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Optical absorption and fluorescence intensities of Nds+ in the garnets

CaY2Mg2GesOt2 and 613GasOt2 and the biaxial crystal La2Be2Os
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The Judd-Ofelt (JO) theory was applied to interpret the optical-absorption intensities of
trivalent neodymium (Nd +) in the garnets CaY2Mg26e30~2 and Gd3Ga50~2 and the biaxial

crystal La2Be205 yielding the JO parameters 02, 04, and 06. The JO theory applied to the

F3/2 fluorescence transition in Nd + predicts a linear relation between the ratio R of the 1.06-

to 1.35-p,m fluorescence band intensities and the ratio 04/06 of JO intensity parameters. This

linearity was verified by independent measurements of R and 04/06 for a series of Nd +-doped

crystals and was'found to be dependent on the type of free-ion wave functions that were used in

calculating the required transition-matrix elements.

I. INTRODUCTION

Electric-dipole transitions responsible for the
sharp-line optical spectra of rare-earth (RE) ions in

crystals occur within the 4f configuration. Electric-
dipole transitions are parity forbidden (Laporte rule' )
if the electron responsible for the transition is in a

force field which has a center of symmetry. As Van
Vleck' first pointed out, the presence of the crystal
spectra could be due to forced electric-dipole transi-
tions, magnetic-dipole transitions, or electric-
quadrupole transitions. The first of these mechan-
isms is the dominant one in the case of crystal spec-
tra. A forced electric-dipole transition occurs when

the electric field in which the optical electrons move
lacks inversion symmetry. This occurs when a RE
atom is placed in a crystalline environment which
lacks inversion symmetry. Parity (the eigenvalue of
the inversion operator) is no longer a good quantum
number. The odd components of the crystal-field po-
tential mix opposite parity configurations (such as
4f" 'Sd, 4f" 'Sg) into the 4f" configuration. Thus a
strictly parity-forbidden transition for the free ion be-
comes weakly allowed in the presence of the crystal
field. A quantitative theory describing parity-
forbidden transitions in rare earths was introduced
simultaneously and independently by Judd' and
Ofelt4 known as the Judd-Ofelt (JO) theory.

In the JO theory the transition probability between
any two Jmanifolds

~ J) and
~
J') within the ground

4f" configuration of a trivalent rare earth can be writ-

ten in terms of three phenomenological intensity
parameters denoted by 02, 04, and 06. These
parameters are determined experimentally by fitting
the theoretical line strengths to corresponding line

strengths, measured in absorption. The JO intensity
parameters can then be used to calculate the transi-
tion probability between any pair of J manifolds, in-

eluding fluorescence or excited-state absorption tran-
sitions which are inaccessible to direct measurement
by absorption techniques. The JO parameters Q2,
04, and 06 have been measured for a large number
of RE laser materials. ' ' The most prominent rare
earth in laser applications is trivalent neodymium
(Nd3+) which yields wavelengths of 0.9, 1.06, and

1.35 p,m when doped in a variety of different hosts.
In this investigation the optical-absorption intensi-

ties of Nd + in Y3A150~2, Gd3Ga50~2,
CaY2Mg2Ge30~2, La2Be205, and YVO4 were meas-
ured. The results for Y3A150~2.Nd'+ are not listed

here since our measurements agree to within 5% with

previous work. ' In the particular case of YVO4.Nd3+

where the host material is a uniaxia1 crystal, special
consideratiop. to the directional effects of the absorp-
tion intensities had to be made in applying the JO
theory with the specific details and results being re-

ported in a separate publication. ' The experimental
data and JO fits to Nd + in Gd3Ga50~2,
CaY2Mg2Ge30~2, and La2Be205 are found in Sec. IV
of this paper.

The JO theory applied to the F3/2 fluorescence
transition in Nd3+ predicts a linear relation between
the ratio R of the 1.06- to 1.35-p,m fluorescence band
intensities and the ratio 04/06 of JO intensity
parameters. In order to verify this linearity experi-
mentally the fluorescence spectra of several Nd +-

doped crystals and glasses were measured from 1.0 to
1.45 p,m corresponding to the Fy2 'I~~~2 (1.06 p, m)
and 'Fy2 '1~F2 (1.35 pm) transitions. For a partic-
ular Nd'+-doped crystal the parameter R was obtained

by this measurement and the corresponding 04/06
factor was obtained by a JO fit of the absorption-band
strengths. The predicted linearity was found to be
dependent on. the type of free-ion wave functions
that were used in calculating the matrix elements
required in the JO line-strength equation.
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II. EXPERIMENTAL

A. Absorption and refractive-index
measurements

The Sellmeier coefficients determined by least-
squares fit are A =2.2888 and 8 =0.01455 p,m for

TABLE I. Measured and calculated indices of refraction
of CaY2MI26e30~2 at 300'K.

~meas "ca)c

4341
4358
4861
48&0.
4916
5145
5461
5771
5790
6328
6S63

1.86S9
1.&654
1.8543
1.&536
1.&531
1.&498
1.8460
1.8424
1.8424
1.8372
1.8354

1.8656
1.8651
1.8545
1.8541
1.8535
1.8499
1.8459
1.8421
1.&421

1.8371
1.8355

Sellmeier Coefficients
A =2.2888

8 =0.01455 p,m2

A Cary 17 spectrophotometer was used to measure
the absorption spectrum at room temperature from
0.3 to 1.8 p,m for the Nd +-doped crystals. The spec-
trophotometer was operated in the absorbance mode
and the integrated absorbances were measured with a
planimeter. When two or more absorption manifolds
were overlapped, the total integrated absorbance of
the manifolds was treated as a single experimental
point.

