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Correlation between rare-earth oscillator strengths and rare-earth–valence-band interactions
in neodymium-doped YMO4 „M 5V, P, As…, Y3Al5O12, and LiYF 4 matrices
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Nd31:YVO4 is one of the more promising laser hosts for micro and diode-pumped solid-state lasers. At room
temperature, Nd31 ions in this matrix exhibit strong absorption cross sections sixfold higher than in Y3Al5O12.
The neodymium oscillator strengths are measured in YMO4 ~M5V, P, As!, Y3Al5O12, and LiYF4 hosts, and
they increase in the sequence Y3Al5O12,LiYF4,YAsO4,YPO4,YVO4. This paper is an attempt to correlate
these variations with covalent interactions between neodymium 4f ,5d levels and valence-band levels. The
strength of orbital interactions between 4f levels and valence-band states is estimated from the analysis of 3d
x-ray photoemission spectra of Nd31 ions. A two-step model is derived, in which 5d admixture into the 4f
levels of the rare earth occurs via the valence-band levels. This model shows that the oscillator strengths
increase with the Nd 4f -valence-band interactions.@S0163-1829~99!00427-0#
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I. INTRODUCTION

Neodymium-doped yttrium orthovanadate Nd31:YVO4 is
an efficient solid-state laser material, where Nd31 ions ex-
hibit a broad and strong absorption band around 808 nm
a very intense emission around 1mm. These features allow
one to miniaturize this material in diode-pumped microch
lasers.1–3 Optical properties of Nd31 ions are almost identica
in the three zircon-type matrices YVO4, YPO4, and YAsO4.

4

At room temperature, the broadening of the Nd31 ions ab-
sorption band around 808 nm is homogeneous and ca
explained by the specific crystal-field strength in the
matrices.5 In the three zircon-type matrices, neodymium p
sents a very strong absorption cross section near 808 nm~see
Table I!, which is five to six times larger in YVO4 than in
Y3Al5O12. To our knowledge, the origin of this strong a
sorption is not yet explained. In the case of homogeneou
broadened transitions, high transition probabilities could le
to high-absorption cross sections. The aim of this paper i
propose an explanation for the variation of the neodymi
oscillator strengths observed in the three YMO4 ~M5V, P,
As! matrices and in Y3Al5O12 and LiYF4 matrices for com-
parison. An attempt is made to correlate these variation
orbital interactions between the rare-earth levels~i.e., 4f and
5d levels! and the matrix levels and in particular the valenc
band levels~VB levels! which are mainly composed of oxy
gen and fluorine 2p states for oxide and fluoride hosts r
spectively.

In previous works dealing with crystal-field paramet
calculations in oxide hosts, some authors took into consid
PRB 600163-1829/99/60~3!/1668~10!/$15.00
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ation the interaction between the lanthanide 4f orbitals and
the s andp orbitals of the ligands.6,7 Since the 4f levels can
always be considered as localized, even in solids presen
very narrow energy gap,8 covalency is generally introduce
as a phenomenological parameter in crystal-field calcu
tions. Optical transitions of a rare-earth ion in a solid mat
occur between states belonging to the same configura
4 f n ~4 f 3 for Nd31), which are forbidden by the Laporte rul
because they involve states with the same parity. In the Ju
Ofelt approach,9,10 transitions between 4f orbitals are
slightly allowed by admixture of 5d states into 4f states
induced by odd terms of the crystal-field Hamiltonian. Th
purely electrostatic approach is justified by the fact that
4 f -ligand covalency is usually considered as negligible co
pared to crystal-field effects. In this paper, we propose

TABLE I. Absorption cross sections of Nd31 ions around an
800-nm wavelength in YMO4 ~M5V, P, As!, Y3Al5O12, and
LiYF4.

Host

Absorption cross sections
(10219 cm2)

p polarization s polarization
Average

polarization

YVO4 3.8 ~808.7 nm! 1.5 ~808.7 nm! 2.3
YPO4 3.5 ~803.2 nm! 1.1 ~804 nm! 1.9
YAsO4 2.8 ~804.8 nm! 0.8 ~804.7 nm! 1.5
LiYF4 0.8 ~792 nm! 0.3 ~797 nm! 0.5
Y3Al5O12 no polarization 0.6~795.4 nm!
1668 ©1999 The American Physical Society
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other mechanism of even parity admixture into 4f levels that
takes into account the electronic structure of the host, and
only the symmetry of the site occupied by the rare-earth i
The basic idea of this model can be understood by consi
ing the simple energy level diagram shown in Fig. 1, rep
senting schematically the rare-earth energy levels comp
to the host energy levels. The essential feature is that
valence-band~VB! levels, composed of oxygen or fluorin
2p orbitals, transfer the even parity from the 5d to the 4f
levels via metal-anion covalency. The important radial e
tension of the rare-earth 5d orbitals should be responsible fo
a significant 5d-2p covalency, which should produce a 5d
admixture into VB levels~arrow i in Fig. 1!. Because the 4f
levels are energetically close to the VB edge, even a v
small 4f -VB covalency can produce a 2p admixture into 4f
levels ~arrow ii !. A small 5d contribution to the VB levels
provides a channel through the weak 4f -VB(2p,5d) cova-
lency to give a small 5d admixture into 4f levels. The VB
levels thus act as a relay in the 5d-4 f mixing via the two-
step mechanism 5d˜VB˜4 f .

