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ABSTRACT
Cadmium telluride (CdTe), a compound widely used in devices, is a key base material for the
experimental realization of the quantum spin Hall phase. We report herein a study of the electronic
structure of CdTe by angle-resolved photoemission spectroscopy from well-ordered (110) surfaces.
The results are compared with first-principles calculations to illustrate the topological distinction
between CdTe and a closely related compound HgTe. Through a theoretical simulation a
topological phase transition as well as the Dirac-Kane semimetal phase at the critical point was

demonstrated in the mixed compound Hg,Cd, ., Te.



I. INTRODUCTION
Cadmium telluride (CdTe) is a semiconductor with a direct band gap of 1.44 eV. Ever since
the 1960s CdTe has been widely used for electro-optic modulators and nonlinear optics in both the
near and far infrared regions, transferred electron devices based on the Gunn effect, piezoelectric
devices, electroluminescent diodes, infrared windows, solar cells, and detectors for a-, -, x-, and

1,2,3,4,5,6,7,8,9

y-radiations. The properties making CdTe so versatile are high atomic numbers, a large

band gap, a high electron mobility of ~1100 cm*/V's, and the greatest electro-optic coefficient

),11,12,13,14

among the I1-VI compound crystals.'” In recent years, CdTe has been employed as a key

parent material for the experimental realization of the quantum spin Hall phase that forms the basis

for two-dimensional (2D) topological insulators.'”'*""'"

The HgTe/CdTe quantum well systems,
with the two components belonging to different 3D time reversal Z, topological phases, possess
protected spin-polarized edge states because of an “inverted” band alignment across the
boundary.'”'® By tuning the chemical composition of the mixed compound Hg,Cd,_,Te to a proper
critical value, a 3D massless Dirac-Kane fermion can be realized.'’’ The conical
dispersion in all three dimensions makes this compound scientifically interesting and highly
promising for next generation electronic device applications.

With much improved crystal growth techniques, high-quality CdTe single crystals have
become available with a high resistivity and in large dimensions (centimeters) suitable for
large-scale integrated device fabrication. The electronic structure of CdTe has been studied by

24,25,26,27,28

various theoretical and experimental methods. However, high-resolution band mapping

has been lacking to this date. The detailed low-energy electronic structure of CdTe is thus
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unavailable, but it is of fundamental importance for understanding the topological properties and
trends of this type of materials. To address this issue, we have performed high-resolution
angle-resolved photoemission spectroscopy (ARPES) measurements of samples prepared by
cleavage in situ to expose clean, well-ordered, and flat surfaces. These surfaces exhibited much
sharper spectral features than samples prepared by sputtering and annealing, thus facilitating
precise placement of the band edges. The results from 3D band mapping, compared with
first-principles calculations, allow us to identify the orbital characters and spin-split gaps of the
valence bands close to the Fermi level. The results are compared with those of HgTe to
demonstrate the critical differences in their band structures that related to the formation of the
quantum spin hall phase. The topological phase transition from CdTe to HgTe upon alloying and
the massless Dirac-Kane semimetal phase at the critical composition are illustrated by
computations based on a mixed-pseudopotential simulation. The experiment and theory together
offer a comprehensive understanding on the electronic behavior of CdTe and related topological

1ssues.

II. METHODS
In our work, electronic band structures were computed from first principles using a
plane-wave basis set and the pseudopotentials developed by Hartwigsen, Goedecker, and Hutter.”’
The main computation package based on local density approximation including spin-orbit

coupling (SOC) was developed by the ABINIT group.’”’' Large single crystals of CdTe were

grown by a modified Bridgman method.”” Samples used in the experiment were cleaved in situ
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under ultrahigh vacuum (<10™'° Torr) prior to ARPES measurements at the Synchrotron Radiation
Center of the University of Wisconsin-Madison using 24 eV photons and the Scienta R4000

endstation on the Plane-Grating-Monochromator Beamline.

III. RESULTS AND DISCUSSION

Crystals of CdTe adopt the zincblende structure with a cubic lattice constant of a = 6.48 A at
room temperature. The structure is the same as that of diamond, but with Cd and Te atoms
occupying two different sites in the unit cell [Fig.1(a)]. Each Cd (Te) is surrounded by four Te (Cd)
atoms to form a tetrahedral bonding configuration. The structure, without spatial inversion
symmetry, is non-centrosymmetric. The natural cleavage plane is (110). The Brillouin zone is
shown in Fig. 1(b). The k., k,, and k. axes are chosen to be along [1-10], [001] and [110],
respectively. The W and L points are projected onto the A/ points of the (110) surface Brillouin
zone, which is indicated by the red rectangle with size (\/5 , 1)75/ a as shown in Fig. 1(b). A
photograph of the CdTe crystals used in the experiment is shown in Fig. 1(c). The resistivity of the
samples is 6x10° Q-cm at room temperature. An overview ARPES spectrum taken with a photon
energy of 80 eV [Fig. 1(d)] reveals two pairs of sharp peaks. They correspond to the Cd 4d and Te
4p core levels at binding energy Ep = 11 and 40 eV, respectively. The valence bands near the Fermi
level, much weaker relative to the core levels, are not apparent in this spectrum.

