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Modeling the crystal-field splitting of the energy levels of Er3¿ in charge-compensated sites
in lithium niobate

John B. Gruber
Department of Physics, San Jose´ State University, San Jose, California 95192-0106, USA

Dhiraj K. Sardar and Raylon M. Yow
Department of Physics and Astronomy, University of Texas at San Antonio, San Antonio, Texas 78249-0663, USA

Bahram Zandi
ARL/Adelphi Laboratory Center, 2800 Powder Mill Road, Adelphi, Maryland 20783-1197, USA

Edvard P. Kokanyan
Institute for Physical Research, National Academy of Sciences of Armenia, 378410, Ashtarak-2, Armenia

~Received 17 December 2003; published 6 May 2004!

We have calculated the crystal-field splitting of the energy levels of Er31(4 f 11) in charge-compensated sites
having C3 symmetry in the host crystal of lithium niobate, LiNbO3 ~LN!, with crystal-field parameters ob-
tained from lattice-sum calculations. The charge-compensation model assumes that Er31 substitutes into Li1

sites that are shifted from the Li1 positions in the undoped lattice with excess charge compensated for by
niobium vacancies and defect complexes. The calculated splitting of 11 multiplet manifolds2S11LJ including
the ground state4I 15/2 of Er31(4 f 11) is compared with existing data in the literature, as well as with polarized
absorption and fluorescence spectra obtained in the present study between 8 K and 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 for Er31 asC3 , in agreement
with magnetic resonance studies. The calculation also predicts the symmetry label of the ground-state Stark
level as2G6 or m~63/2!, in agreement with the observed polarized absorption and fluorescence spectra.

DOI: 10.1103/PhysRevB.69.195103 PACS number~s!: 42.70.Hj, 78.40.2q, 71.70.Ch
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I. INTRODUCTION

Crystals of LiNbO3 ~LN! are piezoelectric, pyroelectric
and optically nonlinear, which makes them components
choice for many integrated electro-optical circuits a
devices.1–12 Unfortunately, these crystals are also highly su
ceptible to optical damage that brings about light-induc
refractive index changes, which further limit possib
applications.13–17 As part of our studies on reducing phot
refraction in LN crystals, we have recently grown period
cally poled, as well as single-domain LN crystals contain
Hf41 and Zr41 by the Czochralski method.18 We have also
grown single-domain LN crystals of high optical quality co
taining Er31 with Er2O3 as a dopant in the melt.19 The spec-
troscopic properties of these crystals have been investig
because of their importance in the design of waveguide
sers in the infrared and waveguide amplifiers.13,20–23Crystals
in which photorefraction is reduced by adding HfO2 and
ZrO2 to the melt offer further possibilities for adapting th
observed Er31 upconversion phenomena for telecommunic
tion purposes.20–26

In the present study, we report the synthesis and growt
Er31:LN crystals and the spectroscopic properties of th
crystals in light of the existing literature on samples gro
by different means and with different dopants used to red
photorefraction. Recent results on the detailed cry
structure27–31 and site-selective spectroscopy on Er31:LN
0163-1829/2004/69~19!/195103~10!/$22.50 69 1951
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~Refs. 25, 32, and 33! have encouraged us to carry out
detailed lattice-sum calculation for crystal-field paramete
useful in establishing the crystal-field splitting of the ener
levels of Er31 ions in charge-compensated sites in the L
lattice.34–36To support these calculations, we present the
larized absorption spectra obtained between 400 and 1
nm and fluorescence spectra between 540 and 580 nm
between 1500 and 1650 nm at temperatures between 8 K and
room temperature. A total of 11 multiplet manifolds2S11LJ
of Er31(4 f 11) in LN is analyzed and compared with crysta
field splitting calculations.

II. CRYSTAL GROWTH AND STRUCTURE

High-purity compounds from Johnson-Mattey (Nb2O5)
and Merck (Li2CO3) in powder form were used as the sta
ing materials for preparing the LN charges. The Er31 con-
centration was approximately 1 wt % when added to the
tial melt in the form of Er2O3 ~99.99%, Merck!. Crystals of
Er31:LN having a congruent composition were grown by t
Czochralski method in air using a setup with a platinu
crucible that had dimensions of 50 mm33 mm350 mm.
The crucible was heated in a rf furnace. The ferroelec
critical temperature of the congruent (Li/Nb50.946) compo-
sition crystal is about 1142 °C, just 110° below the melti
point of 1253 °C. To obtain single-domain crystals conta
ing Er31 directly during the growth process, we applied
electric field ~a dc electrical current of 12 A/m2! to the
©2004 The American Physical Society03-1
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crystal-melt system.19 Without the application of an externa
electric field, the crystals grow in the paraelectric pha
Multidomains then appear as the sample is cooled below
Curie temperature, and an additional post-growth annea
procedure is required. The application of an electric field
the crystal-melt system during crystal growth leads to a
mogeneous distribution of impurity ions within the ma
constituents that form the crystal.19 Crystals were pulled
along thec axis at the rate of 1 mm/h and at a rotation spe
of 20 rpm. Further details are provided in an earl
publication.18,37 To determine the amount of Er in the cry
tals that were grown, we had a crystal analyzed for Er
Galbraith Laboratories, Knoxville, TN. They reported 0.
wt % Er. According to Bermudezet al.,38 the distribution co-
efficient for Er in congruent LN is approximately 1, consi
tent with our expectations in the present study and the e
associated with the analysis for Er.

