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Hexagonal ferrites (7-RFeO3, R = Sc, Y, Ho-Lu) have recently been identified as a new family of multiferroic
complex oxides. We study electronic and magnetic properties of ~-YbFeO; ferrite within the density-functional
theory using the generalized gradient approximation (GGA) with consideration of strong Coulomb correlations
(GGA+VU) in the framework of the fully relativistic spin-polarized Dirac linear muffin-tin orbital band-structure
method. The 4 f electrons of Yb are explicitly treated as valence electrons. The x-ray absorption spectra and x-ray
magnetic circular dichroism (XMCD) at the Yb M, s, Fe L, 3, and O K edges were investigated theoretically.
The calculated results are in good agreement with experimental data. We found that the GGA+U approach with
Hubbard Uy = 6.1eV and 3.3 eV for Yb and Fe, respectively, well describes the XMCD spectra at the Yb M, s,

Fe L, 3, and O K edges.
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I. INTRODUCTION

Multiferroics (MFs) are compounds where long-range
magnetic and electric dipolar orders coexist [1]. There is
plenty of fascinating physics in these materials, owing to
the strong entanglement of spin-charge-orbital degrees of
freedom [2,3] and great potential for technological applica-
tions in energy-efficient information processing and storage
[4-6]. For widespread implementation of new technology,
the coexistence of long-range magnetic and electric orders
at room temperature will be required; at present, there is
only one material, BiFeO3, known to exhibit ferroelectric and
antiferromagnetic (AFM) orders above room temperature [7].
Recently, several manganese and iron oxides have been shown
to possess strong coupling, promising for realizing room-
temperature multiferroic materials. However, ferroelectricity
in these materials is rather weak [8].

Rare-earth (RE) orthoferrites exhibit two orders of mag-
nitude faster spin dynamics in comparison to conventional
ferromagnetic (FM) materials [9,10]. Magnetic property in-
vestigations of the RE orthoferrites RFeOs have shown that
the Fe3* moments are ordered in a canted AFM structure [ at
high temperature with Ty & 600 K (details of the notations are
given in Ref. [11]), and the spin canting gives a weak net fer-
romagnetic moment along the ¢ axis [11-13]. With decreasing
temperature, a spontaneous spin-reorientation transition from
the 'y to the I'; magnetic configuration occurs in many
orthoferrites with magnetic R ions in a wide temperature range
from Tsg ~ 450 K for SmFeO3; down to Tsg ~ 7.6 K for
YbFeOs, and the net magnetic moment rotates from the a to
the c axis [11,12].

The RE orthoferrites RFeO5 have either orthorhombic or
hexagonal phases. Orthorhombic RFeO3 (0-RFeQO3) with the
centrosymmetric perovskite structure (space group Pnma) is
the thermodynamically stable phase [14,15] and is known
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to be paraelectric. On the other hand, hexagonal RFeOj;
(h-RFeO3) with the P63cm space group exists as a metastable
phase. The structure of h-RFeO; is unique in the follow-
ing regards: the ¢ axis in the unit cell is laminated by RE
and Fe layers, and the Fe ions have a trigonal bipyramidal
coordination [16]. Such characteristics are not seen in the
perovskite structure. Thus the structure of the #-RFeO; phase
could exhibit unique physical properties. However, there are
only a few studies on the practical applications of #-RFeO3
[17-19] because it is difficult to synthesize h-RFeO; using
conventional methods, such as the co-precipitation method
[20], and because metastable h-RFeO; is easily transformed
into thermodynamically stable o-RFeOs.

Hexagonal ferrites h-RFeO3; (R = Sc, Y, and Ho-Lu) are
expected to be ferroelectric due to the polar structure that
lies at the origin of the ferroelectricity of YMnO;3; above
room temperature (7c ~ 1000 K) [21]. Antiferromagnetic
spin structures involving a triangular arrangement of the
moments in the a-b plane are expected in h-RFeO3 due to
the structural symmetry [22]. Despite the frustration created
by the triangular lattice, the strong interactions between the
Fe* sites due to high spin and large Fe-O interactions [23]
are expected to greatly increase the magnetic ordering tem-
perature of h-RFeOs; compared with that of RMnO;3 (Ty ~
100 K) [24]. This makes h-RFeO3; promising candidates to
be room-temperature multiferroics. In fact, the evidence of
ferroelectricity has been found in the 4-YbFeO; films below
470 K [25,26].

A landmark on the understanding of this complex mag-
netic systems was established by White in his well known
review paper in 1969 [11]. Up to now, comparing to lots
of experiment observations, there are only a few theoretical
reports on RFeO3; family. Using first-principles calculations,
Iglesias et al. [27] and Xing et al. [28] identified that the
antiferromagnetic structures between Fe 3p moments are
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energetically favored in almost all cases except for SmFeOs.
Afterwards, Adams and Amadon studied the magnetic prop-
erties of LuFeO3; under high-pressure conditions and found
that LuFeO3; would exhibit large volume transitions associ-
ated with a spin collapse [29]. With different density func-
tional theory (DFT) computational schemes, Stroppa et al.
[8] confirmed that the ferroelectric polarization in DyFeO,
is driven by an exchange-striction mechanism, the authors
further stated that the coupling between Dy and Fe spin
sublattices is mediated by Dy 5d and O 2p hybridization.

