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The optical spectra and the second-harmonic generation (SHG) are studied in a noncentrosymmetric
GdFe3(BO3)4 magnet. In the region of weak absorption (α ~ 20–400 cm–1) below ~3 eV, three absorption bands
are distinguished, which can be unambiguously assigned to forbidden electronic transitions from the ground
6A1 state of the Fe3+ ion to its excited states 4T1 (~1.4 eV), 4T2 (~2 eV), and 4A1, 4E (~2.8 eV). Intense absorption
begins in the region above 3 eV (α ~ 2–4 × 105 cm–1), where two bands at ~4.0 and 4.8 eV are observed, which
are caused by allowed electric dipole charge-transfer transitions. The spectral features of SHG in the 1.2–3.0-eV
region are explained by a change in the SHG efficiency caused by a change in the phase mismatch. It is shown
that in the weak absorption region, phase matching can be achieved for SHG. © 2004 MAIK “Nauka/Interpe-
riodica”.

PACS numbers: 42.65.Ky; 71.20.Eh; 78.20.Ci; 78.20.Hp
Substances and structures in which several sub-
systems with different order parameters can be distin-
guished have attracted attention since the 1960s and are
called multiferroics [1–4]. These parameters can be
spontaneous magnetization and antiferromagnetic vec-
tor in magnets, spontaneous electric polarization in fer-
roelectrics, spontaneous deformation in ferroelastics,
etc. In multiferroics, interaction between subsystems is
possible when certain spatial and temporal symmetry
conditions are fulfilled. Cross-interactions in multifer-
roics open up new possibilities for the development of
devices based on the mutual control of magnetic, elec-
tric, and deformation states. Initial attempts to develop
competitive devices proved to be unsuccessful due to
the weakness of the interactions observed. However,
quite recently several studies were reported that dem-
onstrated a revival of interest in multiferroics. Materials
and multiphase heterostructures with “giant” effects
were synthesized [5–10], which opens up the outlook
for applications of multiferroics in information systems
as sensors and in spintronic devices.

Rare-earth iron borates with the general formula
RFe3(BO3)4, where R is a rare-earth element, are char-
acterized by an unusual combination of a number of
physical properties and can be assigned, according to
some of these properties, to multiferroics. They are
crystallized into the trigonal huntite structure described
by the noncentrosymmetric space group R32 (no. 155)
with three formula units in the unit cell, Z = 3 [11]. Note
0021-3640/04/8005- $26.00 © 20293
that crystals with the huntite structure have the same
point group 32, as crystalline quartz but, of course, dif-
fer from quartz in their chemical composition and,
hence, in their physical properties. A change in temper-
ature induces structural and magnetic phase transitions
in iron borates, but their character is not clear at present
in most cases [11–14]. Magnetic ordering can, in prin-
ciple, occur both in the iron and rare-earth sublattices,
and these sublattices also determine the optical proper-
ties of rare-earth iron borates. 

Trivalent Fe3+ ions in the RFe3(BO3)4 crystal struc-
ture occupy the 9d octahedral sites with the local sym-
metry 2, which form one-dimensional (1D) helicoid
chains extended along the trigonal axis [11]. The octa-
hedral sites of the Fe3+ ion are typical of many other
oxide iron compounds including, for example, cen-
trosymmetric iron borate FeBO3, rare-earth orthofer-
rites RFeO3, and ferrite garnets R3Fe5O12. However, a
significant difference between the crystalline structures
of huntite and these materials, and especially the non-
centrosymmetric arrangement of magnetic ion sites and
the noncentrosymmetric structure of huntite itself
should result in a number of substantial differences
between the optical properties of rare-earth iron borates
and the oxides of trivalent iron studied earlier. Note
that, in the huntite structure, as in quartz, the second-
harmonic generation (SHG) is allowed in the electric
dipole approximation [15]. For the point group 32, the
yyy = –xxy = –xyx = –yxx, xyz = –yzx, and xzy = –yzx
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components of the susceptibility χijk(2ω) of the second
harmonic are nonzero [3].

In this paper, we report a comparative study of opti-
cal absorption, birefringence, and SHG in gadolinium
iron borate GdFe3(BO3)4. We also present the results of
the ellipsometric study of this material in the region
between 0.6 and 5.4 eV, performed in the reflection
geometry. This allowed us to determine the dispersion
of the main optical parameters in a broad spectral
range. The results obtained suggest that it is possible to
produce phase matching for SHG in this magnetic
material, which, as far as we know, was not investigated
earlier for other magnetic materials [16].

Fig. 1. Absorption spectra of (a) gadolinium iron borate
GdFe3(BO3)4 at T = 9 and 295 K and (b) iron borate FeBO3
at T = 15 K.

