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The electronic structures of the uranium ternaries of the U,N,Z-type (Z=Sb,Te,Bi), crystallizing in the
tetragonal /4/mmm structure and having among uranium systems relatively high values of both their ferro-
magnetic (FM) transition temperatures and ordered magnetic moments (mms), have been investigated ab initio.
They were calculated employing the local-spin density-functional theory with different versions of the orbital
polarization correction (OPC) applied within the fully relativistic and full potential local-orbital band-structure
code. The obtained results predict all these materials to be metallic both in the ferromagnetically ordered and
nonmagnetically ordered (NMO) states. However, the bottoms of their conduction bands in the NMO states
occur merely about 0.3 eV below the Fermi level, Eg, and a pronounced gap in U,N,Te or pseudogaps in the
two remaining compounds are opening just below these bands, which makes such a metallic state unstable. The
considerable reduction in these gap or pseudogaps in the FM states cause a stabilization of a metallic behavior.
A covalently metallic bonding character of these ternaries has been obtained in all calculations. It appeared that
the only uranium atoms create predominantly metallic bonding due to a fairly strong hybridization between the
U 5f and U 6d electrons. The U 5f electrons contributing also to the covalent bonding have somewhat dual
character, i.e., partly localized and itinerant. Contrary to the Sb- and Bi-based ternaries ordered along the ¢
axis, as deduced from previous neutron powder diffraction studies, U,N,Te has a canted FM structure with its
mms tilted from the ¢ axis by about 70°. This fact has also been revealed by the present theoretical results.
These data also point to the fact that the telluride, unlike the two other compounds, exhibits an almost
half-metallic behavior. For all three ternaries, using the OPXC version of OPC the computed mms are in accord
with the published experimental data. In turn, the Fermi surfaces of investigated ternaries have quasi-two-
dimensional properties and quite unique nesting features along directions of their easy magnetization axes.
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I. INTRODUCTION

Magnetic studies performed on a series of the U,N,Z-type
(Z=Sb, Te,Bi) compounds, reported many years ago by Tro¢
and Zotnierek'? demonstrated interesting and worth further
studies magnetic properties. All these compounds crystallize
in the same tetragonal structure of the U,N,Sb-type (space
group: [4/mmm, no. 139).3 The latter structure visualized in
Fig. 1 as SbN,U, becomes isostructural to the very common
one of ThCr,Si, type. In addition, these ternaries containing
the Sb and Bi atoms are isoelectronic since they have the
same kind and number of valence electrons: 5s°5p® and
6s26p3, respectively, whereas the Te atom has one 5p elec-
tron more (5s25p*) than Sb. The magnetic measurements
showed that all the considered here ternaries are ferromag-
netic (FM) with relatively high (among uranium systems)
Curie temperatures T (=166, 154, and 71 K for Sb, Bi, and
Te, respectively).!? For all of them, the neutron powder dif-
fraction studies* confirmed that the uranium atoms are ferro-
magnetically ordered but indicated some different magnetic
structures depending on the number of valence electrons. It
appears that for the Sb- and Bi-based ternaries the magnetic
moments (mms) are arranged along the elongated ¢ axis,
while for U,N,Te the mms are tilted from this axis by about
70°.5 Experimental values of the total ordered, g, (effec-
tive) mms in upg units are as follows: 2.50 (2.65) for
U,N,Te; 1.80 (1.78) for U,N,Sb, and 1.95 (1.85) for
U,N,Bi.1>*> It is worth noticing that the ordered and effec-
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tive moments in this group of compounds are almost equal to
each other due to the specific ground state (for explanation
see Ref. 2).