The theoretical fitting procedure used in this study,
which is described in Sec. III, requires knowledge of
the dispersion of the refractive indices over the
wavelength range of the absorption spectrum. Since
no published values of refractive indices of
CaY2Mg2Ge30)2 were available they were measured

by the method of minimum deviation. The prism
used had faces 4.5 x 6 mm with prism angle of
42' 30' measured to an accuracy of 30 sec-of arc. A
Spencer spectrometer (American Optical Company)
was used to make angular measurements, and a
helium-neon laser, argon-ion laser, mercury lamp,
and hydrogen lamp were used as light sources for 11
wavelengths from 4341 to 6563 A. The experimental
data were least-squares fit to the Sellmeier equation

n'-1+& X'/(i~2 —8) .

CaY2Mg26e30~2. The measured and calculated re-
fractive indices are tabulated in Table I, with the ac-
curacy of the indices being +0.0005.

B. Fluorescence measurements

The fluorescence intensity measurements for the
Nd3+-doped samples were made using an optical as-
sembly with a 0.5-m spectrometer (Jarrell-Ash) with
an argon-ion laser (Coherent Radiation Model 52)
used to excite the fluorescence. Detection was ac-
complished by means of an uncooled PbS detector
and a lock-in amplifier (Princeton Applied Research
Model 124).

The anisotropic samples that were studied pos-
sessed strongly polarized fluorescence spectra with m

and o polarizations exhibiting different radiation an-
gular distribution patterns. Since the spectrometer
grating sensitivity depended strongly on polarization,
it was necessary to spatially average and depolarize
the fluorescence spectra. This was accomplished by
constructing an integrating sphere out of MgO which
acted as a diffuse reflector with approximately 93%
reflectivity. The integrating sphere was constructed
actually in the shape of a box with two openings, one
to allow entrance of the pump radiation, and the oth-
er for exiting fluorescence. A sample was placed in-
side this box in such a way that no direct fluores-
cence could be viewed by the spectrometer. The dif-
fuse reflections of the fluorescence angularly integrat-
ed each component as well as depolarizing them.

The relative spectral response of the detection sys-
tem was determined by using a standard blackbody
lamp calibrated at the National Bureau of Standards.
The fluorescence scan of each of the bands (1.06 and
1.35 pm) was point by point corrected for the relative
spectral response and point by point multiplied by A..
The areas under these curves, which represented the
fluorescence intensities on a photon basis were meas-
ured using a compensating polar planimeter (KEcE
620015). The ratio of the 1.06 to 1.35 pm intensities
8 was a key experimen. tal parameter.

III. THEORY

A. Judd-Ofelt theory

In free RE ions the matrix elements of the dipole
operator vanish between eigenstates of the same pari-
ty. Hence, for a trivalent RE ion in a crystalline en-
vironment it was necessary to mix into the 4f" confi-
guration other configurations of opposite parity.
Such mixing is caused by the odd components of the
crystal-field potential which are present', for crystals
lacking inversion symmetry. For RE ions in crystals,
the JO the'ory accounts for the presence of parity-
forbidden electric-dipole transitions by the odd part
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The O~ 24 6 are three phenomenological parameters
that contain parameters from the crystal-field poten-
tial, interconfigurational radial integrals, and energy
demoninators obtained from the perturbation expan-
sion of the wave function. The matrix elements
I & I I

U'"'
I I ) I are doubly reduced unit-tensor opera-

tors calculated in the intermediate-coupling approxi-
mation, ' since the electrostatic and spin-orbit ener-
gies are of comparable strength for RE ions. In the
free-ion case the wave functions are linear combina-
tions of LS or Russell-Saunders states

i4f"JMJ) —= I4"(SL1,J) = XC(S,L,J) iSL,J), (3)
S,L

where C (S,L,J) are the intermediate-coupling coeffi-
cients. In the notation of Eq. (3), the spin and
angular-momentum quantum numbers (S,L) are not
good quantum numbers but rather are convenient la-

bels for the intermediate coupled states. The inter-
mediate coupling coefficients C (S,L,J) used in this
study were obtained by Crosswhite, "and the
corresponding matrix elements are listed in Ref. 13.

The integrated absorbance I of an electric-dipole
transition within the 4f" ground configuration of a
rare-earth ion is given byfaoo,

1
fe oo

r = a()() d)(= — ln~0 L ( 1()()
(4)

where L is sample length, I0 is the incident intensity,
and 1(X) is the transmitted intensity. The integrated
absorbance I is related to the line strength by

4' Nafh, (n +2)
3(2J+1)9n (5)

where N is the RE-ion concentration, Of is the fine-
structure constant, A. is the mean transition
wavelength, n is the refractive index of the host ma-
terial at A., and J is the total-angular-momentum
quantum number of the initial manifold. Similarly
the total spontaneous emission probability A (J,J') for
an electric-dipole transition between an excited state
I4f"J,MJ) and a lower state I4f"J',MJ) is

of the electrostatic crystal-field potential. The line
strength for a transition between an initial J manifold
I4f"JMJ) and final manifold I4f"J'MJ ) is

X &.1(4f"JMJ II U'"'114f"J'MJ) I'. (»

B. Fitting calculation

The intensity parameters 02, 04, and 06 are ob-
tained by a least-squares-fitting procedure. First the
experimental line strength S&

' is determined by the
expression

t

S() r 3(2J+1)9n
4rr2Nce ) (n2+ 2)2

(9)

which is Eq, (5) rewritten. r& is the integrated absor-
bance of the ith absorption band of the ion in the
crystal. The ion density N must be measured as well
as the refractive index n. The measured absorption
bands usually range from 0.3 to 1.5 p, m, therefore
the refractive index of the host material must be
known over this wavelength region. The factor
(n 2+)2/92n which appears in Eqs. (5) and (6) is the
local-field correction at the dipole due to the dielec-
tric. '6 For refractive indices near 2 (which is the case
for most of the crystals examined in this study) it can
be seen that slight variations in index can lead to
substantial variation in this factor. , Hence it is impor-
tant to know the refractive indices of the different
absorption band wavelengths accurately. This is ac-
complished by measuring the refractive indices of the
host material at specific wavelengths and then fitting
the resulting data by least squares to the Sellmeier
equation. Once the Sellmeier coefficients are deter-
mined the refractive index can be computed at any
wavelength.

