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1. INTRODUCTION

In recent years, considerable attention has been
focused on materials (crystals, glasses) doped with
Tm

 

3+

 

 ions [1, 2] due to the wide spectral range of their
emission [3]. In particular, Caird et al. [4] and Johnson
et al. [5] achieved the lasing on the 

 

f

 

–

 

f

 

 transitions of
Tm

 

3+

 

 ions in yttrium aluminum garnet and YAlO

 

3

 

 crys-
tals at wavelengths of 2.0 and 2.3 

 

µ

 

m. The emission of
the 

 

3

 

F

 

4

 

  

 

3

 

H

 

6

 

 transition at approximately 1.9 

 

µ

 

m has
been used in medicine and remote probing systems [6].
The upconversion process on the 

 

1

 

D

 

2

 

  

 

3

 

F

 

4

 

 transition
in the Tm

 

3+

 

 ion was observed in yttrium scandium alu-
minum garnet at a wavelength of 450 nm [7]. The

 

3

 

H

 

6

 

  

 

3

 

H

 

4

 

 transition in the Tm

 

3+

 

 ions in the YVO

 

4

 

 and
Y

 

2

 

O

 

3

 

 compounds at approximately 800 nm turned out
to be promising for pumping of commercial GaAlAs
lasers [8]. Media with a high concentration of active
rare-earth ions are necessary for miniature solid-state
lasers. Rare-earth aluminoborate crystals with a huntite
structure characterized by a one-position distribution of
cations are ideal materials for these purposes, because
this structure makes it possible to introduce rare-earth
(including Tm

 

3+

 

) ions at high concentrations up to the
stoichiometric composition.

In our earlier work [9], we measured the absorption
spectra for all observable 

 

f

 

–

 

f

 

 transitions in
TmAl

 

3

 

(BO

 

3

 

)

 

4

 

 single crystals over a wide range of tem-

 

peratures. However, the absorption spectra allow one to
determine the probabilities of transitions only to the
ground state. In order to estimate the probabilities of all

 

f

 

–

 

f

 

 transitions and the branching ratios, it is common
practice to use the Judd–Ofelt theory. These estimates
for TmAl

 

3

 

(BO

 

3

 

)

 

4

 

 crystals were made by Guohua Jia et
al. [10] from the analysis of unpolarized spectra that
considerably reduced the reliability of the results of
processing with the use of this theory. Moreover, the
strong absorption band for the crystals synthesized in
[10] was observed beginning with an energy of 25000
cm

 

–1

 

 in contrast to 35000 cm

 

–1

 

 for our crystal samples,
which indicates a lower quality of the former crystals.
As a consequence, the transition to the 

 

1

 

D

 

2

 

 state in [10]
was poorly observed against the background of the
strong absorption edge, which could also affect the
results of processing in [10]. All the above factors have
given impetus to the performance of new investigations
of the spectroscopic parameters of TmAl

 

3

 

(BO

 

3

 

)

 

4

 

 crys-
tals with the use of the Judd–Ofelt theory.

2. OBJECTS OF INVESTIGATION

Single crystals of the TmAl

 

3

 

(BO

 

3

 

)

 

4

 

 compound were
grown from a melt solution (the growth procedure is
described in detail in [11, 12]). The lattice constants of
the grown crystals were determined using x-ray diffrac-
tion: 

 

a

 

 = 9.280(1) Å and 

 

c 

 

= 7.211(1) Å. The samples
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Abstract

 

—High-optical-quality single crystals of the TmAl
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(BO
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4

 

 compound were synthesized from a solu-
tion in the melt. The absorption spectra in the 

 

σ

 

 and 

 

π

 

 polarizations for the 

 

3

 

H

 

6
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F
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H
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,
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H

 

6
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H

 

4
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6

 

  

 

3

 

F

 

3

 

, 

 

3

 

H

 

6

 

  

 

3

 

F

 

2

 

, 

 

3

 

H

 

6

 

  

 

1

 

G

 

4

 

, and 

 

