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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 NdysGdg sFe;(BOs)s between Nd** ions in the excited states of the
4G5/2, 2G7/2, and Fe** in the ground state °A;. 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 *Iy;; <> (*Gs;2 + 2Gy2) in the Nd** ion, the nature of the d-f
interaction changes to FM. The phenomena can be explained by the occupation of the excited Nd** “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 Nd**, 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 GdFe;(BOj3),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
Fe** ions in the °A; 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 Fe>* ion, and the results
were explained due to the strong FM superexchange inter-
action of the optically excited Fe** 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 Ndy 5Gdg sFe3;(BO3)4:
(1) values of splitting of the Nd>* ion excited states in the
exchange field of Fe’ " 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
Nd** ion energetically favorable orientation of the Nd** 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 Nd>* excited states in Ndg sGdg sFe3(BO3)4 [11] and of
the Ho* state in HoFe3(BO;3)4 [13]; and (4) in HoFe;(BO;3 )4
crystal in some excited states the Ho®* 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 Nd**
ion in the excited *Gs /2 and 2G, 2 multiplets with the Fe3t
ion in the ground state %A, in the rare-earth AFM ferroborate
Ndy5sGdy sFe;(BOs3)4. The second part of the paper describes
the experimental method used to analyze the orientation of the
magnetic moment of Nd** 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 Nd>* excited states, and some features of d-f
interaction are discussed.

II. NATURE OF THE *I,;(*Gs) + >G7;2) OPTICAL
ABSORBTION BAND (D BAND) IN FERROBORATE
Nd,.5Gdy.sFe3(BO3); OBSERVED IN EXPERIMENTS

NdysGdg sFe;(BO3)4 crystal becomes antiferromagnetic
at Ty = 32 K and preserves easy plane magnetic structure
down to 2 K [15]. The crystal has trigonal symmetry with the
space group Rz, and the lattice constants are a = 9.557(7) A
and ¢ = 7.62(1) A. The unit cell contains three formula units.
Trivalent rare-earth Re*" 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 FeOg octahedrons share edges in such a
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way that they form helicoidal chains, which run parallel to the
C; axis and are mutually independent. All Fe** ions occupy
the C,-symmetry positions. Structural phase transitions were
not found down to 2 K [15].

Magnetic structure of the NdysGdgsFe;(BO3)s crystal
was not studied in detail. However, its magnetic properties are
close to those of the related crystal NdFe;(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
Ty ~ 30 K, consisting of ferromagnetic hexagonal ab planes,
which are stacked antiferromagnetically along the perpendic-
ular ¢ direction [19]. Due to the frustrated AFM exchange
interaction of the Nd** jon with three Fe’* 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 ¢ 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,
NdFe;(BOs3)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 Fe** spin ordering. The
AFM interaction between Fe*" ions in neighboring planes is
quite obvious, and prevails due to structural features. How-
ever, the superexchange interaction between Fe®" and Nd**
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 Ndy sGdg sFe3(BO3)4
single crystal obtained in the region of the transition *Iy /2 =
(*Gsj2 +* G72) at T = 6 K are shown in Fig. 1 [14]. The
ground multiplet *Iy, is split in the D5 local symmetry in the
following way: 3E;,, + 2E3),.

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 (*Gs 2+ %G, /2) is split in the crystal field
of D3 symmetry in the following way: 4G5/2: 2E\» + E3pp
and %G 120 3E12 + E3. Symmetries of the excited states
(Table IT) were found from the spectra of Fig. 1 with a help
of the selection rules. It should be noted that all states £,
and E3/, 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, £M;), where I is a total
moment with its projection M; of the state, is more suitable.
This presentation is approximately valid for the crystals with
axial symmetry. In this case, the crystal quantum number p
also appears [23]. It is an analog of the magnetic quantum
number M; 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 Ndy sGdg sFe3(BO3)4
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FIG.1. 7 and o polarized absorption spectra of *Iy, <>
(*Gsj, +* G''?) transition (D band) at 6 K. The solid line was used
to indicate o polarization, and spectral data taken from Ref. [14]. In
the inset with the optical spectrum of d-d transitions (T = 300 K, o
polarization, red), the D band under study is highlighted (blue).

