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Evidence of ferromagnetically coupled Nd3¿ ion pairs in weakly doped Nd:LiYF4 and Nd:YVO4
crystals as revealed by high-resolution optical and EPR spectroscopies
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Electron paramagnetic resonance~EPR! and high-resolution fluorescence spectra of Nd31 ions in weakly
doped LiYF4 and YVO4 crystals are analyzed. A simple model, based on an effective spin-Hamiltonian
approach is proposed to explain the general features of the EPR and optical neodymium spectra in these
matrices. Pairs of satellite lines whose intensities grow with neodymium content are observed on each side of
the main EPR signals of isolated Nd31 ions. These satellites are assigned to Nd31-Nd31 ion pairs coupled by
magnetic dipolar interaction. The calculated Nd-Nd distances are found to be in good agreement with the
Y31-Y31 distances in LiYF4 and YVO4 hosts. The concentration-dependent satellites accompanying the neody-
mium 4F3/2→4I 9/2 transition are quantitatively explained as being due to several types of ferromagnetically
coupled pairs of Nd31 ions, each ion of a pair being located at the regular Y31 site with S4 and D2d point
symmetry in LiYF4 and YVO4, respectively. The exchange coupling valuesJ are found in the range10.8 to
14.9 cm21. From literature data, it appears that such ferromagnetically coupled Nd31 pairs with J5

13 cm21 also quantitatively explain the optical satellite structure in Nd:Y3Al5O12 ~YAG!.
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I. INTRODUCTION

Optical transitions of rare-earth ions in condensed mat
even at very low doping levels, often exhibit a multisite ch
acter which manifests itself as~i! complex structures in ab
sorption or emission spectra consisting of more 4f -4 f tran-
sitions than expected and/or~ii ! inhomogeneously broadene
transitions. In particular, it is the case of trivalent neod
mium ions in yttrium lithium fluoride (LiYF4), yttrium
orthovanadate (YVO4), and yttrium aluminate garne
(Y3Al5O12,YAG), three very important laser crystals.1–6

LiYF4 and YVO4 matrices are investigated in the prese
work. LiYF4 belongs to the scheelite-type structure w
space groupI41 /a(C4h

6 ). The Nd31 ions substitute for triva-
lent yttrium ions atS4 point site symmetry. The zircon-typ
matrix YVO4 is also tetragonal~space groupI41 /amd! and
Nd31 ions substitute eightfold coordinated Y31 ions, forming
@YO8# bisdisphenoid withD2d point site symmetry. Despite
these relatively simple crystal structures, which allow on
one substitution site for rare-earth ions, a much more co
plex behavior is observed in optical spectra.7–11 The optical
transitions of isolated Nd31 ions are accompanied by sever
‘‘satellites’’ whose intensities grow strongly with neody
mium content. It is generally recognized that these ex
lines are due to pairs or clusters of ions.

Several experimental works have already been devote
the past to Nd31-Nd31 pair spectra in different matrices.12–20

For example, Pelletier-Allard and Pelletier have perform
studies on neodymium satellite structure around the4I 9/2
→4G5/2 transition in LaCl3 using absorption and up
conversion techniques.16 Additional studies on Nd31 pairs
have been reported in LaF3 by Buisson and co-workers,17 in
PRB 610163-1829/2000/61~22!/15338~9!/$15.00
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YAlO3 by Lupei, Lupei, and Georgescu,14 and in CaF2 by
Basievet al.18 Energy transfer processes between Nd31 ions,
in pairs or in clusters, in CsGd2F7 have been discussed by d
Barros, Barthem, and Khaidukov.19 The interaction between
pairs of Nd31 ions in CsCdBr3 was measured by Ramaz
Vial, and Macfarlane using high-resolution spectral ho
burning spectroscopy.20 However, up to now it was not pos
sible to quantify the respective role of exchange interacti
and crystal-field effects in pair spectra, as we have don
the present work.

In previous studies on Nd:LiYF4,
7,8 it was shown that for

weakly doped crystals, Nd31 ions are inhomogeneously dis
tributed in the host and a coupled pair of Nd31 ions is well
isolated from other ions or other pairs. The extra optical lin
are assigned to specific types of Nd31 pairs.8 However, the
interaction mechanism between two ions of a pair is s
debated. The same behavior was observed for Nd:Y3Al5O12.

