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We present a first-principles study of the GdRh,Si,(001) surface electronic structure. Two surfaces, Si- and
Gd-terminated, are considered. The origin of the two-dimensional (2D) electronic states at both terminations is
investigated by tracing the band structure evolution by going from individual Si, Rh, and Gd atomic layers to
(non)stoichiometric ultrathin films and, finally, to thicker GdRh,Si, slabs. We find the conic-like (Dirac-like)
resonance state located in the vicinity of the T" point at the Si termination to form via the Tamm mechanism
and explain the reasons for the differences in dispersion and energy position of the resonance states at the Si
and Gd terminations. Then, we show how the butterfly-like dispersion of the Shockley state, residing in the bulk
projected band gap near the M point, appears due to the interaction of the bands localized in the surface and
subsurface Gd-Si-Rh-Si blocks of the Si termination. Also, a giant sign-alternating atomic relaxation near both
the Si- and Gd-terminated surfaces is revealed and its effect on the dispersion and energy position of the 2D
states is discussed. In this way we shed light on the origin of the 2D states and explain their dispersion seen in

angle-resolved photoemission spectroscopy experiments.
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I. INTRODUCTION

The electronic structure and magnetic interactions in rare-
earth intermetallic materials have permanently attracted wide
attention due to their rich and unusual physical properties
covering magnetism, superconductivity, valence fluctuations,
heavy-fermion, and Kondo behavior [1-19]. The key role in
these phenomena is played by the partially filled 4f shell
that lies deep inside the ionic core and maintains, there-
fore, its localized atomic character and, notably, its magnetic
moment in the solid state. Remarkably, the respective phe-
nomena and in particular the magnetic properties near the
surface appear to be essentially different from those in the
bulk [20,21]. At present, the REX,Si, systems, where RE is a
rare-earth and X is a transition or noble metal element, of the
ThCr,Si,-type structure are being intensively studied [20-35],
in particular with the aim to disclose and elucidate those
exotic properties near the surface [20,21,27,35-39] which
are linked and handled via the interplay of 4f and itinerant
states.

The ARPES experiments on the REX,Si, systems sug-
gest that their surface presents usually a kind of mosaic
of Si- and RE-terminated crystallites whose size, however,
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allows finding and accurately exploring the electronic struc-
ture exclusively from each type of terminations. It has been
established that the Si-terminated surfaces of such systems
feature Shockley surface states located around the M point
and resonance states near the T’ point [20,21,36-43]. The
origin of the Shockley surface states is well known [44]. They
arise in the local projected band gap of a metal or in the
fundamental energy gap of semiconductors due to inversion
of the band gap edges. The latter means a change of the order
in which the orbitals appear at the edges of the inverted band
gap with the increase of energy [45]. A classical example of
Shockley states is the states at the noble metal (111) and (110)
surfaces at the T [46,47] and Y points [48,49], as well as at the
Be(0001) surface [50,51]. In REX;Si,, the Shockley surface
states lie in the inverted bulk projected band gap at the M
point, and in the real space they are localized in a few atomic
layers near the Si-terminated surface [20,21,36].

A characteristic feature of the surface resonance states
(hereinafter simply “resonance states”), which also demon-
strate a high amplitude near the surface, is that they are located
outside the bulk projected band gaps, thus hybridizing with
the bulk states of the material. The resonant nature of the
two-dimensional (2D) states in the vicinity of the T point at
the REX;Si,(001) surface is convincingly demonstrated by re-
cent photoemission measurements [38,40] and first-principles
calculations [21].
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In EuRh,Si;, GdRh,Si,, and YbCo,Si,, the resonance
states at the T' point reveal linear dispersion characteristic of
the conic (Dirac) type of the electron spectrum [20,21,37,52].
It has been proposed in Ref. [21] that these resonant states can
open an additional exchange channel that links the magnetic
subsystems at the surface and in the bulk. In contrast to
the Shockley surface states located inside the bulk projected
band gap near the M point, the formation mechanism of the
resonance state near the I” point in compounds of the REX,Si,
type still remains unexplored.

In this paper, using first-principles electronic structure
calculations, we study the origin of the 2D electronic states
at the Si- and Gd-terminated surfaces of GdRh,Si,(001). We
show that the surface resonance states at the Si termination
at the T point appear via the Tamm mechanism [53]. They
split off from the continuum of the projected bulk states of
similar dispersion and the same orbital character into a so-
called symmetry gap, i.e., in a region of the projected states
of different symmetry with which they do not interact [45].
As the surface resonance states at the I' point appear at both
considered terminations, the reasons for the differences in
their dispersion and energy positions are also discussed. We
further explain in great detail the origin of the butterfly-like
dispersion of the Shockley state, which is formed due to
hybridization of the bands localized in the surface and sub-
surface Gd-Si-Rh-Si 4-layer blocks of the Si termination. The
other band involved in this hybridization forms an additional
surface state lying deeper in energy, that should be seen in
photoemission as well. We believe that the results obtained in
this study reflect general electronic structure features of the
(001) surfaces of a wide class of REX;Si, compounds and
elucidate the dispersion of surface and resonance states seen
in ARPES experiments.

The paper is organized as follows. The computational
details are presented in Sec. II. Section III A focuses on the
structural properties of the bulk and both surface terminations
of GdRh,Si,. In Sec. III B we introduce the 2D electronic fea-
tures of GARh,Si,(001) that we are interested in and describe
briefly the effect of the spin-orbit and magnetic interactions.
Then, in Secs. I C 1, III C 2, and III D we disclose the origin
of all those features and discuss the dependence of their
dispersion and energy position on the surface termination.
Concluding remarks close the paper in Sec. IV.

