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ABSTRACT By means of ab initio density functional theory (DFT) calculations, we examined the surface elec-

tronic structure of the TbIr2Si2 antiferromagnet, which is distinguished by the out-of-plane alignment of Tb 4f

moments and a high Néel temperature. We analyzed the interplay between the spin-orbit and exchange in-

teractions and their effect on the dispersion of surface states resided in the projected band gap around the M̄

point of the surface Brillouin zone, and compared our theoretical findings with low-temperature angle-resolved

photoemission spectroscopy (ARPES) measurements.
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1. Introduction

For a long time, rare-earth (RE) intermetallic materials have attracted considerable interest because of their exotic

properties at low temperatures, which include complex magnetic phases, heavy-fermion states, the Kondo behaviour and

others [1, 2]. Of particular interest are the intermetallics with REX2Si2 stoichiometry [3–10], where the strength of the

Rashba spin-orbit coupling in the surface states can be tuned by choosing suitable transition metal atoms. It increases

by exchanging X element from 3d row, where the Rashba effect is relatively weak, to 4d and 5d, where it should be the

largest [8]. While materials with RE=Eu, Gd and their surface electronic structure have been well explored by means of

angle- and spin-resolved photoemission spectroscopy (ARPES and SARPES) and complementary theoretical calculations,

the terbium-based counterparts remain insufficiently studied.

This work is devoted to study of TbIr2Si2, currently underexplored antiferromagnet with a fairly high Néel tem-

perature (80 K) [11]. In contrast to related GdIr2Si2 compound [8], in which RE atom magnetic moments are oriented

in-plane, the TbIr2Si2 is characterized by the out-of-plane magnetic moments alignment. The cleavage plane in REX2Si2
lies along the RE-Si bond, thus ensuring the formation of rare-earth- and silicon-terminated (001) surfaces. In this work,

we study the surface electronic structure of the silicon termination by means of the density functional theory (DFT) cal-

culations, analyzing the effects of spin-orbit and exchange interactions on the dispersion of surface states. Finally, we

compare the calculation results with low-temperature ARPES measurements.

2. Methods

Electronic structure calculations were carried out within the DFT using the projector augmented-wave (PAW) method

[12,13] as implemented in the VASP package [13,14]. The exchange-correlation energy was treated using the generalized

gradient approximation (GGA) [15] for most calculations. The standard Tb potential in which the 4f electrons are treated

as valence states was used for spin-polarized calculations of magnetic phases. For paramagnetic phase calculations we

used Tb potential in which 4f electrons are treated as core states. To correctly describe the highly correlated Tb-4f

electrons, we included the correlation effects within both the HSE06 screened hybrid functional [16] and the GGA+U

method [17]. The values of U and J were taken to be of 6.7 eV and 0.7 eV, respectively, which give a good agreement

with HSE06 band structure. Additionally, we used the Slater-type DFT-1/2 self-energy correction method [18, 19] with

a partially (quaternary) ionized silicon potential for better describing the hybridization between deep Tb-f and Si-pxy
orbitals. The experimental lattice constants (a = 4.143, c = 10.155 Å) were adopted from Ref. [20]. The atomic

positions were optimized by minimizing forces acting on the atoms.
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FIG. 1. (a) Primitive unit cell of TbIr2Si2. Bulk band spectrum of TbIr2Si2 in ferromagnetic phase

calculated (b) with HSE06 screened hybrid functional, (c) within GGA+U approach, and (d) within

GGA+U with additional partial ionization of the Si potential within the Slater-type DFT-1/2 self-energy

correction method. Purple and green lines highlight the spin-up and spin-down states, respectively

FIG. 2. (a) Tetragonal unit cell of TbIr2Si2 in antiferromagnetic phase. Yellow arrows indicate the

directions of magnetic moments on Tb atoms. (b) Bulk band spectrum of TbIr2Si2: antiferromagnetic

phase with out-of-plane (oop) magnetic ordering (red lines) and paramagnetic phase (blue lines)

The surface electronic structure was studied within the framework of the slab model. The slab was constructed in

such a way that its top and bottom surfaces had a silicon termination and the slab thickness amounts of 39 atomic layers.

Surface electronic structure calculations were performed for both paramagnetic and magnetic states, with and without

taking into account the spin-orbit coupling.

All presented ball-and-stick atomic structures were visualized with VESTA [21].

A detailed method for obtaining high-quality TbIr2Si2 single crystals is described in Ref. [20]. ARPES experiments

were carried out at the BESSY II synchrotron at the “One-Cubed ARPES” station.

3. Results

The screened hybrid functional HSE06, which gives an accurate description of the electronic structure, is, however,

resource-consuming. For this reason, we use it only to select the optimal Hubbard U and Hund J parameters in the

GGA+U method. To this end, we carried out a series of calculations within the primitive cell (Fig. 1 (a)) for the artificial

FM phase and found that U and J equaled to 6.7 and 0.7 eV, respectively, satisfactorily describe the position of the

terbium f -band (Fig. 1 (b,c)). However, in contrast to the HSE06 spectrum in which dispersionless f band at ≈ −8.5

eV almost does not hybridize with the deeper states, in GGA+U it intersects these dispersed states. These deep states are

of Si pxy character and to improve their description we applied the DFT-1/2 method (Fig. 1 (d)). All further calculations

were carried out in this approach with the established parameters.

