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We have calculated the crystal-field splitting of the energy levels &f @f!?) in charge-compensated sites
having C; symmetry in the host crystal of lithium niobate, LINDQLN), with crystal-field parameters ob-
tained from lattice-sum calculations. The charge-compensation model assumes’ thatilfistitutes into Li
sites that are shifted from the Lipositions in the undoped lattice with excess charge compensated for by
niobium vacancies and defect complexes. The calculated splitting of 11 multiplet marfifoitls; including
the ground statél ;5, of Er¥* (4f1) is compared with existing data in the literature, as well as with polarized
absorption and fluorescence spectra obtained in the present study mé&vieand room temperature. The
calculated splitting is compared with the experimental splitting without least-squares adjustments to the
crystal-field splitting parameters, although the centroids between multiplet manifolds are adjusted to account
for J mixing between states. The calculated splitting supports site symmetries®*oraEC;, in agreement
with magnetic resonance studies. The calculation also predicts the symmetry label of the ground-state Stark
level as?T' or u(*+3/2), in agreement with the observed polarized absorption and fluorescence spectra.
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[. INTRODUCTION (Refs. 25, 32, and 33have encouraged us to carry out a
detailed lattice-sum calculation for crystal-field parameters,
Crystals of LINbQ (LN) are piezoelectric, pyroelectric, useful in establishing the crystal-field splitting of the energy
and optically nonlinear, which makes them components ofevels of EF* ions in charge-compensated sites in the LN
choice for many integrated electro-optical circuits andlattice>*~**To support these calculations, we present the po-
devicest 2 Unfortunately, these crystals are also highly sus-arized absorption spectra obtained between 400 and 1600
ceptible to optical damage that brings about light-induced™™ and fluorescence spectra between 540 and 580 nm and
refractive index changes, which further limit possible Petween 1500 and 1650 nm at temperatures bet8de and

applications®7 As part of our studies on reducing photo- f00M temperature. A total of 11 multiplet manifoldS™ 1L,
L .. of EP*(4f'Y) in LN is analyzed and compared with crystal-
refraction in LN crystals, we have recently grown periodi- - )
field splitting calculations.

cally poled, as well as single-domain LN crystals containing
Hf*" and zf* by the Czochralski metho.We have also
grown single-domain LN crystals of high optical quality con- Il. CRYSTAL GROWTH AND STRUCTURE

taining EF™ with Er,O, as a dopant in the melf. The spec- High-purity compounds from Johnson-Mattey ()
troscopic properties of these crystals have been investigateg,q pmerck (LLCOs) in powder form were used as the start-
because of their importance in the design of waveguide |a1‘ng materials for preparing the LN charges. Thé Econ-
sers in the infrared and waveguide amplifi€té>~*Crystals  centration was approximately 1 wt% when added to the ini-
in which photorefraction is reduced by adding Hf@nd  tjal melt in the form of E5O; (99.99%, Merck Crystals of
ZI’OZ to the melt offer further possibilities for adapting the Errt:LN ha\/ing a congruent Composition were grown by the
observed Ef* upconversion phenomena for telecommunica-Czochralski method in air using a setup with a platinum
tion purposes’~?° crucible that had dimensions of 50 M3 mmx50 mm.

In the present study, we report the synthesis and growth ofhe crucible was heated in a rf furnace. The ferroelectric
Er*:LN crystals and the spectroscopic properties of theseritical temperature of the congruent (Li/Nt®.946) compo-
crystals in light of the existing literature on samples grownsition crystal is about 1142 °C, just 110° below the melting
by different means and with different dopants used to reduceoint of 1253 °C. To obtain single-domain crystals contain-
photorefraction. Recent results on the detailed crystaing EF" directly during the growth process, we applied an
structuré’~3! and site-selective spectroscopy on*ELLN  electric field (a dc electrical current of 12 A/ to the
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crystal-melt system Without the application of an external wavelength reproducibility of the monochromator was better
electric field, the crystals grow in the paraelectric phasethan 0.01 nm. A desktop computer was used to control the
Multidomains then appear as the sample is cooled below thmonochromator and to acquire and analyze the fluorescence
Curie temperature, and an additional post-growth annealindata.

procedure is required. The application of an electric field to The excitation source for the fluorescence studies was the
the crystal-melt system during crystal growth leads to a ho514.5-nm emission peak from an argon-ion laser, Spectra
mogeneous distribution of impurity ions within the main Physics model 2005. A photomultiplier tube was used to de-
constituents that form the crystdl.Crystals were pulled tect fluorescence between 540 and 580 86— 115
along thec axis at the rate of 1 mm/h and at a rotation speecand a Ge diode cooled with liquid nitrogen was used to de-
of 20 rpm. Further details are provided in an earliertect fluorescence between 1500 and 1650 nfhs6
publication’®3’ To determine the amount of Er in the crys- —*l,¢,,). Polarized absorption and emission spectra were
tals that were grown, we had a crystal analyzed for Er byobtained by using cross polaroids or a Glan-Thompson cal-
Galbraith Laboratories, Knoxville, TN. They reported 0.88 cite polarizer.

