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Terahertz spectroscopy of magnetoelectric HoAl;(BO;)4
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Experimental and theoretical study of submillimeter (terahertz) spectroscopic and magnetic properties of the
rare-earth aluminum borate HoAl3(BOs)4 were performed at temperatures 3—300K. In the transmittance spectra
a number of resonance lines were detected at frequencies 2—35cm™" for different radiation polarizations. These
modes were identified as transitions between the lower levels of the ground multiplet of the Ho®" ion split by
the crystal field, including both transitions from the ground state to the excited ones and transitions between the
excited states. The established excitation conditions of the observed modes and the simulation of the spectra made it
possible to separate the magnetic and electric dipole transitions and to determine the energies of the corresponding
states, their symmetry, and the matrix elements of the transitions. Low-frequency lines that do not fit into the
established picture of the electron states of Ho3+ were also found; these lines, apparently, correspond to the ions
with the distorted by defects local symmetry of the crystal field.
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Introduction

Rare earth borates RM3(BO3)s (R=Y, La—Lu; M =Fe,
Al, Cr) with a crystal structure of trigonal symmetry
(space group R32) attracted a particular interest in recent
years. This is facilitated both by significant progress in
growing large high-quality single crystals [1], and by the
various magnetic, magnetoelectric, optical and other physi-
cal properties of borates [2-12]. Ferroborates RFe3(BOs3)4
are multiferroics in which the magnetic ordering of iron
ions results in electric polarization [2]. Magnetoelectric
interactions also cause anomalies in the dielectric perme-
ability, which can manifest themselves in significant (up
to 300%) changes in its value, as in SmFe3(BOs)4 [3].
Aluminium borates RAl3(BOs)4 are interesting for their
luminescent and nonlinear optical properties [9,10], they
have no magnetic ordering, and electric polarization occurs
only when a magnetic field is applied. In particular, in
TmAIl3(BO;3)4 a strong quadratic magnetoelectric effect was
found [11], it is comparable in magnitude to the effect
observed in ferroborates [2]. In holmium aluminoborate
HoAl3(BOs3)4, an unprecedented value of magnetic field-
induced electric polarization ~ 3600 uC/m? was found for
crystals in a field 70 kOe at a temperature of 3K [12]. For all
borates a strong dependence of magnetic, magnetoelectric,
spectroscopic, and other properties on the type of R ion
is observed. In the aluminum borate HoAl3(BOs)4 studied
in this paper, the nature of the temperature dependences
of the magnetic susceptibility and induced polarization [12]
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also indicates the prevailed contribution of low-frequency
states to the magnetic and magnetoelectric properties.

The objective of this paper is terahertz spectroscopic
studies of electronic transitions in the ground multiplet °Ig
of the Ho** ion of aluminum borate HoAl3(BO3)4, which
are expected to make the main contribution to the magnetic,
magnetoelectric, and dielectric properties.

Experiment

Large (up to 5Smm) single crystals of holmium alumi-
noborate were grown by crystallization from a solution in a
melt on a seed [1]. To directly observe electronic transitions
between low-energy states of the Ho** ion in HoAl3(BO3)4,
a study was carried out using the method of quasi-optical
submillimeter (terahertz) spectroscopy with backward-wave
tubes as a radiation source [13]. This method makes
it possible to monitor the polarization of radiation to
determine the conditions for the transitions excitation. The
transmission spectra of plane-parallel samples of a-section
(the plane of the plate is perpendicular to a axis of the
crystal) of HoAl3(BOj3)s single crystal in the frequency
range of 2—35c¢cm~! were measured. Examples of spectra
are shown in Fig. 1. Against the background of characteristic
oscillations caused by interference in the plane-parallel
sample, a complex pattern of the resonant absorption lines
was observed in the sample as the temperature decreased.
The frequencies of the resonance lines do not depend on
temperature, while the intensities and widths of the lines
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Figure 1. Terahertz transmission spectra of a-section of HoAl3(BOs)4 for radiation polarizations h || ¢, e || b (left column) and h || b,
e || ¢ (right column). Symbols are experimental data for different sample thicknesses: circles — d = 2.19 mm, triangles — d = 0.84 mm.

