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Electronic states, spin-orbit coupling, and magnetism induced by 60◦ dislocations in germanium
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Defects in semiconductors have recently attracted renewed interest owing to their potential in novel quantum
applications. Here we investigate the electronic and magnetic properties induced by 60° dislocations in Ge. Using
large-scale density functional theory calculations, we determine the band structure for both the shuffle and glide
sets in their lowest-energy configurations. The band structure for the shuffle set reveals defect-induced dispersive
bands localized within the band gap near the � point, whereas for the glide set we observe strong overlap
with the conduction band. Defect-induced band splitting evident away from � reveals Rashba-Dresselhaus spin-
orbit coupling, an effect previously reported only for screw dislocations. Remarkably, we find evidence that
specific dislocation arrangements can stabilize antiferromagnetic ordering with sizable local magnetic moments
and considerable exchange splitting between opposite spin states. These results uncover rich physics in Ge
dislocations through the combination of spin-orbit coupling and magnetic ordering, potentially enabling novel
defect-based functionalities in Ge devices.
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I. INTRODUCTION

The rise of quantum technologies in recent years has
strengthened the key role of germanium (Ge) in the field
of semiconductor research [1–3]. Ge is typically grown
heteroepitaxially on lattice-mismatched silicon substrates, re-
sulting in the accumulation of elastic energy and injection of
line defects, known as dislocations, during the strain relax-
ation process [4,5]. For a long time, these defects were merely
considered detrimental but, recently, defect engineering has
been explored for possible applications [6–8]. The atomic
structure and chemical composition of dislocation cores are
critical determinants of material functionality, as they can
introduce localized states within the bandgap that directly in-
fluence carrier transport, recombination dynamics, and optical
absorption spectra. Dislocations show striking similarities to
low-dimensional quantum systems: their structural stability,
combined with tunable electronic and spin properties, posi-
tions them as potential building blocks for emerging quantum
and spintronic architectures [9–13].

The dislocations produced during the strain relaxation of
epitaxial Ge layers operate on the {111}〈110〉 slip system
[14–16]. In particular, 60° dislocations play a prominent role,
as they typically dominate the strain relaxation process. These
defects have been observed and extensively characterized
by experimental investigations both in constant-composition
[17–20], in compositionally graded [21,22], and in more com-
plex heterostructured SiGe layers [23–26]. Such dislocations
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belong to either glide or shuffle sets, which differ in bonding
configurations and interplanar spacing, with the glide (shuffle)
set consisting of closely spaced (widely spaced) {111} planes.
Their distinct core reconstructions have a strong influence on
the stability and electronic properties of the dislocations, mo-
tivating a focused theoretical investigation of 60° dislocations
in both glide and shuffle configurations.

The quasi-one-dimensional (1D) nature of dislocations and
their long-range elastic interactions require large-scale sim-
ulation cells and realistic Hamiltonians to accurately model
the dislocation-induced electronic states. In principle, ab ini-
tio techniques such as density functional theory (DFT) are
well suited for this purpose. However, standard approxima-
tions such as the local-density approximation (LDA) and
the generalized gradient approximation (GGA) often fail to
accurately describe the electronic bandgap of semiconduc-
tors. In fact, bulk Ge is predicted to be metallic at the LDA
and GGA levels, necessitating the use of more advanced
exchange-correlation functionals such as hybrid functionals
(e.g., HSE06 [27,28]) or meta-GGA functionals (e.g., mBJ
[29–31]). Although these methods are computationally more
demanding, they provide bandgap values closer to the ex-
perimental measurements and are essential for modeling the
electronic properties of dislocations [32,33].

In this study, we investigate the structural stability and
electronic properties of the 60° perfect dislocations in
Ge, considering both glide and shuffle sets. Using high-
level exchange-correlation functionals and advanced atomistic
modeling techniques, we aim to understand the impact of
these dislocations on the electronic properties of Ge. Ad-
ditionally, we investigate spin-orbit coupling effects in 60°
perfect dislocations, which have been recently reported for
screw dislocations in Ge [34], and we discuss the possibility of
antiferromagnetic ordering in these dislocations. Our findings
address a significant gap in the understanding of extended
defects in Ge-based heterostructures and provide valuable
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insights for defect engineering strategies in electronic, mag-
netic, and spintronic device applications.

