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The electronic structure, Fermi surface, angle dependence of the cyclotron masses and extremal cross sections
of the Fermi surface as well as x-ray magnetic circular dichroism (XMCD) in the CeAgSb; compound were in-
vestigated from first principles using the fully relativistic Dirac linear muffin-tin orbital method. In our calcula-
tions Ce 4f states have been considered as: 1) itinerant using the generalized gradient approximation (GGA),
2) fully localized, treating them as core states, and 3) partly localized using the GGA+U approximation.
The effect of the spin-orbit (SO) interaction and Coulomb repulsion U in a frame of the GGA+U method on the
Fermi surface, orbital dependence of the cyclotron masses, and extremal cross sections of the Fermi surface are
examined in details. We show that the conventional GGA band calculations fail to describe the Fermi surface
of the CeAgSb, due to wrong position of Ce 4f states (too close to the Er). On the other hand, fully localized
(4f states in core) and the GGA+ U approach produce similar Fermi surfaces and dHvA frequencies in the
CeAgSb,. A good agreement with the experimental data of XMCD spectra at the Ce My s edges was achieved
using the GGA+U approximation. The origin of the XMCD spectra in the compound is examined. The core hole
effect in the final states has been investigated using a supercell approximation. It improves the agreement be-

tween the theory and the experiment of the XAS and the XMCD spectra at the Ce M 5 edges.
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The study of quantum many-body systems has wit-
nessed tremendous progress fostered by impressive ad-
vances in the manufacturing of novel materials, their accu-
rate probing at the quantum level and their characterization
with sophisticated numerical simulations. One of the most
striking discoveries in recent years are unconventional
quantum phases of matter including topological insulators
[6-10], Weyl semimetals [11-13], and quantum spin li-
quids (QSL) [8,14—17]. Topological insulators are fully
gapped in the bulk but, due to strong spin-orbit coupling,
possess metallic surface states that are protected by time-
reversal symmetry [1,18]. In a QSL, strong quantum fluc-
tuations prevent long-range magnetic order and instead a
non-trivial ground state forms with long-range quantum
entanglement between spins [19,20]. The paramount atten-
tion given to such states can be understood by the fact that
they are topologically protected from decoherence [21],
display fractional excitations with Majorana statistics, and
therefore hold promise in the field of quantum information
and quantum computation [22-24].

From a fundamental and theoretical perspective a spe-
cial role is reserved to quantum phase transitions (QPTs)
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[25]. The nature of QPTs is fundamentally different from
that of classical phase transitions at finite temperatures be-
cause the former is driven not by thermal fluctuations but by
quantum fluctuations [26]. Ce- and Yb-based 4f-electron
systems are particularly suited for investigating the QPTs
because the energy scale of the magnetic interaction in
these systems is quite small (~ 10 K); thus, their magnetic
ground states can be easily modified by control parameters
such as pressure, magnetic field, or doping. The physical
properties are markedly affected by quantum fluctuations
around quantum critical points (QCPs) and often show
deviations from the Landau—Fermi liquid behavior [27].

In rare-earth compounds, where 4f levels are relatively
close to the Fermi energy, various anomalous phenomena
frequently appear. Most of them can be attributed to the
hybridization between the 4f states and conduction bands.
The great interest for the electronic and magnetic struc-
tures in compounds formed between rare-earth (R) and
transition metals (7) has been recognized for a long time.
However, among the R, cerium is somehow a controversial
element. In cerium metal the 4f states are at the borderline
between localized and itinerant behavior. This is reflected
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in a remarkable transition from the fcc y phase with local-
ized 4f configuration into the isostructural o phase with
delocalized 4f configuration. The transition may be driven
thermally, by the application of pressure or by alloying and
formation of compounds with d-band transition metals,
and is initially related to a varying degree of mixing of the
4f and conducting states i.e., to the formation of highly
correlated electronic structure.

The intermetallic CeAgSb; belongs to the CeTSb, fam-
ily (T = Au, Ag, Pd, Cu) which form dense Kondo systems
in the ZrCuSip type structure (space group P4/nmm)
[28,29]. The nature of the magnetic ordering of the
CeAgSb, remained controversial until neutron scattering
revealed that the ordered phase is ferromagnetic (FM). The
magnetic moments, originating from the Ce atoms, are
aligned along the ¢ axis with an ordered moment of
pu=0.4ug/Ce below the Curie temperature 7~ = 9.6 K
[29]. The magnetic properties of this compound are unusual.
For example, the magnetization perpendicular to the c-axis
in the FM state increases almost linearly with the magnetic
field up to around 3 T, reaching ~1.2 nz/Ce [25]. The in-
duced magnetic moment above 3 T is considerably larger
than the spontaneous magnetic moment in the FM state.
Moreover, in the paramagnetic state, the magnetic suscep-
tibility perpendicular to the c-axis is larger than that along
the c-axis, except in the critical region.

