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Abnormal physics of group-I1 telluride system:
valence contribution of d electrons*
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The physical trend of group-I1 tellurides is unexpected and contrary to the conventional wisdom. The present first-

principles calculations give fundamental insights into the extent to which group-I1 telluride compounds present special

properties upon mixing the d valence character. Our results provide explanations for the unexpected experimental

observations based on the abnormal binding ordering of metal d electrons and their strong perturbation to the band

edge states. The insights into the binary tellurides are useful for the study and control of the structural and chemical

perturbation in their ternary alloys and heterostructures.
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1. Introduction

Ternary alloys and heterostructures based on
group-I1 tellurides (II=Zn, Cd, Hg) are currently un-
rivaled as leading detecting materials spanning from
the infrared to the high-power spectrum.l' =5 In spite
of many advantages, such as tunable band gaps, high
resistivity, and excellent photosensitivity, efforts to
upgrade detecting performance are hampered by the
lack of control over material crystalline perfection,
partly due to the structural and chemical perturba-
tion in the ternary alloys and heterostructures, which
is induced by the large size and electronic mismatch
of their binary constituents.

The ternary alloys based on group-II telluride
compounds fail to change their physical properties
smoothly as a function of alloy concentration, which
is different from the conventional isovalent alloys. For
example, a drastic increase in the bulk modulus is
found upon a small amount of Zn in CdTe,%7 in-
dicating that Vegard’s law cannot hold for predicting
properties of such alloys as Cdj_,Zn,Te with large
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lattice mismatch (7.4%).1¥l As another example, unlike
other isovalent alloys where the bonds are elongated
(shortened) with the introduction of heavier (lighter)
atoms into the lattice, the Hg—Te bond embedded in
the CdTe lattice contracts the bond length instead
and moreover the bond-lengths of Hg-Te and Cd-
Te are essentially conserved in Hg;_,Cd,Te relative
to bulk binaries.[®'% This reflects that it is invalid
to predict the properties of group-I7 telluride bina-
ries and their alloys in view of the argument that the
added core shells completely screen the added protons
along the Zn—Hg—Cd sequence. In addition, the het-
erostructures based on group-I7 telluride compounds
also exhibit different properties from the conven-
tional common-anion semiconductors. For instance,
the CdTe/HgTe superlattice has a large valence-band
offset,1112 which is unable to be answered from the
recognized common-anion rule, predicting nearly van-
ishing valence-band offsets for most common-anion
semiconductors. The physics of the group-I1 telluride
system is fascinating but also challenging. Among
the first to recognize the fascinating physics of the
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group-II telluride system were Wei and Zunger,!
who stated that the metal d electrons are indispensi-
ble for explaining the profoundly different properties
of the group-II telluride system relative to the con-
ventional isovalent alloys and common-anion semicon-
ductors. The participation of metal d electrons in the
valence band then raises a crucial question about the
extent to which group-I7 telluride compounds present
special properties upon mixing the metal d valence
character in the telluride compounds, which necessi-
tates further theoretical investigation.

In this paper, using first-principles total-energy
calculations, we first study the band structures of
ZnTe, CdTe, and HgTe to understand the bonding
We find an abnor-
mal binding energy ordering of d orbitals and the dis-

contribution of the d electrons.

tinguishing perturbations of the metal d-state to the
top-side valence states in these three telluride binaries.
Then, we provide fundamental insights into the pro-
found electronic effects of metal d electrons in these
three telluride binaries, thereby providing qualitative
explanations for the unexpected experimental obser-

vations in group-I7 tellurides.

2. Details of calculations

The present calculations used the relativistic full-
potential augmented-plane-wave plus local orbitals
(FLAPW+1lo) method™! in generalized gradient ap-
proximation (GGA)!%) incorporated into the WIEN2k
code. The cell volume was varied isotropically and
then fitted the total energy to Murnaghan’s equation
to obtain equilibrium lattice constants. The inner-
shell electrons were distinguished from the valence
electrons of metal atoms (d'°5s?) and Te (s?p*) by
proper separation energy. The local orbitals were in-
troduced for metal, p and Te, d semicore states. The
values of the muffin-tin radii were set differently for
different systems but the same values were used for
anion and cation atoms: 2.45, 2.65, and 2.64 a.u. for
ZnTe, CdTe, and HgTe, respectively. RyrHKmax was
kept at 8.0. The charge density was self-consistently
determined using 10x10x10 Monkhorst—Pack mesh.
All of the above parameters ensured an accuracy of
0.01 mRy (1 Ry=13.605 V) in the total energy of the

systems.

