
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/35265

 

 

 

Please be advised that this information was generated on 2017-12-06 and may be subject to

change.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Radboud Repository

https://core.ac.uk/display/16122396?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://hdl.handle.net/2066/35265


 

ISSN 0021-3640, JETP Letters, 2007, Vol. 86, No. 11, pp. 712–717. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © P.A. Markovin, A.M. Kalashnikova, R.V. Pisarev, Th. Rasing, 2007, published in Pis’ma v Zhurnal Éksperimental’no

 

œ

 

 i Teoretichesko

 

œ

 

 Fiziki, 2007,
Vol. 86, No. 11, pp. 822–827.

 

712

 

INTRODUCTION

Magnetically ordered materials and structures
exhibit specific features in the spectra of electronic,
magnon, and phonon excitations, because of which
their interaction with electromagnetic radiation results
in a number of physical phenomena. The same spectral
features result in large values of linear and nonlinear
magneto-optical phenomena such as Faraday and Kerr
effects [1–3], magnetic linear birefringence [4, 5], and
the generation of the second and higher optical harmon-
ics [6]. These and other magneto-optical phenomena
serve as an alternative and, sometimes, preferable
method for studying electronic and magnetic struc-
tures.

In very recent years, a new area has been formed in
the physics of magnetic materials whose main task is to
study the processes of control of the magnetic state of
solids using short laser pulses [7, 8]. Magneto-optical
effects are the most effective and relatively simple
means of monitoring ultrafast demagnetization pro-
cesses [9], the excitation of spin precession [8], and
magnetization reversal [10], when the large value of the
former provides the possibility of achieving a high sen-
sitivity and time resolution. This circumstance has put
forward the problem of a more detailed spectroscopic
investigation of the electronic structure as the micro-
scopic basis of magneto-optical effects.

In this work, we report the results of studying the
electronic structure and magnetic ordering in a well-
known weak ferromagnet iron borate FeBO

 

3

 

. A review

of its magnetic, optical, and magneto-optical properties
can be found in [11]; therefore, we will consider here
only its brief characteristics. FeBO

 

3

 

 is crystallized in
the rhombohedral calcite structure with the space group

 and, hence, is optically uniaxial. It represents a
rare example of a magnetically ordered ferric oxide
with a high transparency in the visible spectral region
and with a Faraday rotation reaching 5000

 

°

 

/cm [12].
From the magnetic point of view, FeBO

 

3

 

 is a two-sub-
lattice easy-plane antiferromagnet with a weak in-plane
moment and the Néel temperature 

 

T

 

N

 

 = 348 K.

EXPERIMENTAL PROCEDURES
AND SAMPLES

Studies of the dispersion of the dielectric functions

 

ε

 

xx

 

 and 

 

ε

 

zz

 

 in the optical region 0.6–5.6 eV were carried
out using a spectroscopic ellipsometer in reflection
geometry. The details of the studies and the correspond-
ing calculations were described previously in [13]. The
absorption spectrum 

 

α

 

xx

 

 in the region of relative trans-
parency 1–3 eV was obtained by measuring absorption
in the transmission geometry.

The temperature dependence of the refractive index
was studied using a homodyne interferometer at a
helium–neon laser wavelength of 1.078 eV (1.15 

 

μ

 

m)
[14–16]. A distinctive feature of this method is that the
sensitivity of measurements is not reduced both under a
strong (by 1–2 orders of magnitude) change in the
intensity due to temperature variations of absorption
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Spectral dependences of the relative permittivity 

 

ε

 

 = 

 

ε

 

1

 

 – 

 

i

 

ε

 

2

 

 of a uniaxial weak ferromagnet FeBO

 

3

 

 are mea-
sured for two principal polarizations in the energy range 0.6–5.6 eV. The positions have been determined for
the charge-transfer transitions that make the main contribution to absorption above the bandgap and determine
the refractive-index dispersion below the bandgap. The isotropic magnetic contribution to the refractive index
has been detected by studying the temperature dependence of the refractive index in the range 100–700 K; its
value (

 

≈

 

2 

 

×

 

 10

 

–2

 

) is found to be record high for magnetic dielectrics. The energy shift of the effective oscillator,
which characterizes the shift of the positions of the charge-transfer transitions due to magnetic ordering, is
determined from these data within the framework of a single-oscillator model. The value of the exchange stric-
tion in FeBO

 

3

 

 is determined from optical measurements.
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and under light depolarization, for example, in the case
of a domain structure formation. The relative variations
of the optical light path in the crystal 

 

δψ

 

(

 

T

 

) (relative to
vacuum) normalized to the crystal thickness associated
with variations of the refractive index 

 

δ

 

n

 

(

 

T

 

) and the
thermal expansion of the sample 

 

δ

 

l

 

/

 

l

 

 can be calculated
by this method according to the equation

(1)

where the first index (

 

i

 

) indicates the light polarization
and the second one (

 

j

 

) indicates the propagation direc-
tion.

