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Effect of optical f - f excitations on the Nd-Fe exchange interaction
in Nd ferroborate with multiferroic properties
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We considered the effect of optical pumping at the f - f transitions frequency on d- f superexchange in the
rare-earth antiferromagnetic ferroborate Nd0.5Gd0.5Fe3(BO3)4 between Nd3+ ions in the excited states of the
4G5/2, 2G7/2, and Fe3+ in the ground state 6A1. In the ferroborate, d- f superexchange is directly related to
the strong magnetoelectric coupling observed in the ground state of the material. We show that under optical
pumping at the frequency of f - f transitions 4I9/2 ↔ (4G5/2 + 2G7/2 ) in the Nd3+ ion, the nature of the d- f
interaction changes to FM. The phenomena can be explained by the occupation of the excited Nd3+ “spin pure”
states with spin 1/2, or their mixing to the optically excited states with spin 3/2 due to the spin-orbit interaction.
Near optically excited ions Nd3+, magnetic frustrations change from FM ordering under the d- f AFM interaction
to AFM ordering under the FM interaction in the basal hexagonal plane.
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I. INTRODUCTION

Magnetic properties investigations of ferroborate single
crystals with hantite structure started with GdFe3(BO3)4

about 20 years ago [1]. This family contains a large number of
single crystals with different trivalent rare-earth ions [2]. The
discovery of the multiferroic properties sharply increases the
interest in these crystals [3,4]. In all rare-earth ferroborates
with hantite structure the antiferromagnetic (AFM) ground
state results from the AFM exchange interaction between the
Fe3+ ions in the 6A1 ground states. Recently we have shown
that optical excitation of a magnetic cation may change the
value and the sign of its exchange interaction with a neighbor
cation in the ground state [5]. This prediction has been con-
firmed in the paper [6] where terahertz radiation was detected
from AFM iron borate FeBO3 under optical pumping at the
frequency of d-d transitions of the Fe3+ ion, and the results
were explained due to the strong FM superexchange inter-
action of the optically excited Fe3+ ions with its unexcited
nearest neighbors. Now, investigations of the local properties
of crystals in the optically excited states become important in
connection with the problem of quantum information process-
ing (see, e.g., Refs. [7–10]).

An optically excited atom is, actually, an impurity isovalent
atom, and, consequently, the local properties of the crystal, the
exchange interaction, in particular, can change. Indeed the ex-
periments [11,12] have revealed that in Nd0.5Gd0.5Fe3(BO3)4:
(1) values of splitting of the Nd3+ ion excited states in the
exchange field of Fe3+ ions are different and differ from that in
the ground state, and they do not correlate with the theoretical
Landé factor g of the states; (2) in some excited states of the
Nd3+ ion energetically favorable orientation of the Nd3+ ion
magnetic moment was opposite to that in the ground state; (3)
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the local metamagnetic transitions were observed in a number
of the Nd3+ excited states in Nd0.5Gd0.5Fe3(BO3)4 [11] and of
the Ho3+ state in HoFe3(BO3)4 [13]; and (4) in HoFe3(BO3)4

crystal in some excited states the Ho3+ ion was in the easy
plane state, while the total crystal in the ground state was in
the easy axis state [13].

In the paper we theoretically analyze experimentally ob-
served variations [14] of the d- f exchange interaction of Nd3+

ion in the excited 4G5/2 and 2G7/2 multiplets with the Fe3+

ion in the ground state 6A1 in the rare-earth AFM ferroborate
Nd0.5Gd0.5Fe3(BO3)4. The second part of the paper describes
the experimental method used to analyze the orientation of the
magnetic moment of Nd3+ ion in optically excited states. In
the third part, within the multielectron approach [5], we briefly
describe the exchange loop method to the d- f superexchange
that allows calculating particular contributions from each ex-
cited term, and where the main FM and AFM contributions
are analyzed. In conclusion, the effect of spin-orbital inter-
action on the Nd3+ excited states, and some features of d- f
interaction are discussed.

II. NATURE OF THE 4I9/2(4G5/2 + 2G7/2) OPTICAL
ABSORBTION BAND (D BAND) IN FERROBORATE
Nd0.5Gd0.5Fe3(BO3)4 OBSERVED IN EXPERIMENTS

Nd0.5Gd0.5Fe3(BO3)4 crystal becomes antiferromagnetic
at TN = 32 K and preserves easy plane magnetic structure
down to 2 K [15]. The crystal has trigonal symmetry with the
space group R32 and the lattice constants are a = 9.557(7) Å
and c = 7.62(1) Å. The unit cell contains three formula units.
Trivalent rare-earth Re3+ ions occupy the D3 symmetry posi-
tions. They are located at the center of trigonal prisms formed
by six crystallography equivalent oxygen ions. The triangles
formed by the oxygen ions in the neighboring basal planes
are not superimposed on each other but are twisted through a
particular angle. The FeO6 octahedrons share edges in such a
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way that they form helicoidal chains, which run parallel to the
C3 axis and are mutually independent. All Fe3+ ions occupy
the C2-symmetry positions. Structural phase transitions were
not found down to 2 K [15].

