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We report crystal-field splitting investigations of Gd31(4 f 7) energy levels determined from high resolution
energy~Stark! level cathodoluminescence~CL! spectroscopy of Gd-implanted 2H-aluminum nitride~AlN ! in
the wavelength range 250 to 320 nm and at temperatures 12, 77, and 300 K. The CL spectra are interpreted in
terms of lattice-sum and crystal-field splitting models that assume implanted Gd replaces Al substitutionally in
cationic sites in AlN havingC3v point group symmetry. The CL spectra are associated with Gd31 ions in a
single site. A rms deviation of 7 cm21 was obtained between 43 observed and calculated Stark levels. The
intense UV emission at 318 nm~the 6P7/2→8S7/2 transition! can be understood in terms of multiplet-to-
multiplet branching ratios.
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I. INTRODUCTION

Wide band gap semiconductors have considerable po
tial as components in optoelectronic devices, especi
when implanted with trivalent rare earth~RE! ions.1–9 Opti-
cally characterized by intra-4f electronic transitions, thes
ions emit electromagnetic radiation at discrete waveleng
ranging from the ultraviolet~UV! to the infrared~IR!.10–14

As phosphor illuminators, these materials play an import
role in the design of white light emitters.15,16

Because of its material and optical properties, 2
aluminum nitride17 ~AlN ! has been investigated as a host
light emitters implanted with Er31, Eu31, Tb31, and re-
cently, Gd31 and Tm31 as a blue and UV light emitter.1–9,18

AlN has a high thermal conductivity and stability; it
chemically inert in most environments, and has a band ga
more than 6 eV~50 000 cm21!.17 Such a wide band gap
allows for UV emission from RE ion levels that are othe
wise unavailable inw-GaN or 6H-SiC having band gaps le
than 30 000 cm21.17 Even many insulator crystal hosts e
hibit strong lattice absorption above 35 000 cm21.11

In addition to device applications, AlN as a host for R
ions allows for possible detailed investigations of the crys
field splitting of high-energy 4f n states, 4f n215d states, and
the determination of free-ion parameters of lanthanide c
figurations, 4f ,6–8 whose values are poorly known due to t
lack of sufficient experimental energy~Stark! level data.14

Also closer scrutiny is possible concerning the basic prem
that forbidden electric-dipole transitions within the 4f n con-
figuration are due to mixing of states of opposite par
through the odd terms in the crystal-field expansion about
cationic site in the host lattice.12,19,20

Recent crystal-field splitting analyses of lanthanide-dop
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GaN21–23 based on luminescence data for Pr31, Sm31, and
Tb31 suggest that similar studies can be performed succ
fully as well on RE ion-doped AlN, and in particular o
Gd31 and Tm31-doped AlN, where the size of the band ga
permits direct observations of luminescence from the se
states of Gd31(4 f 7) and the 3PJ , 1I 6 states of
Tm31(4 f 12).9,24

In the present study, the interpretation of the Gd31

cathodoluminescence~CL! spectra that we report, and th
Tm31 ~CL! spectra, which will appear in a subsequent p
sentation, are consistant with results obtained from latti
sums calculations and crystal-field splitting modeling th
assumes that the implanted Gd31 and Tm31 ions in AlN take
substitutional Al lattice sites ofC3v symmetry. That there
appears to be no change in the local cationic symmetry
tween implanted Gd31 and Tm31 ions is contrary to what
has been found between Sm31, Tb31, and Er31 in GaN,
where the change fromC3v symmetry for Sm31 in GaN to
D2 symmetry in Tb31 and Er31 in GaN is postulated as du
to local structural changes based on differences in RE io
radii.23