6

For the vanadate host also, the origin of the rich satel
structure, accompanying the transitions of isolated Nd31 ions
in unperturbed sites, is still not clear. In all these matric
these additional optical lines could be due to~i! a fraction of
Nd31 ions occupying distorted sites perturbed by neighb
ing lattice defects such as oxygen vacancies~F-type centers!;
~ii ! a fraction of Nd31 ions occupying distorted sites pe
turbed by a neighboring Nd31 ion, i.e., there is a mutua
crystal-field perturbation between the pair ions;~iii ! ferro- or
antiferromagnetically coupled pairs of Nd31 ions in unper-
turbed sites that give rise to exchange~or superexchange!
splitting of the isolated ions optical transitions;~iv! a com-
bination of all these mechanisms, where both exchange s
ting and crystal-field shifts are responsible for the appeara
of the optical satellites.
15 338 ©2000 The American Physical Society
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For Nd:YVO4 host, a first progress in this area has be
made recently by Ermeneuxet al.9 These authors performe
time-resolved site-selective excitation and emission stu
on different Nd:YVO4 crystals grown by several technique
and/or coming from different origins. These crystals differ
by their color and thus by the amount ofF-type centers.
Site-selective spectroscopy showed that, all the samples
sess three types of neodymium sites, one of them be
largely dominant~site 1! while the other ones~sites 2 and 3!
are at least one or two order of magnitude less occup
These three sites differ by the crystal-field splitting of t
neodymium4F3/2 level which are found to be 18, 25, and 2
cm21 for sites 1, 2, and 3, respectively. In addition, the o
tical transitions of Nd31 ions in the dominant site 1 als
exhibit a rich satellite structure which could not b
interpreted.9 From the reproducibility of this satellite struc
ture and its dependence on the Nd31 concentration, it was
concluded that this multisite character is possibly due
crystal-field perturbation of neodymium sites by neighbor
Nd31 ions @mechanism~ii !#. Alternatively, a recent EPR
study of Nd:YVO4 also showed the existence of a large
dominant neodymium site withD2d symmetry, and two mi-
nor sites with lower symmetry~C2v or D2!,10 which seem to
be well correlated with major site 1 and minor sites 2 an
found by optical spectroscopy.9 In addition, the EPR spec
trum of Nd31 ions in dominant site 1 also exhibit concentr
tion dependent satellites resulting from at least three type
Nd31 pairs coupled by magnetic dipole-dipole interactions
should be emphasized, that the magnetic dipole-dipole in
actions between two Nd31 ions forming pairs are of the orde
of 1022 cm21, which is much lower than the few cm21 split-
ting of the optical transitions. In fact, EPR spectrum is n
sensitive to a small exchange interaction whereas the dip
dipole interactions measured by EPR are smaller than
optical linewidth. In other words, EPR and optical spe
troscopies are not sensitive to the same interactions. Thu
using EPR and optical spectroscopies separately, we can
unambiguously determine the origin of the complex struct
of the optical transitions of Nd31 ions in Nd:YVO4. It should
be stressed that origins of such rare-earth ion pair struct
in optical spectra of lightly doped solids still remain an op
problem.

In the present work, by using EPR and high-resolut
optical spectroscopies, we aim at demonstrating that grou
state exchange interactions rather than crystal-field pertu
tions of closely spaced Nd31 ions play a dominant role in the
optical lines structure in LiYF4 and YVO4 matrices.

Recently, Hehlenet al. have shown that pairs of rare
earth ions (Yb31) exhibit an intrinsically bistable lumines
cence resulting from a cooperative effect due to ion-ion c
pling within the dimer.21 Energy migration between pair
was found to have a degrading effect on bistability and t
only isolated pairs in weakly doped matrix were expected
exhibit bistability.21 Therefore, a deeper understanding
ion-ion coupling mechanisms in such pairs is of fundamen
interest, and could help to optimize the bistable lumin
cence effect.

This paper is arranged as follows. After the experimen
part in the next section, we present in Sec. III a simple
fective spin-Hamiltonian approach which is used to interp
the EPR and optical results. In Sec. IV A, by using EP
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spectroscopy, it is shown that Nd31 ion pairs coupled by
magnetic dipolar interaction are present in both LiYF4 and
YVO4 matrices. Each ion of a pair is localized in regular Y31

sites withS4 and D2d point site symmetries for LiYF4 and
YVO4, respectively. Based on optical measurements of
neodymium 4F3/2→4I 9/2 transition, we show in Sec. IV B
that most of the additional lines accompanying this transit
are due to ferromagnetically coupled Nd31 pairs, and that
crystal-field perturbations of each Nd31 ion by its partner are
very weak and cannot explain the observed structures.
also show that this model holds for Nd:Y3Al5O12.

II. EXPERIMENTAL PART

YVO4 single crystals with 0.58% neodymium concentr
tion and LiYF4 single crystals with 0.33%, 1.2%, and 2%
neodymium doping level were grown by the Czochrals
method.

EPR measurements were performed at 10 K with
X-band Bruker ESP 300e spectrometer equipped with a v
able temperature accessory from Oxford Instrument. T
crystals were mounted on a small Perspex sample holde
allow their orientation with respect to the magnetic field. T
microwave frequency was measured with a Systron Don
frequency counter.

Low-temperature photoluminescence backscattering m
surements were performed using a 514.5 nm Ar ion la
with a double monochromator and conventional pho
counting system. Spectra with 0.25 cm21 resolution were
recorded in the 11 350–11 600 cm21 range with the laser
power around 50 mW focused on a 100mm diameter of the
sample. The photoluminescence lines were observed in f
cut surfaces and from multiple different spots in order
insure that the measurements were not affected by spur
bands due to impurities or surface defects.

III. THE EFFECTIVE SPIN-HAMILTONIAN APPROACH

We describe in this part a simple theoretical backgrou
used for the interpretation of electron paramagnetic re
nance~EPR! and optical spectra of Nd31 ions pairs. We con-
sider the cases of an isolated Nd31 ion in S4 or D2d symme-
try ~LiYF4 and YVO4!, an ion pair with mutual crystal-field
perturbation and an exchange coupled ion pair.

