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In the heavy-fermion materials, the characteristic energy scales of many exotic strongly correlated phenomena
(Kondo effect, magnetic order, superconductivity, etc.) are at millielectron-volt order, implying that the heavy-
fermion materials are surface sensitive. Here, we investigate the electronic structures for Si- and Ce-terminated
surfaces of CeRh,Si, by first-principles methods. Our research reveals three notable impacts of surface effects on
electronic structures, which are consistent with recent angle-resolved photoemission spectroscopy experiments.
First, the relaxation of surface crystal structures changes the relative position of Fermi level, adjusts the
dispersion of bands, and enhances the Kondo resonance. Second, the decrease of the hybridization between
the Ce-4f and conduction electrons in the surface layer leads to a weaker Kondo resonance peak and the shift
of spin-orbit bands. Third, the variation of crystal electric field around surface Ce atoms affects the splitting of
Kondo resonance peaks, and also pushes down the lower Hubbard bands of surface 4 f electrons. Moreover, we
find the characteristic of bulk’s lower Hubbard bands, which was overlooked in previous works. Our investigation
suggests that these surface effects are potentially important and highlighted in the future researches on properties
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of strongly correlated materials.
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I. INTRODUCTION

Cerium-based compounds have many exotic and interest-
ing properties, such as heavy-fermion behavior, superconduc-
tivity, magnetic order, which are believed to be originated
from the strongly correlated 4 f electrons and its hybridization
with the conduction electrons [I-7]. Among these com-
pounds, CeRh;Si, has been extensively studied for its strong
crystal electric field and anisotropic crystal structure [8—15].
The de Haas—van Alphen and neutron scattering techniques
have been used to reveal the hybridization of f electrons
with conduction electrons (¢ electrons) [8,16,17]. More im-
portantly, the layered structure of CeRh,Si, single crystal
can be technically cleaved with different terminated atoms,
and it makes CeRh,Si, one of the excellent candidates for
investigation of surface properties [18-21]. With the re-
cent progress of angle-resolved photoemission spectroscopy
(ARPES) technique, which is believed as a surface-sensitive
approach [22-25], the high-quality experimental results of
electronic structures from Si- and Ce-terminated CeRh,Si,
surfaces were reported [11,26]. In these experimental results,
the strength of Kondo resonance peak, Kondo temperature,
and other fine structures around Fermi level show notable
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differences between the samples with Si- and Ce-terminated
surfaces, which indicates the hybridization strength and
crystal electric field are affected by the different surface en-
vironments. These experimental phenomena have shown that
the environment of surfaces can be of great difference and
the surface has significant impact on the electronic structures.
However, no comprehensive interpretation has been given for
the physical mechanism about how the surface affects elec-
tronic structures of CeRh,Si, from the experimental side.

On the theoretical side, many studies focused on the
bulk properties and have been done by model Hamilto-
nian approaches and first-principles simulations [12-14,27].
The equilibrium volume, c/a ratio, and bulk modulus
of CeRh,Si, are obtained from density functional theory
(DFT) calculations [27]. The crystal electric field effect
and Kondo resonance of bulk 4f electrons are studied by
density functional theroy plus dynamical mean-field theory
(DFT+DMFT) [12,13]. All these theoretical works have de-
scribed some phenomena of CeRh,Si, properly, such as the
anisotropic hybridization interaction, splitting of Kondo peak,
and mixed valence Ce atomic configuration. However, most
of these works concentrate on the bulk of CeRh,Si,, and the
theoretical investigations focusing on its surface influence are
rare. A recent work simulated the surface electronic structures
of CeRh,Si, with DFT [26], and the results show the proper
spd dispersion compared with recent ARPES experiments
[11,26]. However, the important strongly correlated electron

©2021 American Physical Society


https://orcid.org/0000-0002-4003-5684
https://orcid.org/0000-0003-4398-8701
https://orcid.org/0000-0002-2755-2548
https://orcid.org/0000-0001-6215-0125
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.165140&domain=pdf&date_stamp=2021-04-28
https://doi.org/10.1103/PhysRevB.103.165140
SH-USER1
Text Box
HPSTAR
1158-2021


YUE-CHAO WANG et al.