The single-domain crystals used in the present study w
of high optical quality. Many of the measured photorefra
tive properties of these crystals have been reported by s
of us earlier as a function of Hf41 and Zr41

concentrations.18,37 For the spectroscopic studies of Er31 re-
ported here, single-crystal boules having dimensions of
mm in diameter and 30 mm in length were oriented by La
x-ray diffraction and cut perpendicularly to theb axis~Y cut!.
From these boules, crystal plates (10 mm33 mm310 mm)
were cut and polished along theY plane.

The crystal structure of congruent lithium niobate~LN! is
described by the space groupC3v

6 (R3c), where Li1 occupies
the@0,0,1/4# position and Nb51 occupies the@0,0,0# position,
both on the trigonal axis.28,29 Dopant ions such as Er31 oc-
cupy charge-compensated sites near these cationic site27,39

or in an interstitial position also associated with thec axis
@0,0,1/6#.40–42 From electron spin resonance~ESR! studies,
the point-group symmetry of the Er31 ions in LN is reported
as C3 .39,43,44 By using x-ray standing waves, Goget al.27

were able to identify the Er in Li sites, but the ions we
shifted from the undoped Li position along the direction
the c axis, still havingC3 point-group symmetry. Using ion
beam channeling techniques, Reboutaet al.40–42 concluded
that Er lies at the Li octahedron with a shift of about 0.2
from the regular Li site. Drawings of the crystal structure a
relationship of the Er31 ions to the site symmetry (C3) are
found in these publications.27,39,40–43For our calculations, we
have made use of the drawings in Figs. 3 and 4 of Ref.
since this work also describes the specific mechanism w
we used in our investigations.

III. EXPERIMENTAL INSTRUMENTATION

Absorption spectra were obtained from an upgraded C
Model 14R spectrophotometer controlled by a desktop co
puter. The spectral bandwidth was set at 0.1 nm for all m
surements, and the instrument was calibrated internally
better than 0.3 nm. Fluorescence spectra were collecte
right angles with respect to the direction of the excitati
source and focused on the entrance slit of a SPEX mo
340E scanning monochromator. Spectral resolution was
ter than 0.1 nm for all wavelengths investigated, and
19510
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wavelength reproducibility of the monochromator was bet
than 0.01 nm. A desktop computer was used to control
monochromator and to acquire and analyze the fluoresce
data.

The excitation source for the fluorescence studies was
514.5-nm emission peak from an argon-ion laser, Spe
Physics model 2005. A photomultiplier tube was used to
tect fluorescence between 540 and 580 nm (4S3/2→4I 15/2)
and a Ge diode cooled with liquid nitrogen was used to
tect fluorescence between 1500 and 1650 nm (4I 13/2
→4I 15/2). Polarized absorption and emission spectra w
obtained by using cross polaroids or a Glan-Thompson
cite polarizer.

Spectra were obtained at temperatures between 8 K and
room temperature by mounting the sample on a copper b
on the cold finger of a closed-cycle helium cryogenic refr
erator, CTI model 22. The sample temperature was mo
tored with a silicon-diode sensor attached to the base of
sample holder and maintained at a programmed tempera
by a Lake Shore temperature control unit. Since the sam
is cooled by conduction and the sensor is not placed dire
on the sample, we suspect the actual temperature is so
what higher. For that reason we quote a nominal tempera
in the text.

IV. ABSORPTION SPECTRA

Table I lists the absorption spectrum for ten excited m
tiplet manifolds 2S11LJ of Er31:LN observed between 400
and 1600 nm and obtained at a nominal temperature of 8
Intensities of the unpolarized spectrum appear in colum
with Fig. 1 ~the 4I 13/2 manifold! as an example of the unpo
larized spectra obtained at 8, 80, and 200 K. Spectra w
also obtained with light polarized parallel and perpendicu
to the optical axis~the c axis! of the crystal. Examples o
polarized spectra are shown in Fig. 2~the 4I 9/2 manifold!,
Fig. 3 ~the 4S3/2 and 2H11/2 manifolds!, and Fig. 4 ~the
4F7/2, 4F5/2, and 4F3/2 manifolds!. The polarization assign
ments given in Table I for the2H11/2, 4S3/2, and 4F9/2 ~Col-
umn 4! are in agreement with those reported by Witteet al.25

Absorption peaks that are partially polarized with the abso
tion stronger in one polarization relative to the other are
signed according to the stronger polarization and are mar
with an asterisk in column 4, Table I. Polarization data a
valuable in making Stark-level symmetry label assignmen
The absorption spectrum appearing in Table I represe
transitions~column 5! from the ground-state Stark levelZ1
in the 4I 15/2 multiplet manifold to Stark levels in excited
2S11LJ manifolds.

