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Strong dependence of birefringence and absorption spectra of d–d, f – f and charge transfer transitions
on the direction of light beam in the plane perpendicular to the threefold crystallographic axis has been
found out in trigonal crystal Nd:GdFe2.1Ga0.9(BO3)4. X-ray measurements have shown that the crystal
consists of inversion twins, whose formation is stimulated by the partial substitution of Fe by Ga.
Observed violation of axial symmetry of the trigonal crystal optical properties is accounted for on the
basis of assumption about stripe domain structure of the inversion twins.

© 2009 Elsevier B.V. All rights reserved.
Crystals with the general formula RM3(BO3)4 (R — Y or rare
earth metal, M — Al, Ga, Cr, Fe, Sc) have huntite structure with
the trigonal space group R32 (D7

3) [1]. Crystals, containing Fe3+
ions, refer to multiferroics, which possess magnetic and electric or-
der simultaneously (see, e.g., Refs. [2,3]). Due to this property they
are widely studied in the recent years. Structure of NdFe3(BO3)4
crystal has been studied in Refs. [4,5], and that of GdFe3(BO3)4
in Ref. [6]. At room temperature, all Fe ions occupy C2-symmetry
positions and rare earth ions are in D3-symmetry positions [6].
Such positions are the character of unperturbed huntite structure.
However, the local symmetry of R and M atoms has a tendency
to change under the influence of different effects. So, the local
symmetry of Nd3+ ion in NdAl3(BO3)4 crystal changes from D3
to C2 depending on the technology of the crystal growing [7]. The
GdFe3(BO3)4 crystal exhibits a structural phase transition at 156 K
[8]. Nd:GdFe2.1Ga0.9(BO3)4 crystal [9], studied here, has revealed
a peculiar structure transformation, which has resulted in obser-
vation of strong violation of axial symmetry of a trigonal crystal
optical properties.

Crystals of Nd:GdFe2.1Ga0.9(BO3)4 (Nd2O3/Gd2O3 = 0.9 mass %
in the melt), were grown by a group method [10], using a
Bi2Mo3O12-based flux, as described in Ref. [11]. We have under-
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taken the X-ray study of the crystal with the KM-4 single crystal
diffractometer (MoKα-radiation) at room temperature. Intensities
of 1027 X-ray reflections were measured from the spherical sample
of 0.4 mm in diameter (589 reflections were unique). A structure
model was solved and refined in anisotropic approximation us-
ing SHELX-97 program [12]. It has been shown, that the structure
of Nd:GdFe2.1Ga0.9(BO3)4 is identical to that of GdFe3(BO3)4. So,
the crystal belongs to space group R32 and has the sell param-
eters a = 9.499(1), c = 7.521(1) Å, a little smaller than those of
GdFe3(BO3)4. It was found out, that the crystal consists of inver-
sion twins in proportion of 59/41.

The samples prepared for optical measurements were 0.17–
0.3 mm-thick plane-parallel polished plates: one sample, oriented
perpendicular to the threefold crystallographic axis (C3), and two
samples, cut in mutually perpendicular planes {100} and {110},
which are parallel to C3 axis (one of three equivalent {110} planes
is perpendicular to {100} plane). Polarized absorption spectra have
been studied at temperatures: 85–293 K. Three light polarizations
were used: α — light wave vector �k is parallel to C3 axis of
the crystal and electric vector �E of light is perpendicular to C3
axis; π — �k ⊥ C3, �E ‖ C3; σ — �k ⊥ C3, �E ⊥ C3. Fig. 1 presents
α, π and σ -polarized absorption spectra of Nd:GdFe2.1Ga0.9(BO3)4
crystal. The broad absorption bands correspond to d–d transitions
6 A1(

6 S) → 4T1(
4G) and → 4T2(

4G) of Fe3+ ion (in notations of
cubic crystal field), and narrow lines belong to f – f transitions in
Nd3+ ion.
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Fig. 1. Polarized absorption spectra of Nd:GdFe2.1Ga0.9(BO3)4 in the region of d–d transitions 6 A1(6 S) → 4 T1(4G), 4 T2(4G) of Fe3+ ion at temperature T = 85 K.

