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1. INTRODUCTION

Crystals doped by rare-earth ions or containing rare-
earth ions in the stoichiometric composition have been
attracting considerable interest due to their vast appli-
cation potential, including as laser media. The basic
processes responsible for emission in the spectral
regions of interest are currently known. However, the
spectroscopic properties of rare-earth ions in the crystal
matrix and their luminescence characteristics depend
strongly on the structure of the matrix, i.e., on the envi-
ronment of the rare-earth ions and their concentration
in the crystal. This is why the desired set of optical
properties of a material still cannot be predicted with
reasonable accuracy, which makes it necessary to con-
duct an experimental study of the newly synthesized
compound in each particular case. In recent years, there
has been an explosive interest in aluminoborates of the
general formula 

 

R

 

Al

 

3

 

(BO

 

3

 

)

 

4

 

 (with a structure of the
huntite mineral CaMg

 

3

 

(CO

 

3

 

)

 

4

 

 [1]), where 

 

R

 

 stands for
a rare-earth element. The crystals have trigonal symme-
try with space group 

 

R

 

32 (No. 155 of the 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 position of symmetry 

 

D

 

3

 

.
These ions are located at the center of a trigonal prism
made up of six crystallographically 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 base and top planes
are not superimposed but twisted by some distortion
angle. Owing to this distortion, the 

 

D

 

3

 

h

 

 symmetry of the
ideal prism is reduced to 

 

D

 

3

 

.

The majority of studies performed in this field have
dealt with crystals doped by Nd, Gd, Tb, and Yb, as
well as with those containing these elements in the sto-
ichiometric composition [2–6]. At the same time, it is
known that, in other compounds, Tm

 

3+

 

 is characterized
by radiative transitions in various (from ultraviolet to
infrared) spectral regions [7–15]. This has stirred con-
siderable interest in the optical spectra of TmAl

 

3

 

(BO

 

3

 

)

 

4

 

.
As regards the magneto-optical properties of Tm

 

3+

 

 ions,
they have not been studied thus far at all, even though
understanding the nature of the magneto-optical activ-
ity of electronic transitions in rare-earth ions is an issue
of fundamental importance.

The purpose of this work was to investigate the
absorption spectra and magnetic circular dichroism of
Tm

 

3+

 

 in a synthesized single crystal of TmAl

 

3

 

(BO

 

3

 

)

 

4

 

and to interpret the spectra obtained.

2. SAMPLE PREPARATION

Single crystals of TmAl

 

3

 

(BO

 

3

 

)

 

4

 

 were grown from a
melt solution based on bismuth trimolybdate and lith-
ium molybdate used previously to prepare
(Tb,Er)

 

x

 

Fe

 

3 

 

−

 

 

 

x

 

Ga

 

5

 

O

 

12

 

 garnets doped with rare-earth
ions [16]:

{85 wt % [Bi

 

2

 

Mo

 

3

 

O

 

12

 

 + 2B

 

2

 

O

 

3

 

 + 0.5Li

 

2

 

MoO

 

4

 

] 
+ 15 wt % TmAl

 

3

 

(BO

 

3

 

)

 

4

 

}. 

The saturation temperature of the melt solution was

 

T

 

sat

 

 

 

≈

 

 1000

 

°

 

C. The concentration dependence of the sat-
uration temperature had a slope 

 

dT

 

sat

 

/

 

dn

 

 

 

≈

 

 15

 

°

 

C/wt %.
The metastable zone was about 20

 

°

 

C wide. The melt
solution (total weight, 1 kg) was prepared in a cylindri-
cal platinum crucible (

 

D 

 

= 100 mm, 

 

H 

 

= 90 mm). The
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—The polarized spectra of absorption and magnetic circular dichroism in a TmAl
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 single crys-
tal are studied in the region of 

 

3
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3

 

F

 

4

 

, 

 

3

 

H

 

6

 

  

 

3

 

F

 

3

 

, and 

 

3
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6
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F

 

2

 

 electronic transitions in the Tm

 

3+

 

ion. The structure of the spectra is interpreted qualitatively. It is shown that the magnetic circular dichroism of
the 

 

3

 

H

 

6

 

  

 

3

 

F

 

4

 

 transition is determined by the contribution from the splitting of the ground state, whereas the
magnetic circular dichroism of the 

 

3

 

H

 

6

 

  

 

3

 

F

 

3

 

 transition is governed by the contribution from the splitting of
an excited state in a trigonal crystal field.
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Parameters of the absorption bands in the spectrum of
TmAl

 

3

 

(BO

 