Absorption by individual excited multiplet manifolds at
K usually consists of more than the expectedJ1 1

2 absorp-
tion peaks for Er31 ions in a single site. In some case
several relatively sharp peaks are clustered about a stro
peak, and in other cases, the peaks are relatively br
showing evidence of unresolved structure. For example
Fig. 2 ~the 4I 9/2 manifold! we observe clusters of absorptio
peaks around 793, 797, and 806 nm. The spectrum of
4S3/2 manifold ~Fig. 3! is characterized by two absorptio
bands with shoulders. The most clearly resolved structur
3-2
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TABLE I. Absorption spectrum of Er31 in LiNbO3 ~8 K!.

2S11LJ
a l ~nm!b a ~cm21!c Pol.d Trans.e

E ~cm21!f

obs.
E ~cm21!g

calc. mh Percent free-ion state

4I 13/2 1532.2~sh! 3.81
6.67
1.23

J 6525
~6682! 1531.3 s* Z1→Y1 6529 6529 61/2 99.94I 13/210.034I 11/210.024I 15/2

1530~sh! 6534
1517.2 0.88

0.89
0.96

J 6589
1513.0 s Z1→Y2 6608 6610 61/2 99.94I 13/210.054I 11/210.014I 15/2

1510.2 6620
1508.4 0.85

0.74J 6628

1506.8 p* Z1→Y3 6635 6639 63/2 99.84I 13/210.084I 11/210.034I 15/2

1504.9 0.73 s Z1→Y4 6645 6654 61/2 99.84I 13/210.094I 11/210.024I 15/2

1485~sh! 0.97 — Z1→Y5 6732 6730 61/2 99.84I 13/210.054I 11/210.054I 15/2

1478.0 2.11
2.02J 6764

1475.4 p* Z1→Y6 6776 6772 63/2 99.84I 13/210.114I 11/210.034I 15/2

1471.5 1.10
1.08J 6794

1469.2 s Z1→Y7 6805 6805 61/2 99.94I 13/210.094I 11/210.014G9/2
4I 11/2 980.6 1.26

1.46
1.52

J 10195
~10301! 980.1 s 10200

979.6 Z1→X1 10205 10204 61/2 99.84I 11/210.074I 13/210.034F9/2

974.9
974.4

1.46
1.57J p* Z1 → X2

10255
10260 10262 63/2 99.84I 11/210.074I 9/210.044I 13/2

972~sh! 1.25
1.40J Z1→X3 10280 10286 61/2 99.84I 11/210.054I 13/210.044I 9/2

969.0 s Z1→X4 10317 10326 61/2 99.84I 11/210.144I 13/210.044F9/2

967~sh! 0.40 — Z1→X5 10340 10343 63/2 99.74I 11/210.154I 13/210.094F9/2

965~sh! 0.20 — Z1→X6 10360 10366 61/2 99.84I 11/210.104I 9/210.054I 13/2
4I 9/2 808.2 1.34 s 12370

~12491! 807.8 1.89 p Z1→W1 12376 12381 63/2 99.94I 9/210.064I 11/210.024F9/2

807.0 1.31 s 12388
805.9 1.25 s Z1→W2 12405 12407 61/2 99.84I 9/210.114F11/210.054I 11/2

805.6 1.22 p 12410
801~b! — — Z1→W3 12480 12485 61/2 99.84I 9/210.084I 11/210.022H11/2

797.6 1.35
1.32
1.35
1.38

J 12534
797.4 12537
797.1 p Z1→W4 12542 12540 63/2 99.84I 9/210.084I 11/210.074F9/2

796.2 12556
793.8 1.07

1.04
1.07

J 12597
793.3 s Z1→W5 12610 12619 61/2 99.94I 9/210.064F9/210.032H11/2

793.1 12612
4F9/2 659.8 1.70 s Z1→V1 15152 15151 61/2 99.94F9/210.054I 9/210.044F5/2

~15253! 658.3 1.06
1.14
1.27

J 15186
658.1 p Z1→V2 15191 15177 63/2 99.84F9/210.054I 9/210.044I 11/2

657.9 15196
655.7 1.08

1.37
1.11

J 15247
655.2 s Z1→V3 15258 15255 61/2 99.84F9/210.082H11/210.074I 11/2

655~sh! 15263
652.1 1.49

1.73J s 15331 15318 61/2 99.84F9/210.132H11/210.034I 11/2

651.8 Z1→V4 15338

651.4 2.20
1.41J p Z1→V5 15347 15349 63/2 99.64F9/210.172H11/210.124I 9/2

650.6 15366
4S3/2 547.6 0.86

0.84J s Z1→U1 18256 18254 61/2 97.84S3/212.142H11/210.024I 9/2

~18327! 547~sh! 18260
195103-3
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TABLE I. ~Continued.!