Fig. 2. Birefringence of GdFe3(BO3)4 in planes {110} and {100} (curve 1), and birefringence of Nd:GdFe2.1Ga0.9(BO3)4 in plane {110} (curve 2) and in plane {100} (curve 3) at
room temperature. Inset: α-polarized absorption spectra of Nd:GdFe2.1Ga0.9(BO3)4 (1) and GdFe3(BO3)4 (2) in the region of d–d transition 6 A1(6 S) → 4 A1

4 E(4G) of Fe3+ ion
at room temperature.
Trigonal crystals have one optical axis, coincided with C3 crys-
tal axis. This means, that linear dichroism and birefringence should
not depend on the direction of light propagation in the plane per-
pendicular to C3 axis, i.e., the dichroism and birefringence should
exist and should be identical in samples {100} and {110}. How-
ever, we have found out that in the sample {100} π and σ spectra
practically coincide, while in the sample {110} pronounced dichro-
ism is observed (Fig. 1). Besides that, α-spectrum of f – f transi-
tions visibly differs from their σ -spectrum (Fig. 1). At the same
time, α-spectrum itself remains to be independent of polariza-
tion, i.e. optical axial symmetry in this geometry of the experi-
ment preserves. The same situation takes place for d–d transition
6 A1 → 4 A1
4 E and for the strong absorption band edge up to room

temperature.
It is worth comparing the above results with optical proper-

ties of the similar crystal, GdFe(BO3)4 (also grown by us), where
Fe3+ ions are not substituted by Ga3+ ions. Spectra of the same
d–d transitions, measured in GdFe(BO3)4, appeared to have iden-
tical dichroism in {100} and {110} plains. In Fig. 2 (inset) the
α-spectra of Nd:GdFe2.1Ga0.9(BO3)4 and GdFe(BO3)4 crystals in the
region of d–d transition 6 A1 → 4 A1

4 E are compared (α-spectrum
of GdFe3(BO3)4 was first obtained in Ref. [13]). The absorption is
given in units of molar extinction relative to molar concentration
of iron. From Fig. 2 (inset) a conclusion follows, which is of impor-
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Fig. 3. Reciprocal birefringence as a function of 1/λ2 for GdFe3(BO3)4 in planes {110} and {100} (curve 1), and for Nd:GdFe2.1Ga0.9(BO3)4 in plane {110} (curve 2) at room
temperature.
tance for the subsequent discussion. Strong absorption band edge
in Nd:GdFe2.1Ga0.9(BO3)4, where part of Fe atoms are substituted
by Ga atoms, is substantially shifted (on 890 cm−1) to higher en-
ergies as compared with GdFe(BO3)4. This means that observed
strong absorption is due to charge transfer transitions between
Fe3+ ions.

We saw above, that there is no dichroism in plane {100} of
Nd:GdFe2.1Ga0.9(BO3)4 crystal. However, linear birefringence in the
same plane exists. The birefringence of GdFe2.1Ga0.9(BO3)4 and
GdFe3(BO3)4 crystals both in {100} and {110} planes has been
measured in the following way. We put the sample between two
polarizers with the same plane of polarization so that C3 axis of
the sample was under the angle of 45◦ to the plane of polariza-
tion. In this case, due to interference between usual and unusual
beams after analyzer, the light flow passed through the analyzer
will oscillate as a function of the light wave length. It is possi-
ble to show that the birefringence can be found from the formula:
�n ≈ λ2/[d(λ2 −λ1)], where (λ2 −λ1) is the distance between two
maxima (or minima) of the adjacent oscillations, λ is the average
value of wave lengths λ1 and λ2, d is the sample width. Results
of measurements and calculations are in Fig. 2. If the birefringence
is due to difference of intensity of some strong transition in two
polarizations, then, far from this transition, the birefringence as a
function of wave length λ will be described by the formula:

1

�n
= A

(
1

λ2
0

− 1

λ2

)
. (1)

It is linear function of 1/λ2. Extrapolation of the linear part of
the experimental results (Fig. 3) gives position of the effective
transition (λ0), which reflects the joint influence of all transitions
upon the birefringence. Experimental function of Fig. 3 deviates
from the linear one near the edge of the charge transfer transi-
tions. This means that all charge transfer transitions are respon-
sible for the birefringence. From Fig. 2 we see, that the birefrin-
gence of GdFe3(BO3)4 in planes {100} and {110} are equal. The
birefringence of Nd:GdFe2.1Ga0.9(BO3)4 in plane {110} is of the
same order of magnitude as that of GdFe3(BO3)4, but it is a lit-
tle less, according to less concentration of Fe3+ ions. Birefringence
of Nd:GdFe2.1Ga0.9(BO3)4 in plane {100} is of ∼5 times less than it
is in plane {110}.
According to Onsager principle [14]:

εi j( �H0, �k, �E0) = ε ji(− �H0,−�k, �E0). (2)