wt % Er. According to Bermudeet al, 8 the distribution co- Spectra were obtained at temperatures batwg&& and
efficient for Er in congruent LN is approximately 1, consis- room temperature by mounting the sample on a copper block
tent with our expectations in the present study and the erroon the cold finger of a closed-cycle helium cryogenic refrig-
associated with the analysis for Er. erator, CTl model 22. The sample temperature was moni-

The single-domain crystals used in the present study werred with a silicon-diode sensor attached to the base of the
of high optical quality. Many of the measured photorefrac-sample holder and maintained at a programmed temperature
tive properties of these crystals have been reported by somsy a Lake Shore temperature control unit. Since the sample
of us earlier as a function of Hf and Zf* is cooled by conduction and the sensor is not placed directly
concentration$®3’ For the spectroscopic studies ofEre-  on the sample, we suspect the actual temperature is some-
ported here, single-crystal boules having dimensions of 2@vhat higher. For that reason we quote a nominal temperature
mm in diameter and 30 mm in length were oriented by Laudn the text.
x-ray diffraction and cut perpendicularly to theaxis (Y cut).

From these boules, crystal plates (10 mBimmx 10 mm)
were cut and polished along théplane.

The crystal structure of congruent lithium niobakéN) is Table | lists the absorption spectrum for ten excited mul-
described by the space groG§, (R3c), where Li" occupies tiplet manifolds 25*1L; of ER*:LN observed between 400
the[0,0,1/4 position and NB" occupies th¢0,0,0] position, and 1600 nm and obtained at a nominal temperature of 8 K.
both on the trigonal axi€?° Dopant ions such as & oc-  Intensities of the unpolarized spectrum appear in column 3
cupy charge-compensated sites near these cationié’sites with Fig. 1 (the *I 3, manifold) as an example of the unpo-
or in an interstitial position also associated with thexis larized spectra obtained at 8, 80, and 200 K. Spectra were
[0,0,1/6.%°-*? From electron spin resonan¢ESR studies, also obtained with light polarized parallel and perpendicular
the point-group symmetry of the £f ions in LN is reported  to the optical axis(the ¢ axis) of the crystal. Examples of
as C3.°9*3% By using x-ray standing waves, Gag al?’  polarized spectra are shown in Fig.(the *l4, manifold),
were able to identify the Er in Li sites, but the ions wereFig. 3 (the %S;, and ?H;;,, manifoldy, and Fig. 4(the
shifted from the undoped Li position along the direction of *F,,, *Fs,, and *F 3, manifold9. The polarization assign-
the c axis, still havingC; point-group symmetry. Using ion- ments given in Table | for théH 1/, 4Ss/», and*Fg, (Col-
beam channeling techniques, Reboataal°~** concluded umn 4 are in agreement with those reported by Weteal 2°
that Er lies at the Li octahedron with a shift of about 0.2 A Absorption peaks that are partially polarized with the absorp-
from the regular Li site. Drawings of the crystal structure andtion stronger in one polarization relative to the other are as-
relationship of the E¥" ions to the site symmetryQ;) are  signed according to the stronger polarization and are marked
found in these publicatiorfé:**4%=*¥or our calculations, we with an asterisk in column 4, Table I. Polarization data are
have made use of the drawings in Figs. 3 and 4 of Ref. 2¥aluable in making Stark-level symmetry label assignments.
since this work also describes the specific mechanism whicithe absorption spectrum appearing in Table | represents
we used in our investigations. transitions(column 5 from the ground-state Stark levEl,
in the 1,5, multiplet manifold to Stark levels in excited
25+1 ; manifolds.

Absorption by individual excited multiplet manifolds at 8

Absorption spectra were obtained from an upgraded CariK usually consists of more than the expectk#l; absorp-
Model 14R spectrophotometer controlled by a desktop comtion peaks for Et" ions in a single site. In some cases,
puter. The spectral bandwidth was set at 0.1 nm for all measeveral relatively sharp peaks are clustered about a stronger
surements, and the instrument was calibrated internally tpeak, and in other cases, the peaks are relatively broad,
better than 0.3 nm. Fluorescence spectra were collected abowing evidence of unresolved structure. For example, in
right angles with respect to the direction of the excitationFig. 2 (the *l 4, manifold) we observe clusters of absorption
source and focused on the entrance slit of a SPEX modgdeaks around 793, 797, and 806 nm. The spectrum of the
340E scanning monochromator. Spectral resolution was bet'S;, manifold (Fig. 3) is characterized by two absorption
ter than 0.1 nm for all wavelengths investigated, and théands with shoulders. The most clearly resolved structure is

IV. ABSORPTION SPECTRA

IIl. EXPERIMENTAL INSTRUMENTATION
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TABLE |. Absorption spectrum of Bf in LiNbO; (8 K).

