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Abstract. Influence of the partial substitution of paramagnetic Fe3+ ions by diamagnetic Ga3+ ions in
the trigonal crystal GdFe3(BO3)4 on its optical and magnetic properties is studied and discussed in con-
nection with problems common for all antiferromagnets containing 3d5 ions. Polarized optical absorption
spectra and linear birefringence of GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4 single crystals have been mea-
sured in the temperature range 85–293 K. Specific heat temperature dependence (2–300 K) and structure
of GdFe2.1Ga0.9(BO3)4 crystal have been also studied. As a result of substitution of 30% Fe to Ga the Neel
temperature diminishes from 38 till 16 K, the strong absorption band edge shifts on 860 cm−1 (0.11 eV)
to higher energy and the d-d transitions intensity decreases substantially larger than the Fe concentra-
tion does. Strong absorption band edge is shown to be due to Mott-Hubbard transitions. Correlation
between position of the strong absorption band edge and the Neel temperature of antiferromagnets has
been revealed. Properties of the doubly forbidden d-d transitions in the studied crystals and in other an-
tiferromagnets are explained within the framework of the model of the exchange-vibronic pair absorption,
which is theoretically analyzed in detail. The model permitted us to determine the connection between
parameters of d-d absorption bands (intensity, width and their temperature dependences), on the one hand,
and the exchange, spin-orbit and electron-lattice interactions, on the other hand.

1 Introduction

Crystals with the general formula RM3(BO3)4 (R–Y or
rare earth (RE) metal, M–Al, Ga, Cr, Fe, Sc) have huntite
like structure with the trigonal space group R32 (D7

3)
(No. 155 of the international tables for X-ray crystallogra-
phy) [1]. Aluminates from this family possess good lumi-
nescent and nonlinear optical properties (see, e.g. Ref. [2]).
RE ferroborates RFe3(BO3)4 attract attention due to vari-
ety of magnetic structures and phase transitions realized
in them depending on a choice of the RE ion and ow-
ing to interaction of two magnetic subsystems: Fe and RE
elements [3]. Some of these crystals (GdFe3(BO3)4, in par-
ticular) refer to multiferroics [4–8], which possess mag-
netic and electric order simultaneously. A coupling be-
tween static electric and magnetic subsystems observed
in multiferroic materials is the effect interesting both for
fundamental physics and potential technological applica-
tions [9–11]. Due to this property, ferroborates with the
huntite structure are widely investigated in recent years.

Magnetic properties of GdFe3(BO3)4 crystal were in-
vestigated in references [12–14]. Antiferromagnetic order-
ing phase transition takes place at 38 K. At T < 9 K,
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GdFe3(BO3)4 crystal transforms from easy plane to easy
axis antiferromagnet. Mössbauer spectra of GdFe3(BO3)4
were measured in reference [15]. Magnetic proper-
ties of GdFe2.1Ga0.9(BO3)4 crystal were studied by
Bezmaternykh et al. [16].

Crystal structure of GdFe3(BO3)4 has been determind
in reference [17]. The unit cell contains three formula
units. Trivalent RE ions occupy only one type positions.
They are located at the center of trigonal prisms made up
of six crystallography equivalent oxygen ions. The FeO6

octahedrons share edges in such a way that they form
helicoidal chains, which run parallel to the C3 axis and
are mutually independent. In the GdFe3(BO3)4 crystal at
room temperature, all Fe ions occupy C2-symmetry posi-
tions and Gd ions are in D3-symmetry positions [17]. Such
positions are the character of unperturbed huntite struc-
ture. The GdFe3(BO3)4 crystal exhibits a structural phase
transition to the symmetry P3121(D4

3) [17] at 156 K [18].
At 90 K the local symmetry of Gd3+ ion is C2 and Fe3+

ions are in two nonequivalent positions with C2 and C1

symmetries [17].
Optical absorption spectra corresponding to electron

transitions inside 4f shell of RE ions (f -f transitions)
were studied in the ferroborates in a number of works
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(see, e.g., [19] and references therein). These spectra were
mainly used as a tool for study of magnetic properties of
the crystals. In GdFe3(BO3)4, f -f transitions are in ultra
violet and are not observed, since they are overlapped with
the strong absorption band. Only transitions inside 3d
shell of Fe3+ ions (d-d transitions) are observed in the
spectrum. Optical absorption spectrum of GdFe3(BO3)4
was first presented and discussed in references [20–22].
Transformation of the GdFe3(BO3)4 absorption spectrum
under the action of high pressure was studied in refer-
ence [20].

Absorption spectra of crystals under consideration
consist of the strong absorption owing to allowed transi-
tions and of the weak absorption bands corresponding to
doubly forbidden (by parity and by spin selection rules)
d-d transitions in the Fe3+ ions. Investigation of the strong
absorption in the iron containing compounds goes back to
works of Clogston [23] and Wickersheim and Lefever [24]
and continues so far ([21,25–30] and references therein). In
particular, in references [28,29] arguments were presented,
that the allowed charge transfer transitions play an impor-
tant role in the magnetoelectric coupling in strongly corre-
lated 3d oxides. However, nature of the strong absorption
band edge, whose position is substantially different in dif-
ferent Fe3+ compounds, remains to be under discussion.

Parity forbidden and doubly forbidden d-d transitions
both in impurities and in antiferromagnets were studied in
a great number of works (e.g., Refs. [31–35] and references
therein). It was found that doubly forbidden d-d transi-
tions are substantially more intensive in antiferromagnets
than in impurity crystals. Tanabe et al. [36] suggested ef-
fective mechanism, which remove the spin-forbiddenness
of the transitions due to pair absorption by the exchange
coupled ions. It was widely used for analysis of the inten-
sity of the doubly forbidden d-d transitions both in sin-
gle pairs and in antiferromagnets (see e.g., [37–44]). How-
ever this mechanism could explain not all properties of the
considered transitions, since it did not take into account
the parity forbiddenness of the transitions. Malakhovskii
and Vasiljev [45,46] proposed exchange-vibronic mecha-
nism of the pair absorption, which provides simultane-
ous allowance of the transitions by spin and by parity
selection rules. Some properties and consequences of this
mechanism were presented in references [46–48]. However,
a number of questions were still considered not in de-
tail, e.g.: unusual temperature dependence of the dou-
bly forbidden transitions intensity in antiferromagnets,
degree of correlation between the intensity and the ex-
change interaction, role of the spin-orbit interaction in
formation and probability of the exchange and exchange-
vibronic absorption, role of the crystal phonons in the
collective absorption. In this paper we comprehensively
analyze properties of the exchange-vibronic absorption,
basing on the conception of formation and relaxation of
the exciton-magnon-phonon bound state, appeared as a
result of a photon absorption by the pair of the exchange
coupled ions. Obtained results are applied to interpreta-
tion of the doubly forbidden d-d transitions properties
in GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4 crystals and

Table 1. Atomic coordinates and equivalent displacement pa-
rameters for GdFe2.1Ga0.9(BO3)4 crystal at room temperature.