δψi j( ) δni ni 1–( )
δl j

l j

------,+=

 

Samples were polished plane-parallel single-crys-
talline plates with thicknesses in the range 20–
1000 

 

μ

 

m. Plates with the normal oriented along and
perpendicular to the optical 

 

z 

 

axis were obtained from
crystals grown from a solution in a melt and from a gas
phase, respectively. This allowed the dielectric function
of FeBO

 

3

 

 to be obtained for two main light polariza-
tions.

OPTICAL PROPERTIES OF FeBO

 

3

 

Spectra of the dielectric functions 

 

ε

 

zz

 

 and 

 

ε

 

xx

 

 for light
polarized along and perpendicular to optical 

 

z

 

 axis are
given in Figs. 1b and 1c. The inset in Fig. 1 shows the
absorption spectrum 

 

α

 

xx

 

 in the energy range 1–3 eV for

 

Fig. 1.

 

 (a) Scheme of localized 

 

d

 

–

 

d

 

 and charge-transfer transitions according to [22]. (b and c) Spectral dependences of the real 

 

ε

 

1

 

(

 

�

 

) and imaginary 

 

ε

 

2

 

 (

 

�

 

) parts of the relative permittivity for light polarized (b) perpendicularly to and (c) along the optical 

 

z

 

 axis.
Dotted lines correspond to the decomposition of the 

 

ε

 

2

 

 spectrum using Eq. (2). The inset presents spectral dependences of the
absorption index in the range of 

 

d

 

–

 

d

 

 transitions [19].
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light propagating along optical 

 

z 

 

axis. Two groups of
bands can be distinguished in the spectra. The first, less
intense group is well distinguished only in the absorp-
tion spectrum 

 

α

 

xx

 

. It is presented by three bands below
3 eV and corresponds to parity- and spin-forbidden
transitions from the ground-state 

 

6

 

A

 

1

 

g

 

 level of the Fe

 

3+

 

iron ion in a cubic crystal field to the 

 

4

 

T

 

1

 

g

 

, 

 

4

 

T

 

2

 

g

 

, and
(

 

4

 

A

 

1

 

g

 

, 

 

4

 

E

 

g

 

) levels. These bands were studied previously
in [17–21]. The second group of several intense absorp-
tion bands above 3 eV corresponds to allowed electric-
dipole charge-transfer transitions. A scheme of the cor-
responding transitions calculated in the cubic-field
approximation for an iron ion in an octahedral cluster of
oxygen ions [22] is given in Fig. 1a.

In Figs. 1b and 1c, it is seen that the intensity of the

 

6

 

A

 

1

 

g

 

  (

 

4

 

A

 

1

 

g

 

, 

 

4

 

E

 

g

 

) transition is substantially higher
than that of the two other forbidden transitions and that
it is even distinguished against the background of
allowed charge-transfer transitions. A calculation of the
energy structure and optical spectra of FeBO

 

3

 

 in the
framework of a model combining a one-electron
description of the 

 

sp

 

 states of boron and oxygen and a
many-electron description of 

 

d

 

 states of iron is pre-
sented in [20]. In this work, it was shown that the high
intensity of the 

 

6

 

A

 

1

 

g

 

  (

 

4

 

A

 

1

 

g

 

, 

 

4

 

E

 

g

 

) band at an energy
of 2.8 eV is explained by a substantial contribution of
charge-transfer transitions to its formation. From the
presented spectral dependence 

 

α

 

xx

 

, it is seen that the
intensity of the 2.8 eV band at its maximum equals
~6 

 

×

 

 10

 

3

 

 cm

 

–1

 

, which is ~30 times higher than the max-
imum peak intensity of the two other bands caused by
only 

 

d

 

–

 

d transitions. The data published in [17, 20] give

a value of about 3.1 × 103 cm–1, which is almost two
times lower than our data. On the other hand, the inten-
sities of the 1.4 and 2.0 eV bands are close. Note that
the spectrum of the absorption factor αxx was obtained
at T = 15 K, while the spectra reported in [17, 20] were
measured at a temperature of about 80 K.

The 6A1g  (4A1g, 4Eg) band is hybridized with
charge-transfer transitions and exhibits a significant
anisotropy (Figs. 1b and 1c). The local maximum in the
ε2xx spectrum is located higher in energy and has a
lower amplitude than that in the ε2zz spectrum. This is
probably associated with the anisotropy of the charge-
transfer transitions, which will be discussed below.