Figures 2(a) and (b) show the calculated band structures of CdTe with and without SOC. The
electronic and optical properties of this material are mainly determined by three sets of bands close

to the Fermi levels. These are labeled as I'g, ['7, and I's in terms of the representations of the point
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group at I. Band I's is primarily derived from the Cd 5s orbitals while I'; and I'g originate from the
Te 5p orbitals. These atomic orbital characters are evident from the calculated charge density
distribution of each state as illustrated in Fig. 2(e). States I'¢, ', and I'g are 2-, 2-, and 4-fold
degenerate at I, respectively, and they split into multiple bands as they disperse away from I" due to
reduced symmetry. Specifically, the I's band splits into a heavy-hole band and a light-hole band. As
shown in Fig. 2(a), the electron-like I's band is located above the Fermi level while the hole-like I';
and 'y bands are below the Fermi level. The energy gap between the I'¢ and I's states is 0.78 eV,
which is smaller than the experimental value of 1.44 eV. This roughly a factor of two discrepancy
is quite common for local density calculations, which produce very accurate valence band
dispersions but tend to underestimate energy gaps in semiconductors and insulators. With the SOC
turned off in the calculation, the spin-split I'; and I's bands become degenerate at I".

Similarly calculated results for HgTe are presented in Figs. 2(c) and (d) for comparison. A key
difference between HgTe and CdTe is the band ordering at the zone center. For HgTe, the I's states
are located above the I'q states. Therefore the energy difference AE = Et¢ — Ers 1s positive for CdTe
but negative for HgTe. This change in sign signifies that CdTe and HgTe belong to different
topological phases. As established in previous studies, HgTe is topologically nontrivial and
supports topological surface states within the energy gap between the “inverted” I's and Ig
bands.”" Rigorously speaking, HgTe is a semimetal, not an insulator, but its topological order
can still be defined in the same way as for other topological insulators. The calculated density of
states (DOS) is plotted in Fig. 2. The curves (with energy smearing 0.005 Hatree) reflect the

semiconducting and semimetallic natures for CdTe and HgTe, respectively.
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Figure 3(a) presents the calculated projected bulk bands of CdTe along the £, direction of the
(110) plane. Each band corresponds to a k. of a dense grid. The bulk bands with k. = 0 are shown in
red color, which correspond to the edges (or extremes) of the bulk band continua. ARPES taken
with a photon energy (24 eV) away from direct transitions should yield an intensity map
resembling the projected density of states, and the results are shown in Figs. 3(b) and (c). The
Fermi level is located at 0.3 eV above the valence band maximum, which is consistent with the
high resistivity of our sample at room temperature. The heavy hole (HH, I's,), light hole (LH, I's.),
and split-off (SO, I'7) bands are resolved in the data as edges of emission from the projected bulk
bands. Specifically, the emission intensity pattern is proportional to the 1D density of states
(E.—E )7% O(E.—E) near each band edge at E, (km,) . This leads to a strong buildup of
emission intensity as the energy approaches the band edge from below and a cutoft (rounded by
lifetime effects) at the band edge.

At the zone center the I'; state is at 0.92 eV below the I'g states based on both experiment and

theory, which is an indication of the SOC strength. From curve fitting, the experimentally

*

determined effective masses are m;H= 0.80 my, m,

e 0.12 mg, and m;020.19 mg , where my is
the free electron mass. These spectroscopic effective masses are in good accord with results
obtained from prior cyclotron resonance measurements.’’ Such ARPES measurements were
performed for a dense set of in-plane emission directions of k| to yield a 3D data set. A stack of
ARPES constant-energy maps is shown in Fig. 3(d); evidently, the dispersive shape of each

valence band evolves in a similar way. At the top of the band, the contour is a point at I. Moving

below the band top, it develops into an elliptical shape first and then further develops into a
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distorted/warped rectangle. The details are revealed in Fig. 3(e) with the data symmetrized to
avoid cross section variations. The elliptical and warped rectangular shapes of the energy band
contours are consistent with the symmetry of the (110) surface where the x and y directions are
inequivalent.