A. Isolated Nd3¿ ions and pairs of Nd3¿ ions
with mutual crystal-field perturbation

The Hamiltonian of an isolated Nd31 ion in the unper-
turbed site of the scheelite and zircon matrices withS4 and
D2d point symmetry is given by

H5H01Hcf , ~1!

where H0 is the free-ion Hamiltonian, including both
electron-electron and spin-orbit interaction terms.H0 gives
the 2S11LJ multiplets, in particular the4I 9/2 and 4F3/2 mul-
tiplets considered in this work, which are separated by ab
11 550 and 11 370 cm21 in the case of Nd:LiYF4 and
Nd:YVO4, respectively. The crystal-field HamiltonianHcf
lifts the 2J11 degeneracy of the2S11LJ states into doubly
degenerated states, referred to as Kramers doublets~KD’s!,
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15 340 PRB 61O. GUILLOT-NOËL et al.
separated by about 10– 102 cm21. For the two4I 9/2 and 4F3/2
multiplets, the crystal-field interaction gives rise to five a
two KD’s, respectively~labeled as 1,2, . . . !. The residual
degeneracy of the KD’s can only be lifted by a magne
field. Therefore, we can attribute to each doublet an effec
spin S51/2. The first two KD’s of the4I 9/2 multiplet being
separated by 136 and 110 cm21 in Nd:LiYF4 and Nd:YVO4,
only the fundamental KD is populated at liquid helium tem
perature. The two KD’s of the4F3/2 state are split by 64 and
18 cm21 in LiYF4 and YVO4, respectively. The two neody
mium 4I 9/2(1)↔4F3/2 ~1 and 2! transitions occur at 11 541.
and 11 598.0 cm21 in LiYF4 and at 11 364.6 and 11 382.
cm21 in YVO4, respectively. In the following, we conside
only one transition, for example4I 9/2(1)↔4F3/2(1). The
wave functionsuf0& anduf1& associated with the fundamen
tal and the excited KD’s can be written as

H uf0&5u4I 9/2,S0&,
uf1&5u4F3/2,S1&,

~2!

whereS0 ,S1 are the corresponding effective12 spins of the
two doublets. In the following, the energy splitting betwe
these two KD’s is denoted byD.

Under an external magnetic fieldB ~EPR measurements!,
the effective spin Hamiltonian for the ground stateuf0&,
which is the state probed by EPR, can be expressed by
Zeeman termHz5bB•g̃•S0 whereg̃ is theg tensor associ-
ated with the ground state. The external magnetic field
moves the twofold degeneracy of theuf0& state into two
singlets at energies61/2g(u)bB where the signs1 and2
correspond to the componentsMS511/2 and21/2 of the
effective spinS5 1

2 andu is the angle between the directio
of the magnetic field and the symmetry axis of the Y31 site.
As shown in Fig. 1~a!, the EPR transition~selection rules
DS50, DMS561! due to isolated Nd31 ions in unper-
turbed Y31 sites is expected at energyg(u)bB. If a fraction
of Nd31 ions occupy distorted sites, we expect different re
nance lines at energiesg8(u)bB,g9(u)bB, etc. . . . corre-
sponding to each different site.

For a pair of Nd31 ions with mutual crystal-field pertur
bation, the crystal field of each ion is modified by its partn
which results in~i! a shift of the4I 9/2↔4F3/2 transitions and
~ii ! in a modification of the KD’s wave functions, which i
turn changes theg-factor values.

B. Exchange coupled pair of Nd3¿ ions

Let us now consider the Hamiltonian of two couple
Nd31 ions in neighboring sitesA andB in both matrices:

Hpair5HA1HB1V, ~3!

where HA and HB are the Hamiltonian of each individua
ion, similar to the one given by Eq.~1!. The pairing effect is
represented by the interaction termV and by the crystal-field
terms included inHA and HB, which might reflect mutual
crystal-field perturbations of each ion by its partner. For
sake of clarity we neglect this crystal-field effect and co
sider that the site symmetry remainsS4 or D2d for the two
ions of the pair. This hypothesis will be justifieda posteriori
and the small crystal-field effect will be discussed in relat
with the experimental results. We thus consider that the f
e
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-

,
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-

damental4I 9/2 KD, the two excited4F3/2 KD’s of each Nd31

ion forming pair, and their correspondingg factors are that of
the isolated Nd31 ions. Knowing thatV is of the order of few
cm21 ~positions of the satellite lines around the main line
isolated Nd31 ions!, which is smaller than the energy sep
ration between the closest KD’s (>102 cm21), we may con-
sider V as a perturbation acting on the unperturbed sta
related to theHA1HB Hamiltonian. Therefore, it is reason
able to use the statesuf0

A& and uf1
A& ~uf0

B& and uf1
B&! given

by Eq. ~2! for the A(B) ion to describe the fundamental an
excited KD wave functions of the pair. The eigenstates as
ciated with the unperturbedHA1HB Hamiltonian are simple
products of the form:

uf0
Af0

B& i5u~4I 9/2,S0
A!,~4I 9/2,S0

B!& i5uf0
A&uf0

B& i

with i 51, . . . ,4,

uf0
Af1

B& j5u~4I 9/2,S0
A!,~4F3/2,S1

B!& j5uf0
A&uf1

B& j

with j 51, . . . ,4,

uf1
Af0

B&k5u~4F3/2,S1
A!,~4I 9/2,S0

B!&k5uf1
A&uf0

B&k

with k51, . . . ,4. ~4!