The ground magnetic state of the TbIr2Si2 is an interlayer antiferromagnetic phase characterized by an easy axis

pointed perpendicular to the magnetic layers [11]. The magnetic tetragonal unit cell containing two formula units is shown

in Fig. 2 (a). The calculated bulk electronic structure of the AFM TbIr2Si2 is demonstrated in Fig. 2 (b) in comparison
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FIG. 3. (a) Electronic structure of the silicon-terminated surface of TbIr2Si2 in paramagnetic phase

calculated without taking the spin-orbit coupling into account. The shaded region corresponds to the

projection of the bulk band structure. Inset shows the 2D surface Brillouin zone and high-symmetry

directions along which the band structure is calculated. (b, c) Spatial distribution of the surface states,

marked with circles of corresponding color (green or pink) in panel (a)

FIG. 4. (a) Relativistic electronic structure of the silicon-terminated surface of TbIr2Si2 in the paramag-

netic phase calculated along the Γ̄−M̄− X̄ path of the surface Brillouin zone. Shaded area corresponds

to the projection of the bulk band structure. Red and blue circles show the in-plain spin components

(±S∥) for the states localized in the four topmost layers. Green dashed line marks position of the Fermi

level. Inset schematically shows alignment of S∥ in the M̄ − Γ̄ and M̄ − X̄ directions. (b) Surface

electronic structure of TbIr2Si2 in AFM phase. Red and blue circles show positive and negative, respec-

tively, out-of-plane (Sz) spin components of the surface states

with the spectrum of the paramagnetic phase. This comparison clearly shows the influence of the f − d hybridization

of the terbium orbitals on the electronic spectrum near the Fermi level. As can be seen, differences in the spectra near

the Fermi level, mainly at the X and R points, that indicate that the f -electrons of terbium affect its d-orbitals, which

hybridize with the d-orbitals of iridium, magnetizing them.

We begin our consideration of the surface electron spectrum from the paramagnetic phase, neglecting the spin-orbit

interaction (Fig. 3). As can be seen in Fig. 3 (a), the metallic bulk spectrum of TbIr2Si2 contains a vast gap centered at

the M̄ point of the surface Brillouin zone (see inset in Fig. 3 (a)), which provides a room for a series of surface states. The

upper surface state, lying near the Fermi level, is almost entirely localized on the outer silicon atom and mostly formed

by its pz orbitals (Fig. 3 (b)). The two lower states, with electron and hole dispersions, are degenerate at the M̄ point at an

energy of ≈ −0.7 eV and both are mainly formed by d orbitals of the iridium atoms (Fig. 3 (c)).
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FIG. 5. ARPES spectrum of the Si-terminated surface of TbIr2Si2 measured at temperature of 7 K in

the vicinity of the M̄ point.

Remaining in the paramagnetic phase, switching-on the spin-orbit interaction results in the emergence of the Rashba-

type spin splitting, as well as lifting the degeneracy of the two lower energy bands (Fig. 4 (a)). In this instance, the splitting

of the spin subbands is particularly noteworthy, especially concerning the lower energy states, which are closely related to

the substantial atomic spin-orbit coupling on 5d iridium. In the low-temperature limit, when the AFM magnetic order in

TbIr2Si2 is established, in addition to the spin-orbit interaction, the exchange interaction arises, which leads to the lifting

the Kramers degeneracy of the Rashba states at the M̄ point and appearance of Sz spin component on the surface states

(Fig. 4 (b)). At the same time, the exchange splitting in the surface state lying at the Fermi level is about 50 meV, while in

the deep-lying states it reaches 150 meV. Such a significant difference is due to the different localization of these states.

As was pointed above, the surface state lying at the Fermi level is formed mainly by the orbitals of the surface silicon

atom and its wave function weakly penetrates deep under the surface, so its hybridization with magnetic atoms is small.

In the low-lying states, formed primarily by the d orbitals of iridium, their strong hybridization with orbitals of magnetic

Tb occurs.

The spectrum in the vicinity of the M̄ point obtained using the angle-resolved photoemission spectroscopy measure-

ments at 7 K is shown in Fig. 5. Comparing the calculated surface band structure of the TbIr2Si2 antiferromagnet with

low-temperature measurements, one can see that the theoretical spectrum demonstrates good agreement with the ARPES

data. The calculations reproduce the dispersion of the surface states and their spin splittings. Small differences in the

positions of the surface states are most likely due to structural factors associated with atomic relaxation in the calcula-

tion. Alongside, the theoretical calculations make it possible to trace the effects of spin-orbit and exchange interactions

separately and explain the large difference in the exchange splitting of different surface states on the base of an analysis

of their spatial localization and, consequently, the different hybridization of these states with the orbitals of the magnetic

atom.

4. Conclusion

In summary, utilizing the density functional theory calculations, we have studied bulk and surface electronic structure

of the TbIr2Si2 antiferromagnet. The bulk electronic structure calculations using screened hybrid functional allowed

us to establish accurate description of the bands and develop appropriate Hubbard parameters for simplified GGA+U

model. Consideration of paramagnetic and antiferromagnetic phases allowed us to distinguish the effects of spin-orbit and

magnetic exchange interactions on the electronic structure of the material. The theoretical surface spectrum of the TbIr2Si2
antiferromagnet was found to be in an excellent agreement with high-accuracy low-temperature ARPES measurements.

Analysis of the spatial localization of the surfaces states and their hybridization with orbitals of magnetic atoms allows us

to explain the observed features of the spectrum.
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