II. METHODS

We performed ab initio calculations within the DFT frame-
work as implemented in the Vienna ab initio simulation
package (VASP) [35,36] to investigate the electronic struc-
ture of Ge containing dislocations. Projector-augmented wave
(PAW) pseudopotentials were employed, treating the 4s24p2

electrons as valence, with a plane-wave energy cutoff of
250 eV. Noncollinear spin-orbit coupling (SOC) was included
in all calculations. To ensure a correct description of the
spin-orbit splitting characteristic of Ge, calculations were
also performed for primitive bulk Ge using pseudopotentials
both with and without Ge 3d semicore states, yielding no
differences in the resulting spin-orbit splittings. Structural
relaxations were carried out using the revised Perdew-Burke-
Ernzerhof for solids (PBEsol) exchange-correlation functional
[37–39]. Both atomic positions and supercell vectors were
optimized until reaching an electronic energy convergence
threshold of 10−8 eV, guaranteeing forces per atom below
1 meV/Å in our systems. The electronic structures were com-
puted using the meta-GGA approach of Tran and Blaha, based
on the modified Becke-Johnson (mBJ) exchange potential
[29–31,40], which has been shown to provide reasonable band
gaps for bulk Ge and has also been used for other polytypes
[41] and extended defects in Ge [33,42]. Indeed, this DFT
setup provides an accurate band structure at reasonable com-
putational cost. For bulk Ge we obtained a bandgap of 0.69 eV,
in good agreement with the experimental low-temperature
value of 0.74 eV [43,44]. We note that this setup does not
correctly reproduce the indirect character of the Ge gap; how-
ever, for the purposes of the present study, this limitation is
not critical, as our primary focus is on the energy position of
the dislocation-derived defect states relative to the bulk band
gap, which is governed by the overall gap magnitude rather
than by the precise dispersion of the conduction band. When
necessary, the band structure was unfolded as described and
implemented in the FOLD2BLOCH software [44,45].

The dislocation cores were modeled within periodic su-
percells oriented along the [121], [111], and [101] directions,
hereafter referred to as the x, y, and z axes. The dislocation line
is aligned along the z ([101]) direction. Since periodic bound-
ary conditions require a dipole configuration to compensate
for the Burgers vector [46], the supercell dimensions were
chosen to be as large as computationally feasible to minimize
the effect of the elastic interactions between dislocation cores.
While fully aware of the presence of a strong elastic field
in the cells, the primary concern for this study is to ensure
that interactions do not significantly alter the reconstructions
and the electronic properties of the dislocation cores, specifi-
cally the defect-induced energy levels within the bandgap. To
address this and distinguish core-specific electronic features
from spurious effects, two complementary supercell arrange-
ments were employed. The first setup consists of supercells
with identical dislocation dipoles (shuffle-shuffle or glide-
glide), while the second uses a mixed shuffle-glide dipole.
The identical-dipole configuration provides a model repre-
sentative of strongly coupled dislocations of the same type,

capturing specific electronic and magnetic effects induced
by dislocation-dislocation interactions, as analyzed below.
Conversely, the mixed dipole reduces the overlap between
defect-localized wave functions, which would be identical
and more prone to coupling in the symmetric configuration,
and avoids imposing specific symmetries on the supercell.
This asymmetric arrangement minimizes electronic coupling
between cores, providing a more accurate model of an iso-
lated single dislocation. The systematic comparison of results
from both configurations enables the isolation of intrinsic
core properties from the effects of the dipole arrangement.
The comparison was also made with a supercell containing
two shuffle-shuffle dislocations in a quadrupole configuration.
Further information is to be found in Appendix A. To our
knowledge, this represents a comprehensive use of comple-
mentary supercell models to investigate the electronic, spin,
and magnetic properties of dislocation cores at this level of
detail.

Specifically, for the shuffle-shuffle dipole we used a
supercell of 52.05 × 29.52 × 4.07 Å (270 atoms), for the
glide-glide dipole a 55.83 × 39.63 × 8.06 Å (768 atoms) su-
percell, and for the mixed shuffle-glide dipole a 52.2 × 29.7 ×
8.06 Å (538 atoms) supercell, with the dislocation line along
the z axis. The Brillouin zone was sampled using �-centered
k-point meshes of dimensions 1 × 1 × 4 for the structural
relaxation of the shuffle-shuffle dipole supercell, 1 × 1 × 2
for the structural relaxation of the glide-glide and mixed
shuffle-glide supercells, and 2 × 2 × 12 for the calculation of
electronic properties [47].

III. RESULTS

A. Core reconstructions of 60° dislocations

60° dislocations in diamond-cubic semiconductors belong
to two distinct structural families, as discussed earlier: the
shuffle and glide sets. For the shuffle set, Pizzagalli et al.
[48] proposed three possible atomic reconstructions of the
dislocation core in Si, labeled S1, S2, and S3. We investigated
their relative thermodynamic stability in Ge through DFT
structural optimizations. The differences in core energy were
evaluated as half the difference in total energy between two
otherwise identical supercells containing distinct dislocation
dipoles, normalized by the dislocation line length. To account
for the stoichiometric difference between shuffle and glide
cores, which differ by a single Ge atom per dislocation pe-
riod, we corrected the total energy by subtracting the bulk Ge
chemical potential, μGe, from the glide configuration.