3

 

H

 

6

 

  

 

1

 

D

 

2

 

 transitions in the Tm

 

3+

 

 ion were
recorded at room temperature. The transition intensities were analyzed in the framework of the Judd–Ofelt the-
ory generalized to the case of anisotropic crystals, and the following parameters of the theory were obtained:

 

Ω

 

2

 

 = 6.14 

 

×

 

 10

 

−

 

20

 

 cm

 

2

 

, 

 

Ω

 

4

 

 = 3.09 

 

×

 

 10

 

–20

 

 cm

 

2

 

, and 

 

Ω

 

6

 

 = 2.04 

 

×

 

 10

 

–20

 

 cm

 

2

 

. The lifetimes and the branching ratios
were determined for all possible transitions.
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for measurements were prepared in the form of pol-
ished plane-parallel plates oriented perpendicular or
parallel to the crystallographic threefold axis.

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

At room temperature, the crystals have trigonal
symmetry with space group 

 

R

 

32 (no. 155, International
Tables for X-ray Crystallography). The unit cell con-
tains three formula units (

 

Z

 

 = 3). Trivalent rare-earth
ions occupy only one type of positions with symmetry
D3 (this substantially simplifies the interpretation of
spectral information). These ions are located at the cen-
ter of a trigonal prism formed by six crystallographi-
cally equivalent oxygen ions. Each oxygen ion in the
environment of the rare-earth ion belongs to its own
borate group. The triangles formed by the oxygen ions
in the neighboring basal planes are not superimposed
on each other but are twisted through a particular angle.
Owing to this distortion, the symmetry D3h of the ideal
prism is reduced to the symmetry D3 [13].

Figures 1–3 show the absorption spectra (decimal
absorption coefficient) measured at room temperature
for seven f–f transitions in the range from 5000 to
35000 cm–1, in which a strong absorption occurs. We
used the identification of the states of the Tm3+ ion that
has been universally accepted in recent years [14]. This
identification differs from that initially proposed in [15]
by the mutual arrangement of the 3F4 and 3H4 states due
to their strong mixing by the spin–orbit interaction. The
shorthand notation of the transitions is taken from [16].
The absorption spectra were measured with the light
propagating normal to the C3 axis of the crystal for the
light wave vector E parallel (the π spectrum) and per-
pendicular (the σ spectrum) to the C3 axis and the light

propagating along the C3 axis (the α spectrum). The
spectral resolution was approximately equal to 10 cm–1.

The absorption spectra measured in the σ and α
polarizations coincide with each other. This implies
that the absorption occurs through the electric dipole
mechanism. The shape and integrated intensities of the
π and σ spectra differ substantially; i.e., there is a
dichroism (Figs. 1–3, Table 1). In particular, the inten-
sities of the σ spectra are higher than those of the π
spectra by a factor of 2.5–3.8. The maximum values of
the σ absorption cross sections K1 = K/N0 [where K is
the absorption coefficient (cm–1) and N0 is the concen-
tration of Tm3+ ions per cubic centimeter] are observed
at the following wavelengths: 1810 nm (K1 = 0.37 ×
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Fig. 1. Absorption spectra measured in the α polarization
for the 3H6  3F4 transition (the Y band) and in the π and

σ polarizations for the 3H6  3H5 transition (the X band).
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Fig. 2. Absorption spectra measured in the π and σ polariza-
tions for the transitions 3H6  3H4 (the A band),
3H6  3F3 (the B band), and 3H6  3F2 (the C band).
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Fig. 3. Absorption spectra measured in the π and σ polariza-
tions for the transitions 3H6  1G4 (the D band) and
3H6  1D2 (the E band).
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10−20 cm2), 1217 nm (K1 = 0.89 × 10–20 cm2), 808 nm
(K1 = 0.73 × 10–20 cm2), 690 nm (K1 = 0.83 × 10–20 cm2),
669 nm (K1 = 0.08 × 10–20 cm2), 480 nm (K1 = 0.09 ×
10–20 cm2), and 358 nm (K1 = 0.37 × 10–20 cm2).