EcmYH EembH9

2841 2 N (nm)® a(emb®  Ppold Trans® obs. calc. uh Percent free-ion state
B PP 1532.2sh) 3.81 6525
(6682 1531.3 6.67 o* Z,—Y; 6529 6529 +1/2  99.91 5,4+ 0.03 115+ 0.021 151,
153Qsh) 1.23 6534
1517.2 0.88 6589
1513.0 0.89 o Z,—Y, 6608 6610 +1/2  99.91,53,+0.05" 1+ 0.0 15
1510.2 0.96 6620
1508.4 0.85 6628
1506.8 o.74} a* Z1—Ysg 6635 6639 +3/2  99.81 5,4+ 0.081 15+ 0.03 51
1504.9 0.73 o Z,1—Y, 6645 6654 +1/2  99.81 5+ 0.09 115+ 0.021 51
1485sh) 0.97 — Z,—Ys 6732 6730 +1/2  99.81 5+ 0.05' 11,5+ 0.05' 15
1478.0 2.11) 6764
1475.4 2.02 * Z,— Y 6776 6772 +3/2  99.81 5+ 0.1 115+ 0.03 15,
1471.5 1.10 6794
1469.2 1.08} o Z;—Y, 6805 6805 +1/2  99.91,3,+0.091 15+ 0.0 Gg)p
N1 980.6 1.26 10195
(10301 980.1 1_46] T 10200
979.6 1.52 Z,—X, 10205 10204 +1/2 99.81,,,+0.071 13+ 0.03Fg),
974.9 1.46} 10255
974.4 1.57 ™ Z, — X, 10260 10262 +3/2 99.81,,,,+0.071 g+ 0.04 155,
972sh) 1.25 Z1— X3 10280 10286 +1/2 99.81 15+ 0.05' 155+ 0.04' o
969.0 1.40} o Z1—X, 10317 10326 +1/2 99.81,,,,+0.14' 13+ 0.04'F g,
967(sh 0.40 — Z,—Xs 10340 10343 +3/2 99.71 11,5+ 0.158' 130+ 0.09F ),
965sh 0.20 — Z1—Xg 10360 10366 +1/2 99.81 115+ 0.10%1 oo+ 0.05% 13
Yo 808.2 1.34 o 12370
(12491 807.8 1.89 a Z,—W, 12376 12381 +3/2 99.914,,+0.06' 11,5+ 0.02F ),
807.0 1.31 o 12388
805.9 1.25 o Z,—W, 12405 12407 +1/2 99.81 g+ 0.11°F 11,4+ 0.05' 115
805.6 1.22 77 12410
801(b) — — Z,—W, 12480 12485 +1/2  99.81g,+0.081 1+ 0.02H ;0
797.6 1.35 12534
797.4 1.32 12537
797.1 1.35 a Z,—W, 12542 12540 +3/2 99.81 g5+ 0.08' 11,5+ 0.07*F g,
796.2 1.38 12556
793.8 1.07 12597
793.3 1.04] o Z,—Ws 12610 12619 +1/2 99.91 4,5+ 0.06'F g+ 0.0FH 1)
793.1 1.07 12612
‘Fopn 659.8 1.70 o Z,—V; 15152 15151 +1/2 99.9F g,+ 0.05' o+ 0.04F 5,
(15253 658.3 1.06 15186
658.1 1. 14] T Z,—V, 15191 15177 +3/2 99.8F g5+ 0.05' g5+ 0.04' 115
657.9 1.27 15196
655.7 1.08 15247
655.2 1_37] o Z,—V, 15258 15255 +1/2  99.8Fg,+0.08H 10+ 0.071 11
655sh 1.11 15263
652.1 1.49 o 15331 15318 +1/2  99.8Fg,+0.13H ;,+0.031 1)
651.8 1.73} Z1—V, 15338
651.4 2.20 a Z,— Vs 15347 15349 +3/2 99.6F g+ 0.1PH 15+ 0.12%1 o)
650.6 1.41} 15366
Sy 547.6 0.86 o Z,—U, 18256 18254 +1/2 97.8S;,+2.18H,,,+0.021 4,
(18327 547(sh 0.84} 18260
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TABLE I. (Continued)