Lines — theory.

change strongly with temperature. Since the intensity of
some lines strongly increased with temperature decreasing,
the transmission became lower than the level possible
for detection, and thinner samples were prepared and
measured. The spectra for different sample thicknesses were
subsequently described in a consistent manner.

For most lines the intensity increases with temperature
decreasing, while the intensity of the lines 3,4 = 6 and
5 =6 (Fig. 1) has a maximum and decreases with further
temperature decreasing. This behavior indicates that the
lines whose intensity increases with temperature decreasing
correspond to transitions from the ground state to the
excited levels, while the lines whose intensity temperature
dependence has a maximum are determined by transitions
between the excited levels.

Analysis and discussion of experimental
results

Since in holmium aluminoborate there is no ordering
in the magnetic subsystem of rare-earth ions up to 2K,
then there are no collective spin modes, and it is natural
to identify the observed lines with magnetic and electric
dipole electronic transitions inside the ground multiplet >l g
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of the Ho>* ion split by the crystal field. To obtain detailed
information about the transitions, the obtained spectra were
modeled (lines in Fig. 1) using the Fresnel formulas for
plane-parallel layer, taking into account the contributions of
the corresponding electronic transitions to the dispersion of
the dielectric ¢* and magnetic u* permeabilities:

e (v) = &'(v) +ie"(v _sm+z Ask"jwkyk
(1)

pr(v) =u'(v) + _1+Z A”"”kayk
(2)

where vg are resonant frequencies, Auyx and Aey are
contributions to the magnetic and dielectric permeability
(intensities) and pi are linewidths of the corresponding kth
electronic transition (oscillator), and &, is high-frequency
dielectric permeability.

The pattern of HoAl;(BOj3)4 absorption lines turned out
to be quite rich (Fig. 1). The ground multiplet °lg of the
non-Kramers ion Ho** in the crystal field of symmetry D3
splits into singlets (A; and Ay) and doublets (E), the
selection rules between which for magnetic-electric dipole
transitions are given in the Table 1 [8].
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Table 1. Selection rules for transitions between symmetry states
I'=E, A, A in crystal field of symmetry D3 in non-Kramers
ion Ho**. The components of the electric d and magnetic g dipole
moments are indicated, the off-diagonal matrix elements of which
are nonzero, dash — transitions are forbidden

r E Al A
E dx,y,z, Ux,y,z dx,y, Mx,y dx,y, Hx,y
Al dx,y7 Ux,y - dz, Mz
A dx,y, Mx,y dz, Uz -
H03+ r
4,
5
Ig
4, 5
E 3.4
_ 0
E 1,2 o
D5 symmetry Distorted
Crystal field  Crystal field

Figure 2. Diagram of the lower electronic states of the ground
multiplet of the Ho>" ion in HoAls (BO3)4 crystal. The arrows
indicate the transitions observed in the spectra. On the right is the
diagram of additional splitting of the ground state due to possible
distortions of the local symmetry of the crystal field.

To analyze the resulting spectrum, the results of the
paper [14] were used, where the level structure of the
ground multiplet of the Ho*" ion in the diluted system
H00.01Y0_99A13(BO3)4 was determined. Based on these
data, initial assumptions were made about the positions and
symmetry of the levels of the rare-earth ion in HoAl;(BO3)4
(Fig. 2). The levels of two lower doublets E and two
singlets A; and A, fall into the frequency range studied by
us, and the energy of the next excited level is 126cm™!. In
paper [15] the energy levels and crystal field parameters
from paper [14] were used to describe the magnetic
and magnetoelectric properties of undiluted HoAl;(BO3)a,
which showed their good agreement with the parameters of
the concentrated composition. Thus, six of the 17 states of
multiplet 3|5 will be considered, transitions between which
were observed in the studied terahertz spectra.

The Table 2 lists the excitation conditions for transitions
between different states, considering the selection rules
(Table 1), and gives the designations of the observed modes:
levels are shown, transitions between which contribute to
the corresponding resonant line. To identify the conditions
for modes excitation, their contributions to ¢* or u* for
different orientations of the alternating magnetic h and
electric e fields with respect to the crystallographic axes
are also given.