In order for a transition to be allowed, the represen-
tation of the transition operator Γt = ΓiΓf (where Γi and
Γf are the representations of the initial and final states,
respectively) should contain the representation of the
electric dipole moment. In particular, in the group D3,
this is the representation A2 for the π polarization and
the representation E for the σ polarization [17, 18]. In
our previous works [9, 19], the symmetry of transitions
was analyzed using the tables taken from [20]. How-
ever, it turned out that they involve errors, which led us
to the assumption regarding distortions of the local
symmetry of the thulium ion to the symmetry C3 even
at room temperature [9, 19]. The tables presented in
[17, 18] do not permit us to make this assumption.
According to these tables, unlike the tables taken from
[20], the electric dipole transitions in the symmetry D3,
as in the symmetry C3, are allowed for any polarization.
However, the number of the absorption bands observed
at liquid-helium temperatures and their polarization
properties suggest a lowering of the local symmetry to
C1 with a decrease in the temperature [9, 19].

In the framework of the Judd–Ofelt theory, the
strength of an f–f transition in an ion in a crystal field is
described by the relationship [21–23]

(1)

Here, sIF = , i ∈ I, f ∈ F, and  =

〈I ||U(λ) ||F〉2 are theoretically calculated coefficients.
The sets I and F of states are J multiplets. The index λ
for the f–f transitions has three values, namely, 2, 4, and
6. Therefore, it is sufficient to find experimentally the

sIF ΩλΓλ
2

I F,( ).
λ
∑=

1

e
2

---- Dif
2

if∑ Γλ
2

strengths of any three transitions in order to determine
three parameters Ωλ and to calculate the strengths of all
the other transitions. The transitions under consider-
ation in a free Tm3+ ion are forbidden in the electric
dipole approximation not only by the parity, but the
majority of these transitions are forbidden by the total
momentum in accordance with the selection rule ∆J =
0, ±1. According to the Judd–Ofelt theory, when transi-
tions are allowed by the parity selection rule due to the
odd components of the crystal field, they can occur at
∆J ≤ λ, where λ = 2, 4, and 6 for the f–f transitions.
Therefore, within this approximation, all f–f transitions
in the Tm3+ ion are allowed. The transition strength and
the oscillator strength are related by the expression [24]

(2)

where gI is the degree of degeneracy of the ground state
and kIF is the average wave number of the absorption
band.

Relationships (1) and (2) describe the properties of
the atom in a local electromagnetic field. The influence
of the electric polarization of the medium manifests
itself when the oscillator strength and the transition
strength are determined from the experimental absorp-
tion spectrum. In experiments, one measures the natural
or decimal absorption coefficient

(3)

Here, I0 and I are the intensities of the incident and
transmitted fluxes, respectively. The plane wave can be
represented in the form

(4)

where n = n' + in'' is the complex refractive index,
which is related to the permittivity through the expres-

sIF

3hgI

8π2
mckIF

----------------------- f IF,=

K
e( ) 1

d
---

I0

I
---- or K

10( )
ln

1
d
---

I0

I
----.log= =

E E0 i
ω
c
----nx iωt–⎝ ⎠

⎛ ⎞ ,exp=

Table 1.  Parameters  in formula (1), average wave numbers kav, integrated intensities I, oscillator strengths f, and transition
strengths sif

Transition Excited 
state

kav,
cm–1

I, cm–2 mol–1

f, 10–7

sif, 10–20 cm2

π σ experi-
ment

calcula-
tion

Y 3F4 0.5589 0.7462 0.2574 5600 867 6.27

X 3H5 0.1074 0.2313 0.6382 8300 179 560 18.7 2.70 2.68

A 3H4 0.2187 0.0944 0.5758 12500 225 884 28.7 2.75 2.81

B 3F3 0 0.3163 0.8409 14400 453 882 31.9 2.66 2.69

C 3F2 0 0 0.2591 15000 38 59 2.24 0.18 0.53

D 1G4 0.0452 0.0694 0.0122 21150 78 298 9.69 0.55 0.52

E 1D2 0 0.3144 0.0916 27800 247 786 26.2 1.13 1.16

Γλ
2

Γ2
2 Γ4

2 Γ6
2
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sion n =  when only the electric dipole interaction is
taken into account. By using the definition of the per-
mittivity