The uf0
Af0

B& i states corresponding to two ions in the grou
state are fourfold degenerated as well as the statesuf0

Af1
B& j

and uf1
Af0

B&k corresponding to the excitation of one ion
the pair. Thei, j , andk indices label the different degenerate
states. Theuf1

Af1
B& l5u(4F3/2,S1

A),(4F3/2,S1
B)& l5uf1

A&uf1
B& l

( l 51, . . . ,4) states are neglected because they imply
simultaneous excitation of two Nd31 ions.

FIG. 1. Energy-level diagram of the neodymiu
4I 9/2(1)↔4F3/2(1) transition for~a! isolated Nd31 ions, the Zee-
man interaction being considered only for the fundamental KD a
~b! for an exchange coupled pair of Nd31 ions, the exchange~fer-
romagneticJ.0!, dipolar and Zeeman interactions are conside
successively. The schematic EPR and optical spectra are also
resented. AsJ@D andD is much lower than the optical resolutio
limit, the dipolar interaction is neglected in the analysis of the o
tical spectrum.
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PRB 61 15 341EVIDENCE OF FERROMAGNETICALLY COUPLED Nd31 . . .
The main effects ofV in Eq. ~3! can be described by thre
types of matrix elements:~i! elements of the form

i^f0
Af0

BuVuf0
Af0

B& j which split the fourfold degenerate
ground state of the pair;~ii ! elements of the form

i^f0
Af1

BuVuf0
Af1

B& j and i^f0
Af0

BuVuf0
Af1

B& j , which describe
the interaction between one ion in the fundamental KD of
4I 9/2 multiplet and the other one in one of the4F3/2 excited
KD’s; ~iii ! elements of the formi^f0

Af1
BuVuf1

Af0
B& j which

are responsible for the transfer of excitation from one ion
its neighbor.

In the following, we will consider that the ground-sta
interaction ~i! largely dominates over interactions~ii ! and
~iii ! involving one ion in the excited state. Although the
approximations will be discussed in connection with the
perimental results, they can be justified as follows. As
will see below, the pair interactionV is of the order of 2 to 5
cm21 in both matrices. In a simple perturbation approach,
interaction between two states separated by an energD
'11 500 cm21 ~separation between the4I 9/2 and 4F3/2 KD’s!
is of the order ofV2/D'1023 cm21 for interactions~ii !. This
value is a lower limit. In a direct EPR measurement on
photoexcited pair of Nd31 ions in LaCl3 ~the ions are in the
4I 9/2 and 4I 15/2 states separated by an energy ofD
55869 cm21!, Clemens and Hutchison22 showed that inter-
actions~ii ! are of the order of 0.2 to 0.6 cm21. Such values
lie within the resolution limits of our optical spectra. Inte
actions~ii ! can thus be neglected. The off-diagonal mat
elements of the form ~iii ! are of the order of
1022– 1021 cm21.23 For example, Cone and Meltzer showe
that these matrix elements which transfer energy from
Gd31 ion to another in isostructural GdCl3 and in Gd~OH!3
compounds vary from 0.01 to 0.44 cm21 for different
2S11LJ multiplets.23 These values are still within the resolu
tion limit of our optical spectra and thus interaction~iii ! can
also be neglected in our approach.

Therefore, assuming that the largest contribution to
pair interaction is coming from the ions in their fundamen
states, we may writeV as the interaction between two ide
tical effective spinsS0

A5S0
B5 1

2 :

Veff5S0
A
• J̃•S0

B , ~5!

where J̃ is a general tensor involving a lot of contribution
such as electronic exchange interaction, magnetic dip
dipole interaction, electric multipole interaction, virtual ph
non exchange, and so on. The order of magnitude of all th
interactions varies from 0.01 to 10 cm21 for rare-earth ions.23

Expression~5! may be rewritten as follows:24

S0
A
• J̃•S0

B522JS0
A
•S0

B1dABS0
A∧S0

B1S0
A
•D̃AB•S0

B , ~6!

whereJ is a scalar term,dAB is a polar vector, andD̃AB is a
traceless tensor. The first term22JS0

A
•S0

B of Eq. ~6! is
known as the Heisenberg exchange interaction. Both t
center or direct exchange, and higher-order multicente
superexchange processes involving the ligands may con
ute toJ. As each ion of the pair is located in an undistort
site with S4 or D2d point symmetry, they are related by a
inversion symmetry and thus the termdABSA

0∧SB
0 vanishes

by symmetry. Furthermore, since Nd-Nd distances in a p
~the Y31-Y31 distances vary from 3.72 to 8.19 Å in LiYF4
e
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and from 3.89 to 7.12 Å in YVO4! are larger than the ion siz
~1.1 Å!, we may describe the dipolar interactionD̃AB by a
pure magnetic dipole-dipole interaction between the two
fective spinsS0

A andS0
B .

The effective spin-HamiltoniansH0
eff for the ground level

uf0
Af0

B& i 51, . . . ,4 and H1
eff for the excited level

ufq
Af rÞq

B & j 51, . . . ,4 ~with q,r 50 or 1! of the Nd31-Nd31 pair
can thus be written as

H0
eff522JS0

A
•S0

B1S0
AD̃ABS0

B , ~7!