Magnetic structure of the Nd0.5Gd0.5Fe3(BO3)4 crystal
was not studied in detail. However, its magnetic properties are
close to those of the related crystal NdFe3(BO3)4 [2,16–18].
Therefore, it is possible to suppose that magnetic structure of
these crystals is also similar. With decreasing temperature in
zero magnetic field, a collinear magnetic order sets in first at
TN ∼ 30 K, consisting of ferromagnetic hexagonal ab planes,
which are stacked antiferromagnetically along the perpendic-
ular c direction [19]. Due to the frustrated AFM exchange
interaction of the Nd3+ ion with three Fe3+ ions (one of
the ions is in the same basal plane, and the rest are in the
neighboring ones) below temperature 13.5–16 K the magnetic
structure turns into an antiferromagnetic helix propagating
along the c axis [20,21]. The spin helix is rapidly suppressed
by increasing the magnetic field ∼2 T applied parallel to the
hexagonal basal plane. These field dependent measurements
reveal that the maximum of magnetic field induced ferroelec-
tric polarization coexists with collinear spin order [21]. Thus,
NdFe3(BO3)4 hence belongs to a class of materials where the
magnetoelectric properties are driven by the magnetic frustra-
tion of two interacting d and f subsystems. This frustration
can be relieved either by forming a spin helix or by creating a
ferroelectric polarization.

Indeed an element selective resonant magnetic x-ray scat-
tering study [21] has confirmed that the magnetic order of the
Nd3+ sublattice is induced by the Fe3+ spin ordering. The
AFM interaction between Fe3+ ions in neighboring planes is
quite obvious, and prevails due to structural features. How-
ever, the superexchange interaction between Fe3+ and Nd3+

ions observed both between the basal planes and in the plane
itself has a frustrated character, but its AFM character is not
obvious.

Polarized absorption spectra of the Nd0.5Gd0.5Fe3(BO3)4

single crystal obtained in the region of the transition 4I9/2 →
(4G5/2 +2 G7/2) at T = 6 K are shown in Fig. 1 [14]. The
ground multiplet 4I9/2 is split in the D3 local symmetry in the
following way: 3E1/2 + 2E3/2.

Symmetries and positions of the levels of the ground mul-
tiplet and excited ones (Table II) were found in Ref. [22]. The
excited D manifold (4G5/2 + 2G7/2) is split in the crystal field
of D3 symmetry in the following way: 4G5/2: 2E1/2 + E3/2

and 2G7/2: 3E1/2 + E3/2. Symmetries of the excited states
(Table II) were found from the spectra of Fig. 1 with a help
of the selection rules. It should be noted that all states E1/2

and E3/2 are not distinguishable, while they have different
magnetic properties. A classification of electron states with
the help of the irreducible representations does not character-
ize their interaction with a magnetic field. For this purpose,
the total moment presentation |I,±MI〉, where I is a total
moment with its projection MI of the state, is more suitable.
This presentation is approximately valid for the crystals with
axial symmetry. In this case, the crystal quantum number μ

also appears [23]. It is an analog of the magnetic quantum
number MI of a free atom. Our classification of the states
does not contradict the exact results given in the work by
Popova et al. [18]. Indeed, the crystal Nd0.5Gd0.5Fe3(BO3)4

FIG. 1. π and σ polarized absorption spectra of 4I9/2 ↔
(4G5/2 +2 G7/2) transition (D band) at 6 K. The solid line was used
to indicate σ polarization, and spectral data taken from Ref. [14]. In
the inset with the optical spectrum of d-d transitions (T = 300 K, σ

polarization, red), the D band under study is highlighted (blue).

has the axial symmetry and Nd3+ is in the D3 position. At
room temperature, the crystal has trigonal symmetry with the
space group R32 and remain this symmetry till 2 K [15].

