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Electron paramagnetic resonan@PR and high-resolution fluorescence spectra of Nibns in weakly
doped LiYF, and YVQ, 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 Ridions. These satellites are assigned t¢ NNd®* ion pairs coupled by
magnetic dipolar interaction. The calculated Nd-Nd distances are found to be in good agreement with the
Y3+t.y3* distances in LiYg and YVO, hosts. The concentration-dependent satellites accompanying the neody-
mium “F4,,—*l o), transition are quantitatively explained as being due to several types of ferromagnetically
coupled pairs of N&" ions, each ion of a pair being located at the reguldr ¥ite with S, and D,4 point
symmetry in LiYF, and YVGQ,, respectively. The exchange coupling valdesre found in the range-0.8 to
+4.9 cml From literature data, it appears that such ferromagnetically coupled Ndirs with J=
+3 cm ! also quantitatively explain the optical satellite structure in N&NO;, (YAG).

. INTRODUCTION YAIO; by Lupei, Lupei, and Georgeséfiand in Cak by
Basievet al1® Energy transfer processes betweeri Nidns,
Optical transitions of rare-earth ions in condensed mattefin pairs or in clusters, in CsGE, have been discussed by de
even at very low doping levels, often exhibit a multisite char-Barros, Barthem, and Khaidukd¥.The interaction between
acter which manifests itself g§) complex structures in ab- pairs of N&* ions in CsCdBs was measured by Ramaz,
sorption or emission spectra consisting of mofe4f tran-  vial, and Macfarlane using high-resolution spectral hole-
sitions than expected and/()r) inhomogeneously broadened burning Spectroscop?_However, up to now it was not pos-
transitions. In particular, it is the case of trivalent neody-sible to quantify the respective role of exchange interactions
mium ions in yttrium lithium fluoride (LiYE), yttrium  and crystal-field effects in pair spectra, as we have done in
orthovanadate (YVQ, and yttrium aluminate garnet the present work.
(Y3AI504,,YAG), three very important laser crystais In previous studies on Nd:LiY£"® it was shown that for
LiYF, and YVO, matrices are investigated in the presentweakly doped crystals, Nd ions are inhomogeneously dis-
work. LiYF, belongs to the scheelite-type structure withtriputed in the host and a coupled pair of Ndons is well
space group4,/a(C§,). The N&* ions substitute for triva-  isolated from other ions or other pairs. The extra optical lines
lent yttrium ions atS, point site symmetry. The zircon-type are assigned to specific types of Ndpairs® However, the
matrix YVO, is also tetragonalspace group4;/amd and interaction mechanism between two ions of a pair is still
Nd®* ions substitute eightfold coordinatedVions, forming  debated. The same behavior was observed for j0;,.°
[ YOg] bisdisphenoid wittD,4 point site symmetry. Despite For the vanadate host also, the origin of the rich satellite
these relatively simple crystal structures, which allow onlystructure, accompanying the transitions of isolated'Ndns
one substitution site for rare-earth ions, a much more comin unperturbed sites, is still not clear. In all these matrices,
plex behavior is observed in optical spectra The optical  these additional optical lines could be dueifoa fraction of
transitions of isolated Nt ions are accompanied by several Nd** ions occupying distorted sites perturbed by neighbor-
“satellites” whose intensities grow strongly with neody- ing lattice defects such as oxygen vacan¢iesype centerg
mium content. It is generally recognized that these extrdii) a fraction of Nd* ions occupying distorted sites per-
lines are due to pairs or clusters of ions. turbed by a neighboring Nd ion, i.e., there is a mutual
Several experimental works have already been devoted iorystal-field perturbation between the pair iofis;) ferro- or
the past to N&"-Nd®* pair spectra in different matricé:?°  antiferromagnetically coupled pairs of Rfdions in unper-
For example, Pelletier-Allard and Pelletier have performedurbed sites that give rise to exchan@@ superexchange
studies on neodymium satellite structure around fhg,  splitting of the isolated ions optical transition$y) a com-
—4Gg), transition in LaC} using absorption and up- bination of all these mechanisms, where both exchange split-
conversion techniqué$. Additional studies on Nt pairs  ting and crystal-field shifts are responsible for the appearance
have been reported in LabBy Buisson and co-workeré,in  of the optical satellites.
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For Nd:YVO, host, a first progress in this area has beenspectroscopy, it is shown that Ridion pairs coupled by
made recently by Ermenetet al® These authors performed magnetic dipolar interaction are present in both LjYdnd
time-resolved site-selective excitation and emission studie¥VO, matrices. Each ion of a pair is localized in regulaf"y
on different Nd:YVQ, crystals grown by several techniques sites withS, and D,y point site symmetries for LiYfand
and/or coming from different origins. These crystals differedYVO,, respectively. Based on optical measurements of the
by their color and thus by the amount Bftype centers. neodymium *F5,— %1, transition, we show in Sec. IVB
Site-selective spectroscopy showed that, all the samples posiat most of the additional lines accompanying this transition
sess three types of neodymium sites, one of them beingre due to ferromagnetically coupled Ndpairs, and that
largely dominantsite 1) while the other onefsites 2 and B crystal-field perturbations of each Ridion by its partner are
are at least one or two order of magnitude less occupiediery weak and cannot explain the observed structures. We
These three sites differ by the crystal-field splitting of thealso show that this model holds for NdX1 50
neodymium*F 5, level which are found to be 18, 25, and 23
cm ! for sites 1, 2, and 3, respectively. In addition, the op- Il. EXPERIMENTAL PART
tical transitions of Nd" ions in the dominant site 1 also
exhibit a rich satellite structure which could not be YVO, single crystals with 0.58% neodymium concentra-
interpreted. From the reproducibility of this satellite struc- tion and LiYF, single crystals with 0.33%, 1.2%, and 2%
ture and its dependence on the ®dconcentration, it was neodymium doping level were grown by the Czochralski
concluded that this multisite character is possibly due tonethod.
crystal-field perturbation of neodymium sites by neighboring EPR measurements were performed at 10 K with a
Nd®" ions [mechanism(ii)]. Alternatively, a recent EPR X-band Bruker ESP 300e spectrometer equipped with a vari-
study of Nd:YVQ, also showed the existence of a largely able temperature accessory from Oxford Instrument. The
dominant neodymium site wit®,4 symmetry, and two mi- crystals were mou_nted ona small Perspex sam.ple_ holder to
nor sites with lower symmetr¢C,, or D,),*° which seem to ~ allow their orientation with respect to the magnetic field. The
be well correlated with major site 1 and minor sites 2 and 3nicrowave frequency was measured with a Systron Donner
found by optical spectroscopyln addition, the EPR spec- frequency counter.
trum of Nof* ions in dominant site 1 also exhibit concentra- ~ Low-temperature photoluminescence backscattering mea-
tion dependent satellites resulting from at least three types gfurements were performed using a 514.5 nm Ar ion laser
Nd®* pairs coupled by magnetic dipole-dipole interactions. ItWith a double monochromator and conventional photon
should be emphasized, that the magnetic dipole-dipole inte€ounting system. Spectra with 0.25 f:?nresqluﬂon were
actions between two Nd ions forming pairs are of the order recorded in the 11350-11600 cfnrange with the laser
of 1072cm2, which is much lower than the few crh split- power around 50 mW _focused on a 1pfn diameter of t_he
ting of the optical transitions. In fact, EPR spectrum is notS@mple. The photoluminescence lines were observed in fresh
sensitive to a small exchange interaction whereas the dipol&ut surfaces and from multiple different spots in order to
dipole interactions measured by EPR are smaller than thsure that the measurements were not affected by spurious
optical linewidth. In other words, EPR and optical spec-Pands due to impurities or surface defects.
troscopies are not sensitive to the same interactions. Thus by
using EPR and optical spectroscopies separately, we can ndtl. THE EFFECTIVE SPIN-HAMILTONIAN APPROACH

