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The polarized absorption spectra of trigonal single crystal Ndo5GdosFe3(BO3)s were measured in the
spectral range 10,000-22,000 cm~!. The d-d and f-f transitions spectra were separated. The f-f transi-
tions intensities were analyzed in terms of the Judd-Ofelt theory in a ferroborate with huntite structure
for the first time, and the following parameters of the theory were obtained: £2,=4.4x 10720 cm?,
£24=8.04x 10720 cm?, and £25=8.25 x 10-2° cm?2. The strengths, spontaneous emission probabilities,
branching ratios, spectroscopic quality factor and excited state lifetime were calculated for transitions
from the #F;p, state to #I; manifold. All the obtained spectroscopic characteristics were compared with
those of alumoborates with the same crystal structure.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The spectroscopic properties of neodymium ions in various
crystalline matrices remain the subject of continuous interest of
researchers (see, e.g., recent publications [1-4] and references
therein). Special interest is connected with Nd3* ions in borate
matrices with huntite structure. Borates RM3(BO3)4 (R-Y or rare
earth (RE) metal, M-Al, Ga, Cr, Fe, Sc) are trigonal crystals with
huntite-like structure (space group R32 (Dg)) without center of
inversion. Therefore, crystals of this type can be used as self-
doubling laser media. In particular, optical, luminescent, nonlinear
and laser properties of neodymium containing alumoborates were
studied in a number of works (e.g., [5-12]). To the best of our
knowledge, there were no similar works concerning ferroborates.
Optical spectra and crystal field parameters of NdFe3(BO3), were
studied in Ref. [13]. Nearest relatives of the crystal under study,
NdFe3(B03)4 and GdFe3(BO3 )4, the same as some other RE ferrobo-
rates, refer to multiferroics [ 14-18], which simultaneously possess
magnetic and electric order. Therefore, it is possible to suppose that
our crystal is also multiferroic. The first measurements [19] con-
firm this assumption. All RE ferroborates are magnetically ordered
at temperatures below 30-40 K. In particular, Ndg 5GdgsFe3(BO3)4
crystal becomes antiferromagnetic at T=32K [20]. The changes of
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magnetic and electric states of the RE ferroborates, both caused by
the phase transitions or by the external fields, substantially influ-
ence the parameters of the f-f absorption spectra [21-26]. Such
possibility exists also due to the optical magneto-electric effects
[27-30].

In this paper we present measurements of polarized absorp-
tion spectra of the Ndg 5GdgsFe3(BO3)4 single crystal. The parity
forbidden f-f transitions spectra are treated with the help of the
Judd-Ofelt theory, and spectroscopic parameters obtained are com-
pared with those of some other compounds, in particular, with
those of alumoborates of the same crystal structure.

2. Experimental details

Ndo.5GdosFe3(BOs3)4 single crystals were grown from the melt solution on the
base of K;Mo301¢ as described in Ref. [31]. At room temperature, the crystal belongs
to trigonal symmetry class with the space group R32, the lattice constants of the
grown crystals being: a=9.557(7) A and c=7.62(1) A [20]. The unit cell (Fig. 1) con-
tains three formula units. Trivalent rare-earth (RE) ions occupy positions of only
one type. They are located at the center of trigonal prisms made up of six crystal-
lographically equivalent oxygen ions. The triangles formed by the oxygen ions in
the neighboring basal planes are not superimposed on each other but are twisted
by a certain angle. Owing to this distortion, the symmetry D3, of the ideal prism is
reduced to the symmetry D3 [32]. The FeOg octahedrons share edges in such a way
that they form helicoidal chains, which run parallel to the C; axis and are mutually
independent. At room temperature all Fe ions occupy C;-symmetry positions in the
crystal.

The absorption spectra were measured with the light propagating normally to
the C3 axis of the crystal for the light electric vector E parallel (v spectrum) and
perpendicular (o spectrum) to the Cs axis, and for the light propagating along the
C; axis (o spectrum). The spectral resolution was approximately equal to 10cm~".
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Fig. 1. Crystal lattice of the Ndo5GdgsFe3(BOs3)4 single crystal.

Absorption spectra of the NdosGdosFes(BO3)s crystal for m and o polarizations
at room temperature are shown in Fig. 2 (decimal absorption coefficients). The
absorption spectra measured in the o and « polarizations coincide within the limit
of the experimental error. This implies that the absorption mainly occurs through
the electric dipole mechanism.

