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ABSTRACT This article presents new data on multicenter structure of the

optical spectra and of emission dynamics of the doping ions in various types

of crystalline and polycrystalline cubic laser materials (garnets, sesqui-

oxides). It is inferred that the satellite structure of the active ions is induced

by crystal field perturbations inside the near neighbor associations of

the active ion with specific defects of the host lattice (P-type satellites

independent on doping concentration) or with other active ions (M-type

satellites dependent on doping concentration). Such satellite structures are

described for various rare earth ions; including Nd3þ, Pr3þ, Er3þ. In case

of the garnet crystals, both types of satellites are present, and the satellites

P can be connected with departures from stoichiometry; in garnet ceramics,

they are much less intense. In contrast, the structures of M satellites are simi-

lar in garnet crystals and ceramics, indicating similar distribution of the

doping ions in the host matrix. The luminescence spectra of these materials

are influenced by the emission quantum efficiency of the various centers. In

the case of sensitized materials, the mutual crystal field perturbations could

modify the absorption spectra on both the sensitizer ions. In the case of

materials with charge compensation, the electric charge disordering deter-

mined by the process of compensation strongly influences the optical spec-

tra of the doping ions and their distribution. The relation between the global

spectroscopic properties and those measured by microscopic methods is

also considered. The connection between the fabrication process, structure,

spectroscopic, and laser emission properties is shown and it is inferred that

the multicenter structure of the spectra, together with emission dynamics,

can be an efficient tool for investigating the microstructure of the laser mate-

rials, for optimization of laser properties, or for tailoring new laser materials.
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1. INTRODUCTION

The positions and intensities of lines in the optical

absorption and emission spectra of the rare earth

(RE3þ) active ions in the laser materials are essen-

tially determined by the crystal field interaction at

the substituted site. Crystalline laser materials used

in the construction of lasers with a defined wave-

length must grant unique structural centers for the

doping ions, with well defined optical spectra, and

materials that provide for substitution at a unique

crystallographic site. The optical spectra of the

RE3þ ions in such materials have sharp absorption

and emission lines with high peak cross-sections.

However, the high-resolution spectra of these mate-

rials often show structures of spectral satellites or=

and inhomogeneous broadening that suggest the

existence of a variety of centers with a slightly differ-

ent crystal field interaction (multicenter structure).

The multicenter satellite structures reflect the exis-

tence of discrete crystal field perturbations caused

by a certain degree of structural disorder in the near

coordination spheres around the doping ion. The

structural disorder can be introduced by structural

defects of the host material such as the inversion of

occupancy of the cationic sites or the excess of some

cationic species on the expense of others resulting in

non-stoichiometric composition; the occurrence of

such defects is influenced by the fabrication process,

especially by the thermal regime. The statistical

ensembles of doping ions in near sites, determined

by their distribution in the crystallographic sites of

the host material, can also induce structural disorder

in the cationic coordination spheres around the

doping ion and the effect depends on the doping

concentration CRE.

A special case is presented by the laser materials in

which the doping ion substitutes a host cation of

different valence; in such a case, the compensation

of the difference of electric charge is necessary and

this can be accomplished by various intrinsic

mechanisms such as interstitial anionic or cationic

species, ionic vacancies, or by extrinsic means, such

as co-doping with charge-compensator ions. The

various modalities of placement of the charge com-

pensator with respect to the laser active ion induce

a structural disorder and the global effect is strongly

influenced by technological details. The differences

of electric charge in the near coordination spheres

induced by the charge-compensators could induce

crystal field perturbations at the doping ion site

stronger than those caused by the differences in ionic

size. Moreover, function on the local difference of

charge introduced by the compensator, the charge

compensation processes could modify the distri-

bution of the doping ions, leading to their clustering

in pairs or more complex ensembles in the vicinity of

compensator.

In special situations, such as tunable or ultra-short

pulse laser emission, materials with inhomogeneous

broadening of the absorption or emission lines

are desired. These materials could contain quasi-

continuous distribution of the structure of the substi-

tution site, such as for glasses, or they could offer

several discrete and well defined crystallographic

sites whose optical spectra are close enough to

coalesce. Special cases are the compositionally

disordered crystalline materials, which have a

defined crystallographic structure, usually with sev-

eral cationic sites that can be occupied by various

species of ions of different ionic radius or electric

charge. In these systems, the doping ions occupy

a defined unique crystallographic site but the

composition of the coordination spheres formed

by the surrounding ions around the doping ions

could be different, leading to specific differences in

the crystal field potential.

Because of the strong dependence of the crystal

field interaction on distance, the effect of the struc-

tural disorder on the optical spectra is determined

by the distribution of disorder near the laser ion. In

several instances, the perturbation could also be

anisotropic. The discreteness of the crystalline lattice

determines a chain of discrete crystal field perturba-

tions that could be resolved in the optical spectra

leading to multicenter structure of the lines. The

unresolved perturbing effect of the farther sites

results in inhomogeneous broadening of lines; in

many cases, the broadening could smear the

multicenter structures of the spectra, resulting in

broad, sometimes multi-peaked optical bands.

The distribution of the structural disorder can also

influence the dynamic properties of emission by

modification of the radiative lifetime of the various

centers or by specific manifestation of the energy

transfer processes, leading to further personalization

of the centers. These static and dynamic effects of the

structural disorder influence the laser properties
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(pump absorption, emission) of the laser material.

At the same time, the investigation of these specific

effects of the structural disorder could contribute to

elucidation of the structure of the laser material

and of the distribution of the doping ions and

defects.

An important emerging class of laser materials

is that of the transparent polycrystalline materials

produced by ceramic techniques.[1–8] There are

several such ceramic techniques, but for all of these

the maximum temperature corresponds to the final

sintering step and is by about 400�C to 700�C smaller

than for the crystal growth from melt. The solid-state

process of formation of ceramics enables a larger

compositional versatility compared with crystal

growth from melt, particularly the possibility to

incorporate much higher concentrations of doping

ions. Nevertheless, the thermal regime of fabrication

and the granular structure of these ceramics could

influence the occurrence of specific intrinsic defects

of the material and the distribution of the doping

ions and of defects.