Recently, Nikitin e al. [30] present the study of the spin dy-
namics in YbFeO3 at temperatures close to the SR transition
and in magnetic fields applied along three crystallographic
directions. Using inelastic neutron scattering, they observed
two collective modes in the spectrum of magnetic excitations
well separated in energy: 3D gapped magnons, associated
with the AFM ordered Fe subsystem, and quasi-1D AFM
fluctuations within the Yb subsystem, with no hybridization of
those two modes. They show that a weak quasi-1D coupling
within the Yb subsystem Jyy yp creates unusual quantum spin
dynamics on the low-energy scales. At T < Tgg, the Yb spin
chains have a well defined field-induced ferromagnetic ground
state, whereas at T > Tgg the Yb excitation spectrum shows
the coexisting of spinon and magnon modes.

In the present study, we focus our attention on the theo-
retical investigation of the x-ray linear dichroism (XLD) and
x-ray magnetic circular dichroism (XMCD) in the h-YbFeO3
compound from first principles. The XMCD experiments
measure the difference of the absorption of x-rays with
opposite (left and right) directions of circular polarization.
The XMCD is a powerful tool to study the element-specific
local magnetic interactions and also it reflects the spin and
orbital polarizations of the local electronic states. The x-ray
absorption spectra (XAS) and XMCD at the Yb M4 s, Fe L, 3,
and O K edges in the h-YbFeO3; were measured by Cao et al.
[31]. From the temperature and magnetic-field dependence of
the Yb magnetization, they found that the low-temperature
Yb magnetic moment is significantly reduced compared with
the value of free Yb’T ions, indicating the effect of the
crystal field. The exchange field on Yb, generated by the Fe
moments, tends to antialign the magnetization of Fe and Yb
at low temperature. They also investigated possible valence
mixing of Yb and only found an indication of Yb** at the
surface of samples grown in an Ar environment, suggesting
an insignificant effect on the bulk magnetism of the 4-YbFeO3
studied in this work.

Here we present comprehensive theoretical calculations of
the electronic structure as well as XAS and XMCD spectra
of the h-YbFeOj3. The energy band structure of the 4-YbFeO3
in this paper is calculated within the ab initio approach by
applying the generalized gradient approximation (GGA) with
taking into account strong Coulomb correlations (GGA+U)
in the frame of the fully relativistic spin-polarized Dirac
linear muffin-tin orbital band-structure method. The paper is
organized as follows. The computational details are presented
in Sec. II. Section III presents the electronic structure of the
h-YbFeO3 compound. Section IV is devoted to the XAS and
XMCD spectra of the A-YbFeO3; compound. Theoretical re-
sults are compared with experimental measurements. Finally,
the results are summarized in Sec. V.

II. COMPUTATIONAL DETAILS

a. Crystal structure. Hexagonal h-YbFes is a member of
hexagonal rare-earth ferrites (h-RFe3;, R = Ho-Lu, Y, and Sc).
Hexagonal i#-YbFes; have a layered crystal structure in which
both RE and Fe atoms adopt a two-dimensional triangular lat-
tice [16]. Below about 1000 K, the h-YbFes crystal structure
undergoes a distortion, corresponding to a rotation of the FeOs
local structure and a buckling of the rare-earth layer, which
induces improper ferroelectricity [21,31-33]. The rotation of
FeOs also cants the moment on Fe, via the Dzyaloshinskii-
Moriya (DM) interaction, generating weak ferromagnetism
along the ¢ direction on top of a 120° antiferromagnetic order
in the a-b plane below 120 K [31,34,35].

The crystal structure of the h-YbFeOj; is illustrated in
Fig. 1. At room temperature, it belongs to a P63cm space
group with a sixfold rotational symmetry and lattice constants
a=06.0728 A and ¢ = 11.7450 A [36]. The unit cell can
be divided into four layers: two YbO, layers and two FeO
layers. The arrangements of the atoms follow roughly the
ABC hexagonal stacking. The Fe atoms occupy the two-
dimensional triangular lattice in the FeO layer. Every Fe atom
is surrounded by five oxygen atoms (three in the same FeO
layer, one above, and one below the FeO layer), forming a
FeOs trigonal bipyramid. The hexagonal structure contains
two crystallographically independent Yb ions labeled as Yb,
and Yb,. Each Yb atom is surrounded by eight oxygen atoms
(six in the same RO; layer, one above and one below the RO,
layer), forming a ROg local environment. The Yb and Fe ions
form the triangular lattice layers, respectively. These trigonal
bipyramid layers alternately stack along the ¢ axis. The bond
lengths between the Fe and O atoms are distributed at 1.8202,
1.9762, 2.0351, and 2.0488 A in the FeOs trigonal bipyramid.
The Yb;-O;5 distance, 2.3482 A, is shorter than the Yb,-O4
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FIG. 1. Crystal structure of the hexagonal s-YbeOs; (the space
group is P63cm No. 185). Red spheres represent Fe atoms, blue and
green spheres show Yb atoms, magenta and yellow spheres represent
oxygen atoms.
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distance, 2.5393 A in the so-called polar direction along the ¢
axis, which enables us to expect a stronger chemical bonding
between the Yb; and O3 atoms. Note that the FeOs is slightly
rotated along the [120] crystal axis. This rotation causes
the broken inversion symmetry of the h-YbeOs structure,
allowing for the ferroelectricity [21,34,37].