has the axial symmetry and Nd** is in the D3 position. At
room temperature, the crystal has trigonal symmetry with the
space group R3; 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 w, M;, and irreducible rep-
resentations of states, there is the following correspondence
(see Table I). The projection M; defines the splitting of the
Kramers doublets +=M; in the magnetic field directed along
the trigonal axis. Correspondingly, the Landé factor gcy, of the
+M; doublet in the |/, =M;) wave functions approximation is
equal to

gcm = 2gM;, (D

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 NdFe;(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 w but different
M; are mixed in crystals. However, the ratio of g¢ and gcuy
values permitted us to refer parameters M; to the definite states
(Table II). Identification of M; for the D3 and D7 states is
evident and unambiguous since in the D3 symmetry g; =0
for the states E3/,, where g, is the Landé€ factor in a magnetic
field perpendicular to the Cs axis. Selection rules in the ap-
proximation of |/, M;) functions are governed by the number
u and are similar to those for the number M, in free atoms
[23]. In particular, for the electric dipole absorption:

TABLE I. Relationship of values of ©, M; with irreducible rep-
resentations of Nd** ion states in NdFe;(BO3)4 ferroborate.

M, +1/2 +3/2 +5/2 +7/2 +9/2
m +1/2 +3/2 F1/2 +1/2 +3/2
Eyp Esp Eyp Ep Ezp
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TABLE II. Parameters of NdysGdysFe;(BO3)s crystal®: Ej, is the splitting of absorption lines, shown in Fig. 2. AE, 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 NdFe;(BO3 )4, gcu is the value of g¢ in approximation of the free atom states.

Multiplet Level E (cm™')  Symmetry W M, Epp(ecm™)  AE, (em™') g, [18] g.[18] gcm Orientation
4G5/2 D1 16 921 Eip +1/2 +1/2 2 7 0.043 0.065 0.571 M

D2 17 062 Ei) 1/2 +5/2 13 2 1.385 1.310 2.885 ™

D3 17 100 Es)p 3/2 +3/2 ©) 0 0 3.044 1.713 -
Gy D4 17199 Ei £172 +1/2 12 2617 0266 0889  14(9)

D5 17 240 E ) +1/2  +7/2 17 8 0.755 3.308 6.223 ™

D6 17 289 E\/2 1/2 +5/2 0.4 1.538 0.954 4.445 (@)

D7 17 325 Es)p 3/2 +3/2 ©)] 0 0 1.016 2.667 -

#Experimental results presented in Table II refer to NdysGdysFe;(BO3), while the experimental results in Table I of Ref. [18] refer to
NdFe;(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) Ap =1 corresponds to = circularly polarized and o -
polarized waves,

(2) Ap = 0 corresponds to w-polarized waves.

For the linearly polarized waves, these selection rules co-
incide with those for the irreducible representations. Thus, in
the approximation of |/, M;) functions any state has its own
set of parameters. Equations (2) and (3) and Table I permit us
to estimate not only g¢ factors in the ¢ direction, but also their
changes during electron transitions.

Magnetic moments of Fe’ ions are FM ordered in the
basal plane. Therefore, it would be possible to suppose that
the splitting of the Nd** states in the exchange field of Fe**
correlate with the factor g L. It is not so (see Table II), since
the fact that the exchange field of Fe*" is formed by the d-f
exchange interaction with the spin of Nd** states.

Two main diagrams of transitions between components
of the Nd** ion splitting in the exchange field of the iron
sublattice are possible (Fig. 2). In both cases, it is supposed
that @ and b transitions occur without overturn of the magnetic
moment. Then the favorable Nd** 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):

Eyp =E4 — Egp = AE, — AE,, (2)
(a) (b)
AEcZ A A l AECZ A A T
0 % . A ! 0 7y — !
EnlE P o
A|EB ECE EDE Ea|EB ECE EDE
AE, ; | AE,, —
0 : i 0 : t
M M/

FIG. 2. The diagrams of the Nd** optical transitions in the ex-
change field of the iron Fe*" sublattice. The transitions A and B
at the £, and Ejp 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):
Epn = Ey — Egp = AE, + AE,. 3)

Since the exchange splitting of E3/, 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 AE.; ~ 9 cm~! [24]. Comparing
the experimental results presented in Table II with Egs. (2) and
(3), we find the mutual orientation of the Nd** ion moments
in the ground and in the excited states. Orientation of the
Fe’* sublattice moments is considered to be constant. To
understand the reasons for the spin orientation change on the
Nd** 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 M; classification, the f states
with different mutual orientations of L and § 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 Nd>* states are a superposition of states with
different spins but the same total moment /. For example,
4G/5/2 R o 4G5/2 + B 2F5/2, where o> + 8% ~ 1, instead of the
symbolic 4Gs /2