Atom x y z Ueq

Gd 0 0 0 0.0058(1)
Fe, Ga 0.21692(9) 1/3 1/3 0.0041(3)

O1 0.1449(4) 0.1449(4) 0.5 0.0052(6)
O2 0.4093(5) 0.4093(5) 0.5 0.0104(8)
O3 0.0264(4) 0.2135(4) 0.1835(4) 0.0075(4)
B1 0 0 0.5 0.002(1)
B2 0.5521(7) 0.5521(7) 0.5 0.0072(8)

Table 2. Distances Fe–O in crystals.

Distances Fe–O (Å) Ref.
GdFe2.1Ga0.9(BO3)4 2.028, 2.004, 1.945 This work
GdFe3(BO3)4 2.032, 2.014, 1.96 [17]
FeBO3 2.028 [50]

in other antiferromagnetic compounds as well. Compar-
ative study of GdFe3(BO3)4 and the crystal with part of
Fe3+ ions substituted by diamagnetic ions, substantially
helps us to analyze the nature of absorption spectra of the
magnetically ordering compounds.

2 Results and discussion

Single crystals of GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4
were grown using the K2Mo3O10-based flux as described
in reference [12]. A small amount of neodymium ox-
ide (Nd2O3/Gd2O3 = 0.9 mass% in the melt) was
also introduced in GdFe2.1Ga0.9(BO3)4 crystal for fu-
ture investigations of processes connected with magnetic
transformations. The samples prepared for optical mea-
surements were 0.1–0.3 mm-thick plane-parallel polished
plates oriented perpendicular to the threefold crystallo-
graphic axis (C3), and also cut in planes {100} and {110},
which are parallel to the C3 axis.

We have undertaken the X-ray study of the
GdFe2.1Ga0.9(BO3)4 crystal with the single crystal diffrac-
tometer KM-4 (MoKα-radiation) at room temperature. A
structure model was solved and refined in anisotropic ap-
proximation using SHELX-97 program [49]. It has been
shown that the structure of the GdFe2.1Ga0.9(BO3)4 crys-
tal is identical to that of GdFe3(BO3)4. So, the crystal
belongs to space group R32 and has the sell parameters
a = 9.499(1), c = 7.521(1) Å, a little smaller than those
of the GdFe3(BO3)4 [17]. Atomic coordinates are shown
in Table 1. Distance Gd–O in prisms is 2.361(3) Å. Fe–O
distances in octahedrons are given in Table 2. The distor-
tion of triangular prisms GdO6 results from the rotation
of triangular bases relatively to each other by 13◦. Within
the (Fe/Ga)O6 chain the site of Fe3+ ion is filled ran-
domly by Fe and Ga ions in proportion, corresponding to
the chemical formula of the compound. It was found out,
that the crystal consists of inversion twins in proportion
of 59/41. Data shown in Table 1 refer to twins with the
59% contribution.
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Fig. 1. Heat capacity of GdFe2.1Ga0.9(BO3)4 in zero magnetic
field as a function of temperature. Insert: a part of the same
dependence and in magnetic field of 5 T.

Specific heat measurements of the
GdFe2.1Ga0.9(BO3)4 crystal were performed by a
commercial heat capacity measuring system (quantum
design, PPMS) in the temperature range 2–300 K (Fig. 1).
A feature at T = 16 K corresponds to a magnetic phase
transition. According to magnetic measurements [16] it
is the transition to the easy axis antiferromagnetic state,
which remains at least down to 4.2 K. In the region of
3 K the Schottky-type anomaly in the heat capacity
temperature dependence is observed (Fig. 1, insert)
similar to that observed in GdFe3(BO3)4 [51].

Polarized absorption spectra of GdFe2.1Ga0.9(BO3)4
and GdFe3(BO3)4 crystals have been studied in the re-
gion of 390–1000 nm (10 000–25600 cm−1) and in the
temperature range: 85–293 K. Three light polarizations
were used: α – light wave vector �k is parallel to C3 axis of
the crystal and, consequently, electric vector �E of light is
perpendicular to C3 axis; π − �k⊥C3, �E‖C3; σ − �k⊥C3,
�E⊥C3. Precise positions of polarization parallel or per-
pendicular to C3 crystal axes were found according to
minimum transparency of the sample in crossed polar-
izers. The measurements were carried out on the two-
beam home made automatic spectrometer, based on the
diffraction monochromator MDR-2. Optical slit-widths
were 0.2−0.4 nm.

Figure 2 presents the total α(σ) absorption spectrum
of GdFe2.1Ga0.9(BO3)4 crystal at two temperatures. In
Figures 3–5, different parts of the GdFe2.1Ga0.9(BO3)4
and GdFe3(BO3)4 spectra are given at different polar-
izations and temperatures. The absorption is given in
units of the decimal molar extinction relative to molar
concentration of iron that permits to take into account
the difference of the iron concentration in the studied
crystals. Molar concentration of iron is 25.02 mol/l in
GdFe3(BO3)4 and 17.51 mol/l in GdFe2.1Ga0.9(BO3)4.
The observed broad absorption bands correspond to d-d
transitions 6A1(6S) → 4T1(4G) (A-band), → 4T2(4G)

Fig. 2. σ(α) polarized absorption spectra of
GdFe2.1Ga0.9(BO3)4.

Fig. 3. Polarized absorption spectra of GdFe2.1Ga0.9(BO3)4 in
the region of d-d transition 6A1(

6S) → 4A1
4E(4G) of Fe3+ ion.

Fig. 4. Polarized absorption spectra of GdFe3(BO3)4(π1, σ1)
and GdFe2.1Ga0.9(BO3)4(π2, σ2) in the region of d-d transi-
tions 6A1(

6S) → 4T1(
4G), 4T2(

4G) of Fe3+ ion at temperature
T = 85 K.
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Fig. 5. α-polarized absorption spectra of GdFe3(BO3)4 and
GdFe2.1Ga0.9(BO3)4 in the region of d-d transition 6A1(

6S) →
4A1

4E(4G) of Fe3+ ion at room temperature.

(B-band) and → 4A1
4E(4G) (C-band) in Fe3+ (3d5) ion

(in notations of cubic crystal field). Narrow lines in the
GdFe2.1Ga0.9(BO3)4 spectra belong to f -f transitions
in the small admixture of Nd3+ ions and will not be
discussed. Gd3+ ions have no transitions in this spectral
region. α and σ spectra practically coincide, that testi-
fies to electric dipole character of the transitions. d-d ab-
sorption reveals some dichroism (Figs. 3 and 4) due to
small trigonal distortions of FeO6 octahedrons (Tab. 2).
Presented spectra consist of two parts of the principally
different nature: weak doubly forbidden (by parity and
spin selection rules) d-d transitions and allowed transi-
tions, forming the strong absorption band (only the edge
of the band is observed). We shall consider these parts
separately.

