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Linearised augmented plane wave (LAPW) calculations are performed in order to determine 
the electric field gradients (EFG) induced by group V and group Ib acceptors in CdTe at the near-
est neighbour (NN) atomic site. Experimentally, the EFG are measured by the perturbed γγ-angular 
correlation spectroscopy using the radioactive probe isotopes 111In and 77Br. Besides the identifica-
tion of the experimentally observed defects, the LAPW calculations provide information about 
fundamental properties of the EFG. For the group Ib acceptors, the dependence of the EFG on the 
NN distance is opposite to the expectation from the simple point charge model. 

1. Introduction 

Measured by different experimental techniques, such as perturbed γγ-angular correlation 
(PAC), Mössbauer spectroscopy, or nuclear quadrupole resonance, defect-related electric field 
gradients (EFG) in semiconductors have been successfully used as 'fingerprints' of the respec-
tive defects in the past, because the EFG is very sensitive to an anisotropic charge distribution 
about the probe nucleus, caused for example by a neighbouring defect [1, 2]. The EFG dis-
cussed in this paper are experimentally determined by PAC spectroscopy, using the 
radioactive PAC probe atoms 111In and 77Br. In the II-VI semiconductor CdTe, both 111In and 
77Br are donor atoms which can form close donor-acceptor (D-A) pairs with stable acceptors, 
driven by the Coulomb attraction of ionised donors and acceptors. Thus, 111InCd donors form 
nearest neighbour (NN) pairs with group V acceptors located at the Te sublattice, and 77BrTe 
donors form NN pairs with group Ib acceptors located at the Cd sublattice. The actual PAC 
measurement takes place after the radioactive decay of the parent probes 111In and 77Br at the 
I = 5/2 excited state of the daughter isotopes 111Cd and 77Se, respectively, and yields the quad-
rupole coupling constant νQ, related to the EFG by νQ = |eQVzz/h|, along with the asymmetry 
parameter η = (Vxx−Vyy)/Vzz (|Vxx| ≤| Vyy| ≤ |Vzz|). The component Vzz is calculated from νQ us-
ing the quadrupole moments Q = 0.83 b for 111Cd  [3] and Q = 0.76 b for 77Se [4]. 
Exemplified for the group V acceptor N and the group Ib acceptor Ag, the local defect struc-
ture after the radioactive decay of the PAC probes is sketched in fig. 1. 

In the present work, the linearised augmented plane wave (LAPW) code WIEN97 [5] is 
employed for EFG calculation. Exchange and correlation effects are treated in the generalized 
gradient approximation as described in Ref. [6] being a development based on the local den-
sity approximation (LDA). The general treatment of a defect in a semiconductor host lattice 
within this method is performed according to Ref. [7], where a BCC supercell with a 32 atom 
basis and the tetrahedral symmetry of the Td point-group was used for the calculation of the 
group V acceptors. Here, we are dealing also with cases in which two impurity atoms are in-
troduced into the supercell and consequently a trigonal symmetry (C3v) is present. 
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Fig. 1. Local defect structure after the radioactive decay of the parent PAC probe. (a) N acceptor trapped at a 
111In donor which decays to 111Cd (Td symmetry). (b) Ag acceptor trapped at a 77Br donor which decays to 77Se 
(C3v symmetry). Arrows indicate structural relaxation. 
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2. Results of EFG calculations 

PAC experiments yield characteristic, axially symmetric EFG (η = 0) for the 
111Cd-(group V) [8] and the 77Se-(group Ib) [9] pairs (TM = 295 K). In the case of the Au ac-
ceptor, however, the PAC spectrum measured with the probe 77Br/77Se is difficult to analyse, 
because less than a whole modulation period is obtained. Assuming an axially symmetric 
EFG as observed for the Cu and Ag acceptors, the quadrupole coupling constant 
νQ = 47(4) MHz is obtained which is unexpectedly small for a NN pair. However, the PAC 
spectrum can also be described reasonably by a damped fit function modelling an EFG distri-
bution about zero caused by a disturbed lattice environment. Thus, the support for the 
interpretation of the experimental data by the EFG calculations is highly appreciated. 