(5)

where α is the polarizability of the material per unit
volume, we can find

(6)

From expressions (3), (4), and (6), with due regard for
the relationship I ~ E2, we find

(7)

According to the definition, the electric dipole moment
of the material per unit volume is given by the formula

(8)

Here, α1 is the atomic polarizability in the local field, N
is the number of active atoms per unit volume, Eloc =
E + L1P is the local electric field acting on the atom, and
L1 is the Lorentz factor. By expressing the polarizability
α through the permittivity ε from relationship (5) and
substituting it into the right-hand side of formula (8),
we derive

(9)

where L is the Lorentz correction. For the cubic envi-
ronment, we have L1 = 4π/3 [25] and, hence, L = (ε +
2)/3. If the transition is not strong, i.e., the inequality
ε'' � ε' is satisfied in the resonance range, the quantity
ε' in this range is governed by other transitions. As a
consequence, we can set ε ≈ ε'. However, by contrast,
the quantities α and α1 should be associated only with
the transition under consideration. In this case, from
relationships (9) and (7), we obtain

(10)

It is known from the quantum theory [24] that the
atomic polarizability in the local field has the form

(11)

Here, ϕ(ω) = ϕ'(ω) + iϕ''(ω) is the dispersion function
for the real and imaginary polarizabilities in the frame-
work of the classical electron theory. According to this
theory, we can write

(12)

ε

ε 1 4πα,+=

n'' 2πα''/n'.=

K
e( ) 4πω

c
-----------α''

n'
-----.=

P αE Nα1Eloc Nα1 E L1P+( )= = =

=  Nα1E 1 L1α+( ).

α α1N 1 L1
ε 1–( )
4π

----------------+ LNα1,≡=

K
e( )

4πωLNα1''/cn', n' ε'.≈=

α1
2e

2

�
--------ωif sif ϕ ω( ) e

2

m
---- f if ϕ ω( ).= =

ϕ'' ω( ) γω/ ωif
2 ω2

–( )
2

γ 2ω2
+ .=

Here, γ (at γ2 � ) is approximately equal to the
width at half-height of the resonance curve ϕ''(ω). In
accordance with expressions (11) and (12), we have

 =  at the absorption maximum (ω =

ωif). Then, with the help of formula (10), we find

(13)

where Iif =  ≈ . The replacement of

the natural absorption coefficient by the decimal
absorption coefficient, the absorption coefficient by the
molar extinction, and the frequency by the wave num-
ber (ω = 2πkc) results in the expression

(14)

Here, NA is the Avogadro number, Iif = ,

σ(10) = K (10)/C is the decimal molar extinction, and C is
the molar concentration (mol/l). In expression (14), the
numerical coefficient most frequently used (without
justification) in the literature is equal to 4.318 × 10–9

[26], which is smaller by a factor of π/2. In order to
avoid the loss of generality of the results, we will also
use this coefficient.

Relationships (1), (2), (11), (13), and (14) corre-
spond to the isotropic case. Therefore, we averaged the
transition intensities over the polarizations: I = (2Iσ +
Iπ)/3. By using the data obtained in [1, 27], it is possible
to demonstrate that both the birefringence and the
change in the refractive index of crystals of the
RAl3(BO3)4 type over the entire spectral range under
investigation do not exceed 4% and, hence, can be
treated as constant, so that the refractive index can be
taken equal to an average value of the order of 1.75. In
this situation, the correction in expression (14) due to
the electric polarization of the medium is close to unity
and will be ignored. The calculated values of the oscil-
lator and transition strengths are listed in Table 1. The
transition strengths were calculated from formula (2),
in which the wave numbers corresponding to approxi-
mately the midpoint of the absorption bands under con-
sideration were used as the quantities kIF.