While the outcome of the crystal-field modeling is to e
tablish consistency between calculated and experime
2S11LJ multiplet manifold splittings, an important input pa
rameter for lattice-sum calculations is the lattice location
the RE ions, or, in other words, the position and symmetry
the ion in the unit cell. An attractive direct determination
the ion’s lattice location is provided by the emission cha
neling ~EC! technique,25 which uses charged particles em
ted in the decay of radioactive ions for lattice location stu
ies. Nearly all lanthanides have a satisfactory decay ch
that has made EC studies successful in determining la
locations in semiconductors like, e.g., Si, InP, GaAs, S
©2004 The American Physical Society02-1
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GaN, diamond,c-BN and AlN.8,9,26–30Recently, in carrying
out lattice location studies for Yb31 in AlN,9 we showed that
RE ions implanted into AlN take substitutional Al lattic
sites for annealing temperatures in the range 293 K to 1
K. This position within the AlN unit cell hasC3v symmetry
and represents the starting point for our lattice s
calculations.31–33 Included in the present investigations a
the details of the observed crystal-field splitting of the ene
levels of Gd31 in AlN as obtained from an analysis of th
observed cathodoluminescence spectra obtained at 12 K
K, and 300 K. Intensities are reported in arbitrary units
different temperatures and show the relatively intense em
sion between the first excited manifold and the ground s
(6P7/2→8S7/2), which makes Gd31 the ion of choice for
implementing quantum cutting devices.34,35With modest ad-
justment to the crystal-field splitting parameters,Bnm , ob-
tained from lattice-sum calculations, an rms deviation o
cm21 is obtained between 43 calculated-to-observed S
levels.

II. SAMPLE PREPARATION AND LUMINESCENCE
MEASUREMENTS

Films of AlN, grown on substrates of 6H-SiC~0001! by
metal-organic chemical vapor deposition~MOCVD!, were
obtained from commercial sources. Upon receipt, the s
strate was cut into small pieces, rinsed in acetone and de
ized water, and dried under a flow of nitrogen gas. Ruth
ford backscattering spectroscopy~RBS! revealed a film
thickness of 200 nm.158Gd ions were implanted into thes
films at energies of 100 keV and fluences of 331013

ions/cm2. Both RBS measurements and implantation te
niques are described elsewhere.36 During implantation,
samples were tilted 10° to the incident beam to avoid ch
neling by the incident ions. The mean implantation de
was calculated to be 3367 nm, assuming an AlN film den
sity of 3.23 g/cm3.37 Post-implantation annealing was carrie
out in a vacuum tube furnace at pressures near 1026 mbar
and at a temperature of about 1373 K for 30 min. Furt
details can be found in Ronninget al.38

For CL fluorescence measurements, implanted sam
were mounted on the head of a closed-cycle helium ref
erator located inside the vacuum chamber. An electric
controller resistive heater placed at the refrigerator head
lows one to adjust the sample temperatures between 1
and 300 K. The excitation source consisted of a SPE
EQ22 Auger electron gun that provides electrons with en
gies in the range between 100 eV to 5 keV and beam curr
between 0.01mA and 150mA.

Sample luminescence was passed through a quartz
dow and collected with a UV-coated achromate lens p
before reaching the entrance slit of a Czerny-Turn
spectrograph, model Jobin-Yvon 1000M. The light was d
persed using a holographic grating, blazed at 300 nm, w
1200 lines/mm, and detected by a nitrogen-cooled CCD c
era, model Jobin-Yvon, UV-enhanced CCD~EEV CCD30-
11!. Exposure times for the spectra ranged from 1 s to 180 s.
Unavoidable cosmic spikes that occur during long expos
times were identified by measuring each of the spectra
19520
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least twice and were manually removed from the experim
tal data. The spectrograph was repeatedly calibrated u
the air wavelengths of spectral lines from a mercury la
standard.39 The uncertainty in wavelength measurements w
about 0.02 nm. Temperature-dependent measurements
made on transitions at a given wavelength without mov
the grating or otherwise disturbing the experimental setup
order to minimize inaccuracies in the measurements.