b. X-ray magnetic circular dichroism. Magneto-optical
(MO) effects refer to various changes in the polarization
state of light upon interaction with materials possessing a
net magnetic moment, including rotation of the plane of
linearly polarized light (Faraday, Kerr rotation) and the com-
plementary differential absorption of left and right circularly
polarized light (circular dichroism). In the near visible spectral
range, these effects result from excitation of electrons in the
conduction band. Near x-ray absorption edges, or resonances,
magneto-optical effects can be enhanced by transitions from
well-defined atomic core levels to transition symmetry se-
lected valence states.

Within the one-particle approximation, the absorption co-
efficient ,u,)]\. (w) for incident x-ray polarization A and photon
energy 7w can be determined as the probability of electronic
transitions from initial core states with the total angular mo-
mentum j to final unoccupied Bloch states

Wi (@) = W T W ) P8 (Enie — Ejm, — Fieo)

mj  nk
xO0(Ew — Er), (0

where W jm; and Ej,,; are the wave function and the energy of a
core state with the projection of the total angular momentum
mj; W, and E, are the wave function and the energy of a
valence state in the nth band with the wave vector Kk; Er is the
Fermi energy.

IT;, is the electron-photon interaction operator in the dipole
approximation

T, = —eaa, 2)

where o are the Dirac matrices and a, is the A polariza-
tion unit vector of the photon vector potential, with ay =
1/ﬁ(1, +i,0), a; = (0,0, 1). Here, + and — denotes, re-
spectively, left and right circular photon polarizations with
respect to the magnetization direction in the solid. Then, x-ray
magnetic circular and linear dichroism are given by 4+ — p_
and p — (u4+ + n—)/2, respectively. More detailed expres-
sions of the matrix elements in the electric dipole approxi-
mation may be found in Refs. [38—40]. The matrix elements
due to magnetic dipole and electric quadrupole corrections are
presented in Ref. [40].

c. Calculation details. The details of the computational
method are described in our previous papers [41-43] and here
we only mention several aspects. Band-structure calculations
were performed using the fully relativistic linear muffin-tin
orbital (LMTO) method [39,44]. This implementation of the
LMTO method uses four-component basis functions con-
structed by solving the Dirac equation inside an atomic sphere
[45]. The exchange-correlation functional of a GGA-type was
used in the version of Perdew, Burke, and Ernzerhof (PBE)
[46]. Brillouin zone (BZ) integration was performed using the
improved tetrahedron method [47]. The basis consisted of Yb
and Fe s, p,d, and f and O s, p, and d LMTO’s.

To take into account electron-electron correlation effects,
we used the “relativistic” generalization of the rotationally
invariant version of the LSDA+U method [48], which takes
into account SO coupling so that the occupation matrix of
localized electrons becomes nondiagonal in spin indexes. This
method is described in detail in our previous paper [48]
including the procedure to calculate the screened Coulomb U
and exchange J integrals, as well as the Slater integrals F2,
F*, and F°.

The screened Coulomb U and exchange Hund coupling Jy
integrals enter the LSDA+-U energy functional as an external
parameters and have to be determined independently. These
parameters can be determined from supercell LSDA calcula-
tions using Slater’s transition state technique [49,50], from
constrained LSDA calculations (cLSDA) [50-54] or from
the constrained random-phase approximation (cCRPA) scheme
[55]. Subsequently, a combined cLSDA and cRPA method
was also proposed [56]. The cLSDA calculations produce
Jg = 0.9 and 0.7 eV for the Yb and Fe sites, respectively, in
YbFeOj3. It is known, that the cRPA method underestimates
values of U in some cases [57]. On the other hand, the cLSDA
method produces too large values of U [58]. Therefore, in
our calculations, we treated the Hubbard U as an external
parameter and varied it from 5.0 to 9.0 eV and between 3
and 5 eV for Yb and Fe, respectively. We adjusted the value
of U to achieve the best agreement with the experiment. We
found that the value of Uy = U — Jy = 6.1 and 3.3 eV for
YD and Fe, respectively, gives the best agreement between the
calculated and experimental XMCD spectra in YbFeO3. Our
calculations can be considered as the calculations from first
prinicples with one additional parameter Ukg.