In the case of the trigonal symmetry and for the half-integer
total moment, between values of μ, MI , and irreducible rep-
resentations of states, there is the following correspondence
(see Table I). The projection MI defines the splitting of the
Kramers doublets ±MI in the magnetic field directed along
the trigonal axis. Correspondingly, the Landé factor gCM of the
±MI doublet in the |I,±MI〉 wave functions approximation is
equal to

gCM = 2gMI , (1)

where g is the Landé factor of the free atom. In Ref. [18]
the Landé factors gC of the Kramers doublets in the crys-
tal NdFe3(BO3)4 were calculated theoretically, based on the
parameters of the crystal field. They do not coincide with
gCM numerically, since states with the same μ but different
MI are mixed in crystals. However, the ratio of gC and gCM

values permitted us to refer parameters MI to the definite states
(Table II). Identification of MI for the D3 and D7 states is
evident and unambiguous since in the D3 symmetry g⊥ ≡ 0
for the states E3/2, where g⊥ is the Landé factor in a magnetic
field perpendicular to the C3 axis. Selection rules in the ap-
proximation of |I, MI〉 functions are governed by the number
μ and are similar to those for the number MI in free atoms
[23]. In particular, for the electric dipole absorption:

TABLE I. Relationship of values of μ, MI with irreducible rep-
resentations of Nd3+ ion states in NdFe3(BO3)4 ferroborate.

MI ±1/2 ±3/2 ±5/2 ±7/2 ±9/2
μ ±1/2 ±3/2 ∓1/2 ±1/2 ±3/2

E1/2 E3/2 E1/2 E1/2 E3/2
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TABLE II. Parameters of Nd0.5Gd0.5Fe3(BO3)4 crystala: E12 is the splitting of absorption lines, shown in Fig. 2. �Ee is the exchange
splitting of excited states at 6 K, energies of transitions (E ) are given at 40 K. gC and g⊥ are the theoretical Landé factors of the Kramers
doublets in the crystal NdFe3(BO3)4, gCM is the value of gC in approximation of the free atom states.

Multiplet Level E (cm−1) Symmetry μ MI E12 (cm−1) �Ee (cm−1) g⊥ [18] gc [18] gCM Orientation

4I9/2 Gr1 0 E1/2 ∓1/2 ±5/2 9 2.385 1.376 3.64
4G5/2 D1 16 921 E1/2 ±1/2 ±1/2 2 7 0.043 0.065 0.571 ↑↑

D2 17 062 E1/2 1/2 ±5/2 13 2 1.385 1.310 2.885 ↑↓
D3 17 100 E3/2 3/2 ±3/2 (9) 0 0 3.044 1.713 –

2G7/2 D4 17 199 E1/2 ±1/2 ±1/2 12 2.617 0.266 0.889 ↑↑(?)
D5 17 240 E1/2 ±1/2 ±7/2 17 8 0.755 3.308 6.223 ↑↓
D6 17 289 E1/2 1/2 ±5/2 0.4 1.538 0.954 4.445 (?)
D7 17 325 E3/2 3/2 ±3/2 (9) 0 0 1.016 2.667 –

aExperimental results presented in Table II refer to Nd0.5Gd0.5Fe3(BO3)4 while the experimental results in Table I of Ref. [18] refer to
NdFe3(BO3)4. They indeed differ a little, but do not contradict each other. They should differ, since they refer to different crystals. According
to the work [18], g factor has a nonzero perpendicular component g⊥. Just component g⊥ is considered in our work, when the exchange
interaction is discussed, since the crystal is the easy plane antiferromagnet.

(1) �μ = 1 corresponds to ∓ circularly polarized and σ -
polarized waves,

(2) �μ = 0 corresponds to π -polarized waves.
For the linearly polarized waves, these selection rules co-

incide with those for the irreducible representations. Thus, in
the approximation of |I, MI〉 functions any state has its own
set of parameters. Equations (2) and (3) and Table I permit us
to estimate not only gC factors in the c direction, but also their
changes during electron transitions.

Magnetic moments of Fe3+ ions are FM ordered in the
basal plane. Therefore, it would be possible to suppose that
the splitting of the Nd3+ states in the exchange field of Fe3+

correlate with the factor g ⊥. It is not so (see Table II), since
the fact that the exchange field of Fe3+ is formed by the d- f
exchange interaction with the spin of Nd3+ states.