Logg et al. [30] have investigated the sensitivity of the
FM phase of the CeAgSb, to hydrostatic pressure and a
transverse magnetic tuning field using a series of resistivity
and magnetization measurements. With pressure, 7 is
suppressed rapidly, and extrapolates to zero at 35 kbar.
The application of an in-plane tuning field similarly sup-
presses T, and drives the transition to zero temperature
by 2.8 T. The character of the phase transition remains
continuous on the approach to 7 = 0 K, and it is found
that the quadratic-coefficient from the resistivity is strong-
ly enhanced near the critical field. Kawasaki et al. [25]
investigated the magnetic properties of the CeAgSb, per-
forming dc-magnetization and ac-susceptibility measure-
ments. They found that the Curie temperature is sup-
pressed to zero by the application of H ,, and the ac-
susceptibility measured along the c-axis under H,;, con-
tinuously shows a critical-divergence-like anomaly at 7,
indicating the presence of a field-induced ferromagnetic
quantum critical point in this compound. The electronic
specific heat coefficient y of single-crystal [31] CeAgSb,
is 65 mJ-K-mol | indicative of heavy mass carriers. Meas-
urements of the de Haas-van Alphen (dHvA) effect have
been used by Inada et al. [32] to study the Fermi surface of
the CeAgSby. The dHVA frequencies were between 41 T
and 120 kT. The Shubnikov—de Haas (SdH) measurement
has been reported by Myers et al. [33] for magnetic field
parallel to the c-axis. A single orbit of ~25 T has been
observed at 1.2 kbar at 2.1 K. Jobiliong et al. [34] also
provide the SdH measurements in the CeAgSby. They
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found, in agreement with previous measurements of Myers
et al. [33], that a small (25 T) orbit dominates the SdH
signal, indicating significant differences between the SdH
and previous dHVA results where no frequency below 40 T
was observed [32].

Saitoh et al. [35] report a combined study on the elec-
tronic structures of FM CeAgSb, using soft x-ray absorp-
tion (XAS), magnetic circular dichroism (XMCD), and
angle-resolved photoemission (ARPES) spectroscopies.
The Ce My 5 XAS spectra show satellite structures, reflect-
ing a strongly localized character of the Ce 4f electrons.
Nevertheless, ARPES spectra at the Ce 3d—4f resonance
show the momentum dependence of the intensity ratio be-
tween Ce 4fs» peaks in a part of the Brillouin zone, sug-
gesting the non negligible momentum-dependent hybridi-
zation effect between the Ce 4f and the conduction
electrons. This is associated with the moderate mass en-
hancement in the CeAgSb,. It is in contradiction with low
temperature dHVA experiments for fields along the ¢ axis
which show large cylindrical Fermi surfaces with extreme-
ly large cyclotron masses of 0.85-32 m,, [32].

The energy band structure calculations of the CeAgSb;
presented in Ref. 32 have been carried out in the local den-
sity approximation (LDA) without taken into account
strong Coulomb correlations. However, some experiments
point out on strong localization of the Ce 4f states in the
CeAgSb;. Clear crystalline electric-field (CEF) excitations
were observed in neutron scattering experiments, indicat-
ing a localized character of the Ce 4f electrons [29]. This
assertion has also been supported by a high-field magneti-
zation study [36]. The XMCD results presented by Saitoh
et al. [35] give support to the picture of local-moment
magnetism in the CeAgSby. Moreover, it was also found
that the theoretical band dispersions for LaAgSb, provide a
better description of the ARPES band structures than those
for CeAgSb,. We can conclude that due to strong localiza-
tion of Ce 4f states the Hubbard type Coulomb correlations
have to be included in the calculation of the electronic
structure and physical properties of the CeAgSby.

Here we present comprehensive theoretical calculations
of the electronic structure, Fermi surface properties as well
as XAS and XMCD spectra of the CeAgSby. The energy
band structure of the CeAgSb; in this paper is calculated
within the ab initio approach by applying the generalized
gradient approximation (GGA) using the fully relativistic
spin-polarized Dirac linear muffin-tin orbital band-struc-
ture method with taking into account strong electron-
electron correlations.

The paper is organized as follows. The computational
details are presented in Sec. 2. Section 3 presents the elec-
tronic structure of the CeAgSby compound. Section 4 is
devoted to the Fermi surface, angle dependence of the cy-
clotron masses and extremal cross sections of the Fermi
surface in the CeAgSby treating the Ce 4f states as: (1)
itinerant using the GGA, (2) fully localized, treating them
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as core states, and (3) partly localized using the GGA+U
approximation. Section 5 presents the theoretically calcu-
lated XAS and XMCD spectra of the CeAgSby compound
at Ce My 5 edges, theoretical results are compared with the
experimental measurements. Finally, the results are sum-
marized in Sec. 4.