With the value of S;(') determined by Eq. (9) we
then write out the theoretical expression for the line
strengths S&(') given by the JO Eq. (2). The equation
for calculating the reduced matrix elements that ap-
pear in S&"' is given in Sec. IVB of this paper. The
theoretical line strengths can be expressed as

and the intermanifold branching ratio between states
I4f"J,MJ) and I4f"J',MJ) is

P(J J,) A (J,J')
Xw (J,J')
J

where J and J' label the initial and terminal mani-
folds, respectively, and the sum is over all the termi-
nal manifolds J'.

n(n +2 S(JJ,)3(2J+ I) (6)

3
S(t) g U(2l) II

j 1

(Io)

where c is the speed of light. Using Eq. (6) the total
radiative lifetime of the excited manifold is

= $A (JJ')
~rad J'

where the sum is over all final lower lying states, J',

where i =1,2, .. .,N, and N is the number of absorp-
tion bands fitted. In the least-squares-fitting pro-
cedure we wish to minimize the quantity

N

X (S (e) S (t)) 2
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with respect to the parameters 02, O4, and 06. This
is accomplished by differentiating 5 with respect to
the 0& parameters. In other words

N 3

X S,"-XU;&'»n„=o,
~ O2l, -1 J-1

with I = 1, 2, 3. This leads to three equations in three
unknowns which are then solved for 02, 04, and 06.

IV. RESULTS AND ANALYSIS

A. JO At to Nd + in cubic Gd36a50$$

and CaY2M12Ge30~2 and biaxial La2Be&O5

The measurable absorption bands of Nd'+ extend
from 3OOO to 24OOO A in most crystal and glass
hosts. Measurements of the uv bands is usua11y lim-
ited by color center absorption that masks some of
the weaker bands. In our study we perform absor-
bance measurements from the uv absorption edge
out to 18OOO A for Nd'+ in Gd36a50~2, Y3A159~2,
CaY2Mg26e30~2, La28e205, and YVO4.

Since the JO Eq. (2) has no polarization or angular
details the total integrated absorbances (over direc-

tion and polarization) are required in a fit to the
theory. For optically isotropic materials (cubic cry-
stals and glasses) this presents no difficulty. The cry-
stals CaY2Mg2Ge30~2'. Nd'+ and Gd36a50t2. Nd'+ are
cubic and therefore the absorption spectrum can be
measured along any direction of the sample. For the
case of biaxial crystals such as La28e205'. Nd'+ the ab-
sorption spectrum is very complex and somewhat dif-
ferent in structure when measured along the three
crysta11ographic directions. The absorption strengths
band for band, however, stay about the same (within
5%) when measured along these three crystallograph-
ic directions. The complicated optical anisotropy
properties of biaxial crystals tend to depolarize and-
directionally average the spectra. Figure 1 shows a
comparison of three absorption bands (centered at
4300, 4700, and 6900 A) measured along the three
crystallographic directions X, Y,Z of a 1-cm cube of
La28e20q. Nd'+. (The strength of these absorption
bands vary no more than 5O/o along the three crystal-
lographic directions X, Y, Z.) Therefore as in the case
of cubic crystals the absorption spectrum may be
measured along any crystallographic direction and ap-
plied to the JO theory without much error. The best
procedure is to simply average the absorption
strengths of each band over the three directions,
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FIG. l. Absorption spectrum along the E, j;Z crystallographic axes of a 1-cm cube of La28e205'. Nd +. I- is the sample length.
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nz =1+2.2888 h. /(k' —0 01455) (13)

where X is measured in p, m. For Gd3Ga5012 and

Y3A15012 we use the Sellmeier equations from Ref.
17. They are

n2 =1+2.7382 h2/(k~ —0.017 55)

n2 = 1 +2.277 9 X2/(k2 —0.011 42)

(14)

(15)

respectively.
For La2Be205, n vs X. were taken from Jenssen

et al. ' who report refractive indices n„, n„, and n,
(x, y, and z correspond to the three c'rystallographic

directions) from 0.6 to 2.0 p, m. These data were fit
to three Sellmeier equations resulting in

n~~ = 1 +2.7990 ii2/(X2 —0.018 75)

n~~ =1 +2.9268 it /()2 —0.01918)

n, =1+3.0725 lt'/(lt —0.01950)

(16)

(17)

(18)

For a uniaxial crystal such as YVO4'. Nd + this
averaging procedure cannot be blindly applied. Cer-
tain conditions must be met if the procedure is to
give meaningful results. For this reason the JO fit to
YVO4'.Nd + is treated as a special case in a separate
publication. '

Literatures values for refractive indices were avail-

able for all of the crystals except CaY2Mg2Ge3012
which were measured and are listed in Table I. The
resulting Sellmeier equation is

With these Sellmeier equations the factor
X = (n' +2)'/9n (local-field correctinn at the dipole
due to the dielectric) was computed for each absorp-
tion band of Nd'+ in the various hosts.

In the particular case of La28e205.'Nd'+ an effective
X was calculated which was the average of X Xy X,
calculated with the corresponding indices n„, ny, n, .
As mentioned before, the weak absorption bands
shown in Fig. 1 have the same strengths with 5%
along the three directions. Stronger bands, however,
were not measured since the ion density and path
length of the La2Be205 cube were such that the ab-
sorbances were too high for meaningful measure-
rnent. A wafer of La2Be205.'Nd + of 0.108 cm length,
oriented along the X axis, was used for the stronger
absorbances. For stronger absorbances it is expected
that the differences with crystallographic direction
would be small as in the case of the weak bands.