Our calculations show that the S1 reconstruction is un-
stable and spontaneously transforms into S2 upon ionic
relaxation, while S2 remains stable as a local energy min-
imum. However, S2 lies 0.12 eV/Å higher in energy than
S3 [Fig. 1(a)], establishing S3 as the most favorable shuffle
reconstruction. Comparing the two families, the glide re-
construction [Fig. 1(b)] is significantly more stable than S3,
with an energy difference of 1.22 eV/Å in favor of the glide
configuration.

We recall that shuffle dislocations can undergo a trans-
formation to the glide set through interaction with va-
cancies, which passivate dangling bonds and induce a
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FIG. 1. (a) S3 shuffle and (b) glide core reconstructions of the
60° dislocation with a planar view normal to the dislocation line.
Core atoms are highlighted in orange.

double-periodicity reconstruction along the dislocation line
[48–51]. This mechanism provides a kinetic pathway from
shuffle to glide configurations. Although the glide configura-
tion is energetically more stable, we also consider the most
stable shuffle-set reconstruction, S3, which may be kinetically
hindered from transforming into the glide configuration by the
lack of vacancies. In fact, S3 shuffle and glide reconstructions
emerge as the primary candidates of the 60° dislocation family
to be present in epitaxial Ge layers, with the potential to
significantly impact their electronic and optical properties.

B. Electronic properties and spin-orbit coupling in S3
and glide core dislocations

We now discuss the electronic properties of the S3 and
glide cores. Figure 2 presents the calculated partial density

of states (PDOS) and electronic band structures for both
reconstructions, obtained from the mixed-dipole supercell.
Since the dislocation is intrinsically periodic only along its
line direction, the physically relevant dispersion is the one-
dimensional dispersion along this direction. Accordingly, both
the S3 and glide core states exhibit characteristic dispersion
along the �–X direction of the Ge Brillouin zone, which
corresponds to the dislocation-line orientation. In the direc-
tions transverse to the line, the defect behaves as an isolated
pointlike core and the corresponding defect states remain es-
sentially flat within the periodic-supercell representation. The
high-symmetry point of the supercell along the line direc-
tion, labeled Z , is located approximately halfway along the
�–X path. A technical consideration arises from the structural
difference between the two cores: as discussed earlier, the
glide reconstruction exhibits a doubled structural periodicity
along the dislocation line compared with S3. To accommo-
date both core structures simultaneously, the mixed-dipole
supercell adopts a doubled periodicity along the line direction,
specifically with two primitive periods of S3 matching one
period of the glide core. This doubling causes band folding
along the �–Z path of the supercell reciprocal space. To facil-
itate interpretation, we performed an unfolding procedure to
generate the bands shown in Fig. 2.

By projecting the band structure onto the core atoms of
the S3 dislocation, the electronic structure reveals highly
localized defect states well separated from the bulk bands
and positioned deep within the Ge band gap [Fig. 2(a)].
These states manifest as a pair of dispersive bands around
the � point, with a dispersion spanning an energy range of
0.66 eV, particularly pronounced away from � where they

FIG. 2. Band structure and partial density of states (PDOS) of the defective supercell, projected onto the dislocation-core atoms. The
band structures are plotted along the −Z – � – Z path, Z being a high-symmetry point in the reciprocal space of the supercell, with relative
coordinates ±Z = (0, 0, ±0.5). The valence band maximum is set to 0 eV and the solid red line indicates the Fermi level. Panels (a) and
(b) show the unfolded band structures projected onto the shuffle S3 dislocation core atoms and glide dislocation core atoms, respectively. The
color scale represents the combined weight of the band unfolding and the projection onto the dislocation core atoms, obtained through the
normalized local density of states. The gray shaded region indicates the bulk Ge band gap, with the VBM set to 0 eV. In panel (b), the inset
shows a magnified view of the region delimited by the black box, where the energy splitting of the glide dislocation bands has been enhanced
by a factor of 3 to improve visibility.
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FIG. 3. (a) Charge density (yellow surfaces) localization on the shuffle S3 core; (b), (c), and (d) spin-resolved band structure of the mixed
dislocation dipole, in the energy range around the shuffle S3 defects’ states. Black solid lines denote bulk states, while dotted lines correspond
to the shuffle S3 states. The valence band maximum is set to 0 eV and the solid red line indicates the Fermi level. The color scale represents the
normalized expectation values of the spin projections Sx (panel (b), with x along [121] direction), Sy (panel (c), with y along [111] direction),
and Sz [panel (d)], with z parallel to the dislocation line ([101] direction).

extend below the valence-band maximum (VBM). Remark-
ably, at the � point these bands are degenerate, as shown in
the spin-resolved band structure plotted in Fig. 3. Conversely,
they split along the � – Z path, with a maximum splitting of
20 meV, and show opposite spin polarization, evidence of
spin-orbit coupling. The spin texture analysis presented in Ap-
pendix C reveals a striking helical spin pattern consistent with
a Rashba-Dresselhaus spin-orbit coupling (SOC). This helical
texture, with spins rotating coherently around the dislocation
line, is likely to originate from the screw component of the 60°
dislocation, as it closely resembles the behavior reported by
Liu et al. [34] for pure screw dislocations in Ge. The presence
of such pronounced SOC in a mixed-character 60° dislocation
demonstrates that the screw component dominates the spin
physics at the shuffle core, also in the presence of an edge
component.