Table 2. Identification of the observed resonant modes by
excitation conditions (magnetic or electric dipole). In first
column — the symbol of the resonance line, which represents the
levels of the corresponding transitions; in the second column —
frequencies of the resonant lines; further — contributions to the
line intensity for different radiation polarizations

v(n = n;), a-cut c-cut

ni = N -

"0l em™ dhjcefb[h|be|c|h]ae]|b

1,2=23,4 123 Auc, Aen | Aup, Aec | Aua, Aep

1,2=15 14.5 Aep Auip Alta, Aep

5-6 189 Atte As _
3,4=6 212 Aep Auip Auta, Aep
1,2=6 34 Aep Auip Alta, Aep

Thus, most of the lines (except 1,2 = 3, 4) in a-section
sample can be unambiguously identified as magnetic or elec-
tric dipole in each of the polarizations. The corresponding
transition frequencies obtained from the simulation of the
observed resonant lines in the transmission spectra made
it possible to determine the energies of the considered
states: E;p =0cm™!, B34 = 12.3cm™}, Es = 14.5cm™ !,
Es ~ 34cm™!, which agrees well with the results of
paper [14]. Nonzero matrix elements of magnetic dipole
transitions expressed in Bohr magnetons (ug) are given
in the Table 3. The parameters of the resonance lines
(frequencies and contributions) observed in HoAl3(BOs3)4
are shown in Fig. 3. Figure 3, b, e describes the temperature
dependences of the contributions to the magnetic permeabil-
ity u* from magnetic dipole transitions. For the contribution
to the magnetic permeability of transition between states i
and j, we have

Na 20°)? , & &
Aubt =4 Sl B BT _ @ T 3
‘ul’] w Mmol Z(EJ - EI) (e ’ e )’ ( )

where Np is Avogadro number; My, is molar mass; Z is
partition function; ,uibj’c is modulus of transition matrix
element (Table 3) for the corresponding orientation of the
alternating magnetic field h || b or h || ¢; E; j are energies of
the initial and final states of the transition. Note that expres-
sion (3) gives the contribution of the observed resonant line
to the magnetic permeability for transitions between singlets
(5 = 6) only. To calculate the line contributions determined
by states including degenerate doublets, it is necessary to
sum the contributions of components A,ui'[’j’C of the doublet
transitions. For example, the contribution of transition 1,
2= 6 Aup(1,2 = 6) = Aubs + Aubs = 2Aub.

Similar dependences describe the contributions to
the dielectric permeability of electric dipole transitions

(Fig. 3, ¢, f):

Na 2(dib"c)2 _ B _
AP — 4o A 1 Y BT _ @ T 4
i » Mo Z(Ej — Ei) (e ° €= )’ (4)

where dibj’C is matrix element of the transition. From the
descriptions of the temperature dependences of the contri-
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Figure 3. Temperature dependences of the resonance mode parameters: frequencies (g, d), contributions to the magnetic (b, e¢) and

dielectric (c,f) permeability. Symbols — experiment, lines — theory.

butions of electroactive modes (Fig. 3,c¢,f), the following
values of matrix elements (electric dipole moments in De-
bye) are obtained: dP = db = 0.1D, db = d% = 0.06D,
db =d2 = 0.11D, d5, = 0.12D.

In the transmission spectra, in addition to the identified
absorption lines, a low-frequency mode 1* = 2* was
observed. Its contribution in different polarizations increases
up to low temperatures, which indicates that it corresponds
to transitions from the ground state. Thus, it cannot be inter-
preted as a transition between the excited levels 3,4 = 5.
For certainty, when describing the intensity of this line, it
was considered as magnetic dipole line and was described
using the expression (3) by the contribution to the magnetic
permeability (Fig. 3,b). For this description, the values of
the matrix elements pP.,. = 2.1uB, uS.,. =4.2uB were
obtained. This mode may also contain the contribution of
electric dipole transitions. A possible reason for this mode
appearance could be transitions between the components
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of the ground doublet split due to local distortions of their
symmetry D3 for a number of positions of rare-earth ions
(see the right side of Fig. 2). No noticeable signs of such
splitting were found for the above laying modes, which may
indicate a small number of distorted positions. This effect
can be due to Bi impurities similarly to that found earlier in
TmAl;(BO;3)4 [16] and YbAI;(BO3)4 [17]. Another reason
for lowering the local D3 symmetry of the Ho** ions could
be Jahn-Teller distortions of the crystalline environment
of the rare-earth ion, which remove the degeneracy of
the two states of the lower doublet. This could also be
accompanied by cooperative distortions of the lattice, which
require further studies. The extent of these two mechanisms
coexistence and influence each other also requires further
study.

