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We report a detailed analysis of the cathodoluminescence spectra of Tm3+-implanted 2H-aluminum nitride
(AlN ) covering the wavelength range between 290 and 820 nm at temperatures between 12 and 60 K. More
than 200 transitions are observed, of which more than 100 of these transitions can be identified from emitting
multiplet manifolds1I6,

1D2, and1G4. Although the emitting levels are not observed directly, emission is also
attributed to the3P2 and3P1 multiplet manifolds based on analyses of transitions to terminal levels3F4,

3H5,
and 3F3. The observed crystal-field splitting of the ground-state multiplet manifold,3H6, and manifolds3F4,
3H5,

3H4,
3F3,

3F2, and 1G4 is established from an analysis based on matching repeated energy differences
between transitions. This method is similar to one used in analyzing arc and spark spectra. Temperature-
dependent spectra also establish the crystal-field splitting of the3P1 and part of the manifold splitting of
emitting levels such as1I6. To establish an initial set of crystal-field splitting parameters,Bnm, that can be
related to a physical model, we carried out a lattice-sum calculation by computing the crystal-field components,
which are the coefficients in a multipolar expansion of the crystal field about the Al3+ sites that haveC3v
symmetry in the lattice. Emission channeling experiments indicate that the Al3+ sites serve as the substitutional
sites for Tm3+ in AlN. With only minor adjustments to the calculated centroids to account forJ-mixing, the
calculated crystal-field splitting of most multiplet manifolds,2S+1LJ, of Tm3+s4f12d based on theBnm obtained
from the lattice-sum calculations, is in good agreement with the reported experimental splitting.
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I. INTRODUCTION

The radiative intra-4f electron transitions of tripositive
rare earth ionssRE3+d doped into very wide band-gap semi-
conductors, such as 2H-aluminum nitride(AlN ), are of con-
siderable interest currently as these materials have promise
for optoelectronic applications.1–12As a host semiconductor,
AlN has a band gap of 6.2 eV; it has high thermal conduc-
tivity and is chemically inert in most environments.8 Such a
wide band gap exploits the ultraviolet energy levels of many
RE3+ ions hidden to prominent hosts such as Si or GaN, the
latter being the current host of choice for RE3+ ion light
emitters.13–19 The possibility of observing ultraviolet emis-
sion from 4fn and 4fn−1 d states of RE3+ ions not only opens
up fundamental spectroscopic studies,12,20 but also makes
these systems interesting candidates for phosphor illumina-
tors playing an important role in the design of white light
emitters.21,22

The potential of AlN as a host for RE3+ ions has been
demonstrated by a number of groups for Er3+- (Refs. 1–7),
Eu3+ and Tb3+- (Ref. 23), Tm3+- (Refs. 24 and 25), and
Gd3+- (Ref. 12) doped AlN. However, limited implantation
fluence can hinder the spectroscopic investigations necessary
to identify the detailed crystal-field splitting of the energy
levels of the rare earth ions. Ion implantation is not always

the method used for doping. But in contrast to doping during
growth, the use of ion implantation ensures that no additional
impurities are incorporated(especially oxygen). Of particular
concern has been the identification of the ion sites in the
lattice. An attractive direct determination of the ion’s lattice
location is provided by the emission channeling(EC) tech-
nique which uses charged particles emitted in the decay of
radioactive ions for location assignments.24–28 This method
benefits from the fact that nearly all rare earths provide a
useable decay chain. In the present study, the lattice location
of Tm3+ in AlN was determined using169Yb3+ ions im-
planted into the host.24 EC studies have also been successful
in determining the lattice locations of other rare earth ions in
other semiconducting hosts.26–28 In fact, the emission chan-
neling studies of Pr in GaN(Ref. 26) allowed for a detailed
crystal-field splitting analysis of the cathodoluminescence
(CL) spectra of that material,19,29 followed by similar analy-
ses of Sm3+ and Tb3+ in GaN.30,31 A remarkable outcome
from those studies was the change in site symmetry of the
RE3+ ions over the series which was attributed to a diminu-
tion of the ionic radii with increasing number of 4f electrons
due to the lanthanide contraction.

In the present study, we report a detailed analysis of the
cathodoluminescence(CL) spectra of Tm-implanted 2H-
aluminum nitride covering the wavelength range between
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290 and 820 nm, at temperatures between 12 and 60 K.
More than 200 emission peaks and bands are observed, of
which more than 100 represent transitions from emitting
multiplet manifolds1I6,

1D2 and1G4. Possible emission from
the 3P2 and 3P1 is also reported to manifolds3F4,

3H5, and
3F3, but these results lack the direct observation of the emit-
ting energy(Stark) levels for a confirmation. The observed
crystal-field splitting of the ground-state multiplet manifold,
3H6, and manifolds3F4,

3H5,
3H4,

3F3,
3F2, and1G4 are es-

tablished from an analysis of the CL spectrum obtained at
12 K. Spectra observed at 30 and 60 K are instrumental in
identifying part of the manifold splittings of the3P1,

1I6, and
1D2 levels from temperature-dependent transitions.

To model the detailed crystal-field splitting of individual
multiplet manifolds, we began with the free-ion wave func-
tions for Tm3+s4f12d, starting with the Coulombic, spin-orbit,
and interconfigurational interaction parameters reported by
Carnallet al.32 and Gruberet al.33 To establish an initial set
of crystal-field splitting parameters,Bnm, that can be related
to a physical model, we performed a lattice-sum calculation
by computing the crystal-field components, which are the
coefficients in a multipolar expansion of the crystal field
about the Al3+ sites that haveC3v symmetry in the lattice.
These sites are identified by Vetteret al.24 as the substitu-
tional sites for Tm3+ based on emission channeling experi-
ments.