Here εi j is dielectric permittivity tensor, �H0, �E0, �k are external
magnetic and electric fields and light wave vector, respectively.
Dependence on the light wave vector indicates an influence of
the space dispersion. From (2) it follows that tensor εi j can be
decomposed to symmetric and anti-symmetric parts, when space
dispersion exists: εi j = εs

i j + igi j . Anti-symmetric part of the ten-

sor (gij) is odd function of �k (in the first approximation ∼ k),
and symmetric part of the tensor (εs

i j) is even function of �k (in

the first approximation �εs
i j ∼ k2). According to Kurie principle

[15], a crystal under external influence possesses only those el-
ements of symmetry, which are common for the crystal and for
the influence. In particular, vector �k changes sign with the inver-
sion of space. Therefore, in centrosymmetric crystals gij(�k) = 0,
i.e., natural circular dichroism (NCD), connected with the tensor
gij , does not exist. Discussed crystals have no center of inversion.
Therefore, they can possess NCD, but of opposite sign in differ-
ent inversion twins. We have measured spectra of NCD in crystals
Nd:GdFe2.1Ga0.9(BO3)4 and GdFe3(BO3)4 in α-polarization. Indeed,
GdFe3(BO3)4 reveals noticeable NCD (�k/k ∼ 10−2), while NCD in
Nd:GdFe2.1Ga0.9(BO3)4, consisting of inversion twins, is close to
zero. In this experiment �k is parallel to C3 axis, and if z-axis is
also parallel to C3 axis, dielectric permittivity tensor has the form:

ε̂ =
∣∣∣∣∣

εxx ig(k) 0
−ig(k) εyy 0

0 0 εzz

∣∣∣∣∣ . (3)

Here εxx = εyy 
= εzz and the difference εzz − εxx will depend on
k2. However, this difference cannot be observed in principle, since
for it observation the light beam should be directed perpendicu-
lar to C3(z) axis and the tensor ε̂ will change, because its form
is connected with the direction of �k, owing to the Curie princi-
ple. The tensor ε̂ will lose axial symmetry relative to C3 axis and
will depend on the direction of �k in the plane perpendicular to C3
axis — the very phenomenon, observed in Nd:GdFe2.1Ga0.9(BO3)4.
However, this explanation has two contradictions with the experi-
ment. (1) Violation of the axial symmetry of the optical properties
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Fig. 4. Model of the inversion twins domain structure.

is not observed in GdFe3(BO3)4 in spite of existence of the space
dispersion effect manifested in NCD. (2) Linear dichroism and bire-
fringence, connected with the space dispersion, are small effects of
the second order of magnitude as compared with NCD, but we
observe very large effects, especially as concerns the linear bire-
fringence.

The charge transfer transitions, responsible for the linear bire-
fringence, are connected not only with the change of state of
an electron, but also with its space motion. Therefore, accord-
ing to impulse conservation law, the electron transfer must oc-
cur mainly in the direction of light propagation (�k-direction).
The only substantial difference between Nd:GdFe2.1Ga0.9(BO3)4 and
GdFe3(BO3)4 crystals is, that the former consists of the inversion
twins. Therefore charge transfer can occur or inside one twin or
between different twins. These situations are not equivalent. Prob-
ability of the charge transfer transitions between Fe3+ ions is pro-
portional to square of the overlap integral of Fe3+ wave functions,
modified by hybridization with wave functions of the environ-
ment. In non-centrosymmetric complex these wave functions are
asymmetric and the asymmetry is opposite in the inversion twins.
Therefore, the overlap integral for Fe3+ ions, which belong to one
twin and to different twins, will be different. In this case domain
structure in the plane perpendicular to C3 axis becomes to be im-
portant. Observed phenomenon can be accounted for by the stripe
domain structure, shown in Fig. 4. The sample {100} is cut along
the stripes, and the sample {110} is cut across the stripes. Then in
the sample {110} the charge transfer takes place inside the stripe
domain of one type, while in {100} sample part of such transitions
happen between inversion twins. Relative amount of such transi-
tions depends on the width of the domains. Taking into account
strong difference of the birefringence in two light wave directions,
we can suppose, that the width of the domains is of the order of
the crystal elementary sell size.

The question remains: why f – f and d–d transitions reveal pro-
nounced dependence on the light beam direction, although these
transitions take place certainly in one domain? Electron transi-
tions occur under the influence of not only the external electric
field, but also under the influence of the internal field, created
by polarization of surrounding atoms. It is possible to show [16],
that in isotropic case the absorption coefficient for weak transi-
tions (such as f – f and d–d ones) is described by the formula:
k = 2π L(ε′)ε′′/(λn′ ln 10). Here: ε′′ is imaginary part of the dielec-
tric permittivity, responsible for f – f or d–d absorption; ε′ and n′
are real parts of the dielectric permittivity and refractive index,
which are mainly due to strong transitions outside the region of
f – f or d–d absorption; L(ε′) is the Lorentz correction. When ε′
and n′ are strongly anisotropic, the absorption coefficient (k) be-
comes anisotropic even with the isotropic ε′′ .

