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Nd®*:YVO, is one of the more promising laser hosts for micro and diode-pumped solid-state lasers. At room
temperature, Nt ions in this matrix exhibit strong absorption cross sections sixfold higher thagAh,®;..
The neodymium oscillator strengths are measuredvQy, (M =V, P, As), Y;AI;0,,, and LiYF, hosts, and
they increase in the sequenceAY;0,,<LiYF ,<YAsO,<YPO,<YVO,. This paper is an attempt to correlate
these variations with covalent interactions between neodymififéd4levels and valence-band levels. The
strength of orbital interactions betweei kevels and valence-band states is estimated from the analysis of 3
x-ray photoemission spectra of Ridions. A two-step model is derived, in whictdSadmixture into the 4
levels of the rare earth occurs via the valence-band levels. This model shows that the oscillator strengths
increase with the Nd #valence-band interactiongS0163-18289)00427-0

[. INTRODUCTION ation the interaction between the lanthanidectbitals and
the s andp orbitals of the ligand§.” Since the 4 levels can
Neodymium-doped yttrium orthovanadate NovVO, is  always be considered as localized, even in solids presenting
an efficient solid-state laser material, where®Ndons ex-  very narrow energy ga%covalency is generally introduced
hibit a broad and strong absorption band around 808 nm an@ @ phenomenological parameter in crystal-field calcula-
a very intense emission arounduin. These features allow tions. Optical transitions of a rare-earth ion in a solid matrix
one to miniaturize this material in diode-pumped microchipOCCUr between states belonging to the same configuration
laserst~3 Optical properties of N ions are almost identical 4f" (4f" for Nd™"), which are forbidden by the Laporte rule
in the three zircon-type matrices YQYPOQ,, and YAsQ.* g?cause they '%Yl%'ve stat.e.s with the same parlty. In the Judd-
At room temperature, the broadening of the3Ndons ab- elt approach;™ transitions between f4 orbitals are

sorption band around 808 nm is homogeneous and can bséightly allowed by admbdure of 8 states into 4 states

explained by the specific crystalfield strength in thesemduced by odd terms of the crystal-field Hamiltonian. This

matrices® In the three zircon-type matrices, neodymium pre_purely electrostatic approach is justified by the fact that the

nts a very strong absorotion cr tion near 808 4f-ligand covalency is usually considered as negligible com-
SEnts a very strong absorplion cross section nea een pared to crystal-field effects. In this paper, we propose an-
Table |), which is five to six times larger in YV@than in

Y3AlsOy, To our knowledge, the origin of this strong ab- 1AL E |. Absorption cross sections of Nt ions around an
sorption is not yet explained. In the case of homogeneouslgoo.nm wavelength in MO, (M=V, P, A9, Y:Al:O;, and
broadened transitions, high transition probabilities could leadiyF,,

to high-absorption cross sections. The aim of this paper is te
propose an explanation for the variation of the neodymium Absorption cross sections
oscillator strengths observed in the thre®®, (M=V, P, (10" ¥cnv)

As) matrices and in ¥Al;0;, and LiYF, matrices for com-
parison. An attempt is made to correlate these variations 0 0st
orbital interactions between the rare-earth leyets, 4f and

Average
7 polarization ¢ polarization polarization

5d levelg and the matrix levels and in particular the valence-YVO, 3.8 (808.7 nm 1.5(808.7 nm 2.3
band level{VB levels) which are mainly composed of oxy- YPQ, 3.5(803.2 nm 1.1 (804 nm 1.9
gen and fluorine @ states for oxide and fluoride hosts re- YAsO, 2.8 (804.8 nm 0.8 (804.7 nm 15
spectively. LiYF, 08 (792 nm 0.3 (797 nm 05
In previous works dealing with crystal-field parametery.a|.0,, no polarization 0.6(795.4 nm

calculations in oxide hosts, some authors took into consider:
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FIG. 1. Schematic representation of the two-step mechanism for a) b)
the mixing of the Nd 8l levels with Nd 4 levels via the VB
states(i) 5d-VB interaction,(ii) the 4f-VB interaction.

FIG. 2. Initial (@) and final(b) states in a @ XPS transition. In
the initial state (a), the covalent interaction betweenf 4and

valence-band levels is very smalleak AE shift). In the final state

other mechanism of even parity admixture intblévels that  (b), the virtual electron transfer between these two levels leads to an
takes into account the electronic structure of the host, and n@iteraction between thed$4f3VvB and 3d°4f*VBh configurations

only the symmetry of the site occupied by the rare-earth ion¢strongAE; shift).