For a better demonstration of the above experimental re-
sults in the form that has been not published yet, Fig. 2
presents the dependence of T¢ vs . for the three com-
pounds that is monotonically decreasing. Among the systems
studied, U,N,Te has the highest values of both types of mms
although it exhibits the lowest T¢. The upper inset to this
figure illustrates values of u, depending on the shortest U-U
distance, dy;_y, in each compound, while the lower inset plots
the T vs dy.y curve, which interestingly decreases linearly.
In the tetragonal U,N,Z-type compounds, two different type
dy.y occur depending on Z. For Z=Te, this is the distance
between atoms within the same U layer, perpendicular to the
¢ axis, while for Z=Sb and Bi, dy_y separates atoms lying in
neighboring parallel U layers. It turns out that dy.y for Z
=Te is much larger than those for the two other ternaries (see
Table I and Fig. 2). All the three dy;_ values are well above
so-called Hill limit of 0.34 nm, which is a critical value for
the onset of magnetism in actinide systems.® As expected for
a simple scenario when one has to do mainly with an U
5f-6d hybridization, the larger dy_y the higher values of 1y,
which is well followed by these compounds (see upper inset
to Fig. 2). However, it is curious why with increasing dy_y
distances and simultaneously ., values, the Curie tempera-
tures exhibit so strong decreasing tendencies (plotted in Fig.
2) as in the case of, e.g., FM uranium monochalcogenides.7
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FIG. 1. (Color online) The crystal structure [4/mmm of the
U,N,Sb-type.

Furthermore, this type of compounds containing uranium
and nitrogen (e.g., see a number of papers on UN)? arises a
great interest in chemical bondings, because of a large dif-
ference in the atomic sizes, having also an influence on mag-
netism. Therefore, a prediction of their band structures seems
to be important for future experiments. Very recent papers
considering chemical aspects of the U-N bondings have

180 T+ 1T T T T T T T
UzNZSb -
® .
160 \ UZNZBI 2.4 B
o )
! 2 22
140 4 = 20 g -
UNBi
< 18 '{:N:Sb
= 120 036 037 038 039 040 _|
o 180fuN.so d,, (m)
= 0] A\, Ui
1004 o 140 |
~,120
" 00 UNT
e
80 80 22
60
036 037 038 039 040 ®
d,, (hm)
60 —

s —
1.8 19 2.0 21 22 23 24 25
e, (M)

FIG. 2. (Color online) The dependence of T¢ vs ordered p, for
U,N,Z-type compounds based on the results reported in Refs. 1, 2,
4, and 5. The upper inset shows the dependence of i, on the
shortest U-U distance, dyy.y, and the lower inset plots the T¢ vs dy.y
curve in these compounds.
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TABLE I. Experimental values of the lattice parameters a and ¢
(in nm) and free parameter z, used in the calculations, as well as the
shortest distances between uranium atoms, dy_g.

Compound a c Z dy.y
U,N,Sb 0.38937%  1.23371*  0.344% 0.360
U,N,Te 0.3967° 1.258° 0.3399°  0.3967
U,N,Bi 0.39292%  1.2548* 0.3442 0.365

“Reference 3.
PReference 2.
‘Reference 5.

demonstrated that they are covalentlike and only uranium
atoms create metalliclike bonding.”!® Unfortunately, no re-
sults of band-structure calculations for the U,N,Z-type com-
pounds have been published up to now.

To investigate chemical bonding and an origin of strong
magnetism occurring in these U,N,Z-type systems, in the
present paper their electronic and magnetic structures have
been calculated based on the density-functional theory
(DFT).!! The fully relativistic and full-potential local-orbital
(FPLO) minimum basis code'?> was applied within the local
(spin) density approximation [L(S)DA]. Moreover, having at
disposal experimental values of the total FM-ordered mo-
ments in these three compounds, determined directly from
the neutron-diffraction measurements,>*> this group of sys-
tems is an ideal candidate to investigate efficiency of differ-
ent versions of the orbital polarization correction (OPC)
(Ref. 13) that can be suitable to describe large values of the
total ordered mms in these compounds. The experimental
lattice parameters and atomic positions, previously obtained
in the powder x-ray and neutron diffraction experiments of
these ternaries,>>> were taken to compute band energies,
E,(k), densities of states (DOSs), Fermi surfaces (FSs), oc-
cupation numbers (N), and magnitudes of the ordered mms.
In order to evaluate the magnetocrystalline anisotropy ener-
gies (MAE), the values of the total energy of a given com-
pound were determined assuming the different crystallo-
graphic orientations of its ordered mms.