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

Let us consider the coupling of Nd** to magnetically
ordered Fe’' chains (see Fig. 3). Spins at the Nd** 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. Nd** and Fe’* 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
Nd?*, Fe** or Nd**, Fe?* ions (we call this configuration
of electron removal from the Fe** ion and electron addition
to the Nd** ion “d-hole, f-electron” and denote as (hy, ey).
Similar electron removal from the Nd** ion and electron
addition to the Fe?* ion « f-hole, d-electron” is denoted as
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FIG. 3. Crystal structure of NdFe;(BOs)4 [21] with the superexchange paths between Fe**-Fe’* (blue AFM) and Nd**-Fe>* (green AFM,
red FM, yellow in-plane). Only one of the three equivalent Fe** chains surrounding Nd** is shown. Magnetic frustration between Nd** and
Fel" ions (left) persist under optical pumping at the frequency of the f-f transitions (right) due to the intrachain Fe*™-Fe** strongest AFM

coupling (blue), but it changes their nature.

(hf, ed):
A(hg, ef)
= (5 ) + (B~ £") = 8e

+[Ur(Cyyy = Coy) + Ua(Cyyy = Cyg) = V] > 0,
A(hf, ed)

~ (6 - B + (6 - )

= —8e+ [Ua (G, — Cry) + Ur (Gl = Ci) + 8V]> 0.

“

Here the first equation gives the energy of a hole creation
in Me3t jon and an electron addition to Re>" ion, while
the second one represents the energy of a hole in Re** and
electron addition to Me>t ions, where Ef), EJE,h), E;O), E;.O)
are the term energies of the virtual electron (e)-hole (/) Me*t,
Re”" and Me?t, Re*" pair in Fig. 4, 8¢ = ¢ — &4, and Uy, Uy
are intra-atomic Coulomb interactions of f and d electrons.
The contribution §V = (Vjye+ — Ves+) + (Vre+ — VRes+) tO
Eq. (4) from the spherically symmetric components of the
crystal field V (|Fyer+|) and V (J7ger+|) 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({
and N§ coordinates of the number of f and d electrons, there
is aregion where the system of inequalities (4) is valid, and for
each N§ (Me*") there is a set of rare-earth ions Re** from the
range (SNér = ({1 +x)/rand A = U;/Uy,. In addition to the ion
Nd** in the pair of ions Fe** (N§ = 5) and Nd** (Nof =3),all
rare-earth ions with N({ in the region SN({ # 0 can also form
stable isovalent pairs. Indeed, here we observe the ferrobo-
rates not only with a pair of ions Nd** and Fe3*, but also with
a pair of ions Gd** and Fe**.

To analyze the superexchange interactions in a material
with optically excited Re** 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 d> configuration of Fe** ion
and back (e, red loop), and the 4f (red loop) shows the 4f
electron removal from the ground state of Nd** ion and back
in Fig. 5(a). The other e, and 4f 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 Ny = Ny + 1 in Fig. 5) and hole
(sector N_ = Ny — 1 in Fig. 5) states (see Ref. [5]). A total
superexchange parameter Jy, 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 [Nd** 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 Ji. For Fe3t

NJ (Re™)
A(hde/ )<0 A(hde/ )>0
A —58/U, . A(he, )>0
}\‘ 0
0  t9(0)=1/2
Ny (Me*)
_1+8¢/U, A(hye,)<0
i

FIG. 4. Figure shows the region A(hges) > 0, A(hseq) > 0 for
the coexistence of ions Me** and Re*" in coordinates N¢(Me>*) and
N/ (Re**). The dot corresponds to the Fe** and Nd** ion pair with
N¢ =5and N/ = 3.
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FIG. 5. Two main contributions Jf‘lz " (¢,) (green dotted loop) and Jfgg ,(¢) (red solid loop) to the d- f superexchange Jiox J’AIZ V() +
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electrons is also shown by the green dotted loop. (b) The only possible contribution

(t2) with the e, participation of orbitals at the Fe** ion are shown, and contribution

AFM
J3H4,5T2

(e,) (red dotted loop) to the d-f superexchange

(t2g) from t,
JCX

AFM
J tot

3H4.5E

between Fe** and Nd>* ions, where the latter is in the optically excited multiplet 2G, /2 OF 4G/5 N 4Gs 2+ B 2F; /2 states.

ions such an example is given for d-d excitation with 2 eV
energy (the 2Ty absorption band in FeBOs3, 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 e, orbitals at the Fe** ion. Moreover, the ground
state of the Nd** ion is practically a pure spin multiplet *Iy />
with an experimental spin value 2.7 ug [21]. According to this
scheme, the AFM contribution JAF ME (eg) + J{ﬁj N;[Tz (t2,), and