To test this hypothesis, it is necessary to measure
variation of the 4f -2p covalency across a series of com
pounds. We used photoelectron spectroscopy, and in par
lar the structure of the 3d photoemission spectrum, to est
mate these weak interactions.11–15 The principle of the
method is described in Sec. II. After briefly describing t
experimental details in Sec. III, the results of photoelect
and optical spectroscopic measurements are discussed in
IV. Finally, Sec. V considers in more detail the correlati
between the oscillator strengths of Nd31 optical transitions
and the 4f -VB covalency effects measured by photoelectr
spectroscopy, by using a simple perturbative approach.

II. DETERMINATION OF 4 f -LIGAND INTERACTIONS
BY PHOTOELECTRON SPECTROSCOPY

X-ray photoemission spectroscopy has become a wid
used technique for studying filled electronic energy levels
solids. From the analysis of 3d photoelectron signals of rar
earth ions, others have shown that it is possible to estim
the strength of the covalent interactions between the
earth 4f levels and the VB levels mainly composed of ox

FIG. 1. Schematic representation of the two-step mechanism
the mixing of the Nd 5d levels with Nd 4f levels via the VB
states~i! 5d-VB interaction,~ii ! the 4f -VB interaction.
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gen or fluorine 2p levels by using the impurity Anderso
model.11–15

The appearance of satellites~secondary signals! in the 3d
XPS spectrum is due to an electron transfer from the
levels to the 4f shell. To explain the relationship between 3d
photoemission and Nd 4f -VB interactions, let us conside
the electronic structure of a filled VB and neodymium imp
rity with 3d104 f 3 configuration~Fig. 2!. We neglect the mul-
tiplet coupling effects due for Coulomb and spin-orbit inte
actions of the 3d and 4f levels. In the case of neodymium
these multiplet coupling effects are weak in 3d XPS, and
they lead only to a broadening of the transition and in so
cases to minor spectral structures.11

Let us first consider the 4f -VB interactions in the initial
state of photoemission before photoionisation of the 3d elec-
tron @Fig. 2~a!#. An electron can be virtually transferred from
the VB-2p states to the 4f shell as a result of the wea
covalent interaction between these two types of orbitals;
interaction gives rise to the excited 3d104 f 4VBh configura-
tion, whereh refers to a hole in the valence band. The phy
cal signature of this virtual transfer between the fundame
3d104 f 3VB and the excited 3d104 f 4VBh configurations is a
shifting ~by a valueDE) of the excited and ground stat
configurations towards higher and lower energies, resp
tively @Fig. 2~a!#. The energy differenceD between these two
configurations, the charge transferV between the VB levels
and the 4f shell, and the energy shiftDE arising from the
configuration interaction are linked by a second-order per
bation expression

DE}
V2

D
. ~1!

In the case of Nd2O3, characterized byD59.5 eV andV
50.5 eV,11 the interaction (DE'0.03 eV) between the
3d104 f 3VB and 3d104 f 4VBh configurations is weak; hence
the 4f -VB covalency is very limited. Therefore, in th
ground state of the matrix-Nd31 system @Fig. 2~a!#, the

or

FIG. 2. Initial ~a! and final~b! states in a 3d XPS transition. In
the initial state ~a!, the covalent interaction between 4f and
valence-band levels is very small~weakDE shift!. In the final state
~b!, the virtual electron transfer between these two levels leads t
interaction between the 3d94 f 3VB and 3d94 f 4VBh configurations
~strongDEf shift!.
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charge transfer between the VB states and the 4f shell can be
neglected, sinceDE is much smaller than the photoemissio
linewidth. This initial state can be considered as only co
posed of the fundamental 3d104 f 3VB configuration. The
very weak covalency is negligible to a first approximatio
so it cannot be measured.

In the final state of photoemission, after photoionizati
of a 3d electron@Fig. 2~b!#, the 4f states are shifted to lowe
energy by a value2U f d , as a hole is created in the 3d core
levels inducing an attractive potential between the 3d core
hole and the 4f states. In the final state,D f andDEf are the
energy differences between the 3d94 f 3VB and 3d94 f 4VBh
configurations and the energy shift arising from the inter
tion between these two configurations, respectively@see Fig.
2~b!#.

A simple expression ofD f is obtained from the impurity
Anderson model11–16

D f5D2U f d ~2!

with U f d and D being of the same order of magnitude@for
Nd2O3, D59.5 eV, U f d512 eV ~Ref. 11!#. As for the initial
state@Eq. ~1!#, the parametersV, D f , andDEf are related by

DEf}
V2

D f
, ~3!

where a larger value of theDEf relative to its equivalentDE
in the initial state indicates a stronger 4f -VB covalency.
Therefore, a strong interaction occurs between
3d94 f 3VB and 3d94 f 4VBh configurations, leading to state
uw1& and uw2& described by the following linear combina
tions:

uw1&5au3d94 f 3VB&1bu3d94 f 4VBh& ,

uw2&5bu3d94 f 3VB&2au3d94 f 4VBh&. ~4!