II. COMPUTATIONAL DETAILS

The band structures of the U,N,Z-type ternaries have
been computed by the fully relativistic versions of the FPLO
method.'? In this modern method the four-component Kohn-
Sham-Dirac equation, containing implicitly spin-orbit cou-
pling (SOC) up to all orders, is solved self-consistently. The
Perdew-Wang parametrization'* of the exchange-correlation
potential is used in LSDA with and without different ver-
sions of OPC such as OPB, OPXC, and OPX (Ref. 13) ap-
plied to the U 5f electrons. The OPB correction is a modifi-
cation of so-called Brooks’ OPC (analogous to the spin
polarization) in which the term —1/221;+l; (I; is an angular
momentum for ith electron in the f* configuration) occurring
in the energy of the ground state of an atom as a function of
occupation number is replaced with —1/2(Zil})(2l) and, as
a consequence, a term AE,=—1/2E>L? is obtained where L is
the total angular momentum and E® is constant so-called Ra-

045121-2



ELECTRONIC STRUCTURE AND FERMI SURFACE OF...

cah parameter. In turn, the OPXC correction to the total en-
ergy contains only orbital polarization energy connected with
correlation contribution AESS=ESE, while the OPX correc-
tion to the total energy consists of only the Hartree-Fock
contribution and double counting correction of full-potential
LSDA, i.e., AES,=ESE-EGPA,

In the calculations the x-ray experimental values of the
lattice parameters taken from Refs. 2 and 3 and experimental
values of the free parameter z (Refs. 3 and 5) are given in
Table 1. In addition, the shortest distances between uranium
atoms, dyy.y, are collected in this table. The unit cell (u.c.) of
each studied system contains one formula unit (f.u.) and
the following nonequivalent atomic positions U: (0,0,z);
N: (1/2,0,1/4); and Z: (0,0,0). The adopted valence basis sets
were as follows: in the compounds with Bi and Sb the U
states: Sp5dSf; 6s6p6d; 7s7p while in U,N,Te the U 5p5d
electrons were treated as core states; the Sb and Te states:
4d; 5s5p and the Bi: 5d; 6s6p, and N: 2s52p; 3d states. The
size of the k-point mesh in the Brillouin zone (BZ) of
12X 12X 12 turned out to be sufficient.

For both the nonmagnetically ordered (NMO) and FM
states, the total energy values, band energies, E,(k), occupa-
tion numbers, total and partial DOSs for each atomic site and
for different electron orbitals, as well as values of the or-
dered mms have been calculated within the LDA and spin-
and orbital polarized LSDA and LSDA (+OPB, OPXC,
OPX) approaches. Finally, to evaluate the magnitude of
MAE the values of the total energy of a given compound
were computed for the following orientations of mms: [100],
[001], [111], [101], and [110] in the tetragonal u.c.

III. RESULTS AND DISCUSSION

The calculated band energies, E,(k), of the U,N,Z-type
systems in both the NMO and FM states within the LDA and
LSDA or LSDA+OPXC approach for the mms collinear
with the ¢ axis (U,N,Sb) or tilted from this axis by 70° (for
U,N,Te) are displayed in Figs. 3 and 4. Since the character
of all bands in the isoelectronic U,N,Sb and U,N,Bi systems
has been found to be almost identical (in the scale of these
figures) in both NMO and FM states, only the case of
U,N,Sb is displayed. A visual presentation of the results with
applying OPC is limited to that for its OPXC version yield-
ing the best agreement of the calculated values of the ordered
mms with the experimental ones, which will be shown later
on (see Table III).