II. METHOD AND CALCULATION DETAILS

GdRh,Si, crystallizes in the tetragonal body-centered
ThCr,Sir-type structure, characterized by space group
14/mmm [54]. Its atomic crystal structure is completely de-
termined by three parameters a, c, zsi, where a and ¢ describe
a simple tetragonal lattice, and zs; defines the positions of the
Si atoms along the tetragonal axis as well as two interlayer
spacings d3y_q; = czsi and d9_g, = c(} — zsi). Regarding
the magnetism of GdRh,Si,, the local moments in GdRh,Si,
are localized exclusively on the Gd ions [55]. Below the Néel
temperature 7y ~ 107 K, each Gd layer is ordered ferromag-
netically, while the ordering between the neighboring layers
is antiferromagnetic [56] [see Fig. 1(a)]. The calculations of
the GdRh,Si, antiferromagnetic phase were performed for
two orientations of the Gd 4 f moments, i.e., parallel to [110]

FIG. 1. (a) Crystal and magnetic structures of GdRh,Si,. Blue
arrows indicate the orientation of the magnetic moments in the Gd
layers. The interlayer antiferromagnetic order reduces the symmetry
to P4/mmm. (b) Bulk (black) and surface (blue) Brillouin zone for
antiferromagnetic GdRh, Si,.

and [100], in order to assess the sensitivity of the electronic
structure to the local moment orientation. The choice of these
directions is caused by the experimental observations that,
first, the Gd moments are locked within the GdRh,Si, basal
plane and, second, the basal plane magnetic anisotropy is
weak [57].

The calculations were performed within density functional
theory (DFT) using the projector augmented wave method
(PAW) [58] implemented in the VASP code [59,60] and
the full-potential linearized augmented plane wave method
(FLAPW) [61], implemented in the FLEUR program pack-
age [62]. To describe the exchange-correlation energy, we
used the generalized gradient approximation in the Perdew-
Burke-Ernzerhof form [63]. Scalar-relativistic corrections
were included in the Hamiltonian, and the spin-orbit in-
teraction was taken into account by the second variation
method [64]. To describe the Gd 4f and Rh 4d states, we
used the GGA+U approach [65,66]. The values U = 6.7 eV,
J=07eVandU = 3.5¢eV,J = 0.6 eV were used for the Gd
4 f and Rh 44 states, respectively [21]. The Brillouin zone was
sampled with a 12 x 12 x 4 and 12 x 12 x 1 k-point grid in
the case of the bulk and slab calculation, respectively. Bulk
atomic structure optimization was carried out by finding the
total energy minimum as a function of the a, ¢, and zg; pa-
rameters. In the film geometry, all atomic layers were allowed
to shift upon relaxation. All structural optimizations were
performed using a force tolerance criterion for convergence of
10 meV/A. The charge transfer was analyzed using the Bader
method [67].

In the PAW calculations, a basis set of plane waves with
energies up to 400 eV was used. The surface electronic
structure was calculated by using a thick-film model for two
different cases, where the Gd 4 f electrons were treated either
as valence or as core electrons. For the thin-film band structure
calculations, that were used to study the origin of the 2D states
of interest, the Gd 4f electrons were placed in the core. This
does not affect the conclusions made since, when included in
the valence band, the 4f states are located well below and
above the Fermi level and therefore do not hybridize with the
states that we are interested in.
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TABLE 1. Relaxed interlayer spacings d;; and the relative re-
laxation Ad;; /df_’/ for the Si- and Gd-terminated GdRh,Si,(001)
surfaces. The subscripts i and j number the layers of the film, starting
with the surface layer, and L denotes the sort of the atoms that form
the layer. Relative relaxations smaller than 0.03% are not shown.

Si-terminated surface Gd-terminated surface

Li-L;  di; (A) Ady/d) (%) Li-L; dy(A) Ady/d (%)
Sii-Rh,  1.152 -9.80  Gd-Si» 0966  —22.29
Rh,-Si;  1.226 -393  Si,-Rh; 1.345 5.39
Sis-Gd,  1.305 494  Rhy-Si; 1.324 2.22
Gd,-Sis  1.193 -3.99  Si,—Gds 1.188 -2.95
Sis-Rhs ~ 1.295 150  Gds-Sis 1.286 3.45
Rhe-Si;  1.288 092  Sig-Rh; 1277 0.03
Si;-Gdg 1228 -1.22

Gdg-Siy ~ 1.261 1.47

Sig-Rhjy  1.278 0.16

Rhyo-Si;;  1.277 0.03

In the calculations by the FLAPW method, the core states
were treated fully relativistically, while the valence states were
calculated both in the scalar-relativistic approximation and
taking into account spin-orbit interaction. The radii of the Gd,
Rh, and Si muffin-tin spheres (Ryr) were set to 3.0, 2.3, and
2.0 a.u., respectively. The value of the cutoff parameter of
the plane wave basis kp.x = 4.0 a.u.”! corresponded to ~150
basis functions per atom.