The interaction between the fundamental and the exc
configurations, negligible in the initial state of photoemissi
(DE), is strongly increased in the final state (DEf) by pho-
toionisation of a 3d electron. Thus the effect of the covale
interaction~measured byV) is amplified after photoemissio
of a 3d electron.

The 3d x-ray photoemission spectroscopy~XPS! is com-
posed of two lines~Fig. 3! corresponding to the two trans
tions from the initial stateuw0&5u3d104 f 3VB& to the final
statesuw1& and uw2& given by Eq.~4!. From this two-line
spectrum, the charge transferV between the VB2p levels
and the Nd4f levels as well as the energy difference betwe
these two levels can be calculated. Two situations are sh
in Fig. 3. In the first, the 3d94 f 4VBh configuration is at a
lower energy than the 3d94 f 3VB configuration without con-
figuration interaction, which corresponds touU f du.D and
D f,0 in Eq. ~3! @see Fig. 3~a!#. In the second, the
3d94 f 3VB configuration is at lower energy than th
3d94 f 3VBh configuration, which corresponds touU f du,D
andD f.0 in Eq.~2! @see Fig. 3~b!#. In the following,«1 and
«2 are, respectively, the energy of the lowest and the high
configurations,Dexp is the experimental energy differenc
between the two XPS transitions andE4 f2EVB is the energy
difference between the Nd 4f fundamental level and the VB
-
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states that transfer their electrons to the 4f shell ~see Fig. 3!.
The HamiltonianHhyb describes the interaction between t
3d94 f 3VB and 3d94 f 4VBh configurations in the final state
of photoemission, and it is represented by the following m
trix in the $u3d94 f 4VBh&,u3d94 f 3VB&% basis set

H̃hyb5S «1 V

V «2
D . ~5!

From the eigenvalues and the associated eigenvectorsuw1&
and uw2& of this matrix, one obtains the following expres
sions forD f andV:

D f5
a22b2

a21b2 Dexp, ~6!

V5UabU b2

a21b2 Dexp, ~7!

where the coefficientsa andb of the statesuw1& anduw2& are
given in expression~4!. The transition probabilities for pho
toemission as a function of the 3d binding energy are given
by the Fermi golden rule12

I ~EL!5(
i 51

2

z^w i uadu3d104 f nVB& z2

3
w/p

~EL2ELi1E3d104 f nVB!21w2 , ~8!

where w is the linewidth of the Lorentzian photoemissio
line related to the lifetime of the 3d hole. ELi is the binding
energy of theuw i& level andad is the annihilation operato

FIG. 3. Energy level diagram for the two-peak structure of a 3dj

XPS transition~j 5 5
2 or 3

2!. A schematic x-ray photoemission spe
trum is drawn for the two cases:~a! D f,0 and~b! D f.0. hn is the
energy of the incident x-ray.
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PRB 60 1671CORRELATION BETWEEN RARE-EARTH OSCILLATOR . . .
for a 3d electron. By using expression~4! for the uw i& levels,
expression~8! for I (EL) becomes the following:

I ~EL!}uau2
w/p

~EL2EL11E3d104 f nVB!21w2

1ubu2
w/p

~EL2EL21E3d104 f nVB!21w2 . ~9!

The intensity of the lower binding energy XPS lines, due
uw0&˜uw1& transition, is proportional toa2 and the intensity
of the higher binding energy line, due to theuw0&˜uw2&
transition, is proportional tob2 ~see Fig. 3!. Therefore, from
the energy splittingDexp between the two XPS lines and the
relative intensitiesa2/b2, parametersD f and V can be cal-
culated by using Eqs.~6! and ~7!.

It is also possible to estimate the energy of the 4f levels
with respect to the valence-band level,E4 f2EVB , from the
3d XPS lines. By using the impurity Anderson model, o
obtains the following expression forD:11–16

D5E4 f2EVB13U f f , ~10!

whereU f f is the Coulomb interaction between 4f electrons.
The quantity 3U f f is the energy of the 4f 31e2

˜4 f 4 tran-
sition. E4 f2EVB is obtained by substituting Eq.~10! in
Eq. ~2!

E4 f2EVB5D f1~U f d23U f f !. ~11!

