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Abstract—Spectra of absorption, magnetic circular dichroism, and natural circular dichroism of the f–f tran-
sitions 4I9/2 → 4F3/2, 2H9/2 + 4F5/2, 4S3/2 + 4F7/2, 2G7/2 + 4G5/2, 2K13/2 + 4G7/2, and 4G9/2 in the Nd3+ ions in
the Nd0.5Gd0.5Fe3(BO3)4 crystal have been measured as a function of the temperature in the interval of 90–
300 K. Temperature dependences of the magneto-optical activity (MOA) and natural optical activity (NOA)
of the transitions have been obtained. It has been found that, in contrast to allowed transitions, the tempera-
ture dependence of the MOA of the f–f transitions does not obey the Curie–Weiss law and the NOA depends
on temperature. The NOA of some transitions changes the sign with variation in temperature. These phe-
nomena have been explained by the presence of three contributions to the allowance of the f–f transitions,
which lead to three contributions of different signs to the MOA and NOA. The range of the MOA of the f–f
transitions in the Nd3+ ion has been predicted theoretically and confirmed experimentally.
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1. INTRODUCTION
There are many works devoted to the magnetic cir-

cular dichroism (MCD) of parity-forbidden f–f tran-
sitions (see, e.g., [1–7]), including those in neodym-
ium compounds [2, 3, 6]. In most of these works, the
MCD was measured only at one or a few temperatures
and the analysis consisted in the decomposition of the
MCD into the paramagnetic and diamagnetic parts.
In our works (e.g., [8–12]), for the first time, tempera-
ture dependences of the integral paramagnetic mag-
neto-optical activity (MOA) of the f–f transitions
were studied and theoretically explained. In particu-
lar, it was shown that the behavior and value of the
MOA of the f–f transitions are directly connected with
the nature of the allowance of these transitions.
This work is devoted to similar studies in the
Nd0.5Gd0.5Fe3(BO3)4 crystal. We also studied the tem-
perature dependences of the integral natural optical
activity (NOA) of the f–f transitions in this crystal.
Measurements of the NOA of the f–f transitions are
more rare than measurements of the MOA (see, e.g.,
[13–18] and references therein) and temperature
dependences of the NOA of the f–f transitions were
measured for the first time in our work devoted to the
ErAl3(BO3)4 crystal [8]. In contrast to the MOA, the
NOA is more sensitive to local distortions in the
excited states of the 4f ion. The Nd0.5Gd0.5Fe3(BO3)4
crystal, as well as purely neodymium and gadolinium
ferroborates, is multiferroic [19], i.e., possesses mutu-

ally dependent magnetic and electric polarizations.
The magnetic properties of the Nd0.5Gd0.5Fe3(BO3)4
crystal were studied in [20]. Below TN = 32 K, the
crystal becomes an easy-plane antiferromagnet and
remains in this state at least down to 2 K. In the para-
magnetic region, it is characterized by two Weiss
parameters: along the third-order axis, θC = –45 K
and, in the basis plane, θab = –70 K. At room tempera-
ture, the Nd0.5Gd0.5Fe3(BO3)4 crystal has the huntite

structure with the trigonal spatial symmetry R32 ( )
and the unit cell parameters a = 9.557(7) Å and c =
7.62(1) Å. The structural phase transition is not
detected down to 2 K [20]. The unit cell contains three
formula units. Rare-earth ions are found at the centers
of trigonal prisms RO6 (local symmetry D3). Fe3+ ions
occupy the C2-positions in the octahedral environ-
ment of oxygen ions. These octahedra form helical
chains along the axis C3.

The Judd–Ofelt spectroscopic parameters of the
Nd0.5Gd0.5Fe3(BO3)4 crystal were determined in [21]
and, in [22, 23], selection rules for the f–f transitions and
the local properties in excited 4f electron states in the
magnetically ordered crystal were studied.

2. EXPERIMENT
Nd0.5Gd0.5Fe3(BO3)4 single crystals were grown

from a solution‒melt based on K2Mo3O10 by the
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method described in [24]. Samples were cut perpen-
dicularly to axis C3 of the crystal. The absorption spec-
tra were obtained on an automatic double beam spec-
trophotometer on the basis of the MDR-2 mono-
chromator.

The circular dichroism was measured by modula-
tion of the circular polarization with a piezoelectric
modulator [23]. The MCD was obtained as the half-
difference of the circular dichroisms in opposite mag-
netic fields, and the natural circular dichroism (NCD)
was obtained as the half-sum of these values. The
measurements were performed in a field of 5 kOe. The
sensitivity of the dichrograph for measuring the circu-
lar dichroism was ~10–4. The spectra and circular
dichroism spectra were measured in α-polarized light,
i.e., in light propagating along the trigonal axis C3 of
the crystal. The optical band width in all measure-
ments was 0.2 nm in the band 450–600 nm and,
0.4 nm, in the range of 600–1000 nm. The sample was
placed in a nitrogen gas continuous-flow cryostat. The
temperature was maintained in the range of 90–293 K
with an accuracy of ~1 K.