The GdRh,Si,(001) surface was simulated by an asymmet-
ric 32-layer film with Gd- and Si-terminated surfaces. The
bulk crystal structure parameters and the interlayer spacings in
the 32-layer film were optimized using the FLAPW method.
The calculations of the electronic band structure were carried
out within both the PAW and FLAPW methods. The electronic
band structures obtained within these methods are found to be
in good agreement with each other. To study the origin of the
surface and resonance states, electronic structure calculations
for 4-, 8-, 12-, 16-, and 20-layer-thick films of GdRh,Si, as
well as for 3-layer Si-Rh-Si films were carried out in the
framework of the PAW method.

III. RESULTS AND DISCUSSION
A. Bulk and surface atomic structure

Bulk atomic structure optimization yields the lattice pa-
rameters a = 4.066 A and ¢ = 10.078 A, which are by
0.6% and 0.92% larger than the corresponding experimental
values [56], and zs; = 0.123. These parameters lead to the
bulk interlayer spacings dgdfsi =1.243 A, dgith =1.276 A,
which correspond to the Si-Gd and Si-Rh bond lengths of
3.133 A and 2.400 A, respectively.

The optimization of the interlayer distances d;; in the 32-
layer film revealed a gigantic sign-alternating relaxation near
both the Si and Gd surfaces. The calculated d;; as well as
the relative relaxations near the surfaces Ad;; /dioj are given

in Table 1. Here, Ad;; = d;j — dj}, and dj), stands for the bulk
interlayer distances given above. It can be seen that at the

Si-terminated surface the relaxation penetrates very deeply

into the film (up to 11 layers). The outermost 3-layer Si-Rh-
Si block is compressed by 6.84%, while the second 3-layer
expands by 1.21%. The relaxations in the third 3-layer are
very small and its thickness is only by 0.12% larger than
in the bulk. We also note that, as a result of the relaxation,
the spacings between the Si and Rh layers in each single
3-layer Si-Rh-Si block are relaxed in the same way; i.e.,
they both either increase or decrease together. The adjacent
interlayer spacings Si-Gd and Gd-Si exhibit relative relaxation
of opposite signs: if one of them contracts, the other increases,
and vice versa.

At the Gd surface, the relaxation penetrates up to 7 layers
into the film. The thickness of the outermost (second) 3-layer
Si-Rh-Si block appears to be increased by 4.60% (0.04%;
i.e., the second 3-layer is practically bulk-like). Just as at
the Si-terminated surface, at the Gd-terminated surface the
sign-alternating relaxation of the adjacent interlayer spacings
Si-Gd and Gd-Si is also observed.

Thus, a compression of the topmost interlayer spacing and
rather complicated relaxation of the deeper layers are seen
at the GdRh;Si,(001) surface irrespective of its termination.
This indicates a significant redistribution of the valence elec-
tron density of the compound near both the Si- and Gd-
terminated surfaces.

B. Electronic structure of the GdRh,Si,(001) surface

Figure 2 shows the calculated 2D electronic states at both
the Si- [Figs. 2(a), 2(c)] and Gd-terminated [Figs. 2(b), 2(d)]
surfaces of the 32-layer GdRh,Si,(001) film, as well as the
bulk projected bands. For the paramagnetic state [Fig. 2(a),
2(b)], the electronic structure calculations were carried out
in the scalar-relativistic approximation. For the antiferromag-
netic state [Fig. 2(c), 2(d)], the spin-orbit interaction was also
taken into account. In the latter case the alignment of the
Gd 4f moments along the [110] direction was considered.
Orange and green circles mark the bands localized in the
outermost four atomic layers (4-layer block) of the Si and Gd
surfaces, respectively, while blue circles highlight the bands
localized in the subsurface 4-layer block of the Si termination.
The reason for displaying the contributions of the second
4-layer block of the Si termination is the participation of
the corresponding bands in formation of the characteristic
butterfly-like shape of the Shockley surface state along the
X-M-X direction, as will be shown below.

Let us first discuss the surface electronic structures calcu-
lated with no spin-orbit interaction and magnetism included.
At the Si termination, surface and resonance states are ob-
served along all high-symmetry directions of the surface
Brillouin zone (SBZ) [Fig. 1(b)], as can be seen in Fig. 2(a).
Near the T point, two electron-like and two hole-like bands
are seen (i.e., one orange and one blue band of each type). The
electron-like (hole-like) pair of bands is labeled as « (8). By
attributing a single label to a pair of bands we emphasize their
similar origin as it is clarified further. Both o and 8 bands
are created mainly by the d,, orbitals of the Rh, (orange)
and Rhg (blue) layers, respectively (here the atomic layers
are numbered as in Table I). The differences of dispersions
within each pair are caused by the different localization and
structural relaxations (see Sec. III D). The orange band of the
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FIG. 2. Surface band structure of GdRh,Si, calculated along the high-symmetry directions of the SBZ for the surfaces terminated by Si
[(a), (c)] and Gd [(b), (d)] layers. The calculations were performed for the 32-layer film both without including the spin-orbit and magnetic
interactions [(a), (b)] and taking them into account [(c), (d)]. Orange and blue symbols show the 2D electronic states, located in the outermost
and second 4-layer (4L) blocks of the Si termination, respectively, while green symbols mark the states of the outermost 4-layer block of the
Gd termination. The size of the color circle reflects the weight of the state in the particular 4-layer block. Bulk projected bands are shown in

gray.

B pair, characterized by a linear dispersion, is the resonance
state seen in the photoemission experiment [21]. The bands of
the « pair are located in the conduction band and therefore are
not seen in ordinary photoemission, that probes only occupied
states. As we will show below, at the Si termination these
states are formed via the Tamm mechanism [68], that suggests
the 2D bands splitting off from the continuum of the bulk
states of similar dispersion and the same orbital character into
the symmetry gap.