H1
eff5D, ~8!

respectively. As stated before, the pair interaction has b
neglected for the excited level.

The fundamental and excited levels are fourfold degen
ated. In the individual effective spin$uSA,MS

A ,SB,MS
B&% rep-

resentation, each state can be described by thez components
MS

A56 1
2 , MS

B56 1
2 of the effective spinsSA,SB. The

ground and excited states of the pair may thus be written
follows

uf0
Af0

B&5u↑,↑&0 ,u↑,↓&0 ,u↓,↑&0 or u↓,↓&0 ,

uf0
Af1

B&5u↑,↑&1 ,u↑,↓&1u↓,↑&1 or u↓,↓&1 . ~9!

We can define a total effective spinS characterized byS
5SA1SB, with uSA2SBu<S<SA1SB. The two possible
values of the total spin areS50 ~with MS50! and S51
~with MS51,0,21!. In the total effective spin$uS,MS&% rep-
resentation, the ground and excited states of the pair bec

uf0
Af0

B&5u1,1&0 ,u1,21&0 ,u1,0&0 or u0,0&0 ,

uf0
Af1

B&5u1,1&1 ,u1,21&1 ,u1,0&1 or u0,0&1 , ~10!

with the following well-known relation between the two rep
resentations:

u1,1&5u↑,↑&,

u1,21&5u↓,↓&,

u1,0&5
1

&
~ u↑,↓&1u↓,↑&),

u0,0&5
1

&
~ u↑,↓&2u↓,↑&). ~11!

In the total effective spin representation, the effective s
Hamiltonian in Eq.~7! becomes

H0
eff52JS S~S11!2

3

2D1
D

2 S Sz
22

1

3
S~S11! D ~12!

with25

D50.325g2
„3 cos2~u!21…R23 ~13!
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for a pure magnetic dipole-dipole interaction. HereD.0 is
given in cm21, R ~in Å! is the Nd31-Nd31 distance, andu is
the angle between the direction of the magnetic field and
of the pair axis.

The exchange term in Eq.~12! splits the fourfold degen-
erated ground stateuf0

Af0
B& i 51, . . . ,4 into a singlet stateu0,0&0

at energy 3J/2 and into a tripletu1,MS50,61&0 at energy
2J/2. The dipolar interaction splits the triplet state into
singlet state u1,0&0 at energy 2D/3 and in a doublet
u1,61&0 at energyD/6. The resulting energy level diagram
for a coupled Nd31 ion pair is shown in Fig. 1~b!.

As the shortest Y31-Y31 distancesR vary from 3.72 to
8.19 Å in LiYF4 and 3.89 to 7.12 Å in YVO4, theD values
given by Eq.~13! will be of the order of 1022 cm21. This
magnetic dipolar interaction is thus unresolved in our opti
spectra~resolution around 0.25 cm21!. Hence, as shown in
Fig. 1~b!, the optical spectrum~absorption and emission! of a
ground-state exchange coupled pair should be a double
satellites at photon energiesD1J/2 and D23J/2, disym-
metrically placed around the isolated ion transition at ene
D @Fig. 1~b!#. The doublet splitting is 2J with the exchange
interactionJ positive ~negative! for ferromagnetically~anti-
ferromagnetically! coupled ions. Figure 1~b! represents the
case of a ferromagnetically coupled pair. It is important
emphasize that this behavior is expected only if the grou
state exchange splitting is the unique pair interaction as
have assumed. In the case of an additive crystal-field pe
bation of an ion by its partner, the transitions should occu
energiesD81J/2 and D823J/2. In the case of an excite
exchange interaction in addition to the ground-state
change splitting, the spectra should significantly devi
from the simple picture described in Fig. 1~b!.

By applying an external magnetic fieldB ~EPR measure-
ments!, the twofold degeneracy of theu1,61&0 states is lifted
into two singlets at energies6g(u)bB. The singletu1,0&0
state remains unaffected. The EPR pair transitions~selection
rules DS50, DMs561! are expected at energiesg(u)bB
6D/2 @Fig. 1~b!#. Thus the EPR spectrum of a coupled Nd31

ion pair will be a doublet of satellites symmetrically plac
around the isolated ion line at energyg(u)bB.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. EPR results

The principal EPR signals, observed in the range 18
350 mT and 200–375 mT for Nd:LiYF4 and Nd:YVO4 ~Fig.
2!, are attributed to isolated Nd31 ions located at the undis
torted Y31 sites with S4 and D2d point symmetry, respec
tively. They are composed of one intense central line du
even neodymium isotopes142,144,146Nd with nuclear spinsI
50 ~natural abundance of 79.5%! and a hyperfine pattern
composed of two sets of eight lines for the two odd neo
mium isotopes143Nd and 145Nd with nuclear spinsI 57/2
~natural abundance of 12.2% and 8.3%, respectively!. The
relative intensities of the lines are proportional to the natu
abundance of the isotopes. For both matrices, the line p
tions are described by an axial spin-Hamiltonian with
effective spinS5 1

2 .10,26,27Theg factors and hyperfine struc
ture constants are determined and are listed in Table I.