PHYSICAL REVIEW B 103, 165140 (2021)

features are lacking in DFT, which makes it unable to investi-
gate the influence of surface on these features that have been
observed in ARPES experiments [11,26]. Therefore, further
theoretical investigations with a proper treatment of strongly
correlated effect to reveal the role of surface in CeRh,Si, are
necessary.

In this work, we perform a investigation on the surface
effect of CeRh,Si, with first-principles simulations, in which
the strongly correlated effect and surface structure is explic-
itly considered by DMFT approach and slab models. Three
aspects of the electronic properties of CeRh,Si, with dif-
ferent terminated surfaces are studied systematically. First,
we focus on the surface crystal structure relaxation. The
DFT+DMEFT simulations of band structures are performed
on relaxed surface crystal structures of Si- and Ce-terminated
surfaces. Compared to the unrelaxed crystal structures, the
relaxed crystal structures give band structures (relative posi-
tion of Fermi level and bands’ shape) similar to ARPES. We
show that this is caused by the different distribution of the
electron density due to relaxation. Second, we investigate the
effect of hybridization on the surface, and we reveal the dif-
ference between surface and bulk electronic properties in Si-
and Ce-terminated surfaces, respectively, for the decreasing of
c-f hybridization strength on the surface. Third, we take the
crystal electric field effect into consideration and reproduce
the electronic structures from ARPES results successfully, and
find the surface electronic information can cover the main
feature from experiment, which implies surface states matter
in the first-principles simulations of CeRh,Si,.

The paper is organized as follows. In Sec. II, we introduce
the methods and parameters used in this paper. In Sec. III,
the results of Si- and Ce-terminated slab models are exhib-
ited, and the analysis on the surface effect on the electronic
properties of CeRh,Si, is performed. Section IV closes the
the paper by a summary of the main findings of this work and
some general remarks.

II. METHOD

For crystal structure relaxation, the DFT 4+ U method is
exploited for both Si- and Ce-terminated cases as a relax-
ation of slabs on DFT4+DMFT is expensive [28-30], and the
validity of this treatment is discussed in our Supplemental
Material [31]. The exchange-correlation functional used in
the this work is the conventional Perdew-Burke-Ernzerhof
(PBE) functional [32]. We consider the spin-orbit coupling
during our simulation, while long-range magnetic orders are
not considered in the simulations. The DFT + U simulation is
performed in the Vienna ab initio simulation package (VASP)
code with the projector augmented wave (PAW) method [33].
The f electrons are treated as valence electrons in PAW pseu-
dopotential, and a plane-wave energy cut of 350 eV is used.
For the simulation of slabs, the £ mesh is set to 25 x 25 x 1,
and the Gaussian smearing is used to avoid sample error
along the k, direction. We have also tested the density of
states (DOS) results on a 31 x 31 x 1 k£ mesh, and no obvi-
ous difference is found from 25 x 25 x 1 ones. The onsite
interaction parameters, Hubbard U and Hunds exchange J,
used for DFT + U are U = 6.0 eV andJ = 0.7 eV whichis a
conventional choice [12,13,27]. As shown in Fig. 1, CeRh,Si,
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FIG. 1. The crystal structure of CeRh,Si,. The left panel shows
the cases of bulk (a), Si-terminated slab (b), and Ce-terminated slab
(c). The exposed surface in both slab models is (100) direction. We
point out the surface Ce and bulk Ce referred in our work with labels
Ce®™ and Ce™® in both slabs. The right panel (d) is the first Brillouin
zone of the bulk (blue) and surface (red).

crystal takes a body-centered tetragonal ThCr,Si,-type struc-
ture belonging to the Dy;, point group (space group /4/mmm
No. 139). The lattice parameters of CeRh,Si, bulk are fixed as
experimental results [34]. The slab models used in this work
for Si- and Ce-terminated (100) surfaces are also displayed
in Fig. 1. The vacuum added on the slab is 15 A, and the
convergency is tested by the DOS calculation with a 20-A
vacuum. During the relaxation, the central layer Ce, and the
Si-Rh layers beside it are fixed at the bulk position to simulate
the bulk, and the lattice parameters inside the surface are kept
as the experiment ones [34]. The first Brillouin zone of the
bulk and surface and the high-symmetric points used in this
work are shown in Fig. 1(d). As shown in Figs. 1(a)-1(c), the
Ce atoms in the surface and bulk are marked by Ce® and
Ce®, respectively. If not specified, all the simulations in this
work are performed with relaxed structures.

