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Optical absorption, emission, and excitation spectra, as well as lifetime values, are
presented for Er’* ions in RbMgF;. Previous workers have demonstrated that Er’* ions
can reside in a number of differént site symmetries in crystalline hosts such as CaF, and
CdF,. The numerous sites in this type lattice are most likely due to compensating fluorine
interstitials which are necessarily present for charge compensation. In a unit cell of
RbMgF; there are two nonequivalent Mg?* sites with C3, symmetry. Evidence is presented
in this paper that Er’* ions in RbMgF; substitute for Mg?* ions in both types of sites. The
charge compensation is not local, which leaves the symmetry of the Er’* sites unchanged.
Absorption data for Er**-ion transitions in both sites are shown. Emission from Er** ions
is observed from one type of site in RbMgF; and from both types of sites in RbMgF;:Mn.
Lifetime values for the %S;,, and *F,,, transitions are shorter than those normally mea-
sured in fluoride host lattices, and the emissions are quenched above 200 K. Energy migra-
tion among Er** ions and subsequent energy transfer to Mn?*-ion impurities are respon-
sible for the steady-state and transient-emission behavior.
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I. INTRODUCTION

The spectra of rare-earth ions in insulators have
been studied in detail over the last two decades.! >
In particular, the optical properties of Er’* have re-
ceived special attention and numerous excellent in-
vestigations have been made.®~!® Basically, it is
found that energy levels for this ion, when embed-
ded in various crystal host lattices, are essentially
the same as those for the free ion regardless of the
site symmetry or the composition of the host lat-
tice.! Nonetheless, there are small energy shifts and
the investigations of Wright'> and Moore and
Wright'* on CaF, and Ensign and Byer'® on CdF,
have shown numerous site symmetries for Er** in
these hosts. The number of observed sites and the
fact that the oscillator strengths of the transitions
can vary by an order of magnitude suggest that
charge-compensating fluorine interstitials play a
major role in determining the observed optical prop-
erties in fluoride crystals.

In the past several years we have investigated the
radiation damage properties in fluorides such as
KMgF;, LiYF,, and RbMgF;. Studies on RbMgF;
doped with Mn?* -have shown that after irradiation
and thermal annealing, F-center—Mn?* pairs are
formed and the oscillator strengths of the Mn2*
transitions are enhanced by factors of about
10°.1%2° Erbium exhibits a weak oscillator strength.
If F-center—Er** pairs could be formed the oscilla-
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tor strengths of the erbium transitions might be
enhanced, which would increase its usefulness in
laser or up-conversion devices. This paper deals
with the optical properties of Er’* ions in unirradi-
ated RbMgF; and RbMgF;:Mn. In a following pa-
per,” the optical properties of Er** ions in electron
irradiated RbMgF; will be reported.

Crystals of RbMgF; have six Mg?* ions per unit
cell. All Mg?™ sites have Cs, symmetry, but two of
the sites have equidistantly placed F~ ions making
the local symmetry closer to O, while four of the .
Mg?* ions are in constricted sites with F~ ions at
nonequidistant points. The necessary charge com-
pensation for Er’** ions could be by fluorine inter-
stitials as in CaF,, by Rb™ vacancies, or by alkali
ions in Mg?* sites.2! Since the samples were not in-
tentionally doped with alkali ions, this last possibili-
ty seems remote. One purpose of this paper is to
discover if Er** populates both types of Mg?™ sites
in RbMgF; and to determine the energy levels of
the ions in these sites. A second purpose is the de-
tailed evaluation of the 4S;,—%I5,, and
485,,—*1,3, emission.

Flaherty and DiBartolo,%’ Wilson et al,’ and
Iverson and Sibley?? have all reported that the
luminescence transitions associated with the 483,
level are quenched in MnF, and RbMnF; crystals.
The energy-gap — dependence analysis for rare-earth
ions developed by Weber>® and an evaluation using
the theory of Struck and Fonger®>?* predict a non-
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radiative multiphonon emission rate of about 300
s~!at 10—15 K for this transition. If the radiative
lifetime is less than 3 ms, emission should be ob-
servable; otherwise the transition will be quenched
by multiphonon emission. Weber® found the life-
time of the 4S5, transition to be 1 ms in LaF; at 77
K. Renfro et al.'® reported a lifetime of 650 us for
this transition in LiYF,. If the observed lifetime of
this transition in RbMgF; is similar to those in
LaF; and LiYF, (much faster than the predicted 3
ms nonradiative rate) then it would be reasonable to
infer, assuming Er’* has similar properties in
RbMgF; and RbMnF;, that rapid energy transfer
from the Er’* S, level to the Mn?* *T', level is
responsible for the lack of *S;,, emission in MnF,
and RbMnF;. This would verify the mechanism
postulated by Flaherty and DiBartolo,’ Wilson et
al.,’ and Iverson and Sibley.?

