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31Crystal field analysis of Er -doped glasses: germanate, silicate and
ZBLAN
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Abstract

A simple model of average crystal field Hamiltonian based on the principle of descending symmetry and using the group chain scheme
is proposed to describe the average of local symmetries occupied by rare earth ions in a disordered medium. Only three crystal field
parameters, one for each rank, have to be fitted in this Hamiltonian. Based on the absorption and emission spectra measured in a

4 2 31conventional way at 13 K, the Stark levels in manifolds from I to G(1) of Er in two oxide glasses: germanate and silicate and15 / 2 9 / 2

one fluoride glass: ZBLAN, are investigated. The scalar crystal field strength is analysed, and former models about optical properties of
rare earth ions in glasses are discussed. The crystal field strength is decreasing from silicate to germanate and finally to fluoride glass. In
the oxide glasses, the rare earth ions can occupy positions with symmetries distorted from D , D and their isomorphic groups. In the4 4h

fluoride glass, the rare earth ions can occupy positions more freely with symmetries distorted from D , D and also from D , D and4 4h 3 3d

their isomorphic groups. In all studied glasses, the cubic crystal field terms give the major contribution to the crystal field strength around
31the Er ion when the weak axial distortion removes completely the degeneracy.  2000 Elsevier Science S.A. All rights reserved.
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1. Introduction try to analyze the effective symmetry of the ion in the
glass, i.e. the average of the real local symmetries, by the

Erbium-doped glasses play an important role in the position of all these Stark levels. For such an effective
optical communication systems and their crystal field Hamiltonian, a high refinement is not useful and the frame
analysis remains still an accurate problem that we will try of the point charge model has been chosen. Moreover, the
to treat. This work is based on the following facts: glass application of the descending symmetry principle [4,5],
material is a disordered medium offering a broad diversity through the group chain scheme [6], allows, with the
of sites, and then of local symmetries, to receive rare earth choice of well adapted basis functions, a simple expression
ions. The characterization of each type of sites would of the crystal field Hamiltonian of the ion in the glass with
require a big experimental work with adapted techniques few parameters.
[1,2] due to the intrinsic inhomogeneous broadening of Two families of oxide glasses and one fluoride glass
disordered mediums. In a crystal, generally containing a have been chosen. The coordination of rare earth ions is
small number of well defined sites for the rare earth ions, quite different in fluoride glasses and in oxide glasses as
rigorous crystal field calculations necessitate a complex well as the phonon energy range. Consequently, the optical
and sophisticated modeling [3]. Therefore, the most properties of rare earth ions in these three kinds of glasses
adapted way for the crystal field study in glasses seems to have noticeable differences. The position and width of

31be a simplified approach more than a sophisticated one. Stark levels for Er ions in these glasses have been
Then, for the experimental side, the inhomogeneous struc- determined from the analysis of their conventional absorp-
ture of each line will not be tentatively resolved but all the tion and emission spectra recorded at 13 K.
Stark levels corresponding to the manifolds up to 25 000

21cm will be characterized by classical absorption and
emission measurements at low temperature in order to 2. Experimental
reduce the homogeneous broadening. The modeling will

The samples, i.e. germanate, silicate and ZBLAN glas-
ses of formulas GeO –BaO–K O, SiO –Na O and ZrF –*Corresponding author. 2 2 2 2 4

E-mail address: mortier@cnrs-bellevue.fr (M. Mortier) BaF –LaF –AlF –NaF, respectively, were cooled to 13 K2 3 3
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in a He close-cycle cryogenerator. Absorption spectra of
31Er ions have been recorded on a Cary 17 spectrometer in

the range from 400 to 1600 nm corresponding to the
4 2 4 4transitions from I → G(1) to I → I . The15 / 2 9 / 2 15 / 2 13 / 2

1488-nm output from a Coherent Innova 90 Ar ion laser
31 4was used to excite Er ions in their F state. Fluores-7 / 2

4 4 4cence spectra corresponding to S → I , I ,3 / 2 15 / 2 13 / 2
4 4 4 4 4 4F → I , I → I , and I → I transitions9 / 2 15 / 2 11 / 2 15 / 2 13 / 2 15 / 2

were measured in the three glasses. The emission for
4 4S → I transition was only detected in the germanate3 / 2 11 / 2

glass. A S20 photomultiplier tube, a PIN photodiode and a
Northcoast Ge detector were used to cover the whole
emission range and placed at the exit slit of a Jobin Yvon
HRD monochromator.