EcmYH E(@cmY9

25+ @ A (nm)® acmbe  pold Trans® obs. calc. uh Percent free-ion state
545sh) 1.30 18344
544.7 1.09] a Z,—U, 18354 18361 +3/2 97.3S,,+2.60H 15+ 0.05' g
2Hyo 526.4 2.83 18992
(19070 526.0 3.07] o 2,—T, 19010 19010 +1/2 99.4H 5+ 0.34'F,,+0.07F 5,
525.4 5.54 Z,—T, 19028
525.2 10.8] a 19035 19038 +3/2 97.2H 5+ 2.29S;,+ 0.29F 4,
525sh) 4.29 19048
524.7 6.32) o Z2,—T, 19053 19059 +1/2 97.8H 1o+ 1.63S;,+ 0.22F 4,
5225 3.72 o Z,—T, 19133 19099 +1/2 99.2H,,,,+0.38F,,+0.22S,;,
522.1 4.06 a Z,—Ts 19148 19103 +3/2 99.6GH,,,+ 0.48F,,+0.32S;,,
521.4 13.3 o Z,—Ts 19181 19128 +1/2 99.8H 5+ 2.23'S,,+ 0.21°F 4,
520.9 12.3] 19192
“Fop 490.9 0.79 o Z,—S, 20365 20369 +1/2 99.4F;,+0.43H,,+ 0.06'F 5,
(20456  490.7sh 1.77] 20369
490.2 0.38 20394
489.9 0.43] a Z,—S, 20407 20408 +3/2 98.8F ;;,+ 0.76H 1,5+ 0.40'F
488.5 0.56 20465
488.3 0.76] o Z,—S; 20473 20461 +1/2 99.8F;,+0.52H,,+ 0.22F 5,
486.8 1.70 20537
486.3 1.96) o Z,—S, 20556 20582 +1/2 99.8F ;;,+ 0.18H 1+ 0.11*F 5,
Fsp 453.3 0.68 o Z,—Ry 22054 22054 +1/2 95.2F¢,+4.39F 5+ 0.18F ),
(22092 453.1 0.54] 22064
453.0 0.52 a Z,—Ry 22069 22062 +3/2 95.68F 5, +3.74F 5+ 0.39F ),
451.8 0.24 o Z,—Rg 22127 22135 +1/2 99.2F¢,+0.35'F 5+ 0.21°F 1,
451(sh) 0.20) 22135
“Fap 446.6 0.28 o Z,—Q, 22385 22385 +1/2 94.9F 3,+4.74F 50+ 0.10°F 7,
(22443 446.4 o.24] 22395
443.8 0.13 a Z,—Q, 22526 22534 +3/2 96.0F 3.+ 3.72F 5+ 0.06'F 7,
443sh) 0.10] 22535
2Gypp 410.0 0.13 o Z,—P; 24375 24375 +1/2  99.6Gg,+0.2PK 5+ 0.10°G 10
(24492 409.5 0.70 24413
409.3 0.71] T Z,—P, 24419 24427 +3/2  99.2Gg;+0.55'Gyq)0+ 0.18K 15
408.6 0.53 24467
408.2 0.51] o Z,—Pg 24491 24488 +1/2  99.3Gg,+0.49G ,+ 0.10K ;55
407.8 0.50 T Z,—P, 24514 24534 +3/2  99.2Gg;p+ 0.47 Gyt 0.25K 1510
406.7 0.6 24581
406.5 0.7471] o Z,—Ps 24590 24588 +1/2 99.4Gg),+0.52G o+ 0.04F 4,

aMultiplet manifold 25*1L;; number in parentheses is the calculated centroid.

b\Navelength in nanometeré&sh) denotes shouldefh) denotes broad, unresolved structure.

Absorption coefficient in cm' for unpolarized spectrum; sample thickness 0.196 cm; Er concentration; approximatety18tiem-2;
bracket indicates a grouping of peaks, in some cases partly resolved structure on an absorption band.

dpolarization:o(EL c), m(Elc); asterisk indicates incomplete polarization with eitbeor 7 as dominant.

®Transition from the ground-state Stark levél, ) to excited-state Stark levels.

Energy of Stark level in vacuum wave numbers.

9Calculated level based on crystal-field splitting parameters obtained from lattice-sum model and listed in Table IV; the centroids were
adjusted to account fal mixing.

"Predicted crystal quantum symmetry label whéFg+ T 5= u(+ 1/2) and?l'¢= u(*3/2), for C; symmetry.
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FIG. 1. Absorption spectra of th# ;5, manifold, unpolarized,

FIG. 3. Polarized absorption spectrum of thd,;,, and *Sy),
and obtained at 8, 80, and 200 K.

multiplet manifolds obtained at 8 K.