Although the multicenter structure of the optical

spectra of the laser materials was described largely

in the literature, few papers have attempted to relate

the spectral satellites with the structural properties of

the material; moreover, sometimes conflicting results

and models are presented. This paper introduces

new data and provides a deeper discussion of the

multicenter structure of the optical spectra and of

dynamic effects in single crystals and transparent

polycrystalline ceramics of RE3þ-doped cubic garnet

and sesquioxide laser materials. The implication of

this multicenter structure of optical spectra on

the structural models of the laser materials and

on their laser properties is also discussed.

2. EXPERIMENTAL TECHNIQUES

The samples under investigation are RE:Y3Al5O12

(YAG) and Nd:Gd3Sc2Ga3O12 (GSGG) single crystals

or transparent ceramics and RE3þ-doped cubic

sesquioxide ceramics. The crystals are home grown

by Czochralski technique or commercial samples,

whereas the transparent polycrystalline materials

are produced at the World Lab Co. Ltd. Nagoya-

Japan, by the technique based on solid-state

synthesis.[1,2] The spectroscopic investigation

involves high-resolution optical absorption, lamp or

laser-induced luminescence and luminescence

decay under short-pulse excitation (10 ns) in the

temperature range from 10K to 300K. Since the

transverse section of probe or exciting beam in

these experiments is much larger than the size

of the ceramic grains, these measurements char-

acterize the global behavior of the samples.

3. EXPERIMENTAL RESULTS

3.1. Laser Materials without
Charge Compensation

3.1.1. Multicenters in the Absorption

Spectra of Rare Earth Doped Garnet

Single Crystals and Ceramics

The garnets are cubic materials, of general formula

A3B2C3O12, where A denotes ions large radius ions

(such as Y3þ or Gd3þ) in dodecahedral sites with

eightfold oxygen coordination, whereas B and C

are smaller ions in six-fold coordinated octahedral

sites (B=Al3þ, Ga3þ, Sc3þ) or in fourfold tetrahedral

sites (C=Al3þ or Ga3þ). The doping RE3þ ions substi-

tute the large ions A. A major representative of this

family is Y3Al5O12 (YAG). High-quality Nd:YAG

single crystals can be produced by Czochralski

technique but the quite low (�0.18) segregation

coefficient leads to non-uniform doping along the

direction of growth and to limited Nd concentration

(1.2 to 1.5 at.% Nd). This shortcoming can be

avoided by using polycrystalline garnet materials

produced by ceramic techniques. Basically, there

are two classes of ceramics techniques, the technique

with solid-state synthesis of the final compound

from the elementary oxides, followed by isostatic

compression to reduce the density of pores and by

final vacuum sintering[1,2] and techniques with

wet-chemistry synthesis of a precursor that is ther-

mally reduced and transformed into nanocrystalline

powder which is sintered by a nanotechnology

process.[3] Whereas in the case of coarse-grained

ceramics a sintering aid to control the grain growth

could be required, for the fine-grained ceramics the

sintering process is controlled by the large surface

energy of the nanoparticles. The average size of

the ceramic grains is of tens of microns in the

solid-state method (coarse-grained ceramics) and

of several microns in the ceramics based on the
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nanotechnology process (fine-grained ceramics).

Nevertheless, the granular structure of the ceramics

poses basic questions concerning the quantum states

of the doping ions, the variety and nature of the

structural centers of the doping ions, the distribution

of the doping ions at the available crystal sites. Many

of these aspects have been discussed in literature

and are presented in review papers.[9–11] Similar to

the case of the Nd:YAG single crystals,[12,13] the

high-resolution spectroscopy can be very efficient

tool in investigation of these characteristics in

Nd:YAG ceramics. The high-resolution spectroscopy

is performed at low temperatures, usually �10K,

when the lines are sharp and enable good resolution.

High-resolution absorption spectroscopy of the

Czochralski-grown Nd:YAG crystals revealed two

types of spectral satellites, a group of equally intense

satellites Pi, whose intensity was independent on

the Nd concentration CNd and satellites Mi, whose

intensity was dependent on CNd.
[12–17] Figure 1

shows the satellite structure of the low temperature

(15K) absorption line 4I9=2(1)! 4F9=2(1) of 1.5 at%

Nd:YAG crystal. The occurrence of the Pi satellites

in these crystals was linked with the anisotropic crys-

tal field perturbing effect of the excess of A ions in

the melt-grown garnet crystals, that enter in the octa-

hedral sites specific to the ions B (when B=Al or Ga)

in the garnet structure.[18,19] The satellites Pi are

present in the absorption spectra of all RE3þ ions in

YAG crystals and the number of spectrally resolved

satellites Pi depends on the electronic transition. It

was shown[17] that the maximum number of Pi satel-

lites is four and this was linked with the four sites of

the nearest neighbor (n.n.) coordination sphere of

octahedral sites around the dodecahedral site occu-

pied by RE3þ. In the case of the Nd-doped YAG

transparent ceramics, the relative intensity of the Pi
satellites is much lower than for the melt-grown crys-

tals and this was linked with the lower (by about

300K) fabrication temperature.[20–23] The structure

of CNd-dependent satellites Mi in the Nd-doped crys-

tals contains a single resolved satellite or several

satellites whose relative intensity is not equal, their

ratio being dependent on the crystalline structure

of the host material. The relative intensity of each

M satellite with respect to the global intensity

increases linearly with CNd up to the maximum con-

centration available for crystals (�2.5 at.%).[12] The

structure of satellites Mi in Nd:YAG ceramics was

similar to that observed in the melt-grown crystals

(a clearly resolved satelliteM1 and a satelliteM2 twice

intense as M1, which in some transitions is split into

two equally intense components) and their relative

intensity continued to increase practically linearly

with CNd to 9 at.% Nd.[20–23] In several transitions

the satellite M1 shows tendency of splitting indicating

superexchange coupling between the corresponding

Nd ions. At very high Nd concentrations new

satellites, more shifted from the N line and with the

intensity increasing more than linearly with CNd

become apparent, such as the T satellite in the

absorption spectrum of the 6.6 at.% Nd:YAG ceramic

shown in Fig. 2.