To highlight the distinction between the band structures of CdTe and HgTe, ARPES spectra
taken from the (110) surfaces of both materials and first-principles band structures are presented in
Figs. 4(a)-(d). The Fermi level in HgTe is at the top of the valence bands, resulting in a point-like
Fermi surface and a semimetallic behavior. At first glance, the ARPES data for HgTe seems quite
similar to that of CdTe but with a shifted Fermi level. However, prior spin-resolved measurements
have shown that the inner band marked by the red arrow in Fig. 4(b) is actually a topological
surface state (TSS) band connecting from the I's band to the upper I's band (above the Fermi level)
as illustrated in Fig. 4(d).”" Note that this TSS band has a needle-like shape with its apex higher
than the calculated bulk I'c band maximum. Furthermore, this band is very narrow in the ARPES
data, distinctly different from the band-edge features that are broader and resemble 1D density of
states. The difference is particularly striking when the results are compared with those for CdTe.
Whenever a surface state band appears near a bulk band edge, the oscillator strength is transferred
from the bulk band states to the surface band, resulting in suppressed bulk emission as is
apparently the case here for HgTe.”’ This comparison provides a strong indication for the different
electronic structure between CdTe and HgTe.

The inverted ordering of the I'¢ and I's bands in HgTe results in an opposite “adiabatic parity”

scenario' "’ and makes the case topologically distinctive from CdTe. By varying the chemical
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composition in Hg,Cd,;.,Te it is possible to transform from one case to the other through a
topological phase transition. At the critical composition x., the band gap vanishes, and the system
becomes a 3D Dirac-Kane semimetal. Figure 4(e) presents the calculated bulk energy gap as a
function of Hg concentration x based on a mixed pseudopotential method.” The theoretical
critical concentration is x, = 0.858, which is very close to previous experimentally suggested value
0.83."” The band structure of the Dirac-Kane semimetal, presented in the upper panel of Fig. 4(e),
shows the “touching” of I'¢ and I's bands, and the resulting linear bulk band dispersion. Generally,
such 3D Dirac-like band dispersion can potentially split into a pair of Weyl fermions if the space

"’ The resulting Weyl semimetal phase has a none-zero

inversion symmetry is broken.’
topological Chern number and hosts exotic spin-filtered Fermi arc surface states.””’ While
Hg.Cd,.,Te at x. lacks inversion symmetry, it does not show such Weyl splitting at the Dirac point
as shown in Fig. 4(e) because of protection offered by the zincblende point group symmetry.

However, it is possible to reach the Weyl phase by straining to lower the crystalline symmetry or

by using an external magnetic field to break time reversal symmetry. "

IV. CONCLUDING REMARKS
In summary, the electronic structure of CdTe has been investigated by ARPES measurements and
first-principles calculations. Our work not only provides critical spectroscopic information for
CdTe, a compound of broad applications, but also demonstrates the topological distinction
between CdTe and HgTe as well as the topological phase transition in the mixed compound

Hg.Cd,.,Te. Our results and methodology shed light onto experimental investigation on the 3D
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Dirac semimetal phase of Hg,Cd;,Te at the critical composition and further experimental
realization of long-sought Weyl fermions.
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Figures:

FIG. 1 (color online). (a) Zincblende lattice structure of Cd(Hg)Te. (b) Bulk Brillouin zone and
(110) surface Brillouin zone with high symmetry points indicated. (c) Photograph of CdTe single

crystals samples. (d) Photoemission from core levels of CdTe measured with 80 eV photons.
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FIG. 2 (color online). Calculated band structure and density of states (DOS) of (a) CdTe with SOC,
(b) CdTe without SOC, (c¢) HgTe with SOC, and (d) HgTe without SOC. (e) Charge density

distributions of states at the I point. The arrows indicate the orientation of the unit cell.

DOS
@0 DTS = .
L § /\ : 2 I # Ty, AR

4
2

% (| e e e i e | — ®

w -2 § & ! o, &
g [ i . Te
-6 L 1 L ‘
4 B EE | rx. I__R- Cd
€ /\ " i ) i o

E o B g Rk i s gy 0. o Hg

w -2 §
-4 ]

-6 i Te
: W & )
©

S0 C - ©

.

w -2 \_; a, 2,
-4 al r; r, iy
3 = o o VW

Q. o
2r !

S0

L of

. CdTe HgTe
4
-6

15



FIG. 3 (color online). (a) Calculated projected bulk bands of CdTe along T'X, , 1n the (110) surface
Brillouin zone. Bulk bands with &, = 0 are shown as red curves. (b) APRES spectrum taken along
T'X,. (c) ARPES spectrum taken along T'.X,. (d) Stack of ARPES isoenergy maps in the k.-k,

plane. (e) Symmetrized isoenergy maps at four different binding energies.
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FIG. 4 (color online). Experimental ARPES maps along k. for (a) CdTe and (b) HgTe. The

corresponding calculated bands of (¢c) CdTe and (d) HgTe. (e) The phase diagram of Hg,Cd,«Te.

The upper panel shows the band structure of HgyCd;_«Te at the critical composition x. = 85.8%.
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