The electronic structure simulations in isotropic environ-
ment (including band structures and density of states) are
done with a charge fully self-consistent DFT4+DMFT cal-
culation [35-37]. The DMFT part is solved by the EDMFT
software package, and DFT part is performed in the WIEN2K
software package [38,39]. The DFT performed in WIEN2K is
based on the the full potential linearized augmented plane-
wave method (LAPW), with R, Ky.x = 8.0 and muffin-tin
radii Ry, 2.5 a.u. for Ce, 2.4 a.u. for Rh, and 2.0 a.u. for
Si. The multiorbital Anderson impurity model is solved by
the hybridization expansion continuous-time quantum Monte
Carlo impurity solver (CTQMC) [40,41]. The temperature
is T =50 K and the Hilbert space of atomic eigenstates is
truncated into electron occupancy from O to 3. The crystal
structures, k points, and onsite U and J values are the same
as the relaxation part.

The electronic structure simulations with crystal electric
field effect are performed based on the isotropic simulation.
The crystal parameters are calculated from a constrained-
DFT approach introduced by Novdk with LAPW method in
WIEN2K, and it is used to avoid the self-interaction error in
DFT [42,43]. The electron of 4f is constrained to one on Ce
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FIG. 2. The momentum-resolved spectral functions calculated
by DFT+DMFT. Panels (a) and (c) are the results of relaxed crystal
structures of Si- and Ce-terminated cases, respectively. Panels (b) and
(d) are the results of unrelaxed crystal structures of Si- and Ce-
terminated cases, respectively. The green frames point out the regions
with main differences between the band structures with and without
the relaxation. Zoom-in figures around I point of (a) and (c) are also
shown in the Supplemental Material, Fig. S4 [31].

atoms, and the radial part local orbital of 4f is the same as
in DFT4+DMEFT. Other parameters are kept the same as those
mentioned above.

III. RESULTS AND DISCUSSION

A. Surface structure relaxation

The first issue that we want to address is the importance
of including the surface crystal structure relaxation in the
electronic structure calculations [44]. The concept of surface
crystal structure relaxation refers to the change of geometric
structure of surface caused by the unbalanced force per-
formed on the surface layer atoms. After relaxation, in the
Si-terminated case, the surface Si layer moves into the center
by 0.204 A, and the outmost Ce layer moves into the cen-
ter by 0.064 A. In the Ce-terminated case, the surface Ce
layer moves toward the center by 0.186 A. Consequently, the
external potentials are changed by different surface atomic
structures and we will see below that the electronic band
structures are found to be significantly influenced before and
after relaxation.

Figure 2 compares the calculated electronic band struc-
tures for the relaxed and unrelaxed crystal structures along
the high-symmetry line of the Brillouin zone. Quantitative
differences can be observed for the low-energy spectral func-
tions around the Fermi level. For the relaxed Si-terminated
surface in Fig. 2(a), we observe a holelike, linearly dispersing
surface resonant band (square region) with a cusp around the
Fermi level at T' point. This cusp is shifted much above the
Fermi level for the unrelaxed case as shown in Fig. 2(b).
On the contrary, the location of the electronlike band (the
circle region) around the M point for the relaxed structure
moves above the Fermi level. In both cases, the experimentally

observed Shockley-type surface states around —0.5 eV at the
M point can be well reproduced [11], which may originate
from the dangling bonds of surface Si. For the Ce-terminated
surface as shown in Figs. 2(c) and 2(d), the most apparent
discrepancy appears around —0.25 eV at the T point (diamond
region). The crossing point observed in the unrelaxed case
is separated in the relaxed case. The reported rocket-shaped
features below —0.5 eV are also shown in our calculations
for both cases [11]. Furthermore, we find that our results after
relaxation are consistent with experimental results [11]. This
implies that relaxation plays an important role in calculating
the electronic band structures of CeRh,Sij.