2.1 Strong transitions

Alumoborates RAl3(BO3)4 are transparent till
∼34 000 cm−1 (besides weak f -f transitions) independent
of the rare earth ion. Strong absorption band edge of fer-
roborates RFe3(BO3)4 is near 25 000 cm−1 (3.1 eV) and
also almost independent of the rare earth ion. Thereby, the
strong absorption in the visible is due to iron ions. There
are three possibilities for the strong absorption connected
with Fe3+ ions. (1) Allowed d → p transitions inside
the Fe3+ ion with the energy ∼105 cm−1. (2) Allowed
charge transfer transitions 2p → 3d between molecular
2p-orbitals of ligands and 3d-orbitals of the Fe3+ ion
inside FeO6 cluster. In octahedral complex Fe3+:Al2O3

the first of 2p → 3d transitions occurs at 38 550 cm−1

(4.78 eV) [52]; in Y3Fe5O12 and in Y3Ga5O12:Fe3+ –
at 35 600 cm−1 (4.41 eV) and 37400 cm−1 (4.64 eV),
respectively [53]; in GdFe3(BO3)4 – at 4.0 and 4.8 eV,
depending on polarization [21]. (3) Interatomic Fe−Fe
d-d excitations (the Mott-Hubbard transitions):

3d5 + 3d5 + Eg → 3d4 + 3d6. (1)

These transitions occur between 3d states, i.e., they are
forbidden in the first approximation by parity and also
by spin selection rules, if total spins of the ions in the
ground state have the same directions. However, the tran-
sitions are spin allowed if they take place between antifer-
romagnetically exchange coupled ions with the opposite
spin orientations. Parity forbiddeness is removed, since
the pair of atoms under consideration has no center of
inversion at least in the excited state. Thus, these tran-
sitions can be considered as partially parity allowed ones
without participation of odd vibrations. They are weaker
than 2p → 3d transitions between molecular orbitals of
the cluster, but much stronger than d-d transitions inside
3d ions. The strong absorption band edge of the stud-
ied crystals is in the region of 25 000 cm−1 (3.1 eV), i.e.
far from the mentioned 2p → 3d transitions, whose posi-
tion weakly depends on the Fe3+ concentration. Therefore
we can suppose that the observed strong absorption band
edge refers to the Mott-Hubbard transitions.

Pair states in the left and right sides of equation (1)
give rise to the Mott-Hubbard bands. Activation energy
(or insulating gap or optical gap [35,54]) is equal to:

Eg = U − (B1 +B2) /2. (2)

Here U = E(d4 + d6) − E(2d5) is the electron correlation
energy modified by the crystal field (CF) and covalency.
In particular, instead of one transition between high spin
states in the free ion approximation (1) we have four tran-
sitions in the cubic CF approximation:

6A1,
6A1 → 5E

(
d4

)
, 5T2

(
d6

)
; 5T2

(
d4

)
, 5T2

(
d6

)
;

5E
(
d4

)
, 5E

(
d6

)
; 5T2

(
d4

)
, 5E

(
d6

)
. (3)

The first of these transitions has the lowest energy. B1

and B2 in (2) are the lower and upper Mott-Hubbard
band widths, respectively. The activation energy should
also include the kinetic energy of the electron transfer.
With the substitution of Fe by diamagnetic ions, the band
widths B1 and B2 should, evidently, decrease and, con-
sequently, the optical gap Eg should increase. Indeed,
the strong absorption band edge in GdFe2.1Ga0.9(BO3)4,
where part of Fe atoms is substituted by Ga atoms, is
shifted to higher energy on ∼860 cm−1 (0.11 eV) as com-
pared with GdFe3(BO3)4 (Fig. 5). This observation con-
firms the supposition that the strong absorption band
edge refers to the Mott-Hubbard transitions. Transitions
of such kind are connected not only with the change of
state of an electron, but also with its space motion. Con-
sequently, they are not vertical ones in the wave vector
presentation. Therefore, according to the momentum con-
servation law, the transition can be possible only with the
participation of phonons (indirect transitions), since mo-
mentum of photon is close to zero. (If these phonons are
odd, they additionally allow the transition by parity.) The
single particle band theory is not suitable for systems with
the strong correlations such as the considered ones. Nev-
ertheless, some its results can be used. It is known [55]
that the coefficient of absorption for the allowed direct
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Fig. 6. Temperature dependence of the strong absorption
band edge position on the level of k = 8 cm−1 mol−1 l in
GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4 in σ-polarization.

transitions between parabolic bands is described by the
formula:

k ∼ (hν − Eg)
1/2

. (4)

The absorption coefficient for the indirect transitions is
described by the parabolic function of the photon en-
ergy [55]:

k =
A1 (hν − Eg + Ep)

2

exp Ep

kBT − 1
+
A2 (hν − Eg − Ep)

2

1 − exp
(
− Ep

kBT

) . (5)

Here Ep is the energy of the active phonon. The first
term refers to absorption of the phonon and the sec-
ond one refers to emission of the phonon. The experi-
mental absorption band edge (Fig. 5) is indeed described
well by a parabolic function and certainly is not de-
scribed by the formula (4) in agreement with the indirect
Fe−Fe transition nature of the band edge. Besides that,
at constant Eg, the energy of the absorption band edge
should decrease with the increasing temperature according
to (5) – the very thing observed in the experiment (Fig. 6).
The temperature behavior of the strong absorption band
edge position (Fig. 6) should also reflect the variation of
the insulating gap energy with the temperature. The tem-
perature variation of the insulating gap is caused by the
thermal lattice expansion and by the electron-phonon in-
teraction variation [55]. It is evident that at structural
phase transition both of these contributions change and
should result in a singularity in the band gap temper-
ature dependence. In particular, a pronounced shift of
the absorption band edge was observed in GdFe3(BO3)4
during structural phase transition under the influence of
pressure [20]. At temperature 156 K of the GdFe3(BO3)4
structural phase transition a jump of the GdFe3(BO3)4
band edge position and a jump of its first temperature
derivative are observed (Fig. 6). In the similar dependence
for GdFe2.1Ga0.9(BO3)4 (Fig. 6) only a jump of the first
derivative is observed at the same temperature. In the heat
capacity temperature dependence of GdFe2.1Ga0.9(BO3)4

Fig. 7. Oscillations of the absorption coefficient of the sys-
tem: sample of GdFe2.1Ga0.9(BO3)4 cut in {110} plane and
positioned between two polarizers at room temperature (de-
tails are in the text).

no singularities were observed (Fig. 1). The jump of the
first derivative of the band edge temperature dependence
at 156 K both in GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4
testifies to the similar features in the temperature be-
havior of the lattice parameters and of the electron-
phonon interaction in these crystals, which, nevertheless,
are not realized in a structural phase transition in the
GdFe2.1Ga0.9(BO3)4 crystal.