It is apparent from Figs. 3 and 4 that the energy bands,
being predominantly of a 5f-electron character in all the
three compounds, are crossing the Fermi levels, Eg, both in
their NMO and FM states and, hence, the systems are basi-
cally metallic. However, in the NMO phases of all the three
considered ternaries the bottoms of the conduction bands are
situated merely about 0.30 eV (for U,N,Te) and 0.25 eV (for
the two other compounds) below Eg (see also DOSs in Figs.
5 and 6). As is clearly seen in Fig. 3, U,N,Te has quite a
large energy gap (being as wide as at least 1 eV) opening
below the conduction bands. In the case of two remaining
compounds there are only pronounced pseudogaps in this
energy region. Hence, such a metallic state as described
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FIG. 3. (Color online) Computed band energies, E,(k), in the
NMO state (LDA) for: (a) U,N,Te and (b) U,N,Sb compounds.
The pronounced gap in the panel (a) and pseudogap in the panel (b)
opening at the vicinity of Ep are marked by gray (blue) area.

above can be unstable being highly sensitive to even small
changes in values of the crystal lattice parameters, deviation
from stoichiometry or contamination by impurities. Such
changes may drive the considered here compounds, but par-
ticularly U,N,Te, toward a semiconducting behavior. Thus,
contrary to metallic UN, one cannot preclude that in reality
all of these ternaries are semiconductors. Furthermore, as
demonstrated in Fig. 4 (see also Figs. 7 and 8) in the FM
states of U,N,Te the bottoms of the conduction bands are
shifted to about —0.5 and —1 eV in the cases of using the
LSDA and LSDA+OPXC functionals, respectively. This is
connected with a large reduction in the associated gap below
Er that transforms to a pseudogap in the case of the LSDA
+OPXC data. The results based on the same approaches for
the two remaining compounds, yield the magnitudes of the
pseudogaps below Ep being somewhat minimized due to
shifts of the bottoms of the conduction bands down to about
—0.4 and -0.75 eV, respectively. As a consequence, the me-
tallic behavior of all considered here systems in the FM
states should be more stable.

The total and partial DOSs of the U,N,Z-type ternaries
are presented in Figs. 5-8. In Fig. 5 the results of the NMO
calculations are displayed in the whole energy region of va-
lence bands ranging down to 19 eV below Egr. The positions
and contributions of these dispersive bands remain practi-
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FIG. 4. (Color online) Bands as in Fig. 2 but in the FM states calculated within the: (a,b) LSDA and (c,d) LSDA+OPXC approaches for:

(a,c) UpN,Te and (b,d) U,N,Sb.

cally unchanged (at least below —1.5 eV) compared to that
in the corresponding FM states. In all these three com-
pounds, the deepest valence bands located in the range of
16.5-19 eV below Eg are dominated by the contributions of
the U 6p electrons slightly hybridized with the N 2s elec-
trons and by this creating a covalent bonding between the U
and N atoms. The succeeding bands occurring in energy
ranges from 14.5 to 11.2 and 14.5 to 11.7 eV below Eg in
U,N,Te and the U,N,(Sb,Bi) ternaries, respectively, origi-
nate mainly from the U 6p orbitals being strongly hybridized
with the N 2s ones. In the case of the telluride, these states
are additionally mixed with the Te 5s electrons and they
together form a covalent bonding between all kinds of con-
stituent atoms, while in the U,N,Sb and U,N,Bi systems
their Sb 5s and Bi 6s electrons create bands in the energy
regions of 8.7-9.8 and 10.2-11 eV below Ep, respectively.
The bottoms of the succeeding valence bands occur at 6 and
5.8 eV below Ej. for the U,N,Te and (Sb, Bi)-based systems,
respectively. It is well seen in Fig. 5 that these valence bands
originate from the U 6d electrons being quite strongly hy-
bridized with the U 5f electrons and they together with the N
2p and Te 5p or Sb 5p (Bi 6p) electrons create a covalentlike
bonding between all three kinds of constituent atoms in a
given system. These valence bands in U,N,Te within the
LDA and LSDA approach (see Figs. 5-7) are more separated

from the conduction bands by the energy gap of at least 1 eV
wide. In comparison, in the two other systems as already
mentioned, solely pseudogaps exist which only slightly sepa-
rate these valence bands from the conduction ones.