As a conclusion, the appearance of a two-line structur
the 3d XPS of Nd31 ions arises from a weak covalent inte
action between the VB-2p levels and the Nd-4f levels. By
measuring the relative intensity and the energy differe
between these two lines, the VB-4f interaction and the en
ergy splittingE4 f2EVB between the Nd 4f levels and the
VB levels involved in the interaction can be estimate
Therefore, XPS measurements give an indirect estimat
the interaction between the rare earth ion and its ligands

III. EXPERIMENTAL DETAILS

XPS measurements were performed in a UHV appara
consisting of a transfer chamber, a preparation chamber
an analysis chamber, maintained at a pressure smaller
1028 Pa. A magnetic transfer connects the three cha
bers. XPS spectra were obtained with a~LEYBOLD
LHS10! spectrometer by using Mg Ka or Al Ka radiation
~hy51253.6 eV and hy51486.6 eV, respectively!. In-
house software was used for data acquisition and anal
The C 1s peak position at 284.7 eV was used to calibra
the electron-binding energy scale. The spectra were obta
from polycrystalline samples~powders! that were prepared
by classical solid-state reactions. The samples w
Nd:YMO4 ~M5V, P, As! and Nd:Y3Al5O12 doped with 5%
neodymium and Nd:LiYF4 doped with 10% neodymium.

The neodymium oscillator strengths were calculated fr
absorption spectra recorded at room temperature in the 4
880-nm range on a Cary 5-Varian spectrometer. The m
surements were performed on single crystals grown by
Czochralski method for Nd:LiYF4, Nd:Y3Al5O12, and
Nd:YVO4 and by the flux method for Nd:YPO4 and
Nd:YAsO4.
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IV. RESULTS

A. Photoelectron spectroscopy

The 3d5/2 XPS lines of the Nd31 ion are shown in Figs.
4~a! and 4~b! for Y3Al5O12 and LiYF4 matrices, respectively
and in Fig. 5 for the zircon-type matrices. Each spectr
exhibits the expected two-line structure of the Nd sample
a carbon Auger transition from carbon impurities at t
sample surface. These impurities constitute an internal re
ence via the carbon 1s signal.

For each simulated spectrum, the two components of
3d5/2 signal exhibit a Gaussian shape and an identical wid
The width of 3d photoemission lines results from a conv
lution of the natural line shape due to the lifetime of t
core-hole in the 3d levels and the instrumental line shap
Except for the Y3Al5O12 host, all of the spectra in Figs. 4 an
5 can be analyzed by a negativeD f value@Fig. 3~a!#, imply-
ing that the 3d94 f 4VBh configuration is at a lower energ
than the 3d94 f 3VB configuration.

To obtain the energy splittingE4 f2EVB from Eq. ~11!,
the D f value is corrected by (U f d-3U f f) which takes into
account the Coulomb interaction 3U f f between 4f electrons
and the core-hole potentialU f d acting on the 4f electrons. In
this paper, we assume that (U f d-3U f f) does not vary signifi-
cantly from Nd metal to Nd oxide and from one host
another. The values measured for neodymium metal
U f f50.56 eV ~Ref. 17! and U f d56 eV,18 which give
(U f d-3U f f)514.3 eV. The value ofU f f in Nd metal was
measured from bremsstrahlung isochromat spectrosc
which gives the energy of the 4f 31e2

˜4 f 4 process.
To check the hypothesis of a constant (U f d-3U f f) term

from Nd metal to Nd in oxide hosts, the 3U f f value was
estimated from the 3d5/2 XPS of Nd31 ions in Nd2O3 shown
in Fig. 6 and from the x-ray absorption spectra~XAS! of
Nd2O3 given in Ref. 19. A value of 982.5 eV is obtained fo
the 3d104 f 3VB˜3d94 f 3VB1e2 transition from the XPS
spectrum and a value of 980.8 eV was found for t

FIG. 4. Experimental and simulated 3d5/2 XPS transition for
Nd31 ions ~a! in Y3Al5O12 with D f.0 and ~b! in LiYF4 with D f

,0.
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1672 PRB 60GUILLOT-NOEL, BELLAMY, VIANA, AND GOURIER
3d104 f 3VB˜3d94 f 4VB transition from the XAS spectrum
The energy difference 1.7 eV between these two transitio
which is the energy of the 4f 31e2

˜4 f 4 transition~neglect-
ing coupling effects!, is close to the value of 3U f f measured
in Nd metal. All of the experimental parametersDexp, a2/b2,
w, V, D f , andE4 f2EVB deduced from the 3d XPS spectra
are reported for the five matrices in Table II. For the thr
zircon-type matrices, the values ofDexp anda2/b2 obtained
in this work are in very good agreement with those repor
for NdMO4 (M5V, P, As!.15 The high value obtained fo
the a2/b2 ratio in LiYF4 is also in good agreement with th
values obtained in several fluoride hosts.15 From Table II, the

FIG. 5. Experimental and simulated 3d5/2 XPS transition for
Nd31 ions ~a! in YVO4, ~b! in YPO4, and ~c! in YAsO4. All the
spectra are simulated with a negativeD f value.
s,

e

d

charge transferV between the VB and 4f states shows a
weak variation through the series. It slightly increases fr
the more ionic compound LiYF4 to the more covalent com
pound YVO4. The energy splittingE4 f2EVB between the 4f
levels and the VB-2p levels, which interact with the 4f
states, decreases from Y3Al5O12 ~4.6 eV! to YVO4 ~2.9 eV!.