The integrated absorbances were measured with a
compensating polar planimeter (K&E 620015) after
Fresnel reflection losses were subtracted from the ab-
sorption curves. When two or more absorption man-
ifolds were overlapped, the total integrated absor-
bance of the manifolds was treated as a single experi-
mental point. The integrated absorbances were can-
verted to line strengths by Eq. (9) and then used in

the JO fit given by Eq. (12). The required reduced
matrix elements were taken from Table I of Ref. 13.
Tables II, III, and IV tabulate the integrated absor-
bances and corresponding measured and calculated
line strengths for Nd'+ in Gd3Ga5012,

TABLE II. Absorbances, measured S, and calculated S, line strengths for Gd30a5012'. Nd + at 300'K.

Excited state

)4f"[S',L '],J') Z (A) Ja(~) dc (aS)2

4

'I15/2

F3/2
4 2

F5/2, H29/2
4 4

F7/2, S3/2
4

F9/2

2H211/2
4 2

G5/2 G 17/2
4 4 2

G7/2 G9/2, K]3/2
2 2 2G 19/2 D3/2 K15/2
2 2

5/2~ 1/2
4 4 2

D3/2 D5/2, I11/2
4 2 2

1/2 15/2 I13/2
4 2

D7/2 L17/2

24 000
16 000

8 800
8 050
7 450
6 800
6 250
5 850
5 250
4 700
4 350

3 500

47.60
67.13

237.29
194.63
17.12
4.88

131.70
78.60
23.19
4.76

74.09

0.299
0.759
2.927
2.586
0.248
0.076
2.201
1.452
0.474
0.104

1.941

1.709
0.166
0,947
2.687
2.563
0.177
0.047
2.222
1.185
0,287
0.141

2.060

0.0178
0.0351
0.0574
0.0005
0.0051
0.0008
0.0004
0.0715
0,0349
0.0013

0.0142

. 'In units of 10 cm2. "Sample length 0,491 cm,
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TABLE III. Absorbances, measured S~, and calculated S, line strengths for CaY2Mg26e3012. Nd + at 300'K,

20

Excited state

~4f"[s' L'] J'] X (A) fa(x)dx S' Sa (aS)2

4

4
115]2

F3]2
Fs/2, H 29/2

4 4
F7/2 S3/2

'F9]2
H 211/2

Gs/2, G17/2
4 4 2

G7/2p G9/2 K13/2
2 2 2
G19/2. D3/2 is]»

4

2 2
Ds/2 P1/2

4 - 2 2
D1/2, 15/2, 13/2,

4 2
D7/2 L 17/2

24 000
16 000

8 800
8 050
7 450
6 &00

6 250
5 840
5 240

4 680
4 320

3 500

137,13
215.79
845.07
662.91

53.10
11.86

547.37
270.86

78.80
13.83

208,66

0.270
0.768
3.285
2.781
0.244
0.059
2.912
1 ~ 599

0.514
0.097

1.783

0.200
0.917
3.010
3,047
0.205
0.055
2.937
1,269

0.300
0.129

1.943

0.0050
0.0221
0.0761
0,0710
0.0015

0.0006
0.1092

0.0455
0.0010

0.0255

'In units of 10 cm2. Sample length 0.213 cm.

CaY2MI26e3012, and La26e205, respectively. The JO
fit to Y3A15012.'Nd + has been previously reported'
and since our measured absorption intensities for this
crystal are essentially the same we refer the reader to
Ref. 5. For Gd36asO12.'Nd + however, there are
some discrepancies in thc reported 0& parameters. '
Table V lists the 0& parameters obtained by the

present study and includes those for Y3A15012.'Nd +

for comparative purposes. Also listed are the param-
eters for YVO4'. Nd'+. Finally the table contains two
sets of parameters for Gd36a5012'. Nd'+ obtained by
others. Our measurements confirm the results of
Ref. 9.

From Table V it is seen that the 02 intensity

TABLE IV. Absorbances, measured S~, and calculated S, line strengths for La2Be205.Nd + at 300'K.

Excited state

~4f"[s',L'],J'] ~ i (A)

T

fa(z) dz Sm S (aS)2

l13/2
4

115/2
4

F3/2
4 2
Fs]2 H29

4 4
F7/2 S3/2

4
F9]2
H 211/2

4 2
Gs/2 G17]2

4 4 2
G7/2, 9/2, 13/2

2 2 2G 19/2~ 3/2i 15/2
4

G11/2
2 2
Ds/2 ~1/2

4 4 2
D3/2~ D5/2~ I11/2~

4 2 2
D1/2 15/2 13/2

4 2
D7]2, L17/2

24 000
16 000

8 800
8 100
7 500
6 850
6 300
5 850
5 250

4 750
4 320

3 480

55.10
264.09
719,15
611.30
38.25
11.07

607.62
264.78

58.42
12 ~ 10

200.44

0.169
1.478
4.360
3,990
0.272
0.085
5.012
2.411

0.582
0.131

2.576

0.273
1.338
4.214
4.186
0.284
0.076
5.049
1.874

0.429
0.192

2.865

0.0174
0.0197
0.0214
0.0383
0.0002
0.0001
0,0013
0.2887

0.0233
0.0037

0.0835

n units of 10 cm . Sample length 0.108 cm.
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TABLE V. Intensity parameters for Nd + at 300'K (units
of 10 cm ).