The basic idea of this model can be understood by consider-

ing the simple energy level diagram shown in Fig. 1, repregen or fluorine d levels by using the impurity Anderson
senting schematically the rare-earth energy levels comparaglode|l1-1°

to the host energy levels. The essential feature is that the The appearance of satellitésecondary signalsn the 3d
valence-bandVB) levels, composed of oxygen or fluorine XPS spectrum is due to an electron transfer from the VB
2p orbitals, transfer the even parity from thel %o the 4  |evels to the 4 shell. To explain the relationship betweed 3
levels via metal-anion covalency. The important radial ex-photoemission and Ndf4VB interactions, let us consider
tension of the rare-earthdSorbitals should be responsible for the electronic structure of a filled VB and neodymium impu-
a significant ®l-2p covalency, which should produce @5 rity with 3d'%f3 configuration(Fig. 2). We neglect the mul-
admixture into VB levelgarrowi in Fig. 1). Because the# tiplet coupling effects due for Coulomb and spin-orbit inter-
levels are energetically close to the VB edge, even a vergctions of the 8 and 4f levels. In the case of neodymium,
small 4f-VB covalency can produce gp2admixture into 4 these multiplet coupling effects are weak id XPS, and
levels (arrow ii). A small 5d contribution to the VB levels they lead only to a broadening of the transition and in some
provides a channel through the weak-¥B(2p,5d) cova-  cases to minor spectral structurés.

lency to give a small 8 admixture into 4 levels. The VB Let us first consider the f4VB interactions in the initial
levels thus act as a relay in thel8Hf mixing via the two-  state of photoemission before photoionisation of thlesBc-
step mechanismdb—VB—4f. tron[Fig. 2(@)]. An electron can be virtually transferred from

To test this hypothesis, it is necessary to measure ththe VB-2p states to the # shell as a result of the weak
variation of the 4-2p covalency across a series of com- covalent interaction between these two types of orbitals; this
pounds. We used photoelectron spectroscopy, and in particinteraction gives rise to the excitedl®4f4*VBh configura-
lar the structure of the @ photoemission spectrum, to esti- tion, whereh refers to a hole in the valence band. The physi-
mate these weak interactiohs™ The principle of the cal signature of this virtual transfer between the fundamental
method is described in Sec. Il. After briefly describing the3d%f3VvB and the excited 8'°%4f*VBh configurations is a
experimental details in Sec. lll, the results of photoelectrorshifting (by a valueAE) of the excited and ground state
and optical spectroscopic measurements are discussed in Seenfigurations towards higher and lower energies, respec-
IV. Finally, Sec. V considers in more detail the correlationtively [Fig. 2(a)]. The energy differencA between these two
between the oscillator strengths of Ndoptical transitions configurations, the charge transférbetween the VB levels
and the 4-VB covalency effects measured by photoelectronand the 4 shell, and the energy shiftE arising from the
spectroscopy, by using a simple perturbative approach.  configuration interaction are linked by a second-order pertur-

bation expression

IIl. DETERMINATION OF 4 f-LIGAND INTERACTIONS V2
BY PHOTOELECTRON SPECTROSCOPY AEo — (1)
<

X-ray photoemission spectroscopy has become a widely
used technique for studying filled electronic energy levels inin the case of NgD,;, characterized byA=9.5eV andV
solids. From the analysis ofd3photoelectron signals of rare =0.5eV}!! the interaction AE~0.03eV) between the
earth ions, others have shown that it is possible to estimatdd'®4f3VB and 3d1%f*VBh configurations is weak; hence,
the strength of the covalent interactions between the rarthe 4f-VB covalency is very limited. Therefore, in the
earth & levels and the VB levels mainly composed of oxy- ground state of the matrix-Nd system [Fig. 2(a)], the
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charge transfer between the VB states and thshell can be

neglected, sincAE is much smaller than the photoemission g pm—
linewidth. This initial state can be considered as only com- 0 9
. . B > ] >
posed of the fundamentald3®4f3VB configuration. The |3 452\’.??_. 92> {34 42\.]th> rlo:
very weak covalency is negligible to a first approximation, Aexp Aexp
7 Af [Eg> Af [Es2
so it cannot be measured. gl X —.; . £l Y H
In the final state of photoemission, after photoionization | 3d°4f*VBh> "1 '|(p1> |3d°%4£VB> T3 | 1>
of a 3d electron[Fig. 2(b)], the 4f states are shifted to lower
energy by a value-U;y, as a hole is created in thel3ore hv: | |Es hy | |Em
levels inducing an attractive potential between thte cdre | 30%4FVB —13d%FVE
hole and the # states. In the final statd,; andAE; are the | @o>= > | go>=13d >
energy differences between the®af3VB and 3d°4f*VBh
configurations and the energy shift arising from the interac- Lees i L S 2
tion between these two configurations, respectiysge Fig. o d q b2
2(b)]. Ao |
A simple expression o\; is obtained from the impurity PECER —
-16 —> >E
Anderson modét Es;  Epy CP Esi  Ep P
Ar=A-Urq @ Case A< 0:a’<b’ Case & >0:a*> b’
with Uy and A being of the same order of magnituffer

Nd,0; A=9.5eV,U;y=12eV (Ref. 11]. As for the initial a) b)
state[Eq. (1)], the parameter¥, A;, andAE; are related by
FIG. 3. Energy level diagram for the two-peak structure otia 3
XPS transition(j =§ or %). A schematic x-ray photoemission spec-
AE> A_f () trum is drawn for the two case&) A;<0 and(b) A;>0. hv is the
energy of the incident x-ray.