Aside from the band dispersion around the Fermi level,
it can also be observed that the f7,, band is enhanced with
the surface relaxation. This feature cannot be obtained from
ARPES results, as ARPES probes the information below the
Fermi level. Together with this feature, the Kondo peaks and
spin-orbit bands are also enhanced sightly. The detailed re-
sults of DOS and hybridization strength are displayed in the
Supplemental Material, Fig. S6 [31].

These differences can be qualitatively understood by the
enhancement of bonding effect between the surface and sub-
surface layer atoms. Figure 3 displays the electron density
difference for Si- and Ce-terminated surfaces. In the Si-
terminated case, there are more electrons in the range between
the Rh-Si layer and Ce layer after relaxation, making the
bonding between the Ce and Rh-Si layer stronger. The en-
hancement of bonding effect will make the band with bonding
characteristic move downwards and with antibonding charac-
teristic move upwards in energy. A similar but weaker effect
can also be observed in Ce-terminated cases between the
outmost Ce-layer and Rh-Si sublayer. All these enhancements
of bonding effect are directly related to the shortening of the
distance between the surface and the bulk from relaxation.
The enhancement of f7,,, Kondo peaks, and spin-orbit bands
may be partially attributed to the increasing of hybridization
after the relaxation. However, it should be emphasized that the
hybridization variation caused by the surface itself is much
more notable than relaxation, which is investigated in the
following part.

A surface electronic band structure simulation work of
CeRh;Si, with DFT method is also performed by Poelchen
et al. [26]. The band structure of their work also showed a
linear dispersion around the I' point in Si-terminated case
which is different from Ce-terminated case as we have shown
above. However, as their simulation is simulated on the DFT
level, features like Kondo peak, f7,, band and Hubbard band
which are corresponding to the strongly correlated effect were
not studied in their work. And, as we have mentioned above,
these features are important to understand the influence of
surface effects.

Here, it should be pointed out that the surface crystal struc-
ture relaxation is calculated at DFT + U level, and the crystal
structure is used as an approximation to the DFT+DMFT
results. Because DFT and DFT + U stand for the limit of
weak and strong correlation, respectively, we assume that the
performance of crystal structure relaxation of DFT+DMFT
will be between these two approaches. The validity of this
approximation for the CeRh,Si, system is confirmed by
the comparison of electronic structures results from DFT,
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FIG. 3. The difference of electron density between results of DFT+DMFT calculation and the superposition of spherical atomic electron
density. The electron density differences of typical slice of Si- and Ce-terminated cases with and without relaxation are shown in (a)—(h). The
warm color means the increasing of electron density and cold color means the decreasing of electron density. (i)—(1) Show the definition of the
slice used in (a)—(h). The position and direction of different slices are specified by violet layers, and atomic positions in (a)—(h) are shown in

red frames.

DFT + U, and DFT+DMFT and the structure relaxation re-
sults of DFT and DFT + U. The detailed discussion of this
part is in the Supplemental Material, part IT [31].

B. Hybridization strength

In this section, we focus on the hybridization strength of
the local f electron and the conduction electrons in the sur-
face area. The hybridization strength between surface f and
c electrons is anticipated to decrease due to the disappear-
ance of ¢ electrons on one side of the surface. As a result,
the electronic properties of Ce® are different from Ce® in
CeRh,Si,. In Fig. 3 the electron density between Si-Rh and
Si-Si is shown to be much larger than other areas in the slab,
indicating the strong bonding effect between Si-Rh and Si-Si.
The electrons of Si-Rh and Si-Si region make the skeleton of
c-electron environment. The electrons on Ce surrounded by
this c-electron environment (like Ce®® in Si-terminated case
and Ce®)) decreases compared with isolate atom. It indicates
a strong hybridization of electrons on the Ce atom (like 4f
electrons) with ¢ electrons, which improves the energy of Ce
atomic states and transfers the atomic electrons to ¢ electrons.
On the contrary, there are more electrons concentrating on

Ce® in Ce-terminated case with a hemispherical distribution,
which implies a weak hybridization and less variation from
atomic state. The relation between the hybridization strength
and electron distribution in real space has also been observed
with spectroscopic imaging scanning tunneling microscopy
(SI-STM) in heavy-fermion materials [45].