2. Computational details

2.1. Crystal structure

The intermetallic CeAgSb; belongs to the CeTSb, fam-
ily (T = Au, Ag, Pd, Cu) which form dense Kondo systems
in the ZrCuSi; type structure [28,29]. Figure 1 presents
schematically the crystal structure of the tetragonal
CeAgSby (the space group is P4/mmm, No. 129). Blue
spheres represent Ce atoms, green spheres are Ag atoms,
red and magenta spheres show Sb atoms. In this structure,
Ce atoms show a quasi-body-centered tetragonal lattice.
The local arrangements of Ce and Sb atoms are very simi-
lar to those of CeSby. In the CeAgSby, the CeSb; layer is
separated by an Ag layer [29]. Table 1 presents atomic
positions and lattice constants of the tetragonal CeAgSby
used in our band structure calculations. Ce has four Ag
neighbors at the 3.5485 A distance, four Sb1 neighbors at
the 3.3626 A distance, and four Sb2 neighbors at the
3.228 A distance. Ag is surrounded has four Sb2 neighbors
at the 2.8664 A distance, four Ag atoms at the 3.0883 A
distance and four Ce atoms at the 3.5485 A distance.
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Fig. 1. (Color online) Crystal structure of the tetragonal CeAgSb,
(the space group is P4/nmm, No. 129). Blue spheres represent Ce
atoms, green spheres are Ag atoms, red and magenta spheres
show Sb atoms.
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Table 1. Structural parameters of the tetragonal CeAgSb,.
The space group is P4/nmm (No. 129) and the lattice constants
are a = 4.3675 A and ¢ = 10.708 A; x, y, z denote Wyckoff
positions [29]

Atom Site X y z
Ce 2c 1/4 1/4 0.2388
Ag 2b 3/4 1/4 12
Sb1 2a 3/4 1/4 0
Sb2 2c 1/4 1/4 0.6734

Araki et al. [29] neutron-scattering study of the crystal
structure of the CeAgSb; revealed crystalline electric-field

level scheme, which consists of the | J_r%) ground state and
the first and second excited levels dominated by | i%) and
| i%}, respectively. The spatial distribution of the ground-

. . 1 L
state Ce 4f wave function with | iE) symmetry is oriented

along the c-axis and each Ce atom has no neighboring at-
oms along the c-axis, as shown in Fig. 1. Therefore, the
essentially localized nature of the 4f electrons in the
CeAgSb; can be understood as a natural consequence of
the local atomic environment [25].

2.2. X-ray magnetic circular dichroism

Magneto-optical (MO) effects refer to various changes
in the polarization state of light upon interaction with ma-
terials possessing a net magnetic moment, including rota-
tion of the plane of linearly polarized light (Faraday, Kerr
rotation), and the complementary 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 selected valence states.

Within the one-particle approximation, the absorption
coefficient H? (o) for incident x-ray of polarization A and
photon energy 7m can be determined as the probability of
electronic transitions from initial core states with the total
angular momentum j to final unoccupied Bloch states

5 (0)= 2 DY i [T ¥ g )P BBk =, —h0)

mj nk

x O(Eyk — EFp), M

where ¥ Iy and E Jm; are the wave function and the en-
ergy of a core state with the projection of the total angular
momentum m;; ¥, and £, are the wave function and
the energy of a valence state in the n-th band with the
wave vector k; Ef is the Fermi energy.
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I, is the electron-photon interaction operator in the di-
pole approximation

IT, =—ea a,, 2)

where o are the Dirac matrices, and a, is the A polariza-
tion unit vector of the photon vector potential, with
as =1/\/§(1,ii,0), q =(0,0,1). Here, + and — denotes,
respectively, 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 p, —p_ and M= (Mg +p_)/ 2, respectively. More
detailed expressions of the matrix elements in the electric
dipole approximation may be found in Refs. 37-40. The
matrix elements due to magnetic dipole and electric
quadrupole corrections are presented in Ref. 40.

Concurrent with the development of the x-ray magnetic
circular dichroism experiment, some important magneto-
optical sum rules have been derived [41-46].

For the L, 3 edges the /. sum rule can be written as [39]

do(pu, —p_)

where n;, is the number of holes in the d band n, =10-n,,
and (/,) is the average of the magnetic quantum number of
the orbital angular momentum. The integration is taken
over the whole 2p absorption region. The s, sum rule can
be written as

<sz>+%<zz>:

=WLij—w}4Lme—w)

; “

LG+L2dm(u+ )

where ¢, is the z component of the magnetic dipole opera-

tor t=s-3r(r-s)/|r |2 which accounts for the asphericity

of the spin moment. The integration IZG (I

is taken
L

only over the 2 ps/, (2p;/,) absorption region.

2.3. Calculation details

The details of the computational method are described
in our previous papers [47-49] and here we only mention
several aspects. Band structure calculations were per-
formed using the fully relativistic linear muffin-tin orbital
(LMTO) method [50,51]. This implementation of the
LMTO method uses four-component basis functions con-
structed by solving the Dirac equation inside an atomic
sphere [52]. The exchange-correlation functional of a
GGA-type was used in the version of Perdew, Burke and
Ernzerhof (PBE) [53]. Brillouin zone (BZ) integration was
performed using the improved tetrahedron method [54].
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For obtaining the self-consistent solution we used 216 k
points in the irreducible part of the BZ. In order to obtain an
accurate shape of the Fermi surface, we used extended mash
with 102425 Kk points in the irreducible part of the BZ. The
basis consisted of Ce Ag, and Sb s, p, d,and f LMTO’s.

To take into account electron-electron correlation ef-
fects, we used in this work the “relativistic” generalization
of the rotationally invariant version of the LSDA+U
method [55], which takes into account SO coupling so that
the occupation matrix of localized electrons becomes non-
diagonal in spin indexes. This method is described in detail
in our previous paper [55], including the procedure to cal-
culate the screened Coulomb U and exchange J integrals,
as well as the Slater integrals Fz, F4, and F°.