The glide reconstruction also manifests electronic states
localized at the dislocation core. However, their proximity
to the conduction band of the defected supercell, particu-
larly close to the � – Z middle point, significantly affects
their characterization [Fig. 2(b)]. These states appear as a
pair of dispersive bands just below, and often overlapping
with, the lowest-energy branches of the conduction band, with
a dispersion extending over approximately 0.6 eV. In this
case, the energetic splitting between the two bands due to
SOC is very small, reaching a maximum of 7 meV, which
makes them nearly indistinguishable within the resolution of
the Z–�–Z band-structure plot of Fig. 2(b). This splitting
is nevertheless visible in the inset, where a zoom around
the � point clearly shows a degeneracy at � and an in-
creasing energy splitting along the k path (multiplied by a
factor of 3 to enhance visibility). This behavior suggests
Rashba-Dresselhaus spin-orbit coupling (SOC) similar to that
observed in the S3 shuffle core and in screw dislocations
[34]. However, the strong overlap of these states with the
conduction band prevents a clear resolution of the spin texture,
making it far less pronounced and more difficult to isolate
compared to the well-separated deep-gap states of the S3
reconstruction.

C. Magnetic ordering in shuffle S3 dislocations

The shuffle S3 dislocation core hosts a state that is spatially
localized in the plane perpendicular to the dislocation line, as
evidenced by the charge density analysis shown in Fig. 3(a),
which reveals strong confinement at the core atoms. Further
confirmation of this confinement is given by the inverse par-
ticipation ratio analysis (see Appendix B). At the same time,
the periodic repetition of this locally confined orbital along the
dislocation line gives rise, through a tight-binding-like hop-
ping between adjacent core sites, to a dispersive band visible
in Fig. 2(a). This band dispersion is therefore a consequence
of the one-dimensional periodicity of the dislocation rather
than of intrinsic delocalization of the individual core orbital.
A sharp peak in the density of states appears at approximately
0.15 eV above the VBM and the Fermi level lies slightly above
the VBM, resulting in partial filling of the defect band. The
combination of a large defect-related peak in the density of
states, partial band filling, and strong spatial localization pro-
vides favorable conditions for the onset of magnetic ordering.
Within a simple Stoner model, when localized states cross
the Fermi level with a sufficiently high density of states, the
strong spatial confinement enhances the exchange interaction
and the system can spontaneously develop spin polarization:
the total energy is lowered by creating an imbalance between
spin-up and spin-down occupation, resulting in an exchange
splitting between majority and minority spin bands [52]. The
energy gain from the exchange interaction compensates for
the kinetic energy cost of promoting electrons to higher-
energy states, stabilizing the magnetic configuration. Similar
behavior has been observed in other one-dimensional sys-
tems where localized edge or defect states at the Fermi level
induce magnetic ordering, including grain boundaries in two-
dimensional metal dichalcogenides [52] and zigzag edges in
bismuth nanoribbons [53].

To assess the magnetic coupling between two 60° shuf-
fle S3 dislocations, we investigated supercells containing a
dipole composed of two identical shuffle dislocations. The
electronic states associated with these dislocations, obtained
from both the mixed-dipole [Fig. 2(a)] and shuffle-shuffle

245201-4



ELECTRONIC STATES, SPIN-ORBIT COUPLING, AND … PHYSICAL REVIEW B 114, 245201 (2026)

FIG. 4. Band structure of the nonmagnetic 60° shuffle S3 dislo-
cation dipole. The valence band maximum is set to 0 eV and the solid
red line indicates the Fermi level. The green and purple solid lines
denote two pairs of degenerate bands associated with the dislocation
cores.

dipole supercells (Fig. 4), are essentially identical in terms of
dispersion, shape, and energetic position within the Ge band
gap. This excellent agreement highlights the robustness of the
calculated defect states with respect to the choice of supercell
model.

Our calculations yield two self-consistent solutions, non-
magnetic (NM) and antiferromagnetic (AFM), whose energies
differ by only about 1 meV per core atom. This energy differ-
ence is comparable to the numerical convergence threshold,
so the two solutions should be regarded as nearly degenerate
within the accuracy of the present calculations. Neverthe-
less, the AFM configuration reveals a richer physical picture
through the interplay of exchange and spin-orbit coupling. In
both cases, four midgap bands are observed rather than the
two observed in the mixed-dipole configuration, as a direct
consequence of the presence of two identical dislocations in
the supercell. Notably, no analogous IT -protected degeneracy
is associated with a ferromagnetic alignment of the two cores.
Consistently, calculations initialized with ferromagnetic mo-
ments always relaxed to the nonmagnetic solution and no
distinct self-consistent ferromagnetic state was obtained.

