belong to this center.

FIG. 1. The free-ion energy-level structure of the *Hdon
(from Ref. 22.
La®" ions, for some of the HY ion sites. Although the

The sample was mounted onto the sample holder of afxtent to which the energy level stru<_:ture is modified d_e-
Oxford CF1204 dynamic exchange gas cryostat througlﬁ)e”ds on the strength of thg crystal-fleld effects, no major
which a regulated flow of liquid helium was maintained. Thechanges occur due to the shielding of tHfeslectrons by the
measurements were done at temperatures of 10 and 77 RUter-lying 5 and & orbital electrons® The energy sepa-
The temperature at the sample was monitored by a resistanf@tions between intra-multiplet crystal-field energy levels are
sensor and a thermocouple, and regulated via an Oxfortherefore much less than the intermultiplet separations, being
ITC4 temperature controller. typically 100 cmi ! or less. The overall spread in the crystal-

Fluorescence from the sample was collected and analyzéiif!d energy levels is no more than 500 chfor each mul-
using a Jarrell-Ash 1-m double Czerny-Turner model 25-100iPIet. . _
scanning spectrometer. The spectrometer is equipped with a Since H3" is a non-Kramers ion, each Fiobased center
thermoelectrically cooled Burle C31034-02 photomultiplierhas 2+ 1 crystal-field energy levels per LSJ multipfét.
tube, an EG&G Princeton Applied Research Model 1121AThe symmetry properties of these crystal-field levels are de-
preamplifier/discriminator and a Model 1112 photon countertermined by the symmetry of the ion site. For the’Héon in

The fluorescence lifetime of th® multiplet was mea- @ Cs-Symmetry site such as in the FfoLa®* center de-
sured in the Physics Department of the University of Canterscribed in this work, none of the crystal-field energy levels
bury, New Zealand. The equipment comprised a PRA@re degenerate and intermultiplet transitions are allowed be-
LN107 dye laser pumped by a PRA LN1000 pulsed nitrogerfween any pair of level&!
laser, a Spex 1700 monochromator, and a VC 6275 digital With the monochromator set to monitor all fluorescence

storage oscilloscope. All wavelengths and energies reporteiansitions above 650 nm, the dye laser was scanned across
here are in nm and crt in air, respectively. the 630-648-nm range to record a broadband excitation

spectrum for all the centers present. Although excitation
transitions for the already documentédand B monomer
centeré! dominate the spectrum, some weaker unidentified
transitions are also apparent. Employing the now well estab-
The free-ion energy level structure of the Hioion?? is  lished technique of laser selective excitafiori**"#all the
shown in Fig. 1. The energy separations between neighbors yet unassigned absorption features were found to belong
ing free-ion energy leveld SJ multiplets are~3000 cm®.  to a single center. This center, which is absent in single-
When the rare-earth ion is introduced into the fluorite lattice doped Cak0.005% HGJ" crystals, is associated with the
each of the free-ion energy levels is split by the crystal fieldpresence of the 133 ions and is henceforth labeled the
into crystal-field energy level§Stark levely. The crystal Ho®'-La®" center. Figure 2 shows the site-selective excita-
field in this case arises from the combined effects of theion spectrum for this H -La®* center, obtained with the
ligand ions and the charge compensating interstitiaidhs ~ monochromator set to monitor the centebDs—Zq transi-
at the H™ ion site and is further modified by the co-dopant tion at 15497.0 cm' (645.3 nm). The homogeneous cluster

lll. SPECTROSCOPY OF THE Ho3*-La®* CENTER
IN CaF, CRYSTALS
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FIG. 3. Fluorescence spectra of the¥id.a>" dimer center in
CaF,:0.45% L&":0.005% HG" crystals as measured at 10 K, with
excitation of theZ,—Dg transition at 15714.1 cht. (@ E—2Z
transitions,(b) D— Z transitions, andc) E—Y transitions. Transi-

tions are identified by numerical labels for energy levels of the
terminating multiplet. Transitions originating from the higher en-

ergy E, andD, levels are identified by . Transitions marked do
not belong to this center.

(C, D, andE) center$'? are absent.
The directD—Z and up -conversiorE—2Z,Y fluores-
cence spectra of the Ho-La®" center are shown in Fig. 3.