Two main diagrams of transitions between components
of the Nd3+ ion splitting in the exchange field of the iron
sublattice are possible (Fig. 2). In both cases, it is supposed
that a and b transitions occur without overturn of the magnetic
moment. Then the favorable Nd3+ ion moment orientation in
the excited state of the diagram of Fig. 2(b) is opposite to that
in the ground state. In the case of Fig. 2(a):

E12 = EA − EB = �Ee1 − �Ee2, (2)

(a) (b)

FIG. 2. The diagrams of the Nd3+ optical transitions in the ex-
change field of the iron Fe3+ sublattice. The transitions A and B
at the EA and EB energy occur without overturning of the magnetic
moments. (b) Diagram corresponds to a situation when the favorable
moment orientation in the excited state is opposite to that in the
ground state.

and in the case of Fig. 2(b):

E12 = EA − EB = �Ee1 + �Ee2. (3)

Since the exchange splitting of E3/2 states with g⊥ ≡ 0
are zero, the splitting of transitions to such states should
be equal to the exchange splitting of the ground state. The
average value of such splitting which was observed gave the
splitting of the ground state �Ee1 ∼ 9 cm−1 [24]. Comparing
the experimental results presented in Table II with Eqs. (2) and
(3), we find the mutual orientation of the Nd3+ ion moments
in the ground and in the excited states. Orientation of the
Fe3+ sublattice moments is considered to be constant. To
understand the reasons for the spin orientation change on the
Nd3+ ion, it is necessary to keep in mind that the ground
multiplet is a “spin pure” state with a well-defined spin (LS
approximation) [25]. Another situation exists for the optically
excited multiplet states. In the MI classification, the f states
with different mutual orientations of L and S are split in
energy. However, the classification does not contain informa-
tion on the effect of spin-orbit mixing of states. Indeed, the
optical excited Nd3+ states are a superposition of states with
different spins but the same total moment I . For example,
4G′

5/2 ≈ α 4G5/2 + β 2F5/2, where α2 + β2 ≈ 1, instead of the
symbolic 4G5/2.

III. EFFECT OF OPTICAL f - f EXCITATIONS
ON THE Nd-Fe EXCHANGE INTERACTION

Let us consider the coupling of Nd3+ to magnetically
ordered Fe3+ chains (see Fig. 3). Spins at the Nd3+ ions
have FM ordering in the basal plane, due to d- f superex-
change AFM interaction between adjacent planes [21] with
the weaker in-plane interaction. Nd3+ and Fe3+ ions are
present together in the ground state of the rare-earth ferrob-
orate, i.e., this pair of ions has lower energy than a pair of
Nd2+, Fe4+ or Nd4+, Fe2+ ions (we call this configuration
of electron removal from the Fe3+ ion and electron addition
to the Nd3+ ion “d-hole, f -electron” and denote as (hd , e f ).
Similar electron removal from the Nd3+ ion and electron
addition to the Fe3+ ion “ f -hole, d-electron” is denoted as
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FIG. 3. Crystal structure of NdFe3(BO3)4 [21] with the superexchange paths between Fe3+-Fe3+ (blue AFM) and Nd3+-Fe3+ (green AFM,
red FM, yellow in-plane). Only one of the three equivalent Fe3+ chains surrounding Nd3+ is shown. Magnetic frustration between Nd3+ and
Fe3+

2 ions (left) persist under optical pumping at the frequency of the f - f transitions (right) due to the intrachain Fe3+-Fe3+ strongest AFM
coupling (blue), but it changes their nature.

(h f , ed ):

�(hd , e f )

= (
E (e)

f − E (0)
f

) + (
E (h)

d − E (0)
d

) = δε

+ [
Uf

(
C2

N f
0 +1

− C2
N f

0

) + Ud
(
C2

Nd
0 −1 − C2

Nd
0

) − δV
]

> 0,

�(h f , ed )

= (
E (e)

d − E (0)
d

) + (
E (h)

f − E (0)
f

)

= −δε+ [
Ud

(
C2

Nd
0+1− C2

Nd
0

)+ Uf
(
C2

N f
0−1

− C2
N f

0

)+ δV
]
> 0.

(4)

Here the first equation gives the energy of a hole creation
in Me3+ ion and an electron addition to Re3+ ion, while
the second one represents the energy of a hole in Re3+ and
electron addition to Me3+ ions, where E (e)

d , E (h)
f , E (0)

d , E (0)
f

are the term energies of the virtual electron (e)-hole (h) Me4+,
Re2+ and Me2+, Re4+ pair in Fig. 4, δε = ε f − εd , and Uf , Ud

are intra-atomic Coulomb interactions of f and d electrons.
The contribution δV = (VMe4+ − VMe3+ ) + (VRe2+ − VRe3+ ) to
Eq. (4) from the spherically symmetric components of the
crystal field V (|
rMen+|) and V (|
rRen+|) is taken to be close to
zero, and the monotonic displacement of all electronic d and
f levels does not depend on the type of isovalent cation. In N f

0
and Nd

0 coordinates of the number of f and d electrons, there
is a region where the system of inequalities (4) is valid, and for
each Nd

0 (Me3+) there is a set of rare-earth ions Re3+ from the
range δN f

0 = (1 + λ)/λ and λ = Uf /Ud . In addition to the ion
Nd3+ in the pair of ions Fe3+(Nd

0 = 5) and Nd3+(N f
0 = 3), all

rare-earth ions with N f
0 in the region δN f

0 �= 0 can also form
stable isovalent pairs. Indeed, here we observe the ferrobo-
rates not only with a pair of ions Nd3+ and Fe3+, but also with
a pair of ions Gd3+ and Fe3+.

