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Abstract
The preparation of the rare earth containing oxide fluoride glasses LnF3 (Ln; Y through Lu)–BaF2–AlF3–GeO2 in which the nominal content of

LnF3 reached 60 mol% in maximum and their basic properties such as density, refractive index and glass transition temperature were investigated

and summarized in detail. Especially, in order to discuss the local structure around the rare earth ion in the glass, the Judd–Ofelt analysis (discussion

with V parameters) of the HoF3–BaF2–AlF3–GeO2 glasses was carried out. The unique fluorescent behavior and the magnetic properties of

LnF3–BaF2–AlF3–GeO2 glasses (Ln = Tb and/or Sm) were also studied.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Oxide fluoride glass; Preparation; Rare earth; Optical property; Magnetic property
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438

2. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

2.1. Preparation and basic characteristics of oxide fluoride glasses containing LnF3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

2.1.1. Preparation of oxide fluoride glasses containing LnF3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

2.1.2. Density and refractive index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

2.1.3. Glass transition temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

2.2. Optical properties of HoF3–BaF2–AlF3–GeO2 glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

2.3. Optical properties of co-doped with TbF3 and SmF3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 444

2.4. Magnetic property of TbF3 containing oxide fluoride glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
1. Introduction

Our previous works have revealed that the solid electrolyte

written by Ln2Ln02O3F6 where Ln and Ln0 are different rare

earths showed higher conductivity than that of YSZ; it has

usefully stable for an oxide ion-conducting solid electrode

under 700 8C [1]. Their conductivity performance depends on

the combination of rare earth elements. The Nd–Sm system and

Nd–Eu system showed the highest conductivity among all
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combinations. During the preparation process of the material of

the solid electrolyte, a glass was obtained by chance. From

quantitative analysis using EPMA, this glass evidently

contained all starting elements (O, F and two species of rare

earth elements). In addition, Si and Al, which were not

contained in starting materials, were detected in the glass. The

binary rare earth oxide fluoride solid electrode was prepared

using a solid state reaction between a rare earth oxide (Ln2O3)

and a rare earth fluoride (Ln0F3) at a temperature higher than

1000 8C. During the mixing process, an agate ball mill was used

to mix the starting materials. During calcination, the mixture

was heated to over 1000 8C after it was packed into an alumina

tube. The Si and Al in the glass had to be supplied from these

mailto:yonezawa@matse.fukui-u.ac.jp
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Fig. 1. Phase diagram of NdF3–AlF3–GeO2 system shown by nominal composi-

tion. Closed and open circles, respectively, indicate crystal and glass phases.

Fig. 2. Cationic composition in the glass of NdF3–AlF3–GeO2 system mea-

sured by EPMA. Closed and open circles, respectively, indicate crystal and glass

phases.
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materials as glass network formers. This glass was shown to

contain more than 70 wt% of rare earth elements from results of

the analysis using EPMA (FP method). The obtained glass was

a new oxide fluoride glass containing a large amount of rare

earth element. Several reports have described preparation of

glasses containing rare earth elements for use as optical or

magneto-optical materials [2–6]. Every rare earth element has

unique optical properties because of its arrangement of

electrons in the 4f orbital. It is important to find matrices in

which these rare earth elements can be doped and can exhibit

their performance to develop new optical and magnetic

materials. Oxide fluoride glasses contain two different anions

that have different valence electrons and different degrees of

polarization. It is interesting to compare properties of the oxide

fluoride glass with those of the oxide or fluoride glass. No

reports have addressed a glass that can contain rare earth

fluoride with such a high content. The properties of oxide

fluoride glasses have not been summarized systematically yet,

as they have been for oxide glasses or fluoride glasses. It is very

interesting to study the preparation processes and character-

istics of these glasses to develop new functional materials. In

this paper, several recent results about rare-earth containing

oxide fluoride glasses are reported.

2. Results and discussion

2.1. Preparation and basic characteristics of oxide fluoride

glasses containing LnF3

This section describes the preparation process and basic

characterization of oxide fluoride glasses containing NdF3

(light rare earth), TbF3 (middle rare earth), and HoF3 (heavy

rare earth). Based on those results, preparation methods could

be extended to other rare earth elements in the lanthanide series.

Properties of those glasses were compared and summarized.