It is impossible to assume something about domain structure in
C3 direction. However, any domain structure will not destroy axial
symmetry of optical properties, when light propagates in C3 di-
rection. Indeed, we saw above, that tensor ε̂ remains to be axially
symmetric in this case, and the same was confirmed experimen-
tally (α-spectrum does not depend on polarization). At the same
time, a domain structure can influence the intensity of charge
transfer transitions and, as a consequence, can influence the inten-
sity of f – f and d–d transitions as well. In particular, α-spectrum
differs both from σ - and π -spectra (see Fig. 1).

Thus, partial substitution of Fe by Ga stimulates formation of
inversion twins, but every twin and the crystal as a whole re-
main to be trigonal. Observed unusual optical properties from phe-
nomenological viewpoint are the consequence of space dispersion,
but the large value of the effects is due to domain structure of
the inversion twins. Additional optical anisotropy, being connected
with the light wave vector direction, is induced by the light itself
and, consequently, it gives potential possibility of light to light in-
fluence.

Acknowledgements

The work was supported by the Russian Foundation for Basic
Researches, grant No 07-02-00704.

References

[1] W.A. Dollase, R.J. Reeder, Am. Miner. 71 (1986) 163.
[2] A.K. Zvezdin, S.S. Krotov, A.M. Kadomtseva, G.P. Vorob’ev, Y.F. Popov, A.P. Py-

atakov, L.N. Bezmaternykh, E.A. Popova, Pis’ma Zh. Eksp. Teor. Fiz. 81 (2005)
335, JETP Lett. 81 (2005) 272.

[3] A.K. Zvezdin, G.P. Vorob’ev, A.M. Kadomtseva, Yu.F. Popov, A.P. Pyatakov, L.N.
Bezmaternykh, A.V. Kuvardin, E.A. Popova, Pis’ma Zh. Eksp. Teor. Fiz. 83 (2006)
600, JETP Lett. 83 (2006) 509.

[4] J.A. Campá, C. Cascales, E. Gutiérrez-Puebla, M.A. Monge, I. Rasines, C. Ruíz-
Valero, Chem. Mater. 9 (1997) 237.

[5] D. Fausti, A.A. Nugroho, P.H.M. van Loosdrecht, S.A. Klimin, M.N. Popova, L.N.
Bezmaternykh, Phys. Rev. B 74 (2006) 024403.

[6] S.A. Klimin, D. Fausti, A. Meetsma, L.N. Bezmaternykh, P.H.M. van Loosdrecht,
T.T.M. Palsta, Acta Cryst. B 61 (2005) 481.

[7] C. Cascales, C. Zaldo, U. Caldiño, J.G. Solé, Z.D. Luo, J. Phys.: Condens. Matter 13
(2001) 8071.

[8] R.Z. Levitin, E.A. Popova, R.M. Chtshebrov, A.N. Vasiliev, M.N. Popova, E.P.
Chukalina, S.A. Klimin, P.H.M. van Loosdrecht, D. Fausti, L.N. Bezmaternykh,
Pis’ma Zh. Eksp. Teor. Fiz. 79 (2004) 531, JETP Lett. 79 (2004) 423.

[9] L.N. Bezmaternykh, S.G. Ovchinnikov, A.D. Balaev, S.A. Kharlamova, V.L.
Temerov, A.D. Vasil’ev, J. Magn. Magn. Mater. 272–276S (2004) E359.

[10] L.N. Bezmaternykh, V.G. Mashchenko, N.A. Sokolova, V.L. Temerov, J. Cryst.
Growth 69 (1984) 407.

[11] L.N. Bezmaternykh, S.A. Kharlamova, V.L. Temerov, Kristallografiya 49 (2004)
945, Crystallogr. Rep. 49 (2004) 855.

[12] G.M. Sheldrick, SHELXLS97 and SHELXL97, University of Göttingen, Germany,
1997.

[13] A.M. Kalashnikova, V.V. Pavlov, R.V. Pisarev, L.N. Bezmaternykh, M. Bayer, Th.
Rasing, Pis’ma Zh. Eksp. Teor. Fiz. 80 (2004) 339, JETP Lett. 80 (2004) 293.

[14] V.M. Agranovich, V.L. Ginzburg, Optics of Crystals with Space Dispersion and
Theory of Excitons, Nauka, Moscow, 1979 (in Russian).

[15] J.F. Nyi, Physical properties of crystals, Oxford, 1957.
[16] A.V. Malakhovskii, A.E. Sokolov, V.L. Temerov, L.N. Bezmaternykh, A.L.

Sukhachev, V.A. Seredkin, S.L. Gnatchenko, I.S. Kachur, V.G. Piryatinskaya, Fiz.
Tverdogo Tela 50 (2008) 1237, Phys. Solid State 50 (2008) 1287.


	Violation of axial symmetry of optical properties in the trigonal crystal Nd:GdFe2.1Ga0.9(BO3)4
	Acknowledgements
	References