Refractive index and birefringence in the region of
weak absorption are mainly due to the strong absorp-
tion bands aside of this region. The birefringence of
GdFe2.1Ga0.9(BO3)4 and GdFe3(BO3)4 crystals has been
measured in {110} plane in the following way. We put the
sample between two polarizers with the same plane of po-
larization so that C3 axis of the sample was under the
angle of 45◦ to the plane of polarization. In this case, due
to interference of the usual and unusual waves after the
analyzer, the light flow passed through the analyzer oscil-
lates as a function of the light wave length. An example
of such oscillations for GdFe2.1Ga0.9(BO3)4 is depicted in
Figure 7. Phase difference between two normal waves is

ϕ = 2πΔnd/λ, (6)

where Δn is the birefringence, λ is the wave length and d
is the width of the sample. A change of the phase differ-
ence (Δϕ) corresponding to the distance Δλ between two
adjacent maxima or minima of the periodical structure of
Figure 7 should be equal to 2π, and according to (6)

|Δϕ| = 2πΔndΔλ/λ2 = 2π (7)

under the assumption that Δλ� λ. Then

Δn = λ2/dΔλ. (8)

Results of calculations are in Figure 8 (temperature in-
fluences the birefringence very weakly). It is seen, that,
indeed, only the most intensive d-d transition (C-band)

http://www.epj.org
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Fig. 8. Birefringence of GdFe3(BO3)4 (curve 1),
GdFe2.1Ga0.9(BO3)4 (curve 2) and Y0.6Yb0.3Tm0.1Al3(BO3)4
(curve 3) in the plane {110} at room temperature.

slightly influences the birefringence. Similar measure-
ments of the birefringence were carried out on ferrobo-
rates RFe3(BO3)4 with different RE ions. Results weakly
depend on RE ions, but substantially differ from those for
alumoborates of the same structure (see Fig. 8). In the
ferroborates the birefringence strongly increases near the
absorption band edge. Consequently, contribution of tran-
sitions with participation of Fe3+ ions, and, especially, of
the Fe−Fe (the Mott-Hubbard) transitions, into the bire-
fringence is substantial. The birefringence value decreases
with the decrease of the Fe concentration (Fig. 8) but less
than strictly proportionally to the Fe concentration. It is
due to additional contribution into the birefringence of
transitions not connected with the Fe3+ ions.

The Fe−Fe (the Mott-Hubbard) transitions are condi-
tioned by overlapping of the Fe3+ wave functions, modified
by hybridization with wave functions of the environment.
The same overlapping is the cause of the exchange in-
teraction and magnetic ordering. Consequently, position
of the strong absorption band edge in Fe3+ containing
compounds should correlate with the temperature of their
magnetic ordering. Figure 9 demonstrates such correla-
tion. GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4 crystals can
not be put in this row, since they are almost one dimen-
sional magnetics, while all compounds used in Figure 9
are three dimensional ones. However, for the former two
compounds the same correlation between their Neel tem-
peratures and positions of the strong absorption band edge
is also observed.

2.2 d-d transitions

Absorption spectra of the d-d transitions (Figs. 2–5) have
been decomposed on Gauss components and integral in-
tensities of the bands have been found. Results are shown
in Table 3. It is seen, that intensities of the transi-
tions are substantially larger in GdFe3(BO3)4, than in

Fig. 9. Correlation between position of the strong absorp-
tion band edge and temperature of the magnetic ordering. 1 –
Ca3Fe2Ge3O12 (Ref. [56]), 2 – FeBO3 (Ref. [57]), 3 – Y3Fe5O12

(Ref. [58]), 4 – Li0.5Fe2.5O4 (Ref. [59]).

Table 3. Oscillator strengths (f × 107) of d-d transitions in
σ(α) polarization.

Bands
GdFe3(BO3)4 GdFe2,1Ga0,9(BO3)4
85 K 293 K 85 K 293 K

A 9.5 6.9 4.75 3.9
B 11.6 7.8 8.6 6.9

C1 + C2 21.6 23.3 7.3 9.5

GdFe2.1Ga0.9(BO3)4. Shape of the GdFe3(BO3)4 absorp-
tion spectrum is qualitatively similar to that of the FeBO3

spectrum [21], but intensity of the absorption bands in
the former crystal is by order of magnitude less. Question
arises: what is the cause of the observed differences of
the transition intensities? Fe−O distances in all mentioned
crystals are close in value (Tab. 2). As a consequence, pa-
rameters of the Fe-ligand interaction are similar. In par-
ticular, position of the A-band, which characterizes the
cubic CF value for 3d5 ions, is almost the same in all
three crystals (Fig. 4 and [21]). Intensity of d-d transitions
strongly depends on covalency of the metal-ligand bond-
ing [60], but position of the C-band, which characterizes
degree of the covalency for 3d5 ions [60], is also practi-
cally identical in the discussed crystals (Fig. 5 and [21]).
This means, that the covalency and the CF in these crys-
tals are the same and are not the cause of the difference
of the d-d transition intensities. Additionally, FeBO3 is
the centrosymmetrical crystal unlike GdFe3(BO3)4 and
GdFe2.1Ga0.9(BO3)4. Consequently, from the viewpoint of
the transition allowance by parity, intensity of d-d transi-
tions in FeBO3 should be less than in GdFe3(BO3)4 and
GdFe2.1Ga0.9(BO3)4. All these inconsistencies should be
solved.

Shape of the observed absorption spectra is typical for
d-d transitions in 3d5 ions in centrosymmetrical crystals
(for Mn2+ see e.g., Ref. [60]). This shape is the result of the
electron-vibrational interaction with the quasi local odd

http://www.epj.org
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vibrations, which makes the transitions parity allowed. In
particular, C1, C2 and C3 components (Fig. 3) correspond
to different vibrations, but to the same electronic transi-
tion (compare with Ref. [48]). The same vibrations take
part in formation of the A- and B-bands as well, but the
corresponding vibronic components are much wider and
they overlap each other. Therefore, A- and B-bands are
not strictly symmetric and usually require more than one
Gauss curves for their description. The studied crystals
have no center of inversion. However, narrow pure elec-
tronic transitions allowed by static non-centrosymmetrical
components of the CF are too weak to be observed even
at low temperature [21]. Thus, odd vibrations are more
effective than the static odd distortions for allowance of
the observed transitions by parity, though, from the sym-
metry point of view, they are equivalent.

We deal with the spin and parity forbidden d-d transi-
tions. The spin forbiddenness in one ion approximation is
shifted by the spin-orbit interaction, which is substantially
quenched in 3d complexes by the strong CF. Effectiveness
of this mechanism does not depend on the Fe3+ ions con-
centration. However, it was found (Tab. 3), that oscilla-
tor strengths of the transitions are larger in GdFe3(BO3)4
as compared with that in GdFe2.1Ga0.9(BO3)4, especially
as concerns the C-band. Thus, intensity of the transitions
increases faster than the Fe3+ ion concentration does.
This means that considered d-d transitions are due to
the pair absorption by pairs of Fe3+ ions. As mentioned
above, Tanabe et al. [36] suggested effective mechanism,
which removes the spin-forbiddenness of a transition due
to the pair absorption by exchange coupled ions. Vibra-
tions, both odd and even, were widely used for interpre-
tation of the fine structure of the doubly forbidden d-d
transitions, but not as a source of the allowance by parity.
However, in order to remove both parity and spin forbid-
denness, it is necessary to take into account simultane-
ously electron-vibrational (vibronic) interaction of the or-
bitally excited ion with odd vibrations (V ) and exchange
interaction between ions of the pair (He) in Hamiltonian
of the pair:

H = H0 +He + V, (9)

here H0 is the unperturbed Hamiltonian of the pair. In
the general case, the static odd distortions can be taken
into account in the perturbation V as well, but in octahe-
dral complexes odd vibrations are usually more effective
even when the static odd distortions exist (as in our case,
in particular). Spin-orbit interaction is not taken into ac-
count, since, according experiments, the exchange mecha-
nism, when it exists, removes the spin-forbiddenness much
more effectively than the spin-orbit mechanism does. In
the first approximation of the perturbation theory the
Hamiltonian (9) does not remove the double forbidden-
ness. In the second approximation of the perturbation the-
ory, matrix element of the electric dipole moment of the
doubly forbidden transition i→ f is written in the form

Dev
if =

∑

m

Dim

∑

k

He
mkVkf

EkmEfk
. (10)

Suppose that denominators in (10) are equal at all m
and k. Then, using the formula for calculation of matrix
elements of the product of operators, we obtain from (10)

Dev
if =

1
E2

(DHeV )if . (11)

This equation is of course approximate. It will be exact
provided the only one term in the sum (10) remains, but
from the symmetry point of view it is strict.

Since the spin-orbit interaction was neglected in (9),
the wave functions of the system can be written in the
form: ψ = ψ(r) · ϕ(s), where ψ(r) is the function of elec-
tron coordinates and ϕ(s) is the function of the electron
spins. Then from (11) we obtain the electric dipole ma-
trix element of the doubly forbidden electron transition
allowed by the exchange-vibronic mechanism

Dev
if =

1
E2

〈ψf (r) |DV |ψi (r)〉 〈ϕf (s) |He|ϕi (s)〉, (12)

i.e., variables are separated and probability of the doubly
forbidden transition (Wev0) is the product of probabilities
of the vibronic (Wv0) and exchange (We0) absorption pro-
cesses for the transitions forbidden only by parity or by
spin selection rules respectively:

Wev0 = kevWv0We0. (13)

Coefficient kev contains in reality not only parameter E. It
is a parameter of bonding (see below) between mentioned
processes assumed to be independent in a first approxi-
mation. If the exchange interaction is written in the form:
He = J(ŝa · ŝb), where ŝa and ŝb are spin operators of a
and b ions, then for the pair absorption we have from (11)
in the operator form

Dev =
1
E2

J(DV ) (ŝa · ŝb). (14)

If instead of the vibronic Hamiltonian one takes some
other interaction H1, which removes the parity forbid-
denness, then we shall obtain, as a particular case, the
effective operator of the transition electric dipole moment
for the exchange mechanism of the pair absorption:

De =
1
E2

J (DH1) (ŝa · ŝb). (15)

Interaction H1 can be a consequence of lack of the static
center of symmetry for the single ion or for the pair of
the ions at least in the electronically excited state. As
mentioned above, the static mechanism is less effective
than the vibronic one for the allowance of d-d transitions
by parity. If we introduce identification

πab = J (DH1) /E2, (16)

we shall obtain from (15) the effective operator of the
dipole moment, which exactly coincides with that intro-
duced by Tanabe et al. [36]. Selection rules for matrix ele-
ments of the spin operator (ŝa · ŝb) in (14) and (15) ensure
the breakdown of the spin forbiddenness of the transition
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in one ion, when the pair absorption of light takes place:
Δsa = 0, ±1; Δsb = 0, ±1; Δs = 0; Δms = 0, where s –
is the total spin of the pair.

It is well known, that probability of the vibronic ab-
sorption of the only parity forbidden transition depends
on temperature in the following way:

Wv0 = Wν (0) coth (Ω/2kT ). (17)

All theoretical models for the intensity of the purely
exchange (“exciton-magnon”) absorption give We0 =
const. (T ) at T > TN , if only thermal population of the
magnetic states is taken into account [39–41]. Then inten-
sity of the exchange-vibronic absorption Wev0 at T > TN

should follow the function (17), i.e. it should increase
approximately proportionally to the temperature. How-
ever it is not so: the absorption line intensities either
slowly increase or slowly decrease (see Tab. 3 and, e.g.,
Ref. [45], concerning another 3d5 antiferromagnetic com-
pounds). Consequently, some phenomena were not taken
into account.

When a photon is absorbed by an atom of a peri-
odic lattice, the electronic, vibrational or spin excitations
can travel through the crystal as quasi particles: exciton,
phonon or magnon. Depending on the coupling between
them, the quasi particles can exist either in a free or in a
bound state. If the quasi particles are free, highly mobile,
and strongly delocalized, their interaction per photon-
absorbing cluster is almost zero and the probability of the
many-particle absorption is likewise very low. (By defi-
nition, completely free quasi particles do not interact.)
However, the exciton, magnon and phonon can form a
bound localized slow-moving excitation, which does not
differ basically from the corresponding excitation of an
impurity [61–63]. Additionally, the electronically excited
atom is actually an impurity, since its electronic state dif-
fers from that of the surrounding atoms. The probability of
the transition into the superposed configuration (in which
all considered excitations are on the same site) is described
in the first approximation by the local (cluster) mod-
els of the transition allowance presented above. Thus, if
so-called “exciton-magnon” or “exciton-magnon-phonon”
absorption is observed in a periodic crystal, this means
that a fairly stable bound exciton-magnon or exciton-
magnon-phonon state is created, when a photon is ab-
sorbed. However, even the stable bound state inevitably
relaxes and disintegrates into free quasi particles. Life-
time of the bound state can influence the probability of
the considered transition. If this lifetime (t) is larger than
a time (t0) of interaction of the photon with the pair of
atoms (time of the photo-transition), than the probability
of the transition W0 is defined only by the operator (14)
or (15), i.e., excited state can be considered as a quasi-
stable one. If t < t0, then the probability of the transition
is W = W0t/t0.

Let’s assume that distribution of individual lifetimes
of the bound excited state of the pair has the form:
exp(−t/τ) [64], where τ is the average lifetime. Then the

probability of the pair transition is:

W = W0

⎛

⎝
∞∫

t0

exp
(−t
τ

)
dt

+

to∫

0

t

t0
exp

(−t
τ

)
dt

⎞

⎠

/ ∞∫

0

exp
(−t
τ

)
dt

= W0
τ

t0

(
1 − exp

(−t0
τ

))
. (18)

The limit cases follow from (18):

W ≈W0 = const. (τ), when τ 
 t0, (19)

W ≈W0τ/t0 when τ � t0. (20)

The limit case (19) corresponds to the long living (quasi-
stable) bound states. We shall consider the second limit
case.