unambiguously determine the origin of the complex structure We d ibe in thi imple th ical back d
of the optical transitions of N ions in Nd:YVQ,. It should e describe in this part a simple theoretical backgroun

be stressed that origins of such rare-earth ion pair structuréésed f(érpthe |3terpr et?tlon of eIfeI%téqn parama%/r\}etlc reso-
in optical spectra of lightly doped solids still remain an Openn_ance( R an optical spectra of Nd ions pairs. We con-
problem. sider the cases of an isolated Ndon in S, or D,4 symme-

In the present work, by using EPR and high-resolutiont’Y (LiYF, and YVQ,), an ion pair with mutual crystal-field

optical spectroscopies, we aim at demonstrating that ground€rturbation and an exchange coupled ion pair.
state exchange interactions rather than crystal-field perturba-

tions of closely spaced Nd ions play a dominant role in the A. Isolated Nd®* ions and pairs of Nd* ions
optical lines structure in LiYfFand YVO, matrices. with mutual crystal-field perturbation

Recently, Hehleret al. have shown that pairs of rare-  The Hamiltonian of an isolated Né ion in the unper-

earth fons (YB") exhibit an intrinsically bistable lumines- trhed site of the scheelite and zircon matrices v@hand
cence resulting from a cooperative effect due to ion-ion CoUp,, point symmetry is given by

pling within the dimer?* Energy migration between pairs
was found to have a degrading effect on bistability and thus H=Hg+Hy, (1)
only isolated pairs in weakly doped matrix were expected to
exhibit bistability?> Therefore, a deeper understanding ofwhere Hy is the free-ion Hamiltonian, including both
ion-ion coupling mechanisms in such pairs is of fundamentaglectron-electron and spin-orbit interaction terrhs, gives
interest, and could help to optimize the bistable luminesthe 25*1L; multiplets, in particular thé'l, and *F 3, mul-
cence effect. tiplets considered in this work, which are separated by about
This paper is arranged as follows. After the experimentall1 550 and 11370 cit in the case of Nd:LiYf and
part in the next section, we present in Sec. Il a simple efNd:YVO,, respectively. The crystal-field HamiltoniaH
fective spin-Hamiltonian approach which is used to interpretifts the 2J+ 1 degeneracy of théS"1L ; states into doubly
the EPR and optical results. In Sec. IVA, by using EPRdegenerated states, referred to as Kramers dou({&is),
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separated by about 10-2€m ™. For the two?l o, and *F 5, ! '