With only a modest adjustment to the theoretical
multiplet-manifold centroids based on the free-ion param-
eters given by Gruberet al.33 and with no adjustment to the
lattice-sum derivedBnm parameters, good agreement is ob-
tained between the calculated and the experimental splitting
of multiplet manifolds3H5,

3F3,
3F2, and1G4, including the

splitting of 3P1, inferred from the temperature-dependent
transitions to the3H5 and 3F3 multiplet manifolds. A least-
squares fitting of both the centroids and the crystal-field
splitting parameters improves agreement between the calcu-
lated and the experimental splitting of all observed multiplet
manifolds, including the ground state manifold,3H6, and the
3F4 and3H4 manifolds. The rms deviation between 37 calcu-
lated and observed Stark levels is 10 cm−1. Bandwidth and
structure associated with analyzed transitions precludes fur-
ther inquiry as to the meaning of the overall rms deviation.

II. EXPERIMENTAL DETAILS AND OBSERVED
SPECTRA

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 sub-
strate was cut into small pieces, rinsed in acetone and deion-
ized water, and dried under a flow of nitrogen gas. During
implantation (fluence: 131013 ions/cm2), samples were
tilted 10° to the incident beam to avoid channeling by the
incident ions. Postimplantation annealing was carried out in
a vacuum tube furnace at pressures near 106 mbar and at a
temperature of about 1373 K for 30 min.

For CL fluorescence measurements, implanted samples
were mounted on the head of a closed-cycle helium refrig-
erator located inside the vacuum chamber. An electrically

controlled resistive heater placed at the refrigerator head al-
lows one to adjust the sample temperatures between 12 and
300 K. The excitation source consisted of a SPECS EQ22
Auger electron gun that provides electrons with energies in
the range between 100 eV and 5 keV and beam currents be-
tween 0.01 and 150mA.

Sample luminescence was passed through a quartz win-
dow and collected with a UV-coated achromate lens pair
before reaching the entrance slit of a Czerny-Turner spec-
trograph, model Jobin-Yvon 1000M. The light was dispersed
using several holographic gratings, blazed at 300 and
700 nm, and with 1200 or 600 lines/mm, and detected by a
nitrogen-cooled charge coupled device(CCD) camera,
model Jobin-Yvon, UV-enhanced CCD(EEV CCD30-11).
Exposure times for the spectra ranged from 5 to 10 s. The
spectrograph was repeatedly calibrated using the air wave-
lengths of spectral lines from a mercury lamp standard. The
uncertainty in wavelength measurements was about 0.05 nm
maximally. The spectra are not corrected for the response
function of the setup. Temperature-dependent measurements
were made on transitions at a given wavelength without
moving the grating or otherwise disturbing the experimental
setup in order to minimize inaccuracies in the measurements.

Intrinsic broadband luminescence attributed to defects is
observed in the visible and ultraviolet regions of the CL
spectra of undoped AlN. The high resolution sharp-line fluo-
rescence due to implanted Tm3+ in AlN is usually easy to
recognize superimposed on the broadband luminescence
since relatively small ranges of wavelengths are involved
representing the observed transitions between the Tm3+s4f12d
2S+1LJ manifolds. Examples of these transitions are shown in
Figs. 1–5. Comparative spectroscopic analyses between un-
doped and doped samples are also useful to sort out the pres-
ence of impurities such as chromium and other rare earths.
Following these diagnostic tests, we have established the
identity of the Tm3+ spectra that are given in Tables I and II.

Analysis of the unpolarized Tm3+ CL spectra attributed to
transitions between Stark levels is based on matching re-
peated energy differences between states similar to the
method used in analyzing the arc and spark spectra of ions

FIG. 1. The CL spectrum of1I6→3H6 (1–9) and3P2→3F4 (10–
16) electronic transitions and phonon sidebands of Tm3+ in AlN,
recorded at 30 K between 292 and 310 nm.
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and gaseous molecules for their energy-level configurations.
However, we are also aided by past analyses of the crystal-
field splitting of Tm3+ energy levels in a variety of hosts. For
example, in LaF3 (Ref. 34) the two lowest-energy emitting
Stark levels from 1I6 are identified at 34 675 and
34 696 cm−1; in Y3Al5O12 (Ref. 33) these levels are found at
34 391 and 34 422 cm−1; and in Y2O3 (Ref. 35) these levels
are reported at 33 877 and 33 884 cm−1. In the present study,
an analysis of the CL spectra representing emission from1I6
to multiplet manifolds3H6,

3F4,
3H5,

3H4,
3F3,

3F2, and1G4
shown in Table I place the emitting Stark levels of1I6 at
33 706 and 33 722 cm−1.

In Fig. 1 transitions 1–9 represent the1I6→3H6 emission
observed at 30 K. This spectrum observed at 60 K shows
that transition 1 in Fig. 1 is temperature-dependent and rep-
resents a transition from the 33 722 cm−1 Stark level to the
ground-state Stark level. Transition 2 represents a transition
from the 33 706 cm−1 Stark level to the ground-state Stark
level as well. The temperature-dependent spectra for1I6

→3H6 not only provide information on part of the splitting
of the 1I6 multiplet, but a similar pattern of emission ob-
served from the 33 722 cm−1 level also supports the splitting
determined for3H6 analyzed on the basis of emission from
the 33 706 cm−1 level. Furthermore, the splitting of3H6 has
been confirmed by matching similar energy differences based
on an analysis of the emission spectra observed from the1D2
and1G4 manifolds as shown in Tables I and II.

In Fig. 1 transitions 10–16 provide a splitting similar to
the splitting of the3F4 manifold obtained from analyzing the
CL spectra1I6→3F4,

1D2→3F4, and1G4→3F4 (see Tables I
and II). If we assume that transition 10 comes from an emit-
ting Stark level in the3P2 manifold at 38 591 cm−1, transi-

FIG. 2. The CL spectrum of1I6→3H5 (56–70) electronic tran-
sitions and phonon sidebands of Tm3+ in AlN, recorded at 12 K
between 387 and 400 nm.