Probability of the excited state relaxation in the two
level approximation is

W↓ = A+ Bρ (ε, T ), (21)

here A and B are the Einstein coefficients for the spon-
taneous and stimulated radiation, respectively, ε is the
energy of the excited state and ρ(ε, T ) is the spectral den-
sity of radiation, which interacts with the excited pair of
atoms, and it is equal to

ρ(ε, T ) = εf(ε)n(ε, T ), (22)

here f(ε) is the spectral density of states of the field, in-
teracting with the pair, n(ε, T ) are average occupation
numbers of these states. If the system is in the thermal
equilibrium with the radiation (with lattice phonons, in
particular), then from the Boltzmann level population dis-
tribution: N ∼ exp(−ε/kT ) it follows [65]:

A

B
= ρ (ε, T )

[
exp

( ε

kT

)
− 1

]
. (23)

In the Bose-Einstein statistics: n(ε, T ) = [exp(ε/kT ) −
1]−1. Then from (23) and (22): A/B = εf(ε) and
from (21):

τ = 1/W↓ = [1 − exp (−ε/kT )] /Bεf (ε). (24)

After substitution of (24) into (20) we find

W =
W0

R

[
1 − exp

(
− ε

kT

)]
. (25)

The parameter
R = t0Bεf(ε) (26)

characterizes interaction of the pair (during time t0 of the
electron transition) with the environment, which leads to
relaxation (disintegration) of the bound excited state.
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Relaxations of the electronic, spin and vibrational ex-
citations, which form the bound excited state, can be con-
sidered independent in a first approximation, but the re-
laxation of any of them means the relaxation of the whole
bound state. Thus, the relaxation rate of the bound state
approximately equals to the sum of the relaxation rates
of all excitations, forming the bound state. The relax-
ation rate of the purely electronic excitation, correspond-
ing to the doubly forbidden transition, is comparatively
small and can be neglected. Then, according to (13), (17)
and (25), the probability of the exchange-vibronic pair ab-
sorption (“exciton-magnon-phonon” absorption) is writ-
ten in the form:

Wev = kevWe0Wν (0)
[

R (J)
1 − exp (−J/kT )

+
R (Ω)

1 − exp (−Ω/kT )

]−1

coth (Ω/2kT ). (27)

Here We0 – is the probability of the exchange absorption,
introduced in (12) and (13). According to (14), We0 ∼ J2.
Values J and Ω – are energies of the local magnetic and
odd vibrational excitations, respectively,R(J) andR(Ω) –
are parameters of relaxation, characterizing the interac-
tion of the respective excitations with the lattice phonons.
For the exchange pair absorption (“exciton-magnon” ab-
sorption) we have:

We =
keWe0

R (J)

(
1 − exp

−J
kT

)
. (28)

From the above consideration it is clear that expressions
“exciton-magnon” and “exciton-magnon-phonon” absorp-
tion are actually traditional conventional expressions, es-
pecially when we deal with temperatures T > TN . At tem-
peratures T > TN , as mentioned above, We0 = const. (T ),
and it describes the exchange absorption probability,
when only thermal population of states is taken into ac-
count [39–41]. The same theories at T < TN give dif-
ferent functions for We0(T ), depending whether the long
range or short range order model of the exchange coupling
and absorption is accepted. In the former model, the ion
states are split in the effective exchange field of the en-
vironment according to the spin projection MS onto the
direction of magnetic ordering. The electron transition be-
comes allowed with respect to the spin projection of the
ion pair, because the spin projection of the ion located
near the electronically excited ion changes in opposite di-
rection. In the short-range order model, the exchange in-
teraction of the ion pair is taken into account exactly and
the effect of the rest of the crystal is included by intro-
ducing an effective field, which not only splits the states
of the pair according to the projection of its total spin
but also mixes the states that have different total spins
S(ΔS = 1) and identical projections MS [39]. In the long-
range order model, as the temperature increases from 0 K
to TN , the intensity of the cold “exciton-magnon” absorp-
tion, strongly decreases [40], whereas in the short-range
order model its intensity increases [41]. Thus, the predic-
tions of these two models are substantially different. Anal-
ysis of experimental results at T < TN has shown [48],

that in this temperature interval the long-range order
model describes temperature behavior of the factor We0 in
the “exiton-magnon” lines intensity (28), while the short
range order model is suitable for description of the same
exchange factor in the exchange-vibronic absorption prob-
ability (“exiton-magnon-phonon” line intensity) in the for-
mula (27). Vibronic factor (17) is almost constant in the
region T < TN .

Assuming We0 = const. (T ) in all temperature range,
we obtain from (27) at T = 0 K:

Wev = kevWe0Wν(0) [R(J) +R(Ω)]−1
, (29)

and at T → ∞:

Wev = kevWe0Wν(0)
[
Ω

2J
R(J) +

1
2
R(Ω)

]−1

. (30)

From (29) and (30) it is seen that, depending on cor-
relation between parameters of relaxation of the local
magnetic and odd vibrational excitations, probability of
the exchange-vibronic absorption can be a weakly in-
creasing or weakly decreasing function of temperature
at T > TN . This is the characteristic feature of the
exchange-vibronic pair absorption, which distinguishes it
from the purely vibronic absorption, whose intensity in-
creases with the temperature rising without limit pro-
portionally to coth(Ω/2kT ), and distinguishes it from
the purely exchange pair absorption, whose intensity de-
creases quickly with the temperature rising both accord-
ing to equation (28) and according to experiments [47] (see
below). Intensities of the d-d transitions in GdFe3(BO3)4
and GdFe2.1Ga0.9(BO3)4 change slowly and in different
directions (see Tab. 3). Thus, they are due to exchange-
vibronic pair absorption.

Competition of the spin-phonon and the local
vibration-phonon relaxation processes is substantially in-
fluenced by the correlation between energies of the spin
and vibrational excitations, on the one hand, and the en-
ergy of the lattice phonons, on the other hand. The en-
ergy of the spin excitations practically always lies in the
energy band of the lattice phonons. Therefore these excita-
tions have nice conditions both for the direct and Raman
relaxation. Another situation takes place for the local vi-
brational excitations. In the electronically excited state,
frequencies of the cluster vibrations, found from optical
absorption spectra, appreciably differ from the crystal vi-
brations found from infra red spectra (see, e.g., Ref. [48]).
These quasi local vibrations can leave the energy band of
the corresponding optical lattice phonons, what results in
the strong decrease of the local vibration relaxation rate.

Now we shall analyze the dependence of the probability
of the exchange and exchange-vibronic absorption on the
exchange interaction. According to (13) and (14):

Wev0 ∼We0 ∼ J2. (31)

If the local vibration-phonon relaxation rate prevails,
then, according to (29) and (30), both in the low tem-
perature and high temperature limits Wev ∼ J2.
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Table 4. Oscillator strengths (f × 107) of d-d transitions in some compounds of Mn2+ and their changes at the temperature
change between 77 and 300 K [68].