To analyze the superexchange interactions in a material
with optically excited Re3+ ions, we will use the multi-
electron approach to the superexchange interaction in the
Mott-Hubbard insulators [5], where the superexchange inter-
action results from the virtual electron-hole pair creation and

then annihilation similar to the conventional Hubbard model
[26,27]. It is convenient to draw these virtual excitations as
the exchange loops (Fig. 5), where one loop notes d electron
addition to the initial occupied d5 configuration of Fe3+ ion
and back (eg red loop), and the 4 f (red loop) shows the 4 f
electron removal from the ground state of Nd3+ ion and back
in Fig. 5(a). The other eg and 4 f green loops in Fig. 5(a)
show one more contribution to the superexchange interaction
related to d hole and f electron excitations and back. Any
contribution to the exchange interaction can be represented
by a virtual electron-hole pair or graphically (exchange) loop
connecting electron (sector N+ = N0 + 1 in Fig. 5) and hole
(sector N− = N0 − 1 in Fig. 5) states (see Ref. [5]). A total
superexchange parameter Jtot is given by a sum of all possible
exchange loops. When one of the cations involved in the
exchange interaction is excited by optical pumping [Nd3+ in
Fig. 5(b)], the properties of the occupied term is different, so
the matrix elements for a particular exchange loop may also
be different and result in the sign change in Jtot. For Fe3+

3
0
dN Me

3
0
fN Re

3
0
dN Fe

3
0
fN Nd 0

fN

0d fh e

0f dh e

dU

1 dU

0

0

d f

f d

h e

h e

0 tg(  )=1/

FIG. 4. Figure shows the region �(hd e f ) > 0, �(hf ed ) > 0 for
the coexistence of ions Me3+ and Re3+ in coordinates Nd

0 (Me3+) and
N f

0 (Re3+). The dot corresponds to the Fe3+ and Nd3+ ion pair with
Nd

0 = 5 and N f
0 = 3.
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(a) (b)

FIG. 5. Two main contributions JAFM
3H4,5E

(eg) (green dotted loop) and JFM
5E ,5I4

(eg) (red solid loop) to the d- f superexchange Jtot ≈ JAFM
3H4,5E

(eg) +
JAFM

3H4,5T2
(t2g) + JFM

5E ,5I4
(eg) ≈ JAFM

3H4,5T2
(t2g) with the eg participation of orbitals at the Fe3+ ion are shown, and contribution JAFM

3H4,5T2
(t2g) from t2g

electrons is also shown by the green dotted loop. (b) The only possible contribution JAFM
3H4,5E

(eg) (red dotted loop) to the d- f superexchange Jex
tot

between Fe3+ and Nd3+ ions, where the latter is in the optically excited multiplet 2G7/2 or 4G′
5/2 ≈ α 4G5/2 + β 2F5/2 states.

ions such an example is given for d-d excitation with 2 eV
energy (the 2T4 absorption band in FeBO3, see also the inset
in Fig. 1) [6].

There are two AFM and FM contributions to the d- f
superexchange [see Fig. 5(a)] and both come with strongly
overlapping eg orbitals at the Fe3+ ion. Moreover, the ground
state of the Nd3+ ion is practically a pure spin multiplet 4I9/2

with an experimental spin value 2.7 μB [21]. According to this
scheme, the AFM contribution JAFM

3H4,5E (eg) + JAFM
3H4,3T2

(t2g), and
FM contribution JFM

5E ,3I4
(eg) take place in the spin Hamiltonian

Ĥd- f = −∑
i j Jtot(γ )Ŝd

i Ŝ f
j , where Jtot has the property of ad-

ditivity in the states of a virtual d- f electron-hole pair Jtot =∑
eh Jτ

eh(γ ), where γ = eg(t2g), depending on which electron
(hole) eg or t2g at ion Fe3+ is involved in the interaction. For
the interaction between nonequivalent ions i and j the sign of
exchange interaction can be found due to a rule [5]:

|Si,λ − S j,λ′ |λ �=λ′ = �S,→ τ = AFM,

|Si,λ − S j,λ′ |λ �=λ′ = �S ± 1,→ τ = FM, (5)

where λ(λ′) = h, e and �S = |Si − S j |. Since both contribu-
tions come with the participation of eg orbitals, it is necessary
to estimate the magnitudes of �(hd , e f ) and �(h f , ed ) de-
nominators in Jτ

eh ∼ t2
i j (γ )/�(h, e) exchange contribution:

�(5E ,5 I4) = δε + [
Uf

(
C2

N f
0+

− C2
N f

0

)

+Ud
(
C2

Nd
0−

− C2
Nd

0

)] = δε + 3Uf − 4Ud ,

�(3H4,
5 E ) = −δε + [

Ud
(
C2

Nd
0+

− C2
Nd

0

)

+Uf
(
C2

N f
0−

− C2
N f

0

)] = −δε − 2Uf + 5Ud .

(6)

Both contributions in Eq. (6) correspond to different electron-
hole pairs, due to which the denominator � in Jtot is different.
From Eq. (6) it follows that the ratio Uf = 0.4(4.5Ud − δε)
corresponds to JAFM

3H4,5E (eg) = JFM
5E ,3I4

(eg) with the denominator
� = 0.2(7Ud − δε) (see Fig. 5), and therefore AFM and FM

contributions involving eg electrons cancel each other out.
The total superexchange Jtot = JAFM

3H4,5E (eg) + JAFM
3H4,3T2

(t2g) +
JFM

5E ,3I4
(eg) ≈ JAFM

3H4,3T2
(t2g) in ground state has an AFM character

with involved t2g orbitals. For example, if Ud ∼ δε ∼ 6 eV,
then �(3H4,

5 E ) = �(5E ,5 I4) = 7.2 eV and Uf = 8.4 eV.
To consider the superexchange interaction between Fe3+

and the optically excited Nd3+ ions, it is necessary to take into
account that the latter is not spin pure. Spin-orbit interaction
leads to the mixing of states with different spins. Here, mixing
of states with only spins 3/2 and 1/2 is possible. Let us esti-
mate the changes in the d- f superexchange involving Nd3+
excited states with spin 1/2, for example, 2G7/2 or 4G′

5/2, in-
stead of the multiplet 4G5/2. In this case, only FM contribution
Jex

tot ≈ α2JFM
3H4,5E (eg) + β2JAFM

3H4,5T2
(t2g) ≈ β2JFM

3H4,5E (eg) with in-

volved eg orbitals of the Fe3+ ion is possible [see Fig. 5(b)].
We observe that the contribution to the d- f superexchange
from optically excited spin 1/2 states with �(3H4,

5 E ) =
�(3H4,

5 E ) − hν f - f , where hν f - f = E2G7/2
− E4I9/2

(or E4G′
5/2

−
E4I9/2

), has FM character, but its magnitude depends on the
spin-orbit mixing. This is probably due to the FM d- f inter-
action Jex

tot with Nd3+ ions in the multiplet state 4G′
5/2. Thus,

our analysis results in a conclusion of the FM interaction for
the excited Nd3+ term. To obtain the more accurate magnitude
of Jtot one has to do more complicated computations. Never-
theless, for a qualitative explanation of the experimental data
discussed above in Sec. II, our analysis is sufficient.

IV. CONCLUSIONS

The ions Nd3+ at the ground state have a well-defined spin,
and the AFM and FM contributions to the d- f exchange,
with the participation of electrons of the Fe3+ ion, practi-
cally cancel each other out JAFM

3H4,5E (eg) ≈ JFM
5E ,5I4

(eg). However,

there is an additional AFM contribution JAFM
3H4,5T2

(t2g) with the
participation of t2g electrons, and the total superexchange is
probably of the same magnitude Jtot ≈ JAFM

3H4,5T2
(t2g). The op-

tically excited multiplet states of the Nd3+ ions do not have
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a definite spin. As a consequence, the contribution to the
d- f superexchange from only one virtual electron-hole pair
corresponds not to one, but several terms of both FM and
AFM types. In ferroborate the states with spin 3/2 and 1/2 can
be mixed. Moreover, Nd3+ ions in an optically excited state
with spin 3/2 participate in the AFM interaction, but Nd3+
ions in a state with spin 1/2 have the FM superexchange. The
general picture is complicated by spin-orbit mixing. However,
calculations show that the d- f superexchange for the mul-
tiplets with spin 1/2 predominates JFM