II. EXPERIMENTAL METHODS

The crystals used in this study were grown by
Martin of the Oklahoma State University Crystal
Growth Facility. The crystals were grown in an in-
ert atmosphere using the Bridgeman technique. A
small amount of NH,HF, was added to the starting
material as an oxygen getter. Several types of crys-
tals were prepared. One crystal was grown with 1
wt. % Er’t added. One crystal with 1 at. % Er’*
and another crystal with 0.5 at. % Er’* were grown
as well as one crystal with 1 at.% Mn?>* and 1
at. % Er’*. The concentration of Er’* in the re-
sulting crystals was not uniform. The concentra-
tion of Er’* in the 1 wt.% doped crystal varied
from 9000 to 400 ppm. Nonetheless it is important
to note that experimental evidence?® suggests that
there is a random distribution of the Er** ions in
the samples. In addition to the above crystals,
several specimens of a KMgF; crystal which was
grown with 0.1 at. % Er’* in the melt at the same
facility were obtained for comparison with the
RbMgF;:Er samples.

For low-temperature measurements, a Sulfrian
helium cryostat, or a CTI Cryodyne Cryocooler
with a resistance heater which allowed temperature
control within +1 K over the range 13—300 K
were -utilized. Optical absorption measurements
were made using a Cary 14 spectrophotometer with
either 0—0.1 or 0—1.0 OD (optical density)
slidewires. Emission from Er’** occurs over a wide
spectral range. Therefore, several different detec-
tors were employed; cooled EMI 9556 or RCA
C31034 photomultiplier tubes (PMT’s) for the visi-

ble, a RCA 7102 PMT at dry-ice temperature for
the near infrared, and a cooled Optoelectronics
OTC-22-53 PbS cell for the infrared. Emission and
excitation spectra measurements were made by ex-
citing the samples with light from a 75-W xenon-
arc lamp which had been passed through a 0.22-m
Spex monochromator. The fluorescence was
focused into a 0.8-m Spex monochromator and mir-
rors were used to route the light emerging from the
exit slit to the appropriate detector. The signal
from the detector was preamplified and passed to a
lock-in amplifier that was synchronized with a
variable-speed light chopper in the excitation beam.
The output of the lock-in amplifier may be
displayed on an X-Y recorder or stored in a Nicho-
let Model 1070 signal averager. Lifetime measure-
ments were made by storing the preamplified signal
in the Nicholet signal averager. For fast lifetimes
the preamplified signal was sent to a Biomation 610
B transient recorder and stored in the Nicholet sig-
nal averager. This system allowed lifetimes as short
as 10 us to be measured.

III. EXPERIMENTAL RESULTS

A figure showing the hexagonal structure of
RbMgF;, and giving the unit cell dimensions, is de-
picted elsewhere.!* The Mg?™ sites, where it is ex-
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FIG. 1. Energy-level diagram of Er’* as a free ion
(Ref. 1), in LiErF, (Ref. 12), in LiYF, (Ref. 15), and for
the present work.
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FIG. 2. Emission spectrum of RbMgF;:Er. The
band marked * corresponds to the *S;,,—*I 3/, transi-
tion. The intensities of the bands marked X 10 were in-
creased by this amount.

pected the Er*t ions will substitute, have similar
surroundings to those in KMgF; or RbMnF;j, i.e.,
there are six fluorine neighbors. However, the
Mg?** ions are in two nonequivalent Cs, sites. In
RbMnF; the Mn?* ions are all in O, symmetry
sites. As mentioned earlier, charge compensation
for the Er** ion could be achieved by a Rb* vacan-
cy, or an interstitial fluorine ion. In any case the 4f
electrons of Er’* are shielded by the outer 5s and
5p electrons and are not easily perturbed by the
ligands. Evidence that this is the case is shown in
Fig. 1. This figure indicates that the energy levels
for Er** are essentially those of the free ion, re-
gardless of whether charge compensation is or is
not needed. The energy levels for RbMgF;:Er
shown in Fig. 1 were determined from the low-
temperature emission and excitation data shown in
Figs. 2 and 3. In Fig. 2 the emission peak marked
with a star is the transition *S3,,—*I3,, and the
double-peaked emission near 5000 cm~! is due to
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FIG. 3. Excitation spectrum of RbMgF3:Er. Transi-
tions monitored were the Er’t *I;,,,—*I5,, (982 nm)
and the Ho’* 5I,—5I; (2070 nm).
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FIG. 4. Emission of Er** in (a) RbMgF; and (b)

RbMgF;:Mn in the visible and near-infrared region of
the spectrum. Resolution in both cases is 2 nm.