FIG. 3. The CL spectrum of1D2→3F4 (90–102), 1I6→3H4
(103–111), and1G4→3H6 (108–122) electronic transitions and pho-
non sidebands of Tm3+ in AlN, recorded at 12 K between 460 and
488 nm.

FIG. 4. The CL spectrum of1I6→3F3 (127–136), recorded at
12, 30, and 60 K and observed between 525 and 534 nm.
Temperature-dependent transitions are observed at temperatures
higher than 12 K.

FIG. 5. The CL spectrum of1G4→3F4 (152–159) recorded at
12 K and observed between 648 and 662 nm.
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TABLE I. Emission spectra from1I6 and1D2 to 3HJ,
3FJ, and1G4 observed at 12 K.

Ds2S+1LJd
a lsnmdb

Escm−1dc

observed Transitiond
DEscm−1de

observed Ds2S+1LJd
a lsnmdb

Escm−1dc

observed Transitiond
DEscm−1de

observed

1I6→3H6 296.46* 33 722 1 1D2→3H6 368(sh)* 27 178 51(a)
(33 706) 296.6 33 706 2 0 (27170) 368.06 27 170 51 0

297.0 33 660 3 46 368.7 27 125 52 45

297.47* 33 607 4

297.53 33 600 5 106 369.0 27 064 52(a) 106

297.97 33 550 6 156 370.07 27 014 53 156

298.23 33 521 7 185 370.4 26 985 54 185

298.83f 33 454 8 252 371.4 26 918 55 252

299.65f 33 363 9 343

1I6→3F4 354.32 28 215 19 5491 1D2→3F4 461.15 21 679 90 5491

(33 706) 354.81 28 176 20 5530 (27 170) 461.97 21 640 91 5530

355.16 28 148 21 5558 462.57 21 612 92 5558

356.0 28 082 24 5624 463.95 21 547 96 5623

357.37 27 974 28 5732 466.31 21 439 100 5731

357.63 27 954 29 5752 466.82 21 417 102 5753

1I6→3H5 391.9 25 509 57 8197 1D2→3H5 526.9 18 974 126 8196

(33 706) 392.5 25 470 60 8236 (27 170) 528.01 18 934 128 8236

393.01 25 437 61 8269 528.79 18 904 130 8266

394.18 25 362 64 8344 531.05 18 827 135 8343

394.6 25 342 66 8364 532.0(sh) 18 804 135(sh) 8366

396.(b) 25 240 69 8466 534.6(b) 18 704 137 8466

1I6→3H4 469.79 21 280 103 12 426 1D2→3H4 678.08 14 743 161 12 427

(33 706) 471.01 21 225 104 12 481 (27 170) 680.59 14 691 163 12 479

472.14 21 174 105 12 532 682.04 14 658 165 12 512

472.62* 21 153 106 684.01* 14 616 168

473.65 21 107 107 12 599 686.14 14 570 171 12 600

470.0(b) 21 008 107(a) 12 698 491(b,w) 14 472 172 12 698

1I6→3F3 527.08 18 967 127 14 739 1D2→3F3 804.5 12 430 191 14 740

(33 706) 528.72 18 908 129 14 798 (27 170) 808.7 12 368 197 14 802

530.11 18 859 132 14 847 811.3 12 323 199 14 847

530.48 18 846 134 14 860 812.08 12 311 200 14 859

531.96 18 793 136 14 913 813.57 12 288 201 14 882

1I6→3F2 544.4 18 364 139 15 342

(33 706) 546.21 18 303 142 15 403

548.49 18 226 144 15 480

1I6→1G4 780.37 12 812 184 20 894

(33 706) 780.44 12 809 185 20 897

798.0(b) 12 530 191 21 176

804.66 12 425 192 21 281

807.63 12 379 196 21 327

811.3(b) 12 323 199 21 383

aMultiplet manifold transitions; emitting Stark level in parentheses.
bWavelength in nanometers; sh denotes shoulder; b denotes broad;* denotes temperature dependent.
cEnergy of transition in vacuum wave numbers.
dTransitions label(Stark level to Stark level) as shown in figures 1–5.
eEnergy difference(cm−1) with emitting level in parentheses in Columns 1 and 6.
fBroadband with structure.
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tions labeled 10, 12, 13, 14, 16, and 16a give a splitting of
3F4 as 5491, 5532, 5552, 5626, 5729, and 5754, respectively,
in units of cm−1. The emitting level, 38 591 cm−1, can be
compared with the lowest-energy Stark level in3P2 in other
host crystals such as LaF3 (Ref. 34) s38 250 cm−1d,
Y3Al5O12 (Ref. 33) s38 098 cm−1d, and Y2O3 (Ref. 35)
s38 157 cm−1d. Excitation of the3P2 and 3P1 levels is pos-
sible although the excitation mechanisms are not well under-
stood. One mechanism of interest proposed by Lozykowski36

suggests that the RE3+ ions create isoelectronic traps which
may act as carrier traps. Once a carrier is trapped the com-
plex is charged and may attract a carrier of opposite charge.
This leads to the formation of a bound exciton, which excites
the 4-f system. This excitation mechanism has a much larger
cross section compared to impact excitation or ionization,
and is believed to be the dominant excitation mechanism in
our case. A detailed knowledge of the excitation of the Tm3+

levels in AlN is not given in our case. The population of
individual manifolds may be due to direct excitation, energy
transfer involving cross relaxation, down-conversion, and
other mechanisms, and are affected by many other param-
eters such as the relative energetic position of these mani-
folds with respect to the conduction and valence band of the
host.