3. Results and discussion

3.1. Electronic state characteristic of bi-
nary telluride

The design and analysis of ternary alloys is ex-
pected to be relevant to the features in the electronic
states of their constituent binary compounds. We thus
first discuss the electronic state characteristic of bi-
nary telluride. Figure 1 gives the density of states
(DOS) of ZnTe together with that of CdTe and HgTe
for comparison. Figure 2 is the calculated electronic
structure of ZnTe. As can be seen from Figs. 1 and 2,
the energy dispersion of ZnTe consists of six regions:
four occupied bands (P;—P4) and two unoccupied ones
(Ps, Ps).

The deepest valence band P; mostly originates
from the Te 5s states, e.g., 56.7% in I'1,, 67.0% in
X1v, and 66.8% in Ly, for ZnTe. The charge densities
in the P; region are localized on the Te site, as a man-
ifestation of s orbitals atom-centred character. Since
the P, states are atom centered, their binding energy
depends on the configuration of the Te-based tetrahe-
dron. The larger atomic-size mismatch in ZnTe and
CdTe than HgTe necessitates the Te?~ around Zn2*
and Cd?* to release more of the strain energy than the
Te?~ around Hg?* to adjust the bond-length freedom,
and thereby the ZnTe and CdTe-related s states move
to shallower binding energies (by 0.5 eV) relative to
the HgTe-related s states (Fig. 1).

V77T

P Zn'Te
. ----CdTe
% 24
~
8
=
+
RARE
~
£}
g
< :
4; .
& 12
=] H
Z 5
@ :
§ 6r!
A :
obifl
—12

Energy/eV

Fig. 1. Density of states (DOS) of ZnTe together with
that of CdTe and HgTe for comparison. Zero of energy is
at the valence band maximum (VBM).

The second deepest band P, has a significant
metal d character, as evidenced by the charge ex-
clusively localized on the metal sites and the ex-
ceeding 90% character ranged from the bottom-side
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(I'15q) to the top-side (I'12q) of this region. Note from
Fig. 3 that the 754 state conserves the nature of the
P, states with metal-centred localization, while the
I'15q4 state exhibits charge buildup along the metal—
Te bond, indicating admixture of bonding character
into the I'j5q4 state through strong coupling of the
metal d and Te 5p states. The spin—orbit doublets
(j = 3/2 and 5/2) of the metal d-state is in the se-

quence of dz/; < dsj2. From our calculations, the
energy level of the outer d orbitals decreases along
the Hg—Zn—Cd sequence, and the centres of d-band
energies are at —7.08, —7.10, and —8.31 eV for HgTe,
ZnTe, and CdTe, respectively. In Subsection 3.2, we
will further show how the different binding of metal d
orbitals leads to the abnormal trend of physical prop-
erties in these three telluride compounds.
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Fig. 2. Calculated band structure (solid line), density of states (DOS), and charge density associated with
featured peaks (P1—Ps) in DOS for ZnTe, as obtained using semirelativistic calculations. The nonrelativistic

(dashed line) calculated band structure is also depicted.

Inspection of the orbital character in the P3 and
P; regions reveals an energy coincidence of the metal
valence s, p states and the Te 5p states. The calcula-
tions show that the metal s orbitals have a larger en-
ergy difference than the p orbitals (e.g., —1.36, —1.43,
and —1.26 eV for Zn 4p, Cd 5p, and Hg 6p states
whereas —5.98 and —5.66, —7.21 eV for Zn 4s and
Cd 5s, Hg 6s states, respectively), hence the energy
levels of the P; and Pj states for ITP-VI telluride are

dominated by the order of the metal s-orbital ener-

\
gies. On the other hand, the P3 and Ps are sp® bond-

and antibond-centered states, respectively, thus their
energy levels also respond to the sp-electron overlap:
the smaller metal s to Te 5p-orbital energy separation
(e.g., —6.19 eV for Te 5p states) causes the shallower
bond- and antibond-centred states. Therefore, CdTe
has the shallowest P; and Ps states while these states
are deepest for HgTe.

The P, and Py regions have p-like character, e.g.,
the maximum of the Py region (15, state) has 53.8%
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Te- and 4.9% metal-p characters for ZnTe. The I'5,
state exhibits depletion of charge around the metal
sites (Fig. 3) besides bonding charge buildup along the
metal-Te bond, indicating that the I75, state is not
merely the extent of the metal-p character. Note that
the three telluride compounds all have ~4% metal p
character in I'15, but different proportions of metal d
character (8.4%, 8.0%, and 14.2% metal d character
in ZnTe, CdTe, and HgTe, respectively), and the sit-

=y

I'y54

T O |

bonding

uation can be observed in the X, and Lq, states as
well. We thus conclude that the top-side valence band
of II-V 1 telluride is the Te and metal pp coupling
with a combination of the metal d-state perturbation.
It is the distinguishing contributions of the metal d-
state to the top-side valence band that results in the
different feature around the band edge of the three

telluride compounds (see Subsection 3.2).

antibonding

antibonding

Fig. 3. Calculated charge density of the d-band states at I" point and the top-side valence states at I', L, and X points
for ZnTe. (a) I'154, (b) I'2g, (¢) I'isv, (d) L3y, and (e) Xsy. Note the bonding buildup of charge along the bond in
(a), the nonbonding character in (b), and the antibonding character in (c)—(e).