Host Reference

Y3A 150)2.'Nd

YA103.Nd
CaY2Mg2Ge30&2. Nd

La2Be205'.Nd
YVO4'. Nd

Gd3Ga50)2. Nd

Gd3Ga50(2. Nd

Gd3Ga50~ 2'.Nd

0.2
1.24
0.93
2.11
5.88
0.05
0
0

2,7
4.68
2.94
4,39
4.08
3.25
3.3
3.7

5.0
5.85
4.41
6.04
5 ~ 11
3.66
3.7

. 3.7

5

12
this work

this work
13

this work
9
10

parameter varies a great deal more from host to host
than do the parameters 04 and 06. This variation of
02 is due to so-called "hypersensitive transitions. "'

Most of the f f transitions of the trivalent rare
earths have intensities which are not greatly affected
by the environment of the ion. A few, however, are
very sensitive to environment and are therefore
called hypersensitive transitions. It has been noted
that all known hypersensitive transitions obey the
selection rules

~
5J (

«2,
) 51. (

«2, and S =0 and that
these are just the selection rules on the reduced ma-
trix element (( ( U 2

( (). Hence it is concluded that
hypersensitivity is a peculiar sensitivity of 02 to the
environment and therefore any transition with an in-

tensity dominated by the value () ) U '
) )) is hypersen, -

sitive. Several theories both quantitative and qualita-
tive have been put forward to explain this phenome-
na. ' We will not discuss these here but rather simply
note the significance of the 02 parameter in laser
design.

Only the transition "I9/2 65/2 depends strongly
on the matrix element () ) U '

) )). For this case
I (I I

U"'
I [) [ =0.898, while in all the other absorptions

)([) U'" ()) )
is less than 0.075. Hence the'19/~ 'G5/2

transition in Nd + is hypersensitive and furthermore
the parameter 02 will be determined almost entirely

by the strength of this band. Inspection of Table V
shows that YVO4Nd'+ has the largest 02 parameters
and this is due to its relatively stronger I9/2 6'5/2

absorption band. The size of the 02 parameter is im-

portant in determining the pumping efficiency of a .

Nd + laser crystal at the wavelength of the
I9/2 65/2 transition, 5800 A. Since the solar spec-

trum peaks near 5000 A, YVO4.Nd + would be more
efficient in a solar-pumping scheme than the other
hosts in Table V, particularly Y3A150~2.Nd'+ its main
competitor. Thus YUO4.'Nd + would be a better
solar-pumped laser candidate for space applications
than Y3A150~2'.Nd +. YVO4'.Nd + would also be more
efficient than Y3A150~2 when pumped by a dye laser
(Rhodamine 6G).

Ar(J, J') =Ha(J J') + ANa(J, J') (19)

where AR and ANR refer to the radiative and nonradi-
ative rates from J to J', respectively. This is
equivalent to writing

1 1 1+
T ~R rNR

(20)

where v is the observed fluorescence lifetime of level
Jwith ~R and ~NR are the radiative and nonradiative
lifetimes, respectively. The radiative quantum effi-
ciency (henceforth referred to as the quantum effi-
ciency) is given by

AR
vl

AR+ANR ~R
(21)

Our basic assumption in estimating the Nd3+ con-
centration N of the samples is that the F3/2 level de-

cays entirely by a radiative pathway implying that
ANR =0 and q = 1. This enables us to establish an

upper limit on the absolute values of the 0& parame-
ters. (Clearly the quantum efficiency cannot exceed
unity. ) This approach was taken because of the
prohibitive cost and sometimes unreliable results of

We now use the JO intensity parameters calculated
from the absorption spectrum to compute fluores-
cence transition probabilities for these Nd'+-doped
crystals. The only excited J manifold that is not re-
laxed predominantly by multiphonon processes is the
F3/2 manifold. This manifold fluoresces in four

bands centered at 0.88, 1.06, 1.35, and 1.8 p,m
corresponding to transitions from F3/2 I9/2 I]]/2,

1)3/g and 1~5/2, respectively. Using Eq. (6) the tran-
sition probabilities of these four bands can be
evaluated and subsequent application of Eqs. (7) and
(8) yield the radiative lifetime and branching ratios of
the metastable F3/2 level. Inspection of Eq. (5)
shows that the 0& parameters depend on the experi-
rnental absorption intensities through a constant
which contains the ion concentration N. Hence the
absolute values of the 0& reflect the accuracy of the
concentration. For dilute systems (where ions are
doped as impurities in a lattice at very low concentra-
tion) the ion concentration is very difficult to meas-
ure accurately. Most workers claim an accuracy of
+15%, however, this estimate may be question-
able. ""The principal techniques used in the deter-
mination of N are x-ray fluorescence, electron mi-
croprobe, emission spectroscopy, and wet chemical

-analysis. In this study the values used for the Nd'+
ion concentration in Gd3Ga50~2, CaY2Mg2Ge30)2,
an& La28e205 were obtained by equating the radiative
lifetime of Eq. (12) to the measured concentration-
independent fluorescence lifetime. Before explaining
this procedure we define the pertinent quantities.

The total transition rate AT from an excited mani-
fold J to a lower manifold J' is given by
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TABLE VI. Fluorescence properties of Gd36a50]2.'Nd + at 300'K. Total radiative rate =4000
sec ',

Transition
~ (J,J')'

Transition rate (sec ) v(p, sec) Branching ratio

4 4
F3/2 9/2

4 4
3/2 I]]/2

4 4
F3/2 113/2

4 4
F3/2 I]5/2

1740
1821
428

11

575
549

2 336
90 910

0,435
0.455
0.107
0.003

'Based on N =5.45 x10' /cm and q=1.0.

determining N by the methods previously mentioned.
With an upper limit of the 0& parameters established
the next step would be to measure the nonradiative
transition rate from level J' and thereby obtain the
correct quantum efficiency and the correct radiative
transition rate.

The nonradiative transition rate from an excited
level can be due to: (a) multiphonon emission which
is due to interactions of ions with crystal lattice vibra-
tions; (b) ion-ion interactions which become dom-
inant at higher concentrations. At a low enough con-
centration the ions become sufficiently separate that
ion-ion interactions are negligible and the only nonra-
diative relaxation mechanism is multiphonon emis-
sion. Below this concentration the fluorescence life-
time remains constant and hence is concentration in-
dependent. This is the meaning of the concentration-
independent fluorescence lifetime referred to previ-
ously.

