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Study of the d-f Emission, and f-d

Ground-State and Excited-State Absorption
of Nd°" in Crystals Using the Simple Model

Chang-Kui Duan

and Sha Jiang ABSTRACT The simplified model for 4f-5d transitions is applied to obtain
Institute of Modern Physics, the line strengths for emission, ground-state absorption and excited states
Chongging University of Post absorption involving 4f-5d transitions of Nd®>" in crystals. The results are

and Telecommunications,

host independent for the usual case where 5d crystal-field interaction can
Chongging, P.R. China

be considered as strong, in the sense that the calculated 5d-4f emission
relative line strengths will be the same for Nd** in any host. Also the calcu-
lated 4f-5d absorption line strengths can be grouped by the 5d crystal-field
components. For each 5d crystal-field component, the group of absorption
line strengths for different 4f*5d transition final states forms a pattern
independent of the 5d crystal-field component and the host. For practical
cases, due to strong but still limited 5d crystal-field splitting, the transitions
to different 5d crystal-field components may overlap each other. The theor-
etical results are used to interpret available experimental data.

KEYWORDS f-d transition, Nd>*, excited—state absorption, crystal-field inter-
action, LiYF4, YPO,

INTRODUCTION

Due to applications or potential applications in UV and VUV lasers,
scintillators, and quantum cutting phosphors, there have been tremendous stu-
dies of f-d transitions of trivalent lanthanide ions."™ Systematic experimental
studies of the 4f™- 4f"~'5d excitation and 4™ '5d-4f" emission and theoretical
modeling of energy-level patterns and transition intensities have been carried
out for many systems.[%] Most measured spectra consist of several broad bands
for 4f — 5d or 5d — 4f transitions and so this does not allow the determination of
all the parameters in the extended crystal-field phenomenological Hamiltonian
for the 4f"~'5d configuration. Therefore a simple model using 3—4 parameters
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In this paper, it is shown, using Nd°* as an
example, that the 4f-5d ground and excited state
absorptions and 5d-4f emissions can all be rationa-
lized using the simple model, and the results are host
independent for the usual case where the 5d
crystal-field splitting is stronger than the 4f-5d
Coulomb and 4f spin-orbit interactions. The results
are then applied to interpret the 4f-5d ground-state
and excited-state absorptions, and 5d-4f emissions
for Nd®" in various crystals. The bands in measured
spectra are assigned and interpreted.

THEORY

For the purpose of d-f and f-d transitions, since
the bands are usually broader than the splitting due
to 4f crystal-field interactions, the quasi free ion
Hamiltonian can be used to predict the relative
energies of the multiplets for the 4f" configuration
and the 4! core. The Hamiltonian can be written
as (detailed explanations are given in Liu™):

H=Eyg+ Z kak+€4fzsi 1
©=2,4,6 i
+ Y T +al?(f) + BG(G(F))
k=2—4,6—8

+9G(GH (1) + Y Mmy(f)+ Y Prp(f) (1)

£=0,2,4 k=246

Here E,,q is a parameter to adjust the overall position
of the configuration so as to align the lowest energy
level at 0cm™ Y. F* and (4 are the most important
parameters in determining the energy level structure
of the 4f" free ion or the 4f*~' core and the wave
functions of multiplets **'L, which are subject to
minor adjustment due to other correlation interac-
tions and spin-other-orbit interactions. These quasi-
free ion parameters vary from crystals to crystals
slightly but actually differ substantially from the free
ion values. Thus we adopt the mean quasi-free ion
values from Gorller-Walrand and Binnemans™®
rather than the values for the free ions. It is also
noted that the value of a particular parameter (such
as (4 is expected to be different for 4f" and the
4f¥"1 core due to the contraction of radial distri-
bution of 4f and other atomic orbitals efc. Experi-
mental data are usually not sufficient to determine
the values for the 4"~ ! core parameters and ab initio

C.-K. Duan and S. Jiang

calculations tend to greatly overestimate them. It is
expected that the 4fY to 4f"! ratios for those
parameters obtained from ab initio calculations
are more accurate than the absolute values for
those parameters and the ratios for F* oand {4
parameters are readily available from Reid et al."”
Those ratios are used to obtain the corresponding
parameters for 4"' core from 4f". Other minor
parameters for the 4fV!
as those for 4f".