The x-ray absorption and dichroism spectra were calcu-
lated taking into account the exchange splitting of core levels.
The finite lifetime of a core hole was accounted for by folding
the spectra with a Lorentzian. The widths of core levels I'y,
for Yb, I'z,, for Fe, and I'k for O were taken from Ref. [59].
The finite experimental resolution of the spectrometer was
accounted for by a Gaussian of width 0.6 eV.

III. ELECTRONIC AND MAGNETIC STRUCTURES

There are several neutron-scattering measurements de-
voted to the magnetic structure of hexagonal RFeO; ox-
ide [25,32,60,61]. According to those studies, the strongest
magnetic interaction between the Fe sites is expected to be
the exchange interaction within the FeO layer. Due to the
two-dimensional triangular lattice and the antiferromagnetic
nature, this in-plane interaction is frustrated if the spins are
along the c axis. On the other hand, if the spins are within the
FeO plane, the frustration is lifted, generating the so-called
120° orders, where the Fe moments lie within a layer and
neighboring Fe moments in a layer are aligned by 120° dif-
ferent directions. Figure 2 summarizes the possible magnetic
structures with the propagation vector K = (0, 0, 0) in the
h-YbFeOs, where I'y, I's, I's, and 'y are irreducible repre-
sentations of the P6scm group [37]. For h-RFeQj3, the spins
follow one of the orders in I'; to I'4 or their combinations. The
only irreducible representation that allows for a ferromagnetic
component along the ¢ axis is ', [22]. We notice that I',
cannot be mixed with 'y because it generates uneven spins
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FIG. 2. Four (I'; to I'y) independent 120° antiferromagnetic or-
ders of the spins on the Fe sites in #-RFeO;. The four spin struc-
tures come from the combination of two ¢ angles and two relative
alignments of the spins between the two FeO layers (parallel or
antiparallel). Only I'"; allows for spontaneous magnetic polarizations.

on different Fe* sites. Mixing of I', with I'3 is also unlikely
because it involves antiphase rotations of spins on different
layers of Fe** sites which affect the interlayer couplings of the
spins [32]. Therefore the magnetic structure has to include I',
mixed with I';, which contribute to the magnetic diffraction
near (100) [32,61]. Our first principle calculations of spiral
magnetic structures presented in Fig. 2 show quit small differ-
ence in total energy between these magnetic structures. The
ground state corresponds to the I', configuration.

The rotation of FeOs due to structure distortion below
1000 K and canting Fe spin moments produces a small pro-
jection of the Fe moment along the ¢ axis of around 0.05 £
0.01 pg/f.u. on top of a 120° antiferromagnetic order below
about 120 K [31,34,35]. The Yb-Fe interaction is weaker but
sufficient enough to partially align the moment on Yb and
contribute to the total magnetization. The magnetization of
Fe is antiparallel to the magnetic field and to that of the
Yb magnetization at low temperature. This provides a direct
observation of ferrimagnetic order in the 4-YbFeOs.

Figure 3 presents the partial DOS of the h-YbFeOj; cal-
culated in the GGA+U approximation. We found two inde-
pendent solutions in the 4-YbFeOs with divalent Yb>* and
trivalent Yb** ions. The divalent Yb ion solution can be
obtained only with fixed Yb 4f'# occupation number. This
solution is not stable due to pinning of the Yb 4f states
at the Fermi level [Fig. 3(a)]. It has small spin magnetic
moment at the Yb site of around 0.244 pp and 4f occupation
n4p = 13.75. The self-consistent solution with relaxed Yb 4 f
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FIG. 3. The partial DOS of the h-YbFeO; calculated in the
GGA+U approximation with Uy = 6.1 and 3.3 eV for Yb and Fe,
respectively.

occupation leads to the trivalent states at the Yb sites. It is
in agreement with the experimental observations. Cao et al.
[31] argue that Yb is in trivalent state in the 4-YbFeOs. They
found an indication of Yb*" at the surface of samples grown
in an Ar environment, suggesting an insignificant effect on
the bulk magnetism of the -YbFeOs. For the trivalent Yb*
solution [Fig. 3(b)], thirteen 4f electron bands are situated
well below the Fermi level in the energy range between —4.4
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and —6.9 eV. Single hole level is situated far above the Fermi
level. Actually, there are two empty 4 f hole peaks above the
Fermi level due to slightly different crystallographic positions
of the Yb; and Yb, ions. The Yb 4f3 energy bands are
split due to the spin-orbit (SO) coupling (Aey, = 1.5 eV) as
well as the Zeeman effect and separated from the 4f hole
state by the correlation energy U.g. The position of occupied
4f bands in the h-YbFeOs is in good agreement with x-ray
photoemission measurements [31]. The Yb3+ spin and orbital
magnetic moments are equal to My, = 0.36 pp and Mo =
1.07 wp. It gives the value of total magnetic moment of
1.43 pp in good agreement with the experimental value of
1.6 ug from Cao et al. [31] and 1.5 ug from lida et al. [26].
We should mention that for the Yb3* solution Mo [Mgpin =
2.92 which is very close to the pure / = 7/2, L = 3,5 = 1/2
multiplet for which Mwi/Mpin = 3. This indicates that ad-
mixture from other multiplets such as J/ = 5/2 are very small.