Inside the projected bulk band gap in the vicinity of the M
point, three Shockley surface states localized mainly in the
outermost four atomic layers are observed [Fig. 2(a)]. The
butterfly-shaped states (labeled as §) lying below the Fermi
level are built up mainly by the d,-_» and d orbitals of
the Rh, layer with an admixture of the p orbitals of the Si;
and Si3 layers, as well as the d,, ,, orbitals of the Gdy layer.
From k) ~ %(M—i) counting from the M point and further

along the M—-X direction, the d,, orbitals of the Rh, layer
start to dominate in the composition of these bands. Within
the indicated wave number range the lower band penetrates
deeper into the material, where it gains contribution from the
Rhg layer located in the subsurface 4-layer block [blue color
in Fig. 2(a)]. The state y located above the Fermi level is

essentially built by the p, orbitals of the Si; layer. While the
bands § have been identified in photoemission experiments
performed on Si-terminated (001) surfaces of EuRh,Si, [20],
GdRh;Si; [21], HoRh,Si, [36], and YblIr,Si; [39], the signa-
tures of the y band have only been seen at the Yblr,Si»(001)
surface [39], since in all other measured systems it lies in
the conduction band, which is inaccessible to conventional
photoemission. Finally, at about —1.4 eV, the n surface state
is seen near the M point. Built mainly by d>_y» orbitals
and essentially localized in the Rhg layer, this state plays a
pivotal role in the formation of the butterfly-like shape of the
Shockley surface state § (see Sec. III D). Despite abundant
photoemission data available on the Si-terminated (001) sur-
face of REX,Si,, the 1 state has not been discussed so far.
Figure 2(a) also shows that in spite of the deep-penetrating
relaxations some of the bands localized in the second 4-layer
block of the Si termination show rather bulk-like behavior.
Apart from the blue o and 8 bands, this is also the case for the
resonant band lying within the region of strongly kjj-dispersive
projected states that are crossed by the & state along M—X.
These resonant bands are seen in ARPES [36,39] and reflect
reasonably the bulk bands’ behavior. The latter is because
the relaxations in the second 3-layer block are not large and
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FIG. 3. Electronic band structure of a 3-layer Si-Rh-Si block calculated for different interlayer distances dsi_grn: (a) dsi_gn = 10 A,
(b) dsi_rn = 2 A, (¢) dsi_gn = 1.5 A, and (d) ds;_rn = 1.276 A. The Si p states are shown in red, the Rh d,, in yellow, while all other Rh
d states in green. The size of the color circle reflects the contribution of the corresponding state.

the environment of the Rhg layer, in which these bands are
mostly localized, is not very different from that in the bulk. In
contrast, the surface states are expectedly strongly affected by
relaxations. For example, at the unrelaxed Si termination, the
y band crosses the Fermi level, while the relaxation pushes it
completely into the conduction band.

At the Gd termination, the states o and 8, formed mainly
by the Rh d,, orbitals (Rhs layer in this case) are also present
[Fig. 2(b)]. Their dispersions and energy positions look pretty
similar to the corresponding states of the subsurface 4-layer
block of the Si termination; cf. Figs. 2(a) and 2(b). There is,
however, an appreciable difference between these two cases,
consisting in the fact that at the Gd termination the state
is clearly accompanied by another (unlabeled) hole-like state
with which it degenerates at the T point at approximately
—0.8 eV; at the Si termination this companion state is present
as well, although it is much less pronounced. Unlike the Si
termination, at the Gd surface there are no Shockley states
in the big projected bulk band gap around the M point.
This fact is used in photoemission experiments on REX,Si,
for identification of the surface termination after the crystal
cleavage. Next, near the M point at about —1.4 eV, there is
a surface band 7. Being of essentially d,»_,» character and
localized in the Rh;s layer, this state is closely related to the
n state seen at the Si termination around the same energies.
Finally, in the conduction band there are also 2D states near
the T point at about 0.5 eV and the X point at approximately
0.4 eV, created mainly by the d,, and the d. orbitals of the
Gd, layer, respectively. Since these states are located rather
high above the Fermi level we do not discuss their origin in
what follows.

Upon inclusion of spin-orbit and magnetic interactions the
spin degeneracy of the surface bands is lifted at both Si- and
Gd-terminated surfaces; see Fig. 2(c) and Fig. 2(d), respec-
tively. However, the differences between the band structures
calculated for the local magnetic moments oriented along the

[110] and [100] directions are insignificant (see Fig. 1 of the
Supplemental Material [69]). At the Si-terminated surface,
in the vicinity of the M point, a complex splitting of the
butterfly-like Shockley bands § is observed, caused by the
simultaneous action of the spin-orbit and magnetic interac-
tions [Fig. 2(c)]. In combination with the inversion symmetry
breaking near the surface, spin-orbit coupling gives rise to the
Bychkov-Rashba effect [70]. The exchange splitting is caused
by interaction of the 2D electron states with the ordered Gd
4 f magnetic moments. Note that the discussed 2D states are
predominantly localized either in the surface (orange color)
or subsurface (blue color) four-layer block. Therefore, they
interact correspondingly with the ferromagnetically ordered
Gd4 and Gdg layers. The latter are stacked antiferromagnet-
ically with respect to each other. For further insight into the
interplay of the spin-orbit and magnetic interactions acting on
the Shockley bands §, see Figs. 2 and 3 of the Supplemental
Material and their description [69].

