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Site-selective laser and Zeeman infrared spectroscopy of By centers in SrF,:Dy**
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Site-selective laser spectroscopy, Zeeman infrared, and optical absorption have been employed to investigate
trivalent dysprosium centers in rare-earth-doped alkaline-earth fluoride crystals. These studies have character-
ized the two dominant centers in $rB.05%Dy ", which are determined to be the fluorine compens@gd
and C,, centers analogous to those observed in othep:®¥ systems. TheC,, center is shown to corre-
spond to thel center of Srg:Erf", rather than theB center reported for SgEHo®*. The wave functions
determined from crystal-field calculations have been tested through comparison of measured and calculated
Zeeman infrared interactions. Zeeman interactions between close-lying Kramers doublets have enabled the
experimental determination of th@;, crystal-field coordinate basis, resolving an ambiguity that occurs in the
crystal-field parametrization.

DOI: 10.1103/PhysRevB.67.115110 PACS nunger71.70.Ch, 71.70.Ej, 76.30.Kg

[. INTRODUCTION Zeeman infrared measurements have enabled an indepen-
dent check on the accuracy of the wave functions that are
Rare-earth-doped alkaline-earth fluorides have been thebtained from the crystal-field calculations. The Zeeman data
subject of investigation for many years, with a considerablesupport both the symmetry assignment of the centers and the
body of literature addressing the defect structure, opticalvave functions that are determined from the crystal-field cal-
properties, and crystal-field interactions across the lanthanideulation.
series. The single-ion-defect structures of SEE* have An intrinsic ambiguity in the crystal-field parameters and
been investigated with laser-selective excitation over the main the corresponding wave functions is examined. This am-
jority of the lanthanide seriés® with a change in the domi- biguity stems from the use of a Hamiltonian which does not
nate site from &C,, to C3, symmetry structure occurring in uniquely specify the orientation of the coordinate basis with
the region of Ho in the lanthanide series. Despite the extenrespect to the crystal structure. The appropriate basis for the
sive literature on the rare-earth-doped fluorites, the spectro€,;, crystal-field parameters and wave functions has been
copy of the Srk:Dy®" system has not been previously in- experimentally determined through Zeeman infrared absorp-
vestigated in great detail and there are no laser-selectivion measurements.
excitation studies reported in the literature. Of the early stud-
ies of Dy*" centers in the fluorite¥) %3 Eremin, Luks, and Il EXPERIMENT
Stolov** have presented the most information to date on
SrR,:Dy*", identifying a total of 16 energy levels of the Fluorescence resulting from site-selective laser excitation
fluorine-compensated trigonal center. A crystal-field analysi®f the *Fg, multiplet at ~21 000 cm* has been used to
based on a subset of 10 of these levels has also been pmetermine the energy levels of the lower-lying Dymultip-
sented by Eremirt al. lets. Because 9 of the 12 lower multiplets are greater than
This work reports laser-selective excitation studies of9000 cmi'! from the emitting*F g, levels, it has been pos-
SrF,:0.05%Dy*, for which two dominant sites have been sible to obtain fluorescence data for a large number of levels
characterized. The first of these is identified as a tetragonalith visible and near-infrared photomultiplier detection. In-
C,y center, with a charge compensating n in the(100 frared absorption of several of the lower multiplets has also
nearest-neighbor interstitial position, analogous to that obbeen measured.
served for Srk:R3* where the rare earth is from the early ~ For these experiments the crystals of SIBy>" were
part of the lanthanide series. The second center is assigned g®wn in this institution by the Bridgeman-Stockbarger tech-
a trigonal C,, J center/ corresponding to that present in nique. A graphite crucible containing the weighed amounts
Sri,:Er’*, where the trigonal distortion is due to a F of alkaline-earth fluoride and DyFwas heated under
charge compensating ion in tj&11) next-nearest-neighbor vacuum and lowered at a rate of 4 mm/h through the heating
interstitial position. This assignment of the trigonal centercoil of an rf furnace. Oriented samples alotp0 planes
makes it distinct from the trigonds centef of SrF,:Ho® ", were obtained by cutting and polishing usifigl1) cleavage
for which the structure has not been definitively determinedplanes for alignment111)-oriented samples were oriented
The irreducible representation labels of g, andC5,  directly from the cleavage planes. The samples were
levels have been determined through crystal-fi@#) cal- mounted on the cold stage of a closed-cycle helium refrig-
culations and where possible with reference to polarizectrator for 15 K measurements or in a liquid helium immer-
fluorescence data. The crystal-field analysis allows correlasion Dewar fo 2 K measurements.

tion of the C, center with that observed in SrFEFT, The electronic transitions of the By “Fg, multiplet
thereby confirming the trigonal center reported forwere excited by a UV argon-laser-pumped Coumarin 460
SrF,:Ho®" to be anomalous. dye laser. Fluorescence was collected at right angles to the
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TABLE |. Free-ion multiplet energies and composition for

Dy®", based on the free-ion parameters of Carralhl. (Ref. 16 I N
and the Slater and spin-orbit parameters of the, F* " C,, cen- o
ter. The superscript labels in the decomposition distinguishes the Transmission
LSJ multiplets with differentLS term parentage. The conventional x1/3
Dieke alphabetic multiplet labeling is also given, in parentheses.
Barycenter Broadband
Multiplet Multiplet composition energy (cm?) . a AX10 1
®H 512 (2) 0.97|°His)  —0.21% 15 0 T :llli,,j
®Higz (Y)  —0.98°Hizp  +0.15% 37 3460 ) Ou
®H1112 (X) 0.96°H1y5) +0.17F 149 5790 i
*Hop W) —0.97°Hgy)  —0.17%Ggp) 7645 /
Fip W) 0.96%F)  —0.19%Hyp) 7665 E
®F g, (A) —0.94%F,,)  —0.26%F,)? 8985 g
®Hy (A) —0.96°H7,)  —0.20%Gp) 9060 ' 1 1 1 1 !
5H 152 (B) —0.96%Hs,  —0.21%Gsp) 10113 20800 21000 21200 21400 21600 21800
®F,,, (C) 0.96°F ;) +0.21*F 1) 10900 Energy (em™)
6 6 4
6:25’2 EE)) 8'236:25’3 jg'iglgSg igigg FIG. 1. 15 K broadband and narrow-band excitation spectra and
6F3/2 ~ 0'9 5F3/ _0'1 4D3/ 13650 transmission spectra of Syf0.05%Dy* . The spectra are, from the
. 2 (—) : 64 1/2>a : q4 1/2>b top, transmission spectra; broadband excitation monitoring at 665
For (F) 0.67"F o) —0.32%Fg) 21040 nm, corresponding to théFg,—%H,,, transitions; narrow-band
%152 (G) 0.6 159 +0.34%K 157 21965 excitation spectrum of th€,, center, monitoring th&; — X, tran-

sition at 15058 cm'; narrow-band excitation spectrum of thg,
center, monitoring th€ ;— X transition at 14 898 cit. The most

laser propagation direction and analyzed by a SPEX 1401tense transi_tions in the excitation spectra have been truncated to
double monochromator. The monochromator was equippeaPle the minor features to be observed.
with a polarization scrambler to equalize its response, and
the signal was detected with an RCA C31034 photomulti- For the Kramers ion DY in sites ofC,, symmetry, all
plier and photon counting electronics. For fluorescence beenergy levels will transform as one of the point-group irre-
low 11000 cm! a Spex 1700 single monochromator wasducible representatiorigreps I's or I'; and similarly as one
used, with a liquid-nitrogen-cooled RCA-7102 photomulti- of I'y or I's ¢ for sites ofCs, symmetry!’ For Kramers ions
plier tube providing the infrared detection. in these site symmetry environments there will be no point