2.1.1. Preparation of oxide fluoride glasses containing

LnF3

The glass in the NdF3–SiO2–Al2O3 system has been obtained

once. However, the reproducibility was not confirmed. After

analyzing the glass in detail, it seemed that AlF3 could be

contained in the product in NdF3–SiO2–Al2O3 system. It means

that some part of NdF3 has been hydrolyzed to form HF and this

HF has reacted with Al2O3 to form AlF3. Controlling the content

of AlF3 seems to be important factor to prepare the oxide fluoride

glass reproducibly. But the higher temperature for melting the

sample causes large variation of the AlF3 content in the product

because AlF3 sublimes at a temperature higher than 1000 8C
remarkably. In addition, rare earth trifluorides easily undergoes

pyro-hydrolysis to form their oxides over 1000 8C [7]. As the

network forming oxide GeO2 was chosen because of the lowest

melting point among SiO2 (1730 8C), Al2O3 (2045 8C) and GeO2

(116 8C) in this study. In addition, various fluorides were tested as

glass network modifiers and additives to lower the melting point.

Consequently, the oxide fluoride glasses containing light rare

earth (NdF3) became to be obtainable in the system of NdF3–

AlF3–GeO2 reproducibly. Fig. 1 shows a phase diagram of the
NdF3–AlF3–GeO2 system. It had a wide glass formation

composition area. The glass was capable of containing

70 mol% NdF3 as a nominal composition. These glasses

containing NdF3 showed the alexandrite effect. That is, the

color of obtained glass showed red-violet under continuous light

like sunlight and blue-violet under discontinuous light like

fluorescent light. Quantitative analyses by ZAF method using

EPMA showed clearly that the obtained glass was incapable of

maintaining its nominal composition. Fig. 2 shows the cationic

composition in the products of NdF3–AlF3–GeO2 system

measured by using EPMA. Contents of Al especially tended

to decrease from the starting ratio. The Al contents in the glass

never became greater than 34 mol%, even if the starting material

contained more than 34 mol% Al. The Nd content reached

63 mol% as the maximum value. Glasses with the rare earth

content more than 30 mol% have not been reported yet. These

oxide fluoride glasses with a high content of rare earths are

anticipated as new functional materials.



Fig. 3. Phase diagram of TbF3–AlF3–GeO2 system shown by nominal compo-

sition. Closed and open circles, respectively, indicate crystal and glass phases.

Fig. 5. Phase diagram of NdF3–BaF2–GeO2 system shown by nominal com-

position. Closed and open circles, respectively, indicate crystal and glass

phases.
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Fig. 3 shows a phase diagram of TbF3–AlF3–GeO2. The

maximum TbF3 content was 50 mol% in the glass. The glass

formation composition area as shown in Fig. 3 is smaller than

that of the TbF3–AlF3–GeO2 glasses shown in Fig. 1. It has

been reported that rare earth trifluorides hydrolyzed at a

temperature higher than 700 8C [7,8], the melting temperature

should be lower to avoid composition changes during high

temperature processing. As shown in Fig. 4, the results of

quantitative analyses obtained by EPMA measurement of

TbF3–AlF3–GeO2 glasses showed that the cationic composi-

tions in the glass deviated from that of the starting ratio.

Furthermore, the composition change in the glass increased

with increasing AlF3 content. This system did not contain glass
Fig. 4. Cationic composition in the glass of TbF3–AlF3–GeO2 system glasses

measured by EPMA.
with 50 mol% TbF3, even if the glass was obtained from a

starting mixture containing 50 mol% TbF3. The amount of AlF3

must be optimized to realize good reproducibility, because the

excess of AlF3 drastically changes the glass composition from

the starting ratio.

The BaF2 was added to starting materials instead of AlF3

because BaF2 hardly not only sublime but hydrolyze at melting

temperatures of 1200 8C. Fig. 5 presents a phase diagram of the

NdF3–BaF2–GeO2 system. This system had a large glass

formation composition area and the content of NdF3 in the glass

reached 40 mol% as a nominal composition. Fig. 6 shows the

cationic composition in the glasses of NdF3–BaF2–GeO2

system resulted from quantitative analyses by using EPMA.
Fig. 6. Cationic composition in the glass of NdF3–BaF2–GeO2 system mea-

sured by EPMA.



Fig. 7. Classification of the products for 10HoF3–(30 � x)BaF2 � xAlF3–

60GeO2 systems at various melting temperatures. (*) and (*) mean the glass

and crystalline phases, respectively.

Fig. 8. Phase diagram of HoF3–BaF2–10AlF3–GeO2 shown by nominal com-

position. The AlF3 content was fixed at 10 mol%. Closed and open circles,

respectively, indicate crystal and glass phases.

