RESEARCH ARTICLE | JANUARY 18 2024

One-step model photoemission calculations of Type-Il Dirac
semimetal PtTe, ©

Muthu Masilamani &4 ; Jakub Schusser; Mohammed Qahosh; Lukasz Plucinski; Friedrich Reinert

‘!i Check for updates

AIP Conf. Proc. 3054, 070004 (2024)
https://doi.org/10.1063/5.0187969

@ B

View Export
Online  Citation

Q
(&
o
()
-
()
Y
o
@)
o
-
<L

Proceedings

20:S¥:LL $20Z IMdY 0L

Boost Your Optics and
Photonics Measurements

= S TN
Lock-in Amplifier ‘ H
N # Zurich . _ i\ ==
AlIP 7\ Instruments e -4 2 & & :

é/_‘_ PUinShing Boxcar Averager



https://pubs.aip.org/aip/acp/article/3054/1/070004/3022945/One-step-model-photoemission-calculations-of-Type
https://pubs.aip.org/aip/acp/article/3054/1/070004/3022945/One-step-model-photoemission-calculations-of-Type?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0187969&domain=pdf&date_stamp=2024-01-18
https://doi.org/10.1063/5.0187969
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372065&setID=592934&channelID=0&CID=872268&banID=521836448&PID=0&textadID=0&tc=1&scheduleID=2290750&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Facp%22%5D&mt=1712749502830068&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Facp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0187969%2F18572678%2F070004_1_5.0187969.pdf&hc=bf601b820a9a8240d55c66becfd86c0fa54cd6c6&location=

One-Step Model Photoemission Calculations of Type-I1I
Dirac Semimetal PtTe,

Muthu Masilamani® ®, Jakub Schusser', Mohammed Qahosh?, Lukasz Plucinski?
and Friedrich Reinert!

'Experimentelle Physik VII and Wiirzburg-Dresden Cluster of Excellence ct.qmat, Universitit Wiirzburg, D97074
Wiirzburg, Germany
’Peter Griinberg Institut (PGI-6), Forschungszentrum Jiilich GmbH, Jiilich, Germany

3 Corresponding author: muthu.masilamani@physik.uni-wuerzburg.de

Abstract. Among the class of transition metal dichalcogenides (TMDC) PtTe: with trigonal structure belongs to type-II
Dirac semimetals and attracted extensive research interest due to the Dirac points appearing at the band touching points of
electron and hole pockets. Here we have studied photoelectrons from the surface and bulk states of PtTe> using state-of-
the-art photoemission theory and experiment. We used theoretical photoemission model to distinguish between surface and
bulk Dirac states through determinant criterion using the one-step model of the photoemission within the spin-polarized
relativistic Korringa-Kohn-Rostoker (SPR-KKR) Green’s function method.

INTRODUCTION

In topological semimetals the valence and conduction bands touch only at discrete points (Dirac or Weyl) and
disperse linearly in all directions around these points [1]. In a Dirac semimetal (DSM) or Weyl semimetal (WSM),
such degeneracies between valence and conduction bands give rise to low energy excitations-Dirac fermions described
by the massless Dirac equation [2,3]. The electronic energy dispersion relation of such semimetals can be generically
expressed as £(k) = T(k) = U(k), where 7(k) and U(K) are potential and kinetic energy terms respectively [4]. In type-
I semimetals, 7(k) < U(k) and the Dirac or Weyl points appear at the Fermi energy with linear dispersion in all
directions. In type-II semimetals, 7(k) > U(k) and the Dirac cone gets tilted over the provided momentum direction
in the Brillouin zone (BZ) and emerges at the topologically protected band touching points of valence and conduction
bands [5]. A Dirac point separates into Weyl points if either inversion or time-reversal symmetry is broken [6]. Here
we distinguish Dirac state from bulk state in PtTe, using angle-resolved photoemission spectroscopy (APRES)
experiment and one-step model photoemission calculations.

Platinum ditelluride is a Dirac semimetal and crystallizes in the space group P3m1 (No. 164) with lattice constants
a=b=4.05A and c = 5.48 A. The three-atom-layered structure of PtTe, is composed of a sublayer of Pt sandwiched
between two sublayers of Te (Fig.1(a)). The bulk BZ and projected hexagonal surface BZ onto the (001) plane is
shown in Fig.1(b). The single crystal PtTe, was purchased from HQ Graphene and the electronic states in BZ were
localized using ARPES with HIS13 helium discharge lamp as He-I photon source and MB scientific A1 hemispherical
electron analyser.

We established a good correspondence between ARPES theory and experiment through systematic study of bulk
and surface states of PtTe, using the SPR-KKR band structure software package [7] and ARPES experiment. This
package is based on the Green’s function and multiple scattering formalism. It properly describes the photoemission
matrix-element by including all the experimental parameters such as photon energy, light polarization and geometry
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configurations. Reliability of SPR-KKR in terms of reproducing expected matrix element behavior was established
both in the context of TMDC of the space group (No.164) as PtTe, [8,9] but also other space groups [10-12].
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FIGURE 1. (a) Side and top view of PtTe> lattice structure. Blue and red balls represent Pt atoms and Te atoms respectively. The
black rectangle indicates unit cell. (b) Bulk and projected surface Brillouin zone onto (001) surface. (c) Experimental geometry.