Fig. 2. Absorption spectra of GdFe3(BO3)4 and FeBO3 at

the 6A1(4A1g)  4T1(4T1g) transition.
The GdFe3(BO3)4 single crystals were grown by the
method described in [13]. Optical studies were per-
formed with plane-parallel oriented plates of thickness
from 0.1 to 1.0 mm. The absorption spectra were
recorded using a Cary 2300 spectrophotometer and a
Spex monochromator. The SHG spectra were studied in
the transmission geometry at the normal incidence of
the fundamental radiation on a sample. The method
described in [17] was used. The ellipsometric study was
performed using an ellipsometer at several angles of the
incidence of light on a sample, which allowed us to
determine with good accuracy the ordinary and extraor-
dinary refractive indices no and ne, the absorption coef-
ficients ko and ke, and the birefringence ∆n = no – ne.

The linear absorption spectra of gadolinium iron
borate and iron borate are shown in Fig. 1. They are
qualitatively similar on the whole. Absorption in the
region below 3.0 eV is comparatively weak, and it was
studied in the transmission geometry along the optical
axis. In this region three absorption bands are observed,
which correspond to the electronic transitions between
the (3d)5 states of the shell of the Fe3+ ion in the octahe-
dral crystal field produced by oxygen O2– ions [18].
Because the transitions from the 6A1 ground state to the
excited 4T1 and 4T2 states and the degenerate (4A1, 4E)
state are forbidden by the spin-selection rules, the
intensity of the corresponding absorption bands is com-
paratively low. Moreover, the intensity of these transi-
tions in GdFe3(BO3)4 is substantially lower than in
FeBO3 and other trivalent iron oxides. Figure 2 shows
the absorption spectra in the region of the first 6A1 
4T1 transition for gadolinium iron borate and FeBO3.
The Fe3+ ion in both these materials is located in the
octahedral environment consisting of six O2– ions,
which produce a crystal field and cause the splitting of
the degenerate states of a free ion. In our case, this is the
4G state [18]. The Fe–O bond lengths in these com-
pounds are close and are 2.028 Å in FeBO3 [19] and
2.026(2) Å, 2.044(2) Å, and 1.950(2) Å (the average
bond length is 2.007 Å) in GdFe3(BO3)4 [11]. The val-
ues of the parameter 10Dq of the cubic crystal field are
also close, as was confirmed by the coincidence of the
positions of the absorption bands of these compounds
with an accuracy of 1–2%. Two observations are sur-
prising: (i) the absence of the fine structure in the region
of the first transition in gadolinium iron borate. We can-
not yet explain this unexpected fact; and (ii) a substan-
tial decrease in the intensity of absorption bands in gad-
olinium iron borate by approximately a factor of six for
the first transition, by a factor of ten for the second tran-
sition, and by a factor of fifteen for the third transition,
although, unlike FeBO3, the Fe3+ ion in this iron borate
is located in the noncentrosymmetric environment. The
difference between the absorption-band intensities
increases in the approach to the fundamental absorption
edge determined by the allowed transitions. Even more
illustrative is a comparison of iron borates with orthof-
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errites RFeO3, in which the Fe–O bonds vary from
2.006 to 2.014 Å [20]. According to our measurements,
the maximum absorption coefficient for the first transi-
tion in orthoferrites is α . 400 cm–1.

One can see from Fig. 3b that absorption above
3.0 eV is stronger, and it should be assigned to the
allowed electric dipole transitions. In oxides of 3d tran-
sition metals, these are charge-transfer transitions [21].
In the cluster model, this is the electron transfer from
the oxygen ion to the iron ion, while in the band model,
this is an electronic transition from the valence band
formed predominantly by the oxygen 2p orbitals to the
conduction band formed predominantly by the 3d orbit-
als. One can see from Fig. 3a that the observed transi-
tions are polarized, resulting in the crystallographic
birefringence ∆n = no – ne and in linear dichroism ∆k =
ko – ke. In the relatively transparent region, ∆k . 0 and
∆n . 0.1; i.e., birefringence is rather strong, and the
crystal is negative. Note for comparison that birefrin-
gence in crystal quartz in the visible region has the
opposite sign and is on the order of ∆n ~ 0.06–0.07
[22]; i.e., it is somewhat lower than in gadolinium iron
borate.

