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HgTe is a versatile topological material and has enabled the realization of a variety of topological states, including 

two- and three-dimensional (3D) topological insulators and topological semimetals. Nevertheless, a quantitative 

understanding of its electronic structure remains challenging, in particular, due to coupling of the Te 5p-derived 

valence electrons to Hg 5d core states at shallow binding energy. We present a joint experimental and theoretical 

study of the electronic structure in strained HgTe(001) films in the 3D topological-insulator regime, based on angle-

resolved photoelectron spectroscopy and density functional theory. The results establish detailed agreement in terms 

of: (i) electronic band dispersions and orbital symmetries, (ii) surface and bulk contributions to the electronic 

structure, and (iii) the importance of Hg 5d states in the valence-band formation. Supported by theory, our 

experiments directly image the paradigmatic band inversion in HgTe, underlying its nontrivial band topology. 

 

Topological band theory marks a milestone in condensed- 

matter physics and has established a deeper understanding of 

electronic structure in crystalline solids [1–4]. It has led to the 

discovery of a variety of topologically nontrivial states of mat- 

ter, including two-dimensional (2D) and three-dimensional 

(3D) topological insulators (TI) [5,6], topological crystalline 

insulators [7], magnetic TI [8,9], as well as Dirac and Weyl 

semimetals [10]. These topological states form the basis for 

unusual electron transport phenomena, such as the quan- 

tum spin Hall effect in 2D TI [5], the quantum anomalous 

Hall effect in magnetic TI [8], and the chiral anomaly in 

Weyl semimetals [10]. Although, according to recent theoret- 

ical predictions, one may, in principle, expect an abundance 

of topological materials in nature [11], the number of sys- 

tems that allow for the experimental observation and control 

of these phenomena is still very limited. The compound 

HgTe constitutes one such paradigmatic topological material. 
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Through growth of epitaxial films, a variety of topological 

regimes were realized in HgTe in dependence of film thick- 

ness and lattice strain. For instance, films of HgTe allowed for 

the observation of the quantum spin Hall effect [5] as well as, 

more recently, a chiral-anomaly-driven negative magnetore- 

sistance [12], and signatures of topological superconductivity 
[13] and of Majorana quasiparticles [14]. 

Despite the aforementioned importance of HgTe in the field 

of topological materials, a quantitative understanding of its 
electronic band structure still remains difficult [15–17]. The 

origin of the nontrivial topology in HgTe is a band inversion 

around the Г point of the Brillouin zone (BZ) where states of 

Hg 6s orbital character and states of Te 5p character acquire 

an inverted energetic order around the band gap, giving rise to 
an inverted gap [18]. By now, similar inversions of energy lev- 

els have been recognized as a key signature of topologically 
nontrivial band structures [19]. Although the general band- 

inversion mechanism in HgTe has been known for a long time 

[20,21], an accurate description of the band structure from first 
principles is challenging. A main reason for the difficulties lies 

in the presence of Hg 5d semicore states at shallow binding 

energies that influence the sp band structure and the in- 
verted band gap via p-d interaction [22,23]. Despite previous 
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FIG. 1. (a) Bulk Brillouin zone with high-symmetry points. The k-space path for the panels (d)–(f) is indicated in red. (b) kx-kz ARPES 

data sets obtained from hν-dependent measurements. (c) ARPES data set for HgTe(001) around the Г point (hν  123 eV) and corresponding 

calculation of the bulk band structure. (d) ARPES data along high-symmetry directions. For maximal visibility we plot the sum of data sets for 

p- and s-polarized light (cf. Fig. 3). (e) and (f) Calculations of the (001)-projected surface and bulk spectral functions. 

 

photoemission works [24,25], systematic comparison of 
experiment and theory has remained largely limited to band 

positions at the Г point as obtained from optical measure- 

ments [21,26,27], which, however, provide no momentum- 
dependent and no surface-sensitive information. 