Ho’* present as an impurity in the 1-wt. % Er’*-
doped sample. The excitation spectrum shown in
Fig. 3 was taken using the Er** *I, , %I 5, and
the Ho’* °I,—°I; emissions. The excitation spec-
trum for the Ho’* emission contained many bands
due to Er** and allowed the accurate determination
of the position of the *I;3,, level. In the low-
resolution case, the excitation spectra showed no
difference between the RbMgF;:Er and the
RbMgF;:Er,Mn samples. However, when the
2H ,, /, absorption band is excited the emission from
a sample of RbMgF;:Er differs from the emission
of a sample of RbMgF;:Er,Mn as shown in Figs.
4(a) and 4(b), respectively. Note that the
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FIG. 5. 4S3/2 —>4I15/2 emission of EIJ+ in (a)
RbMgF; and (b), (c) RbMgF;:Mn. The letters and ar-
rows above the bands are explained in the text. In all
cases the H, ) level (520 nm) was excited.  Resolution:
(a) 2.5 A, (b) 1.8 A, (c) 1.0 A. The intensities of the
bands marked X % were reduced by this amount.
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*Fy,,—"*Is5,, emission is larger in proportion to the
483 ,,—*Is, emission in the RbMgF3:Er,Mn sam-
ples. Also the *S3,,—*I,s,, emission intensities are
different for the two types of samples.

In order to determine the crystal-field splitting of
the *I,s,, ground state of Er’* in RbMgF;, low-
temperature high-resolution emission spectra were
obtained for the *S;,—*I;s/,, and *Fy,,—*Is,
transitions in both Er- and Er,Mn-doped samples.
For a site of C3, symmetry the *I,s5,, multiplet is
split into eight levels by the noncubic crystal field.
This splitting should be evident in the emission
spectra. Figure 5(a) is the emission spectrum for
the 4S; ,—*I,5, transition in RoMgF:Er. Figures
5(b) and 5(c) show the emission spectra for the same
transition in RbMgF;:Er,Mn at 7 K and 78 K,
respectively. Comparison of Fig. 5(a) with Fig. 5(b)
immediately shows that a second series of lines
denoted “b” appears in the *S3,,—*I s/, emission
in RbMgF;:Ef,Mn that is not in the emission from
RbMgF;:Er. The arrows in Fig. 5(c) indicate a set
of emissions which appear as the sample is warmed.
This set of emissions is separated from the b series
of emissions by 62 cm~!. Figure 6(a) is the emis-
sion spectrum for the 4F, /2—>4I 15,2 transition in
RbMgF;:Er. Figure 6(b) is the emission spectra for
the same transition in RbMgF;:Er,Mn.

The intense transition from the *Ss/, level to the
%I,3,, level in the low-temperature emission spec-
trum was measured for both types of samples to
evaluate the crystal-field splitting. The *I ;3 ,, mul-
tiplet is split into seven levels in a noncubic crystal-
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FIG. 6. *F,,—*Is;; emission of Er** in (a)
RbMgF; and (b) RbMgF;:Mn. The letters above the
bands are explained in the text. In both cases the ZOH 11/2
leve]o (520 nm) was excited. Resolution: (a) 3.0 A, (b)
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FIG. 7. *S3,—*3, emission of Er’* in (a)
RbMgF; and (b), (c) RbMgF;. The letters and arrows
above the bands are explained in the text. In all cases
the 2H y, level (520 nm) was excited. Resolution: (a)
4.0 A, (b) and (c) 3.5 A.

line field. The spectra obtained are shown in Figs.
7(a)—7(c). Figure 7(c) shows that as the tempera-
ture increases once again a set of emissions, marked
by arrows, appears 62 cm™! to higher energy from
the lowest-temperature b emissions in Fig. 7(b).