2S11LJ
a l ~nm!b a ~cm21!c Pol.d Trans.e

E ~cm21!f

obs.
E ~cm21!g

calc. mh Percent free-ion state

545~sh! 1.30
1.09J 18344

544.7 p Z1→U2 18354 18361 63/2 97.34S3/212.602H11/210.054I 9/2
2H11/2 526.4 2.83

3.07J 18992

~19070! 526.0 s Z1→T1 19010 19010 61/2 99.44H11/210.344F7/210.074F5/2

525.4 5.54
10.8J Z1→T2 19028

525.2 p 19035 19038 63/2 97.22H11/212.294S3/210.294F7/2

525~sh! 4.29
6.32J 19048

524.7 s Z1→T3 19053 19059 61/2 97.92H11/211.634S3/210.224F7/2

522.5 3.72 s Z1→T4 19133 19099 61/2 99.22H11/210.384F7/210.224S3/2

522.1 4.06 p Z1→T5 19148 19103 63/2 99.02H11/210.484F7/210.324S3/2

521.4 13.3
12.3J s Z1→T6 19181 19128 61/2 99.52H11/212.234S3/210.214F7/2

520.9 19192
4F7/2 490.9 0.79

1.77J s Z1→S1 20365 20369 61/2 99.44F7/210.432H11/210.064F5/2

~20456! 490.7~sh! 20369

490.2 0.38
0.43J 20394

489.9 p Z1→S2 20407 20408 63/2 98.64F7/210.762H11/210.404F5/2

488.5 0.56
0.76J 20465

488.3 s Z1→S3 20473 20461 61/2 99.04F7/210.522H11/210.224F5/2

486.8 1.70
1.96J 20537

486.3 s Z1→S4 20556 20582 61/2 99.54F7/210.182H11/210.114F5/2
4F5/2 453.3 0.68

0.54J s Z1→R1 22054 22054 61/2 95.24F5/214.394F3/210.184F7/2

~22092! 453.1 22064

453.0 0.52 p Z1→R2 22069 22062 63/2 95.64F5/213.744F3/210.394F7/2

451.8 0.24
0.20J s Z1→R3 22127 22135 61/2 99.24F5/210.354F3/210.214F7/2

451~sh! 22135
4F3/2 446.6 0.28

0.24J s Z1→Q1 22385 22385 61/2 94.94F3/214.744F5/210.104F7/2

~22443! 446.4 22395

443.8 0.13
0.10J p Z1→Q2 22526 22534 63/2 96.04F3/213.724F5/210.064F7/2

443~sh! 22535
2G9/2 410.0 0.13 s Z1→P1 24375 24375 61/2 99.62G9/210.272K15/210.104G11/2

~24492! 409.5
409.3

0.70
0.71J p Z1→P2

24413

24419 24427 63/2 99.22G9/210.554G11/210.182K15/2

408.6 0.53
0.51J 24467

408.2 s Z1→P3 24491 24488 61/2 99.32G9/210.494G11/210.102K15/2

407.8 0.50 p Z1→P4 24514 24534 63/2 99.22G9/210.474G11/210.252K15/2

406.7 0.67
0.74J 24581

406.5 s Z1→P5 24590 24588 61/2 99.42G9/210.524G11/210.044F7/2

aMultiplet manifold 2S11LJ ; number in parentheses is the calculated centroid.
bWavelength in nanometers;~sh! denotes shoulder;~b! denotes broad, unresolved structure.
cAbsorption coefficient in cm21 for unpolarized spectrum; sample thickness 0.196 cm; Er concentration; approximately 4.1931019 cm23;
bracket indicates a grouping of peaks, in some cases partly resolved structure on an absorption band.

dPolarization:s(E'c), p(Eic); asterisk indicates incomplete polarization with eithers or p as dominant.
eTransition from the ground-state Stark level (Z1) to excited-state Stark levels.
fEnergy of Stark level in vacuum wave numbers.
gCalculated level based on crystal-field splitting parameters obtained from lattice-sum model and listed in Table IV; the centro
adjusted to account forJ mixing.

hPredicted crystal quantum symmetry label where1G411G5[m(61/2) and2G6[m(63/2), for C3 symmetry.
195103-4
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associated with the absorption spectrum of the2H11/2 mani-
fold ~Fig. 3!. Multiple Er31 sites in LN have been confirme
earlier by different groups of investigators.25,32,34,36However,
in Table I each closely spaced group of absorption peaks
given manifold usually exhibits the same polarization beh
ior ~see Fig. 2, for example!, which suggests that th
Er31-site symmetries may be similar, but have slightly d
ferent crystal-field strengths that give rise to the small ene
differences that are observed between individual Stark le
in a grouping.