Interestingly, as indicated in Figs. 5-8, the conduction
bands at Ep consist of both the U 5f and, in a small degree,
the U 6d electrons. It causes that the only uranium atoms
form predominantly metallic bonding due to the above elec-
trons. Moreover, these states together with the U 6p, N 2sp,
and Z (5-6)sp electrons create covalent bonding between
the U, N, and Z atoms. Such a mixed character of bonding
has been obtained in calculations for all three compounds in
both their NMO and FM states. This scenario is analogous to
that observed for UN (Refs. 9 and 10) where also the U
atoms themselves (due to their 5f and 6d electron hybridiza-
tion) form metallic bonding, while there is covalent bonding
between the U and N atoms.

The NMO (LDA) results for the U,N,(Sb,Bi) systems are
analogous to one another. So only the case of the antimonide
is illustrated in Fig. 6. Furthermore, for all three considered
ternaries the Fermi level cuts the highest top of the U 5f
peaks in DOSs and, hence, the NMO state becomes unstable.
Moreover, for U,N,Te in the energy range of 0.4-0.48 eV
above Ep, an additional gap is opening due to SOC, while in
the two remaining compounds there are again pseudogaps at
about 0.53 eV above Eg.
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In Fig. 7 where the DOSs of FM states obtained owing to
the LSDA approach are plotted, it is clearly visible that in the
considered systems, apart from the spreading their conduc-

tion bands down Eg, the majority (up) spins of the U 5f and
6d electrons are dominating in the energy region up to Ep
and there are quite small intensity peaks of DOSs at Eg. For
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FIG. 6. (Color online) The same as in Fig. 5 but in the expanded
energy scale and without the case of U,N,Bi which is very similar
(in this scale) to that of U,N,Sb.
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FIG. 7. (Color online) Calculated total and partial DOSs in the
FM (LSDA) states for: (a) U,N,Te and (b) U,N,Sb, where spin-up
and -down channels are shown separately. The case of U,N,Bi,
being similar to that of U,N,Sb, is not shown here.
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FIG. 8. (Color online) The same as in Fig. 7 but here the FM
states are obtained employing the LSDA+OPXC approach.

the U,N,(Sb,Bi) systems (shown only for the antimonide),
the highest narrow DOS peaks coming from the U 5f spin-up
electrons are centered at about 0.17 eV below Eg. This fact
can be an evidence of forming some localization state origi-
nating from the U 5f electrons. It is the most likely con-
nected with their dual behavior, i.e., partly localized and
partly itinerant. It should be mentioned that U,N,Te also
calculated in the collinear FM (LSDA) state (not shown
here) has some narrow peak composed of the U 5f spin-up
electrons but laying deeper in energy, i.e., about 0.25 eV
below Ep. Interestingly, this peak has as high intensity as that
in the two other compounds, while for the ground state of
U,N,Te with canted FM structure, as presented in Fig. 7(a),
the analogous peak as described above has a much smaller
intensity.

The most interesting results are those attributed to the FM
states in the U,N,Z-type compounds obtained by an applica-
tion of the LSDA+OPXC approach, which are displayed in
Fig. 8.

As seen in the figure, the bottoms of the conduction bands
in the U,N,Te system are shifted down to —1 eV and the
gap below them is transforming to a pseudogap. Again the
majority spins of the U 5f and 6d electrons in the conduction
bands are dominating in the energy region up to E, but just
at Eg. itself, there are pseudogaps both in spin-up and -down
channels.