Fig. 9. Cationic composition in the glass of HoF3–BaF2–AlF3–GeO2 system

measured by EPMA.
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The obtained glass in this system maintained the starting

cationic compositions rather than the NdF3–AlF3–GeO2 system

did. Apparently, the addition of BaF2 assisted to obtain the

oxide fluoride glass reproducibly and assisted to maintain the

nominal composition in the glass. Overall, BaF2 was a better

component to prepare the oxide fluoride glass containing NdF3

than AlF3 was. Based on results of the glass preparation in the

ternary system glass, it was tired to prepare 40LnF3–20BaF2–

40GeO2 (Ln; La–Nd, Sm–Lu) glasses by melting at 1200 8C for

1.5 h. Only in case of NdF3, SmF3, EuF3, and GdF3 (middle rare

earth fluorides), the glasses were obtained.

Choosing the system containing HoF3, a glass formation

process with heavy rare earth trifluoride was investigated.

Several chemicals were tested for use as additive components to

obtain oxide fluoride glasses at lower melting temperatures and

with lower weight loss during melting. Finally, it has been

found that both BaF2 and AlF3 are necessary to obtain the

glasses containing HoF3 reproducibly and the accurate controls

of their contents are needed. Fig. 7 shows the glass forming

condition relative to the quantity of AlF3 and melting

temperature. The oxide fluoride glasses were obtainable

reproducibly by adding more than 6 mol% AlF3; excessive

AlF3 caused a change in glass composition as described above.

The AlF3 content would be better to be maintained at ca.

10 mol% to obtain glass reproducibly without composition

change through the melting process. The glass was possible to

be prepared at 1175 8C in case of GeO2 system, whereas about

1300 8C was needed in case of the SiO2 system.

Fig. 8 shows a phase diagram of the HoF3–BaF2–AlF3–

GeO2 system in which the AlF3 content was fixed at 10 mol%.

This diagram shows that this glass system has a wide

composition range for glass formation. An oxide fluoride

glass was prepared with maximum content of HoF3 of

50 mol%. For the 50HoF3–10BaF2–10AlF3–30GeO2 glass

represented in Fig. 8, the glass network structure or the

environment of Ho3+ ion shows a different view from that of a
10HoF3–10BaF2–10AlF3–70GeO2 glass because its quantity of

the glass-forming oxide (GeO2) is different. Fig. 9 shows results

of quantitative analyses of HoF3–BaF2–AlF3–GeO2 glasses

using EPMA (ZAF method). As a result, only slight deviation of

the cationic composition in the glass product from the nominal

composition of the starting mixture was recognized. Regarding

10HoF3–10BaF2–10AlF3–70GeO2 and the 50HoF3–10BaF2–

10AlF3–30GeO2 glasses, the respective analytical cationic ratios

in the product glasses are Ho:Ba:Al:Ge = 6.1:9.0:11.6:73.2 and

41.4:13.6:8.8:36.1. These values approximately agreed with the

nominal composition.

Fig. 10 shows the phase diagram of TbF3–BaF2–10AlF3–

GeO2. The AlF3 content was fixed at 10 mol%; the content of

BaF2 was adjusted instead of the excess AlF3 to avoid a



Fig. 10. Phase diagram of TbF3–BaF2–10AlF3–GeO2 shown by nominal

composition. The AlF3 content was fixed at 10 mol%. Closed and open circles,

respectively, indicate crystal and glass phases.

Fig. 12. Relationship between density and the refractive index for various

glasses. (�) oxide glass*; (+) fluoride glass*; (~) NdF3–Al2O3–SiO2; (~)

NdF3–AlF3–GeO2; (^) NdF3–BaF2–GeO2; (*) LnF3–BaF2–AlF3–GeO2 (Ln;

Y–Nd, Sm–Lu); (*) TbF3–BaF2–AlF3–GeO2; (&) HoF3–BaF2–AlF3–GeO2;

(&) TbF3–BaF2–AlF3–SiO2 (*data from INTERGRAD [14]).
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composition change through the melting process. Fig. 11 shows

the cationic composition of TbF3–BaF2–10AlF3–GeO2 glasses

obtained by quantitative analyses with EPMA. The cationic

compositions in the glasses were found to be maintained almost

as the starting ratio. The maximum content of TbF3 was

50 mol% as a starting ratio. In this TbF3–BaF2–10AlF3–GeO2

system, glasses with wide variation in terbium contents can be

prepared reproducibly. At last, the glasses were obtained in

LnF3–BaF2–10AlF3–GeO2 system for Ln = La–Lu (except for

Pm) reproducibly.

