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Abstract: In this paper the electronic structure of AlB,-type USi, has been explored using DFT, DFT+U and hybrid functional (HSE)
methods. It reveals that c¢/a has great effect on the electronic structure, particularly the forbitals, and there exists strong hybridization
between the Si-p and U-d orbitals in AlB,-type USi,. These calculations uncover that there exists similarities on the crystal structure
and the electronic structure between AlB,-type USi, and U;Sis. Present calculations provide a further insight on the U;Sis, a
heavy-fermion system.
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1. Introduction The electronic interaction between Si and U

) element has been investigated during the past several
Recently, several advanced composite fuels, e.g.

UN/U;Sis, UN/UsSi,, UN/UB4, with enhanced

thermal conductivity and increased fuel density, have

decades. The U-Si binary intermetallic compounds
can be classified into 3 groups, heavy-fermion system,
. . . . magnetically ordered one and paramagnetic one [3].

been proposed with uranium nitride as a primary . . .
. o UsSis is a heavy-fermion system with u.4 =3.46 up/U
phase to be the candidates in light water reactor [1]. 5 . " .
and vy = 120 mJ/K°U-mol; USi is of ferromagnetic
order but with ca. 0.1 ug/U; U3Si, UsSi, and USi; are

all Pauli paramagnetic ones. Up to now, there is no

UN/U;Si5 has a similar thermal and fast flux neutron
spectrum to UO; [1, 2]. In particular, the thermal
conductivity of U;Sis at room temperature is ac. 60% . ) . .
. . definite conclusion on the magnetic properties on
lower than UO,; on heating, the thermal conductivity
of Us;Sis overtakes the value of UO, at 574 K and

continues to increase with temperature [2]. In addition,

AlB,-type USi,. Interestingly, U;Sis was considered
as a deficiency structure of AlB,-type USi, [4]. These
results suggest that the itinerant or localized property
of the 5f electrons depends on both the U-U and the
U-Si distances. Earlier valence band spectrum by XPS

there exists an unknown phase transformation around
723 K, which contradicts with the present U-Si binary
phase diagram. To better understand the physical L

. L . (X-ray photoemission spectroscopy) and BIS
properties of U;Sis, it is essential to understand the ]
(bremsstrahlung-isochromat = spectroscopy) [5] has
shown that UsSi,, USi, USi,, and USis, transform

from the direct f-f interaction to only f-/ig and

electronic interaction between Si and U element.
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interactions, suggesting f-band broadening with
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found an unknown ordered phase when the U film,
deposited on the Si(100) and Si(111), was annealed at
973 K. Recently, Chen et al. [4] performed the same
experiment again but annealed at 870 K. They
obtained an ordered hexagonal phase too, and then
confirmed the unknown phase to be U;Sis phase by
using STM (scanning tunneling microscopy), LEED
diffraction) and RHEED
(reflection high energy electron diffraction).

(lowenergy electron

Here, through first-principles calculations within
the framework of standard density functional theory
(DFT), DFT + U with Uy from 1 to 4 and hybrid
functional (HSE) [8, 9] by including the nonlocal
exchange-interaction effect in combination with
charge density topology analysis, we have calculated
the electronic structure of AlB,-type USi,. Our results
agree well with the previous experimental findings,
i.e., valence band structure by XPS. The paper is
organized as follows. The computational methods are
described in Section 2. Results and discussions of the
density functional calculations are provided in
Section 3. Lastly, concluding remarks are presented in

Section 4.

2. Computational Method

The VASP (Vienna ab initio Simulation Package)
[10-12] was PAW
(projector augmented wave) method [13, 14] within

employed by utilizing the

the framework of DFT (density functional theory) [15,
16]. The PBE (Perdew-Becke-Ernzerh) of
exchange-correlation functional implementation of the
GGA (generalized gradient approximation) was used.
The semicore 6s°6p°5 £6d'7s* of U and the valence

state 3s°3p” of Si were included in the PAW potentials.

Tests of the energy convergence with respect to the
k-point mesh size and energy cut-off led to the choice
of an energy cut-off of 500 eV and a gamma-centered
Monkhorst-Pack k-point mesh corresponding to a 15
15 x 15 mesh for AIB,-type crystal structures. Internal
energies were converged with respect to the energy

cut-off and k-point mesh to within 0.1 meV. For a

single-point calculation the tetrahedron method with
Bl6chl correction method [17] was employed.