3 H4 R 5
FM contribution JfEM3 L (e,) take place in the spin Hamiltonian

H,. = Zi ; Jmt(y)S’;’S{ , where Ji has the property of ad-
ditivity in the states of a virtual d-f electron-hole pair Jior =
Y oendi(v), where y = e,(t2,), depending on which electron
(hole) e, or 5, 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]:
|S,‘)L — Sj,)\fh?g)\f = AS, — T = AFM,
|S,;}L — S.,',}\fh#)\/ =AS+t 1, — T = FM, (5)

where A(A") = h, e and AS = |S; — §;|. Since both contribu-
tions come with the participation of e, orbitals, it is necessary
to estimate the magnitudes of A(hy, er) and A(hy, eq) de-
nominators in J;, ~ tizj(y) /A(h, e) exchange contribution:

_C:]o/)

+Ua(CRy = Cra)] = e + 13Uy — AU,

ACE, 1) = 8¢ + [Us(Cy,
0+

ACH, E) = —be + [Ua(Cyy — Cye)
+ Uf(cfvof_ - cfv({)] = —8e — 2Uy + 5U,.
(6)

Both contributions in Eq. (6) correspond to different electron-
hole pairs, due to which the denominator A in Jiy is different.
From Eq. (6) it follows that the ratio Uy = 0.4(4.5U; — é¢)
corresponds to JQE 1\/le (eg) = J%VE L (eg) with the denominator
A =0207U; — Sej (see Fig. 5),’ and therefore AFM and FM

contributions involving e, electrons cancel each other out.
The total superexchange Jix = J3AHI"; I,\QIE (eg) + J;ﬁj ITQITZ (t2e) +
JE g[} (e & J;;Z {‘Q‘Tz (t2¢) in ground state has an AFM character
with involved 1, orbitals. For example, if U; ~ 8¢ ~ 6 €V,
then ACH4,’E) = ACE,’ ;) =7.2¢eV and Uy = 8.4 eV.
To consider the superexchange interaction between Fe’*
and the optically excited Nd** 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 Nd**
excited states with spin 1/2, for example, >G7), or *G 12 in-
stead of the multiplet *Gs /2. In this case, only FM contribution
o A @I (o) + BTN, (g) & BTN S (e) with in-
volved e, orbitals of the Fe** 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 ACH,;,>E) =
ACH,’E) — hvy.p, where hvy.p = Exg, , — Euy, (01 E4G;/2 -
E:, /2), has FM character, but its magnitude depends on the
spin-orbit mixing. This is probably due to the FM d-f inter-
action J& with Nd** ions in the multiplet state *G /o~ Thus,
our analysis results in a conclusion of the FM interaction for
the excited Nd** term. To obtain the more accurate magnitude
of Jior one has to do more complicated computations. Never-
theless, for a qualitative explanation of the experimental data
discussed above in Sec. I, our analysis is sufficient.

IV. CONCLUSIONS

The ions Nd** 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 Fe’* ion, practi-
cally cancel each other out J;A;: Ns[ p(eg) =I5, 1?’}_; 1,(¢g). However,
there is an additional AFM contribution J{;}Z NSITZ (t24) with the
participation of f,, electrons, and the total silperexchange is
M (ta¢). The op-

probably of the same magnitude Jio; & 13/}14 ST,
tically excited multiplet states of the Nd** 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, Nd** 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 .I;FII):I’5 g(eg) > J{g ITQITZ (t2¢)
and J&; ~ B szII}f’j £(€g). A small admixture of them in the op-
tically excited Nd** state *G} , = & *Gs/2 + B *Fs)» can lead
to the FM d- f interaction between the two basal planes. Note
also the magnetic frustrations between Nd** and Fe3*, 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 Fe**ions is changed to
FM. However, the nature of the d-f superexchange between
Nd3*t and Fe3Tions, where the latter only is in excited state
4T, (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

Ahe) = (B = E") + (B — E}”)
~ [Ua(Chy = CRg) + Ua(Clu = Cy)]

+

=U,, 7

regardless of the Me"* ion, there is no any formal prohibi-
tion in Eq. (6) on pairs of Me"" and Re”* ions with small
A(he) and the d-f superexchange Ji ~ tizj(y)/A(he) can
be relatively large [28]. However, a volume of the magnetic
ordered phase will depend on a temperature, provided that
A(he) ~ kT and T < Ty (or Tp).
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