V2

where a larger value of theE; relative to its equivalerAE

in the initial state indicates a strongef-#B covalency. states that transfer their electrons to tHeshell (see Fig. 3.
Therefore, a strong interaction occurs between therhe HamiltonianH, describes the interaction between the
3d°4f3VB and 3d°4f*VBh configurations, leading to states 3d°4f3VvB and 3d°4f*VBh configurations in the final state
l¢;) and |¢,) described by the following linear combina- of photoemission, and it is represented by the following ma-

tions: trix in the {|3d%f*VvBh),|3d%4f3VB)} basis set
|¢1)=a|3d%f3VB) +b|3d%f*VBh), B e V
thb:< Y ) ®)
|@,)=b|3d%4f3VB) —a|3d%4f*VBh). (4) 2

From the eigenvalues and the associated eigenvektqls
nd |¢,) of this matrix, one obtains the following expres-
sions forA; andV:

The interaction between the fundamental and the excite
configurations, negligible in the initial state of photoemission
(AE), is strongly increased in the final stat&E;) by pho-
toionisation of a 8 electron. Thus the effect of the covalent 22— p2

interaction(measured by) is amplified after photoemission At=—— Ay (6)
of a 3d electron. a“+b
The 3 x-ray photoemission spectroscop¥PS) is com-
posed of two linegFig. 3) corresponding to the two transi- al b2
tions from the initial statdg)=|3d°4f3VB) to the final V=lplazrp2 e (7)

states|¢,) and|¢,) given by Eq.(4). From this two-line

spectrum, the charge transfer between the VBP levels ~ where the coefficienta andb of the statese;) and|¢,) are
and the Nd4 levels as well as the energy difference betweergiven in expressioii4). The transition probabilities for pho-
these two levels can be calculated. Two situations are showigemission as a function of thed®inding energy are given
in Fig. 3. In the first, the 8%4f*VBh configuration is at a by the Fermi golden rufé

lower energy than thed®4f3VB configuration without con-

figuration interaction, which corresponds dq|>A and 2 Loren 5

A¢<0 in Eq. (3) [see Fig. &)]. In the second, the |(EL):;|<<Pi|ad|3d 4£"VB)|

3d°4f3VB configuration is at lower energy than the

3d°4f3VBh configuration, which corresponds 4| <A w/

andA;>0 in Eq.(2) [see Fig. &)]. In the following,s 4 and X(EL— E_;+ Eagioarnyg) >+ W2’ ®

€, are, respectively, the energy of the lowest and the highest

configurations,A,, is the experimental energy difference wherew is the linewidth of the Lorentzian photoemission
between the two XPS transitions aBg; — E\y is the energy line related to the lifetime of the®Bhole. E,; is the binding
difference between the Nd f4undamental level and the VB energy of thel¢;) level anday is the annihilation operator
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for a 3d electron. By using expressi@d) for the|¢;) levels,

expression8) for I(E) becomes the following: a) Experimental
2 i ‘/\
H(Ep)e | al Simulation

(EL—EL1+ Ezqro¢nyg) “+W? E
&
) we T e C.Auger
+lel (EL—ELo+ Eggioggnyg)* + W’ @ T
. . - . 980 990 1000
The intensity of the lower binding energy XPS lines, due to Ex (eV)
|o)—|¢1) transition, is proportional ta® and the intensity S " " "
of the higher binding energy line, due to theg)—|e,) 'b) '
transition, is proportional tb? (see Fig. 3. Therefore, from E Experimental
the energy splitting\ ., between the two XPS lines and their -1
relative intensitiesa?/b?, parameters\; andV can be cal- ! imulation
culated by using Eqg6) and (7). Cf 4; Q \
It is also possible to estimate the energy of tHeldvels E T C Auger
with respect to the valence-band level;;—E,z, from the eessenl o N
3d XPS lines. By using the impurity Anderson model, one 970 980 990 1000
obtains the following expression fdr:11~16 Es(eV)
A=E,—Eg+3Uy, (10 FIG. 4. Experimental and simulatedd3, XPS transition for
2 . , C .
whereUy; is the Coulomb interaction betweerf 4lectrons. 2% lons (&) in YsAlsOr, with A;>0 and (b) in LIYF, with A
The quantity ®J¢; is the energy of the #+e~ —4f* tran- '
sition. E4—Eyg is obtained by substituting EJ10) in IV. RESULTS

Eq. (2)
A. Photoelectron spectroscopy

Ear—Eve=A¢F(Urg=3Usp). 1D The 3, XPS lines of the N&" ion are shown in Figs.

As a conclusion, the appearance of a two-line structure i@ and 4b) for Y3Als0,, and LiYF, matrices, respectively,
the 3d XPS of N ions arises from a weak covalent inter- @nd in Fig. 5 for the zircon-type matrices. Each spectrum
action between the VB2 levels and the Nd-# levels. By exhibits the expected two-line structure of the Nd sample and
measuring the relative intensity and the energy differenc& carbon Auger fransition from carbon impurities at the
between these two lines. the VBE4nteraction and the en- Sample surface. These impurities constitute an internal refer-
ergy splitting E,;— Eyg between the Nd # levels and the ©€NCe via the carbonslsignal.

VB levels involved in the interaction can be estimated. FOr €ach simulated spectrum, the two components of the
Therefore, XPS measurements give an indirect estimate sy signal exhibit a Gaussian shape and an identical width.

the interaction between the rare earth ion and its ligands. "€ width of & photoemission lines results from a convo-
lution of the natural line shape due to the lifetime of the

core-hole in the @ levels and the instrumental line shape.
Except for the %Al;O,, host, all of the spectra in Figs. 4 and

XPS measurements were performed in a UHV apparatu$ can be analyzed by a negatite value[Fig. 3], imply-
consisting of a transfer chamber, a preparation chamber aridg that the 3°4f*VBh configuration is at a lower energy
an analysis chamber, maintained at a pressure smaller thaman the 31°4f3VB configuration.