multiplets, the crystal-field interaction gives rise to five and (")ilz:’l's“tedes (b)Exchange coupled pair of N&* ions

two KD’s, respectively(labeled as 1,2 ..). The residual (i) Optical spectrum (ii) EPR spectrum
degeneracy of the KD’s can only be lifted by a magnetic P 1 100> "
field. Therefore, we can attribute to each doublet an effectivey> — S e 10,0>,

spin S=1/2. The first two KD'’s of the*l 4, multiplet being M= 02 [ =0 2>
A

separated by 136 and 110 chin Nd:LiYF, and Nd:YVQ,,
only the fundamental KD is populated at liquid helium tem-
perature. The two KD’s of théF 3, state are split by 64 and [ T 10,0

A A

18 cm tin LiYF, and YVQ, respectively. The two neody- . |32

mium 4l ;5(1)—*F 3, (1 and 2 transitions occur at 11541.0 4> =

.

(9B
and 11598.0 cm" in LiYF, and at 11364.6 and 11382.6 e I—m i V2 = o
cm tin YVO,, respectively. In the following, we consider o
only one transition, for examplélg(1)«—*F3,(1). The
wave functiong ¢,) and|¢,) associated with the fundamen-
tal and the excited KD’s can be written as

|¢o>:|4|9/2a30>,

|¢1)=*F3r.S1),

FIG. 1. Energy-level diagram of the neodymium
where$,,S; are the corresponding effectiviespins of the 41 9(1)*F4(1) transition for(a) isolated Nd* ions, the Zee-
two doublets. In the following, the energy splitting betweenman interaction being considered only for the fundamental KD and
these two KD’s is denoted bs. (b) for an exchange coupled pair of Ridions, the exchangéer-

Under an external magnetic fieBI(EPR measurements romagneticJ>0), dipolar and Zeeman interactions are considered
the effective spin Hamiltonian for the ground stdig,), successively. The schematic EPR and optical spectra are also rep-
which is the state probed by EPR, can be expressed by thesented. Ad>D andD is much lower than the optical resolution
Zeeman ternH,= BB-T§- S, whereg is theg tensor associ- limit, the dipolar interaction is neglected in the analysis of the op-
ated with the ground state. The external magnetic field retical spectrum.
moves the twofold degeneracy of the),) state into two
singlets at energies 1/29(6) BB where the signs- and—  damental*l o, KD, the two excited*F 5, KD’s of each Nd*
correspond to the componenss=+1/2 and—1/2 of the  ion forming pair, and their correspondigdactors are that of
effective spinS=3 and ¢ is the angle between the direction the isolated N ions. Knowing thaV is of the order of few
of the magnetic field and the symmetry axis of th& site.  cm™* (positions of the satellite lines around the main line of
As shown in Fig. 1a), the EPR transitior{selection rules isolated Nd* ions), which is smaller than the energy sepa-
AS=0, AMg==*1) due to isolated N¥ ions in unper- ration between the closest KD's<(10? cm™%), we may con-
turbed Y?* sites is expected at energy6) 8B. If a fraction  sider V as a perturbation acting on the unperturbed states
of Na®* ions occupy distorted sites, we expect different resorelated to theH”+H® Hamiltonian. Therefore, it is reason-
nance lines at energiep (6) 3B,9"(6) BB, etc.... corre-  able to use the statégy) and|¢)) (|¢E) and|4F)) given
sponding to each different site. by Eq. (2) for the A(B) ion to describe the fundamental and

For a pair of Nd" ions with mutual crystal-field pertur- excited KD wave functions of the pair. The eigenstates asso-

bation, the crystal field of each ion is modified by its partner,ciated with the unperturbed”+H® Hamiltonian are simple
which results in(i) a shift of the*l 9, *F 3, transitions and  products of the form:
(i) in a modification of the KD’s wave functions, which in

turn changes the-factor values. | 6086)i=1("192,50). (1912, 55))i = | )| ¢0):
with i=1,...,4,

B=0 B=0

=332 2

) s E (98B £

B. Exchange coupled pair of Nd* ions

Igft_ us now .consiQer the Hamiltqnian of twq coupled |¢,’3¢?>J.=|(4|9/2,3§),(4|:3/2,s§‘)>j=|¢>§>|¢§‘>j
Nd*" ions in neighboring sited andB in both matrices:
with j=1,...,4,
Hpair= HA+H®+V, ©)