B. Oscillator strengths for optical absorption of Nd31

The oscillator strengthf JJ8
exp of a transition between two

multiplets 2S11LJ˜
2S811LJ8

8 is obtained experimentally by
the usual formula

f JJ8
exp

5
2.3mc2

pe2

1

NLl2 E OD~l!dl, ~12!

wherem ande are the electron mass and charge respectiv
OD~l! is the optical density obtained from absorption me
surements,L is the sample thickness, andN the number of
absorbing ions per unit volume. In the case of Nd31 ions in
the 430–880 nm range, the magnetic dipolar oscilla
strength contribution is negligible compared to the elec
dipolar contribution. For all the transitions considered in th
work, the oscillator strengths have a purely electric dip
character.

The zircon-type and fluoride matrices are anisotropic a
measurements were thus performed along thes andp polar-
ization axes, and we calculated an average oscillator stre
according to

FIG. 6. Experimental and simulated 3d5/2 XPS transition for
Nd31 ions in Nd2O3 with D f,0.
TABLE II. Values of the parameters associated to Nd31 ions in YMO4 (M5V, P, As!, Y3Al5O12 and
LiYF4 from the analysis of 3d XPS.

Host
Dexp

~eV! a2/b2
w

~eV!
D f

~eV!
V

~eV!
E4 f2EVB

~eV! Ref.

YVO4 3.960.1 0.4660.03 3.860.1 21.460.1 1.8160.05 2.960.1 This work
YPO4 3.660.1 0.4260.03 3.760.1 21.560.1 1.6460.05 2.960.1 This work
YAsO4 3.460.1 0.5260.05 3.560.1 21.160.1 1.6160.05 3.260.1 This work
LiYF4 3.060.1 0.9360.03 5.760.1 20.1160.05 1.5060.05 4.1960.05 This work
Y3Al5O12 3.060.1 1.2560.03 5.860.1 10.3360.04 1.4960.05 4.6360.04 This work
NdVO4 3.7 0.445 15
NdPO4 3.2 0.38 15
NdAsO4 3.35 0.61 15
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f̄ JJ8
exp

5
f JJ8

exp
~p!12 f JJ8

exp
~s!

3
. ~13!

The calculated oscillator strengths are determined fr
the Judd-Ofelt approach.9,10 The electric dipole oscillator
strength of aJ˜J8 transition of average frequencyv is
given by the general expression9,10

f JJ8
calc

5
8p2mv

3h~2J11!e2

xed

n
Sed~J,J8!, ~14!

wherexed5(n212)2/9 is the Lorentz local field correction
n being the refractive index of the host, andSed is the electric
dipole line strength given by

Sed~J,J8!5e2 (
t52,4,6

V tz^JiU ~ t !iJ8& z2, ~15!

whereV2 ,V4 ,V6 are the three Judd-Ofelt parameters9,10 ob-
tained from fitting calculated oscillator strengths to the e
perimental values. The reduced matrix elements of the
tensor operatorsU (t) are considered to be insensitive to th
ion environment.20

To a first approximation, the refractive index is consi
ered to be constant across the visible spectrum with the
lowing values: ns51.95, 1.72, 1.78, 1.45 andnp52.16,
1.82, 1.88, 1.47 for YVO4, YPO4, YAsO4, and LiYF4, re-
spectively; andns5np51.81 for Y3Al5O12. The experimen-
tal and calculated oscillator strengths and Judd-Ofelt par
eters are reported in Table III. A strong discrepancy
observed between the calculated and the experimental o
lator strengths for the4I 9/2˜

4F3/2 transition ~30%, 37%,
21%, 54% for YVO4, YPO4, YAsO4, and Y3Al5O12, respec-
tively!. The experimental oscillator strengths in the spec
range around 880 nm, at the limit between the visible a
near infrared detectors, are underestimated with our exp
mental set up.

A good agreement is found between the experimental
predicted values for the other transitions~4% to 15% dis-
crepancies for the three hosts!. The discrepancy is more im
portant for Y3Al5O12 because the crystal-field strength exp
rienced by the neodymium ions is two times higher in t
garnet than in the zircon-type crystals.5 For the latter host,
several neodymium absorption transitions present a la
overlap ~for instance, the4I 9/2˜

2H9/21
4F5/2; 4S3/21

4F7/2
transitions are present in a very narrow energy range!. This is
also the case for the4I 9/2˜

4G9/21
2K13/21

4G7/2; 4G11/2
12G9/21

2D3/21
2K15/2 transitions. It is therefore difficult to

calculate the individual oscillator strengths in these case
Comparing the Judd-Ofelt parameters values obtained

the five hosts~Table III!, the V6 parameter increases in th
series Y3Al5O12,LiYF4,YAsO4,YPO4,YVO4. The V4
parameter follows the same variation for the Y3Al5O12,
YPO4, YVO4 hosts. These two phenomenological para
eters are very important for the intensity of the4F3/2
˜

4I 11/2 transition around 1.06mm since the reduced matri
element of the unit tensor operatorU (2) for this transition
vanishes.20 Consequently, the fluorescence intensity arou
1.06 mm increases with these parameters. Therefore,
neodymium emission cross section around 1.06mm in the
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TABLE IV. Experimental value of the oscillator strengthsf JJ8
corr for Nd31 ions in YMO4 (M5V, P, As!,

Y3Al5O12, and LiYF4, corrected from the host refractive index and the ‘‘hypersensitivity.’’