C. Electronic structure of the GdRh,Si,(001) thin films
1. Three-layer film

To study the origin of the resonance states in the vicinity
of the T point and the surface states near the M point, we con-
sider the electronic band structure of paramagnetic GdRh;,Si,
thin films, calculated without taking spin-orbit interaction into
account. The latter allows us to substantially simplify the
derivation of our results and their analysis, without affecting
the conclusions drawn in this work. This is because magnetic
ordering and spin-orbit interaction are not the fundamental
causes of the existence of these states. Indeed, as can be seen
from a comparison of Figs. 2(a)-2(b) and Figs. 2(c)-2(d),
these interactions only modify surface and resonance states.

As will be shown below, the Rh,Si, 3-layer block is the
minimal structural unit yielding the dx, bands characterized
by a linear dispersion in the vicinity of the T point. In the limit
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of a semi-infinite crystal, these bands form the continuum of
the bulk states, from which the Tamm resonance bands are
split off near the Si surface. To prove this statement, we trace
the evolution of the Rh,Si, 3-layer block electronic structure
as a function of the distance between the Si, Rh, and Si
layers, that was changed from ds;_gy, = 10 A (noninteracting
layers) to the bulk equilibrium distance d g, = 1.276 A.
The electronic band structure calculated for the four values
of dsi_grn is presented in Fig. 3. In Fig. 3(a), the situation for
dsi_rn = 10 A is illustrated. In this case, the band structure is
a superposition of the band structures of the freestanding Rh
and Si layers. The Si and Rh layers have a simple square and
square base-centered lattices, respectively. These symmetries
determine the band structure of the Rh and Si layers seen in
Fig. 3(a). Within each Si layer, the bonds between atoms are
formed by the overlapping p, and p, orbitals directed toward
the nearest neighbors. In Fig. 3(a), the low-energy electronic
structure of a Si layer is represented by three bands, two
of which have a weak dispersion along the T-X direction
(with band widths of about 0.37 and 0.63 eV), while the third
band disperses over a larger energy range of approximately
2.6 eV. The narrow band near the Fermi level is built by the
p. orbitals. The other two bands are formed by the p, and
py orbitals: along the (0, 0)—(%, 0) [(0, 0)—(0, )] direction,
the flat band around 2 eV is built by Si p, (p,) orbitals,
while the band characterized by notable dispersion is built up
by p. (py) orbitals. In the Rh layer, the d,, orbitals directed
along the Rh-Rh bonds form the covalent component of the
interatomic forces, while the remaining d orbitals create the
metallic component. Hybridization of the d,, orbitals within
the Rh layer gives rise to a strongly dispersive hole-like band
of d,, symmetry (shown in yellow in Fig. 3). The reduction
of the interlayer spacings dsi_grn [Figs. 3(b) and 3(c)] shifts
most of the Rh d states to lower energies, while the dispersion
of the hole-like d,, band crossing the Fermi level becomes
almost linear. Figure 3 also illustrates the Si p and Rh d orbital
hybridization upon the approach of the Si and Rh layers. Due
to this hybridization, Si p,, p, and Rh d,, orbitals form an
electron-like band lying above 1 eV and showing a linear
dispersion in a considerable wave-vector interval [Fig. 3(d)].
Thus, precursors of the resonance states near the T' point
having almost linear dispersion are already formed in the Si-
Rh-Si 3-layer block. However, both the dispersion and orbital
composition of the electron-like band as well as its energy sep-
aration from the hole-like band are still significantly different
from those seen at Si or Gd terminations of the the GdRh;Si,
surface. As is shown in the next section, addition of the Gd
layer to the Rh;Si, block makes these bands resemble closely
the resonant states near the T" point.

2. Four-layer film

The addition of a Gd atomic layer to the Si-Rh-Si block
leads to the formation of a stoichiometric GdRh,Si,(001)
film of minimal thickness. To consider the formation of the
4-layer film electronic structure we performed calculations for
different distances between the Si-Rh-Si block and the Gd
atomic layer. The distance was varied from ds;_gg = 10 A
to the bulk equilibrium distance dy 5, = 1.243 A. Figure 4
shows the band structure of such a system for six different

values of ds; _gq. When the distance between the Rh,Si, and
Gd layers is equal to 10 A [Fig. 4(a)], the spectrum represents
a superposition of the band structures of the 3-layer block
[Fig. 3(d)] and a freestanding Gd monolayer. As was shown
above, in the band spectrum of the freestanding 3-layer block
[Fig. 3(d)], a pair of electron- and hole-like linear bands is
observed, labeled in Fig. 4 as o and B, respectively. Note that
the bands o and o* are fourfold degenerate at the T point due
to the crystal symmetry. Above —0.6 eV, the d bands dominate
in the Gd layer electronic structure (highlighted in blue). Only
the band observed along all considered symmetry directions
and coming to the X point at —1.2 eV has essentially s char-
acter. A significant hybridization between the two subsystems
starts at about 5 A, which is manifested by a lifting of the
fourfold degeneracies along the X-M-X direction and the
appearance of avoided crossings due to interaction between
the Gd- and Rh,Si,-derived bands.