Comparing the Fe 3d and O 2p partial DOS presented in
Figs. 3(d) and 3(e), respectively, we can conclude strong Fe
3d- O 2p hybridization. The Fe spin and orbital magnetic
moments are equal to 3.738 up and 0.048 g, respectively.
It gives the value of total magnetic moment of 3.785 ug.

IV. X-RAY ABSORPTION AND XMCD SPECTRA
A. Yb M, s x-ray absorption and XMCD spectra

Figure 4 presents the experimentally measured [31] (ma-
genta circles) and theoretically calculated (full blue curves)
XAS (the upper panel) and XMCD spectra of the h-YbFeO3
at the Yb My4s edges. Two peaks are observed in the x-
ray absorption spectra at approximately 1513 and 1555 eV,
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FIG. 4. Experimentally measured [31] (magenta circles) and the-
oretically calculated (full blue curves) XAS (top) and XMCD spectra
at the Yb M, 5 edges.

which can be assigned to Ms and M, excitations, respectively,
according to the photon energy [62]. The experimentally
measured XAS at the Ms edge consists of a simple nearly
symmetric peak that has no distinct structure. The XAS at the
M, edge has much smaller intensity in comparison with the
M5 one.

We recall that the M, (Ms) edge corresponds to
3d3/>(3ds;,) — 4f transitions. The created 3d core hole has
electrostatic interaction with the 4f shell. However, in a
first approximation, this interaction can be neglected since
no clear multiplet structure is distinguished in the measured
absorption spectra. This approximation is supported theoret-
ically since the Slater integrals F;(3d,4f) and G(3d, 4f)
are small compared to the F;(4f,4f) integrals and 3d spin-
orbit interaction [63]. Neglecting the core-level splitting the
measured spectra reflect the density of states above the Fermi
level weighted by the dipole transition probabilities. Because
of the electric dipole selection rules (Al = +1; Aj =0, 1)
the major contribution to the absorption at the M, edge stems
from the transitions 3d3,, — 4fs,» and that at the Ms edge
originates primarily from 3ds;, — 4f7,, transitions, with a
weaker contribution from 3ds;; — 4f5,, transitions. For the
later case, the corresponding 3ds;, — 4fs,, radial matrix
elements are only slightly smaller than for the 3ds,» — 472
transitions. The angular matrix elements, however, strongly
suppress the 3ds, — 4f5,, contribution. Therefore the con-
tribution to XAS spectrum at the M5 edge from the transitions
with Aj =0 is about 15 times smaller than the transitions
with Aj = 1[39].

The hole state is completely empty and has almost pure
4f7,> character. One can note, however, that the crystal-
field splitting and the Yb 4f-O 2p hybridization reduce the
symmetry of the hole electronic state. It has also the 4f5,,
character, however, the latter contribution is almost two order
of magnitude smaller than the 4f7,, one. Therefore the My
peak is rather weak in comparison with the M5 one but still
has nonzero intensity.

The experimentally measured dichroic Ms line in the
h-YbFeOj; consists of a simple nearly symmetric positive peak
that has no distinct structure. The dichroic line at the M,
edge has intensity on the level of the experimental errors. The
selection rules for the magnetic quantum number m; (m; is
restricted to —j,,...,+j) are Am; = +1 for A = +1 and
Amj = —1 for . = —1. Table I presents the dipole allowed
transitions for x-ray absorption spectra at the Ms and M4 edges
for left (A = +1) and right (A = —1) polarized x rays.

To go further, we needs to discuss the characteristic of
the 4f empty states. Since [ and s prefer to couple parallel
for more than half-filled shells, the j =1 —s=15/2 has a
lower energy than the j =1+ s=7/2 level. Due to the
intra-atomic exchange interaction the lowest sublevel of the
Jj=5/2 will be ms;; =+5/2, however, for the j=7/2,
the lowest sublevel will be m7,, = —7/2. This reversal in
the energy sequence arises from the gain in energy due to
alignment of the spin with the exchange field [64]. The hole
state with almost pure 4f7,, character has m; = —1/2 and
+5/2 occupations. Small amount of the 4f5,, states mixed
with the 4 f7/, has j projections m; = +1/2 and —5/2.

Therefore, for the Ms XMCD spectrum from the transitions
listed in Table I, the dipole allowed transitions for A = +1
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TABLE 1. The dipole allowed transitions from core 3ds/ 5/
levels to the unoccupied 4 f5/, 7> valence states for left (A = +1) and
right (A = —1) polarized x rays.