In Table II we list the CL spectra for3P1→3H5 and 3P1
→3F3. The splitting of the3H5 and3F3 manifolds have been

confirmed by emission from1I6 and 1D2 to these manifolds
(Table I). The emitting level from3P1 s36 311 cm−1d can be
compared with the emitting3P1 level in LaF3 (Ref. 34)
s36 531 cm−1d; Y3Al5O12 (Ref. 33) s36 234 cm−1d, and Y2O3
(Ref. 35) s36 325 cm−1d. CL spectra obtained at 60 K also
indicate temperature-dependent transitions that place the up-
per Stark level of3P1 at 36 360 cm−1 in agreement with the
calculated Stark level reported later in this study. It is inter-
esting to note that the transitions from 36 531 cm−1 to 3H5,
namely 22, 25, 26, 28, 30, and 32, overlap the1I6→3F4
transitions in Table I and the transitions from 36 531 cm−1 to
3F3, namely 94, 97, 98, 99, and 101, overlap the1D2→3F4
transitions in Table I, making individual Stark level assign-
ments within the four multiplet manifolds a challenge over-
come by assignments made to these manifolds from other
data reported in Tables I and II.

Figure 2 represents the 12 K CL spectrum for1I6→3H5.
The observed transitions 57, 60, 61, 64, 66, and 69 provide a
splitting pattern similar to one observed for1D2→3H5 spec-
tra (Table I). The temperature-dependent transition 56 also
forms a similar splitting pattern for temperature-dependent
transitions observed in the 60 K spectrum.

Figure 3 shows the 12 K CL spectrum for1D2→3F4, tran-
sitions 90–102, Table I. Temperature-dependent transitions
such as 89, 93, 95, and 101 help establish the splitting be-
tween the two emitting Stark levels of1D2, which are sepa-

TABLE II. Emission spectra from1G4 and3P1 to 3H6,
3F4,

3H5, and3F3 observed at 12 K.

Ds2S+1LJd
a lsnmdb

Escm−1dc

observed Transitiond
DEscm−1de

observed Ds2S+1LJd
a lsnmdb

Escm−1dc

observed Transitiond
DEscm−1de

observed

1G4→3H6 478.46 20 894 h108f

109f j 0 3P1→3H5 355.59 28 114 22 8197

(20 894) 478.59 20 889 (36 311) 356 28 075 25 8236

479.5 20 849 111 45 356.49 28 043 26 8268

480.95 20 786 112 108 357.4 27 968 28 8343

481.2 20 776 113 357.72 27 947 30 8364

481.78 20 751 114

482.07 20 738 115 156 359.03 27 845 32 8466

482.78 20 708 116 186

482.79 20 702 117

483.52 20 676 118

485.01 20 612 119

1G4→3F4 649.07 15 403 152 5491 3P1→3F3 463.44 21 572 94 14 739

(20 894) 650.71 15 364 153 5530 (36 311) 465 21 510 97 14 801

651.89 15 336 154 5558 465.82 21 462 98 14 849

654.62 15 271 156 5623 466.16 21 447 99 14 864

659.31 15 163 158 5731 466.69 21 422 101 14 889

660.38 16 140 159 5754

aMultiplet manifold transitions; emitting Stark level in parentheses.
bWavelength in nanometers; sh denotes shoulder; b denotes broad.
cEnergy of transition in vacuum wave numbers.
dTransitions label(Stark level to Stark level) as shown in figures.
eEnergy differencescm−1d with emitting level in parentheses in Columns 1 and 6.
fTransitions 108–110(Fig. 3) represent a peak with structure; the shape does not appear to change at higher temepratures; it is possible that
more than a single emitting level may be involved within a range of 6 cm−1; in this case we choose a pattern that gives a similar splitting
for the 3H6 as observed from1I6 and1D2; the calculated splitting for the two lowest-energy Stark levels in1G4 are 20 895 and 20 908 cm−1

(Table IV, column 3).
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rated by about 8 cm−1. The calculated splitting for1D2 based
on the modeling reported in the next section predicts Stark
levels at 27 170, 27 191, and 27 240 cm−1. The observed
splitting of 27 170 cm−1 (Table I) and 27 178 cm−1 are in
reasonable agreement with the calculated values. At higher
temperatures there is evidence for the third Stark level ap-
pearing at 27 235 cm−1. Figure 3 also shows the 12 K CL
spectra for1I6→3H4 beginning with transition 103 and over-
lapping the1G4→3H6 transitions that start with transitions
108–122. Transitions 108–110 suggest structure, perhaps due
to close-lying Stark levels in1G4. The CL spectrum1I6
→1G4 (transitions 184–199, Table I) indicate two levels,
20 894 and 20 900 cm−1, which are confirmed by the calcu-
lated splitting of 20 895 and 20 908 cm−1.

In Fig. 4 we observe the splitting of3F3 based on transi-
tions 127, 129, 132, 134(shoulder), and 136 originating from
the 1I6 (33 706 cm−1 Stark level). Emission from
1I6 s33 722 cm−1d can be seen(transition 126) in comparing
the 12, 30, and 60 K CL spectra in Fig. 4. Other temperature-
dependent peaks establish the splitting of3F3 from this ex-
cited Stark level as well. In Fig. 5 we see clear splitting of
the 3F4 manifold in the 12 K CL spectrum of1G4→3F4 that
includes transitions 152, 153, 154, 156, 158, and 159(Table
II ).

III. MODELING THE CRYSTAL-FIELD SPLITTING

The free-ion wave functions were calculated by diagonal-
izing in a Russell-Saunders basis of LSJ states a Hamiltonian
that includes the Coulombic interactions in the form of the
Racah parametersEs1d, Es2d, andEs3d, the spin-orbit param-
eterz, and the generalized Trees’ interconfiguration interac-
tion in the form of parametersa, b, andg. From our earlier
work involving Tm3+ in other host crystals,33 we chose for
the present calculation:Es1d=7142.4, Es2d=33.795, Es3d

=674.27,z=2628.7,a=14.677,b=−631.79, andg=0, all in
cm−1. These parameters were used to calculate the reduced
matrix elements ofU2, U4, and U6 between all the
intermediate-coupled wave functions for the 4f12 electronic
configuration.