3H4,5E (eg) � JAFM
3H4,5T2

(t2g)

and Jex
tot ≈ β2JFM

3H4,5E (eg). A small admixture of them in the op-

tically excited Nd3+ state 4G′
5/2 = α 4G5/2 + β 2F5/2 can lead

to the FM d- f interaction between the two basal planes. Note
also the magnetic frustrations between Nd3+ and Fe3+

2 ions in
a single basal plane (on the left in Fig. 3) change their nature
under optical pumping at the frequency of the absorption lines
D2 and D5 (on the right in Fig. 3), and can be accompanied by
changes in the helicoidal ordering at the temperature < 16 K
and in the electric dipole moment. Moreover, the frustrations
could just be destroyed by the d-d optical pumping, due to
the AFM superexchange between ions Fe3+ions is changed to
FM. However, the nature of the d- f superexchange between
Nd3+ and Fe3+ions, where the latter only is in excited state
4T2 (see the inset in Fig. 1) [6], is still unknown.

We also add that, in contrast to the exchange interaction in
a material with 3d ions, where

�(he) = (
E (e)

d − E (0)
d

) + (
E (h)

d − E (0)
d

)

≈ [
Ud

(
C2

Nd+
− C2

Nd
0

) + Ud
(
C2

Nd−
− C2

Nd
0

)]

≡ Ud , (7)

regardless of the Men+ ion, there is no any formal prohibi-
tion in Eq. (6) on pairs of Men+ and Rem+ ions with small
�(he) and the d- f superexchange Jtot ∼ t2

i j (γ )/�(he) can
be relatively large [28]. However, a volume of the magnetic
ordered phase will depend on a temperature, provided that
�(he) ∼ kT and T � TN (or TC ).

ACKNOWLEDGMENTS

The reported study was supported by the RFBR Grant
19-02-00034. V.A.G. is also grateful to the Russian Foun-
dation for Basic Research, Government of Krasnoyarsk
Territory, and Krasnoyarsk Regional Fund of Science ac-
cording to the research project “Studies of superexchange
and electron-phonon interactions in correlated systems as a
basis for searching for promising functional materials” No.
20-42-240016.

[1] A. D. Balaev, L. N. Bezmaternykh, S. A. K. I. A. Gudim,
S. G. Ovchinnikov, and V. L. Temerov, JMMM 258–259, 532
(2003).

[2] N. Tristan, R. Klingeler, C. Hess, B. Buchner, E. Popova, I. A.
Gudim, and L. N. Bezmatemykh, JMMM 316, e621 (2007).

[3] Y. F. Popov, A. P. Pyatakov, A. M. Kadomtseva, G. P. Vorob’ev,
K. Zvezdin, A. A. Mukhin, V. Y. Ivanov, and I. A. Gudim,
J. Exp. Theor. Phys. 111, 199 (2010).

[4] A. A. Mukhina, G. P. Vorobev, V. Y. Ivanova, A. M.
Kadomtseva, A. S. Narizhnaya, A. M. Kuzmenko, Y. F. Popov,
L. N. Bezmaternykh, and I. A. Gudim, JETP Lett. 93, 275
(2011).

[5] V. A. Gavrichkov, S. I. Polukeev, and S. G. Ovchinnikov, Phys.
Rev. B 95, 144424 (2017).

[6] R. V. Mikhaylovskiy, T. J. Huisman, V. A. Gavrichkov, S. I.
Polukeev, S. G. Ovchinnikov, D. Afanasiev, R. V. Pisarev,
T. Rasing, and A. V. Kimel, Phys. Rev. Lett. 125, 157201
(2020).

[7] J. J. Longdell and M. J. Sellars, Phys. Rev. A 69, 032307
(2004).

[8] J. H. Wesenberg, K. Molmer, L. Rippe, and S. Kroll, Phys. Rev.
A 75, 012304 (2007).

[9] S. Bertaina, S. Gambarelli, A. Tkachuk, I. N. Kurkin, B.
Malkin, A. Stepanov, and B. Barbara, Nat. Nanotechnol. 2, 39
(2007).

[10] A. I. Lvovsky, B. C. Sanders, and W. Tittel, Nat. Photonics 3,
706 (2009).

[11] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, and V. L. Temerov, J. Alloys Compd. 680, 87
(2016).

[12] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, and V. L. Temerov, Opt. Mater. 52, 126 (2016).

[13] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, and I. A. Gudim, Phys. Rev. B 96, 224430
(2017).

[14] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, A. L. Sukhachev, and V. L. Temerov, JMMM
375, 153 (2015).