The absorption and emission spectra recorded at 13 K
were deconvoluted into Voigt-type components. The cen-
tral position, full width at half the maximum (FWHM) and
area of each separated spectral line, and the base line for a
whole spectral band were determined. At this temperature,
the higher levels in manifolds have very low populations
and the spectra are predominated by the transitions from
the lowest levels in manifolds. As an example, Fig. 1
shows the Voigt peaks fit to the emission spectra of
4 4 31S → I transition for Er ions in germanate (Fig.3 / 2 15 / 2

1a), silicate (Fig. 1b) and ZBLAN (Fig. 1c), respectively.
The spectral lines corresponding to transitions from lower

4Stark level (level 1 in Fig. 1) in S to all Stark levels3 / 2
4(level 1–8 in Fig. 1) in I are pointed out. Previous15 / 2

31studies [1,6–12] on Eu ions in glasses have shown that,
due to the low point symmetries of the sites occupied by
RE ions, the manifolds of the ions have full splitting. For

31Er ions, the J manifold splits into (2J11) /2 Stark
levels taking into account the Kramers degeneracy. Since
some spectral lines are experimentally merged due to the
large inhomogeneous width, the FWHM, the area under
spectral line corresponding to the intensity of transition
and the number of expected lines have been taken into
account. For the lines with extreme large values of FWHM
and area, more than one transition can be reasonably
involved in the line. Some of the mixed lines have been
separated after the complete deconvolution of all the
experimental spectra. The central positions of the Stark

31levels for Er ions in ZBLAN glasses obtained from the
deconvolution are listed in Table 1. The deviations be-
tween the deconvoluted and experimental profiles are

21around 12 cm .

3. Energy level analysis

The crystal field theory used in this paper is the point
charge model with purely electrostatic interactions between
rare earth ion and its ligands. Bond covalency terms areFig. 1. Voigt profiles fit of the emission spectra associated to the

4 4 31 neglected, and neither the spatial extent of the electronS → I transition of Er at 13 K. (a) Germanate, (b) silicate, and3 / 2 15 / 2

(c) ZBLAN. clouds nor orbital overlap are formally considered [13,14].
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Table 1
31 21Position and width of Stark levels of Er ions in ZBLAN at 13 K (cm )

bManifold From experimental spectra Calculated Stark splitting
a a glass glass cLevel position Stark splitting H H Averagecf(D ) cf(D )4 3

4I 0 2168.3 2119.1 2150.1 2134.615 / 2

47 2121.6 2109.6 2113.1 2111.4
111 257.2 289.5 254.1 271.8
154 214.3 240.9 249.6 245.3
194 25.2 234.0 234.6 234.3
226 57.3 60.4 116.0 88.2

d d308 275 139.5 106.6 158.6 138.6 148.6
d d308 341 139.5 172.5 174.1 146.9 160.5

4I 6542 2103.0 285.1 2120.0 2102.613 / 2

6569 276.0 283.7 264.4 274.1
6603 242.4 246.5 235.4 240.9
6631 214.4 221.7 229.3 225.5

d d6696 6677 50.6 31.9 17.0 80.7 48.8
d d6696 6715 50.6 69.3 110.0 82.2 96.1

6780 134.6 110.0 86.2 98.1

4I 10 228 251.1 252.6 272.4 262.511 / 2
d d10 289 10 267 10.2 211.8 238.1 230.4 234.3
d d10 289 10 285 10.2 6.2 215.0 215.8 215.4
d d10 289 10 289 10.2 10.2 28.9 36.4 13.7
d d10 289 10 293 10.2 14.2 54.0 38.2 46.1
d d10 289 10 311 10.2 32.2 60.8 44.1 52.4