10 8Pa. A magnetic transfer connects the three cham- To obtain the energy splitting,;— Eyg from Eq. (11),
bers. XPS spectra were obtained with (REYBOLD the A value is corrected byU;4-3U¢;) which takes into
LHS10 spectrometer by using Mg & or Al K« radiation  account the Coulomb interactior3; between 4 electrons
(hv=1253.6eV and hu=1486.6 eV, respectively In-  and the core-hole potentibl;4 acting on the 4 electrons. In
house software was used for data acquisition and analysithis paper, we assume that {4-3U;;) does not vary signifi-
The C Is peak position at 284.7 eV was used to calibratecantly from Nd metal to Nd oxide and from one host to
the electron-binding energy scale. The spectra were obtainemhother. The values measured for neodymium metal are
from polycrystalline samplegpowder$ that were prepared U¢=0.56eV (Ref. 17 and U;y=6eV,® which give

by classical solid-state reactions. The samples wer¢U;y-3U;)=+4.3eV. The value ofJ;; in Nd metal was
Nd:YMO, (M=V, P, Ag and Nd:Y;Als0;, doped with 5% measured from bremsstrahlung isochromat spectroscopy
neodymium and Nd:LiYF doped with 10% neodymium. which gives the energy of thef3d+ e~ —4f* process.

The neodymium oscillator strengths were calculated from To check the hypothesis of a constaht;{-3U;) term
absorption spectra recorded at room temperature in the 430frcom Nd metal to Nd in oxide hosts, theU3; value was
880-nm range on a Cary 5-Varian spectrometer. The meaestimated from the &, XPS of Nd* ions in NdsO5 shown
surements were performed on single crystals grown by thin Fig. 6 and from the x-ray absorption spectAS) of
Czochralski method for Nd:LiYE Nd:Y;AI50;5, and  Nd,Oj;given in Ref. 19. A value of 982.5 eV is obtained for
Nd:YVO, and by the flux method for Nd:YPOand the 3d'%f3vB—3d%4f3VB+e  transition from the XPS
Nd:YASO,. spectrum and a value of 980.8 eV was found for the

IIl. EXPERIMENTAL DETAILS
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b) Experimental FIG. 6. Experimental and simulatedd®, XPS transition for
af /\\ N ions in NcbOs with A;<O0.
St L4
=34 imulation|
© A charge transfel between the VB and # states shows a
_______________________________________________ G Auger weak variation through the series. It slightly increases from
the more ionic compound LiYfto the more covalent com-
970 975 980E ?8%) 990 995 pound YVQ, The energy splitting ,;— Eyg between the #
B e levels and the VB-p levels, which interact with the 4
- states, decreases fromAMs0,, (4.6 eV) to YVO, (2.9 eV).
i c) Experimental
‘E 1 /\ B. Oscillator strengths for optical absorption of Nd**
S J &_imul_ation The oscillator strengtif$}7 of a transition between two
G, Auger multiplets 2571 ;—25 1L/, is obtained experimentally by
""" the usual formula

970 975 980 985 990 995 1000
Es (eV

B (eV)
FIG. 5. Experimental and simulatedd3, XPS transition for fexpzz'ancz 1 J' OD(\)dA (12)
Nd®*" ions (a) in YVO,, (b) in YPO,, and(c) in YAsO,. All the W ge? NLA? '

spectra are simulated with a negati¥e value.

wherem ande are the electron mass and charge respectively,
3d*%43VB— 3d%4*VB transition from the XAS spectrum. OD()\) is the optical density obtained from absorption mea-
The energy difference 1.7 eV between these two transitionsurementsl is the sample thickness, amtithe number of
which is the energy of thef#+ e~ —4f* transition(neglect-  absorbing ions per unit volume. In the case ofNibns in
ing coupling effecty is close to the value of 3;; measured the 430-880 nm range, the magnetic dipolar oscillator
in Nd metal. All of the experimental parametes,, a?/b?, strength contribution is negligible compared to the electric
w, V, A¢, andE,;—Eyg deduced from the @ XPS spectra dipolar contribution. For all the transitions considered in this
are reported for the five matrices in Table Il. For the threework, the oscillator strengths have a purely electric dipole
zircon-type matrices, the values at,, anda®/b? obtained ~ character.
in this work are in very good agreement with those reported The zircon-type and fluoride matrices are anisotropic and
for NAMO, (M=V, P, A9.'® The high value obtained for measurements were thus performed alongotfaad 7 polar-
the a?/b? ratio in LiYF, is also in good agreement with the ization axes, and we calculated an average oscillator strength
values obtained in several fluoride host&rom Table II, the  according to

TABLE Il. Values of the parameters associated ta®Nibns in YMO, (M=V, P, A9, Y,Al:0;, and
LiYF, from the analysis of 8 XPS.