Crystal TN (K) T (K) fA ΔfA fB ΔfB fC ΔfC

(%) (%) (%)
MnCl2·4H2O 1.62 77 1.26 0.39 0.36

300 1.89 +50 0.55 +41 0.62 +72
MnCl2 1.96 77 10.5 12.6 4.8

300 12.7 +21 12.2 −3.2 7.3 +52
MnCl2·2H2O 6.8 77 4.01 2.59 1.56

300 3.48 −13 1.35 −48 2.65 +70
MnCO3 29.5 77 2.92 3.20 8.34

300 3.16 +8 2.22 −30 7.70 −7.7

Suppose that the spin-lattice relaxation rate prevails.
In the Debye approximation, the phonon density of states

f(ε) ∼ ε2. (32)

Basing on references [66,67], devoted to the spin-phonon
relaxation of the exchange subsystem (unlike the Zeeman
subsystem in paramagnetic resonance), it is possible to
write (26) in the Debye approximation:

R (J) = J3

(
∂J

∂Q

)2 (
C1
D2

J2
+ C2

λ2

ΔE2

)
. (33)

The components in (33) characterize contributions of
modulation of the isotropic and anti symmetric exchange,
respectively, by phonons into the spin-lattice relaxation
rate. D is the constant of the dipole interaction, λ is the
constant of S-L interaction in the excited state, ΔE is the
distance between electron levels mixed by the S-L inter-
action, Q is the normal coordinate of the phonon active
in the spin-lattice relaxation, C1 and C2 are scale coeffi-
cients, J is the constant of the exchange between electron-
ically excited and not excited atoms, which is usually of
the same order of magnitude as that in the ground state.
If structures of the compared crystals are similar, then
it is possible to consider that ∂J/∂Q ∼ J . Temperature
range T > TN can be considered as the high tempera-
ture approximation for the exchange-vibronic absorption.
Then from (33), (31) and (30) in the case of the isotropic
exchange modulation we obtain Wev ∼ We = const. (J),
and in the case of the anti symmetric exchange modu-
lation: Wev ∼ We ∼ J−2. At T = 0 (if not to take
into account temperature dependence of We0 in this re-
gion) we obtain, respectively, Wev ∼ We ∼ J−1 and
Wev ∼ We ∼ J−3. The increase of the exchange and
exchange-vibronic transitions intensity with the decreas-
ing exchange constant seems to be paradoxical ex facte.
However, when J decreases and, correspondingly, the re-
laxation time τ increases (see Eq. (24)), we shall come
eventually to the situation τ � t0, when W = W0 ∼ J2

according to (19) and (31). Secondly, we did not take
into account yet properties of the coefficient of bonding
between excitations, which forms the exciton-magnon or
exciton-magnon-phonon bound state.

It is obvious, that the bond between mentioned two
or three excitations of interest depends simultaneously on
the exchange and S-L interaction or, roughly speaking,

on the product of their parameters. When any of these
parameters decreases, the bond can break down and the
cooperative absorption will not take place. It is possible
to identify the exchange-vibronic absorption by weak in-
creasing or decreasing temperature dependence of its in-
tensity at T > TN . Having this in mind, let’s analyze
data of Table 4, where crystals are arranged in the or-
der of the Neel temperature increase. It is seen that in
MnCl2·4H2O all transitions are of the one-ion nature, in
MnCl2 and MnCl2·2H2O only the C-band is certainly con-
ditioned by the one-ion absorption and in MnCO3 all
bands are due to the cooperative exchange-vibronic ab-
sorption. The difference in the behavior of the different
bands can be accounted for by the role of the S-L in-
teraction in the bonding of the excitations. Indeed, A-
and B-bands are the transitions A1 → T1 and A1 → T2

to the states possessed the orbital moment and, conse-
quently, possessed the S-L interaction, but the C-band is
the transition A1 → A1E to the states not possessed the
orbital moment and (in a first approximation) the S-L
interaction (everything in the cubic CF). Therefore, as a
result of the latter transition, the bound state is generated
at the larger exchange interaction. Thus, the probability
of the exchange-vibronic pair absorption is a complicated
function of the exchange interaction. Nevertheless, it is
in general an increasing function of the exchange inter-
action. Indeed, intensity of the d-d absorption bands in
GdFe3(BO3)4 (TN = 38 K) is on the order of magnitude
less than in FeBO3 (TN = 348 K) [21]. Intensity of A
and (C1 + C2) bands (per ion) in GdFe2.1Ga0.9(BO3)4
(TN = 16 K) is substantially smaller than in GdFe3(BO3)4
(Tab. 3) since in the former case besides the pair absorp-
tion there is also the one-ion absorption of weak intensity
(it is also possible to consider this fact as a correlation
with TN).

Intensity of the C-band is substantially larger than in-
tensities of A- and B-bands (see Tab. 3). Sometimes this is
referred to the borrowing of intensity from the close strong
transitions. Such mechanism can take place in principle,
but the same situation is typical also for antiferromagnetic
Mn2+(3d5) compounds, where there are no strong transi-
tions close to the C-band (see MnCO3 in Tab. 4 and also
Ref. [60]). When the exchange-vibronic absorption is not
observed, discussed bands are of the similar intensities or
even they may be in opposite proportion (Tab. 4). Indeed,
in the case of one ion absorption, the spin forbiddenness is
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removed by S-L interaction. But, as it was noticed above,
in the excited states A1, E (C-band) S-L interaction in a
first approximation is equal to zero, contrary to T1 and T2

states (A- and B-bands). In the pair absorption the spin
forbiddenness is removed by the exchange interaction. S-L
interaction enlarges the relaxation rate of the bound state
and so, according to the above consideration, it dimin-
ishes the pair absorption probability. Thus, S-L interac-
tion plays mainly the opposite role in formation of the
intensity of the one ion and pair absorption.

In the FeBO3 crystal (TN = 348 K) at least up to
150 K a fine structure due to so called “exciton-magnon”
transitions is observed on the transition 6A1g → 4T1g(4G)
(A-band) [69]. In GdFe3(BO3)4 (TN = 38 K) such struc-
ture on the same band is not observed even at 9 K [21].
On the transition 6A1g → 4T2g(4G) (B-band) the fine
structure is not observed in all enumerated above and in
many other 3d5 compounds. At the same time, in MnCO3

(TN = 32 K) the similar structure on the transitions
6A1g → 4T2g(4D) and 6A1g → 4T1g(4P) is observed at
temperatures much above TN , but intensities of the nar-
row lines strongly decrease with the temperature rising
contrary to behavior of the wide bands, corresponding to
the “exciton-magnon-phonon” absorption [47]. All these
properties can be qualitatively accounted for by the model
described above. First of all, existence of the so called
“exciton-magnon” lines at temperatures much higher TN

confirms, that we deal with the bound exciton-magnon
states, which, more strictly, can be called and consid-
ered as electron-spin quasi local excitations. The observed
“exciton-magnon” lines are allowed by parity without par-
ticipation of odd vibrations. Indeed, it is well known that
at temperature near 0 K the distance between the first
“exciton-magnon” line and the purely electron (exciton)
line is close to the energy of the spin excitation (magnon).
Such absorption is partially parity allowed, since the pair
absorbing a photon has no center of inversion at least in
the excited state. Repetitions of the first line are due to
even local vibrational excitations. Probability of the ex-
change pair absorption is described by the formula (28).
First of all, we obtain decreasing function in agreement
with experiments [47,69]. Equation (28) corresponds to
the direct relaxation into the phonon reservoir. At high
temperatures the Raman process can be effective. Its rate
is proportional to T 7 (and, correspondingly, W ∼ T−7).
Indeed, the intensity of the “exciton-magnon” lines in
MnCO3 decreases with the temperature rising faster than
according to (28) [47]. We saw above that at T = 0 K
the probability We can be substantially different function
of J , depending on type of the exchange interaction, on the
value of S-L interaction (mainly in the excited state) and
on the peculiarity of the phonon spectrum of the substance
under consideration. As mentioned above, coefficient ke of
the bonding between electron and spin excitations of the
pair is an increasing function of the exchange and S-L
interactions. The latter depends on the type of the ex-
cited state and on the crystal field. Thus, the intensity
of the electron-spin (“exciton-magnon”) lines (and even
their existence at all) is a complicated and practically not

predictable function of the magnetic and crystal structure
and of the electronic excited state of the atom: the vary
thing observed in experiments.