In principle the low-temperature absorption spec-
tra of Er** can be used to determine how many
types of sites are occupied by the Er’** jon. This as-
sumes the absorption bands do not greatly overlap,
and the Er’* concentration for each of the site
symmetries is sufficient for detection. The *S;,,
multiplet is the simplest excited state of Er’*, since
it is split into only two levels in a noncubic crystal-
line field. The absorption spectrum of the
*Is/,—"*S3,, transition in RbMgF;:Er,Mn at three
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FIG. 8. Absorption spectra of the “S;,, level in
RbMgF;:Er,Mn at 8 K (solid line), 30 K (dashed line),
and 65 K (dotted line). The sample thickness was ap-
proximately 2 mm.
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FIG. 9. Absorption spectrum of the “S;,; level in
RbMgF3:Er at 30 K. The sample thickness was 7 mm.

different temperatures is shown in Fig. 8. At 8 K
the absorption spectrum (solid line) consists of four
bands. At this temperature only the lowest level of
the *I,5,, multiplet is populated, so only two ab-
sorption bands for the *I s,,—*S;,, transition are
possible for each Er3* site. Since two sets of two
lines are found, it appears Er’** in RbMgF;:Mn oc-
cupies both types of Mg?* sites. In order to assign
the observed lines to ions in a particular site the
temperature dependence of the spectrum was mea-
sured. As the temperature is raised to 30 and 65 K,
new absorption bands appear at 35 and 78 cm ™! on
the high-energy side of the absorption bands at
18504 cm ™! (540.42 nm) and 18444 cm~! (542.19
nm) as portrayed in Fig. 8. These new bands are
the result of the Boltzmann population of the next
two highest lévels in the *I;5,, ground-state multi-
plet for the Er’* ions in one of the sites. The ener-
gy separation of the bands at 18504 and 18444
cm~!is 60 cm™!. This agrees, within experimental
error, with the observed energy separation between
the emission bands marked with arrows and the b
bands in Figs. 5(c) and 7(c). Note that in Fig. 5(b)
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FIG. 10. Energy splittings of the *S;, and *Is5,
multiplets for Er*+ in site 1 and site 2 in RoMgFs.
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the difference in energy between the first three b
bands, at 18418, 18382, and 18 340 cm~!is 36 and
78 cm~!. This matches the energy splittings of the
first three levels of the *I,5,, multiplet, for Er’** in
one of the two possible sites, which were derived
from the absorption data in Fig. 8. The corre-
sponding transitions for the *Fy,,—*I 5, emission,
shown in Fig. 6(b), have splittings of 36 and 77
cm~!, which are again in excellent agreement with
the absorption data. From these observations it is
clear that the absorption bands at 18 504 and 18 444
cm™! characterize the *S;,, excited state for one
site, with the b emissions in Fig. 5(b) arising from
the transitions to the ground state for Er** in that
site. Similarly, the remaining absorption and emis-
sion bands, shown in Figs. 8 and 5(b), respectively,
are due to Er’™ in the other site.

The absorption spectrum of a RbMgF;:Er sample
at 30 K is depicted in Fig. 9. Comparison with Fig.
8 shows that absorption occurs at the same energies,
although the relative intensities of the absorption
bands are different. Also, the bands at 18407 and
18444 cm~" were unmeasurable due to the lower
erbium concentration in the sample. Nevertheless,
Er’t clearly occupies both sites in RbMgF;, al-
though emission is from one site. For convenience,
the site from which the Er’*-ion luminesces in
RbMgF; shall be referred to as site 1. The other
Er’t site shall be referred to as site 2. From these
data the energy splittings of the *I,5,, ground state
and the *S;,, excited state of Er’* in both sites
were tabulated. This information is shown in Fig.
10.

From the data illustrated in Fig. 7 for the
4S5,,—*I3,, emission the 41,3/, energy levels can
be determined. The Er’* ions in site 2 have levels
split by 0, 34, 67, 158, 195, 225, and 346 cm~'.
The site-1 ion levels are more difficult to obtain but
five of these are at 11827, 11770, 11748, 11713,
and 11643 cm~!. The absorption and emission
lines for RbMgF;:Er,Mn are shown in Tables I and
II, respectively.

Lifetime measurements provide useful informa-
tion about an ion and its surroundings. Weber®
showed that in LaFy:Er’* a relationship exists for
the magnitude of the energy gap between adjacent
levels and the lifetime. As the energy gap decreases,
so does the lifetime. For energy gaps greater than
or approximately equal to 3000 cm™! the emission
is essentially totally radiative, giving temperature-
independent lifetimes at low temperatures while for
energy gaps less than 1600 cm ™! nonradiative decay
is so dominant that fluorescence is quenched. For
energy gaps intermediate in magnitude between
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TABLE 1. Absorption of Er’* at 9 K in RbMgF;:Mn. All transitions originate from the
*Is/2 level. Measurements are accurate to +2 cm~'. If known, the specific Er** site is listed.

