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Analysis of optical transitions
of Nd* in YAG nanocrystallites
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A novel approach to the analysis of optical transitions iff¥ddped nanocrystallites is put forward,
based on the Judd-Ofelt analysis of luminescence transitions associated Witk 88, and
F3,>"lg;, bands. The procedure, requiring neither information ofi" dncentration nor transparent
samples, greatly simplifies calculation of branching ratios of neodyffigar>“1,. The technique seems
to be very useful in the spectroscopic assessment Btddged materials for laser and optoelectronic
purposes. The effect of grain size in nanometric ceramics on the branching ratio is considered.
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1. Introduction

Recently there has been a great interestudying optical properties of rare-earth
(RE) doped nanocrystals. These materiatghgt a number of novel interesting prop-
erties useful in designing new optoelectmdevices. Optical properties of RE doped
nanocrystals depend on preparation conditiaasvell as on structural and morpho-
logical properties of individual particlegn particular, the processes of electronic
relaxations are closely related to the sffect for very small nanoparticles (in the
1-30 nm range). This effect is associatgth the electron-phonon confinement effect
[1, 2] and may lead to inhomogeneous berdng of electronic transition linewidths,
increased lifetimes and reduction rafiltiphonon relaxation and phonon-assisted en-
ergy transfer processes.

In the present paper, an analysigpesformed of f-f transitions for N& doped

YAG nanocrystals deduced from the luminescence spectra. The effect of nanocrystal

grain sizes on optical properties of Nd:YAG was investigated.
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The Judd-Ofelt model [3,4] allows quantitative analysis of the intensities of f-f
radiative transition in RE doped crystal$ie Judd—-Ofelt theory was first developed
for liquids and gases and then successfuslgd for glasses and crystals with numer-
ous local site symmetries of active ions. Based on absorption spectra measurements,
this method allows determining empirical paramegysvhich in turn allow predict-
ing the radiative rate constants for anfytfansitions. A directapplication of Judd
—Ofelt method in the analysis of the spectra of RE doped nanocrystalline powders is
difficult because of lack of high quality alsption spectra due to scattering effects.
There are, however, several approaches using luminescence spectra to enhance the
accuracy of@2, parameters determination for’Pf5] or calculate spectroscopic qual-
ity parameters for Nt or EF*,

In the case of NH ion, one of the most important for laser applications, two tech-
niques have been described in the literature [7, 8]. Both are based on the assumption
that the probability of spontaneoesiission for various transitiofiBs "1, (J = 15/2,

13/2, 11/2 and 9/2) is determined by the intensity paramé&teasnd.2s only, whereas
the £2, parameter for which the matrix elemert/€]>* is close to 0, can be neglected.
This allows to calcuke the branching ratiogs; between’Fs;, and respectivél,
(J=9/2, ..., 15/2¥tates of N& ion from the analytical expression

(ay Xyg +by) Ay
Z(aJ’de +b;|')/1i13’

RE

(1)

IBJJ'(XNd):

2 2
where aJ,=<4F3,2HU (4)H 4IJ,> and bJ,:<4F3,2HU (6)H 4IJ,> are matrix elements of

the irreducible tensor operators of ranks 4 and 6, respectively. The spectroscopic qual-
ity parameteiXyq is defined as

Q
Xy = 4 2
oy 2)

These dependencies are universal in their character and can be used to analyze
Nd** doped glasses or other amorphous materials like ceramics, or even nontranspar-
ent media during the optimization praseof its performance. Since only thk/.(Q;
ratio is necessary for calculations, relatlvand intensities are sufficient for determi-
nation ofXyg. Moreover, there is no need to measure the concentrations>ofoNe,
which greatly simplifies the calculation procedure. The first method is applied for
absorption bands, namely the relations between*ithe>?Py, and *lg=>"l15, or
“lo=>"19;2 transitions are required [7]. This pexlure may be used only for transparent
or at least semitransparent media. For reor#parent media or for the samples not
suitable for absorption measurements, sdatieor fluorescence spectra may be used.
The relation between tH&;,>"111,, and*Fs~"113, luminescence bands is also used
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to estimateXyy value [9]. Due to the fact that tHE;,—"l,1,, transition is located
around 1.06im and thé'Fs,~"13, is located around 1.38m, obtaining real values of

the relative band intensities may prove difft as most photodetectors does not cover
both regions simultaneously. The method put forward in the present paper allows
calculating spectroscopic parameters of'Ndn by comparing luminescence intensi-
ties of two other bands.