The splitting of the ground state of the Tm3+ ion in
the crystal field of the TmAl3(BO3)4 crystal is approxi-
mately equal to 465 cm–1 [9]. This circumstance makes
the application of the Judd–Ofelt theory unrigorous.
Actually, one of the main postulates of the theory,
namely, the equal population of all components of the

ωif
2

α1max'' e
2

mγ ωif

--------------- f if

f if
mcn'

4πe
2
LN

--------------------γ Kmax
e( ) mc

4πe
2
N

---------------- 3n'

n'( )2
2+

--------------------Iif ,⋅= =

γ Kmax
e( )

K
e( ) ω( ) ωd∫

f if 10
3

10
mc

2

2e
2
NA

--------------- 3n'

n'( )2
2+

--------------------Iif⋅ln=

=  6.78 10
9– 3n'

n'( )2
2+

--------------------Iif .×

σ 10( )
k( ) kd∫
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splitting of the ground state in the crystal field, is not
satisfied. Nonetheless, the Judd–Ofelt theory is applied
to both glasses [14] (where the splitting is masked by
the spatial inhomogeneity of the crystal field) and crys-

tals [28]. The parameters  in relationship (1) for the
Tm3+ ion were determined in several works (see, for
example, [14, 28–30]). We used the parameters
obtained by Spector et al. [14] (Table 1). The parame-
ters Ωλ were calculated by the least-squares method
with the use of two sets of transitions: the set of X, A, B,
C, D, and E transitions and the same set without the C
band. The least root-mean-square deviations of the
experimental transition strengths (except for the C
band) from those calculated from relationship (1) were
obtained with the use of the parameters Ωλ derived for
the second set of transitions: Ω2 = 6.14 × 10–20 cm2,
Ω4 = 3.09 × 10–20 cm2, and Ω6 = 2.04 × 10–20 cm2. None
of the variants of the calculation of the intensity of the
transition C (3H6  3F2) is consistent with the Judd–
Ofelt theory, even though this transition seemingly
leads directly to the parameter Ω6 = 0.68 × 10–20 cm2

(Γ2 = Γ4 = 0). When determining the parameters Ω2 and

Γλ
2

Ω4 with the use of this value of Ω6 and the other transi-
tions (except for the transition C), the obtained approx-
imation turns out to be substantially worse than those
considered above.

Apart from the basic assumptions underlying the
Judd–Ofelt theory, there are other circumstances that
reduce the accuracy of its application. The wave num-
bers kIF in expression (2) are rather approximate and
uncertain quantities for broad absorption bands, and
they differ for absorption and emission because the adi-
abatic potentials are different in different electronic
states. It is also important that the equilibrium configu-
ration 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. Further-
more, the system in the excited state can relax to a new
equilibrium configuration due to 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 con-
figuration during the electronic transition can be one of

Table 2.  Average wave numbers of transitions kav, transition strengths sif, transition probabilities A, branching ratios β, and
excited state lifetimes τ

Transition Initial level Final level kav, cm–1 sif, 10–20 cm2 A, s–1 β τ, ms

E 1D2
1G4 6650 1.7 126 0.006 0.05
3F2 12800 1.35 716 0.036
3F3 13400 1.23 747 0.038
3H4 15300 1.22 1104 0.056
3H5 19500 0.039 73.5 0.004
3F4 22200 3.9 10790 0.543
3H6 27800 1.16 6310 0.329

D 1G4
3F2 6150 0.33 10.8 0.007 0.69
3F3 6750 0.87 38.5 0.026
3H4 8650 1.71 156 0.107
3H5 12850 1.50 450 0.308
3F4 15550 0.214 113 0.078
3H6 21150 0.517 688 0.475

B 3F3
3H4 1900 2.21 2.73 0.002 0.59
3H5 6100 4.93 203 0.12
3F4 8800 0.359 43.8 0.026
3H6 14400 2.69 1450 0.856

A 3H4
3H5 4200 1.57 16.4 0.019 1.16
3F4 6900 1.62 74.7 0.087
3H6 12500 2.81 772 0.895

X 3H5
3F4 2700 1.075 2.43 0.014 5.6
3H6 8300 2.67 177 0.990

Y 3F4
3H6 5600 6.26 154 1 6.46
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the reasons that some transitions do not obey the Judd–
Ofelt theory.

