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Quantum theory of magnetoelectricity in rare-earth multiferroics: Nd, Sm, and Eu ferroborates
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The quantum theory of magnetoelectricity in rare-earth ferroborates is developed. It is shown that the
electric polarization in the materials is induced by means of two single-ion mechanisms: effective magnetic
and crystal fields produce the electric dipole moment directly in the electronic 4 f shells of rare-earth ions (the
electronic contribution) and also through displacement of oppositely charged ion sublattices (the ionic one). The
magnetoelectrical properties are described in detail for the neodymium, samarium, and europium ferroborates.

In particular, the field and temperature dependencies of polarization are obtained.
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I. INTRODUCTION

Recently, multiferroic (MF) materials have attracted con-
siderable attention focused on both improved fundamental
understanding and novel desirable applications. Challenging
and promising visions emerged, for example, of how to switch
magnetism with bare electric fields and thus overcome the
overheating bottleneck in microelectronic devices.'> Today, a
rich variety of multiferroic materials is encountered. Despite
its smallness, the linear magnetoelectric effect (MEE) has
been shown to control spintronics devices very efficiently,
for example, even by using the classic magnetoelectric (ME)
antiferromagnet Cr,0O3.3 In recent years, it has also been shown
that significantly larger values of MEE can be in multiferroic
composites.*’

Nevertheless, a problem of searching for new materi-
als with substantial magnetoelectricity still remains highly
topical. To handle the problem, profound understanding of
MEE microscopic mechanisms is needed, since traditional
phenomenological theories, based on the symmetry analysis
approach, which can predict the presence (or the absence) of
the effect, are not capable of giving exact temperature or field
dependencies.

The conventional MEE is the result of the interaction
between the two subsystems of an ionic crystal, namely elec-
trical, consisting of charged ions, and magnetic, constituted
of the uncompensated spin magnetic moments of the ions.
The microscopic mechanisms of the magnetoelectric effect
have not been sufficiently identified. The magnetoelectricity
of transition d ions is usually explained in terms of the
exchange striction and the inverse Dzyaloshinskii-Moriya
mechanisms, which are both attributed to a modulation of
interionic exchange interactions, which is quite strong for d
ions. As for multiferroics, there exist two microscopic theories
of magnetoelectric coupling in them, one theory based on the
spin current model® and the other based on the model of an
electric current compensation.’

In recent years, a new class of (improper) multiferroics,
namely rare-earth (RE) ferroborates RFe;(BOs)s, where
R = La-Lu, is actively studied, both theoretically and
experimentally.®~!! The materials are attractive because of the
huge MEE’ and a possible effect of an electric polarization
control with an external magnetic field.'” The magnetoelectric-
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ity of rare-earth ferroborates is owed primarily to the presence
of rare-earth f ions, which is convincingly proved by the
minute MEE in yttrium ferroborate’ and recently observed
giant MEE in rare-earth alumoborates.'> Weak exchange
interaction between rare-earth f ions (compared with d-d
and f-d exchange), large orbital moments together with
weak orbital-moment quenching and a low-symmetry crystal
field make the single-ion mechanisms of magnetoelectricity
in rare-earth f ions dominate over double-ion mechanisms,
which are typical for transition metal d ions.

In the present work, the quantum theory of the magne-
toelectric effect in rare-earth ferroborates is worked out by
the example of Nd, Sm, and Eu ferroborates. Two single-ion
mechanisms are shown to underlie the magnetoelectricity of
such compounds. These are the electronic mechanism (the
electric dipole moment in the electronic 4 f shell of a rare-earth
ion is produced by an effective exchange and external magnetic
fields combined with a low-symmetry crystal field) and ionic
one (attributed to displacement of oppositely charged ion
sublattices in a magnetic field). Prominently, the second-order
contributions to polarization from both mechanisms coincide
in the form. The field and temperature dependencies of the
electric polarization induced with the magnetic field taking
into account both the electronic and ionic contributions are
obtained. A good agreement achieved between the theoretical
predictions and the experimental data counts in favor of the
validity of the theory developed.

