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ABSTRACT

NaPQ-ZnF, binary fluorophosphate glasses doped with trivalerbium and
monovalent copper were synthesized by the conwvegltionelting and casting
method using Erfand CuCl as starting materials.The samples westspatically
investigated using X-ray diffraction (XRD), enerdispersive X-ray spectroscopy
(EDS), Fourier-transform infrared spectroscopy @)1 scanning electron
microscopy (SEM) and transmission electron micrpgcTEM) analysis. X-ray
powder diffraction patterns confirmed that the espared compounds were all
amorphous.The glass transition temperaturg (@{fas observed around 230°C by
DSC analysis, while the thermal stability rangd) was estimated to be between 90
and 140 °C. The measured value of the refractigexr(n) was measured as 1.502 at
a wavelength of 632.8 nm. Thermal annealing of ghmples was performed at
different temperatures abovg fbr various heat-treatment times. During thespsste
monovalent copper and sodium ions were expectée tieeduced, forming metallic
nanoparticles. This transformation lead to coloratchanges, depending on the
annealing time and temperature, with respect tottaesparency of the glasses.
These spectroscopic changes are related to thenqtes effects induced by the
presence of both Cu and Na metallic nanopartieldsch promote red shift due to
absorption. The VIS-NIR absorption spectra of theeppred glasses were



investigated in the frame work of standard Juddit@deO) theory, which was used
to determine the J-O intensity parameters, radiathansition probabilities and
branching ratios for Ef ions embedded in the glasses. The calculated sityen
parameters @, ,,) were compared to those obtained for'Bn several other

glasses.
Keywords: Nanoparticles, Fluorophosphate glasses, Optics, Absorption, Judd-Ofelt theory

1. Introduction

The choice of the host material is an importantapeater when one deals with improving the
optical properties of glasses notably when theyaaterated by rare earth or transitions metal ions.
Independently on the most current crystals, thesgla are considered as efficient hosts due to their
peculiar optical and also luminescence proper#esong the conventional glass host matrices,
phosphate based fluoride glass is one of the Hast dnost material when compared with other
hosts [1, 2].

Due to these reasons fluorophosphate glasses kawettie subject of numerous studies, mainly for
optical applications, UV transmission, and raretbebased lasers. Their low nonlinear refractive
index makes them suitable for very high power kd@r4]. These glasses offer a number of
advantages, such as stability against devitrificgtsimple preparation, flexible composition and
high rare earth solubilityn addition of their low phonon energy and widetiogl transmission
window ranging from UV to mid-IR [5-7]. Moreoverniphosphate glasses, it is difficult to
eliminate hydroxyl groups (OH however, it can be possible to minimizes th&ntabution in
fluorophosphate glasses without protection in amtb&mosphere [8]. Among various rare earth
ions, EF*is one of the most investigated ions for light déam and ranging (LIDAR), solar panels,
spectroscopy, and bio-imaging [9] and as dopartliarite glasses as effective radiation shields
[10].

The presence of metal nanoparticles (NPs) in gkasgleich modifies the spectroscopic properties
of rare earth (RE) ions, is a field of intereshcg the plasmonic effect can modify the radiatate r

of the emitter centres. Various papers have regdhe effect of silver or gold nanoparticles which
are generated by chemical reduction during thenthetreatment. For example, these NPs notably
enhance the up-conversion emitted fluorescenca®irEzinc-tellurite glasses [11, 12]. However,
to the best of our knowledge, copper has never baatied for this purpose. This paper presents
the structural and optical properties of 60mol% 8aP40mol% Znk; binary glasses in which Er
and CU cations were incorporated. These cations weredntred into the batch as fluoride and
chloride respectively. Among rare-earth ions: " an efficient luminescence centre in visible and



infrared (IR) regions, with applications for vargophotonic devices such as fibre lasers or optical
amplifiers in the IR range, and also compact veslbkers.