The intensity parameters listed in Table V and the
line strengths listed in Tables II—IV were obtained
from ion concentrations extrapolated from the con-
centration-independent fluorescence lifetime assum-
ing a quantum efficiency of unity. The concentration-
independent fluorescence lifetimes for Nd'+ in

Gd3Ga5O]2, CaY2Mg2Ge30]2, and La2Be205 are 250,
298, and 150 p,sec, ' respectively, leading to ion

concentrations of 5.45 x 10'9/cm3, 1.84 x 10 /cm,
and 1.06 x 10'0/cm', respectively.

In order to use Eqs. (6), (7), and (8) the
F3/2 I9/2 I]]/2 I]3/2 l]5/2 transition matrix ele-

ments, mean transition wavelengths ~., and refractive
indices n (X) are needed. The matrix elements were
taken from Krupke' and the values for A. were taken
from Koningstein" for Nd + in Y3A150]2 since the po-
sitions of the centers of gravity of the IJ and F3/2
manifolds do not vary much from crystal to crystal. 24

The refractive indices were taken from the previously
given Sellmeier equations.

Using the 0& of Table V the fluorescence transi-
tion probabilities and branching ratios for Nd'+ in

Gd3Ga50]2, CaY2Mg2Ge30]2, and La2Be205 were cal-
culated. The results are listed in Tables VI, VII, and
VIII, respectively. We include in Table IX the
fluorescence properties of Y3A150]2.'Nd'+ taken from
Ref. 5 for comparison.

A lower limit for the 0& of Nd'+ in

CaY2Mg2Ge30]2 and La2Be205 was established by as-
suming a maximum ion concentration in each crystal
based on the percentage of Nd + placed in the melt
when the crystal was grown. These data were not
available for the Gd3Ga50]2 sample used. For
La2Be205 the percent atomic concentration of Nd +

placed on the melt when the crystal was grown was

TABLE &II. Fluorescence properties of CaY2Mg26e30]2. Nd + at 300'K. Total radiative
rate=3355 sec '.

Transition
~ (J,J')

Transition rate (sec ) Branching ratio

F3/2 19/2
4 4

F3/2 ]]/2
4 4

F3/2 I]3/2
4 ~4

F3/2 I]5/2

1318
1620
407

10.4

759
617

2 457
96 154

0.393
0.483
0.121
0.003

'Based on N =1.84x10 /cm and g=1.0.
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TABLE VIII. Fluorescence properties of La2Be205'.Nd + at 300'K. Total radiative
rate =6671/sec.

Transition
w {J,J')'

Transition rate (sec ') Branching ratio

4 4
3/2 9/2

4 4
F3/2 111/2

4 4
3/2 13/2

4 4
F3/2 115/2

2716
3160

776
18.8

368
317

1 289
53 192

0.407
0.474
0.116
0.003

'Based on N =1.06x10 /cm and q=1,0.

1.2at. %. The ion concentration is calculated as
follows. The lattice parameters for La2Be205 are '
ap = 7.536 A, bp =7.348 A, and cp = 7,439 A with the
unit cell being monoclinic with a volume of
V = apb pep =4.12 x 10 cm . There are four chem1-
cal formulas of La28e205 in each unit cell and the
Nd3+ ions substitute for the La atoms which are of
comparable size. Therefore if every La atom is re-
placed by an Nd + ion the concentration would be

Nd + 8 =1.942 x 10
cm' (4.12 x 10 "cm') cm'

In our case only 1.2% or 0.012 of the atoms are re-
placed yielding an ion concentration of
2.33 x 1020/cms. Using this concentration the lower,
limit of the 0& parameters for La2Be205.'Nd'+ are
found to be 02=0.95 x10 cm 0 =1.99x10 2

cm, and Q6 ——2.73 x 10 cm with the lower limit
of the quantum efficiency being q =0.453.

Similarly for CaY2Mg2Ge3012. 'Nd'+ we know that
the percent atomic concentration added to the melt
was 6%. CaY2Mg26e3012 has a cubic garnet structure
like Y3A15012 and this becomes clear when its chemi-
cal formula is rewritten CaY2Mg2(Ge04)s. The struc-
ture of the unit cell is body centered with lattice

0
parameters ap = bp

= cp = 12.29 + 0.03 A as deter-
mined by x-ray diffraction analysis. ' The volume of
the unit cell is therefore

V=apbpcp=1. 856 x10 " cm', with eight chemical
formulas of CaY2Mg2(Ge04)s in each shell. The
Nd'+ ions in this case substitute for the yttrium
atoms and therefore the 6 at. % concentration is
given by

Nd + (16 x 0.06)
5 17 „10

cm (1.856 x 10 "cm ) cm

Using this concentration we get lower limit values for
the CaY2Mg26e3012.'Nd + intensity parameters of
02=0.33 x10 p cm 0 =1.04 x10 crn and
06 =1.55 x 10 ' cm' with a lower limit on the quan-
tum efficiency of q =o.356.

The major pump bands for Nd'+ in Y3A15012,
CaY2Mg26e3012, and La2Be205 were normalized to
their respective ion concentrations (those extrapolat-
ed from the fluorescence lifetimes assuming q =1)
and compared in Figs. 2 and 3. These pump bands
were centered in the yellow at 5800 A corresponding
to the I9/2 Gs/2, 'G17/q transition (Fig. 2) and in
the near infrared at 7500 and 7900 A corresponding
to the 19/2 F7/2, $3/2 and '19/2 ~s/2, H29/z (»g
3) transitions, respectively. It is seen that the ab-
sorption lines of La28e205'. Nd'+ are broader and
stronger than those of Y3A15012'.Nd + and
CaY2Mg26e3012'. Nd'+. Hence in a broadband pump-
ing configuration (xenon or krypton flashlamp)
La2Be205.Nd'+ will have a larger absorption cross sec-
tion than Y3A15012'.Nd + or CaY2Mg2Ge3012.'Nd and

TABLE IX, Fluorescence properties of Y3A15012'.Nd + at 300'K. To'tal radiative rate =3868/sec.