II. THE ELECTRONIC MECHANISM

First of all, we consider the electronic mechanism of
the magnetoelectricity in rare-earth ions, which was already
outlined in Ref. 13. We would like to discuss it now somewhat
closer in respect to rare-earth ferroborates.

Let a rare-earth ion be under the influence of magnetic and
external electric fields. The actual perturbation Hamiltonian V
of the ion then reads

V = —dE + HY, (1)
where d = —e > ;_, ry is the dipole moment operator of the
ion with n electrons in the 4 f shell. The crystal field (CF)
operator 124 in Eq. (1) contains only odd harmonics and can
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be expressed as a sum,

Hodd

ZB Cl(k),

ttk

whereindex  isodd and C;.(k) = /575 +1
electron irreducible tensor operators, which are defined by the
reduced matrix element (I'|C'||l) = +/2[ + 1 C}0y. Yir(8,0)
are spherical functions.

For rare-earth ferroborates this crystal field operator has the
following form:

HI =" B3 (CP5(k) — C3() + D B3 (C25(k) — C3(k)) -
k k

Y;:(6,¢) are the single-

(@)

The crystal field parameters B. used in Eq. (2) are found
to be B33 =2110 cm™! and B = 2170 cm™! for Pr’** ions
in the frame of the point charge model.'* It will be shown
below that the same parameters allow the description of the
magnetoelectric properties of other rare-earth ferroborates
with sufficient accuracy.

The linear on the strength of the applied electric field
corrections to the ion energy levels arises in the second-order
perturbation theory with small parameter ||V||/W, where
[IV]| is the norm of the V operator in Eq. (1) and W is the
energy difference between the ground states and the weight
center of excited ion electronic configurations (typically, W ~
10° cm™! for rare-earth ions). For the sake of simplicity, we
will take into account only the lowest 4 f"~15d" configuration.

Making use of the wave-function genealogical scheme
construction and the quantum theory of angular momentum, '3
we derived the expression for the magnetoelectric operator of
rare-earth ferroborates. Referring the reader to the Appendix
for the details of calculations, we give here the final expression
for the magnetoelectric Hamiltonian,

erfq
Hone = —( uf; )ED

_<€;§">(E+D YE.D,+ED.), (3

where ry, is the radial integral (see the Appendix) and D,
(@ = x,y,7) are the effective operators of the RE ion electric
dipole moment components. For the sake of brevity, we use the
notation of so called “cyclic” operators E4 = (E, =iE,)/ V2
and Dy = (D, £iD,)/+/2, where

D= Y byct,+ > bick,

p=2,4,6 p=4,6
4( 4 4 6 (6 6

D, = b3(C3 — C2;) + b3(C5 — C2).
Hereafter the summation over electrons is assumed but the
summation symbol is omitted to avoid bulky expressions.

Coefficients bg in Eq. (4) can be expressed in the terms of
the crystal field parameters,

b} = —4‘633 po— 1l piy 4635
2 7ﬁ 3 2 2114 3 7 3
V78 s

7J11 2

“

b = —

PHYSICAL REVIEW B 87, 024413 (2013)

i 1v2 5 2‘/535 46— 3\/653
4 21 3 7\/7 3 4 7 /— 3>
b4=—EB3—4—V10 5 6 _ _ 3\’

In order to describe magnetoelectric properties of rare-earth
materials, it is necessary to know the energy levels and
eigenfunctions of rare-earth ions in the crystals. Rare-earth
ferroborates consist of two exchange-coupled magnetic sub-
systems, one of which is formed by Fe3* ions and the second
is formed by rare-earth ions. At low temperatures 7 < Ty
(Ty ~ 30...40 K s the Neel temperature) the iron subsystem
consists of two antiferromagnetically ordered magnetic sublat-
tices M and M. The RE-Fe exchange interaction, considered
under the molecular field approximation, is less by the order
of magnitude than that of iron ions, which is responsible
for the magnetic ordering of the magnetic moments of the
iron ions. The exchange interaction between rare-earth ions is
weaker by the order of magnitude than the RE-Fe exchange and
thus can be neglected. While there is the magnetic ordering
of iron ions in ferroborates, rare-earth ions are divided into
two subsystems. The first one is coupled by the exchange
interaction mainly with iron ions of sublattice M;; the second
one interacts with ions of sublattice M,. In the presence of
external magnetic field H the rare-earth ions in sublattices 1
and 2 are under the action of effective magnetic field,

hq =H+ Hmol,cp (5)

where index g = 1,2 and Hy,o1,, = AM,, is the molecular field
and X is the constant of the molecular field.