Nature of the d-d absorption line widths is the last
problem that it is worth discussing. Considered excitations
are not strictly local, but quasi local ones. They are local-
ized not in one elementary cell of a crystal and therefore
create not a single level but a band of levels, giving one of
contributions into the line width. The delocalization trans-
forms a monochromatic, purely local excitation into an
energy band of the quasi-local excitations. The delocaliza-
tion of the vibronic excitations increases with the increase
of the electron-lattice interaction. The latter can be esti-
mated with the help of the Tanabe-Sugano diagrams [70]:
the stronger the level energy depends on the crystal field –
the stronger is the electron-lattice interaction. Thus, A
and B “exciton-magnon-phonon” bands should be wider
than the “exciton-magnon-phonon” C-band: the very
thing observed in experiments, the present experiment in-
cluding (see Fig. 2). The specific band width depends also
on the value of the electron-vibration interaction and on
the number and energy of active odd vibrations. So, the
vibronic lines, being very wide for the bands A and B,
overlap and create additional effective broadening of these
bands. The same mechanisms of the broadening are, ev-
idently, valid for the one ion absorption as well. That is
why the shape of the absorption bands of the one ion
and of the collective exchange-vibronic transitions is sim-
ilar. The second source of the line widths is the relaxation
of the excitations. The relaxation rate in a first approx-
imation is the sum of the relaxation rates of all excita-
tions involved in the bound state. Therefore, the width of
the “exciton-magnon” lines should be significantly smaller
than the width of the “exciton-magnon-phonon” lines.
This is indeed observed: e.g., narrow “exciton-magnon”
lines against the background of the wide “exciton-magnon-
phonon” band of 6A1 → 4T1 transition in FeBO3 [69].
The former of mentioned above broadening mechanisms
should almost not depend on temperature, while the latter
one should strongly depend on temperature that permits
us to identify the nature of absorption bands widths. In
particular, the width of the A- and B-bands almost does
not change with the temperature (Fig. 2), but “exciton-
magnon-phonon” lines, which C-band is composed from
(see Figs. 2, 3 and also [48]), and all “exciton-magnon”
lines (e.g., [47]) get narrow with the decreasing tempera-
ture, that indicate the prevailing broadening mechanism:
the delocalization for A and B “exciton-magnon-phonon”
bands; relaxation for C “exciton-magnon-phonon” lines
and for all “exciton-magnon” lines.

3 Summary

Single crystals of GdFe2.1Ga0.9(BO3)4 and GdFe3(BO3)4
compounds have been grown and their polarized opti-
cal absorption spectra and linear birefringence have been
measured in the temperature range 85–293 K. Crystal
structure of GdFe2.1Ga0.9(BO3)4 has been studied and its
specific heat has been measured in the temperature range
2–300 K. The structure of GdFe2.1Ga0.9(BO3)4 coincided
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with that of GdFe3(BO3)4. A feature at T = 16 K
was revealed on the specific heat temperature depen-
dence of GdFe2.1Ga0.9(BO3)4, which corresponds to the
magnetic phase transition. Structural phase transition in
GdFe2.1Ga0.9(BO3)4 was not observed. As a result of sub-
stitution of 30% Fe to Ga the Neel temperature diminishes
from 38 till 16 K, the strong absorption band edge shifts
on 860 cm−1 (0.11 eV) to higher energy and the d-d tran-
sitions intensity decreases substantially larger than the Fe
concentration does. The jump of the first temperature
derivative of the strong absorption band edge position at
156 K both in GdFe3(BO3)4 and GdFe2.1Ga0.9(BO3)4 tes-
tifies to the similar features in the temperature behavior
of the lattice parameters and of the electron-phonon inter-
action in these crystals, that, nevertheless, is not realized
in a structural phase transition in GdFe2.1Ga0.9(BO3)4
crystal. The strong absorption band edge in the region
of 25 000 cm−1 (3.1 eV) is due to interatomic Fe−Fe d-d
excitations (Mott-Hubbard transitions). The linear bire-
fringence near the strong absorption band edge is also
mainly conditioned by the same transitions. It has been
found out that the energy of the strong absorption band
edge correlates with the Neel temperature of compounds
(it increases, when the Neel temperature decreases) since
both, the Fe−Fe transitions and the exchange interaction,
are conditioned by the overlapping of the Fe3+ molecular
orbitals.

Properties of the doubly forbidden d-d transitions in
the studied crystals and in other antiferromagnetic com-
pounds are explained by the exchange-vibronic model of
the pair absorption. This model makes possible to present
the probability of the doubly forbidden d-d transitions as
the product of probabilities of the vibronic and exchange
stimulated absorption processes for the transitions forbid-
den only by parity and by spin selection rules respectively.
Both of them have their own temperature dependences
connected with the thermal population of vibrational or
magnetic states, respectively. However these dependences
do not describe experimentally observed temperature de-
pendences of intensities of the doubly forbidden d-d tran-
sitions in antiferromagnets. Taking into account the relax-
ation of the exciton-magnon-phonon and exciton-magnon
bound states, appeared as a result of a photon absorp-
tion by the pair of the exchange coupled ions, we have
explained all variety of temperature dependences of the
doubly forbidden d-d transitions intensities in antiferro-
magnets. The absorption band width depends on the re-
laxation and delocalization of the excitation. Taking into
account these contributions, the nature of widths of dif-
ferent absorption bands has been explained. Parameter of
bonding between the vibronic and the magnetic excita-
tions is an increasing function of the product of param-
eters of the exchange and S-L interactions. As a conse-
quence, existence of the exchange-vibronic absorption is
connected not only with the exchange interaction, but
also with the type of the excited state: if the excited
state has orbital moment, then the exchange-vibronic ab-
sorption appears at a smaller exchange interaction. Inten-
sity of the exchange-vibronic absorption is a complicated

function of the exchange interaction, since the exchange
interaction presents not only in the initial formula of the
exchange-vibronic absorption, but it also influences the
bonding strength and the relaxation rate of the exciton-
magnon-phonon bound state.

The work was supported by the Russian Foundation for Basic
Researches Grant 12-02-00026 and by Russian President Grant
NSh-1044.2012.2.
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