III. OBSERVED LUMINESCENCE SPECTRA

Figures 1–4 present the CL spectra of the6DJ , 6I J , and
6PJ states of Gd31(4 f 7) observed between 250 nm and 32
nm at temperatures of 12, 77, and 300 K, and under exc
tion conditions of 5 keV and 0.25 W/cm2. With an increase
in temperature, higher-energy Stark levels within a giv
multiplet manifold are populated so that at 300 K all e
pectedJ11/2 Stark levels are observed for each Kram
manifold ~see, for example, Fig. 1, the6D9/2 and Fig. 4, the
6P5/2 and 6P7/2 manifolds!. The ground-state manifold
8S7/2, has such a small splitting~predicted to be less than 0.
cm21! that its splitting is not observed in the present data10

As we pointed out earlier in the analyses of the lumin

FIG. 1. CL spectra of the6D9/2→8S7/2 transition of Gd31 in
AlN, recorded between 254 and 264 nm at 12, 77, and 300 K.

FIG. 2. CL spectra of the6I 7/2,9/2,17/2,11/2,15/2,13/2→8S7/2 transi-
tions of Gd31 in AlN, recorded between 277 and 287 nm at 12, 7
and 300 K.
2-2
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cence spectra of Pr31, Sm31, and Tb31 in GaN,21–23 ana-
lyzing unpolarized CL spectra for transitions between in
vidual Stark levels is primarily limited to matching repeat
energy-level differences, similar to the technique used
analyzing the arc and spark spectra of ions and molecule
their energy-level configurations.40 We are aided in the
present study, however, by the number of2S11LJ multiplet
manifolds that are separated from one another by suffic
energy so that crystal-field mixing is minimal, and by t
fact that the manifold splitting of the8S7/2 is so small that
assignments for each level can be made with relative e
and are listed in Table I. For example, the splitting of t
6D9/2 manifold ~Fig. 1! is represented by transitions
through 5, and the splitting of the6P7/2 manifold ~Fig. 4! is
represented by transitions 41 through 44 in Table I, colu
2. Both the size of the manifold splitting and the values
the energy levels~cm21! can be compared to similar data fo
Gd31 in fluoride, chloride, and oxide insulator host crysta
with interesting results that support the nephelauxetic ef
observed in rare earth systems.10–13,41

IV. MODELING THE ENERGY LEVELS

A point-charge lattice-sum model described earlier21–23

was adapted to analyze the crystal-field splitting of
2S11LJ energy levels of Gd31(4 f 7) in AlN. From lattice
location studies described by Vetteret al.9 we conclude that
implanted Gd31 in AlN take substitutional Al sites in the
lattice that haveC3v point group symmetry in a hexagon
structure with space groupC6v

4 2P63 . The cell parameters
area5b53.11200 Å,c54.99820 Å, witha5b590°, and
g5120°. The lattice constants are similar to those for h
agonal GaN. Thec/a ratio is 1.601 for AlN and 1.625 for
GaN.42,43 Based on ionic radii and volume consideration
Gd31 should be accommodated in the Al sites.42–45The fact
thatJ11/2 transitions are identified in the spectra to each
the well isolated multiplet manifolds further indicates th
Gd31 ions are found in a common site~see Figs. 1 and 4, fo
example!. In AlN the axis of highest symmetry (C3) is cho-
sen as thez axis~axis of quantization! and corresponds to th
c axis in the unit cell.42

FIG. 3. CL spectra of the6P7/2,5/2,3/2→8S7/2 transitions and pho-
non sidebands of Gd31 in AlN, recorded between 304 and 321 n
at 12, 77, and 300 K.
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The lattice-sum componentsAnm , expressed in units o
cm21/Ån, are given as

Anm52e2(
j

qj

Cnm~ r̂ j !

r j
n11 , ~1!

whereqj is the effective charge on the ion, and the sum
taken over all the ions in the lattice. By varying the form
charge of 3 on Al and N between 2.9 and 3.0 in our lattic
sum calculations, we find the assumption of isovalent im
rity (Gd31) traps to be reasonable and consistent.21,42–45

The crystal-field splitting parametersBnm , are related to
the lattice-sum components by the expressionBnm5rnAnm
where thern for Gd31 arer250.1668,r450.4656, andr6
51.1873.46 TheBnm are in units of cm21 and the units ofrn
are (Ån)21. The Bnm parameters appear in the crystal-fie
Hamiltonian

HCF5 (
n even

(
m52n

n

Bnm* (
i 51

N

Cnm~ r̂ i ! ~2!

with the normalized one-electron tensor operators,Cnm( r̂ i),
defined by19

Cnm~ r̂ i !5A 4p

2n11
Ynm~u i ,f i ! ~3!

and

Cn,2m~ r̂ i !5~21!mCnm* ~r i !. ~4!