It is well-known that U often exhibits the localized
f-electronic states, hence the hybrid functional [8, 9]
was introduced to calculate the total energies and
electronic structure. The HSE employs an admixture
of Hartree-Fock-like nonlocal exchange interaction
and PBE exchange in the construction of the
many-body exchange (x) and correlation (c) functional
as follows,

ErcHSE:a EXHF’ S +( 1 -OC) EXPBE, sropy ExPBE, Ir, 1 + ECPBE (1)

where (sr) and (Ir) refer to the short- and long-range
parts of the respective exchange interactions, whereas
1 controls the range separation of the Coulomb kernel,
varying between 0.2 and 0.3 A, We used the
generally adopted value of = 0.2 A [18]. The HSE
functional is largely self-interaction free thus
improving over the standard DFT description. Present
calculations un-covers that the electronic structure of
Diamond-type Si can be described well within the
HSE framework. The valence band spectrum derived
within HSE framework with o = 0.25 reproduces
experimental findings [4, 19], as shown in Fig. 1. In
addition, the band gap of Si derived within DFT is
0.67 eV, while that obtained within HSE with a = 0.25
equals 1.2 eV, which agrees well with the
experimental value 1.1 eV.

For AlB,-type USi, binary intermetallic compounds,
the calculations within the HSE06 framework with
different mixture parameter were performed using a 9
x 9 x 9 k-mesh sampling. For comparison, we also
introduced the DFT+U method with J = 0.51 and the

Hubbard parameter U, ranging from 1 to 4.
3. Results and Discussions
3.1 The Structure of AIBy-type USi,

The optimized lattice parameters of AlB,-type USi,
and U;Sis are presented in Table 1. For USi, with c¢/a
< 1.0, it can be seen that the standard DFT can give
a good description of USi2, with the error within 1%,
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Fig. 1 (color online) The valence band spectrum of Si: theoretical calcu-lations within DFT and HSE framework and
experimental findings. The red squares is from Ref. [19] and black circles is from Ref. [4].

Table 1 The optimized structural parameters (lattice constant in A and ¢/z) and magnetic properties for AIB, -type USi,

and Diamond-type Si, as well as availableexperimental results.

Space group  a c c/a mag/up/U Method
USi, P6/mmm 4.0053 3.7839 0.945 - DFT
USi, P6/mmm 4.0387 3.8583 0.9553 1.917 DFT + Ul
USi, P6/mmm 4.0156 4.1226 1.027 2.391 DFT + U2
USi, P6/mmm 4.0490 4.2196 1.042 2.699 DFT + U3
USi, P6/mmm 4.0728 4.2631 1.047 2.839 DFT + U4
USi, P6/mmm 4.0384 3.7835 0.937 - PWO1 [21]
USi, P6/mmm 4.028 3.852 0.956 - Expt [22]
Us;Sis P6/mmm 3.843 4.096 1.059 3.46 Expt [22]
USi, P6/mmm 4.020 3.827 0.952 2.190 a=0.1
USi, P6/mmm 3.978 4.090 1.028 2.540 a=0.25
USi, P6/mmm 3.999 4.239 1.060 3.34 a=04
USi, P6/mmm 3.975 4.020 1.011 2.023 a=0.6
Diamond-Si Fd-3m 5.4349 - - - a=0.25
Diamond-Si Fd-3m 5.4686 - - - DFT
Diamond-Si Fd-3m 5.4309 - - - Expt [23]

compared with experimental results. The lattice
parameter derived within DFT+U with U,y =1 and the
HSE framework with o= 0.1 can give more accurate
description. For USi, with c¢/a > 1.0, the lattice
parameters derived within DFT+U with Ugy =2 are

much larger with the error 4.5% and 0.6%,

respectively, as compared with the experimental
findings. Moreover, the larger the U, the larger
The lattice
parameter obtained within HSE with a= 0.25 give the
best description. that
standard DFT can find the USi, with c/a < 1.0; the

difference with experimental results.

These calculations reveal
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Hubbard parameter U has significant effect on the
lattice parameter; the hybrid functionals with proper
value of mixture parameter can find the USi, with
cla>1.0.

Fig. 2 shows the simulated XRD patters of powder
samples of AlB,-type USi, with ¢/a > 1.0 and c/a <
1.0, respectively. It shows that ¢/a has obvious effect
on the XRD patters. For example, in contrast to USi,
with c¢/a <1.0 (see Fig. 2a), the peak of (001) at ca. 22
degree shifts to a lower angle, while the peak of (100)
at ca. 25 degree shifts to a higher angle (see Fig. 2b).
Here, it should note that the peak positions are
determined by the crystal structure, while the peak
intensities are mainly dependent on the structure
factors. In this sense, these observations can be
rationalized. Since the interplanar spacing of (001) for
USi, with ¢/a > 1.0 (4.096 A) is higher than that of
USi, with ¢/a < 1.0 (3.852 A), thus the (001) peak is
lowered to lower angle. Conversely, the interplanar
spacing of (100) for USi, with ¢/a > 1.0 (3.328 A) is
lower than that of USi, with ¢/a < 1.0 (3.488 A),
therefore, the (001) peak is lifted to higher angle.