The magnetoelectric contribution to the free energy of the
crystal then reads

Fne =—0 <E > (D ) (6)

q=1,2

where Q = (N/2)(eryqs/ W) and N is the number of rare-earth
ions in the sample. Symbol (...) means the thermodynamics
averaging over wave functions of a rare-earth ion. Equation (6)
allows us to analyze magnetoelectric properties (the field and
temperature dependencies of the polarization components) in
rare-earth ferroborates:

Py =— af"”—QZ g

q=1,2

a=x,y,2 @)

In order to calculate the dependencies, the energy levels and
wave functions of rare-earth ions in crystal and magnetic fields
are required.

III. THE CRYSTAL FIELD

At the R3* sites in rare-earth ferroborates with D3 symme-
try, in the Cartesian system of coordinates with the z and x
axes along the crystallographic ¢ and a (which is of the C;
symmetry) axes, the containing even harmonics crystal field
Hamiltonian can be described by six independent real crystal
field parameters,

Her = BECE +
+iB%3(C25 +CF) + B (C + CC). ®)

ByCy + BSCS +iB*4(C*5 +C3)
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TABLE 1. The Nd** ground multiplet split by the crystal field into the five Kramers doublets.

k Ei (ecm™) ) W)

0 0 +0.498| £ Z) £0.129i| &+ 1) £ 0.858| F 3)

1 72 (—0.276 £ 0.454i)(| + 3) £ | — 3)) — 0.660(] — 3) £ | + 3))
2 146 +0.840| £ Z) £0.174i| + 1) F0.514| F 3)

3 229 (—0.242£0.399i)(| + 3) £ | = 3) +0.531( = ) £+ 3))
4 326 +0.215| + 1) £ 0.174i| £ 1) £0.022| ¥ 3)

We should here remind, that the summation over 4 f electrons
is assumed in Eq. (8). The numerical values of the crystal-field
parameters are obtained by the fitting the CF levels of the CF
Hamiltonian in Eq. (8) to the high-resolution polarized optical
absorption spectra.'*!6 Currently, the neodymium crystal field
parameters are determined with a high degree of reliabil-
ity: B =551 em™!, Bj = —1239 cm™!, B§ =519 cm™!,
B*; =697 cm™!, B®; =105 cm™!, and BS =339 cm™!
Unfortunately, the crystal field of the Sm3* ion is not known
in such detail, but, given the proximity between samarium and
neodymium, we can calculate the Sm>* spectrum on the base
of the neodymium CF data. The results of the calculations are
represented in Table I for Nd** and in Table II for Sm** ions.

Obviously, the averaging of the D operator (see Sec. II) in
a zero magnetic field over the states that are combinations of
the harmonics differing in the magnetic quantum number by
3, 6, or 9 is equal to zero. In an effective magnetic field, the
ground Kramers doublet (|y),|%0)) of an ion is split by the
field into the two close-lying levels,

Wl L(@) = CI5(@Ivo) £ CH (@) 10),

with energies,

Ei»(q) =

where A, = \/giy2 + g1 y2, unit vector Y, = hy/hy, g is

the Lande factor, and wp is the Bohr magneton. The nonzero
magnetic spectroscopic factors are only g.» = gy, = g1 and
8z = &) (for neodymium g, = 0.964, g, = 1.751,and g; =
8/11; for samarium g = 0.379, g, = 1.441, and g; = 2/7).
Coefficients C"(g) read

1/2
(87N iCipasan
I—-(=1D e ,
7 A,

:l:gJ/'LthAq»

CcM(g) =

where ¢, are defined by the expression tan @, = v,y /Vgx-
The contribution of the higher levels to the wave function
of the rare-earth ion in the magnetic field can be taken into

TABLE II. The Sm** ground multiplet split by the crystal field
into the three Kramers doublets (cos @ = 0.980, sina = 0.201).