2.1.2. Density and refractive index

Densities and refractive indexes of NdF3–Al2O3–SiO2, NdF3–

AlF3–GeO2, NdF3–BaF2–GeO2, TbF3–BaF2–AlF3–GeO2, HoF3
Fig. 11. Cationic composition in the glass of TbF3–BaF2–10AlF3–GeO2 system

measured by EPMA.
–BaF2–AlF3–GeO2, and 10LnF3–20BaF2–10AlF3–60GeO2 sys-

tem glasses are shown in Fig. 12. In Fig. 12, (�) and (+),

respectively, correspond to data of typical oxide and fluoride

glasses taken from the database, ‘‘INTERGLAD’’ [9]. The oxide

glasses in this case include quartz glass [10], borosilicate glass

(COVER 18–18; Iwaki Glass Co. Ltd.), PbO–WO3–P2O5–CdO–

TiO2 glass [11], andvariousoxideglasses in the literature found in

the INTERGLAD database [9]. In addition, ZBLAN [12–17]

glass and others found in the database were chosen as fluoride

glasses. Curves (A and B) in Fig. 12 were derived, respectively, by

fitting the equation (n = C1 exp (C2d) where C1 and C2 are

constants) to data of oxide glasses and fluoride glasses. These

empirical curves emphasize characteristics of the oxide and the

fluoride glasses. Plots of the oxide fluoride glasses are located

between curves (A and B). Especially, TbF3–BaF2–10AlF3–

GeO2, HoF3–BaF2–10AlF3–GeO2, LnF3–BaF2–10AlF3–GeO2

(Ln; Y–Nd, Sm–Lu) glasses prepared in this study had a constant

refractive index regardless of their respective densities. The

relationship between density and refractive index is generally

given by the Lorentz–Lorenz equation, as following [11]:

n2 � 1

n2 þ 2
V ¼ 4pNa

3
¼ RL (1)

Therein, n, V, N, a and RL, respectively, represent the refractive

index, molecular volume, Avogadro’s number, polarizability,

and molecular refraction. The Gladstone–Dale equation is



Table 1

Glass transition temperatures of HoF3–BaF2–AlF3–GeO2 glasses

HoF3:BaF2:AlF3:GeO2 Tg (8C)

10:10:10:70 592.0

20:10:10:60 599.8

30:10:10:50 614.4

40:10:10:40 608.3

50:10:10:30 572.3

10:20:10:60 599.9

20:20:10:50 600.9

30:20:10:40 585.7

40:20:10:30 564.5

50:20:10:20 541.8

10:30:10:50 576.8

20:30:10:40 561.9

Table 3

Glass transition temperatures of TbF3–BaF2–AlF3–SiO2 glasses

TbF3–BaF2–AlF3–SiO2 Tg (8C)

30:10:10:50 666.5

40:10:10:40 633.1

50:10:10:30 590.0

10:20:10:60 657.6

20:20:10:60 608.3

30:20:10:40 588.7
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derived from Eq. (1) when n is close to 1, as the following [11]:

n� 1 ¼ R

V
¼ 2pNa

V
¼ 2pNa

M
d ¼ RGd (2)

In those equations, M, d and RG, respectively, denote the

molecular weight, density and the Gladstone–Dale constant.

Generally, this equation is used to express the relationship

between density and the refractive index of a glass. The RG

value varies with glass composition. The RG of the fluoride, the

oxide and the oxide fluoride glasses were 0.9 � 10�4 to

1.4 � 10�4, 1.8 � 10�4 to 2.9 � 10�4, and 1.0 � 10�4 to

1.8 � 10�4, respectively. Data of the NdF3–Al2O3–SiO2 system

closely approximated the curve (A) corresponding to oxide

glasses in Fig. 12. The glass network of NdF3–Al2O3–SiO2 was

suggested to be an oxide such as Al2O3 and SiO2. However, in

the case of NdF3–AlF3–GeO2 or NdF3–BaF2–GeO2, systems in

which the glass matrix consists of both an oxide and a fluoride,

the plots of the refractive index against the density deviated

from curve (A) to curve (B), corresponding to that of the

fluoride glasses in Fig. 2. In the case of LnF3–BaF2–AlF3–

GeO2 glasses, the plots were located between curves (A and B).
Table 2

Glass transition temperatures of TbF3–BaF2–AlF3–GeO2 glasses

TbF3:BaF2:AlF3:GeO2 Tg (8C)

10:10:10:70 606.7

20:10:10:60 631.1

30:10:10:50 619.9

40:10:10:40 628.8

50:10:10:30 618.2

10:20:10:60 578.4

20:20:10:50 603.4

30:20:10:40 593.4

40:20:10:30 574.0

10:30:10:50 593.0

20:30:10:40 583.4

30:30:10:30 571.9

30:0:10:60 675.2

40:0:10:50 669.1

50:0:10:40 639.9

30:0:20:50 664

40:0:20:40 610.8

30:0:30:40 605.1

40:0:30:30 622.2
Data of glasses that consisted of 70 mol% oxide and 30 mol%

fluoride (10HoF3–10BaF2–10AlF3–70GeO2) closely approxi-

mated curve (A) for oxide glasses. Data of glasses consisting of

30 mol% oxide and 70 mol% fluoride (50HoF3–10BaF2–

10AlF3–30GeO2) closely approximated curve (B) for the fluor-

ide glass area. Consequently, the oxide fluoride glasses were

located at the intermediate area in the relationship between the

refractive index and the density. No data for the simple oxide or

fluoride glass was reported in this region previously.