The screened Coulomb U and exchange Hund coupling
Jy integrals enter the LSDA+U energy functional as ex-
ternal parameters and have to be determined independent-
ly. These parameters can be determined from supercell
LSDA calculations using Slater's transition state technique
[56,57], from constrained LSDA calculations (cLSDA)
[57-61], or from the constrained random-phase approxima-
tion (cRPA) scheme [62]. Subsequently, a combined
cLSDA and cRPA method was also proposed [63]. The
cLSDA calculations produce J; = 0.85 eV for the Ce site
in the CeAgSby. It is known, that the cRPA method under-
estimates values of U in some cases [64]. On the other
hand, the cLSDA method produces too large values of U
[65]. Therefore, in our calculations we treated the Hubbard
U as an external parameter and varied it from 2.0 to 7.0 eV.
We found relatively small sensitivity of the Ce M4 s XAS
and XMCD spectra on precious value of Hubbard U . We
used the value U = 6.0 eV in our calculations which is

typical for 4f correlated systems [39].

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 level spectra I'y/, s for Ce were taken from Ref. 66.

The finite experimental resolution of the spectrometer was
accounted for by a Gaussian of width 0.6 eV.

3. Electronic structure

The 4f-electron lanthanide compounds are usually treat-
ed by a 4f-localized model (4f electrons in core). The local-
ized 4f-electron picture is a good starting point in descrip-
tion of the electronic structure of lanthanides. On the other
hand, there are several interesting phenomena such as
metal-insulator transitions, valence fluctuations in the
Kondo effect, heavy fermion behavior, superconductivity,
and so on. All these effects strongly depend on the hybridi-
zation between 4f and conduction electrons and cannot be
described correctly in the 4f-localized model.

An important issue is the energy position of the Ce 4f
states in the electron band structure of the CeAgSby. It is
well known that LDA (as well as GGA) usually gives a
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wrong energy position for the 4f states in rare-earth com-
pounds. For nonzero 4f occupation it places the 4f states
right at the Fermi level [39] in contradiction to various
experimental observations.

Figure 2 shows the ab initio fully relativistic energy
band structure of the CeAgSby. In these calculations the 4f
states have been considered as: (1) itinerant using the gen-
eralized gradient approximation, (2) fully localized, treat-
ing them as core states, and (3) partly localized using the
GGA+U approximation. The GGA approach places Ce 4f
states in the CeAgSb; at the Fermi level (upper panel of
Fig. 2) with Ce 4f occupation equal to 0.96 and 0.32 elec-
trons for spin-up and spin-down state, respectively. The
GGA magnetic moments are equal to 0.33, —0.75, and —0.42
for spin M, orbital M;, and total M., respectively. The
conduction electrons in the CeAgSb, are mainly due to Sb
5p, Sb 5d, Ce 5d and Ce 4f electrons. Their contributions
to the density of states at the Fermi energy are 2.7%, 1.5%,
1.5%, and 93.2%, respectively. The contribution of the 4f
electron is dominant at the Fermi energy in the itinerant
picture of the GGA approach.

The applying of the GGA+U approach results in a cor-
relation correction to the mean-field approximation of the
self-energy with the shift of the occupied Ce 4f states by

CeAgSb,

DOS

0 10 20 30 40 50
1 % Ce4fin core

~10] e
' X MA ZT

M 0 10 20 30 40 50
Fig. 2. (Color online) Self-consistent fully relativistic, spin-
polarized energy band structure and total DOS (in states/(unit cell
eV)) calculated for CeAgSb, treating Ce 4f states as: (1) itinerant
in the GGA approximation (upper panel); (2) fully localized with
4f in core (middle panel); and (3) partly localized in the GGA+U
approach (lower panel).
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Uetr /2 downward below the Fermi level and empty states
by Uegs/2 upward above the Fermi level, respectively
(lower panel of Fig. 1). As a result, occupied Ce 4f level is
situated at —2.4 eV below the Fermi level, empty Ce 4f are
at 2 to 4 eV above the Fermi level. We can conclude that
the Kondo lattice scenario is appropriate for CeAgSb,
compound, because for a Kondo resonance to develop both
the occupied and empty 4f states must be sufficiently far away
from the Fermi level. Indeed, CeAgSb, manifests a tempera-
ture-dependent resistivity typical of a Kondo lattice [33].

It is interesting to note that the GGA+U approach and
the fully localized model with 4f in core produce almost
identical energy bands in close vicinity of the Fermi level
(comparer color bands in the middle and lower panels of
Fig. 2). These two approaches produce similar Fermi sur-
faces of the CeAgSby. We found also that the theoretical
band dispersions in the GGA+U approximation for
CeAgSb; provide a better description of the ARPES band
structure [35] than those for the GGA approach.

Figure 3 presents the total and partial density of states
of the CeAgSby. The Ag 4d states are located far below

Sb2 —3s
2F —p

Partial density of states, states/(atom-eV)

— 0 e 1 1 1
-0 -5 0 5 10

Energy, eV

Fig. 3. (Color online) The partial DOSs of the CeAgSb, calculat-
ed in the GGA+U approximation with U = 5.1 eV. The lower
panel presents Ce 4f'partial DOS in the GGA approach.
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the Fermi level between —6.6 and —3.9 eV. The 5s states of
Sby and Sb; sites have significantly different shape in dif-
ferent energy range. There is a large energy gap between
5s and 5 p states at the Sb1 site, the corresponding gap is
much smaller for the Sb2 site.