In Fig. 1, the intense 1531.3-nm absorption peak (Z1
→Y1) is asymmetric with unresolved shoulders at 153
and 1530 nm. The temperature-dependent peaks~hot bands!
are also asymmetric with a shoulder appearing on severa
these bands. UsingORIGIN software, we deconvoluted th
hot-band absorption data shown in Fig. 1 and the hot-b
data for 2H11/2. The deconvoluted hot bands in Fig. 1 a

FIG. 1. Absorption spectra of the4I 13/2 manifold, unpolarized,
and obtained at 8, 80, and 200 K.

FIG. 2. Polarized absorption spectrum of the4I 9/2 multiplet
manifold obtained at 8 K.
19510
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identified at wavelengths 1545.8 nm~6467 cm21!, 1561.7
nm ~6401 cm21!, 1568 nm ~6376 cm21!, 1576 nm ~6344
cm21!, and 1595 nm~6259 cm21!. These hot bands represe
transitions to the 6529-cm21 Stark level of 4I 13/2 in Table I
from Stark levels in the4I 15/2 manifold as follows: Z1
50, Z2562, Z35128, Z45153, Z55184, andZ65270, all
in cm21. These levels agree with the Stark levels reported
Milori et al.39 A similar set of six Stark levels for4I 15/2 was
established from the hot-band absorption spectra for theT1
and T2 groupings in the2H11/2 manifold. These six Stark
levels, together withZ7 andZ8 , are confirmed from analyse
of fluorescence from the4S3/2 and 4I 13/2 manifolds to4I 15/2
reported later in this study.

Different teams of investigators have suggested t
the Er31 ions occupy sites that haveC3 point-group
symmetry.39–44 Selection rules for electric- and magneti
dipole transitions for Er31 in these sites are as follows:45

FIG. 3. Polarized absorption spectrum of the2H11/2 and 4S3/2

multiplet manifolds obtained at 8 K.

FIG. 4. Polarized absorption spectrum of the4F3/2, 4F5/2, and
4F7/2 multiplet manifolds obtained at 8 K.
3-5
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wheres andp refer to polarizations when light travels pe
pendicular and parallel to the optic~c! axis, respectively.
Here R and L refer to right and left circular polarization
when the light travels down the optic~c! axis. For M.D.
~magnetic-dipole! transitions we interchangep for s in the
table, leavingR andL where they are presently placed. Th
labeling in the polarization table is according to Bethe.46,47

We find it more convenient to use the labelsm(61/2)
[2G4,5 andm(63/2)[2G6 developed by Hellwege,48 based
on the rotational properties of the wave functions of t
Stark levels.

In Table I and in Figs. 2–4 there is clear evidence forp
transitions originating from the ground-state Stark le
(Z1). According to the E.D.~electric-dipole! selection rules,
this means thatm~63/2! to m~63/2! transitions are involved
ThusZ1 is identified as am~63/2! crystal-quantum state an
the upper Stark levels for4F3/2 and 4S3/2, for example, are
m~63/2! states as well. Many of the transitions in Table I a
predominantlys polarized~in numerous cases the polariz
tion is complete!. These polarized peaks represent transitio
from Z1 to excited Stark levels whose symmetry labels
m~61/2!. Further verification of these assignments is ba
on circular polarization spectroscopy measurements
rently underway.49 The observed polarized spectra presen
in Table I identify transitions according to crystal-quantu
states and energies of Stark levels necessary for crystal-
splitting calculations, based on Er31 ions in C3 symmetry
sites.

V. FLUORESCENCE SPECTRA

The fluorescence observed between 1500 and 1650 n
8 K, representing transitions from4I 13/2 to 4I 15/2, is shown
in Fig. 5 and listed in Table II for the unpolarized spec
obtained at 8 and 80 K. The 8-K spectra shown in Fig
appear in both polarizations, although theY1→Z1 transition,
which is asymmetric on the high-energy side, is nearly
times stronger in thes polarization. Since theY1 energy
level is identified as am~61/2! Stark level in absorption
~Table I!, we expect as-polarized transition forY1→Z1 ,
representing am(61/2)→m(63/2) transition according
to E.D. selection rules forC3 symmetry. Transitions appea
ing in both sp polarizations represent transitions fromY1
m~61/2! to m~61/2! crystal-quantum states in the4I 15/2,
manifold.

The fluorescence peak at 1531.4 nm has an energy
matches the energy of the Stark levelY1 ~6529 cm21! in
Table I. The energy differences based on the 8-K spectrum
Table II give a splitting for the ground-state manifold4I 15/2
as follows: Z150, Z2561, Z35128, Z45155, Z55183,
Z65270, Z75352, andZ85415, all in cm21. The first six
Stark levels match the levels obtained from the analysis
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the hot-band absorption data and agree with the splitting
ported by Milori et al.,39 including Stark levelsZ7 and Z8
~see Table III!.