k Ey (em™) V). 174)
0 0 Fisina|+ 3) £ cosa| F 5)
1 247 Ficosa| + 3) £sina| F 1)
2 194 | +3)

account by the perturbation theory,

WV @97
via)+ 3 e E 1y, o)

[¥1,2(9)) =
where operator Vz(q) = gsupJh, represents the Zeeman
interaction of the ion magnetic moment in the gth subsystem
with the effective magnetic field. The energies E; and the
wave functions (|yy), |¥x)) of the Kramers doublets for
the neodymium and samarium ground multiplets split by
the crystal field are given in Tables I and II, respectively. It
should also be noted that the applicability of the perturbation
theory is limited to the range of not too strong magnetic fields
H << Ek//,LB ~ 106 Oe.

In the most interesting case of the low temperatures k7T <
A, where A is the energy difference between the first excited
and the ground doublets, the magnetoelectric contribution to
the free energy can be found as follows:

N = Yicin Wi @) Hueli(q)ye F@/KT
fme = E Z 1,2

1.2 Diip e F@IKT 10
q=1, =1

where magnetoelectric Hamiltonian H,,, is given by Eq. (3).
In Eq. (10), we have neglected the population of all levels
with the exception of the ground doublet levels. Calculating
the matrix elements in Eq. (10) and taking into account Eq. (9)
we find that

Fme = Q8s1tB Z hgx(hg, T)Ci111(q) + Cola(g)),  (11)
q=1,2

where

1 h
x(h,.T) = — tanh <MA,I) :
Aq

kT

Ii(g) = Ex(qux - Exyqyyqz
- Ey YaxVqz-
Coefficients C; and C, are given by the following quite

complicated expressions:

C =2 Y Re[<1/fo|15x|wg><wq|f+|wo>]
q

yqzy) - 2Eyyquqy, and Lig) =

= 2.952,
q=1,3

I D, 7
Cy = —2g Z m[ (o] Itﬁ;)(%l +1¥0)]
q

q=1,3

-y 281 (YglJo1P0) — gyl 1 1¥0)
2E,

Im (| Dy [¥,)

q=2,4
= 1.164,
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for neodymium and

C = —%(<wz|f+|&o><wo|ﬁx|wz>
+ (Yol DY) (Wl - |1h0)) = 4.92,
L7 ﬁx A o
= —M (281 (W11 10} — g1 (¥ F-1¥0))

+’<ES’_” (Yol S+ [¥2) (Y2l Dy [¥0)
2

— (Y2l 1 1W0) (Yo D |92)) = 7.09,

for samarium ions. Operator D, = (D, + D_)/+/2 is defined
by Eq. (4).

The components P, and P, of the induced electric polar-
ization can easily be obtained from Eq. (11) as

0 F e
pP=-——
JIE,
= 0giup Y hex(hg.T)Ci(y2, = Vi) = CaVay Vo).
=1,2
! (12)
and
a me
J—
IE,
= 0giip Y hgx(hy.T)QC1¥gVgy + Ca¥axVar). (13)
q=1,2

Equations (12) and (13) determine the polarization behavior of
ferroborates with rare-earth ions with the doublet or quasidou-
blet ground state (Kramers ions) depending on the magnitude
and the orientation of an external magnetic field as well as
on the temperature. It is to be remarked that the z component
of the polarization equals to zero in the frame of the above
described approximation. Actually, the component arises out
of Eq. (9) only when the higher order terms in the perturbation
theory are considered (starting at the third-order terms).

IV. THE EFFECTIVE MAGNETIC FIELD

In this section we proceed to the direct calculation of the
field and temperature dependencies of the polarization for
neodymium, samarium, and europium ferroborates. To obtain
a quantitative description, one has to know the dependencies of
effective field hy = H+ Hy, 4 (¢ = 1,2) on external field H
and temperature 7. With this purpose in mind, we consider the
model of the magnetic structure for the ferroborate crystals.