For the Zeeman infrarediR) measurements, samples group forbidden transitions, aIthough a polari;ation depen-
were mounted in a department-built magnet cryostat, whictfl1ce may occuf: Due to the multiple orientations of the
in turn was mounted in a shielded compartment of a Bio-RadY~ " Sites that occur in the cubic fluorite structure, any po-
FTS-40 Fourier transforn{FT) spectrometer. The magnet larization dependence will not be observable in absorption
cryostat incorporated on Oxford Instruments 4-T superconSPectra, but may be present in fluorescence emission follow-
ducting magnet. The sample itself was not immersed in thé"d polarized excitation.
helium, but housed, under vacuum, in a tube in the bore of The optical absorption of théF, multiplet of a 3-cm-
the magnet. Sample cooling was provided by thermal contad®ng SrF:0.1%Dy" boule, at a sample temperature of 15
between the sample holder and the helium reservoir, resulf. is presented in Fig. 1. The weak absorption of this mul-
ing in an estimated sample temperature of 10 K. The propatiPlet necessita_lted the use of a higher-concentration sample
gation direction of the infrared radiation is parallel to the for the absorption measurements than that used for the laser-
apphed magnetic f|e|d, and therefope (Or 7T,) po'arized SeIeCUVe excitation measurements. AlSO ShOWI’] n Flg 1is
transitions between Zeeman |eve|s are not Observed_ the broadband eXCitation SpeCtrum Obtained Wh”e monitor-
ing fluorescence at 665 nm with a bandwidth~ef.0 nm,
which corresponds t8F o;,— %H 1, fluorescence transitions.
From considering the DY multiplet barycenters it is ex-
pected that centers involving more than a single€’ Dyon

The calculated free-ion energies of the *Dymultiplets  will decay rapidly and nonradiatively by any of a number of
lying below 23 000 crm? are shown in Table |, together with available cross-relaxation pathways. Such cross relaxation
the dominant.SJ compositions of the free-ion wave func- quenching of excitation has been observed in the
tions. These energy levels and wave functions have bee@ak:Snt" by Wells and Reevésand by Jamison and
calculated from the free-ion parameters for LaCly>" Reeve! in CaR:Dy*". As all the transitions seen in ab-
given by Carnalkt al!® and the Slater and spin-orbit param- sorption are likewise seen in the broadband excitation spec-
eters found from th€,, SrF,:Dy>" crystal-field calculation trum, ruling out the presence of centers that undergo nonra-
of Sec. IV. diative decay, it is inferred that all the transitions observed in

IIl. SPECTROSCOPY OF SrF,:Dy3*
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the absorption and broadband excitation spectra of Fig. 1 The center assignments and energy levels associated with
belong to single DY ion centers. the excitation transitions to th&F 4, multiplet are presented
Figure 1 presents the narrow-band excitation spectra dh Tables VI and VII below.
the *Fg, multiplet, which separates the various excitation
transitions into two dominant centers. The spectrum assigned
to the C3, center was obtained for detection of fluorescence ) _ o
at 14898 cm?, corresponding to thé ;—Xg emission The C,, site-selective fluorescence spectra originating
while that for theC,, center was recorded while monitoring from the 4',:9/2 multiplet are presented in Fig. 2. The spectra
at 15058 cm, corresponding t&;— X, emission were obtained both at 15 K dr? K to enable a confirmation
’ o Q- of transitions originating from theF,-F, splitting of
The Cj, center excitation spectrum reveals a 2.5 ¢m 23 e L Excitatio% of thgec center wlas 2via ?hez iF
splitting of theF; andF, energy levels, resolved in transi- L i 4v = 5 rol
tions from both thez, andZ, states. A prominent feature in transition at 20 120 cm. Emission to the"H 15, multiplet

Le ) .. is also shown foZ,—F, excitation at 21 043 cm'.
the broadband excitation spectra is the set of three transitions " ..o 1o théH ., multiplet the two broad transi-

at approximately 21165 cr, although comparison with tions at 14995 cm® and 14 987 cm® are both present in

the narrow-band excitation spectra of Fig. 1 reveals that thig, . lower-temperature spectrum and are therefore attributed

set of transitions is composed of four transitions, two from;, F, emission. The broad features on the high-energy side
each of theC,, and C,, centers. The narrow-band spectra of these transitions in the 15 K spectrum are attributeB to

also highlight the specific association of the broad transitiongmission. Fluorescence transitions with frequencies of
at approximately 21 400 cnt with the C, center, which are 15160 cm?, 15063 cm!, and 15058 cm® are assigned
assigned as vibronic transitions, indicating that @ cen-  to the F;— X;,X3,X, transitions. In explaining the absence
ter is more strongly coupled to lattice vibrations. Vibronic of an assigned ;— X, transition it is noted that crystal-field
transitions of theC;, center have previously been reported calculations for theC,, center predict the three energy levels
by Ereminet al,'* and as will be discussed in a Sec. Ill B, X,, X3, andX, to all lie in close proximity. The broadening
the identification of vibronic transitions has been extended tdn the high-energy tail of thé&;— X transition is also in-
include transitions associated with two distinct phonon fre-dicative of another underlying transition, which is interpreted
quencies, both of which are represented in tg,, excita- as theF,;— X, fluorescence. Reference to the infrared ab-
tion spectrum. sorption is unable to clarify the accuracy of this assignment

A. Laser-selective fluorescenceC,, center
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of the X, energy level. The levels here labelgd andX, are
indeed seen in absorption, but the presence of any level at
the expected position oK, is masked by the relatively
strong absorption to theX; state of theCs, center at 7. DO 2 b

5958 cm . The assignment oX, must therefore be consid-
ered tentative and has not been included in the crystal-field -J\..__.JLL~_ U

GH13/2
GH15/2

calculations. TheC,, ®H,;/, levels are considered in more WG 7AC e
detail in the context of Zeeman infrared measurements, in k -
Sec. V. Y, DC Y, DC
Fluorescence transitions for the remaining multiplets are
assigned as indicated in Fig. 2, with the inferred energy lev- -~ A ‘l ﬂ W L

els tabulated in Table VI, below.

Y, AC J_ Y, AC
A

. . v
Fluorescence polarization L 1 1 | 1 1 1 1
P 20900 20950 21000 21050 17425 17450 17475 17500

Polarized fluorescence spectra were recorded to confirm Energy (cm™) Energy (cm™)
the C,, assignment and where possible gain additional infor- .
mation on the irrep label of energy levels. FIG. 3. 15 K polarized fluorescence recorded foFg,

The chosen geometry has the laser beam incident along *Huisizand *Fo—°Hys, with Z,—F, excitation. All spectra are
the X axis and the fluorescence monitored in Ehdirection. as obtained with the photoelastic modulator. The various spectra
The polarization of the laser is set to either ther Z direc- ~ &re, from the top, the dc signal recorded Zopolarized excitation,
tion, while the fluorescence polarization was measured in th{1® ac signal withZ-polarized excitation, the dc signal for
X or Y direction. The standard notation for this configuration '-Polarized excitation, and the ac signal f6polarized excitation.
is X(AB)Z, whereX indicates the laser propagation direction
and Z the fluorescence propagation direction. The laser andhoments contribute to the fluorescence.
fluorescence polarization are represented\tandB, respec- Because all fluorescence polarization measurements will
tively. As the propagation directions are fixed as statednclude any degradation present in the polarization properties
above, theX and Z designations are dropped in subsequen®f the excitation transition, it is important to clarify some
labeling. For fluorescence polarization measurements on thespects of the chosen excitation transition. From the various
C,y center, the sample was oriented with the crystallographicontributions to the polarized transition intensiti&s can be
(100 axes, and hence the principal axes of the centersshown that for a purely electric-dipole absorption, all pos-
aligned along theX'Y Z axes. sible emission transition moments will give rise to unpolar-

For the majority ofR®* ions previously studied in CaF ized fluorescence if the laser is polarized in thelirection.
and Srk, most transitions have been seen to occur via thdhat is, the polarized fluorescence intensities will have the
electric-dipole transition moment, with meaningful polariza-ratio ZX:ZY=1:1 for all fluorescence transitions if the ab-
tion data obtained. However, for the GaBnt* C,, cen-  sorption transition is purely electric dipole. This holds true
ters, Wells and Reevésave reported that the electric and even if the emission itself is magnetic dipole in nature and
magnetic dipole moments appear to be of comparable maghe absorption contains a contribution of bettand 7 dipole
nitude, leading to degraded polarization information. Simi-moments. For an excitation transition with both magnetic-
larly, the presence of significant magnetic-dipole transitionand electric-dipole contributions, theX:Y Y andZX:ZY in-
moments degrades the clarity of the polarization informatiortensity ratios will depend on the relative magnitudes of the
in the Srk:Dy3* C,, center fluorescence. It has therefore o-, 7, o’-, and’'-polarized transition moments of the fluo-
been sought to further characterize the expected polarizatio®scence transition.
behavior of the fluorescence transitions while allowing for Polarized fluorescence measurements were obtained with
the inclusion of both electric- and magnetic-dipole transitiona photoelastic modulat¢PEM) which acts as on oscillating
moments. O\ to A/2 waveplate. It was arranged in conjunction with a