For the 4f""'5d configuration, apart from the
interactions within the 4f" ! core, there are the
crystal-field interaction for 5d orbitals, and the 4f-5d
Coulomb interaction. These are very important. The
5d spin-orbit interaction is usually less important.®
The crystal-field interaction for 5d orbitals results
into the splitting of 5d orbitals into crystal-field
components, which are denoted as 5d I'; hereafter.
The 4fY! core is split by 4f-4f Coulomb interaction
into spectrum terms 4 '(SiZp). Each 4fY (SLp)
(5d I'p is then split further by exchange part of
the 4f-5d Coulomb interaction into high spin
states S=58+1/2 and low spin states S=S—1/2.
This exchange interaction is usually bigger than
the 4f spin-orbit interaction for light lanthanide
ions. Hence for each 5d I';, the (Sgs59)S Lr J coupling
is preferred instead of (Sipf; Ssq J or other
B So we introduce the multiplet for

core are set to be the same

couplings.

4f¥15d as

|ZS+1 (4f1V,1 ’/’ ZSH—ILf’ Sd Zl—‘l)j>

_ Z ’(4f/v71n(zsf+1lf)ﬁ’ 5d 2Fi)]>
[Iv

| < (%, (St, Lf)]f)]‘ (%, (5¢)S, Lf>]>7 (2)

where S, Ly is the spin and orbit angular moment
quantum number for the 4" core, respectively;
§=58=41/2 is the total spin for 4" '5d configur-
ation; I'; is the ith crystal-field component of 5d
orbital with point-group irrep I';, whose degeneracy
is denoted as [I')], and J is the coupling of total
spin § and orbit angular moment Z; (excluding the
orbit angular moment of 5d). The multiplet is
expanded in terms of the (Spfr Ssq J coupling.
The recoupling coefficients can be given in
terms of 67 symbols but we calculate them here
directly instead.
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By following the approximation for the Coulomb
interaction given in Ning et al.:®

Hcoul(fd) = _Jeng '§da (3)

we can write the energy for the multiplet
‘ZS“ (4fN 1y 25+ 5d 2I“l-)]> as follows:

E(PM (4N g 2, 5d 2Fi)]>)
= (4a)
+ Z E. (41:1\’—1 n(ZSerllf)]f)

Je
<<% (Sﬁlf)]f)] <<%,5f>s,zf>j>2 (4D)

+]ex<(5f+ 1/2)(5f+3/2) —S(S+ 1))

2
_ .]e;Sf (4C)
+ E(5d*Th) (4d)

It can be seen that: 1) for a fixed 5d crystal-field
component 5d °T’;, we get a set of energy
levels which form a pattern with relative energies
independent of the 5d crystal-field component as
given by (4b-0), i.e., the structure of the pattern is
determined purely by the 4f"' core and the
high-low spin splitting due to 4! and 5d exchange
interaction; 2) the shift of the pattern for 5d *I",(i > 1)
relative to the form for 5d *T'(i=1) is just the
energies due to crystal-field splitting given by (4d).
The high degeneracy of the energy levels given by
Eq. (4) is actually further decreased by other
neglected interactions. This effect and the electron-
vibration interactions not considered here result into
the broad bands in the absorption and excitation
spectra measured at room temperature.

We adopt the definition of the electric dipole
line strength for the transition between |Ff) and |Ii)
given by Reid™ as:

L(F, 1) = [(Ff|Dy| i), (5)
fi

where fand i are the partner quantum numbers of
F and I to distinguish the degeneracy of transition
final and initial states, respectively, and D, is the
gth component of the electric dipole moment.