For Nd:YVO4, two weaker signals~not shown! are ob-
served at higher magnetic fields. From theirg factors, they
at
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were assigned to a small fraction~around 0.1%! of Nd31 ions
in distorted sites with symmetry lower thanD2d .10

Besides the main EPR signals of isolated Nd31 ions, sev-
eral pairs of satellites appear on each side of the central
~indicated by arrows in Fig. 2!. The satellites are not seen
very low doping levels and their intensities increase w
neodymium concentration. Figure 2 shows the compari
between the simulated and experimental EPR spectra
0.33% Nd:LiYF4 and 0.58% Nd:YVO4 samples, recorded
with external fieldB perpendicular to the crystallographicc
axis. The hyperfine patterns are calculated up to second o

FIG. 2. Experimental and simulated EPR spectra of~a! 0.33%
Nd:LiYF4 and ~b! 0.58% Nd:YVO4 at 10 K with B'c.
Concentration-dependant satellites are indicated by arrows. Th
sets show the143Nd hyperfineM1567/2 transitions in LiYF4, with
the concentration-dependent satellites represented by arrows.

TABLE I. Spin-Hamiltonian parameters for Nd31 ions in
LiYF4, and YVO4.

Nd:LiYF4 Nd:YVO4

gi 1.98660.003 0.91560.004
g' 2.55360.002 2.36160.003
Ai(1024 cm21) 143Nd 198.460.1 112.160.3

145Nd 123.060.3 7061
A'(1024 cm21) 143Nd 26562 256.960.3

145Nd 164.060.6 159.360.4
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in perturbation and agree satisfactorily with the experimen
spectra except for the existence of the concentration de
dent lines~shown by arrows! flanking the central line of even
isotopes. Moreover, the hyperfine lines also show a sim
concentration-dependent satellite structure. This can be
served from the two insets in Fig. 2~a! showing,MI567/2
hyperfine lines of143Nd in LiYF4. These extra lines mus
thus be analyzed in terms of pairs of interacting Nd31 ions
instead of forbidden hyperfine transitions. Satellites arou
the intense central lines are due to pairs of the ty
evenNd31-evenNd31 of two neodymium nuclei with zero
nuclear spinI 50. Satellites flanking the hyperfine lines, fo
example those shown in Fig. 2~a!, belong to pairs of the type
143Nd31-evenNd31. As the splitting between the satellites a
of the order of 1022 cm21, they are due to magnetic dipola
interactions betweenS5 1

2 effective spins of neighboring
Nd31 ions. Figure 3 shows the central part of the experim
tal EPR spectra of 1.2% Nd:LiYF4 and 0.58% Nd:YVO4
samples along with the fitted spectra using Gaussian l
shape functions. Two pairs of satellites with zero-field sp
ting D of 0.018 and 0.011 cm21 are identified@Fig. 3~a!# for
Nd:LiYF4 while for Nd:YVO4 three pairs of satellite lines
are identified withD values of 0.031, 0.018, and 0.012 cm21

@Fig. 3~b!#. The transitions indicated by stars in Figs. 3~a!
and 3~b! are hyperfine lines.

FIG. 3. Expanded view of the central part of the experimen
and simulated central EPR line at 10 K withB'c of ~a! 1.2%
Nd:LiYF4 and ~b! 0.58% Nd:YVO4. Plot of the distanceR versus
the angleu, using experimentalD values for Nd31 ion pairs in~c!
Nd:LiYF4, and~d! Nd:YVO4. The circles represent the~u,R! values
from the crystal structure of LiYF4 and YVO4 compatible with the
experimental curves. Representation of the crystallographic pai
Nd31 ions at Y31 sites~e! a andb in LiYF4 and~f! a8, b8, andg8
in YVO4.
l
n-

r
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For both matrices, the line doublets are symmetrical
placed around the central line irrespective of the orientati
of the magnetic field with respect to the crystallograph
axes. This indicates that neodymium ions involved in pai
have the sameg values as the isolated neodymium ions, an
are located in the same crystal-field environment withS4 or
D2d point site symmetry. Assuming a dipole-dipole magnet
interaction, the allowed orientationu of the pair axis with
respect to the magnetic field and the distanceR between the
two interacting ions can be determined by plottingR5 f (u)
from Eq. ~13! using the experimentalD values. Figs. 3~c!
and 3~d! present such plots for Nd:LiYF4 and Nd:YVO4,
respectively. From the crystal structure of LiYF4, two pairs
a and b of Nd31 ions located at Y31 ions site give (u,R)
values@solid circles in Fig. 3~c!# in good agreement with the
experimental curves. These Nd31-Nd31 pairs are shown in
Fig. 3~e!. The a pair is oriented at 46.2° froma ~or b! axis

FIG. 4. Expanded views of thep ands polarized 4F3/2→4I 9/2

transitions in 2% Nd:LiYF4 @~a! and ~b!# and in 0.58% Nd:YVO4
@~c! and ~d!#. The emitting state is4F3/2(1) in ~a! and ~c!, and
4F3/2(2) in ~b! and~d!. The isolated ion transitions are represente
by full lines while the satellite lines are indicated by discontinuou
lines. The calculated positions of the satellites assuming ferrom
netic exchange interaction between Nd31 ion pairs are shown by
small solid sticks. For the vanadate host, the transition indicated
a star in~d! is assigned to Nd31 ions in distorted sites referred to as
site 2 by Ermeneuxet al.8 For 2% Nd:LiYF4, three pair lines with
J150.8(4) cm21, J251.6(1) cm21, and J353.1(5) cm21 are
found. For 0.58% Nd:YVO4, four pairs withJ1850.8(6) cm21, J28
51.6(4) cm21, J3852.7(5) cm21, andJ4854.9(0) cm21 values are
identified.

l

of
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TABLE II. Experimental and calculated positions of the satellites around4F3/2→4I 9/2 transitions of neodymium in 2% Nd:LiYF4 and
0.58% Nd:YVO4.