Strickland and JonefRef. 19, Table IJ list the relative  polarizer to provide detection o andY-polarized emission
electric- and magnetic-dipole contributions to polarizedat the extremes of the oscillation. The PEM enables record-
emission for theC,, center for the excitation-fluorescence ing of a dc signal proportional to the addition of the orthogo-
geometry employed here. In general the fluorescence intemally polarized intensities and an ac signal proportional to
sity in any particular polarization configuration will be a the differences of the two intensities. The ac signal therefore
combination of magnetic- and electric-dipole contributions,gives a direct indication of any deviation from 1:1 intensity
for both absorption and emission transitions, with the resultratios. As it is this deviation, or lack of deviation, that is to
ing fluorescence polarization ratios dependent on the urle highlighted here, the raw signals are presented in Fig. 3
known relative magnitudes of ther- and w-polarized rather than the inferred polarized intensities.
electric-dipole ando’- and #'-polarized magnetic-dipole The fluorescence spectra obtained vdih-F, excitation
transition moments. Despite the apparent arbitrariness in thigdicate intensity ratios oZX:ZY=1:1 for all fluorescence
fluorescence polarization introduced through the specifitransitions, whereas thEX: Y'Y relative intensities are de-
transition moments, it is shown below that definite con-pendent on the particular transition. It is concluded that the
straints apply, even when both magnetic- and electric-dipol€,, Z,— F, absorption transition moment is purely electric
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TABLE Il. ExpectedY XY Y:ZX polarized relative intensities TABLE IV. Observed polarized fluorescence data for the
for a purely electric-dipoler-polarized absorption transition. The SrF,:Dy*" C,, center, forZ,— F,o-polarized excitation. Where
ratios are expressed in terms of the fluorescence transition mgaossible the dominant electric- or magnetic-dipole process is noted

ments. for fluorescence transitions between states transforming as unlike
irreps. The justification for assigning a transition as between like
Fluorescence transition Y X:YY:ZX relative intensities irreps is also shown.

I',—Ty, o(1:2:1)+0'(2:1:1) Energy irreps

Fe—T5 Transition (cm™!) (CFfit) YX YY ZX ZY Notes

r,—r,, m(1:0:1)+o(1:2:1)

Fg—Tg +7'(0:1:1)+ 0" (2:1:1) F,—Z; 21020 I';—I'; 32 1.0 39 34 a
F,—Z, 21005 I'e—I'; 1.0 1.3 1.0 1.3 indeterminate
Fi—2Z, 20982 I';—TI'; 1.9 1.0 2.7 2.6 ¢

dipole. It is emphasized that this in itself implies nothing Fi—2Zs 20967 T7—T 10 18 12 1.1 (e:d. transmom
regarding the irreps involved in the transitions, as bethnd Fim2Z, 20926 T7—T7 10 15 12 13 'ndetcerm'nate
o electric-dipole absorption@nd any combination thergof 1Yt 17477 T7—=I7 19 1.0 19 18 ac

give rise to equal intensities f@&X andZY spectra. FomY, 17468 T'e—T¢ 89 10 94 78 '

The expected polarized florescence intensities are consii&z—zﬁi3 1;22: ?‘3%;7 1'8 i; 11 1'8 (e.d. trs\nsmom
erably simplified by this confirmation of a purely electric- 2~ '4 17445 FG_}G 1'2 1.6 1'2 1'0 d. transiti
dipole absorption transition. Further simplification is ob-_1 '2 7=l 1.2 1.6 12 10 (ed. ranst fon

Fi—Y; 17433 I';—T; 1.0 1.1 1.0 1.0

tained through consideration of the particular irreps of the_? .
states involved in the absorption transition. For the * '4 17425 T'y=I's 10 1.6 10 11 (ed. transn.tl_om

gy . . L F,—X; 15183 I's—I'; 2.0 1.3 1.6 1.0(m.d. transition
SrF,:Dy°" C,, center, crystal-field calculations |nd|catethatF X 15160 Tl 12 10 12 11 d
theZ,, Z,, andF, states transform &B, irreps and thaF, Fl—)xl 12063 F7_>F7 10 27 30 27 b
transforms as thEg irrep. Hence, for an excitation transition ~ 1 "3 o7 Y el el s

of Z,(T'7)—F(T's) only the o-polarized transition moment F1—Xs 15058 I'y—I's 1.8 1.1 1.1 1.0(m.d. trfns't'o'j'
will be ronzeco. Fi—Xs 14995 T,—T, 1.0 1.8 1.9 2.0

Table Il presents the expected relative intensities for théz—W1 13416 T's—I'¢c 1.0 2.0 2.6 2.2 "
YX:YY:ZX polarization configurations, following an Fi—~W: 13393 I';—I'¢ 2.0 1.0 1.4 1.1(m.d. transition
electric-dipolec-polarized absorption transition, such as theF1i—W. 13365 I';—I'7 1.0 1.2 18 14 °
Z.(I';)—F,(I's) excitation transition. The irrep assignments F1—~Ws 13288 T';—I'¢ 24 1.0 1.6 1.1(m.d. transitioh
of the levels involved in this absorption transition, initially F1—W, 13254 I';—I'; 1.0 2.8 4.3 3.0 b

c

based on a crystal-field calculation, are further justified byFi—A; 12015 I''—I'; 1.8 1.0 1.9 1.2
the self-consistency of the relative polarized intensities obF;—A, 11982 I';'—I's 2.0 1.8 1.2 1.0
tained with this excitation. =
From Table Il constraints on the relative intensities forbEs
different polarization configurations can be obtained. Thesel<
constraints enable information on the irreps of the states in“l< 73 =<2 not satisfied.
volved in the fluorescence transitions to be determined fronfa— c satisfied, but conflict in ratios.
the fluorescence polarization data despite the dependence on
f , o
the (unknown o, 7,0, and =’ transition moments. These . ./ magnetic-dipole moment. This in turn implies a
constrained relative intensities are shown in Table lll; it ISy, o. o vioy o oo 0. - . L
. . YXYY:ZX=3:3:2 ratio. Therefore a 1:1:1 ratio is only
also noted that these constraints are not independent. For = . . o L
. NNy consistent with a transition between like irreps.
example, observed ratios 6fXYY:ZX=1:1:1 would sat- Polarized fl intensiti £ th 3+ ¢
isfy each of the three constraints forlg—1"; transition. olarized fluorescence intensities of the S0y av
However, aY X:Y Y=1:1 ratio would in that case imply an center were obtained by successive measurements of spectra
equal contribution from ther electric-dipole moment and in each of the four polarization configurations, while simul-
taneously normalizing with respect to the laser power, and
) - . o are tabulated in Table IV. Some indication of the uncertain-
_ TABLE Il Constraints onY X'Y'Y.ZX polarized relative inten- ey the polarization data is obtained by consideration of
sities for a purely electric-dipole-polarized absorption transition. L . .
. . . .. the variation of theZX:ZY ratios from the expecte¢and
No assumptions are made regarding the electric- or magnetic-dipole i . .
nature of the fluorescence transitions. experimentally observed with the photoelastic modujator
1:1 ratios. In Table IV data is only presented for which the

|-< -<|-<
I

< XIx <

X<2 not satisfied.
2

7x <2 not satisfied.
Y

YX YX Yy uncertainties of the measurement were not considered to be
1 .
I7—T, Te—1'7 Is——<2  Is——<2 1s—_<2 overwhelming.
Y ZX ZX . .
A number of transitions are observed to proceed via a
YX YX 2% significant magnetic-dipole transition moment. To account
I[7—TI'7, Tg—T O=yy=® Osx=2 0= =2 for these transitions it is noted that an expansion of the free-

ion wave functions beyond that given in Table | shows the
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The choser*F g, excitation transition for the&C,, center
fluorescence studies was th&;—F, transition at
. 20967 cm L. With theF, level placed only 2.5 cm* below
T F,, the choice of excitation into thE, level was made be-
135 cm™ vibronics cause of the greater absorption strength toRhdevel.
| | | The fluorescence spectra to the nine lower multiplets are

presented in Fig. 5. The upper-stdte-F, splitting is ob-
M ﬂ x10

served for many of the narrow-linewidth transitions, most
| | because of the broadening of the upper states of most termi-
l nating multiplets, this splitting is unresolved, with a conse-
217 cm™! vibronics

12

1—4

1—1

= 15

notably those terminating on tH#H ,;,, multiplet. However,
quent lack of resolution in the inferred energies of the termi-
nating states.