In the region of intense absorption, two absorption
bands are observed at ~4.0 and 4.8 eV. Let us compare
these spectra with the spectra of other iron oxides. The
intense absorption bands of FeBO3 lie in the region
from 3.38 to 3.75 eV [23], while in orthoferrites such
bands are located, according to our data, at even lower
energies, namely, 3.16, 3.9, and 4.4 eV. This redshift of
the allowed electric dipole transitions qualitatively
explains the increase in the intensity of the forbidden
d−d transition in passing from gadolinium iron borate
to FeBO3 and orthoferrites, because forbidden transi-
tions borrow the intensity of allowed transitions; the
smaller their separation, the greater the degree of bor-
rowing. Therefore, although the Fe–O bond lengths are
almost the same in different materials and, hence, the
local crystal fields are close, the optical properties of
these materials can be substantially different. A signif-
icant difference between the spectra of iron borates and
orthoferrites is already manifested in the fact that the
former are transparent at a sample thickness of a few
hundred micrometers in the green spectral region at
2.4 eV (see Fig. 1), while the latter are transparent only
at thicknesses on the order of a hundred micrometers in
the red spectral region at 2.0 eV [24]. In both cases, the
absorption bands are caused by the transitions in the 3d
shell of the Fe3+ ion in the region below ~3.0 eV and by
the charge-transfer transitions at ~3.0 eV. In our opin-
ion, the great difference in the absorption spectra of
iron borates and orthoferrites is mainly explained by
the difference in their crystal structures. The Fe–O–Fe
bonds in orthoferrites form a three-dimensional net-
work, whereas this bond in gadolinium iron borate, is in
fact, one-dimensional and is realized only along the
octahedral chains extended along the trigonal axis
while the chains are not coupled to each other [11]. 
JETP LETTERS      Vol. 80      No. 5      2004
It is known that most magnetic materials are cen-
trosymmetric media, and SHG is forbidden in the elec-
tric dipole approximation. Nevertheless, SHG can be
observed in magnetic materials with various cen-
trosymmetric and noncentrosymmetric structures due
to the break of the inversion center caused by magnetic
ordering or the inclusion of magnetic dipole transitions
into the three-photon process of harmonic generation
[16]. Iron borates crystallize into the R32 noncen-
trosymmetric structure, and hence, SHG is allowed in
the electric dipole approximation. We studied SHG in
the transmission geometry, in which light propagated
along the optical axis k || z in a sample of thickness
t = 100 µm. Figure 4 shows the SHG intensity I2ω nor-
malized to the squared fundamental radiation intensity

. The inset in Fig. 4 shows the azimuthal dependence
of the SHG intensity I2ω ~ (χxxx cos3ϕ)2, where ϕ is the
angle between the crystal axes in the basal plane of a
trigonal crystal and the polarization vector of the funda-
mental light wave. The results were obtained in the
region of comparatively weak absorption. The SHG
signal drastically decreases when absorption increases
to α . 400 cm–1 at the 6A1  (4A1, 4E) transition (see
Fig. 1) and then vanishes as absorption further
increases in the region above ~3.0 eV.

The decrease in the SHG signal with increasing
absorption is also explained by a change in the coher-
ence length, which is predominantly determined in the

Iω
2

Fig. 3. (a) Dispersion of the ordinary (dot-and-dash curve)
and extraordinary (solid curve) refractive indices and
absorption coefficients of GdFe3(BO3)4 at T = 295 K. Inset:
dependence of the phase-matching angle θ on the pump
energy. (b) Absorption spectra for light propagating along
(dot-and-dash curve) and perpendicular to (solid curve) the
optical axis.
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transparency region by the dispersion of the refractive
index and gradually decreases from ~15 to 0.9 µm in
the region from 0.6 to 1.6 eV (from 1.2 to 3.2 eV for the
second harmonic).

The oscillatory spectral dependence of the SHG
intensity can be explained by the mechanism of Maker
fringes observed upon changing the angle of incidence
of fundamental radiation on a crystal [25, 26]. In our
case, oscillations are caused by a change in the SHG
efficiency that is not due to a change in the effective
path length of light in the crystal but due rather to a
change in the phase mismatch ∆κ = 2κω – κ2ω when the
fundamental frequency varied, where κ = nωω/c is the
wavenumber at the corresponding frequency. In this
case, the dependence of the SHG intensity on the light
frequency is described by the expression [15]

(1)

where dijk = , and L is the crystal thickness. The

function I2ω/ d2 calculated by expression (1) is pre-
sented in Fig. 4b. We also took into account in the cal-
culation the absorption of the SHG signal. One can see
from this figure that the periodicities of the experimen-
tal and calculated spectra coincide.

Figure 3a shows that GdFe3(BO3)4 crystals have
large birefringence ∆n . 0.1, allowing the realization of
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Fig. 4. (a) Spectral dependence of SHG in GdFe3(BO3)4 at
T = 6 K. Inset: azimuthal dependence of the SHG signal for
the energy ESH = 2.43 eV. (b) Spectral dependence of the
SHG intensity calculated by expression (1).
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phase matching of the first type (ooe) in GdFe3(BO3)4
for the efficient SHG. The inset in Fig. 3 presents the
dependence of the phase-matching angle on the pump
energy. In particular, the phase-matching angle for a
pump energy of 1.17 eV from a Nd:YAG laser is θ .
52°. In our opinion, the above conclusion about the pos-
sibility of realizing phase matching in the magnetic
material permits the extension of studies of the relation
between the magnetic and nonlinear optical properties.
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