For the high-frequency modes (1.2 = 6), (3.4=6)
some frequency mismatch was observed in the polarizations
hic, e||b and h| b, e| c (Fig. 3,d). This may be
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Figure 4. Magnetic susceptibility of aluminoborate HoAl3(BOs)4
along (xc) and perpendicular (xa) to the axis ¢ of the crystal
vs temperature. Symbols — experiment, lines — calculation of
the sum of contributions to the magnetic susceptibility from all
observed low-frequency transitions.

the result of additional distortion of the line shape due to
optical activity (rotation of the plane of polarization and
changes in the ellipticity of the passed radiation), which
manifests itself in other aluminium borates, in particular in
YbAI;(BO3)4 [18].

Based on the theoretical description of the identified mag-
netic lines, the moduli of the off-diagonal matrix elements
were determined (Table 3). In view of the uncertainty in
the excitation conditions of mode 1, 2 = 3, 4, its intensity
is described by the magnetic dipole contribution to the
magnetic permeability (2). Therefore, for the values of off-
diagonal matrix elements of transitions between doublets
1,2 = 3,4 (Table 3) the upper limit of their values is
actually defined. It is possible that part of the intensity
of the 1,2 = 3, 4 transition line may also be due to the
electric dipole transition.

Figure 4 shows the temperature dependences of the
magnetic susceptibility of HoAl;(BO3)4, the lines are the
total contribution of all observed magnetic dipole transitions,
it is assumed that 1,2 = 3,4 transitions only contribute
to the magnetization. This result confirms the prevailing
contribution to the magnetization of the considered lower
electronic states Ho’*.  The main doublet 1 =2 in
undistorted positions could give an additional contribution

Table 3. Moduli of matrix elements for magnetic dipole
transitions (in Bohr magnetons) between lower states of symmetry
I' = E, A, A of ground multiplet of the Ho>" ion found from the
experimental values of the magnetic contributions. Dash — value
not determined

a) u*°
n 1 2 3 4 51 6
r E E E E A A
1] E 0 0 0 <36 |32 15
2 | E 0 0 <36 0 32 | 15
3| E 0 <36 0 0 — | 30
4| E | <36 0 0 0 - | 30
s A | 32 32 - - 0] o
Al 15 15 30 3.0 0] o

b) u°
n 1 2 3 4 51 6
r E E E E A A
1| E - 0 <49 0 0] o
2 | E 0 - 0 <491 0| 0
3| E | <49 0 - 0 0| 0
4| E 0 <49 0 - 0] o
50 A 0 0 0 0 0 | 61
6 | A 0 0 0 0 61| o

to the magnetization along ¢ axis due to diagonal matrix
elements, then in the direction perpendicular to ¢ the
undistorted positions should not give additional contribution
to the magnetization, which agrees with the description of
the magnetic susceptibility (Fig. 4).

Conclusion

Using terahertz spectroscopy in the frequency range
of 2—35cm™!, direct observation of electronic transitions
between the lower levels of the ground multiplet of the
Ho** ion in the aluminum borate HoAl3(BOs3); was
performed. The resonant lines found in the transmission
spectra are identified as electronic transitions excited by the
electric or magnetic component of the alternating radiation
field. From the theoretical description of the temperature
dependences of the resonance line parameters, both the
positions of the energy levels and the matrix elements of
the transitions are reconstructed. In addition to the lines
corresponding to the transitions between the levels Ho’*
in the highly symmetrical crystal field of aluminoborate,
the additional low-frequency lines were found, which
presumably correspond to rare earth positions in the crystal
field distorted by local defects. It was determined that
the magnetization of HoAl;(BO;3)4 at low temperatures is
mainly determined by the observed transitions.
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