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The polarized fluorescence of a total of 12 Ho’* ion centers present in CaF,- and SrF,-type crystals
and having a variety of Ho>* ion symmetries has been analyzed to give possible model assignments. In
contrast to the earlier results for SrF,:Er**, which has a dominant trigonal symmetry center, the princi-
pal center in SrF,:Ho*" is determined to have tetragonal symmetry. Crystal-field analyses are reported
for both the tetragonal and trigonal symmetry centers, together with fluorescence-lifetime data for these

centers.

I. INTRODUCTION

Polarization of laser-selective excitation fluorescence
spectra of rare-earth ions in CaF,-type crystals can help
in determining center symmetries and assigning group
symmetry labels to particular energy levels. Laser-
selective excitation is a well established method for iden-
tifying lines of multicenter spectra and has been used, in
particular, to characterize the two principal single Ho®*
centers found in CaF,:Ho’" crystals.! Tetragonal (C,,)
or trigonal (C;,) symmetry sites in the CaF, structure
have three or four possible orientations, respectively, of
the principal axis of symmetry of the centers. Some
orientations of these centers are preferentially excited by
polarized laser light incident along a crystal symmetry
direction, giving a net polarized emission. Such polariza-
tion determinations of center symmetries have been made
with varying success for Er’** ions in Can,2 and Ser,3
and for Pr*”" ions in CaF, and SrF,.*

In this paper we present detailed polarization studies of
the spectra of Ho’" ions in CaF, crystals, in CaF, crys-
tals containing 1% of SrF, or BaF,, in SrF, crystals and
in SrF, crystals containing 1% of CaF, or BaF,, and use
them to propose specific model configurations of the vari-
ous centers present. In CaF,:Ho®" it was established by
Seelbinder and Wright! that there are two principal
centers (labeled by them A4 and B sites), which were as-
signed as having C,, and C;, symmetry, respectively, and
we report polarization measurements which confirm
these assignments.’ Assignment of the different spectral
transitions to either A4 or B centers has been confirmed
recently® on the basis of the respective center lifetimes.

We also report laser-selective excitation measurements
of four modified centers present in mixed CaF,:1% SrF,
and CaF,:1% BaF, crystals, both containing Ho’", aris-
ing from replacement of one of the 12 nearest-neighbor
Ca’" ions by either a Sr>* or Ba?" ion.” The 1% concen-
tration of dopant alkaline-earth cations was chosen to
give centers having just one dopant cation a high concen-
tration relative to those having more than one such
dopant cation. The substitution by either Sr’* or Ba’"
ions is found here to yield one center of C,, symmetry
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(with an on-axis placement of the dopant alkaline-earth
cation) and one of lower C; symmetry (with an off-axis
placement of the dopant alkaline-earth cation) for each of
the mixed crystal systems as indicated in Fig. 1. For the
lower symmetry centers, there are observed splittings of
those transitions involving doublet levels (y5 symmetry
under C,,) and the transition polarizations are consistent
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FIG. 1. Proposed modified C,, center configurations ob-
tained by introduction of a different alkaline-earth cation in the
configuration of the regular C,, center. (a) The on-axis
modified C,, symmetry center, (b) the off-axis (100) plane C;
symmetry center, and (c) the off-axis (110) plane C; symmetry
center.
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with a C; site symmetry.

In SrF, crystals containing rare-earth ions there is a
changeover of symmetry of the principal center present
as one goes along the rare-earth series, and this occurs in
the vicinity of Dy’* and Ho’'t.> The electron-
paramagnetic-resonance (EPR) spectra of rare-earth ions
in SrF, crystals are characterized by the observation of
predominantly tetragonal symmetry centers for rare-
earth ions in the first part of the rare-earth series and
both trigonal and cubic symmetry centers for rare-earth
ions in the latter part.> SrF, crystals containing Ce**,8
Nd**,? and Sm®* (Ref. 10) ions all have only tetragonal
symmetry centers in their EPR spectra, SrF, crystals
containing Gd** (Ref. 11) and Dy** (Ref. 12) ions have
both tetragonal and trigonal symmetry centers present,
while those containing Er’** (Ref. 8) and Yb*" (Ref. 13)
ions have both trigonal and cubic symmetry centers. For
SrF, crystals containing 0.1% Ho’", EPR results indi-
cate the presence of a principal trigonal symmetry center,
whose EPR resonances occur at both 9.5 and 35 GHz
thro&gh mechanisms discussed in detail by Ranon and
Lee.

Published spectroscopic results for SrF,:Ho*>* include
an argon laser excitation study of SrF,:1% Ho’",!*
which revealed three fluorescence groups, without any
specific center assignments being made. Our results are
of a polarized laser-selective excitation study of
SrF,:0.005% Ho’" and SrF,:0.01% Ho’" crystals. The
similarity of the spectral lines reported here for the prin-
cipal center, both in line intensity patterns and polariza-
tion, to those of the well established tetragonal symmetry
(A) center observed in CaF,:Ho’" indicates the prefer-
ential formation of a tetragonal symmetry center in
SrF,:Ho®" (henceforth labeled the SrF, A center). Three
other weaker centers are also observed and are identified
as modified A centers involving nearby unintentionally
introduced Ca?" or Ba?" ions. Two of these centers are
identified as having C,, symmetry Ho" sites, with asso-
ciated on-axis Ca’t or Ba?' ions, whereas the third
center is analogous to the low symmetry (C,) CaF,:Ho**
cent7er associated with an off-axis dopant alkaline-earth
ion.