3.2. Abnormal trend of physical proper-
ties in binary telluride compounds

3.2.1. Lattice constants, cohesive energies, and
bulk moduli

Zn, Cd, and Hg have similar s- and p-orbital ener-
gies, thus one would expect the normal trend that the
compound with heavier atoms would have a larger lat-
tice constant and cohesive energy than the compound
with lighter atoms. However, experiments!'16-19
contradict the expectations, i.e., the measured lattice
constant and cohesive energy of HgTe are smaller than
that of CdTe, and ZnTe has the largest cohesive energy
(Table 1). This abnormal trend can be appreciated
from the ordering of the binding of atomic metal-d
orbitals.

Comparing nonrelativistic (NR) with semirela-
tivistic (SR) calculations (Table 1), one can see a re-

markable relativistic reduction in the lattice constant
of HgTe, indicating that relativistic effects are not neg-
ligible in forming HgTe. Relativistic effects contract
the Hg 6s orbitals, making them more tightly bound,
which leads to (i) a reduction in the effective atomic
size of Hg and subsequently, a reduction in the lattice
constant of HgTe; (ii) a reduction in the direct con-
tribution of Hg 6s electrons to the cohesive energy of
HgTe; (iii) a better shield of the non-s orbitals against
the nucleus, presenting Hg d electrons with a less at-
traction with the atomic core, so that Hg has a shal-
lower d electrons compared with Cd and Zn, thus an
enhanced antibonding repulsion between Te p and Hg
d states further reduces the cohesive energy of HgTe.
In this way, HgTe should have a smaller lattice con-
stant than CdTe (which is less affected by relativistic
effects) and the smallest cohesive energy among the
three telluride compounds.
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Table 1. Comparison of ground-state properties (lattice constant a, cohesive energy Ec, bulk modulus B) and
spin—orbital splittings (Ap and Ay at Lsy and I'isv states, respectively) of group-II tellurides, obtained using
nonrelativistic (NR) and semirelativistic (SR) calculations.

ZnTe CdTe HgTe
this work exp. [15]-[18] this work exp. [15]-[18] this work exp. [1]
property NR SR NR SR NR SR
a/A 6.146 6.101 6.089 6.559 6.483 6.480 6.831 6.660 6.461
Ec/(eV/pair) | 508  4.79 4.82 480 453 4.45 489 3.9 3.22
B/GPa 54.5 49.7 50.9 43.9 43.1 44.5 41.8 46.7 47.6
Ap/eV 0.85 0.93 0.78 0.90 0.76 1.08
Ar/eV 0.50 0.57 0.51 0.57 0.54 0.62

In the case of ZnTe and CdTe, the added elec-
tron shells from Zn to Cd makes the Cd 5s wave func-
tions penetrate not as deep as the Zn 4s wave func-
tions, so that the Cd 5s electrons are more delocalized
than that of Zn 4s electrons, presenting Cd d elec-
trons worse screened relative to the Zn d electrons.
Therefore, the increased binding of the outmost s or-
bitals (by 0.32 eV from Cd to Zn) leads to the de-
As
the outer d electrons become shallower from Cd to

creased binding of d electrons from Cd to Zn.

7Zn, they approach more closely the energies of the Te
p states, causing a stronger p—d overlap interaction
in ZnTe relative to CdTe. This effectively increases
the contribution of the d states to the cohesive en-
ergy in ZnTe relative to CdTe. For the reasons men-
tioned above, the lattice constant increases along the
ZnTe—HgTe—CdTe sequence (thus the bulk module
follows a reverse order), and the cohesive energy in-
creases along the HgTe—CdTe—ZnTe sequence (e.g.,
3.99, 4.53, and 4.79 eV for HgTe, CdTe, and ZnTe,
respectively).