A separate program37 takes the reduced matrix elements
between the free-ion multiplets, sets up the crystal spaces for
a given crystal-field symmetry, and diagonalizes in that space
of multiplets the crystal-field splitting Hamiltonian

HCF = o
n,m

Bnm
+ o

i

Cnmsr̂ id, s1d

where theBnm represent the crystal-field splitting parameters,
and where the complex conjugate satisfies the relation

Bnm
+ = s− 1dmBn,−m. s2d

The expressionsCnmsr̂ id in Eq. (1) are related to the standard
spherical harmonics through the expression

Cnmsr̂d = f4p/s2n + 1dg1/2Yn,m. s3d

In Eq. (1), i is summed over the twelve 4f electrons of Tm3+;
n=2, 4, and 6, andm is restricted to 0, ±3, and ±6 by sym-
metry considerations. InC3v symmetry there are six param-

eters(all real), namely,B20, B40, B43, B60, B63, andB66. The
wave function chosen for a basis for the calculation of the
crystal field is given by Morrison and Leavitt.38 The free-ion
wave functions, using the parameters given earlier, were
used to calculate the matrix elements of the crystal field of
Eq. (1).

The multiplet centroids obtained from diagonalizing the
free-ion Hamiltonian can be varied in our program to obtain
as close a fitting to the experimental centroids as possible,
allowing for adjustments due toJ mixing. The centroids thus
obtained can be interpreted as the free-ion centroids that
would be observed in the absence of the even components of
the static crystal field. However, lacking a confirmation of
the experimental3PJ centroids, we do not have sufficient
data to establish an experimental set of free-ion parameters
for Tm3+ in AlN and so we use the free-ion wave functions
from Ref. 33.

To establish an initial set ofBnm that could be related to a
physical model, we performed a lattice-sum calculation by
computing the crystal-field components,Anm, which are the
coefficients in a multipolar expansion of the crystal field
about the sites occupied by the Tm3+ ions in AlN. The total
multipole field can be expressed in terms of lattice-sum com-
ponents

Anm = − e2o
j

qjCnmsR̂jd/Rj
n+1, s4d

whereqj is the effective electrostatic charge at the lattice site
sRjd, and the sum is taken over all sites in the lattice. These
calculations include point charges, dipoles, and quadrupoles
in parameterized form.37–40

In Fig. 6 we show the local symmetry for Tm3+ in the
w-AlN unit cell, as it replaces an Al3+ ion. The upper nitro-
gen ligand to the Tm3+ is separated by 1.50 Å while the
lower three nitrogen ligands are equally separated by 1.80 Å.
The axis of highest symmetrysC3d is chosen as thez axis and
corresponds to thec axis in thew-AlN unit cell. The hex-
agonal structure is characterized by the space groupC4

6v
−P63 with cell parametersa=b=3.11200 Å,c=4.99820 Å,
a=b=90°, andg=120° (Refs. 41 and 42). These data are
used to calculate the lattice-sum components in Eq.(4).
Since the even-sum components are of primary importance

FIG. 6. The local symmetry and the coordination surrounding
the Tm3+ ion (black) in Al3+ sites ofC3v symmetry in AlN.
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for crystal-field splitting calculations, we list the values for
A20, A40, A43, A60, A63 and A66 in Table III for Al3+ in C3v
symmetry sites in AlN.

The lattice-sum components given in Table III have been
corrected for shielding and scaling factors that arise due to
the expansion of the radial part of the free-ion wave function
in the lattice host.38–40 The accuracy of the lattice-sum pa-
rameters depends on the accuracy of the data obtained from
the x-ray crystallography of the AlN samples. That is, the
position of every ion in the unit cell must be established to
the best possible value given the conditions of sample prepa-
ration. Those values ultimately dictate the number of signifi-
cant figures for theAnm listed in Table III. Based on a survey
of available x-ray crystallographic data obtained from AlN
samples similar to those used in this study,37–42 the Anm val-
ues calculated using Eq.(4) are quoted to three significant
figures in Table III. These values have sufficient accuracy
given the resolution of the spectral data.

The lattice-sum componentsAnm are related to the crystal-
field splitting parameters,Bnm, as follows:

Bnm = rnAnm, s5d

where r2=0.1722, r4=0.4033, and r6=0.9649 for
Tm3+ s4f12d. We list theBnm parameters for Tm3+ in Al3+

sites ofC3v symmetry in column 3 of Table III. These pa-
rameters based on the lattice-sum calculation are used to cal-
culate the crystal-field splitting of the multiplet manifolds of
Tm3+ s4f12d in Table IV (column 3). The splittings are estab-
lished relative to the calculated centroid splitting for that
manifold (see Table IV, column 1), which was adjusted by a
least-squares fitting method to account forJ mixing. Our
methods of calculation follow the approach we used earlier
in analyzing the CL spectra of Pr3+, Sm3+, and Tb3+ in
GaN.29–31

IV. DISCUSSION OF RESULTS

Without adjustment to the lattice-sum derivedBnm, the
calculated splitting for3P1,

3F3,
3F2,

1G4 and 3H5 multiplet
manifolds is in good agreement with the experimental split-
tings reported in Table IV. In Fig. 4, for example, peaks 127,
129, 132, 134, and 136 representing transitions from Stark

level 33 706 cm−1 s1I6d establish Stark levels in the3F3
manifold as 14 739, 14 798, 14 847, 14 860, and
14 913 cm−1, respectively. These levels are compared with a
calculated splitting of 14 739, 14 801, 14 845, 14 859, and
14 878 cm−1, respectively. The major peaks and the sharply
defined shoulder(transition 134) observed in Fig. 4 are ac-
counted for in the calculation given for3F3 in Table IV (col-
umn 3).