| 1 1 1 1 1 1 1 | For C3, center fluorescence to the ground-state multiplet,
20900 21100 21300 21500 21700 the spectrometer shutter was closed when within 5 cof

-1
Energy (em™) the laser frequency and transitions to thelevel were there-

FIG. 4. Narrow-band excitation of th&F g, multiplet for the ~ fore not directly observed as this eliminated both heand
Cs, center in Sr. The vibronic interval of 135 cmt is indicated ~ F» emission to that level. It is also apparent that the number
for several transitions, along with the TO phonon interval of of transitions to the ground multiplet by far exceeds that
217 cml, expected for the eight levels §H,s5,. These excess transi-
tions are attributed to vibronic transitions, with many of
these transitions consistent with a 135 cnvibronic inter-
val. Of those vibronic transitions so indicated in Fig. 5, those
associated with thé~, ,—Z7,,Z3,Z, electronic transitions
were also identified by Eremiat al1* Further inclusion of
the 217 cm® TO phonon interval enables assignments to be
multiplet. made for many of the remaining transitions. In assigning the

The polarization data have facilitated the irrep labeling of€/€ctronic transitions to the levels BH 152, the crystal-field
19 of the 33 experimentally determined energy levels. It ic@lculation of Sec. IV B has been taken into account, which
noted that this method of analysis of the polarized fluoresPredicts the energy levelss andZ;,Zg to lie at energies of
cence in principle enables the relative magnitude of electric=500 cnm * and~570 cn *, respectively. Crystal-field cal-
and magnetic transition moments to be determined. As theulations also suggesta5-10 cni ' separation of theZ,
magnetic-dipole moments can be calculated directly from th@nd Zs states, and therefore transitions to thelevel may
wave functions, this would lead to a determination of thewell be masked by the brode, ,—Z, transition and nearby
electric-dipole transition moments without the experimentalvibronic transitions. The emission spectra for transitions ter-
difficulties involved in calibration of absolute intensities.  minating on the®H,5, multiplet reveal several transitions

that are assigned as vibronic, with the same phonon offsets
B. Laser-selective excitation:C, center of 135 cm ! and 217 cm?! discussed above. The broad

Apparent in the narrow-band excitation spectrum of thePeak at=17200 cm* is consistent with the possibility of
Cs, center in Srk:Dy®" is the increasedrelative to theC,, several vibronic transitions of this frequency. However, it is
centey intensity of the vibronic absorption transitions to the noted that crystal-field calculations also place an electronic
4F 4, multiplet. The excitation spectrum of Fig. 4 and the level (Ys) at an energy such that tie, ,— Y5 transitions
fluorescence spectra to be discussed in the following sectiowould also be expected to be in the region of 17 200 tm
offer evidence for both 217 cit and 135 cm® vibronicsin ~ Of the three peaks between 17 100 ¢mand 17 150 cm?
SrF,:Dy3" Cg, centers. The 217 cit electronic-vibronic  only the two lower-frequency transitions are consistent with
separation of the transitions indicated in the lower part of thevibronics associated with the two phonon frequencies of
excitation spectrum is consistent with the frequency of thel35 cmi * and 217 cmit. The higher-frequency transition is
TO phonon in pure SeF?° The physical origin of the assigned as electronic, partially guided by crystal-field cal-
135 cm' ! vibronic transitions indicated in Fig. 4 is not so culations which place both thé; andY; levels at an energy
apparent as there are no peaks in the, tfonon density of such that theF,,—Yg,Y; transitions have a frequency
states in this regiof* Richmarf? has reported similar vi- within 5 cm ! of this observed emission.
bronics of 140 cm in the SpESN?* system, but without any The fluorescence to th&H,,,, multiplet allows the deter-
assignment to the phonon involved in the transitions. Ermination of all six energy levels of this multiplet. The entire
emin, Luks, and Stolo¥ observe a 134 citt repetition in ~ span of the energy levels is less than 150 ¢mand the
the fluorescence spectrum to the ground multiplet of trigonatransitions are sufficiently sharp for tifg-F, separation to
centers in SrizDy®*, which was also attributed to vibronic be observed in the transitions to all six terminating energy
transitions. levels. Transitions terminating on the, level were not re-

emitting *F4,, multiplet to contains an admixture 6£9%
®Fg),. Therefore the fluorescence transitions to Wenani-
fold (~®F11) and the A manifold ¢ ®Fg,) will satisfy the
AL, AS=0, |AJ]|=0,1 magnetic-dipole selection rules. The
magnetic-dipole transitions to th&H,;, multiplet are al-
lowed through a small admixture &F;;/,to the terminating
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FIG. 5. 15 K fluorescence
spectra of the Cz, center in
SrF,:Dy*" for emission from the
4Fg, multiplet. For the ®Hg),
Fia—As-Ag spectrum the spectrometer shutter
was closed in the region of the la-
ser frequency, masking thg,,
—Z, transitions. The vibronic in-
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U200 1050 13150 1350 13%0 11400 11600 11800 12000 are vibronic transitions associated
with the 217 cm® transverse op-
. _ - E ] tical phonon. Transitions are la-
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u n crystal-field calculations.
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solved from the X; transitions by Eremin, Luks, and lations, enabling a comparison between the,SB§°" and
Stolov}* No vibronic transitions to this multiplet have been previously reported SEER3" sites. The wave functions de-
observed. The presence of strong vibronic transitions in onlyermined from these calculations have also been used for
the fluorescence to the two lower multiplet8Hs;, and  analysis of the Zeeman infrared measurements discussed in
®H 4, is also observed for the CafDy®" cubic centet®  Sec. vV
While not explaining this occurrence of vibronic transitions,  The free-ion Hamiltonian used in the calculation is given
it is noted that from theC,,-center-polarized fluorescence by
data that transitions to the two lower multiplets are distinct in
that they are predominately electric-dipole processes, while B
transitions to the higher multiplets tend to proceed with a H_Ek kak+§i: {0l s+ al(L+1)+BG(Gy)
large magnetic-dipole contribution.

The transition frequencies for the, ,—Wg-Wy expected
on the basis of crystal-field calculations are also indicated in

Fig. 5. The transitions toV,q andW,, are predicted to be a . o . )
further ~300 cni'® lower in frequency, but were not ob- and includes relativistic and three-body corrections with

served fixed parameter values taken from Carnall, Crosswhite, and
’ . . it A6 3+ ;

In the fluorescence spectrum to tAenanifold, transition ~ Crosswhite® for Dy** in LaCly (reproduced in Table ¥
frequencies foF ; ,—A,—Ag predicted from the crystal-field The free-ion Slater and spin-orbit parameters and the average
calculations have also been indicated. Some of these trangionfiguration energy were allowed to vary in the course of
tions below 11700 cm! have been tentatively assigned, but least-squares fitting to the experimental energy levels. The

+TG(Ry)+ >, M*m+2>, Pp+ >, T, (1)
k k k

to avoid a circular argument the energy levels of Amani- initial Slater and spin-orbit parameters were also taken from
. . . . . 3 16

fold inferred from these transitions were not included in thethe LaCk:Dy*" values reported by Carnad al.

crystal-field least-squares calculation. The crystal-field Hamiltonians, Eq$2) and (3), have

been expressed in terms of cubic and axial contributions,
with each crystal-field parameter transforming as specific ir-
reducible representations of a group chiin keeping with

The energy level structures of thg,, and C5, centers the common recent practice for investigation of the trivalent
have been analyzed through parametrized crystal-field calcuare earths in fluorite-type crystaié:®°

IV. CRYSTAL-FIELD ANALYSES
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TABLE V. Minor free-ion parameters for By used in the The program f-shell empirical” of M.F. Reid* was used
crystal-field calculations. Parameters are as taken from Carnalto perform the least-squares fitting of the experimentally de-
Crosswhite, and Crosswhit®ef. 16. termined energy levels with those calculated with the Hamil-

tonians of Eqs(1)—(3).
Parameter Value (cit)  Parameter  Value (ciit)
M 1ot 3.92 T, —423 A. SIF,:Dy®* C,,

Pot m Ts 50 For initial irrep and level assignments a preliminary cal-

@ 17.64 Ta — L7 culation was carried out using the free-ion parameters of

B —608 T 334 Carnallet al. and crystal-field parameters interpolated from

I 1498 I7 _ggg the values reported for th@,, centers of StE:Th®* (Ref.