Energy  Wavelength Energy  Wavelength
Transition (cm™!)’ (nm) Site  Transition (cm~!') (nm) Site

‘Fup 20735 482.3 ‘Fy)y 15534 643.8

20680 483.6 15469 646.5

20659 484.1 15406 649.1

20625 484.8 15343 651.8

20588 485.8 15296 653.8

20560 486.4

20494 487.9 Tisn 6762 1478.9

6730 1485.9 2

H,\ 19414 515.1 6695 1493.8 2

19391 515.7 6656 1502.3 2

19369 516.3 6623 1510.0

19332 517.3 6606 1513.8

19318 517.7 6568 1522.6 2

19254 519.4 6535 1530.2 2

19233 519.9 6500 1538.4 2

19187 512.2

19147 522.3
%Sy 18563 538.7 1

18536 539.5 1

18 505 540.4 2

18443 542.2 2

these two extremes, multiphonon emission becomes
more important causing the lifetime to be tempera-
ture dependent at low temperatures. A careful
series of lifetime measurements were made on all
the more intense emission lines from RbMgF;:Er
and  RbMgF;:Er,Mn. The lifetimes  of
S3p—*Tisp, *S3p—*T3p, and *Fop—*1s,
emissions of Er’* in RbMgF;, where only site 1

400 3+
° RbMgF 3: Er

B MR
RbMgF3: Er, Mn
x SITE 1
a SITE 2

300

200

100} } } { .

0 R R R
0 20 40 60 80 100 120 140
TEMPERATURE(K)

LIFETIME (i)

FIG. 11. Temperature dependence of the Er’*t *S;,,
lifetime in RbMgF; and RbMgF;:Mn.

luminesces, were measured to compare with the life-
time values obtained for that site in
RbMgF3:Er,Mn. The lifetimes measured at 15 K
are listed in Table III. Estimated errors for single
exponential lifetimes are ~5%. For double ex-
ponential lifetimes the errors for the longer life-
times are ~5% and ~20% for the shorter life-
times. For all lifetime measurements the 2H,,,
level was excited. Note that the *S;, lifetimes for
site 1 in RbMgF;, and the same site in
RbMgF;:Mn, have essentially the same single life-
time, while these lifetimes in site 2 in RbMgF;:Mn
have double lifetimes. Within experimental error,
the *Fy/, lifetime was a single exponential, and had
the same value for both sites. However, the initial
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TABLE II. Emission of Er’* in RbMgF;Mn at 9 K. Measurements are accurate to

+2 cm~L
Energy Wavelength Energy Wavelength
Transition (cm™) (nm) Site Transition (cm~1) (nm) Site
2Hy,n—*11s 24510 408 op—*11s, 12407 806
24155 414
483 ,,—% 3, 11882 841.6 2
481, —4 15 18415 543.0 2 11874 842.2
18400 543.5 1 11862 843.0
18379 544.1 2 11856 843.5
18376 544.2 1 11847 844.1 2
18363 544.6 1 11829 845.4 1
18337 545.4 2 11812 846.6 2
18313 546.1 1 11802 847.3
18232 548.5 2 11772 849.5 1
18202 549.4 1 11750 851.1 1
18158 550.7 1 11724 853.0 2
18 140 551.3 2 11714 853.6 1
18124 551.8 1 11683 855.9 2
18 101 552.5 2 11656 857.9 2
18067 553.5 2 11645 858.7 1
18056 553.8 1 11536 866.9 2
17995 555.7
17907 558.4 2 ip— s 10101 990
‘Fo—11s, 15270 654.9 2 i3 p—4s 6494 1540
15256 655.5 1
15233 656.5 2
15231 656.5 1
15220 657.1 1
15193 658.2 2
15.163 659.5 1
15090 662.7 2
15060 664.0 1
15020 665.8 1
14995 666.9 2
14980 667.6 1
14957 668.6 2
14926 670.0 2
14913 670.6 1
14 848 673.5
14762 677.4 2

decay of the site-1 luminescence deviated from a
simple single exponential behavior. No such
behavior was observed for the site-2 luminescence
decay. In addition to these measurements the life-
time of the I3/, transition in RbMgF; was mea-
sured and found to be 13 ms.

The temperature dependence of the 4S5, lifetime
is displayed in Fig. 11. Note that the site-1 life-
times in RbMgF; and RbMgF;:Mn have the same
temperature dependence. The lifetimes decrease
above 60 K. The integrated intensities of the emis-
sion bands for both sites show similar behavior. At
room temperature, luminescence is not observed

from either site 1 or site 2, whereas in LaF;, LiYF,,
CaF,, or CdF,, %S;, luminescence is observed
above room temperature.>!#1>18  The *I;,
luminescence is temperature independent from 15 to
300 K. This observation is consistent with the ear-
lier studies.> !>

Preliminary studies were made on a sample of
KMgF; grown with 0.1 at.% Er’* added to the
melt. This crystal also contained 10—50 ppm of
inadvertently added Mn?*. If Er’* substitutes for
Mg?*, charge compensation is required. If the
charge compensation is not local the Er’* ion will
be in a site of O;, symmetry. For Er’* in a site of
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TABLE III. Lifetimes of Er3* in RbMgF; and other fluoride crystals.