The 3H5 splitting (Fig. 2) also provides a test of agree-
ment between calculated and observed levels that together
with the 3F3 engages all sixBnm parameters, with a total of
ten experimental splittings. Peaks 57, 60, 61, 64, 66, and 69,
representing transitions from Stark level 33 706 cm−1 s1I6d,
establish Stark levels in the3H5 manifold, 8197, 8236, 8269,
8344, 8364, and 8466 cm−1. A broadband observed at the
shorter wavelength to peak 69 places a final expected Stark
level at 8500 cm−1. These levels can be compared with the
calculated splitting based on the lattice-sum derivedBnm as
follows: 8197, 8226, 8272, 8357, 8367, 8498, and
8508 cm−1, respectively. Also, the experimental splitting of
3P1 (36 311 and 36 360 cm−1) can be compared favorably
with a calculated splitting of 36 311 and 36 374 cm−1, and
the observed splitting of3F2, namely, 15 342, 15 403, and
15 480, all in cm−1, are in reasonable agreement with calcu-
lated levels 15 342, 15 418, and 15 461, all in cm−1. Again,
no adjustment was made to the lattice-sum derivedBnm pa-
rameters used in calculating the splitting in column 3 of
Table IV.

The splitting of the ground-state manifold3H6, and the
splittings of the3H4 and3F4 manifolds are more problematic
in their interpretation, due in part to emission from two rela-
tively closely spaced Stark levels in emitting1I6 (transitions
1 and 2, Fig. 1) and1G4 (transitions 108 and 109, Fig. 3), and
partly due to the relatively large crystal-field splitting matrix
elements for these manifolds, which with small adjustments
to the Bnm, produce considerable changes in the manifold
splitting. In Fig. 1, if we take transition 2 as a transition to
the ground-state Stark level from1I6 at 33 706 cm−1, a partial
splitting of the3H6 can be ascertained as 0 cm−1 (2), 46 cm−1

(3), 106 cm−1 (5), 156 cm−1 (6), 185 cm−1 (7), 252 cm−1 (8),
and 343 cm−1 (9), with the numbers in parentheses represent-
ing the transitions given in Fig. 1 and Table I. This splitting
can be compared with the calculated splitting of 0, 41, 128,
137, 218, 263, and 341 all in cm−1. In Fig. 3, transitions from
the 1G4 to the 3H6 manifold observed at 12 K are labeled
108–122. If we take the transition with structure at
478.46 nm (108) as representative of a transition from
1G4 s20 894 cm−1d to 3H6, we obtain the following splitting
for the3H6 manifold: 0 cm−1 (108), 45 cm−1 (111), 108 cm−1

(112), 156 cm−1 (115), and 186 cm−1 (116) where the num-
ber in parentheses represent the transition label in Fig. 3 and
Table II. Other transitions observed in the1G4 spectrum are
likely associated with the structure observed in transitions
108–110 that suggest more than a single emitting Stark level
is involved. The calculated splitting for1G4 in Table IV,
column 3, predicts emitting Stark levels at 20 895 and
20 908 cm−1. Since, we have not observed all the Stark lev-
els for the3H6 manifold, and indeed some of the broad band
structure in Figs. 1 and 3 contain unresolved and

TABLE III. Lattice sums,Anm (evenn), and crystal-field param-
eters,Bnm.a

nm Anm BnmsIdb BnmsII dc

20 −1200 −207 −183

40 −1330 −538 −471

43 −2240 −908 −923

60 929 897 936

63 −510 −493 −472

66 558 538 554

aLattice sums in units cm−1 Å−n; Bnm in units of cm−1; r2=0.1722,
r4=0.4053,r6=0.9649 in units of Ån.
bCrystal-field parameters from lattice-sum calculations.
cFinal set ofBnm obtained from least-squares fitting analysis.
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TABLE IV. Crystal-field splitting of Tm3+s4f12d energy levels in AIN.