3

 

)

 

4

 

Transi-
tion

Nota-
tion

Energy, 
cm

 

–1

 

Polar-
ization

Width, 
cm

 

–1

 

Integrated 
intensity,

cm

 

–2

3

 

H

 

6

 

–

 

3

 

F

 

4

 

A

 

–

 

σ

 

– 6110
–

 

π

 

– 3130

 

A

 

3

 

12320

 

σ

 

59 650
12319

 

π

 

50 100

 

A

 

4

 

12373

 

σ

 

41 930
12375

 

π

 

45 360

 

A

 

5

 

12422

 

σ

 

31 160
12430

 

π

 

35 45

 

A

 

6

 

12465

 

σ

 

83 1620
12477

 

π

 

87 980

 

A

 

7

 

12545

 

σ

 

25 330
12545

 

π

 

25 310
A8 12640 σ 125 1070

12626 π 88 990
A9 12740 σ 40 190

12731 π 44 130
A10 12811 σ 60 690

12799 π 61 170
3H6–3F3 B – σ – 7300

– π – 4900
B1 14015 σ 82 280

14302 π 86 170
B3 14179 σ 26 190

14172 π 21 40
B4 14219 σ 33 320

14215 π 70 260
B5 14315 σ 69 1340

14321 π 39 1000
B6 14402 σ 47 1030

14403 π 53 630
B7 14449 σ 32 970

14449 π 38 700
B8 14500 σ 38 1550

14506 π 44 1130
B9 14576 σ 93 540

14583 π 90 410
3H6–3F2 C – σ – 510

– π – 350
C1 14948 σ 50 240

14941 π 66 130
C2 15029 σ 49 150

15038 π 56 110
C3 15121 σ 45 120

15119 π 31 110

melting and homogenization stages were limited by the
temperatures T = 1050–1100°C. The saturation temper-
ature was determined accurate to within ±2°C with the
use of trial crystals grown previously through spontane-
ous nucleation.

Several crystals were grown at a time. Eleven seeds
≈1 mm3 in volume were fixed to a ring crystal holder.
The initial supercooling was 10°C, which corresponded
to the center of the metastability zone. After this, the
temperature of the melt solution was decreased at an
increasing rate of 1–3°C/day. The crystal growth rate
did not exceed 0.5 mm/day. The crystal holder was
rotated reversibly with a 1-min period. After the growth
was complete, the crystal holder was raised above the
melt solution and the furnace was left to cool to room
temperature with the power supply turned off. Crystals
measuring 6–10 mm with a total mass of 15 g were
obtained in the crystallization temperature range of
17°C. The lattice constants of the crystals synthesized
were determined from x-ray diffraction measurements:
a = 9.280(1) Å and c = 7.211(1) Å.

The samples prepared for measurements were
≈0.15-mm-thick plane-parallel polished platelets ori-
ented perpendicular or parallel to the threefold crystal-
lographic axis.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The absorption spectra were measured at room tem-
perature in the frequency range 12000–16000 cm–1

with light propagating along the C3 axis (the α spec-
trum) and normal to the plane aligned with the C3 axis
for the light wave vector E parallel (the π spectrum) and
perpendicular (the σ spectrum) to the C3 axis of the
crystal. The spectral resolution was ~10 cm–1. An Ahr-
ens prism served as a polarizer. The magnetic circular
dichroism spectrum was recorded with light propagat-
ing along the C3 axis of the crystal. The magnetic field
was 2.5 kOe. The magnetic circular dichroism was
measured by modulating the light polarization with a
piezomodulator. The accuracy in measuring the mag-
netic circular dichroism was 10–4, and the spectral res-
olution was ~50 cm–1.

The absorption spectra obtained in the π and σ
polarizations are shown in Fig. 1 for the 3H6  3F4
transition and in Fig. 2 for the 3H6  3F3 and 3H6 
3F2 transitions. The absorption spectra measured in the
polarizations σ and α coincide. This implies that the
absorption occurs through the electric dipole mecha-
nism. The absorption spectra are decomposed into
Gaussian components. The parameters of the strongest
absorption lines are listed in the table. The designations
of the splitting components A1–A10, B1–B9, and C1–C3
for the first, second, and third of the above bands were
introduced for convenience in the subsequent discus-
sion. We readily see substantial differences in the inte-
grated band intensity and intensity distribution among
the components in the π and σ spectra, as well as a dif-
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ference between the π and σ spectra themselves, i.e.,
dichroism (Figs. 1, 2). Some lines are revealed either
only in the π polarization or only in the σ polarization.
All the above transitions are forbidden for a free ion in
the electric dipole approximation both in the parity and
in the total momentum in accordance with the selection
rule ∆J = 0 ± 1, with this forbiddenness being the stron-
ger, the smaller the total momentum of the excited state.
The integrated intensity of the transitions decreases in
about the same order (see table). According to the
Judd–Ofelt theory, the odd component of the crystal
field lifts the parity forbiddenness from transitions with
∆J ≤ λ, where λ = 2, 4, 6 for f–f transitions.