[15] A. V. Malakhovskii, E. V. Eremin, D. A. Velikanov, A. V.
Kartasheva, A. D. Vasilev, and I. A. Gudim, Phys. Solid State
53, 2032 (2011).

[16] E. A. Popova, N. Tristan, C. Hess, R. Klingeler, B. Büchner,
L. N. Bezmaternykh, V. L. Temerov, and A. N. Vasil’ev, JETP
105, 105 (2007).

[17] J. A. Campa, C. Cascales, E. Gutierrez-Puebla, M. A. Monge,
I. Rasines, and C. Ruiz-Valero, Chem. Mater. 9, 237 (1997).

[18] M. N. Popova, E. P. Chukalina, T. N. Stanislavchuk, B. Z.
Malkin, A. R. Zakirov, E. Antic-Fidancev, E. A. Popova, L. N.
Bezmaternykh, and V. L. Temerov, Phys. Rev. B 75, 224435
(2007).

[19] P. Fischer, V. Pomjakushin, D. Sheptyakov, L. Keller,
M. Janoschek, B. Roessli, J. Schefer, G. Petrakovskii, L.
Bezmaternikh, V. Temerov, and D. Velikanov, J. Phys.:
Condens. Matter 18, 7975 (2006).

[20] M. Janoschek, P. Fischer, J. Schefer, B. Roessli, V.
Pomjakushin, M. Meven, V. Petricek, G. Petrakovskii, and L.
Bezmaternikh, Phys. Rev. B 81, 094429 (2010).

[21] J. E. Hamann-Borrero, S. Partzsch, S. Valencia, C. Mazzoli, J.
Herrero-Martin, R. Feyerherm, E. Dudzik, C. Hess, A. Vasiliev,
L. Bezmaternykh, B. Buchner, and J. Geck, Phys. Rev. Lett.
109, 267202 (2012).

[22] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, A. L. Sukhachev, and V. L. Temerov, JMMM
401, 517 (2016).

064445-6

https://doi.org/10.1016/S0304-8853(02)01134-4
https://doi.org/10.1016/j.jmmm.2007.03.046
https://doi.org/10.1134/S1063776110080066
https://doi.org/10.1134/S0021364011050079
https://doi.org/10.1103/PhysRevB.95.144424
https://doi.org/10.1103/PhysRevLett.125.157201
https://doi.org/10.1103/PhysRevA.69.032307
https://doi.org/10.1103/PhysRevA.75.012304
https://doi.org/10.1038/nnano.2006.174
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1016/j.jallcom.2016.04.088
https://doi.org/10.1016/j.optmat.2015.12.029
https://doi.org/10.1103/PhysRevB.96.224430
https://doi.org/10.1016/j.jmmm.2014.09.077
https://doi.org/10.1134/S1063783411100180
https://doi.org/10.1134/S1063776107070229
https://doi.org/10.1021/cm960313m
https://doi.org/10.1103/PhysRevB.75.224435
https://doi.org/10.1088/0953-8984/18/34/010
https://doi.org/10.1103/PhysRevB.81.094429
https://doi.org/10.1103/PhysRevLett.109.267202
https://doi.org/10.1016/j.jmmm.2015.10.074


EFFECT OF OPTICAL f - f EXCITATIONS ON THE … PHYSICAL REVIEW B 104, 064445 (2021)

[23] M. A. Elyashevitch., Spectra of Rare Earths, edited by V. A.
Leschkovzev (State Publishing House of Technical and Theo-
retical Literature, Moscow, 1953), 456 pp, in Russian.

[24] A. V. Malakhovskii, S. L. Gnatchenko, I. S. Kachur, V. G.
Piryatinskaya, A. L. Sukhachev, and I. A. Gudim, J. Alloys
Compd. 542, 157 (2012).

[25] A. Y. Zvezdin, A. M. Matveev, A. L.Muhin, and A. N.
Popov, Rare Earth Ions in Magnetically Ordered Crystals,

edited by D. I. Khomskii (Nauka, Moscow, 1985), 296 pp, in
Russian.

[26] P. W. Anderson, Phys. Rev. 124, 41 (1961).
[27] P. W. Anderson, “Exchange in Insulators: Superexchange, Di-

rect Exchange, and Double Exchange” (Elsevier, Amsterdam,
1963), Chap. II, pp. 25–81.

[28] J. Mandal, K. Yoshimura, B. J. Sarcar, A. K. Deb, and P. K.
Chakrabarti, J. Electron. Mater. 48, 8047 (2019).

064445-7

https://doi.org/10.1016/j.jallcom.2012.07.061
https://doi.org/10.1103/PhysRev.124.41
https://doi.org/10.1007/s11664-019-07614-8