The previous measurements on YAG single crys-

tals doped with Er in concentrations up to 100 at.%

revealed in the 4I15=2! 4S3=2 absorption line a clearly

resolved four-line structure of Pi satellites.[17] As

shown in Fig. 3, at low CEr these satellites lines are

well defined and sharp, but with increased Er con-

centration a new line shows near each Pi satellite:

their intensity increases linearly with CEr, while that

of the original satellite decreases. Thus, at 100 at.%

Er the structure of original Pi satellites is completely

replaced by four Pi(Er) satellites, indicating that

in case of the ErAG crystals a non-stoichiometric

structural defect similar to YAG occurs with about

the same probability. Our new measurements on

Er-doped YAG ceramics shows that, similar to the

Nd:YAG ceramics, the intensities of the Pi and Pi(Er)

satellites become very small. No resolved spectral

satellites M were observed in the Er: YAG single

crystals or ceramics, although inhomogeneous
FIGURE 1 Satellite structure of 4I9=2(1)! 4F9=2(l) absorption

line at 15K in 1.5 at.% Nd:YAG crystal.
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concentration-broadening of the lines is obvious.

The high-resolution absorption spectra of Pr3þ in

Czochralski grown YAG single crystals shown in

Figure 4 manifest similar structure of Pi satellites as

for Nd or Er doping, whereas in ceramics these lines

are again very weak. The relative intensity of the Mi

satellite in the Pr:YAG crystals and ceramics is similar

for a given Pr concentration.

In case of the non-Kramers ions such as Tm3þ the

electric dipole transitions between the Stark levels of

several manifolds, such as that between the first Stark

level of the ground manifold 3H6 and the second

Stark level of the excited manifold 3H4, are forbidden

in the D2 symmetry of the dodecahedral site of gar-

nets, and this complicates the analysis of the energy

level structure of these materials. However, the Tm

doped Czochralski-grown YAG or GGG crystals

show weak lines in the spectral region where transi-

tions would be normally forbidden.[24,25] These lines

are interpreted as P satellites and their presence indi-

cates the lowering of the local symmetry from the

original D2 group due to crystal field perturbation;

they proved instrumental in construction of accurate

energy level schemes for Tm3þ in GGG and

YAG.[25,26] Our new measurements did not show

such lines in the Tm:YAG ceramics, confirming their

connection with the departure from stoichiometry

in the YAG crystals. Apparently, the lowering of

symmetry in case of the statistical ensembles of

Tm3þ ions in near lattice sites is not strong enough

to grant sizable intensity for the M satellites in these

forbidden transitions.

The satellite structure is best resolved in the

absorption line to the first Stark component of the

upper manifold. The positions of the Pi and Mi satel-

lites in the low-temperature absorption spectra of

FIGURE 4 Satellite structure of 3H6(l)! 3P0 absorption line at

15K of Pr:YAG crystal.

FIGURE 2 Satellite structure of 4I9=2(1)! 4F3=2(l) absorption

line at 15K in 6.6 at.% Nd:YAG ceramic.

FIGURE 3 Satellite structure of 4I15=2(1)! 4S3=2(l) absorption

line (second derivative) at 15K in 1 at.% Er:YAG ceramic.
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several rare earth ions in YAG single crystals and

ceramics are given in Table 1. The optical spectra of

Nd:GSGG single crystals and ceramics are similar.[27]

The Pi satellites are absent and the satellites Mi

are identical in both materials and show as shoulders

on the absorption line of the main center N. The

second derivative of the absorption lines shows

that the structure of satellites Mi in Nd:GSGG is

similar to Nd:YAG: in several electronic transitions

the satellite M2 is split in two components and

their global intensity is practically double to that of

satellite M1.

3.1.2. Spectral Satellites in the Absorption

Spectra of Rare Earth Doped Cubic

Sesquioxides

The cubic sesquioxides R2O3 (R=Gd, Y, Sc) have a

bixbyite structure, with two cationic sites surrounded

by six oxygen ions, of C2 and C3i local symmetry, in

proportion 3:1. The RE3þ ions can substitute both

these sites,[28–30] but the dipole–dipole transitions

between the energy manifolds are forbidden for

the inversion centers of C3i symmetry, and the

magnetic dipole transitions are allowed for both

centers only for transitions with DJ¼ 0, �1. Thus

the presence of the both centers is seen in the optical

spectra only for transitions satisfying these con-

ditions, usually placed in infrared. The high density

and the strong packing of cationic sites and the

short cation–cation distances in these materials

favor strong crystal field interactions and efficient

energy transfer between the doping ions.

The crystal growth of cubic sequioxides is difficult

because of the very high melting temperature

(�2420�C),[31,32] but ceramic techniques[2,33] could

now offer highly transparent sesquioxide polycrys-

talline materials. No investigation of the satellite

structure was reported for RE3þ in cubic sesquioxide

single crystals, although satellites of high relative

intensity and well resolved could be expected due

to perturbations inside the statistical ensembles

(pairs, triads, etc.) of doping ions in the n.n. sites,

favored by the tight packing of the cationic sites.

However, the 15K absorption spectra of the

Nd-doped Y2O3 ceramics revealed clearly resolved

satellites whose intensity increases with the doping

concentration (M-type satellites) and these were

attributed to perturbations inside the n.n. pairs of

Nd ions.[34] At the same time, the unresolved effect

of the perturbations in the farther pairs induces

strong concentration-dependent asymmetric inho-

mogeneous broadening of the absorption lines. In

the RE-doped Sc2O3 ceramics investigated in this

work, the spectral shift of the Mi satellites from lines

N is much larger than for YAG, up to 40 cm�1 for

Nd3þ and up to 13 cm�1 or Er3þ. In several sesquiox-

ide ceramics investigated in this work additional

lines, similar to those reported for Y2O3 ceramics[35]

are present and they could be tentatively linked

with the HfO2 sintering aid used in the fabrication

process.