Aexp w Af \ E4f_ EVB
Host (eV) a?/b? (eV) (eV) eV) (eV) Ref.
YVO, 3.9+0.1 0.46-0.03 3.8:0.1 —-1.4+0.1 1.81-0.05 2.9-0.1 This work
YPO, 3.6-0.1 0.42-0.03 3. 7#0.1 —-1.5+0.1 1.64+0.05 2.9+0.1 This work
YAsO, 3.4+0.1 0.52-0.05 3.5:0.1 —-1.1+0.1 1.6 0.05 3.2:0.1 This work
LiYF, 3.0+0.1 0.93:0.03 5701 -0.11+0.05 1.50:0.05 4.19-0.05 This work
Y 3Als0;5 3.0£0.1 1.25-0.03 5.8:0.1 +0.33+0.04 1.49-0.05 4.63:0.04 This work
NdVO, 3.7 0.445 15
NdPQ, 3.2 0.38 15

NdAsO, 3.35 0.61 15
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> SoNBAgs = B ¥
& © < . .
% e o °° - ° . ﬁ (?g i The calculated oscillator strengths are determined from
< QR S ™S E the Judd-Ofelt approach® The electric dipole oscillator
o g = g strength of aJ—J’ transition of average frequenoy is
> ) i
% §2319 8y @ 9 given by the general expresstof]
; (‘5\ — N~ N~ oo o — =) 5
c g59 87°MV  Xeq
9 G'J‘_'ﬂH fcalc: _eS J Jr 14
b £ - W T3h(2IT e n edd ) (14
- SN~y L ow
"3 £ o where 4= (n?>+2)?/9 is the Lorentz local field correction,
o - 0O mBo < n being the refractive index of the host, aBg, is the electric
% =1 g g g ; © g g § - o o dipole line strength given by
|| 80 283
LL N

3 |3 £ Sed .= > QIUVII)P, (15)
5 - t=2,4,6
Q t¥FToadT © o v
o elmMeegTasN &
S o el [©CccCy 4 o whereQ),,0,,Q are the three Judd-Ofelt parametefob-
SN x>0 2 4_ . 6 .
S 03:2 tained from fitting calculated oscillator strengths to the ex-
o ¥ = — perimental values. The reduced matrix elements of the unit
é £ . IPYwo °y © o tensor operatort)) are considered to be insensitive to the
g2 5= ion environment®
‘%8 o To a first approximation, the refractive index is consid-
© % A N S 2 @ 9 g g g 5] ered to be constant across the visible spectrum with the fol-
25 | 5329 Nod35%6 5 SAddd z lowing values:n,=1.95, 1.72, 1.78, 1.45 and,=2.16,
_Oé g 2 I~ £ S NS 1.82, .1.88, 1.47 for YV@ YPO,, YAsO,, and L|YF4., re-
= § > <o - spectively; and1(,=n7,=' 1.81 for Y;AlIs0;,. The experimen-
o 9 ~lRaIg8Nol 3 g tal and calculated oscillator strengths and Judd-Ofelt param-
s $ g5 |9 20036 < o eters are reported in Table Ill. A strong discrepancy is
E 3 Q‘J':";' observed between the calculated and the experimental oscil-
= = N lator strengths for thetlq,—*F5, transition (30%, 37%,
£ o c o |mew-og S ® v 21%, 54% for YVQ, YPQ,, YAsQ,, and Y;AlsO;,, respec-
= % oS - tively). The experimental oscillator strengths in the spectral
25 o range around 880 nm, at the limit between the visible and
o8 Tl <« mo3g0 near infrared detectors, are underestimated with our experi-
s oq‘g‘gg 233:832 R g@gg@i mental set up. _
s8|la' e = - S <o g A good agreement is found between the experimental and
s 3 > 7 predicted values for the other transitio®% to 15% dis-
é ?) Slengsaks § o crepancies for the three hogt3he discrep_ancy is more im-
s P gig“c_n' NS S S Jd© o o portant for Y;Als0;, because the crystal-ﬂ_eld stre_zngth expe-
g E T c rienced by the neodymium ions is two times higher in the
71 . - ol ety shasumton Sanaons aresent o jrge
E ftoloYtTlOHNOO o !
5 8 me | ® S overlap (for instance, the4lg,2—>2H9,2+ AFcpp: 483,2+4|_:7{2
o Ei o transitions are present in a very narrow energy rarges is
3 = A 3333 also the case for thélg,—"Gopt *Kigot*Gra; Gy
g5 g5833|3 8R83I&3 I IHHY: +2Ggjpt ?D ot *K 5, transitions. It is therefore difficult to
ZE|S £|93RT°C8I © —Tdegs calculate the individual oscillator strengths in these cases.
2 g > Comparing the Judd-Ofelt parameters values obtained for

e . ; ) .
23 Clomoonto w© o the_flve hosts(TabI_e 1), the (4 parameter increases in the
s 2 gro | @XM~ 8 9 series YAl50.,<LiYF,<YAsSO,<YPO,<YVO,. The Q,
o= Lrdlmoodod© o o .
o < = © = parameter follows the same variation for theAYs;O,,,
E u - YPO,, YVO, hosts. These two phenomenological param-
$5 N eters are very important for the intensity of tH#,,
= CEG . S s%%% —* 4, transition around 1.06um since the re_duced r_n_atrix
W fuf %3 (\(‘DNX S element of the unit tensor operatbi?) for this transition
o) T O ek +%N+ SRR vanishe$? Consequently, the fluorescence intensity around
< z < g %Us% $ 3R 30 40 S\:\;vw»q_)- 1.06 um increases with these parameters. Therefore, the

> QILETQPETFRPPLLPLE Sy neodymium emission cross section around 106 in the
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TABLE IV. Experimental value of the oscillator strengtf§;' for Nd®* ions in YMO, (M =V, P, As),
Y ;Als0,,, and LiYF,, corrected from the host refractive index and the “hypersensitivity.”