A B\ _|/4 4 B _ A B
=|(*F3,5)),(*l g, =
where H”* and HB are the Hamiltonian of each individual |1 800=1(Farz: 1), (o2, So)he= 41} [ o)

ion, similar to the one given by E@l). The pairing effect is with k=1,...,4. 4)
represented by the interaction tekfirand by the crystal-field A LB ) ) )

terms included inH” and HB, which might reflect mutual Theldo¢o)i States corresponding to two ions in the gBround
crystal-field perturbations of each ion by its partner. For theState are fourfold degenerated as well as the stat§$?);
sake of clarity we neglect this crystal-field effect and con-and|¢3ég)x corresponding to the excitation of one ion of
sider that the site symmetry remaiBs or D, for the two  the pair. The, j, andk indices label the different degenerated
ions of the pair. This hypothesis will be justifiedposteriori ~ states. The| g7 7)) =|(*F 32,5, (*Fa2,S0) 1= 61| ),

and the small crystal-field effect will be discussed in relation(I=1, . .. ,4) states are neglected because they imply the
with the experimental results. We thus consider that the funsimultaneous excitation of two Nd ions.
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The main effects o¥/ in Eqg. (3) can be described by three and from 3.89 to 7.12 A in YV() are larger than the ion size

typis BOf rr/latgix elements:(i) elements of the form ;1 &) we may describe the dipolar interacti@g by a
i{#0bolVIdodo); which split the fourfold degenerated pyre magnetic dipole-dipole interaction between the two ef-
ground state of the pairyii) elements of the form foctive spinsS and Sg.

A B A B A B A B : :

(o @1|VIdod1); and i(dodo|V|dobi);, which describe The effective spin-Hamiltoniand&" for the ground level
t4he |nterapt|on between one ion in the fundamental Kl_) of the1 ¢9¢5>i:1 ..... , and Htiff for the excited level
I o/ multiplet and the other one in one of th€ 5, excited P ), (with g, =0 or 1) of the NF*-Nd®* pair
KD's; (iii) elements of the form(gga3|V|aldg); which  Za% e di bl e

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

eff _ _ . =
In the following, we will consider that the ground-state Ho = 2‘353 §+$DAB§’ ()
interaction (i) largely dominates over interactiong) and off
(iii ) involving one ion in the excited state. Although these Hi =4, (8)

approximations will be discussed in connection with the ex- . - .
perimental results, they can be justified as follows. As Werespectlvely. As state_d before, the pair interaction has been
will see below, the pair interactiovi is of the order of 2to 5 neglected for the excited Ievgl.

cmLin both matrices. In a simple perturbation approach, the The fundamental and excited levels are fourfold degener-

interaction between two states separated by an enargy ated. In j[he |nd|vr|]dual effect|l\)/e gpﬁsi;'\/cliAt;Sif’ul\xfng>} rep-
~11500 cn* (separation between tHeg, and *F 5, KD's) reie_n?tllon, cac +sltate can be described by dtenponents
is of the order of/%/A~10"3 cm 2 for interactiong(ii). This Ms=*32, Ms==; of the effective spinsS",S". The
value is a lower limit. In a direct EPR measurement on adround and excited states of the pair may thus be written as
ghotoexcitef pair of N ions in LaC} (the ions are in the [ollows

lg, and “l45, states separated by an energy Af
=5869 cm ), Clemens and Hutchiséhshowed that inter- |65¢6) =11 10T D)oL 1o or [L. 1o,
actions(ii) are of the order of 0.2 to 0.6 cm. Such values
lie within the resolution limits of our optical spectra. Inter- |¢odT) =11 1)1 T. Dl L. 1)1 or [1,1)s. 9
actions(ii) can thus be neglected. The off-diagonal matrix
elements of the form (iii) are of the order of We can define a total effective sp8icharacterized by
1072-10"*cm 1.2 For example, Cone and Meltzer showed =S*+S°, with [S*—SP|<S<S*+S°. The two possible
that these matrix elements which transfer energy from ongalues of the total spin ar8=0 (with Ms=0) and S=1
Gd®" ion to another in isostructural GdCand in GdOH);  (with Ms=1,0,—1). In the total effective spif|S,Ms)} rep-
compounds vary from 0.01 to 0.44 ¢ for different  resentation, the ground and excited states of the pair become
25T1 ; multiplets?® These values are still within the resolu-

tion limit of our optical spectra and thus interacti6it) can |#5d6)=]1,1)0,/1,—1)0,/1,09 or |0,0),
also be neglected in our approach.
Therefore, assuming that the largest contribution to the |podD)=]1,11,/1,—1)1,|1,0; or |0,0;, (10

pair interaction is coming from the ions in their fundamental
states, we may writ® as the interaction between two iden- with the following well-known relation between the two rep-

tical effective spinsSy=Sp=13: resentations:
Ver=%53- 5. (5) 11=[1.1),
whereJ is a general tensor involving a lot of contributions 11,-1)=|],1)

such as electronic exchange interaction, magnetic dipole-

dipole interaction, electric multipole interaction, virtual pho-

non exchange, and so on. The order of magnitude of all these 11,0 = i(” DY+]1,1)

interactions varies from 0.01 to 10 ¢for rare-earth iong3 Y e
Expression(5) may be rewritten as follow&'