associated with the absorption spectrum of fhig,, mani-  identified at wavelengths 1545.8 n(467 cm ‘), 1561.7
fold (Fig. 3. Multiple EF* sites in LN have been confirmed nm (6401 cmb), 1568 nm (6376 cm'Y), 1576 nm (6344
earlier by different groups of investigatdis®23+3However, cmM %), and 1595 nn{6259 cn*). These hot bands represent
in Table | each closely spaced group of absorption peaks in #ansitions to the 6529-cht Stark level of*l 15, in Table |
given manifold usually exhibits the same polarization behavfrom Stark levels in the*l 5, manifold as follows: Z;
ior (see Fig. 2, for example which suggests that the =0, Z,=62,73=128,7,=153,Z5=184, andZs=270, all
Er¥*-site symmetries may be similar, but have slightly dif- in cm 1. These levels agree with the Stark levels reported by
ferent crystal-field strengths that give rise to the small energilori et al>° A similar set of six Stark levels fofl,5, was
differences that are observed between individual Stark levelgstablished from the hot-band absorption spectra forTthe
in a grouping. and T, groupings in the?H,,,, manifold. These six Stark
In Fig. 1, the intense 1531.3-nm absorption peak ( levels, together witlZ; andZg, are confirmed from analyses
—Y,) is asymmetric with unresolved shoulders at 1532.20f fluorescence from th&S;,, and *I 13, manifolds to*l ;5,5
and 1530 nm. The temperature-dependent péatssbands  reported later in this study.
are also asymmetric with a shoulder appearing on several of Different teams of investigators have suggested that
these bands. UsingRIGIN software, we deconvoluted the the EP" ions occupy sites that hav€; point-group
hot-band absorption data shown in Fig. 1 and the hot-bandymmetry**~** Selection rules for electric- and magnetic-
data for 2H,,,,. The deconvoluted hot bands in Fig. 1 are dipole transitions for Ef" in these sites are as follow3:

bad
o
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4 Ed 4
l9/2 T 6 - Polarization Fm
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g 20F © - polarization g ! ~4r T
£ | o 7 - polarization T g . N
& N ~ = Far Fan & o
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FIG. 2. Polarized absorption spectrum of thk,, multiplet

440

FIG

460

470
Wavelength (nm)
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. 4. Polarized absorption spectrum of tte,,,, *Fs,, and

manifold obtained at 8 K. 4F., multiplet manifolds obtained at 8 K.
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upper state 10

44 N ~
ED T, T's T 1372 1312 T T Unpolarized
8
lower I, T oL oR >
state I's oR T ol
T ol oR T &r

where o and = refer to polarizations when light travels per-

pendicular and parallel to the optic) axis, respectively. 4 N N N’
Here R and L refer to right and left circular polarizations T T ?
when the light travels down the optic) axis. For M.D. SN ST N
(magnetic-dipolg transitions we interchange for o in the r

table, leavingR andL where they are presently placed. The l l
labeling in the polarization table is according to Betfé’ 0

We find it more convenient to use the labelq*1/2) L
=2T, 5 and u( = 3/2)=2T; developed by Hellweg® based N © - polarization

on the rotational properties of the wave functions of the
Stark levels.

In Table | and in Figs. 2—4 there is clear evidence #or
transitions originating from the ground-state Stark level
(Z4). According to the E.D(electric-dipol¢ selection rules,
this means that(*+3/2) to u(*=3/2) transitions are involved.
ThusZ, is identified as au(*3/2) crystal-quantum state and
the upper Stark levels fotF, and S;,, for example, are
u(=3/2) states as well. Many of the transitions in Table | are
predominantlyo polarized(in numerous cases the polariza-
tion is complete These polarized peaks represent transitions
from Z, to excited Stark levels whose symmetry labels are
u(*=1/2). Further verification of these assignments is based = - polarization
on circular polarization spectroscopy measurements cur- s
rently underway® The observed polarized spectra presented
in Table | identify transitions according to crystal-quantum
states and energies of Stark levels necessary for crystal-fiele  ©
splitting calculations, based on ¥r ions in C; symmetry
sites.

Fluorescence Intensity (Arb. Units)

10

-

=T

V. FLUORESCENCE SPECTRA

The fluorescence observed between 1500 and 1650 nm ¢
8 K, representing transitions frorfl 13/, to *1 15/, is shown 0 - ) , ) . ) -
in Fig. 5 and listed in Table Il for the unpolarized spectra 1500 1520 1540 1560 1580 1600 1620 1640
obtained at 8 and 80 K. The 8-K spectra shown in Fig. 5
appear in both polarizations, although tfig—Z, transition,
which is asymmetric on the high-energy side, is nearly 3 FIG. 5. Unpolarized and polarized fluorescence spectra between
times stronger in ther polarization. Since they; energy  “l13,and *l;5, multiplet manifolds obtained at 8 K.
level is identified as au(*=1/2) Stark level in absorption
(Table ), we expect ao-polarized transition forY;—Z, the hot-band absorption data and agree with the splitting re-
representing au(=*1/2)— u(*3/2) transition according ported by Milori et al.® including Stark levelsZ, and Zg
to E.D. selection rules fo€5; symmetry. Transitions appear- (see Table ).