In the nonmagnetic configuration (Fig. 4), the four bands
appear pairwise degenerate. Each pair corresponds to the spin-
up and spin-down states associated with the same dislocation
core, a degeneracy enforced by time-reversal symmetry T ,
which is preserved in the system. A small splitting between
the two pairs (0.03 eV) arises from a subtle breaking of spatial
inversion symmetry I .

This symmetry breaking originates from a numerical
artifact inherent to the finite supercell: although the two dis-
location cores are nominally identical by construction, the
elastic strain fields they generate distort the supercell in such
a way that, upon structural relaxation, the two cores become
slightly nonequivalent. This effect is minimal, comparable to

numerical noise and not discernible from the relaxed atomic
structure, yet sufficient to lift the degeneracy between the
electronic states localized on the two dislocations. Despite
this small splitting, the cores remain nearly equivalent, so the
defect states form bonding- and antibondinglike combinations
that are delocalized over both dislocations. The energy split-
ting induced by the residual inversion asymmetry is much
smaller than the electronic coupling between the cores and
consequently the charge density remains substantially shared
across both defects.

In the antiferromagnetic configuration (Fig. 5), time-
reversal symmetry T is broken, lifting the spin degeneracy
within each individual dislocation core through exchange
interaction. This exchange-induced spin splitting is substan-
tial, reaching �Eex = 0.07 eV at the � point, and exhibits
k-dependent behavior along the �–Z path, reflecting the elec-
tronic structure of the localized defect states.

Remarkably, while T and I are individually broken,
the combined symmetry IT remains preserved in the anti-
ferromagnetic arrangement [53]. This combined symmetry
enforces a twofold degeneracy at each k point, effectively
restoring the degeneracy between states localized on the two
different dislocation cores. In the antiferromagnetic state, this
degeneracy now involves states of opposite spin on opposite
cores, satisfying the relation E (k,↑, 1) = E (k,↓, 2), where
indices 1 and 2 label the two dislocations forming the dipole.
Consequently, the small 0.03 eV splitting observed between
core states in the nonmagnetic case vanishes in the anti-
ferromagnetic configuration, replaced by the larger 0.07 eV
exchange splitting between opposite spins on the same core.
This symmetry-protected degeneracy in the antiferromagnetic
state may confer enhanced robustness to the electronic struc-
ture of the dislocation cores, potentially stabilizing the defect
levels against small perturbations and local disorder.

The magnetization is predominantly aligned along y and
z, [111] and [101] crystallographic directions, respectively.
Conversely, the x component ([121] direction) is negligible,
as clearly shown in the spin density plots of Fig. 5. The total
magnetic moment M at each dislocation core is approximately
0.69μB, indicating a substantial local spin polarization, de-
spite the relatively small energy difference between the
nonmagnetic and antiferromagnetic states. The emergence of
significant local magnetic moments at the shuffle dislocation
cores, combined with the characteristic Rashba-Dresselhaus
spin-orbit coupling, demonstrates that dislocations in Ge can
impart qualitatively new physical properties to the material
rather than simply degrading its performance. The topological
stability of these extended defects, coupled with their tunable
electronic and magnetic properties via Fermi level modulation
or the application of external electromagnetic fields, makes
them particularly attractive as building blocks for spintronic
functionalities in Ge-based heterostructures.

D. Deep defect states induced by dislocation cores

The band-structure calculations presented in the previ-
ous sections allow us to directly identify and characterize
the electronic states associated with the dislocation cores
in the band-gap region. Figure 6 summarizes the positions
of these states with respect to the bulk valence-band maximum
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FIG. 5. Spin resolved band structures of the antiferromagnetic 60° shuffle S3 dislocation dipole. Dislocation bands are shown as circles,
while the bulk states are represented by the black curves. The valence band maximum is set to 0 eV. The Fermi level lies 0.33 meV above it
and is thus indistinguishable from the valence band maximum within the energy resolution of the plot. Color code represents the expectation
values of the spin projections for the Sx spin projections (panel (a), with x along [121] direction), Sy spin projection (panel (b), with y along
[111] direction), and Sz spin projection [panel (c)], with z parallel to the dislocation line ([101] direction). The corresponding (directional) spin
densities are shown below. Blue (red) color indicates the negative (positive) isovalues in the isosurface plots.