3.1.3. Spectral Satellites in Laser Materials

with Multiple Doping

Sensitization of emission by co-doping the laser

materials with two species of ions (activator A and

sensitizer S) assumes efficient non-radiative energy

transfer from S to A, which is favored by short S-A

distances and tight packing of the A ions around S.

Placement of the ions A close to S could perturb

the crystal field at each other‘s site, leading to

resolved spectral satellites that could influence the

absorption properties of S and the emission proper-

ties of A; such satellites have been observed in many

sensitized crystalline laser materials such as garnets.

However, no investigation of such processes in the

TABLE 1 The Shift of the Spectral Satellites from the Main Line N in the 15K Absorption Spectra of Various Trivalent Rare Earth Ions

in YAG Crystals

System Main line N, cm�1 Satellites Pi, cm
�1 Satellite M1, cm

�1

Nd:YAG 4I9=2(1)! 4F3=2(1) 11425.5 �16.5; �1.3; þ5.3 �5

Nd:YAG 4I9=2(1)! 4F7=2(1) 14626.5 �10; �4; þ3.5 �7.5

Pr:YAG 3H4(1)! 3P0(1) 21544 �7; þ4.3; þ10.6 þ7.6

Pr:YAG 3H4(1)! 3P1(1) 21045 �23; �14; þ15 þ8

Er:YAG 4I15=2(1)! 4S3=2(1) 18397 �7; �1;þ4; þ8

Er:YAG 4I15=2(1)! 4I9=2(1) 15284 þ6; þ9

V. Lupei et al. 362

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
2
:
4
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



crystalline RE doped cubic sesquioxides was

reported, although these materials show very good

qualities for investigation of sensitized emission. This

paper investigates the effect of sensitization in cer-

amic sesquioxide materials on the optical spectra of

the doping ions. In case of (Nd, Yb):Sc2O3 ceramics,

where Nd3þ acts as sensitizer and Yb3þ as acti-

vator[36] the presence of Yb3þ leads to apparition in

the Nd3þ spectra of a satellite whose intensity

increases with Yb concentration and competes with

the line N. In case of the Nd3þ 4I9=2(1)! 4F5=2(1)

absorption shown in Fig. 5 and in the absorption
4I9=2(1)! 4F3=2(1) this satellite is placed �13.5 cm�1

(i.e., �0.9 nm) above the line corresponding to the

main line N and above �5 at.% Yb it dominates

the absorption. This shift is accompanied by

strong CYb-dependent inhomogeneous broadening

of the absorption lines. These modifications of

the absorption spectra could influence the laser

diode pumping properties. In several transitions, this

shift could be much larger, for instance in transition
4I9=2(1)! 4F9=2(1) the shift approaches 30 cm�1.

Similar situation is observed in case of Sc2O3

ceramics co-doped with Yb3þ (S) and Er3þ (A) or

with Yb3þ (S) and Pr3þ (A).

3.1.4. Structural Models for the Spectral

Satellites in the Absorption Spectra of Rare

Earth Doped Garnets and Sesquioxides

These examples indicate a clear connection

between the composition and structure of the laser

material and the structure (number and relative

intensities) of the spectral satellites in the absorption

spectra of the doping rare earth ions. It is thus

obvious that these satellites are linked with the

discrete chain of crystal field perturbations induced

by specific defects of the host material (the Pi satel-

lites in case of garnets) localized in the close vicinity

of the doping ion or by those manifested inside the

statistical ensembles of doping ions in near lattice

sites (satellites Mi in garnets and sesquioxides).

Although the distortion of the crystalline lattice by

substitution with doping ions or defects is extended

over several anionic and cationic coordination

spheres, we consider that the source of perturbation

is localized at the site of the perturbing center. Since

the crystal field perturbations depend on the distance

to the laser active ion, the perturbations coming from

the various coordination spheres would be different.

The perturbing centers could occupy n out of the m

sites in each coordination sphere. The relative inten-

sities of the spectral satellites with respect to each

other or to the total intensity of lines of an electronic

transition depend on the distribution of the doping

ions and defects in the crystalline lattice. Thus, the

observed satellites can be used to assess this distri-

bution: a major condition is that the absorption

cross-sections of all centers (unperturbed or per-

turbed) are equal, i.e., that the perturbation does

not modify sizably the cross-sections.

The intensities of the lines corresponding to

perturbed centers due to presence of n perturbing

centers in the m available sites are determined by

the concentration of the perturbing centers Cmn

and by the oscillator strength of the corresponding

satellite line fmn, i.e., I
ðabsÞ
mn ¼ Cmn fmn. In case of

induced electric dipole transitions[37,38]

fmn /
X

k¼2;4;6

Xkðm;nÞhf nJkU ðkÞkf nJ 0i2 ð1Þ

where Xk (m,n) are the Judd-Ofelt parameters for the

corresponding satellite, U (k) is the unitary tensor

operator of rank k and f nJ and f nJ0 denote the elec-

tronic manifolds of the ground electronic configur-

ation 4fn connected by the optical transition. The

parameters Xk are determined by the odd crystal

field parameters B
ðqÞ
k with k¼ k� 1. Since the per-

turbing centers are placed in the cationic coordinat-

ing spheres, the perturbations influence mainly the

low-order terms in the crystal field potential, which

are most sensitive to the distant contributions. Thus,

in order to minimize the effect of the perturbations

on the oscillator strengths for the various perturbed

centers, transitions with hf nJkU ð2Þkf nJ 0i ffi 0 must

be selected to cancel the effect of X2. For these tran-

sitions the relative intensities of the satellites and of

the main line will be strictly proportional to the rela-

tive concentrations of the corresponding perturbed

and non-perturbed structural centers. At the same

time, the relative concentrations of the various cen-

ters Cmn are proportional with the global concen-

tration C of the perturbing center and with the

probability of occurrence for the structural centers

Pmn calculated in various structural and distribution

models and thus the measured values could be used

for validation of these models. In case of random
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occupancy with equal probability p of n out of the

m sites of a coordination sphere by the perturbing

centers

Pmn ¼ m!

n!ðm� nÞ! p
nð1� pÞm�n ð2Þ

For complete random occupation of all the available

sites the probabilities p are equal for all coordination

spheres available to perturbing centers and equal to

their relative concentration C. The calculated matrix

elements hf nJkU ð2Þkf nJ 0i are tabulated[39] and some

absorption transitions for which they are zero or

close to zero are in case of Nd3þ the transitions

from the ground manifold 4I9=2 to the manifolds
4F3=2,

4F5=2,
2P1=2, in case of Er3þ the transitions from

the ground manifold 4I15=2 to the manifold 4S3=2, in

case of Pr3þ the absorption 3H4! 3P0 and so on.