Material 83, “Fs/s Tip Tisp

LaF; (Ref. 3) T=77 K 1 ms 750 us 11 ms 13 ms
LiYF,; (Ref. 15) T=4.2 K 650 us 650 us 7 ms 14.6 ms
MnF, (Ref. 7)) T=4.2 K 270 us 10 ms 22 ms
RbMnF; (Ref. 22) T=4.2 K 42 us 9 ms 28 ms
RbMgF; T=15 K 174 ps 340 us 13 ms
RbMgF3;:Mn T=15 K Site 1 160 us 340 us

Site 2 80 us, 320 us 340 us

cubic symmetry, the crystal field splits both the
*I\s,, and I ;,, multiplets into five levels. The
high-resolution  emission  spectra of the
485 ,,—*15,, and S, ,—*I 3, transitions of Er**
in KMgF; are shown in Figs. 12 and 13, respective-
ly. Both spectra have no more than five bands, in-
dicating that the Er** ion is in a cubic site symme-
try. The *Fy,,—*Is,, transition was measured and
found to exhibit five bands. This suggests the
charge compensation is predominantly nonlocal.
This conclusion is supported by the investigations
of Abraham et al.®> on the electron paramagnetic
resonance of Er’* in KMgF;.

Several other measurements on KMgF;:Er were
also made. When the 2H; ,, level was excited, the
emission spectrum in the visible region looked
much like that shown in Fig. 4(b), with the
4Fy,,—*I15,, emission easily detected. When the
2H,,,, level was excited, the lifetime of the “S,,
emission was 71 us, and the lifetime of the *F,,,
emission was 161 us. No lifetime-temperature-
dependence measurements were made; however, it
should be noted that luminescence from either the
4S5,, or *Fy, level was not detected at room tem-
perature.

IV. DISCUSSION

The experiments on the emission of Er’* in
KMgF; show that Er** is in a site of O;, symmetry.
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FIG. 13. 4S°3/2—>4113/2 emission of Er3+ in KMgF3.
Resolution: 4 A.

This is achieved only if the Er’* ion substitutes for
the Mg?* ion, and the required charge compensa-
tion is nonlocal. Abraham et al.? found that in
KMgF; the majority of Er’* ions were in cubic
sites with nonlocal charge compensation. However,
a small concentration of Er’* ions in noncubic sites
was observed. Their interpretation was that the
charge compensation was local and provided by K+
and Mg?* vacancies.

The data for KMgF; imply that the compensa-
tion for Er’* ions in RbMgF; would be nonlocal,
leaving the site symmetries of the Mg?* ions for
which they substitute unchanged. Thus the optical
properties of Er’* in the two nonequivalent Cj,
sites and their interactions are characterizable.
Studies on optical properties of Er’* in other
fluoride lattices such as CaF, are complicated by
the different types of compensation and the large
number of site symmetries which exist. The
RbMgF; lattice is ideal for studying the optical
properties of Er’* since only two sites exist and the
charge-compensating defects are not next neighbors.

The S, lifetime for RbMgF;:Er is not charac-
teristic of the radiative rate observed in other
fluoride crystals. The magnitude of the lifetime is
much shorter. This is illustrated in Table III, where
the 4S5, lifetime and other lifetimes of interest for

"RbMgF;:Er and RbMgF;:Er,Mn are compared with

lifetimes of Er** in other fluoride crystals. Also, in
RbMgF; and KMgF; the *S; »2 lifetime decreases
with a corresponding quenching of the lumines-
cence intensity above 60 K. In many other crystals
this emission is easily observed at room tempera-
ture. We propose that this behavior is due to energy
migration among Er’™* ions to impurity ions which
act as quenching centers. We found that all of our
RbMgF;:Er and KMgF;:Er crystals contained
about (10—50)-ppm Mn?*. Owing to the large
overlap of the *T'j, level of Mn** with the S,
level of Er’*, resonant-energy transfer is probable.
This overlap is believed responsible for the quench-
ing of the %S;, emission in MnFyEr and
RbMnF;:Er.%"?2% This previous research found
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that the Er’* excitation spectrum contained Mn?+
bands, showing that Er**-Mn?* energy transfer oc-
curs. Figures 4(a) and 4(b) show that as the Mn?+
concentration is increased from 50 to greater than
or about 1000 ppm the *Fy,, intensity also in-
creases, giving direct evidence that the energy-
transfer process,

Sy (Er*H) 4T, (Mn?+)—*F, , (Er*Y)

occurs at low Er’* and Mn?* concentrations.