The fluorescence spectrum between4S3/2 and 4I 15/2
~540–580 nm! obtained at 8 K is similar to the spectrum
reported by others and does not need to be tabulated h
Transitions are observed fromU1 ~Table I! to Stark levels in
the ground-state manifold4I 15/2 at 547.6 nm~18257 cm21!,
549.5 nm~18197 cm21!, 551.4 nm~18 132 cm21!, 552.25
nm ~18 103 cm21!, 553.1 nm ~18 075 cm21!, 555.9 nm
~17 982 cm21!, 558.25 nm~17 908 cm21!, and 560.5 nm
~17 836 cm21!. The polarization appears in boths and p
with three transitions much stronger in thes fluorescence

FIG. 5. Unpolarized and polarized fluorescence spectra betw
4I 13/2 and 4I 15/2 multiplet manifolds obtained at 8 K.
3-6
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TABLE II. Fluorescence from4I 13/2 to 4I 15/2.a

2S11LJ
b l ~nm!c I ~a.u.!d E ~cm21!e Trans.f DE ~cm21!g l ~nm! I ~a.u.! E ~cm21! DE ~cm21!g

4I 13/2 1517.5 0.88 6588 Y2→Z1 0 1518.0 4.75 6587 0
1531.4 11.7 6529 Y1→Z1 0 1532.0 13.9 6527 0
1545.5 66.8 6468 Y1→Z2 61 1546.0 26.0 6467 60
1561.5 49.1 6401 Y1→Z3 128 1561.5 25.6 6402 125
1568.5 16.0 6374 Y1→Z4 155 1568.5 11.7 6374 153
1575.0 27.8 6346 Y1→Z5 183 1575.0 16.7 6347 180
1598~b! 1.00 6259 Y1→Z6 270 1598~b! 2.62 6259 268
1618.5 3.33 6177 Y1→Z7 352 1618.0 3.61 6179 348
1635~c! 0.60 6114 Y1→Z8 415 1635~b! 1.22 6114 413

aColumns 2–6 pertain to data obtained at 8 K; columns 7–10 represent data obtained at 80 K.
bEmitting multiplet manifold.
cWavelength in nanometers.
dIntensity in arbitrary units for either 8- or 80-K spectra.
eEnergy in vacuum wave numbers.
fTransition from upper Stark level to Stark levels,Zn , in 4I 15/2.
gEnergy difference.
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spectrum, which we identify as E.D.m(61/2)→63/2 tran-
sitions. Where the intensity is comparable in both polari
tions, we identify these transitions as E.D.m(61/2)→m
(61/2). In summary, we obtain the splitting and symme
labels asZ150, m~63/2!; Z2560,m~61/2!; Z35125,m~61/
2!; Z45154, m~63/2!; Z55182, m~61/2!; Z65275, m~61/
2!; Z75349,m~63/2!; andZ85421,m~61/2!, all in units of
cm21. Within experimental error, this splitting of the4I 15/2
manifold agrees with the analysis of the fluorescence sp
trum reported in Table II between4I 13/2 and 4I 15/2 and also
with the splitting given by Miloriet al.39 The fluorescence
spectrum also includes additional transitions that predict
of the 4I 15/2 splitting for the Er31 sites given by Witteet al.25

In Table III we list the splitting of the4I 15/2 reported by
Gabrielyanet al.,34 Dominiak-Dzik et al.,36 Milori et al.,39

and the splitting obtained from the polarized absorption a
fluorescence data presented in the present study.
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VI. MODELING THE CRYSTAL-FIELD SPLITTING

The energy-level structure of Er31(4 f 11) is analyzed in
terms of a parametrized model Hamiltonian that assume
charge-compensated site based on the mechanism prop
by Gog et al.27 having C3 symmetry. The Hamiltonian is
defined to operate within the manifold ofSLJMJ angular
momentum states of the ground-state electronic config
tion of 4f 11. The total Hamiltonian consists of atomic~‘‘free-
ion’’ ! and crystal-field terms that are spherically symmet
and crystal-field terms that are not spherically symmetric a
are partitioned into the expression,

Hcf5(
kq

Bq
kUq

~k! , ~1!

whereUq
(k) is a unit-tensor operator of rankk and orderq that

is summed over all 4f electrons and where theBq
k parameters
TABLE III. Stark levels of the4I 15/2 manifold.

Level
No.