The analysis of the satellite structure in the optical

absorption spectra of RE3þ-doped garnet single crys-

tals and ceramics and cubic sesquioxide ceramics

shows that:

. the measured intensities of the satellites Pi in

the melt-grown YAG crystals correspond to the

calculated intensities assuming that the perturbing

centers are placed at random in the n.n. octa-

hedral sites and their relative concentration is

equal to that of excess of Y3þ ions: in the

Czochralski-grown crystals the proportion of

octahedral sites occupied by these ions is

�1.8%, whereas in ceramics this is by about an

order of magnitude lower. This indicates that,

whereas the YAG ceramics are close to the ideal

garnet composition, the melt-grown crystals are

in fact 1.8 at.% Y(Aloct)-doped YAG.

. the experimental relative intensities of the satel-

lites M1 and M2 in garnets and M1 in sesquioxides

correspond to the calculated relative concentra-

tions of n.n. and n.n.n. Nd pairs assuming random

distribution of the RE ions even at high concentra-

tions. The structure (number, positions, and

relative intensities) of the satellites induced by

the statistical ensembles of doping ions in near

sites in case of the coarse-grained ceramics is

similar to that measured for crystals. The concen-

tration dependence of the intensity of satellites T

observed in the highly doped Nd:YAG ceramics

suggest that these correspond to triads of Nd ions

in n.n. sites.

. co-doping with another ion (sensitized emission)

induces new spectral satellites in the absorption

spectra of the A and S ions. For the systems

investigated in this work the intensity of the new

satellites can be described assuming random

placement of the S and A ions.

. the unresolved effect of the perturbations induced

by the farther coordination spheres leads to strong

asymmetric inhomogeneous broadening of the

spectral lines.

3.1.5. Emission Decay Under Non-Selective

or Selective Excitation

The presence of the satellites in the absorption

spectra of RE ions in the laser materials enables

investigation of the emission decay of the various

perturbed centers under selective excitation. The

decay measured with short pulse (�10 ns) selective

excitation can be then linked to that under

non-selective excitation. However, due to the close-

ness of the satellites and of the main line and to the

inhomogeneous broadening at high doping concen-

trations, the selective excitation is not an easy task

and special care must be taken in the experiment

and in the analysis of data in order to avoid the

interferences from various centers.

The earlier investigation of the non-selectively

excited decay in Nd-doped garnets shows that the

energy transfer among the Nd ions by the cross-

relaxation (4F3=2,
4I9=2)! (4I15=2,

4I15=2) induces a

very fast drop in emission at the beginning of

decay, followed by complex non-exponential

dependence on time. This behavior was explained

by mixed superexchange and dipole-dipole interac-

tion between the Nd3þ ions.[12,40,41] The analysis of

decay indicates that the distribution of Nd in the

YAG crystal is random, in agreement with the data

inferred from the absorption spectra. The selectively

excited emission decay of the satellite M1 is expo-

nential, very fast, and practically independent of

CNd; this indicates that the transfer is dominated

by the strong superexchange couplimg inside the

n.n. Nd pairs. The emission decay of satellite M2

shows CNd-dependent departures from exponential,

and it was inferred that the energy transfer inside

of these pairs is determined by dipole–dipole

interaction but still shows residual influence of the

superexchange interaction. The selectively excited
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emission of the unperturbed main center N shows

CNd-dependent non-exponential decay slower than

the global decay under non-selective excitation

and without the fast drop at beginning of decay;

this is consistent with the exclusion of the n.n and

n.n.n. pairs from the ensemble of ions influencing

the decay of this center. The differences of decay

for the various centers determined by the perturba-

tions inside the ensembles of Nd ions induce differ-

ences in their emission quantum efficiency. The

quantum efficiencies can be calculated by taking

into account the distribution of the acceptor ions

around the donor ion for each center by methods

similar to that used for the global decay;[13,41] thus,

the quantum efficiency of the emission of centers

M1 is only �0.4% from that of the unperturbed

centers N.

The emission decay measurements on Nd:YAG

ceramics in large CNd range (to 9 at.% Nd)[20–23] indi-

cate that at low CNd the decay is similar to that

reported previously for single crystals and the

energy transfer parameters inferred form these

measurements describe well the decay at CNd

unavailable (to �6–7 at.% Nd) for crystals, although

at higher concentration the decay is slightly acceler-

ated. Obviously, these decay measurements reflect

the global behavior of the dynamics of emission

from the whole excited volume and it would be

expected that any presumed strong departures from

a random distribution such as large regions with

strongly enhanced CNd in ceramics would modify

the dynamics of emission and the relative intensities

of the satellites Mi. However, the similarity of

the emission decay of Nd and of M satellite

structure in the YAG single crystals and ceramics

indicates that no strong large-scale deviations from

the distribution of Nd in crystals takes place in case

of the coarse-grained ceramics: although regions of

enhanced concentrations at the grain boundaries

could be present, the quite large ratio (volume=

surface) of the grains will reduce the global effect.

Similar behavior is observed in the emission decay

of Nd in the GSGG crystals and ceramics: the decay

is similar for both materials and can be described

with the same energy transfer parameters for

mixed superexchange and dipole–dipole interaction

between the Nd ions.