Level YVO4 YPO4 YAsO4 LiYF4 Y3Al5O12

f JJ8
corr

~in 1026)
f JJ8

corr

~in 1026)
f JJ8

corr

~in 1026)
f JJ8

corr

~in 1026)
f JJ8

corr

~in 1026)

4F3/2 1.84 1.49 1.02 1.03 0.77
2H9/21

4F5/2 9.36 8.74 5.82 4.65 4.24
4S3/21

4F7/2 9.72 9.0 6.65 4.66 4.13
4F9/2 0.64 0.68 0.47 0.35 0.38
2H11/2 0.19 0.18 0.12 0.09 0.09
2G7/21

4G5/2 8.67 6.47 3.76 3.33 3.97
4G9/21

2K13/2 6.21 5.01 3.22 3.14 3.07
14G7/2
4G11/21

2G9/2 1.63 1.42 0.90 0.97 0.94
12D3/21

2K15/2
2P1/21

2D5/2 0.67 0.47 0.30 0.18 0.25
o
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three zircon-type crystals is higher than in the tw
Nd:Y3Al5O12 and Nd:LiYF4 matrices.

To compare the neodymium oscillator strengths in the
ferent matrices studied in this paper, two host dependent
rections must be taken into account in the experimental
cillator strengths:~i! effects due to the variation of th
refractive index between the different compounds and~ii !
effects from the ‘‘hypersensitivity’’ of some neodymium
transitions. In Eq.~14!, the refractive index appears in th
oscillator strength expression with the Lorentz local fie
correction. Therefore, the effect of the refractive index on
oscillator strength22 could be suppressed by using an/(xed)
correction factor. The transitions occurring with selecti
rules uDJu<2, uDLu<2 andDS50 are called ‘‘hypersensi
tive’’ transitions.23 It has been shown that these transitio
are strongly related and dominated by theV2 Judd-Ofelt
parameter.23 This parameter is dependent on the local en
ronment of the rare earth and in particular on the liga
polarizability.24,25 According to previous work,24–28 the vi-
brational modes of the host~in particular the odd vibrationa
modes! contribute to an increase of theV2 parameter. In
other work,22,23,25,29the ‘‘hypersensitivity’’ of the 4f transi-
tions is attributed to an inhomogeneity of host dielectric co
stant, which leads to so-called ‘‘pseudoquadrupole’’ tran
tions presenting the same selection rules as the^JiU (2)iJ8&
reduced matrix elements. From Table III, theV2 parameter
varies significantly from one host to another (V250 and
12310220 cm2 for YVO4 and Y3Al5O12, respectively!, re-
vealing large local modification on the rare-earth enviro
ment. The so-called ‘‘hypersensitive’’ contribution from th
Nd31 transition is proportional to theV2z^JiU (2)iJ8& z2 prod-
uct. By taking into account these two host effects, we defi
a corrected oscillator strength,f JJ8

corr, given by

f JJ8
corr

5
n

xed
F f JJ8

exp
2

8p2mv
3h~2J11!

V2z^JiU ~2!iuJ8& z2G . ~16!

The values off JJ8
corr are reported in Table IV for the differ

ent transitions in all the matrices. The oscillator streng
increase in the sequence
-
r-

s-

e

-
d

-
i-

-

d

s

Y3Al5O12,LiYF4,YAsO4,YPO4,YVO4, and they are
two times higher in Nd:YVO4 than in Nd:Y3Al5O12. This
increase is global and occurs for all the neodymium tran
tions.

All the previous mechanisms~effect of odd vibrational
modes, pseudoquadrupole transition,...! cannot explain the
variation among the hosts, as these mechanisms mostly
fect the hypersensitivity of the transition. In the followin
part of this paper, we attempt to correlate the variation of
oscillator strengths to the rare-earth-matrix interactions a
in particular, to rare-earth-VB covalent interactions.

V. CORRELATION BETWEEN RARE-EARTH
VALENCE-BAND INTERACTIONS AND THE

OSCILLATOR STRENGTHS OF NEODYMIUM

In the Judd-Ofelt theory,9,10 the 4f transitions are due to a
direct interaction between the 4f n and excited 4f n21a1
(a155d,6s) configurations of even parity, in particular, th
4 f n215d configuration, which is the first excited configura
tion. This configuration interaction is due to the contributi
of an odd crystal-field term in a perturbation treatme
which leads to nonzero matrix elements of the elec
dipole-moment operator between the mixed-parity wa
functions.

