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Optical Transition Probability of Sm3* Ions in a Polymer Optical Fibre
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We investigate optical absorption and emission spectra of Sm®" ions in Sm(DBM);Phen-doped polymethyl

methacrylate (PMMA). Based on the Judd—Ofelt theory, the optical intensity parameters are calculated to
be 25 = 13.76 x 10_20cm2, 2, = 3.41 x 10720 cmz, 26 = 4.01 x 1072° cm? from the absorption spectrum of
Sm(DBM )3 Phen-doped polymethyl methacrylate. The optical intensity parameters have been used to calculate
the total radiative transition rate (676.57s™") and radiative lifetime (1478 us) of the *Gs,» exciting state. The
stimulated emission cross-sections o;; and the fluorescence branch ratios for the 4G5/2 — SF; and 4G5/2 —SH,,

transitions are also evaluated. The analysis reveals that Sm(DBM)s Phen-doped PMMA is promising for appli-

cations in rare-earth-doped polymer devices.

PACS: 32.70.Cs, 42.70. Jk, 42.81. Qb

There has been an increasing interest in research-
ing efficient new materials for polymer optical fibre
(POF) devices because of their applications in opti-
cal communication systems and optical sensors, es-
pecially in local networks. In recent years, great ef-
fort has been taken to rare-earth-doped POFs. Nd3t,
Eut, Pr3t and Er®* ions were doped into POFs.[1—6]
Amplified spontaneous emission (ASE) was found
in Nd**-doped POFs [ and in Eu®*-doped graded-
index POFs.l8] This indicates that the rare-earth-
doped POF has the possibility to make the POF am-
plifier or POF laser. To evaluate the potential of rare-
earth-doped POFss, it is essential to study the radia-
tive properties of the rare-earth organic complexes. As
usual, the radiation properties of trivalent rare-earth
ions in host matrix can be predicted from optical ab-
sorption measurement and by using the Judd-Ofelt
theory.[”~12 In Ref. [4] the authors used the fluores-
cence spectrum to obtain the Judd—Ofelt parameters
of Eu(DBM)3Phen-doped PMMA because only a few
absorption transitions are observed with good intensi-
ties in Eu(DBM)sPhen-doped PMMA and only a few
equations for the least-squares fitting can be provided.
The 613-nm emission line is most important of the
lines in Eu(DBM)3Phen-doped PMMA.

In this Letter, we analyse the absorption and
the fluorescence spectra of Sm(DBM)sPhen-doped
polymethyl methacrylate (PMMA) developed in our
laboratory. = We obtained the electric-dipole line
strengths and optical intensity parameters of Sm®* in

Sm(DBM)sPhen-doped PMMA as calculated by the
Judd—Ofelt theory using the values of the absorption
spectrum of Sm(DBM)3;Phen-doped PMMA. The cal-
culated values of the optical intensity parameters were
utilized in evaluating the various radiative parame-
ters such as the radiative lifetime of the 4G5/2 ex-
cited state, the stimulated emission cross-sections and
the fluorescence branch ratios for the 4G5/2 — SFy
and 4G5/2 — SH; transitions. The 648-nm emission
line is most important among the emission lines of
Sm(DBM)3;Phen-doped PMMA, which the centre of
the communication window of methyl methacrylate-
based POF is about 650 nm in wavelength.

The fabrication of Sm(DBM)3;Phen-doped PMMA
include two steps. One is the synthesis of
Sm(DBM)3Phen,!*¥] and the other is the polymer-
ization of Sm(DBM)3;Phen and methyl methacry-
late (MMA). The Sm(DBM)sPhen-doped PMMA and
Sm(DBM)sPhen-doped polymer optical fibres have
been fabricated using the same method as described
in our previous paper.[* To our knowledge, the Sm3™-
doped polymer optical fibre was successfully fabri-
cated for the first time. Figure 1 shows the absorp-
tion spectrum of Sm(DBM);Phen-doped PMMA (1cm
thick slice) which measured by UV-VIS-NIR spec-
trophotometer (PerkinElmer Lambda 900). The con-
centration of Sm3* in Sm(DBM);Phen-doped PMMA
is 0.5wt.%. The band positions in the absorption
spectrum are shown in Table 1. Figure 2 shows the flu-
orescence spectrum of Sm(DBM)3;Phen-doped PMMA
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which measured by a fluorescence spectrophotome-
ter (Shimadzu RF-5301) at excitation of 476 nm us-
ing a xenon lamp. The three emission peaks corre-
spond to the 4G5/2 — 6H9/2 (648 nm), 4G5/2 — 6H7/2
(601nm) and *Gs/5 — ®Hj/o (566 nm) transitions.
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Fig.1. Absorption spectrum of Sm(DBM)zPhen-doped
PMMA. Inset: enlarged profile of the absorption spectrum
from 450 nm to 600 nm wavelength.
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Fig. 2. Fluorescence spectrum of Sm(DBM)3zPhen-doped
PMMA.