Our optical spectroscopy results for SrF,:Ho>" are in
marked contrast to those for SrF,:0.05% Er’" crystals,
where similar investigations>!6 revealed four centers, the
strongest of which (the so-called J center) has trigonal
symmetry and the three others (N1, N2 and N3) are
modifications of this J center. Only after hydrogenation
were some tetragonal symmetry Er’" centers produced
and these involve hydride ion charge compensation.

Our optical spectroscopy results are also in apparent
disagreement with the EPR measurements that indicate
the presence of only a trigonal symmetry Ho®>* center.
Optical transitions we have assigned to a trigonal symme-
try B center are quite weak, having an intensity only 2%
of corresponding transitions we have assigned to the prin-
cipal tetragonal (C,,) symmetry A4 center. As the
ground state and first excited state of Ho®" ions in this
SrF,:Ho*>* A center are determined by our optical spec-
troscopy measurements to be crystal-field orbital singlets
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separated by 2.7 cm !, this C,, symmetry center could
have no EPR resonances at either 9.5 or 35 GHz and
hence the absence of any tetragonal symmetry center res-
onances is explained. EPR measurements at 75 GHz, as
were reported for CaF,:Ho** crystals,!” would be needed
to detect the presence of this C,, center by EPR and to
confirm the observed 2.7 cm ™! energy-level splitting.

Optical spectroscopy measurements favor the observa-
tion of C,, symmetry centers as the line strengths of opti-
cal transitions of any trigonal symmetry center, whose
configuration is closer to cubic symmetry than a C,,
center, would be lower than those of such C,, centers.
Hence the measured 2% relative line strengths of the B
center lines underestimate the population of the trigonal
symmetry B center actually present.

II. EXPERIMENTAL

Crystals were grown by the Bridgman-Stockbarger
method using a 38 kW A.D. Little rf induction furnace.
CaF,, SrF,, and BaF, offcuts and 99.9% pure HoF;
powder were used as starting materials. The crystals
used for polarization studies were lowered at a rate of 2.5
mm/h, over a total growth time of 30 h and a subsequent
annealing time of 3 h. Two additional SrF,:Ho>" crys-
tals, with 0.005 and 0.1 % concentrations of Ho>™, re-
spectively, were purchased from Optovac Inc. for use as
reference samples.

Apart from the use of a Spectra-Physics 2045 argon
laser, the spectroscopic equipment and techniques em-
ployed were as described for the earlier CaF,:Er** work.?
Coumarin 540 and Rhodamine 640 dyes were appropriate
for excitation of Ho®>*. Most spectroscopic measure-
ments were for samples cooled to 10 K in a closed-cycle
cryostat. Some 2 K measurements were obtained by im-
mersion of the sample in superfluid helium.

All reported wave numbers are as recorded in air.

For the fluorescence-lifetime measurements, the equip-
ment was as used for the earlier CaF,:Pr’* and SrF,:Pr’*
study,* with the addition of a digital storage oscilloscope
to record and average 256 fluorescence decay transients,
as recorded by a Spex 1700 0.75 m monochromator
equipped with an EMI9558QA photomultiplier tube.

III. SPECTROSCOPY OF Ho**
IN CaF, AND SrF,

A. Energy levels of centers having Ho®* ions
located in sites of C,4, and C;, symmetry

The 41 '° configuration, appropriate for trivalent Ho’*
ions, has three multiplets (°S, and °F, in the 18000 cm ™'
and °F in the 15000 cm ™! regions) suitable for Couma-
rin 540 or Rhodamine 640 dye excitation. The ground
multiplet is *I; and the first excited multiplet °1,. For
these five multiplets, there are 43 and 37 distinct crystal-
field energy levels for Ho®" ions located in sites of C,,
and C;, symmetry, respectively.

A notation of a letter plus numerical subscript is
adopted for labeling the crystal-field levels of various LSJ
multiplets. The ground multiplet °I; is labeled Z, with
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the ground state being Z,, and the first excited multiplet
’I, labeled by Y. The levels of the close-lying °S,, °F,
multiplets are labeled E |, E,, etc. in order of increasing
energy, and those of the °F multiplet by D, D,, etc.

All the Ho’" energy levels have wave functions neces-
sarily transforming as one of the irreps of the appropriate
point symmetry group for the Ho>" ion site. For centers
having Ho®" ions in sites of C,, symmetry, the energy
levels transform as one of the five irreps y -y of the C,,
point group, where the irreps y,-7v, are all of single di-
mension, while y5 is of double dimension. For centers
having Ho’" ions in sites of C;, symmetry the energy
levels transform as one of the three irreps ¥, ¥,, or y5 of
the C;, point group, with ¥, and y, being of single di-
mension and y; of double dimension. The predicted po-
larization ratios for C,, and C;, symmetry centers in
both (100) and (111) polarization geometries have al-
ready been published,* while the corresponding ratios for
the two possible varieties of low-symmetry C; centers
[shown in Figs. 1(b) and 1(c)] for the {100) polarization
geometry are presented in Ref. 7. We reproduce a sum-
marized version of the C; symmetry tables in terms of the
polarization character of the pump and fluorescence tran-
sitions (Table I), which provides polarization criteria for
distinguishing the two low-symmetry centers. In all these
tables, the various polarization geometries are specified
by x(ab)z in which x defines the direction of propagation
of the incident laser beam, z is the direction of propaga-
tion of the analyzed fluorescence, a(=y or z) defines the
polarization (electric vector) of the incident laser light
and b(=y or x) defines the polarization of the fluores-
cence.