In Eq. ~3!, theYnm are spherical harmonics, andn52, 4 and
6 with m50, 63, and66, for umu<n. The sum oni in Eq.
~2! runs over the seven 4f electrons~the half-filled shell! of
Gd31.

The crystal field Hamiltonian given in Eq.~2! is diagonal-
ized together with a parametrized free-ion Hamiltonian t
includes coulombic, spin-orbit and interconfiguration inte
action terms,

FIG. 4. CL spectra of the6P7/2,5/2→8S7/2 transitions of Gd31 in
AlN, recorded between 311 and 321 nm at 12, 77, and 300 K.
2-3
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TABLE I. Energy levels of Gd31 (4 f 7) in AlN.a

Levelb
2S11LJ No.c

ld

~nm!
Ie

~arb. units!
Eobs

f

~cm21!
Ecalc

g

~cm21! mh Percent free-ion mixture

6P7/2 44 318.15 116.38\53.19\75.53 31423 31418 61/2 99.76P7/210.076I 13/210.076I 15/2

~31449! 43 318.07 20.58\26.68\39.67 31431 31422 61/2 99.76P7/210.086P5/210.076I 17/2

42 317.93 10.51\53.27\97.40 31444 31449 63/2 99.86P7/210.056I 17/210.036I 11/2

41 317.72 3.06\41.09\92.63 31465 31468 61/2 99.86P7/210.066I 15/210.036I 13/2
6P5/2 40 312.23 -\-\6.99 32018 32020 63/2 99.66P5/210.146I 17/210.136I 7/2

~32043! 39 312.13 -\-\1.58 32029 32025 61/2 99.76P5/210.096P7/210.086I 17/2

38 311.91 -\-\5.3 32051 32050 61/2 99.66P5/210.176I 17/210.156I 7/2
6P3/2 37 306.73 -\-\17.52 32593 32585 61/2 99.66P3/210.146I 15/210.096I 9/2

~32602! 36 306.62 -\-\4.77 32604 32596 63/2 99.56P3/210.166I 13/210.146I 11/2

35 306.47 -\-\13.4 32620
6I 7/2 34 285.34 4.98\2.47\1.49 35036 35040 61/2 99.86I 7/210.146I 9/210.036P5/2

~35076! 33 285.02 -\1.19\1.35 35075 35076 61/2 99.66I 7/210.276I 9/210.056P5/2

32 284.94 -\2.18\2.71 35085 35079 63/2 99.76I 7/210.136I 9/210.126P5/2

31 284.74 -\0.9–1.66 35109 35118 61/2 99.86I 7/210.116P5/210.026I 9/2
6I 9/2 30 282.44 35395 35380 61/2 99.36I 9/210.286I 17/210.246I 7/2

~35420! 29 282.33 35409 35400 61/2 98.76I 9/210.786I 17/210.256I 11/2

28 282.22 35423 35414 63/2 98.86I 9/210.536I 17/210.466I 17/2

27 282.09 35439 35453 63/2 98.36I 9/211.156I 17/210.206I 11/2

26 282.06 35443 35458 61/2 96.76I 9/212.866I 17/210.206I 11/2
6I 17/2 25 281.92 35461 35475 61/2 99.56I 17/210.226I 13/210.146I 15/2

~35479! 35476 63/2 98.46I 17/210.756I 9/210.646I 15/2

24 281.80 35476 35477 61/2 98.56I 17/210.666I 9/210.436I 15/2

35478 61/2 98.26I 17/210.286I 9/210.206I 11/2

35480 63/2 98.86I 17/210.696I 9/210.336I 11/2

23 281.72 35486 35483 61/2 98.56I 17/210.206I 13/210.136I 9/2

22 281.57 35505 35495 61/2 98.46I 17/211.036I 9/210.216I 15/2

21 281.25 35535 35540 63/2 99.16I 17/210.226I 15/210.186I 11/2

20 281.21 35550 35550 61/2 97.56I 17/211.796I 9/210.266I 13/2
6I 11/2 19 280.24 35673 35670 63/2 98.16I 11/211.006I 15/210.556I 9/2