As Fig. 8(a) indicates, the electron spin-down contribu-
tion in U,N,Te is close to zero and, hence, this compound
has almost a half-metallic behavior. Contrastingly, this is not
the case for the two other compounds (both having very
similar densities in the scale of Fig. 8) that exhibit nearly
equal intensities of spin-up and -down peaks of DOSs at Eg
though the spin-up channels are also dominating below E as
in the telluride. Interestingly, in all three compounds studied
pronounced pseudogaps open in the region of the conduction
bands at about 0.28 eV below Ey separating peaks of DOSs
coming from the U 5f spin-up of strongly localized electrons
from the contributions of more itinerant U 5f electrons. The
peak below Eg in U,N,Te has a lower intensity by a factor of
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TABLE II. The calculated electron occupation numbers per
atom in the U,N,Z-type compounds (Z=Sb, Te,Bi), N, compared
to that for the free atoms, N, with accuracy to 0.1.

Electron orbitals Na Neate
U sf 3 3.0
U 6d 1 2.0
U 7s 2 0.4
Up 0 0.2
N 2s 2 1.6
N 2p 3 3.6
Te 55 (or Bi 65) 2 1.9
Sb 5s 2 1.8
Sb 5p (or Bi 6p) 3 3.5
Te 5p 4 4.5

two compared to the other systems considered here.

The electron populations in the U,N,Z-type systems (Z
=Sb, Te,Bi) calculated in NMO state, N,;., compared to the
corresponding numbers for free atoms, N, are both given in
Table II. As seen from the table, the occupation numbers of
electrons in U and N atoms are the same in all three studied
compounds. This table indicates that N_;.=N,=3 for the U
5f states, which points out that they rather weakly hybridize
with other states. In turn, the occupation number for the U 6d
states is doubled with respect to N,,. For the U 7s states N,
is considerably reduced compared to N, while the U 7p
states occur with small values. Also for N, Te, Sb, and Bi

FIG. 9. (Color online) Calculated FS sheets for: (a) U,N,Te and
(b) U,N,Sb in their NMO (LDA) states, existing in two Kramers
double degenerated bands (see their numbers below the sheets),
drawn separately in the tetragonal BZ boundaries with marked (in
red color) high-symmetry points in the BZ. The dark (blue) and
light (yellow) colors visualize the inside (electrons) and outside
(holes) of FS, respectively.
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U,N,Bi

FIG. 10. (Color online) Calculated FS sheets for: (a) U,N,Te, (b) U,N,Sb, and (c) U,N,Bi in their FM (LSDA) ground states. The FS
sheets exist in: (a) two and (b,c) three nondegenerated bands, drawn in the same convention as that in Fig. 9.

atoms their s electrons have lower and p electrons—Ilarger
Neqe than N, This leads to a large charge transfer of 2.6
electrons from uranium atoms to the N (1.8) and Z (0.75)
ligands per f.u. All kinds of spin and orbital polarized calcu-
lations in these compounds yield almost identical results to
those collected in Table II, except an unexpected LSDA
+OPXC result for the U 5f electrons in U,N,Te having
Neae=3.2.

The Fermi surfaces of the NMO states of the U,N,Te and
U,N,Sb systems are displayed in Fig. 9.

The FS of the U,N,Bi compound being identical (in the
scale of the figure) with that of the isoelectronic U,N,Sb
compound is omitted here. As presented in Fig. 9, the LDA
FS sheets for each of the investigated compounds exist in
two Kramers double degenerated bands, denoted in the figure
by their numbers: (53,55) and (85,87) for U,N,Te and the
two other systems, respectively. In all three compounds,
there are holelike and electronlike typically metallic large FS
sheets in the first and second bands, respectively, the former
having quasi-two-dimensional character along the ¢ axis.
Since only the uranium electrons contribute to FSs, one ex-
pects somewhat weaker interaction between the U atoms
along this axis.

The FS sheets of U,N,Te in the FM state obtained in the
LSDA approach, displayed in Fig. 10(a), exist also in two but

nondegenerated bands (54, 55). Both the holelike and elec-
tronlike sheets in the first and second bands are somewhat
modified compared to that in its NMO state.