2. Experimental

In the course of the experiments one Engystal and a series of nanometric
Y3Als0; (YAG) powders were measured. They were 1 at. % b0, single
crystal and 5.4 at. % Nd:YAG nanocrystals heated at 800, 100 and@ 20 same
material as in [6]), respectively.

All the spectra were recced in the same conditiongith a JobinYvon THR1000
1 meter spectrophotometer. A Hamamatbotomultiplier with R406 characteristics
was used together with a 1200 holographiatigg. All spectrawere corrected for
spectral responsivity of the system, by dividing acquired data by a calibrating curve.
The calibrating curve was obtained from black-body emissivity taking into account
Planck law for a specific black-body tearpture and acquisition equipment parame-
ters.

3. Results and discussion

Due to a relatively high intensity and ease of measurement in near the IR range, it
is proposed that the relation between two bafféis"l,1, at 9447 cit (hereafter

referred to ag41) and*Fs,~"le, around 11500cm(js) may be used to calculate the

spectroscopic parameter of neodymium ion. As a matter of #&tnatrix element
may be taken equal to zero for all transitions under consideration.
The intensity of luminescence may be expressed=asN,hcy where A is

a spontaneous emission coefficidwt,is a population of emitting level artety is the
energy of a transition. Dividing}, by I,, allows employing the above relation and
relation (2) to construct an analytical expression

A ﬂ.[ﬁjz_ﬂ.<H“ﬂ(‘”H>2de+<uuyfﬁ>H>2 o
R A e

v
Here /,; andl,, are intensities of thg: and j, bands respectively,,and,, are

~

A

r2 r2

wave numbers of thg andy; transitions, respectively;, andy,, are local field cor-
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rection factors for electric-dipole traitions of luminescence spectra wheres de-
fined as

B 2
n (¥ +2)
h=—g— (4)
n; describing the index of refction for a given transition.
Table 1. Matrix elements f8Fs,>111,, and*Fa,—"l9,, transitions [10]
y | Transition | A7 [en] | <|U@|? | <|U@2 | <U@))?
n| Farfug 9500 0.0000| 0.1136] 0.4104
B | Faples 11350 0.0000| 0.2293  0.0548
Despite *Fao>*111/ als0?Kys7>*F3, could influence the transition around 9550
nm but the 514.5 nm excitation line does not excitéKhe, level.
2y parameter was rejected. Transitiongt excited by 514.5 nm line where not
considered.
Denoting
| _\4
v 4
| = 22| 22 (5)
Lo\ Via ) X5

and recasting Eq. (3), one gets

)
o)

According to Table 1, <J},,“||>*= 0.1136, <|J),,®||>?= 0.4104. For the, transi-
tion <|U,,|[>? = 0.2293 and <J,,¥||>* = 0.0548.

Preliminary calculations have shown that the value oiheparameter obtained
with Eq. (6) is larger than that obtained from ¢ parameters calculated from ab-
sorption spectra, e.8ng = 2.00 versus 0.54 for Nd:YAG single crystal. It is expected
that a quantitativ&Xyy calculation would need a cortem factor, specific for a given
experimental setup. Once defindéidgould be used to corre#y for any other mate-
rial. The correction factor was derived asratio of absorption-based to emission
-based values of the spectroscopic parameters, e.g. 0.54/2.004 = 0.269% kence
= 0.269%yq. It is obvious that the correction factor is sensitive to any kind of changes
done to the setup. Nevertheless, qualitative conclusions Xkgwobtained from lu-
minescence spectra can be drawn.
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AssumingV,, = 9450 cm' and 17y2:11500crﬁ1 from the dispersion characteristics

of YAG one obtains,,=1.818 and,,=1.822. In fact, the barycenter of the band in
calculations (Eg. (5)) was evaluated by means of the expression

pil )]

Je(2)

and then recalculated to wavenumbe(d) represents the emission spectrum.