Mixed interaction between the Nd ions is also

observed for Nd doped Sc2O3 and Y2O3

ceramics.[34,36] For the Y2O3 ceramic, which can be

doped to very high CNd, the decay could be

described to �3 at.% Nd with the energy transfer

parameters measured at low CNd. At higher CNd,

however, a new energy transfer process, which

induces additional emission decay with time and

CNd dependence characteristic to cooperative energy

transfer between an excited Nd ion and a pair of Nd

ions became evident.[42] Such new mechanisms of

transfer were also observed in the decay of 3H4

emission of highly doped Tm:Sc2O3 ceramic and in

the decay of (4S3=2,
2H11=2) level of Er:Sc2O3 ceramics.

In the last case, this cooperative de-excitation

induces emission from the 4I3=2 level and the dynam-

ics of this emission shows a rise-time consistent with

the lifetime of 4S3=2 emission; with increasing CEr

this dynamics is influenced by strong upconversion

processes from 4I13=2 and 4I11=2, similar to those

evidenced for Er:YAG,[43] which strongly complicates

the analysis of decay. The absence of emission from

the T satellite in Nd:YAG shows that for such

processes the coupling between the excited donor

ion and the acceptor Nd pair in n.n. position is

dominated by superexchange, whereas for transfer

to distant pairs the electric dipole coupling dominates.

The emission decay in case of sensitized emission

reflects similar features as for the single doped sys-

tems, and enables characterization of the distribution

of the activators around the donor ions. Thus,

the investigation of emission decay of Nd in the

(Nd, Yb) co-doped Sc2O3 and Y2O3 ceramics,[36,44]

where Nd acts as sensitizer and Yb as activator

indicates that the distribution of Yb ions around the

Nd ions is random.

3.1.6. Luminescence Spectra

The presence of a variety of structural centers in

the laser materials influences also the luminescence

spectra of these materials. However, by difference

from the absorption spectra, where the intensities

of the lines are determined by the relative concentra-

tions of the centers and by the corresponding

oscillator strengths, in case of luminescence the

relative intensities for the various centers depend

also on the emission quantum efficiency for each

center as well as on the efficiency of excitation;

I
ðemÞ
mn /Cmnfmng

ðmnÞ
qe gðmnÞ

exc . Thus, whereas for transi-

tions with hf nJkU ð2Þkf nJ 0i ffi 0 the absorption spectra
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give a direct picture of the relative concentrations of

the various structural centers and thus provides a

direct check of the distribution of perturbing centers,

the luminescence spectroscopy for such transitions is

a filtering experiment, the role of filter being

assumed by the emission quantum efficiency. This

is clearly seen by comparing the low temperature

absorption 4I9=2! 4F3=2 spectra of the 1 at.% Nd:YAG

crystal (Fig. 6) and 2.4 at.% Nd:YAG ceramic (Fig. 7)

with emission under non-selective (lamp) excitation:

the satellite M1 shows clearly in absorption but it is

not seen in emission, whereas the satellites Pi, have

relative emission intensity similar to absorption. This

behavior is consistent with the emission quantum

efficiencies for the corresponding structural centers.

Similar results are obtained with short pulse selective

excitation of the various centers at low temperature:

with very narrow detection gate at various delays,

the ratio between the emission of the Mi centers

to that of the N and Pi centers diminishes in a manner

consistent with the corresponding lifetimes. With

very long detection gate the emission of W1 is

practically absent, whereas that of M2 is very weak

compared to the N and Pi centers whose selectively

excited 4F3=2! 4I11=2 emission in 1 at.% Nd:YAG

crystal is shown in Fig. 8.

FIGURE 5 Absorption line 4I9=2(l)! 4F5=2(l) at 15K in

0.5 at.% Nd:Sc2O3 ceramic (a) and (0.5 at.% Nd, 10at.% Yb):Sc2O3

ceramic (b).

FIGURE 6 4I9=2$ 4F3=2 absorption at 10K (a), and l amp

excited emission 10K (b), 60K (c), 90K (d), 110K (e). in l at.%

Nd:YAG crystal.

FIGURE 7 4I9=2$ 4F3=2 absorption at 10K (a), and lamp excited

emission 10K (b), 75K (c), 100K (d), 120K (e) in 2.4 at.% Nd:YAG

ceramic.
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3.2. Systems with Charge
Compensation

Several laser materials offer for substitution with

RE3þ ions cationic sites of other valence than the

doping ion. The difference of electric charge can

be compensated by intrinsic defects of the host

lattice (vacancies, interstitial anions) or by co-doping

with foreign ions of suitable valence and this could

induce structural disordering of the host lattice,

the effect being influenced by the conditions of

fabrication. The charge compensators can be placed

far from the compensated ion and then the site

occupied by the later preserves its original symmetry,

or close to this ion and in this case it can perturb the

crystal field leading to multicenter situation. The

crystal field perturbations in this case could be much

stronger than in case of the systems without charge

compensation since the distortion by size effects is

supplemented by the effect of difference in electric

charge. Moreover, the charge compensation could

induce a certain degree of correlation of placement

of the compensators or of the active ions. The

multicenter structure of optical spectra of the laser

materials with charge compensation can give impor-

tant structural information on these materials and on

the charge compensation mechanism and can enable

the correlation of this structure with the fabrication

technology. An illustrative case is the Nd-doped

SrWO4 crystal, where the Nd3þ ions substitute Sr2þ.

The high-resolution investigation[45] revealed major

differences between the Nd:SrWO4 crystals with

various charge compensation mechanisms: for the

crystals grown in neutral atmosphere the main

charge compensation mechanism is by Sr vacancies

whereas for crystals grown in air the compensation

by oxygen interstitials becomes important, and in

both these cases clustering of the Nd ions in n.n. or

more distant Nd pairs takes place. By contrary, in

case of co-doping with Naþ the Nd ions do not

cluster and two main centers, with n.n or more

distant charge compensation are present.