2.1.3. Glass transition temperature

Respective glass transition temperatures of the HoF3–

BaF2–10AlF3–GeO2 glasses, TbF3–BaF2–AlF3–GeO2 glasses,

TbF3–BaF2–10AlF3–SiO2 glasses and 10LnF3–20BaF2–10AlF3

–60GeO2 glasses are listed in Tables 1–4. The glass transition

temperatures of BaF2-free glasses were higher than those of

quaternary systems such as LnF3–BaF2–AlF3–GeO2 glasses.

Glasses containing a larger amount of BaF2 as a network modifier

tend to have lower glass transition temperatures because divalent

ions such as Ba2+ cut the glass network. Fluoride glasses like

ZBLAN [12–17] exhibit a glass transition temperature around

300–400 8C. Oxide fluoride glasses obtained in this study must

be more thermally stable than the fluoride glasses.

2.2. Optical properties of HoF3–BaF2–AlF3–GeO2 glasses

Some studies have explored oxide fluoride, oxyfluoride and

fluorophosphate glasses [18–24]. Oxide fluoride glasses have
Table 4

Glass transition temperatures of LnF3–BaF2–AlF3–GeO2 (Ln; Y–Nd, Sm–Lu)

glasses

Composition Tg (8C)

10YF3–20BaF2–10AlF3–60GeO2 608.4

10LaF3–10BaF2–10AlF3–70GeO2 630.3

10CeF3–20BaF2–10AlF3–60GeO2 585.3

10PrF3–20BaF2–10AlF3–60GeO2 582.2

10NdF3–20BaF2–10AlF3–60GeO2 590.1

10SmF3–20BaF2–10AlF3–60GeO2 589.6

10EuF3–20BaF2–10AlF3–60GeO2 586.7

10GdF3–20BaF2–10AlF3–60GeO2 592.8

10TbF3–20BaF2–10AlF3–60GeO2 578.4

10DyF3–20BaF2–10AlF3–60GeO2 599.3

10HoF3–20BaF2–10AlF3–60GeO2 599.9

10ErF3–20BaF2–10AlF3–60GeO2 609.8

10TmF3–20BaF2–10AlF3–60GeO2 579.5

10YbF3–20BaF2–10AlF3–60GeO2 583.4

10LuF3–20BaF2–10AlF3–60GeO2 581.0



Table 6

Measured and calculated oscillator strength for Ho3+ ions in 50HoF3–20BaF2–

10AlF3–20GeO2 glass

5I8! Wavelength

(nm)

Oscillator strength, f (�10�6) Df (�10�6)

fexp fcal

5F5 645.9 0.300 0.278 0.022
5S2 542.6 0.117 0.0494 0.068
5F4 539.0 0.190 0.276 �0.086
5F3 485.1 0.125 0.0602 �0.065
5F2 474.6 0.0782 0.0478 �0.030
3K8 468.4 0.0275 0.0331 0.006
5G5 417.8 0.189 0.0869 �0.102
5G4 385.4 0.0151 0.0411 0.026
3K7 382.3 0.0366 0.00861 �0.028
3F2 357.5 0.258 0.00136 �0.257
3F4 334.3 0.0635 0.00323 �0.060
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been researched as host materials for optically active ions

because they have comparatively low phonon energies that

correspond to oxide glasses, and high chemical and mechanical

stabilities related to fluoride glasses. Although oxide and fluoride

ions have similar ionic radii, the ratio of oxide and fluoride ions in

the glass must alter the coordination structure that affects the

elements’ functionality because of their different valences. For

example, binary rare earth metal oxide fluorides such as

Nd2Eu2O3F6 have an ordered ionic configuration that engenders

higher electric conductivity than that of YSZ-11 [25]. Oxide

fluoride materials containing multi cation species can exhibit

unique properties because of their ordered/disordered ionic

configuration. In this section, the optical properties related to

contents of LnF3 were reviewed by using HoF3 as a probe.

From the results of the absorption spectra measurements in

the ultraviolet–visible region, the HoF3 contents affected the

peak pattern. In that case, Judd–Ofelt theory [26] with the

results of the absorption spectra and the refractive indices

measurements can be useful to get the information about the

glass structure. Some reports have described dependence of the

spectra on the glass matrix species using calculation of Judd–

Ofelt intensity parameters (Vl parameters) for Ho3+ in different

host lattices [8,19,27–34]. The refractive indices were

measured at 488, 540 and 641 nm to calculate Vl parameters.