According to Eg. (3), a spontaneous 80N is required, what implies the use of
low pumping power, far from stimulategimission condition or any thermalization
effects. These effects, which may cbanproportions between respective emission
bands, are undesired.

(7)

Table 2. Calculated Nd spectroscopic parameters and branching rgjos
of respectivéF,,~1, transitions for different materidls

) 2, O Qs ,
Material 5 Xnd X'Ng | Bz | P | Bue | Bz | Ref.
[10%%nT]

020 | 2.70| 500| 0.540 ®
037 | 229| 597| 0.384 0. | 127| 564 302 [12]
1.00 | 290| 9.30| 0.312 0. | 133| 580 280 [13]
YAGsinglecrystal | goo | 320 4.60| 0.696 ®.| 107 | 50.8| 380 [14]
0
)

11.6 | 53.4| 344 [11]

034 | 2.11| 548| 0.385 12.7| 56.3| 30.3 [15]
0.35 | 2.36| 13.02| 0.181 .| 146| 61.3] 234 [16]
- - - 2.004 | 0461 06| 121 54. 2

8 3204
(NC)YAG 800°C - - — | 2352| 0541 o06] 115 533 345
(Nc)YAG 1000°C - - — | 2081] 0479 o06] 12p 545 32.9[6)
(NC)YAG 1400°C - - - 1649 0379 07/ 128 565 30.1

(Xna from £2 parameters if given in the Table or from luminescence speGigayith correction factor from luminescence spectra).
X\ calculated from luminescence spectra in present work, Xith@arameters were obtained fréu. (2) basing on literature data.

It is interesting to note that literature dataXaf are very divergent varying from
0.2 up to 0.7. It comes from Eq. (1) that ¥az> 2 even large changesXaq result in
small changes in branchingias. The error can be heestimated by the total differ-
ential equation for every parameter of Eqgs. (4)—(6). The equation

OX
AXyq = > AP 8)

P=l,1,1,2.V,1) 20,10, 2
was used to calculabsolute error with, v andn of bothy andy, bands as parame-
ters. HereAP is the measurement error of, eal.,i, Av,; andAn,; equal to 5, 10 and
0.01, respectively. The total relative err@rX{/Xnqg)*100% was calculated to be
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20.2, 29.3 and 35.3% for samples heated at 800, 1000 and¢@480d forXyy given

in Table 2. The increase in the total tea error may be due to the decreaseXgf

value. It is important to notice, however, that ¥ag> 2, even largeyg changes do

not introduce large changes 6f values. For the samples examined in this work, for
higher annealing temperatures, the spectroscopic paraXgtesystematically de-
creases due to increasing sizes of YAG grains [6]. The average grain sizes for YAG
nanocrystals were 25, 100 and 2000 nm for the samples heated at 800, 100 and
1200°C, respectively.

4. Conclusions

It was found that the observed trend of increa¥iggwith increasing temperature
of annealing of nanocrystallite ceramics is due to the increase of the grain size of
nanocrystallites. The reason why the grain size affects the spectroscopic parameter is
not clear at the moment. It is obvious tlthé grain size affects the luminescence
spectrum due to thermalisation of the, state from'Fs,. The thermalisation should
affect the’Fs), level emission in the same way, thus it should not change the relation
between the bands resulting from ssibn from that level to differeft; levels. Most
probably, the thermalisatioof the ground state statéis and the Stark levels within
that states change the sttdial distributon of electrons.

The method presented in this paper does not include cross relaxation processes re-
sponsible for concentration quenching in*Ndoped samples. The cross-relaxation
reduces the total population ¥, state but does not change the branching ratio dis-
tribution. Use of a low pumping power majiminate the parasitical process consid-
ered.

The advantage of the presented method is a possibility of using fluorescence in-
stead of absorption spectra. This simpéifithe calculation method of the branching
ratio eliminating necessity of the prep#wa of proper sample surfaces and making
unnecessary knowledge of active ions @niation. Moreover, spectroscopic proper-
ties of non- or semi-transparent materials may now be easily assessed.
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