The hybridization strength is closely related to the Kondo
resonance peaks at Fermi level and a sharper Kondo peak
generally corresponds to a stronger hybridization strength. To
explicitly study the effect of hybridization in surface, we show
the 4f-projected DOS (PDOS) for Si- and Ce-terminated
cases of CeRh,Si; in Figs. 4(a) and 4(b). The bulk Kondo
peaks are sharper than the surface Kondo peaks for both
cases. In contrast to the single Kondo peak obtained in the Si-
terminated case, the surface Kondo peak for the Ce-terminated
case splits into two small Kondo peaks. The distribution of
electron density around Ce atom is responsible for the distinct
behaviors of the Kondo peaks. In the Si-terminated case, the
Ce® still has an environment similar to the bulk. However,
for the Ce-terminated case, the Ce®directly exposes to the
vacuum which makes it closer to an isolated atom, thus, the
Kondo peak vanishes.
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FIG. 4. Density of states and imaginary part of hybridization
functions in the Si- and Ce-terminated cases. Panels (a) and (b) are
the DOS of Ce 4f electrons in the Si- and Ce-terminated cases,
respectively. The red solid lines are the 4 f-electron DOS of Ce®.
The blue solid lines are the 4 f-electron DOS of Ce®™. The black
dashed lines are the total 4f-electron DOS of Ce. The inset of
(b) shows the 4 f-electron DOS of Ce™ in a smaller scale. Panels
(c) and (d) show the imaginary part of hybridization function of the
Si- and Ce- terminated case, respectively, on real frequency. The
solid red and blue lines are for fs5;, of Ce®™ and Ce®. The black
dashed and green dotted lines are for f;,, of Ce®™® and Ce™.

The hybridization strength is directly related to the imagi-
nary part of the hybridization function [46—48]. The definition
of hybridization function is

Vi 2
A(w) = ZL (1)

p w—e +in’

where V and ¢, represent the hybridization parameter and the
dispersion of the conduction electrons, respectively. n — 0%
is an infinitesimal positive real number. The imaginary part of
hybridization function, which can be used to characterize the
hybridization strength, is obtained from the imaginary part of
the hybridization function

ImA(@) = -7 »_ [Vil*8( — ). )
k

Figure 4(c) displays ImA (w) for the 4f Ce®> atom and the
Ce® atom in the Si-terminated case. The absolute values of
the peak at w = 0 for the Ce® atom are 38% larger compared
to the 4f Ce® atom. For the Ce-terminated case shown in
Fig. 4(d), ImA(w) for the 4f Ce® around the Fermi level
is very small and the absolute value is only 21% compared
with Ce in bulk. The results from ImA (w) are consistent with
PDOQOS, and our results suggest that the electronic structures at
Fermi level and the hybridization strength are closely related.

According to previous researches [12,49,50], the position
of spin-orbit side peak is correlated to the hybridization
strength of f-c electrons. Stronger hybridization could make
the spin-orbit side peak more close to the Fermi level. As
shown in Figs. 4(a) and 4(b), the spin-orbit side peak of the
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FIG. 5. The DOS from DFT+DMFT simulation with crystal
electric field effect. Panels (a) and (c) show the DOS of the Si-
terminated and Ce-terminated case, respectively. Panels (b) and
(d) are their enlarged views around the Fermi level. The experimental
results from Patil are also shown for comparison [11]. The peaks
of spin-orbit coupling, I'7, I's;, and 'y, are pointed out directly in
the figure. Al and B1 stand for the peaks of lower Hubbard band of
surface and bulk in the Si-terminated case, respectively, and so do A2
and B2 for the Ce-terminated case. All the DOS data are renormal-
ized respected to the highest resonance state at around Fermi level
(at about —0.01 eV) from experimental results, respectively.