In the present Letter, we report on the electronic struc- 

ture of HgTe(001) films in the 3D TI regime. Employing 

photon-energy- and polarization-dependent angle-resolved 

photoelectron spectroscopy (ARPES), we determine disper- 

sions and orbital symmetries of the sp-derived valence bands 

and disentangle bulk and surface states. Our experiments also 

unveil an itinerant character of the Hg 5d states as evidenced 

by a finite band dispersion and subband splittings of the d 

5measurement setup. We conducted ARPES experiments at the 

MAESTRO end station (μ ARPES setup) at beamline 7 of the 

Advanced Light Source (ALS) and at a high-resolution ARPES 

setup in the laboratory in Würzburg. Band-structure 

calculations were performed based on DFT. Experimental and 

theoretical details are given in the Supplemental Material 

[30].  
We collected hν-dependent ARPES data to identify the 

high-symmetry planes in the the 3D band structure of HgTe 
(Figs. 1(a) and 1(b) and Fig. S6 of the Supplemental Mate- 
rial [30]). The Г point of the bulk BZ is reached in normal 

emission at a photon energy of approximately hν 123 eV, 

consistent with an inner potential of V0  10.3 eV. Figure 1(c) 

shows a corresponding ARPES dataset together with the cal-
and d 3 

2 
manifolds. The experimental results are in detailed culated bulk band structure along high-symmetry directions. 

agreement with calculations based on density functional the- 

ory (DFT) performed using the HSE06 hybrid functional on 

top of local-density approximation (LDA) for exchange and 

correlation. For other approximations the agreement is con- 

siderably inferior. Our findings establish a benchmark for 

the investigation of topological phenomena in HgTe-based 

systems and in related material classes where analogous topo- 

logical band inversions have been predicted [28,29]. 
The HgTe films were grown by molecular beam epitaxy 

on CdTe substrates (see Fig. S1 of the Supplemental Material 
[30] for the detailed layer stacking). The samples were 

either grown on with a protective amorphous Te/Ti layer 

or transferred directly with an UHV suitcase to the ARPESA 
comparison over a larger energy range is shown in Fig. S5 of 

the Supplemental Material [30]. We identify the Г8, Г6, and Г7 

valence bands. An additional feature, which is not found in 
the bulk calculation, is attributed to the topological surface 
state (TSS). As discussed below in more detail (cf. Fig. 4), the 
TSS disperses linearly from the Fermi level to higher binding 

energies where it merges with the Г6 bulk band. 

To disentangle surface and bulk contributions to the elec- 

tronic structure, we compare ARPES data to calculations of 

the (001)-projected spectral functions along a high-symmetry 

path in the BZ [Figs. 1(d)–1(f)]. Considering bulk- and  
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exchange, partially corrects the self-interaction inherently as- 

sociated with the local DFT functionals. Indeed, LDA and 

MBJ severely underestimate the 5d binding energy, whereas 

LDA U gives rise to strong overestimations for reasonable 

values of U . Our experimental data further reveals a split- 

ting of the d 5 and d 3 peaks into three and two components, 
  2 2 

respectively. This splitting is again nicely captured by our 

HSE06-based calculation and, thus, can be attributed to an 

initial-state effect in the 5d levels. As seen in the momentum- 

dependent calculation in Fig. 2(b), this fine structure arises 

from a subband splitting and a finite band dispersion both 

evidencing a participation of the 5d states in the valence- 

band formation. Angle-resolved measurements confirm the 

dispersive character of the 5d states with a total band width of 

approximately 1 eV for the d 5 level (Fig. 2(c) and Figs. S5- 
2 

S7 of the Supplemental Material [30]). Supported by theory, 
our experiments, thus, establish evidence for significant p-d 

hybridization in HgTe. 

Our calculations further show a spin splitting of the Г8 

band along ГX ([110] direction), which remains unresolved 

in our measurements. It has been proposed that the linear term 
of the splitting, close to the Г point, arises from an adm√ixture 

of d orbital character and can be written as ∆kx = 3  3Ck, 
 

 

 