3. RESULTS AND DISCUSSION
The absorption spectrum of the

Nd0.5Gd0.5Fe3(BO3)4 crystal consists of narrow bands

corresponding to the f–f transitions in the Nd3+ ion
and wide bands caused by the d–d transitions in the
Fe3+ ion [23]. The absorption, MCD, and NCD spec-
tra were measured in the frequency range of 10000–
22000 cm–1. From the high-energy side, they are
bounded by strong Fe–Fe charge-transfer transitions
(the Mott–Hubbard transitions) [25]. The spectra of
the d–d transitions were approximated by Gaussian
curves and subtracted from the total spectra. The cir-
cular dichroism spectra caused by the d–d transitions
were not observed. The absorption, MCD, and NCD
spectra of all f–f transitions under study: 4I9/2 → 4F3/2
(R), 2H9/2 + 4F5/2 (S), 4S3/2 + 4F7/2 (A), 2G7/2 + 4G5/2
(D), 2K13/2 + 4G7/2 (E), and 4G9/2 (F) at room tempera-
ture are presented in Figs. 1–5. The temperature
dependences of the integral intensities of the absorp-
tion bands are demonstrated in Fig. 6. In [23], it was
shown that the f–f absorption in the crystal has an
electric-dipole character.

The MCD of the Zeeman doublet is described by
the relationship [9]

 (1)

The first term in (1) is the paramagnetic MCD, the
second term is the diamagnetic MCD, km = km+ + km–
is the amplitude of the line not split by the magnetic

0 0 0 0( , ) ( , )/ .m mk k c kΔ = ϕ ω ω + Δω ∂ϕ ω ω ∂ω

Fig. 1. (a) Absorption, (b) MCD, and (c) NCD spectra of
the 4I9/2 → 4F3/2 transition (R-band) at room tempera-
ture.
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Fig. 2. (a) Absorption, (b) MCD, and (c) NCD spectra of
the 4I9/2 → 2H9/2 + 4F5/2 transition (S-band) at room
temperature.
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Fig. 3. (a) Absorption, (b) MCD, and (c) NCD spectra of
the 4I9/2 → 4S3/2 + 4F7/2 transition (A-band) at room tem-
perature. For NCD, the NCD spectrum at 90 K is also
presented.
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Fig. 4. (a) Absorption, (b) MCD, and (c) NCD spectra of
the 4I9/2 → 2G7/2 + 4G5/2 transition (D-band) at room
temperature.
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Fig. 5. (a) Absorption, (b) MCD, and (c) NCD spectra of
the 4I9/2 → 2K13/2 + 4G7/2 and 4G9/2 transitions (E- and
F-bands) at room temperature.
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field, c = (km+ + km–)/km is the paramagnetic MOA of
the transition, Δω0 is the Zeeman splitting of the line,
and φ(ω, ω0) is the shape function of the absorption
line. For states with a half-integer moment, the para-
magnetic mixing term (B-term) may be neglected.
From the comparison of the experimental spectra pre-
sented in Figs. 1–5 with formula (1), it is evident that
the fine structure of the spectra is caused by the dia-
magnetic effect, but we are interested in the integral
paramagnetic effect. On the integration of (1) for both
one absorption line and a band consisting of several
lines, the diamagnetic effect yields zero; therefore, for
the integral MOA, we can write

 (2)

Here, we have taken into account that, according to
van Vleck and Hebb [26], the MOA should be propor-
tional to the paramagnetic susceptibility and that the
susceptibility obeys the Curie–Weiss law in the con-
sidered temperature interval. If this is true, then the
dimensionless parameter C should be independent of
temperature. Relationship (2) was experimentally
confirmed with the help of the Faraday effect, which,
in the transparency band of the material, is caused by
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allowed transitions in the ultraviolet band. The aim of
the present work is to check the situation with forbid-
den f–f transitions.

The paramagnetic susceptibility of
Nd0.5Gd0.5Fe3(BO3)4 obeys the Curie–Weiss law in
the considered temperature range with the Weiss
parameter along the axis C3 of θC = –45 K. From the
absorption and MCD spectra (Figs. 1–5) with the
help of relationships (2), the parameters C were found
(see Fig. 7 and the table). They proved to be tempera-
ture-dependent. The reason of this phenomenon was
earlier explained in detail in our works [9, 12]. Let us
outline the main ideas.