E (cm21)expt

77 Ka
E (cm21)expt

5 Kb
E (cm21)expt

4 Kc
E (cm21)expt

8 Kd
E (cm21)expt

8 Ke
E ~cm21!

calc.f
m

calc.f

1 0 0 0 0 0 0 63/2
2 63 67 63 62 61 72 61/2
3 132 127,135 129 128 128 136 61/2
4 156 167 152 153 155 152 63/2
5 182 191 185 184 183 195 61/2
6 278 — 269 270 270 301 61/2
7 353 367 353 — 352 385 63/2
8 414 392,443 414 — 415 412 61/2

aReference 34.
bReference 36.
cReference 39.
dThis work; from hot-band absorption spectra to excited Stark levelsY1 , T1 , T2 ~Table I!.
eThis work; from 4I 13/2 8 K fluorescence to4I 15/2 ~Table II!.
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. terma Nb ~site! Li ~site! Er ~site!b Er (Bq
k)c

Aq
k Real Imag. Real Imag. Real Imag. Real Imag

0,1 233205 0 221934 0
0,2 213980 0 25340.8 0 25339 0 2911
0,3 245522 0 7122.3 0
3,3 16144 33214 1881.3 210500
0,4 241433 0 27442.6 0 21386 0 2572
3,4 21928 55742 2508.2 11183 2089 0 862
0,5 14113 0 26242.1 0
3,5 1236.5 816.66 21449.7 2137.2
0,6 7635 0 65.806 0 66.15 0 65
3,6 30.052 1185.7 2717.55 2346.55 2358.2 2347 2352 2341
6,6 24706.4 4345.7 21928.3 128.403 2193 16.28 2190 16
0,7 923.08 0 448.94 0
3,7 21745.3 24252.4 22.819 742.06
6,7 22608.5 2863.4 676.31 2224.9

aLattice-sum components of the crystal field in units of cm21; columns 2–6.
bFor crystal-field splitting calculations onlyk52,4,6 are necessary; rotation about quantization axis~c axis!
reduces lattice-sum terms from 9 to 8 forC3 symmetry.

cCrystal-field splitting parameters for Er31 in LN used to calculate the splitting reported in Table I~column
7! and Table III~column 7!.
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represent the radially dependent parts of the crystal-field
teraction. The operators and parameters appearing in Eq~1!
are written and defined according to convention
practice50–54and have been used by some of us in the pas
analyze the crystal-field splitting of Nd31, Sm31, and Er31

in the garnets.55–57

The atomic or ‘‘free-ion part of the total Hamiltonian is o
the form we used in analyzing the crystal-field splitting
the energy levels of Er31 in the garnets.55 Our initial set of
atomic parameters was taken from the work of Carn
et al.58 The calculated manifold centroids obtained w
these parameters were adjusted by a least-squares fitting
cedure to obtain the best overall agreement between ca
lated and observed manifolds that lead to a set of ato
parameters that we report in Table II of Ref. 59.

To establish the set of crystal-field splitting paramet
defined in Eq.~1!, we carried out point-charge lattice-su
calculations at the Li and Nb sites. Previous lattice-sum c
culations for Er31 in charge-compensated sites in host cr
tals of Ca5(PO4)3F and Sr5(PO4)3F, where Er31 resides in
C3 symmetry sites, have been helpful in setting up
lattice-sum program for Er31 in C3 sites in LN.60–62 In con-
sidering both size and formal charge differences (Li1, 0.68
Å ionic radius, and Er31, 0.96 Å ionic radius! Gog et al.27

proposed a model where 5.9% of the lattice sites of Li1 are
occupied by Nb51 ions with excess charge compensated
by Nb vacancies. The Er31 ions can substitute into thes
sites, replacing the Nb, while the number of Nb vacancie
readjusted to establish overall charge neutrality. Figur
~Ref. 27! shows the hexagonal unit cell with Nb and Li site
Abrahams and co-workers28,29 show the complete details o
the unit cell. Of special interest is Fig. 4~Ref. 27!, which
shows a diagonal cut through the hexagonal unit cell of L
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The two slanted bands mark the measured coherent posi
of Er atoms with respect to the (1,1,̄4̄) planes, the horizonta
band marks the Er position with respect to the (0,0,6)̄ planes,
and the bandwidth denotes the experimental error in locat
These drawings that show the position and symmetry in
unit cell of Er, Li, and Nb, and the vacancies based on
mechanism proposed by Goget al.27 provide us with the
necessary information to carry out lattice-sum calculatio
for both the undoped and Er-doped LN crystals.

The total monopole field in terms of even and odd lattic
sum components is given as

Aq
k52e2(

j
qjCq

k~R̂j !/Rj
n11, ~2!

whereqj is the effective electrostatic charge at the lattice s
(R̂j ) and the sum is taken over all sites in the lattice.60 The
irreducible spherical tensor components of the crystal fie
calculated from direct point-charge lattice sums, are defi
according to conventional practice.50,53 In Table IV we list
the toal monopole crystal-field components for Nb, Li, a
Er sites.