For transitions between |[4f" n, () ]1> and
|25 (4f¥ " L, 5d2T) ) involving  isotropic

425

light, the line strength can be written using the
results from Duan and Reid” and Ning et al.”® as:

]is()(|4an1 (ZS1+1L1 )]1> PN |2$z+1 (4fol n%Sﬁrllf’ SdZFz)‘,z))

1 .
== S [ I 1D
My ,My,y;:,q

e 2
X (4fN 117§S'+1Lf75d2ri7’z’)szz>|

(D147 |r5e) P R[]
35 [$1]

- 551752

2
- {Ll i } N[S1)[La)cfp(ny 2 L, ™ 1p),
N2 S

(6)

where M;=—J;, —J;+1,...,J;(i=1,2),g=-1,0, —1,
and y; is the partner for the irrep T';; the curly
bracket with six numbers is 6 symbols for the SO5
rotation group; [/1=(2/+ D; and cfp is the coefficient
of fractional parentage. The radial integral (4f]#{5d)
can be calculated using the Hartree-Fock method
and then corrected for correlation interactions,
available from Duan and Reid'® for all trivalent
ions. But usually we are concerned with only the
relative intensities, and so the value for (4f]7/5d)
is not important. For 4f-5d absorption, it can be
seen that from Eq. (6) that: 1) the line strengths
for transitions to various final states constructed
from the same 5d crystal-field component, when div-
ided by the degeneracy of the 5d crystal-field
component, are independent of the detailed 5d
crystal-field component, i.e., those transitions form
a pattern in the absorption spectra; 2) the same
pattern repeats for each 5d crystal-field components
but shifts in energy by the 5d crystal-field splitting; 3)
the patterns for two 5d crystal-field components may
overlap each other due to limited 5d crystal-field
splitting.

Experimentally, usually the oscillator strengths,
absorption cross sections and spontaneous emission
rates are directly measurable instead of the line
strength, those quantities are proportional to the line
strengths given with Eq. (6), but with coefficients
being energy dependent and inversely proportional
to the degeneracy of the initial energy level of
the transition, which is (2/;+1 for multiplet
|4V, (*71L), ) and [T) 2L+1D for multiplet
|51 (4fN 35 1, 5d °TY), ). The detailed relations
can be found in Reid" (Eq. 2.5-2.10) and hence

Study of the f-d Transition of Nd®*" in Crystrals
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the data (if corrected for the response of
the apparatus) can be easily transformed to line
strengths.

RESULTS FOR Nd*" IN A CRYSTAL
HOST

The ground and excited configurations for N
are 4f° and 4f*5d, respectively. The ground multiplet
is 419/2 and the lowest 4f"'5d multiplet is
4(3H, 5dI')~ /2- There are many studies on the 4f-5d
transitions of Nd** in crystals."”?” The transitions
of interest and the available experimental data for
4f-5d transitions are between states of $=3/2.

The emission from “CH, 5dI'), J=7/2,9/2) to all
the 4f° multiplets with nonzero line strengths are
given in Table 1 in units of [[J|{(4/|1{5d)|?/35. The
values are purely determined by various coupling
and recoupling coefficients for SOz group (hereafter
referred to as by group theory) and hence exact
numbers without any rounding errors can be given
by fractions. Both exact numbers (in terms of
fractions) and floating point values are listed. The
displaced energies relative the emission with the
largest energy (corresponding to the final 419/2
multiplet) are also given in column 3 of Table 1.
The transitions to S=1/2 and 483/2 are forbidden
and hence not listed in the table. The results are
plotted in Fig. 1 for the ease of comparison with

d3+

TABLE 1 Electric Dipole Line Strengths for Emission from the
Two Lowest “Multiplet” of |4f2 (°*H) 5d SJ;) (S=3/2, J; =7/2 or 9/2)
to |4f SLJ,). The Units are cm™' for Energies, E, and
[[']|(4fr/5d)|%/35 for Line Strengths