Additional evidence that energy migration occurs
among Er’** ions at low concentrations was provid-
ed by experiments performed on the 1-wt. % Er’*-
doped RbMgF; sample. The emission spectrum
from this crystal showed an intense double-peaked
band at 5115 cm ™' (1955 nm) and 4831 cm ™! (2070
nm). This emission is almost exactly the same as
that reported by Johnson et al.?® for CaM0,:0.75
at. % Er’*, 0.5 at. % Ho** and by Karpick and Di-
Bartolo?’ for Y;Al, (410,)3:2.0 at. % Er’*,0.2%
Ho’*. We conclude that this emission is due to en-
ergy transfer from the *I 5, level of Er’* to the °I,
level of Ho**. A careful search failed to detect ab-
sorption bands due to Ho®* in this sample. Assum-
ing an oscillator strength of 10~ (Ref. 28) the es-
timated Ho’* concentration can therefore be no
more than 100 ppm. An energy-transfer process
similar to that proposed by Dexter and Schulman?
must occur. The excited Er’* ions transfer their
energy to unexcited Er’t ions until an Er*t ion
near a Ho®* ion transfers its energy to the Ho’*
ion. This allows a large number of Er’t jons to
contribute to the Ho*>* luminescence and results in
intense Ho®* emission.

When the Er’* energy levels have no overlap
with the Mn?* energy levels and the difference be-
tween energy levels cannot be compensated by the
emission of several phonons, which occurs when
Er’* transfers to Ho’*, then the relaxation process
for Er’* in RbMgF; should be the same as in other
fluoride crystals. The validity of this statement can
be checked by comparing the value of the *I;,,
lifetime for the various crystals listed in Table III.
The 12000 cm™' energy gap between the *T,
Mn?* level and the *I;3,, Er’* level makes energy
transfer directly between the two levels highly im-
probable. The values in Table III indicate that the
41,3, lifetime is relatively unchanged in most of the
cases shown.

Having established that in these crystals the Er’*+
ions transfer energy among themselves and eventu-
ally to Mn?* and Ho>* ions as well, it is possible to
explain the observed luminescence spectra and to
make a tentative assignment of the source ions to

the site-1 and site-2 specific lattice sites. It was
shown earlier that, although Er** occupies both
possible Mg?* sites in RbMgF; only the Er’t in
site 1 luminesces when the H, ,, level is excited.
The excitation source excites Er** ions in both sites
1 and 2 to the *H; , level where, due to the small
gap between the 2H,,,, and *S;,, levels, nonradia-
tive decay to the *S;,, level occurs. Figure 10
shows that the relaxed excited state for the *S;,,
Er’* level in site 1 is lower by 15 cm™! than for
Er*t in site 2. The site-2 Er’t ions thus transfer
their excitation to other Er’* ions until the excita-
tion reaches an Er’* ion in site 1. This Er’* ion
can relax either radiatively or nonradiatively, or
transfer the excitation to another site-1 Er’* ion
but it is not likely to transfer the excitation back to
a site-2 ion. Hence, luminescence from the 4S3 s
level in RbMgF;:Er occurs only from site 1. More-
over, nonradiative transitions to lower levels involve
only Er** ions in site 1.

This explanation must be reconciled with the
emission data for RbMgF;:Er,Mn; where excitation
to the 2H,, ,, level causes *S;,-level luminescence
from both sites. The only difference between the
two types of samples is the increased Mn2* concen-
tration, thus the appearance of site-2 Er’* lumines-
cence must correlate with the Mn?* concentration.
This behavior may be explained once again in terms
of energy migration among Er** jons and energy
transfer to Mn?* ions. Consider the final step in
the energy-transfer process, in which an Er’* ion
transfers energy to a Mn?* ion. If the energy
transfer occurs via an electric dipole-dipole interac-
tion the energy-transfer rate is given by’

wPP=(%9)"Y(Ry/R)°,

where 70 is the intrinsic lifetime of the sensitizers
(Er’*) and where R, is the critical interaction dis-
tance between the sensitizer and the activator
(Mn2*), beyond which no transfer occurs. The as-
sumption that the interaction is electric dipole-
dipole is made on the basis that higher-order mul-
tipole processes would be ineffective due to the long
distance between Er’* and Mn’" ions, and by the
conclusion of Parke and Cole®! that the interaction
between Mn?* and Er’* ions in glass is electric
dipole-dipole.