Let us now trace the evolution of the band structure upon
further gradual approaching of the layers. When reducing
d31—gq 10 3 A [Figs. 4(b)-4(d)], the band o becomes more
linear and the point of its fourfold degeneracy with the band
o™ shifts toward the Fermi level. The latter leads to a decrease
of the energy gap between the degeneracy point and the
maximum of the band B. Below 3 A, this gap reduction
starts being accompanied by a gradual increase of the Rh d,,
contribution to the band «. At about 2 A, the gap disappears
and the bands B, «, and o* become accidentally degenerate
[Fig. 4(e)]. Further approaching [Fig. 4(f)] leads to the re-
opening and subsequent increase of this gap, as well as to
a parabolization of the bands « and 8 in the vicinity of the
T point. After the gap reopening the fourfold degeneracy is
observed for the bands 8 and «*, both of them featuring a
noticeable contribution of Si p states near the T' point, which
were not originally present in the band 8. At the same time
the Si p contribution to the band « at and near the T" point is
almost gone. The described modification of the bands near the
T point, which is somewhat similar to a band gap inversion,
results in a formation of the electron-like d,, band, whose
dispersion resembles closely that of the upper part of the
resonance state residing at the Gd-terminated GdRh,Si,(001)
surface [Fig. 2(b)].

At dy _gq = 1.243 A (the bulk equilibrium distance), the
band B appears to lie below the Fermi level, while the band «
remains unoccupied. As can be seen in Fig. 4, reduction of the
distance between the 3-layer block and the Gd atomic layer
causes a significant hybridization of Gd, Rh, and Si electronic
states and, thus, the modification of the electronic structure. In
particular, the electronic states of the 3-layer block are shifted
to lower energies, whereas the Gd states are shifted to higher
energies. This is due to a charge transfer of >~ 1.27 electrons
per cell from the Gd atoms to the 3-layer Si-Rh-Si block.

In contrast to the states in the vicinity of the T point,
those near the M point experience more dramatic changes
during the approach of the 3-layer block and the Gd layer.
Let us consider the bands labeled as y and § in Fig. 4, whose
hybridization will define the band dispersion of the 4-layer
near the M point. As can be seen in Fig. 4(a) (dsL—ga =
10 10\), the band &, localized in the Si-Rh-Si block, is built
mainly by Si p orbitals, while the band y is formed by
Gd d orbitals. As the two subsystems approach each other,
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FIG. 4. Electronic band structure of the 4-layer GdRh,Si,(001) film calculated for different distances d3;_gq between the 3-layer Si-Rh-Si
block and the Gd layer: (a) d3_gq = 10 A, (b) da_ga = 4.4 A, (¢) da—ca = 3.6 A, () d31_ca =3 A, (€) dsr_ca =2 A, () ds1_ga = 1.243 A.
The Si p states are shown in red, the Rh d,, in yellow, all other Rh d in green, and Gd d in blue. The size of the color circle reflects the

contribution of the corresponding state.

these bands get significantly modified due to the increasing
hybridization between the layers [Fig. 4(b)]. In particular, this
hybridization results in the inversion of the bands y and §.
Indeed, while at 4.4 A the bands 8 (y) are formed by Si p
(Gd d) orbitals, at about 3.9 A they start to be predominantly
composed of Gd d (Si p) states in the close vicinity of the
M point; further reduction of ds;_gq results in the situation
shown in Fig. 4(c). Next, when the subsystems come closer
to each other, the Rh contribution to the band § increases
gradually at the expense of the Gd contribution [Figs. 4(c)—
4(f)], which is due to the above mentioned charge transfer
from the Gd layer to the 3-layer Si-Rh-Si block. In Fig. 4(f),
three bands can be seen in the energy range from —1.0 to
0.5 eV. The two bands, that are degenerate at the M point
(labeled by &) are built essentially by the Rh d,>_,» orbitals,
while the band descending from the unoccupied part of the
spectrum (labeled by y) is built mainly by the Si p orbitals.
These bands represent themselves precursors of the Shockley

surface states observed at the Si-terminated GdRh;Si,(001)
surface near the M point. Indeed, by comparing Figs. 2(a)
and 4(f) one can clearly see significant similarities of the
bands 6 and y to the surface states localized in the topmost
Si-terminated 4-layer block of the 32-layer paramagnetic film
in the vicinity of the M point. However, in the 4-layer-thick
film these bands lie approximately 0.2-0.4 eV lower in energy
than those at the surface of the 32-layer film. Our calculations
show that this difference in the energy position is caused
by significant relaxation of the Si-terminated surface, which
was analyzed in Sec. IIT A. Qualitatively, there is still a
noticeable difference between the dispersions of the 4- and
32-layer films along the X-M direction: in the latter case,
the hole-like band of the occupied surface state changes its
character to an electron-like one at approximately %(X—M).
The formation of such a dispersion requires further increase of
the GdRh,Si,(001) film thickness, as is discussed in the next
section.
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FIG. 5 ;Electironic band structure of stoichiometric GdRh,Si,(001) films with thicknesses of 8 (a), 12 (b), 16 (c), and 20 (d) layers calculated
along the X-T'-X direction in the SBZ. The contributions of the Rh d,, states from the 2nd, 6th, 10th, 14th, and 18th layer (numbered from
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D. N-layer films (N = 8, 12, 16, 20): Thickness dependence
of the electronic structure

Let us now consider the evolution of the band structure
of the stoichiometric films upon the increase of their thick-
ness. For the X-I'-X direction this evolution is illustrated
in Fig. 5. The electronic structure of the 8-layer film (two
4-layer blocks) reveals two sets of Rh d,, bands, that are
highlighted in yellow and red in Fig. 5(a). The bands shown
in yellow are localized near the Si-terminated surface of the
film and lie in energy above the bands highlighted in red,
which are localized near the Gd-terminated surface. Such an
energy location of these bands is caused by a transfer of
approximately ~ 0.8¢ from the 4-layer Si-terminated block
to the 4-layer Gd-terminated block. This leads to a shift of the
Rh d,, states localized in the Gd-terminated (Si-terminated)
block to lower (higher) energies.