In table 1, the calculated EFG for the ionised group V and group Ib acceptors are compared 
to the experimental data, taking into account the lattice relaxation about the defect complex in 
the LAPW calculation. The axial symmetry of the EFG tensor in the EFG calculations is con-
strained by the applied Td and C3v symmetry. Additionally, the calculated distance dNN 
between the acceptor and the PAC probe is listed in table 1. For the group V acceptors, the 
agreement of the theoretical and experimental EFG is excellent, the difference is within about 
0.5×1021V/m2. For the group Ib acceptors, the calculated EFG differ from the experimental 
values by 1.7×1021V/m2 at maximum, which still confirms the proposed defect model, i.e. the 
observation of 77SeTe-CuCd, 

77SeTe-AgCd, and 77SeTe-AuCd complexes. (Note that absolute dif-
ferences between calculated and experimental EFG should be regarded rather than relative 
ones, because Vzz can assume negative and positive values including zero. Experimentally, the 
sign of Vzz is not determined.) In particular, the unusually low magnitude of the EFG the Au 
acceptor is causing at a NN site is clearly reproduced. The somewhat larger differences to the 
experimental data compared to the group V acceptors are probably due to the well known 
limitations of the LDA in describing moderately localized d electrons, i.e. the outer d shell of 
the group Ib elements in the present case. For both the group V and the group Ib acceptors, 
the calculated value of Vzz in the neutral state of the acceptor yields less agreement with the 
experimental data. Consequently, the measured EFG are attributed to the ionised state. 

3. The distance dependence of the EFG 

The calculated EFG is very sensitive to the actual distance between the acceptor site and 
the site of the probe atom (Cd or SeTe) at which the EFG is determined. If this distance is 
shortened by only 1% of the bond length of the undisturbed CdTe lattice, the EFG already 
changes considerably: The EFG at a NN Cd neighbour to a group V acceptor changes by 
about ∆Vzz  = −0.9×1021 V/m2, while the EFG at a SeTe site caused by a neighbouring group Ib 
acceptor changes by about ∆Vzz  = +0.4×1021 V/m2. Thus, taking into account lattice relaxa-

Table 1. Experimental EFG, calculated EFG, and calculated NN distance of the probe-defect pair for group V 
and group Ib acceptors in CdTe. The calculated EFG refer to the ionised acceptors (e.g. NTe

−) and to the 
NN-Cd and the NN-SeTe site, respectively. The NN distance of the undisturbed CdTe lattice is dNN = 2.81 Å. 

 experiment  theory 
 Vzz [1021V/m2]  Vzz [1021V/m2] dNN [Å]  
111Cd-NTe

− ±13.95(5)  –13.7 2.20 
111Cd-PTe

−  ±10.56(9)  –11.2 2.50 
111Cd-AsTe

− ±9.27(5)  –9.5 2.57 
111Cd-SbTe

− ±7.62(5)  –8.1 2.71 
77SeTe-CuCd

− ±5.3(2)  –3.6 2.46 
77SeTe-AgCd

− ±6.7(2)  –6.7 2.64 
77SeTe-AuCd

− ±2.6(3)  –1.1 2.64 
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tion is crucial for EFG calculation. For the SeTe-(group Ib) pairs, the positive ∆Vzz for a de-
creasing NN distance together with the negative values for Vzz (see table 1) result in the 
surprising observation that the absolute value of the EFG at the SeTe probe site decreases with 
decreasing distance from the group Ib acceptor. The simple point charge model, in which the 
ionised acceptor represents a point charge causing the EFG, is incapable to explain this be-
haviour. The point charge model can reasonably be applied to highly ionic crystals [10], but 
obviously it breaks down in the case of covalent bonding present in semiconductors. Speaking 
in terms of the electron orbitals of the chemical bonds, the EFG is generally dominated by the 
p contribution of the valence electrons, and often the EFG is in good approximation propor-
tional to the anisotropy of the partial p charge [11]: 

Vzz ~ ½( px + py) − pz (1) 
For both the group V and the group Ib acceptors, the influence of lattice relaxation on the 

EFG is analysed in more detail by means of calculations with an artificial displacement of the 
four NN atoms. Since the above mentioned distance dependence of the EFG at the SeTe site 
holds analogously for a Te site neighboured to an isolated group Ib acceptor, and in this case 
the higher Td symmetry can be employed, the EFG at a Te site instead of a SeTe site is consid-
ered in the following. For two NN distances, dNN = 2.65 Å and dNN = 3.03 Å, the EFG at a 
NN-Cd and a NN-Te site is plotted in fig. 2 for the AsTe

− and the AgCd
− acceptor, respectively 

(solid lines). The pure relaxation effect is determined by calculating the EFG in the absence of 
the acceptor impurity and changing the distance of the four NN atoms to the central host atom 
(fig. 2, dashed lines). The linear interpolation between the two representative NN distances in 
fig. 2 was checked to be a good approximation within the considered range of dNN. 