3. Results and discussion

Absorption spectra of Ndg5Gdg sFe3(BO3),4 crystal (Fig. 2) con-
sist both of narrow bands corresponding to f-f transitions in Nd3*
ions and of wide bands due to d—d transitions in Fe3* ions (64; — 4T,
and 6A; — 4T, in cubic crystal field notation). At E~ 22,900 cm™!
comparatively strong d-d transition 6A; — %A, “E is observed, and
at E~25,000cm~! the edge of the strong absorption occurs, which
is due to interatomic Fe-Fe transitions and to charge transfer
transitions 2p — 3d between molecular 2p-orbitals of ligands and
3d-orbitals of the Fe3* jon inside FeOg cluster.

During the analysis of spectra, first of all, we erased the f-f
absorption bands from the total spectra. The remained spectra
we approximated by the Gauss functions, and thereby d-d spec-
tra were obtained separately (Fig. 2). Then we subtracted the
d-d spectra from the total spectra and obtained the f-f spectra
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Fig.2. 7-and o-polarized absorption spectra of the Ndo 5 Gdg s Fe3(BOs )4 single crys-
tal at room temperature.

(Figs. 3-5 demonstrate f-f spectra at room temperature and at
T=90K). Identification of the f-f spectra was made according to
Ref. [33] and labels are assigned according to Ref. [34]. Separated
f-f and d-d spectra permitted to find integral intensities of the
absorption bands (Tables 1 and 2). Transition intensities were aver-
aged over the polarizations according common relation for uniaxial
anisotropic crystals: I=(2I, +1;)/3. Following the Ref. [35], we cal-
culated oscillator strengths of transitions | — F between ] multiplets
by the formula:

3n

fir =4.318x 107 ———
(n)* +2

I (1)

Here the integral intensity is given in units of cn=2 mol~! 1. The
refractive index measured in the reflected light was found to be
n=1.44+0.02. The determined oscillator strengths of f-f and d-d
transitions are given in Tables 1 and 2. The transition strength
is defined as: sjp = 1/622|l_j,-f\2, where icl, feF. The transition
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Fig. 3. m- and o-polarized absorption spectra of f-f transitions in the
Ndo5GdosFe3(BOs )4 single crystal at room temperature.



40

Table 1

A.V. Malakhovskii et al. / Journal of Alloys and Compounds 529 (2012) 38-43

Parameters of f-ftransitions in Nd3* ion in the Ndo 5Gdo s Fe3(BOs )4 single crystal at room temperature: average wave numbers kr, integrated intensities Ijr, oscillator strengths

fir, transition strengths s

Symbol Transition 4Ig) | ki (cm™1) I (cm~2 mol~11) fir (10°7) siF (10729 cm?)
o ke (20+m)/3 Measured Calculated
R 4F3p 11,360 650 270 520 24.0 1.95 2.3
S 2Hgpy +4Fs) 12,350 2100 1080 1760 80.6 6.01 6.27
A 4S50 +4Fyp 13,330 2080 1420 1860 85.2 5.9 5.8
B 4Fop 14,600 130 90 120 5.5 0.35 0.4
c 2Hyyp 15,800 130 150 140 6.4 0.37 0.1
D 2Gy;p +4Gspa 16,970 5220 1100 3850 176 9.56 9.61
E+F 4Gyp +4Gopp +2Ki3p 19,000 2040 1150 1740 79.7 3.87 3.09
Table 2
Parameters of d-d transitions in Fe3* ion in the Nd5GdgsFes3(BOs), single crystal at room temperature: wave numbers ki, integrated intensities I;r and oscillator strengths
fir.
Transition A, | ki (cm™1) Iir (cm~2mol~'1) fir (10°7)
o T (20+m)/3
AT, 11,360 1440 1150 1340 58
Ty 12,350 1100 1280 1160 50
strength and the oscillator strength are related by the expression
100 - [36]
A 3hg,
SIF = g———[IF 2
80 1 S 87T2ka1Ff 2)
where g; is the degree of degeneracy of the initial state and kj is
—~ 60+ the average wave number of the absorption band. Experimentally
§ R found strengths of the f-f transitions are given in Table 1. Com-
= ™ parison of strengths of the transitions in Ndy 5Gdg 5Fe3(BO3 )4 with
those in some alumoborates is presented in Table 3. In spite of the
1 identical symmetry of the crystals, intensities of the transitions are
20 - & substantially different: the smallest intensities, close to each other,
] are in crystals with the doping level of order of several per cent, and
T the largest ones are in the stoichiometric neodymium alumoborate.
0 The crystal under study, Ndg 5Gdg sFe3(BO3 )4 stands in the interme-
11000 12000 13000 diate position. Thus, the largest non-centrosymmetrical distortions
E (cm™) are in the stoichiometric neodymium alumoborate.