B. Laser-selective excitation and fluorescence spectra

Absorption spectroscopy is the most direct way of ob-
taining energy levels of the various rare-earth ion centers
present. However, for Ho’", the absorption transitions
to energy levels of the S, and °F, multiplets are
sufficiently weak to require Ho®t concentrations above
0.02% in 10-mm thick CaF, crystals or 0.1% in 25-mm
thick SrF, crystals to obtain well-defined absorption lines.
In contrast, laser excitation gives good intensity spectra
for Ho’>* concentrations down to 0.005% and is pre-

TABLE I. Relative polarization intensities for C; symmetry
centers in { 100)-oriented crystals.

C(a) C,(b)
Pump Decay
transition transition x(yy)z x(yx)z x(yy)z x(yx)z
Ya—=>Ya® Yae—Va No restriction No restriction
b yx 1
Ya—Y > 0 1
" %1
Ya—Y Yo—Y 2 — 0 1
b b b w2
Yo—Ya 2 1 1 0
*Ya=7Y10r ¥,
Pyp=y;0r ¥,
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ferred for observing the very weak absorption lines of
centers having relatively strong fluorescence. Such exci-
tation spectra are obtained when the laser pump frequen-
cy is continuously scanned while monitoring the fluores-
cence. Either a spectrometer is tuned to a particular
transition, specifically to record the excitation spectrum
of the corresponding single center, or broadband wave-
length selection is used to detect all fluorescing centers
present. Laser excitation can have vastly superior sensi-
tivity compared to absorption, but the observed line in-
tensities are altered in accordance with the relative
fluorescence efficiencies of the various centers present.
Absorption spectra are still needed for observing the
presence of any centers having very weak fluorescence
compared to the major centers.

Fluorescence spectra from the 3S,, °F, (E), and °F;
(D) multiplets to various crystal-field levels of the °I; and
°I, multiplets were recorded at 10 K and in some cases 2
K for the various Ho®" centers, with selective excitation
to the lowest appropriate absorption transition of the °S,
or °F5 multiplets. Such spectra were analyzed to obtain
the energy-level schemes of the °S,, °F,, °Fs, °I;, and °I
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FIG. 2. 10 K excitation spectra of the °S,, F,(E) multiplet
for: (a) the A center in CaF,:0.005% Ho’* (monitoring
E,—~Z,at 18483.5cm™"), (b) the A center in SrF,:0.01% Ho**
(monitoring E,—~Z, at 18585.7 cm™ '), (c) the B center in
CaF,:0.005% Ho** (monitoring E, —Z; at 18504.5 cm™ 1), (d)
the B center in SrF,:0.01% Ho*" (monitoring fluorescence cen-
tered at 15680 cm™!). Absorption transitions are identified by
numerical labels for energy levels of the upper (E) multiplet.
Those originating from the Z, excited energy level of the
ground multiplet are distinguished by 1, 2, etc. All transition en-
ergies are in cm™ ! in air.
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multiplets for each center studied.
The spectroscopy of the various centers is now dis-
cussed in turn.

1. The A center in CaF,:0.005% Ho’" crystals

Figures 2(a) and 3(a) include the excitation and fluores-
cence spectra of the A center present in CaF,:0.005%
Ho’* crystals, observed by laser selective center discrim-
ination.

The A center has two close-lying energy levels lowest,
with the first excited level (Z,) 1.9 cm~! above the
ground level. Detailed studies of this first excited-state
energy interval under high resolution and by EPR have
been previously reported'”!® and the separation has been
observed at 1.85+0.2 cm ™! in the far infrared absorption
spectrum of a 48-mm thick CaF,:0.05% Ho** crystal.!®

The lowest energy level (E,) of the 5S, multiplet was
not observed in either absorption or excitation from the
Z, or Z, energy levels. Its energy (18599.0 cm™!) was
inferred from the observation of pairs of lines, separated
by 14 cm ™}, for all the fluorescence transitions to  s-type
energy levels of the Z and Y multiplets. The presence of
this energy level was confirmed by the increase in intensi-
ty with temperature of all fluorescence transitions origi-
nating from the E, energy level at 18613.2 cm ™!, indi-
cating that this level is not the lowest energy level of the
multiplet. Only transitions assigned as originating from
the E| level were present in the 2 K spectra.

Transitions were not observed from either the Z, or Z,
levels to the E, and E; levels of the S, and °F, multi-
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plets and the energies of these levels were identified, in
spectra taken at temperatures up to 77 K, by the presence
of additional fluorescence transitions from these particu-
lar E levels to the three ys (Z3, Z5, and Z ;) energy lev-
els of the ground °Iy multiplet (Fig. 4).

All the observed transitions of the 4 center measured
in a {100)-oriented crystal, were almost completely po-
larized, having polarization ratios close to the expected
possible ratios of 1:0 and 0:1 for a Ho>" site having C,,
symmetry when pumping a y,—7v, (a'=1, 2, 3, or 4)-
type transition.* The observed ratios clearly distinguish
those fluorescence transitions involving ys energy levels
from those involving y,. energy levels and establish the
energy-level assignments presented in Table II. Likewise,
all the transitions of the A center measured in {111)-
oriented crystals have polarization ratios in good agree-
ment with those predicted for the (111) geometry* and
confirm the energy-level symmetry assignments made.

Monitoring a y,— v, transition in the two possible
analyzer positions gave polarized excitation spectra,
which distinguished clearly the y 5 symmetry levels of the
upper multiplet from those of y, symmetry, for transi-
tions originating from the same ground Z multiplet ener-
gy level.

Upconversion fluorescence was observed from the E
(°S,,°F,) and F (°F;) multiplets for Z—D excitation.
This fluorescence was weak, with the E — Z transitions
being only 1073 the intensity of those obtained by direct
excitation of the E multiplet under similar excitation con-
ditions.