(VBM), evaluated at the � point, for both the 60° shuffle S3
and the 60° glide reconstructions. The reported energies corre-
spond to the Kohn-Sham eigenvalues evaluated at �, thereby
providing a single reference energy for each defect state.
While the band-structure plots explicitly show the dispersion
along the dislocation line, here we report a single value. This
choice reflects the intrinsically one-dimensional character of
an isolated dislocation: the defect states are localized around
the core in the directions transverse to the dislocation line,
whereas the physically meaningful band dispersion is associ-
ated with the periodic direction along the line. We therefore
use the �-point eigenvalue as a well-defined single-value de-
scriptor of each defect state, enabling a direct comparison
between the two reconstructions and providing a consistent
reference for comparison with experimentally reported defect
or trap energies.

The shuffle S3 reconstruction introduces in-gap states
whose character depends on the magnetic configuration. In
the nonmagnetic solution, a single defect level appears at
approximately 0.15 eV above the VBM. When an antiferro-
magnetic ordering is imposed on the dislocation core, this
level splits into two distinct states at 0.17 and 0.24 eV above
the VBM, reflecting the symmetry breaking introduced by the
spin ordering. In both the nonmagnetic and antiferromagnetic
solutions, this defect band is crossed by the Fermi level along
the dispersive direction and is therefore half filled (metallic) in
both configurations. The glide reconstruction, consistent with

its more dispersive character and smaller PDOS within the
gap, shows a single level at approximately 0.37 eV above the
VBM at the � point, while the remaining dispersive state is
resonant with or very close to the CBM. Unlike the S3 case,
the glide defect band lies entirely above the Fermi level along
the dispersive direction and is therefore unoccupied.

These defect levels can be directly compared with ex-
perimentally measured trap energies in Ge [54–60]. Table I
summarizes the calculated levels alongside selected ex-
perimental values from the literature obtained by optical
absorption spectroscopy, DLTS, and Hall-effect measure-

TABLE I. Comparison of the calculated defect levels shown in
Fig. 6 with experimental trap energies reported for dislocations in
Ge [60]. All energies are referenced to the VBM (EV ). The absolute
difference between the experimental value and the calculated energy
level is denoted by |�|.

Expt. (eV) |�| (meV) Method

0.13 20 Optical absorption
0.17 0 DLTS, p-Ge
0.23 10 DLTS, p-Ge
0.25 20 Hall effect
0.37 0 DLTS, p-Ge
0.39 20 DLTS, deformed Ge
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FIG. 6. Graph summarizes the defect levels at the � point for
the shuffle S3 reconstruction, calculated in both the NM and AFM
configurations using the shuffle-shuffle dipole and, for the glide
reconstruction, calculated using the glide-glide dipole. The band gap
is that of bulk Ge, computed with the same computational setup.
For the glide reconstruction, the reported level is consistent with the
corresponding level obtained from the mixed shuffle-glide dipole.

ments on deformed or implanted Ge samples [54–60]. A
direct one-to-one quantitative comparison remains inherently
challenging: epitaxial Ge layers typically contain multiple
types of dislocations, point defects, and impurities whose
contributions are difficult to disentangle, and the inherent ac-
curacy of DFT-based calculations for absolute gap positions is
limited. Nevertheless, the systematic agreement between the
calculated levels and the experimentally observed traps, with
deviations within 20 meV, suggests that these experimental
features may tentatively be attributed to the intrinsic elec-
tronic activity of 60° dislocation cores: the calculated level at
0.15 eV (S3, NM) is consistent with the shallow dislocation-
related acceptor band observed near EV + 0.13 eV by optical
absorption in Ge [60]. The two AFM levels at 0.17 and
0.24 eV agree well with the DLTS hole traps H3 (EV +
0.17 eV) and H1 (EV + 0.23 eV) [60], commonly observed
in p-type Ge. The level at 0.25 eV is in good agreement
with the Hall-effect-derived acceptor band near EV + 0.25 eV
[60]. The glide level at 0.37 eV is in close agreement with
the DLTS trap H2 at EV + 0.37 eV [60], while an additional
point-defect-like feature at EV + 0.39 eV is identified in de-
formed Ge [60]. Note that, since all the compared levels are
referenced to the VBM, the comparison is less sensitive to the
slight underestimation of the experimental band gap.

IV. CONCLUSIONS

In summary, we present a comprehensive first-principles
investigation of the structural stability and electronic prop-
erties of 60° perfect dislocations in germanium, considering
both glide-set and shuffle-set reconstructions. Our DFT cal-
culations using the mBJ meta-GGA functional reveal that
the electronic properties of these two reconstructions differ
markedly. The glide reconstruction exhibits a nearly bulk-
like electronic character with dislocation-induced states that
overlap strongly with the valence band, resulting in minor
perturbation of the Ge band structure. In contrast, the shuffle
S3 reconstruction introduces highly localized dispersive bands
within the Ge bandgap, positioned approximately 0.15 eV
above the VBM. These localized states cross the Fermi level
and exhibit substantial spin-orbit coupling effects, displaying
characteristic Rashba-Dresselhaus helical spin textures analo-
gous to those reported for screw dislocations.