Edge A=+1 A=-1
—-5/2 - =3/2 —-5/2 — =17/2
-3/2 > —1/2 —-3/2 - =5/2

Ms —1/2 —> +1/2 —-1/2 - =3/2
+1/2 - 43/2 +1/2 > —1/2
+3/2 > +5/2 +3/2 > +1/2
+5/2 - +7/2 +5/2 — +3/2
-3/2 - —1)2 —-3/2 — =5/2

M, —1/2 - +1/2 —-1/2 - =3/2
+1/2 - +3/2 +1/2 - —1/2
+3/2 —> +5/2 +3/2 —> +1/2

are —3/2 - —1/2 and +3/2 — +5/2 and those for A =
—1 are +1/2 — —1/2. The transitions with the same final
states m; = —1/2 mostly cancel each other. Thus the XMCD
spectrum of the 4-YbFeOj3 at the M5 edge can be roughly ap-
proximated by the N57 //22 m; projected partial densities of states.

Here we use the notation N,{li for the density of states with the
total momentum j and its projection m;. This explains why the
dichroic M5 line in the hA-YbFeO; consists of a single nearly
symmetric peak.

For the My, XMCD spectrum, the dipole allowed transitions
for A =+1 are —1/2 — +1/2 and those for A = —1 are
—3/2 - —5/2 and 4+3/2 — +1/2. The transitions with the
same final states m; = +1/2 mostly cancel each other. Thus
the XMCD spectrum of the s-YbFeO;3 at the M4 edge can
be approximated by the —NS5 //22 partial densities of states.
Therefore the dichroic My line in the h-YbFeOj5 also consists
of a single nearly symmetric peak with opposite sign to the
Ms XMCD spectrum. The occupation number of the mgg is

almost two order of magnitude smaller than the mz/ ; one. As

a result, the intensity of the My XMCD spectrum is much
smaller than the M5 one (see the lower panel of Fig. 4).

We should note, however, that the explanation of the
XMCD line shape in terms of m;-projected DOS presented
above should be considered as only qualitative. There is no
full compensation between transitions with equal final states
due to difference in the angular matrix elements. It is always
difficult to estimate an appropriate atomic 4f occupation
number in band-structure calculations. Such a determination
is usually obtained by the integration of the 4f electron
charge density inside of the corresponding atomic sphere. We,
however, should keep in mind that some amount of the 4 f
states are derived from the so-called “tails” of Fe 3d states
arising as a result of the decomposition of the wave function
centered at Fe atoms.

B. Fe L, ; x-ray absorption and XMCD spectra

Figure 5 shows the calculated isotropic x-ray absorption
and XMCD spectra of Fe at the L, 3 edges in the GGA+U
approach together with the experimental data [65]. Because
of the dipole selection rules, apart from the 4s; , states (which
have a small contribution to the XAS due to relatively small
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1]
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FIG. 5. (a) Experimentally measured [31] (circles) absorption
spectrum of the ~-YbFeO; at the Fe L, ; edges measured with circu-
larly polarized counterclockwise x rays in a 10 kOe external field at
6.5 K in comparison with the theoretically calculated spectra without
(dashed blue lines) and with taking into account core-hole effect
(full red lines). Dotted black lines show the theoretically calculated
background spectra; (b) experimental [31] (circles) XMCD spectra of
the h-YbFeOs; at the Fe L, 3 edges in comparison with theoretically
calculated ones without (dashed blue lines) and with taking into
account core-hole effect (full red lines).

2p — 4s matrix elements) only 3d3/, states occur as final
states for L, XAS for unpolarized radiation, whereas for
the L3 XAS the 3ds;, states also contribute [39]. Although
the 2p3;» — 3d3); radial matrix elements are only slightly
smaller than for the 2p3;» — 3ds,, transitions, the angular
matrix elements strongly suppress the 2p3,, — 3d3,, contri-
bution [39]. Therefore, neglecting the energy dependence of
the radial matrix elements, the L, and the L3 spectrum can be
viewed as a direct mapping of the DOS curve for 3d3,, and
3ds, character, respectively.

The GGA+U approach gives quite reasonable agreement
with the experiment, except for slightly larger width of the Fe
L3 XAS in comparison with the experimental spectrum. Also
we are not able to reproduce a low-energy negative peak at
around 709 eV in the Ly XMCD spectrum and high-energy
positive peak at 724 eV at the L, edge. Note that for the GGA
approach, the agreement between theoretically calculated and
experimental XAS and XMCD spectra is much worse (not
shown), which indicates on the correlated nature of the Fe
electronic states in the #-YbFeOs.