18700 78600 15150

15650 13250

WAVE NUMBER (cn b

FIG. 3. 10 K fluorescence transitions E—Z, D—Z, and E — Y of: (a) the A4 center in CaF,:Ho>" (excitation Z,—E, at 18 833.0
cm™'), (b) the A center in SrF,:Ho** (excitation Z, —E, at 18585.7 cm™"), (c) the B center in CaF,:Ho*>* (excitation Z, —E, at
18633.7 cm™!), (d) the B center in SrF,:Ho>" (excitation Z, —E, at 18 564.0 cm™!). Assigned electronic transitions are identified by
their terminating levels. Fluorescence transitions originating from higher energy levels E,,E of the E multiplet, and D,, D; of the D
multiplet are distinguished by~ and ", respectively. Transitions identified by +, and ~ in 3(c) and (d) are from the D, Ds, and D
levels, respectively. Transitions identified by * in 3(d) are of an unidentified center. The position of the laser is shown by L. All tran-

sition energies are in cm ™! in air.
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WAVE NUMBER (cm-1)

FIG. 4. 55 K fluorescence from the 3S,,°F, (E) multiplet of
the A center in CaF,:0.005% Ho’" for excitation of the
Z,—E, transition at 18 613.2 cm ! and with transition labeling
showing both the upper- and lower-level identifications. The
position of the laser is shown by L. All transition energies are
in cm™!in air.

2. The B center in CaF,:0.005% Ho*" crystals

Representative spectra are given in Figs. 2(c) and 3(c).
The B center has the first excited crystal-field level (Z,)
27 cm ! above the Z, ground state. All levels expected
for the E (°S,,°F,) and D (°F5) multiplets are observed,
with the three lowest E levels (E,, E,, and E;) and two
lowest D levels (D, and D,) having energy separations
approaching the pump laser linewidth (Table III).

The fluorescence transitions of the B center in 100)-
oriented crystals show no intensity change in going from
one polarization to the other, consistent with a center
having Ho®" ions in sites of trigonal (Cy,) symmetry.
For (111 )-oriented crystals, well-defined polarization ra-
tios of 2 or 3 are expected for many of the transitions
when pumping y,—7, (a'=1 or 2)-type transitions.*
For excitation of any of the Z, —>E,, E,, E;, E,, Es, E,,
or E, transitions, the fluorescence transitions E,(y3),
E,(v,), E;(y;)—Z do not have any well-defined polar-
ization, with most of the ratios being close to unity. Be-
cause of the small energy separation between the lowest
three levels of the E multiplet, it appears that the mea-
sured ratios are a superposition of the polarizations of
mixed transitions from the two close-lying y; levels and
the ¢, level. In contrast, excitation of any of the Z —D,,
D,, D;, Ds, or D, transitions yielded well-defined polar-
ized D,D,— Z fluorescence transitions, whose ratios are
fully consistent with a C;, symmetry center assignment.

Upconversion fluorescence was not observed for the B
center, giving an upper limit of 10~ for the intensity of
such fluorescence relative to that for direct excitation.

3. The CS1 and CS2 centers in 1% SrF,
in CaF;:0.005% Ho*" crystals

Two additional centers (henceforth labeled CS1 and
CS2) were identified in the spectra of CaF,:0.005% Ho>*
crystals containing 1% SrF,. Because the various ab-
sorption and fluorescence transitions of both these
centers almost overlap with those of the 4 and B centers,
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it was possible to obtain their selective excitation spectra,
completely discriminated from any lines of the 4 and B
centers, only by monitoring fluorescence transitions from
the respective lowest observable transition, E, —Z, (Fig.
5).

Excitation and fluorescence spectra for the CS'1 center
were similar in both transition energies and polarization
ratios to those of the A4 center (Figs. 5 and 6, and Table
II). The energy-level separations of this center are all
slightly smaller than those of the 4 center. The polariza-
tion ratios indicate a tetragonal C,, site symmetry for the
Ho’" ion in this center, which is assigned as a C,, center
with a Sr** ion located on the C, symmetry axis on the
opposite side of the charge-compensating interstitial F~
ion from the Ho>™" ion [Fig. 1(a)].

The CS2 center spectra differ from those of the CS'1
center in having splittings of all the transitions corre-
sponding to ys doublet levels in C,, symmetry centers
(Figs. 5—-7 and Table IV). These splittings indicate a
Ho’" site symmetry lower than C,,. Possible low-
symmetry centers that can be formed by the Sr** doping
and involving just one nearby Sr’>* ion are those having a
Sr?* ion located in one of two different placings off the

(a) 7 (e)
8
3 8o 3
b 9_ f 9
(b) > (f)
2
-~ 8 14
356 U3
(c) 7
8
3 6% !
(d) 9 (h) J |2
2
. 0
2 ~ 14
| 3 sl 1s 3478 1113
18500 = 19000 18500 ' 19000

WAVE NUMBER (cm )

FIG. 5. 10 K excitation spectra of the °S,,°F, (E) multiplet
for centers in either CaF,:0.005% Ho** crystals containing 1%
of SrF, or BaF, or in SrF,:0.01% Ho®* crystals containing 1%
CaF, or BaF, with monitoring of the respective E, —Z, transi-
tions: (a) the CS1 center (monitoring 18 601.0 cm™!), (b) the
CS2 center (monitoring 18608.5 cm™!), (c) the CB1 center
(monitoring 18596.6 cm™'), (d) the CB2 center (monitoring
18 606.7 cm™'), (e) the SC1 center (monitoring 18 579.9 cm™!),
(0 the SC2 center (monitoring 18590.1 cm™!), (g) the SB1
center (monitoring 18 575.8 cm™!), (h) the SB2 center (monitor-
ing a transition at 18 525.4 cm™!). Transitions are identified by
the upper multiplet level as in Fig. 2.