Nd:LiYF4 Nd:YVO4

4F3/2→4I 9/2

transitions
~cm21!

Experimental
satellite
positions
~cm21!

Calculated satellite positions
4F3/2→4I 9/2

transitions
~cm21!

Experimental
satellite
positions
~cm21!

Calculated satellite positions

J150.8(4)
~cm21!

J251.6(1)
~cm21!

J353.1(5)
~cm21!

J1850.8(6)
~cm21!

J2851.6(4)
~cm21!

J3852.7(5)
~cm21!

J4854.9(0)
~cm21!

11 536.5 11 536.3 11 358.8 11 357.3
11 538.7 11 538.6 11 360.7 11 360.5
11 539.7 11 539.7 11 362.0 11 362.1

11 541.0 11 363.3 11 363.3
11 541.4 11 541.4 11 364.6
11 541.9 11 541.8 11 365.0 11 365.0
11 542.8 11 542.6 11 365.3 11 365.4

11 366.2 11 366.0
11 368.4 11 367.1

11 375.8 11 375.3
11 595.5 11 595.6 11 378.6 11 378.5

11 380.1 11 380.1
11 598.0 11 381.4 11 381.3

11 382.6
11 383.1 11 383.0

11 599.3 11 599.5 11 383.4 11 383.4
11 384.0 11 384.0
11 386.0 11 385.1
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with R53.72 Å and theb pair is oriented at 35.8° froma ~or
b! axis with R56.36 Å. For Nd:YVO4, three Nd31-Nd31

pairs a8, b8 and g8, shown in Fig. 3~f!, give (u,R) values
@solid circles in Fig. 3~d!# compatible with the experimenta
curves. Thea8 pair is oriented at 66.2° from thec axis with
R53.89 Å. Theb8 pair is oriented at 76.8° froma8 pair with
R55.90 Å and theg8 pair is alongc axis with R56.28 Å.

It is worth noticing that the axialg tensors of Nd31 ions
involved in pairs and isolated Nd31 ions are identical, which
indicate that both kinds of neodymium experience the sa
crystal field. This lack of evident crystal-field distortion in
dicates that the exchange splitting mechanism rather
crystal-field perturbation of closely spaced Nd31 ions are re-
sponsible for the structure of optical satellites in these ma
ces.

B. High-resolution fluorescence spectroscopy

Figure 4 shows thep ands polarized emission spectra o
2% Nd:LiYF4 and 0.58% Nd:YVO4 samples, at 22 and 10 K
respectively, observed in the vicinity of the two4F3/2
→4I 9/2 transitions. The positions of the emissions from t
two 4F3/2KD’s of isolated Nd31 ions in unperturbed sites ar
labeled asD1 andD2 . For both samples, a complex satelli
structure whose intensity depends on Nd31 content is ob-
served around these two main lines. For the vanadate h
the transition indicated by a star in Fig. 4~d! is assigned to
Nd31 ions in distorted sites labeled as site 2 by Ermene
et al.9

For both samples, the satellite patterns are very sim
All the satellite lines~indicated by discontinuous lines in Fig
4! are grouped within610 cm21 around the parent lines
e

an

i-

st,

x

r.

They extend farther away on the low-energy side of the p
ent line. Moreover, all these additional optical lines seem
form pairs, the two pair lines being disymmetrically plac
around the main lines atD1 andD2 . This suggests that thes
pairs of satellites could be due to exchange coupled N31

ions with a positive value of the coupling constantJ. In fact,
the positions of all the main satellite lines in Fig. 4 can
explained by attributing them to weakly ferromagnetica
coupled pairs of Nd31 ions characterized by differentJ val-
ues. As described in Sec. III B, for an exchanged coup
pair, a doublet of satellites is expected at energiesD23J/2
and D1J/2 @see Fig. 1~b!#. Table II lists the experimenta
and calculated positions of the satellite lines accompany
the two neodymium4F3/2→4I 9/2 transitions. The calculated
positions are also shown in Fig. 4 by small solid sticks.
can be observed from Table II and Fig. 4, the calcula
positions of the satellites are in good agreement with
experimental positions for Nd:LiYF4. The pairs are charac
terized byJ1510.8(4) cm21, J2511.6(1) cm21, and J3
513.1(5) cm21. The situation is much less clear for th
line atD2 , since the latter was found to be very broad in o
experiments. Nevertheless, two satellites at23J1/2 andJ3/2
corresponding to theJ1 and J3 pairs can be detected. Fo
Nd:YVO4, the calculated positions are also in good agr
ment with the pairs characterized byJ18510.8(6) cm21,
J28511.6(4) cm21, and J38512.7(5) cm21 ferromagnetic
interactions. This agreement holds for both emission line
D1 andD2 @Figs. 4~c! and 4~d!#. However, small discrepan
cies around 1 cm21 are observed for the pair withJ485
14.9(0) cm21. These discrepancies could be due to sm
crystal-field perturbations induced by one ion on its partn
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as described in Sec. III A. The agreement is much bette
the pair is centered atD185D111.5 cm21 @Fig. 4~c!# and at
D285D211 cm21 @Fig. 4~d!#. In this case the crystal-field
perturbation of the pair is only about 10% of the exchan
interaction. It is important to notice that both4F3/2(1)
→4I 9/2(1) and 4F3/2(2)→4I 9/2(1) transitions exhibit the
same satellite structure with exactly the sameJ values. This
demonstrates that since the ground state is common to t
two transitions, the exchange interaction is a ground-s
exchange interaction.