We report here the physical properties of some rdpbosphate glass samples, omitting
fluorescence spectra and luminescence decays, whiche the subject of a forthcoming paper.
The spectral transmissions of the annealed glasgediscussed assuming the formation of Cu and
Na NPs.

2. Experimental

Glass samples were prepared in a system comprigogol%NaP@-37.5mol%Znk-
0.5mol%CuCl-2mol%Erf: Starting materials were NaRQAlfa Aesar, >96%), Znf-(Alfa Aesar,
98%), Erks (Alfa Aesar, 99.9%) and CuCl (Aldrich, 98%). Powglevere introduced into a long
platinum crucible in order to limit exchanges witie external atmosphere. The temperature was
increased gradually until melting was complete, elgnat around 700 °C. Some volatile species
(e.g. POE, HF) escaped from the melt, generating a gaseatferbat the melt surface. Once
melted, the batch was maintained in the liquidestat 10 min for homogenization. It was then cast
in brass moulds preheated at 210 °C. In this waydboling rate was lower, avoiding thermal
shock. An annealing stage was implemented for 21@t°C to release internal stresses.

Finally, the glasses were cooled to room tempegatiotlowing the cooling inertia of the furnace.
After cooling the samples were polished and hesttéd at between 250 and 270°C for 4, 6, and 8
hours in order to thermally reduce ‘dans to Cd and consequently to increase the probability of
nucleating and favour the growth of copper NPs.|8ab presents the characteristics of the

obtained glasses with respect to annealing timeemg@erature.



Table 1: Composition, labels, heat treatments asuhlaspect of the considered glasses

Composition Sample Annealing temperature (T,)  Annealing time (t) Image
Verres de fluorop
ﬂuorm\fen
de flpor
NZCEO Not annealed 0 ﬂ:ms _ G
' V[E::g d_g 0rof

fluorophophaste Ver

srres de  fluoropho

ropho erres
NZCE5 4h srres S oPhe
rophopl erres
srres  de orophc

de fluorophophaste
oph le flu
NZCE6 250 °C 6 h de ﬂuoroph' ste
phave Vermee de

de fluorophophaste

8 5 T2 ¢ fluoroph
E de hasic
NZCE7 8h ﬁﬁ v

res de fluorophophaste Ven
mhanhaae Verres de fluorool

s Id: fluorophophaste

hophas es de flu
NZCEg 4 h s de | haste
thophaste de flu

s de fluorophophaste

NZCE10 270 °C 6 h

60%NaP03-37.5%2ZnF2-0.5%CuCI-2%ErF3

NZCE11l 8h

It can clearly be seen that the annealing treatmmandifies the coloration of the obtained glasses.
This colour modification is related to a shift dfsarption bands, and possibly to the appearance of
plasmonic effects under heat-treatment.

Fig. 1 shows the XRD pattern of the obtained NZ@ERs as an example.
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Fig. 1: XRD spectrum of the NZCEO glass

The observed spectrum pattern clearly shows the@rmas character of the glass. Notably the
Znz(PQy),, which is the stable form of zinc phosphate clystanot observed, confirming the
vitreous state of the samples. If copper or sodNiRs were assumed to exist inside this glassy
matrix, the absence of a crystalline peak (espg@al?® = 43.6° for the (111) reflection of metallic
copper) is certainly due to the low concentratibthese potential NPs arising from the reduction of
Cu" and Ndions to metal.

The thermal stability of a glass system with respeccrystallization can be defined as the
temperature rangsT = T, — T, (the difference between the onset of crystallorali, and the
glass transitiontemperatufig). Characteristic temperatures, namgjyandr,, were measured by
DSC analysis (TA instruments DSC 2010) at a heatiteg of 10 °C.mit, with a typical sample of
10 mg. The differencdT has frequently been quoted as a rough indicatgiass thermal stability
against crystallization [3]. According to this eriton, a smaldTmeans that, in the molten state
beyondT,, nucleation and crystal growth promote fast déigaition. The refractive index was
measured using a metricon-type refractometer.