14 404

C, symmetry axis [Figs. 1(b) and 1(c)]. To distinguish
which of these two models was appropriate to the CS2
center, the Z,—E, transition at 18650.8 cm ! was
pumped and the polarization ratios of the
E|,E,—Z,,Z, transitions measured. For these particu-
lar transitions, which are of y,—v, type, distinctly
different ratios -of 0:1 or 2:1 are predicted’ for the two
model configurations. The polarization ratios observed
are fully consistent with the model configuration of the

center shown in Fig. 1(b).

There is still a choice of location of the Sr2* ion rela-
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tive to the Ho>"-F~ ion pair. As the CS2 center lines
are close-lying satellites to those of the parent C,, center,
the effect of the Sr** ion is seen to be minor and only
those centers having their Sr’* ion lying closest to the
Ho’"-F~ ion pair have a sufficiently perturbed Ho>" ion
site for their lines to be resolved from those of the parent
C,, center. All other mixed centers, with more remotely
placed Sr?" ions, would have their spectral lines wholly
overlapped by those of the C,, center, and other tech-
niques, such as time resolution, would be needed to iden-
tify the presence of lines of such centers. Hence the mod-

TABLE III. C,, symmetry crystal-field level fits to the *I; (Z), °I, (Y), °Fs (D), °S, (E), °F, (E),
and °F; (F) multiplets of the B center in CaF,:Ho*>* and SrF,:Ho®*. All quantities are in cm ™! in air.

CaF,

State Symmetry Calculated Observed
Z, Y3 -29 0.0
Z» 7 28.2 27.0
Z,s 71 64.5 65.0
Z, 72 79.4 81.0
Zs 73 144.5 138.5
Zg 73 178.9 178.5
Z; Y2 1833
Zg 71 214.1 2135
Zy 73 365.7 367.5
Zyo Y3 4136 417.5
Z, o 4229 4235
Y, Y3 52022 5202.5
Y, 71 5216.2 5212.7
Y, Y3 52242 5218.9

4 72 5221.1 52235

s Y3 5234.8 52353

6 71 5237.8 5239.5

7 Y2 52383 5240.9

3 Y3 52525 5253.9
Yo Y3 52742 5272.9
Yo Y2 52822 5280.9
D, ¥s 15608.4 15604.0
D, 73 15606.0 15605.5
D, 73 15613.2 15613.0
D, Y2 15617.8 15618.0
Ds Y1 15629.9 15627.7
D¢ Y3 15631.7 15628.5
D, 73 15649.0 15647.0
E, Y3 18566.4 18567.5
E, Y1 18566.8 18569.5
E; Y3 18569.6 18570.5
E, Y3 18627.9 18633.7
Es Y1 18654.9 18657.8
E¢ Y2 18657.4 18665.2
E, 73 187174 18712.8
Es Y3 18750.9 18751.0
E, 1 18772.3 18773.5
F, Y3 20718.8 20715.0
F, Y1 20719.9 20722.4
F, Y2 20751.1 20749.5
F, Y3 20780.4 20779.3
Fs Y2 20802.9 20800.8

Parameters

BZ 197 (140.6)
Bi -72 (-76.7)
B§ -222 (-341.6)
BS -676 (-530.7)
B 46 ( 82.8)
B¢ 681 (581.0)

¢ 2140 (2593.5)

Number of levels fitted
Standard deviation

SrF,

Symmetry  Calculated Observed
73 4.5 0.0
Y3 20.6 26.5
71 55.5 525
72 67.8 70.0
7s 144.2 148.0
Y2 158.8
73 167.6 163.0
Y1 184.2 184.0
73 313.5 315.0
73 353.2 354.0
Y1 361.4 359.5
73 5184.7 5183.0
Y2 5187.7 5189.0
Y3 5196.0 5193.5
71 5200.3 5200.5
Y1 5211.8 5208.5
Y2 5213.0 5214.0
73 5217.5 5219.5
73 5222.8 5226.0
73 5241.2 5241.0
Y2 5247.1 5247.0
72 15596.0 15595.5
Vs 15601.8 15601.5
72 15613.0 15615.5
73 15615.0
73 15627.0
71 15632.0 15630.5
Y3 15640.3
"1 18560.7 18561.6
Y3 18564.1 18564.0
73 18566.2 18565.6
73 18639.6
71 18667.3 18666.7
Y2 18673.4
73 18718.6
73 18735.1 18736.5
7 18767.8 18767.2

52 (189.0)
-184 (-246.8)
-149 (-280.4)
-526 (103.6)

-58 (1113.0)
605 (986.7)
2136 (2578.0)
30
25
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FIG. 6. 10 K fluorescence
transitions E->2Z, D—-2Z,
and E—Y for centers in

CaF,:0.005% Ho’" crystals con-
taining 1% of SrF, or BaF, for
excitation of the respective
Z,—E, transition: (a) the CS1
center (excitation at 18601.0
cm™!), (b) the CS2 center (exci-
tation at 18 608.5 cm™!), (c) the
CB1 center (excitation at
18596.6 cm™'), (d) the CB2
center (excitation at 18606.7
cm™!). All transitions are
identified by the lower multiplet
level as in Fig. 3.

600 15000
WAVE NUMBER (cn 1)

el configuration of Fig. 1(b) is proposed as that most like-
ly applicable to the CS2 center.

The model proposed is the same as that for the princi-
pal off-axis mixed center observed in 0.5% SrF, in
CaF,:0.05% Pr** crystals.’