As was mentioned in Section 1, thulium ions, like
the other rare-earth ions in the huntite structure, are
contained inside a trigonally distorted noncentrosym-
metric oxygen octahedron [4]. Therefore, in order to
interpret the spectra obtained, we consider the splitting
of states (and the corresponding absorption lines) in
two steps: first, the splitting of states in the crystal field
of the O symmetry, and, then, further splitting of states
in the D3 crystal field, which describes the local sym-
metry of the environment of the thulium ion. One
should consider the noncentrosymmetric octahedral O
crystal field rather than the Oh crystal field, because, in
this case, f–f transitions would already be parity-
allowed. It is primarily static distortions rather than
vibrations that usually lift forbiddenness from the f–f
transitions [17]. Below, we present the splitting
schemes for the ground state and the three excited states
studied [18].

For 3H6 with the O field, 

 (1)Γ1 Γ2 Γ3 Γ4 2Γ5,+ + + +

and the D3 field, 

 (2)

For 3F4 with the O field, 

 (3)

and with the D3 field, 

 (4)

For 3F3 with the O field, 

 (5)

and with the D3 field, 

 (6)

For 3F2 with the O field, 

 (7)

and with the D3 field, 

 (8)

In order for a transition to be allowed, the representa-
tion of the transition operator

 (9)

where Γi and Γf are the representations of the initial and
final states, respectively, should contain either the rep-
resentation of the electric dipole moment Γ4 (in the
octahedral group) or the representation of the electric
dipole moment components Γ2 for the π polarization
and Γ3 for the σ polarization (in the D3 group). Accord-
ing to representation (9), the allowed transitions in the

Γ1 Γ2 Γ3 Γ2 Γ3+( ) 2 Γ1 Γ3+( ).+ + + +

Γ1 Γ3 Γ4 Γ5,+ + +

Γ1 Γ3 Γ2 Γ3+( ) Γ1 Γ3+( ).+ + +

Γ2 Γ4 Γ5,+ +

Γ2 Γ2 Γ3+( ) Γ1 Γ3+( ).+ +

Γ3 Γ5,+

 Γ3 Γ1 Γ3+( ).+

Γt ΓiΓ f ,=
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Fig. 1. Absorption spectra measured in the π and σ polariza-
tions for the 3H6  3F4 transition (A band).
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Fig. 2. Absorption spectra measured in the π and σ polariza-
tions for the 3H6  3F3 (B band) and 3H6  3F2
(C band) transitions.
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octahedral symmetry are Γ4, Γ5  Γ4, Γ5; Γ1  Γ4,
Γ2  Γ5, and Γ3  Γ4, Γ5. Note that these transi-
tions, of course, can occur in both polarizations. Hence,
it follows from schemes (1), (3), (5), and (7) that the
3H6  3F4 and 3H6  3F3 transitions are responsible
for 14 and 12 lines of this kind, respectively, whereas
the 3H6  3F2 transition gives rise to 8 lines. Further-
more, as is evident from schemes (2), (4), (6), and (8)
and transition operator (9), a lowering of the symmetry
to trigonal can bring about an additional splitting of
these lines, as well as allow transitions that are forbid-
den in the octahedral crystal field. Since the trigonal
crystal field is only a small distortion of the octahedron,
these additional transitions should be weak and may not
be observable at all. Indeed, the observed number of
lines (Figs. 1, 2) is even smaller than that conditioned
by the octahedral crystal field. Nonetheless, lowering
the symmetry brings about a noticeable dichroism. At
first glance, this situation might seem strange. How-
ever, the low-symmetry component, which plays the
role of only a small addition to the cubic crystal field in
the distribution of the level splitting, is the sole source
of intensity of the f–f transitions. The separations
between the extreme lines in bands A, B, and C (~690,
580, and 170 cm–1 or 993, 835, and 250 K, respectively)
make minimum contributions to the total crystal-field
splittings of the ground and excited states.