3.2.2. Band edge structures

As stated above, the top-side valence band of 11—
VI telluride is not the extent of Te and metal pp cou-

Table 2. Comparison of effective electron masses (m}

\
pling but the different proportions of metal d char-

We thus believe that the distinguishing fea-
ture of their band edge structures is related to the

acter.

metal d-state perturbation. For example, relativistic
effects are significant in the compound with heavier
atoms, so that the spin—orbit splitting is assumed to
increase with the metal atomic number. However, the
spin—orbit splitting Ay (at Lsy) conserves the expec-
tation whereas the spin—orbit splitting Ag (at [15y)
follows the reverse order, i.e., Ag(HgTe) < Ag(CdTe)
< A¢(ZnTe). The reduced Ay for HgTe reflects the
stronger metal d-state perturbation in HgTe relative
to CdTe and ZnTe, effectively shifting the p—d an-
tibonding state (I7,) upwards relative to Is, states
and thus largely compensating the splitting induced
by relativistic effects.

To further demonstrate the distinguishing fea-
ture of the band edge structures, we linked the
first-principles calculations with the effective-mass
approximation?”! to derive the effective masses for
ZnTe, CdTe, and HgTe. The obtained effective elec-
tron masses (m?) and the effective heavy-, light-, and
spin-orbit split-off-hole masses (mj,, mj,, and mZ,)
along the [111], [100], and [110] directions are summa-
rized in Table 2.

*) and effective heavy-, light-, and spin—orbit split-off-hole

masses (m}, mj,, and mZ,) of group-II tellurides. Available theoretical and experimental results are also given.

myy mf,
m? [111] [100] [110] [111] [100] [110] mx,
ZnTe this work 0.133 0.966 0.458 0.395 0.098 0.136 0.093 0.226
aother calc. 0.135 0.960 0.419 0.365 0.102 0.136 0.098
bexp. 0.12
CdTe this work 0.109 1.099 0.529 0.463 0.105 0.139 0.097 0.231
aother calc. 0.131 1.099 0.490 0.424 0.106 0.137 0.101
bexp. 0.095 0.69 0.6 0.35 0.21 0.18 0.131
HgTe this work 0.030 0.746 0.446 0.303 0.025 0.025 0.026 0.101
bexp. 0.031 0.645 0.406 0.32 0.028 0.028 0.028

2FLAPW method within the local density approximation from Refs. [21]-[23]. PExperimental values from Refs. [24]-[27].
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One can see that the my, exhibits considerable
k-directional dependence, while the my} shows slight
anisotropy regarding different k directions and the
spin—orbit split-off-hole masses are nearly isotropic.
The anisotropy of heavy- and light-hole bands is rel-
evant to the tetrahedral crystal-field splitting at the
points (except for I'), which shift the states, such as
L3, and X5, to higher energies in different magni-
tudes. The isotropic spin—orbit split-off-hole band re-
flects a smaller perturbation of spin—orbit splitting in
the upper valence band compared with that of the
crystal-field splitting. Our results agree with the ex-
perimental and theoretical values,2!=27 while at the
same time the abnormal effective mass ordering de-
serves our attention. The crystal-field splittings at L
and X points act to broaden the heavy- and light-hole
bands by repelling L3, and X5, without affecting the
valence band maximum (VBM) at I'i5,, and to nar-
row the spin—orbit split-off-hole band by shifting L
and X3, downwards. Hereby one expects that the
compound with heavier atoms would have larger my;; ,
my;, and smaller m?, due to more significant crystal—
field splitting than the compound with lighter atoms.
However, the available results fail to conserve the ex-
pectation, e.g., HgTe has smaller m;; , mj;, than CdTe
and ZnTe, and CdTe has larger m}, than ZnTe. These
can be naturally explained in terms of the upward shift
of VBM through p—d mixing effects at the VBM. Since

Hg d electrons are much more delocalized than ZnTe
and CdTe, the p—d repulsion raises the energy of VBM
so much that it contributes a considerable reduction
to mj,;, and mj;, of HgTe. In the same way, ZnTe has
a smaller m}, than CdTe by enhanced p-d repulsion
from CdTe to ZnTe.

4. Summary

In summary, we have studied the profound elec-
tronic effects of metal d electrons in group-I1 tel-
lurides with an abnormal trend of physical properties.
We found that the relativistic contraction and deep
penetrability of metal s electrons alters the ordering
of metal d electron binding energies. Upon mixing
the metal d-electron character, the top-side valence
states are shift upwards and thereby the band edge
structure is alternated. The results enable us to ex-
plain a number of unexpected experimental observa-
tions, such as the abnormal trend in lattice constants,
cohesive energies, and splittings induced by relativis-
tic and crystal-field effects. The fundamental insights
into the binary tellurides also provide a framework to
understand and control the structural and chemical
perturbation in their ternary alloys and heterostruc-
tures, which is induced by the large size and electronic
mismatch of the binary constituents.
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