Level YVO, YPO, YAsO, LiYF, Y,Al0;,
5 fo 5 fo 5
(in 10°9) (in 10°9) (in 10°9) (in 10°9) (in 10°9)
“Fapn 1.84 1.49 1.02 1.03 0.77
2Hgipt+*Fspn 9.36 8.74 5.82 4.65 4.24
483+ *F 71 9.72 9.0 6.65 4.66 4.13
“Fop 0.64 0.68 0.47 0.35 0.38
2Hyup 0.19 0.18 0.12 0.09 0.09
Gyt *Gsy 8.67 6.47 3.76 3.33 3.97
“Goot *Kyap 6.21 5.01 3.22 3.14 3.07
+%Gypp
4Gyt %Gy 1.63 1.42 0.90 0.97 0.94
+2D g+ *Kysp
2P, »+2Dgp, 0.67 0.47 0.30 0.18 0.25

three zircon-type crystals is higher than in the twoy,Al.0,,<LiYF,<YAsO,<YPO,<YVO, and they are
Nd:Y3Al50;, and Nd:LiYF, matrices. two times higher in Nd:YVQ than in Nd:Y;Als0;,. This

To compare the neodymium oscillator strengths in the difincrease is global and occurs for all the neodymium transi-
ferent matrices studied in this paper, two host dependent cofions.
rections must be taken into account in the experimental 0s- All the previous mechanisméffect of odd vibrational
cillator strengths:(i) effects due to the variation of the modes, pseudoquadrupole transition,cannot explain the
refractive index between the different compounds @nd  variation among the hosts, as these mechanisms mostly af-
effects from the “hypersensitivity” of some neodymium fect the hypersensitivity of the transition. In the following
transitions. In Eq(14), the refractive index appears in the part of this paper, we attempt to correlate the variation of the

oscillator strength expression with the Lorentz local fieldoscillator strengths to the rare-earth-matrix interactions and,
correction. Therefore, the effect of the refractive index on then particular, to rare-earth-VB covalent interactions.

oscillator strengtff could be suppressed by using4 xeq)
correction factor. The transitions occurring with selection

rules|AJ|<2,|AL|<2 andAS=0 are called “hypersensi- V. CORRELATION BETWEEN RARE-EARTH
tive” transitions?® It has been shown that these transitions VALENCE-BAND INTERACTIONS AND THE
are strongly related and dominated by the Judd-Ofelt OSCILLATOR STRENGTHS OF NEODYMIUM

parametef® This parameter is dependent on the local envi- 10 .

ronment of the rare earth and in particular on the ligand !N the Judd-Ofelt theor§“the 4f transitions are due to a
polarizability?*?5 According to previous worké28the vi-  direct interaction between thef? and excited 4" "ol
brational modes of the hogin particular the odd vibrational (@1=5d,6s) configurations of even parity, in particular, the
mode$ contribute to an increase of th@, parameter. In 4f"~15d configuration, which is the first excited configura-
other work?223252%he “hypersensitivity” of the 4 transi-  tion. This configuration interaction is due to the contribution
tions is attributed to an inhomogeneity of host dielectric con-2f @n odd crystal-field term in a perturbation treatment,
stant, which leads to so-called “pseudoquadrupole” transi\Which leads to nonzero matrix elements of the electric
tions presenting the same selection rules ag/#je)?)J") dipole-moment operator between the mixed-parity wave
reduced matrix elements. From Table IlI, thg parameter ~functions. o _ e
varies significantly from one host to anotheR{=0 and The approach derived in this paper is based on an indirect
12x10°2° cn? for YVO, and Y:Al:O;,, respectively, re- interaction between the f4 and 4" '5d configurations,
vealing large local modification on the rare-earth environ-Where the 8 levels are mixed with the #levels via the VB

ment. The so-called “hypersensitive” contribution from the States by the two-step mechanism described in Figli)1:
NdB* transition is proportional to th@2|<~3||U(2)||J'>|2 prod- From a band-structure calculation performed on the undoped

uct. By taking into account these two host effects, we define@qafgﬁzr;h%dl'en\jggl a{(reevil)su(knd I:a?érg]cet \)//vtiftrr:utrr?ef/ja?elc::e
A corr B =
a corrected oscillator strengthy,, , given by band levels, which leads to ad3and 4d admixture into the
n 82my VB states. As the neodymiumdSIeveIs in the dpped mat'rix
P — —————Q,[JIJUP|3)P|. (16) are close to the conduction-band edge, which is essentially of
Xed 3h(2J+1) d metal character, there is also d Beodymium admixture
into the VB levels(ii) This Nd 5d admixture into the VB is
The values of ;7 are reported in Table IV for the differ- transmitted to the Nd# levels via the 4-VB interaction
ent transitions in all the matrices. The oscillator strengthgdentified by XPS in Sec. IV.
increase in the sequence This two-step 4-5d mixing mechanism may result in an

corr__
fJJ’ -
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enhanced #-4f transition probability. Let us consider two lated from Eq.(21) for each host and each neodymium tran-
J,J’ levels, where)=$ is the fundamentatl o, multiplet of  sition, values are normalized with respect to those of 'Nd
Nd*" ions andd’ is an excited multiplet of the # configu-  ions in YVO,