Infrared transmission spectra of the polished giassples, having thicknesses around 2 mm, were
recorded at room temperature using a BRUKER VECTD§ctrophotometer operating between
2500 and 8000cih and absorption spectra were obtained using arPEtkier Precisely Lambda
1050 UV-VIS-NIR spectrophotometer operating betw2eé and 2500 nm.

Transmission Electron Microscope (TEM) observatiasgse performed using a FEI Tecnai G2 20
instrument operating at 200 kV, coupled with Enebggpersive X-ray Spectroscopy (EDS)

measurements for chemical identification. Befonmalgsis, carbon membrane-supported nickel



TEM grids were covered with powder grains from fimely-ground glass. A 3nm carbon film was

then deposited onto the grid to achieve bettettr@leconduction.

3. Results and discussion
3.1. Thermal properties and refractive index
The glass matrix chosen for this study was NZCE€,0SC curve of which is shown in Fig. 2. The
glass transition temperature was evaluated at 23 and the thermal stability rang& (T, —
T,) exceeded 130°C, which expresses good thermalligtabefore devitrification [5]. The
refractive index (n) was 1.503 at 632.8 nm and L &91550 nm. The results are presented in Fig.3.
The experimental results (points in Fig.3) arefltusing Sellmeier’s dispersion equation [13]:
n?(A) =1+ S—AZ (D

A2 — 22
The experimental values of the refractive index 8etimeier’s coefficients (S arig) are shown in

Table 2 Fig.3 shows that there is a good agreement bettireeexperimental data and the fit.

Table 2: Experimental values and fitting valueshef
refractive index

Experimental points _ o
Sellmeier’s coefficients

A (nm) n
632.8 1.503 £+ 0.002
825.0 1.497 + 0.002 S 1.196 £ 0.001
1311.0 1.492 + 0.002 Ao (nm) 117.563 + 0.206

1551.0 1.491 £ 0.002

0,0 155

] % Experimental points
0,2 —— Sellmeier's fit

1,54
-0,44
1,53
-0,6

08 1,521

T =230°C

41,0 1,514

Heat flux (W)

'1:2'
1,50 4

1,44

1,491

T T T T T T T T T T T T T T T T T
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

T(°C) 400 600 800 1000 1200 1400 1600
A m)
Fig. 2 DSC curve of NZCEO Fig. 3 Variationin the refractive index according to

the wavelength fitted with Sellmeier’s dispersion



3.2. UV-Visible-NIR spectroscopy

Fig.4 and Fig.5 illustrate the optical absorptigecra of glasses in the UV-Visible and near IR
domains, for the two annealing temperatures of 25Gand 270 °C respectively and for various
annealing times. The absorption spectra exhibiteh EF* characteristic transitions from the
ground stat€lys,2to the excited stateXisp, *Gor, *Guuz *Gora Faz “Fsiz,Frra, “Hivz » *Sarz,*Forz,
Yos, “l112and 13 These narrow peaks are centred at about 356,334,406, 441, 450, 486,
520, 542,650, 800, 970 and 1530 nm [14-16]. Taldb@vs the wavelengths corresponding to the

different transitions, compared to those founchim literature.

Table 3 Wavelengths corresponding to the different absonptiiansitions of Ef

o Literature
N° Transition Wavelength In this wavelength with
work (nm)

reference (nm)
01 150 =K s 356 360 [16]
02 N1512~'Gora 364 364.9 [15]
03 15-"G11 378 378.79 [16]
04 *157°Gopp 406 406.5 [16]
05 152" Farz 441 4425 [15]
06 15~ Fs)2 450 450.45 [16]
07 152 Fap 486 487.81 [16]
08 15227 H11 520 520.83 [16]
09 15-'S5p 542 545.6 [15]
10 15/ "For 650 651.5 [16]
11 152 o1 800 800.03 [16]
12 N1s>112 970 975.61 [14]
13 N 152131 1530 1526.02 [14]