~ = 1

$-J-H=-21%)- S+dpsSH0SE+ Sy Das- S5, (6) |0,0>=E(|T,l>—|l,T>)- (11)
whereJ is a scalar termgl,g is a polar vector, an® g is a
traceless tensor. The first term2JSy- Sy of Eq. (6) is In the total effective spin representation, the effective spin

known as the Heisenberg exchange interaction. Both twoHamiltonian in Eq.(7) becomes
center or direct exchange, and higher-order multicenter or
superexchange processes involving the ligands may contrib- "

ute toJ. As each ion of the pair is located in an undistorted Hg'=—J
site with S, or D,y point symmetry, they are related by an

inversion symmetry and thus the temiagSA0S3 vanishes  with?

by symmetry. Furthermore, since Nd-Nd distances in a pair

(the Y3*-Y3" distances vary from 3.72 to 8.19 A in LijF D=0.329%3 cog(#)—1)R 3 (13

(12

1
i—§a$ﬂ)

3
S(S+1)- 5

2
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for a pure magnetic dipole-dipole interaction. H&e-0 is Nd M=-7/2 MNAM =72
given in cm %, R (in A) is the N&"-Nd®** distance, and is !
the angle between the direction of the magnetic field and that
of the pair axis.

The exchange term in Eq12) splits the fourfold degen-
erated ground stateby ¢5)i—, . 4into a singlet stat¢0,0)o o T 1% R T
at energy 3/2 and into a triplef1,Ms=0,+1), at energy Magnetic field (mT) ~ Magnetic field (mT
—J/2. The dipolar interaction splits the triplet state into a Il
singlet state|1,0), at energy —D/3 and in a doublet
|1,+£1), at energyD/6. The resulting energy level diagram
for a coupled Nd" ion pair is shown in Fig. (b).

As the shortest ¥"-Y3" distancesR vary from 3.72 to
8.19 Ain LiYF, and 3.89 to 7.12 A in YVQ theD values
given by Eq.(13) will be of the order of 102cm L. This

Intensity (arb. units)

Intensity (arb. units)

Experimental

1

Simulated

EPR intensity (arb. units)

magnetic dipolar interaction is thus unresolved in our optical e T I N I | I
spectra(resolution around 0.25 cnl). Hence, as shown in | wal L L L1

Fig. 1(b), the optical spectrurtabsorption and emissipof a . . .
ground-state exchange coupled pair should be a doublet of 150 200 250 300 350
satellites at photon energies+J/2 and A—3J/2, disym- Magnetic field (mT)

metrically placed around the isolated ion transition at energy
A [Fig. 1(b)]. The doublet splitting is 2 with the exchange
interactionJ positive (negative for ferromagnetically(anti-
ferromagnetically coupled ions. Figure (b) represents the
case of a ferromagnetically coupled pair. It is important to
emphasize that this behavior is expected only if the ground-
state exchange splitting is the unique pair interaction as we

(b)

Experimental

Simulated

EPR intensity (arb. units)

have assumed. In the case of an additive crystal-field pertur- oNal L1 | I I
bation of an ion by its partner, the transitions should occur at wg L L L L |
energiesA’+J/2 andA’—3J/2. In the case of an excited . . . . .
exchange interaction in addition to the ground-state ex- 200 250 300 350
change splitting, the spectra should significantly deviate Magnetic field (mT)

from the simple picture described in Fig(bL

By applying an external magnetic fieRl (EPR measure-
ments, the twofold degeneracy of thé,= 1), states is lifted
into two singlets at energies g(#) 8B. The singlet|1,0),
state remains unaffected. The EPR pair transitieesection
rulesAS=0, AM = =*1) are expected at energig$6) 5B

H 3]
= D/2[Fig. 1(b)]. Thus the EPR spectrum of a coupled*d were assigned to a small fracti¢around 0.1%of Nd** ions

ion pair will be a doublet of satellites symmetrically placed.” . . . 10
around the isolated ion line at energy6) 8B. in distorted sites with symmetry lower thdn, .

Besides the main EPR signals of isolated®Nibns, sev-
IV. EXPERIMENTAL RESULTS AND DISCUSSION e_ral_pa|rs of satellltes_ appear on each s_|de of the central line
(indicated by arrows in Fig.)2 The satellites are not seen at
A. EPR results very low doping levels and their intensities increase with

The principal EPR signals, observed in the range 180_neodymium concentration. Figure 2 shows the comparison

o ) ; between the simulated and experimental EPR spectra of
350 mT and 200-375 mT for Nd:LiYj/and Nd:YVQ, (Fig. o !
2), are attributed to isolated Nd ions located at the undis- 0.33% Nd:LiYF, and 0.58% Nd:YVQ samples, recorded

torted Y3* sites withS, and D,y point symmetry, respec- Wi'['h external fie_IdB perpendicular to the crystallographic
tively. They are composed of one intense central line due 1§Xis. The hyperfine patterns are calculated up to second order

i ; 2,144,14 ; ;
even neodymium isotope¥ Nd with nUde.ar spins TABLE |. Spin-Hamiltonian parameters for Rd ions in
=0 (natural abundance of 79.5%nd a hyperfine pattern .