Wavelength (nm)

ing in both o polarizations represent transitions from The fluorescence spectrum betweé;, and *l;s,
w(+1/2) to u(£1/2) crystal-quantum states in th#l s, (540-580 nmh obtained &8 K is similar to the spectrum
manifold. reported by others and does not need to be tabulated here.

The fluorescence peak at 1531.4 nm has an energy tha@tansitions are observed frol, (Table |) to Stark levels in
matches the energy of the Stark leve] (6529 cmi®) in  the ground-state manifoldl ;s, at 547.6 nm(18257 cm?),
Table I. The energy differences based on the 8-K spectrum i649.5 nm(18197 cm?), 551.4 nm(18132 cm?), 552.25
Table Il give a splitting for the ground-state manifotths,, nm (18103 cm?), 553.1 nm (18075 cm?), 555.9 nm
as follows: Z,=0, Z,=61, Z;=128, Z,=155, Z;=183, (17982 cm?), 558.25 nm(17908 cm?), and 560.5 nm
Z¢=270,Z,=352, andZg=415, all in cm®. The first six (17836 cm?). The polarization appears in both and
Stark levels match the levels obtained from the analysis oWith three transitions much stronger in tlwefluorescence
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TABLE Il. Fluorescence fronfl 5, t0 *l 5.2

28+ b A (nm)© I (a.u)¢ E (cm Y)® Trans' AE (cm )9 x (nm) | (a.u) E(cm™Y AE (cm 19

4 1517.5 0.88 6588  Y,—-Z, 0 1518.0 475 6587 0
1531.4 11.7 6529 Y,i—2Z, 0 1532.0 13.9 6527 0
1545.5 66.8 6468 Yi—2Z, 61 1546.0 26.0 6467 60
1561.5 49.1 6401 Y,—2Z3 128 1561.5 25.6 6402 125
1568.5 16.0 6374 Yi—2Z, 155 1568.5 11.7 6374 153
1575.0 27.8 6346 Y,—Zs 183 1575.0 16.7 6347 180
1598b) 1.00 6259 Y,—Zg 270 1598b) 2.62 6259 268
1618.5 3.33 6177 Yi—2Z5 352 1618.0 3.61 6179 348
1635c) 0.60 6114 Yi—2Zg 415 163%b) 1.22 6114 413

aColumns 2—-6 pertain to data obtained at 8 K; columns 7—10 represent data obtained at 80 K.
PEmitting multiplet manifold.

“Wavelength in nanometers.

dIntensity in arbitrary units for either 8- or 80-K spectra.

®Energy in vacuum wave numbers.

MTransition from upper Stark level to Stark levek,, in I 15/2-

YEnergy difference.

spectrum, which we identify as E.Qu(*1/2)— =+ 3/2 tran- VI. MODELING THE CRYSTAL-FIELD SPLITTING
sitions. Where the intensity is comparable in both polariza-
tions, we identify these transitions as E.p(*1/2)—u
(£1/2). In summary, we obtain the splitting and symmetry
labels asZ1=0, w(=3/2); Z,=60, w(£1/2); Z3= 125, u(*=1/

The energy-level structure of Er(4f1Y) is analyzed in
terms of a parametrized model Hamiltonian that assumes a
charge-compensated site based on the mechanism proposed
oo o b o3 by Gog et al?’ having C; symmetry. The Hamiltonian is
gj 54;,;23 ’ ’L((fg?/zz)) azns d_Zlizigl(i:t/E)l’lg)G:iIIZZnShﬁ |(t§:(L)/f defined to operate within the manifold &LJM; angular
o 0 A= 314) 8  JA=2E), & momentum states of the ground-state electronic configura-
cm . Within experllmental error,_thls splitting of thel s, tion of 4%, The total Hamiltonian consists of atontigree-
manifold agrees with the analysis of the fluorescence Spe(fbn") and crystal-field terms that are spherically symmetric

. 4
wljt? tfgzrtﬁgir']n T?\?('; IL be&vﬁgﬁttlg’lzsgr]gh; %‘?ﬁo?ggczlr?c?e and crystal-field terms that are not spherically symmetric and
P 99 y ' rzilre partitioned into the expression,

spectrum also includes additional transitions that predict pa
of the #1 15/, splitting for the EF* sites given by Wittest al>®

In Table Il we list the splitting of the®l 5, reported by of =& BqYq

Gabrielyanet al,** Dominiak-Dzik et al.®® Milori et al,*® a

and the splitting obtained from the polarized absorption andvhereU{ is a unit-tensor operator of rarkand order that
fluorescence data presented in the present study. is summed over all #electrons and where tk@ parameters

TABLE III. Stark levels of the*l ;5,, manifold.