2S+1LJ
a

Escm−1db

experiment
Escm−1dc

calculated(I)
Escm−1dd

calculated(II ) Gnscalculatedde Free-ion mixture of statesf

3H6 0 0 0 G1,2 99.83H6+0.153F4+0.013H4

(277) 46 41 48 G1,2 99.93H6+0.113F4+0.013H5

106 128 126 G3 99.93H6+0.103F4+0.033H5

156 137 148 G1,2 99.83H6+0.153F4+0.023H4

185 218 197 G3 99.93H6+0.023H5+0.013F4

252 263 252 G1,2 99.93H6+0.063F4+0.013H4

343 341 351 G3 99.93H6+0.063H5+0.023F4

482 487 G3 99.93H6+0.043H5+0.043F4

508 514 G1,2 99.93H6+0.053F4+0.033F3

3F4 5491 5491 5495 G1,2 99.73F4+0.173H5+0.073H6

(5689) 5530 5499 5512 G3 99.93F4+0.053H5+0.033H4

5558 5689 5575 G1,2 99.53F4+0.353H5+0.183H6

5624 5757 5644 G1,2 99.53F4+0.273H6+0.223H5

5732 5763 5739 G3 99.03F4+0.903H5+0.043H6

5752 5827 5773 G3 99.33F4+0.593H5+0.103H6

3H5 8197 8197 8195 G3 99.43H5+0.403F4+0.063H4

(8340) 8236 8226 8217 G1,2 99.53H5+0.373F4+0.063F3

8269 8272 8265 G3 99.23H5+0.483F4+0.163H4

8344 8357 8354 G1,2 99.83H5+0.113F4+0.063H6

8364 8367 8359 G3 99.63H5+0.323F4+0.043H6

8466 8498 8492 G3 99.33H5+0.563F4+0.063H4

8500 8508 8500 G1,2 99.83H5+0.093F4+0.043F4

3H4 12 426 12 426 12 417 G3 99.43H4+0.373F3+0.093H5

(12 594) 12 481 12 501 12 491 G1,2 99.13H4+0.573F3+0.273F2

12 532 12 507 12 522 G3 99.53H4+0.172F3+0.153H5

12 599 12 659 12 620 G3 99.43H4+0.443F3+0.083H5

12 698 12 719 12 705 G1,2 99.83H4+0.113H5+0.053F3

12 879 12 865 G1,2 99.43H4+0.543F3+0.031G4

3F3 14 739 14 739 14 740 G1,2 99.73F3+0.163H4+0.083F2

(14 822) 14 798 14 801 14 802 G3 99.33F3+0.303H4+0.293F2

14 847 14 845 14 844 G1,2 96.13F3+3.133F2+0.743H4

14 860 14 859 14 858 G1,2 99.83F3+0.093H4+0.043H5

14 913 14 878 14 882 G3 97.33F3+2.003F2+0.603H4

3F2 15 342 15 342 15 345 G3 99.63F2+0.163H5+0.153H4

(15 375) 15 403 15 418 15 418 G1 96.43F2+3.023F3+0.453H4

15 480 15 461 15 462 G3 97.63F2+2.133F3+0.203H4

1G4 20 894 20 895 20 894 G1,2 99.91G4+0.073F3+0.041I6

(21 171) 20.897g 20 908 20 897 G3 99.81G4+0.053F3+0.041I6

21 176 21 167 21 165 G1,2 99.91G4+0.021I6+0.013H4

21 281 21 269 21 279 G1,2 99.91G4+0.043F3+0.031I6
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temperature-dependent spectra that obscure further analysis,
we are not able to complete Stark level assignments within
the 3H6 manifold. However, for what we have identified ex-
perimentally, the calculated splitting appears reasonable.

The splitting of the3H4 manifold given in Table I is based
on emission from1I6 and 1D2. In Fig. 3 we observe transi-

tions from1I6 s33 706 cm−1d to 3H4 Stark levels 12 426 cm−1

(103), 12 481 cm−1 (104), 12 532 cm−1 (105), and
12 599 cm−1 (107). A band at 476(b) nm, may be associated
with a 3H4 Stark level expected around 12 698 cm−1. Addi-
tional structure representing the highest-energy Stark level
predicted in the3H4 manifold s12 879 cm−1d may be lost in

TABLE IV. (Continued.)

2S+1LJ
a

Escm−1db

experiment
Escm−1dc

calculated(I)
Escm−1dd

calculated(II ) Gnscalculatedde Free-ion mixture of statesf

21 327 21 311 21 333 G3 99.91G4+0.041I6+0.031D2

21 383 21 387 21 387 G3 99.91G4+0.041I6+0.023H4

1D2 27 170 27 170 27 170 G1 99.91D2+0.051I6+0.021G4

(27 206) 27 178g 27 191 27 184 G3 99.81D2+0.121I6+0.031G4

27 230g 27 240 27 233 G3 99.81D2+0.111I6+0.031G4

1I6 33 706 33 706 33 706 G3 99.91I6+0.063P2+0.041D2

(33 965) 33 722g 33 767 33 730 G3 99.81I6+0.103P2+0.061D2

33 745g 33 789 33 751 G1,2 99.91I6+0.031G4+0.013P2

33 772g 33 859 33 781 G1,2 99.91I6+0.023P0+0.011G4

33 978 33 913 G1,2 99.91I6+0.011G4+0.013P0

34 070 34 038 G1,2 99.91I6+0.043P0+0.011G4

34 119 34 095 G3 99.71I6+0.173P2+0.111D2

34 221 34 181 G3 99.91I6+0.043P2+0.031G4

34 261 34 216 G1,2 99.51I6+0.313P0+0.103P2

3P0 35 279 G1 99.63P0+0.381I6+0.013P2

(35 312)

3P1 36 311 36 311 36 311 G3 99.93P1+0.033P2+0.013H4

(36 332) 36 360g 36 374 36 368 G1 99.93P1+0.013H4+0.013F3

3P2 38 591 38 591 38 591 G3 99.83P2+0.141I6+0.023P1

(38 710) 38 738 38 715 G1 99.93P2+0.011I6+0.023P0

38 845 38 840 G3 99.73P2+0.241I6+0.011D2

1S0 79 598 G1 99.91S0+0.101I6

(79 592)

aMultiplet manifold; number in parentheses is the calculated centroid.
bExperimental energy(Stark) level in cm−1; based on energy differences reported in Table I and II(columns 5 and 10).
cCalculated splitting using the crystal-field splitting parameters obtained from the lattice-sum calculation(Table III, column 3); only the
calculated centroids are varied in order to account forJ mixing.
dCentroids andBnm are varied; the rms for 37 calculated to experimental Stark levels is 10 cm−1; the set ofBnm are given in Table III, column
4.
eThe crystal quantum number labels are given based on the lattice-sum calculation;G1,2 is nondegenerate and is eitherG1 or G2, our program
does not distinguish between the two;G3 is twofold degenerate inC3v symmetry; Tm3+s4f12d is a non-Kramers ion with a singlet ground
state predicted for Tm3+ in AlN.
fPercent free-ion mixture of states based on lattice-sumBnm.
gIdentified from 60 K emission spectra; not used in least-squares fitting analysis.
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the structure of the emission from1G4 to 3H6. The calcu-
lated splitting based on the lattice-sum derivedBnm (Table
IV, column 3) is 12 426, 12 501, 12 507, 12 659, 12 719, and
12 879 cm−1. The calculated splitting for the3F4 manifold is
sensitive to small changes in theBnm as a result of the rela-
tively large matrix elements having terms that change sign
with respect to each other. Using the lattice-sumBnm to pre-
dict the splitting of3F4, we find relatively large disagreement
between the calculated and observed Stark levels 5558 and
5624 cm−1. We can improve agreement between the calcu-
lated Stark levels and the experimental Stark levels reported
in Table IV, column 2, by a least-squares fitting analysis that
varies theBnm and centroid parameters. The rms obtained
from this calculation is 10 cm−1 for 37 calculated-to-
observed levels, and the final set ofBnm are listed in column
4 of Table III. The calculated splitting with this set of param-
eters is given in column 4 of Table IV. The symmetry labels
G1 or G2 (each nondegenerate), andG3 (twofold degenerate)
are listed in column 5 of Table IV and represent the predicted
labels using the lattice-sumBnm parameters for the calculated
splitting given in column 3. We found no reordering of these
labels between the two calculations although considerable
improvement for the numerical splitting within the3F4 and
3H4 manifolds is obtained using the least-squaresBnm values
as given in column 4 of Table III.