Fig. 4. Fragment of - and o-polarized absorption spectra of f-f transitions in the
Ndo5GdosFe3(BO3 )4 single crystal at 90 K.

80

I

T T
18000 19000

E (cm™)

T
17000 20000

Fig. 5. Fragment of - and o-polarized absorption spectra of f-f transitions in the
Ndo5GdosFes(BOs)s single crystal at 90 K.

Both d-d and f-f transitions are parity-forbidden ones. Some of
the observed f-f transitions are also formally spin-forbidden ones.
However, the spin-orbit interaction in 4f states is so strong that
only the total moment is the good quantum number, and the spin-
forbiddenness is practically removed. All d-d transitions in Fe3*
(3d) ion are strongly spin-forbidden since the spin-orbit interac-
tion is small and the crystal field is large. Nevertheless, intensities
of d-d and f-f transitions observed in the Ndgs5GdgsFe3(BOs3),
crystal are of the same order of magnitude (see Tables 1 and 2).
There are two reasons of this fact. A strong exchange interaction
between Fe3* ions (Ty = 32 K) give rise to effective exchange mech-
anism of removal of the spin-forbiddenness [37]. The covalency of
metal-ligand bonding plays very important role in the allowance
by parity [38], and this parameter is much larger for 3d ions than
for 4f ions.

In the framework of the Judd-Ofelt theory, the strength of an
f-f transition in an ion in the non-centrosymmetrical crystal field
is described by the relationship [39-41]

s = ST, F) (3)
A

Coefficients I'2(I, F) = IIUMF)Y are calculated theoretically
[33] and are considered to be independent of crystal structure.
The index A for the f-f transitions takes three values: 2, 4, and 6.
Therefore, it is sufficient to find experimentally the strengths of any

three transitions in order to determine three parameters 2, and to
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Table 3
Measured strengths (10729 cm?) of f-f transitions in crystals: NdosGdosFe3(BO3)s (NGFB), NdAl3(BO3)4 (NAB), Nd:GdAI3(BO3)4 (NGAB) and Nd:GdoYosAls(BO3)s (NGYAB).
Symbol Transition 4Ig), | NGFB [this work] NAB [10] NGAB [10] NGYAB [10]
R 4F3p 1.95 3.27 0.99 0.85
S 2Hgpp +4Fsp2 6.01 10.53 3.22 3.46
A 4832 +4F7p 5.9 9.35 3.24 343
B 4Fop 0.35 0.91 - 0.19
C 2Hy1p2 0.37 0.38 - -
D 2Gypp +4Gspa 9.56 12.30 5.64 4.56
E+F 4Gy +4Gop +2K13p 3.87 4.45 1.69 1.85

calculate the strengths of all the other transitions. The transitions
under consideration in a free Nd3* ion are forbidden in the electric
dipole approximation not only by the parity, but some of them are
forbidden by the total momentum in accordance with the selec-
tion rule AJ=0, 1. According to the Judd-Ofelt theory [41], when
transitions are allowed by the parity selection rule due to the odd
components of the crystal field, they can occur at AJ<A (A=2, 4,
and 6 as mentioned above). Therefore, within this approximation,
all considered f-f transitions in the Nd3* ion are allowed.
Eq. (3) can be written in the vector form:

s=AR (4)

Here s is a g-dimensional vector consisting of the measured
strengths of the transition groups; q is the number of the considered
groups of transitions; £2 is the three-dimensional vector of param-
eters £2,; A is the 3 x g-dimentional matrix of coefficients Ff(l, F).
The vector 2 that minimizes the sum of the squares of the devia-
tions between the measured and theoretical transition strengths is
given by the matrix equation [42]

2= (ATA) 'ATs, (5)

where AT is the transposed matrix. We used five most intense
groups of the transitions: R, S, A, D, (E +F), and obtained parameters
£2;. shown in Table 4. Judd-Ofelt parameters of some neodymium
containing alumoborates and those of other crystals are also given
in Table 4. We see again that properties of f-f transitions are very
sensitive to the local environment of the 4f ions. Even nominally
identical crystals NdAl;(BOs )4 have substantially different param-
eters §2; (Table 4). The relative root mean square error of the
theoretical description of the transition strengths is defined by
equation

172
s | 94 (6)
(@-p)>_s?