The combination of a large defect-related peak in the den-
sity of states lying close to the Fermi level and strong spatial
localization of the defect states provides favorable conditions
for magnetic ordering through a Stoner-like mechanism. In the
shuffle-shuffle dipole configuration, we find that the system
can stabilize an antiferromagnetic state with local magnetic
moments of approximately 0.69μB per dislocation core and an
exchange splitting of �Eex = 0.07 eV between opposite spin
states. Notably, the antiferromagnetic configuration restores
the exact degeneracy between electronic states localized on
the two dislocation cores through combined inversion-time-
reversal IT symmetry, a degeneracy that was weakly broken in
the nonmagnetic state due to residual strain-induced asymme-
try in the finite supercell. This symmetry-enforced degeneracy
suggests that the electronic states of coupled identical dislo-
cation cores may exhibit enhanced robustness against local
perturbations and structural disorder, potentially providing
intrinsic stability to the spin-polarized defect levels against
environmental fluctuations.

These results demonstrate that dislocations in Ge can im-
part qualitatively new physical properties, such as intrinsic
magnetism, spin-orbit-coupled electronic states, and topo-
logical spin textures, rather than simply degrading material
performance. The topological stability of these extended de-
fects, coupled with their tunable electronic and magnetic
properties, positions them as promising building blocks for
spintronic functionalities in Ge-based heterostructures.

These findings highlight the crucial role of core reconstruc-
tions in dictating the functional properties of dislocations in
germanium. Our results address a significant gap in under-
standing extended defects in Ge and demonstrate that careful
control of dislocation core structure can enable novel quantum
and spintronic functionalities in this technologically relevant
semiconductor platform.
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APPENDIX A: ELECTRONIC CHARACTERISTICS
OF DIFFERENT STRUCTURAL CONFIGURATIONS

The influence of elastic interactions between the two dis-
locations of the dipole on the electronic structure should in
principle be assessed through a systematic convergence study
as a function of supercell size. However, the simulation cells
considered in this work are already at the limit of current com-
putational capabilities, making such a study unfeasible. We
therefore adopted a different approach, comparing electronic
properties across different dipole arrangements that are char-
acterized by distinct relative dislocation positions and elastic
coupling.

Specifically, we considered three configurations: the S3-S3
dipole, the S3-S3 quadrupole, and the S3-glide dipole (labeled
“mixed” in the following). The comparison between the S3-S3
dipole and quadrupole allows us to isolate the effect of elastic
self-interaction, since both configurations involve the same
defect type but with different mutual positions and therefore
different residual elastic fields. As shown in Fig. 7, the PDOS
of these two configurations is in close agreement, particularly
for the in-gap states, demonstrating that the residual elastic
interaction has a negligible effect on the electronic properties
of interest.

The comparison between the S3-S3 dipole and the S3-glide
mixed dipole serves a complementary purpose: it demon-
strates that the PDOS projected onto the S3 dislocation core is
not affected by the presence of a different dislocation type in
the same supercell. This confirms that the contributions of the
two defects to the in-gap states can be successfully decoupled,
which is essential for the interpretation of the results presented
in this manuscript.

FIG. 7. PDOS projected onto the atoms of the 60° shuffle S3
dislocation cores for different supercell geometries, i.e., the S3-S3
dipole, the S3-S3 quadrupole, and the mixed S3-glide dipole.

APPENDIX B: INVERSE PARTICIPATION
RATIO ANALYSIS

The inverse participation ratio (IPR) is a measure of the
inverse of the number of sites involved in the state with en-
ergy E, commonly used in the study of defective systems to
evaluate the degree of localization of their electronic levels
[62–64]. It is defined as

IPRnk =
∑

a |cnka|4
( ∑

a |cnka|2
)2

with n band index, k point index, a atom index, and cnks

coefficient of the wave function. The IPR can assume values
between 1/N and 1, where IPR = 1 means a perfectly lo-
calized state and IPR = 1/Ntot means a perfectly delocalized
state. To investigate the localization and properties of the
electronic states associated with the 60° shuffle S3 dislocation,
we compute the IPR for the S3-S3 dipole supercell in the
antiferromagnetic configuration. Figure 8 reports the IPR as
a function of the band index, referenced to the valence band
maximum (VBM) and conduction band minimum (CBM).
The two defect-associated bands are clearly characterized by
IPR values significantly larger than those of all other states,
consistent with their spatial localization around the dislo-
cation core. In contrast, bulk states exhibit very small IPR
values (∼0.005), indicating full delocalization over the entire
supercell. The defect states display larger IPR values, approx-
imately 0.045. This corresponds to a spatial localization on
almost 22 atoms, consistent with the dimensions of the core of
the dislocations. To further reinforce the localization of the de-
fect, a combined analysis between IPR and the charge density
localization associated with the first dislocation-associated
state shown in Fig. 3(a) underlines the optimal spatial local-
ization of the state around the dislocation core in the plane
perpendicular to the dislocation line.