Level E (cm Yoo E (M Yoot E (€M Nyt E (CM Dyt E (CM D Eem™

No. 77 K& 5 KP 4 K 8 K4 8 K& calc! calc!
1 0 0 0 0 0 0 +3/2
2 63 67 63 62 61 72 =12
3 132 127,135 129 128 128 136 =1/2
4 156 167 152 153 155 152 +3/2
5 182 191 185 184 183 195 +1/2
6 278 — 269 270 270 301 *1/2
7 353 367 353 — 352 385 +3/2
8 414 392,443 414 — 415 412 +1/2

dReference 34.

bReference 36.

‘Reference 39.

9This work; from hot-band absorption spectra to excited Stark le¥e|sT,, T, (Table |).
®This work; from #l 5, 8 K fluorescence tdl g, (Table 1I).

fPredicted crystal-quantum symmetry label.
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TABLE IV. Total monopole crystal-field terms for Nb, Li, and Er sites in lithium niobate.

Lat. ternft Nb (site) Li (site) Er (site)® Er (Bf)®

A'a Real Imag. Real Imag. Real Imag. Real Imag.
0,1 —33205 0 —21934 0

0,2 —13980 0 —5340.8 0 —5339 0 -911

0,3 —45522 0 7122.3 0

3,3 16144 33214 1881.3 —10500

04 —41433 0 —7442.6 0 —1386 0 —572

3,4 21928 55742 2508.2 11183 2089 0 862
0,5 14113 0 —6242.1 0

35 1236.5 816.66  —1449.7 2137.2

0,6 7635 0 65.806 0 66.15 0 65

3,6 30.052 1185.7 —71755 —346.55 —358.2 —347 352 341
6,6 —4706.4 43457  —1928.3 128.403  —193 16.28 —190 16
0,7 923.08 0 448.94 0

3,7 —17453 —4252.4 —2.819 742.06

6,7 —2608.5 2863.4 676.31 —224.9

3 _attice-sum components of the crystal field in units of ¢mcolumns 2—-6.

®For crystal-field splitting calculations onk/=2,4,6 are necessary; rotation about quantization @xisis)
reduces lattice-sum terms from 9 to 8 18 symmetry.

‘Crystal-field splitting parameters for Er in LN used to calculate the splitting reported in TableEdlumn
7) and Table lllI(column 7.

represent the radially dependent parts of the crystal-field inThe two slanted bands mark the measured coherent positions
teraction. The operators and parameters appearing iflEd. of Er atoms with respect to the (14) planes, the horizontal

are .W(_E;E}EE? and defined according to c_onventlonalband marks the Er position with respect to the (0,@knes,
practic and havg been _uspd by some of+us in the EaSt %nd the bandwidth denotes the experimental error in location.
gnalyze the crg/_sst7al-fleld splitting of Nd, Sn?'*, and E? These drawings that show the position and symmetry in the
in the garneté- ) L unit cell of Er, Li, and Nb, and the vacancies based on the
The atomic or “free-ion part of the total Hamiltonian is of mechanism proposed by Gag al2’ provide us with the

the form we used in analyzing the crystal-field splitting of hoessary information to carry out lattice-sum calculations
the energy levels of BF in the garnets® Our initial set of for both the undoped and Er-doped LN crystals.

atOT;g _IL_)r?ramelterls V\:jas tak_?nl dfrom th% WOLk of dCarnf;:ll The total monopole field in terms of even and odd lattice-
et al. e calculated manifold centroids obtained with g5y components is given as

these parameters were adjusted by a least-squares fitting pro-
cedure to obtain the best overall agreement between calcu-
lated and observed manifolds that lead to a set of atomic Ak=—e2>' q.CKR )R, 2)
parameters that we report in Table Il of Ref. 59. a T e

To establish the set of crystal-field splitting parameters
defined in Eq.(1), we carried out point-charge lattice-sum whereq; is the effective electrostatic charge at the lattice site
calculations at the Li and Nb sites. Previous lattice-sum cal(ﬁj) and the sum is taken over all sites in the latfié@he
culations for Ef* in charge-compensated sites in host crys-irreducible spherical tensor components of the crystal field,
tals of Ca(PQy)sF and Sg(POy)sF, where E¥* resides in  calculated from direct point-charge lattice sums, are defined
C,; symmetry sites, have been helpful in setting up theaccording to conventional practic®® In Table IV we list
lattice-sum program for BF in C; sites in LN*°"%2In con-  the toal monopole crystal-field components for Nb, Li, and
sidering both size and formal charge differences’(L0.68  Er sites.
A ionic radius, and E¥", 0.96 A ionic radius Gog et al?’ When an Et* ion is placed in the lattice, the radial part
proposed a model where 5.9% of the lattice sites of &fe  of its free-ion wave function is affected by the environment.
occupied by NB" ions with excess charge compensated forMorrison and his associates have modeled this effect by
by Nb vacancies. The Ef ions can substitute into these evaluating ion-host-dependent quantities that include shield-
sites, replacing the Nb, while the number of Nb vacancies isng and scaling factors introduced to account for the expan-
readjusted to establish overall charge neutrality. Figure 3ion of the radial part of the free-ion wave functi®h®The
(Ref. 27 shows the hexagonal unit cell with Nb and Li sites. resulting corrections appear as a set of terms that are multi-
Abrahams and co-workefs?® show the complete details of plied into the lattice-sum components to give a set of crystal-
the unit cell. Of special interest is Fig. @®ef. 27, which  field parameters as defined in Ed). In Morrison and Leav-
shows a diagonal cut through the hexagonal unit cell of LNitt's calculations;>®3-% the one-electron crystal-field
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operators are defined according to conventional practice witsymmetry label predictions appear to be in agreement with
rank n and ordem instead ofk and g, respectively as given the dominant polarization for those transitions. The predicted
in Eq. (1). Since the even-term lattice-sum components fromsymmetry label forY1(4|13,2) is a u(*£1/2). Fluorescence
Eq. (2) are of primary Importance for crystal-field splitting from Y, and from %S;,U,; to the ground-state manifold