Table 1. Measured and calculated line strengths of Sm3% in
Sm(DBM)3Phen-doped PMMA (all the transitions are from

SHss).

Level A Sexpt Secale
(nm) (1072%°cm?) (10~2%cm?)

132 465 0.0311 0.1016

4Ig/9, *My5)0 491 0.0894 0.1606
4F;3/9 529 0.0203 0.0041

5F11/2 950 0.2292 0.2080

6Fy/2 1088 1.2775 1.4379

5Fr /o 1237 2.3702 2.2408

6F5 /s 1389 1.3699 1.4262

8Fy)5, OFy /s, ®Hys) 1539 5.1429 5.1377

rms(AS) = 0.1062 x 10720cm?

The experimental line strength of an electric-dipole
transition Sexpt can be calculated from the following

formula;:[14]

/k(/\)d/\

where k() is the absorption coefficient at wavelength
A; p is the Sm3t-ion concentration; e, h and ¢ are the
electron charge, the Planck constant and velocity of
light, respectively; A is the mean wavelength of the
absorption band, J is the total angular momentum of
the initial level (J = 5/2 in Sm3*), and n is refrac-
tive index, which is 1.496 for Sm(DBM)sPhen-doped
PMMA.

According to the Judd—Ofelt theory, the line
strength of an electric-dipole transition between initial

J manifold and terminal J’' manifold may be written
[14]

8m3e2) 1 [(n2 +2)?

- 2 1
P3ech2l + )nl 9 }S‘”‘P“ (1)

in the form of

S= 3 QN EUOIN TR (@)

t=2,4.6

where the elements U®) are the doubly reduced unit
tensor operators, which can be derived from Ref. [15];
12, are the optical intensity parameters, fN ¥, are the
wavefunction of the states with NV electrons in 4 f shell
having total angular momentum .J. The parameters
{25, 24, and 25 are independent of electronic quantum
numbers with the ground configuration of the Sm3*
ion. They may be regarded as the phenomenologi-
cal parameters that characterize the radiative tran-
sition probabilities within the ground configuration.
Using Eq. (1) and the values of the absorption spec-
trum of Sm(DBM)sPhen-doped PMMA, the experi-
mental line strength Seypy for the electric dipole tran-
sition can be obtained. After Seyp is obtained, the op-
tical intensity parameter {2, can be obtained by least-
squares fitting of Eq.(2): £, = 13.76 x 10720 cm?,
2, = 3.41 x 1072%cm?, s = 4.01 x 10~%cm?. The
large value for {2 indicates the presence of covalent
bonding between the rare-earth ions and the surround-
ing ligands, it reflects the large asymmetry of the local
environment at Sm3*.

To justify the result obtained, we use the calcu-
lated (2 to calculate the electric-dipole line strength
Scale of the absorption bands. The experimental
and corresponding calculated line strength data for
Sm(DBM)s;Phen-doped PMMA are displayed in Ta-
ble 1. The root-mean-square deviation between the
experimental and calculation line strengths is calcu-
lated in the usual way,

— 2-1/2
(Sexpt Scalc) ] , (3)

rms(AS) = [ N M

where N is the number of transitions and M is the
number of parameters determined. The obtained rms
value is rather large because the 6H5/2 — 6F3/2 transi-
tion is the hypersensitive transition that has the large
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line strength and the 6H5/2 — 6F3/2, 6H5/2 — 6F1/2,
6H5/2 — 6H15/2 absorption transitions overlapped by
more than 5% were treated as a single experimental
point in the fitting calculation.