8

and Srb:Ho®" (Refs. 4 and 9 The calculations provided
irreps consistent with the polarization data for all levels in-
cluded, with the minor exception of thé, and X5 levels,
c@_ \/z 4 c@) where the level ordering was swapped. However, given that
0 10( 4 +C%%) the calculation places these levels within 3 ¢nmof each
other, this was not considered to be a significant deviation
outside of the general difference between calculated and ex-

[ 1
6| ~(6) ~(6) (6)
+Ba Co \/;(04 +C2 perimental energy levels 6£10 cm L.
) A final standard deviation of 6.3 cm was obtained be-

+B4—C(4)+ \/E(C(4)+C(4)) tween th(_a 33 experimental levels included in the least-
¢ ~o 14 74 —4 squares fitting and the calculated energy levels. The calcu-

) lated and experimental energy levels are presented in Table
c)_ \ﬁ(C(E’)wLC(G)) 2 VI along with the least-squares-determined crystal-field

0 2\ 4 -4 paramters. Figure 6 presents the crystal-field parameters that
) have been reported for SffR3* C,, centers for seven lan-
thanide ions and those for the By calculation reported

He, =BACH+BaA

6

He =B/§CE)2)+ B4A Cg“)— E\ﬁ(c(;)_c(z%)} here. The magnitude of thﬁé parameter obtained from the
3v 2 V10 Dy*" crystal-field calculation does not fit with a smooth
11 3 triznd across the rare-ea_rth se.rie_s. Attgmpts to con;train the
+BS \ﬁ(cgﬁ)_c(ﬁgH \/:(ch)+ C(Gg)} B¢ parameter to a magnitude in line with the value interpo-
42 21 lated from the TB" and HG'" parameters were unsuccess-
4 [10 ful; fixing the B‘é parameter to a value of 1100 cm * and
+BY/|C®+ _\/:(cgf’)_ c®)) allowing the remaining crystal-field parameters to vary in the
7 V21 least-squares calculation gives rise to significant changes in

ordering that is inconsistent with the irrep assignments de-

the calculated energy levels scheme, including changed level
4\/1\1 <c<6>+c<6>)}
B AT ~6
7N21 rived from the polarized fluorescence data.

The wave functions obtained from the best-fit procedure
+Bg| C{V+ \/:(C?)—C(‘%)} were used in the analysis of the Zeeman infrared measure-
ments reported in Sec. V, and despite the apparent anomaly
35 in the Bé parameter the calculated and experimental Zeeman
+BE| C® - \/%(Cgf)—c@%) splitting patterns match sufficiently well to add to the confi-
dence in the crystal-field calculation.
1 /77
+ g\g(cgsn cw@] &) B. SIF,-Dy** C,,

For the C3, center it was not possible to use polarized

The functional form of Hamiltonians of Eq2) and (3)  fluorescence data to provide information on irrep assign-
effectively specifies the coordinate basis, with the exceptionment. The reasons for this are two-fold: first, the expected
of a remaining ambiguity that is discussed in the context ofCs, center polarization ratios are intrinsically not well de-
the Zeeman infrared measurements in Sec. V. The cubic parfined due to the nonorthogonal nature of the eight possible
of the C,, and C5, Hamiltonians differ from each other be- orientations of theCs, principal axist® and second, what
cause of a change in the coordinate system, withzthgis  polarization behavior remains is, for many transitions, ob-
taken along the fourfold and threefold rotation axes of thescured by the overlapping and unresolved emission from
parent cubic basis, respectively. For tbg, Hamiltonian, the  both theF; and F, states. Therefore irrep assignment has
x axis is further constrained to lying in one of the reflectionbeen based solely on comparison between the calculated and
planes of theCs, center, with they axis normal to this re- experimentally determined energy levels. An initial calcula-
flection plane?® tion using the Sri=ErP* J-center crystal-field parametérs
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TABLE VI. Experimental and calculated energy levels for the,SER®" C,, center. Standard deviation data refers to fitted levels only.
Experimental energies have been corrected to'cin vacuum.

Energy(cm %) Energy(cm %)
Multiplet Level Irrep Calc. Expt. Multiplet Level Irrep Calc. Expt.
5H 15 Z2 I, 2.2 0.0 As T 9075 9080
Z,2 r, 35 38 A, T, 9207 9198
Z32 T's 45 53 As T 9258 9238
Z2 r, 93 94 Ag r, 9272 928k
Zs T 157 A, T 9287 9328
Zs Te 227 Ag I, 9343 9368
Z; Ig 441 Ag I 9560 9582
Zg I, 472 Hg), B; I, 10168 10172
5H 135 v,8 I, 3549 3543 B, T 10370 10360
\% T'e 3574 3575 B, I, 10381 10390
5 I, 3590 3587 5F.) C, Is 11048 11041
% T 3595 3595 C, I, 11141 11139
\ r, 3669 3671 Cs T, 11205 11214
Yo r, 3762 C, Ty 11241 11247
Y, Is 3791 bFg), D, r, 12491
5H 11 X2 I, 5859 5860 D, I 12523
X, T'e 5953 D, I, 12602
X3? I, 5950 5957 F 3 E; T 13337
X2 T 5965 5962 E, I, 13340
X I, 6033 6025 5F 1 — T 13882
Xe T 6038 6033 “Fon F,@ I, 21020 21020
%Hgpp, SF11p w;@ I's 7627 7627 F,? Is 21038 21043
W,2 r, 7646 7655 Fi r, 21151 21162
W, I 7739 7732 F, Iy 21187 21171
WwW,2 I, 7772 7766 Fs I 21483
Ws T'e 7797 7792
Wy r, 7844 Number of data points 33
W5, I's 7875 Number of free parameters 10
W, r, 7892 Standard deviation 6.3 cm
W, T'g 7987

Fitted crystal field and free-ion parameters

W r 8124
Wi, r, 8131 Bi By Bi BL B P Py Fe {
11 6

Moy, Oy, A r 9006 o005 346 434 322-1334 502 94448 67892 45273 1916
A, T 9034 9038

8 evels with supporting polarization data for irrep assignment.
b_evels not used in the least-squares calculation.

and the free-ion parameters of Carnall, Crosswhite, and The parameters determined from the least-squares mini-

Crosswhité® was used to provide starting irrep assignmentsmization are shown in Table Vliisee also Fig. 7along with

to the experimental energy levels. A total of 38 experimentathe parameters reported for the trigonal cehireSrF, :Ho® "

energy levels were used in the parameter refinement. A nunand the trigonall centef in SrF,:EP". The similarity be-

ber of additional levels, which were not included in the cal-tween the Dy* and EF* parameters is taken as an indica-

culation due to uncertainty in their measurement or assigntion of the same structure of the two centers, while the dis-

ment, are found to agree closely with the calculated energiegarity with the H3* B center parameters indicates that the
Table VII presents a listing of all the calculated energyHo®" center reported in Ref. 9 is anomalous in the lan-

levels below~22000 cm* and the corresponding experi- thanide series. For comparison the parameters given by Er-

mentally inferred energies. The standard deviation betweesmin, Luks, and Stold¥ for the Srk:Dy*" Cs, center are

the 38 experimental levels used in the least-squares proceiso presented, based on an analysis of ten experimental en-

dure and the corresponding calculated levels is 6.6'cm ergy levels. The comparison of parameters required a trans-
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2000 A. Crystal-field basis ambiguity
-B4 . . . .
1800 ¢ The crystal-field parameters and implied wave functions

obtained in Sec. IV are only unique if accompanied by a
specified coordinate basis, with both choices of@hg axes
depicted in Fig. 9 possessing a Hamiltonian of the functional
form in Eq. (2). Rotation of the coordinate basis hy/4
around the principal axis, while not@,, symmetry opera-
tion, will result in identical eigenvalues when accompanied
by appropriate changes in parameter values. In the Wybourne
parametrization this corresponds to a sign ambiguity in the
BX parameters, while transformation of wave functions be-
tween bases involves changes in the relative signs of the
wave function |[JM) component$® This ambiguity in
crystal-field parameters and wave function decomposition
FIG. 6. Reported crystal-field parameters for g, center in ~ does notinfluence the energy level structure, irrep symmetry,
SrF,:R%* and those found here for SifDy®*. The references for  OF the first-order Zeeman interactions. It can, however, have
the parameters for rare earths other than Dy aréReé. 1), Pr(Ref. ~ Measurable influence on the higher-order Zeeman interac-
2), Nd (Ref. 3, Sm(Ref. 4, Eu(Ref. 5, Tb (Ref. §, and Ho(Ref,  tions involving mixing between staté&The reduction of the
9). symmetry that is imposed by the application of a magnetic
field at an oblique angle to the principal axis can enable the