Apart from these latter peaks, which remain stalfter heat-treatments, spectacular changes in the
shape of the absorption spectra can be observethokbr annealing temperatures. This colour
change results from copper and sodium reductior. yEtlow-green coloration can be attributed to
the formation of sodium NPs, while the red-brownocation is more related to copper NPs, as
reported in the literature [17, 18]. The amountexfuced sodium should be rather small, as should
the corresponding amount of oxygen or fluorine. iBical reduction may arise from Cor from
reducing impurities that are common in fluoridesgldatches. The following observations support

the hypothesis of NPs formation:



- As shown in Table 1, changes in transparencycahour are observed according to the
temperature and duration of the annealing process.

- We note the appearance of an absorption band at#i@s reported by E. Kolobkova and
N. Nikonorov [17]; sodium NPs are evidenced by tlosvn absorption band in the 400-450
nm region, which is induced by the surface plasmesonance.

- There is high absorption at wavelengths lower th8@ nm, particularly for the samples
annealed at 270°C for 6h and 8h, (Fig. 5). In paldir, the absorption peak near 560 — 570
nm is likely to correspond to the plasmon resonaria®pper NPs [18-23].

- The absorption coefficient of the NZCE10 samplalsost constant at wavelengths ranging
from 300 to 590 nm. This could be explained bysatiration of the absorption due to the
strong presence of copper NPs. This is not the fomsbe NZCE11 sample heat-treated for
8h at 270°C. The image of this glass, shown in @dblevinces a mix of yellow-green and
red-brown colorations. This observation can be @xpld by the decomposition of copper
NPs, leading to a decrease in copper NPs concemtrabd a subsequent decrease in the

absorption coefficient. For this reason, no absomptsaturation was observed for the

NZCEllsample.
] | ——NZCEO not annealed 14 :_ .
e e e
! 1 oo h NZCE10: 270°C, 6h
. : | ——NZCE7:250°C, 8nh 10 . ——NZCE11:270°C, 8h 2
H,E 12-: ' 8 H'E , 15
= 1 : 61 L 204 : 1
° 104 ! 4 o : 10
e : ! 2 @ | 5
£ 8 | - S 15 !
© : s 400 500 /690«’ © | s .
3 ! 7 . S i .
64 ' - ' L -
S | . e S 10 I ' . e
=3 - i’ = oL -7
o 44 A / J :5 : - ///
(%2} A /4 - 173 /V ’//
2 ! - 2 s X e
24 - ‘ ‘
X / .- - e -
0 I T T T T T T T T T T T T T 0LZ
400 600 800 1000 1200 1400 1600 00 600 500 1000 1200 1400 1600
A (nm) A (nm)
Fig. 4 Variationin absorption depending on Fig. 5 Variation in absorptiodepending on
annealing time at 250°C. annealing time at 270°C.

3.3. IR transmission (FTIR)
Fig. 6 shows the FTIR spectra of undoped 60mol%Naftnol%Znk, glass (NZ) and doped glass
(NZCE).The FTIR spectra allowed us to determinelBh@bsorption edge of the studied glasses. It

was estimated to be of the order of g2, corresponding to the first overtone of the Piation,



as already reported for fluorophosphate glasses A6jvide absorption band due to OH was
observed around 3300 nm.

100

——NZCE 3.65 mm
—NZ  354mm

40

Transmmittance (%)

T T T T T T T T T T T
1500 2000 2500 3000 3500 4000 4500

A (nm)

Fig. 6 FTIR spectra of NZ and NZCE glasses

3.4. SEM and TEM analyses

ASEM image of the cross-section of a cut edge o€CEZ0glass is shown in Fig.7. Submicronic
nanoparticles can clearly be seen inside the glasgle. They consist of relatively well-dispersed

0.5um-sized patrticles surrounded by smaller NPs wigdmditers of less than 100 nm.