~35711! 35675 61/2 98.86I 11/210.566I 15/210.186I 17/2

18 280.09 35692 35694 61/2 98.96I 11/210.646I 13/210.156I 15/2

35738 61/2 95.66I 11/212.616I 15/211.326I 13/2

17 279.75 35736 35739 63/2 97.86I 11/211.086I 15/210.406I 13/2

279.6 35754 35750 61/2 97.76I 11/211.706I 15/210.286I 17/2
6I 15/2 16 279.14 35814 35814 61/2 96.16I 15/213.406I 11/210.286I 17/2

~35850! 35819 61/2 98.46I 15/210.826I 13/210.436I 17/2
6I 13/2 35820 63/2 80.26I 15/2118.46I 13/210.636I 11/2

~35869! 15 279.02 35829 35827 63/2 80.36I 15/2118.46I 13/210.636I 11/2

14 279 35832 35831 61/2 95.36I 13/213.166I 15/211.256I 17/2

13 278.96 35837 35841 61/2 84.36I 13/2115.36I 15/210.146I 11/2

12 278.84 35852 35852 61/2 85.26I 15/2114.36I 13/210.266I 11/2

11 278.78 35860 35865 61/2 90.86I 15/218.016I 13/210.736I 11/2

10 278.65 35877 35877 63/2 97.56I 15/211.356I 13/210.736I 11/2

35881 61/2 83.36I 13/2116.16I 15/210.406I 11/2

9 278.57 35887 35887 63/2 98.56I 15/210.646I 13/210.566I 11/2

35890 61/2 85.66I 15/2113.36I 13/210.826I 11/2

8 278.49 35897 35902 63/2 97.96I 13/211.356I 15/210.366I 11/2

7 278.39 35910 35904 61/2 97.86I 13/211.746I 15/210.226I 17/2

6 278.34 35917 35912 61/2 98.96I 13/210.716I 15/210.166I 17/2
6D9/2 5 259.27 -\-\0.11 38558 38573 63/2 99.86D9/210.126D7/210.146I 15/2

~38671! 4 258.96 -\-\0.09 38604 38600 61/2 99.76D9/210.146D7/210.046I 15/2

3 258.32 -\-\0.12 38700 38692 63/2 99.86D9/210.046D7/210.036I 11/2
195202-4
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TABLE I. ~Continued.!

Levelb
2S11LJ No.c

ld

~nm!
Ie

~arb. units!
Eobs

f

~cm21!
Ecalc

g

~cm21! mh Percent free-ion mixture

2 258.09 -\-\0.09 38735 38729 61/2 99.86D9/210.056D7/210.046I 15/2

1 257.90 0.19\0.13\0.12 38763 38762 61/2 99.76D9/210.106D7/210.076D1/2
6D1/2 39603 61/2 83.96D1/2115.76D7/210.256D5/2

~39621!
6D7/2 39679 63/2 83.76D7/2113.16D3/212.976D5/2

~39713! 39693 61/2 87.86D7/2111.06D3/210.946D5/2

39721 61/2 95.46D7/212.6 6D1/211.186D5/2

39727 61/2 85.26D7/2112.86D1/211.146D3/2
6D3/2 39847 63/2 71.86D3/2119.16D5/219.066D7/2

~39851! 39871 61/2 74.56D3/2115.66D5/219.636D7/2
6D5/2 39952 63/2 77.86D5/2115.16D3/217.016D7/2

~39978! 39984 61/2 83.46D5/2112.46D3/213.966D7/2

40062 61/2 97.76D5/211.966D7/210.216D3/2

aSpectra obtained at 12, 77, and 300 K.
b2S11LJ multiplet manifolds for Gd31 (4 f 7); the number in parenthesis indicates the calculated centroid for each manifold.
cNumber of transition as assigned in the figures.
dExperimental wavelength in nanometers.
eCL intensity in arbitrary units at different temperatures@ I (12 K)\I (77 K)\I (300 K)#. Intensities of the6P7/2→8S7/2 and 6P5/2→8S7/2

transitions have to be multiplied by;50.
fEnergy in vacuum wave numbers.
gCalculated splitting based on Gd31 in C3v sites:B2052211,B40521691,B43521063,B605655.5,B6352188.4, andB665293.7; rms
7 cm21, between 43 observed and calculated Stark levels.