Neodymium ions enhance the stability of the crystal ab
plane for the iron ion spins, thus the antiferromagnetic L
vector is in the ab plane (0 < T < Ty, Ty =32 K is the
Neel temperature). In relatively weak magnetic fields (up to
10 kOe) magnetic and domain structures of the sample are
changed so that the L vector becomes uniform over the sample
and perpendicular to the external magnetic field. In fields
exceeding 10 kOe, the magnetization process is determined
by the rare-earth subsystem and the spin-flip of the iron
sublattices.

If the external magnetic field is directed along the a
crystallographic axis [i.e., H, = He, (H > Hpo, = 10kOe)],
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FIG. 1. The field dependencies of the polarization induced in the
samarium and neodymium ferroborates at 7 = 4.2 K for different
directions of the external magnetic field. The experimental data are
given from Ref. 9.

then the effective magnetic field,!!

Hmol g H 2
hq= 1+H_ He, + (=1) Hyoly[ 1 — H_ €y,

flip flip
(14)

where Hpo = 50 kOe and Hp;p, ~ 10° Oe are the Fe-Nd
molecular field and the iron spin-flip field, relatively. The
temperature dependence of the molecular field can be ac-
counted for in the frame of the molecular field theory. Given the
proximity between samarium and neodymium, we can extend
the foregoing theory to the case of samarium ferroborate with
reasonable accuracy. The Fe-Sm molecular field is Hpo =
330 kOe. Figures 1 and 2 shows the field and temperature
dependencies of the polarization induced in neodymium and
samarium ferroborates. The dependencies are described by
Egs. (12) and (14).

500

—— Sm - experiment
—— Nd - experiment
—— Sm - theory
— Nd - theory

H, =10 kOe

400

300

a

200

P_(uC/m?)

100

FIG. 2. (Color online) The temperature dependence of the polar-
ization induced in the samarium and neodymium ferroborates. The
binding of the theoretical curves to the experimental ones’ is given at
the point of the largest polarization (7" = 4.2 K).
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V. THE IONIC MECHANISM

In this section we consider the ionic contribution to the
polarization. We use an approach based on the model of point
charges. If the coordinate system is chosen so that the kth
electron of a rare-earth ion is in the origin, then the potential
produced by the environment ions is

Vi) =)

|rk_ n|

where ¢, and R, are the charge and the radius vector of the
nth ion. With this we can write the unperturbed crystal field
Hamiltonian in the form,

HY =Y ALPl(r) =) BiCL(k). (15)

ttk ttk

Here P!(r) pTi)

t and Bl = (r')A’. We will use a simplified model of the
polarization (a “garlic squeezer” model), in which all rare-
earth ions are displaced by the same vector u. The model
neglects the displacement of the other ions in the crystal,
assuming that they remain at their original positions. Such a
shift of the rare-earth ions results in the following modification
of the Hamiltonian in Eq. (15),

Hor(w) =) A;

ttk

= /3 r'Y,.(0,¢) are the polynomials of degree

Pl(r; — u). (16)

In this equation, the ions of the rare-earth sublattice are re-
moved from the summation, because the shift u = 0 for them.
Under the linear approximation the crystal field perturbations
can be expressed as

oM,
8I’ka '

(SHcr = Hcr(u) - HE(Z) = - Z Uy

ko

a7

In fact, Eq. (17) gives the magnetoelectric Hamiltonian, which
can be reduced to the form,

Hue = Y _ b, CL(K). (18)

ttka

The crystal field Hamiltonian in Eq. (15) of rare-earth
ferroborates contains the odd harmonics [see Eq. (2)].
Equation (2) can be rewritten in a polynomial form (the
summation over k is implied),

A?
H = f - 3x)%)

5

+ A “/_(9z — ) = 3xy?). (19)
Calculating the derivatives in Eq. (19) will give polynomials
of even degree. As a result, the ionic mechanism results in
the Hamiltonian of the magnetoelectric interaction in the form
similar to that of the Hamiltonian in Eq. (3), in which the E
vector is replaced by the u vector and parameters b., [see
Eq. (18)], like the parameters in Egs. (3) and (4), are defined
by the B; and Bj parameters of the odd crystal field.
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The second-order contribution into magnetoelectric
Hamiltonian is obtained from Egs. (17) and (19):