Here s are the measured transition strengths, As are the differences
between the measured and calculated transition strengths, p is the
number of the determined parameters, being equal to 3 in our case.
With the help of (6) and Table 1 we obtain § ~11%.

One of the main postulates of the Judd-Ofelt theory is the
equal population of all crystal field splitted components of the
ground state. The splitting of the ground state of Nd3* ion in the
crystals of huntite structure is approximately equal to 320cm™!
(460K) [9,13]. Therefore, the mentioned postulate is not satisfied
at room temperature, and the transition intensities can change
with the temperature. Indeed, the intensity of one of the absorp-
tion bands substantially changes with the temperature (Fig. 6).
This implies that the intensity at room temperature, taken for
the calculations, is not correct, and application of the Judd-Ofelt
theory becomes nonrigourous, that results in a discrepancy
between the experiment and theory. For example, it is known that
there are substantial difficulties in description of praseodymium
spectra by the Judd-Ofelt theory [45]. Indeed, intensities of Pr3*
transitions in glasses strongly depend on temperature [46]. Apart
from the basic assumptions underlying the Judd-Ofelt theory,

A= ——1TF7°
IF 3hg SIF

there are also other reasons that reduce the accuracy of its appli-
cation. The wave numbers kj in the expression (2) are rather
approximate and uncertain quantities for broad absorption bands,
and they differ for absorption and emission because the adiabatic
potentials are different for different electronic states. It is also
important that the equilibrium configuration of atoms can be
different in different electronic states and, therefore, the crystal
field modifying the electron wave functions can also be different.
This is most significant for the electronic transitions forbidden
by the parity, because they become allowed as a result of small
odd distortions of the crystal field. Furthermore, the system in the
excited state can relax to a new equilibrium configuration during
the long lifetime. As a result, the matrix elements of the electric
dipole moment can depend on the transition direction (upward
or downward). Therefore, the change in the atomic configuration
during the electronic transition can be one of the reasons that
some transitions do not obey the Judd-Ofelt theory.

Now, when we know 2, parameters, we can find with the help
of Eq. (3) the strengths of transitions not observed in the absorption
spectra, in particular, the strengths of the laser transitions from
the 4F;), state (Table 5). Coefficients I'? were taken from Ref. [47].
Probability of a spontaneous dipole transition between degenerate
levels in a condensed matter is given by the relationship [48]

64m4e?k>.n(kir)

(7)

Here g; is the degeneracy of the initial multiplet, and n(kj) is the
refractive index at the transition frequency (as we noted above, it
is taken equal to 1.44). In order to find values of kjr for transitions
between excited states, we used positions of 4] states given in Ref.
[13] for NdFe3(BO3)4. The possibility of generating of stimulated
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o
g 3000 +
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T 200] B— —w——8—"F——= . =
1000 — R
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Fig. 6. Temperature dependences of the f-f absorption bands integral intensities in
«a-polarization. The intensities of A, S and (E +F) bands are practically identical.
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Table 4

Intensity parameters £2; (10-2° cm?), spectroscopic quality factors X = £24/§2¢ and life times 7 of the #Fs, state in different crystals.
Compound 2, 24 26 X=824/526 T (ps)
Ndo5GdgsFes(BO3 )4 (this work) 4.4 8.04 8.25 0.97 496
NdAI3(BO3)4 [9] 4.01 4.58 7.65 0.6 188
NdAI3(BO3)4 [10] 6.07 9.14 14.58 0.627 98
NdAI3(BO3)4:Yb 3% [12] 1.31 2.87 5.77 0.497
NdAI3(BO3)4:Yb 6% [12] 0.387 3.65 3.11 1.17
Nd:YAI3(BO3)4 [5] 3.09 5.04 3.11 1.62 302
Nd:GdAl5(BO3)4 [10] 3.35 3.50 4.64 0.754 285
Nd:Gdo2YosAl3(BO3)4 [10] 2.71 2.68 522 0.51 294
Nd:Y3Al501, [43] 037 229 5.97 0.384 261
Nd:Y3Al501; [42] 0.2 2.7 5 0.54 259
Nd:YAIO; [44] 13 4.7 5.7 0.82 157

Table 5

Parameters of laser transitions from the 4F3/2 state in the Ndo5GdosFes3(BO3)4 single crystal at room temperature: average wave numbers kjr, parameters I“;2 in the Eq. (3),
calculated transition strengths s, transition probabilities A, branching ratios § and life time 7 of the 4F3,z state.