hSymmetry labelm561/2, m563/2, calculated using theBnm parameters in footnote g.
al

is
e

th
r

se
iz
il-

-
00
n

he
il
-

rors
e

ll
n is
the

la-
e
for

el-
ies.

or

eri-
ia-

ec-

ay
tion

to

n-
rted
HFI5H01EAVE1 (
k52,4,6

f kF
k1z(

i 51

7

si• l i1aL21bG~G2!

1gG~R7!1 (
i 52,3,4,6,7,8

t iT
i1 (

k50,2,4
mkM

k

1 (
k52,4,6

pkP
k, ~5!

for the 4f 7 electronic configuration, where the individu
terms and definitions are detailed by Go¨rller-Walrand and
Binnemans,47 and a starting set of free-ion parameters
given by Carnallet al.48 for Gd31. These parameters ar
used to calculate the reduced matrix elements ofU2, U4, and
U6 between all intermediate-coupled wavefunctions for
electronic configuration. A separate program takes the
duced matrix elements between the free-ion multiplets,
up the crystal spaces for a given symmetry, and diagonal
in that space of multiplets the crystal-field splitting Ham
tonian given in Eq.~2!. The number of 2S11LJ free-ion
eigenvectors is 327 for 4f 7 with more than 2000 doubly
degenerate~Stark! energy eigenvalues spanning 180 0
cm21. A complete diagonalization of the energy matrix co
sisting of crystal quantum statesm561/2 andm563/2 is
not particularly useful given that only 192S11LJ multiplets
lie within the band gap, of which we have data for all but t
6GJ multiplets. Instead, we diagonalize the complete Ham
tonian for the lowest-energy 25 multiplet manifolds, follow
19520
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ing the approach we used earlier to reduce truncation er
to a minimum.49 Truncation errors are introduced when th
J-mixing is large. In Table I the mixing is relatively sma
and suggests that the approximation made by truncatio
reasonable for the levels observed in the CL spectra. In
following fitting scheme, we vary only the sixBnm , and the
centroid for each multiplet in order to account for the re
tively small crystal-field mixing between states. Fitting of th
free ion parameters is not possible in our case, because
the observed free ion energy levels corresponding matrix
ements are often too small, resulting in large uncertaint
Typical examples are the Slater parametersFk. The starting
set of Bnm were obtained from lattice-sum calculations f
GaN. With modest adjustment to the initialBnm parameters
and centroids, we obtain final agreement between 43 exp
mental Stark levels and calculated levels with a rms dev
tion of 7 cm21. Based on the analysis of the observed sp
tra, the splitting of other multiplets, such as the6D1/2,7/2,3/2,5/2
are predicted and reported in Table I. The6GJ multiplets are
predicted close to the band gap. Their multiplet splitting m
be of interest for energy transfer between the conduc
band and the ion, but we lack sufficient data at this time
determine the energy~Stark! levels for these multiplets.

V. CATHODOLUMINESCENCE INTENSITIES

From Figs. 1–4 we obtain qualitative information co
cerning the emission characteristics that were first repo
2-5
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by Vetter et al.24 for Gd31:AlN, particularly the intense
emission identified from the four Stark levels of the6P7/2 to
the ground state8S7/2 observed between 317.72 nm an
318.15 nm~transitions 41–45, Table I!. There is a factor of
50 times greater intensity for these transitions as compa
with all other transitions observed.