In case of structurally disordered materials where

specific crystallographic sites can be occupied by

several host cations of different valence, the compen-

sation of the difference of charge induced by doping

can be accomplished by modification of the pro-

portion of these host cations. The disorder in the

cationic sites near the doping ion could induce multi-

center structure and strong inhomogeneous broad-

ening of the spectral lines, which can be used for

tunable or ultrashort pulse laser emission. An inter-

esting case is the calcium niobium gallium garnet

(CNGG) where the Ca2þ ions occupy the large

dodecahedral sites, the octahedral sites are occupied

by Nb5þ and Ga3þ and the tetrahedral sites are occu-

pied mainly by Ga3þ; however, this composition is

non-stoichiometric and a proportion of the octa-

hedral sites are vacant. When doping with Nd3þ

the charge compensation can be accomplished by

changing the proportion of Nb and Ga in the octa-

hedral sites but a certain proportion of octahedral

vacancies is still present, with negative effects on

laser emission. This deficiency can be avoided by

introducing in these octahedral sites a corresponding

amount of Liþ ions and a new compound,

calcium-lithium-niobium-gallium-garnet (CLNGG) is

formed, which is stoichiometric. The absorption

spectra of the Nd-doped CNGG and CLNGG revealed

multicenter structure of inhomogeneous broadened

lines[46,47] which enabled sub-picosecond laser emis-

sion,[48] or multiple wavelength laser emission.[49]

Such systems could be interesting for doping with

Yb3þ and indeed multicenter structure of Yb:CNGG

optical spectra was reported.[50] This paper reports

the spectroscopic properties of Czochralski-grown

Yb-doped CLNGG. The low temperature absorption

spectrum of this crystal, shown in Figure 9 reveals

complex multicenter structure of strongly inhomoge-

neous broadened bands, different from that reported

for Yb:CNGG. The insert shows the decomposition

of the 2F7=2(1)! 2F5=2(1) absorption line of Yb3þ in

several components. The relative intensities of these

components are analyzed in Eq. (2), assuming that

FIGURE 8 Part of selectively excited 4F3=2(l)! 4I11=2 emission

spectrum at 10K for 1 at.% Nd:YAG crystal.
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each cationic species (Nb, Li, Ga) could occupy at

random any of the octahedral sites from the n.n.

coordination sphere. This analysis enables determi-

nation of the composition of this coordination sphere

for each center as well as its global composition.

Because the charge compensation is made by the

rearrangement of the composition of Nb þ, Liþ and

Ga3þ, this composition will depend on the doping

concentration. In case of 4.3 at.% Yb:CLNGG crystals

it was found that the majority Yb3þ center (62.71%)

has 4 Nb5þ ions in the n.n. octahedral coordination

sphere, followed by a center (22.61%) with vicinity

3Nb5þþ 1Liþ, then a center (8.43%) with vicinity

3Nb5þþ 1Ga3þ, a center (3.06%) with 2Nb5þþ 2Liþ

and the global composition of this coordination

sphere is (Nb1.78Li0.16Ga0.06). Due to the multicenter

structure and to the inhomogeneous broadening

the absorption and emission lines remain broad at

very low temperature. Luminescence with 940 nm

laser diode excitation reveals broad emission lines

of Yb in the temperature range from 300K

(�18 nm) to 15K (�12 nm) that can be used for

tunable or ultra-short emission at room or cryogenic

temperatures.

An intermediate case is calcium gallium

germanium garnet Ca3Ga2Ge3O12 (CGGG): the

undoped material is ordered, i.e., the octahedral

sites are occupied by Ga3þ ions whereas the tetra-

hedral sites are occupied by Ge4þ. However, when

doped with RE3þ ions, which substitute Ca2þ, a

major means of charge compensation could be the

substitution of part of the tetrahedral sites by

Ga3þ, leading to disordering. Such disorder can

explain, at least in part, the complex satellite struc-

ture observed in the optical spectra of the

Nd-doped CGGG[51] and the dependence of emis-

sion wavelength when pumped at various wave-

lengths in the absorption band.[52]

4. DISCUSSION AND CONCLUSION

The presence of multicenter structure is quite

general even in laser materials that offer for dop-

ing a well defined crystallographic site and when

no charge compensation is necessary. This paper

infers that, despite of the fact that in most papers

on laser materials the presence of the multicenter

structure of the optical spectra is disregarded, such

structure could provide important information on

the system and could have major effects in laser

emission.

In the garnet single crystals and ceramics and in

cubic sequioxide ceramics doped with isovalent RE

ions the multicenter structures are induced by the

perturbation of the crystal field due to the association

of the doping ion with specific defects of the host

material (the satellites Pi in garnets) and to statistical

ensembles of doping ions in near lattice sites (satel-

lites Mi in all the considered materials). Although

the crystal field perturbation reduces the crystal field

symmetry at the RE3þ site and could modify the oscil-

lator strength of the optical transitions, there are sev-

eral transitions for which the effect can be minimized

and the picture of the satellite structure reflects faith-

fully the relative concentrations of the corresponding

centers. No additional satellites to confirm the

large-scale inversion of sites between the Y3þ and

the octahedral Al3þ ions[53] or presence of high

concentrations of OH� ions in the near vicinity of

the Nd3þ ions to form ‘‘Nd dead sites’’[54] were

observed in the Nd:YAG crystals or ceramics.

The CRE-independent Pi satellites are observed in

the absorption and emission spectra, with lifetimes

similar to the unperturbed centers N. The pro-

portion of such defects depends on the fabrication

temperature and it is quite large in the melt-grown

crystals (in YAG �1.8% of the octahedral sites are

occupied by Y3þ) but much smaller (about one

order of magnitude) in ceramics. This could induce

FIGURE 9 Absorption spectrumof 4.3 at.%Yb:CLNGG crystal at

15K. The insert shows the decomposition of the 2F7=2(1)! 2F5=2(1)

absorption line in components corresponding to the various

centers.
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major differences between the melt-grown crystals

and ceramics:

. The satellites Pi in the emission spectra, some with

shifts as large as 16 cm�1 from the main line could

eliminate from laser emission part of the doping

ions and could contribute to additional generation

of heat by non-radiative de-excitation;

. A Y3þ ion in the octahedral Al3þ site introduces a

relative modification of the square of local mass

variation [(MRE-M)=M]2 that influences the heat

conduction[55] by �5.27, which is much larger

than for of the substitution of Y3þ by Yb3þ

(�0.9) or by Nd3þ (�0.39). Thus, small amounts

of Y(B) centers could reduce the heat conductivity

in crystals compared with the ceramics to an

extent equivalent with the reduction of doping

with much larger CRE.