Final level kir (cm™1) I? I? 2 siF (10720 cm?) A(s 1) B (%) T (us)
4115/2 5290 0 0 0.028 0.23 8.9 0.4 496
Uy 7340 0 0 0212 1.75 180 8.9

4111/2 9320 0 0.142 0.407 4.50 949 47.1

4]9/2 11,360 0 0.230 0.0547 2.30 878 43.6

emission for a specific emission channel is characterized by the
multiplet luminescence branching ratio

A
BiF = —— = AT (8)

where 1 is the excited state life time. The calculated values of the
transition strengths, the spontaneous emission probabilities, the
branching ratios of transitions from the 4F3/2 state, and the state
4F3/2 lifetime are presented in Table 5. It is seen from this Table
that coefficients 1"22 for radiative transitions from the 4F3/2 state
are equal to zero, and, consequently, probabilities of these tran-
sitions depend only on £24 and §2g. Therefore, the spectroscopic
quality factor X = £24/§2¢ was introduced for characterization of the
considered transitions [49,50]. Values of this factor and life times
of the 4F3/2 state in the crystal under study as well as in some other
crystals are given in Table 4. The analytical dependencies of the
branching ratios on the factor X are given in Refs. 49, 50. They
show that the quality factor of the studied crystal, unlike the other
compounds shown in Table 4, is optimal: branching ratios of the
transitions to 4I;1, and “Ig, states are almost equal and close to
50% (see Table 5). In addition, the radiative life time of the 4F3/2
state in the studied crystal is larger than in alumoborates and alu-
mogarnets (Table 4). Since the spectroscopic characteristics of f-f
transitions in the ferroborate under study are found to be peculiar,
it is of interest to observe its luminescence. For this purpose we
used Horiba Jobin Ivon T6400 Raman spectrophotometer with the
excitation at the wavelength 514.5nm (19,436 cm~!). Applicabil-
ity of the T64000 spectrophotometer for high quality luminescent
measurements was recently described in Ref. [51]. The radiation
20mW of argon laser was focused onto the crystal to the diam-
eter of 10 micron. The exciting radiation falls within neodymium
ion absorption band comprising transitions to 4G, +4Gojp +2Ki32
manifolds (Fig. 3). Luminescence of neodymium ions in the infrared
region available with the T64000 detector (up to 1 micron) was
not detected. Partially this can be explained by the absorption
of iron ions in the region of neodymium luminescence, as well
as by the fact that the noticeable part of the exciting radiation
was absorbed by iron ions, too, and excitation transfer from iron
to 4F3/2 state of neodymium is inefficient in the crystal under
study.

4. Summary

The absorption spectra of the Ndy5Gdg sFe3(BO3),4 single crys-
tal for m-, o-, and «-polarizations were measured in the spectral
range 10,000-22,000 cm~'. The spectra of d-d transitions in Fe3*
ions and the spectra of f-f transitions in Nd3* ions were separated,
and intensities of all transitions were measured. The doubly forbid-
den d-d transitions appeared to be of the similar intensity as the
only parity-forbidden f-f transitions. This is due to the exchange
mechanism of removal of the spin-forbiddenness in the process of
the pair absorption of the exchange coupled Fe ions and due to high
covalency of the Fe-ligand bond. The f-ftransitions intensities were
analyzed in terms of the Judd-Ofelt theory generalized for the case
of anisotropic crystals, and the following parameters of the the-
ory were obtained: £2;=4.4x 10720 cm?2, £2,=8.04 x 1020 cm?,
£26=8.25x 10720 cm? and X=£24/25=0.97. The strengths, spon-
taneous emission probabilities and branching ratios for the laser
transitions from the 4F3/2 state to the #I; manifold and the lifetime
of 4F3/2 state were calculated. All the obtained spectroscopic char-
acteristics were compared with those of alumoborates with the
same crystal structure. In spite of optimal spectroscopic quality fac-
tor of f-f transitions in the ferroborate, the luminescence was not
observed.
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