It also should note that the simulated XRD of
AlB,-type USi, with ¢/a > 1.0 is consistent with the
experimental findings of Us;Sis [2], suggesting that the
Si vacancy may have little effect on the XRD pattern.
These
similarities between the AlB,-type USi, with ¢/a > 1.0

observations uncover that there exist
and the U;Sis. Thereafter, the electronic structure of
AlB,-type USi, with ¢/a > 1.0 may provide further

insight on the heavy-fermion behavior of U;Sis.
3.2. The Electronic Structure of AIB>-type USi,

First of all, the electronic structure within both
standard DFT and HSE frameworks are calculated.
For comparison, the available experimental findings
are also plotted (see Fig. 3). The electronic structure
derived within HSE frameworks with a = 0.25 is in
agreement with valence band spectrum determined by
experiment [5, 7], suggesting that the
exchange-correlation in AIB,-type USi, is reliable.
This is also consistence with previous calculation
results of Si within HSE framework.

Then, the total DOS derived within DFT and HSE

100
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Fig. 2 The simulated XRD patter of powder sample. (a) AlB, -type USi, with ¢/a < 1.0 (b) AlIB, -type USi, with ¢/a> 1.0. The
lattice parameters are from experimental value, as shown in Table 1.
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Fig. 3 (color online) The valence band spectrum of USi,: Theoretical calculations within DFT, DFT+ U and HSE
frameworks and experimental findings. The black circles is from Ref. [5] while the red diamonds is from Ref. [7], derived

after annealed at 973 K. The vertical dashed line are provided to guide the eye.

are shown in Fig. 4. It shows that for AlB,-type USi,
with ¢/a > 1.0 the main peaks obtained within HSE
shift to lower energy level; particularly, the DOS at
fermi level (Er ) shrink to a peak just below the Eg
(see Fig. 4a), evidencing the strong electronic
correlation in this crystal system. For AlB,-type USi,
with ¢/a < 1.0, the main peaks at Er obtained within
standard DFT split into two peaks separated by Er and
the DOS at Er drastically decrease (see Fig. 4b). Fig. 5
shows the projection DOS of AlB,-type USi,. It shows
that the p and d orbitals have similar peak site,
suggesting the hybridization between these orbitals. It
also shows that c/a has a great effect on the electronic
structure, particularly the f orbitals. For AlB,-type
USi, with ¢/a > 1.0, the f orbitals just locate below the
Er (see Fig. 5a), while for AlB,-type USi, with c¢/a <
1.0, the f orbitals split into two main peaks below the
Er (see Fig. 5b). It should note that the DOS for
spin-up and spin-down are not symmetric, thus, the U
atom in these two crystal structures should exhibit
magnetic moments (ca. 2.5 up/U-atom), congruent with
experimental findings (3.2-3.5 ug/U-atom) [3, 20].

Further, the band structure of these two crystal
structures within HSE framework are presented, as
shown in Figs. 6 and 7, respectively. For these two
AlB,-type USi, crystal structures Si-3s and U-p
electrons share the same band at lower energy level,
while Si-3p and U-d electrons occupy the same band
at higher energy level, suggesting two hybridizations,
Si-3/U-p Si-3p/U-d
hybridization. The occupancy of f bands in AlB,-type

ie. hybridization  and
USi, are similar but with a little difference. For USi,
with ¢/a < 1.0, there is a near flat /' bands along K-I'-M
direction, while for USi, with ¢/a > 1.0, there is a
strong hybridization between the Si-p and U-d
electrons along K-I'-M direction. The band structure
of AlB,-type USi, with ¢/a > 1.0 derived by ARPES
[4] revealed three bands (marked by A, B and C,
respectively) along I'-M direction, but no f bands.
They explained this due to the high intensity of U-5f
states and strong hybridization of U-5f and U-6d
orbitals near the Ep. Since the experimental results
above are not spin-resolved, thus, it should be
explained by the combination of the calculation results
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of spin-up and spin-down. Here, these calculations and C bands belong to the hybridization of U-p/U-d
reveal that the A bands belongs to U-p, while the B and the hybridization of U-p/U-d/Si-p, respectively.
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Fig. 4 (color online) The electronic structure of AIB, -type USi, within DFT and HSE with a = 0.25. (a) USi, with ¢/a > 1.0 (b)
USi, with ¢/a < 1.0.
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Fig. 5 (color online) pDOS of AlB, -type USi, within HSE with a = 0.25 (a) c/a <1 (b) ¢/a > 1.
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Fig. 7 Band structure of AlB, -type USi, with ¢/a > 1.

=

4. Conclusions

In summary, we have investigated the electronic
structure of AlB,-type U-Si binary intermetallic
compounds using first-principles calculations. There
are two AlB,-type crystal structures with different c/a.
The electronic structure of AlB,-type USi, is similar

derived within HSE framework with a = 0.25.

with that of U;Sis. Hybrid functional can greatly
improve the description of exchange-correlation
functionals for these two structures. The strong
electronic correlation in AlB,-type USi, with ¢/a > 1.0
is evidenced by the shrinkage in the DOS by
comparison of DOS derived within DFT and HSE

frameworks. Present calculations provide a new
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insight on the heavy-fermion behavior of U;Sis.
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