A remarkably strong EFG at a Cd site is obtained if the four NN Cd atoms are moved to or 
from the central Te atom (fig. 2, Cd-Te pair). This EFG is in the same order of magnitude as 
the defect induced EFG (cf. the Cd-AsTe pair) and arises due to the rearrangement of the elec-
tronic charge after the relaxation; e.g. for an inward relaxation the Cd-pz partial charge is 
increased with respect to the Cd-pxy charge leading to a negative Vzz according to eq. (1) (the 
local z axis is understood to direct towards the central Te atom). For the Cd-AsTe pair, the 
slope of the graph in fig. 2 is almost the same as for the Cd-Te pair, indicating that the charge 
rearrangement induced by relaxation is similar in both cases. As a further discrepancy to the 
point charge model, the EFG of the Cd-AsTe pair changes the sign at dNN ≈ 2.9 Å. The pure 
relaxation effect at the Te site (fig. 2, Te-Cd pair) is less pronounced than for the Cd site, but 
qualitatively similar. In contrast to all other cases, the slope of the graph for the Te-AgCd pair 
in fig. 2 is negative, indicating that the EFG of the group Ib acceptors is affected in a specific 
way during the relaxation, leading to the unexpected distance dependence. 
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Fig. 2. The EFG as a function of the NN distance for the 
ionised As and Ag acceptor and for the pure CdTe crystal, 
in which the host atoms are artificially displaced. The 
atomic site at which the EFG is determined is underlined. 

Fig. 3. Site projected, angular momentum decom-
posed DOS. The interaction between the Ag d-t2 
and the Te-pz states is indicated by a shading of 
the respective DOS region.  
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4. The influence of the group Ib d electrons 

Besides the unusual distance dependence of the EFG, a further puzzling observation is the 
weak EFG for the Au acceptor, in particular compared to the Ag acceptor having the identical 
calculated NN distance to the SeTe probe (see table 1). For both effects, the d electrons of the 
group Ib elements play an important role: In the crystal field of a semiconductor with 
zincblende structure, such as CdTe, the atomic d orbital splits into non-degenerate t2 and e 
sublevels. Additionally, the group Ib d electrons can interact with the Te-p electrons (or 
SeTe-p electrons, analogously), where for symmetry reasons only the d-t2 sublevel and the 
Te-pz orbitals are affected. For the isolated AgCd acceptor, fig. 3 shows the electronic states 
decomposed into the t2 and e symmetries of the Ag-d electrons and the pz and pxy symmetries 
of the NN Te-p electrons. The d-t2 and d-e levels are located about 4 eV below the valence 
band maximum (VBM), but the d-t2 symmetry shows up an additional peak at the energy of 
the Te-pz state (EVBM − 0.5 eV, cf. shading in fig. 3). As a consequence of this p-d interaction, 
Te-pz like charge is transferred to the Ag d-t2 charge, and the EFG at the Te (or SeTe) site be-
comes weaker [i.e. Vzz becomes more positive according to eq. (1)] than it would be in the 
absence of the Ag-d electrons. Thus, the considerably weaker EFG for the Au acceptor com-
pared to the Ag acceptor is understandable: Due to the additional core electrons and the 4f 
shell, the Au-5d shell is more extended than the Ag-4d shell, and the overlap with the Te-p 
states is even larger. Consequently, the Te-pz to Au d-t2 charge transfer is more pronounced 
and the EFG at the Te (SeTe) site is weaker for Au than for Ag. The distance dependence can 
be explained by the fact that the p-d interaction fades out for increasing NN distances and the 
charge transfer becomes smaller, leading to a stronger EFG, i.e. a more negative Vzz. 

5. Summary 

In order to support the identification of defects, LAPW calculations are performed which 
yield defect related EFG for Cd-(group V) and SeTe-(group Ib) pairs in CdTe. In particular for 
the Au acceptor, where the experimental situation is ambiguous, a clear interpretation is 
achieved only by support of the EFG calculation. For the group Ib acceptors, an analysis of 
the electronic structure reveals the influence of the outer d electrons on the EFG and the ori-
gin of the unexpected dependence of the EFG on the NN distance. Thus, besides the 
theoretical prediction of the EFG, the LAPW calculations provide insight into the electronic 
structure of defect complexes in semiconductors. 

The financial support of the Bundesministerium für Bildung und Forschung (BMBF) under 
Contract No. 03WI4SAA is gratefully acknowledged. 
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