B, E 7/2 9/2

4 9/2 0 17836/1089 16.4  6860/1089 6.30
11/2 1862  1960/363 5.40 5120/363 14.1
13/2 3839 28/99 0.28 686/99 6.93
15/2 5891 0 8/33 0.24

“F 3/2 11336 44/21 2.10 22/21 1.05
5/2 12370 11/7  1.57 7/4 1.75
7/2 13333 20/63 0.32 35/18 1.94
9/2 14600 1/63 0.02 65/252 0.26

‘G 5/2 17072 845/147 5.75 21125/6468 3.27

7/2 17148  2028/539 3.76 4563/1078 4.23

9/2 18946  507/847 0.60 15795/3388 4.66

11/2 19353  52/2541 0.02  182/363 0.50
D 1/2 28497 44/21  2.10 0

3/2 27958 88/63 1.40 176/63 2.79

5/2 28113 44/147 030  256/147 1.74

7/2 30212 8/441 0.02  100/441 0.23

C.-K. Duan and S. Jiang

209 4 . 7/2
] J 1972
lor2
15| 112
2 4G,
g’) 4
|3 10- 5/2-7/2
w
@ 13/2 D,
£ ]
- 5] 4F, or2 3/2-5/2
5/2
7/29/2 /2
] 15/2 hﬂﬂ 1112 1112 72
0 T T T v T v T T T v T
0 5000 10000 15000 20000 25000 30000

Energy displacement (cm™)

FIGURE 1 d-f emission for Nd** in the strong 5d crystal-field
case. The emission to the ground state 4I9/2 has the highest
energy. The energy displacement is given as the difference
between the emission energy for emission to 4I9/2 and the emis-
sion energy for emission to the considered multiplet. The line
strengths are the values in Table 1, in units of [I']|(4f/r{5d)?/35.

the measured spectra. It is noted that measured
spectra are usually relative decay rates or emission
intensity, which are proportional to the cube or
fourth power of emission energy multiplied by the
line strengths.

For a given 5d crystal-field component, the posi-
tions of S=3/2 multiplets 4f*5d, i.e., the energy of
442 3L, 5d 21“1»)]2, can be given relative to Y4f? 3,
5d 21"1»)7/2 as in Table 2. The results are also plotted
in Fig. 2 for the ease of comparison with absorption
spectra. It is noted that measured spectra usually

TABLE 2 The Energies of High-Spin 42 Core Multiplets and the
High-Spin 4f°5d Multiplets (Units: cm™")

4f2
core Energy 4f%5d Energy
3H, 0 “CH, 5dI) 7/2 ECH,) 0
*Hs 2672  “(*H, 5dI) 9/2 [2 ECH,) +3 1603
ECHs)1/5
3Hq 5423 “4(3H, 5dI") 11/2 [13 ECHs) + 3436
5E(CHs)]/18
4(H, 5dI) 13/2 E(He) 5423
3F, 5521  “(F, 5dI) 3/2 ECF,) 5521
3F, 7298  *(F, 5dI") 5/2 [4 ECFy) +5 6508
ECF3)1/9
3F, 7787 “CF,5dI) 7/2  [3 ECF3)+ECF)1/4 7420
ECF,) 7787

3p, 23204 4P, 5dIN) 1/2  [2 EGPo)+ECPy)]/3 23453
3p, 23980 43P, 5dI") 3/2 [5 ECPy)+ECP,)]/6 24239
3p, 25535 (P, 5dI) 5/2 ECPy) 25535
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FIGURE 2 Line strengths for ground and excited state absorption to various 4f25d multiplets of a specific 5d crystal-field component.
The initial states for the spectra are: (a) *lg/2, (b) *Fs2, (c) *D3/2 and (d) *Ds,> and *D, ». The final 4f°5d states are given in the figures. The
energies are given relative to that of the lowest 4f°5d state. It is noted that: 1) intensities in the experimental spectra need to be converted
to line strengths for comparison with the plots given here; 2) experimental spectra usually contain transitions to several (up to 5) 5d

crystal-field components.

represent absorption cross sections, which are pro-
portional to the product of photon energies with
the line strengths.