We investigate the core-hole effect in the final state using
the supercell approximation. When the 2p core electron is
photoexcited to the unoccupied 3d states, the distribution of
the charge changes to account for the created hole. To check
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the convergence of XAS and XMCD spectra for the impurity
site, we used supercell calculations with two and four for-
mula units. Very similar spectra were obtained in both cases.
The final-state interaction slightly improves the agreement
between theoretically calculated and the experimental XMCD
spectra at the L, 3 edge, however, it has minor influence on the
Fe L, 3 XAS spectra.

C. O K x-ray absorption, XLD and XMCD spectra

The XAS and XMCD spectra in metals at the K edge
where the 1s core electrons are excited to the p states through
the dipolar transition usually attract only minor interest
because p states are not the states that influence the magnetic
and orbital orders. Recently, however, the understanding of p
states has become important since XMCD spectroscopy using
the K edges of transition metals and compounds became
popular [39]. Because of the delocalized nature of p states,
the K-edge XMCD is sensitive to the electronic structure of
neighboring sites.

Cao et al. [31] measured the absorption spectra at the
O K edge in h-YbFeO; using a linearly polarized x-rays.
Figures 6(a) and 6(b) shows the theoretically calculated (full
blue lines) and experimentally measured [31] (circles) absorp-
tion spectra for s (a) and p (b) of the h-YbFeO; at the O K
edge. The panels (c) and (d) present theoretically calculated
O K XLD and XMCD spectra, respectively. There is a sig-
nificant difference between the spectra with an s-polarized
x rays (E L ¢) and that with a p-polarized x rays (E || ¢)
consistent with the large structural anisotropy. Two peaks are
observed in the absorption spectrum for an s-polarized x rays
at approximately 533.5 and 538.5 eV with deep minimum in
between [Fig. 6(b)]. There is also a high-energy shoulder at
540-542 eV. A p-polarized x rays produce two similar peaks
at 533.5 and 539.5 eV but instead of deep minimum there is an
additional peak in between these major peaks [Fig. 6(a)]. The
theoretical calculations well reproduce the O K XAS spectra
for both the polarizations.

The O K edge XAS spectra fundamentally reveal a transi-
tion from the O 1s core state to the unoccupied O 2p derived
states, which are hybridized with the relatively narrow empty
3d bands and broader 4p bands of the Fe ions and very
narrow Yb 4f band and quite broad Yb 5d bands. To clarify
the nature of fine structures of the oxygen x-ray absorption
spectra at the K edge, we present in Fig. 7 the oxygen empty
2p partial DOSs of the #-YbFeO; calculated in the GGA+U
approximation. We present two types of oxygen ions, namely,
oxygens in close vicinity of Fe ions, Og., and nearest oxygen
neighbors of Yb ions, Oyy, (see Fig. 1). The 2p partial DOS of
Ore and Oyy, ions have quite different shapes due to different
hybridizations with neighbor atoms. There are two groups of
the oxygen empty 2p states: from 0.7 to 3.8 eV and from 5.1
up to 9.7 eV for both the DOSs. These two groups are divided
by the energy gap of approximately 1.3 eV. The empty Yb 5d
states, presented in the lower panel of Fig. 7 by green curve,
are very close in shape and intensity to the 2p states at the
Oy, oxygen sites due to strong O 2p - Yb 5d hybridization.
On the other hand, the corresponding high-energy 2p states at
the Og. sites are devoted to the O 2p - Fe 4p hybridization
effect (the upper panel of Fig. 7). They have much smaller

1O K-edge

XAS (arb. units)

(arb. units)

XAS

XLD (arb. units)

0.02 +

0.00

-0.02 +

XMCD (arb. units)

)
o
=
l
T

Energy (eV)

FIG. 6. Theoretically calculated (full line) and experimentally
measured [31] (circles) absorption spectra measured using linearly
polarized x rays for s (a) and p (b) of the h-YbFeO; at the O K
edge. (c) and (d) present theoretical O K XLD and XMCD spectra,
respectively. All the spectra are decomposed by partial contributions
from the oxygen ions occupied the Og. (red dotted curves) and Oyy
(dashed green curves) sites.

intensity in comparison with the oxygen 2p states at the Oyy,
sites. The low-energy group of the oxygen partial DOS N, ,(E)
is due to the hybridization of the O 2p with Fe 3d and Yb
4f states. They have different shapes for these two groups of
oxygen ions. The 2p spin-down Op, states are well hybridized
with corresponding spin-down Fe 34 states [compare Fig. 3(d)
and the upper panel of Fig. 7]. On the other hand, 2p spin-up
Oy partial DOS has strong narrow double peak at around
1.6-1.9 eV due to the O 2p - Yb 4f hybridization. Such the
peak is almost completely suppressed for the N,,(E) at the
Ok, sites.
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FIG. 7. The oxygen empty 2p partial DOSs of the h-YbFeO;
calculated for oxygens in close vicinity of Fe ions (top) and nearest
oxygen neighbors of Yb ions (bottom).