Si-terminated case is more close to the Fermi level than that of
the Ce-terminated case which is in qualitative agreement with
ARPES experiments [11,26]. Thus, the difference between
position of spin-orbit side peaks can also imply a stronger
hybridization in the Si-terminated case than that in the Ce-
terminated case. However, some other factors, such as total
electron number and crystal electric field, can also contribute
to this difference. Thus, the position of spin-orbit side peak
in this work is just a qualitative evidence for the strength of
hybridization.

C. Crystal electric field effect

In the presence of crystal electric field, the fs5,, orbitals
splitinto I'7, I's;, and g, oritals. In this section, I'7, I'g;, and

I's, are defined as
5 5 5 3
I'n=a|=;+=)—b|=;+=),
272 272

5 5 5 3
gy =b|—; == — =), 3
o '2 2>+a2 2> 3
g = S'j:l
81 — 27 2 .

Here, the parameters a = \/g and b = \/g are chosen as is

proposed in other theoretical works [12,51]. Figure 5 shows
the f-bulk and f-surface DOS for the Si-terminated and Ce-
terminated cases with crystal electric field. The experimental
results from the integrated resonance-enhanced ARPES are
also given for comparison. The peaks referring to I'7, I'g;, and
I'g, are marked on the figure [11].

I'g; and Iy, states are merged in our bulk and surface re-
sults shown in Fig. 5(b) in the Si-terminated case. The similar
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TABLE I. Crystal electric field (CEF) parameters from
constrained-DFT calculation. The absolute value of I'; is given in
the second column. The values of I'g; and I'g, referring to I'; are
given in the third and the fourth columns. The definitions of I'7, I's;,
and ['g, are the same as Eq. (3). For comparison, the experimental
and previous theoretical values are also given [11,12].

CEF parameters (eV) r, Ig;—I'; Ig,-T';
Ce® in Si case 0.496 0.055 0.081
Ce® in Ce case 0.063 0.004 0.009
Ce® in bulk 0.691 0.049 0.084
Expt. in Si case [11] 0.048 0.062
DFT in Ce bulk [12] 0.021 0.048

mergence is reported in previous theoretical and experimental
works when temperature is higher than 30 K [11,12]. For the
surface f electrons, the splitting between the peak of I'; and
the merged peak, which is composed of I'g; and I'g, peaks,
within —0.1 ~ 0 eV is around 60 meV. And the peak caused
by spin-orbit coupling is around —0.25 eV. All these low-
energy features are in good agreement with previous studies
[11,26]. In contrast, for the bulk f electrons, the resonance
peaks (I'7, ['s;, and I'g;) have a smaller splitting energy and
the deviation of the spin-orbit peak from the experimental
results is more significant.

For the high-energy part, contrary to the experimental
results that there are two peaks located around —2.0 eV
[Fig. 5(a) mark Al] and —1.5 eV [Fig. 5(a) mark B1], only
one peak is generated in our calculations for the surface and
bulk cases. The positions of the high-energy peaks for bulk
and surface are close to the locations of the two peaks ob-
served experimentally, indicating that the ARPES results are
composed of both surface and bulk properties of the material
at high energy.

Figures 5(c) and 5(d) show the results of the Ce-terminated
case. For the Ce®™, the splitting of the Kondo peak is not
observed due to the fact that I'7, I'g;, and I'g, orbitals are near
degenerate. It can be understood from the crystal electric field
parameters obtained from constrained-DFT calculations listed
in Table I. The energy differences among I'7, I's;, and I'g,
are quite small. However, one can readily see from Table I
that this near degeneracy is lifted for Ce'®. Then, the peak
is splitted again in this case. The spin-orbit peak for Ce®
is closer to the experimental results within —0.3 ~ —0.4 eV.
In Fig. 5(c), the experimentally observed Hubbard peak at
position A2 around —2.0 eV is also obtained in our calculation
for Ce®®. The broadening of the calculated Hubbard peak
can be attributed to the fact that the calculated DOS contains
information of all k£ spacing while the experimental DOS is
integrated along a certain k path. For position B2 around
—1.3 eV, the experimentally observed hump can be attributed
to the contributions from Ce®.