The ground state absorption (GSA) and excited
state absorption of Nd®" in LiYF, have been studied.
Here we calculate the absorption from the ground
state (419/2) and ESA from quasi-stable multiplet
4F3/2 and ‘D, (J=3/2, 5/2 and 1/2 in increasing
energy order). The results are also purely determined
by group theory and can also be given in exact num-
bers (fractions) without rounding errors.

COMPARISON WITH EXPERIMENTAL
SPECTRA FOR Nd>" IN CRYSTALS

The emissions from the lowest 4f*5d states of Nd>™
in LiYF4 and YPO,4 have been measured and simu-
lated by Peijzel et al. in Figures 4 and 5 of Peijzel
et al.?® The intensity for the peak with final state
i1, /2 is about 1/3 of the intensity for 419 /2, and the

427

peak with final state 1,5 /2 is weaker than that for
I /2 by about two orders of magnitude. The relative
emission intensities for Nd*" in the two crystals LiYFy
and YPOy are almost the same, except for the vibro-
nic structure, which is not simulated here. The
experimental results are comparable with the calcu-
lated line strengths given in Table 1. The emission
spectrum from the lowest 4f*5d state to 4I], 4FJ and
4G_, was given by van Pieterson et al. (see Figure 1
of van Pieterson et al.*?) for Nd** in LiYF,, and by
Librantz et al.*" for Nd** in BaY,Fg and LiYF,. The
intensity patterns for those spectra are the same
regardless of the crystals as predicted in this paper.
Due to uncertainty on the corrections for detection
responses, an exact comparison of our theoretical
results with their experimental ones may not be sen-
sible, but it can seen that the calculated ratios of line
strengths, 33/182 and 45/98 for 4F/41 and 4G/4],
respectively, are compatible with the measured
relative intensities.

Study of the f-d Transition of Nd®*" in Crystrals
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The ground and excited state absorptions of Nd*"

in LiYF,4 have been measured by Collombet et al.”*?
and Malkin et al.*” together with theoretical simula-
tions utilizing the full crystal-field Hamiltonian.

The absorption from the ground state is given with
high resolution in the Figure 7 of Ref."””) Both the mea-
sured and calculated absorption to first 5d crystal-field
component in the Figure 7 of Malkin et al.”” contain
two bands. One of these starts at ca. 56500 cm™ ' with
a shoulder at around 1600 cm ™" higher in energy and
of ca. 1/3 in relative intensity. The other band starts at
ca. 62000cm™" with intensity of about the same or
less than 1/3 of that of the first 4f-5d band. Our theor-
etical results in Table 3 assign the peak at 56500 cm ™
and the shoulder to absorption from the ground multi-
plet 4111/2 to *CH, 5dy) /, J= 7/2and 9/2, respectively,
with shift of 1603cm™". The 62000cm™"' band is
assigned to the absorption to 4(3F, 5dyp J, J=3/2.
The experimental and predicted shift are ca.
5500cm ™" and 5521cm ™, respectively. The broad
peaks at 64500cm™' and 70000cm™' are then
assigned to the absorptions to ‘CH,5d,) J (J= 7/2
and 9/2) and iCF, 5dy) T (J=3 /2), respectively. This
assignment gives an experimental E.(5d,)-E.{(5d) =
8000cm ™" and *CF,5d,)3/>-*CH,5d,)9 /> = 5500 cm ™.
Those two broad peaks can be considered as a
repeat of the pattern similar to the one due to the
absorption to the first 5d crystal-field component,
but with much broader line widths. The much-
broader linewidths are due to much stronger
ionization of the second 5d crystal-field component
to the conduction band. There are some more
even-broader bands in the measured absorption
spectra, which can be assigned to absorption to higher
5d crystal-field components by following the same
principal.