SELECTIVE LASER EXCITATION OF THE Hg&"-La®"
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FIG. 4. Fluorescence spectrum of tBe—Z transitions of the
Ho®-La3" dimer center in Caff0.45% L&":0.005% HGS" crys-
tals as measured at 77 K, with excitation of the—Dg transition.
Transitions are identified by numerical labels for energy levels of
the Z multiplet. Transitions originating from the higher enefmy,

D3, D4, andDs levels are identified by ~,, , and ~ , respec-
tively.

in Table 1. In Fig. 5, the relative positions of the crystal-field
energy levels of th& multiplet of the H3*-La®" center are
compared with those of both the paredj,-symmetry(A)
center and the H9-Ho®" dimer (C) center. The data for the
A andC centers are from Refs. 21 and 10, respectively.
The Z,-Z, energy level separation of 14.8 cifor the
Ho®"-La®" center is much larger than the 1.9 chfor the A
center. The formerly doublety) levels underC,, symme-
try show splittings of between 6.0 and 24.0 chfor the
Ho®*-La3" center. Except foZ,, all the crystal-field energy
levels of the groundZ) multiplet of the HO"™-La®" center
are shifted to lower energies compared to those forAhe
center(Fig. 5. Similar trends are apparent for tieand D

TABLE |I. Crystal -field energy levels for th&(%lg), Y(°I,),
D(°Fs), and E(°S,) multiplets of the H&"-La®>" dimer center
identified i in Cak:0.45% L&":0.005% HG" crystals. The energies

The spectra were obtained at 10 K, with the laser tuned to th&™® in cm* in air.

Z,—Dg transition at 15714.1 anr (636.4 nm. The up-
conversion fluorescence from the®Fg) multiplet was too
weak to measure.

The D—Z fluorescence spectrum of the HeLa®>" cen-
ter recorded at 77 K is shown in Fig. 4. Thg—Z transi-
tions are much weaker than at 10[Rig. 3(b)] while transi-
tions from higher energy levels of tHe multiplet are now
apparent.

Transitions of theC,, -symmetryA and theC;,-symmetry

B centers maintain the energy positions in the single-doped

CaF,:Ho*" crystals.

A fluorescence lifetime of 1182 us was obtained for the
D multiplet of the H3"-La®>" center. This lifetime is com-
parable to the corresponding lifetime for the HleHo®* C
center in Cag0.1% Ho't.1°

IV. DISCUSSION OF RESULTS

The crystal-field energy levels derived for tBeY, D, and
E multiplets (Fig. 1) of the H**-La" center are presented

Level Z(°lg) Y(®l7) D(°Fs) E(°Sy)

1 0.0 5236.4 15606.1 18605.5
2 14.8 5241.1 15611.9 18618.1
3 30.6 5253.7 15619.9
4 44.0 5256.1 15633.5
5 60.1 5262.0 15654.7
6 84.5 5267.1 15714.1
7 95.5 5295.0 15729.5
8 103.3 5304.0 15739.1
9 109.1 5323.5 15759.0

10 165.5 5331.1 15790.3

11 193.7 5343.0

12 232.3 5359.5

13 238.5 5380.5

14 269.5 5392.0

15 410.9 54175

16 462.4

17 485.9
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Ho®*(C, ) levels o™= 1a™(C)) levels m- He'(c) 1eve1s  (twice the excitation energy Multiplets of lower energy
o ) e e . would be populated by nonradiative relaxation; fluorescence
186 - \,E: e ——— — - P coullq Itheriorﬁ be or?serve(:] ;rc()jm some o;‘ the I(;wr(]ar-i}l/ing
Mo — =TT 52 multiplets. A thorough search did not reveal any of the fluo-
' pd e _,', - /;1;;; rescence transition groups expected in the energy range from
i P <558 21000 to 30000 cmt. Phonon assisted decay byl0 000
82.0(x,) GG el ~73 cm ! from theP multiplet to theF and E multiplets (Fig. 1)
115.0(7) ///// LT e, 7 is not at all possible. In general, up conversion by sequential
128.0(x;) . P 1579 excitation is markedly less effi(_:ignt c_ompared to ion-ion en-
156.00s,) -7 — - er%y trlaz)rlséfe;gg?\i/ quanturg elf;lmegmes areI 1(;’5clr)nzNV ;
/ e and ~ c , respectively and can only be observe
/// e 197.6 in the absence of the latt&t.Furthermore, as discussed in
/, | ows - e 2.9 the Introduction, no up-conversion fluorescence is observed
/) //ﬁ—m5 — - 243.5 in the Cak:0.005% HJ" crystal?! Thus the collective ex-
Ll ——ases —m T perimental observations do not support the presence of two-
260.50,) ——— / / photon absorption as a satisfactory explanation of the results
‘ C / presented here.
/, // Hence, in spite of the low H6 concentration, we need to
// , - 388.6 consider some form of coupling with another separateti'Ho
hy yomes T . 1201 ion to account for the up-conversion fluorescence associated
n,yo7 - with the Ho'*-La®* center. As ion-ion interactions leading to
155.0(s,) ’,/ // e 145.4 up convers_ion are significant only when the optically active
475,007 v, 485'9 ke ions occur in close proximity®~2°we consider two possible
w92.00) ——— 0 7 TR configurations:
o130 ad (i) Some lattice distortion is likely to occur in the vicinity
s of a H®"-La®>" dimer due to the different sizes of the #Ho