The radiative transition rate A from initial J man-
ifold to terminal J’ manifold is calculated by

_ 64ne?® n(n? +2)?
T 3h(2J +1) 9
Y N GITOIN R, @)

t=2,4,6

where v is the frequency in inverse centimetres. The
radiation lifetime for the excited emission of Sm37 ion

Tli = ZAija (5)
J

can be written as

where 7; is the total radiation lifetime of the
metastable state 4G5/2 manifold J. A;; is the radia-
tive transition rate for transition fN¥; — fNw’, .
Then the fluorescence branch ratios 8 are defined by

_ Ay
> Aij

where the sum is taken over all the possible terminal
manifolds. This represents the total radiation tran-
sition rate Ar for radiation decay from the initial
manifold. The calculated radiation lifetime 7y of the
4G5/2 metastable state, the radiation transition rates
and fluorescence branch ratios of 4G5/2 — 8Fy and
4G5/2 — SH, are listed in Table 2.

B (6)

Table 2. Calculated radiation lifetime of the 4G5/2 metastable state, the radiative transition rates and fluorescence branch ratios

of 4G5/2 — GFJ/ and 4G5/2 — GHJI.

SLJ S'LJ’ A (nm) (U2))2 (U®)2 (U©))2 A(s71) 8
1G5)0 6F11/2 1460 0 0.0001 0.0005 0.4060 0.0006
6Fy/2 1198 0.0018 0.0003 0.0002 8.3368 0.0123
6F7/2 1038 0 0.0017 0.0002 3.1828 0.0047
5F5)s 953 0.0072 0.0017 0 65.244 0.0964
6Fy), 908 0.0011 0.0001 0 11.141 0.0165
SHys,0 902 0 0 0.0002 0.5888 0.0009
6F) /s 893 0.0010 0 0 10.418 0.0154
SHyy,y 795 0 0.0002 0.0018 8.4604 0.0125
SHyq )y 708 0 0.0053 0.0021 40.215 0.0594
6Hgs 648 0.0112 0.0067 0.0020 348.61 0.5153
6Hy )y 601 0.000 0.0086 0.0089 164.70 0.2434
6Hss 566 0.0002 0.0007 0 15.269 0.0226

A7 (*G5/y) = 676.57s™ 1, 7p = 1478 us

It can be seen that the 4G5/2 — 6H9/2 transition
(648 nm) is most important. The radiation lifetime
of 4G5/2 is equal to 1478 us. This value is compara-
ble with that of samarium-doped silica-glass systems
that have been used to make fibre lasers.['6] The 4G5/2
metastable state lifetime indicates that it is efficient
for laser pumping.

With values for the radiation transition rates cal-
culated above, along with the corresponding fluores-
cence spectrum (Fig. 2), the stimulated emission cross-
section o0;; is given by

Ay (N)*
b= e 7
ij 8m2n2cAN (7)

where AX and (A) are the effective band width and
the mean wavelength of the emission transition, re-
spectively. The calculated emission cross-sections for
the fluorescence transitions are given in Table 3. It
should be noted that the emission cross-section is max-
imum for the transition 4G5/2 — 6H9/2. The emission
cross-section for the 648 nm transition is of the same
order of magnitude as that for Sm3*-doped silica-glass

systems. The Sm(DBM)s;Phen-doped PMMA has the
possibility to make the POF amplifier and POF laser
in the 648 nm wavelength region.

Table 3. Calculated emission cross-sections for three transitions
of Sm(DBM)3;Phen-doped PMMA.

Radiative Transition Emission

transition wavelength (nm)  cross-section (cm?)
*G5/2 = ®Hyyo 648 2.11 x 10~21
1G5/9 — ®Hy )y 601 4.27 x 10722
4Gy5/9 — SHy /o 566 4.56 x 1023

In conclusion, the optical properties of the Sm3+
ion in the Sm(DBM)3;Phen-doped PMMA have been
studied. The optical intensity parameters were calcu-
lated by using the absorption spectrum. The radiation
lifetime of the 4G5/2 metastable state, the stimulated
emission cross-sections o;; and the fluorescence branch
ratios for 4G5/2 — 6F; and 4G’5/2 — SH . are also
evaluated. The radiation transition probability of the
Sm3* ion in the PMMA shows that Sm(DBM)3;Phen-
doped PMMA is efficient for laser excitation, which is
promising for making polymer optical active devices.
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