18 44 SEI

Fig. 7. SEM image of @ross-sectionf the NZCE10
glass

The elements present in the glass sample wereifiddnising the energy-dispersive spectroscopic
(EDS) technique with the TEM microscope. Fig.8 shaive EDS spectrum of NZCE10, which
confirms the presence of the starting elementse Nwdt the presence of Ni and C is related to the



grid substrate used for TEM measurements. Combm#dthe above XRD patterns, the samples

are further proven to be NZCE in their composition.
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Fig.8 EDS spectrum of the NZCE10 glass

TEM observation showed relatively well-dispersedhigg of about 5um in diameter. One

representative particle was selected and analysagreement with the above EDS spectrum.

1 pm

Nanocrystallite

Fig.9: Dark field TEM image of a powder grain of NZCE@dRss



The grain image (Fig. 9), taken in dark field mosleows the presence of a nanocrystallite, which
could not be completely analysed and identifiedesithe grain was subjected to strong mechanical

and thermal variations under electron beam radiatio

3.5. Judd-Ofelt analysis
In this section, the intensity parametéts (t = 2, 4, 6) and spontaneous emission probaislitf
Er* ions in the glass are determined by applicatiorthef Judd-Ofelt theory [24, 25] to the
oscillator strengths deduced from absorption spedthe calculation procedure has been widely
described in the literature. The most essentiahidae are recalled below. The experimental dipole
line strength of a transition between two statea single ion is related to the absorption spectrum
through the relation:

, 2
Sm = 4me, 32;(3222301) n (nzi 2) J-O'(ﬂ.)dﬂ. (2)
whereg, is the vacuum permittivityy is the Planck constant,is the velocity of light and is the

electron chargel,, j andn are respectively the centered wavelength of tleeifpd transition, the
total angular momentum of the ground state andr¢fractive index corresponding ig. (1) is
the absorption cross section given by:

2.303D0o(1)

oM =N

(3)

Io(4)
I(A)

whereDo is the optical density Do(A) = —log( )), N is the E¥* ion concentration and is

the sample thickness.
The theory developed by Judd [24] and simultangdugiOfelt [25] has been established for forced

electric dipole transitions within thef configuration.The theoretical electric dipole lisgengths

of such transitions between two statgs/) and|S L"J ) are expressed as a function of the

intensity parameter®, and the doubly-reduced unit tensor operd{cs/||U®@||s L 1 )",

calculated as follows:

, s 2
Sea = Z Qe|(SL|u®]||s L ] )| 4)
t=2,4,6
The oscillator strengths are related to the dipokestrengths through the relations:
2

fm = 47'[80 mf O'(/l)dl (5)
3 8m?mc n? + 2\’ S 43S .
fcalc - 3h/10(2j + 1)7’12 n 3 ed TN Oma ( )



The three intensity parameter® {) include radial integrals, odd terms of the criydteld and
perturbation energy denominators. These parameatagbe regarded as phenomenological,
characterizing the radiative transition probala@btiwithin the4f™ configuration in a specific
environment. They enable us to calculate emissimbgbilities and to predict other important
radiative properties for the materials, such agata@ lifetimes and branching ratios. These
parameters are usually determined from a leastreditdo the values of the experimental oscillator
strengths using Eq. (4).

The quality of the fit is expressed by the magretwd the root-mean-square deviation (RMS),
defined by:

RMS = JZ(fcalc - fm)z (7)

p—3
wherep is the number of observed transitions of the giigor spectrum3 stands for the number
of adjusted parameters in the fit, gpg.and f,, are respectively predicted and experimental
oscillator strengths.
The total spontaneous emission probability fromekeited stat¢ ~ to the ground state including
the contribution from electric and magnetic dipwnsitions, is given by:
Ay = 64m3 e? [n <n2 + 2>2 S +n3s ] @)

3h(2] + 1)A3 4me, 3 ed md

wheres,,; is the magnetic dipole line strength defined by:

2

h A
Sma = (gs) HSLINGL+29)11S” L7 ] )P ©)