The parity-forbidden f–f transitions are partly
allowed due to the admixture of states of the opposite
parity with odd components of the crystal field (both
static and dynamic). Assume that high-energy states
with opposite parity  are admixed only to the excited
4f state (JF), because they are closer to it. In this case,
the transition will be partly allowed if the admixed

'
FJ

state  satisfies the selection rule with respect to the
total moment:

 (3)

where JI is the total moment of the ground state. Thus,
the f–f transitions from the ground state (4I9/2 for Nd3+

ions) with J = 9/2 become partly allowed due to the
admixing of states with J = 7/2, 9/2, and 11/2. The
allowed transitions from the ground state to these
admixtures determine not only the intensity of absorp-
tion, but also the MOA of the transition. This problem
was solved in [9, 12] in the free-atom approximation.
This approximation is valid in the case of a high pop-
ulation of all components of splitting of the ground
state by the crystal field. Therefore, the table presents
the MOA of transitions at the maximum temperature.
The following results were theoretically obtained:

 (4)

'
FJ

'| | 1,F IJ J− ≤

for transition ( 1) ( 1)/2 2,
for transition /2 0.36,
for transition ( 1) /2 1.64.

J J C g J
J J C g
J J C gJ

→ − = − + = −
→ = − = −
→ + = + = +

The MOA (C) and NOA (A) of transitions at room temperature

Notation Transition λ, nm E, cm–1 C (experiment) A, 10–4 
(experiment)

R 4I9/2 → 4F3/2 880 11400 +2.62 −27
S 4I9/2 → 2H9/2 + 4F5/2 800 12400 +0.22 −7.7

A 4I9/2 → 4S3/2 + 4F7/2 750 13500 −1.94 −5.3

D 4I9/2 → 2G7/2 + 4G5/2 590 16800 +2.2 −10.7

E 4I9/2 → 2K13/2 + 4G7/2 530 18900 +0.95 −3.6

F 4I9/2 → 4G9/2 515 19500 −1.13 −15.5

Fig. 6. Temperature dependences of the intensities of
absorption bands.
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tion bands.
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Here, g is the Lande parameter of the ground state. It
is evident from the table that the MOA of the f–f tran-
sitions under study lie approximately within theoreti-
cally possible values (4). Comparing the experimental
MOA (see table) with theoretical ones, we can esti-
mate the state the admixture of which allows the tran-
sition. In particular, the MOA of the R and D transi-
tions are determined by the admixture of the state with
J = 11/2. If the absolute value of the parameter C at
room temperature is smaller than the maximum possi-
ble one, this means that there are at least two contri-
butions (4) to the MOA.

The Jadd–Ofelt theory, which describes the allow-
ance of the f–f transitions, gives the following selec-
tion rule for these transitions [27]:

 (5)
Here, λ = 2, 4, and 6 for the 4f shell. All considered
transitions satisfy these conditions. From (3) and (5),
we find that the admixed states should satisfy the con-
dition

 (6)
It is easy to check that all the considered transitions are
allowed by all three admixtures to the excited state. 

The splitting of the 4f state by the crystal field is
rather strong. In particular, the splitting of the ground
state of the Nd3+ ion in NdFe3(BO3)4 equals 322 cm–1

(463 K) [28]. With variation in temperature, the pop-
ulation of the components of splitting of the ground
state changes. This can lead to the change in the rela-
tionship between three contributions (4) to the MOA
and, therefore, to deviation of the temperature depen-
dence of the MOA from the Curie–Weiss law and of
the parameter C from a constant, which is observed in
the experiment (Fig. 7).

It is especially worth noting that the increase in the
absolute value of the parameter C with a decrease
in temperature substantially exceeds its theoretical
values (4) (bands A and D in Fig. 7). It is known that,
in uniaxial crystals, the electron states of an atom split
in the first approximation in accordance with the
absolute value of MJ, as well as in a uniform electric
field. In [9], it was shown that the MOA of the transi-
tion from the state MJ = J, the population of which
increases with a decrease in temperature, exceeds the
values (4) two-fold.