It may be mentioned that this simple model of pair inte
actions, can be used to interpret the spectra of rare-earth
pairs in other matrices. For example, previous optical stud
on Nd31 ions in Y3Al5O12 have shown the presence of fe
satellites whose relative intensities depend on the dop
concentration.6,28 These satellites are assigned to the ne
neighbor pairs of Nd31 ions in regular unperturbed dodec
hedral c sites with D2 point site symmetry of the garne
lattice.6 Table III gives the experimental positions of tw
satellites lines~referred to asM1 and M2 lines in Ref. 6!
observed in the neodymium4I 9/2(1)→4F3/2(1) transmission
spectra, recorded at 30 K for 1% Nd:Y3Al5O12 sample. These
satellites can be attributed to a Nd31-Nd31 pair characterized
by a ferromagnetic interactionJ19513.0 cm21. The discrep-
ancy with the experimental positions is only 0.5 cm21.

Looking at theJ values in Table II, it can be noticed tha
asJ increases, there is an increasing discrepancy betwee
calculated and experimental positions due probably to an
crease in the mutual crystal field perturbation of the t
coupled Nd31 ions. In both LiYF4 and YVO4 matrices, the
agreement is almost perfect for pairs withJ,1 cm21. Pairs
with J in the range 1.6 to 3 cm21 are characterized by dis
crepancies of the order of 0.1 to 0.2 cm21. This discrepancy
reaches around 1 cm21 for the more strongly coupled pa
with J54.9 cm21 in YVO4. Therefore, the coupling constan
J could be correlated with Nd31-Nd31 distances in these ma
trices. For the zero-field splittingD measured from EPR
spectra, this correlation is evident asD is proportional to
R23. However, a deeper study of the nature of the inter
tions represented by theJ term should be done to correla
the pairs identified in the optical spectra with the pairs s
by EPR spectroscopy.

TABLE III. Experimental and calculated positions of two sate
lites around 4F3/2(1)→4I 9/2(1) transition of neodymium in 1%
Nd:Y3Al5O12.

4F3/2(1)→4I 9/2(1)
transition
~cm21!a

Experimental
satellite
positions
~cm21!a

Calculated
satellite
positions

J1953 (cm21)

11 420.5 (M1) 11 421
11 425.5~N!

11 426.5 (M2) 11 427

aAfter Lupei et al., Ref. 6.
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V. CONCLUSION

In this paper, a general model based on an effective s
Hamiltonian approach is developed to explain the concen
tion dependent neodymium satellite structure observed
EPR and optical spectra of weakly doped LiYF4 and YVO4

laser hosts. The model considers only the interaction
tween the lowest fundamental Kramers doublets of two id
tical Nd31 ions. EPR studies provide evidence for the ex
tence of Nd31 ions coupled by magnetic dipolar interactio
Each ion of a pair is localized in the undistorted Y31 site
with S4 and D2d point site symmetry for LiYF4 and YVO4
matrices, respectively. Based on the proposed model, the
culated additional optical lines, attributed to ferromagne
cally coupled pairs, satisfactorily explain the main featu
of the observed satellite structure accompanying the
4F3/2→4I 9/2 transitions. For Nd:LiYF4, at least three differ-
ent pairs have been identified, characterized by ferrom
netic J interactions of10.8~4! cm21, 11.6~1! cm21, and
13.1~5! cm21. For Nd:YVO4, at least four pairs are identi
fied characterized byJ values of 10.8~6! cm21, 11.6~4!
cm21, 12.7~5! cm21, and 14.9~0! cm21. The good agree-
ment between the calculated and the experimental res
demonstrates that ferromagnetic exchange interactions ra
than crystal-field perturbations of closely spaced Nd31 ions
play a dominant role in the structure of the optical lines
LiYF4 and YVO4. Small crystal-field perturbations of abou
1 cm21 are observed for pairs with highJ values~4.9 cm21!.
However, crystal-field effects are very small~compared to
11 300 cm21 energy of 4F3/2→4I 9/2 transition! and cannot
explain the observed structure.

Moreover, it appears that this scheme could be applie
other matrices where Nd31 pairs have already been seen.
the Nd:Y3Al5O12 ~YAG! laser host, some satellites can al
be attributed to ferromagnetically coupled pairs. For t
other zircon-type hosts Nd:YAsO4,Nd:YPO4, we have re-
cently observed such concentration dependent satellite s
ture which can also be characterized by this model. All th
experiments are currently in progress.

However, a deeper investigation of the nature of the
teractions represented by the positiveJ term should be done
to correlate the ferromagnetically coupled pairs identified
optical spectra to the magnetic dipolar coupled pairs seen
EPR spectroscopy.
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