The approach derived in this paper is based on an indi
interaction between the 4f n and 4f n215d configurations,
where the 5d levels are mixed with the 4f levels via the VB
states by the two-step mechanism described in Fig. 1:~i!
From a band-structure calculation performed on the undo
matrix30 the d-metal levels~in YVO4, the yttrium 4d and
vanadium 3d levels! are found to interact with the valence
band levels, which leads to a 3d and 4d admixture into the
VB states. As the neodymium 5d levels in the doped matrix
are close to the conduction-band edge, which is essential
d metal character, there is also a 5d neodymium admixture
into the VB levels.~ii ! This Nd 5d admixture into the VB is
transmitted to the Nd 4f levels via the 4f -VB interaction
identified by XPS in Sec. IV.

This two-step 4f -5d mixing mechanism may result in a
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enhanced 4f -4 f transition probability. Let us consider tw
J,J8 levels, whereJ5 9

2 is the fundamental4I 9/2 multiplet of
Nd31 ions andJ8 is an excited multiplet of the 4f 3 configu-
ration. uwVB& is a wave function associated with a valenc
band level interacting with the 4f shell. The energy splitting
derived from 3d XPS, between the fundamentalJ state of the
4 f levels and the valence-band stateuwVB& is E4 f2EVB . As
previously shown, the orbital interactionV, representing the
mixture of this valence-band state with the fundamentaJ
state, is very weak. This admixture can, thus, be estimate
a first-order perturbation expressions

uJ&5uJ0&1
V

EJ
02EVB

uwVB& , ~17!

uJ8&5uJ80&1
V

EJ8
02EVB

uwVB&, ~18!

where uJ0& and uJ08& are the wave functions of the free 4f
states andEJ

0 andEJ8
0 the associated zero-order energies. T

matrix element of the electric dipole moment operatorP is
then written as

^JuPuJ8&5^J0uPuJ80&1
V

EJ
02EVB

^J0uPuwVB&

1
V

EJ8
02EVB

^J80uPuwVB&. ~19!

Equation ~19! can be simplified as follows: first th
^J0uPuJ80& matrix element vanishes as theuJ0& and uJ08&
states are purely 4f states; second, the energy splittingEJ

0

2EVB is equal toE4 f2EVB measured from 3d XPS. For all
the matrices, the energy splitting of the 4f 3 configuration,
due to Coulomb, spin-orbit, and crystal-field interactions
not negligible compared withE4 f2EVB , which implies
EJ8

0
2EVB5(E4 f2EVB)1EJJ8 , whereEJJ8 is the energy of

the 4I 9/2˜
2S811LJ8 transition measured from absorptio

spectra; third, the Nd 5d levels are mixed with the VB state
by a metal-anion covalency,uwVB& is then a linear combina
tion of VB 2p states and Nd 5d states, which could be writ
ten asuwVB&5cu2p&1du5dNd& with dÞ0. Thus, the matrix
elements ofP in Eq. ~19! are reduced to

^J0uPuwVB&5d^J0uPu5dNd&Þ0. ~20!

By assuming that̂J0uPuwVB&5^J80uPuwVB&, and the value
of d does not vary significantly, the oscillator strengthsf JJ8
obtained from this two-steps admixture mechanism are th
fore written as

f JJ8}
V2

~E4 f2EVB!2 S 21
EJJ8

E4 f2EVB

11
EJJ8

E4 f2EVB

D 2

, ~21!

where all of the parameters of Eq.~21! are measured exper
mentally.

To compare the corrected oscillator strengthsf JJ8
corr, mea-

sured experimentally, to the oscillator strengthsf JJ8, calcu-
-

by

e

s

e-

lated from Eq.~21! for each host and each neodymium tra
sition, values are normalized with respect to those of Nd31

ions in YVO4

f JJ8
corr

~norm.!5
f JJ8

corr

f JJ8
corr

~YVO4!
,

f JJ8~norm.!5
f JJ8

f JJ8~YVO4!
,

~22!

and for the sake of comparison we calculate an average
cillator strength given by

f̄ corr~norm.!5
1

i (
i

f JJ8
corr

~norm.!,

f̄ ~norm.!5
1

i (
i

f JJ8~norm.!,
~23!

where i is the i th Nd31 4 f transition. The values of the os
cillator strengthsf JJ8

corr(norm.), f JJ8(norm.), f̄ corr(norm.), and

f̄ (norm.) are reported in Table V. Figure 7 represents
variation of the calculated oscillator strengthsf̄ (norm.) ver-
sus the experimental oscillator strengthsf̄ corr(norm.) for the
Y3Al5O12, LiYF4, YAsO4, YPO4, and YVO4 matrices~all of
the values are normalized to those of the YVO4 compound!.
A unit slope represents the ideal situation, where the va
tion of the oscillator strengths across the series is only du
the Nd-matrix covalency effect. Despite a significant discre
ancy between the calculated points and the ideal situatio
is clear that the oscillator strengths increase from the m
ionic to the more covalent compounds.

These results indicate that there is a relationship betw
the variation of the Nd-valence-band interactions and
variation of the rare-earth oscillator strengths. An increase
the 4f -valence-band and 5d valence-band interactions lead
to an increase of the Nd31 oscillator strengths.