The symmetry of the Nd0.5Gd0.5Fe3(BO3)4 crystal
has no center of inversion; therefore, the NCD can
exist in it. Indeed, the NCD was detected and mea-
sured. The presence of the NCD also demonstrates
that the number of opposite inverse twins is not the
same. The NCD spectra are presented in Figs. 1–5.
According to relationship (1), the MCD spectra are
caused by splitting in the magnetic field and qualita-
tively repeat the derivative of the absorption spectra
(Figs. 1–5). The NCD spectra qualitatively repeat the
absorption spectra that characterize the splitting of the

'| | .F FJ J− ≤ λ

'| | 1.F FJ J− ≤ λ −

4f states by a crystal field. However, the NCD can have
different signs and, therefore, can be sensitive to small
splitting in the crystal field. An example of such a sit-
uation is presented in Fig. 3. The NCD spectrum at
room temperature indicates the splitting of the absorp-
tion line near 13500 cm–1, which is not directly seen in
the absorption spectrum. At low temperatures,
indeed, two close lines are observed in this region. The
NCD spectrum at 90 K (Fig. 3) also manifests these
lines directly. It should be noted that the comparison
of the NCD spectra at two temperatures demonstrates
the change in the sign of the NCD of one of the lines
with the variation in temperature.

The integral NOA of the transition is described by
the relationship

 (7)

where k is the absorption coefficient and Δk is the
NCD. This quantity differs by the coefficient 0.25
from the “anisotropy factor” employed in other works.
The integral values of the NCD of the transitions were
found from the spectra presented in Figs. 1–5. The
obtained temperature dependences of the NOA are
presented in Fig. 8. From the comparison of the NCD
and absorption spectra (Figs. 1–5) and the integral
NOA (Fig. 8), we see that the NOA of separate lines
significantly exceeds (approximately by an order of
magnitude) the integral NOA bands, due to the vari-
able sign of the NCD.

According to [29], the rotation force Rif is defined as

 (8)
where d and m are the electric and magnetic dipole
moments, respectively. The dipole force is Dif =
|〈i|d|f〉|2, because the transitions under consideration
mostly have an electric dipole nature. However,
according to (8), for the existence of NCD, the matrix

0if

if 0

,kRA
D k

〈Δ 〉= ≈
〈 〉

if Im[ | | | | ],R i f f i= 〈 〉〈 〉d m

Fig. 8. Temperature dependences of the NOA of absorp-
tion bands.
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element of the magnetic dipole moment of the transi-
tion should also be nonzero. Indeed, taking into
account the mixing of terms by the spin-orbital inter-
action in the first approximation of the perturbation
theory and the mixing of states of the same symmetry
by the crystal field, all transitions under consideration
are allowed in the magnetic-dipole approximation.
The NOA of the allowed transition are independent of
temperature. However, the NOA values of the forbid-
den f–f transitions essentially depend on temperature
(Fig. 8) up to the change of the sign. The nature of this
phenomenon is similar to that described above for the
MOA of the f–f transitions. The integral NOA also
consists of three contributions, corresponding to three
contributions to the allowance of the f–f transitions.
Unfortunately, the theoretical value of these contribu-
tions are unknown and cannot be known, because the
contributions to the absorption and MCD were calcu-
lated in the free-ion approximation, but the NCD in a
free ion is absent. At the same time, from the experi-
mental results (Fig. 8), it is evident that these contri-
butions have different signs, as in the case of MOA.
The integral intensities of the f–f absorption bands
depend on temperature significantly more weakly than
the MOA and NOA (Fig. 6–8), because the three con-
tributions to absorption have the same signs, but the
contributions to the MOA and NOA are of different
signs. In contrast to the MCD, the NCD can exist only
in not centrally symmetric crystals. Therefore, the
stronger temperature dependence of the NOA than
the temperature dependence of the MOA (Figs. 7 and
8) may indicate locally not centrally symmetric distor-
tions of the crystal in the corresponding excited states.
The strong variation in the NOA of the f–f transitions
with temperature makes problematic the analysis of
the geometry of the neighborhood of the 4f ion on the
basis of the NOA of the f–f transitions at one tempera-
ture.

4. CONCLUSIONS

On the basis of the measured absorption, MCD,
and NCD spectra of the f–f transitions in the Nd3+ ion
in the Nd0.5Gd0.5Fe3(BO3)4 crystal at different tem-
peratures, temperature dependences of the MOA and
NOA of the transitions have been obtained. It has been
found that, in contrast to allowed transitions, the vari-
ation in the MOA of the f–f transitions does not obey
the Curie–Weiss law and the NOA depends on tem-
perature. Moreover, the NOA of some transitions
changes sign with variation in temperature. These
phenomena are the result of the presence of three con-
tributions to the allowance of the f–f transitions,
which lead to three contributions to the MOA and
NOA with different signs. The theoretical model made
it possible to predict the range of the MOA of the f–f
transitions in the Nd3+ ion, and the experiment has
confirmed these conclusions. The strong variation in

the NOA of the f–f transitions with temperature makes
problematic the analysis of the geometry of the neigh-
borhood of the 4f ion on the basis of the NOA of the
f–f transitions at one temperature.
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