The radiative lifetime, of the excited statg” is simply related to the total spontaneous emissio

probabilityA”f by:

1 )
=g with 4y =]Z A (10

J''being the intermediate states lying betwgand].
The branching rati,;- ;- - corresponding to the emission from the excitectll¢v to level

]~ intermediate betweeh” and the ground stafeis easily estimated by:

A A 11
By y —T—TR 1 (11)

Among the transitions observed in the absorpticgcspm from the‘*115/2 (Er") ground state to

other states of théf!! (Er") configuration, taking into account the selectiares, only the
*Iis/2 = *Li3and the*l;s,, —» *Kjs ;transitions exhibited a magnetic dipole characiére

intensity parameter® , were then adjusted by a least squares procedunénizing the sum of



squares of the deviations between the measuredhandetical dipole line strengths [24, 25]. The

experimental dipole line strengths are comparet waiculated ones in Table 4.

Table 4 Experimental and predicted oscillator strengthsEof optical
transitions in NZCE glass (2 mol% EJFiqis the mean wavelength of the

transition in nmpn is the refractive index.

Transition Ao (nm) n fm (1079) f caic(107%)
15 — Kasi 356 1.537  0.17(ed+md) 0.54(ed+md)
Y152 — ‘Gopa 364 1.535 1.58 1.49

Y152 — “Guup 378 1.531 12.48 12.53

152 — *Gopp 406 1.525 0.68 0.64

Y152 — Fap 442 1.519 0.08 0.29

152 — “Fs 450 1518 0.34 0.49

152 — ‘Far 486 1513 1.86 1.80

152 — Higp 520 1.510 7.02 6.98

152 — “Sai 542 1.508 0.41 0.40

152 — “For 650 1.502 2.03 2.10

N5 — Yo 800 1.498 0.45 0.38

N1s2 — “lia 970 1.495 0.56 0.51

N1si2 — “lizi 1530 1.491  1.82(ed+md) 1.56(ed+md)

The set of calculated intensity parameters fdf BrNZCE glass is:

Q, = (4.35 + 0.08) X 1072%¢m?

Q, = (1.87 + 0.12) X 1072%¢m?

Q¢ = (1.08 + 0.08) x 1072%¢cm?

The accuracy of the fit given by the RMS deviatioalculated a$.11 x 107° here, is consistent
with that generally obtained for glasses.

The calculated intensity parameters fof'En NZCE glass are shown in Table 5 with those
obtained for some other host materials for comparidhese parameters depend on the host glass
composition. As established by Jargensen and Reigf26], the 2, parameter is mainly
determined by the covalent character of the chdmimading, whileQ?, and Q2 4 are related to the
rigidity of the host. From Table %2, ,, are the highest for the studied glass, excepttter

Q , parameter, which is larger in NPP glass [27].



Table 5 Intensity parameters of some hufstr comparison.

Glass Composition (mol%) Q (1072%m?) Refs.

Q  Q  Q
NZCE 60NaP@ 37.5Znk 0.5CuCl 2Erk 435 1.87 1.08 This work
NPP 30NgO 30PbC]  40R0s 1ErCk 3.79 013 1.21 [27]
NCE 75NaP@ 24Cak 1 Erk 225 1.01 0.80 [28]
NBE 75NaPQ@ 24Bahk 1 Erk 227 086 0.84 [29]
SBNE 59.5SiQ 20B,O3; 20NgO O0.5EpO; 3.87 154 0.72 [30]

The spontaneous emission probabilities, radiatifetirne and branching ratio calculated for the

different transitions of Ef in the NZCE glass are summarized in Table 6.

Table 6 Predicted dipole line strength®,; and S,,q4 , radiative spontaneous emission

probabilitesd.qy and A,,q, branching ratig@, and radiative lifetimes,,q of the EP*

transition fromexcitedstates t@roundstate in NZCEO glass.