Efforts to establish the energy of the3P0 of Tm3+ in AlN
experimentally have been elusive. The hosts we have used as
guides predict 3P0 at 35 604 cm−1, [LaF3 (Ref. 34)],
35 372 cm−1 [Y3Al5O12 (Ref. 33)], and 35 346 cm−1 [Y2O3
(Ref. 35)]. Based on intensity calculations, we predict that
that largest transition probabilities from3P0 to lower-energy
multiplets would be to3F2, which depends only onU2,

3F4,
which depends only onU4, and possibly3H6 which depends
on U6. The form of the dipole operators,Un, and the values
of the matrix elements are given by Kaminskii43 and are
based on earlier work by Judd.44 We have not found a pattern
of the splitting of 3F4 and 3H6 we can associate with any
reasonable emitting level for3P0. We do find an isolated
group of emission lines at 513.76, 514.38, and 516.66 nm
that would place the3P0 relative to our current assignment
for 3F2 (based on1I6→3F2 in Table I) around 34 800 cm−1

which is lower than our predicted value around 35 200 cm−1.
Moreover, the observed energy separation between these
three transitions given a3F2 splitting of 24 and 85 cm−1

compared with the energy separation based on the predicted
splitting in Table IV (column 3) of 76 and 43 cm−1, respec-
tively. This experimental data is insufficient for us to recon-
sider our least-squares fitting analysis with this set represent-
ing the splitting of3F2. To accommodate the ordering of this
experimental splitting for3F2 requires a change in sign of at
least one of the second or fourth orderBnm terms. We prefer
to stay with results obtained using the lattice-sum derived
Bnm splitting predicted in Table IV, column 3.

V. SUMMARY OF RESULTS

In summary, we present a crystal-field splitting analysis of
the energy levels of Tm3+ implanted in AlN based on the
splitting of individual 2S+1LJ multiplet manifolds of the

ground-state electronic configuration 4f12 by a crystalline
electric field whose parametersBnm are determined from a
lattice-sum calculation that assumes the Tm3+ ions replace
the Al3+ ions in C3v sites in the AlN lattice. Emitting Stark
levels from the1I6,

1D2, and 1G4 manifolds establish the
splitting of the3H6,

3F4,
3H5,

3H4,
3F3,

3F2, and1G4 mani-
folds through an energy-difference analysis of more than 100
observed transitions between 290 and 820 nm. Two separate
groupings of transitions we identify as3P1→3H5 and 3P1→3F3 assist in establishing the energy and the splitting of
the 3P1 manifold. Additional emission is observed which
may involve both electronic and vibronic sidebands, but are
not identified due to their complexity. Vibronic sidebands
corresponding to local phonon modes have been more
clearly observed recently in Gd3+ doped AlN.10 Emission
from 3P2 and3P0 is possible, but we lack direct evidence for
the energy of the emitting Stark level. Without this informa-
tion we cannot quantify the nephelauxetic effect45 (the shift
of the centroids in AlN relative to LaF3, Y3Al5O12, and Y2O3
hosts for Tm3+) through our present analysis. The origin of
the nephelauxetic effect,45 whether due to changes in cova-
lency or polarizabilities of host lattice constituents, is worth
further study. Future modeling of the crystal-field splitting
will be designed to include covalent contributions neglected
in the present calculations.

In our analyses of the CL spectra of Gd3+ and Tm3+ in
AlN,11,12 we pointed out in some detail the conditions under
which the samples were prepared. Following different steps,
such as using different annealing temperatures, substrates, or
methods of doping, we can bring about different microscopic
environments for Tm3+ in the lattice. The details of the mani-
fold spectra will change due to changes in local symmetry at
the Tm3+ ion site and the crystal-field splitting of the levels
will be different. Unfortunately, we cannot make such a com-
parative analysis for the CL spectra of Tm3+ in AlN samples
in which the thulium is added during sample growth since
the reports given in the literature46,47 do not show a specific
crystal-field splitting,46 or values for the splitting are not
reported.47

An interesting and potentially important question arises
from the collective work of investigators in Refs. 46 and 47,
and our own work, namely, will different approaches to ma-
terials processing lead to improved efficiency in optoelec-
tronic devices that employ these materials as components?
From what spectroscopic information that is available in the
literature, and from our continuing modeling studies on these
data,29–31we find that by altering the preparation and anneal-
ing conditions one can affect different ligand arrangements
and different embedding configurations of these complexes
in the host matrices.11 The results can appear as an enhance-
ment to individual transition line strengths, excitation cross
sections, and relative changes in branching ratios for emit-
ting rare earth ions.11,12This particularly affects Yb3+, Tm3+,
Eu3+, and Pr3+, in GaN and AlN. Some of these details we
have reported earlier by recognizing changes also promoted
by the nephelauxetic effect.29–31 While more work needs to
be done in detailed analyses of the spectroscopic data, simi-
lar to the study reported here, it is clear that a wide field
remains open for future investigations on the path to highly
efficient lanthanide-doped wide band-gap semiconductors for
use in optoelectronic devices.
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