The bands in the absorption spectrum ε2 (Figs. 1b
and 1c) located above 3 eV correspond to the charge-
transfer transitions. The fundamental absorption band
edge is determined by the p6d5  p5d6 charge-transfer
transition from the top of the valence band to the
unfilled d band of iron. The fundamental absorption
edge for FeBO3 is conventionally determined at a level
of 2.9 eV [17, 20], and theoretical calculations give a
close value [20, 23]. There are no ab initio electronic
structure calculations for the above-bandgap absorption
available in the literature.

The decomposition of the spectra into Lorentzian
oscillators was performed by the equation

(2)

where f0j is the oscillator strength for the jth transition,
Ej is the central frequency of the transition, and γj is a
value characterizing the width of the transition. The
term bE takes into account the transitions located at
higher energies outside the studied range. The calcula-
tion in the cubic-field approximation for an iron ion
placed in an octahedral cluster of oxygen ions [22]
allows the observed bands to be qualitatively compared
with the charge-transfer transitions from sublevels of
the valence band formed by the oxygen s and p states
[23] to sublevels of the iron ion. It is seen in Figs. 1b
and 1c that the anisotropy of the optical response of
FeBO3 is determined by (a) the anisotropy of the tran-
sitions lying in the range 4.6–5.5 eV and (b) the anisot-
ropy of the lowest t1u(σ)  t2g transition. It is the sec-
ond factor that determines the anisotropy of the 2.8 eV
band and the anisotropy of the fundamental absorption
edge. It is clearly seen in Fig. 2, where the spectra of
absorption factor k and refractive index n for light
polarized perpendicular and parallel to the z axis are
shown.

The dispersion and anisotropy of the refractive
index (Fig. 2) in the range 1–2 eV are also determined
by the charge-transfer transitions located above 3 eV
and their anisotropy. With accuracy to experimental

ε ε1 iε2– ε0 bE
f 0 j

E j
2 E2– iEγ j–

----------------------------------,∑+ += =

Fig. 2. Spectral dependences of the (dashed lines) refractive
indices nx and nz and (solid lines) absorption indices kx and
kz. Signs � present data from [12]. The inset presents (sym-
bols) the dispersion of the refractive indices nx and nz and
(lines) its approximation using an effective oscillator
[Eq. (3)]. Numbers are the energies of the corresponding
oscillators.
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data, the dispersion can be described by the one-oscil-
lator equation

(3)

where fx, z is the effective oscillator strength, Ex, z is the
effective oscillator energy, and E is the energy of the
probing light (the inset in Fig. 2). From our experimen-
tal data, we determined the following values: fz =
95.3 eV2, Ez = 5.65 eV, fx = 114.7 eV2, and Ex = 5.90 eV
for light polarized along and perpendicular to the z axis,
respectively. The accuracy of the one-oscillator approx-
imation for the description of the dispersion of the
refractive index in the range 1–2 eV is, with regard to
experimental errors, δn ≈ 0.002.

MAGNETIC REFRACTION OF LIGHT

Figure 3 presents variations in the relative optical
paths δψx(z)(T), δψy(x)(T), and δψz(x)(T) for different
light polarizations and propagation directions. Upon
the transition from the magnetic to paramagnetic phase,
the temperature dependence δψ(T) exhibits a well-
defined feature (see inset in Fig. 3). As follows from
Eq. (1), to determine the genuine magnetic contribution
to the variations of the refractive index (δn), it is neces-
sary to distinguish the contribution due to the thermal
expansion of the sample in the dependences in Fig. 3.
Although there are no data in the literature on the ther-
mal expansion coefficients, the estimates given below
show that one may assume that δψ = δn for iron borate
in the temperature range 100–700 K with an accuracy

nx z,
2 1–

f x z,

Ex z,
2 E2–

---------------------,=

of about 10%. In the calculations, we used our data for
the principal values of the refractive index (Fig. 2) for a
photon energy of 1.078 eV nx = ny = 2.101 and nz =
2.022.