Transition Sed Smd Aed Amd k frad
10~29¢m? st ms

*K1sp— “Hiwp 1.67 0.00 155.47 0.00 0.10

K 150— “Forz 0.16 0.00 43.98 0.00 0.03

%K 15— lor2 0.52 0.00 271.31 0.00 0.17

K isp— 1 0.48 0.00 369.70 0.00 0.23

K isp— 1 0.03 0.01 45.01 15.10 0.04

K 1so— s 0.19 0.02 604.09 72.13 0.43 0.630

“Gorp— Fpo 2.79 0.00 195.61 0.02 0.01

*Gerp— “Huip 0.87 0.33 104.12 43.81 0.01

*Gerp— “Forz 1.95 0.01 744.44 6.29 0.05

*Gorp— 112 0.69 0.00 767.56 1.02 0.05

*Gorp— 1312 5.42 0.00 11158.02 0.00 0.70

*Gorp— 152 0.58 0.00 2834.74 0.00 0.18 0.063

*Gr1o— “For 1.93 0.01 471.21 2.57 0.02

*Grio— “loi 0.36 0.00 178.15 0.75 0.01

*Grio— “lizn 1.22 0.02 1787.53 39.99 0.09

‘Grip— s 5.10 0.00 18288.92 0.00 0.87 0.048

’Gerp — “Hiyp 0.55 0.02 18.40 0.84 0.01



Table 6 Predicted dipole line strength®,; and S,,, , radiative spontaneous emission
probabilitiesd.qy and A,,q, branching ratig@, and radiative lifetimes,,q of the EP*

transition fromexcitedstates t@roundstate in NZCEO glass.

Transition Sed Sma Aed Ama B frad
1072%m? st ms

*Gorp — “Fop 0.12 0.19 20.75 37.04 0.02

“Gorp — lopa 0.08 0.00 30.99 0.47 0.01

I 0.46 0.04 295.82 31.13 0.12

’Gop— “lizn 0.94 0.00 1238.59 0.00 0.47

’Gop— “lisi 0.28 0.00 959.02 0.00 0.36 0.378
*Fan— “Fop 0.07 0.00 14.61 0.00 0.01

*Fan— lop 0.49 0.00 273.29 0.00 0.14

“Fan— ‘1 0.70 0.00 707.16 0.00 0.35

“Fan— ‘s 0.04 0.00 85.39 0.00 0.04

*Fan— ‘s 0.14 0.00 903.60 0.00 0.45 0.501
*Fso— “Fop 0.84 0.00 95.64 0.00 0.04

Fso— Yo 0.26 0.00 87.20 0.00 0.04

Fsn— i 0.19 0.00 113.10 0.00 0.05

Fsn— “liap 0.70 0.00 992.30 0.00 0.43

Fsn— “lisp 0.24 0.00 999.32 0.00 0.44 0.436
Fro— Yo 0.71 0.07 100.48 11.07 0.04

Fro— i 0.67 0.00 196.19 0.00 0.06

*Fro— s 0.63 0.00 473.87 0.00 0.15

*Fro— s 0.95 0.00 2323.24 0.00 0.74 0.320
Hyyo— o 1.34 0.01 72.60 0.58 0.01

Hyyo— Yl 0.45 0.05 57.60 7.25 0.01

Hyo— g 0.27 0.14 100.31 58.64 0.03

Hyyo— Yl 3.97 0.00 5232.59 0.00 0.94 0.180
“Sip— Yo 0.42 0.00 4752 0.00 0.04

‘S — e 0.09 0.00 25.42 0.00 0.02

Sy — liap 0.38 0.00 343.04 0.00 0.27

*Saro— *liso 0.24 0.00 833.51 0.00 0.67 0.800



Table 6 Predicted dipole line strength®,; and S,,, , radiative spontaneous emission
probabilitiesd.qy and A,,q, branching ratig@, and radiative lifetimes,,q of the EP*

transition fromexcitedstates t@roundstate in NZCEO glass.