We can make a rough approximation of expected tra
tion probabilities for electric- and magnetic-dipole tran
tions to the ground state using the parametrization meth
developed by Axe,50 and Krupke and Gruber,51 which later
evolved into the Judd-Ofelt approximation methods. The
diative transition probabilities are of the form12,52

W5
64p4e2^n&3n~n212!2

27h@J#

3 (
l52,4,6

Vlu^2S11LJiU ~l!i8S7/2&u2

[ (
l52,4,6

A8~l!Vl , ~6!

wheren is the index of refraction at the wavelength of th
transition, assuming an isotropic medium,^n& is the energy
of the radiation in cm21, u^iU (l)i&u2 are the squared reduce
matrix elements, andV2 , V4 , andV6 are the intensity pa-
rameters. For comparison, values ofV2 , V4 , and V6 are
reported by Sytsmaet al.53 based on analyses of emissio
data from Gd31 in other hosts.41 The values of the square
reduced matrix elements for this study are given in Fig. 5
manifold transitions between the ground state8S7/2, and ex-
cited 6PJ , 6I J , 6DJ , and 6GJ states.

In addition to radiative relaxations between Gd31 ion
states, we need to consider nonradiative deexcitation du
multiphonon relaxation as well. The relatively small man
fold splittings, and the closely spaced multiplets for many
the states reported in Table I, suggest that multiphonon
laxations will reduce the actual lifetime and observed em
sion from most states, with the possible exception of6D9/2,
6I 7/2, and 6P7/2, the latter which is separated from th
ground state by more than 31 000 cm21.

Since all emission from the6P7/2 goes directly to the
ground state8S7/2, it is worthwhile to explore branching

FIG. 5. Squared reduced matrix elements in units cm21 for tran-
sitions between ground state and first 18 excited2S11LJ multiplet
manifolds of Gd31 ~notation 2S11L2J).
19520
ed

i-

ds

-

r

to

f
e-
-

ratios from states higher in energy than6P7/2 to see if we can
explain the intense emission observed at 318 nm reporte
Vetter et al.24 Since both even and odd crystal-field comp
nentsAnm are obtained from lattice-sum calculations, a
Stark levels and corresponding wave functions have b
identified for Gd31 in AlN, we can model branching ratio
following an approach outlined in our analysis of the C
spectra of Sm31 in GaN.22

Line-to-line branching ratios are computed as a funct
of temperature by including a partition function represent
the population in individual Stark levels as

b i j 5
ziWi j

( i j ziWi j
, ~7!

where

zi5
exp~Ei /kBT!

( i exp~Ei /kBT!
, ~8!

andi represents the emitting Stark level. Multiplet branchi
ratios corresponding to the Judd-Ofelt method53 are obtained
by summing contributions from line-to-line transitions, ea
weighted equally (zi51.0 for all i!. By calculating multiplet
branching ratios from6G7/2→6DJ , 6I J , 6PJ , 8S7/2; 6DJ

→6I J , 6PJ , 8S7/2; 6I J→6PJ , 8S7/2, we find substantial
probability of decay to the6PJ states. Rapid relaxation
among 6PJ states leads to the prediction that the6P7/2

→8S7/2 transition at 318 nm is the most likely emission b
several orders of magnitude. Based on analyses of the fl
rescence spectra of Gd31 in other hosts and our modelin
studies, we conclude that the6P7/2→8S7/2 transition ob-
served at 318 nm clearly dominates other radiative tra
tions possible between excited states not involving
ground state.

VI. SUMMARY

In summary, we report a detailed crystal-field splittin
analysis of Gd31 implanted in AlN. Lattice-sum calculations
and modeling of the crystal-field splitting supports our rec
work indicating that the Gd31 ions substantially replace A
in lattice sites havingC3v point group symmetry in hexago
nal AlN. All the CL spectra are associated with Gd31 in a
single site. Modest adjustments to six crystal field parame
Bnm , and to the centroid for each multiplet manifol
2S11LJ , leads to a rms deviation of 7 cm21 for 43 observed-
to-calculated Stark levels. The intense UV emission at 3
nm ~the 6P7/2→8S7/2 transition! can be understood in term
of multiplet-to-multiplet branching ratios based on a Jud
Ofelt analysis of the observed spectra.
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