The distinction of crystal electric field in different surfaces
can be quantitatively accounted for by the crystal electric field
parameters listed in Table I. The absolute values and splitting
energies between the triplet splitting f5,, states in bulk and
different surfaces are given. It is clear that the absolute values
of Ce®™ atoms for the Ce-terminated case is one order less

than that of bulk. As the absolute value are referring to the
Fermi energy of corresponding slabs, the smaller value of
Ce® implies a weaker crystal electric field compared with
Ce®. It is reasonable that the Ce®™ in the Ce-terminated
case experiences the weakest crystal electric field effect in the
absence of half Si-Rh crystal environment. The differences in
the absolute values of Ce®® and Ce® also have impacts on
the 4 f-electron levels, and contribute to the shift of Hubbard
bands of Ce®® comparing to the Ce®. Meanwhile, the split-
ting between states in the Ce-terminated case is also one order
less than the other cases which implies that the behavior of
the Ce® in the Ce-terminated case is similar to the isolated
atom. This could also explain the near degeneracy of f5/, in
the Ce-terminated case. A slight enhancement (about 6 meV)
of CEF splitting on Ce'® of the Si-terminated case comparing
with Ce® is also observed in constrained-DFT results. It
may have contributed to the larger splitting between peaks
of I'; and ['g; and gy of Ce®™ in the Si-terminated case. We
suppose this variation of CEF splitting may originate from the
asymmetric charge distribution of Ce®® in the Si-terminated
case.

We have shown that the main features from resonance-
enhanced ARPES results can be well reproduced by our
simulation of surface 4f electrons. Despite the much lower
height of resonance peak comparing to the bulk around Fermi
level of surface f state as shown in Fig. 4, most of the low-
energy information obtained by ARPES can be traced back
to the Ce® electron states, especially in the Ce-terminated
surface. Some features originate from the Ce® electron states
can be observed in high-energy range. It also suggests that for
the simulation of ARPES, the surface effect should be taken
into consideration properly in other materials like CeRh,Si,.

IV. CONCLUSION

In summary, we investigate the electronic structures of
the Si- and Ce-terminated surfaces of CeRh,Si, using first-
principles approaches. We have revealed three key aspects of
surface effect on the electronic structures of CeRh,Si,. First,
the relaxation of surface structure changes the dispersion of
band structure, thus it adjusts the relative position of some
high-symmetry points with Fermi level. The enhancement of
Kondo resonance is also be observed especially of f7,,. From
the changing of electron density after the surface relaxation,
we believe that it is the enhancement of the bonding between
layers renormalized the bands. More precise electric structure
can be obtained with the relaxation of surface structure. Sec-
ondly, the hybridization between 4 f and c electrons decreases
from bulk to surface Ce atoms obviously, which suppresses
the strength of Kondo peaks and shifts the spin-orbit peak po-
sition of surface 4f electrons. Third, the crystal electric field
of outmost Ce atoms is different from the bulk, especially for
Ce® in the Ce-terminated case whose f5,2 orbitals are nearly
degenerate like an isolated atom. By considering the crystal
electric field effect on Ce 4f electrons, we have well repro-
duced the experimental ARPES results. All these simulation
results strongly suggest that the surface has vital influence on
the CeRh,Si, electronic properties, and a fully self-consistent
structure and electronic simulation on the DFT4+DMFT may
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be needed for the investigation on other strongly correlated
materials.

It should also be emphasized that the comparison of ex-
perimental and simulation DOS shows that the most ARPES
information can be attributed to the surface electrons, but the
information of bulk electrons also appears where the strength
of surface DOS is weak. This may provide a different point of
view to the interpretation of ARPES results.
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