FIG. 2. (a) Angle-integrated photoemission data of the Hg 

5d states in comparison to DFT calculations based on different 

exchange-correlation functionals. (b) Calculated and measured band 
dispersion of the Hg 5d 5 states. 
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surface-projected spectral weights, we identify two main 

surface features: The TSS near the Г point and another surface 

state at the X point, which coincides with the K¯ point of the 

surface BZ. To our knowledge, the surface state at X has not 

been identified before. Both features are confirmed by the 

experimental data. All other features are attributed primarily 

to the bulk, consistent with the decent match of experiment 

and bulk calculation in Fig. 1(c). Another effect of the (001) 

projection is the appearance of backfolded bands (BFB) in the 

first bulk BZ. Along the ГK direction these BFB cross the 

primary bands at the boundary of the surface BZ, i.e., at the 

J¯ point. The BFB are also discerned in the experimental data, 

albeit with comparably low spectral weight. 
The level of agreement between measured and calcu- 

lated electronic structures, established in Fig. 1, becomes 

significantly compromised for other approximations of ex- 

change and correlation as seen from a detailed comparison 

of the experimental data to calculations based on local den- 

sity approximation (LDA), LDA U , and the modified 

Becke-Johnson (MBJ) hybrid functional in the Supplemental 

Material Figs. S3 and S4 [30]. The importance of exchange- 

correlation effects in HgTe has been attributed to the p-d 

interaction of the sp valence bands with the shallow Hg 5d 

states [22,23], which we address in the following. 

Figure 2(a) compares angle-integrated photoemission data 

of the Hg 5d states to calculations based on different 

exchange-correlation functionals. The best match to the 

experimental binding energy is obtained with the HSE06 func- 

tional which, accounting for a percentage of the exact Fock 

where the coefficient C is given by [52–54] 

C A 
 ∆d,c  

. (1) 

E (Г8) − Ed,c 

E (Г8) is the top of the Г8 band, and ∆d,c is the spin-orbit 

splitting, and Ed,c is the energy of the Hg 5d levels. The 

constant A has been estimated to 350 meV Å for II–VI com- 
pounds [53]. From our direct band calculation we estimate 
C  70 meV Å (Fig. S7 of the Supplemental Material [30]), 
whereas using Eq. (1), we obtain C  80 meV Å for experi- 

mental values and C  87.5 meV Å for theoretical values. 

The reasonable match supports the validity of Eq. (1) and, 
therefore, indicates an influence of p-d interaction on the spin 
splitting of the top-most valence-band states. 

The spin splitting arises from bulk inversion asymme- 
try (BIA), which quantifies the difference between the 

monoatomic diamond structure (similar to α-Sn) and the 

HgTe zincblende structure and can play a crucial role for 
transport phenomena in HgTe. For example, in compressively 
strained HgTe, Weyl points arise as a result of the BIA, in 
contrast to Dirac fermions present without inversion asym- 
metry [12,55]. In HgTe quantum wells, an even-odd effect 
in the length of the Hall conductance plateaus could be ex- 
plained by the BIA [56]. For quantitative analysis of these 
phenomena, one commonly uses k p theory [57], but the 
strength of the BIA couplings of HgTe is poorly known. In 
order to provide an estimate from our present results, we fit 

a 4  4 Luttinger model [55] with a linear BIA term HBIA 

α[kx Jx, J2  J2 c.p.] (analogous to 3 3Ck above) to the 

band structure obtained from the HSE06 functional. We obtain 

α 70 20 meV Å. More details are provided in Supple- 

mental Material Sec. IV [30]. 

We proceed by examining the orbital composition of the 

valence bands, which plays a crucial role for the topological 

properties. We exploit selection rules imposed by the dipole 
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FIG. 3. (a) and (b) Constant-energy ARPES datasets obtained with p- and s-polarized light. The boundaries of the bulk BZ are indicated. 

(c) and (d) ARPES data along the K Г K direction for p- and s-polarized light. (e)–(g) Calculations of the (001)-projected surface spectral 
function along ГK projected on different Te 5p orbitals. (h) Schematic of the experimental geometry. The datasets in all panels were taken 

with hν = 123 eV. 

 

approximation of the photoemission matrix element. A sketch 

of the experimental geometry is shown in Fig. 3(g). The plane 

of light incidence (the xz plane) is aligned with the mirror- 

symmetric {110} plane, implying that for emission within the 

plane of light incidence, linearly s-polarized light couples ex- 

clusively to odd orbitals and p-polarized light to even orbitals. 