4. The CB1 and CB2 centers in 1% BaF,
in CaF,:0.005% Ho>" crystals

The excitation and fluorescence spectra of the two
identified centers CB1 and CB2 (Figs. 5 and 6) are similar
to those of the CS'1 and CS2 centers, respectively. While
the Z,-Z, energy-level separation of 2 cm ™! is closely
similar for both sets of centers, all other levels are slightly
lower in energy for the CB1 and CB2 centers compared

15650 131

50

to the corresponding CS'1 and CS2 centers (Tables II and
IV).

The observed energy-level patterns show that the CB1
center has a C,, symmetry Ho3" site while the CB2
center has a Ho’* site with lower than C,, symmetry
(Fig. 8). As for the case of the CS2 center, pumping the
Z,—E, transition of the CB2 center and monitoring the
E,,E,—Z,,Z, transitions was carried out to distinguish
between the two possible C; point symmetry model
configurations. For the CB2 center, the observed polar-
ization ratios are fully consistent with the same low-
symmetry center model configuration as the CS2 center
[Fig. 1(b)] with the closest possible juxtaposition of the
off-axis Ba>" ion and the Ho’*-F~ ion pair.

cm-!
Ez (m) — 18608.5
Ei (y) — 18595.0
Bf &;i e 13843 FIG. 7. Energy-level diagram
§97999395954359355 3999 93999955580 9595 for observed transitions of the
8 i e i e i i e e i i o s D (52 center in CaF;:0.005%
g §§§E§E§«E%E§‘§§EE§% §§§E§§§§E§E§%£§§ S = Ho™" showing measured transi-
g SEoooesssdmmmxEm® ooooooaoooooooon Doog tion energies (+0.5 cm™') and
z;”&“)) < ggégg x (yy)z:x(yx)z polarization ra-
vs o) { 3323 thS. (£5%). . The energy-level
Yo (vy) — 2819 assignments listed on the left are
Y (ys) € 372 those of the parent C,, center,
;f t@i < gggég while the CS2 center energy-
’ level irreps themselves are
Zi () < §§§:§ pres;nted in Table IV. For the
Zut ?“; _ ith partlculz?r‘ Z levels not accesse.d
Z1o(ys) € 935 by transitions from the E multi-
Zo (1) — 4470 plet, the specific transitions from
2 %23 - e the D, energy level identifying
Zs (vs) € 1190 them are shown.
Zs () — 1100
Z w) < 59
o = &8

1N
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5. The A, B, SC1, SC2, and SB 1 centers in SrF,:0.01 %
Ho’" crystals

By laser-selective excitation, the excitation lines of five
distinct centers were observed in SrF,:0.01% Ho’" crys-
tals and these are so identified in Figs. 2 and 5. As for
the mixed SrF, or BaF, in CaF, crystals, it was possible
to obtain completely discriminated selective excitation
spectra only by monitoring the E,—Z,; fluorescence
transition in each case. The principal center has a close
spectroscopic similarity to the A4 center in CaF, and is as-
signed as the analogous A center for SrF,. Its polariza-
tion ratios for both the (100) and {(111) polarization
geometries and the crystal-field energy-level fit (see Sec.
IV) all support this assignment. While the Z,-Z,
energy-level separation of 2.7 cm ! is larger than the 1.9
cm ™! found in the case of CaF,, all the other levels lie
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closer together with, for example, the E,-E, energy-
level separation being 6 cm ™!, compared to the 14 cm ™!
for the A4 center in CaF,.

Lines of the B center were found to have about 2% of
the intensity of those of the A center and the spectral
patterns are closely similar to those for the CaF, B
center. Both the observed polarization ratios in the
(111) polarization geometry for D — Z fluorescence with
Z,—Dj; excitation and the complete absence of any po-
larization for the (100 )-oriented crystals are consistent
with a C3, Ho’" site symmetry in the B center.

Three other centers denoted here as SC1, SB1, and
SC2 (Figs. 5 and 9) are spectroscopically related to the
SrF, A center. SrF, crystals containing 1% CaF, have
enhanced concentrations of the SC1 and SC2 centers and
lower concentration of the SB1 center, whereas SrF,
crystals containing 1% BaF, have the lines of the SB1

TABLE IV. Ho’" energy levels (and their symmetry assignments) of the low-symmetry (C,) mixed
centers in 1% SrF, in CaF,:0.005% Ho’', 1% BaF, in CaF,:0.005% Ho’" and 1% CaF, in
SrF,:0.01% Ho*" crystals. All energies are in cm ™! in air.

CS2 center CB2 center SC2 center
State Symmetry Level Symmetry Level Symmetry Level