They were used to determine the relation between the refractive

index (n(l)) and the wavelength (l) by least squares fitting to

the Sellmeier’s dispersion equation [34]:

n2ðlÞ ¼ 1þ Sl2

l2 � l2
0

(3)

Therein, S and l0 are constants. The respective values of S and

l0 obtained for 10HoF3–20BaF2–10AlF3–60GeO2 glass were

300 and 1.14. Using Eq. (3), the refractive index was recalcu-

lated at the specific wavelength. On the other hand, no depen-

dence of the refractive index on the wavelength was observed

under the condition in this study for 50HoF3–20BaF2–10AlF3–

20GeO2 glass; therefore, n(l) was assumed to be constant, 1.57

herein. According to the method described in some Refs.

[8,19,26–31,35–38], the experimental oscillator strengths, fexp,

of the aJ! bJ0 transition at the transition mean wavelength l

are summarized in Tables 5 and 6.
Table 5

Measured and calculated oscillator strength for Ho3+ ions in 10HoF3–20BaF2–

10AlF3–60GeO2 glass

5I8! Wavelength

(nm)

Oscillator strength, f (�10�6) Df (�10�6)

fexp fcal

5F5 645.9 1.78 1.81 �0.030
5S2 542.6 0.388 0.634 �0.246
5F4 539.0 2.03 1.79 0.240
5F3 485.1 0.534 0.752 �0.218
5F2 474.6 0.438 0.300 0.138
3K8 468.4 0.504 0.526 �0.022
5G5 417.8 0.947 1.67 �0.723
5G4 384.4 0.587 0.187 0.400
3K7 379.3 0.282 0.0855 0.197
From these values, the intensity parameters in Judd–Ofelt

theory were obtained as V2 = 1.96 � 10�20, V4 = 0.64 � 10�20,

and V6 = 0.11 � 10�20 cm2 for 10HoF3–20BaF2–10AlF3–

60GeO2 glasses and V2 = 0.05 � 10�20, V4 = 0.10 � 10�20

and V6 = 0.02 � 10�20 cm2 for 50HoF3–20BaF2–10AlF3–

20GeO2 glasses. The calculated oscillator strength, fcal, is

also summarized in that table. The respective rms devia-

tions of fexp and fcal were d = 3.9 � 10�7 and 1.1 � 10�7

for 10HoF3–20BaF2–10AlF3–60GeO2 and 50HoF3–20BaF2–

10AlF3–20GeO2 glasses. Some empirical correlations of the

intensity parameter and the local structure of the lanthanide ions

have been stated in the literature [8,19,26–31]. In general, V2

increases with the asymmetry of the local structure and the

degree of covalency of the lanthanide–ligand bonds, whereas V6

decreases with the degree of covalency. For glass matrices

prepared in this study, no clear conclusions are discernible from

Vl parameters because of their large uncertainty, especially for

V2, but the small value of V2 together with very small V6 for our

glasses compared to that for LaAlO3 crystal containing Ho3+ [38]

were inferred to result from the lower covalency of the holmium–

ligand bonds: the environment around Ho3+ in the glasses

prepared in this study could be strongly ionic. This tendency

seems to be more particularly true for 50HoF3–20BaF2–10AlF3–

20GeO2 glasses than for 10HoF3–20BaF2–10AlF3–60GeO2

glass. The ratios of V2/V6 were, respectively, 20 and 2.5 for

10HoF3–20BaF2–10AlF3–60GeO2 and 50HoF3–20BaF2–

10AlF3–20GeO2 glasses. These ratios imply that the local

structure in the 50HoF3–20BaF2–10AlF3–20GeO2 glasses seems

to be more symmetric than that in 10HoF3–20BaF2–10AlF3–

60GeO2 glass. This fact seems to be reflected on the change in the

intensity ratio in fluorescence spectra with the Ho3+ content and

be able to be applied to control the optical properties of this glass

system.

2.3. Optical properties of co-doped with TbF3 and SmF3

It has been reported that some rare earth co-doped systems

exhibit the enchantment of intensity of fluorescence [39–41].

Oxide fluoride glasses which can contain rare earth fluorides of

more than 50 mol% have been reported above [42,43]. It is



Fig. 13. Relationship between the intensity ratio (I540/600) and contents of SmF3

in 20TbF3–20BaF2–10AlF3–50GeO2 mol%�1 + x wt%�1 SmF3 glasses.
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interesting to study the emission properties of such glasses in

which two rare earth ions located very closely. In this section,

some unique optical properties of the glass containing large

amount of TbF3 doped with very small amount of SmF3 were

mentioned.