FIG. 5. Comparison of the crystal-field energy level positions@nd the La" ions. As a result of this distortion, it might be
for the ground(Z) multiplets of theC,,-symmetry single H¥" (o)  favorable for an additional isolated Floion to occupy one
center, the H¥'-La3* center, and the Ho-Ho®* C center. The of the C&" sites in the neighborhood of the dimer. It is
data for theA andC centers are from Refs. 21 and 10, respectively.apparent that the two Ho ions in this configuration would

be in sites of different symmetries. As such, the hybrid center
) ought to yield more than theJ2 1 crystal-field energy lev-
multiplet energy level¢Table | and Ref. 2L ein ar els expected for HY ions in similar low-symmetry sites.

Although the fluorescence spectra of the’Hd.a™ cen- e do not find any evidence for such a configuration in the

ter (Fig. 3) have the same general appearance as those of the o ; s
= : rrent work. However, it is possible that any small splittings
Ho3"-Ho®*' C center, transitions for the heterogeneous dimer, P y P g

center are broadd(particularly for the up-conversion fluo- arising from this asymmetrical Ho-La™-Ho™" configura-

ap y X up-conversion Tuo- 4, could have been masked by the rather large linewidths
rescenceand their energy positions are shifted S'gmflcamlyassociate d with the transitions observed h@ig. 3
from those of theC center. The first excited states are at 9. 9.

comparable positions being 14.8 and 13.9 ¢rabove their (it) Alterr_1atively, some pairs of ITFd-I__a“_ di.”?er ce_nters
respective ground states. However, all the otBenultiplet may occur in close proximity resulting in significant interac-

levels occur at higher energies for the¥id_a®" center than tion between the HY ions of r_Ieig_hboring centers. In such a
for the HG*-Ho®* C center(Fig. 5). The crystal-field energy €25 the H?_)Jr ions would be in sites of !dentlcal symmetry
levels for theY, D, and E multiplets of the heterogeneous @nd would yield exactly the same transitions and crystal-field
dimer center also lie higher than those for the homogeneougnergy levels, as observed in the work presented here. Also,
dimer center(Table | and Ref. 1D The differences in tran- We observe the samg—D excitation transitions when a
sition and energy level positions between theéHba®* and  transition of either the direct or the up-conversion fluores-
Ho®"-Ho®" dimer centers are more profound than reportedcence is monitored. This further supports this latter configu-
for Er* ions'® in the EPT-Yb®* and EFT-ErP* dimer cen- ration. The intercenter interaction would account for the
ters. However, large shifts were reported by Tissue andather large linewidths associated with transitions of the up-
Wright'® for PP ions in the Pt -Gd® and PF*-Y3* dimer  conversion fluorescence observed in this work.
centers compared to those of thé'RP* dimer center. It therefore appears that the up-conversion fluorescence
Since the L&" ion does not have any optically active observed in this study can be explained in a self-consistent
energy levels, no energy transfer processes can occur withanner by mechanisrfi), i.e., intercenter interaction be-
the HO'™ ion. Accordingly, we examine possible mecha- tween pairs of similarly excited H6 ions. The H3"-La>"
nisms for the up-conversion fluorescence. Since thé"Ho center shows the same spectral and temporal characteristics,
concentration is so low, we first consider a sequential twowith respect to theC,,-symmetry (A) center, as the
photon excitation of the Ho ion in the isolated H&™-La®>"  Ho®"-Ho®' C center. It is likely that this H¥ -La>" center
center. Such excitation would result in the occupation of enhas the same rhombic configuration proposed forGheen-
ergy levels of theP multiplet (Fig. 1) at ~31400 cm?® ter.



PRB 60 SELECTIVE LASER EXCITATION OF THE H&"-La®" . .. 835

V. CONCLUSIONS fluorescence lifetime of th® multiplet for the H3"-La"
center is comparable to that for the HeHo®" C center.
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