The FS sheets of the isoelectronic U,N,(Sb,Bi) in their
FM LSDA states, presented in Figs. 10(b) and 10(c), respec-
tively, originate from three nondegenerated bands, num-
bered: (85, 86, and 87) for each compound. The holelike and
electronlike FS sheets existing in the first and second bands,
respectively, are very similar in both compounds, differing
mainly in their sizes, while the small electronlike FS sheets
in the third bands for a given compound have quite different
topologies.

The most interesting cases are FSs of all three systems
determined employing the LSDA +OPXC approach, visual-
ized in Fig. 11. For each compound, there is the same num-
ber of FS sheets originating from the same bands as in the
corresponding LSDA case. However, in U,N,Te these sheets
are much reduced in their sizes being almost semimetallic-
like. As seen in Fig. 12(a), the FS sheet in the first of con-
duction bands has distinct nesting properties'> along the di-
rection of the easy magnetization axis, i.e., here tilted from
the ¢ axis by 70°, with possible nesting vector marked in this
figure. In the U,N,(Sb,Bi) systems, the sheets in the first
conduction bands are nearly identical to each other and both
show almost a two-dimensional character with nesting fea-
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FIG. 11. (Color online) Same as in Fig. 10 but for the FM states based on the LSDA+OPXC approach.

tures along the [110] direction [see Fig. 12(c)]. This quasi-
two-dimensionality of FS with nesting feature gives a possi-
bility of arising some additional charge and/or spin density
waves (CDW/SDW) as well as other exotic phenomena un-
der some special conditions (e.g., pressure). Moreover, in all

1 (54) (FM,LSDA+OPXC) 1 (85) U,N,Bi (c)

(@) U,N,Te

FIG. 12. (Color online) Same as in Fig. 11 but for chosen FS
sheets with marked (in red) possible nesting vectors.

the compounds studied here the FS sheets in the second or
third conduction bands have nesting properties along the
easy magnetization ¢ axis, which is clearly seen in Figs.
12(b), 12(d), and 12(e).

In all three compounds in the FM states with the magnetic
moments arranged along the ¢ axis have always lower energy
than that in the NMO states by about 5 and 30 mHartree for
the LSDA and LSDA +OPXC approaches, respectively. For
U,N,Sb and U,N,Bi the ¢ axis is confirmed to be an easy
magnetization axis, however, the MAE between the ¢ axis
([001]) and the other main directions: [100], [110], [101],
and [111] within the LSDA approach is rather small not ex-
ceeding 0.5 mHartree. It is worth noticing that the LSDA
calculations also indicate that for U,N,Te the canted FM
structure has lower energy (by about 0.5 mHartree) than that
collinear one as well as that along the above mentioned main
directions, which is in agreement with neutron experiments.
The LSDA MAE between the tilted direction and the others
is, however, small except for the case of the [101] and [110]
directions for which it ranges about 20 mHartree and for this
directions the NMO state has even lower energy. For
U,N,Te the LSDA+OPXC results also show that the canted
structure is more energetically preferable (by 12 mHartree)
than that with the collinear arrangement along the ¢ axis but
for the [100] direction the total energy appears to be slightly
lower (by about 1 mHartree).
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TABLE III. Values of spin (u,), orbital (u;), and total (w,,) FM mms aligned along the ¢ axis, for
U,N,(Sb,Bi), and tilted from this axis by 70° for U,N,Te, obtained by employing various approximations of

exchange-correlation functionals.

FM-ordered moments per one uranium atom (in ug)

Compound Functionals ™ W Mot experimental |, |*¢

LSDA 1.75 =2.15 -0.40
LSDA +OPXC 1.75 -4.66 -2.91
LSDA+OPX 1.78 -3.87 -2.09

U,N,Te LSDA+OPB 1.78 -3.53 -1.75 2.50
LSDA 1.29 -1.55 -0.26
LSDA +OPXC 1.23 -3.38 -2.15
LSDA+0PX 1.35 -2.58 -1.23

U,N,Sb LSDA+OPB 1.34 -2.40 -1.06 1.80
LSDA 1.35 -1.62 -0.27
LSDA +OPXC 1.24 -3.51 -2.27
LSDA+OPX 1.40 -2.64 -1.24

U,N,Bi LSDA+OPB 1.39 -2.46 -1.07 1.95

4Reference 1.
PReference 2.
‘Reference 4.
dReference 5.