A strong influence of the light polarization on the intensity 

distributions is directly apparent from the constant-energy 

maps in Figs. 3(a) and 3(b). 
Focusing on the intensity within the plane of light inci- 

dence in Figs. 3(c) and 3(d), we find that s-polarized light 

predominantly excites the Г8 band. This is in line with our 

calculations in Figs. 3(e)–3(g) assigning a main contribu- 
tion from odd-py orbitals to this band. All other features are 
largely suppressed for s polarization with the exception of 

minor contributions from the Г6 band at small but finite kx, 

consistent with the calculations showing a slightly enhanced 
py character at similar kx. Comparing the momentum depen- 
dences of the ARPES spectral weight for p-polarized light and 
of the projections on even px and pz orbitals, we conclude that 
the measurement mainly reflects pz-derived states, including 

the TSS as well as parts of the Г8 and Г6 bands. 

A more detailed analysis near the Г point is shown in 

Fig. 4. The measured intensity distribution for p-polarized 
light in Fig. 4(a) displays a similar momentum dependence 
as the calculated pz-projected weight of the bulk bands 

[Fig. 4(b)]. In particular, drops in the pz-orbital character 
towards large wave vectors for the Г8 band and towards small 

wave vectors for the Г6 band are reflected in the experimen- 

tal data where corresponding reductions of spectral weight 
are observed. As seen in the calculations in Fig. 4(b), the 
momentum-dependent change in orbital contribution for the 
Г6 band is directly related to the band inversion, which gives 

FIG. 4. (a) ARPES data near the Г point taken with hν  123 eV 

and p-polarized light. The inset shows ARPES data obtained with 

with He Iα line (hν 21.2 eV) for which the cross section of the 

topological surface state is much larger than for the bulk bands. 

(b) Calculated bulk band structure projected on Te 5pz and Hg 6s 

orbitals. (c) and (d) ARPES datasets measured at (b) T = 40 K and 

(c) 300 K (hν = 21.2 eV). 
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rise to a dominating Hg 6s character near Г at the expense 

of the Te pz character. Due to the low cross section for 
s orbitals the Г6 band is suppressed near Г. The inset in 

Fig. 4(a) shows data of the TSS taken at hν 21.2 eV for 

which it is the dominating spectral feature [cf. Figs. 4(c) and 
4(d)]. It is evident that the TSS merges into the Г6 band near 

wave vectors where the latter strongly drops in intensity, i.e., 
where the orbital character changes from Te pz to Hg 6s. 
These observations provide direct evidence for the correlation 
between bulk band inversion and nontrivial surface electronic 
structure. 

To obtain information about the conduction band, we col- 

lected ARPES data at elevated temperature [Figs. 4(c) and 

4(d)]. A pronounced shift in energy is observed when compar- 

ing data at 300 and at 40 K. At room temperature the bottom 

of the conduction band lies approximately 50 meV below 

the Fermi level, whereas it is not observed up to EF at low 

temperature. According to our calculations, the energy shift 

arises from the strong density of states asymmetry between 

the top of the valence and the bottom of the conduction band 

(Fig. S10 of the Supplemental Material [30]). As a result of 

the increased temperature, the chemical potential is shifted by 

55 meV, which is in agreement with the experiment. 

To summarize, we present a comprehensive experimental 

and theoretical investigation of the electronic structure of 

HgTe(001) in the 3D TI regime. The experimental results 

are captured in detail by calculations based on density func- 

tional theory in a hybrid-functional approximation, indicating 

a crucial role of nonlocal exchange interactions in HgTe. Our 

findings provide direct spectroscopic evidence for the band 

inversion in the bulk electronic structure and for its relation 

to the existence of a topological surface state. Our results will 

enable an improved theoretical description of more complex 

topological phases in HgTe-based systems [12–14], and may 

also facilitate the identification of topological states in related 

material classes. For instance, a variety of half-Heusler com- 

pounds were predicted to feature topological band inversions 

analogous to HgTe [28,29], but experimental evidence is still 

scarce [58]. In these compounds p-d interactions likely play a 

similarly important role as demonstrated here for HgTe. 
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