calculations, we can write tHé parameters as 41152 is in agreement with the energy of the Stark levels
predicted by the crystal-field splitting calculations given in
Ba=piAq, @ Table .
wherek=2,4,6; q=0,*+ 3,= 6, with |g|<k. The B'(; param- We did not attempt to fine-tune our calculations with a
eters are interrelated according to the expression least-squares fitting of the Stark levels since the levels in any
given multiplet grouping could not be experimentally identi-
B ,=(—1)BE, (4)  fied further according to a particular site. In that sense, our

and p,=0.1706,p,=0.4126, andhs=0.9826 in units of A approach follows the “quasicenter” concept first described
for Er* (4fly, 64 |‘r1] C, symrr’1etry there are nine independent bY Kaminskif® which we used to interpret the crystal-field
BY parameters, including real and imaginary terms. By rotatSPIitting of the energy levels Of '\?d and EF" in the disor-

|ng the reference frame about the quantlzatlonﬁém can dered structure of NaBi(Wg),.° .
reduce the number to 8: nameB'z B4 B4 Bo B IB6 The question can also be raised pertaining to more com-

Bg andIBg. The rotation is accomplished so that the imagi-ments on the different sites. The site-selective spectroscopy
nary A2 is equal to zer6 Values ofBX are given in Table reported by Gillet al3? and Witteet al?® provide important,

IV, and the resulting splitting is shown in Tablédolumn 7 but not encJJrugh information to cover all the muIt_ipIet mani-
and Table Ill(column 3. The predicted symmetry labels are folds of EP* necessary for us to carry out a detailed crystal-

also given in these tables. field splitting analysis to separate individual Stark levels to a
particular site. The work by Rebougt al**~*? on nonaxial
VII. DISCUSSION OF RESULTS sites for EF* in LN, again, is very insightful to our under-
standing of the complexity of the charge-compensation
The predicted ground-state Stark level;) (Table Ill,  mechanisms that are involved. Their results together with

column § is labeledw(=3/2). According to E.D. selection magnetic resonance studies reported by Disotied *® and
rules, only u (= 3/2)— u(=*3/2) transitions are observed in Milori et al®® give confirming evidence for more than one
the m-polarized spectrum. That-polarized spectra are ob- Er**-site in LN. However, it was the work of Gogt al?’
served in the 8-K absorption spectrufable ), where that provided us with a mechanism and details for lattice-
nearly all the population resides #y, not only supports the sum calculations. The present study is likely a first step in
predicted symmetry foZ,, but also predicts that the upper examining the charge-compensation mechanisms that are ap-
Stark level in each multiplet manifold'S;, and *F5,, isa  propriate to the different Bf sites found in doped lithium
u(=3/2) state as well, in agreement with the observed polarniobate.
ization in Figs. 2, 3, and 4. The calculated manifold splittings In conclusion, we present a crystal-field splitting analysis
are also in reasonable agreement with the experimental splibf the energy(Stark level$ of EF* (4f1Y) in lithium niobate
ting reported in Table I. based on a lattice-sum calculation that considers the charge-
The predicted polarization and crystal-field splitting of compensation model as proposed by Gaigl?’ The ob-
multiplet manifolds, including?Ggp, “Fgn, 2Hi1p, *Fop,  served polarized absorption and fluorescence spectra support
and *l,, where the experimental polarization in absorptionthe assumption that the ¥£r site symmetries ar€;. The
is nearly complete, are also in good agreement with the exealculated splitting is in reasonable agreement with the
perimental data reported in Table | and the spectra shown igroupings of the observed splitting. The calculation also pre-
Figs. 2—5. In absorption, thél;,, and *I 5, exhibit only  dicted that the symmetry of the ground statg:is=3/2). This
partial polarization so that the predicted symmetry labelgrediction provides a systematic and consistent interpretation
cannot be assigned with the same certainty. However, th® the observed polarized spectra.
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