4. Fermi surface

In the absence of magnetic field in the fully relativistic
Dirac representation, due to the time-reversal symmetry,
all bands of the CeAgSb, are at least twofold degenerate.
A small FM moment 0.4up at the Ce atom lifts the degen-
eracy. The spin splitting effect for conduction electrons
with degenerated up- and down-spin states can be reasons
why each dHVA branch consists of a few branches [32].

In the following analysis, to distinguish individual
bands it will be convenient to keep the numeration of the
bands by spin-splitted pairs, adding a subscript if neces-
sary. There are four spin-splitted pairs of energy bands
cross the Fermi energy (E£r). We will number these bands
as the 1y 5-st, 2 »-nd, 3; »-rd, and 4; ,-th bands. They pre-
sent in Fig. 1 and have red, green, magenta, and blue col-
ors, respectively. Similar colors will be used for the
presentation of the corresponding Fermi surface cross-
sections (Fig. 4) as well as the theoretically calculated
dHvA oscillations in the CeAgSb, (Fig. 6).

Relevant features of the energy bands in the GGA+U
approximation, presented in Fig. 2(c), include two band
crossings of the E near the I point, the two band cross-
ings Ef near the X point, one crossing along A—-Z and one
along '-M directions. Figure 4 presents the calculated
Fermi surface cross section areas of the CeAgSb; in the
plane perpendicular to the k&, direction and cross I' sym-
metry point (k, = 0, TXMX plane) for non-magnetic (a)
and FM ordered (b) solutions using the fully relativistic
Dirac GGA approximation. The Figure 4(c) shows the cal-
culated Fermi surface cross section areas for ferromagnetic
CeAgSb; in the GGA+U approach. The FM ordering as
well as Coulomb correlations significantly influence the
theoretically calculated Fermi surfaces of the CeAgSbs.
The cross sections of the CeAgSb; FS in the GGA+U ap-
proximation presented in Fig. 4(c) is in good agreement
with the ARPES measurement [67].

The temperature dependence of the resistivity in high
quality monocrystal of the CeAgSby have been measured
by Inada et al. [68]. They found a very large anisotropy of
the resistivity: the ratio between J || [001] and [100] is 8.3
at room temperature and 17 around 10 K, reflecting the
quasi-two dimensional electronic states in the CeAgSby.
Ferromagnetic CeAgSb, have a hollow cylindrical Fermi
surface as shown in Fig. 5 due to possession a characteris-
tic tetragonal crystal structure (P4 /nmm) with the stacking
arrangement of CeSb—Ag—CeSb—Sb layers along the [001]
direction (c-axis) [32]. It brings about a flat Brillouin zone
and produces cylindrical but corrugated Fermi surfaces
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Fig. 4. (Color online) (a) The calculated Fermi surface cross-section
areas of the CeAgSb, in the plane perpendicular to the z direction
and cross I' symmetry point in non-magnetic fully relativistic Dirac
GGA approximation; (b) the calculated Fermi-surface cross-section
areas in ferromagnetically ordered CeAgSb, in the GGA appro-
ximation; (c) the calculated Fermi-surface cross-section areas of
ferromagnetic CeAgSb, in the GGA+U approach.

along [001]. There are four sheets of the FS in the GGA+U
calculations. The first and the second energy bands produce
two hole sheets around I symmetry point [Figs. 5(a), (b)]
with a weak dispersion along the k_ direction. The third en-
ergy band produces a large open electron FS [Fig. 5(c)]. The
fourth energy band creates a small closed electron FS cen-
tered at the X symmetry point [Fig. 5(d)].

Figure 6 presents the angular variations of the theoreti-
cally calculated dHvVA frequencies in the CeAgSb; in the
GGA+U approximations for field direction in the (101)
plane in comparison with the experimentally measured
frequencies (full black squares) [32]. The dHVA frequency
F =2ne/hcSE is proportional to the extremal (maximum
or minimum) cross-sectional area of the Fermi surface S
[69]. We can assumed that all the dHVA branches corre-
spond to cylindrical Fermi surfaces because the dHVA fre-
quencies follow the 1/cosO-dependence, where 6 is a tilted
field angle from [001] to [100] direction.
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Fig. 5. (Color online) The theoretically calculated first hole (a),
second hole (b), third electron (¢), and fourth electron (d) Fermi
surfaces of the CeAgSby in the GGA+U approximation.

There are two groups of dHvVA frequency branches
were observed at high magnetic field ranging from 41 T to
11.2 kT (low frequencies) and between 70 and 120 kT
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Fig. 6. (Color online) The experimentally measured [32] (full
black squads) dependences of the dHVA oscillation frequencies
in the CeAgSb, in comparison with theoretically calculated ones
in the GGA+U approximation. Open red, green, magenta, and blue
circles correspond to the extremal cross-sections of the 1-hole,
2-hole, 3-electron, and 4-electron Fermi surfaces, respectively.
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(high frequencies) [32]. The high frequency branches cor-
respond entirely to the large open electron FS [Fig. 5(c)].
However, all four sheets of the FS contribute to the low
frequency oscillations (Fig. 6). The theory quite well re-
produces the angle dependence of the experimentally
measured dHVA oscillations.