The transitions in the Tm3+ ion were investigated in
a large number of crystals, glasses, and solutions (see,
for example, [1–3, 14, 31–34]). The intensities of the f–
f transitions and, correspondingly, the parameters Ωλ
can vary over a very wide range. No correlation of the
intensities of the f–f transitions and the parameters Ωλ
with the structure of the environment of rare-earth ions
has been revealed to date. Therefore, the properties of
the f–f transitions cannot be predicted from the struc-
ture of the material, and the spectroscopic properties of
each new compound should be investigated experimen-
tally. The parameters Ωλ obtained in our work for the
TmAl3(BO3)4 crystal are very close to those for the thu-
lium acetate in the solution [33], rather close to the cor-
responding parameters for the dilute crystal
GdAl3(BO3)4 : Tm3+ [1], and, as we expected, differ
substantially from the parameters for the nominally
identical crystal studied in [10].

The possibility of generating stimulated emission
for a specific emission channel is characterized by the
multiplet luminescence branching ratio

(15)

where

(16)

is the probability of a spontaneous dipole transition
between degenerate levels in a condensed material [35,
36], gI is the degree of degeneracy of the initial level,
and n(kIF) is the refractive index at the transition fre-
quency (as was noted above, it is taken equal to 1.75).
The absorption spectra enable us to determine the prob-
abilities of spontaneous transitions only to the ground
state. The Judd–Ofelt theory provides a means for the-
oretically evaluating the probabilities of all the f–f tran-
sitions and, correspondingly, the branching ratios. The
calculated values of the transition strengths, the sponta-
neous emission probabilities, the branching ratios β,
and the excited state lifetimes τI = 1/  are pre-

sented in Table 2. The transitions from the 3F2 state are
omitted, because the C transition is inconsistent with
the Judd–Ofelt theory. The transitions to the 3F2 state
make an insignificant contribution to the lifetimes and
branching ratios for the transitions from all the other
states (Table 2). It follows from relationships (15), (16),
and (1) that the branching ratios depend on the ratio of
the Judd–Ofelt parameters rather than on their magni-
tude and, hence, depend on the ratio of the transition
intensities. Therefore, any uncertainties in the measure-

βIF

AIF

AIF

F

 

∑
---------------,=

AIF

64π4
e

2
kIF

3
n kIF( )

3hgI

----------------------------------------sIF=

AIFF∑

ment of the magnitudes of the transition intensities do
not affect the branching ratios.

4. CONCLUSIONS

High-optical-quality single crystals of the
TmAl3(BO3)4 compound were synthesized from a solu-
tion in the melt. The absorption spectra of the
TmAl3(BO3)4 single crystals in the σ and π polariza-
tions for the f–f transitions in the range 5000–
35000 cm–1 were recorded at room temperature. The
transition intensities were analyzed in terms of the
Judd–Ofelt theory generalized to the case of anisotro-
pic crystals, and the following parameters of the theory
were obtained: Ω2 = 6.14 × 10–20 cm2, Ω4 = 3.09 ×
10−20 cm2, and Ω6 = 2.04 × 10–20 cm2. The strengths,
spontaneous emission probabilities, branching ratios,
and excited state lifetimes were calculated for all possi-
ble transitions. It was demonstrated that the branching
ratios are large not only for the low-lying levels. This
circumstance is important for the lasing in the visible
and ultraviolet ranges. The large branching ratios for
the 1D2  3F4, 1G4  3H5, and 3F2  3F4 transi-
tions indicate that upconversion processes can occur
with the participation of these transitions.
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