From analysis of the oxygen empty 2p partial DOS, we
can conclude that the fine structures of the O K XAS spectra
at 532 to 537 eV energy range are derived from the 1s states to
the empty O 2p states situated at 1.5 to 4 eV above the Fermi
level. The peaks above 537 eV reflect the energy distribution
of the O 2p empty states between 5 and 10 eV above the Fermi
level.

The panels (a) and (b) of Fig. 6 present also theoretical
O K XAS spectra decomposed by partial contributions from
the oxygen ions occupied the Op. (red dotted curves) and Og,
(dashed green curves) sites. The low-energy fine structure of
the O K XAS spectrum for the E || ¢ polarization has two
peaks. The low-energy peak is devoted to the 1s — Ogﬁ

transitions and the high-energy peak is due to the 1s — Og;
transitions. The corresponding fine low-energy structure for
the E L ¢ hybridization has only one peak structure at
533.5 eV because the energy shift between corresponding
peaks in the N,,(E) partial DOS for the O, and Og. sites
is much smaller in comparison with the E || ¢ polarization.

Figure 6(c) presents theoretical O K XLD spectrum de-
composed by partial contributions from the oxygen ions occu-
pied the Og, (red dotted curves) and Og, (dashed green curves)
sites. We found that the contributions from these two different
sites are quite different in the shape and amplitude.

The panel (d) of Fig. 6 presents theoretically calculated O
K XMCD spectrum. Due to strong hybridization of the O 2p
states with the Fe 3d and Yb (4f, 5d) states, oxygen ions
possess relatively large spin magnetic moments ranging from
0.107 ug for the Oyy ions to 0.371 up for Og. ones. Orbital
moments were found to be equal to 0.001 for the Oy, ions

and 0.002 up for O, up ones. Despite these small orbital
moments there is quite pronounced dichroism at the oxygen
K edge, however, it is still one order of magnitude smaller
than the corresponding XLD spectrum. There are two negative
minima at 533 and 535.5 eV and positive structure between
533.5 and 534.5 eV. The contributions from the Og. and Of.
sites are also different in the shape and amplitude.

V. CONCLUSIONS

The electronic and magnetic structures and x-ray magnetic
circular dichroism of the h-YbFeO3 were investigated theoret-
ically within a DFT-GGA approach in the framework of the
fully relativistic spin-polarized Dirac LMTO band-structure
method with consideration of Coulomb electron-electron cor-
relations. The 4f electrons of Yb are explicitly treated as
valence electrons.

The Coulomb repulsion U, strongly influences the elec-
tronic structure of the h-YbFeO3;. GGA+U theory predicts
that the ytterbium ions in the ~-YbFeO; are in trivalent state.
For Yb** ions, thirteen 4f bands are fully occupied and
hybridize with oxygen 2p and Fe 3d states. The Yb 4f hole
level is completely unoccupied and well above the Fermi
level. It has almost pure 4 f7,, character. However, the crystal-
field splitting and the Yb 4f - O 2p hybridization reduce the
symmetry of the hole electronic state. It has also the 4fs,,
character, but the latter contribution is almost two order of
magnitude smaller than the 47, one. The Yb** spin and
orbital magnetic moments are equal to 0.36 ug and 1.07 ug,
respectively. It gives the value of total magnetic moment of
1.43 ug. The magnetization of Fe and Yb along the ¢ axis are
antialigned.

The x-ray absorption spectra, XLD and XMCD spectra at
the Yb M, 5, Fe L, 3, and O K edges were investigated theoret-
ically. The calculated results are in good agreement with ex-
perimental data. A qualitative explanation of the XMCD spec-
tra is provided by the analysis of the corresponding selection
rules, orbital character and occupation numbers of individual
4f orbitals. The hole states with almost pure 4 f7/, character
have m; = —1/2 and +5/2 occupations. Small amount of the
4f5, states have m; = +1/2 and —5/2. The XMCD spectra
at the Yb M5 and M, edges can be roughly approximated
by the N57 //22 and —NS’5 //22 projected partial densities of states,
respectively. As a result, the shapes of both the Yb Ms and
M, XMCD spectra contain single nearly symmetric peak with

. . . 5/2 .
opposite signs. The occupation number of the n1; 1 18 almost

two order of magnitude than the mz/ ; one. As a result, the

intensity of the My, XMCD spectrum is much smaller than the
M5 one.

The past decade has witnessed dramatic progress in the
fundamental physics of multiferroics and magnetoelectrics.
The challenge and opportunity for solid-state physicists is to
identify mechanisms that provide large, robust, and coupled
magnetization and polarization, combined with large suscep-
tibilities at low electric or magnetic fields, all at room tem-
perature. Multiferroics continue to reveal novel, unanticipated
physics, and the potential applications now stretch far beyond
electrical control of ferromagnetism. We hope that the recent
progress on the basic materials physics aspects will stimulate
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the physics community to dream up entirely new device
paradigms that exploit the novel and unique functionalities of
multiferroics.
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