() (r)
Hi,%g = W(MXDX + M),Dy) = W
where operators of the effective dipole moment induced in
the ion D, = b(C*, + C3) and D, = —ib(c32 —C?) and
coefficient b = —B3,/ 15 = 5780 cm~!. The value of r in

Eq. (20) is (r) ~ 0.05 nm.
The thermodynamic potential per ion is

caug
=Xa: 5

where ¢, stands for an effective stiffness coefficient. Operators
D, and D, are given by Eq. (4) with coefficients b’ calculated
from Eq. (17). From the equilibrium condition 0. /du, = 0,

b(u_C?, +u,C3), (20)

)q + uz<Dz>q),

1
> Z (u—(Dy)g +us(D-

q=1,2

we find that the equilibrium shiftis u, = — > g (Da)q/@2rcy).
The electric polarization is then given by P, = —3eu,, where
3e is the charge of a rare-earth ion, therefore,
Po= =5 3 (D,) @)
T 2re, @
q=1,2

Finally, it should be noted that this equation coincides in form
with Eq. (7).

VI. THE MEE IN EUROPIUM FERROBORATE

Now we consider the magnetoelectricity of europium
ferroborate. The ground state of a Eu?™ ion is described by the
quantum number of total momentum J = 0, separated from
states with J = 1 and J = 2 by energies A; = 350 cm™! and
A, = 1050 cm™!, relatively. The wave function of the ground
state in external effective magnetic field h, is

2ugzh; 2
Wo(q) = (1—”A—) 0.0 =55 D7 Dyl -
1

v=0,%1
0,y
B e
+ % Zi:l hl12.—2v), (22)

where hyo = hy., hy 21 = F(hye £ ihgy)//2. If external field
H is directed along crystallographic axis a, then effective
magnetic field h, is given by Eq. (14) with Hy,q = 134 kOe.

In order to obtain the P, component of the induced polariza-
tion P, = —(e/2rcy) Zqu(Q)WxWo(Q)), we calculate the
matrix elements,

3

A
(Yo(@)| Dlo(@)) = A2< —+ 5) (hge = hgy) . (23)
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a® 0.00 ®
= ——H, =10 kOe, theory (T, = 36 K)
" -0.25 H, = 100 kOe, theory (T, = 36 K)
—eo—H_ =10 kOe, experiment
-0.50 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

FIG. 3. The temperature dependence of the polarization induced
in the europium ferroborate.

and finally arrive at the following expression for the polariza-
tion,

P.(H,T)=A{H> —H? Hino 2+  — Hmo ’
X ) mol Hﬂip Hﬂip :

(24)

The temperature dependence of the molecular field can be
accounted for in the frame of molecular field theory, as in
Sec. III. The best possible fit with the experimental data’
has been achieved with the Neel temperature 7y = 36 K.
The plot of polarization vs temperature is shown in Fig. 3.
The comparison between the theoretical calculations and
the experimental data opens a possibility to estimate the
value of the effective stiffness c,. According to Eq. (24),
P, =1.6x1072.N/c, C - erg/cm, where N = 10?2 is the
number of ions per volume unit. The experiment gives P, =
70 C/m?, therefore ¢, ~ 10* erg/cm?.

VII. CONCLUSION

Thus, the quantum theory of magnetoelectricity in rare-
earth ferroborates is developed and the mechanisms of mag-
netoelectricity in them is explained in detail. It is shown, that
single-ion mechanisms dominate in the case of rare-earth ions,
which leads to the large values of the polarization induced in
the materials. The dependencies of the electrical polarization
on the magnitude and direction of an external magnetic field
and temperature are calculated. Comparison of the theoretical
results obtained in this work with all experimental data
shows their good quantitative agreement and indicates that
the crystal field parameters obtained from spectroscopic data
allow us to accurately describe magnetoelectric phenomena in
the rare-earth ferroborates. Although we concentrate on the
neodymium, samarium, and europium ferroborates, the theory
developed can be applied with minor modifications not only to
rare-earth ferroborates but also to other rare-earth compounds.
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APPENDIX

The purpose of this additional section is the detailed
derivation of the magnetoelectric Hamiltonian of rare-earth
ferroborates. As already mentioned in Sec. I, the analysis is
based on the perturbation theory. The second-order corrections
to the rare-earth ion energy levels read

g = 3 SeldBler)er V1) + 1Vl e ldBe)
g Wy

U,ey

(AD)