ONE-STEP MODEL OF PHOTOEMISSION CALCULATIONS

Our spin- and angle-resolved photoemission data were augmented by the one-step model of the photoemission
within the spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) Green’s function method of the Munich
band structure software package [7]. We used local density approximation (LDA) for computing the exchange-
correlation potential. The spin-orbit coupling (SOC) is treated using the fully relativistic Dirac equation which makes
the photoemission matrix element spin dependent through relativistic dipole selection rules [13,14]. The bulk
potential is computed using the self-consistent full-potential linear muffin-tin orbital (FP-LMTO) method. The KKR
equations are solved with an angular momentum cutoff of /max =4 [15]. The finite lifetime effects in the initial state
and final states have been included by adding a constant imaginary part to the local DFT potential V,(E) = Vo (E) +
iVo(E) [16]. We choose iV, i(E2) = 1.00 eV and iVo(E;) = 0.05 eV for the final and initial states respectively. After
checking the layer and G-vector convergence [17], the surface barrier (SFB) parameter is tuned to match with the
experiment. We used Rundgren-Malmstrom (RM) surface barrier model [18] to ensure smooth transition between
Coulomb-like image potential on the vacuum side far outside the crystal surface and the bulk crystal potential [16].
The multiple scattering formalism is considered for a wavefunction between the topmost layer of the semi-infinite
bulk crystal and the RM barrier and the corresponding reflection matrices Ry, and R, are calculated. The bulk reference
energy Vo is connected to the asymptotic regime ~ 1/z by the surface potential. In Fig.2 we see evolution of band
structure of PtTe; as a function of SFB parameter. As the SFB parameter influences mainly the energy dispersion of
surface states because of its direct localization at the surface, the qualitative changes in the band dispersion can be
attributed mostly to the surface states.

(a) SFB = 0.20 (b) SFB = 0.25 (¢) SFB = 0.30 (d) SFB=0.35 (e) SFB = 0.40
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FIGURE 2. A series of calculated E vs k; plots with varying SFB. We see certain bands responds to the SFB indicating they are
surface origin. The Dirac point (red arrow) shifts (from 1.8189 eV to 2.7623 eV) with respect to SFB (from 0.20 to 0.40)
indicating it is surface Dirac state.
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It should be noted that the SPR-KKR package has access to the photoelectrons emitted from the states above the
Fermi level (Fig.2) which are not accessible by the conventional ARPES experiment. For the classification of bulk
states (BS) and surface states (SS), we employ determinant criterion method [19,20]. This method provides
qualitatively similar information to changing the SFB parameter. The presence of a surface state is indicated by |det
(I— Ry Ry) | approaching zero. The bulk character of a state is directly proportional to the |det (I — Ry Ry) |.

With fine tuning of all these parameters and using the same experimental geometry with s-polarized light of energy
21.22 eV (He-I line), we quantitatively mapped majority of the experimental dispersive features using the one-step
model photoemission calculations (Fig.3). It should also be noted that in order to map these features, the theoretical
spectra were renormalized in energy by a factor of 1.21. A Dirac cone is situated at £-Er =—-2.25 eV below the Fermi
level (Fig. 3 (a-c)) which has been identified as a topological surface state (TSS) in PtSe; class of TMDC [4,21-23].
A type-1I bulk Dirac cone at the binding energy ~0.5 eV below the Fermi level and the surface states between —0.5 eV
to —1 eV are in good agreement with [4]. In contrast to [22], where the TSS is identified at binding energy ~1 eV
below the Fermi level, our calculation indicates that this state has bulk-like character (Fig.3(a)).
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FIGURE 3. (a) The E vs k; plot of the corresponding determinant criterion. (b) and (c) Calculated and experimental £ vs &
intensity plot along M-I'-M direction. The surface Dirac state is localized at the ['-point with binding energy of —2.25 eV. The
determinant criterion qualitatively localizes the SS observed by probing SFB parameter.

The surface Dirac cone (SDC) is revealed in Fig.4 through the corresponding constant energy k.-k, cuts at binding
energies (—2.3 eV to —2.5 eV) in Brillouin zone with the I'-point as the center (Fig.4). The determinant criterion
indicates bulk origin of the bands in the vicinity of SDC. The experimental ARPES maps were taken using unpolarized
He-I light whereas the theoretical ARPES spectral function were calculated by using s-polarized He-I light. Due to
this difference in the polarization of light used, the one-to-one correspondence between experimental and theoretical
photoemission spectra should not be expected.
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FIGURE 4. Tracking of SDC. Series of constant energetic kx-ky cuts obtained through ARPES calculation (a-c) and experiment
(d-f) at binding energy correspondingly starting from binding energy —2.3eV to —2.5e¢V with the step size of 0.1eV. The red arrow
indicates the position of the SDC with radius of cross-section ranging from 5.92x102 A~ t0 2.13x10™" A~ respectively from (a)

to (c).

CONCLUSION

In this work we created a model which quantitatively transcribe most of the features in the band structure mapped
by experimental ARPES. Moreover, we have shown that surface states and bulk states can be differentiated by using
the surface barrier parameter and determinant criterion within the SPR-KKR package. Previously, it was claimed that
the TSS at ~1 eV below the Fermi level in 1T-PdTe,, a sister compound of 1T-PtTe,, has a surface character [22].
Our calculations, however, confirm that this state has bulk character. Moreover, our theoretical model of 1T-PtTe,
will serve as the basis for future studies of asymmetries in measured spin texture which are induced by the
experimental geometry [24] and the spin-orbital texture mapping from the spin- and angle- resolved photoemission.
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