Transition
~ (J,J')»

Transition rate (sec ) v (p,sec) Branching ratio

F3/2 19/2
4 4

F3/2 111/2
4 4

F3/2 113/2
4 . 4

F3/2 115/2

1420
1940
493
15

703
518

2 000
112 000

0.37
0,50
0.13
0.003

'Based on N -1.06 x10 /crn and g=0.91.
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'67/2
G19/2

2

2
D15/2

4
D7/2

1,35
1.06
0.88
0.80
0.5321

0.127
0
0.015
0
0.0017

0.062
0.022
0
0.0015
0.100

0
0.425
0
0
0
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pumped by a krypton lamp. The excited-state ab-
sorption F3~2 G19p has a total line strength com-
parable to the line strength of the 1.06-p,m laser
band. ' This is consistent with experimental observa-
tions made by Vance for Nd + in soda lime glass.
Since the F3~2 G19~2 transition depends primarily
on the matrix element I

(Ut@) I the size of the Q6
parameter will determine its line strength. Since O6
does not vary much from host to host for Nd3+

(compared to Qi) the strength of this excited-state
transition should be about the same in ail hosts. For
a glass host the absorption manifolds are inhomo-
geneously broadened and the chance of an energy
match between the 1.06-p, m fluorescence and
excited-state transition is rather high. For sharp
Stark splitting of the absorption lines as in

Y3A150~2.Nd'+, Gd3Ga50~2..Nd', and
CaY2Mg2Ge30~2. 'Nd + the match is less probable and
a low-temperature absorption spectrum of the

19/2 G 1~1'2 manifold would be required to deter-
mine if any of its Stark components matched the
wavelength of the laser line. Nd'+ in La28e205 has
slightly broader absorption lines than in Gd3Ga50~2,
CaY2Mg2Ge30~2, or Y3A150~2 and hence would exhi-
bit a greater loss due to excited-state absorption than
these three crystals. The line strength of the
F3~2 G7~2 transition is dependent primarily on the

matrix element I (Ut") I' and hence on the intensity
parameter O2. O2 is the only parameter which is
particularly sensitive to the ion environment. Hence
larger variations in the excited-state absorption line
strength at 1.35 p,m can be expected than at the oth-
er wavelengths (1.06, 0.88, 0.8, 0.5321 /i, m) for dif-
ferent hosts. This line strength will be larger for sys-
tems such as Y203'.Nd'+ and YVO4'. Nd'+ ~here the
Qi parameters are relatively large (8.6 x 10 io cmi
and S.SS i~ 10 cm, respectively) compared to the

garnets (YiAlgOii, GdiGagOii, and CaYiMgiGe30ii)
where the O2 are nearly zero. Hence these systems
(YVO4 and YiOi) will operate with greater excited-
state absorption loss at 1.35 p, m than the garnet sys-
tems.

B. Validity of JO theory in Nd + fluorescence transitions

with

A (J,J') = =is(J,J')

K = [32m—af/3(2J +1)ln(n +2)i

(22)

Since the refractive index n of the host materials in-
vestigated did not vary appreciably with A. over the
wavelength region of the Ndi+ fluorescence (0.9 to
1.8 /i, m) the factor K in Eq. (22) is assumed to be
wavelength independent. Substitution of Eq. (22)
into Eq. (8) leads to an expression for the fluores-
cence branching ratios given by

~jg A, 2, 4, 6

P(J,J') =

Jg ~Jg A,-2, 4, 6

where the matrix elements of Eq. (23) are given by

(23)

We now proceed to apply the JO theory in the
analysis of the fluorescence of Nd3+ laser transitions.
Specifically we show from the JO theory that the ratio
of 1.06 to 1.35 p, m fluorescence band intensities varies
linearly with the ratio Q4/Q6 for a series of Ndi+-

doped crystals. Experimental verification of this
linearity shows the validity of the JO theory in
describing these fluorescence transitions.

The strength of the fluorescence bands of Nd'+ are
given by the equation

1

&J II U'"' ll J'& = X 8„,( 1)'+'+'+"c(s-lJ)c(s'l. 'J')((2J+1)(2J'+1)]'/', s (sI. II Ut» II s'I. '& .
I J J'X

s,sI

L,L

Inspection of this equation makes it clear that the
matrix elements obey selection rules on J and J' due
to triangle relations that are imposed on the 6j sym-
bol

J J'Z
,
L' L S

Using the triangle relations we find in Nd'+ that for
the Fi/q Io/i (0.9 p, m) and F3/i 1ii/i (1.06 /im)
transitions we have ( I I

Util
I I ) 0 and for the

Fi/i 1]3/i (1 ~ 35 /i, m) and'F3/i 115/2 (1.8 p, m)

transitions we have ( I I
O'"

I I ) - ( I I
U"'

I I ) -0.
We find therefore that the ratio of p(i, i ) to3 11

p(-, —) is linear in Xand is

p(3 ii )

p(3 l3 )

I&
—', IIU"'ll —",)I' 'g

I &
—',

l l
U"'

l l

—", & I', ~i.o6.m,

T 3

(25)

The validity of the three-parameter JO theory ap-
plied to fluorescence transitions in Nd'+ could be ver-
ified by showing the linearity between R and X
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predicted by Eq. (25). Since the X parameter con-
tains parameters from the crystal-field potential of a
crystal host we expect to see variations in X and
hence R with host material. Thus the procedure to
follow is to measure R and X for a series of Nd +-

doped materials.
The parameter I is available for a larger number of

Nd'+-doped crystals including CaY~MgqGe30i p,

LaqBeq05, and YVO4 which are listed in Table V of
this paper. The parameter R is the ratio of the 1.06-
to 1.35-p,m fluorescence band intensities and has
been previously measured by the authors' for Nd'+

in 25 crystal and glass hosts. The experimental tech-
nique used in this prior work has been reiterated in

Sec. II 8 of this paper.
Table XI contains 14 Nd3+-doped crystals which

have available R parameters and have also been JO
analyzed to obtain the intensity parameters Qq, 04,
and 06. In the prior work we have measured all

the R values of the crystals shown in Table XI except
for the cubic mixed-crystal systems BaF~-LuF3,
BaFq-CeF3, Lu3ScqA130iq, and ZrOq-YqO3 for which
the R parameters are taken from Ref. 30.