We should mention that the Shubnikov—de Haas meas-
urement [33,34] observe an additional small (25 T) orbit,
indicating significant differences between the SdH and
previous dHVA results where no frequency below 40 T was
observed [32]. We also found two extremal cross-sectional
areas of the Fermi surface Sy in vicinity of [001] direction
with values of 17-19 and 21-23 T (see insert in Fig. 6).
They correspond to the first and second hole Fermi surface
sheets [Figs. 5(a), (b)] derived from the energy band cross-
ing the E near I' symmetry point.

We found also that the GGA approximation produces
the Fermi surface and dHvA frequencies in inadequate
agreement with the experimental measurements (see
Fig. 7) due to wrong position of Ce 4f states (too close
to the Ep).

The theoretically calculated cyclotron masses in the
CeAgSb, in the GGA+U approximation present in Fig. 8.
Open red, green, magenta, and blue circles correspond
to the 1-hole, 2-hole, 3-electron, and 4-electron Fermi
surfaces, respectively. We found that the theoretically
calculated cyclotron masses are rather small and do not
exceeded the value of *1.0m,. However, the dHVA
measurements produce extremely large cyclotron mass-
es m: of 0.85-32 m, [32], roughly one order of magni-
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Fig. 7. (Color online) The experimentally measured [32] (full
black squares) dependences of the dHVA oscillation frequencies
in the CeAgSb; in comparison with theoretically calculated ones
in the GGA approximation.
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Fig. 8. (Color online) The theoretically calculated cyclotron
masses (in m,) in the CeAgSb, in the GGA+U approximation.
Open red, green, magenta and blue circles correspond to the 1-hole,
2-hole, 3-electron, and 4-electron Fermi surfaces, respectively.

tude larger than the band cyclotron mass. It should be
mentioned that the mass enhancement based on the many-
body Kondo effect is not included in the conventional band
structure calculations. Itis caused by spin fluctuations,
where the freedom of the charge transfer of 4f-electrons
appear in the form of an 4f-itinerant band, but the freedom
of spin fluctuations of the same 4f-electrons reveals a rela-
tively small magnetic moment and enhances the effective
mass. Therefore, the present mass enhancement may be
attributed to the Kondo effect. The electron-phonon inter-
action is also contributed to the cyclotron mass enhance-
ment [39].

On the other hand, several other experiments on the
Fermi surface of the CeAgSb; reveal much smaller cyclo-
tron masses in comparison with the dHvA measurements
[32]. Prozorov et al. [70] measured SdH oscillations in
single crystal of FM CeAgSb; using a tunnel diode resona-
tor. Resistivity oscillations as a function of applied mag-
netic field were observed via measurements of skin depth
variation. The temperature dependence of the amplitude of
the SdH oscillations in the CeAgSby, taken for several sin-
gle oscillations allows them to roughly estimate the effec-
tive mass of low frequency orbit as m, = 0.6£0.1m, [70].
Bud’ko et al. [71] measure effective masses using quantum
oscillations in magnetostriction in RAgSb, (R =Y, Sm,
La) single crystals which expected to have similar Fermi
surfaces to the CeAgSby one. They found that the effective
masses were between 0.1 and 0.3m,. Apparently, the ques-
tion about effective masses in the CeAgSby demands an
additional experimental and theoretical attention.
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5. IR M, 5 x-ray absorption and XMCD spectra

The study of the 4f electron shell in rare-earth com-
pounds is usually performed by tuning the energy of the x-
ray close to the M, 5 edges of rare earth where electronic
transitions between 3d3,, 5/, and 4 f5/5 7/, states are in-
volved. Figure 9 shows the calculated XAS and XMCD
spectra in the GGA+U approximation for the CeAgSb;
at the M, 5 edges together with the corresponding expe-
rimental spectra measured by Saitoh et al. [35]. The expe-
rimentally measured dichroism is large, as is common for
R-based systems at the 3d threshold.

The theoretically calculated XAS spectra have a rather
simple line shape composed of two white line peaks at the
M4 and M, edges. However the experimentally measured
spectra have a well-known satellite situated at 4 eV below
the main lines [35]. It was not produced by the theory be-
cause the multiplet structure has not been included in pre-
sent calculations. From Fig. 9(a) one can see that the theo-
ry does not reproduce the experimentally observed M /M4
XAS branching ratio. It is well known that in early 34 and

0.6

XAS, arb. units
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© i
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O [ — GGA+Uthole
E —0.4 I i' © 0 © exper.
. (b)
0 10 20 30
Energy, eV

Fig. 9. (Color online) (a) Isotropic absorption spectra of the
CeAgSb; at the Ce My 5 edges calculated by the GGA+U ap-
proximation without (dashed red lines) and with taking into ac-
count the core-hole effect (full blue lines) in comparison with
the experimental data Ref. 35 (circles). Experimental spectra
were measured with external magnetic field (10 T) at 6 K;
(b) experimental (Ref. 35) XMCD spectra of the CeAgSb, at the
Ce M, 5 edges in comparison with theoretically calculated ones
using the GGA+ U approximation without (dashed red lines) and
with (full blue lines) taking into account core-hole effect.
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4f metals with nearly empty 34 and 4f bands the L, ; and
M 4 5 absorption channels are strongly coupled through the
photoelectron core-hole Coulomb and exchange interac-
tions [72—75]. This leads to a branching ratio of almost 1:1,
far from the statistical ratio 2:1 and 3:2 for the L3/L, and
M4/M,, respectively, which is obtained in a single-
particle theory-unless the spin-orbit interaction in the final
3d or 4f band is considered. From our relativistic band-
structure calculations we obtained the Ms5/M, branching
ratio of 1.56.