Note that the electron- and hole-like d,, bands near the
T point at the Gd surface are separated by a gap of approx-
imately 0.8 eV, while at the Si surface they approach each
other much closer. Apart from the different environments of
the corresponding Rh;Si, blocks, this also should be related to
the relaxations, that yield significantly different values of both
ds1._gq and ds;_gy, in the two blocks. First, in the Si-terminated
block of the 8-layer film dj; _gq4 increases with respect to the
bulk equilibrium distance d ;4 (1.348 vs 1.243 A), which
is accompanied by (i) a linearization of both the electron-
and hole-like Rh d,, bands and (ii) a decrease of the gap
between them. This is similar to what happens in the 4-layer
film when ds3; _gq increases from 1.243 to 2 A [cf. Fig. 4(f) and
Fig. 4(e)]. In the Gd-terminated block, d3; _gq decreases upon
relaxation (0.882 vs 1.243 A), which, on the contrary, leads
to (i) a partial recovery of the quadratic dispersion of both the
electron- and hole-like Rh dy, bands and (ii) an increase of
the gap between them. Second, in the Si-terminated block, the
Si-Rh-Si 3-layer is compressed upon relaxation as compared
to the bulk (i.e., both dgi_gy spacings decrease: 1.175 and
1.223 A vs 1.276 A), contributing to the linearization of the
Rh d,, bands localized in this block. A similar picture can

be seen in the electronic spectrum of the 3-layer film upon
decreasing dsi_ry from 1.5 to 1.276 A [cf. Fig. 3(c) and
Fig. 3(d)]. In contrast, the expansion of the Si-Rh-Si 3-layer of
the Gd-terminated block due to relaxation (1.366 and 1.333 A
vs 1.276 A) makes the respective band more parabolic near the
T point.

Upon increasing the film thickness from 8 to 12, 16, and
20 atomic layers, i.e., from 2 to 3, 4, and 5 GdRh;Si, 4-layer
blocks, the number of bands built by the Rh d,, orbitals in
the films’ spectra increases in accordance with the number of
4-layer blocks [Figs. 5(b)-5(d)]. At a thickness of 20 layers a
significant hybridization between the d,, bands localized in
the inner 4-layer blocks is clearly seen [Fig. 5(d)]. Further
increase of the film thickness up to the semi-infinite crystal
limit leads to the formation of a well-defined continuum of
bulk Rh d,, states [Figs. 2(a), 2(b)]. At the Si termination
of the semi-infinite crystal the resonance states split off from
this bulk continuum (upward in energy) while maintaining the
dispersion and orbital composition of those bulk states, which
proves that these two-dimensional states appear via the Tamm
mechanism. Note that the d,, orbitals of the Rh layers closest
to the Si- and Gd-terminated surfaces contribute as well to
the bands built mainly by d,, orbitals of the deeper-lying Rh
layers. For example, for the 20-layer film at k;; = §(T-X) this
contribution is equal to 8% for the Rh, layer (subsurface layer
of the Si termination), while for the Rh;g (third layer at the
Gd termination) it reaches 30%. This indicates penetration of
the wave function of the subsurface Rh states into the bulk
and proves their resonance character in agreement with results
reported in Ref. [21].

Let us now trace the evolution of the two-dimensional
electronic states in the vicinity of the M point upon increasing
the film thickness. The film thickness increase from the 4-
layer [Fig. 4(f)] to the 8-layer [Fig. 6(a)] is accompanied
by a doubling of the number of electronic bands in the film
spectrum and, in particular, leads to two sets of Rh-derived
bands within a 1.5 eV interval below the Fermi level [marked
as 6 and n in Fig. 6(a)]. Both pairs of bands, § and 5, show a
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FIG. 6. Electronic band structure of the GdRh,Si,(001) films with thicknesses of 8 (a) and 20 (b) layers calculated along the X-M—X
direction in the SBZ. On the left-hand sides of panels (a) and (b) the contributions of the d,;, d,., d,2_, states of all Rh layers as well as
those of the p states of all Si layers are shown in magenta, cyan, purple, and red circles, respectively. On the right-hand sides, the Rh d,, state
contributions of the 2nd, 6th, and 18th Rh layers (numbered from the Si surface) are shown in orange, green, and gray, respectively. The Rh
d,y state contributions of the 10th and 14th Rh layers are not shown. The inset to (a) illustrates the avoided crossing arising due to interaction
of the § and n bands. The size of the color circle reflects the contribution of the corresponding state.