ration. |¢yg) is @ wave function associated with a valence-

band level interacting with thefdshell. The energy splitting, georr

derived from 31 XPS, between the fundamentkstate of the £ (norm) = B —

4f levels and the valence-band staggg) is E4;—Eyg . As f13/(YVOy) 22)
previously shown, the orbital interactidh representing the iy

mixture of this valence-band state with the fundamedtal fy5(norm) = m,

state, is very weak. This admixture can, thus, be estimated by

a first-order perturbation expressions .
and for the sake of comparison we calculate an average os-

vV cillator strength given by
|J>:|JO>+—E0_ EVB|QDVB>1 (17)
J

— 1
v S norm) = i—z £59(norm),
|
3 =19+ zo—g -l ove). (18 _ 1 (23)
L f(norm)= i—E f5 (normy),
where|Jy) and|Jg) are the wave functions of the freef 4 '

0 0 : .
states andt; andE;, the associated zero-order energies. TheWherei is theith N&® 4f transition. The values of the os-

matrix element of the electric dipole moment operarois ) —
then written as P P cillator strengthd §(norm.), f ;5 (norm.), f*"(norm.), and
f(norm.) are reported in Table V. Figure 7 represents the
, , \ variation of the calculated oscillator strength®orm.) ver-
(IIP1I"Y=(3PII"%)+ Z——(IPlove) . | wengttmorm.)
J_Evs sus the experimental oscillator strengfti8"(norm.) for the

Vv Y 3Als045, LiIYF,, YASO,, YPO, and YVQ, matrices(all of
+ ————(3"°P| oys) (190  the values are normalized to those of the YM@mpound.
70_ PvB/- . . . . .

E; —Ews A unit slope represents the ideal situation, where the varia-
tion of the oscillator strengths across the series is only due to
the Nd-matrix covalency effect. Despite a significant discrep-
ancy between the calculated points and the ideal situation, it
is clear that the oscillator strengths increase from the more

Equation (19) can be simplified as follows: first the
(J°P]J'% matrix element vanishes as th&,) and |Jg)
states are purely f4states; second, the energy splittiEQ
—Eyg is equal toE4;— Eyg measured from @ XPS. For all - jgpjc to the more covalent compounds.

the matrices, the energy splitting of thef_34co_nf|gurat_|on, ~ These results indicate that there is a relationship between
due to Coulomb, spin-orbit, and crystal-field interactions, isihe yariation of the Nd-valence-band interactions and the
”%t negligible compared withE,—Eyg, which implies  ariation of the rare-earth oscillator strengths. An increase of
E; —Evs=(Est—Eyg) + E;y, whereE;; is the energy of  the 4f-valence-band anddbsvalence-band interactions leads
the 4lg,—25 *1L, transition measured from absorption to an increase of the Nd oscillator strengths.

spectra; third, the Ndd levels are mixed with the VB states It is worth noting that we only considered the Nd-VB
by a metal-anion covalencypyg) is then a linear combina- interactions and completely neglected Nd-conduction-band
tion of VB 2p states and Ndd states, which could be writ- (CB) interactions, although the latter should exist for several
ten as|¢yg)=c|2p)+d|5dyg) with d#0. Thus, the matrix ~reasons. Rare-earth—CB interactions have been experimen-

elements of in Eq. (19) are reduced to tally observed from multiphoton absorption and excited-state
. . absorption in YAl;0,,.3%%2 Nd 5d levels are close to the
(3°[P|eye)=d(J°|P|5dyg) #O. (200 conduction-band edge, so that direct Nt EB interactions

should be effective. Because of the more diffuse character of
5d orbitals compared to # orbitals and the Y 4 orbital
characteristics of the conduction-band edges in LiYF
SP0o,, and YAsQ and V 3 orbitals in YVO,%° one should
expect direct Nd-CB interactions via Ndb5Y4d or

By assuming thatJ°|P|eyvg)=(J'°|P|evg), and the value
of d does not vary significantly, the oscillator strengfiys
obtained from this two-steps admixture mechanism are ther
fore written as

E,y 2 Nd 5d-V 3d interactions. Although a detailed investigation
V2 2+ E_E- of these ef_fects is b_eyond the scope_of this_pap(_ar, it is, how-
fyq0 . 4f —VB (22) ever, possible to briefly analyze their possible influence on
(E4t—Evs) 14 Eyy ' the strength of the N optical transitions.