We investigated the core-hole effect in the final state
using the supercell approximation. When the 3d core elec-
tron is photoexcited to the unoccupied 4f states, the distri-
bution of the charge changes to account for the created
hole. To check the convergence of the XAS and XMCD
spectra for the impurity site, we used supercell calculations
with two and four formula units. Very similar spectra were
obtained in both cases. The final-state interaction gives the
M /M 4 branching ratio of 1.25, which is in better agree-
ment with the experimental ratio.

As can be seen from Fig. 9(b) the GGA+U approxima-
tion describes quite well the shape of the XMCD spectra at
the Ce M, 5 edges. However it overestimates the intensity
of the dichroic signal at the M5 edge. It also fails to obtain
small additional fine structures observed at the low-energy
parts of the M, 5 XMCD spectra. The final-state interac-
tion improves the agreement between the theory and the
experiment (full blue curves in the lower panel of Fig. 9).

Saitoh et al. [35] using sum rules obtained M, =
=0.352£0.02 pp/Ce and M,;/M = —4.05+0.05 ngz/Ce from
the XAS and XMCD spectra of the CeAgSb, at 6 K. Our
GGA+U band structure calculations produce M., =
=0.33 ug/Ce and M,;/M, = —5.02 pg/Ce in good agree-
ment with the experimental data. The direct application of
sum rules (Egs. (3) and (4)) to the theoretically calculated
spectra gives M1 = 0.37 pg/Ce and M; /M, =-3.92.

6. Conclusions

The electronic structure, Fermi surface properties and
x-ray magnetic circular dichroism of the CeAgSb, were
investigated theoretically within a DFT in the frame of the
fully relativistic spin-polarized Dirac LMTO band-
structure method with taking into account Coulomb elec-
tron-electron correlations.

We found that the conventional GGA band calculations
fail to describe the Fermi surface of the CeAgSby due to
wrong position of the 4f'states (too close to the Er). On the
other hand, the GGA+U approach relatively well describes
the Fermi surface of the CeAgSby. We can conclude that
the inclusion of strong Coulomb repulsion in 4f shell is
very important for the correct description of the Fermi-
surface properties of the CeAgSby.

The theoretically calculated x-ray absorption spectra at
the Ce M, 5 edges have a rather simple line shape com-
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posed of two white line peaks with additional fine struc-
tures at the low-energy part of the spectra, which can be
assigned to multiplet structures. The dichroism at the Ce
M 4 5 edges is very large due to strong spin-orbit coupling
of the initial Ce 3d core states and large spin polarization
of the final empty 4 f5,, 7/, states. The core hole effect in
the final states has been investigated using a supercell ap-
proximation. It improves the agreement between the theory
and the experiment of the XAS and the XMCD spectra at
the Ce M, 5 edges.
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EnexTtpoHHa cTpykTypa, noBepxHs depmi
Ta PEHTIEHIBCbKNMIN MarHiTHUM KpyroBuin ANXpoiam
B CeAgShba

B.M. AHTOHOB

Enexrponna crpykrypa, mosepxus @Depmi, KyToBa 3ayexK-
HICTh LMKIOTPOHHHX Mac Ta eKCTpeMajbHi Iepepi3u IOBEepXHi
®epmi, a TakOXK PEHTTCHIBCHKUI MarHiTHUN NUPKYIAPHUH IHX-
poizm (XMCD) B cionyui CeAgSb; 6y10 A0CTIKEHO 3 MepLInX
MIPUHIUIIB TPH BUKOPHUCTAHHI METORY PEIATHBICTCHKHX JIHIH-