. . o appropriate basis to be determined. This is accomplished by
formation between the two different parametrization SChemeéalculating the Zeeman splittings with the wave functions

used by Eremiret al. and that used in this work. Eremin gptained from the crystal-field calculations and with the rel-
etal. have employed a Hamiltonian of the fordB{VY  evant magnetic field components for each of the two bases.
where the V) polynomials are given by Al'tshuler and The appropriate magnetic field components for both bases of
Kozyrev?® Ereminet al. also report only the absolute value Fig. 9 are calculated in Sec. V B with the calculated Zeeman
of the Bi and Bg parameters, as the sign contains some amsplittings in each basis compared with that obtained experi-
biguity due to the possibility of different coordinate systemsmentally. While the focus here is on an experimental deter-
giving rise to different Signs in these parame%%(anhough mination of theC4V ba..Sls, .|f the structure of the center Is
the relative signs are not arbitraryTo enable a comparison known, such a determination may also be obtained through
between parameters, the parameters of both Ereshi. appe_allng taab initio calculatpns. Supg:posmon modegl+cal-
and those reported here were converted to the parametrizﬁleatlons for theC,, center in Srj:R*" and Caf:R

; k~k . 4 ave been reported by Reid and Bufféwith these calcula-
tl%n scheme of Wybourn.ei(Bqu). The signs of thé&; and tions indicating that for the crystal-field parameters reported
B3 parameters of Eremiet al. were then chosen to match here the appropriate,y basis is that depicted in Fig(8).

those four_1d here and then further transformed from the pa- gq, theCs, center, bases can be chosen that are rotated by
rametrization represented by Eq®) and (3). It is these  yg40 5rond the axis relative to each other, as shown sche-
transformed parameters of Eremat al. that are shown in matically in Fig. 10. Both bases have a crystal-field Hamil-
Table VIII. tonian of the form given in E¢(3). This ambiguity in theCs,
basis is entirely analogous to that of g, center, as can be
seen from recognizing that the rotation of thex,y axes is
equivalent to anr/3 rotation when theC,, symmetry opera-
The infrared absorption obtained for tfl;3,and®H,,,,  tions are taken into account,
multiplets and théV manifold which consists of the mixed ~ Calculations based on an effective charge model and the
SHgjp and °F 15, multiplets is presented in Fig. 8. Absorption known strcture of theCs, center have been reported for
transitions have been assigned from correlation with the enSrR:R** Cs, centers by Lesniak and Richardsgnhow-
ergy levels obtained from the laser selective fluorescence. ever, the basis used for these calculations was not reported.
The Zeeman infrared absorption spectra of @g and  An indication of the appropriate basis was obtained here
C,, sites have been measured and compared to calculatioff@m a simple point-charge model calculation for both bases
based on the crystal-field analysis wave functions. In allof Fig. 10. The predicted parameters are shown in Table IX
cases the samples were oriented with the magnetic fieldlong with the parameters obtained from the crystal-field cal-
along either the111) or (100 crystal axis. Because of the culation of Sec. IV B. The calculated crystal-field parameters
multiple orientations of theC,, and C,, sites in the cubic Of Lesniak and Richardson are also shown for comparison.
fluorite crystal structure, the Zeeman splitting of centersWhile such a simple point-charge calculation should not be
aligned differently with respect to the magnetic field need toexpected to produce particularly accurate parameters, the
be considered, with it implicit that several magnetically in- BA/B¢ and BS/BS’, parameter ratios and the relative signs of
equivalent centers arise simultaneously in any given speahe parameters will be more meaningful, due to an effective
trum. As a matter of notation, angular brackétk) referto  cancellation of the inaccuracies in the radial integrals. This
a general crystallographic direction, wifhjk ] referring to  point-charge calculation suggests that the appropriate basis
the z-axis orientation of specific sites. for the Cg, crystal-field parameters obtained in Sec. IV B is

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

V. ZEEMAN INFRARED
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TABLE VII. Experimental and calculated energy levels for the SEy* C,, center. Experimental energies have been corrected to
cm Y in vacuum.

Energy(cm™%) Energy(cm ™)
Multiplet Level Irrep Calc. Expt. Multiplet Level Irrep Calc. Expt.
®H 512 Z; Ise —-17 0.0 *Hipz, Fop Ar Ty 9020 9019
Z, T, 35 39 A, Tse 9038 9041
Z3 I, 69 73 A; r, 9067 9071
Z, Tse 122 123 A, T, 9318 9319
Zs r, 128 As Tse 9334.5 9328
Zs r, 499 491 Ag I 9334.8 9339
z, | 563 564 A, Ise 9384 9354
Zg T, 567 571 Ag r, 9394 9394
5H 14 Y, r, 3558 3554 Ag r, 9722
Y, r, 3620 3625  OHg, B, r, 10263 10272
Ys Tsg 3633 3638 B, r, 10401 10399
Y, r, 3643 3643 Bs Tse 10410 10414
Ys r, 3777 ®F 1 C, r, 11088 11082
Ys I, 3837 3830 C, | 11288 11300
Y, Tse 3840 3836 Cs r, 11327 11326
SH 11 X, I, 5968.5 5956.5 Cs Tse 11336 11334
X, Tse 5984.5 5990.0  SF, D, Tsg 12553
X3 r, 5991.5 5995.0 D, r, 12558
X4 r, 6029.5 6020.0 D, T, 12721
Xs Tsg 6057.0 60485 SF,, E, T'ss 13408
Xs r, 6077.9 6067.0 E, r, 13412
%Hgpp, SF11p WA [se 7644 7649 S, — r, 13944
W, Iy 7650 7655 4Ry, Fy I'se 20970.7 20964.7
W, r, 7759 7753 F, T, 20971.8 20967.2
W, Ise 7761 7761 Fi Ise 21152 21154
Ws r, 7793 7787 Fa r, 21157 21162
We T, 7954 Fs r, 21658 21660
W, I'se 7957
Wg Ty 7969 Number of data points 38
W r, 7982 Number of free parameters 11
Wiy Ty 8273 Standard deviation 6.6 cm
Wi, Tse 8299

3 evels not used in parameter refinement.

that depicted in Fig. 1@) and that the calculations of The C,, center will have charge compensating fluorine in
Lesniak and Richardson have been performed in the alternany one of the six nearest-neighb@00) interstitial posi-

tive basis of Fig. 1(B). tions, thus defining the orientation of the particular site. For
this particular configuration of the magnetic field wittCa,

center, all six orientations of the center have the principal

B. Magnetic field components for Zeeman calculations axis equally inclined to the magnetic field, at an angle of

To calculate the Zeeman splittings of ti@, and Ca, 54.7.. Thex gndyoaxesocan be cohosen to mc_lude an arbitrary
center energy levels, the magnetic field components are r otation of 0°, 90° 180°, or 270° about thaxis as the wave
quired for the specific geometrical arrangement of the ap-unCtIonS will pe |nde_:penden'¥ of such a rotation.

plied field with respect to th€,, and C;, bases. Because For the bas!s of Fig. @), with th(_ax a_ndyaxes along .the
there are multiple orientations of a given center in the Cubiccrystallographlc[loo] and [010] directions, by explicitly

host crystal, several magnetically inequivalent centers magonydermg all S|xbcenters it |sdfound that the magnetic field
be present in the sample for a given experimental arrange-Omponents can be expressed as
ment. As an example of site- and basis-dependent magnetic
field components the specific caseBlf111) crystalographic B,=—B, B,=

1
JE— B —
axes is considered in detail for both t8g, andCs;, centers. V3 Y V3 ‘

+1B
_\/§.
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TABLE VIII. The free-ion and crystal-field parameters found cipal axis orientations there will be two sites in which the
for the Sri:Dy®* Cj, center for refinement with 38 experimental principal axis is aligned parallel or antiparallel with the mag-

energy levels. Parameters found by Ereetiral. and those reported netic field. The remaining six sites will be arranged at an
for other Sriz:R®" Cj,, centers are given for comparison. The oblique angle to the field.

Slater parameters are not determined in the calculations of Refs. 14 () The parallel sited111] [1_11] The magnetic field
and 7, and not reported for the calculations of Ref. 9. The spin-orbi omponents are given b “B-0 B.—+B. Because
parameter is not determined in the single multiplet calculations OE X Yo Tz L
Ref. 14. All parameters are in units of cih _oth Bx andB, are zero, no am_blguny in the Zeeman split
tings results from the two possib{@;, bases.