. . LiYF,4 and YVQ,.
composed of two sets of eight lines for the two odd neody-

FIG. 2. Experimental and simulated EPR spectrdapf0.33%
Nd:LiYF, and (b) 0.58% Nd:YVQ, at 10 K with Blc.
Concentration-dependant satellites are indicated by arrows. The in-
sets show thé*3Nd hyperfineM ; = + 7/2 transitions in LiYF, with
the concentration-dependent satellites represented by arrows.

mium isotopes'**Nd and ***Nd with nuclear spind =7/2 Nd:LiYF, Nd:YVO,
(natural abundance of 12.2% and 8.3%, respectjvélhe
relative intensities of the lines are proportional to the natura; 1.986+0.003 0.9150.004
abundance of the isotopes. For both matrices, the line posg, 2.553+0.002 2.3610.003
tions are described by an axial spin-Hamiltonian with anA,(107%cm™?) “Nd 198.4:0.1 112.1-0.3
effective spinS= }.19262"The g factors and hyperfine struc- 45Nd  123.0-0.3 701
ture constants are determined and are listed in Table . A (107 %cm™) 143Nd 265+ 2 256.9-0.3
For Nd:YVQ,, two weaker signalgnot shown are ob- 145\d 164.0- 0.6 159.3-0.4

served at higher magnetic fields. From thgifactors, they
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Nd:LiYF, Nd:YVO,

] 312 2 (a) ] b
~ (@)= () -1 : : ( ),\' J/2( )
@'| Exp. = ) -31/2 3/2 R 3
=1 S| Bxp, 1 P 3 ’
= ..D" = ] . =

e = | Si s o ]
% Slr:. < S 1M * ER 5]
— B ] ]
2 = 2z 2
o — c v o v A
2 e £ £
(3
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£ ] B' \/ o ] o ]
| <4 o o ]
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FIG. 3. Expanded view of the central part of the experimental
and simulated central EPR line at 10 K wiLc of (a) 1.2%
Nd:LiYF, and (b) 0.58% Nd:YVQ, Plot of the distanc® versus FIG. 4. Expanded views of the and o polarized *F 5/, I o/,
the angled, using experimentaD values for Nd* ion pairs in(c) transitions in 2% Nd:LiYE [(a) and (b)] and in 0.58% Nd:YVQ
Nd:LiYF,, and(d) Nd:YVO,. The circles represent th{@,R) values  [(¢) and (d)]. The emitting state i'F5(1) in (8 and (c), and
from the crystal structure of LiYFand YVO, compatible with the ~ *F3z,(2) in (b) and(d). The isolated ion transitions are represented
experimental curves. Representation of the crystallographic pairs dfy full lines while the satellite lines are indicated by discontinuous
Nd®* ions at ¥¥* sites(e) a andBin LiYF, and(f) a', 8’, andy’ lines. The calculated positions of the satellites assuming ferromag-
in YVO,. netic exchange interaction between*Ndon pairs are shown by
. . . . . . small solid sticks. For the vanadate host, the transition indicated by
in perturbation and agree satisfactorily with the experimental, gtar in(d) is assigned to Nt ions in distorted sites referred to as
spectra except for the existence of the concentration depegpe 2 by Ermeneut al® For 2% Nd:LiYF,, three pair lines with
_dent lines(shown by arrow)sflank_mg t_he central line of even 3 -08(4)cml, J,=1.6(1)cm?’, and J;=3.1(5)cnit are
isotopes. Moreover, the hyperfine lines also show a similag, nd. For 0.58% Nd:YVQ four pairs withd]=0.8(6) cnt, J}
concentranon—depen(jent sa}tellllte structurg. This can be oh- 1.6(4) cnY, J,=2.7(5) cmt, andJ,=4.9(0) cnt* values are
served from the two insets in Fig(d@ showing,M|=*7/2  ijentified.
hyperfine lines of'*Nd in LiYF,. These extra lines must
thus be analyzed in terms of pairs of interacting*Nibns

instead of forbidden hyperfine transitions. Satellites around . FOr Poth matrices, the line doublets are symmetrically
the intense central lines are due to pairs of the typé)laced around the central line irrespective of the orientation

even\ g3+ eveINGBt of two neodymium nuclei with zero of the magnetic field with respect to the crystallographic
nuclear spin =0. Satellites flanking the hyperfine lines, for @xes. This indicates that neodymium ions involved in pairs
example those shown in Fig(a, belong to pairs of the type have the samg values as the isolated neodymium ions, and
43N T-eNd®". As the splitting between the satellites are are located in the same crystal-field environment \@hor

of the order of 10%2cm™?, they are due to magnetic dipolar D24 point site symmetry. Assuming a dipole-dipole magnetic
interactions betweers=3 effective spins of neighboring interaction, the allowed orientatiofl of the pair axis with
Nd*" ions. Figure 3 shows the central part of the experimen¥espect to the magnetic field and the distaRdeetween the
tal EPR spectra of 1.2% Nd:LiYFand 0.58% Nd:YVQ two interacting ions can be determined by plottiRe: f(60)
samples along with the fitted spectra using Gaussian lingfom Eq. (13) using the experimentdD values. Figs. &)
shape functions. Two pairs of satellites with zero-field split-and 3d) present such plots for Nd:LiYfand Nd:YVQ,
ting D of 0.018 and 0.011 cit are identified Fig. 3a)] for  respectively. From the crystal structure of Li¥FRwo pairs
Nd:LiYF, while for Nd:YVO, three pairs of satellite lines « and 8 of Nd®' ions located at ¥' ions site give ¢,R)

are identified withD values of 0.031, 0.018, and 0.012 ¢in  values[solid circles in Fig. &)] in good agreement with the
[Fig. 3(b)]. The transitions indicated by stars in Figga)3 experimental curves. These NdNd®*" pairs are shown in
and 3b) are hyperfine lines. Fig. 3(e). The « pair is oriented at 46.2° froma (or b) axis
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TABLE Il. Experimental and calculated positions of the satellites arotfig,— I o, transitions of neodymium in 2% Nd:LiYfand