. The centers Y(B) could shift the positions of

the lowest levels of the excited electronic config-

urations 5d4fn-1 of the rare earth ions or lower

the positions of the charge transfer bands and

favor the multiphoton de-excitation of the excited

levels at high doping concentrations; they could

also alter the emission properties of the scintillator

garnet crystals.

The shift of the M satellites from the main line N

depends on the mismatch between the RE3þ ion

and the substituted host cation and on the elec-

tronic transition, the shift of the satellite M1 being

larger than for M2. In Nd:YAG, the satellite M1 is

resolved in the low temperature absorption spectra

and its maximum shift is �7 cm�1, whereas for Nd

in GSGG the shift is about half of this and the res-

olution is poorer. With increasing temperature the

lines broaden and the shift is not able to sustain res-

olution. As mentioned above, earlier emission

decay studies in Nd:YAG inferred that the Nd ions

in the n.n. pairs that determine the M1 satellites

are coupled by mixed superexchange and dipole–

dipole interactions.[12,20,40] This was subsequently

challenged in the investigation of the Nd pairs in

planar YAG waveguides,[56] where luminescence

emission at the wavelength of satellite M1 was

reported and the energy transfer rate inside the

n.n. Nd pairs inferred from the emission decay

was much smaller than reported for crystals and

ceramics.[12] Our new data on emission of the

Nd-doped YAG and crystals and ceramics under

CW non-selective excitation (tungsten-halogen

lamp) or under selective pulse excitation with long

detection gate show clearly the absence of emission

of the M1 satellite and confirm our earlier con-

clusion on the low emission quantum efficiency

due to presence of superexchange coupling of

the Nd ions in the n.n. pairs. The cause of the

differences observed between the emission data

of Nd in single crystals and ceramics and those

reported for thin films is difficult to trace; a possible

cause could be the presence in the thin films

of non-specified amounts of other elements

such as Lu or Ga, which can induce additional

satellites with accidental coincidences or destroy

the selectivity.

The recent 3-D investigation by confocal Raman

and luminescence spectroscopy of the distribution

of Nd at grain boundaries in the coarse-grained

Nd:YAG ceramics evidenced sharp differences

between the intensity and structure of emission of

Nd near the grain boundaries and far from

these.[57,58] The minimum of emission was observed

at the grain boundary and from the difference

between the emission line close or far from the grain

boundary the presence of several spectral satellites

whose relative intensities increase with the doping

in the later was inferred. These satellites were assimi-

lated to the satellites M1 and M2reported in the

absorption spectra[12] and it was concluded that they

reflect strongly increased CNd at grain boundaries,

with depth of several microns; such increased CNd

would induce local reduction of emission quantum

efficiency and thus of the intensity of emission line

N on the expense of the emission from pairs. From

this it was concluded that at high CNd about 20% of

the volume of the ceramic grains is affected by

the Nd segregation and thus by severe emission

quenching. No such effects were observed for the

fine-grained ceramics.[58,59] However, there are sev-

eral major points of concern in this interpretation:

first, these observed satellites are much more shifted

from the main line N than the satellites M1 reported

previously in the global absorption spectra of crystals

and ceramics. Second, as shown by the studies on

crystals and ceramics, no luminescence can be

observed for the M1 pairs, even at low temperatures

or at very high Nd concentrations (9 at.%). Third,

the existence of large-scale regions of enhanced Nd
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concentration would modify the global emission

decay of ceramics compared to the single crystals;

such change was not observed either for coarse-

or fine-grained ceramics.[20–23,59] Fourth, large

regions of enhanced CNd would increase the global

concentration of Nd pairs and modify the M satellite

structure of the spectra; however, no obvious depar-

ture from the predictions of random distribution

was observed in the global absorption spectra of

these materials, up to high (9 at.% Nd concentrations.

Fifth, no obvious lowering of performances of the

lasers based on these ceramics compared with those

having single crystals and which could be attributed

to such large-scale Nd agglomerates was observed.

Sixth, the spatial extent of the effect reported

in[57,58] is much larger than the usual dept of segre-

gation of doping ions in ceramics[60,61] which is of

order of nm or even less, but it rather resembles

the spatial distribution of the diffusion of impurities

from the grain surfaces. It could be thus tempting

to attribute the observed satellites to associations of

the doping ions with local defects of the host lattice

such as those induced by the use of the sintering aid

based on Si, which could enter in the tetrahedral sites

of garnets,[62,63] similar to the Pi satellites; the extent

of the effect could be then connected with the

diffusion of these defects.

The presence of the new spectral satellites in

systems with several doping species (sensitized

materials) enables investigation of the sensitization

process and indicates that the narrow pumping

properties as well as the laser emission wave-

length of the activator ions in the systems

with sensitization could differ from those without

sensitization.

The spectral satellites in systems with charge

compensation evidence the effect of compensation

on the distribution of the doping ions and of com-

pensators and the effect of technological conditions

on the absorption and emission properties. In case

of particular of disordered systems where specific

cationic sites could be occupied by ions of different

valence the multicenter structure caused by the dis-

order in the close vicinity of the doping ion coupled

with the strong inhomogeneous broadening induced

by the disorder in farther pairs leads to broad multi-

peaked absorption and emission bands in a large

temperature range enabling efficient diode laser

pumping and tunable or ultrashort laser emission.

From the cases investigated in this paper and

from the data from literature it is obvious that

the satellite structure in the optical spectra

together with the emission dynamics is a powerful

tool for investigation of the relation between the

fabrication process, the structure and composition

of the laser material, and the spectroscopic and

laser emission properties. This relation can be

then used for selection of the best conditions

and parameters to optimize the laser performances

(pump absorption, laser emission) and for tailor-

ing new laser materials and laser emission

schemes.
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