4I 12 413 2118.4 280.3 282.2 281.39 / 2

12 472 259.4 274.1 272.8 273.4
12 538 6.6 16.1 17.8 17.0

d d12 617 12 604 85.6 72.5 65.7 67.9 66.8
d d12 617 12 630 85.6 98.7 72.6 69.3 70.9

4F 15 271 285.0 275.7 290.9 283.39 / 2

15 301 255.0 251.8 257.0 254.4
15 361 5.0 24.2 15.4 5.6
15 398 42.0 20.1 46.5 33.3
15 449 93.0 111.7 86.0 98.9

4S 18 429 247.8 227.9 227.9 227.93 / 2

18 525 47.8 27.9 27.9 27.9

2H(2) 19 160 287.2 265.2 263.1 264.111 / 2

19 203 244.2 258.5 260.3 259.4
19 235 212.2 210.8 211.3 211.0
19 267 19.8 35.0 34.9 35.0

d d19 309 19 300 61.8 52.8 39.3 39.1 39.2
d d19 309 19 318 61.8 70.8 60.1 60.7 60.4

4F 20 541 262.3 271.8 258.7 265.37 / 2

20 586 217.3 214.6 216.7 215.6
d d20 643 20 619 39.8 15.4 28.0 21.0 13.5
d d20 643 20 667 39.8 64.2 58.4 76.4 67.4

4F 22 244 219.3 229.8 217.1 223.45 / 2
d22 273 9.7 0.3 0.5 217.0 28.2

d d22 273 22 282 9.7 19.1 29.2 34.1 31.6

4 dF 22 571 22 264 246.5 240.8 240.8 240.83 / 2

22 664 46.5 40.8 40.8 40.8

2G(1) 24 545 282.2 271.1 274.5 272.89 / 2

24 582 245.2 260.1 258.9 259.5
24 631 3.8 12.5 17.4 14.9

d d24 689 24 679 61.8 51.7 49.5 55.7 52.6
d d24 689 24 699 61.8 71.9 69.2 60.3 64.7

RMS dev. 21.3 21.6 18.9
a For the condition where two levels mix together, another possible choice is given by: w 5 (w1 1 w2)0.7 and w1 5 w2, so w 5 1.4w1, then

xc1 5 xc 2 0.3w1, xc2 5 xc 1 0.3w2, where w is the width and xc the position of the level.
b glass glassFrom calculations based on the model H given by Eq. (2) and H given by Eq. (3), and the parameters C were obtained by analyzing thecf(D ) cf(D ) km 04 3

scalar crystal field strength through Eq. (4).
c glass glassThe average values of Stark splittings calculated by H and H .cf(D ) cf(D )4 3
d Levels are chosen according to the crystal field analysis.
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3.1. Symmetry choice Contrary to the reason of choosing C , which is a2v

subgroup of almost all the higher point symmetries, we
The average site symmetry C is generally used in the then consider the high point symmetry group with many2v

crystal field analysis of RE ions in glasses [1,6–12]. This subgroups of lower point symmetries in order to describe
choice was justified by three reasons: (1) it is the highest the average crystal field of rare earth ions in glasses.
symmetry allowing the full splitting of the Stark levels, (2) Moreover, a glass being a highly isotropic medium, no
it is a subgroup of almost all the higher point symmetries, reason appears for an axial symmetry choice. Because a
and (3) it was, at that time, the lowest symmetry for which given group G, its isomorphic groups and its rotation–
simple crystal field calculation could be performed. The inversion group G 5G3C , have the same mathematicali i

bases for choosing C to describe the crystal field around expression of H [17], we first choose O (also T and O ,2v cf d h
20rare earth ions are not very sound. This model only allows they have the same expression of H ) as the higher pointcf