Z, Y1 0.0 b 0.0 T 0.0
Z, Y2 20 Vs 2.0 Ta 2.5
Z, T 75.5 T 69.0 72 S2.5
Z, Y2 80.0 T 79.5 e 58.0
Zs T 110.0 T 105.5 T 80.0
Z T2 119.0 b 103.5 Ta 89.5
Z, " 125.0 o 110.0 T 97.5
Zs Y1 277.0 T 283.0 T 250.0
Zo 72 285.0 72 293.5 7 255.0
Zio Yy 447.0 % 442.5
7y, T 454.0
7, 72 465.0 o 456.0 T 390.0
Zys T 473.5 Y2 472.5 72 396.5
Zys T 485.5 " 482.5 o 409.0
Zys T2 488.0 Y2 485.0
Zye M 509.0 72 504.0 T 439.0
7.7 %> 5145 T 515.5 v 445.5
Y, 72 5255.5 Y 5254.5 72 52235
Y. T 5256.5 Y2 5261.0 T 5226.0
Y, Y2 5267.0 " 5266.5 T 5232.0
Y M 5269.0 72 5267.5 "1 5241.0
Ys " 52725 Y 5273.5 Y2 5246.0
Yo 5 5301.5 T 5295.0 T 5260.5
Y, 72 5321.0 Y2 5297.5 Y 5251.0
Ys 72 5327.5 Y1 53125 72 5285.0
Y, " 53325 Y2 5336.0
Yio 1 5350.0 Y1 5350.0 Y1 5309.5
Y M 5396.5 72 5380.5 Y1 5314.0
Y2 72 54155 " 5423.5 7 5353.0
D, " 15604.0 Yy 15600.0 T 15593.0
D, 2 15611.0 Ys 15601.5 72 15597.0
D, i 15615.5 " 15604.0
D, Y2 15621.0 7, 15619.5 72 15650.5
Ds Y1 15679.0 Y1 15676.0 71 15730.8
Ds 72 15738.5
D, T2 15765.1
E, " 18595.0 " 18593.1 T 18583.5
E. T 18608.5 Y1 18606.7 T 18590.1
E,; 72 18650.5 Y2 18651.5 72 18627.6
E. T 18652.8 58 18654.2 71 18636.0

s 72 18660.0 Y2 18660.7 Y2 18666.7
Es T 18677.6 T 18664.5 T 18669.6
E, 72 18713.0 T 18673.4
Es T 18736.4 Y2 18704.1 72 18718.9
E, Y 18748.2 T 18746.6 Y1 18734.0
E.o Y2 18753.4
E. 72 18785.0 Y2 18784.2 Y2 18765.8
E.. 72 18825.0 71 18818.3 72 18778.7
E:s 71 18849.5 72 18849.0 " 18818.9
Eu 71 18880.8 71 18883.1 71 18837.8
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center much stronger than those of the other two centers,
together with those of a further center (labeled SB2).
The lines of the latter center could not be successfully
selectively separated as they are too close to those of the
SB1 center. The centers SC1, SC2, and SB1 are, there-
fore, ascribed to the presence of small concentrations of
Ca’* and Ba’" ions in the starting SrF, material. Simi-
lar crystals obtained from Optovac Inc. have these
centers present at the same relative concentration at the
same Ho>* doping level.

By analogy with the CS1 center in mixed SrF, in CaF,
crystals, the centers SC1 and SB1 are assigned as being
C,, symmetry centers with, respectively, a Ca’* or Ba’"
ion lying on the Ho’"-F~ axis [Fig. 1(a)].

As the SC2 center has splittings of those transitions
corresponding to ¥ s-type levels (Table IV) and its transi-
tions have the same polarization behavior as the corre-

sponding transitions of the CS2 and CB2 centers in
mixed CaF, crystals (Fig. 10), it is assigned to the same
model configuration as these centers [Fig. 1(b)].

The energy shifts of transitions of the mixed centers in-
volving Ho®* from those of the parent centers are
sufficiently small to preclude observation of other
varieties of possible mixed centers. In appropriate cases,
these might be revealed by time resolution, as was done
for the Pr®* mixed centers.”

Upconversion fluorescence, of about 1073 the strength
of the more usual direct fluorescence, was observed from
both the E and F multiplets for Z — D excitation of the
A, SC1, or SB1 centers. The remaining B, SC2, and
SB2 centers showed no upconversion fluorescence at all,
setting an upper limit of 1077 for the relative intensity of
such fluorescence.

FIG. 9. 10 K fluorescence
transitions E—Z, D—Z, and
E — Y for centers in SrF,:0.01%
Ho’" crystals containing 1% of
CaF, or BaF,: (a) the SC1
center (excitation Z,—E, at
18579.9 cm™!), (b) the SC2
center (excitation Z;—E, at
18590.1 cm™'), (c) the SB1
center (excitation Z,—E, at
18575.8 cm™!). All transitions
are identified by the lower multi-
plet level as in Fig. 3. The tran-
sitions identified by an asterisk

18600 15100
WAVE NUMBER (cm™ 1)

15650 13200

13400 in (a) are from the SB1 center.
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IV. CRYSTAL-FIELD ANALYSES
OF THE Ho’* LEVELS IN C,, AND C,,
SYMMETRY CENTERS

Crystal-field analyses were carried out to establish
trends in the crystal-field parameters among the various
centers of the same symmetry, to establish irrep labels for
the many crystal-field levels, and to compare crystal-field
parameters between different rare-earth ions.

The crystal-field Hamiltonian appropriate for C,, sym-
metry is the same as that used for CanzErH,2 which, in
terms of the Racah tensor operators C,;k) has the form

H=BiC{ +B4[CY —v/ L(C¥ +CY))]
+BS[CE +/ L(CE +C)]
+B¢[CH +1/Z(CH +CY)))
+BE[CP =/ UCE +CC))] .

The chosen tensor combinations are the invariant sca-
lars®® in the point-group symmetry reduction chain
SO;—~>0—D,—C,. The parameters of this Hamiltonian
are linearly related to those used earlier?! by the relation-
ships

2 —_np2
BA_BO’
4 _ 5 4
By =3Bg ,
6 —7R6
BA_ASABO’

Bt=B*+ 1B},
B¢=B°+1B§ .

For trigonal symmetry centers, the crystal-field Hamil-
tonian is identical to that used in the analysis of trigonal
centers in CaF,:Er’" and SrF,:Er’" crystals.’ The

crystal-field fitting routine, supplied by Dr. M. F. Reid of
the University of Hong Kong, was used for the crystal-
field fits reported here. For each of the C,, and C;, as-
signed centers, the data from the crystal-field fits together
with the proposed irrep labels are presented in Tables II
and III.