Equation (25) predicts a linear relation R =AX+8
where A and 8 are the ratios of matrix elements and
mean transition wavelengths. These matrix elements
depend entirely on the intermediate-coupled wave
functions. We proceed to test how well the R vs X
data fitted the linear relation R =AX+8. The con-
stants A and 8 were varied by using different wave
functions in the calculation of the matrix elements.
The matri~ elements ( II U"'lI

& and ( II U"'II
&

were calculated by using three different wave func-

tions. The intermediate-coupled wave functions
determined by Rajnak ' were used for one determina-
tion. " Another calculation of these matrix elements
was done by Krupke5 using a truncated version of the
intermediate-coupled wave functions. Since the ini-
tial and final states producing the fluorescence were
nearly pure LS, only the largest component of the
intermediate-coupled wave function was retained.
This truncation is not possible for absorption matrix
elements since many of the upper absorption states
are rather mixed. Matrix elements based on pure LS
wave functions were computed for comparison. The
matrix elements obtained by these different wave
functions are listed in Table II of Ref. 29. The
results of the truncated wave functions fitted the data
well, but the results obtained by using the full
intermediate-coupled wave functions failed to give
meaningful results. This is shown by the fact that
when the full intermediate-coupled wave functions
are used, Eq. (25) becomes R =1.363 X+3.896,
which yields negative Xparameter for 9 of 25 crys-
tals. This seems to be an impossible situation. ' We
list for comparison three verisons of Eq. (25) ob-
tained by using the different wave functions. They
are: pure LS

R = 1.178X+3.229

truncated intermediate coupled
R = 1.167k+3.185 (26)

and intermediate coupled

R =1.363X+3.896 .

The values of A. used in the computation of these

TABLE XI. Fluorescence and absorption intensity parameters for Nd +-doped materials at 300 K.

Sample n'
2 Reference

YLiF4.'Nd

BaF~-LuF3.Nd"

CaY~Mg&Ge30i&.'Nd

Y3A 150ig.'Nd

BaF&-CeF3.Nd

Lu3ScpA 130'p.Nd

YA 103.'Nd

ED2glass:Nd'
YVO4.'Nd

LagBeg05', Nd

Zr02- YpO3.'Nd

Gd3GaSO12 N«
Gd3Ga50i p.'Nd (2)
La F3.'Nd

3.66
3.69
3.76
3.83
3.83
4.00
4.00
4.06
4.15
4.20
4.25
4.46
4.46
4.61

0.54
0.54
0.67
0.54
0.51
0.58
0,80
0.85
0.80
0.73
0.88
0.89
1.00
1.03

1.9
0.67
0.93
0.2
0.43
0.22

1.24
3.3
5.88
2.11
0.23
0.05
0
0.35

2.7
2.46
2.94
2.7
2.30
3.07
4.68
4.7
4.08
4.39
1.20
3.25
3.7
2.57

5.0
4.58
4,41
5.0
4.50
5.27
5.85
5.5
5.11
6.04
1 ~ 36
3.66
3.7
2, 50

10
30

this work

5

30
30
12
10
13

this work
30

this work
10
35

-'ln units of 10 cm
R parameters taken from Ref. 30;

'Composition of ED2 glass in percentage by weight: SiO& =66.10%; Alz03 =4.64%; Li&O =16.00%; CaO =10.36%;
Nd~03 =3.13%; CeO~ =0.45%; and Fe~03 =4 ppm.
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given in the footnote of Table XI.

equations were taken from Koningstein. '
The plots of Eqs. (26) along with the R vs X data

of the 14 crystals in Table XI are shown in Fig. 4. It
is clear that the linear equation based on the
intermediate-coupled wave functions does not fit the
data at all. The data generally folio~ the linear trend
of the equations based on LS wave functions. This
shows that the JO Eq. (25) is indeed applicable in

describing the fluorescence and absorption transitions
of Nd3+ in solids provided proper wave functions are
used. A possible explanation of the failure of the
intermediate-coupled wave functions to fit the R vs X
data is in the way in which these wave functions are
obtained, which is by empirical fittings to experimen-
tal energy levels. These calculations may reproduce
the poiitions of the energy levels quite satisfactorily
but it does not necessarily follow that the. wave func-
tions derived from these calculations are equally sa- ~

tisfactory. Even in the absence of other complica-
tions we see that the energies are essentially deter-
mined by the expectation values of r ' and, there-
fore, the values of the wave functions for small r are
most important. For dipole transition probabilities,
the matrix components of r are of importance, and

because of the factor r difference as compared to the
energies, the values of the wave functions at much
larger values of r carry the heaviest weight. 34 For this
reason the wave functions giving the best values of
the energies may not necessarily give the best transi-
tion probabilities.

A problem of self-consistency arises when the
wave functions for the fluorescence transition are
changed in order to modify the constants A and 8 in
the equation R =AX+8. The X parameter is ob-
tained by fitting absorption strengths using
intermediate-coupled wave functions. Changing
these wave functions to LS wave functions would
lead to nonsense in the fitting procedure since the
upper absorption states are rather mixed. It should
be noted, however, that in determining the parameter
X the absorption data is fit with wave functions con-
necting the ground state 'I9g2 and upper states
whereas the evaluation of the fluorescence matrix
elements in Eq. (25) contain wave functions originat-

ing on the F3@ level apd terminating on the levels

I~~g2 and I~3~2 and not the level I9~2. Therefore the
same sets of matrix elements are not used in the
fluorescence and absorption intensity calculations.
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