0.58% Nd:YVO,

Nd:LiYF, Nd:YVO,
Experimental  Calculated satellite positions Experimental Calculated satellite positions
Fa—tg,  satellite a4y,  satellite
transitions  positions J1=0.8(4) J>=1.6(1) J3=3.1(5) transitions positions J1=0.8(6) J;=1.6(4) J3=2.7(5) J,=4.9(0)
(cm™Y) (cm™Y) em™  emhH  emhH  (emy (cm™Y) em?  (emYH  (emhH  (cem?
11536.5 11536.3 11 358.8 11357.3
11538.7 11538.6 11 360.7 11360.5
11539.7 11539.7 11362.0 11362.1
11541.0 11363.3 11363.3
11541.4 115414 11364.6
11541.9 11541.8 11 365.0 11 365.0
11542.8 11542.6 11 365.3 11 365.4
11 366.2 11 366.0
11368.4 11367.1
11375.8 11375.3
115955 11595.6 11378.6 113785
11380.1 11380.1
11598.0 11381.4 11381.3
11 382.6
11383.1 11383.0
11599.3 11599.5 11383.4 11383.4
11384.0 11384.0
11 386.0 11385.1

with R=3.72 A and the3 pair is oriented at 35.8° frora (or
b) axis with R=6.36 A. For Nd:YVQ, three Nd"-Nd®*
pairs o', B’ and y’, shown in Fig. &), give (6,R) values
[solid circles in Fig. 8d)] compatible with the experimental
curves. Thex' pair is oriented at 66.2° from theaxis with
R=3.89A. Theg' pair is oriented at 76.8° from’ pair with
R=5.90A and they' pair is alongc axis withR=6.28 A.

It is worth noticing that the axiag tensors of N&" ions
involved in pairs and isolated Nd ions are identical, which

They extend farther away on the low-energy side of the par-
ent line. Moreover, all these additional optical lines seem to
form pairs, the two pair lines being disymmetrically placed
around the main lines a; andA,. This suggests that these
pairs of satellites could be due to exchange coupled*Nd
ions with a positive value of the coupling constdntn fact,

the positions of all the main satellite lines in Fig. 4 can be
explained by attributing them to weakly ferromagnetically
coupled pairs of N&' ions characterized by differedtval-

indicate that both kinds of neodymium experience the samaes. As described in Sec. Il B, for an exchanged coupled
crystal field. This lack of evident crystal-field distortion in- pair, a doublet of satellites is expected at energies3J/2
dicates that the exchange splitting mechanism rather thagnd A + J/2 [see Fig. 1b)]. Table Il lists the experimental

crystal-field perturbation of closely spaced™Ndons are re-

and calculated positions of the satellite lines accompanying

sponsible for the structure of optical satellites in these matriyne two neodymiuntFa,— 14y, transitions. The calculated

ces.

B. High-resolution fluorescence spectroscopy

Figure 4 shows ther and o polarized emission spectra of

2% Nd:LiYF, and 0.58% Nd:YVQ samples, at 22 and 10 K,
respectively, observed in the vicinity of the twtF,,

positions are also shown in Fig. 4 by small solid sticks. As
can be observed from Table Il and Fig. 4, the calculated
positions of the satellites are in good agreement with the
experimental positions for Nd:LiYf The pairs are charac-
terized byJ;=+0.8(4) cm?, J,=+1.6(1) cm?, andJ;
=+3.1(5) cm’. The situation is much less clear for the

—*l4), transitions. The positions of the emissions from theline atA;, since the latter was found to be very broad in our
two *F 3,,KD's of isolated Nd* ions in unperturbed sites are €xPeriments. Nevertheless, two satellites-&J,/2 andJs/2
labeled as\, andA,. For both samples, a complex satellite corresponding to thd; and J; pairs can be detected. For

structure whose intensity depends on3Ndontent is ob-

Nd:YVO,, the calculated positions are also in good agree-

served around these two main lines. For the vanadate hoghent with the pairs characterized k= +0.8(6) cm*,

the transition indicated by a star in Fig(dd is assigned to

J,=+1.6(4)cm?, and J;=+2.7(5) cm ! ferromagnetic

Nd®" ions in distorted sites labeled as site 2 by Ermeneustnteractions. This agreement holds for both emission lines at

et al®

A; andA, [Figs. 4c) and 4d)]. However, small discrepan-

For both samples, the satellite patterns are very similarcies around 1 cit are observed for the pair witd,=

All the satellite lineqindicated by discontinuous lines in Fig.