Hux muffin-tin op6Gitaneit dipaka. ¥V nammx pospaxyHkax Ce 4f

CTaHH PO3MIISAAINCS SIK: 1) JeroKai30BaHi, BUKOPUCTOBYIOUH
y3arajpHeHe rpagientHe HaOmmwkenHs (GGA), 2) MOBHICTIO Jio-
KaJIi30BaHi, pO3IIIAJal04YH X SIK CTaHH OCTOBIB, 3) YaCTKOBO JIO-
KaJli30BaHi, 3 BUKoprcTaHHsAM HaOmmwkenHs: GGA+U. Po3risiHyTo
B JICTASAX BIUIMB CIiH-OpOITANBEHOI B3a€MOIT Ta KyJOHIBCHKOTO
BiamroBxyBanus U B pamkax Mmerogy GGA+U Ha MOBEPXHIO
@epmi, opOiTanbHy 3aJeXHICTh NUKIOTPOHHHX Mac Ta €KCTpe-
MmajbHi mepepizu moBepxHi ®epwmi. Ilokasano, mo 3BHYaiiHE
GGA nabmmkeHHs He ommcye moBepxHI0 Depmi CeAgSb, dyepes
HempaBWibHe eHepreTnuHe nonoxeHHs Ce 4f craniB (posramio-
BaHi 3aHaATO ONMM3bKO H0 eneprii depwmi). Ane 3 iHmoro Goky,
noBHicTIO JoKami3oBaHi 4f cranu Ta GGA+U HabImKeHHs 1al0Th
Omm3pkui pesynbrar it noBepxHi @epmi Ta wacrotm dHVA y
CeAgSb,. Jlobpe y3romkeHHs 3 eKCIEePUMEHTAIBHUMH JTaHUMHU
XMCD cnekrpis Ha kpasx nornuHanHs Ce My s Oyno oTpuMaHo
3 BUKOpHCTaHHAM HabmwxeHHs: GGA+U. JlociipKeHo mpupoLy
XMCD crextpiB B croxymi, epeKT AIpKH Ha OCTOBI B KiHI[EBUX
CTaHax 3 BUKOPHCTaHHIM HaOmmkeHHs cynepkoMipku. Llei edexr
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MOKpAIIy€e 3rofy MK TEOpi€l0 Ta eKClepuMeHTOM st XAS Ta
XMCD cnekTpiB Ha kpasx nornuHanss Ce My s.

KutouoBi croBa: moBepxust depmi, MarHiTHUH KPyroBuid AUXpo-
i3M, eJIGKTPOHHA CTPYKTYpa.

OneKTpoHHas CTPYKTypa, NoBepXHOCTb Pepmu
N PEHTTEHOBCKUA MarHUTHbIN LIMPKYNSAPHbIN
anxpousm B CeAgSho

B.H. AHTOHOB

DJeKTpOHHAs CTPYKTypa, MoBepXHOCTh Depmu, yriosas 3a-
BHCHUMOCTh LUKJIOTPOHHBIX MacC M 3KCTPEMallbHbIE CEYEHHMS I10-
BepxHocTH DepMu, a Takke PEHTTEHOBCKMH MAarHUTHBIN IHp-
Kynsapuelid quxpousMm (XMCD) B coemunenun CeAgSb, Obuin
HCCIIE0BAHBI U3 MEPBHIX HPUHIUIIOB C UCIIOIH30BAHHEM METOMA
pensTuBUCTCKUX nuHeHHbIX muffin-tin opOuraneir dupaka. B
Hammx pacuerax Ce 4f cocTosiHHSI paccMaTpUBaIUCh Kak: 1) merno-
KaJIM30BaHHBIE COCTOSHMS, HCIIONB3Ysl 000OLIEHHOE TPaJNEeHTHOE
npubmmkerne (GGA), 2) NHONHOCTBIO JOKaJIM30BaHHEIE, pac-
CMaTpHBasi UX KaK COCTOSIHHSI OCTOBOB, 3) YaCTHYHO JIOKAJH30-
BaHHBIC, C HCTOJB30BaHueM mnpubmmkennss GGA+U. Brusaue
CMUH-OPOUTAIBHOTO B3aUMOAEHCTBHS M KYJTOHOBCKOTO OTTAJIKH-
Banusa U B pamkax Meroga GGA+U na nosepxHocTh Depmu,
OpOHTANBHYIO 3aBUCUMOCTh LIUKJIOTPOHHBIX MAcCC M 3KCTpPEMallb-
HBIe cedeHust noBepxHocty depmu paccMoTpeHo B petaisix. [Toxa-
3aHo, 4To 00bryHOe GGA mnpubmmkeHHe HE OMUCHIBACT MOBEpPX-
Hocth ®Depmu CeAgSb, m3-3a HENPaBUIBHOTO SHEPIETHYECKOTO
nonoxxenust Ce 4f coctosiHUi (PAcION0KEHbI CIMUIIKOM OIH3KO K
suepruu @epmn). Ho, ¢ npyroi cTOpOHBI, MOIHOCTHIO JIOKATIH30-
BanHble 4f coctostuust 1 GGA+U npubimkeHne naeT ONU3KUN
pesynbrar mius mosepxHoctH @epmm um uacrorst dHVA B
CeAgSb,. Xopotiee coryiacue ¢ IKCIEePUMEHTAIbHBIMU TaHHBIMA
o XMCD cnekrpam Ha kpasx nornomenus Ce My 5 Ob110 HOIy-
YeHo ¢ ucnonb3oBaHueM npubmmwkenns GGA+U. Vccnenosana
npupoga XMCD criekTpoB B coetuHeHnH, 3G (KT ABIPKH 0CTOBA
B KOHEYHBIX COCTOSHMSAX C HCIOJIb30BAHUEM NPUOIMKEHHS CY-
nepstaeiku. 10T 3P deKT yrydnraeT corlacue My TeOpHeH
skcnepuMeHToM i1 XAS u XMCD cnekTpoB Ha Kpasx HOIJIo-
menus Ce My s.

Knrouessle cnoBa: moBepxHocTs DepMu, MarHUTHBIA LUPKYJIISP-
HBII TUXPOU3M, JIEKTPOHHAS CTPYKTYypa.
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