When an Er31 ion is placed in the lattice, the radial pa
of its free-ion wave function is affected by the environme
Morrison and his associates have modeled this effect
evaluating ion-host-dependent quantities that include shi
ing and scaling factors introduced to account for the exp
sion of the radial part of the free-ion wave function.63–66The
resulting corrections appear as a set of terms that are m
plied into the lattice-sum components to give a set of crys
field parameters as defined in Eq.~1!. In Morrison and Leav-
itt’s calculations,53,63–65 the one-electron crystal-field
3-8
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MODELING THE CRYSTAL-FIELD SPLITTING OF THE . . . PHYSICAL REVIEW B 69, 195103 ~2004!
operators are defined according to conventional practice
rank n and orderm instead ofk andq, respectively as given
in Eq. ~1!. Since the even-term lattice-sum components fr
Eq. ~2! are of primary importance for crystal-field splittin
calculations, we can write theBq

k parameters as

Bq
k5rkAq

k , ~3!

wherek52,4,6; q50,63,66, with uqu<k. The Bq
k param-

eters are interrelated according to the expression

B2q
k 5~21!qBq

k , ~4!

andr250.1706,r450.4126, andr650.9826 in units of Ån

for Er31(4 f 11).64 In C3 symmetry there are nine independe
Bq

k parameters, including real and imaginary terms. By ro
ing the reference frame about the quantization axis66 we can
reduce the number to 8: namely,B0

2, B0
4, B3

4, B0
6, B3

6, IB3
6,

B6
6, andIB6

6. The rotation is accomplished so that the ima
nary A4

3 is equal to zero.67 Values ofBq
k are given in Table

IV, and the resulting splitting is shown in Table I~column 7!
and Table III~column 7!. The predicted symmetry labels a
also given in these tables.

VII. DISCUSSION OF RESULTS

The predicted ground-state Stark level (Z1) ~Table III,
column 8! is labeledm~63/2!. According to E.D. selection
rules, onlym(63/2)→m(63/2) transitions are observed i
the p-polarized spectrum. Thatp-polarized spectra are ob
served in the 8-K absorption spectrum~Table I!, where
nearly all the population resides inZ1 , not only supports the
predicted symmetry forZ1 , but also predicts that the uppe
Stark level in each multiplet manifold,4S3/2 and 4F3/2, is a
m~63/2! state as well, in agreement with the observed po
ization in Figs. 2, 3, and 4. The calculated manifold splittin
are also in reasonable agreement with the experimental s
ting reported in Table I.

The predicted polarization and crystal-field splitting
multiplet manifolds, including2G9/2, 4F5/2, 2H11/2, 4F9/2,
and 4I 9/2, where the experimental polarization in absorpti
is nearly complete, are also in good agreement with the
perimental data reported in Table I and the spectra show
Figs. 2–5. In absorption, the4I 11/2 and 4I 13/2 exhibit only
partial polarization so that the predicted symmetry lab
cannot be assigned with the same certainty. However,
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symmetry label predictions appear to be in agreement w
the dominant polarization for those transitions. The predic
symmetry label forY1(4I 13/2) is a m~61/2!. Fluorescence
from Y1 and from 4S3/2U1 to the ground-state manifold
4I 15/2 is in agreement with the energy of the Stark leve
predicted by the crystal-field splitting calculations given
Table III.

We did not attempt to fine-tune our calculations with
least-squares fitting of the Stark levels since the levels in
given multiplet grouping could not be experimentally iden
fied further according to a particular site. In that sense,
approach follows the ‘‘quasicenter’’ concept first describ
by Kaminskii68 which we used to interpret the crystal-fie
splitting of the energy levels of Nd31 and Er31 in the disor-
dered structure of NaBi(WO4)2 .69

The question can also be raised pertaining to more c
ments on the different sites. The site-selective spectrosc
reported by Gillet al.32 and Witteet al.25 provide important,
but not enough information to cover all the multiplet man
folds of Er31 necessary for us to carry out a detailed cryst
field splitting analysis to separate individual Stark levels t
particular site. The work by Reboutaet al.40–42 on nonaxial
sites for Er31 in LN, again, is very insightful to our under
standing of the complexity of the charge-compensat
mechanisms that are involved. Their results together w
magnetic resonance studies reported by Dischleret al.43 and
Milori et al.39 give confirming evidence for more than on
Er31-site in LN. However, it was the work of Goget al.27

that provided us with a mechanism and details for latti
sum calculations. The present study is likely a first step
examining the charge-compensation mechanisms that are
propriate to the different Er31 sites found in doped lithium
niobate.

In conclusion, we present a crystal-field splitting analy
of the energy~Stark levels! of Er31(4 f 11) in lithium niobate
based on a lattice-sum calculation that considers the cha
compensation model as proposed by Goget al.27 The ob-
served polarized absorption and fluorescence spectra su
the assumption that the Er31 site symmetries areC3 . The
calculated splitting is in reasonable agreement with
groupings of the observed splitting. The calculation also p
dicted that the symmetry of the ground state ism~63/2!. This
prediction provides a systematic and consistent interpreta
to the observed polarized spectra.
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