Fig. 13 shows the relationship between I600/540 (the ratio of

the peak intensity at 540 nm originated from Tb3+ to that at

600 nm originated from Sm3+) and the contents of SmF3. I600/

540 increased with increasing content of SmF3 (<2 wt%),

whereas I600/540 decreased with the contents of SmF3

(>2 wt%). Some reports have revealed that concentration

quenching of Sm3+ fluorescence occurred around 1–2 mol%

[44,45]. It seems that the concentration quenching of Sm3+

fluorescence occurs when the content of SmF3 is more than

2 wt% in Fig. 13. The intensities of fluorescence at 600 nm of

Sm3+ in 20TbF3–20BaF2–10AlF3–50GeO2 mol%�1 + 2 wt%

SmF3 was measured as 1.2 � 104 cps while that in 20TbF3–

20BaF2–10AlF3–50GeO2 mol%�1 + 5 wt% SmF3 was

5.3 � 103 cps. This fact indicates that Sm3+ is dispersed

identically in the 20TbF3–20BaF2–10AlF3–50GeO2 glass

without a phase-separated or otherwise clustered situation.

Fig. 14 shows the relationship between I540/600 and the

contents of TbF3. Results showed that I540/600 was proportional

to x2.05 by least-squares fitting where x was in xTbF3–20BaF2–

10AlF3–(70 � x)GeO2 (mol%). The distance of Tb3+–Tb3+ in
Fig. 14. Relationship between the intensity ratio (I540/600) and contents of TbF3 in

xTbF3–20BaF2–10AlF3–(70� x)GeO2 mol%�1 + 0.05 wt%�1 SmF3 glasses.
the glass (D) is inversely proportional to the third power of the

Tb3+ concentration, so I540/600 is almost perfectly inversely

proportional to the sixth power of D in this case. The theoretical

calculation of Forster–Dexter [46,47] indicated that the

resonant energy transfer probability is inversely proportional

to the sixth power of the distance between two centers if the two

centers belong to a dipolar transition. Therefore, the change in

the relationship between I540/600 and the contents of TbF3

shown in Fig. 14 are explainable mainly using the concentration

quenching of the Tb3+ fluorescence [48]. The TbF3 content

must be more than 20 mol% to obtain a glass that exhibits an

intense orange emission. This phenomenon is a unique property

for this LnF3–BaF2–AlF3–GeO2 system that can contain TbF3

more than 50 mol%.

The fluorescence of 20TbF3–20BaF2–10AlF3–50GeO2 +

0.05 wt% SmF3 glass exhibited temperature dependence. The

intensities of the peak at 540 nm originated from Tb3+ and the

peak at 600 nm that originated from Sm3+ are mutually

equivalent at room temperature. After heating to 573 K or

cooling to 77 K, the intensity of the fluorescence that originated

from Sm3+ decreased. The emission color changed from orange

to green through yellow. The glass phase was stable at

temperatures of 77–573 K because 673 K is much less than the

glass transition temperature (876 K) of 20TbF3–20BaF2–

10AlF3–50GeO2 + 0.05 wt% SmF3 glass. The emission color

changed reversibly according to the temperature. Fig. 15 shows

the relationship between the intensity ratio of I600/540 and

temperature. The change in the emission color from orange to

green was recognized when I600/540 was less than 0.7: I600/540

decreased gradually by heating to 673 K. That emission color

changed from orange to green through yellow. In the case of

cooling, I600/540 changed drastically and the emission color

changed to green around 77 K. Relating the fluorescence peak

to the energy transition J! J0, where J and J0 correspond to

initial and final states respectively, the electrons in the ground

state are excited and the population of J0 becomes higher with

increasing temperature. Therefore, the electrons at J barely

transfer to J0. The intensity of the emission was lowered. The

Tb3+ has a larger energy gap between J and J0 than Sm3+ does.

Therefore, the temperature affected the emission from Tb3+

only slightly; no significant concentration quenching occurred
Fig. 15. Temperature dependence of the intensity ratio (I600/540) of 20TbF3–

20BaF2–10AlF3–50GeO2 + 0.05 wt% SmF3 glass.
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in the case of Tb3+ [49]. Fig. 15 shows that, when the

temperature rose, the emission from Tb3+ came to take

precedence over Sm3+ for the system containing Tb3+ and

Sm3+. In the case of cooling, the mechanism is described as

follows. Energy used for the emission from Sm3+ was supplied

by non-radiative relaxation from Tb3+. This non-radiative

relaxation was called a multi-phonon relaxation, which was

related to the lattice vibration and dipole–dipole interaction

[50,51]. This multi-phonon relaxation occurred only slightly

around 77 K. Therefore, the energy cannot be supplied from

Tb3+ to Sm3+ when the sample temperature was lower than

77 K. As a result, the emission from Tb3+ was predominant and

the emission color was green around 77 K. The reversible

change in the emission color is a unique property of the LnF3–

BaF2–AlF3–GeO2 glasses that have thermal stability. It is

expected that these phenomena are useful to probe the energy

transfer mechanism in the glass matrix.