The crystal-field parameters for the CaF, 4 and B
centers are compared to those obtained for the corre-
sponding centers in CaF,:Er’" by listing of the
CaF,:Er’" crystal-field parameters,»?! expressed in the
form adopted here, in parentheses in Tables II and III.
The irrep label assignments listed for the various energy
levels of the C4, and C,, centers are in agreement with
the polarization data in all cases measured.

For the C,, symmetry centers, the cubic crystal-field
parameters are reduced slightly in going from CaF, to
SrF,, the second-degree axial crystal-field parameter B%
decreases by about 50% and the higher-degree axial pa-
rameters by up to 25%. For the C;, symmetry centers
the cubic crystal-field parameters are again little altered,
the second-degree axial parameter decreases by more
than 70% and the higher-degree axial parameters vary
with no clear-cut trend being apparent.

The substantial decrease in the second-degree axial
crystal field is clearly manifested in the energy separa-
tions between the lower crystal-field levels of the mea-
sured multiplets, which, for the SrF, host, are typically
half of those between the corresponding levels for the
CaF, host.

The trend in crystal-field parameters in going from the
parent C,, centers to the C,, symmetry mixed centers is
almost solely a systematic decrease in the second-degree
axial crystal-field parameter from the parent system
values to progressively lower values in the Sr>* and Ba’*
dopant cases. The other crystal-field paremeters change
relatively little.
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The main conclusions are that the Ho*>"' ions in the
various CaF, and SrF, C,, symmetry centers experience
an essentially unchanged cubic crystal-field environment,
arising from the cubic arrangement of eight neighboring
F~ ions and an altered axial crystal-field environment
from displaced positionings of the charge-compensating
F~ ion in the nearest-neighboring interstitial site. The
whole center system in these fluorite crystals has recently
been examined in detail by optically detected nuclear
magnetic resonance (ODNMR) determinations of the F~
ion positions for the case of several parent and hydrogen-
ic Pr’" centers.??

V. FLUORESCENCE-LIFETIME MEASUREMENTS

The fluorescence decay times for emission from the E
and D multiplets for the various centers obtained by
direct excitation of the same multiplets are given in Table
V. The fluorescence decay times for the CaF, 4 and B
centers are in agreement with the earlier published data.!
The fluorescence decay times of the corresponding transi-
tions of the analogous A center in SrF, are factors of 1.4
and 3.7 longer for the E and D multiplets, respectively.
These changes should relate to the decrease in the
crystal-field parameters in going from CaF, to SrF, , but
no simple relationship is apparent.

The mixed centers have lifetimes similar to their parent
centers, with an overall decrease, apart from the excep-
tional case of fluorescence from the E multiplet for the
SB1 center. In contrast, the Pr’t mixed centers’
showed, in most cases, longer lifetimes compared to those
of the parent centers, and for the Pt system the
energy-level and crystal-field parameter changes are more
pronounced.

It would require quite detailed calculations of radiative
transition probabilities to give any quantitative insight
into the observed lifetime trends. Nonradiative process-
es?® may also make a significant contribution. The mixed
centers are sufficiently close to their parent centers to
suggest that the differences in their particular fluores-
cence lifetimes are comparatively minor changes result-
ing from slightly modified transition probabilities for the
different centers.

VI. CONCLUSIONS

Polarized fluorescence and energy-level patterns yield
possible model configurations for a total of 12 centers in
CaF,:Ho’" and SrF,:Ho>" crystals. The observed site
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TABLE V. 10 K fluorescence lifetimes for several Ho’*
centers present in CaF,:0.005% Ho** SrF,:0.01% Ho**, and re-
lated mixed crystals for direct excitation of the respective multi-
plet.

Lifetimes (us)

Crystal host Center ECS,) D(°Fs)
CaF, A 1328+27 73.1+0.7
B 532+10 114+1
1% StF, in CaF, cs1 1236425 84.240.8
CS2 1080+22 87.8+0.9
1% BaF, in CaF, CB1 1282+26 81.2+1.6
CB2 1228+£25 90.9+1.8
SrF, A 1863137 2705
1% CaF, in SrF, SC1 1314126 263+5
SC2 1611+32 286t6
1% BaF, in SrF, SB1 2363+47 248+5

symmetry change in rare-earth doped SrF, crystals, from
tetragonal to trigonal symmetry as one goes along the
rare-earth series, is found to occur between holmium and
erbium, which are adjacent ions in that series. The spec-
troscopic data and the proposed models have formed the
basis for hole-burning and ODNMR studies recently car-
ried out on these Ho> " centers at the Australian National
University, Canberra, Australia, from which the place-
ment of the neighboring F~ ions in the various centers
could be examined. These modified F~ ion positions fol-
low those established in previous ODNMR work on Pr®*
mixed”* and hydrogenic?? centers and will be reported
elsewhere. The study of mixed-crystal centers has clearly
established the presence of a low level of alkaline-earth
impurities in the nominally pure CaF, and SrF, material
used in these studies and in such crystals grown by Opto-
vac. This observation also suggests that the N1 and N2
centers previously reported in SrF,:Er’** (Refs. 3 and 16)
are very likely Ca®" and Ba?™" varieties of the N3 center.
This could be confirmed by a study of appropriate Er’™-
doped mixed crystals.
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FIG. 1. Proposed modified C,, center configurations ob-
tained by introduction of a different alkaline-earth cation in the
configuration of the regular C,, center. (a) The on-axis
modified C,, symmetry center, (b) the off-axis (100) plane C,
symmetry center, and (c) the off-axis (110) plane C; symmetry
center.