Dy Ca, Dy Eu Ho(B) Er(J) _@ The_ oblique sites[111], [111], [111], [111],
Parameter This work (Ref. 14 (Ref. 5 (Ref.9 (Ref.7)  [111], [111]. These sites have the principal axis at an angle
of 70.5° to the magnetic field. For the basis of Fig(Apall

:? Z;’gig o ggégg o o six oblique sites can be taken to have their magnetic field
4 _ T T components given by
Fe 45641 — 42435 — —
14 1913 — 1327 2136 2578
22 1
54,2_\ 184 206 217 52 189 B,=%—5 B, B,=0, B,= =3B,
Ba 99 —49 106 —184 —142
BS -18 531 -193 -526 —222 . :
& where the signs oB, and B, are not independent. The al-
Ba 85 —108 —47 —149 106 . .
B4 1423 1369 1297 58 1097 lowed threefold rotation of th& andy axes about the axis
< has been employed so that tBg component can always be
B¢ 1168 972 1091 605 999

chosen to be zero. For the alternati®g, basis, Fig. 1(B),
the magnetic field components are given by

The sign on thdé, component indicates whether a particular

site has thez component of the magnetic field parallel or

antiparallel to the principal axis. The symmetry-allowed

mar/2 rotations of thex andy axes around the axis enable

these axes to be chosen to have a positive magnetic fief@imilar geometric considerations apply to samples aligned

component. with B{100), with the results summarized in Tables X and
For the alternative basis of Fig(®), with thex andy  XI.

axes along th€110] and[TlO] directions, the magnetic field

N
P

1
B, B,=0, B,=+;B.

B,=+

components can be expressed as C. Experimental results and analysis
Zeeman infrared absorption measurements were carried
B.=0. B \/73 B.= +iB out on oriented StiEDy®" samples using the 4 T axial mag-
oy 37 T T3 net incorporated into the Bio-Rad FTIR spectrometer de-

scribed in Sec. Il. Calculated Zeeman splittings are based on

The allowedma/2 rotations about the axis enable th&,  the wave functions obtained from the crystal-field least-
component to always be chosen as positive. squares analyses. The matrix elements take into account all

For theCs, center orientated witl|[(111) there are two theJ, components for the SJof that multiplet for which the
sets of magnetically inequivalent sites. Of the eight prin-  normalized coefficients are greater than (L%). For theW
manifold, the states considered contained a significant ad-
mixture of both®Hg,, and °F;,,, multiplets. Likewise, states
of the A manifold consisted of significant contributions from
both 8H-,, and F o, multiplets. For calculating the splitting
of states of these manifolds bothSJ contributions were
taken into account. Thg; andZ, Zeeman interactions were
included for bothC;, and C,, centers, although the effects
of mixing between these levels was minor. To enable com-
parison with experiment, the zero-field transition frequencies
for the calculations were set equal to those seen experimen-
tally, rather than that obtained from the crystal-field calcula-
tion. Importantly, this sets the separation between energy lev-
els to that obtained from experiment. It is this separation
between levels that determines the magnitude of the interac-
tions between levels when a magnetic field is applied, and

FIG. 7. Reported crystal-field parameters for B, center in  the few cm* inaccuracies in the calculated energy level
SrF,:R®" and those found here for Srfby®*. References are positions would then be expected to significantly alter the
given in Table VIII. calculated Zeeman patterns.
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FIG. 8. 15 K infrared trans-
mission  spectra of  SgF
0.05%Dy". From left to right,
the spectra are of théH 5, mul-
tiplet ®H,;,, multiplet, and ®Hg),
and ®F ;;,, multiplets(the W mani-
fold). The W manifold spectrum

has a steeply declining detector
3500 3520 3540 3560 3580 3600 3620 3640 5850 5900 5950 6000 6050 7600 7650 7700 7750 7800 7850 7900 7950 :
Energy (cm™1) Energy (em™1) Energy (cm=1) response removed for clarity.

1. C,, center, B|{111) measurements discussed above. Likewise, for the interaction

For the Zeeman interaction of th@,, center in samples ©f the Y1 state with the magnetic field the, splitting be-
oriented with the crysta111) axis parallel to the magnetic Navior found from theA; andW, transitions was employed
field, as noted earlier all six possible orientations of the cenl deducing theY, splitting factors. Very good agreement
ter are magnetically equivalent. The splitting of a doublet inP&tween measured and calculated splitting factors has been

the BJ(111) configuration has been related to the perpenoPtained for all the above-mention€j, states.

dicular (L) and parallel {) splitting factors by the relation- ~ Because of the lack of influence of neighboring energy
ship levels in the Zeeman interactions of the states given in Table

XIl, the calculated splitting patterns are independent of the
2 2 choice ofx,y basis. For theC,, center an exception to this
§'+2s7 ice or th ce
Su1y= —3 (4) basis independence lies in the Zeeman splittings ofXthe
X3, and X, levels at approximately 5960 cm. As these

; ; hree levels consist of the different irreps of(I°¢)
Table Xl es the experimental and calculat AR A
a summarzes xperimenta’ an uiate 3(I'7), and X4(I'g) and all three levels lie within

Zeeman splittings obtained for a number of levels of@he 50 enL th ‘sts th ibility of iderable mi
site. For theA,; level, the observation of all four transitions <> SM *» there exists the possibility of considerable mix-
between theZ,- and A,-split Kramers doublets enabled the ing of the wave functions and basis-dependent repulsion of

splitting factor of both the ground state and thelevel to be the_en_ergy levels as they split under the action of the mag-
deduced. For the Zeeman splitting of thé level all four netic field. Unfortqnately the presence of three chse-Iymg
transitions were also observed, permitting the determinatioéeﬁ:ﬁ; ratg?tre:zagfjgistEi’lrzrﬁzwz’éfgﬂfeltg tehneefom(;))flltt;?ted

of the splittings of tha\, level and an independent measure- P gp 9. 1L ; . "9y £
ment of the ground-state splitting factor. For the Zeema evel has e_llsq not heen unambiguously |dept|f|ed, although
splittings of theX; level only transitions between either the tﬂgﬁt ﬁéi N'nld'_C;t::c;rq_sl gg;gwt?(e I(a;eer fjﬁfg'\éséluﬁg&eﬁgﬁnce
lower split levels or the upper levels of tilg and X; dou- .= 3 mp .
blets were observed. Therefore to enable the splitting of th 0 the analysis is the presence of an overlapping absorpiion

e ransition to theC;,X; level at 5958 cm?. Therefore the
X, state to be deduced, tt#g splitting was taken from the BJ(111) Zeeman spectra for the,,X,, X, andX, levels

and theC;,X; level have been analyzed concurrently. The
Zeeman infrared absorption spectra for these states are

(010)

(A) (B)

Xa

FIG. 9. The two possible bases of tfig, symmetry center for
the Hamiltonian used here. In the upper figure, the small spheres FIG. 10. The two possible bases of #ig, symmetry center for
represent the fluorine ions surrounding the rare-earth(large  the Hamiltonian used here. In the upper figure, the small spheres
sphere. The symmetry of the center is shown schematically asrepresent the fluorine ions surrounding the rare-earth (iarge
viewed looking down thez axis. The square represents the crosssphere. The symmetry of the center is shown schematically as
section of the fluorine cage enclosing the rare-earth ion. viewed looking down the axis.
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TABLE IX. Comparison of Srg:Dy** C,, crystal-field param- 2. C,, center, B|{100)

eters with those calculated from a point-charge calculation in the .,
two bases of Fig. 10. All parameter values are given in units of For theC, center only the transitions to th, X3, and

e L. Y, states were sufficiently intense and spectrally isolated to
be amenable to Zeeman infrared measurements.