2.4. Magnetic property of TbF3 containing oxide fluoride

glasses

Tb3+ is one of the rare earth ions having large effective

magnetic moment, 9.72mB, which is the third among the

rare earth ions. Considering the transparency of Tb3+ in the

visible light region, Tb3+ containing compound is a very

interesting to prepare a material for optical and magnetic

applications [18,41,52,53]. Using TbF3–BaF2–AlF3–GeO2

system, the glass which contains a large amount of Tb3+

(50 mol% as TbF3) could be prepared as mentioned above.

Magnetic measurements were carried out at 77–273 K using a

vibrating sample magnetometer (VSM) (Toei Industry Co. Ltd.,

VSM-3) with a maximum magnetic field of �10,000 to

10,000 Oe. Physical Properties Measurement System (PPMS)

susceptometer (Quantumn Design Co.) is also used to investi-

gate the relationship between magnetization and temperature

at 2–300 K [54]. Fig. 16 shows the relationship between
Fig. 16. The relationship between TbF3 contents in the glass and magnetic

susceptibility at room temperature. x is in xTbF3–20BaF2–10AlF3–

(70 � x)GeO2 (mol%). The solid line represents the theoretical relationship.
TbF3 contents in xTbF3–20BaF2–10AlF3–(70 � x)GeO2

mol%�1 glass and magnetic susceptibility at room tempera-

ture. Generally, the relationship between magnetization and the

magnetic field is shown as:

~M ¼ x~H (4)

where x represents the magnetic susceptibility (emu mol�1).

The magnetic susceptibility is expressed as Eq. (5) from Curie–

Weiss law:

x ¼ C

T � u
(5)

u is Weiss temperature and C is the Curie constant. C is written

as

C ¼ ng2m2
BJðJ þ 1Þ
3kB

¼ nM2
eff

3kB

(6)

where n, g, mB, kB, J, and Meff, respectively, represent the

number of magnetic ions per mol, the Landé g-factor, Bohr

magneton, total angular momentum, and the effective magnetic

moment. The solid line in Fig. 16 was calculated from Eqs. (4)–

(6). The magnetic susceptibilities are proportional to the con-

tents of TbF3 in the glasses obtained in this study. Their values

fit the calculated values. Fig. 17 shows the magnetic suscept-

ibility and the reciprocal magnetic susceptibility (x�1) of

30TbF3–20BaF2–10AlF3–40GeO2 glass from 2 to 300 K.

The relationship between x�1 and temperature was linear as

shown in Fig. 17. Weiss temperature which is an intersection

point of x�1 axis and temperature axis is almost zero. It means

that the spin–spin interaction was negligible at 100–275 K in
Fig. 17. Temperature dependence of magnetic susceptibility of 30TbF3–

20BaF2–10AlF3–40GeO2 glass.

Table 7

Curie constant and effective magnetic susceptibility of xTbF3–20BaF2–

10AlF3–(70 � x)GeO2 glasses (x = 10–40 mol%�1)

Concentration of

TbF3 (mol%)

Curie constant (K) Effective magnetic

susceptibility, mB

10.0 1.00 8.83

20.0 2.47 9.77

27.5 3.12 9.37

30.0 4.49 10.7

40.0 5.13 9.96
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the obtained glasses here. From the Eqs. (5) and (6), Curie

constant (C) and the effective magnetic moment (Meff) was

calculated. These values were summarized in Table 7. The Curie

constant increased with increasing glass TbF3 contents. In

addition, the effective magnetic susceptibility is consistent with

the theoretical value, 9.78mB. Therefore it is obvious that the

magnetic moment is derived only from a trivalent terbium ion.

The atomic content of Tb3+ in 40TbF3–20BaF2–10AlF3–

30GeO2 was calculated as 11%, which is comparable to that

reported for oxide glasses as the maximum one, 12% [55]. In

addition, the saturation behavior might result from the Tb3+(#)–
O2�–Tb3+(") superexchange interaction, which prevented orien-

tation of Tb3+ magnetic moments to the applied magnetic fields

in the case of the oxide glasses [56]. Using fluoride instead of

oxide is one way to restrain this saturation behavior. The atomic

content of Tb3+ in 50TbF3–20BaF2–10AlF3–20GeO2 glass

obtained in this study was calculated as 14%. Therefore, it might

have high potential for use as a material for Faraday devices [56].
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