The difference in the values δψy(x)(T) – δψz(x)(T)
measured upon light passing along and perpendicular
to the optical axis allows the difference between the
thermal expansions δlz(T)/lz – δlx(T)/lx = (δψx(z)(T) –
δψy(x)(T))/(nx – 1) along the z and x axes to be deter-
mined. Figure 4a presents the experimental tempera-
ture dependence δψx(z)(T) – δψy(x)(T) and the calculated
dependence δlz(T)/lz – δlx(T)/lx. The thermal expansion
of FeBO3 perpendicular to the z axis in the range 80–
500 K does not exceed values δlx(T)/lx ≤ 5 × 10–4 in rel-
ative units [24]. From our calculations, it follows that,
in the same temperature range, δlz(T)/lz – δlx(T)/lx ≈ 5 ×
10–3 (Fig. 4a); therefore, it may be assumed for FeBO3
that δlz(T)/lz – δlx(T)/lx ≈ δlz(T)/lz with an accuracy of
the order of 10%. A quantitative comparison shows that
the contribution of the thermal expansion to δψy(x)(T)
and δψz(x)(T) is lower than the variations in these values

Fig. 3. Temperature dependences of the variation of the
optical path δψ(T) for different light polarizations and prop-
agation directions [see Eq. (1)]. The line gives an extrapola-

tion of the regular contribution (T) to δψz(x)(T). The

inset shows the temperature dependences of the derivative
δψy(x)(T)/dT.

δψz x( )
0

Fig. 4. (a) Temperature dependences (δlz(T)/lz – δlx(T)/lx) ≈
δlz(T)/lz (�) and δψx(z) – δψy(x) (�). The line gives an
extrapolation of the regular contribution to the thermal
expansion δlz(T)/lz. (b) Temperature dependences of the

magnetic contributions to the light refraction  ≈

(T). The difference between the (T) and

(T) is associated with the difference between the

contributions of the thermal expansion and the exchange
magnetostriction along the x and z axes.

δnx z,
m

δψy x( ) z x( ),
m δψx z( )

m

δψy x( )
m

× 
10

–3

x(
z)
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by an order of magnitude. Thus, the temperature depen-
dences δψy(x)(T) and δψz(x)(T) presented in Fig. 3 corre-
spond to the temperature variations of the principal val-
ues of the refractive index δψy(x)(T) ≈ δnx(T) ≈ δny(T),
δψz(x)(T) ≈ δnz.

To quantitatively estimate the value and the temper-
ature dependence of the magnetic contribution δnm to
the refractive index, it is necessary to distinguish the
component not associated with magnetic ordering in
the temperature dependences of the light refraction
(Fig. 3); that is, the regular crystallographic part of the
temperature dependence δn0(T) ≈ δψ0(T). As was

shown in [14, 25], the dependences (T) can be
approximated by the corresponding integral Debye–
Einstein function. We used this approach to approxi-
mate the temperature variations of the regular part of
the light refraction in FeBO3. Figure 3 demonstrates an

extrapolation of the regular part (T) of the temper-
ature variations of the light refraction in FeBO3 from
the region of high temperatures, where one may neglect
the effect of magnetic ordering. The difference between
the experimental curves ψ(T) and the dependences
ψ0(T) represents the total magnetic contribution to the
light refraction for the ordinary and extraordinary rays,
which is shown in Fig. 4b. This contribution equals

 ≈  ≈ ( ) ≈ 2 × 10–2 at 80 K. This value
of the magnetic contribution to the refractive index is a
record for magnetic dielectrics and is inferior only to
the analogous value in magnetic semiconductors [5].
The magnetic contribution to the principal values of the
refractive index found in this work exceeds the value of
the magnetic linear light birefringence by two orders of
magnitude; the latter is determined by anisotropic
increments in the refraction depending upon the orien-
tation of the magnetic moments with respect to the
crystallographic axes. Hence, it follows that the found
contribution is isotropic with respect to magnetization.

From our optical data, we can also estimate the
exchange striction along the z axis. The dashed line in
Fig. 4a shows an extrapolation of the regular contribu-
tion not associated with the magnetic order to the ther-
mal expansion along the z axis (performed using the
same procedure as for the light refraction). The differ-
ence between the dashed line and the curve designated
by dots represents the contribution of the exchange
striction along the z axis, which reaches a value of
≈2 × 10–3 at 100 K.

From the microscopic point of view, the magnetic
contribution to the light refraction is associated with the
isotropic exchange interaction [14, 5]. From our data on

the determination of  and  at 100 K, the energy

shift of the effective oscillator  can be estimated
in the framework of the one-oscillator model under the

δnx z,
0

ψz x( )
0

δnx
m δnz

m δψy z x( ),
m

δnx
m δnz

m

δEx z,
m

assumption that the effective oscillator strength does
not change substantially upon magnetic ordering

(4)

 ≈ –6.9 × 10–2 eV (1.2%) and  ≈ –7.3 ×
10−2 eV (1.3%) at T = 100 K. Because the effective
oscillator energy lies in the region of the charge-trans-
fer transitions, the energy shift of the effective oscilla-
tor characterizes the shift of these transitions due to an
isotropic exchange.
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