The absorption from 4F3 /2 to 1CF, 5dy),=5/2 is
calculated to be more than twice the intensity of that
to *CH, 5d,) J=9/2 and also of energy ca. 6500 cm ™
higher. The measured excited-state absorption
spectra from ‘F; /2 are very broad, so only the line
strength ratio of the convolution of iCH, 5d) [
(J=7/2-13/2) and that of the ‘CF, 5d)) (J=3/2-
9/2) can be given, which is about 0.38, and compa-
rable to the theoretical line strength ratio 11/28
obtained from data listed in Table 3. The intensities
for the excited state absorption from 4Dj to 4f*5d
states are calculated and shown in Table 3. It is noted
that, since the splitting between J=3/2 and 5/2 is

C.-K. Duan and S. Jiang

TABLE 3 Electric Dipole Line Strengths for Ground and Excited State Absorption to Various 4f25d “Multiplets” 25'+1(4f? SL) J,

Initial state of absorption

Final state

“Ds,> (28113cm ™) Dy, (28497 cm ™)

D3/, (27958 cm™")

“F3/2 (11336cm™")

44/21
22/21

92 (0cm™)

17836/1089
6860,1089

E(cm™")

1
7/2
9/2

11/2
13/2

25141 (4f28L, 5d)

“(H,5d))

0.30 4421 2.10

1.74

44/147
256/147

88/63 1.40
2.80

176/63

2.10
1.05

16.4

0
1603
3436

30
64

6.

4.25

208/49

0.

1008/1573

0.015
4.95

70/4719

5423

0.88

216/245
289/245

0.91

32/35

1.37
4.63

1.91

48/35
162/35
40/21

104/21
117/77
130/693

5521

3/2
5/2
7/2
9/2

4(F,5d)

0.86
0.48

6/7
10/21

1.18

0.086
1.27
0.40

3/35
80/63
25/63

52
0.12

1.

6508
7420
7787
23453
24239
25535

0.068
1.87
0.61
3.14
3.97

10/147
275/147

2/21 0.095

0.007

5/693

30/49
768,245
972/245

1/2
3/2
5/2

4(3p,5d,)

1.03

0.69 36/35
144/35 4.11

0.17

24/35

2.57

18/7

6/35
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very small, the thermal occupation of J=5/2 is not
negligible at room temperature, and so the absorp-
tion line strength is a weighted sum of the absorption
from J=3/2 and J=5/2. In general, we have:

_ 28 exp(—Ei/kpT) (L, /81)
> 8iexp(—Ei/kpT)
x Z exp(—E;/kpT)I,, (7)

]iso ( T)

where 7' is the temperature, g; is the degeneracy
for the energy level with energy E;, and kg is the
Boltzmann constant. It is noted that when absorption
cross-section, etc. are calculated, the degeneracy
factor is no longer dividable, since it has been
taken into account in Eq. (7) already. For the case
of 4D3/2, s/2 we have

Lo(300K) = 0.14312/% 4 0.06810/%.  (8)

180 18O

However, the available measured spectra do not
allow a sensible comparison between the calculations
here with the measurement. So Eq. (8) is given here
mainly for later reference.

CONCLUSIONS

The energy level structure and 4f-5d ground-state
and excited-state absorption and 5d-4f emission line
strengths have been calculated for the usual case that
the 5d crystal-field interaction is much stronger than
the 4f-5d Coulomb interaction and 4f spin-orbital
interaction. It has been shown that for absorptions
and emissions, by neglecting the usually negligible
mixing of different spectrum term 2517 (S; and Ig
being total spin and orbital angular momentum
quantum numbers, respectively), the line strengths
of transitions to or from a given 5d crystal-field
component are purely determined by coupling and
recoupling coefficients of SO5 group (irrelevant of
the actual point group in question), and are hence
independent of the host lattice. The results have
been used to interpret the measured data for Nd**
in various crystals.
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