Here |g) are the rare-earth ion states of the ground [”
configuration in a magnetic field (! = 3 is the orbital quantum
number of rare-earth ions with n electrons in the ion 4 f shell),
ley) are the states from the excited "'/’ configuration with
I’ =1=+1, and Wy is the energy difference between the |e;)
and |g) states. The splitting of the /"I’ configuration levels
is neglected. The configuration with I’ =1 — 1 = 2 (typically
W;_1 ~10° cm™") is closer to the ground levels than the
configuration with !’ =1+ 1 = 4.

The operator describing the interaction of the ion dipole
moment d with an electric field E can be written in terms of
irreducible tensor operators,

dE= ) (-D'E_,di,
n=0,£1

where dy+1 = F(dy £id))/V2, dio=d,, Es = F(E:
iE,)/N2,and Eg = E..

In order to construct the wave functions |g) and |e;) we use
the genealogical scheme. The wave function |g) is expanded
as |g) =Dy am|JM), where J and M are the quantum
numbers of the ion ground multiplet and a,, are the numerical
coefficients given by the following equations:

[IM) = > CIM sy I"SLMsM.),
MLMS

n . SL LMy SMs
"SLMsML) = > ) G Cromty, imCs g, 1
SiLym Ms, M, n

X W, mas vy, (D" Y1, (8),

1 n—m'
ler) = = DD WS 1wy, Vi 1,06

Here symbols G5, and Cfl";l jm, stand for the genealogical
and Clebsch-Gordan coefficients, respectively, and L;, Si,
My, Ms, are the quantum numbers of the initial therm.

The known identity 3, Ci/i,Cii, = 8u08pg 15 yields

D (gldiler)er|Chig) =Y Cm (glidy @ C'humlg),

ey nm
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where the matrix element of the direct product is

(gl{di ® C'Yunlg) = Y Chn (gldiler){er|Chlg).

eyvgq

(A2)

Equation (A2) contains matrix elements of irreducible tensor
operators Tp, = =y tpq(k) which can be expanded as

Tyyler) = NG Z Z Z ay CLMLSMS

M M . Ms S\,L\,Mg, , My mi,my,j
LM, SMg ,
X G311, CLlbi im Cay, 1, g 'mr).
(A3)

(Imyltpg|I'my) = Cpmt (U1tpq|1')/v/2I+ 1 and
(Il1tpg 1’} is the reduced matrix element.

Substituting Eq. (A3) into Eq. (A2) we obtain

(gl{d) ® C'}umlg)

. lm, lm,r * IM IM’
= _€”§ iClutq Umy 1y lm,’tanaM'CLMLSMSCLM’LSMS

LM LM, 2 (U NO']ICHIT)
CLIZV;, lm;CLlML’Lllml’(Glel) QI+ D@l + 1)
(A4)

According to the theory of angular momentum,'® the reduced
matrix elements in Eq. (A4) can be rewritten as (I||r||l') =

where

PHYSICAL REVIEW B 87, 024413 (2013)

rN/20+ 1Cl o and (I'[|CH (1) = (r')~/21 + 1CL,, where
@y = (I|r'|l’) are the radial integrals. Summing up the first
three factors in Eq. (A4) over v, ¢, and my results in (see
Ref. 15)

coC Im; lml’
lvtg l/m,/lv lm;tq

vgm
) n Im I n
=(—D"v@2n+ DQI'+ Clmlnm D

where {1 l,} are the 6j symbols with even index n.

Introducing the coefficient,

) 010C/0z0 { 1
l

Al tn) = z

—eryy

n
214+ 1)(21 + 1),
Clono l/} ( X :
and substituting Eq. (Al) into Eq. (A2) we arrive at
the contribution of an ion to the magnetoelectric opera-
tor projected onto the space of the ion ground multiplet
functions,

Hpe =2) Y (—~DFE_,BLAW tm))W; ' C Ch.

ntt nm

(A5)

The effective magnetoelectric operator can be obtained as
the result of the summation over all indices in Eq. (AS) [see
Eq. (3) in the text].
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