APPENDIX C: SPIN TEXTURES IN k SPACE

We present and compare the spin textures associated with
the dislocation-induced electronic states in the nonmagnetic

FIG. 8. Inverse participation ratio (IPR) for the S3-S3 dislocation
dipole in the antiferromagnetic configuration, resolved as a function
of band index relative to the VBM and CBM.
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and antiferromagnetic (AFM) configurations, shown in Fig. 9.
Although the Brillouin zone of the supercell is three-
dimensional, the dislocation is periodic only along kz, so that
kz is the only crystal-momentum direction along which the
bands disperse. The spin orientation at each kz is therefore
analyzed in terms of the angle θ between the spin vector
(Sx, Sy) and a fixed x-axis reference direction, in analogy
with the customary depiction of helical or antiparallel spin
textures [34].

In the nonmagnetic case [Fig. 9(a)], the spin texture ex-
hibits a pronounced helical character in reciprocal space,
consistent with a screw-dislocation-induced spin-orbit cou-
pling mechanism [34]. However, the observed helical pattern
deviates from an ideal periodic and perfectly symmetric wind-
ing expected for an ideal screw-symmetric system. These
deviations can be attributed to several concurrent effects.
First, a slight tilting of the supercell axis with respect to
the dislocation line, introduced during structural relaxation,
breaks the exact alignment of the effective symmetry axis.

Second, the 60° dislocation geometry does not support a
strict twofold screw symmetry; at most, a local sixfold rota-
tional character can be identified, which relaxes the symmetry
constraints underlying an ideal helical spin winding. Finally,
additional symmetry-breaking contributions in the effective
Hamiltonian, which would vanish for an isolated ideal screw
dislocation, further perturb the spin structure and lead to dis-
tortions of the Rashba-like helical texture. These effects are
also reflected in the θ (kz ) dependence [Fig. 9(b)]. In contrast
to the linear behavior expected for a pure screw dislocation in
Ge, the mixed-character dislocation exhibits a monotonically
increasing but nonlinear variation of θ as a function of kz,
indicating a deviation from an ideal helical spin rotation.

In contrast, for the AFM configuration [Fig. 9(c)], an addi-
tional effective inversion symmetry emerges at the level of the
full supercell, relating the two dislocations. This higher-order
symmetry constrains the spin degrees of freedom and enforces
an antiparallel alignment of the magnetic moments associated
with the dislocations. As a result, the spin texture is no longer

FIG. 9. Spin texture associated with the dislocation bands of the 60° shuffle S3 configuration. The bands are highlighted in red and blue. kz,
along the direction of periodicity of the dislocation, is the only physical crystal-momentum variable. The gray surface indicates the boundary
of the Brillouin zone. kx and ky axes define a fixed geometric reference frame in which the spin vector (Sx, Sy ) associated with each band is
represented; they do not denote independent crystal-momentum variables. Panel (a) shows the spin texture for the nonmagnetic configuration,
where a helical spin structure can be observed. Panel (c) shows the spin texture for the antiferromagnetic configuration, where the spins are
aligned in an antiparallel arrangement. Panels (b) and (d) show the angle θ between the spin vector and the kx reference axis, as a function
of kz.
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FIG. 10. Visualization of magnetic moments in the S3-S3 dislo-
cations dipole supercell in the AFM solution.

governed by the local screw symmetry of individual disloca-
tions, but by the global symmetry of the supercell, leading to
an antiferromagnetic arrangement rather than a helical wind-
ing. In this regime, the interplay between magnetic ordering
and crystal symmetry induces an effective suppression of spin
precession, resulting in a strongly constrained spin response
compared to the nonmagnetic case. The dislocation-induced
spin-orbit coupling field therefore does not generate a rotating

texture, but instead stabilizes an almost uniform spin orien-
tation. Overall, Ge in the AFM phase exhibits a qualitatively
distinct spin response with respect to the nonmagnetic case,
characterized by suppressed spin rotation and enhanced spin
alignment along a preferred direction. This highlights the key
role of magnetic ordering in controlling the symmetry and
robustness of dislocation-induced spin textures, with potential
implications for spin transport in defect-engineered systems.

APPENDIX D: MAGNETIC MOMENTS
IN THE ANTIFERROMAGNETIC CASE

To further support the analysis presented in Fig. 5, we
explicitly report the real-space distribution of the local mag-
netic moments within the 60° shuffle S3-S3 dipole supercell,
considered in its antiferromagnetic (AFM) configuration. As
shown in Fig. 10, the magnetic moments are strongly localized
at the cores of the two dislocations, clearly identifying the
regions where the spin polarization is confined. Importantly,
the two dislocation cores exhibit magnetic moments of equal
magnitude but opposite sign, thereby providing a direct and
unambiguous real-space confirmation of the antiferromag-
netic coupling between the defects.
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