The values of uranium mms calculated for directions
along the easy magnetization axes using various approxima-
tions of the exchange-correlation potential are collected in
Table III and, for better illustration, they are plotted in Fig.
13. It is apparent from these table and figure that the LSDA
approach gives decidedly too small values of the total mms
|l (lower than 0.5up) compared the experimental values

35 . T T T
. U,N,Sb UNBi U,N,Te
- @] LSDA+OPXC
25 *| experimental 4
] L2
“~ ] [®] 0| Lspa+opx
&, 209 *
— ] * | LsDA+OPB
= 15 .
i O O
1.0 4 * * h
0.3 A LsbA ]
] A YA 1
0.0 , |
0.360 0.365  0.397
dlHJ (nm)

FIG. 13. (Color online) Values of total (u,,) FM mms taken
from Table III for the U,N,Z-type compounds, calculated by em-
ploying various approximations of exchange-correlation functionals
and experimental ones. On the bottom of the diagram, only values
of the shortest U-U distances, dy_y, are given while real proportions
between them are drawn on a realistic scale in the insets to Fig. 2.

(of around 2ug). It turns out that the LSDA+OPXC func-
tional yields the best agreement of || with the experimen-
tal values for all the three investigated compounds. The the-
oretical OPXC (and experimental) values of || in up are
as follows: 2.91 (2.50) for U,N,Te; 2.15 (1.80) for U,N,Sb,
and 2.27 (1.95) for U,N,Bi.l:>*3 It should be emphasized
that the LSDA+OPXC approach is completely ab initio
since it does not require any external fitting parameters, as
e.g., U and J in the commonly used LSDA+U nonab initio
approaches, and it can be employed as an alternative to the
LSDA+U method in evaluation of expected large values
(around 2 ug and more) of the ordered mms in other uranium
compounds.

IV. CONCLUSIONS

Electronic and magnetic structures of the U,N,Z-type (Z
=Sb, Te,Bi) systems adopting the same tetragonal I4/mmm
crystal structure have been calculated employing the FPLO
code. A mixed character of atomic bonding having a co-
valently metallic character in all of the investigated com-
pounds has been predicted by the computations. Only the U
5f and 6d electrons create a metallic bonding in these terna-
ries but in some part they also contribute to covalentlike
bonding. The U 5f electrons seem to posses a dual character
(simultaneously partly localized and partly itinerant) in all
the three systems studied. U,N,Te exhibiting a canted FM
structure, confirmed by the calculations, has almost half-
metallic properties. However, one of the most interesting fea-
ture for all considered here ternaries is their band structure
with gaps or pseudogaps close to Er in the NMO states,
which are considerably reduced in their FM states causing
that a metallic state becomes more stable. Also the fact that
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the U 5f sharp peaks occur at or near Eg is worth underlining
here. Successfully, the OPXC version of the ab initio orbital
polarization correction yields a fairly good agreement in
mms values of the FM states with the reported experimental
results and can be recommended for other uranium com-
pounds with relatively large values of the ordered magnetic
moments on U atoms. Moreover, the Fermi surfaces of these
ternaries exhibit distinct nesting properties along their easy
magnetization axes and quasi-two-dimensional features
along the c¢ axis. Finally, in all these three compounds de-
scribed here the evaluated magnitudes of the differential
magnetocrystalline anisotropy energies are rather small. On

PHYSICAL REVIEW B 80, 045121 (2009)

the basis of the presented results, one expects in the future
interesting bulk physical measurements for these ternaries
performed on the suitable bulk or single-crystalline samples,
prepared owing to a modern technological preparation espe-
cially under pressure.
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