In the case of Er’* in RbMgF;:Mn it appears
that R, is different for Er** in the two sites, with
R, for Er’* in site 1 being greater than R, for
Er’* in site 2. For low Mn?* concentrations the
average distance between Er’t in site 2 and Mn?*
ions is too great for energy transfer to occur and it
is more likely to follow the migration process to
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Er’* ions in site 1 proposed earlier. As the Mn?*
concentration increases the average Mn?*-Er’+
separation decreases, until energy transfer may oc-
cur directly from Er3* ions in site 2 to Mn2" ions.
The lifetime data for the “S;,, emission in
RbMgF;:Er,Mn supports this explanation. As stat-
ed earlier, the site-1 Er’* ions decay exponentially
with a lifetime which is shorter than normally seen.
This is the fast diffusion-relaxation case Weber has
described.> In RbMgF;:Er,Mn, energy migration
is rapid among site-1 Er’* ions due to their small
separation, compared to the critical-transfer dis-
tance R, so that variations in transfer rates for dif-
ferent Er’*-Mn?"* pairs are averaged and the site-1
Er’t system exhibits simple exponential decay.
The “S3,, emission from site-2 Er’* ions exhibits a
more complicated luminescence decay. In this case
we have attempted to fit the entire decay curve to
two exponentials. As stated earlier, the shorter-
lifetime exponential, ‘which describes the initial de-
cay fits the data more poorly, with higher error as a
consequence. A comparison of our data with that
given by Weber for the diffusion-limited relaxation
case indicates that the same type of process is oc-
curring. Again, this is consistent with our explana-
tion. As the site-2 Er** to Mn?" distance decreases
with higher Mn?* concentration eventually it will
reach the point where it is more likely to transfer
energy directly to a Mn?* ion. Owing to the small-
er value of R for site-2 Er** ions not all the site-2
Er’* ions are within range for direct transfer, those
close enough do transfer while those Er** ions fur-
ther away must first transfer their energy to other
Er’* ions until transfer to a Mn>* ion results.
Thus the excitation energy may be thought of as
diffusing from these more distantly placed sensitiz-
er ions until it is in the vicinity of an acceptor ion.
There are several theories which attempt to explain
the result of this type of relaxation on the lumines-
cence decay. All of them predict a decay more
complicated than simple exponential.*>=3* No at-
tempt to fit the data to one of these theories was
made.

Having proposed mechanisms for the observed
steady-state and transient luminescence only the as-
signment of the two sites to specific lattice configu-
rations remains. Our assignment is based on Fig.
10, which shows that the *S;,, and *I,s,, J mani-
folds have smaller Stark splittings for site 1 than
for site 2. It is reasonable to assume that the less
constricted environment of the Mg?™ site with the

equidistantly spaced F~ ions will result in a smaller
crystalline Stark field than the more constricted en-
vironment of the other site. This is consistent with
the splitting observed in KMgF;:Er, which has the
same Mg-F ligand distance (2.81 A) as the less con-
stricted site. On this basis, we assign the site-1
emission and absorption to Er’* ions in the less
constricted Mg2+ sites, and the site-2 emission and
absorption to Er’* ions in the more constricted
Mg sites.

V. SUMMARY

The optical absorption, emission, and excitation
spectra and the temperature dependence of the
luminescence lifetimes have been measured for
Er**-doped RbMgF; and RbMgF;:Mn. A prelimi-
nary study of KMgF;:Er was also made. The data
indicate that Er’* substitutes for Mg?* in these
crystals and the necessary charge compensation is
nonlocal, leaving the site symmetry unchanged. In
RbMgF; there are two nonequivalent sites, both
with Cs, symmetry, and Er** resides in both sites.

Our investigations show that energy migration
occurs among Er’* ions at the relatively low con-
centrations (<1 at. %) present in the crystals. It
was also found that the presence of Mn?*, even at
concentrations as low as 10— 50 ppm, resulted in ef-
ficient resonant-energy transfer from the Er’+ %S, ,
level to the Mn?+ 4T13 level. This energy transfer
causes the luminescence decay to be rapid and re-
sults in luminescence intensity and decay quenching
above 60 K. The energy-transfer characteristics are
different for Er’* in each site. If the Mn?* con-
centration is very low (~50 ppm) only Er** in one
site luminesces, while in samples containing 1000
ppm or more of Mn?*, both Er** sites luminesce.
A similar energy-transfer process occurs when trace
amounts of Ho** are present.
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