5 7optical transition for four of the five observed D – F symmetry group (see Fig. 2). In group chain scheme, the0 2
Ocomponents. At the same time, we know that the RE ions H of O point symmetry H has only two terms, one forcf cf

in glasses occupy various sites with lots of different k54 and the other for k56, which will express the major
environments and then different types of point group. To terms of corresponding rank of H for rare earth ions incf

glassrelate the spectral properties and the coordination of rare glass H . The term of k52 appears from symmetries Dcf 4

earth ions in glasses, the group chain scheme [6] has to be (also C , D , and D ) and D (also C and D ) to4v 2d 4h 3 3v 3d

considered. lower symmetry, so there are two possible choices for this
glassThe irreducible representations of the point symmetry term. After these considerations, the H may be writtencf

groups can be clearly used as good quantum numbers to in a ‘simplified’ group chain [6,16] SO . O . D as:3 4

label the different Stark levels [15] since no crystal field glassH 5 C b 1 C b 1 C b (2)cf(D ) 220 220 400 400 600 600interactions can occur between states belonging to different 4

irreducible representations when the point symmetry is or SO . O . D as3 3well defined. Butler [6] has introduced a group–subgroup
glasschain scheme to express the wavefunctions of Stark levels H 5 C b 1 C b 1 C b (3)˜ ˜cf(D ) 210 210 400 400 600 6003in the irreducible representations. In the group chain

scheme, the point symmetry of an active ion can be In these equations, the terms C b and C b belong400 400 600 600
Oconsidered as descending from a highest symmetry, i.e. the to the H and still exist in the H of its subgroups D andcf cf 4

glassfull rotation group O or the pure rotation in 3D-space SO D . Clearly, in the expressions of H , only three crystal3 3 3 cf

(O 5 SO 3 C ) for free ion, to the lower point symmet- field parameters C (or C ), C and C , one for each˜3 3 i 220 210 400 600

ries (subgroups) step by step and finally to the symmetry at k, will be fitted by the values of Stark splittings.
the position occupied by the active ion in crystal. From From Eq. (9.3.7) in Ref. [6], it can be easily shown that
group theory, we know that the terms of H for a point the relationship between the crystal field parameters of thecf

group will exist in the H of its subgroup. Therefore, the conventional JM scheme [15] B and the group chaincf kq

terms of H for high point symmetry, e.g. O, will appear scheme C are:cf km 0

in most of the H for different point symmetry groupscf

occupied by rare earth ions. When the eigenfunction of
Stark level is expressed in the irreducible representations
of the considered point symmetry, contrary to the conven-
tional method [13–15], the crystal field parameters are
expressed as the expansion coefficient of H according tocf

the irreducible representation wavefunctions [16]. As an
example, for the D group, considering the group chain4

SO . O . D ,H can be expressed as:3 4 cf

H 5O C b (1)cf km 0 km 0
k,m

where k52,4,6 are the rank and are also the irreducible
representations of group SO , m are the irreducible repre-3

sentations of O which will be changed or decomposed into
the scalar irreducible representation 0 of D , b are the4 km 0

basic functions in the space of H expressed in thecf

irreducible representations of the group chain SO . O .3

D and are associated with ukm0 in Ref. [6], and C areL4 km 0 Fig. 2. Imbedding of the crystallographic point groups showing the
the expansion coefficients of H according to these bases. relations between group and subgroup [6].cf
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For D point symmetry The scalar crystal field strength parameter for rare earth4

ions in glasses is:
C 5 2 B220 20

1 / 24p] ] 2]]N 5 O C (5)1 7 5 s dF Gv km 02k 1 1k52,4,6] ] ]C 5 B 1 B400 40 44œ œ2 3 6
] ] 3.3. Calculations and fitting process1 5 7

] ] ]C 5 B 2 B420 40 44œ œ2 3 6
In the calculations, the intermediate coupling wavefunc-

]Œ1 7 tions given by Weber [19] and the values of reduced matrix
]] ]C 5 2 B 1 B (k)]600 60 64Œ 2 elements kaSLiU iaSLl provided in Ref. [20] were used2 2