It is worth noting that we only considered the Nd-V
interactions and completely neglected Nd-conduction-b
~CB! interactions, although the latter should exist for seve
reasons. Rare-earth–CB interactions have been experim
tally observed from multiphoton absorption and excited-st
absorption in Y3Al5O12.

31,32 Nd 5d levels are close to the
conduction-band edge, so that direct Nd 5d-CB interactions
should be effective. Because of the more diffuse characte
5d orbitals compared to 4f orbitals and the Y 4d orbital
characteristics of the conduction-band edges in LiY4,
YPO4, and YAsO4 and V 3d orbitals in YVO4,

30 one should
expect direct Nd-CB interactions via Nd 5d-Y 4d or
Nd 5d-V 3d interactions. Although a detailed investigatio
of these effects is beyond the scope of this paper, it is, h
ever, possible to briefly analyze their possible influence
the strength of the Nd31 optical transitions.

Within the framework of the Judd-Offelt theory, th
electric-dipole forbidden 4f -4 f transitions are slightly al-
lowed by some even parity admixture to 4f states by the
effect of the odd termsVodd of the crystal-field Hamiltonian.
This odd parity admixture is simply accounted for by a fir
order perturbation expression
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^5duVoddu4 f &

E4 f
~0!2E5d

~0! u5d&, ~24!

whereE4 f
(0) and E5d

(0) are the unperturbed 4f and 5d energy
levels. Let us consider a conduction-band level~with Y 4d or
V 3d character! of energyECB with E5d

(0),ECB @case~i!#. A
covalent interaction between Nd 5d and CB levels shifts the
former to lower energy because of its bonding character
turn, the energy splittingE4 f

(0)2E5d
(0) in Eq. ~24! is reduced

and the effect of the even-parity admixture into 4f states is
enhanced with a resulting increased of the oscilla
strengths. Alternatively, the opposite effect is expected
E5d

(0).ECB @case~ii !#, where the antibonding character of th
Nd 5d level leads to an increase in the energy splittingE4 f

(0)

2E5d
(0) . We thus expect an increase of 4f -4 f transition

strengths in compounds with large energy gapsEg.E4 f
(0)

2E5d
(0) . Compounds such as YLiF4 (Eg510.1 eV),

Y3Al5O12 (Eg56.9 eV), and YPO4 (Eg58.3 eV) correspond
to case ~i!, while YAsO4 (Eg56.8 eV) and YVO4 (Eg
53.6 eV) correspond to case~ii !.30 It is interesting to note
that the experimental points in Fig. 7 lie below the ideal li
~increased of the transitions strengths! for YLiF4, Y3Al5O12,
and YPO4 and above this line for YAsO4. Considering the
experimental uncertainties, it is, however, not possible
come to a definitive conclusion as to the effect of Nd-C
interactions on the Nd oscillator strengths.

VI. CONCLUSION

We have presented an analysis of the covalent interact
between rare-earth and VB levels and their effects on
neodymium 4f transition intensity. The neodymium oscilla
tor strengths in YMO4 (M5V, P, As!, Y3Al5O12, LiYF4
have been measured and corrected for host effects~refractive
index and ‘‘hypersensitivity’’!. The oscillator strengths ar
found to increase in the sequenc
Y3Al5O12,LiYF4,YAsO4,YPO4,YVO4.

Interactions between Nd 4f levels and VB levels have
been estimated by photoelectron spectroscopy. The stren

FIG. 7. Variation of the calculated oscillator strengthf̄ (norm.)

versus the experimental oscillator strengthf̄ corr(norm.) of Nd31

ions in YMO4 (M5V, P, As!, Y3Al5O12, and LiYF4, averaged
over all the Nd31 transitions. All the values are normalized wit
respect to YVO4. The straight line represents a perfect agreem
between the two sets of parameters.
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of these covalent interaction were estimated from neo
mium 3d XPS spectra. The 4f -VB covalency appears to
increase from the more ionic compound (LiYF4) to the more
covalent one (YVO4).

A model is proposed on the basis of a correlation betw
the oscillator strength and the 4f /5d-VB interactions. In this
approach, an admixture of Nd 5d and VB levels results in a
4 f -5d mixing via the 4f -VB interaction measured by XPS
Therefore, an odd 5d character is admixed into the even 4f
levels via the Nd-matrix covalency, enhancing the pari
forbidden 4f transitions.

This approach is, however, based on two several assu
tions: ~i! The (U f d23U f f) term, containing the Coulomb
interaction between 4f electronsU f f and the core-hole po
tential acting on the 4f electronsU f d , does not vary signifi-
cantly from Nd metal to Nd2O3. It would be necessary to
measure precisely these values for Nd2O3. ~ii ! The admixture
, J

g
oc

ol

,

-

em

in

h

hy

e

-

n

-

p-

of Nd-5d levels into the VB levels is almost constant fro
one host to another. It would be necessary to verify t
assumption by band structure calculations on doped m
ces. However, it seems that this very simple approach re
duces rather well the experimental variations of neodymi
oscillator strengths across the series of matrices.
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