Es—Eus Within the framework of the Judd-Offelt theory, the
electric-dipole forbidden #4f transitions are slightly al-
where all of the parameters of E@Q1) are measured experi- |owed by some even parity admixture td 4tates by the
mentally. effect of the odd term¥/ 4, of the crystal-field Hamiltonian.
To compare the corrected oscillator strengtf%’, mea-  This odd parity admixture is simply accounted for by a first-
sured experimentally, to the oscillator strengths, calcu-  order perturbation expression
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© flocccocccs o o - o4
g 55 . LiYF, T
o kA 3
3 g & v,AL0,
>‘-\’J O - 0.2 T T T T
% 18888888 & 8 02 04_ 06 08 10
S| Elgssooss 8 o £ (norm.)
a5 S| mmmm00n ® 0 _
T = S|eeeecce o o 3§ FIG. 7. Variation of the calculated oscillator strenditmorm.)
c ] ) —
s © ;’- ; versus the experimental oscillator strengff?"(norm.) of N&*
et .:f_v —~ 8 ions in YMO, (M=V, P, As), Y;Al;0;, and LiYF, averaged
o = 1S O o< o O o ~ over all the Nd* transitions. All the values are normalized with
= = glgadgsssd g 3 respect to YVQ. The straight line represents a perfect agreement
E 5 §g between the two sets of parameters.
c 3 or
(]
) [}
< |Voad 4f
:g ? Dol T I N N N N N N N~ N~ |4f y= |4f>+2 gwd), (24
5 O E|2oc9c909 o o EQY—EY
o © 5 o OO OO oo o o
G fH W H W B W
N S|dessedse © © whereE(Y andELY are the unperturbedf4and 5 energy
& = s|eeeeecee e e ~ 2 levels. Let us consider a conduction-band lgvéth Y 4d or
@ §, L V3d character of energyEcg with EQ)<Ecg [case(i)]. A
% 5 E g covalent interaction between Nd%nd CB levels shifts the
5 §_ 5928039y 9 v former to lower energy because of its bonding character. In
8 2 S|lococcocococ o o turn, the energy splittinge{Y—ELY in Eq. (24) is reduced
= 5 g3 and the effect of the even- parlty admixture intb dtates is
€ o enhanced with a resulting increased of the oscillator
e s ~l ®0wwomomnow © o strengths. Alternatively, the opposite effect is expected for
N—r' w - . . .
5 s E|299999<9S 9 9 EQ)>E; [caselii)], where the antibonding character of the
S ® | &5 54~ EcB ; g
“— o Ooooooo o o . . -
= E o g VEdEdadd & o Nd 5d level leads to an increase in the energy splmﬁfﬁ)
8 5 Rloococcococoo o© o & —EY. We thus expect an increase of-4f transition
c ha 4
%% 3 ; strengths in compounds with large energy gdqs>E'}
o — © —EY). Compounds such as YLjF (E;=10.1eV),
? ~ El dmmstgeo ~ o e 3AI5012(E =6.9eV), and YPQ(E,=8. 3eV) correspond
£ E 218228552 2 3 to case (i), while YASO, (Eq=6. geV) and YVQ (Eq
=< 83 =3.6eV) correspond to cas{e) %01t is interesting to note
%Zlg_ - that the experimental points in Fig. 7 lie below the ideal line
“g s (increased of the transitions strengtfsr YLIF 4, Y3Al504,
= £138333338338 38 3 and YPQ and above this line for YAs© Considering the
g ’é § Cocococo0o0o o o experimental uncertainties, it is, however, not possible to
59 < § § § § § § § § § o come to a definitive conclusion as to the effect of Nd-CB
Q@ s | A A A A A A A Q interactions on the Nd oscillator strengths.
L o o
= X1 O
5L |2 - 4
z > o~ o
e : . VI. CONCLUSION
[ E —
2 =
g x g Add A AdAd oA o We have presented an analysis of the covalent interactions
BC ) between rare-earth and VB levels and their effects on the
-% é h neodymium 4 transition intensity. The neodymium oscilla-
E 5 tor strengths in Y10, (M=V, P, A9, Y3Al;0;,, LiYF4
S g have been measured and corrected for host eftesfisictive
= % N N J:Qq “é S o index and “hypersensitivity). The oscillator strengths are
w o R by OSLE found to increase in the sequence
= 9 s U << & N & =T .
2 “q—J _ + #+ o + + E + 4+ 8 g Y3A|5012<L|YF4<YASO4<YPO4<YVO4
% 1 §53SIFSRNTF G Q Interactions between Nd f4levels and VB levels have
2 FIeTHuTOO00028 = been estimated by photoelectron spectroscopy. The strengths
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of these covalent interaction were estimated from neodyof Nd-5d levels into the VB levels is almost constant from
mium 3d XPS spectra. The VB covalency appears to one host to another. It would be necessary to verify this
increase from the more ionic compound (Lij)Fo the more  assumption by band structure calculations on doped matri-
covalent one (YVQ). ces. However, it seems that this very simple approach repro-
A model is proposed on the basis of a correlation betweeruces rather well the experimental variations of neodymium
the oscillator strength and thef &d-VB interactions. In this  oscillator strengths across the series of matrices.
approach, an admixture of NddZand VB levels results in a
4f-5d mixing via the &4-VB interaction measured by XPS.
Therefore, an odd & character is admixed into the evef 4
levels via the Nd-matrix covalency, enhancing the parity- The authors are grateful to DGA for financial support. We
forbidden & transitions. wish to thank Dr. B Ferran(LETI-CEA) and M. Queffellec
This approach is, however, based on two several assumgkstitut de Physique Nuckére, Orsay for providing us, re-
tions: (i) The (U¢q—3U¢;) term, containing the Coulomb spectively, with the N&":YVO, and the Nd":LiYF, crys-
interaction between #electronsU¢; and the core-hole po- tals used in this work. One of U®.G.N) is indebted to C.
tential acting on the # electronsU,, does not vary signifi- Combes for fruitful discussions. We also thank S. Jobic and
cantly from Nd metal to NgD;. It would be necessary to G. Gauthier from the IMN of Nantes for the band-structure
measure precisely these values for,®gl (ii) The admixture calculations on the undoped matrices.
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