4) are grouped within=10 cmi ! around the parent lines.

+4.9(0) cml. These discrepancies could be due to small
crystal-field perturbations induced by one ion on its partner,
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TABLE IIl. Experimental and calculated positions of two satel- V. CONCLUSION
lites around *F4(1)—*lg5(1) transition of neodymium in 1%
Nd:Y3Als01,. In this paper, a general model based on an effective spin-
Exoeri | Calculated Hamiltonian approach is developed to explain the concentra-
1) 1) xg;rér"ni;aenta Sa(t:gll?tts tion dependent neodymium satellite structure observed in
— . .
g2 9 - - EPR and optical spectra of weakly doped LiY&nd YVO,
transition pOSItIOﬂS pOSItlons . . .
~1ya ~1ya " —1 laser hosts. The model considers only the interaction be-
(cm™) (em™) Ji=3(cm™) :
tween the lowest fundamental Kramers doublets of two iden-
11420.5My) 11421 tical Nt ions. EPR studies provide evidence for the exis-
11425.5(N) tence of Nd* ions coupled by magnetic dipolar interaction.
11426.5My) 11427 Each ion of a pair is localized in the undistorted*Ysite

with S, and D,4 point site symmetry for LiYg and YVO,
matrices, respectively. Based on the proposed model, the cal-
as described in Sec. lll A. The agreement is much better iFu:i’ited adldi;iongl optic_alf Iines_,l attriblutled rfo ferror‘rf1agneti-
the pair is centered at/— A ,+1.5 cm * [Fig. 4c)] and at cally coupled pairs, satisfactorily explain the main features
;! o e i ) of the observed satellite structure accompanying the two
Ap=A,+1cm = [Fig. 4d)]. In this case the crystalfield 4 4| transitions. For Nd:LiYE, at least three differ-
perturbation of the pair is only about 10% of the exchang&: pairs have been identified, characterized by ferromag-
interaction. It is important to notice that bothFg,(1) netic J interactions of+0.84) cm %, +1.61) cm %, and

—a(1) and 4':3/2(2)_>_4|9/2(1) transitions exhibit the 3 15 cmL. For Nd:YVO,, at least four pairs are identi-
same satellite structure with exactly the sainealues. This  fieq characterized byl values of +0.86) cm %, +1.6(4)

demonstrates that since the ground state is common to thegg, 1 1> 75) cm %, ‘and +4.90) cm L. The good agree-

two transitions, the exchange interaction is a ground-stalgent hetween the calculated and the experimental results
exchange interaction. demonstrates that ferromagnetic exchange interactions rather

It may be mentioned that this simple model of pair inter-ihan crystal-field perturbations of closely spaced Nibns
actions, can be used to interpret the spectra of rare-earth i ay a dominant role in the structure of the optical lines in
pairs in other matrices. For example, previous optical studieEiYF4 and YVO, Small crystal-field perturbations of about
on N&* ions in YzAls0,, have shown the presence of few 1 i1 are observed for pairs with highvalues(4.9 cm'b).

satellites whose relative intensities depend on the dopani,ever crystal-field effects are very smétompared to
concentratior??® These satellites are assigned to the nearq1 300 oyl energy of *F 5,31, transition and cannot

neighbor pairs of N&' ions in regular unperturbed dodeca- explain the observed structure.

hedral ¢ sites with D, point site symmetry of the gamet — yigreqver, it appears that this scheme could be applied to
lattice.” Table Ill gives the experimental positions of WO 4iher matrices where Nd pairs have already been seen. In
satellites lines(referred to asM, and4M2 lines in Ref. 6 the Nd:Y,AI.0,, (YAG) laser host, some satellites can also
observed in the neodymiurfi (1) —*F3(1) transmission  pe attributed to ferromagnetically coupled pairs. For the
spectra, recorded at.30 K for 1% N@ﬁglfolz'sample. These other zircon-type hosts Nd:YAsCNd:YPQ,, we have re-
satellites can be attributed to ?Nde pair characterized - cently observed such concentration dependent satellite struc-
by a ferromagnetic interactiad = +3.0cm . The discrep-  tyre which can also be characterized by this model. All these
ancy with the experimental positions is only 0.5 ¢m experiments are currently in progress.

Looking at theJ values in Table Il, it can be noticed that  However, a deeper investigation of the nature of the in-
asJincreases, there is an increasing discrepancy between thgractions represented by the positizeerm should be done
calculated and experimental positions due probably to an ing correlate the ferromagnetically coupled pairs identified by

crease in the mutual crystal field perturbation of the twogptical spectra to the magnetic dipolar coupled pairs seen by
coupled Nd™ ions. In both LiYF, and YVO, matrices, the EPR spectroscopy.

agreement is almost perfect for pairs witkc1 cm L. Pairs

with J in the range 1.6 to 3 cnt are characterized by dis-

crepancies of the order of 0.1 to 0.2 ¢ This discrepancy ACKNOWLEDGMENTS
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