(k)to get the values of k[SLJ]iU i[SLJ]l and the J-mixing]
1 7 1 was not taken into account.] ] ]C 5 B 1 B620 60 64 31œ2 2 2 To investigate the Stark splitting of Er ions in the

glasses, the parameters C were first estimated throughand for D point symmetry km 03
fitting the Stark splittings directly by the crystal field

C 5 2 B˜210 20 Hamiltonian of Eqs. (2) or (3) in the conventional way
] ] [16]. Simultaneously, Eq. (4) for the scalar crystal fieldŒ Œ21 2 30

]] ]] strength could also be used to derive the absolute values ofC 5 2 B 2 B400 40 439 9
parameters C (k52, 4, 6) by fitting the experimentalkm 0] ]Œ Œ2 15 42 values of DE of all manifolds obtained from Table 1

]] ]]C 5 2 B 1 B˜410 40 43 through a least-squares fitting procedure. Then, the signs of9 9
the values were determined by comparing the Stark] ] ]Œ Œ Œ4 2 2 105 462 splittings calculated by Eqs. (2) or (3) and the experimen-]] ]] ]]C 5 2 B 1 B 2 B600 60 63 669 27 27 tal data. To completely verify our assumption on the

glass] ]Œ Hamiltonian for glass systems H , a series of H for462 5 cf cf
O]] ]C 5 B 1 2 B˜61 0 63 66 point symmetry O (also T and O ), H ; D (also C , D0 œ21 21 d h cf 4 4v 2d

D D4 3and D ), H ; D (also C and D ), H ; and D (also] ] 4h cf 3 3v 3d cf 2Œ Œ D7 8 210 8 231 2C and D ), H was also considered in fitting the Stark] ]] ]] 2v 2h cfC 5 B 1 B 2 B˜61 0 60 63 661 9 189 189 splittings. For these H Hamiltonians, the complete ex-cf

pression including more parameters is used The root-mean-Some of these parameters (C ,C ,C ,C ,C ) are˜ ˜ ˜420 620 410 61 0 61 00 1D D4 3 squared (RMS) deviations of all the calculations are shownonly used in the classical H , H Hamiltonian and not incf cf
31glass in Fig. 3a, b and c, respectively, for Er ions inthe H effective one.cf

germanate, silicate and ZBLAN. Due to the experimental
merging of some Stark levels, different possible choices of3.2. Scalar crystal field strength
level structure could be considered. The corresponding
range of RMS are represented by the error bars. On theThe N scalar parameter was introduced to analyze thev
x-axis are distributed the various point symmetries used instrength of crystal field for rare earth ions in crystals and
the analysis: the positive direction represents the distortionglasses whatever the symmetry [18]. From this idea of a
about O . D . D , the negative direction represents thescalar crystal field parameter, the relationship between 4 2

distortion about O . D . The classical H Hamiltonian aremaximum splitting of a manifold, i.e. the separation 3 cf

represented by O, D , D , D and the effective Hamilto-between the highest and lowest Stark levels in the mani- 3 4 2

nian for glasses by G(D ) and G(D ). The distancefold DE, and the average crystal field parameters C for 3 4km 0
between different symmetries is determined by the numberrare earth ions in glasses is:
of the crystal field parameters included in the fitting

212g a process, e.g. there are two crystal field parameters for O
]]]]](DE) 5
g( g 1 2)( g 1 1) point symmetry and five for D , so the distance betweena a 4

(k) 2 (k) 2 them is three units.uk[SLJ]iU i[SLJ]lu uk f iC i f lu
2]]]]]]]]]3 O C (4)s dkm 02k 1 1k52,4,6