characteristic fourfold degeneracy at the M point and a similar
orbital composition (d,>_,> near the M point, which gradually

changes into a d,. symmetry further along the M—X direction).
However, the dispersions of the two pairs of bands differ
significantly. Apart from the differences in environments of
the Rh layers in the two blocks that affect the dispersion of
the corresponding bands, there is another important factor
that governs their dispersion, which is the interaction be-
tween them. In fact, it is the hybridization between the bands
originating from the different 4-layer blocks that gives rise
to the butterfly-like dispersion of the bands marked as §.
Indeed, while the lower band of § is exclusively localized in
the Si-terminated block near the M point, it becomes shared
between the two blocks starting from k) ~ %(M—X) (shown
by the vertical black dashed line), where its group velocity
changes sign Fig. 6(a). The upper band of 7 shows a somewhat
similar behavior, residing in the Gd-terminated block near
the M point but relocating to a large extent to another block
starting from the same kj;, where the sign of the group velocity
changes as well. In other words, the hole-like band of the
Si-terminated block interacts with the electron-like band of
the Gd-terminated block as a result of which the avoided
crossing appears at k| ~ (M-X), as is illustrated in the
inset of Fig. 6(a). Thus, the butterfly-shaped surface state
of the 32-layer GdRh,Si, film [Fig. 2(a)] is formed already
at a thickness of 8 layers. Finally, as far as the unoccupied
states are concerned, comparing Figs. 2(a) and 6(a), it can
be seen that the y band is completely formed in the 8-layer
film and resides at almost the same energy, which is caused
by similar relaxations near the Si termination of the 8- and
32-layer films.

Figure 6(b) shows the band structure of the 20-layer film.
As compared to the spectrum of the 8-layer film, one can
see three additional pairs of bands whose origin and orbital
composition are similar to those of § and n. However, in
contrast to the latter, these new bands, being localized in
the internal blocks of the film, have a dispersion character-
istic of the bulk states seen along the M—X direction [cf.
Figs. 2(a), 2(b)]. In particular, there is a group of closely
packed k||-dispersive bands that go through the butterfly-like
state without significant interaction. At the (001) surface of
the semi-infinite crystal they form the continuum of the bulk
projected bands with a weak &, dispersion that separate the
two local projected bulk band gaps in which the state § is
located at the Si termination [Fig. 2(a)]. The part of the
butterfly-like state located in the larger band gap localizes in
real space in the topmost 4 layers of the Si surface, while the
part located in the smaller gap appears to be shared between
the first and second blocks of the Si-terminated surface.
Unlike the 8-layer film, there are two bands of the type n
that have markedly two-dimensional character near M: one
of them is located in the subsurface 4-layer block of the Si
termination (shown in green); the other one resides in the
surface block of the Gd termination [shown in gray; cf. also
Figs. 2(a), 2(b)]. Upon approaching the M point these bands
become resonant, entering the continuum of the bulk states
[Figs. 2(a), 2(b)]. However, the inclusion of the spin-orbit
interaction opens a local band gap in the projected bands at
the M point around an energy of —1.4 eV [Figs. 2(c), 2(d)].
Due to this, the bands 1 of both terminations acquire purely
surface character, being now located inside the local projected
band gap.
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IV. CONCLUSION

The origin of the two-dimensional electronic states at
the (001) surface of GdRh;Si, has been studied using first-
principles calculations. Two surface terminations, Si and Gd,
reported in recent experimental studies have been considered,
and the differences of their electronic structures have been
analyzed in detail.

Both the Si and Gd surfaces reveal strong structural relax-
ations that penetrate relatively deeply into the material. While
the surface states are expectedly affected by the relaxations,
the subsurface 2D states are not shifted to local or symmetry
gaps upon relaxation and follow closely the projected bulk
bands’ behavior. This circumstance allows using such bands
as a reliable reference in the identification of bulk bands in
ultraviolet ARPES measurements, that probe only the near
surface region.

It has been found that the resonance state, located around
the T point and observed in several photoemission experi-
ments, in the case of Si termination is formed via the Tamm
mechanism. The latter means that this state is split off from
the projected bulk states of similar dispersion and the same
orbital character into a continuum symmetry gap where it
coexists with degenerate projected bulk states of different
symmetry. In contrast, the resonant state at the Gd termination
does not come out from the projected band region and is
hybridized with the bulk states much more strongly. The
differences between the resonance states at the Si- and Gd-
terminated surfaces arise due to the different relaxations near
these surfaces.

The precursors of the Shockley surface states, located in
the projected band gap around the M point at the Si-terminated
GdRh;Si,(001) surface, are formed already in a stoichiomet-
ric film of minimal thickness (4 layers). Further, we have
shown that the butterfly-like dispersion of the valence band
surface state arises in the 8-layer-thick film due to hybridiza-
tion between the two bands’ precursors, that come from the
two different 4-layer blocks (Si- and Gd-terminated). Because

of this hybridization, the butterfly-shaped Shockley state in
real space is shared between the subsurface and surface 4-
layer blocks. Further increase of the thickness from 8 layers
to the semi-infinite medium limit only leads to slight changes
of the energy positions of these states.

All these results have been obtained without taking spin-
orbit and magnetic interactions into account, since they are
not the fundamental causes of the existence of these states.
Inclusion of these interactions in the calculation lifts the spin
degeneracy of the surface bands thus modifying their disper-
sion. However, the differences between the band structures
calculated for the Gd 4f moments oriented along the [110]
and [100] directions appear to be subtle.

Thus, our study sheds light on the origin of the two-
dimensional electronic states at the GdRh,Si»(001) surface
and explains their dispersion seen in angle-resolved photoe-
mission spectroscopy experiments. Similar formation mecha-
nisms of the surface and resonance states should be expected
in a wide class of the REX,Si, compounds.
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