Cs,  Point-charge calc. CF calc. Lesniak and Richardson Figure 12 presents the Zeeman spectra olj(d's ) and

Parameter Basi8 BasisB (Table VII) (Ref. 29 X3(I',) levels of the C;, center, lying at energies of
5990 cm'! and 5995 cm?, respectively. Because of the
2

Bi\ 215 215 184 191 small separation of these two levels, there is repulsion of the
BAC 315 —150 1423 —643 split energy levels as they move closer together with increas-
Bg\ s 468 99 2013 ing field strength, leading to ®,y-basis dependence in the
Bg 88 38 1168 492 calculated Zeeman splittings.
BGA, 0 109 —18 1433 For theCs, centers in a geometry d|(100) orientated
Ba L 51 85 668 sample, all eightC,;, site orientations are magnetically

equivalent. In this Zeeman geometry each zero-field transi-

shown in Fig. 11, together with the experimental and calcylion will give rise to four Zeeman transitions. A feature of the

lated splitting diagrams for the two choices®f, basis. The spllttlngs of Fig. 12is that what W.OU.Id be expected to be a
X,-X3 separation was taken as 1 th In these calculations 5'”9"?.”6‘”3'“”? does in f"f‘Ct .Sp“t Into s_everal_ resolvable
the isolation of theC,X, level from other states of this site transitions at high magnetic fields. This is attributed to a

precludes there being any difference betweenGhg basis sm_aII sample misa}lignment, With thg eighs, center orien-
choices tations occurring in the cubic fluorite structure no longer

As shown in Fig. 11 there are significant differences in theequally inclined to the magnetic f_|eld dlr_ectlon. We note that
o . . the magnet used for these experiments is constructed in such
calculated splitting patterns for the two choices®f, basis,

. e . X a way that the sample orientation cannot be modified once
most notably in the differing separation of the pairs of tran- . .
o . . . . the magnetic has been cooled, and it was therefore not pos-
sitions marked by * and t. In the comparison with experi-

ment, the calculated transitions of baBisnarked 1 are not sible to make adjustments to the sample alignment on the

observed, while conversely not all the observed transltlonst'?aSIS of high-field spectra. The Zeeman spllttmgs ofhg
. . ) center in a(100)-orientated sample, obtained at the same
are adequately described by the calculation of basigs . . i
. : . time as those of th&C;, center, are also consistent with
both calculations show some discrepancy with the experi- o e o
. L sample misalignment. Similar anomalous Zeeman splittings
mental results, the appropriate basis inferred from the supe

. ; + . +
position model calculations of Reid and BufféfbasisA, have been observed in SHEC" and Baf:Er” by Wells,

: Dean, and Reevésand were attributed to a naBs, distor-
with the x,y axes along the100 and (010 crystal axe} tion of the site. While this possibility cannot be entirely ex-

cannot be objectively confirmed from the available experi- luded. we note that the m rements of Wedlal. wer

mental data. However, it is considered that higher-field mea’ ude T he ho € hat the measu edﬁ s of Ia. I.kele h
surements of these transitions, particularly those marked * jjnade with the same magnetic used here. I%S also 1 e+yt at
Fig. 11, have the potential to provide an experimental conyvIth _the|r_ unusually .Iarge sphmng factors. = and Dy’ .
firmation of theC,, coordinate basis. ions in this center will be particularly sensitive to magnetic

- field misalignment.
Spllt_tlng factors for t_he)(z, X3, and X“. states cannot be Figure 12 shows the calculated Zeeman splittings for both
unambiguously determined from experiment, and therefor

no quantitative comparison between theory and experimencgrztr)az?nsé"\g lrthert12$ m?'e(i/agle ?etrﬁgfgf?; stugwtl)r;%is ;lglr:]i'f"
has been made for these states. y gy P 9-

10(A). Sample misalignment is included in the calculations
for both Cj3, basis choices, with a misalignment of, ¢)
=(4°,1°). Variations is the misalignment angles produce
only a small change in the calculated transition energies, and
in all cases the transitions marked by bracgsdre in sig-

TABLE X. Magnetic field components for th€,, symmetry
center bases of Fig. 9.

ori;‘iﬁion Basis Centers (BB, B, nificantly better agreement for bagis Quantitative discrimi-
nation between the calculations of Fig. 12 is provided from
1 1 1 the standard deviation between measured and calculated
Bl(11D) A Al _Bﬁiﬁ transition energies, at a field strength of 3 T; for bademd
B the standard deviation is 0.48 cfhand 0.81 cm?, re-
B All 0 2 L1 spectively. It is concluded that the appropriate basis for the
'N3' T3 Cg\,.cente.r wi.th crystal—figlq parameters qf Sec. .IV B is that
B[(100 A B [100], [100] 0041 depicted in Fig. 1_(A). This is also the ba_5|s that is expected
A [010] [010], [001], [00T] 100 from the comparison (_)f th€,, center pom.t—charge calcula-
' : : o tions and the crystal-field parameters derived from the laser-
— — 1 1 selective fluorescence data.
B [010], [010], [001], [001] _2'_2'0' The Zeeman infrared splittings of ti@;, Y, level have

also been examined. Only two of the four transitions be-
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TABLE Xl. Magnetic field components for th€;, symmetry center bases of Fig. 10.

Field
orientation Basis Centers Bx«.By B,
B[(111) A.B [111],[111] 0,0+1.
A [111], [111], [111], [111], [111], [11]] :23—&,0,%
— — — = — 22 1
B [111], [111], [111], [111], [111], [11]] in,o,ig
BJ(100) A Al N \ﬁ,o,ti
3 3
2 1
B All —\/: 4+
* 3,0,7 3
tween the Zeeman sublevels are observed, and therefore tt 4T

(100 splitting factors for both th&,; andY, states cannot
be directly determined. With the observed splittings due to
the difference in the Zeeman splittings of the two states only
the difference in the splitting factorAS<1oo>E|S<1oo>(Zl)
—S(100(Y1)| can be inferred from experiment. The experi- |07 [
mental and calculated differences in splitting factors at 2 T (Cn)

areAS;092r=1.07 and 0.88, respectively. The calculation is X1(Cay) 5640 5040
. .. s 5940 5960 5980 0 1 2 3 4 0 1 2 3
based on individual level splitting factors (S<100>(Zl)2T Fnergy [om™1] Field [Tesla] Field [Tesla]

= 1003 ands<loo>(Yl)2T: 915
FIG. 11. (left) Zeeman infrared absorption spectra of
V1. CONCLUSION SrF,:Dy*" showing theC,, and C5, absorption spectra in the re-
gion of 5960 cm® for magnetic field strength between 0 and 4 T,
Through laser site-selective spectroscopy the two domiwith B|[(111). Note that the zero-field position of, of the C,,
nant sites in SrE:O.OS%Dy3+ have been characterized. center is not observed, but calculations put it in this regioenter,
These sites have been found to beCaf, andCy, symmetry.  fight) Calculated and measured splitting diagram for ¥yg X3,
Polarized fluorescence of ti@,, center has enabled irrep andX, Ievels_ of theC,, center an_d the(_1 level of theCs;, center.
assignment of many levels and has shown that magnetiéljhe_calculatlon are for th€,, b§S|s ch0|€calﬁ andB, respectlve!y,
dipole transitions moments are significant in many transi2f Fig. 9, and for theX, level lying 1 cm* belowX5. The solid
tions. Crystal-field analyses of th€,, center produces line is the ca_lculated transition energies of the @k center, with
crystal-field parameters consistent with trends throughout thi'® dashed lines showing ti@, transitions.
rare-earth series.
The C;, center has a stronger coupling to the Siditice,
as revealed by the large number of vibronic transitions with
an increased relative intensity compared to @g center.
Vibronics associated with an unassigned phonon of energ
135 cm ! and the transverse optical phonon with an energy
of 217 cm ! have been identified. Thé,, crystal-field pa-
rameters indicate a site with the same structure as thg

6015 6015

40T

6005 6005

N

TABLE XIl. Experimental and calculated splitting factors for
the Sri:Dy®* C,, center.

Energy [cm™!
Energy [em™!]

o
B
©
S
on
=3
©
&

Tl

C4V Field Calculated EXpt. e~ 06T()10 59850 : s P . 59050
Level (Tesla S S, Si11 Si1p Energy [om™1] Field [Tesla] Field [Tesla]

Z; 15 16.79 0.65 9.72 9.7 FIG. 12. Zeeman infrared absorption spectra of ,SEF>",

Y1 2.0 14.38 0.09 8.30 8.4 showing thg(100) splittings ofX, andX; of the C, center. TheX,

X1 4.0 12.83 0.13 7.41 7.4 level was also included in the calculations. Transitions originating
W, 1.0 2.27 4.18 3.66 3.5 from levels greater than 10 c¢m above ground state are not shown
A; 15 0.07 2.97 2.43 2.4 in the calculations. The two calculations are for thg bases of

Fig. 10.
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SrR,:EW®" and Srk:Err*(J) trigonal centers. In contrast, basis appropriate for the crystal-field parameters reported
the crystal-field parameters display considerable disparitjiere has been experimentally determined from Zeeman in-
with those reported for th€,, center of Srg:Ho®", indi-  frared absorption measurements.
cating that it is the Hb" trigonal center that is to be consid-
ered anomalous in the SIFR®* series.
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