The magnetic circular dichroism spectra of the tran-
sitions responsible for bands A and B (see Figs. 3 and 4,
respectively) differ radically. The integrated magneto-
optical activity is defined as the ratio of the integrated
magnetic circular dichroism to the integrated absorp-
tion of bands A and B in the α (σ) polarization. Mea-
sured in units of µBH/kT, the integrated magneto-opti-
cal activity is 4.9 and 1.8, respectively. Thus, the inte-
grated magneto-optical activity for the transition in
band B is close to one-third of that of the transition in
band A.

           
In the general case, the magnetic circular dichroism

is a sum of three terms:

 (10)

The diamagnetic term 

 

A

 

 is proportional to the splitting
of electronic states in the magnetic field and is indepen-
dent of temperature. The paramagnetic term 

 

C

 

 is pro-
portional to the difference between the thermal popula-
tions of the splitting components of the ground state in
the magnetic field and, therefore, is a function of tem-
perature. Since the term 

 

B

 

 originates from the polariza-
tion of the transitions in the magnetic field, it has the
same dispersion as the term 

 

C

 

 and is also called para-
magnetic. This term appears as a result of a mixing of
states by the magnetic field and, therefore, does not
depend on temperature (in some cases, within a limited
temperature range). The term 

 

B

 

 (the mixing term) exists
only in a condensed state of the material, in which the
atomic states are split by the ligand field [19].

The trigonal crystal field splits states with an even
total momentum into states with a less than threefold
degeneracy. These states do not have a magnetic
moment and, hence, are not split by a magnetic field
(for doubly degenerate states, this is valid in the first
approximation). Accordingly, there should be neither a
diamagnetic term nor a paramagnetic term 

 

C

 

 of the
magnetic circular dichroism for either any of the transi-
tion splitting components in the trigonal crystal field or
for the sum over the whole 

 

J

 

1

 

  

 

J

 

2

 

 band. However, if
the splitting of states in the trigonal crystal field is
small, the components of this splitting exhibit a strong

 

B

 

-type paramagnetic effect equal in magnitude but
opposite in sign with a magneto-optical activity of the
order of 

 

µ

 

B

 

H

 

/

 

∆

 

, where 

 

∆

 

 is the splitting in the crystal
field (

 

µ

 

B

 

H

 

 

 

�

 

 

 

∆

 

). The point of inflection on the magnetic
circular dichroism curve in the region where the mag-
netic circular dichroism reverses sign coincides with
the position of line 

 

A

 

4

 

 in band 

 

A

 

 and with the position
of line 

 

B

 

8

 

 in band 

 

B

 

 (see Figs. 3 and 4, respectively).
Hence, it is the splitting of these transitions in the trig-

∆D A λ( ) B λ( ) C λ T,( ).+ +=
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 (

 

1

 

) Magnetic circular dichroism and (

 

2

 

) absorption
spectra measured in the 

 

α

 

 polarization for the 

 

3

 

H

 

6

 

  

 

3

 

F

 

4

 

transition (

 

A

 

 band).
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 (

 

1

 

) Magnetic circular dichroism and (

 

2

 

) absorption
spectra measured in the 

 

α

 

 polarization for the 

 

3

 

H

 

6

 

  

 

3

 

F

 

3

 

(band 

 

B

 

) and 

 

3

 

H

 

6

 

  

 

3

 

F

 

2 

 

(band 

 

C

 

) transitions.
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onal crystal field that accounts for the large alternating
magnetic circular dichroism. If these effects originate
from the splitting of the excited state, the band-inte-
grated effect should be zero. Otherwise, the integrated
effect may be different from zero because of the differ-
ence in the population of the splitting components of
the ground state in the trigonal crystal field. As a result
of the difference between the thermal populations, the
integrated magneto-optical activity of the splitting
components is of the order of the product (

 

µ

 

B

 

H

 

/

 

∆

 

) 

 

×

 

(

 

∆

 

/

 

kT

 

) = 

 

µ

 

B

 

H

 

/

 

kT

 

 (

 

∆

 

 

 

�

 

 

 

kT

 

), exactly what is observed in
experiment. Although this effect corresponds in magni-
tude and temperature dependence to the term 

 

C

 

, the
above reasoning suggests that it is actually a pseudo 

 

C

 

effect, because it originates not from the splitting of the
ground state levels by the magnetic field but rather from
the polarization of transitions in the magnetic field.
Thus, the magnetic circular dichroism in band 

 

B

 

 is pre-
dominantly determined by the contribution from the
splitting of the excited state, whereas the magnetic cir-
cular dichroism in band  A   is governed primarily by the
contribution from the splitting of the ground state in a
trigonal crystal field.
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