. Sed Smd Aed Amd B Trad

Transition
10720¢m? s71 ms

Fop— 11 1.72 0.19 4791 5.84 0.04
o — Yz 0.41 0.00 60.57 0.00 0.05
*Fop— “lisp 1.50 0.00 1194.22 0.00 0.91 0.761
Nop— My 0.28 0.39 0.62 0.98 0.01
Nop— Hyap 0.80 0.00 36.13 0.00 0.20
Nop— HMNigpo 0.33 0.00 141.32 0.00 0.79 5.585
Moo= Yy 1.64 0.78 15.64 8.31 0.18
Nip— Yigpo 0.55 0.00 108.44 0.00 0.82 7.553
Nizp— i 1.85 0.71 79.06 33.74 1.00 8.865

4. Simulation of the spectroscopic behaviour of gper nanoparticles

The spectroscopic behaviour of a copper nanosghegevitreous environment having the same
refractive index as our samples was studied usiadinite element method. The simulation scheme
is illustrated in the Fig.10.

PML

—

Outside
environment

Absorption
region /
Copper

Fig. 10 Simulation scheme of a copper nanosphere inreots environment



The absorption cross sectiop,, can be defined by:

o _ Wabs
abs —
P:
inc

(12)

whereW,,s and P;,. are respectively the rate of energy absorbed bypénecle and the incident
irradiation defined as the energy flux of the imit wave, given by the time average of the

Poynting vector:
1
P =§Re[E><H*] (13)

The energy absorbed by the particle is then expdesg:

Wavs = [[[ Quossitv (14)
p

wherelj, is the volume of the particle a@, is the rate of energy loss in the particle

1 ] .
Qioss =§Re[/tot'E*+]wB'H ] (15)

where the total;,; current is the superposition of conduction andldsgment currents:
]tOt = O-E +j0)D (16)
Finally, the rate of energy absorbed by the pariEiwritten:

1
Waps = ng Re[(0E + jwD) - E* + jwB - H*] (17)

Absorption spectra for copper nanospheres of @iffesizes were calculated; the results are shown
in Fig.11.

A strong absorption around 590 nm is observed, Iainib that observed experimentally for
NZCE10 and NZCE11 (Fig.5).

—— 100 nm

——80 nm
—— 70 nm
—— 60 nm
——50 nm

Absorption cross-section (u. a.)

|

400 ' S(IJO ' GCI)O ' 7CI)O ' 8(I)O ' 9(I)0 ' 1000
A (nm)
Fig.11 Theoretical absorption spectra of copper nanapestof different sizes



5. Conclusions

Fluorophosphate glasses co-doped with rare earth temsition metal were synthesized and
characterized. These glasses are transparent, avlihue colour which turns to red when the
annealing temperature increases. Thermal anallgsiwssthat this vitreous matrix presents a good
thermal stability with respect to devitrificatiomhe refractive index is close to 1.5 with limited
variation versus wavelength beyond 600 nm. Observaif the UV-Visible and NIR absorption
spectra emphasizes the typical absorption bandssmmnding to Ef ions. The appearance of a
supplementary absorption band at 410 nm upon healrtent is consistent with the formation of
sodium NPs. The red coloration was attributed tppeo NPs, which magnify absorption for
wavelengths lower than 590 nm through surface pdasmesonance. The intensity parameters
(Q,,46) of the NZCEO glass were calculated based on xperenental absorption spectrum and
Judd—Ofelt theory. They were then used to determadetive spectroscopic properties such as the
spontaneous emission probabilitigs (sh), branching ratig and radiative lifetimest{,;) of the

Er**transition from excited states to ground statdis glass.
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Highlights

- Fluorophosphate glasses have been synthesized in the NaP3-ZnF2 system and have been doped
with Er3+ and Cu+.

- Copper and sodium nanoparticles have been formed into this vitrious matrix using heat

treatement.

- Spectroscopic properties have been investigated and discussed on the basis of the Judd-Ofelt

theory.