31For Er ions, we calculate the k52, 4 and 6 contributions 4. Results and discussion
to the overall crystal field strength separately and take
splitting values of all manifolds into account. g is the In all cases, the RMS deviations between the experimen-a

degeneracy effectively removed by the field: g 5g if J is tal data of Stark splitting and the data calculated bya
glassinteger and g 5 g /2 if J is half-integer. The parameters H are almost the same (Fig. 3) for the two ways ofa cf

and operators in these expressions are defined in Ref. [18]. calculation, through fitting the maximum splittings of
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manifolds by Eq. (4) or fitting all of the Stark splittings in
conventional way by Eqs. (2) or (3), and the C got bykm 0

these two different procedures are listed in Table 2 and
have very similar values.

glass D4For both germanate and silicate glasses, H , Hcf(D ) cf4D2and H have similar values of RMS although thecf

numbers of adjustable parameters in the Hamiltonian are 3,
glass glass5 and 9. H is much better than H for expressingcf(D ) cf(D3)4

31the average crystal field Hamiltonian of Er ions (smaller
RMS values in direction O . D . D than in O . D ,4 2 3

especially when the number of fitting parameters is consid-
31ered). Then, Er ions occupy preferentially the positions

with symmetries distorted from D , D , C and D and4 2d 4v 4h

their isomorphic groups.
In fluoride (ZBLAN) glass, the RMS deviations have

similar values in both directions of the group chains
O . D . D and O . D . Especially, the deviations for4 2 3

glass glassH and H are almost the same but decreasing tocf(D ) cf(D )4 3
2118.9 cm for the average result (Table 1). The RMS

O glassdeviations do not decrease remarkably from H to H .cf cf(D )431In this case, the Er ions can equally occupy positions
with any kind of point symmetries, i.e. symmetries dis-
torted not only from D , D and their isomorphic groups4 4h

but also from D , D and their isomorphic groups. Then,3 3d

the effective Hamiltonian for fluoride glass can be ex-
pressed in ‘higher’ point symmetry (such as O) than for
oxide glass.

In ZBLAN, the scalar crystal field strength parameter Nv

calculated from Eq. (4) lies in the range of 1855–2081
21cm , so the crystal field is weaker than in oxide glasses

21 21where values 2948–2949 cm and 3123–3182 cm have
been obtained for germanate and silicate respectively (see

31Table 2). The Er ions in these two oxide glasses have
similar values of C and identical structures of energykm 0

levels and then similar average crystal field environments.
The crystal field is stronger in silicate glass than in

31germanate glass although the ligands of Er ions are
oxygens with a same coordination number in both of the
glasses.

It can be interestingly noticed in all cases that the cubic
crystal field terms (C , C ) give the major contribution400 600

to the crystal field strength. However, the weak axial
contribution (C ) allows the complete degeneracy remov-220

ing. Such consideration explains why optical transitions
between Stark levels of rare earth ions are allowed in
glasses as in crystal with low point symmetry but at the
same time that the structure of levels displays the feature
of ‘high’ point symmetry.

5. Conclusion

Fig. 3. RMS deviations between experimental and calculated splittings.
In the conventional way, most of workers had tried toCalculation by crystal field Hamiltonian of O, D , D , D point4 3 2

find a pure and low point symmetry to describe the averagesymmetries and the model proposed for glass, G(D ) and G(D ). (a)3 4

Germanate, (b) silicate, and (c) ZBLAN. environment of rare earth ions in glasses. In this paper,
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Table 2
31 21Parameters C and N derived from observed Stark splittings of Er (cm )km 0 v

Germanate Silicate
a b a bBy DE By Stark levels By DE By Stark levels

C 706.2 669.1 683.3 672.2220

C 2274.5 2290.5 2477.7 2535.6400

C 2471.5 2506.6 295.2 296.1600

N 2948 2949 3123 3182v

ZBLAN
a b cBy DE By Stark levels By Stark levels

b cC or C 503.8 509.6 583.5˜220 210

C 1597.6 1376.6 1295.8400

C 2367.0 2482.9 2497.9600

N 2081 1877 1855v

a Parameter values obtained through analyzing the scalar crystal field strength by Eq. (4).
b glassParameter values obtained by H through Eq. (2).cf(D )4
c glassParameter values obtained by H through Eq. (3).cf(D )3
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